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GLOSSARY OF TERMS 

acidity (pH) 

adsorption 

Andrews Farm ASR 
site 

aquiclude 

aquifer 

aquifer storage & 
recovery (ASR) 

aquitard 

artificial recharge 

assimilation capacity 

ASR Risk Index 
(ASRRI) 

attenuation 

backwash(ing) 

brackish water 

breakthrough (of 
injectant) 

caliper 

catchment 

chlorination 

clogging 

The -ve logarithm of the Hydrogen ion concentration in solution. Range 
varies 0 to 14, 7 is neutral. More extreme values are possible. pH is 
slightly temperature dependent. Measured electro-chemically. Most natural 
waters in range of 4.5 to 9.5. Water pH impacts heavily on other aspects of 
water chemistry, so pH is arguably its most important chemical property. 

The accumulation of gases, liquids, or solutes on the surface of a solid or 
liquid. 

A study on aquifer storage and recovery, carried out from April1993 to July 
1998 at the Andrews Farm site in Adelaide, South Australia. It is the most 
detailed investigation in Australia on the impact of ASR with passively 
treated stormwater on groundwater quality. The study involved DWLBC, 
CSIRO, the Centre for Groundwater Studies, and AWQC. 

In hydrologic terms, a formation which contains water but cannot transmit it 
rapidly enough to furnish a significant supply to a well or spring. 

A body of rock that is sufficiently permeable to conduct groundwater and to 
yield economically significant quantities of water to wells and springs. 

The process of recharging water into an aquifer for the purpose of storage 
and subsequent withrdrawl. Also referred to as aquifer storage and 
retrieval. 
A rock unit that transmits water, but very sluggishly. 

Also Induced recharge, artificial infiltration, injection. Processes of diverting 
surface water resources into groundwater storage for later use. 

The amount of undefined pollution that a site can absorb & contain. 

Predictive index for determining contaminant attenuation during ASR. 

A dilution, thinning, or weakening of a substance, especially a reduction in 
the virulence of a pathogen through repeated inoculation, growth in a 
different culture medium, or exposure to heat, light, air or other weakening 
agents. 
Also backblowing. A means of unclogging a filter: 1 ). In a borehole by 
suddenly reversing the flow to dislodge bridging fines in the filter pack & 
formation; & 2). In the filter bed of a water treatment plant. 

Water of. intermediate salt (TDS) content between fresh & saline eg: EC 
between 2500 & 1 0,0001-JS. Also TDS between 103 & 104 mg/L. 

Breakthrough curve = A graphical depiction of the concentration of a 
pollutant as it moves through an aquifer may take the form of concentration 
vs distance, or concentration vs time. 

A type of well log that indicates the variation of diameter with depth. The 
caliper probe has 1-3 sprung arms, pads or bows. 

Also catchment area, basin, or basin area. Any drainage system. There 
may be a hierarchy of basins within basins. 

The addition or substitution of chlorine in organic compounds. Also the 
disinfection of water by the addition of small amounts of chlorine or a 
chlorine compound. 

Filtration of small particles through a membrane clogs by several different 
mechanisms: initially, blocking filtration occurs, followed by cake- or gel
filtration without compaction, and finally gel-filtration with compaction. 
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cone of depression 

confined aquifer 

confining bed 

Darcian velocity 

Darcy's Law 

diffusion 

dispersion 

dissolved oxygen (DO) 

down-hole TV 

drawdown 

Easy-Leacher (EL) 4.6 

E.coli 

ecosystem 

electrical conductivity 
(EC) 

facies 

far-well zone 

The shape of the water table in dynamic response to point extraction, eg: as 
in a single well. In a normal aquifer test, radial symmetry in a cone of 
depression is assumed unless there is evidence of anisotropic hydraulic 
conduct. also Cone of Influence. 

the upper boundary of the aquifer system consists of an impervious surface. 

Also confning layer. The aquiclude which forms the upper bound of a 
confined aquifer. 

Numerically equal to the specific discharge. This is the apparent velocity of 
groundwater flow, or the laminar flow rate that would occur if there were no 
granular obstruction in the flowpath. Since groundwater has to flow around 
particlues, the actual distance of flow per unit time is greater than the direct 
line of flow, so the true water velocity is also greater than the Darcian 
velocity. 

Discharge (Q)= -kiA where k=hydraulic conductivity, i=hydraulic gradient, & 
A=cross-sectional area through which flow occurs. Since Q also = v.A 
where v=the mean ('Darcian') fluid velocity, & v= -ki. Darcy's law is valid 
only for steady (laminar) flow through a porous medium, & therefore fails at 
high fluid velocities, also fails at very low fluid velocities in fine-grained 
porous media. 
The molecular flow of water down a concentration gradient. 

Also effective diffusion. The dilution of a pollutant in flowing groundwater 
caused by differential flowpaths & differing velocities in pores. sum of 
molecular diffusion & intergranular divergence. 

Natural surface waters are normally saturated with respect to oxygen. 
Polluted surface waters & some groundwaters may be partially to totally 
depleted in oxygen. 

A colour monitor views a well wall either sideways or axially. A useful 
technique for assessing fractured aquifers, & for maintenance & rehab of 
old wells. Requires good light & no turbulence. 

The reduction in piezometric head due to pumping or gravitational drainage. 
Especially relating to reservoirs & groundwater. 

A reactive transport code set in Microsoft Excel spreadsheet format, 
designed for modelling or predicting water quality changes during artificial 
recharge, which can be applied to shallow or deep recharge or the injection 
phase of an ASR scheme. 

Escherichia coli. An index bacterium whose presence in water is indicative 
of fecal pollution. 

A naturally occurring assemblage of organisms (plant, animal and other 
living organisms-also referred to as a biotic community or biocoenosis) 
living together with their environment (or biotope), functioning as a loose 
unit. 
Also conductance, specific conductance, or specific electrical conductance. 
In some cases EC is a more significant measure of salinity than TDS, also 
much quicker & easier. Reported in microsiemens (IJS ). Should strictly be 
reported as IJS/cm at 25°C but most authors take this as read. 

Most commonly a suite of rock types derived from a particular environment 
or set of formation conditions. In general, a grouping with connotations of 
similar origin. 

The volume of aquifer beyond a radial distance of 4m. 
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FEFLOW 

floc 

Freundlich equation 

front 

fully-penetrating well 

geothermal gradient 
groundwater 

head 

head loss 

hydraulic conductivity 
(K) 

hydraulic gradient (i) 

injection well 

in-situ 

karst 

marly limestone 

Membrane Filtration 
Index (MFI) 

molar (M) 

mole 

n 

near-well zone 

A numerical groundwater modelling package; developed by Georgiou 
(2002). A fully three-dimensional finite-element package capable of 
simulating contaminant & heat flow & transport ... Has a built-in grid design, 
problem editing & graphical post processing display modules that allow 
rapid model development, execution & analysis. 

An aggregate of clumped particles, commonly clays & organics, which is 
held together by Van der Waals forces. Flocculation agents may be added 
to water during various purification processes. 

(1) The most commondly used expression of a sorption isotherm. Defines a 
non-linear relationship between the amount adsorbed and the equilibrium 
solution concentration. (2) Freundlich isotherm = an isotherm of the form S 
= Kd.Cn (or S = Kd.C1/m according to the convention used, where Sis the 
adsorbed concentration of a solution, Kd is the ion exchange distribution 
coefficient, C is the concentration in solution, and n typically lies between 
0.7 and 1.2. When n = 1, the isotherm reduces to a linear (Henry law) 
isotherm. 
Represents a sharp, advectively driven boundary between the injected 
water & the ambient groundwater. 

In theory, a borehole which is screened throughout the full thickness of the 
target aquifer. In practice, any screen whish is open to at least the mid 80% 
of a confined aquifer is regarded as fully penetrating. 

The rate of change of temperature with depth. 

All water held within a saturated soil, rock-medium, fractures or other 
cavities within the ground. Includes confined & unconfined, saturated & 
unsaturated conditions. 

Energy per unit weight (of water), measured in units of length. 

The head energy dissipated along a flow path by friction. 

A measure of the ease of flow through aquifer material: high K indicates low 
resistance, or high flow conditions (units: m per day). 

Dimensionless. In channel flow, used to mean surface gradient. In 
unconfined groundwater, used to mean water table gradient in the direction 
of flow. In confined aquifer, used as the pressure gradient in the direction 
of flow. 

An artificial recharge well; one that pumps water into the ground. 

A Latin phrase meaning in place. 

Karstic features are mainly associated with carbonate rocks, but also 
include evaporties & some siliceous rocks. Most karstic rocks are strongly 
anisotropic. 

Marl is a calcareous clay or soft clayey limestone. Often Fe & gypsum-rich, 
& inter-bedded with shallow marine limestones. Hydraulically, marl 
behaves as an aquiclude or aquitard, & is often orders of magnitude less 
permeable thant he limestones with which it is inter-bedded. 

A laboratory-based measure of the potential for physical clogging of a 
0.45mm membrane filter. The greater the retention of particles on the filter, 
the greater the MFI value (reported in units of s/L2) and hence also the rate 
of clogging. 

One mole of solute per litre of solution. 

The base unit in the International System of Units for the amount of pure 
substance that contains the same number of elementary entities as there 
are atoms in exactly 12 grams of the isotope C12

· 

( 1) (of a solution) concentration expressed in gram equivalents of solute per 
litre (normality). (2) porosity. (3) a variable number. 

The volume of aquifer within a radial distance of 4m. 
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observation well 

organic carbon (OC) 

peristaltic pump 

piezometer 

plume 

pore-volume 

porosity 

potentiometric surface 

production well 

pump test 

Reactions+ 

recovery 

recovery efficiency 

recovered mass (RM) 

redox potential (Eh) 

residence time 

resistivity 

retardation 

retardation factor 

salinity 

solvation power 

A narrow-bore well or piezometer whose sole function is to permit water 
level measurements. 

Aquatic carbon, other than C02 species, which usually occurs in the form of 
humic & fulvic acids, or as organic pollutants (also TOC). 

A type of low-discharge pump with very precise flow rates; often used for 
automatic sampling, analytical & metering devices. 

A narrow tube, pipe or well. Used for measuring moisture in soil, water 
levels in an aquifer, or pressure head in a tank, pipeline, etc. 

The configuration of a diffused & advected pollutant in either the 
atmosphere, surface water or groundwater. 

The volume of water required to displace the ambient fluid up to the radius 
of any given observation well or piezometer. 

The proportion of space between the particles of a sediment. Variously 
denoted as n, E, a, or fl. 

Also Piezometric surface, = the pressure surface. In an unconfined aquifer 
the potentiometric surface is the water surface; in a confined aquifer, the 
potentiometric surface is a hypothetical surface above the actual water 
surface. 

The pumped well in an aquifer test, as opposed to observation wells. A 
wide-bore well, fully developed & screened for water supply, drilled on the 
basis of previous exploration bores. 

A means of stressing the aquifer by pumping from it, & matching the aquifer 
response to an analytical model. Techniques can be steady-state or 
transient. [Often a misnomer for an aquifer test]. 

An auxilliary tool of EL 4.6 using a mass balance approach to quantify the 
extent of reactions in the aquifer. 

That fraction (%) of feed water converted to fresh water in a desalination 
plant. 

The proportion of injected water, relative to the volume injected that may be 
recovered at a quality suitable for the intended end-use. 

The volume of actual injectant recovered, relative to that injected. 

An index of reducing - oxidising conditions. Measured in volts or millivolts 
with respect to a standard hydrogen cell potential. Most natural waters are 
oxidising (+ve) 0 to 0.9V. Some groundwaters, polluted, stagnant surface 
waters, etc, may be reducing at 0 to -0.6V. Reduced surface waters are 
ecologically unhealthy & require remediation. Extreme oxidising conditions 
can occur under low pH & at high pH. 

Hydraulic residence time= volume of water (in lake, aquifer, etc) I inflow 
rate. Sediment, Nutrient & Solute residence times are longer. 

Electrical resisitivity is useful for groundwater prospecting along a horizontal 
traverse; & assessing lithological variation in the vertical profile of a well. 

lon exchange processes in aquifers can effectively slow the movement of a 
solute front relative to the rate of groundwater flow. expressed as 
concentration-time graphs. 

The ratio of Darcian velocity of groundwater flow to the effective velocity of 
a solute in the same flowpath. 

The transition between fresh & saline water is arbitrarily set at 3%o (or 5%o). 
Sea water: 35%o. saturated NaCI solution: approx 350%o. Can be 
represented as a measure of chlorinity or TDS. 

The capability of solute and solvent molecules to form weak covalent 
bonds. 
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sonde 

step-drawdown test 

storage coefficient 

supernatant 

surfactant 

sustainability 

Theis equation 

TKN (Total Kjehldal 
Nitrogen) 

total dissolved solids 
(TDS) 

total organic carbon 
(TOC) 

tracer 

transmissivity (T) 

troilite 

turbidity 

variance 

v/v 
wastewater 

water table 

well loss 

Willunga ASR site 

YSI 600 analyser, used to measure EC & temperature profiles in 
observation wells. 

A single-well test that measures the drawdown over a set period of time in 
the pumped well for incrementally varied pumping rates. The well head
loss & discharge rates associated with the discharging well are recorded & 
calculated to define the parameter. 

Also Storativity (S). The volume of groundwater released or taken into 
storage per unit plan area of aquifer per unit change of head. 
Dimensionless. For unconfined aquifers = specific yield x aquifer thickness. 

The usually clear liquid overlying material deposited by settling, 
precipitation, or centrifugation. 

A surface-active substance. 

Most development projects are assessed upon the bases of al least 
economic viability, sustainability, & environmental impact [since 1990]. 
Short-term aquifer tests may be insufficient to determine the long-term 
sustainable yeild of an aquifer. 

The equation for non-equilibrium radial flow to a pumped well. 

The sum of aqueous ammonia & organic-nitrogen N3- species; as opposed 
to the more common & more oxidised N species of nitrate & nitrite. 
Regarded as a measure of probably sewage pollution, but is no longer 
commonly used for this purpose. 

(1) Residue of evaporation; measure of overall water salinity. (2) ions & 
complexes in solution, as opposed to suspended solids. Size distinction 
between dissolved & suspended particles is arbitrarily set at 0.451-Jm. 

The dissolved & particulate organic carbon. 

Substance used to quantitatively/qualitatively 'fingerprint' water used to 
determine groundwater flow direction, discrete paths, mixing efficiency 
between water sources, etc. vary to include any distinctive substance, eg: 
sawdust, bacteria, dyes, isoborn. 

A parameter indicating the ease of groundwater flow through a metre width 
of aquifer section. 

A nonmagnetic variety of the mineral pyrrhotite (FeS) present in almost all 
meteorites and having almost no ferrous iron deficiency. 

Nephelometric Turbidity Unit (NTU) = a comparative measure of turbidity 
(cloudiness) of water. Also= Jackson Turbidity Unit. 

The square of the standard deviation. A commonly used measure of the 
spread of data in a data set. 

abbrev. Volume per volume. 

Suspended & dissolved waste products (eg from urban runoff, sewage, 
industrial waste) carried by, & hence polluting water. 

The saturated-unsaturated interface within the ground. Aslo 'phreatic' or 
'free' surface - free atmospheric pressure surface. 

That part of the drawdown in a well which is due to flow within the well 
screen & gravel pack. It is often approximated as the non-Darcian or 
turbulent head loss. 

An investigation was conducted between September 2000 and February 
2002 to assess the feasibility of aquifer storage and recover for winter 
storage to meet the growing recycled water market in the Willunga Basin 
area, South of Adelaide. This project is the first concluded attempt to 
demonstrate the feasibility of full-scale reclaimed water ASR in Australia. 
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w/v 

w/w 

abbrev. Weight in volume - used to indicate that a particular weight of a 
solid is contained in a particular volume of solution. 

abbrev. Weight in weight = used especially to indicate that a particular 
weight of a gas is contained ina particular weight of liquid solution. 
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1. INTRODUCTION 

R. Martin 1 and P.J. Dillon2
. 

1 SA Department of Water; Land and Biodiversity Conservation (DWLBC) 
2 CSIRO Land and Water, Adelaide, South Australia 

1.1 MOTIVATION AND ESTABLISHMENT 

The need to conserve, reuse and recycle water is becoming increasingly important for both 
economic and environmental reasons. The Bolivar Wastewater Treatment Plant (WWTP) 
produces -50 gigalitres (GL) (50 million cubic metres) of treated wastewater per year. Up 
until 1998 the wastewater underwent preliminary treatment through a system of solids 
removal, biological filtration and stabilisation in ponds before being discharged to sea. 

The potential for expansion of horticultural activities on the adjacent Northern Adelaide Plains 
was limited because the groundwater supplies traditionally used for irrigation were under 
stress. It was identified that upgrading the treatment facilities at Bolivar, to provide a quality 
of water suitable to meet irrigation demand, would reduce discharge of wastewater to the 
Gulf St Vincent, go some way to alleviating the stress on the groundwater resources and 
provide additional water to facilitate the expansion of irrigated horticulture on the Northern 
Adelaide Plains. 

In order to supply the treated water from Bolivar WWTP to the irrigators, the Bolivar to 
Virginia pipeline was constructed and commissioned in September 1998. To meet the 
Department of Human Services' public health requirements for unrestricted irrigation use, a 
Dissolved Air Flotation/Filtration (OAF/F) plant (figure 1.1) was constructed to produce water 
of a suitable quality. The South Australian Water Corporation (operator of the Bolivar 
WWTP) committed additional infrastructure to limit maximum salinity of the treated water. An 
Environment Improvement Program (EIP) for the Bolivar WWTP was undertaken, aimed at 
achieving significant reductions in nitrogen in the first instance. Reductions in nitrogen levels 
in water discharged to the marine environment have been achieved initially through 
increased levels of reuse, followed by upgrades to the treatment plant and treatment 
process. In early 2001 an activated sludge process was commissioned and replaced the 
trickling filter treatment. 

The Bolivar WWTP produces effluent at a relatively uniform rate throughout the year, but 
irrigators have a significant water demand for only four to eight months of the year. Use of 
irrigation water through the Virginia Pipeline Scheme (VPS) has steadily increased from eight 
gigalitres on commissioning in 1998/99 irrigation season up to 15 GL in 2002/03. The VPS 
has the capacity to meet annual demand (including winter glasshouse irrigation) of 32 GL. 
However peak daily supply capacity will be reached long before the seasonal capacity is 
exceeded. 

If demand continues to grow at projected rates, additional water could only be made 
available if the winter flow is stored for summer reuse. One option available for storage of 
winter flows is to install above-ground storages with attendant disadvantages of evaporative 
losses and salinity increase. The area required to hold eight gigalitres of water to a depth of 
three metres is approximately 270 Ha (hectares), representing a large loss of productive 
land. Alternatively, a similar volume of the excess water could be stored below-ground in 
aquifers and recovered to meet summer irrigation demand, with a minimal surface footprint. 
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The Bolivar Reclaimed Water Aquifer Storage and Recovery (ASR) project was undertaken 
to determine the technical feasibility, economic viability and environmental sustainability of 
subsurface storage and therefore identify whether this option was viable. A site was selected 
to serve as a demonstration site, where a single ASR well connected to the reclaimed water 
pipeline was installed. This area was located at the northern end of the Bolivar Wastewater 
Treatment Plant (WWTP). The second Tertiary Aquifer (T2) beneath the Northern Adelaide 
Plains (NAP) was selected as the target aquifer for storing this water, and at the trial site is 
brackish and was not used for irrigation supplies. 

Figure 1.1: Bolivar Dissolved Air Flotation/Filtration (OAF/F) Plant. 

A consortium comprising Commonwealth Scientific and Industrial Research Organisation 
(CSIRO) and the Government of South Australia represented by SA Water Corporation, the 
South Australian Department of Water, Land and Biodiversity Conservation (DWLBC) 
(formerly the Department for Water Resources (DWR)), and the Department of 
Administration and Information Services (DAIS) Major Projects Group and United Water, 
combined to undertake the research. Whole of life project funding of $3M consisted of 
$1.0million provided by SA Water Corporation, United Water, DWLBC and Natural Heritage 
Trust (NHT) and $1.0M each by DAIS Major Projects Group and CSIRO. 

A project steering committee comprising of a representative of each partner organisation, 
and the project manager, Russell Martin (DWLBC), took responsibility for the project. The 
detailed work within the project was coordinated in a technical committee, that reported to 
the coordinating committee, and comprised of those active in day to day running of the site 

0 

and the associated research, together with representation as needed from SA Department of Q 
Human Services and the Environment Protection Agency. 
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It is recognised that recycled water differs significantly from stormwater in its nutrient and 
microbiological content. In order to evaluate all of the perceived issues associated with the 
injection and subsequent recovery of nutrient-rich water, the project was structured to 
proceed in three stages to ensure that participants focused on critical decision points 
throughout the investigation. 

1.2 THREE STAGES OF THE PROJECT 

Stage 1 centred on laboratory studies and column experiments, using actual aquifer material 
and the reclaimed water, to determine if aquifer storage and recovery using water treated to 
irrigation standards, was feasible. Stage 1 also allowed a number of the risks associated 
with injecting reclaimed water into the aquifer to be quantified and appropriate management 
strategies developed to manage the risk. 

Activities carried out during Stage 1 included construction of the injection well in October 
1997, with samples of aquifer material being taken for analysis and use in laboratory studies. 
Groundwater samples were taken in December and a step drawdown test was conducted in 
January 1998. Analyses of the potential for clogging and biogeochemical processes were 
undertaken, using specially designed laboratory columns. Regrowth of opportunistic 
pathogens was studied and a method developed to measure viable viral pathogens in 
groundwater. Methods to characterise hydraulic conductivity of aquifer material at a range of 
scales were tested. Modelling of solute transport and mixing within the aquifer and 
determination of the efficiency of recovery of injectant had commenced. Development of 
equipment and inversion procedures for cross-hole tomography commenced to assist in 
determining the spatial distribution of lower salinity injectant within the aquifer. Preliminary 
consultation with the community concerning the proposed field trial and the expected risks 
and benefits was also carried out. 

Stage 2 involved the establishment of a small-scale field trial. The field trial proceeded on 
the basis that the results from the laboratory work indicated that ASR using reclaimed water, 
treated to a level suitable for irrigation and injected into a low transmissivity aquifer, was 
viable. Stage 1 also determined that risks associated with the injection of reclaimed water 
into the aquifer could be adequately managed. 

The main aims of the field trial were to address issues associated with the storage and 
subsequent recovery of a nutrient-rich treated wastewater and to ensure that there were no 
adverse impacts on either the aquifer or water quality. Considerations such as well clogging, 
aquifer hydraulics and recovery efficiency, fate of injected water, nutrients, pathogens and 
micro biota, and interaction of chemical species with aquifer matrix material were addressed 
by undertaking measurements at a number of fully penetrating observation wells, short 
screened piezometers, and in injected and recovered water. These studies were carried out 
over successive injection and recovery cycles to demonstrate that the practice was 
repeatable and that injection and recovery was sustainable. 

From the results of the field trials, Stage 3 of the project focused on identifying the economic 
viability of reclaimed water ASR on a larger scale, to determine the storage capacity of 
suitable aquifers for reclaimed water and the preliminary design of a conceptual wellfield 
layout. The conceptual wellfield layout is only intended to be indicative of any future scheme. 
Groundwater modelling was undertaken to assess the potential regional longer-term 
hydraulic impacts of injection and recovery of five to ten gigalitres/year of reclaimed water, 
and to identify the likely number of wells and over what area they may need to be positioned. 
Any commercial scheme will likely need detailed refinements of the conceptual design 
contained within this report. 

1-3 



1.3 STAGE 1 RESULTS 

Stage 1 was undertaken mainly in the laboratory, and results confirmed the target aquifer as 
Aquifer T2 (Lower Port Willunga Formation), with a transmissivity of 180m2/day, and capable 
of discharging 20 Lis. These 'undisturbed' hydraulic properties compared favourably with 
stormwater ASR sites on the Northern Adelaide Plains. This aquifer contains fine sands, and 
it was expected that problematical sand production would occur, especially during the early 
life of the ASR operation. Weathering of calcite as a result of ASR would accelerate sand 
production. Maintaining the integrity of the overlying Munno Para Clay confining bedthat 
separates the Aquifer T2 from the fresher Aquifer T1 at the trial site locality, which is used 
locally for irrigation supplies and, in some instances, for domestic use, was identified as a 
long term issue and procedures to manage this were found. 

The concentration of total dissolved salts in the ambient groundwater in Aquifer T2 at the well 
is approximately 2,1 OOmg/L and the aquifer is therefore not considered to be a drinking water 
resource in this locale. However, an important outcome of the Trial will be to predict with 
some certainty, the impacts of the ASR operation on water quality in Aquifer T2 and ensure 
no adverse impact on beneficial uses of that water. Impacts on irrigators' wells in Aquifer T2 
during the recovery season needed to be evaluated, to address local concerns over the 
possibility of pressure and yield reductions. 

Initial investigations showed that opportunistic pathogens exist in the aquifer at the ASR site, 
and that some growth in numbers is possible with the injection of a nutrient-rich water 
source. However, the groundwater acts as an ecosystem, and the effects of competition and 
antagonistic organisms, while evidently significant, were evaluated. A method to measure 
viability was developed for pathogens introduced in the injectant. Viable pathogenic RNA 
viruses could be detected using RT-PCR (Reverse Transcriptase - Polymerase Chain 
Reaction) and this detection method could be used semi-quantitatively. Continuing these 
studies was seen to be of value in developing monitoring methods, as well as assessing the 
effects of pre-treatments such as chlorine (CI) dosage. The fate of opportunistic pathogens 
was evaluated during the field Trial and found not to present a problem. 

Permeability changes during injection were assessed using laboratory columns during Stage 
1. While the permeability of the columns decreased by 30 to 50% over five days, it remained 
constant or increased slightly over the following 20 days. The initial clogging, primarily due 
to biofilm growth and filtering of colloidal material in the first 3cm of column, was 
compensated by calcite dissolution. It is unlikely that clogging will adversely affect the 
viability of ASR if the well is periodically redeveloped. However, excessive calcite dissolution 
could cause recovery of excessive quantities of sand, impacting on pump maintenance, and 
possibly on the integrity of the overlying Munno Para Clay or the stability of the well, and 
increased calcium concentrations in the recovered water. The kinetics of calcite dissolution 
with respect to oxidation of dissolved organic matter in injectant, warranted further 
exploration to determine the effects of further reduction in dissolved organic matter (DOM) on 
calcite dissolution. 

At the injection rate studied in laboratory columns (a Darcian velocity of 10 m/d), 
corresponding to a radius of 0.6 m from an operating injection well at Bolivar, the aquifer 
material became aerobic. At greater radii (lower velocities), it was expected that the aquifer 
would remain anoxic. Nitrate and sulphate reduction were not observed in the columns but 
potentially may affect the permeability of the formation (through gas binding) and the quality 
of the recovered water (e.g: hydrogen sulphide odour). Solubilities of other elements such as 
uranium and thorium could be increased to unacceptable levels by DOM and increased 
carbon dioxide (C02) concentrations immediately adjacent the well. These changes could be 
restricted by appropriate treatment of the water before injection, or remediated after 
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recovery. It was found that sulphate-reduction is likely to be limited by the availability of 
DOM in the injectant (and labile organic carbon in the aquifer). 

Once the laboratory experiments were completed, the data were used to develop a predictive 
numerical computer model to determine fate of injectant in the aquifer and the fraction that 
could be recovered at a salinity which is useful. Preliminary modelling showed that recovery 
efficiency was unlikely to exceed 60% in the first year of injection, but that this would 
increase substantially in subsequent years. The model lead to an assessment of injection 
strategies, including use of the aquifer as a balancing storage in wet weather, to maintain a 
buffer zone and increase recovery efficiency. 

Assessment of permeability on a range of scales using different methods provided a 
foundation for substantiating such solute transport modelling efforts, so that the important 
scales of mixing were known and taken into account. 

A preliminary economic analysis was undertaken, which indicated that reclaimed water ASR 
facilities and operations could be paid for within ten years, even at the current summer price 
of water delivered by the VPS. The capacity of the reclaimed water market was expected to 
be expanded by 8 GL/year as a result of establishing a full-scale scheme. 

N 
Virginia reclaimed 
water pipeline 

Current wells 

D Northern Adelaide Plains 
Prescribed Wells Area 

Mangroves 

0 2.5 5 KBometers 

Figure 1.2: Location of Bolivar ASR Trial site on the Northern Adelaide Plains (NAP). 
Darkest area shows extent of the NAP Prescribed Wells Area (PWA). 

Results from Stage 1 did not indicate any factors that would prevent the field trial (Stage 2) 
from operating within the anticipated constraints and better defined risks and factors that 
warranted further investigation during the field Trial (Stage 2). These included dissolution of 
aquifer material, the strength of the Munno Para Clay, the need for and timing of periodic well 
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redevelopment, impacts on local groundwater pressures and quality, and survival of 
pathogens and growth of opportunistic pathogens resident in the aquifer. Based on column 
studies, clogging was thought to be a less critical issue, but one that would need attention 
during the trial, particularly if calcite dissolution was fast. Quality, including odour, of the 
recovered water needed to be evaluated and would be influenced by geochemical processes 
both near to and at distance from the ASR well. Monitoring strategies for Stage 2 were 
developed in order to provide this essential information, which would increase confidence in 
the viability and sustainability of reclaimed water ASR and demonstrate that environmental 
impacts would be acceptable. Stage 1 provided the necessary foundation information to 
present to community meetings to answer questions on the potential benefits and impacts of 
the project. 

The trial site is located at the northern end of the Bolivar site (figure 1.2). This site was 
selected because of its proximity to the Bolivar WWTP thereby reducing establishment costs. 
Availability of space for the installation of monitoring wells and groundwater in the target 
aquifer at this locality has a salinity of 2,1 OOmg/L which is unsuitable for horticultural 
irrigation. 

1.4 STRUCTURE OF REPORT 

This report details the results and outcomes of five years of intensive field trials and provides 
a conceptual framework that addresses some of the broader issues for commercial operation 
of a scheme to manage and effectively utilise most of the winter surplus of reclaimed water. 

Chapter 2 summarises results of the laboratory clogging studies conducted by Stephanie 
Rinck-Pfeiffer during her PhD. Most of these results were obtained during Stage 2. Chapters 
3 and 4 briefly describe the Trial site, infrastructure and operation. The information provided 
to the community at the start of Stage 2 is reported in Chapter 5. Chapter 6 describes a 
review of the performance of the DAFF plant and the injectant water quality. Chapters 7 and 
8 describe the methods used to characterise the T2 aquifer at different scales and the field 
observations showing the distribution of injectant in the aquifer and how this led to a 
calibrated model of water and solute transport in the aquifer. An attempt to use cross-hole 
geophysical techniques to study the movement of the injectant in the aquifer is described in 
Chapter 9. 

The next set of chapters focus on subsurface processes involving clogging, geochemistry, 
pathogens and organics. Chapter 10 is devoted to assessing the causes, consequences and 
control of clogging in the injection well. This was problematic early in the trial and was 
ultimately resolved successfully. The aquifer geochemistry, including the important redox 
transitional processes during ASR, dissolution of the carbonate aquifer and isotope 
contributions to understanding geochemical and mixing processes are described in Chapters 
11, 12 and 13. The measurements to determine the fate of microbial pathogens and results, 
their rates of attenuation as measured in-situ and experiments that determine the factors 
affecting survival are described in Chapters 14, 15 and 16. The fates of natural organic 
matter, disinfection byproducts, and endocrine disrupters are described in Chapters 17, 18 
and 19. Caffeine was intended to be used as a tracer at the trial site, but as reported in 
Chapter 20, it was attenuated before reaching the DAFF plant, so was not helpful for our 
study. 

Chapter 21 deals with operational performance, measuring effects on the T1 aquifer at the 
site and in a set of surrounding irrigation and water supply wells. Chapter 22 covers the 
results of modelling various scenarios for subsurface storage across the Northern Adelaide 
Plains (NAP) 5 to 10 GL!yr of reclaimed water in winter for recovery in summer. The 
characteristics suitable for storage zones on the NAP are described in Chapter 23. Chapter 
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24 presents an evaluation of costs of ASR and compares this with the current costs of 
irrigation well operation. The last chapter, Chapter 25, gives a summary, conclusions and 
recommendations of the project. 

This project has gained international recognition as it is the first project of its type where 
relatively nutrient-rich reclaimed water has been successfully used for ASR in a confined low 
transmissivity aquifer system for subsequent recovery to meet irrigation demand. 
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2. INJECTION WELL CLOGGING PROCESSES DURING AQUIFER 
STORAGE AND RECOVERY (ASR) WITH RECLAIMED WATER* 

S. Rinck-Pfeiffer1
, P.J. Dillon2

, S. Ragusa3
, J.L Hutson4 

1 United Water International Pty Ltd 
2 CSIRO Land and Water, Adelaide, South Australia 
3 EMBiotech, Sydney, Australia 
4 Flinders University of South Australia 

*Presented in Dillon, P.J., (ed.) Management of aquifer recharge for sustainability Swets and 
Zeitlinger; Netherlands; 2002; pp. 189-194. 

2.1 INTRODUCTION 

Injection well clogging is often encountered and can occur within minutes to years after the 
start of an aquifer storage and recovery (ASR) project. Although most of the well clogging 
can be alleviated by regeneration methods such as backwashing, clogging remains the main 
factor affecting the feasibility of new ASR projects with low quality sources waters. Clogging 
during recharge increases the head in the injection well and reduces the injection rate. A 
number of causes can lead to clogging including bacterial production of polysaccharides and 
biomass (biological clogging), entrapment of suspended solids (physical clogging), entrained 
air/gas binding (mechanical clogging), and dispersion of clay or precipitation within the 
formation (chemical clogging). Of these, biological clogging is thought to be of primary 
importance when nutrient-rich reclaimed waters are injected into wells. 

The investigations reported in this chapter were undertaken to understand the effect of 
reclaimed water quality on clogging and associated bio-geo-chemical processes in a 
carbonate aquifer. The work was undertaken using laboratory columns, with water from 
various treatment trains passed continuously through laboratory columns packed with aquifer 
material collected from the ASR site. This enabled evaluation of clogging and 
precipitation/dissolution processes within the columns prior to the commencement of a full 
scale ASR scheme. The columns were used as a tool to investigate the combined effect of 
physical, biological, and chemical factors on injection well clogging in the field situation. 

2.2 MATERIALS AND METHODS 

2.2.1 Experimental Apparatus and Procedures 

A schematic representation of the columns used for the experiment is shown in figure 2.1. 
The columns were made from clear plexiglass (16cm in length and 2.5cm ID (internal 
diameter)). Screens and stainless steel meshes placed inside the end caps were used to 
support the aquifer material and helped spread the input solution laterally throughout the 
columns. 

The tubing connecting the flask to the pump and to the inlet and the outlet end of the column 
was polyfluoroalcoxy (PFA), a co-polymer, which is impermeable to oxygen. The columns 
were covered with aluminium foil during the experiment to prevent light penetration and 
subsequent growth of photo-autotrophic organisms. For Study b (see table 2.1) stainless 
steel columns were used as the plexiglass columns could not be autoclaved. 
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The columns (replicates) were packed with aquifer material from a core of the target, sandy 
limestone Aquifer T2, taken from a depth of 115-120m in the Northern Adelaide Plains (NAP) 
South Australia. 

Polyfluoroalcoxy 
tubing 

Nitrogen 
(oxygen free) 

1 
Aquifer material 

Treated Bolivar 
waste water 

Sampling 
port 

Acrylic 
column 

Figure 2.1: Schematic diagram of column experimental set up. 

The cores were stored under anaerobic conditions at 4°C until needed for the column 
experiments. The X-ray diffraction (XRD) pattern showed that the aquifer material was 
predominantly composed of quartz, calcite, ankerite and microcline. Columns were packed 
in an anaerobic cabinet with wet aquifer material in increments of one-centimetre. The core 
material was crushed and sieved then repacked into the columns in order to prevent 
preferential flow along the edges of the columns and along natural fissures in the core 
material. The columns were kept at 20oc (the temperature of the groundwater at the depth 
of the core), for the entire 23 day experiment. The columns were initially dosed with 
groundwater from the ASR field site before passage of the treated wastewater to allow the 
stabilisation and the inoculation of the columns. 

A peristaltic pump was used to continuously feed the water through the columns at the flow
rate expected in the vicinity of the ASR well; (5Liday/column) a Darcian velocity of 1Om/d. 
The column pore-volume was about 30ml, corresponding to an average residence time of 
0.14 hours (500 seconds). Over the 23 days of each study the volume discharged was 
approximately 5000 times the pore-volume of the column. 

The development of clogging and the resulting decrease in hydraulic conductivity was 
monitored using pressure sensors located along the columns five centimetres apart, and 
connected to a data logger. The pressure sensors acted as a means of measuring pressure 
heads at different points along the columns and at the inlet and outlet of the columns. 
Changes in flow-rate were also monitored daily. 
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Column Processes Comments Study No. studied 

a Physical 
Reel. Water + 2% formalin 

(no bacteria) 1 Om/d 

b Biological Microfiltered reel. water 
(SS = Omg/L) 1 Om/d 

Physical+ Reclaimed water c biological 10m/d 

Physical+ Same as Study c but flow-rate d biological reduced to 2m/d (slow flow-rate) 

Table 2.1: Summary of average column experimental conditions at start of experiment. 
SS = suspended solids. 

2.2.2 Hydraulic Properties of Columns 

Flow-rates and the hydraulic conductivity changes (K in m/day), between pressure sensors 
along the columns at 0, 3, 8, 13, and 16cm, were calculated using Darcy's law on a daily 
basis. 

Porosity at the time of packing was calculated from the dry and wet weight of the columns. 
Additionally, breakthrough of a bromide tracer which was passed through the columns before 
the start of the experiment, was used to check the packing and pore-volume of the columns. 
Column experiments were run in triplicate. 

2.2.3 Composition of Reclaimed Water 

The reclaimed water pumped through the columns after treatment was essentially the same 
as the recharge water to be used at the Bolivar ASR site in the NAP, except that the 
reclaimed water passed through the columns was not chlorinated. so as to obtain more 
severe clogging as a worst case scenario. The range of the reclaimed water quality 
parameters are listed in table 2.2. 

2.2.4 Analytical Measurements 

Samples of both the reclaimed water being pumped into the column (influent) and the water 
coming out of the columns (effluent) were taken daily to record water quality changes. 

Parameters such as acidity (pH), temperature, redox potential (Eh), dissolved oxygen (DO) 
and electrical conductivity (EC) were measured daily using probes and a flow-through cell in 
which the influent and effluent sample was collected from each column separately, allowing 
for more accurate and reliable measurements. Other measurements included turbidity 
measured in nephelometric turbidity units (NTU) using a turbidity meter, and flow-rates 
measured daily using a measuring cylinder and a stop-watch. 

Additional samples were collected every two to three days to be analysed for cations, anions, 
metals, E. coli and total bacterial count. 
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PARAMETER 
(mg/L unless otherwise specified) 
Total Kjeldahl Nitrogen (TKN) 
Assimilable Organic Carbon (AOC) 
(mg acetate-C equiv/L) 
Ammonia (as N) 
Nitrate+ Nitrite (as N) 
Phosphorus (asP) 
Total Organic Carbon (TOC) 
Dissolved Organic Carbon (DOC) 
Biological Oxygen Demand (BOD) 
Chemical Oxygen Demand 
E. coli ( cells/1 OOmL) 
Total bacterial count (cells/ml) 
Suspended Solids (SS) (except Study b) 
Alkalinity (calcium carbonate) 
Iron (total) 
Calcium 
Sodium 
Potassium 
Chloride 
Bicarbonate 
pH 
Electrical Conductivity EC (mS/cm) 

VALUES 

1 - 6 
0.1-0.4 

0.0-1.4 
1 - 10 
0.3- 1 
8-20 
8- 18 
2-6 

170-210 
10-280 
102

- 106 

3-4 
140-200 
0.02- 0.1 
35-45 

180-300 
25-50 

250-450 
140- 200 
7.0- 7.5 
1.5-2.5 

Table 2.2: Reclaimed water quality. 
Range for Studies a to d. 

2.2.5 Dismantling of the Columns at the End of the Experimental Run 

At the end of each experiment the contents of the columns were sampled at 0.5cm intervals 
for the first 3cm of the column (inlet) and then at 1 em intervals for the remaining part of the 
column. 

Polysaccharides (Dubois, et.al., 1956), total biomass (MIS Operating Manual), total cell 
numbers (Haack, et.al., 1994), viable cell counts, metals and mineralogical composition were 
also evaluated (Rinck-Pfeiffer 2000). 

2.3 RESULTS AND DISCUSSION 

2.3.1 Importance of Physical and Biological Clogging Processes at High Flow-Rates 

In all column studies the hydraulic conductivity (K) decline was progressive with time, caused 
by a gradual accumulation of suspended solids (SS) and/or bacterial biomass and 
polysaccharides (figure 2.2). 

In column experiments subject to physical clogging (Study a, c, d), the main mechanism 
responsible for the immediate decrease in K upon reclaimed water injection, was the physical 
pore plugging manifested by the filtration of suspended solids (concentration of 3 to 4mg/L) 
on the aquifer matrix at the inlet end of the columns (see table 2.3). 

Physical clogging as a sole clogging factor (Study a) was found to be more important 
(reduced to 19% of the initial K value in the 0-3cm section in 23 days) in reducing the 
saturated hydraulic conductivity at the inlet end of the columns, than biological clogging as a 
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c 

sole clogging factor (reduced to 27% of the initial K value in the 0-3cm section in 23 days), 
although the difference in K reduction was found to be very small (table 2.3). 

Because the suspended solids in the reclaimed water are mostly of organic origin and easily 
compacted, the resistance to flow tends to increase more rapidly than when only biological 
clogging is possible. 
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Figure 2.2: Changes in hydraulic conductivity over time. 
Decrease in hydraulic conductivity (K) through different sections of the columns 

receiving reclaimed water with and without suspended solids and bacteria for a period of 23 days. 
Data shown represents the average of replicate columns. •= biological il: physical+ biological 

+: physical +biological (slow rate) -: physical only 
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Study Clogging Processes Column KIK0 Polysacchari Biomass 
Section de (mg/g dry (mg/g 

wt) dry weight) 
A Physical 0-3 19 0.5-0 0.5-0 

3-8 66 0 0 
8-13 92 0 0 
13-16 94 0 0 ______ 8 _____________ 8TOfoQicaT __________ o-3----------2:r----------T4:(y:s·--------7-:-f:u-·--
3-8 47 0.5-0 2.3-0.9 

8-13 81 0.6-0.5 0.9-0.3 
13-16 92 0.5-0.35 0.6-0.3 ________ c ________ Pii-ysi cal +sTologTcaf _____ "iY--3----------------s·-------------·-:r:::o~s--------------Tf:::f.-85 _________ _ 
3-8 34 0.5-0.35 1.85-0.4 

8-13 75 0.35-0.18 0.2-0 
13-16 84 0.18-0.08 0.26-0.23 _________ o ______ F'Tiyslcar+-sfaf091C-af--------o-::=r·---------------s·------------7=T~3---------------1s=s-·-------------

(slow flow-rate) 3-8 45 1-0.66 5-1.45 
8-13 58 0.6-0.5 1.45-0.5 
13-16 85 0.66-0.62 1-0.8 

Table 2.3: Results from sectioning of columns at conclusion of each study at day 22. 

The initial decrease in K due to physical clogging was rapid, stabilising as the clogged layer 
became more compact. K was reduced predominantly at the inlet end of the columns and 
did not advance further than 8cm from the inlet end. 

Biological clogging as a sole clogging process was slower than the others at the inlet end at 
the start of the experiment (figure 2.2). During the course of the experiment K was reduced 
to 27% of the initial K value in the 0-3cm section, and to 47% of the initial K value in the 
3-8cm section. Biological clogging was distributed further along the column than physical 
clogging (table 2.3). The extent of clogging was attributed to biomass accumulation, with up 
to 7mg biomass per gram of dry aquifer material being quantified at the inlet end and up to 
2.3mg biomass per gram of dry aquifer material in the 3-8cm section of the columns. 

When both physical and biological clogging processes acted simultaneously (Study c and d), 
the two processes were compounded to accelerate permeability decline. 

Most of the clogging took place primarily at the inlet end of the columns, manifested by the 
filtration of suspended solids, biomass and polysaccharide accumulation, causing the 
hydraulic conductivity in that area to drop to very low values (<0.02m/day). Although most of 
the clogging occurred at the inlet of the columns, the hydraulic conductivity was also reduced 
beyond the 3cm section, but at a much slower rate (figure 2.2). 

When physical and biological processes interact, the clogging rate and therefore the 
hydraulic conductivity is further reduced, as shown from the results in this study and the 
observations of Jiang and Matsumoto ( 1995). Although the formation of the organic mat by 
filtration of suspended solids (SS) is a physical process, it forms an excellent substrate for 
the growth of bacteria. Biological clogging was thus more pronounced when suspended 
organic solids were present in the column. More biomass (237mg versus 177mg) was 
produced in the column when suspended solids were present in the injectant. The influent 
water had the same assimilable organic carbon (AOC) concentrations, regardless of 
suspended solid levels. 
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2.3.2 Effect of Flow Velocity on the Reduction of Hydraulic Conductivity (K) Through 
the Laboratory Columns 

The residence time of the reclaimed water in the columns increased as the flow-rate was 
reduced. This allowed more time for microbial reactions, and reduced the amount of 
suspended solid concentrations filtered out at the inlet end of the columns. 

Slow flow-rates accentuated biological clogging processes. Clogging was faster and 
occurred closer to the inlet end of the columns when the injectant had a high concentration of 
suspended solids (-213mg SS over 23 days). 

Biological clogging was more significant in columns rece1vmg injectants with lower SS 
concentrations (-46.7mg SS over 23 days) and developed more slowly, but the clogging 
layer extended further into the columns. 

The increased bacterial activity observed in the column towards the outlet end under slow 
velocity conditions, could be explained by the fact that when less suspended solids are 
filtered out at the inlet end of the column, the bacteria form niches further up the column 
instead of being concentrated around the filter cake. 

2.3.3 Role of Extracellular Polysaccharides in Clogging of Aquifer Material 

Most polysaccharides were produced at the inlet end of the columns, where most biomass 
was observed. 

The relationships between the amount of polysaccharides produced through the columns 
and the degree of K reduction, suggest that polysaccharides are more effective in reducing K 
when flow-rates are slow. Fluid shear stresses under higher velocities may shear 
polysaccharides off the surface of the biofilm leading to their loss from the columns, hence 
the low concentrations measured in the columns (figure 2.3). 

Additionally, the conditions through the columns receiving reclaimed water at low velocities 
were slightly different from other studies. First of all, the residence time of the water in the 
columns was greater, and secondly the easily assimilated carbon (AC) concentration was 
also slightly higher (-1401-Jg AC-C/L versus -11 01-Jg AC-C/L), both characteristics would have 
influenced the amount of polysaccharides produced through the columns. An increase in the 
C/N ratio in the percolating fluid has been suggested to increase the bacterial polysaccharide 
production in sand columns, leading to an increase in the clogging rate (Vandevivere and 
Baveye 1992). 

Mitchell and Nevo (1964) have reported that polysaccharide accumulation in sand columns 
can contribute to severe clogging when levels reached concentrations well above 7mg/g dry 
sand. In our studies, concentrations of up to 7mg/g of dry aquifer material were observed in 
the slow velocity experiment at the inlet end of the columns (figure 2.3). A reduction in the 
hydraulic conductivity to five percent of the initial K value at the inlet end of the columns was 
observed, the same extent of clogging that was observed in the Study b run at a higher 
Darcian velocity. Taking into account that less suspended solids were filtered out at the inlet 
end of the columns run at slow velocity (46.7mg SS over 23 days versus 213mg SS in the 
high flow experiment), physical clogging should have been less. The balance of the K 
reduction can therefore be attributed to biomass and polysaccharide production. 
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Figure 2.3: Distribution of microbiological clogging agents over length of column. 
Data shown represents the average of replicate columns. 

Slow flow-rates accentuated the polysaccharide production at the inlet end of the columns. 
Polysaccharides have played a more important role in reducing the hydraulic conductivity in 
the slow flow experiment (Study d), whereby 86% more polysaccharides versus only 23% 
more biomass were found at the inlet end of the columns. 

Throughout these experiments polysaccharides played a major role in the reduction of K in 
these columns. This supports the observation made by Mitchell and Nevo (1964), whereby 
polysaccharide levels of ~1 mg/g were of no significance to clogging while levels of 7mg/g 
were found to severely affect the Ks reduction at the inlet end of the columns (Study d). 

2.3.4 Importance of Calcite Dissolution 

Calcite dissolution was the dominant geochemical dissolution reaction occurring in all the 
columns. 

Most of the calcite was dissolved at the inlet end of the columns, with an overall loss of 
10-20% of the calcite in the aquifer material in the columns over the 23-day experiments . 
Most of the microbial processes and pH changes were dominant in the 0-3cm section of the 
columns, which resulted in more pronounced dissolution of calcite observed at that end of 
the column. 

Towards the end of the column run fissures developed at the inlet end of some columns. 
Calcite dissolution can lead to an increase in secondary porosity, and the formation of 
fissures. The fissures can widen with increasing dissolution of calcite, and explain the 
increase in hydraulic conductivity (unclogging) observed at the end of the experiment in the 
column Studies a to c. 

Hydraulic conductivity increases were not observed in the columns receiving reclaimed water 
at low flow-rates (Study d), which would suggest that the flow velocity has an impact on the 
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rate of fissure formation or that microbial growth sealed pores as fissures were formed 
counterbalancing the effect of dissolution. 

Calcite reprecipitation took place in columns subject to both biological and physical clogging, 
and to anoxic conditions. Dissolved oxygen (DO) entering the columns was not completely 
consumed during the experiments. 

2.3.5 Metabolic Processes 

A sequence of microbially-mediated redox reactions are involved in the degradation of 
organic matter. Since DO levels in the columns remained above 2mg/L, oxidation processes 
were dominant throughout the column experiments. Chemoorganotrophic bacteria can use 
an array of oxidants to oxidise organic matter in incoming wastewater, such as Oz, N03-, 
Mn4

+, Fe3
+ and so/-. In the column studies, decreases in DO and nitrate were observed; 

however, no changes in total manganese or iron concentrations were evident. Increases in 
sulfate levels in the column effluents in the Study b were observed and could be attributed to 
pyrite oxidation. Pyrite was present in small specs through the aquifer material. The XRD 
analysis of the aquifer material revealed pyrite, but concentrations were too low to be 
quantified. The DO and OC present in the influent reclaimed water were not exhausted by 
the bacteria present in the columns as the flux rates applied were higher than bacterial 
assimilation capacity. In the short columns studied, microbial populations were unable to 
come into equilibrium with the nutrient sources provided. 

2.4 RELEVANCE OF EXPERIMENTS TO AQUIFER STORAGE AND RECOVER (ASR} 
PROJECTS 

Scaling-up from the laboratory to the field can be a contentious issue as there are always 
inherent uncertainties such as aquifer heterogeneity and variations in injection rates and 
injectant water quality. Column studies such as these are useful for parametric studies and 
can give an indication of what to expect in the field. The effect of clogging on the saturated 
hydraulic conductivity is somewhat difficult to extrapolate to the field conditions as in the field, 
the injectant will pass through a larger mass of aquifer matrix which is likely to contain some 
features which tend to increase the saturated hydraulic conductivity, such as preferential flow 
paths due to natural heterogeneities. In addition, radial flow will occur in the field but not in 
laboratory columns (Rinck-Pfeiffer 2000) 

From the data obtained in studies a to d the following predictions can be made regarding 
injection well clogging at the ASR field site. 

Clogging of the injection well by bacterial biomass and SS should not affect the viability of 
this project as long as the injected water contains SS levels ::;;3-4mg/L. To keep a 
sustainable ASR operation, it is advisable to keep the redevelopment cycles as short as 
possible and more frequent if required rather than stopping the injection for extended periods 
of time. 

Calcite dissolution will be an important geochemical process occurring at the vicinity of the 
injection well as was demonstrated by the results obtained in the column studies. The calcite 
dissolution process resulted in the reversal of the clogging observed in some columns 
towards the end of the column experiment. This might be favourable in the field situation 
where dissolution leads to an increase in permeability of the aquifer matrix surrounding the 
well, thus alleviating clogging and acting as a remedial measure. A detrimental effect of this 
may be that increased secondary porosity of the aquifer may lead to loosening of the aquifer 
material. Ultimately this could threaten the stability of an overlying aquitard. It is vital that 
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this aquitard retain its integrity, so monitoring of calcite dissolution processes will be 
necessary during the ASR operations to determine the effective life of an ASR well. 

As the conditions in the columns were predominantly oxic, no major conclusions can be 
made on the effect of reclaimed water injection in the long-term as the water reaches more 
anaerobic zones deeper within the aquifer. However, the results obtained will be useful in 
determining biogeochemical reactions that could occur at the vicinity of the injection well, 
where clogging needs to be prevented to ensure long-term injection. 

Excess nutrients N, P, C may be assimilated in the aquifer by microorganisms, and 
polysaccharides will become part of the pool of OC, with turnover resulting in C02 and N2 

production and thus maintaining the aquifer permeability. 

2.5 CONCLUSIONS 

Laboratory column studies showed that for the quality of the reclaimed water and aquifer 
material at the Bolivar ASR site, physical and biological clogging near the injection well would 
be an issue requiring resolution. However, the experiments also revealed that these were 
not necessarily irreversible and suggested management strategies through which injection 
rates could be sustained. 
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3. BOLIVAR SITE ESTABLISHMENT 

R. Martin and D. Clarke 

SA Department of Water, Land and Biodiversity Conservation (DWLBC) 

The site is located along the northern boundary of the Bolivar Waste Water Treatment Plant 
(WWTP) on the Northern Adelaide Plains (NAP) as shown on the locality plan (chapter 1, 
figure 1.2). The focus of this ASR Trial using reclaimed water from the WWTP, are the 
Tertiary sediments of the Port Willunga Formation of the Adelaide sub-basin which forms part 
of the much larger St. Vincent Basin. 

Beneath the Adelaide Plains, the Port Willunga Formation is characterised by thick 
subsurface sections (>100m) which are laterally extensive across the sub-basin. This unit is 
hydrostratigraphically divided into an upper sandy limestone facies (Aquifer T1) and a lower, 
sometimes dense blocky limestone (Aquifer T2) separated by the Munno Para Clay member 
which forms a laterally extensive aquiclude across the sub-basin. 

The water-bearing units within the Tertiary sequence also include the Dry Creek/Hallett Cove 
Sand which lies above the Port Willunga Formation. Because of the existence of a semi
confining bed in some localities on the NAP, Aquifer T1 can sometimes be further divided 
into two sub-aquifers: Aquifer T1 (a) which comprises the Hallett Cove/Dry Creek Sand, and 
Aquifer T1 (b) composed of the sandy limestone facies of the Upper Port Willunga Formation. 
North of the Gawler River (figure 3.1) sediments begin to thin and the sub-aquifer T1 (a) is 
absent in many parts. The Munno Para Clay confining bed is also absent. 

Depth to water surface has been constructed from water level readings taken during March-April 1994. 
North of the Gawler River (figure 3.1) groundwater salinity in Aquifer T2 rapidly deteriorates 
and ranges between 1500 to more than 2500 mg/L (milligrams per litre). South of Angle Vale 
(figure 3.1) groundwater salinity also begins to change rapidly and ranges from around 1500 
to 2500mg/L. 

The target aquifer for the ASR trial was the deeper confined Aquifer T2, which underlies the 
Munno Para Clay. Groundwater salinity is 21 OOmg/L. 

3.1 RESULTS OF DRILLING 

Drilling of the principal injection well commenced on 22 September 1997 and was concluded 
on 2 October 1997. Only one well was drilled at this time and the main aim was to recover 
aquifer material that was suitable for use in the Stage 1 laboratory investigations. Based on 
the results of aquifer hydraulic tests, aquifer matrix strength tests and general groundwater 
chemistry, the final observation well configuration was to be determined if the results from 
Stage 1 warranted that the field trial should proceed. 

The injection well penetrating Aquifer T2 was drilled to a total depth of 170m using rotary 
mud drilling. Cuttings samples were collected at three metre intervals over the entire 
penetrated depth. Completion of the well was carried out using 203mm I.D. (internal 
diameter) fibre-reinforced plastic (FRP) casing, with the casing shoe set at a depth of 104m. 
The casing was then pressure-cemented to the surface whilst the remaining section of the 
well (104m to 170m, which encompasses the entire thickness of Aquifer T2 at this location) 
was left as an open-hole completion. 
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Figure 3.1: Salinity and depth to water level for Aquifer T2 on the NAP. 
Salinity information has been compiled from composite data from 1986 through to 1994. 
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Intervals over which the various lithological units were intersected in this well are described 
in table 3.1. 

Lithological unit 

Recent 
Hindmarsh Clay 
Carisbrook Sand (Quartenary Aquifer 4) 
Dry Creek/Hallett Cove Sand (Aquifer T1 a) 
Upper Port Willunga Fm. (Aquifer T1 b) 
Munno Para Clay 
Lower Port Willunga Fm. (Aquifer T2) 
Ruwarung Member 

Depth 
m 

0-4 
4-33 
33-55 
55-63 

63-88.5 
88.5- 96 
96- 144 

>144 

Table 3.1: Unit Intervals. 

Thickness 
m 
4 
29 
22 
8 

25.5 
7.5 
48 

Five cores were taken from the following intervals starting in the Munno Para Clay and at 
selected intervals across Aquifer T2 where facies changes were apparent. 

Core 1 91.46- 94.31 m 
Core 2 104.30- 107.30m 
Core 3 116.58- 119.08m 
Core 4 134.56- 137.40m 
Core 5 153.10- 155.60m 

All cores were sealed in air-tight PVC tubes and purged with nitrogen to maintain anaerobic 
conditions. Cores were stored in a cool room at CS/RO with selected samples removed for 
geochemical and geophysical testing by CS/RO. The geochemical and geophysical tests 
include: 

• column studies; 
• vertical hydraulic conductivity; 
• porosity; 
• grain size analysis; 
• total organic carbon (TOC); 
• x-ray diffraction (XRD); 
• x-ray fluorescence; 
• thin section and optical examination for pyrite; and 
• pore-throat size distribution. 

After preliminary development by airlifting, a water sample was obtained from the open-hole 
section in Aquifer T2, and the electrical conductivity (EC) of 3,830~-tS/cm inferred a total 
dissolved solids (TDS) content of 2, 130mg/L. 

After completion, the well was developed by airlifting at a rate of 1 0-20Lisec. It required up 
to five days of development to purge the well of fine material. The well was allowed to 
recover and a final standing water level (i.e: depth to water) of 7.4m bgs (below ground 
surface) was recorded. 

The following suites of geophysical logs were run over each hole prior to casing: 
• gamma; 
• neutron; 
• point resistivity; 
• calliper; 
• spontaneous potential; 
• density; and 
• induction log. 
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A down-hole video camera was run over the open interval of the well to assist in ascertaining 
the integrity of the aquifer matrix. The integrity of the aquifer matrix needed to be determined 
prior to carrying out any down-hole flow testing. 

Open-hole completion was chosen to optimise well efficiency. The very fine sands within the 
formation would require a screen size of approximately 0.1 mm to prevent 60% of the sand 
passing the screen and entering the well. A screen with such a small aperture would 
significantly affect well performance, especially during injection. 

From the results of the drilling carried out, the following inferences were drawn concerning 
the suitability of Aquifer T2 for the Bolivar ASR Project. 
• Typically, the Port Willunga Formation is characterised as a bryozoal-rich marly 

limestone. The basal section of the upper confined Aquifer T1 (b) is a well-consolidated 
sandy limestone whilst the lower Aquifer T2 consists of a limestone succession, more 
appropriately described as a calcarenite. 

• On a broad scale, the lithology of Aquifer T2 appeared to be relatively homogeneous. 
However, from the geophysical logging four or five subtle facies variants could be 
discerned. These differences could generally be related to degree of clay content, 
degree of cementation and amounts of shell debris or calcite content. 

• Despite these subtle differences in lithology, on the broad scale, mixing and storage of 
the injected water was likely to occur over the whole aquifer sequence although there 
were likely to be zones of slightly higher transmissivity within some of the major facies 
variants. 

• The fine sands and quantities of shell debris encountered in Aquifer T2 were thought to 
present potential problems in relation to the stability of the open-hole section. 

• In addition, it was considered that considerable purging of the well may be required after 
injection and prior to abstraction to clear the well of formation fines. It was also 
considered possible that production of formation fines may also impact on the scheduling 
of maintenance on pumps, pipelines and valves which were an integral part of the ASR 
scheme. 

• It was believed that the factors mentioned above may result in higher operating costs with 
longer redevelopment required after each injection phase. In addition, because of the 
greater depth of Aquifer T2 capital costs for initial establishment of the wells was much 
higher. 

• The confining bed between Aquifers T2 and T1 (b) (Munno Para Clay) does contain 
discrete limestone bands up to 30cm thick, and it was important to ensure that care 
would be taken to prevent injection pressures exceeding the mechanical strength of this 
formation. 

• Overstressing the Munno Para Clay to the point where it fails was known to result in 
upward leakage from Aquifer T2 into Aquifer T1 (b). 

3.2 STEP-DRAWDOWN PUMPING TESTS 

In order to determine the well equation and aquifer transmissivity, a four stage step
drawdown test of 100 minutes duration each for the first three steps, and an extended 480 
minute fourth step was carried out on the production well. 

The step-drawdown test is a single-well test, in which the well was pumped at a slow 
constant discharge rate until the drawdown within the well stabilised. The pumping rate was 
then increased to a higher constant discharge rate and the well pumped until the drawdown 
stabilised once more (Kruseman and de Ridder 1991 ). The Eden-Hazel method (1973) was 
applied to determine the well loss parameters and also provide an estimate of the aquifer 
transmissivity. This method is based on Jacob's approximation of the Theis equation. 
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Results from the step-drawdown pumping test for Aquifer T2 indicated a transmissivity of 
180m2/day, which translates to an equivalent hydraulic conductivity of 3. 7m/day based on the 
aquifer thickness of 48m at this location. During the 780 minute test period, a 20m 
drawdown was observed allowing an estimate of the transmissivity to be calculated using the 
graphical technique of Eden-Hazel (1973). 

The results from this pumping test were inconclusive as the graphical technique relied 
heavily on the results of the first step. In this case, the first step at a pumping rate of 8Lisec 
(0.48m3/min) produced very little drawdown resulting in a flat drawdown versus time profile. 
At the end of the 1 00 minutes, time versus drawdown had almost achieved steady-state. 
However, the resultant transmissivity of 180m2/day was similar to other wells on the NAP 
where transmissivities range between ~200 to 250m2/day. 

The well constant for 'a' was also higher than normally expected for Aquifer T2. 

3.3 WATER CHEMISTRY 

Chemical analysis for the major cations and anions was carried out on water samples 
recovered during the step-drawdown pumping test. As expected, because of the lithology 
type (calcarenite) the groundwater from Aquifer T2 is rich in bicarbonate. Iron levels are also 
slightly elevated at 1.04mg/L. 

3.4 CONSTRUCTION OF OBSERVATION WELLS AT TRIAL SITE 

The trial site is located along the northern boundary of the Bolivar WWTP on the NAP as 
shown in the locality plan (chapter 1, figure 1.2). A total of 17 monitoring wells were 
positioned at radii of 4m, 50m, 75m, 120m, 300m and 700m from the main injection well 
(figure 3.2). The arrays of wells at a radius of 50m from the injection well were completed 
over various intervals within the target aquifer (figure 3.4 ). 

Four wells were drilled with five-metre spacing between them and completed with three
metre screen intervals within the major facies units identified from the geophysical logs 
(figure 3.3). All remaining wells were open-hole completion fully penetrating the entire 
aquifer thickness. Due to the close spacing of the four wells drilled at a radius of 50m (figure 
3.4) from the main injection well it was expected that some cross-contamination from drilling 
fluids might occur from the deepest to the shallowest completed well. Extended pumping 
was undertaken to clear as much of the contamination as practical. One well exhibited 
uncharacteristically high salinity that was eventually traced to a crack in the well casing 
adjacent to a highly saline shallow aquifer. Well remediation was undertaken to correct this 
problem. 

Each monitoring well was appropriately equipped with telemetry-controlled data acquisition 
units to monitor water levels. The higher transmissivity sections in the four 50m radius wells 
were also equipped with a down-hole sonde to enable continuous recording of water quality 
parameters such as electrical conductivity (EC), acidity (pH), dissolved oxygen (DO) and 
temperature. 

3-5 



• 3967 

e3970 

• 3966 

\I 

,, 

100 

METRES 

710 mm dia 

13 
15355 12 • 3965 

• 3963 

• 
11 

+ 19034 

+ 19445 
191!lll. 19181 

"'If. 19182 
19179 19183 

""+ 18777 
19450 

1~ 19448 
"'ltt- 19447 

19442+- 19446 

reclaimed water 
pipe 

• 15589 

10 
11 

3959 .... • • 

13840 • 

4 

Figure 3.2: Bolivar ASR trial site showing observation well configuration. 
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Figure 3.3: Block diagram illustrating the completion of the 50m radius observation wells 
across selected intervals of the target aquifer. 
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c Figure 3.4: Detailed cross-section of the target aquifer illustrating the completion of wells at the 50m 
radius in the various facies units identified from the geophysical logs. 

Gamma log is depicted by red and neutron is blue. 
The green induction log in centre of figure clearly illustrates the Munno Para Clay aquitard. 

The injection of reclaimed water from the Bolivar WWTP commenced in early October 1999, 
at an average rate of around 1 ML!day, which was lower than the expected 2ML!day. 

By end December 1999, up to 35 ML (megalitres) of reclaimed water had been injected. 
Problems associated with well clogging that were not unexpected occurred approximately 
three months after the start of injection. The well was rehabilitated during February 2000. 

Full-scale injection recommenced at the beginning of August 2000 at a rate of 2ML!day and a 
steady-state injection regime of approximately 1 ML!day was maintained for the next three 
months. 

The target injection volume of 250ML was reached at the end of March 2001 and 
subsequently recovered over the period March 2001 through August 2001. 

A second cycle of injection and recovery of a further 250ML commenced in November 2001 . 
Throughout the second cycle injection rates of between 1.2 and 1.5ML/day were maintained, 
indicating that the treatment processes on the reclaimed water from the DAF/F plant were 
sufficient to support long-term injection without any significant additional treatment of the 
reclaimed water prior to injection. 
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4. OPERATION OF THE TRIAL 

K. Barry and P. Pavelic 

CSIRO Land and Water, Adelaide, South Australia 

4.1 AQUIFER STORAGE AND RECOVERY (ASR) TEST SCHEDULE 

Between October 1999 and October 2002 two ASR cycles were carried out (figure 4.1 ). These 
injections were divided into four distinct periods and will be referred to as tests 1-3 (which 
occurred within cycle 1) and test 4 (within cycle 2). Details are given in table 4.1. Injection 
commenced in October 1999 and the target volume of 250ML (net) in cycle 1 was reached near 
the end of March 2001. Injection occurred over almost 50% of the 18 month time-frame, with 
flow-rates averaging from eight to 12L/s. The third test was the largest and ran for almost eight 
months, and contributed around 85% of the total volume injected in cycle 1. The next injection 
event (test 4) was approximately half the volume of the previous tests combined (net total of 
114ML). Injection rates were strongly influenced by the level of well clogging and the line 
pressure at the well-head. Levels of well clogging are discussed in subsequent chapters of this 
text. 

The first recovery test occurred between July and November 2001, where approximately 60% of 
the volume injected in the three previous tests was withdrawn at a rate of 15L/s. A second 
recovery test was conducted between July and October 2002, where approximately 80% of the 
volume injected during test 4 was withdrawn, again at a rate of 15Lis. 

The ASR well was redeveloped on approximately 200 occasions during the Trial. The standard 
method of redevelopment was by back-washing at pumping rates typically three times the 
injection rate, initially at a constant rate, and later by surging. The surging method is extremely 
harsh on pump components. 

Within Test Period Days of Net Cum. net Avg. 
Cycle No. test volume volume flow-rate 
No. {ML} {ML} {Lis} 

Injection: 
1 1 11 Oct to 23 Nov 1999 42 28.7 28.7 7.9 
1 2 4 to 21 Apr 2000 8 6.6 35.3 9.5 
1 3 4 Aug 2000 to 29 Mar 2001 215 214.5 249.8 11.5 
2 4 5 Mar to 27 Jun 2002 111 114.3 364.1 11.9 

·----------------------------------------------------------------------------------------------------------------
Recovery: 
1 NA 18 Jul to 28 Nov 2001 121 152.0 152.0 15.0 
2 NA 25 Jul to 8 Oct 2002 70 90.9 242.9 15.0 

Table 4.1: Schedule of injection and recovery events, October 1999 to Oct 2002. 

4.2 GROUNDWATER MONITORING PROGRAM 

Groundwaters were sampled typically on a weekly or fortnightly basis once breakthrough at a 
specific observation well was identified. In addition, all wells were sampled at the beginning 
and end of each cycle. The observation wells were sampled with a conventional monitoring 
pump after at least three times the entire volume of water in the well casing had been 
displaced prior to sample collection. The piezometers, with their narrow diameter casing 
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(1 OOmm I D), utilised an "air well" pump and single inflatable packer to purge only the open 
interval. Samples of injected and recovered water were taken directly from the delivery line 
adjacent to the ASR well. 
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Figure 4.1: Cumulative volume of water stored in aquifer during the two ASR cycles. 

In order to provide assurance that the injected water would not reach any wells used for 
domestic supply purposes, the observation well completed in the overlying Aquifer T1 well 
adjacent to the ASR well was sampled on four occasions over the course of the Trial. All 
observation wells situated within a two kilometre radius of the Trial site were sampled before 
and after ASR. 

The bulk of the analyses were performed at the Australian Water Quality Centre (AWQC), 
Bolivar, South Australia (SA). The isotopic analyses were performed at the CSIRO Isotope 
Laboratory SeNice in Adelaide, SA. Some specific microbiological analyses were performed 
at CSIRO Land and Water, Perth, Western Australia (WA). 

Temperature and electrical conductivity (EC) were measured in the field using a TPS-90FL 
analyser in a flow-through cell. EC and temperature profiles in observation wells were 
collected with a YSI 600 analyser (sonde). At any given time up to four sondes were 
deployed in the piezometers to track the evolution of breakthrough. 
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5. COMMUNITY INFORMATION 

R. Martin 

SA Department of Water, Land and Biodiversity Conservation (DWLBC) 

5.1 INTRODUCTION 

In undertaking this project it was recognised that there were likely to be issues surrounding 
the injection of treated wastewater into an aquifer which is used for irrigation and, in some 
cases, potable water supply. Many emotive issues concerning the reuse of wastewater 
would be addressed; many arising from misconceptions about flow and movement of water 
within an aquifer system. The emotive issues, as is typical, were probably the hardest to 
deal with in a rational and logical manner. Australia, unlike many other countries throughout 
the world, has not had a major focus on reuse of wastewater until very recently. Currently, 
less than 20% of total water use throughout Australia is reclaimed wastewater. 

It was also important to keep the focus of the community meetings on aquifer storage and 
recovery (ASR) and not get drawn into the other debates concerning the on-going 
management of the resource. A new Water Allocation Plan (WAP) for the area was being 
developed at the same time as this project was commencing and there was considerable 
debate about paying for water and penalty charges for taking more than the allocated 
volume. 

The communication strategy for this project also needed to consider the different ethnic 
groups operating within the horticultural industry on the Northern Adelaide Plains (NAP), and 
it was important to convey the project aims and objectives to this group. Therefore, all 
published material about the project scope, aims, objectives and expected impacts on the 
groundwater resources of the region were prepared in English as well as Greek, Italian, 
Khmer and Vietnamese, these being the largest ethnic groups operating market gardens on 
the NAP. 

5.2 COMMUNITY CONSULTATION 

Margaret Dugdale (Environmental and Social Planning Consultant) was engaged to assist in 
the formulation of a communications strategy to facilitate dissemination of information to the 
broader community, other government agencies and interested stakeholders. The initial 
strategy was to inform those residents and irrigators within a one-kilometre radius of the Trial 
site in the first instance, followed by the broader Virginia community. An interactive display 
model illustrating the concept of ASR (winter injection followed by summer extraction for 
irrigation) was designed and built, providing an accompanying dialogue in a choice of 
English, Khmer or Vietnamese (figure 5.1 ). 

A community meeting was held in early December 1997 attended by approximately 40 
residents, where information about the proposed trials was presented and the display model 
demonstrated, providing a forum for the community to discuss the Trial and voice any 
concerns. The major concern expressed by the community members at that time was that 
many people in the area do not have access to reticulated water supplies and use the 
groundwater for domestic purposes. 
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Figure 5.1: Interactive display of ASR with flashing diodes indicating water movement in winter and 
summer cycles with corresponding commentaries in English, Vietnamese or Khmer. 

At the suggestion of the growers, if the project was safe for their water supplies, then it could 
be insured against causing damage to the aquifer and neighbouring wells. Insurance was 
subsequently arranged . They also suggested the researchers test a scenario whereby the 
possibility of an unknown, abandoned well , that penetrated the Munno Para Clay and had a 
leaky casing, existed near the test site and in reasonable proximity to the T1 production well 
used for drinking supplies. This scenario was modelled using FEFLOW and results reported 
back at subsequent community meetings. 

Following the initial meeting for growers around the immediate Trial site area, a further five 
meetings were held at the Virginia Horticultural Centre which were attended by between 30 
and 50 irrigators per meeting. These meetings drew out many of the concerns of residents; 
foremost was the injection of wastewater into the aquifer from which many drew drinking 
water supplies as they were not on the reticulated water supply system. The community 
forums allowed an opportunity to address the concerns and outline the benefits and to 
demonstrate that the Trial could be well managed so that it would not have an impact on their 
activities. At the beginning of the meetings there was generally an air of concern about the 
proposal with possibly the majority of attendees opposed to the concept of a trial. By the end 
of each evening there was reduced concern and increased levels of support for the Trial to 
proceed, with the proportion in favour varying between meetings. The community made it 
quite clear that if the Trial proved that ASR using reclaimed water treated to irrigation 
standards was viable they would want further consultation prior to any commercial project to 
store the entire winter excess in the aquifer. 

0 

The structure of the community meetings also included a small workshop session inviting the 
attendees to break into small groups and write up their concerns. All of the concerns were 
documented and written up as a brochure with answers provided to the questions raised, and Q 
then mailed out to the community. 
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Production of presentation videos were also planned as part of the communications strategy; 
however, the Steering Committee elected to defer production of the videos until after the 
results of Stage 1 confirmed that the project should progress to the field Trials. Once the 
project moved to the field Trial stage a project video was subsequently developed along with 
publication material summarising the results of Stage 1. This information was disseminated 
to the community through the Northern Adelaide Plains food and produce festival week. 

A final brochure is planned for the community summarising the outcomes of the field Trial 
and project results. 

5.3 BROAD-SCALE BACKGROUND SAMPLING 

As part of the initial site selection and preparation for the field Trial background samples 
were taken from all operating irrigation wells within a 1.5km radius of the Trial site. The aim 
of the sampling was to provide ambient groundwater parameters in comparison against 
some of the injected water quality parameters. This background regional sampling has been 
repeated on a number of occasions during the project to demonstrate that there has been no 
movement of injected water towards the pumping areas, and that these nearby wells have 
not been affected by the activities of the injection and recovery trial. Results of this on-going 
sampling are presented in later chapters of this report. 

Comparisons of the background groundwater quality and the treated reclaimed wastewater 
are presented in figures 5.2 to 5.5. Figures 5.2 to 5.5 clearly show that the treated 
wastewater from the dissolved air flotation/filtration (OAF/F) plant is high in nitrogen and 
phosphorous. Some of the work detailed in subsequent chapters identifies the changes of 
chemistry of the DAF/F treated water once it has been injected into the aquifer and 
subsequently recovered. 
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Figure 5.2: Average groundwater salinity from series of operational irrigation wells from the major 
irrigation aquifers sampled within a 1.5km radius of Trial site. Background groundwater salinities are 

compared against the average salinity from DAF/F plant treated wastewater. 
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Figure 5.3: Average concentration of ammonia in local groundwater from the series of operational 
irrigation wells from the major irrigation aquifers, compared against the average ammonia 

concentration from DAF/F plant treated wastewater. 
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Figure 5.4: Average concentration of phosphorus in local groundwater from the series of operational 
irrigation wells from the major irrigation aquifers, compared against the average phosphorus 

concentration from DAF/F plant treated wastewater. 
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6. BOLIVAR DISSOLVED AIR FLOTATION/FILTRATION 
(OAF/F) TERTIARY TREATMENT PLANT PERFORMANCE 
~.EVIEW 

F. Buisine and D. Oemcke 

United Water International Pty Ltd 

6.1 BACKGROUND 

6.1.1 History 

An Environment Improvement Plan (EIP) implemented by SA Water Corporation in 
the late 1990's included the key objective to upgrade the wastewater treatment plant, 
and to reduce the discharge of treated wastewater into the sea in order to minimise 
the impact on the marine environment. 

Studies were conducted and demonstrated the potential for increased reuse of the 
Bolivar treated wastewater for irrigation in the Northern Adelaide Plains (NAP). 
Additionally, aquifer storage and recovery (ASR) was considered as a potential 
storage scheme, as agricultural activities in the region have led to considerable 
depletion of, and water quality deterioration in, the local confined aquifers. 

In May 1999 a Dissolved Air Flotation/Filtration (OAF/F) plant was commissioned at 
the Bolivar Wastewater Treatment Plant (WWTP) North of Adelaide, to achieve 
tertiary treatment of the stabilisation lagoon effluent and to allow unrestricted reuse of 
reclaimed effluent. The plant has a nominal capacity of 120ML!day and a peak 
hydraulic capacity of 150ML/day. In September 1999 the DAF/F plant commenced 
supplying the Virginia Pipeline Scheme (VPS) with chlorinated, tertiary-treated 
effluent for unrestricted irrigation in the Virginia horticultural triangle. 

Following the construction of a test well at Bolivar, laboratory column tests and 
desktop studies commenced in 1997, and the second stage of the Bolivar ASR Trial 
started during winter 1999. This consisted of the injection and recovery of the Bolivar 
DAF/F plant effluent into Aquifer T2 (Lower Port Willunga formation) through a single 
well. 

6.1.2 Treatment Process 

The DAF/F process was chosen at the Bolivar WWTP to achieve tertiary treatment of 
the secondary treated wastewater, after passage through the waste stabilisation 
lagoons. Pilot plant trials at Bolivar proved the suitability of the DAF/F process in 
removing algae, suspended solids and pathogens. Chlorine disinfection 
supplements the tertiary treatment, ensuring the reclaimed water meets the SA 
Reclaimed Water Guidelines (1999) of the Environment Protection Agency (EPA) 
and the Department of Health Services (DHS). Treatment standards are shown in 
table 6.1. 

When the DAF/F plant was commissioned, trickling filters were achieving the 
secondary treatment step at the Bolivar WWTP. As part of an odour control program, 
trickling filters were replaced with a new Activated Sludge (AS) plant, commissioned 
in January/February 2001. 
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Figure 6.1: Process diagram of the Bolivar Dissolved Air Flotation/Filtration (DAF/F) plant. 
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Secondary-treated effluent enters waste stabilisation lagoons, which have a retention time of 
about 30 days at normal operation level. Following the stabilisation lagoons, part of the 
lagoon effluent is pumped from the discharge channel and split into two parallel trains. It can 
be dosed with coagulant (alum) prior to entering hydraulic flash mixers. Colloid particle 
destabilisation occurs and allows micro-floes to form. Coagulated water can be 
subsequently injected with flocculant (polymer) and passed through two flocculation 
chambers where gentle mixing is induced to,promote particle collision and floc growth. 

Pressurised, air-saturated, recycled water is introduced in the rising chimney situated at the 
inlet of the flotation tank through an orifice plate, where pressure is suddenly released, 
allowing the formation of thousands of micro air bubbles, which attach to the floes and float 
to the surface. A layer of sludge forms on top of the DAF/F cell and is regularly removed by 
helical scrapers located at the far end of the cell. 

Clarified water passes through a dual media filter (anthracite and sand). Suspended solids 
(SS) and floes that were not removed through the flotation stage are removed through the 
filter bed. Filter backwash can be initiated on turbidity breakthrough, headless set point, or 
on timer. 

Filtered water is collected in the filtered water channel. 10 to 15% of the filtered water is 
recycled, saturated with air under pressure and used for the flotation process as stated 
above. Filtered water is also used for the filter backwash. 

Filtered water flow enters the chlorine contact channel, prior to which chlorine is injected for 
disinfection. Sufficient retention time is provided in the chlorine contact channel to meet 
water quality requirements before discharging to the VPS via the dilution structure. Treated 
effluent can be diluted with potable water at the dilution structure to prevent the total 
dissolved solids (TDS) exceeding the 1 ,500mg/L allowable limit. 

Sludge from the float is pumped to the main plant for anaerobic digestion. Backwash water 
is returned to the head of the activated sludge reactors. 

6.2 TREATED WATER QUALITY 

6.2.1 Water Quality Requirements 

The treated wastewater from the DAF/F plant meets the Reclaimed Water Guidelines of the 
EPA and DHS to deliver "Bolivar Reuse Quality Water" for the VPS. 

At the time that the Bolivar Reuse Quality requirements were established, work had 
commenced on draft Reclaimed Water Guidelines for South Australia. According to the 
concept design report for the DAF/F, "the DHS have indicated to SA Water representatives 
that The Commission considers the specific Bolivar DAF/F reclaimed water as equivalent to 
Class A ... ". This was based on the whole treatment train, from screens to DAF/F plant and 
the large stabilisation ponds are ensuring, in general, several log-removals of pathogens, 
evening out of trade waste peaks, and the break-down of many complex chemicals. 

6.2.2 Monitoring Program 

Following the commissioning and optimisation of the Bolivar DAF/F plant, the monitoring 
program was finalised. Appendix A 1 shows the monitoring program that was implemented in 
2001/2002. 
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Parameter 

Turbidity (NTU) 

TDS (mg/L) 

pH 

E. Coli 
( organisms/1 OOmL) 

Sol BOD (mg/L) 

Pathogens 
(organisms/SOL) 
(Protozoa, viruses and Helminths) 

Chemical content 
* Not a health requirement 

Bolivar Reuse Quality 
(2000) 
<10 daily mean 
<15 1 hr maximum 

<1 ,500 * 

>6.5 and <8.5 

<1 0 monthly median 

<20 

Essentially free ** 

Monitoring of key chemical compounds *** 

** Desirably to be less than one organism per 50L 
*** A range of metals, herbicides, insecticides and organics 

Table 6.1: Bolivar Reuse Quality requirements. 

6.3 PERFORMANCE REVIEW 

6.3.1 Flows 

Appendix A2 provides a summary of finished water flows since commissioning of the DAF/F 
plant. 

Figure 6.2 shows the Bolivar DAF/F plant 'outflow to reuse profile' since commissioning. 
During the first year of operation (1999-2000) low production of the DAF/F plant was 
expected, mainly due to commissioning and bedding in. However, the further reduction of 
production in 2001-2002 comparative to the plant's first year was caused by a mild summer. 

Figure 6.3 shows the daily flow pumped through the VPS. Teething issues with the water 
quality leaving the balancing lagoon and entering the VPS were experienced during the first 
year of operation. 

6.3.2 Water Quality Results 

Appendix A3 shows a summary table of the DAF/F plant results from 1999 through to 2000. 

6.3.2.1 Acidity (pH) Trend 

Figure 6.4 shows the finished water acidity (pH). For the first two years of operation the pH 
was lower during the summer months, which is due to the higher doses of acidic coagulant 
(aluminium sulphate) that were used, because of the seasonal variation of the quality of the 
lagoon effluent. Although the total algal counts remain approximately constant throughout 
the year, the seasonal variation in algae populations requires the chemical treatment to be 
constantly optimised. 
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Figure 6.2: Bolivar Dissolved Air Flotation/Filtration (OAF/F) 
plant outflow since commissioning in 1999. 
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Figure 6.3: Daily flow entering the Virginia Pipeline Scheme (VPS). 
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Figure 6.4: Acidity (pH) of the Bolivar Dissolved Air Flotation/Filtration (OAF/F) plant finished water. 

During the summer of 2001, a blue-green algae (Microcystis flos-aquae) bloom occurred and 
increased the lagoon effluent turbidity to 200NTU in daily average and 320NTU at its daily 
maximum, which required very high doses of coagulant to be used. While achieving the 
filtered water turbidity standard, the finished water pH could not be kept above the pH 
standard (6 .5) because of the high doses of coagulant. 

Additionally, total algae levels dropped significantly during the 2002 winter which impacted 
on the lagoon effluent turbidity as it decreased to less than 20NTU. For 2.5 years prior to the 
2002 winter, the average lagoon effluent turbidity over a month reached less than 30NTU 
only five times, including one time at less than 25NTU. From April to July 2002, the DAF/F 
raw water turbidity was consistently less than 20NTU, which means that comparative to the 
previous years, less coagulant is required to achieve the turbidity standards, and therefore 
the impact on the pH is less. 

From mid-2001 an increase in the lagoon effluent pH could be noticed. It is believed that this 
is a direct consequence of the new activated sludge and one of the reasons why no 
consistent decrease in the finished water pH was noticed during the summer 2002. It is 
believed that the significant reduction in ammonia entering the waste stabilisation ponds, and 
the recovery in alkalinity due to the denitrification step, are the main reasons for a pH 
increase in the lagoon effluent. 

6.3.2.2 Salinity Trend 

Clear seasonal variations can be identified on figure 6.5 and it is believed they are mainly 
related to changes in the catchment. During the winter months, the TDS concentration 
dramatically increases from about 1000mg/L to about 1400mg/L in November. It is believed 
to be due, in part, to the variations in the level of the water table during the wet season, 
which dictates the rates of saline water ingress in the sewer network. Industrial effluents and 
evaporation also play a role in the fluctuating salinity of Bolivar WWTP effluent. It is believed 
that 10 to 20% of the water evaporates from the large waste stabilisation ponds, therefore 
concentrating the salt in the lagoon effluent. Data demonstrated that the peak salinity of the 
effluent matches with the peak solar radiation, which takes place over summer between 
November and December. 
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Figure 6.5: Total dissolved solids (TDS) trend for 
the Bolivar Dissolved Air Flotation/Filtration (DAF/F) plant finished water. 
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Figure 6.6: Suspended solid (SS) concentrations and turbidity (NTU) of the DAF/F finished water. 
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Figure 6.7: Ammonia (N03) and total kjeldahl nitrogen (TKN) concentrations 
in the Dissolved Air Flotation/Filtration (DAF/F) plant finished water. 
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Figure 6.8: Nitrate, nitrite and oxidised nitrogen concentrations in the 
Dissolved Air Flotation/Filtration (OAF/F) plant finished water. 
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Figure 6.9: Total phosphorus (P) concentration in the 
Dissolved Air Flotation/Filtration (OAF/F) plant finished water. 

6.3.2.3 Suspended Solids (SS) and Turbidity (NTU) Trends 

Suspended solids analyses were only carried out from the second year of operation of the 
DAF/F plant. For 2001 and 2002, figure 6.6 shows that SS concentrations of the DAF/F 
finished water are consistently under 1 Omg/L from January to July. It is thought that the 
higher doses of coagulant usually used in summer help in achieving higher SS removal. 
This will have to be confirmed over the next year's operation. 
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The DAF/F plant effluent turbidity was consistently below the Bolivar Reuse Quality 
guidelines of 10NTU since its commissioning, and was consistently below 7.5NTU for the 
2002 year of operation. Until the optimum chemical treatment could be identified, the DAF/F 
effluent turbidity was subject to the seasonal variations of algae populations in the waste 
stabilisation lagoon effluent. 

6.3.2.4 Ammonia (NH3} and Total Kjeldahl Nitrogen (TKN} Concentration 

From February 2001 total kjeldahl nitrogen (TKN) concentrations are consistently 4-Bmg/L, 
whilst they were previously very irregular and could be as high as 35mg/L until the AS plant 
was commissioned (figure 6.7). Comparison with the TKN concentrations from the lagoon 
effluent demonstrates that the DAF/F process is removing 5-10mg/L of TKN, as the TKN 
lagoon and DAF/F effluent concentration trends are very similar. However, hardly any 
ammonia is removed through the process, which shows that mainly organic nitrogen is 
removed with the organism cells, whereas the ammonia is dissolved. 

6.3.2.5 Nitrate and Nitrite Concentration 

Oxidised nitrogen is typically only composed of nitrate, as nitrite concentrations are 
consistently 0.1 mg/L or less (figure 6.8). Oxidised nitrogen levels can range between 1 and 
8mg/L, although consistent levels were reached from September 2001 to May 2002. 
Analysis of the data suggests that the oxidised nitrogen removal through DAF/F is marginal. 

6.3.2.6 Total Phosphorus (P} Trend 

It is not fully understood why the phosphorus concentration increased for the last ten 
months. Phosphorus concentrations ranged from 0.15 to 1.85mg/L prior to September 2001, 
but since then have ranged from 0.55 to 3.3mg/L (figure 6.9). Moreover, since mid-2001, 
phosphorus level leaving the Bolivar lagoons decreased consistently to less than 4-5mg/L, 
whereas levels had previously ranged from 4-?mg/L. 

It is suspected that the ratio of dissolved to particulate phosphorus is increasing, especially 
due to the reduction of the total algae concentration. As the low algal counts trigger the use 
of lower coagulant doses, the phosphorus removal via the coagulation process is decreased, 
which could explain the increase of phosphorus concentration in the Bolivar DAF/F plant 
effluent. 

6.3.3 Changes From Trickling Filters to Activated Sludge (AS} 

In January 2001, the secondary treatment of the Bolivar WWTP was modified as the trickling 
filters were decommissioned and replaced with the new Activated Sludge (AS) plant. The 
succession of aerobic and anaerobic stages combined with the appropriate bacterial 
biomass allows for the nitrification and denitrification of, and for biological oxygen demand 
(BOD) removal in, the primary effluent. Changes in water quality of the effluent were 
significant in terms of nutrient and BOD removal, and has a direct impact on the equilibrium 
of waste stabilisation ponds. 

6.3.3.1 Biological Oxygen Demand (BOD} 

Figure 6.10 shows a significant improvement in the soluble BOD concentration of the 
secondary effluent since the commissioning of the AS plant in January/February 2001. The 
soluble BOD concentration was improved from about 20mg/L in the last three years of the 
trickling filters operation, to consistently less than 8mg/L after the AS plant was 
commissioned. 

Total BOD concentrations were also improved by changes to the AS plant, as they 
decreased from about 80mg/L in average to about 60mg/L in average after the first year, and 
to less than 40mg/L for the first half of 2002. However, process commissioning and 
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operational difficulties in achieving steady-state conditions have contributed to the high 
variations in total BOD. Additionally, carry-over of biomass from the AS plant has occurred 
due to limitations of the unmodified clarifiers. Thus, the BOD of AS effluent remains fairly 
high in average, but is expected to improve. 

The soluble BOD leaving the Bolivar waste stabilisation ponds (WSP) was slightly affected 
by the change to the AS process, as it decreased from 4.5mg/L in average before the 
commissioning of the AS plant, to less than 3.2mg/L in average. On the other hand, the total 
BOD was significantly improved as it was reduced from 71.4mg/L to 27.7mg/L. This 
demonstrates a change in the characteristics of the BOD, as its removal through the lagoons 
was improved from about 12.5% to about 55%. However, it is acknowledged that part of the 
total BOD removal through the lagoons is due to the settling of the sludge carried over from 
the AS plant. 
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Figure 6.10: Total and soluble biological oxygen demand (BOD) concentration 
in the Bolivar Wastewater Treatment Plant (WWTP) secondary effluent. 
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6.3.3.2 Nitrogen (N) Changes 

TKN and ammonia concentrations in the lagoon effluent are very similar, which means that 
the proportion of organic nitrogen remains fairly consistent. Prior to the commissioning of 
the AS plant, TKN and ammonia concentrations were inconsistent and could vary from 10 to 
45mg/L and 1 to 35mg/L, respectively. Since the AS plant was commissioned, their 
concentrations in the lagoon effluent have been more consistent with the TKN concentration 
(5-17mg/L) and the ammonia concentration (0-12mg/L). 

Until the period of the new AS plant commissioning the oxidised nitrogen levels in the WPS 
effluent were approximately responding to the ammonia levels. Lower ammonia 
concentration could be matched with higher oxidised nitrogen concentration, which 
corresponds to the nitrification process that could occur in the shallow lagoons, where no 
anaerobic zone could reduce the oxidised nitrogen into nitrogen gas. 

Since the new AS plant was commissioned and then further optimised, oxidised nitrogen 
levels have remained consistently below 3mg/L. This is due to the activated sludge process 
that alternates nitrification and denitrification zones, therefore oxidising most of the ammonia 
into nitrate and nitrite and reducing most of the oxidised nitrogen into nitrogen gas. 

6.3.4 Plant Upsets 

Although the water quality produced at the DAF/F plant generally complies with the Bolivar 
Quality Reuse guidelines set up by the DHS, upsets to the process occasionally occur. 
Particular upsets over the ASR Trial period have included zooplankton, pH and chlorination. 

6.3.4.1 Zooplankton and Algae Issues 

During the preliminary DAF/F pilot plant trials and its commissioning, it was reported that 
zooplankton and algal activity were having an important effect on the process performance. 
Diurnal pH variation of lagoon effluent due to algal photosynthetic activity had an immediate 
but minimal impact on chemical coagulation and chemical doses. More importantly, algae 
populations can affect the raw water turbidity and SS concentration. Although no direct 
relationship can be found between algae concentrations and turbidity or SS, diurnal patterns 
in turbidity and SS have been observed, and have resulted in increased chemical dosing to 
treat the water during the daytime. 

Zooplankton were also identified during the DAF/F pilot plant trials as being a threat to the 
process as they are barely removed during the coagulation-flocculation-flotation processes 
and accumulate in the first layer of the media filter. The full-scale plant was challenged 
when Daphnea or Copepod blooms occurred, blocking the top part of the filter and triggering 
rapid headless accumulation. No data are available on zooplankton concentration, however 
operators have reported shorter filtration run times and backwash initiation problems when 
zooplankton have been present in high concentration. Note that Daphnea and Copepods 
can be easily identified as they are about 1 mm in size and can be seen with the naked eye. 

Although studies are currently looking at understanding waste stabilisation lagoon behaviour, 
algal blooms are unpredictable and process treatment has to be adjusted rapidly to respond 
to any dramatic change in algae population or concentration. There have been two 
examples of such a dramatic occurrence at the Bolivar WWTP. 

In April and May 2002 Euglena concentrations entering the DAF/F plant were higher than 
usual. Euglena is a single celled, motile alga. It is considered that the flagella allows the 
algae to evade capture during the coagulation-flocculation process, as well as during the 
DAF/F process. No relationship was found between the raw water turbidity and the Euglena 
concentration, however as figure 6.12 shows there is a strong relationship between the 
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increase in Euglena numbers and the increase in filtered water turbidity. Jar tests were 
carried out to investigate the best chemical treatment response, and pre-chlorination was 
found to be effective to reduce filtered turbidity, with doses of 5-20mg/L needed to meet 
turbidity standards. Although chlorine injection was not included in the original design, a 
chlorine dosing point was installed at the inlet pump station. When a second Euglena event 
occurred in October 2000, its impact on filtered water quality was minimised. 

Microcystis is a cyanobacterium which appeared in the lagoon effluent on only one occasion 
during the summer of 2000, since the sampling program started in mid 1999. Sampling 
showed that it was non-toxic. When the Microcystis bloom occurred, the lagoon effluent 
turbidity entering the DAF/F plant increased considerably (figure 6.13). It reached 200NTU 
and 320NTU at its maximum, from a usual average of 20-50NTU. Jar tests were carried out 
to adjust the chemical treatment. Only high coagulant doses were capable of tackling the 
problem at the DAF/F plant, with optimum alum doses up to 280mg/L (as A12(S04)3.18H20). 
Adjustment of the chemical treatment allowed sufficient improvement in turbidity removal 
through the DAF/F to meet treated water quality requirements, by increasing the alum dose 
to approximately two to ten times that normally applied. On the other hand, the lower set 
point for the treated water pH was breached for most of the time, because of high 
concentrations of alum. The alum dose could be reduced when supplemented with polymer 
coagulation aid. 

6.3.4.2 Raw Water pH Issue 

Occasionally, the DAF/F treated effluent pH did not meet the required standard (between 6.5 
and 8.5). This only occurred when high doses of alum were required for turbidity removal 
prior to commissioning the AS plant. Aluminium sulphate is acidic and drops the pH of the 
dosed water. However, this only occurred when high doses of alum were required prior to 
commissioning the AS plant. 

6.3.4.3 Treated Effluent Free Chlorine (CI) Concentration Issue 

Chlorination of the DAF/F treated effluent is a requirement for disinfection. The free chlorine 
residual was measured on-line with a chlorine analyser. Problems were experienced as free 
chlorine was rapidly reacting with the available ammonia, to form chloramines. Total 
chlorine was then measured instead of free chlorine, as no free chlorine could be detected. 
The chlorine analyser was also relocated to the head of the chlorine contact channel, to 
ensure reliable measurement during low demand. 

6.3.4.4 Start-Up Phase of the Virginia Pipeline Scheme (VPS) 

The VPS scheme was in start-up phase from October 1999 to around July 2000. During this 
period there were teething issues due to extended periods of long detention in the VPS 
lagoon. 

Over this period a large algal mass accumulated in the balancing lagoon, resulting in 
variable water quality being delivered to the reuse scheme. This quality variation is reflected 
in problems experienced at the injection well during this period. Difficulties were resolved by 
a combination of improved flow management systems being installed; and by SA Water, 
United Water and Water Reticulation Services Virginia (WRSV) completing a flushing 
program in the lagoon. 

At around the same time WRSV installed downstream pressure control on the VPS, resulting 
in a more reliable supply pressure at the Bolivar ASR injection site. 
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Figure 6.12: Impact of a Euglena bloom on the 
Dissolved Air Flotation/Filtration (OAF/F) plant filtered water duct turbidity (NTU). 

400 .,--------------------------- --.....,- 4000000 

350 +---------------fl.---------------+ 3500000 

~ ! 
z 300 +---------------~~--------------+ 
c ~ 
~ ~ § 
5 250 +-------------;!~~'l.c__-f-j:~i-' --------------+ 2500000 ~ 
~ I = 
~ ~: ' . ~ 
~ 200 • ~·ff -~ . 2000000 8 

: If i :~~ 11ft 
~ : i <HJ~' 
.: 150 +----------__,Hifii.-Wc+l!lllo-i-+---------------1- 1500000 

· r r;~y · ~ .. ~ ~ 
~ ~---------~~~,,,_~· , ___ ,~·~--------------~ 100 ~ rs 
~ ~ ; " ll 

1oooooo e 
Q '0 • , •• ..J ~-~ If\ ! , , • r 

~ 500000 

~~~ ~ \·~~~~~~ 0 

JunOD JuiOO AugOO ScpOO OctOO NovOO DccOO JanOI FcbOl Mar OJ AprOI May JunO I Ju\01 AugOI Scp OI OctO! NovO! 
01 

REFERENCES 

•- * • • Raw water turbidity - Microcystis flos-aquac 

Figure 6.13: Impact of a Microcystis bloom on the 
Dissolved Air Flotation/Filtration (OAF/F) plant influent water. 

" ~ 

Department of Human Services and Environment Protection Agency (1999) South Australian 
Reclaimed Water Guidelines (Treated Effluent) Report prepared by the Environment 
Protection Agency, April1999. ISBN 0 642 320217. 

6-13 





7. CHARACTERISATION OF AQUIFER T2 

P. Pavelic\ P.J. Dillon 1, R. Martin2
, K. Barri and D. Clarke2 

1 CSIRO Land & Water, Adelaide, South Australia 
2 SA Department of Water, Land and Biodiversity Conservation (DWLBC) 

7.1 INTRODUCTION 

Aquifer characterisation remains a challenge since all aquifers are heterogeneous to some 
degree. Good characterisation is fundamental to developing a conceptual understanding of the 
nature of the groundwater flow and solute transport, which in turn, underpins our ability to 
unravel the myriad of reactive processes. The main issues related solely to conservative 
transport in aquifer storage and recovery (ASR) are: (i) the distribution of the injected water in 
the aquifer; (ii) the degree of mixing between the injectant and ambient groundwater; and (iii) the 
proportion of injected water that may be recovered at a quality suitable for irrigation (i.e: the 
recovery efficiency). 

Detailed laboratory and field measurements which were undertaken to characterise Aquifer T2 
at the Bolivar site are described in this chapter, with particular emphasis on the distribution of 
hydraulic properties. The emphasis is primarily on the hydraulic conductivity (K) since this 
parameter has by far the strongest effect on flow and transport of solutes. 

7.2 REGIONAL GROUNDWATER FLOW 

The regional direction of groundwater flow in Aquifer T2 in the NAP is clearly N-NE of the 
experimental site, towards the area of greatest pumping demand at Virginia (figure 7.1 ). The 
orientation of the main transect of observation wells is in the direction of groundwater flow; the 
secondary transect is orthogonal to it. 

In the vicinity of the Bolivar site, the hydraulic gradient ranges from 0.001 to 0.002 in winter 
(June to Sep) to -0.003 in summer (Dec to Feb), due to varying demands for groundwater to 
support agricultural production (figure 7.2). The Darcy velocity (based on the pump test
derived hydraulic conductivity value of -3m/day to be detailed later) therefore, ranges from 
0.003 to 0.009m/day, or 1-3m/yr. Locally, groundwater flow-rate and orientation may vary in 
response to periodic pumping from nearby wells. This was verified by the strong contrast in 
background flow velocity when measured with the electromagnetic conductivity (EM) on two 
occasions within a five day period. 

0.01 
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D from NAP w/level maps (1km radius) I 
B from study wells (300 m radius) J 
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0.004 
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Figure 7.2: Temporal variability in hydraulic gradient. 
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Figure 7.1: Potentiometric surface contour map of Aquifer T2 in the NAP (March 2000). 
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7.3 VERTICAL HYDRAULIC GRADIENTS AT 50m PIEZOMETERS 

The design of the wellfield allowed vertical gradients within Aquifer T2 to be monitored at four 
depths at the two groups of 50m piezometers. Under conditions of natural (ambient) flow in the 
aquifer, there is generally a small vertical gradient, typically of the order of 1x10-3

, acting 
downward. This is common to both the northern and the southern group of wells (figure 7.3). 
The slight offset in piezometric heads between the northern and southern wells are a reflection 
of the regional gradient. It would be speculative to offer an explanation for the cause of the 
vertical gradients observed at the site. 
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Figure 7.3: Vertical gradients at northern and southern 50m piezometers under 
ambient flow conditions on two occasions. 

Values plotted at the mid-depth of each open interval. 

7.4 WATER QUALITY STRATIFICATION IN THE AQUIFER 

The ambient groundwater salinity in Aquifer T2 at the Bolivar site is essentially brackish (total 
dissolved solids (TDS) >21 OOmg/L) however, freshwater can be found within several 
kilometres of the site in Aquifer T2 (see chapter 3, figure 3.1) and within the study area in the 
overlying Aquifer T1. Variations in groundwater quality in the Tertiary aquifers across the 
NAP are thought to reflect differences in connectivity between the aquifer and the recharge 
areas along the western margins of the Mount Lofty Ranges (Gerges 1999). 

Down-hole water quality profiling reveals distinct stratification in the groundwater salinity, with 
relatively fresh water (-3mS/cm) overlying more brackish water (-4mS/cm) (figure 7.4). This 
trend is consistent for each of the 'fully-penetrating' wells. A similar salinity gradient is also 
observed in the 50m piezometers (figure 7.4). 

According to Gerges (pers. comm.), stratification of the brackish portions of Aquifer T2 has 
been widely observed across the NAP. This would imply that the mechanism responsible for 
the fresh water influx is diffuse. Since the pore-water quality in the overlying confining bed 
has been determined to be brackish in the core samples, the downward leakage of water 
from Aquifer T1 is an unlikely explanation. 

The uncorrected carbon-14 age of the groundwater is approximately 20,000 years. These 
ages are relatively consistent with depth, indicating that the salinity contrast is not due to 
differences in residence time of the groundwater in different parts of the aquifer. 

The presence of a vertical salinity gradient over such long time-scales, is strong evidence of 
the presence and continuity of low-permeability layers over the zone which separates the two 
water qualities. The flowmeter profiles will offer clear evidence of a low K layer at a depth of 
approximately 11 0-120m, which coincides with the depth of the transition zone between the 
fresh and brackish waters. 

7-3 



Next, three independent methodologies were used to estimate K at particular scales and 
directions. These are presented in order from smallest to largest scale. 
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Figure 7.4: Electrical conductivity (EC) profile at one well and four piezometers 
showing stratification of ambient groundwater quality in Aquifer T2. 

7.5 ANALYSES ON CORE SAMPLES 

During drilling of the ASR well, intact cores of aquifer material were collected from four discrete 
intervals in the aquifer (and one from the overlying confining bed). In total approximately 15% of 
the aquifer profile was cored. The cored intervals were chosen to reflect the variability within the 
aquifer, after examining the geophysical logs of two of the nearby observation wells (Martin, 
et.al., 1998). Intact sub-samples at approximately one-metre intervals were subjected to 
hydraulic and mineralogical analyses. 

Hydraulic conductivities were determined on a specifically developed triaxial cell apparatus 
designed to replicate in-situ stresses. Details on the principle of the triaxial cell and the methods 
used to determine hydraulic conductivity in the horizontal and vertical orientations are given by 
Wright, et.al., (2002). Table 7.1 shows that hydraulic conductivities of the cores vary with 
depth by more than two orders of magnitude in the vertical orientation, but only one order of 
magnitude in the horizontal. Except for cores with the lowest permeabilities (where 
Kh1Kv>1 0), the cores were isotropic in 3D (variation in orthogonal horizontal planes <2). 
These samples suggests that anisotropy in the aquifer is due to heterogeneity of layers at 
least 0.1 m thick, with each permeable layer being reasonably isotropic. 

Sub-samples from adjacent intervals were also analysed for their grain size and pore-size 
distributions, and indirect estimation techniques applied to K for these samples (Pavelic, 
et.al., 1999). Comparison between these data and that from the cores showed that they both 
have similar variances, but that the pore-size method yields similar absolute values, whilst the 
grain-size method significantly overestimates K. 

0 

The differences in the K values were found to be related to the composition of the two main 
minerals in the aquifer; calcite and quartz. Highest K's were found to be associated with the 
least-cemented parts of the aquifer; those characterised by high silicate and low carbonate Q 
contents. The clay content and total porosity had little or no influence on the value of K. 
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7.6 FLOWMETER PROFILING 

An electromagnetic (EM) flowmeter device was used to characterise the variations in 
hydraulic conductivity as a function of depth. The procedure followed in the field involved: (i) 
determining the flow velocity profile at selected depths to determine the contribution due to 
ambient flow in the well; then (ii) pumping the test well at a constant flow-rate with 
measurements repeated at those same depths, once pseudo steady-state was reached. The 
difference in the flow between the ambient and induced (pumped) profiles gives the net 
induced flow contribution between any given interval (layer). Assuming that the flow in the 
aquifer is horizontal, then the amount of water entering the well is proportional to the 
hydraulic conductivity of that layer. According to Molz, et.al., (1994), the relative hydraulic 
conductivity (K!Kavg) for each interval i, could be derived from equation (1 ). 

where 

Eqn (1) 

= the net flow contribution and thickness of the layer; and 
= the pumping rate. 

Flowmeter profiles were collected at six of the observation wells over the entire aquifer 
depth. In these unscreened wells all the flow must be channeled through the flowmeter. 
This was achieved using a single straddle packer, and depths where the packer could be 
inflated in the open-hole were chosen after considering the caliper log, to avoid puncturing 
the packer. The number of measurement points varied from well to well, since depths were 
selected based on where the flowmeter and packer could be safely positioned. The data 
from the 4m observation well (#19450) provides an example of the caliper log and the depths 
chosen for flowmeter testing (figure 7.5). The corresponding flow profiles under ambient and 
pumped conditions are given in figure 7.6. A positive flow-rate is indicative of upward flow 
(e.g: due to pumping), whilst a negative flow-rate infers downward flow. 
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Figure 7.5: Caliper log for well #19450 (4m radius). 

Depth where flowmetering performed highlighted. 
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Core Depth Kh Kv Kh/Kv Porosity Clay CaO Si02 Pore-size 
ID (m) (m/day) (m/day) (-) (%) (%) (%) (%) {~tm} 
2.1 104.8 0.430 0.23 1.9 0.49 4.4 38.9 12.7 

2.2 106.0 0.174 0.19 0.9 0.36 3.8 46.0 9.1 

2.4 107.4 0.335 0.25 1.3 0.54 6.9 38.0 24.1 10-30 

3.1 116.9 - 0.56 - 0.45 7.5 26.6 45.6 

3.3 117.8 0.044 0.081 0.5 0.48 7.1 35.1 31.9 3-10 

3.5 118.9 0.061 0.13 0.5 0.48 4.6 31.0 39.1 3-10 

4.1 134.9 0.022 0.001 21.5 0.44 4.6 46.5 10.5 0.3-1 

4.4 136.0 0.023 0.002 11.3 0.39 5.2 50.1 11.5 0.3-1 

5.1 153.2 0.079 0.14 0.6 0.50 5.5 40.0 21 

5.3 154.3 0.028 0.13 0.2 0.49 6.9 39.2 19 
5.6 155.5 0.040 0.03 1.6 0.52 6.5 43.6 14.5 1-3 

·iViean:------------------------------o~o7~------------o~o6~-------------1~4~---------------o~4Y-------------5~7-----------------3-9~6---------------21-~y----------------------------------

Std.Deviation: 0.15 0.16 7.0 0.05 1.3 6.9 12.3 
geometric mean 

Table 7.1: Hydraulic and mineralogical characteristics of core samples. 
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Figure 7.7 shows the flowmeter-derived K!Kavg profiles across the field site. Up to almost two 
orders of magnitude variation in hydraulic conductivity is observed (KIKavg <0.1 to >5). This 
is of a similar order to that observed with the core data. 

The variance in K at any well is associated with the resolution of the depth intervals, as is 
clearly apparent by comparing profiles from the smallest spacing (i.e: 2m; #19443) with that 
of the greatest spacing (9m; #19035). As the size of the measurement interval decreases, 
there is less integration over contrasting units and more of the variability is revealed, right 
down to the smallest scale of measurement. Figure 7.8 reveals that this trend is 
approximately linear over the measured range. Similar phenomenon have been observed 
elsewhere, for example, Novakowski and Lapcevic (1999) also concluded that the degree of 
heterogeneity observed is a function of the degree of integration imparted by the 
measurement of a spacing interval in a fractured rock aquifer. 

The general image which emerges when the profiles are viewed collectively is of a 
succession of layers of alternating high and low hydraulic conductivity. Each layer is in the 
order of 5 to 15m thick, but this is difficult to establish clearly due to different sampling depths 
and measurement frequencies. These layers appear to be continuous across the site. A 
valid representation of Aquifer T2 is of a layer-cake heterogeneity structure. 

The depths of the open intervals of the 50m piezometers are overlain on figure 7.7. K values 
in the interval coinciding with the upper piezometer (level 1) are consistently high, whilst the 
majority of profiles coinciding with level 3 suggest K to be high or combined high-low. K 
values in the interval coinciding with the level 2 are consistently low, whilst the majority of 
profiles coinciding with level 4 suggest K to be low or low-high. 
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Figure 7.6: Profile of flow during ambient and pumped conditions . 
Well #19450, 27-28 September 1999. 

Combining all the data, the 82 measurements are a statistically powerful means of 
expressing the nature of the heterogeneity of Aquifer T2 at the Bolivar site. First, the relative 
K's quoted thus far were converted to numerical values by assuming that the pump test
derived value of 3m/day was a reasonable approximation of Kavg· Figure 7.9 shows that the 
probability distribution is log-normally distributed, as is commonly observed in geologic 
media. The mean (~-t) and variance (cr2

1nK) of the data is 0.56 and 1.51 respectively. 
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Figure 7.9: Flowmeter-derived frequency distribution in hydraulic conductivity. 

7.7 CONSTANT RATE PUMP TEST 

The third and final approach in determining K was through a five day constant-rate pump test 
of the ASR well. The semi-log plot of distance drawdown is reasonably consistent 
throughout the site, indicating spatial uniformity in the transmissivity across the site (figure 
7.1 0). A simple steady-state analysis of this data, based on the well-known Theim equation, 
yields an effective K of -3m/day. Little anisotropy in the horizontal plane was evident in the 
four wells situated at the 75m radius. 

A transient analysis of the pump test data was performed using a 30 numerical groundwater 
flow model. The model was constructed assuming radial flow in a homogeneous and 
isotropic system. The model simulations were in close agreement with the analytically 
derived K, with a best-fit hydraulic conductivity of 2. 7m/day and storage coefficient of 5x1 o-4 

(figure 7.11 ). 

The hydraulic gradients in the 50m piezometers offer useful information on variations in 
aquifer properties in the vertical direction. Over short time-frames it was expected that 
greatest drawdowns would occur in the piezometers which intersect the most permeable 
layers, and would contribute the highest proportions of flow (Javandel and Witherspoon 
1969). Testing with the 30 numerical model, by incorporating material layers with alternating 
high and low K sequences similar to those from the flowmeter data, confirmed that this was 
the case. Further, head differences between different material layers could persist for tens of 
days (longer than the duration of the pump test), and it was also found that drawdowns in the 
higher K layers are also the fastest to recede after pumping stops. 

As figure 7.12 shows, differences in drawdown in the 50m piezometers of up to 0.5m occurred 
during pumping. The greatest drawdown was consistently in level 3; one of the two more 
permeable layers identified by the flowmetering. Orawdowns in the level 1 piezometers were 
lowest, which intuitively appears strange, given that this is also a high-permeability zone; 
however a vertical flow contribution from the upper part of the aquifer strata between the base of 
the confining bed and the top of the open interval of the ASR well (-96 to 102m bgs), may 
account for this. Similar phenomena may occur in the lowest piezometers. 
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7.8 INTEGRATION OF MULTI-SCALE HYDRAULIC CONDUCTIVITY (K) DATA 

Method Core Flowmeter Pump test 

Scale (m) 
K (m/day) 

0.1 
0.07 # 

2-9 
n/a 

.KmaxfKmin >1 00 4-60 
# geometric mean of 11 core samples 

50 
3 

Table 7.2: Summary of the hydraulic conductivity data at three scales. 

The core data offers information at the smallest measurable scale. Since the most 
permeable, uncemented materials are typically unrecoverable by coring, mean K values tend 
to be underestimated. Moreover, in a log-normally distributed K-field such as in Aquifer T2, a 
small number of small-sized samples are likely to underestimate K, as the probability of 
intersecting a high permeability layer which dominates Kavg is low. For these reasons the 
geometric mean of the core hydraulic conductivities (0.07m/day) was almost two orders of 
magnitude lower than values derived from the pump test method (table 7.2). The flowmeter 
profiles yielded important stratigraphic features which sometimes appeared to conflict with 
the core data (e.g: -135m; compare table 7.1 with figure 7.9). 

7.9 CONCLUSIONS 

Various methods were used to characterise aquifer permeability, demonstrating a moderate 
level of heterogeneity in Aquifer T2 at the Bolivar site. More than two orders of magnitude 
variation in K were measured using triaxial cell apparatus on core samples, and in most cases 
the aquifer is found to be isotropic at this small scale. Flowmeter profiles provide a more 
integrated representation of vertical heterogeneity in Aquifer T2 than cores. The observed 
salinity stratification in the aquifer can be explained in part by the flowmeter-derived K profiles. 

The conceptual view of Aquifer T2 is that the aquifer is heterogeneous with respect to depth, 
but relatively homogeneous with respect to lateral extent. However, thinner layers or zones 
are embedded within this structure; that are unlikely to be precisely defined using the 
hydraulic testing methods described. 

Highly permeable zones provide pathways for more rapid advective transport, that will result 
in early breakthrough of injectant at observation wells, than less permeable zones. This 
heterogeneity affects the distribution of injectant in the aquifer, mixing between the injected 
water and the ambient groundwater, and the increase in salinity of recovered water; which 
will in turn determine the volume of reserve needed within the aquifer to provide an adequate 
buffer against excessive salinities during recovery. 
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8.1 FLOW AND SOLUTE TRANSPORT- FIELD OBSERVATIONS 

The technical feasibility and long-term sustainability of aquifer storage and recovery (ASR) 
with reclaimed water relies on detailed knowledge of geochemical, geotechnical and 
microbial processes, that go well beyond the scope of the work described in this chapter (but 
are covered in other chapters of this report). Fundamental to their evaluation is an 
understanding of the physical movement and mixing of injected water in the aquifer, and the 
hydrogeological factors that control this. The largest challenge is posed by the nature of 
aquifer systems which are inherently heterogenous, and spatial information necessary to 
characterise them is finite. However, ASR can be perceived as a large-scale, single-well, 
forced gradient, tracer test, and is widely recognised as the best opportunity to examine flow 
and transport processes at the appropriate scale for actual operations. 

There are also valid reasons to address conservative solute transport during ASR in its own 
right. They include a need to: 

1. Determine the distribution of injected water in the aquifer; 
2. Establish the role of mixing between the relatively fresh injectant and more saline 

ambient groundwater, to determine how much of the injectant can be recovered at a 
concentration suitable for productive use; and 

3. To reconcile transport of reactive contaminants with those of conservative species, in 
order to quantify reaction rates. 

The aim of this work is to demonstrate a firm conceptual and quantitative understanding of 
the groundwater flow regime as a result of the Bolivar ASR Trial, by considering solute 
breakthrough data in groundwater and recovered water combined with hydraulic 
characterisation (described in chapter 7 of this report). The flow system will be defined in 
terms of the time-scale to breakthrough at various observation wells, the number of pore
flushes, the proportion of injectant recovered, as well as recovery efficiencies. 

8.2 FIELD OBSERVATIONS- METHODS AND ANALYSIS 

8.2.1 Sample Collection and Laboratory Analysis 

Groundwaters were sampled typically on a fortnightly basis once breakthrough at a specific 
observation well was identified. The observation wells were sampled by a conventional 
monitoring pump, whereby at least three times the entire volume of water in the well was 
displaced prior to sample collection. The piezometers, with their narrow diameter casing 
(100mm ID (internal diameter)), utilised an "air well" pump and single inflatable packer to 
purge only the open interval. Major ions were analysed by the Australian Water Quality 
Centre (AWQC), Bolivar (SA), using a combination of atomic absorption, plasma emission 
spectrometers, and titration. Isotopic analyses were performed at the CSIRO Isotope 

8-1 



Analytical Service in Adelaide (SA). Temperature and electrical conductivity (EC) were 
measured in the field using a TPS-90FL analyser in a flow-through cell. EC and temperature 
profiles in observation wells were collected with an YSI 600 analyser (referred to as the 
"sonde"). At any given time, up to four sondes were deployed in the piezometers to track the 
evolution of breakthrough. 

8.2.2 Estimation of Chloride (CI) and Total Dissolved Solids (TDS) Concentrations 
From Electrical Conductivity (EC) Data 

Estimation techniques based on the most widely measured analyte, EC, were used to 
estimate chloride (CI) and total dissolved solids (TDS), in situations where this data was 
limited or unavailable. Plots of EC relative to Cl and EC relative to TDS (figure 8.1) 
demonstrate the relationships between these variables allow linear regression equations to 
be utilised with reasonable confidence. 

The regression equation for Cl was: 

Cl (mg!L) = 0.365*EC (!lSicm)- 370 [R2=0.88] Eqn (1) 

Equation (1) was used to fill in the chloride breakthrough at observation wells where 
considerably more EC data was collected through routine down-hole sonde profiling, than 
through direct sampling and analysis. 

The regression equation for TDS was: 

TDS (mg!L) = 0.595*EC <~tSicml- 49 [R2=0.88] Eqn (2) 

Equation (2) was used to estimate TDS during the recovery curve in cycle 2, needed to 
identify the recovery efficiency. 

8.2.3 Methods of Interpreting Data 

8.2.3.1 Mixing Fractions 

If the concentration of some conservative solute in the injectant (Cini) and is sufficiently 
different to that in the ambient groundwater ( Camb). such that the proportion of injectant 
present in any sampled mixture at any time; otherwise known as the mixing fraction (f(t)), can 
be estimated from the following simple mass balance equation: 

j(t) = C(t)mix -C amb 

C ini -C amb 

where Cnj 

Camb 
C(tJmix 

= concentration of conservative solute in injectant; 
= ambient groundwater; and 

Eqn (3) 

= the tracer concentration in the mixture at any particular time during 
the storage or recovery phases of the ASR cycle. 
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Figure 8.1: Relationships between (a) chloride (CI) relative to electrical conductivity (EC) 
and (b) total dissolved solids (TDS) relative to EC for two end-members and mixture. 

Regression equations for lines of best fit shown. 

8.2.3.2 Position of the Injection Front 

The radius of the advective "front" (R111 ), for a cylindrically shaped plume, assuming a 
homogeneous and isotropic aquifer, and in the absence of a regional hydraulic gradient, is 
defined as: 

Eqn (4) 

where: qi = injection rate (m3/day); 
ti =total duration of injection (days); 
b = thickness of aquifer (m); and 
n = porosity of aquifer (m3m-3

). 

8.2.3.3 Recovery Efficiency (RE) and Recovered Mass (RM) 

The term 'recovery efficiency' (RE) is defined as the volume of recovered water of useable 
quality relative to the volume injected within that cycle (e.g: Pyne 1995, and others). This 
may be expressed mathematically as: 
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fr"' 

fqr(t)dt 

RE = -"-tri'-----
ti2 

fq;(t)dt 
Iii 

where 

v,. * 
Eqn (5) 

qi(t) = injection rate as a function of time; 
qr(t) = recovery rate as a function of time ; 
til = time that injection starts; 
ti2 = time that injection ends; 
t,.1 = time that recovery starts; 
t,.. = time (at end of recovery) when the concentration of any solute 

reaches its maximum permissible value; 
V; = total injected volume; and 
v,.. = total recovered volume at t,. .. 

The volume of actual injectant recovered, relative to that injected, is defined as the 
'recovered mass' (RM): 

fr· 

f f(t).qr(t)dt 

RM=.:.;..;'"---
ti: 

fq;(t)dt 
til 

where all variables are as defined in equation (5) above. 

Eqn (6) 

8.2.3.4 Estimation of Errors in Recovery Efficiency (RE) and Recovered Mass (RM) 

The dominant source of error in RM is in the estimation of the mixing fraction (f(t)). The main 
assumption in the application of equation (3) is that C;111 and Cunh are constant, however, 
variability in the concentrations of both the injectant and the ambient groundwater results in 
errors inj(t). 

If it is assumed that injected and ambient concentrations are normally distributed, then the 
variance (Var) can be deduced from the following general equations: 

Var(a -b)= Var(a) + Var(b) Eqn (7) 

Eqn (8) 

Applying these equations to equation (3) gives: 

Var(f(t)) = _
1 

2 .[var(C(t)mix) + Var(Camb) + [C(t)mi~ camb Y.(var(C;n;) + Var(Camb) )I 
( cinj camb) cilli camb ) j 

Eqn (9) 

The standard deviation associated with each estimate of j(t) is easily derived from equation 
(9) through the following transformation: 
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Stdev(J(t)) = ~Var(f(t)) Eqn (10) 

8.3 FIELD OBSERVATIONS- RESULTS AND DISCUSSION 

8.3.1 Selection and Evaluation of Multiple Tracers 

ASR provides the opportunity to study movement and mixing of injected water plumes at 
scales which are not economically possible with conventional tracer experiments. Unlike 
such experiments, where tracers are artificially introduced into the injected water stream, 
ASR is conducted at too large a scale to label the entire volume of water injected (with few 
exceptions). Thus, environmental tracers (i.e: those constituents naturally present in the 
water and which behave conservatively, or at least quasi-conservatively), are well suited to 
the study of physical and geochemical processes during ASR (Herczeg, et.al., 2000, Le Gal 
La Salle, et.al., 2002). Not only must the tracer be conservative, there must also be good 
delineation between the end-members, so that the injectant may be detected at relatively 
dilute levels. Spatial variability in the background concentration of the tracer in the aquifer, 
combined with temporal variability in the injected concentration, suggests that a multi-tracer 
approach would be useful for verification of mixing fractions determined from the chosen 
tracer. 

Perhaps the most basic way to determine how well a particular tracer performs is by 
comparing it against one that is known to perform well. In this case, chloride is regarded as 
ideal because it does not sorb, has high stability, is distinct from background, and is absent 
in minerals in Aquifer T2 (see chapter 11 of this report). Thus, chloride and eight other 
environmental tracers were routinely monitored during the Trial. They included the standard 
measures of salinity (EC and TDS), halides (CI, bromide (Br) and fluoride (F)), stable isotope 
of water (82H and 8180), a carbon isotope C4C), and temperature. The isotopes were only 
monitored during the first cycle. Two of the main assessment criteria for tracer performance 
are (1) transport velocity, and (2) stability. Breakthrough data at the closest (4m) observation 
well (#19450) was used for this assessment. 

Figure 8.2 shows that the commencement of injection test 1 on 11 October 1999 resulted in 
rapid transport of injectant to the 4m well, with complete breakthrough within less than two 
weeks. Good agreement is observed between breakthrough curves determined with most of 
the tracers. Retardation effects are pronounced for three tracers in the following order of 
significance: F > temperature > 14C. For F, this is due to the influence of sorption to clays, 
because of its high electro-negative charge; for temperature, this is due to thermal exchange 
with the matrix, and potentially the higher diffusion coefficient associated with heat than with 
solutes; for 14C, (as Le Gal La Salle, et.al., (2003) reveals) is due to dissolved inorganic 
carbon exchange with the solid surface of the matrix carbonate, initially at equilibrium with 
the ambient groundwater exchange processes. Since the breakthrough curves are similar, 
the apparent velocity which would be calculated between the tracers was generally good 
over short time-frames. Longer time-frames were considered by examining the breakthrough 
data over a 109 day storage period following injection test 3 (figure 8.3). The mixing fraction 
with respect to chloride, as calculated from equation (3), indicates that the groundwater was 
composed entirely of injectant (f(t) = 1.03 ± 0.02) over this period as expected, and that there 
was no change indicating an absence of mixing with ambient groundwater in this part of the 
aquifer. Consistent behaviour is seen for the other tracers, including F, presumably since the 
available sorption sites were exhausted. Only temperature shows signs of a slight 
systematic decline in f (i.e: warming) due to thermal exchange with the latent heat retained 
by the aquifer matrix. 
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Vanderzalm, et.al., (2001) and Le Gal La Salle, et.al., (2002) also evaluated the o2H, 8180, 
14C and Cl at the Bolivar site, and drew similar conclusions. Le Gal La Salle, et.al., (2003) 
extends this interpretation by presenting a detailed analysis on the use of chloride, coupled 
with the isotopes of water, carbon and sulphur, to evaluate geochemical reactions. 

8.3.2 Composition and Variability of Injected Water and Ambient Groundwater 

Aquifer T2 is stratified with relatively fresher water in the top ten metres of the aquifer, 
overlying marginally brackish water (chapter 7). Source water for the ASR Trial originates 
from the Bolivar WWTP, where the secondary treated effluent is given lagoon polishing, 
followed by dissolved air flotation/filtration (OAF/F) treatment, and finally chlorination (chapter 
6). The average injected water quality in each cycle, along with that of the ambient 
groundwater for each of the environmental tracers referred to earlier, are shown in table 8.1. 

Distinction between the brackish ambient groundwater and the fresher injectant is 
pronounced for the salinity indicators. The salinity contrast between the two end-members 
(-1250 compared with 2000mg/L TDS) is insufficient to induce density dependent flow. Only 
F is elevated in the injectant with respect to the ambient groundwater, as a result of the 
fluoridation of the mains water supply. The stable isotope composition of the ambient 
groundwater is approximately equivalent to the weighted mean composition of Adelaide 
rainfall (Herczeg, et.al., 2000), and is relatively depleted with respect to the injectant 
composition. The carbon isotope 14C of the ambient groundwater is depleted (with an 
"uncorrected" age of -20,000 years), and source water is quite obviously entirely of modern 
origin. The temperature of the injectant is lower than the groundwater, particularly in cycle 2, 
which took place over cooler months. 

The seasonal influence on the quality of the Bolivar reclaimed water exhibited accounts for 
the moderate standard deviations. TDS concentration for instance, peaks between late 
spring and early summer at -1400mg/L, and reaches its minimum in early winter at 
-1 OOOmg/L (chapter 6). The major causes are associated with: 

1) Switching of mains water source between the reservoirs in the Mount Lofty Ranges 
and the River Murray; 

2) Ingress of shallow saline groundwater into the sewer network and sharp rise in 
salinity that peaks in late spring due to shallow water tables; and 

3) Evaporative concentration of treated effluent in the stabilisation ponds where the 
residence time may be up to six weeks. 

The variability in the concentration of the injectant over time is particularly problematic for 
quantifying mixing fractions where the variance is not random, or where the end-members 
are not sufficiently different. The coefficient of variation (CV) can be used to quantify the 
degree to which a given tracer can partition between the injectant and the ambient 
groundwater, and is defined in equation (11) in percentage terms. 

Stdev( C in} ) 

CV[%] =I ,.100 
C in}- C amb 

Eqn (11) 
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Figure 8.2: Breakthrough curves for seven environmental tracers during injection test 1 (top) 
and storage phase following injection test 3 (bottom). 

The calculated values of CV in table 8.1 are less than 10% for Cl and TDS in both cycles, 
and all other tracers are less than 20%. CV's for temperature and Br are generally large, 
primarily because the deviation in injected concentrations is large, or because the 
discrimination between end-members is small. Whilst this exercise was useful in verifying 
that virtually all of the tracers tested have the potential to perform well, given that chloride 
was equal to or better than the other tracers, the proceeding discussion will be largely based 
on the use of chloride wherever possible. 
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INJECTANT cv 
PARAMETER AMBIENT (%) 

Cycle 1 Cycle 2 
GROUNDWATER 

Cyc 1 Cyc2 
Electrical conductivity (EC) 2265 ± 191 1986 ± 109 3590± 330 14 7 
(J.lS/cm) 
Total dissolved solids (TDS) 1267 ±58 1225 ±55 2006± 188 8 5 
(mg/L) 

Chloride (CI) 429 ± 37 413 ± 36 932 ± 92 7 7 
(mg/L) 
Bromide (Br) 1.1±1.1 0.68 ± 0.22 3.3 ± 0.3 50 8 
(mg/L) 
Fluoride (F) 0.8 ± 0.1 N/A 0.2 ± 0.0 17 
(mg/L) 
Deuterium -6.3 ± 2.9 N/A -26.4 ± 0.2 14 
(% SMOW) 
Oxygen-18 -0.9 ± 0.5 N/A -4.4 ± 0.1 14 
(% SMOW) 
Carbon-14 99.9 ± 7.1 N/A 5.3 ± 1.4 8 
(% MC) 
Temperature 20.4 ± 4.5 16.3 ± 3.9 25.9 ± 1.0 82 41 
oc 

N/A =not analysed; CV =coefficient of variation 
Means± standard deviations reported. 

Table 8.1: Composition of the injected water and ambient groundwater. 

Figure 8.3 indicates how the afore-mentioned seasonal influences have affected the Cl 
concentration of the injectant during each cycle. Most of the variability occurs over time
frames of weeks to months, or injected volume of 1 O's of ML. Cl concentrations in cycles 1 
and 2 were not significantly different, averaging 429 ± 37mg/L and 413 ± 36mg/L 
respectively. The characteristic trend was for a gradual decline over the course of each 
injection cycle. 

8.3.3 Vertical Flow Within Observation Wells and Effects on Solute Profiles and 
Breakthroughs 

It has generally been assumed that water samples collected using monitoring wells are 
representative of the groundwater conditions over the open interval of the aquifer. However, 
there is growing evidence in recent times to the contrary for long-screened wells from a 
number of field and modelling studies (Reilly, et.al., 1989, Church and Granato 1996, 
Hutchins and Acree 2000, Elci, et.al., 2001 ). 

Whilst there is potential for measurement bias with the observation wells used at the Bolivar 
site, this was outweighed by the need to have wells with an open interval of sufficient extent 
for cross-hole resistivity measurements (chapter 9). Seven wells completed as 'open hole' 
over most of Aquifer T2 thickness (referred to as 'fully-penetrating' wells) were installed 
within a 300m radius of the ASR well (chapter 3, figures 3.2 and 3.3). EC and temperature 
profiles were collected from these seven wells to define the pattern of breakthrough of 
injected water, and to identify when to undertake detailed chemical sampling. Large 
variations in these profiles were found to occur during the flow conditions induced by either 
injection or recovery from the ASR well. For the 75m well shown in figure 8.4, changes in 
temperature of up 1°C and EC of up to 1 ,500mS/cm were the result of vertical movement of 
ambient groundwater within the well, and not of breakthrough of injectant (which did not 
occur until later as will be shown). These perturbations were consistent in each of the 75m 
wells, were damped in the 120m well, and virtually non-existent in the 300m well. This 
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signifies that as the vertical hydraulic gradients through the aquifer diminish with increasing 
distance from the ASR well, so too does intra-well flow. 

Down-hole flowmeter profiles carried out to characterise aquifer heterogeneity (chapter 7) 
suggest that during induced hydraulic conditions, significant vertical flow occurs within 'fully
penetrating' observation wells, whilst significantly less vertical flow occurs under ambient 
conditions (e.g: storage periods) (figure 8.5). The changes observed in EC and temperature 
can be interpreted in light of this information. For instance, during the pump test conducted 
prior to commencing the Trial, downward flow conditions were established in the upper half 
of the aquifer, that led to the fresh water at the top of the profile to mix across the entire 
profile; this is consistent with a net reduction in temperature due to net downward migration 
of cooler water; during injection however, the direction of lateral groundwater flow is reversed 
and the opposite trends in EC and temperature are observed. 
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Figure 8.3: Chloride versus volume injected for cycle 1 (top) and cycle 2 (bottom). 
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The field observations clearly demonstrate that intra-well mixing has the potential to give a 
distorted representation of the groundwater flow regime. To reconcile this issue, Georgiou 
(2002) developed a numerical groundwater flow and solute transport model using the Finite 
Element Flow (FEFLOW) numerical groundwater modelling package to better understand 
flow processes within 'fully-penetrating' wells. By developing a three-dimensional, four
layered 1Om x 1Om aquifer segment, the fate of a pulse of injectant migrating through the 
model domain was studied, with and without the presence of a well positioned in the centre 
of the model domain. In the example shown in figure 8.6, with parameters similar to those of 
the Bolivar site, a discreet slug of injectant is introduced into layer 3 and moves from right to 
left where there is no well (left image). The installation of a well provides a conduit for some 
of the injectant to migrate upwards into layer 1 (right image). Based on a sensitivity analysis 
it was found that "well-effects" become increasingly significant with increasing aquifer 
heterogeneity and in particular, the vertical hydraulic gradient. 

In order to address the effect that vertical flow would have on breakthrough characteristics at 
the 75m observation wells, the model parameters were revised to more closely represent the 
field conditions at the Bolivar ASR site, and specifically at this radius. The breakthrough 
curve for an idealised injected pulse of ten days duration was compared with and without a 
'fully-penetrating' well. The results, presented in figure 8.7, compare depth-averaged 
breakthrough curves for the two scenarios. The breakthrough time and the maximum 
concentration of the tracer is underestimated by the breakthrough curve for the scenario with 
the well, as compared to the case where the well is absent. The well caused the. 
concentration peak to arrive 5.8 days faster and at an 18% lower concentration. This is due 
to the well transporting the tracer downwards into layer 4 that would not otherwise receive it. 
The smaller peak concentration where the well is present is due to its role in transporting 
ambient water downwards from layer 1 and 2, which reduces the tracer concentration in the 
well. 

This modelling work has demonstrated that intra-well flow will have some impact on the 
interpretation of the breakthrough curves from the 75m wells, however the magnitude of the 
perturbation does not appear to be sufficiently excessive to invalidate the breakthrough 
curves. Quite clearly, appropriate care will be needed in evaluating the field data. Whilst 
small changes cannot be partitioned from well effects, large changes would reflect actual 
solute effects in the aquifer. At the 4m radius, where the greater water and solute flux, 
coupled with the time for vertical hydraulic gradients to diminish, could suggest that the effect 
is of lesser consequence. Cl data presented later, gives clear evidence that this is the case. 

8.3.4 Leakage of Saline Groundwater into the 50m N-1 (#19183) Piezometer 

Anomalously high solute concentrations (EC's >5000f.lS/cm) were detected with a sonde 
deployed in situ during injection test 3 in 50 N-1 (#19183) (figure 8.8). By a process of 
elimination, and later verified by direct observation, the cause was found to be a leak through 
a crack at a joint in the casing, which allowed saline groundwater from the watertable aquifer 
to enter the well and be released into Aquifer T2. The damage is believed to have occurred 
whilst lowering the sampling pump during a site visit in May 2000. The well was 
subsequently repaired in August 2001 by fitting an elastic sleeve over the joint. No attempt 
was made to purge the well since there was little likelihood of success of recovering this 
water in the short-term without halting the Trial, owing to the dispersion that would have 
occurred during injection test 3 and initial stages of the first recovery. 
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Figure 8.6: FEFLOW-modelled cross-sectional fringe plot showing plume distribution at 200 days 
for cases with and without an observation well. 
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Figure 8. 7: Depth-averaged breakthrough curves of a pulse injected over a ten-day period 
(from Day 5) showing the differences in breakthrough characteristics caused by the well's presence. 

K values are as given in figure 8. 5 
Source: Georgiou, 2002. 
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The rate of influx of shallow groundwater into the observation well was measured just prior to 
repair to be 1140Liday which, if assumed to have been constant over the entire 15-month 
duration, would have recharged O.SML in total. In volumetric terms, this is a small proportion 
(-0.2%) compared to the volume of reclaimed water injected in the first cycle. Salinity 
profiles collected within the cased section of the well indicate the TDS of the shallow aquifer 
to be -15,000mg/L, suggesting approximately eight tonnes of salt was recharged, or almost 
three per cent of the total salt flux injected. Note that the salt load entering the aquifer could 
not be reliably estimated from the sonde data, due to the dilution effects from the 
groundwater in Aquifer T2. Following plugging of the leak the EC's in the well reduced to 
levels typical of values prior to the leak (figure 8.8). 

Over the course of the Trial no direct impacts of the leakage were evidenced at the closest 
downstream observation well (#19445), the deeper adjacent piezometers during the period of 
leakage, or the recovered water. Whilst #19445 is situated only 25m from #19183, the 
positioning of this well, eight metres orthogonal to the direct radial flow-path, suggests that 
transverse dispersion in the x:y plane was insufficiently high to cause breakthrough (where 
the x-axis is parallel to the main transect) . Similarly, mixing in the y:z plane did not effect 
SOm N-2. A schematic representation of the inferred plume dynamics is shown in figure 8.9. 
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Figure 8.8: EC changes in 50m N-1 (#19183) well showing effect of the leakage of saline water. 

8.3.5 Chloride (CI) Breakthroughs at Observation Wells 

The history of Cl concentrations in groundwater at the observation wells and piezometers 
over the course of the Trial, expressed as days after the commencement of the first injection, 
are presented in figure 8.1 0. 

Breakthrough first occurred at the 4m well as was shown earlier, and as would be expected. 
Once full breakthrough was achieved, Cl concentrations closely followed the variations 
observed in the injectant, except during recovery periods, which will be discussed later. 

At the SOm piezometers the breakthrough response was highly dependent on the layer 
considered. Breakthrough only occurred in the first and third layers in both the north and the 
south. No breakthrough was observed in the second or the fourth layers in either cycle. In 
both cycles recovery caused the injection front to retreat. During the second cycle a residual 
CL concentration was retained, but in the first recovered to ambient concentrations. 
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Figure 8.9: Vertical cross-section and plan view illustration of saline plume migration 
during injection phase. 

Leakage of saline water from an overlying aquifer confounded the ability to quantify 
breakthrough at 50 N-1 (#19183) in the first cycle. However, an estimate could be made 
from temperature data which appeared not to have been as significantly affected as EC, 
suggesting breakthrough occurred at a similar time as for 50 S-1. Breakthrough at 50 N-1 
was verified by chemical sampling in the second cycle. 

Breakthrough occurred at all of the 75m wells and also the 120m well. However, this was 
incomplete given that the lowest Cl concentrations measured at these wells, were higher 
than those in the injectant on any occasion. Partial breakthrough response follows given that 
these wells intersect layers of high and low-permeability with differential advective velocities 
and travel-times. 

No injectant was detected at either the 300m well or in the Aquifer T1 observation well in 
either of the two ASR cycles. 
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Figure 8.10: Plotted chloride concentrations during the Trial at the ASR well, 50m N and 50m S piezometers, and 
observations wells at 75m, 120m and 300m .. 
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8.3.5.1 Calculated Pore-Flushes and Travel-Times 

The volume of water required to displace the ambient fluid up to the radius of any given 
observation well or piezometer is the so-called "pore-volume". It is determined by plotting 
chloride mixing fractions as a function of the cumulative volume injected, and identifying the 
volume at which the mid-point of the dispersion curve (i.e:j= 0.5) is reached. The effective 
travel-time is then estimated based on the average injection rate. This calculation could only 
be performed where complete breakthrough was observed, and so did not include wells 
beyond the 50m radius. Results are presented in table 8.2. 

The pore-volume in the 0-4m interval was determined to be around 1.5ML and the travel-time 
for passage to the 4m well is 1.4 days on average; although breakthrough at this well is most 
sensitive to flow-rate fluctuations, and may vary between one and two days. The pore
volumes for the 50m piezometers range from 90 to 120ML, although this considers the entire 
aquifer thickness and does not take into account the thickness of the transmitting layer. 
Travel-times range from 87 to 115 days. Since the piezometers cover discreet layers, and 
variable breakthrough occurred in the different layers, the pore-volumes quoted should not 
be interpreted as the volume in storage in the 0-50m interval. The total number of pore
flushes for all injections combined was 240 at 4m, and ranged from 3-4 at the 50m 
piezometers in levels 3 and 1 respectively. 

The small number of pore-flushes to 50m has a bearing in interpreting the concentration 
variations following complete breakthrough. They should, in theory, relate to the time-varying 
input functions that can provide additional signatures for quantifying travel-time and 
dispersivities, as was clearly made apparent at the 4m well. However, in practice this is 
difficult to decipher without the aid of numerical methods. In contrast, by combining Cl and 
stable isotope data Le Gal La Salle, et.al., (2003) has claimed to show that water quality 
variations at the 50m piezometers do reflect variations in injected concentrations. 

The position of the injection front can be easily estimated at any given time from the physical 
storage characteristics of the target aquifer according to equation (4). This shows that if 
hydraulic properties are uniform, and effects associated with regional flow negligible, then the 
volume of water needed to achieve full breakthrough would be proportional to the square of 
the separation distance between the ASR and observation wells. For the first injection cycle, 
the mean position of the injection front after the 250ML of injection is approximately 60m (b = 
50m, n = 0.45m). For the second cycle one must take into account that only 1 08ML of the 
cycle 1 injectant is estimated to have been retained in the aquifer after the first recovery test 
(as shown later). Therefore, the volume of injectant stored at the end of test 4 was less than 
after test 3, and so the front would have retreated by about 5m. The "front" discussed here 
represents a sharp, advectively driven boundary between the injected water and the ambient 
groundwater. In reality, the dispersive nature of porous media would create a mixing zone 
that expands the position of the "front". These data are in general agreement in the sense 
that full breakthrough is expected at the 4m well, but not at the 75 or 120m wells (due to the 
layered heterogeneity). Any breakthrough at 300m would only occur under conditions of 
extreme preferential flow. 

8.3.6 Evidence for Heterogeneous Breakthrough at 50m Piezometers 

High temporal resolution data on changes in EC and temperature in groundwater over the 
period coinciding with the passage of the injected water front past the piezometers, reveals 
that heterogeneous breakthrough occurs over the 4-5m vertical scale. Figure 8.11 shows 
that at 50 N-3 (#19181) spikes occur intermittently in both tracers, and decline towards a 
baseline which changes over time due to the changing position of the injection front. The 
figure clearly shows that these spikes coincided with times when the ASR well was 
redeveloped, and do not appear to be related to when the piezometer was pumped for 
sample collection. The likeness in the behaviour of both EC and temperature and the fact 
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that both increase during redevelopment events indicates that this is the result of a pulse of 
ambient groundwater. 

RADIUS I ID OF WELL/ PORE- TRAVEL-TIM Elf 
CUM. NO. OF 

GROUP PIEZOMETER VOLUME (Days) 
PORE-FLUSHES 

(ML) eye 1 cyc2 
4m 19450 1.5 1.4 170 240 

* * 50 N-1 19181 120 115 2 3 
50 N-3 19183 90 87 3 4 
50 S-1 19447 120 115 2 3 
50 S-3 19449 90 87 3 4 

assumed to be same as 50 S-1 based on temperature breakthrough and profiling data 
v for injection rate of 12L/s 

Table 8.2: Breakthrough characteristics at the observation well and four piezometers 
where there was complete breakthrough. 

The most likely explanation is that from diffusive exchange with ambient groundwater 
entrained within the less permeable parts of the aquifer within the storage zone. Permeable 
layers allow water to flow at higher velocities away from the well along discreet pathways. 

Mixing between the injectant and residual ambient groundwater trapped in the least 
permeable zones of the formation was also observed during the first storage period after 
three pore-flushes had occurred (table 8.2). The increase in chloride was 50-1 OOmg/L within 
the first 1.5 weeks after and concentrations remained fairly steady. In the second storage 
period, where the total number of pore-flushes was higher and the time available for 
exchange was longer, there was no such increase. 

This solute behaviour is characteristic of the responses at the 25m and 65m observation 
wells at the Andrews Farm ASR site (Pavelic, et.al., submitted) and at the Willunga site 
(Sibenaler, et.al., 2002). Not surprisingly, similar conclusions were reached regarding the 
mechanisms of flow. Dual porosity characteristics have been commonly encountered in 
other tracer and ASR tests in limestone aquifers (e.g: Mirecki, et.al., 1998, Wright and Barker 
2001 ). 

8.3.7 Travel-times to 4m Observation Well at 130m Depth bgs (Below Ground 
Surface) 

The first five days of injection test 2 were monitored via a down-hole sonde at a depth of 
130m below ground surface (bgs) identified that diurnal fluctuations in the temperature of the 
injectant were being mirrored at the 4m observation well. The temperature of the injectant 
varied from 17 to 21.5°C, with a gradual climb as a result of increasing atmospheric 
temperatures. Note that whilst the ambient temperature of the pumped samples of 
groundwater from observation wells was 26°C, this had been reduced to around 20°C at the 
4m well due to injection test 1. 

Tracking the time-lag for the characteristic peaks and troughs in the temperature of the 
injectant to reach the 4m well at 130m bgs revealed that the travel-time varied from 7 to 14 
hours, where the average rate of injection ranged from 9 to 12L/s over these periods. This is 
a factor of at least two more rapid than the travel-time of 1.4 days determined from water 
quality sampling, which was representative of the average over the entire aquifer depth 
(figure 8.12). This was supported by EC and temperature profiling upon the commencement 
of test 1, that signified the presence of injected water at the 4m observation well within hours 
of the start of the first injection. This serves to illustrate that differences in travel-time occur 
in 'fully-penetrating' wells that can be determined through instrumentation deployed in situ. 
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Figure 8.12: Diurnal temperature fluctuations in injectant and at 4m well (130m bgs). 

8.3.8 Comparative Solute Response Between ASR Well and 4m Well 

It was previously established that the movement of injectant to the 4m observation well was 
rapid, and therefore direct comparison could be made between the injectant and the tracer 
composition in groundwater on any given sampling occasion. Parallel behaviour during 
injection periods is not surprising given that the travel-time is much smaller than the 
fortnightly sampling; that the injectant and the 4m well were always sampled on the same 
day; and that temporal changes in injected concentrations were subtle over these time
frames (figure 8.2). 

For recovery periods it was noted that the salinity of the recovered water was measurably 
lower than at the 4m observation well (figure 8.13). Figure 8.13 is an adaptation of the plots 
shown in figure 8.1 OA, where plots for Cl concentrations at the 4m well are shown relative to 

0 

the ASR well, both for injected and recovered water. This more clearly identifies that the 
behaviour at the 4m well during recovery deviated from that during the periods of injection or Q 
storage. Greater mixing with brackish ambient groundwater occurred at the 4m well than at 
the ASR well during such times. 
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During periods of injection the source water composition over time-scales equivalent to the 
travel-time to the 4m well is essentially constant, and it is not surprising that Cl and other 
conservative parameters at the 4m well, echo that of the injectant. Whilst injected water 
which reaches the 4m well flows radially outwards along a particular flow-path during 
injection; during recovery, groundwater radially converges towards the ASR well from many 
different flow-paths along the entire perimeter at any given radius. This concept is illustrated 
in figure 8.14. 

Quasi steady-state flow conditions in the 0-4m interval will be shown to occur within a couple 
of minutes of the commencement of injection or recovery in chapter 10 of this report. Under 
homogeneous and isotropic flow conditions, the flow contribution along equi-portions along 
the 4m circumference would be identical. Clearly, the difference in behaviour between the 
ASR and 4m observation wells indicates the solute flux is not. In simple terms, this would 
suggest a greater solute flux entering along the flow-path linking these two wells, presumably 
through lower hydraulic connection in this portion of the aquifer, or higher ambient 
concentrations were found to be similar in each case. 

To reconcile the degree of radial symmetry of injectant in the aquifer, groundwater sampling 
data from the four 75m observation wells were considered. Figure 8.15 shows that the Cl 
mixing fractions at the end of test 3 were reasonably similar (0.51 < f <0.64 ), although 
breakthrough was marginally higher in the southern and eastern wells . At the end of the 
recovery phase greatest residual was retained in the northern and eastern wells (0.14-0.18) 
whilst the southern and western wells retained little or none (<0.03). The data is suggestive 
that the behaviour observed at the 4m well can be explained by anisotropy, with marginally 
higher transmission and apparent dispersion in the eastern portion of the site which 
incorporates the 4m observation wel l. The regional groundwater gradient is insufficient to 
account for such striking changes over these relatively short time-frames (Pavelic, et.al., 
2002). 

8-19 
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Figure 8.14: Radial groundwater flow lines around ASR well during injection (left) 
and recovery (right) with respect to the 4m observation well. 

8.3.9 Vertical Distribution Of Injectant From Temperature Profiles 

Temperature profiles were collected at key stages in the Trial in the deepest of the 50m 
piezometers. Measurements were made along the entire thickness of Aquifer T2, including 
both the cased and uncased portions, on the premise that thermal exchange across the PVC 
material would be sufficient to be indicative of the groundwater temperature in the adjacent 
aquifer. This bears resemblance to the way geophysical logging tools such as gamma, 
resistivity and induction sense beyond the well perimeter wall and into the formation. 

Temperature profiling has been applied with good success in ASR and tracer studies in 
tracing the movement of injected water, and identifying the presence of high-permeability 
zones (Keys and Brown 1978, Palmer, et.al., 1992, Stuyfzand 1998, Pavelic, et.al., 
submitted). Of particular interest is the work of Stuyfzand (1998), who had success in tracing 
injected water by suspending temperature and resistivity sensors, down cased and uncased 
sections of wells. 

Previously it was shown that there was, on average, a 6°C contrast between the temperature 
of the injectant in cycle 1 and the ambient groundwater, and that temperature offered a 
reasonably conservative tracer of injected water over the time-scales considered in this Trial. 

Temperature anomalies are elevated during injection (15 March 2001 ), but by late in the 
storage phase (16 July 2001) there is slight redistribution that causes thermal diffusion, and 
the peak to diminish across the low-permeability zones, where injectant was not detected in 
the piezometers at levels 2 and 4. This is presumably the result of the higher diffusion 
coefficient for heat than for solutes. Recovery (1 0 Oct 2001) causes greater smoothing of 
the temperature distribution than was observed in the storage period. 
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Figure 8.15: Chloride mixing fractions at ASR, 4m and 75m wells 
following the cessation of test 3 and first recovery. 

The similarity of the profiles during injection between the northern and southern wells is 
excellent. There is evidence to suggest that the breakthrough in the north is marginally more 
diffuse than in the south, with an apparently thicker layer of high-permeability in the vicinity of 
the layer 3 piezometer. The flowmeter-derived hydraulic conductivities at the nearest 75m 
well (presented in chapter 7 of this report) verify that there are two high-permeability layers 
that transmit most of the flow. The flowmeter data consistently revealed the presence of a 
third permeable layer at a depth of -150m bgs, however this failed to be reflected in either 
the temperature profiles or solute breakthrough in the deepest piezometers. This is not 
altogether surprising given that there is reasonable evidence to suggest that this is the result 
of the collapse of sediments in the ASR well, thereby restricting the active depth of the well. 

This data has affirmed that the positions of the open intervals of the piezometers were well 
positioned to characterise the distribution of injectant in the aquifer, and most importantly, in 
capturing the zones with greatest, as well as lowest transmission, in the aquifer. The 
breakthrough curves observed in the 50m piezometers (figure 8.1 0) are in excellent 
agreement with the temperature profiles, given that breakthrough of injectant was only 
observed in layers 1 and 3 in both clusters, which coincide with the position of the 
temperature anomalies. 
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Figure 8.16: Temperature profiles in the two deepest piezometers (#19180 and #19446) 
on selected occasions before and during cycle 1. 

Horizontal bars show open depths of piezometers at the 50m radius. 

8.3.1 0 Solute Distribution Along Radial Transects 

Observations presented thus far have focused on individual locations. Presenting the data in 
the spatial context offers a new perspective on the distribution of the injectant in the aquifer. 
The observation well/piezometer layout allows data to be considered along radial transects of 
300m or more from the ASR well to the north, and 75m to the south (where the 4m well is 
used for both transects). 

Figure 8.17 shows EC's before and after the first 250ML of injection, for two different 
methods of data collection: those from pumped samples; and those measured with the down
hole sonde (the mean value over the open interval of the profile). At the 50m radius four 
discreet depths could be sampled as compared to just one (i.e. the entire aquifer thickness) 
at all other radii. As observed in the breakthrough data, two of these experienced changes 
due to injectant and two did not, and the same trend was seen for both the northern and 
southern clusters. Not surprisingly, changes in EC as a result of injection are greatest 
adjacent to the ASR well and diminish with increasing distance for both, up to the point 
where no change was observed at 300m (for either measurement method). 

Next, the difference in EC (.6.EC) as a result of injection (i.e: ECv;=oML- ECv;=2soMd is used as 
an index of the proportion of breakthrough. Initially, the mean .6.EC value for the 50m 
piezometers was considered but, when plotted, suggested that the 50m radius had less 
breakthrough than at either 75m or 120m wells. This is highly unlikely in an intergranular 
aquifer system characterised by a layered heterogeneous structure. It has been established 
that the solute breakthrough in a 'fully-penetrating' well is the flow-weighted mean EC 
concentration of the inputs. Greater emphasis is thereby placed on piezometers where 
breakthrough has occurred, and a lower EC than the arithmetic average of the individual 
values is deduced. Vertical flow processes within the 'fully-penetrating' well would 
compound this phenomenon and are known to occur (as shown previously). A correction 
was applied to the 50m data by weighting the flow contribution from each piezometer 
according to the interpretation based on the flowmeter profiles (chapter 7). The estimated 
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weighting factors based on permeability ratios were 1.5:0.5:2:1 for layers 1-4 respectively. 
The upper plot in figure 8.18 gives the ilEC data with distance away from the ASR well, and 
shows that significant changes occur at two intervals: one in between 4 and 50m, the other 
between 120 and 300m. Assuming a distribution of injected water such as that illustrated in 
the idealised representation shown in the lower diagram of figure 8.18, as interpreted from 
the breakthrough data, the major step changes would coincide with the position of the front in 
the least permeable layers in the first case, and the most permeable layers in the second. 
The inferred ilEC from such a distribution that is faithful to the observations is represented as 
a dashed line on the plot. 

Some consideration was given to performing zero-order calculations of the solute mass in 
the aquifer based on spatial observations at key stages during the Trial. Whilst this has 
proven feasible in numerous natural gradient tracer studies (e.g: Vereecken, et.al. , 2000), it 
has relied on tens or perhaps hundreds of multi-level wells. In reality, this could not be 
pursued as the analysis is highly constrained by uncertainty in the precise position of fronts 
in the high and low-permeability layers, due to the large separation distances between 
observations. Reliable mass balances could however, be performed on inputs and outputs 
of injected water as detailed in section 8.3.11. 
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Figure 8.17: EC distribution before and after 250ML of injection 
along northern and southern transects . 
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Figure 8.18: LlEC along northern transect (a weighted mean of 50m piezometers shown) 
and idealised radial distribution of plume at end of injection phase. 

8.3.11 Recovered Water Quality Changes and Recovery Efficiencies 

The volumes of water of a quality suitable for productive use that can be recovered, are 
typically constrained when ASR is conducted in aquifers where the ambient groundwater 
conditions are poorer than those of the water being injected (Harpaz 1971, Gerges, et.al., 
1998, Mirecki, et.al., 1998, Pavelic, et.al., 2002). Such is the case at the Bolivar site where 
the ambient groundwater quality is marginally brackish (TDS -2100mg/L). On the Northern 
Adelaide Plains, where the Bolivar reclaimed water is used for agricultural purposes, South 
Australian Government regulations stipulate that the recovered water cannot exceed a TDS 
value of 1 ,500mg/L (chapter 6). This is therefore the threshold concentration that defines RE 
for this ASR Trial. 

8.3.11.1 Total Dissolved Solids (TDS) Changes 

Water quality changes during the two recovery tests are expressed in terms of the TDS of 
the pumped water as a function of the cumulative volume of water recovered (figure 8.19). 
This shows that over the course of the first recovery test, the salinity of the pumped waters 
climbed steadily from 1150 to almost 1500mg/L, after 152ML was recovered, at which time 
the test ceased. Note that the TDS levels of the first 40ML of recovered water was below the 
average injected value of 1270mg/L, since the salinity of the injectant in the latter stages of 
the previous injection phase was below average (as indicated by Cl data in figure 8.3). 

In the second recovery test, pumping ceased after recovery of 91 ML when an EC value of 
2500~-tS/cm suggested that the TDS threshold had been reached. Subsequent analysis of 
the volumes injected, plotted against TDS (figure 8.19), illustrated that TDS was in fact 
marginally below this value (1470mg/L), however the rate of TDS increase was sufficiently 
slow that significant differences in RE could result. TDS values during the second test are 
-10 to 1 OOmg/L higher than the first since the TDS value of the last stage of injection (i.e: the 
first parcel of water to be recovered) was greater for the latter case, even though the average 
salinity of the injected water was marginally lower (see table 8.1 ). Applying equation (5) to 
the data shows that RE was >61% in the first cycle and >80% in the second. An explanation 
for this improvement is given later. 
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In order to examine mixing processes in greater depth, the following discussion will focus on 
the use of Cl, which has previously been demonstrated, as a more ideal tracer than TDS. 
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Figure 8.19: TDS increases during the two recovery phases in relation 
to threshold level of 1500mg/L. 

8.3.11.2 Chloride (CI) Mixing Fractions 

160 

A plot off relative to v,. /Vi for each cycle is shown in figure 8.20. Since variation in the 
chloride (CI) concentration in the injectant leads to some uncertainty in the calculated mixing 
fraction, error bars for each value off, based on equations (9) and (1 0), are indicated. The 
average error is typically ±0.15. Mixing fractions start at or above the average injected water 
quality (f = 1 ), and progressively deteriorate towards, but do not reach, that of the ambient 
groundwater quality (f= 0). The fvalue upon which recovery ceased was -0.8 in both cases, 
and consequently, the proportion of ambient groundwater in the recovered water never 
exceeded 20%. Although the second cycle was marginally under half the size of the first, 
proportionately more water was pumped during recovery (V,. /Vi = 0.80 cf 0.61 ). 

Whilst a sigmoidal-shaped response is typically observed (Pavelic, et.al., 2002), neither 
recovery test was sufficiently advanced for the full response to be observed. A recovery 
phase would typically need to extend to a v,. I V, value of at least two before the return to 
approximate ambient conditions. 

Applying equation (6) to the data shows that RM increased from 57% in the first cycle to 69% 
in the second. Ambient groundwater made up the remaining 4 and 11% respectively. That 
is, in the second recovery cycle some of the 43% of the first cycle injectant remaining in the 
aquifer was recovered . The mean mixing fraction during recovery was 0.93 in the first cycle 
and 0.86 in the Second. Table 8.4 summarises the findings of this study with respect to 
recovery efficiencies during the Trial. 

Given the variability in injected concentrations, one could argue that it is inappropriate to use 
the average Cl concentration for the entire injection period, given that only the latter fraction 
is recovered. To address this issue the mixing curves were recalculated, this time for only 
the latter part of each injection, which was estimated to have been recovered from equation 
(6). For the first cycle this was for the last 143ML of injection, and the average Cl 
concentration was 422mg/L as compared to 429mg/L for the entire period. This small 
reduction produced only a slight effect on the recovered water mixing curve (change in 
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f -0.01) and an insignificant effect on RE. For this reason the data presented in table 8.3 
required no further refinement. 

Many factors affect the movement and mixing of injected water in aquifers and ultimately 
control recovery efficiencies. However, as Pavelic, et.al. , (2002) note, it is convenient to put 
factors into two categories: hydrogeological variables that are intrinsic to a particular site and 
include the transmissivity, porosity, thickness, heterogeneity, dispersion and diffusion 
coefficients, ambient groundwater quality (and density), effects of pumping wells and regional 
hydraulic gradient of the target aquifer; and operational variables that can be controlled 
including the duration of injection, total stored volume, open interval of the ASR well, ratio of 
recovery to injection rate and the residence time of the injectant. RE is also highly 
dependent on the injected , ambient and threshold concentrations, which vary for any 
particular situation. The multiplicity of factors may appear difficult to differentiate at first, 
however only several of these appear to be critical in this case. 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 
-&- cycle 1 

0.2 --- cycle 2 

0.0 

0.0 0.1 0.2 0 .3 0.4 0.5 0.6 0.7 0.8 0.9 

VrN I 

Figure 8.20: Declines in mixing fraction during the two recovery phases. 

RECOVERY VOLUME VOLUME WATER INJECTANT RECOVERY 

TEST NO. INJECTED RECOVERED RECOVEREDv RECOVEREDv EFFICIENCY 
(ML) (ML) (%) (%) (%) 

250 152 61 57 >61 

2 114 91 80 69 >80 
'~ covers the entire duration of the test 
11 Recovery efficiency is based on when TDS of 1 ,500mg/L would be reached 

Table 8.3: Summary of recovery efficiencies during two ASR cycles. 

The plot shown in figure 8.20 clearly demonstrates that, even allowing for measurement 
errors in J, the mixing curves were not substantially different between cycles. In contrast, 
improvements in RE were observed, which it is now clear, were not due to advection or 
dispersion but were most likely due to the lower average injected solute concentration in the 
second cycle (table 8.1 ), whereby a lower value off could be tolerated before the threshold 
was reached . 

Had the scale of the second cycle been similar to that of the first, it could have been 
expected from the work of Pavelic, et.al. , (1999) that less mixing would have occurred, given 
that the dimension of the plume is one of the most important determining factors on RE's Q 
(Pavelic, et.al. , 2002) and hence RE would have increased. 
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The influence of the regional movement of the injectant is often cited to be significant, but 
can be shown here to have been effective in displacing the injected water from the ASR well 
over the residence period. Given the maximum radius of the plume (Rm) was around 60 and 
40m in each cycle respectively, and that the typical Darcy velocity under ambient conditions 
was -0.01 m/day, the maximum displacement distance was only -6 and 1m respectively, or 
no greater than 10% of the plume radius (table 8.4 ). 

CYCLE Rm t J,d (m) (days) 

1 59.3 445 0.10 

2 40.2 11 91 0.03 
11 only V; from cycle 2 considered 

Definitions given in Pavelic, et.al., (2002) 

Table 8.4: Summary of key plume geometry and drift characteristics in each ASR cycle.v 

It is worthwhile to note that the mass balance approach used here is probably insufficiently 
robust to partition between cycle 1 and 2 waters during the second recovery. Although in 
principal, the groundwater end-member (Camh) could be adjusted in equation (3) to reflect the 
groundwater concentration at the time prior to injection, because the distribution is spatially 
variable, the approach would probably lead to excessive uncertainty in any estimate. 
Numerical methods described in the following section, with their capability to handle time
varying input parameters and spatially-variable background concentrations, are likely to be 
more successful in addressing this issue. 

8.3.11.3 Comparisons with Other Aquifer Storage and Recovery (ASR) Sites in 
South Australia 

Over the past decade or so RE data has begun to emerge at a number of South Australian 
experimental and operational sites. Table 8.5 presents a summary of these (recalculated 
from the concentration/volumetric data for a common threshold concentration of 1500mg/L). 

Highest recovery efficiencies (i.e: 61% or greater) have occurred for the three sites that have 
targeted Aquifer T2: Bolivar, Andrews Farm and the Paddocks. A recovery efficiency slightly 
in excess of 100% occurred at the Paddocks site since the ambient groundwater was not 
greatly above the threshold concentration (TDS = 1900mg/L), and dispersion appears to 
have been beneficial in reducing the salinity in the mixing zone, thereby allowing some of the 
ambient groundwater to be diluted to a quality where it could be recovered. 

The lowest recovery efficiencies (<2-20%) occurred at the Clayton and the Scotch College 
sites for different reasons. At Clayton this is due to the high transmissivity and karstic 
features of the aquifer, as well as salinity and density effects. Subsequent testing has shown 
that by forming a large 'sacrificial' lens that acts as a buffer and transition zone between 
injectant and ambient groundwater, an actual productive water supply lens can be developed 
and maintained (Gerges, et.al., 2002). Scotch College is the only site to target a fractured 
rock aquifer, and the poor RE is associated with the high degree of heterogeneity. Data from 
the Willunga ASR site (Sibenaler, et.al., 2002) was not included owing to the low ambient 
groundwater salinity (EC = 2300~-tS/cm). 
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SITE 
RE • NO. OF AQUIFER 

WATER QUALITY 
{%} CYCLES TYPE 

>61 (cyc1) 2 sandy source: reclaimed water; 
Bolivar >80 (cyc2) limestone aquifer: brackish 

----~-------------------------------------------------------------------------------------------------------
Andrews >67 1 sandy source: stormwater; 

Farm limestone aquifer: brackish 
-110 1 sandy source: stormwater; 

Paddocks limestone aquifer: brackish 

<2 sandy source: lake water: 
Clayton limestone aquifer: saline 

Scotch 7 (eye 1) 3 fractured source: creek water; 
College 20 (eye 3) rock aquifer: brackish 

• Recovery efficiency based on a common threshold of 1500mg/L TDS (EC"' 2500J.tS/cm) 

Table 8.5: Summary of recovery efficiencies at Bolivar in comparison with four ASR sites in South 
Australia. Adapted from Pavelic, et.al., 1999. 

8.4. FIELD OBSERVATIONS - CONCLUSIONS 

Through detailed data collection and analysis involving the injection of -360ML and recovery 
of -240ML of reclaimed water into a confined carbonaceous aquifer with moderate 
heterogeneity over two ASR cycles, an understanding of the movement and mixing of 
injectant in the aquifer at the Bolivar experimental site has developed. The approach 
combined detailed knowledge of the spatial variability of aquifer hydraulic properties, along 
with observations of solute changes in multi-level piezometers, 'fully-penetrating' observation 
wells, and in recovered waters. 

A summary of the main outcomes to arise from this study are as follows: 

• Numerous physical, chemical and isotopic tracers occur naturally in the reclaimed water, 
that are sufficiently distinct from ambient groundwater and conservative in their 
behaviour, to quantitatively assess the fate of injected water. Cl, temperature and EC 
were chosen for use in this study, whilst related work by Le Gal La Salle, et.al., (chapter 
13) has demonstrated the applicability of the isotopes of carbon and water. 

• The installation of 'fully-penetrating' observation wells that intersect numerous hydraulic 
layers, enhances the vertical flow velocity in these wells and leads to a bias in water 
quality data, as injectant migrating in permeable layers traverses the less permeable 
zones via the well, and is reintroduced in other permeable horizons. Increased aquifer 
heterogeneity and vertical hydraulic gradient exacerbates this effect. Seven such 
observation wells were utilised in the Trial and the influence of vertical flow in wells on the 
observed water quality was at a level that suggested the exercise of caution in evaluating 
these data. 

• Complete breakthrough of injectant was observed at the 4m observation well and at four 
of the eight 50m piezometers within two distinct high-permeability layers. Partial 
breakthrough occurred at wells at the 75 and 120m, but not at the 300m well. The travel
time to 4m, was 1-2 days and to 50m was 90-120 days. The total number of pore-flushes 
was in excess of 200 for the nearest well and no more than four for the 50m piezometers. 

• Excellent agreement was observed between the solute breakthroughs and the hydraulic 
conductivity profiles from the down-hole flowmeter survey (chapter 7). The latter also 
showed the two layers where the majority of flow is being transported through the aquifer. 
A third high-permeability layer was also identified, at a depth which did not transmit 
injectant due to the accumulation of sediment in the base of the ASR well. 

8-28 



• First order estimates suggest the radius of the plume to have reached its greatest extent 
at 60m after the first cycle injection, and subsequently the new injectant in the second 
cycle reached only 55m. 

• Recovery efficiencies, determined on the basis of the volumetric withdrawal until the 
salinity of the recovered water reached the maximum permissible level of 1500mg/L TDS, 
were >61% in the first cycle and >80% in the second. These values are consistent with 
those observed at other ASR sites in Aquifer T2 on the NAP and are significantly higher 
than those observed in karstic, fractured or highly saline environments. The effect of 
regional flow on plume migration and mixing appears to be virtually negligible. Recovery 
efficiencies do not appear to be a constraint for ASR in Aquifer T2, although lower 
efficiencies may occur in areas where the ambient salinity is higher, or the hydraulic 
gradient is higher than at Bolivar. 

8.5 FLOW AND SOLUTE TRANSPORT- MODELLING ASPECTS 

The reliable simulation of flow and transport of water injected into Aquifer T2, using a 
modelling approach that is based upon and then compared against field observations, is a 
persuasive tool for demonstrating an understanding of the main hydrologic processes. 

In the first stage of this project a numerical modelling study was performed to address design 
and planning issues such as locating the observation wells and potential interactions with the 
overlying Aquifer T1 (for example, through a leaky well). During the second stage these 
predictions, which had been made prior to conducting the Trial, were compared against 
solute breakthroughs following the injection phase of the first ASR cycle and found to 
represent observations reasonably well, given the differences between the predicted and 
actual injection schedules, and injectant and ambient groundwater concentrations. In the 
third stage of the study, previous work is extended to include the two complete ASR cycles. 

The four principal goals of the modelling described here are to: 
1. Reliably simulate the first cycle solute breakthroughs with a model that requires the 

least variables for calibration, based as much as possible on the conceptual 
understanding developed from the careful hydrogeological and hydrochemical 
characterisation of the aquifer; 

2. Then test the model's performance by predicting solute breakthroughs at observation 
wells and piezometers, as well as the recovered water in the second cycle; 

3. Test the sensitivity of the model output to fitted parameters; and 
4. Use the model to explore several aspects of the field data which appear somewhat 

ambiguous. 

8.6 CONCEPTUAL MODEL DEVELOPMENT 

8.6.1 Simulation Package 

The finite-element model FEFLOW (Version 4.6) was used to simulate flow and solute 
transport processes at the Bolivar site (Diersch 1998). FEFLOW is a fully three dimensional 
finite-element package capable of simulating contaminant and heat flow and transport. 
FEFLOW also has a built-in grid-design, problem editing and graphical post processing 
display modules that allow rapid model development, execution and analysis. A 32-bit SUN 
SPARC workstation running operated remotely via the XVision97 interface to a PC was used 
as the hardware platform for the numerical simulations. 
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8.6.2 Conceptual Model 

The development of the conceptual model is one of the most critical parts of any modelling 
study. The conceptual model was developed from the detailed site characterisation 
performed involving stratigraphic logging, measurement of spatial variations in hydraulic 
conductivity, analysis of core samples and results of water quality sampling. Detailed 
descriptions of the site characteristics are given in chapters 4 and 7, and earlier in this 
chapter, and will not be repeated here. 

A guiding principle was to consider heterogeneity in the aquifer using a parsimonious 
approach; that is, a model with the least number of variables appropriate to the data for 
calibration. Thus, evaluation of the available information leads to the proposition that Aquifer 
T2 can be described as consisting of four layers, with the uppermost layer containing 
relatively fresh water and the lower layers containing brackish water. Chapter 7 of this report 
describes aquifer heterogeneity with respect to depth, but identifies that the aquifer is 
relatively homogeneous with respect to lateral extent. However, at a smaller scale discrete 
layers or zones occur within this structure, as shown from analysis of hydraulic conductivity 
of core samples, but that in-situ hydraulic testing methodologies are incapable of defining 
these precisely. 

Layered structures are common in sedimentary systems and are relatively straightforward to 
incorporate into models. The aquifer was modelled as a four-layered system with 
interchanging layers of high and low hydraulic conductivity. This is a reasonable 
approximation of the hydraulic conductivity profiles determined from the flowmeter survey 
and is consistent with the number and location of the piezometers at the 50m radius, which 
had in fact been established at these depths to reflect the four major hydraulic units identified 
in the aquifer characterisation (chapter 7). Strong evidence of a fifth layer (of high
permeability) at a depth of around 150m bgs was not incorporated into the modelling, since 
the ASR well was prone to infilling with sand beyond this depth, and therefore it is unlikely 
that a significant proportion of flow occurred below this depth. The four layers were in fact 
simplified further through the assumption that the material properties in the two high
permeability layers (1 and 3) were identical, and so too were those of the two low
permeability layers (2 and 4 ). 

The model domain is 2000m x 2000m in the planar view and 50m in thickness, with the ASR 
well positioned at its centre (figure 8.21 ). The finite element mesh was designed to minimise 
numerical dispersion by ensuring that the major flow-paths that converge towards, or diverge 
from, the ASR well coincide with the quadrilateral element mesh, and that the mesh size is 
highest where advection dominates and gradually diminishes with increasing distance from 
the ASR well (figure 8.22). To achieve this, mesh construction started at the ASR well 
(which is represented as a small cylindrical cut-out), and was gradually built radially outwards 
as a series of concentric rings of increasing size (multiplication factor = 1.5), then enclosed 
by a rectangular perimeter to make changes to boundary conditions simple. The domain 
was partitioned into sixteen uniform radial 22.5° sectors. There were a total of sixteen 
modelled layers; four in each of the four material layers. From the centre of the model 
domain the first element had a radial length of 0.075m, with 13 elements out to a radial 
distance of 4m, 25 elements to 50m, 34 to 300m and 41 to the centre of the model boundary. 

The ASR well has a radius of 0.1 m, which fully penetrates the entire thickness of the aquifer. 
Constant head boundaries were set on the left (-2m) and right side boundaries (+2m) to 
reflect the average regional hydraulic gradient of 0.002. No-flow boundaries were set on the 
two remaining outer boundaries of the domain, and on the upper and lower surfaces. 
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The injection and recovery rates were allocated to each model layer (b;) by dividing the total 
flow (Q) into layer-by-layer flows that are proportional to the transmissivity of each layer (71), 
such that higher transmissivity layers had a higher proportion of flow (i.e: 0; /Q = k; b; IT ). 
Since FEFLOW assigns boundary conditions at the interface between layers (so-called 
'slices'), values assigned at the three particular slices between the four material layers were 
set at the mean of the two adjacent layers. Layer thicknesses at these boundaries were 
small (1m) to minimise this potential artefact. Although the range in hydraulic conductivity 
within the aquifer extended over several orders of magnitude, the transmissivity value for the 
aquifer as a whole still honoured that derived from the pump test analysis (discussed later). 

A time-varying specified flux boundary condition at the ASR well is necessary to reflect the 
divergent, quiescent and convergent flow conditions at different stages of the Trial. The 
assigned flux values are the averages over the medium-term, and are only adjusted where 
there is a significant shift (figure 8.21 ). They do not reflect the fluctuations that occur at sub
daily time-scales due to short-term clogging or well redevelopments, since the number of 
stress periods needed would have dramatically increased execution times. 

Modelling was undertaken using "actual" rather than "relative" solute concentrations to allow 
time-varying characteristics as well as stratification in the quality of the ambient groundwater 
to be incorporated. The chosen solute was Cl owing to the abundance of data and its 
conservative nature in this system. A small degree of effort was also given to the modelling 
of temperature. Time-varying concentration boundaries at the ASR well were specified to 
become inactive during storage and recovery phases, to reflect the seasonal changes in the 
Cl concentration (i.e: salinity) of the injectant (figure 8.21 ). Density effects were not included 
in the modelling since the salinity contrast between the two end-member waters was 
insufficient to warrant inclusion. 

8.6.3 Calibration Strategy 

During the calibration process many of the model parameters were sufficiently well-known as 
to be classed as "fixed" model inputs (table 8.6), either on the basis of an assessment of field 
data (e.g: regional hydraulic gradients, flow-rates), or else derived from the literature (e.g: 
molecular diffusion). From previous related studies such as that by Pavelic, et.al., (2002), 
the two parameters which were unknown to sufficient degree that were considered to have a 
significant influence, were aquifer dispersivity and the proportion of the total injected or 
recovered flow-rate entering/exiting the four material layers. Hydraulic conductivities were 
derived from the apportioned flow-rates using an approach described earlier, subject to the 
conditions of constant transmissivity and anisotropy ratios. 

Calibration was carried out using a trial-and-error approach. This involves adjusting the two 
variable parameters (on an individual basis) manually after each simulation. Whilst the 
available data was sufficient to implement more formal optimisation techniques for parameter 
estimation during calibration, given that the degrees of freedom were relatively small and the 
range of plausible values were relatively narrow, and not withstanding the fact that the time
frame available to complete the study was tight (rather than the onset of any intellectual 
idleness), we yielded to this more pragmatic approach. 'Fully-penetrating' observation wells 
(as described in section 8.3.3) were excluded from the model. 
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Figure 8.21: Schematic 30 view of the conceptual model showing boundary conditions, 
ASR well location and material layers. 
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Figure 8.22: Plan view of mesh design with expanded view of near-well zone. 
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Parameter 

Well radius (Rw) (m) 
Transmissivity (T) (m2 day) 
Storage coefficient ( S) 
Porosity (n) 
Anisotropy ratio (x:y) 
Anisotropy ratio (xy:z) 

Fixed inputs: 

Transverse I longitudinal dispersivity ratio 
Ambient Cl concn. (Ciamb) 
Injected Cl concn. (Ciinj) 

Value 

0.1 
150 

5x10-4 

0.45 
1.0 
0.1 
0.1 

Figure 8.21 
II 

Injection and recovery rates (Oinjlrec) 
Molecular diffusivity (Om) (m2 s-1

) 1 o-9 

Regional hydraulic gradient (oh/ox) 0.002 
Vertical hydraulic gradiel}t (81)/oz) __ 0 ______ _ 

. _ _;_;A=djusted inputs_._· --------------------· 
Flow ratio (Oralio) 9 (4-24) 
Longitudinal dispersivityjq).:...l(:..:..m:.t.) ______ _ 2 (2-5) 

Table 8.6: Fixed and adjusted model parameters and values. 
Adjusted variables show the best-fit value and the range of values tested in given brackets. 

8.6.4 Evaluation of Model Performance 

The performance of the model with respect to the observed chloride data was assessed 
statistically and visually. The goodness-of-fit measure used was the root mean square error 
(RMSE) (Zheng and Bennett 1995). A major aim of calibration was to minimise the overall 
RMSE. Time-steps saved for post-processing were chosen to coincide with the times of the 
observations to avoid interpolation errors. Only piezometers or wells where breakthrough 
occurred were used, and of those, only the piezometer and the ASR well were appropriate 
for use because vertical flow effects associated with the 'fully-penetrating' observation wells 
meant that the partial breakthroughs observed at 75m and 120m could not be reliably 
compared. Data from one of the four piezometers (50 N-1) could not be used due to ingress 
of saline water (as previously discussed in chapter 7 of this report). 

A weighting system was applied to offer preference to the more highly valued data, such that 
the overall RMSE = 0.5*RMSE(ASR) + 0.5*RMSE(PIEZ)· The breakthrough at the ASR well 
during recovery has a higher coefficient of 0.167 (i.e: 0.5/3) per piezometer for two reasons: 
water quality changes dictate recovery efficiencies; and concentration changes represent an 
integrated measure of the hydrodynamic mixing within the aquifer. 

Since this technique fails to satisfactorily include important measures of fit such as absence 
of breakthrough at particular wells and piezometers, the evaluation also relied upon visual 
comparison between simulated and observed breakthrough curves. 

8.7 VERIFICATION OF FEFLOW SIMULATION 

Prior to conducting the main part of the study numerical modelling, the FEFLOW code was 
tested against two analytical solutions; one pertaining to solute breakthrough at observation 
wells, the other to solute changes in water recovered from the ASR well. 
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8.7.1a Breakthrough of Injectant at Piezometers 

The analytical solution for the breakthrough of injected solute from a 'fully-penetrating' well in 
a confined homogeneous and isotropic aquifer, and also accounts for the effects of well 
radius and molecular diffusion is given by Gelhar and Collins (1971: equation (38); equation 
(12) below) as: 

where A 

f 
erfc 
Rw 
Ra 

R' 
a 
Dm 

-~· 
-v~· 
=mixing fraction (defined in section 8.2.3.1 ); 
= complimentary error function; 
=radius of the ASR well (m); 

Eqn (12) 

= radial distance between the ASR and observation well of interest 
(m); 
=radius of the advective front (m) ; 
= dispersivity (m); and 
= molecular diffusivity (m2/s). 

8.7.1b Recovered Water Quality Changes With Time 

The analytical solution for the temporal change in the quality of the water pumped during the 
recovery phase for a homogeneous and isotropic aquifer, assuming there is no period of 
subsurface storage and no regional hydraulic gradient, is given by Gelhar and Collins (1971: 
equation (42); equation (13) below) as: 

1_§_~(2- ~~1- v~~ (1- v~))] 
3 Rmax Vz Vz 

Eqn (13) 

where V; total volume of water injected (m3
); 

V,. = total volume of water recovered (m3
); and 

R'max = radius of the advective front at the end of the injection phase. 

Although FEFLOW has been benchmarked against a number of standard test problems and 
analytical solutions, the closest example is of a two-well ASR system operated under a 
continuous injection/recovery regime. This produces a hydraulic and solute response that is 
less dynamic than for a single-well system. 

The scenario considered here for a single-well ASR system comprises of a 250ML injection 
(192.9 days at 15Lis), followed by a 750ML recovery (578.7 days at 15Lis) into a 50m thick 
homogeneous and isotropic aquifer with porosity (n) of 0.45 and dispersivity (a)of Sm. 

Figures 8.23 and 8.24 show the results for the level of discretisation depicted in figure 8.22. 
Whilst the results are generally acceptable, improvement between the analytical and the 
numerical modelling were sought: refinements in the mesh were introduced, the maximum 
permissible time-steps were lowered, and the model domain expanded; but each of these 
changes failed to make a significant improvement. 

The precise reason for the digression between the analytical and all of the numerical results 
at the 4m observation well is unclear and cannot be explained by under-discretisation in the 
0-4m interval, or the way different transport solvers handle the mass flux at the ASR well. 
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Interestingly, greater dispersion is apparent for the analytical solution than for the numerical 
one. However, given that the effective "pore-volume" over the 0-4m interval is less than one 
percent of the total volume of the injected water plume, the implications appear to be small, 
particularly given that calibration will focus on the 50m piezometers and the recovered water, 
which are commensurate with the scale of the plume. 
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Figure 8.23: Comparison of analytically and numerically determined breakthrough curves 
at distances of 4m, 48m and 73m from the ASR well. 
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Figure 8.24: Comparison of analytically and numerically determined solute changes 
in the recovered water. 

8.8 PRELIMINARY SENSITIVITY AND 'CALIBRATION' USING ANALYTICAL MODEL 

The two analytical solutions that were introduced in section 8.2 were applied to a subset of 
the field data, for the purposes of testing the sensitivity of the key variables and providing 
initial estimates for the numerical modelling. 

Equation (1) was used to predict the advance of the injected water front in the aquifer at 
three piezometers, that had undergone breakthrough during the injection phase of cycle 1 
(but not during the storage or recovery phases due to the inapplicability of the solution). 
Those evaluated included 50 N-3 (#19181 ), 50 S-1 (#19449) and 50 S-3 (#19447). Equation 
(2) was used to predict the changes in the quality of the water recovered from the ASR well 
during the recovery phase of the first ASR cycle. 

Dispersivity (a) was evaluated in both cases whilst aquifer porosity (n) was evaluated for the 
recovery data only. When analysing solute breakthrough at the piezometers, the proportion 
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of the injected water flux that was transmitted through the material layer intersected by the 
piezometer required consideration. This was defined in terms of a ratio relative to the 
average flow (Qi I Qave). All other parameters could be clearly defined. Measured Cl 
concentrations were expressed in terms of the mixing fraction, f A two-step approach to 
optimisation was adopted. First a value for the first parameter (a) was selected and the 
optimal value for the second parameter was determined according to the lowest RMSE 
criterion, and then the best-fit value of that parameter was fixed and a adjusted in a similar 
way. A unique pair of values was assured since there was no mutual interdependence 
between the two parameters. The best-fit breakthrough curve was then plotted along with 
the field observations. 

Figure 8.25 presents the results. For the two layer 3 piezometers the best-fit was for 
2x Qi I Qave, whilst for the layer 1 piezometer this was for 1.5x Qi I Qave· Since the value of 
coefficients exceed 1.0, this suggests, perhaps quite obviously but also reassuringly, that 
breakthrough occurred in these particular piezometers because they received a greater-than
average proportion of flow. The best-fit value of a was 5m for 50 N-3 and 1m for 50 S-3. 
The analytical breakthrough curves generated with these parameters show that the fit is 
relatively good. It was recognised that there is a third dependent variable (i.e: n), which 
could have been coupled to Qi I Oave to achieve a single measure of the effective "pore
volume" in the 0-50m zone, however this was not pursued. The use of Qi I Oave still enables 
dependence of pore-volume on breakthrough to be demonstrated. For 50 S-1, late detection 
resulted in an absence of data for the critical part of the breakthrough curve which meant that 
values of a of both 1m and 5m were equally acceptable. This remains in agreement with 
estimates at the other piezometers. 

Figure 8.25 also presents the results for the recovery phase. The best-fit value of a was 4m, 
which agrees closely with the piezometer estimates. The plots demonstrate the strong 
dependence of a and the relative insensitivity of recovered water quality to n. The modelled 
breakthrough fits the observations relatively well, with the exception of the start of recovery, 
mainly due to temporal variations in the injected concentration, as will be demonstrated later. 

8.9 NUMERICAL MODELLING RESULTS AND DISCUSSION 

8.9.1 Verification of Bulk Aquifer Hydraulic Conductivity (K) and Anisotropy 

A simplified model construct was used to evaluate the results of the five day aquifer pump 
test (described in chapter 7). Good reproduction of the observed drawdowns at each of the 
piezometers and wells could be achieved with a single value of transmissivity (150m2/day) 
and storage coefficient (5x10-4

) across the field site (figure 8.26). The evidence reaffirms the 
uniformity in bulk aquifer parameters in x:y space. 
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Figure 8.25: Results of sensitivity analysis and calibration with analytical model 
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Figure 8.26: Simulated (lines) and observed (points) drawdowns at observation wells 
during the constant rate pump test. 
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8.9.2 Model Calibration 

The apportioning of the injection and recovery rates into the four material layers could be 
defined in terms of the ratio of the flow between the high and low permeability layers (Oralio). 
For instance, the lower estimate for Oralio of four is where the percentage split for layers 1 to 4 
is 40%, 10%, 40% and 10%. For interest, the corresponding values for the Oi I Oave 

terminology used in the analytical modelling is 1.6, 0.4, 1.6 and 0.4 (note that this term will 
not be referred to further). 

Six major calibration runs were performed using three values of Oralio (4-24) and two values 
of a (2-5m). Key statistical data for these runs are presented in the upper portion of table 
8.7. All simulations that used the higher dispersivity value (simulations 'T'-'V') produced too 
much mixing at the 50m piezometers and in recovered water, irrespective of the value of 
Oralio· The differences between the three simulations with the lower dispersivity value were 
extremely subtle. For the case with the highest proportion of flow entering the two low 
permeability layers, that is, Oralio of four, there was some evidence for breakthrough at 50m, 
which implied that the value of Oralio was too low. Given this observation, and on the basis of 
the statistical results, simulation 'S' was identified to most reliably replicate the observed 
recovered water quality, the appropriate level of partial breakthrough at 75m, very slight 
breakthrough at 120m, and a total absence of breakthrough at 300m and at the layer 2 and 4 
piezometers at the 50m radius. The adjusted parameter values for simulation 'S' were 
Oralio= 24 and fJ. = 2m. The overall RMSE of 50mg/L is around 10% of the difference in Cl 
between the two end-members. In figure 8.27 the best-fit Cl breakthrough curves are shown 
in comparison with the observed Cl concentrations. 

It is worthwhile to note that the absolute RMSE values are to some extent dependent on how 
well the ambient concentration was reflected by the model. For instance, the modelled 
ambient concentration of 1 OOOmg/L fit the initial conditions at 50 N-3 adequately, but 
underestimated the initial conditions at 50 S-3 by over 1 OOmg/L. This was clearly the case in 
layer 2 and 4 piezometers, although it had no bearing on statistical calculations. Overall, 
only relatively small changes in the parameter values were needed to get a reasonable fit 
with the Cl breakthrough curves. 

The envelope of piezometric head distributions at selected times for a 2000m longitudinal 
transect that intersects the ASR well, is shown in figure 8.28. During injection, a maximum 
cone of depression of -12m occurred at the ASR well and declined with radial distance (i.e: 
as a function of 1/r, r is the radial distance). During recovery, the maximum cone of 
depression was of a similar magnitude. The predicted head build-up at the ASR well 
significantly underestimated that observed (by as much as 30m) since time-varying hydraulic 
conductivity changes were not taken into account. Field observations and modelling are 
presented in chapter 10. 

Additional simulations were performed to test the 'sensitivity' of variables not previously 
considered in the calibration simulations. The parameterisation from simulation 'S' was used 
except where otherwise stated. Statistical data are presented in the lower portion of table 
8.7. Simulation 'X' included a uniform vertical hydraulic gradient of 0.001 (directed 
downwards), in addition the permanent lateral hydraulic gradient. Results showed negligible 
difference to the simulated breakthroughs and the effects on RMSE were indistinguishable. 

In simulation 'Y', the lateral hydraulic gradient was set to 0.0 and the initial heads replaced 
with a uniform constant head that matched the value specified on the four outer vertical 
boundaries. Results showed the obvious convergence in response between the northern 
and southern 50m piezometers, and between each of the four 75m wells. The effects on the 
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statistical data were more substantial than the previous simulation. For instance, the decline 
in the overall RMSE was 8mg/L as compared to Omg/L previously. 
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Figure 8.27: Best-fit chloride breakthroughs simulated (lines) and observed (points). 
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Parameters: RMSE: 

Oratio a Others ASR 50 N-3 50 S-1 50 S-3 Overall 
Calibration Runs: 

Q 4 
R 9 
s 24 
T 4 
u 9 
v 24 

Sensitivity Runs: 
X 24 
y 24 

AC 24 

2 
2 
2 
5 
5 
5 

2 
2 
2 

ahJaz =10-3 

ah/ax = o 
const. Cl 

12.0 
11.7 
11.6 
29.4 
31.6 
29.3 

11.6 
12.3 
39.2 

84.0 
95.3 

105.0 
68.4 
68.7 
71.4 

105.0 
75.6 
135.7 

41.0 
44.0 
43.0 
53.3 
56.8 
53.1 

43.0 
40.7 
111.6 

125.0 
120.0 
119.1 
150.1 
144.0 
139.1 

119.2 
96.3 
115.0 

Table 8.7: Statistical results of six 'calibration' runs (simulations Q-V) and three 
'sensitivity' runs (simulations X, Y & AC). 
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47.6 
49.1 
50.3 
60.0 
60.7 
58.6 

50.3 
41.6 
80.0 



8.9.3 Modelling Of Heat Transport 

Of the eight conservative tracers in addition to Cl that were monitored during the Trial and 
demonstrated to be of value, temperature is of interest since measurements were conducted 
over the entire aquifer profile at the 50m radius. The temperature of the ambient 
groundwater increased marginally with depth from 24°C to 26°C, the injectant fluctuated 
seasonally between a minimum of 13°C and a maximum of 28°C. Thus, heat offers an 
alternative signature to chloride which may add support to the model calibration. 

Whilst FEFLOW considers heat transport explicitly, a simplified formulation was applied that 
neglected conductive transport of heat within the aquifer matrix. This has recently been 
shown to be extremely successful at the Dizon ASR site (Prommer and Stuyfzand, in press). 
Given this simplification, heat transport can be modelled analogous to the transport of a 
solute which is retarded. The retardation factor used here was based on observations by 
Stuyfzand (1998) that temperature differences at Dizon propagated at approximately half the 
velocity of the Cl concentration changes (i.e: a retardation factor of two). 

As can be seen in figure 8.29, the model is capable of reproducing the observed temperature 
variations in the recovered water to a very high degree without any form of adjustment. The 
model also does reasonably well in reflecting the observed temperature stratification at the 
50m radius before and after the first cycle of injection (figure 8.30). 

Earlier simulations (which were subsequently found to be incorrect) with volumetric inputs 
and outputs -60% higher than the actual volumes, also successfully reflected recovered 
water quality. Extremely poorly at reflecting 50m distribution since the presence of 'hot' 
water (i.e: that in excess of ambient temperatures) clearly indicated that the travel-times to 
the 50m radius in the high permeability layers was incorrect, due to the higher-than-actual 
injection rates used in the simulation. This was consistent with findings of the analytical 
modelling which showed the relative insensitivity of recovered water quality to porosity 
variations. 

.......... 
() 
0 .......... 

~ 
:J ...... 
~ 
Q) 
a. 
E 
Q) 

1-

3~ 
' 

I 
2()j 

: 

I 
I -modelled! 
I o observed 1 

1(~----------------------------------~ 
600 700 800 

Time (days) 

Figure 8.29: Best-fit temperature breakthroughs simulated (lines) and observed (points). 

8.9.4 Model Verification Using Second Cycle Data 

Model "verification" is a process whereby the model is tested against an independent set of 
data. On this basis, the verification step was considered to be necessary in demonstrating 
that the model has a capacity to reflect the key processes and therefore future scenarios, 
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with a sufficient level of precision. In no way is it intended to be an absolute representation 
of the real world. 

0 
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Figure 8.30: Temperature profiles on days 542 (end of injection) and 779 (end of recovery), 
simulated (lines) and observed (points). 

A simulation of both cycles of ASR, covering a total period of 1093 days, was performed with 
the model calibrated with the first cycle data. The predicted Cl breakthroughs continued to 
reflect most of the major trends in the observations. Key observations were: 

1. An absence of breakthrough in the layer 2 and 4 piezometers; 
2. More subdued breakthrough at 75m due to the reduced volume of injection; 
3. Negligible breakthrough at 120m; and 
4. No breakthrough at 300m (figure 8.31 ). 

Whilst the quality of the recovered water was closely matched in the first cycle recovery, the 
match in the second cycle was poorer, with the model under-predicting the rate of mixing 
(figure 8.32). RMSE(ASR) was increased from 12mg/L in cycle 1 to 43mg/L in cycle 2, and the 
overall RMSE from 50mg/L to 80mg/L respectively. 

Four cross-sectional fringe plots showing the injected water plume across a 300m span 
centred about the ASR well are shown in figure 8.23 at the key stages of the Trial coinciding 
with the cessation of injection and recovery in both cycles. A more complete picture on 
injectant distribution emerges than could have been gauged from the individual breakthrough 
curves. The double-bulged shape of the plume was obviously the result of the alternating 
sequence of hydraulic conductivity values. A gradual decline in plume symmetry caused by 
drift in the plume down-gradient (towards the right in the images), particularly in later stages 
of the Trial is evident. From the time it is injected to the time it is recovered, the injectant is 
subject to the influence of background flows caused by the natural hydraulic gradient. 
However, the rate of regional groundwater movement is only moderate (velocity of 
-2m/year), and therefore effects are only pronounced over extended periods. 

Some slight numerical dispersion is evident adjacent to the plume boundary in the middle of 
layer 2, where concentrations slightly exceed background values (evidence for this can be 
seen in the 50m piezometers breakthroughs in layer 2 and 4 shown in figure 8.27). This is a 
common occurrence in numerical modelling of advection-dominated transport, and arose in 
this case because the dominant lateral hydraulic gradient runs orthogonal to the vertical 
concentration gradient. Although this could have been eliminated by greater vertical 
discretisation, it was judged to be of minor consequence. 
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Figure 8.31: Chloride breakthroughs simulated (lines) and observed (points) for cycles 1 and 2. 
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Figure 8.32: Predicted and observed chloride increases during cycle 1 and cycle 2 recoveries. 

Figure 8.33: Simulated chloride distributions on days 542 (end of injection, cycle 1 ); 
779 (end of recovery, cycle 1); 1018 (end of injection, cycle 1); 

and 1093 days (end of recovery, cycle 2). 
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8.9.5 Post-Calibration Simulation of Model/Observed Uncertainties 

The calibrated and "verified" model was found to represent the primary features of the solute 
data satisfactorily, given the simplicity of the conceptual model. However, a detailed 
examination of the plots presented in figure 8.27 reveal some secondary features that were 
not well represented, suggesting the need for closer consideration of uncertainties in the 
model and model failings, thereby better understanding the system. 

8.9.5.1 Effect of Spatial and Temporal Variability of Chloride (CI) on Mass Balances 

The inclusion of time-varying injectant concentrations is one of the advantages of numerical 
over analytical techniques, however what is the effect of the averaging necessary in 
analytical determination of mass balance results. A simulation (AC) was performed using the 
approximate flow-weighted mean Cl concentrations in both the injectant (430mg/L) and the 
ambient groundwater (900mg/L); and then compared to the model, which incorporated 
temporal variations in the injectant, and vertical stratification in the ambient groundwater. 

Results of Cl recovery presented in figure 8.34 show that Cl values were marginally over
estimated in the first 70 days of pumping, since the average value exceeded the value at the 
latter stages of the injection which was recovered first. However, the overall difference 
between the two simulations is relatively small. The mass of chloride recovered from the well 
for the case where the end-members were uniform, was 7.5x104kg; whilst for the variable 
end-members 7.3x104kg was recovered, a difference of <3%. 

Whilst the solute balance was not excessively affected, the overall RMSE for this simulation 
was 80mg/L, and the RMSE value for the ASR well was also high (table 8.7), suggesting that 
characterising Cl inputs and ambient distribution is important for the range of values tested. 

Representations of solute patterns at the 4m well were poor during injection (and storage) 
due to the tracking that occurs between the injectant and the 4m well. This was also the 
case at 50m, albeit to a much lesser extent, due to damping which occurs over extended 
temporal and spatial scales. 
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Figure 8.34: Comparison between chloride concentrations in recovered 
water, with fixed and varying injected and ambient concentrations. 
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8.9.5.2 Discontinuity Between ASR and 4m Wells During Recovery Phase 

The divergent behaviour between the ASR and 4m wells during recovery, demonstrated by 
the lower salinity levels recorded in recovered water of the former (discussed earlier in this 
chapter) was assumed to be caused by a high level of anisotropy. This assumption was 
tested by performing a simulation where the anisotropy ratio in the x:y plane was raised from 
1.0 to 10. This produced a major elongation of the plume such that complete breakthrough 
occurred in the two 75m wells situated in the orientation of high hydraulic conductivity, but no 
breakthrough in the two 75m wells situated in the orientation with low hydraulic conductivity. 
The level of distortion in plume geometry seen in this simulation was considered unrealistic. 
However, the objective was to show the impact on solute concentrations at the 4m well. The 
outcome was that 4m concentrations were increased by only -20mg/L by the end of the 
recovery period, as compared to the -200mg/L increase observed, suggesting that 
anisotropy could potentially have been responsible for the observed ASR-4m discontinuity, 
but its spatial distribution is likely to occur at a finer scale and to be more complex than has 
been represented here. 

8.10 MODELLING ASPECTS - CONCLUSIONS 

The numerical model FEFLOW was applied to simulate the major flow and transport 
processes at the Bolivar field Trial. Using a robust conceptual model based on initial detailed 
hydrogeological and hydrochemical characterisation of the aquifer, the observed Cl 
distribution at observation wells and piezometers, and in recovered water during the first 
cycle of ASR, was represented to a high degree following adjustment of only two parameters: 
aquifer dispersivity; and the proportion of injected water flux entering each of the four 
modelled layers (determined from hydraulic conductivity variations). Unique values for these 
two parameters could describe the overall solute distribution. Verification of the model in the 
second ASR cycle produced acceptable results, but not to the standard achieved during the 
calibration phase. The application of the model has reinforced a view that the bulk behaviour 
of the plume is controlled by just a couple of significant hydraulic features. These 
simulations demonstrate that our ability to predict the distribution of the injected water and 
recovered water quality increases, as knowledge of aquifer heterogeneity increases. 

Preliminary analytical modelling on a subset of breakthrough data proved an efficient means 
of justifying choice of dependent variables for numerical modelling. Comparisons between 
simulations performed with fixed and time-varying ambient groundwater and injectant 
concentrations suggest that mass balance errors based on fixed end-member 
concentrations, would be relatively small. The inclusion of thermal modelling has brought out 
the interesting observation that the ability of the model to predict the temperature (or Cl) of 
the recovered water does not necessarily require a high degree of accuracy in the prediction 
of breakthroughs at the observation wells or piezometers. 
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9. CROSS-HOLE RESISTIVITY MEASUREMENTS FOR TRACING 
THE INJECTED WATER 

S. Greenhalgh, J. Zhe and B. Zhou 

Department of Geology & Geophysics, The University of Adelaide, South Australia 

9.1 INTRODUCTION 

To monitor the flow-paths of the injected fresh water at the Bolivar ASR Trial site, the cross
hole resistivity tomography technique was applied. The basic principle of detecting the water 
flow direction with the resistivity method is that the resistivity distribution in an area is 
changed when the injected fresh water passes through it. This idea has been applied to 
detect leakage of liquids, such as water leakage in dams and leakage from waste ponds. 
White (1994) used the resistivity method to measure ground water flow direction and velocity. 
Frangos (1994) found leaks in lined waste ponds with the electrical resistivity method. 

The Bolivar injected water has a salinity about half that of the ambient groundwater. There is 
a corresponding contrast in the water resistivities (-4.60-m vs 2.70-m), providing a basis for 
electrical resistivity imaging, with the injectant expected to appear as a relatively resistive 
body. Since Aquifer T2 lies 1OOm below the surface, it is not possible to apply normal 
surface resistivity sounding and profiling methods to obtain information on the resistivity 
structure of the aquifer. This is because, as with all other surface geophysical methods, the 
surface resistivity method suffers from decreasing detectability and resolution with increasing 
depth because the injected current can only penetrate into the subsurface to a very limited 
extent. Surface electrical methods lack the required resolution to map aquifer properties and 
flow-paths on such a scale. Time-lapse resistivity tomography measurements between wells 
offer the possibility of imaging the resistivity variation associated with fresh water intrusion 
(Asch and Morrison 1989, Bevc and Morrison 1991, Daily and Owen 1991, Shima 1992, 
Acworth and Dasey 2003). 

9.2 DATA ACQUISITION 

The central well (#18777) was used for water injection and the five other wells (#19450, 
#19445, #19444, #19442, #19443) were designed for monitoring measurements (chapter 3). 
Well #19450 is only four meters away from the injection well and the other four wells are 
situated on the circumference of a circle of radius 75m, centred on the injection well. These 
well holes penetrate Aquifer T2 to a depth of 160m. All five monitoring wells and the injection 
well are cased with PVC pipe from the surface down to a depth of 100m. The depth interval 
from 1OOm to 160m is open and available for cross-hole resistivity measurements and other 
monitoring purposes. 

The first water injection started in October 1999 and the final water injection stopped in late 
March 2001 (chapter 4). Injection was mainly confined to two periods: from October 1999 to 
February 2000, and from March 2000 to March 2001. 

During the period August 1999 to February 2000, when well #19450 was not available, three 
sets of time-lapse tomographic surveys were completed with four pairs of wells forming 
chords on the circular monitoring layout. The configuration is illustrated in figure 9.1. During 
the second period, from April 2000 to April 2001, four time-lapse tomographic surveys were 
completed with four different pairs of wells in a radial configuration, as also shown in figure 
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9.1. Details on the specific timing of the surveys in relation to the volumes of water that had 
been injected are shown in figure 9.2. 

19445 19445 

19442 19442 
Survey layout in the first phase SuNey layout in the second phase 

Figure 9.1: The survey layout in the two phases. 
Phase 1 was from August 1999 to February 2000; Phase 2 was from April 2000 to April 2001 . 
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Figure 9.2: Cumulative volume of water injected during cycle 1. 
The arrows indicate when resistivity surveys occurred. 

9.3 PRINCIPLES 

Jun-01 

The instrument used for collecting the res istivity data for all experiments was a SYSCAL-R2 
from BRGM Instruments. It is a relatively low power (1 OOW) and portable instrument which 
has two input channels permitting the simultaneous measurement of both current and 
voltage. The maximum input current is 1A, and the received voltage range is -5V to +5V. A 
switch and cable system was built and connected to the SYSCAL-R2 resistivity meter. There Q 
were two sets of cables, one for each well. They were three-core cables with three in-built 
electrodes (one current, two potential) at a spacing of 14m. A bipole-bipole electrode 
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configuration was employed with a current source (A) in one well and a current sink (B) in the 
other. The voltage was measured between an electrode (M) in one well and an electrode (N) 
in the other well. A and M occupied the same well and were separated by either 14m (M1) or 
28m (M2). The spacings were the same for BN. The SYSCAL can measure only one set of 
data at a time, so the switch was made to change between the 14m spacing bipole reading 
and the 28m bipole reading (figure 9.3). 
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Figure 9.3: The cross-section of the resistivity layout for all surveys. 
A and 8 are current electrodes, and M1, M2, N1 and N2 are potential electrodes. 

The multiple scanning measurement procedure adopted was as follows. One pair of 
electrodes (A and M) was kept fixed in Well 1 and the other pair of electrodes (B and N) in 
Well 2 was moved upwards at a fixed interval (typically two metres). At each position 
occupied in Well 2, one set of current and voltage measurements were taken. As such, a 
complete set of measurements was collected over the entire open interval of the well. Then 
the two electrodes A and Min Well 1 were moved up by one increment of depth (two metres) 
and the whole measurement procedure was repeated with B and N again mobile in Well 2 
from top to bottom of the accessible depth range. The procedure was repeated until the 
electrodes in Well 1 reached the top. If porosity (n) measurements were taken in Well 2, the 
total set of voltage/current values that could be acquired is n x n. The entire experiment was 
repeated using a different AM spacing (14m or 28m), albeit with a different n value each 
time. The available depth access range in all wells for the resistivity surveys was 54m, from 
102m to 156m depths. This yielded 441 data points for the 14m spacing and 196 data points 
for the 28m spacing. 

From the voltage, current and electrode geometry, it was possible to calculate an apparent 
resistivity for each measurement position. The apparent resistivities for an entire cross-hole 
survey were then converted into a two-dimensional (20) section of true resistivity variations 
in the subsurface between the given pair of wells, using a special mathematical inversion 
procedure (Zhou and Greenhalgh 1999, 2000, 2001 and 2002). Images or vertical plane 
resistivity sections were produced for each pair of wells occupied, and at each time interval 
during the injection phase. For the chord surveys, there were (4x3) 12 sets of 20 resistivity 
sections, and for the radial surveys, there were ( 4x4) 16 sets of 20 resistivity sections 
obtained, showing spatial as well as temporal variations in the electrical properties of the 
subsurface. Temporal changes between any pair of wells could only be associated with the 
injection process, since the characteristics of the aquifer were unchanged. It was expected 
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that an overall increase in resistivity with time would occur, associated with an increase in the 
volume of more resistive injected water displacing the ambient groundwater as the injection 
proceeded. 

9.4 RESULTS 
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Figure 9.4: The resistivity change with depth before and after water injection at the 50m radius north. 
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Figures 9.4 and 9.5 show the results of a simplification procedure of a vast dataset into a 
form that could be compared with other field data collected during the Trial. They show the 
resistivity changes before and after water injection at the 50m positions to the immediate 
north and south of the injection well respectively, where the piezometers were installed. The 
"after'' measurements were taken directly from the inversion results at this position from the 
radial survey tomograms corresponding to the last survey, when 250ML had been injected. 
Breakthrough of the fresh water plume had occurred at two of the four 50m piezometers, at 
each of the two positions by this time. The "before" measurements were obtained from the 
very first chord survey, prior to injection, by averaging the inversion results (resistivity values) 
at the 50m piezometer locations. This was expected to yield an interpolated set of values 
roughly equivalent (given the layer-cake geology) to that of a direct radial survey. Figures 
9.4 and 9.5 depict the variation of resistivity with depth across the aquifer at the 50m north 
and 50m south positions. Note the decrease in resistivity with depth (basic three-layer 
structure), which corresponds with the variation in down-hole water quality from the EC 
profile (chapter 7, figure 7.4) and the hydraulic conductivity found (chapter 7, figure 7.7). A 
similar resistivity profile was obtained at both locations, providing further confirmation of the 
essentially vertical stratification of the sediments. The most conspicuous feature of both 
diagrams is the uniform displacement in the pattern of resistivity relative to depth for the 
"after" measurements. On average there was about a 60-m increase in resistivity of the 
aquifer, correlating directly with the higher resistivity of the pore-fluid compared to the pre
injection situation. Fine details on the resistivity heterogeneity can be found in the inversion 
images (Greenhalgh, et.al., 2001, Zhe 2003, Zhe, et.al., 2003). 

9.5 CONCLUSIONS 

In total, seven time-lapse cross-hole resistivity tomography surveys were completed at 
different stages of the injection phase of cycle 1. The interpretation of the data described in 
this chapter is based on the inversion results and monitoring data described in other sections 
of this report (results of three-dimensional imaging are reported by Greenhalgh, et.al., 2001, 
Zhe 2003, Zhe, et.al., 2003). Based on the inversion results, this experiment provides clear 
demonstration that earth resistivity is sensitive to water quality and can be used to map the 
bulk movement of injected water as a function of time through an aquifer between 
observation wells. However, the method was not as successful in delineating the vertical 
distribution of the plume at the 50m radius, with no observable signatures in the resistivity 
data to indicate that there had been complete breakthrough in two piezometers (layers 1 & 
3), whilst there was no breakthrough in the other two piezometers (layers 2 & 4). 

Improved results would have required a greater density of observation wells. From the 
studies it has been found that the accessible depth range (uncased) in each well should be 
at least as large as the distance between the two wells, in order to obtain a good inversion 
result. 
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10.1 INTRODUCTION 

1 0.1.1 Clogging Processes 

Although the practice of artificially recharging groundwater systems using injection wells has 
been used for over half a century, near-well clogging still remains a challenging and 
persistent constraint to the efficiency and even viability of groundwater recharge operations 
in many cases (Sneigocki and Brown 1970, Olsthoorn 1982, Osei-Bonsu 1996, Perez-Paricio 
and Carrera 1999, Rinck-Pfeiffer 2000). 

In one sense, clogging can be perceived to be a physical phenomenon, where the pore
spaces at or near the well-face become progressively in-filled by some clogging agent, 
thereby decreasing the permeability of the porous media and reducing injection rates and/or 
increasing piezometric pressures. In fact, a number of physical, chemical and biological 
processes may alone or in combination produce these agents and cause clogging: they 
include filtration of injected solids by the porous media; microbial growth leading to increase 
in biomass and in some cases production of extracellular polymers; chemical precipitation of 
minerals; and entrainment of air in the injectant or gas binding. All of these mechanisms can 
typically be avoided by pre-treating the water used for recharge to high standards, as 
characterised by parameters such as the total suspended solids (TSS), turbidity (NTU), 
membrane filtration index (MFI), total organic carbon (TOC), and assimilable organic carbon 
(AOC), which is sometimes supplemented with chemical dosing (Perez-Paricio and Carrera 
1999, Dillon, et.al., 2001 a). The costs associated with such levels of pre-treatment are 
feasible where natural waters are stored for drinking water supply since this is highly valued. 
In drier climates such as southern Australia, where water conservation measures such as the 
reuse of urban stormwater and sewage effluent for agricultural or other non-potable supplies 
takes place, it is generally not cost-effective to treat the water to these standards as 
compared with sourcing alternative forms of supply. Under these circumstances, some 
clogging is largely unavoidable, and the main issue that must be addressed is how to define 
the minimum level of treatment of the recharge water to reduce clogging to an acceptable 
level. 

1 0.1.2 Previous Field Studies Using Reclaimed Water 

There are presently a number of successful projects in the United States involving 
groundwater recharge with treated sewage effluent that utilise either single-purpose or dual
purpose injection wells. Notable examples include the Talbert Gap/Water Factory 21 site in 
California where effluent treated to near-potable standards has been injected for -25 years 
(Argo and Cline 1985), as well as at El Paso, Texas for -15 years (Knorr and Cliett 1985). 
The available information suggests that well clogging has not been regarded as a major 
issue, however redevelopment strategies have been developed for the Californian study to 
deal with declining specific capacities of the injection wells over the long-term (Hutchinson, 
et.al., 1999). 
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There have been several previous attempts to inject poorer quality sewage effluent into 
aquifers for reuse. In the 1970's the United States Geological Survey (USGS) and others 
undertook a research project to examine geochemical and biogrowth issues related to the 
injection of effluent into the sandy Magothy aquifer at the Bay Park site situated within the 
city of New York (Ehrlich, et.al., 1979). The effluent was treated to the tertiary standards of 
the day, but was still high in nutrients. Although significant clogging was reported (even 
where turbidity was <1 NTU), chlorine dosing the injectant at the wellhead proved beneficial 
and regular backflushing combined with annual acid treatment was used to remove residual 
organic matter. No reports have appeared in the literature arising from the New York study 
in the past 20 years, however a recent workshop conducted by the USGS on artificial 
recharge (Aiken and Kuniansky 2002) revisited this work, and seemed to suggest the study 
was of an experimental nature only. 

Also in the 1970's, the Victorian Department of Minerals and Energy undertook a pilot 
experiment to study the feasibility of injecting secondary treated effluent into a fractured 
basalt system at Carrum (Lakey 1978). In that study major well clogging was reportedly 
attributed to particulate material, bacterial growth and corrosion by-products. Surging was 
found to be inadequate to restore the well capacity and the project was abandoned, until 
recently when opportunities for ASR in Melbourne (Victoria, Australia) were being revived. 

In the 1980's Oberdorfer and Petersen (1985) studied biogeochemistry in relation to the 
disposal by injection of secondary-treated sewage effluent into limestone formations at two 
experimental sites. The authors found that clogging was restricted to the immediate vicinity 
of the well (<1m radius), and caused by the combined effect of filtration of particulate organic 
material (POM), establishment of microbial biomass, and most significantly, by binding of 
nitrogen gas due to denitrifying bacteria. Calcite dissolution only partially masked these 
effects. The study was notable in that it clearly demonstrated that biogeochemical processes 
can exceed filtration of solids as the main clogging mechanism when nutrient-rich waters are 
injected. 

Most recently, and largely because of the success of the results of the Bolivar Trial described 
herein, a pilot trial was conducted at Willunga in South Australia, where 31 ML of reclaimed 
water was injected into a brackish carbonaceous aquifer to produce irrigation supplies 
(Sibenaler, et.al., 2002). The degree of clogging was minimal due to the highly fissured 
aquifer and no redevelopment was necessary. 

This review of known ASR practices involving reclaimed water has reinforced the view that 
all projects which utilise reclaimed water experience some degree of clogging, but that 
clogging tends to be less of an issue where the injectant is of high quality and aquifers are 
targeted which have high transmissivity or secondary porosity. The evidence to date 
suggests that the feasibility of injecting moderate and poorer quality effluent is ill-defined and 
in need of greater understanding (Pavelic, et.al., 2002b). 

1 0.1.3 Site Introduction and Study Objectives 

At the Bolivar site in South Australia a full-scale pilot research project examined the feasibility 
of aquifer storage and recovery (ASR) with moderately-treated reclaimed water in limestone 
aquifers, for the provision of irrigation supplies during summer months (Dillon, et.al., 1999, 
Martin, et.al., 2000). In so doing, the bounds of what is currently considered acceptable 
water quality for ASR for non-potable reuse, were tested. If demonstrated to be technically, 
environmentally and economically successful, it would allow productive use of winter-flows 
from Adelaide's largest wastewater treatment plant, and become an integral part of a major 
water reuse initiative known as the Virginia Pipeline Scheme (VPS) to facilitate the expansion 
of the horticultural industry on the Northern Adelaide Plains (NAP) (Kracman, et.al., 2000). A 
successful demonstration site for this type of ASR would be likely to result in similar types of 
schemes being developed in other regions of Australia and potentially elsewhere. 
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This ASR Trial utilised water from the nearby Bolivar Wastewater Treatment Plant (WWTP). 
This source water has undergone conventional secondary treatment, in addition to storage in 
polishing lagoons, dissolved air flotation/filtration (OAF/F) and chlorine disinfection (chapter 
6). Midway through the Trial an activated sludge (AS) process was included in the treatment 
train for nutrient removal. Combined, these ensured the product water would be suitable for 
unrestricted irrigation in accordance with the requirements of the Department of Human 
Services (DHS). Since October 1999 treated water has been distributed to farmers across 
the NAP and the ASR experimental site via the VPS. 

The aim of this study was to describe the impact of two successive cycles of reclaimed water 
ASR, with a total net volume of 364ML injected, on the hydraulic properties of the target 
formation. The specific issues addressed in the study are discussed herein. These related 
to: 

• identification of the main processes effecting clogging, and the conditions which 
cause them to become problematic; 

• the actual rates of clogging and unclogging at various radial distances from the ASR 
well over the course of the Trial; 

• the effectiveness of different redevelopment strategies in maintaining well efficiency; 
and 

• rates of microbial biomass production. 

This work has been supported by a number of other research activities undertaken at the site 
and described in this report and previous progress reports. They include studies on aquifer 
characterisation and conservative solute transport (Pavelic, et.al., 1999 and 2001 ), 
geochemical transformations (Vanderzalm, et.al., 2001 and 2002) and modelling 
(Greskowiak, et.al., in press), fate of injected natural organic matter (NOM) (Skjemstadt, 
et.al., 2002) and microbial ecology (Reed and Toze pers. comm.). Relevant findings from 
these studies will be drawn into this report. Dissolution of calcite minerals was found to be a 
significant process in reversing the effects of clogging. 

1 0.1.4 Methods Used to Study Clogging 

This study involved multiple components which together addressed questions concerning the 
nature and extent of well clogging at the Bolivar site. Field and lab measurements and 
techniques employed included: 

1. measurement of flow-rates and pressures in the delivery line and in the ASR and 
observation wells to determine spatial and temporal variation in hydraulic 
conductivity; 

2. analyses of the quality of injectant, groundwater and backwash waters to define near
well biogeochemical processes; 

3. analyses of water and particles in backwashed water during redevelopments and 
calculation of mass balances; 

4. evaluation of the performance of three approaches to well redevelopment; 
5. evaluation of the effectiveness of well acidisation; 
6. bypass filter testing of coarse particulate loadings in the injectant; 
7. MFI testing of injectant to assess physical clogging; 
8. lab batch and in-situ sand chamber experiments of microbial growth kinetics; 
9. periodic step-testing of the ASR well; and 
10. periodic downhole video camera surveys and caliper logging of the ASR and 

observation wells. 

Factors affecting clogging were evaluated, with the sequence in which these were performed 
approximately following the relative ease in preventing or observing the possible causes: air 
entrainment; physical clogging; and microbiological clogging. 
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1 0.1.5 Description of Previous Laboratory Column Studies 

Four laboratory column experiments were conducted to examine clogging processes under 
more controlled conditions than would otherwise be possible during the field Trial (Rinck
Pfeiffer, et.al., 2000 and 2002, Rinck-Pfeiffer 2000). The flux through the column in three of 
the four experiments was chosen to represent the near-well field conditions at Bolivar; whilst 
the flux in the fourth was reduced to 20% to simulate conditions further out in the aquifer. In 
the first experiment with Bolivar reclaimed water, physical, chemical and microbial clogging 
mechanisms were possible; whilst in the second the physical component was suppressed by 
treating the source water using membrane filtration; and in the third, only the microbial 
component was suppressed through sterilisation of the water and media. Following on from 
the work of Rinck-Pfeiffer, et.al., (2000 and 2002) two further column experiments were 
performed, one utilising deoxygenated Bolivar reclaimed water (Marsden 2001 ), the other 
using reclaimed water from Christies Beach (Dillon, et.al., 2001 b). 

The most permeable interval of core materials collected from the ASR production well were 
used in each of the experiments, and thus the quality of water passing through the column 
was the only dependent variable. The core material was homogenised and either two or 
three replicate columns used for each experiment. Each experiment ran uninterrupted for 22 
days. The quality of the water entering and exiting the columns was monitored, and the 
permeability changes deduced from five pressure transducers positioned along the length of 
the column. At the end of each experiment the columns were sectioned and biogeochemical 
analyses performed. In the latter two experiments, batch studies of rates of microbial 
biomass production were conducted in parallel. 

These studies showed reductions in hydraulic conductivity of the media occurred in each 
case, with the most pronounced clogging occurring at the inlet end of the column, where 
most of the particulate matter was intercepted, and nutrient availability was highest. The 
most significant mechanisms for clogging were demonstrated to be due to the combined 
effects of physical accumulation of particulate matter and microbial growth (Rinck-Pfeiffer 
2000). Other possible causative factors were examined but were not found to be significant. 
Calcite dissolution was consistently found to reverse the effects of clogging in the latter 
stages of the experiments. 

10.2 SITE DESCRIPTION AND EXPERIMENTAL DESIGN 

1 0.2.1 Procedures to Rehabilitate the Aquifer Storage and Recovery (ASR) Well 

The cycle 1 injection tests were discontinuous, as previously stated, due to excessive 
clogging in the early stages causing unacceptably low injection rates. During the main 
intermissions between the injection tests several procedures were undertaken to improve 
flow-rates. They are outlined in table 10.1 and below, and discussed in greater detail in later 
sections of this report. 

A minor formation collapse of the ASR well was discovered following the completion of test 1 
through a video camera survey which had to be aborted at mid-depth. The blockage was 
cleared, and in doing so, provided the opportunity to scrape a sediment sample. The video 
tape footage revealed heterogeneous dark discolourations on the well-face (see appendix 
B6) which, in light of the examination and analysis of the sediment sample, were considered 
to be due to excessive microbial activity. In January 2000 approximately 11 kL of 
concentrated sodium hypochlorite solution was added to the open interval of the ASR well 
and allowed to stand for several days before the well was pumped by vacuum airlifting. 
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Modifications were then made to the design of the injection system to address the rapid 
reduction in flow-rates that were occurring from the start of each injection event. This was 
thought to be due to air entrained by water cascading around the annulus of the pump 
column. The turbine pump was removed and the six-inch vertical pump column replaced 
with a three-inch steel injection line with diffuser holes at the base, so that friction losses in 
the line would maintain a positive pressure within the tube over an extended range of flow
rates; and thereby minimise cascading and cavitation (figure 10.1 ). This system was used 
for the test 2 injection event, and the first four weeks of test 3, but was only intended as an 
interim measure due to the large down-time and labour requirement for well redevelopment. 
Since no improvement in injection efficiencies were observed air entrainment was not 
considered a major factor. The previous configuration was returned, but flow directed within 
the column rather than around it as had occurred previously, as this was believed to result in 
a reduced likelihood of air entrainment, although injection rates were expected to be lower 
(figures 10.1 and 1 0.2). 

Procedure 

bailing, chlorination and 
vacuuming of ASR well 

alternative injection line 

installation of bypass filter 

acidisation of ASR well 

chlorine dosing of injectant 

Period 

December 1999 to 
March 2000 

April to Sept 2000 

from April 2000 

June 2000 

from August 2000 

Table 10.1: Schedule of operational procedures to improve injection efficiencies. 

The potential for sloughing of coarse debris from the sides of the pipeline, or the mobilisation 
of aquatic organisms from an upstream balancing storage pond, was also recognised as a 
potential cause of clogging in the earliest stages of the Trial. To determine its significance, a 
simple bypass filter system was installed along the delivery line immediately upstream of the 
ASR well to provide data on the integrated particulate load entering the ASR well. 

The performance of these measures was evaluated during two injection events which were 
carried out during test 2 in April 2000. The results confirmed the need for a more rigorous 
well restoration program. 

In June 2000, prior to test 3, the ASR well was dosed with 1 Okl of hydrochloric acid (HCI) 
and after a brief detention pumped to remove acid residues. A detailed assessment of the 
performance of the acid treatment is given in appendix B1. This chiefly shows that almost 
none of the reaction by-products remained in the aquifer, and impacts at the observation 
wells were negligible. The volume of the open hole of the ASR well was approximately 
doubled with -50% greater surface area. The improvement in hydraulic performance was 
most pronounced in the first month but there were also subdued benefits in diminished rates 
of flow-rate reduction over the duration of the Trial. 

Soon after, a chlorine (CI) dosing pump was installed along the delivery line in order to inhibit 
microbial activity around the well-face. The chlorinator was operational for only part of the 
third test due to persistent mechanical failures. These were subsequently resolved, and the 
unit operated satisfactorily during the fourth test in achieving the intended dose rate of 
5mg/L. The turbine pump and larger gauge injection line were returned in the early stages of 
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the third test when air entrainment was discounted as a major cause of clogging, since this 
facilitated more routine well redevelopment. 

Figure 10.1: The two well-head configurations used during the Trial : turbine pump with six-inch 
column (left) and non-equipped with three-inch injection line (right). 

10.2.2 Field Sampling and Analysis 

In-line water quality sensors measured the electrical conductivity (EC), temperature, acidity 
(pH), dissolved oxygen (DO) and NTU of the source water on a frequent basis. These were 
backed up routinely with flow-weighted samples that were analysed for EC and NTU in the 
laboratory. The mass of Cl gas introduced into the injectant was logged. Downhole water 
quality instrumentation was permanently deployed in several of the 50m piezometers to 
detect breakthrough of the injected water. Sampling of the groundwater and injectant or 
recovered water typically occurred on a fortnightly basis. 

Pressure transducers were installed in all the observation wells and in the delivery line 
immediately upstream of the well-head. From the second injection test onwards, a pressure 
transducer was also deployed within the ASR well. Some reconstruction of pressures in the 
ASR well was required due to the absence or failure of the transducer (as outlined in section 
10.2.3.3). Flow-rates and volumes into and out of the ASR well were also recorded. 

1 0.2.3 Quantification of Clogging Rates 

A number of different methods can be applied to quantify rates of clogging in the field. Some 
directly measure aquifer permeability, whilst others deduce clogging from indirect measures 
such as changes in the specific capacity of the ASR well (Pavelic, et.al., 1998) or by the 
determination of the rate of increase in "excess" piezometric head relative to that of a nearby 
observation well (Hutchinson 1993). 
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Figure 10.2: Completion details for the Bolivar ASR well. 

10.2.3.1 Analytical Determination of Hydraulic Conductivity (K) Changes 

In this study clogging was quantified in terms of the actual changes in the hydraulic 
conductivity (K) of the media around the well over the full duration of the study using an 
analytical approach. This technique has been applied to other studies of well clogging (e.g: 
Pavelic, et.al., in prep) with the principal advantages being that it facilitates direct comparison 
with K's determined from the column study, as well as allowing the data to be easily 
incorporated into numerical modelling. 

The procedure for calculating time-varying hydraulic conductivities relies on the use of 
Darcy's Law for the case where injection or pumping has advanced to quasi-steady-state: 
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Eqn (1) 

Under this precondition changes in the average K of the aquifer materials in the zones 
between the observation wells (i.e: 0-4m, 4-50m and 50-75m) can be determined with the 
conventional form of the Theim Equation: 
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Eqn (2) 

where r2 and r1 denote the radial distances of the two observation wells, such that r2 > r1. 

Note that in these discussions the near-well zone will refer to the volume of aquifer within a 
radial distance 4m, whilst the far-well zone will refer to the region beyond 4m. 

Conceptually the clogged system could also be considered to consist of two zones: the one 
closest to the well where K's varied (rw~rc), and the other being further out in the aquifer 
where K values were constant (rc~r0). The clogged zone was assumed to be a certain 
thickness around the immediate vicinity of the ASR well, and which in this case was ascribed 
a value of 0.03m on the basis of the observed thickness of the clogging layer in the 
experiments by Rinck-Pfeiffer (2000). The headloss between the injection and the nearest 
observation well was the sum of that across the clogging interval and the adjacent area: 

ro ah ,., ah ro ah 
f~r= f-ar+ f-ar 

ar ar ar 
Eqn (3) 

/"II rw rc 

If the appropriate form of Darcy's Law is used for each of the two components on the right 
hand side of equation (1) and solved, then it can be shown that: 

-I 

[
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K - -
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Eqn (4) 

where: Q = rate of injection (time-varying); 
d =thickness of the aquifer (50m); 
rw =radius of ASR well (0.125m); 
rc = radius of clogging layer from centre of ASR well (0.155m); 
r 4 = radius of nearest observation well (m); 
h0.4,50,75 = piezometric heads at the subscript-denoted radii from ASR well; and 
K = hydraulic conductivity of the aquifer (unaffected by clogging). 

1 0.2.3.2 Time to Reach Quasi-Steady-State? 

According to Harvey, et.al., (1994) quasi-steady-state is reached when: 

r2 Ss < 0.01 
4Kt 

where Ss is specific storage (per metre). 
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That is, the storage change between the ASR well and an observation well at radius (r) 
become negligible after this time. Equation (5) may be rearranged and solved using aquifer 
parameters determined from the pumping test, to show that the period that must elapse from 
the start of injection or recovery ranges from <2mins at 4m, to 4hrs at the 50m well (table 
1 0.2). Durations of up to several days would be required in intervals further out into the 
aquifer where little or no clogging is expected. Given that piezometric levels were quick to 
adjust within a 50m radius, this assumption was also valid for the changing flow-rates over 
the course of an injection event. Typically calculations were performed soon after steady
state was reached and at approximately half-day time steps thereafter. 

Distance 
(m) 
4 
50 
75 
120 

Time 
(hr) 

0.03 
4.2 
9.4 
24 
150 

Table 10.2: Time required to reach quasi-steady-state at observation wells. 

1 0.2.3.3 Estimation of Hydraulic Head at the ASR Well (ho) From Line Pressure (LP) 
During Periods of Pressure Transducer Absence or Failure 

Determination of K for either the 0-0.03m or 0-4m intervals required knowledge of the 
hydraulic head in the ASR well (h 0), as indicated by equations (2) and (4). However, this data 
was not available for the whole of test 1 or for much of the latter part of test 4, as previously 
explained. Whilst it would have been convenient to use the pressure heads in the delivery 
line as a surrogate for h0, this was not realistic given the significant headlosses that were 
suspected to occur, and later verified from the dataset where heads in both the ASR well and 
delivery line were measured concurrently. 

According to Bernoulli's principle, headlosses vary approximately with the square of the 
velocity of flow in the pipe. Friction losses are controlled by the geometry (e.g: bends, joints, 
etc.,) and smoothness of the pipe. Variations in the temperature of the injectant can also 
have an effect since this is the predominant influence on the viscosity of the fluid. It is 
therefore possible to develop a functional relationship between the difference in head 
between the delivery line and the ASR well (normalised for viscosity), and the square of the 
flow-rate (which is proportional to velocity-squared) for those tests where this data was 
available. This relationship would be of the general form: 

where: 

f-1 
a 

Eqn (6) 

=pressure in delivery line at the well-head (adjusted to datum 
consistent with ha); 
= viscosity of the fluid; and 
= headless coefficient. 

Temperature (Te) was related to viscosity according to the functional relationship derived 
from the tabulation provided in Weast and Astle (1980): 

J! [cp] = -0.471 *ln(Te [0 C]) + 2.409 [R2 = 0.998], 10 < Te < 30 °C Eqn (7) 

Plotting the ratio of head difference to viscosity relative to the square of the flow-rate would 
allow a to be determined, and so allow h0 to be estimated from h1, Q and Te data after 
rearranging equation (6). Such a plot was constructed for ten injection periods, three for the 
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case when the three-inch injection line was used, and seven when the six-inch pump column 
was used (figure 1 0.3). Friction losses were shown to be distinctly different for the two types 
of injection configurations. Greater head losses were observed for injection through the 
pump column than for the narrow pipe due to friction in passage through the impellers and 
strainer (figure 1 0.2). Note that the well was acidised between the second and third tests 
with no measurable impact on headloss, demonstrating these to be dominated by friction 
losses in the pipe and not at the well-face. 

Reconstitution of the pressures in the ASR well in the missing periods involved the larger 
gauge setup in all cases. The resultant regression based on all the seven pump-column 
injection periods combined , can be derived from equation (8). 

Eqn (8) 

The relationship for the six-inch column data was not quite as clean as for the three-inch 
pipe, with some seemingly random drift in headloss coefficient between individual events, 
possibly as a result of built-up sediment and biofilm in the injection system, or problems with 
the pressure transducer. 
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Figure 10.3: (h1 - h0) I f.l vs. r;j for ten injection events. 

10.2.3.4 Estimation of Sources of Error In Hydraulic Conductivity (K) 

A rigorous analysis of estimated error in calculated K was required. The potential sources of 
error in determining K using the analytical approach previously described are: 

1. inaccuracies in measurements of piezometric heads at observation wells from 
pressure transducers, or injection rate from flowmeter; 

2. estimated heads at the ASR well during tests 1 and 4; 
3. poorly-defined effective values of the radius of the ASR well (rw,. ); and 
4. temporal variability in the viscosity and/or density of the fluid. 

The principal source of error was considered to be the instrumentation used for recording 
flows and heads. Errors in the calculation of rw as a result of acidisation of the ASR well are 
quantified in appendix B1 and are shown to be small (and fixed), hence leading to a constant 
offset in the calculated K of less than ten percent. Variation in fluid properties (particularly 
temperature) can be important over the long-term due to seasonal effects, and will be 
considered in detail for specific periods (see section 1 0.2.3.5). 
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The cause of errors associated with the flow-rates could not be determined since this would 
have required independent measurements or the installation of a second flowmeter. The 
accuracy of the MAGFLO® electromagnetic flowmeter used in this study is quoted by the 
manufacturer to be <1 %, which would lead to an equi-percentile error in K. Analysis of the 
transducer data collected in this study demonstrated that manufacturer specifications 
underestimated the actual errors that occurred in the field. 

Over the course of this experiment some cables were replaced following transducer failures, 
changed to more appropriate depths, or adjusted as a result of movement, changing the 
lengths of these cables. Data was scrutinised in detail to account for these factors wherever 
possible. 

The accuracy of pressure transducer-derived heads (hp1) was determined by comparing these 
with measurements collected concurrently using a water level probe (h\\'1P) which served as 
the control. These comparisons were carried out periodically during site visits, in some 
cases prior to pumping observation wells to collect groundwater samples. Any data collected 
upon commencement of sampling or too soon after a redevelopment event for steady-state 
to re-establish was eliminated. After such screening, there were 11 occasions in total when 
these comparisons could be carried out. Results for the three wells used to determine K are 
given in figure 1 0.1. 
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Figure 10.4: Actual errors based on the difference between pressure transducer-derived heads (hp1) 

and water level probe (hwtp) used as the control in this experiment, 
for (a) 4m well, (b) 50m N-3 and (c) 75m W well. 

The average systematic error is shown by the dashed line. 
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It was not possible to compare the heads at the ASR well in a similar way due to the artesian 
conditions which were created during injection, in addition to the lack of access at other 
times, since the pump drive motor was mounted on the wellhead (figure 10.1 ). However, 
some indication could be gained by comparing Ko-4m's based on heads determined by the 
pressure transducer with values estimated using equation (8). Using data from the first 15 
injection events during test 4 (5-20 March 2000) the average K value from the transducer 
was 0.86m/day, and from the regression was 0.91 m/day, a difference of only five percent. 
For the purposes of this analysis the most appropriate assumption is that the error for this 
well was equivalent to that of the 4m observation well. 

The accuracy of a manual reading using a water level probe, as in the control in this 
experiment, is determined by two factors: 

1) the user's ability to decipher the true position of the measuring tape at the top of the 
casing (which is typically less than 0.01 m), and 

2) the accuracy of the plastic tape itself with respect to stretch. 
Readings from the control were compared with a second water level probe manufactured by 
"OTT" with a tape not subject to stretch, as well as a "Komelon" 50m fibreglass "surveyor's" 
tape measured at six increments over a distance of 13m. The maximum difference between 
the tapes was 0.005m. The maximum stretch possible under considerable but non
damaging tension was found to be -0.02m. Errors in control readings were therefore 
considered to be small and similar to the errors associated with the sensitivity of the 
instrument (discussed later in this chapter). 

Based on the data from the 11 visits (shown in figure 1 0.4) the mean and standard deviations 
of the difference in the piezometric heads (hp1 -h\1'1P), when compared at a common datum 
(e.g: mAHD) for each of the wells, was used to determine their effect on the actual error in K 
in percentage terms. For comparison the sensitivity error of each transducer was determined 
by direct observation during periods of storage, where groundwater level changes were 
minimal by comparison, due to the frequency of measurement. These errors were then 
applied to determining the maximum expected percentage error in the calculated K for each 
of the three radial intervals (0-4m, 4-50m and 50-75m) based on flow and head data on three 
occasions over the course of the Trial. 

As shown in table 10.3 errors associated with the sensitivity of the pressure transducers 
were small compared to actual errors (which also incorporated sensitivity error). The 
average differences ranged from -0.15m to +0.62m. These errors were systematic in nature 
and easily corrected for by adjusting the head differences between wells by the appropriate 
amount. More significant however, were the seemingly 'random' errors which could not be 
corrected so easily, characterised by the standard deviation. These errors caused the 
percentage error in calculated K to increase with radial distance, from values of -6% for the 
0-4m interval, -30% for the 4-50m interval, and -70% for the 50-75m interval. The errors 
also increased with radial distance since the five-fold reduction in standard deviation of head 
measurement between 4m and 75m was insufficient to account for the roughly 30-fold 
decline in head difference between 0-4m and 50-75m. Thus, the measurement errors 
associated with the pressure transducers had the potential to contribute to some "noise" in 
the data, but were nonetheless considered acceptable in the near-well zone (<4m). These 
results caution that small changes in calculated K in the far-well zone should not be 
interpreted as a real change. 
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llr Jl.h 6 QB Sensitivity errors: Actual errors: 
Well Interval (m) (m) (Us) Max% Avg. St.dev. St.Dev. Max% 

(m) error on K hpt"hw/p hpt"hwrp (hpt·hwrp)r1 - error 
(m) (m) (hpr-hwrp)r2 onK 

m 

ASR 0.025 -0.15 1.1A 
4m 0-4m 3.88 21.6-36 11- 0.013 0.15±0.04 -0.15 1.1 1.5 6±2 
50mN-3 4-50m 46 3.6-4.8 18.5 0.013 0.61±0.10 0.31 0.26 1.1 29±5 
75mW 50-75m 25 0.6-1.3 0.010 3.2±1.2 0.62 0.14 0.3 74±41 -------------------------

A error value at 4m well applied 
8 an average of data collected on three occasions: 8 Sep 2000 at 08:30, 13 Dec 2000 at 12:00, and 20 Mar 2002 at 08:35 

Table 10.3: Analysis of errors associated with instrument sensitivity and absolute differences 
with manual measurements of hydraulic conductivities (K's) at the three intervals. 

10.2.3.5 Accounting for Temperature and Salinity Differences in the Injectant 

Equations (2) and (4) do not account for the effects of temporal variability in temperature and 
salinity, and hence viscosity and density of the fluid, on the flow of groundwater through the 
aquifer. This was corrected by converting K to intrinsic permeability (k in units of m2

), as this 
coefficient depends solely on the geometry and connectivity of the medium's pore-space. 
The relationship between K and k is given by equation (9). 

K =k pg Eqn (9) 
Jl 

where p 

f.l 
g 

= the fluid's mass density; 
= the fluid's viscosity; and 
= acceleration due to gravity. 

In this experiment the effect of temperature variations on the viscosity of the fluid in 
particular, can be demonstrated to have had a significant impact on K. Over the temperature 
range experienced at Bolivar of approximately 1 0-30°C, the viscosity ranged from 1.31 to 
0.80cp (centipoise) (equation (7)), and hence K may potentially vary by as much as 40%. A 
fall in temperatures would therefore reduce viscosity and result in a decrease in K, whilst a 
rise in temperatures would increase both K and the viscosity of the fluid. 

Conversely density effects related to the same temperature variations were two orders of 
magnitude lower, at only 0.4%. A density of 998.9kg/m3 equivalent to 1 OOOmg/L sodium 
chloride (NaCI) solution (Weast and Astle 1980) was used in the determination of k. 

1 0.2.4 Characterisation of Waters and Particles 

1 0.2.4.1 Ambient and Injected Water Quality 

The physical, chemical and microbial composition of the local ambient groundwater (from all 
17 wells) and of the injected water (based on 24 samplings in cycle 1 and 14 samples in 
cycle 2) are given in table 1 0.4. 

The ambient groundwater is a sodium-chloride type of water, and only the high concentration 
of dissolved solutes prevents its use for irrigation or drinking. The carbonaceous aquifer 
matrix results in waters that are super-saturated with respect to calcite (Vanderzalm, et.al., 
2002). 

In broad terms the source water was colder, has higher levels of DO, suspended particles, 
bacteria, OC and other nutrients; but still had lower levels of salinity than the ambient 
groundwater. The majority of the particulate content could be classed as "volatile" (i.e: 

10-13 



combustible at high temperature) and thus organic in nature. The typical concentration of 
TOC in the injected water was 18-20mg/L, whilst values in the ambient groundwater were 
less than 1 mg/L. The majority of the OC was <0.45f..lm, with particulate organic carbon 
(POC) making up on average about 10% of TOC. The degree of calcite saturation of the 
injectant (SicAL) was generally lower than that of the ambient groundwater. 

The quality of the reclaimed water exhibited significant temporal variability in many 
parameters (especially nutrients, algae and SlcAL), as expected. There are many different 
factors that caused this, some of which were climate-driven (performance of the polishing 
lagoons and associated effect on the DAF/F treatment), and others demand- or process
driven, such as the duration of storage in the downstream balancing tank, and inclusion of 
the activated sludge (AS) process-step. This variability is reflected in the relatively high 
values of standard deviations given in table 1 0.4. 

1 0.2.4.2 Size Distributions of Injected Particles and Aquifer Pore-Space 

The size distribution of the injected particles were determined by CS/RO Minerals (Perth, 
WA) using a laser scattering technique. Aquifer pore-throat sizes were determined at CSIRO 
Land and Water (Adelaide, SA) on 11 undisturbed cores by subjecting the saturated, intact 
core samples to a range of increasingly negative pressures and determining the iterative 
release in water content by weight-difference (Pavelic, et.al., 1999). Pressures were 
converted to pore-diameters. 

The size distribution curves given in figure 10.5 show that pore and particle sizes varied by 
over three orders of magnitude. Median sizes which cannot be gauged from this figure, 
ranged from 17 to 1 00 microns for injected particles during test 1, and 5 to 200 microns 
during test 3. On the whole this was significantly higher than that of the individual pores, 
which ranged from -0.5 to 20 microns. 
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Figure 10.5: Distribution of injected particle sizes and aquifer pore-sizes for tests 1 and 3. 
The height of the bars represents twice the standard deviation of each increment. 
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Tests 1-3 (Cycle 1) Test 4 (Cycle 2) Ambient 
Parameter Units injectant injectant Groundwater 1 

(n=24) (n=14) (n=17) 
Electrical Conductivity (EC) J1S/cm 2270 ± 90 1986 ± 109 3590 ± 330 

Temperature oc 20.4 ± 4.5 16.3 ± 3.9 25.9 ± 1.0 
pH pH 7.1 ±0.4 7.0 ± 0.4 7.3 ± 0.1 

Dissolved Oxygen (DO) mg/L 4.4 ± 3.4 6.0 ± 1.4 0.1 ± 0.1 
Redox Potential Eh mVSHE 300 ± 260 853± 92 42±32 

Total Suspended Solids (TSS) mg/L 13 ± 12 11 12 ± 14 
Turbidity (NTU) mg/L 29 ±50 II 2.6 ± 1.8 13 ± 9 
Calcium (Ca) mg/L 45.2 ± 7.5 47.6± 5.1 155 ± 13 
Chloride (CI) mg/L 433 ± 40 413 ± 36 932 ± 92 

Bicarbonate (HC03) mg/L 282 ± 79 256± 17 265 ± 19 
Sulfate (S04) mg/L 208 ± 13 178±11 274 ± 39 

Sl calcite mmoi/L -0.53 ± 0.50 -0.71 ± 0.27 0.10-0.19 
Iron (Fe)- total mg/L 2.8 ± 5.2 II 0.08± 0.05 1.0 ± 0.3 

Nitrogen (N) -total mg/L 20.5 ± 10.8 7.8 ±2.5 0.08 ± 0.03 
Phosphorus (P) - total mg/L 0.72 ± 0.65 2.3 ±0.9 0.08 ± 0.06 

Dissolved Organic Carbon (DOC) mg/L 16.7±2.1 19.5±1.9 0.3 
Total Organic Carbon (TOC) mg/L 18.2 ± 2.3 20.2 ± 2.1 0.3 
Chlorine (CI) residual - total mg/L 0.7 ± 0.4 2.6 ± 2.4 0 

E Coli. cells/100ml 42 ± 113 0±0 
Heterotrophic Plate Count cells/ml 1.7x105 ±2.3x105 120 ± 130 

Algae - total cells/ml 52QQQ ± 31900 Ill 1727 ± 1427 0 
all wells and piezometers (pre-injection) 

11 elevated due to sampling artefact during much of injection test 3 (refer to Vanderzalm, et.al., 2001) 
111 based on 32 samples (collected 29 June 2000 to 11 Sept 2000) at pumping station upstream of ASR site 

Table 10.4: Quality of injected water (for cycles 1 and 2) and local ambient groundwater. 
Means and standard deviations reported. 

10.3 RESULTS 

10.3.1 Flow-Rates and Hydraulic Conductivity (K) Changes in the Near- and Far- Well 
Zones 

1 0.3.1.1 Hydrologic Response During a Typical Injection Event 

Figure 10.1 offers an example of the hydrologic response from one injection event carried out 
from 6 to 11 April 2000. Time-series plots of the NTU and temperature of the source water, 
line pressure, flow-rate, piezometric head at the ASR and 4m observation wells, and 
calculated hydraulic conductivities are presented. 

As the first event to follow the disinfection and vacuum treatment of the well, flow-rates 
initially commenced at 20-25Us, but declined exponentially to -15Us within several hours, 
then to 5Us after approximately five days when a total of 4.9ML had been injected. At this 
point redevelopment was initiated. The most dramatic decline in flow-rate from 9Us to 5Us 
in the last eight hours of the injection event resulted from a 12m drop in line pressure. The 
plots clearly show that line pressure (LP) variability impacted not only on the flow-rate, but 
also on hydraulic heads at the ASR and 4m observation wells as shown, and observation 
wells as far away as 300m. As expected K's were unaffected by the discontinuity in line 
pressures. Turbidity over the duration of the event ranged from 3.3 to 5.5NTU, which was 
typical of the range injected over the duration of the experiment. Temperatures showed the 
expected diurnal fluctuations of 1-3°C, whilst a gradual warming trend of -3.5°C from 17.5 to 
21°C was evident over this period. The impact on K in the near-well zone according to 
equation (6) would be an overall increase of up to seven percent. The actual decline was 
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from 1.0 to 0.2m/day (an 80% reduction). Hence, declines in K experienced over this period 
were only partially offset by the temperature increases (more on this will follow later). 
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Figure 10.6: Hydrologic and water quality data 
for the first injection event of test 2 on 6-11 April 2000. 

1 0.3.1.2 Transient Numerical Modelling of Near-Well Hydraulic Conductivity (K) During 
an Injection Event 

Numerical modelling was used to test the validity of the steady-state assumptions implicit in 
the analysis of K. Using the FEFLOW code (Diersch 1996) an axi-symmetric flow model was 
constructed, incorporating the time-varying flow-rates measured in the field as a boundary 
condition (second type) and K's determined analytically for the 0-0.03m interval, in order to 
examine if the measured piezometric response at the ASR well could be replicated. The 
objective was to compare the results of the two methods by using the measured and 
calculated parameters without adjustment, and not to refine the estimated K's, as would 
occur if the numerical model were being calibrated. The five day injection event during test 2 
was chosen for this analysis. 

The results given in figure 10.7 show that by incorporating clogging the numerical model 
satisfactorily captured the overall magnitude and the patterns of hydraulic head at the ASR 
well, and head difference between the ASR and nearest observation wells. A simulation 
performed without accounting for clogging, indicated that heads at the ASR well could be 
underestimated by in more than 40m, whilst there was no observed impact at 4m. Another 
simulation performed (but not plotted) where only the boundary conditions at the well were 
altered from specified flow to specified head, in order to replicate the observed piezometric 
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response, also satisfactorily replicated the flow-rate decline over this period. Numerical 
results therefore supported the analytical determinations of K as presented below. 
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Figure 10.7: Piezometric response at ASR and 4m observation wells from 6-11 April 2000. 

Measured data represented as symbols, modelled data as lines. 

10.3.1.3 Flow-Rates During Injection Tests 

The average rates of flow for each of the injection tests tended to increase rather then 
stabilise in each successive test: 8Lis during test 1, 1 OL!s for test 2, 12L/s for test 3 and 
12Lis for test 4 (figure 1 0.8). On the whole however, these values were considerably lower 
than the anticipated target of 25Lis (Pavelic, et.al., 1999). 

Considerable variability occurred at the scale of individual injection events due to a range of 
factors including well clogging, the configuration of the injection system, well rehabilitation 
procedures (as previously discussed), and fluctuations in LP (highlighted in section 1 0.3.1.1 ). 
The highest variability occurred in the earliest stages of the experiment and subsequently 
decreased. Daily drops of >1 OL/s were common during test 1, even though the frequency of 
redevelopment and water quality was comparable to or better than subsequent injection 
tests. It therefore appears that the improved performance seen in subsequent tests with the 
same injection system were a direct result of the acid treatment of the ASR well. 

The improvement in flow-rates due to the use of the small-diameter injection tube during test 
2 was negligible, suggesting that air entrainment did not contribute significantly to the rapid 
reductions in flow-rate observed. The effect of chlorination/airlifting treatment on test 2 
injection rates also appears to have been small. Acid treatment (combined with chlorine 
dosing of injectant) elevated initial flow-rates and reduced the rate of decline over the short
term only, with the main difference after one month of injection being an improvement in the 
average injection rate. At the end of December 2000 there was an abrupt increase in flow
rates with values exceeding 15Lis in the last three months of test 3 (this will be discussed in 
detail in section 1 0.3.8). 

10.3.1.4 Hydraulic Conductivities (K's) During Injection Tests 

The time-varying K's for the 0.03m, 0-4m, 4-50m and 50-75m intervals, as calculated from 
equations (2) and (4) for each of the four injection tests, are shown in figure 1 0.9. 

The near-well K data (i.e: within 4m) to a large degree mirrors trends observed in flow-rates. 
Further out in the aquifer, where changes were more subdued or did not occur, there were 
no such correlations. 
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K04m values at the start of the Trial began near the pump test-derived value of -3m/day but 
declined with the commencement of each injection test. The greatest rate of change 
occurred during the first week when a clogging layer developed near the well-face. This was 
comprised of particulate matter filtered out from the injectant and microbial biomass. The 
typical range of K values varied from 0.1 to 1m/day. Some evidence for the restoration of K0_ 

4m values as a result of storage and/or recovery periods came from the stability of values at 
the commencement of injection tests 2 to 4, with initial values ranging from 1 to 1.5m/day. 

Ko-o.o3m values were essentially a numerically scaled-down representation of K0_4m since the 
former was derived by compressing all of the additional head loss which occurred over a 4m 
distance into only 0.03m. Consequently, either of these intervals can be used to represent 
near-well clogging behaviour. Figure 10.9 shows that Ko-o.o3m values within this thin annulus 
around the well declined rapidly to below 0.1 m/day for much of the period. 

A pattern of repetitive fluctuations becomes evident, when responses for individual injection 
events are considered, with redevelopment events easily inferred from the restoration of 
near-well K's at the start of each successive event. Although near-well K's declined within 
individual events the overall trends were relatively subtle. During test 1 there was no 
significant overall trend for the majority of the experimental period, suggesting that there had 
not been any increase in clogging over the course of the experiment in this interval. The 
duration of test 2 was too short to make such an assessment. A similar conclusion to test 1 
was drawn for most of tests 3 and 4, except that in the latter stage of test 3, there was an 
increase inK which coincided with an increase in flow-rate (as was previously discussed). 

For the next interval of 4-50m there were declines in K during each injection test. The 
minimum value of 1.3m/day was reached after one month of injection during test 3, and a 
slight rebound in K was observed during the latter months of the experiment to 1.7m/day. 
The changes observed in this interval exceeded the variation that could have been attributed 
to measurement error, and seemed to correlate with changes in adjacent intervals lending 
further support to their validity. Little variation occurred during test 4. These variations were 
considered to be plausible given the presence of injected water in around half of the total 
pore-space within this volume. 

For the 50-75m interval any possible change in K was within the range likely to be attributed 
to the measurement error of the instrumentation, calculated at -70%. However, the 
correlations observed with other intervals would suggest that perhaps some of the inferred 
(although not observed) changes may have occurred. 

Determination of K changes during the recovery phase was restricted to the far-well zone 
due to a total failure of the pressure transducer in the ASR well. Techniques used to 
estimate pressures during injection were inapplicable during pumping, and consequently 
changes in the interval of greatest interest were unavailable. K data for the 4-50m and 50-
75m intervals were relatively uniform, with no change over the duration of pumping. 
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Figure 10.8: Variations in injection rates over the course of the experiment. 
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It is worth noting that the hydraulic conductivity of the near-well zone declined exponentially 
as each injection event transpired, but did not become completely impermeable to flow (i.e: 
K>O) as shown in several events during test 1 (figure 1 0.12). The observed minimum Ko-o.o3m 

was approximately 0.01 m/day, representing a reduction of about one order of magnitude 
from the start of each event and over two orders from that of the undisturbed K. Such 
findings have been reported in laboratory studies such as those by Taylor and Jaffe (1990) 
and Rinck-Pfeiffer, et.al., (2000), but no such observations have been reported in a field 
study of this type to the best of the authors' knowledge. 

Taylor and Jaffe (1990) offer a plausible explanation for the minimum K being greater than 
zero from the viewpoint of the development of a biofilm, reporting that as K declines a critical 
porosity is reached below which pore-water velocities and shear stresses are sufficiently high 
as to detach particles from the solid matrix. If all other factors are constant, eventually a 
steady-state can develop where a critical shear stress removes the clogging agent at the 
same rate as it is deposited or grows. Similar explanations have been reached where 
clogging is purely physical in nature (e.g: Reddi, et.al., 2000). 

1 0.3.1.5 Results of Step Discharge Tests 

A number of step discharge tests were performed between January 1998 and June 2000 to 
evaluate the effect of injection and measures to rehabilitate well clogging, on the 
performance of the ASR well. Full details of these tests are provided in appendix 82 and a 
summary is presented here. A most useful output of the step test analysis was the derivation 
of the well loss component {c) of equation (1 0). 

S(t) =a Q+ c rZ +b log10 (t) Q (m} 

where: S(t) 
Q 

a 
b 
c 

= drawdown at timet (m); 
= pumping rate (m3/min); 
=time (mins); 
= constant related to well loss from laminar flow; 
= constant related to aquifer loss from laminar flow; and 
=constant related to well loss from turbulent flow. 

Eqn (1 0) 

An increase in c is a characteristic of clogging. Variations in this coefficient at key stages of 
the Trial almost up to the commencement of injection test 3 are shown in figure 10.1 0. 

The increase in the value of c following injection test 1 indicated that clogging had occurred. 
Chlorination, vacuuming and airlifting of the ASR well were largely effective in restoring well 
efficiency, although some residual clogging must have been retained around the well-face 
since c was not restored to its pre-injection value of 0.2. A step test following the first of the 
two injection events during test 2 revealed that further clogging had occurred resulting in an 
increase in c similar to that following test 1. 

The final step test showed that acidisation was slightly more effective than chlorination in 
restoring well efficiency. Well losses were reduced due to the dissolution of aquifer materials 
around the well resulting in an increase in the well surface area and the removal of the 
clogging agents. The value of c declined from 2.4 (test 2) to 0.25 (post-acid). The positive 
impact of acidisation on well efficiency in Aquifer T2 has also been seen at the Paddocks site 
(as reported by Gerges, et.al., 1998). 

An increase in cat the 4m observation well, particularly during injection test 2, indicated that 
clogging had extended beyond the well-face. However, it was believed that the extent was 
minimal as c at the 4m well following acidisation was reduced to its pre-injection value (figure 
10.10). 
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There is an inverse relationship between the well coefficient derived from the step tests and 
corresponding near-well K's (figure 10.11 ). Much of the change in c occurred at low values 
of Ko-o.o3m and the correlation is highly non-linear. This arises from a difference in the way the 
coefficients c and K relate to t:.h and Q. For K this is simply Q I t:.h; whilst for c the relationship 
is more complex (see above). 

3 

pre-ASR post inj test 1 post chlorination mid-inj test 2 post acid 

Figure 10.10: Variations in 'c' at ASR and 4m observation 
wells up to June 2000. 
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Figure 10.11: The relationship between well 
loss coefficient 'c' and near-well 
hydraulic conductivity, Ko-o.o3m. 

1 0.3.2 Membrane Filtration Index (MFI) Testing of the Injectant 

The Membrane Filtration Index (MFI) is a laboratory-based measure of the potential for 
physical clogging of a 0.451-im membrane filter (Oisthoorn 1982, Hutchinson 1993, Dillon, 
et.al., 2001a). The greater the retention of particles on the filter, the greater the MFI value 
(reported in units of s/L2

) and hence also the rate of clogging. It should be noted that 
chemical and biological factors are not accounted for due to the nature and brevity of the test 
procedure. Whilst NTU and TSS are commonly used measures of particle concentrations 
and therefore useful indices of the potential for physical clogging, MFI also takes into account 
the effect of particle size and composition and is a more highly regarded indicator 
(Hutchinson, 1993, van Duijvenbode and Olsthoorn 1998). For instance, studies by van 
Duijvenbode and Olsthoorn (1998) have shown that clogging is more sensitive to NTU than to 
MFI. Dillon, et.al., (2001 a) provides further details on the MFI technique. 

Over a two year period a total of 29 measurements were made, of which 24 were collected 
during periods of injection over 22 occasions up to the end of test 3 (table 1 0.5). No samples 
were analysed for MFI during test 4. All of the samples were stored at 4°C prior to analysis. 
Repetitive analysis of two of the samples on three occasions over a two year period revealed 
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that MFI declined by up to 12% from its initial value in the first 12 months of storage, and by 
up to 40% after 24 months. This decline in MFI over time was the result of a loss in the NTU 
of samples. Since there were no obvious deposits at the base of the storage containers and 
given that samples were well mixed prior to analysis, this is suspected to have been due to 
natural attenuation of the POM. Given that the storage period of the data presented in table 
10.5 averaged -15 months with a range from <1 to 22 months, then the data are believed to 
be accurate to within -15%. This is adequate given the extremity of values that were 
measured in the injectant. Corrections to the MFI values allowing for the period of storage 
have not yet been made. 

Disregarding the periods when injection did not occur, including the first two samples 
collected prior to October 1999 when the Bolivar DAF/F plant had yet to be commissioned 
and operational management of the reuse scheme was still in its infancy, then the measured 
MFI's range from around 20 to 350s/L2

, with a mean of -110s/L2 and standard deviation of 
-90s/L 2 . Previous studies would suggest that these waters would have a high potential for 
clogging (Oisthoorn 1982, Hutchinson 1993) and in fact the MFI technique required adaption 
to enable measurement of such high values (Dillon, et.al., 2001 a). 

1 0.3.2.1 Relationship Between Membrane Filtration Index (MFI) and Clogging 

The effectiveness of MFI in predicting clogging is difficult to gauge in a long-term trial such as 
this, particularly since K values for 0-0.03m were well below the initial values from the start of 
the test and tended to vary substantially within the time-frame of a single day. Four 
measurements made within a six week period during test 1, in relation to changes in K for 
any injection event are presented in figure 1 0.12, which shows that the responses fall into 
two groups. In the first three cases where the initial K values were 0.1 m/day or greater, the 
rate of decline for the water with the highest MFI value of 188s/L 2• In the other case where 
MFI was 76s/L2

, the initial K value was low and not much higher than the minimum value of 
-0.01 m/day (discussed earlier) which appears to have constrained the rate of reduction in K. 

The exponentially shaped K curves suggest that the time-varying K's can be fitted to a first
order model such as: 

K(t) = Ko e-at 

where a 
Ko 

Eqn (11) 

= a coefficient describing the rate of clogging; 
= the first value measured after steady-state was reached (at a 
common time); and 

=the time elapsed since K0 was determined. 

The application of equation (11) to the curves shown in figure 10.12 indicated that the data 
could be represented by this model with coefficients ranging from 0.18 to 0.90 per day· 
Similar models have been fitted to experimental data in the literature (e.g: Osei-Bonsu 1996), 
hence this result was not unexpected. Attempts to correlate the clogging coefficient with MFI 
proved only modestly successful (R2 = 0.55) since the coefficient was sensitive to the starting 
values of K, as well as the quality of the injectant. 

From this series of tests it has been concluded that MFI is likely to be a good index of 
physical clogging in an aquifer where pore-size is similar to the membrane aperture. In this 
case the pore-size for Bolivar aquifer material (figure 1 0.5) is predominantly 1 0-30f.lm and so 
0.45J..tm filter paper is a poor representation of the ability of the injectant to clog this filter. 

10-23 



0.7-

0.6 

0.5 

>. 0.4 
Ill 

:!:! 
E 0.3 

0.2 

MFI=66 s/L2 

LP= 18.0m 

MF1=188 s/L2 

LP=t7.7m 
l 
! 

/ 

MFI=66 s/L2 

LP=20.1 m 
MFI=76 s/L2 

LP = 25.7 m 

0.1 0----~A=~======,=/,;.--~··;-·;······~·~·;;;;A~)(;;~·'~I)~(~~A~X~~==========~·-----........... 
/.· ... / 

.. ········· 

0 2 3 

Time (days) 

Figure10.12: K0.0 .o3m relative to time for test 1 events with various MFI source waters. 

10.3.3 Bypass Filter Tests and Other Measures of Sloughing from Bulk and Grab 
Sampling 

10.3.3.1 Bypass Filter Test Results 

The bypass filter approach was used primarily to assess whether there was a significant 
issue associated with sloughing of coarse particulate debris, biofilm or algal biomass which 
might be mobilised and introduced sporadically into the well but which could go undetected 
by periodic manual sampling (figure 1 0.13). Differences in particulate concentrations and 
loadings between the integrated filter values and the periodic samplings were calculated 
(table 1 0.6). 

The bypass filter system initially used a filter cartridge with an effective size of 1 OOf.lm, but 
this was reduced to 10 and 1 f.lm in an attempt to collect a greater proportion of injected 
particulates (see figure 1 0.13). The total particulate accumulation was determined by 
difference in weight after oven drying the used filter for a minimum of 24 hours at 55°C (lower 
temperature chosen to minimise volatilisation losses of the synthetic filter and the trapped 
organics). The volume flowing through the filter was taken directly from a cumulative 
flowmeter. 

The bypass filter results for eight periods in tests 2 and 3 and two periods in test 4 are 
presented in table 10.7. The first period (6-11 April 2000) was most intensively monitored. 
Using the largest (1 OOf.lm) filter size available so as to avoid clogging the filter, the effective 
concentration of particles removed from suspension was 0.33mg/L, or 4.2% of the mean TSS 
concentration of the injectant (7.8mg/L). From particle size distribution data, the average 
percentage of particles greater than the 1 OOf.lm threshold in the injectant was only 5.1 %, 
which was acceptably close to that actually collected by the filter. Measurements of MFI 
made on samples collected before and after the filter on the first day (6 April) showed no 
decrease in MFI as a result of flow through the filter. Conversely, results presented in table 
10.5 show there was an apparent increase from 210 to 260s/L2

. 

Since the flow-rate through the filter did not decline markedly on the first occasion, the filter 
size was reduced to 1 Of.lm in the second and most of the subsequent tests in an attempt to 
increase the proportion of particulates captured. In this case the filter was replaced after 11 
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days. However, it was again found that the reduction in flow was insubstantial and that 
although the proportion of particles captured from the filter (3.2%) was similar that captured 
with the coarser filter, it was substantially less than what was expected given the particle size 
data (63% ). Identical conclusions were drawn when this was repeated in a further six tests 
ranging in duration from 21 to 57 days, where capture efficiencies failed to exceed 8%. 
During test 4 a 1 ~-tm filter was trialled but the capture efficiency was similar to the larger 
filters. 

The bypass filter was also used to determine the proportion of particulates that could be 
captured during the two recovery phases (table 10.7). Concentrations in the recovered water 
were similar to, or lower than, injected concentrations. However, the ability to capture the 
particle material was substantially less than during the injection periods. On both of the 
monitored occasions which combined a total of more than 1 00 days of pumping, less than 
0.5% of the recovered particles were collected by the filter. Particle size data was 
unavailable during this period. It is believed that the reason for this lies in the fact that 
recovered sediments were of smaller size range, and hence were more difficult to intercept 
with the filter. 

Date 

26,03.99 
05.05,99 
13.10~fJ9 . .. 
27.10.99 
10,1V~9 .... 
24.11.99 
18.12.99 
04.02.00 b 

04.02.00 c 

06.04.00 d 

06.fJ4.0de 
OB.dB.OO 
15:0B.OO 
22.0B.OO' 
3t:QB.:QQ .· 
14.09.00 
05.10.00 
19.10.00 
01.11.00 

1 

01.03.01 
15.03.01 f 

15.03.01 g 

lnj. 
Test 

1 

2 

3 
3 
3 

a average of 3 replicate tests 
b,c samples from inlet and outlet ends of 
balancing storage respectively 

MFI 
Turbidity TSS (s/L 2) 

(NTU) (mg/L) St.dev. 

7.4 6.6 8 
78.5 12.0 27 
5.7 6.6 0.5 
7;5 3.3 6 
4,0 2,~. 9 
7.4 7.1 11 
5.3 5.0 4 
3.7 2.1 5 
5.3 2.4 4 
4.3 4.0 4 
22.5' 3.9 4 
3:5 3.B 6 
7.5 2.6 B. 
6.3 2,5 7 
3.2. ~'~ ... ·B. 
12.7 18 
1.1 1.8 
17.7 19 
24.4 39 
8.9 13.6 

. . 2.2' 2.8 
<1:9 4.5 

·:1.6·· 1.5 
2.5< •. 3.. 
6.-4. 3,$ 
0.8 1.5 
2.1 1.4 
2.7 0.9 

ct.e before and after bypass filter 
r.g before and after chlorine dosage 
h injection periods only 

22 
15 
39 
32 
38 

4 
2 
2 

Table 10.5: MFI results for 29 samples of Bolivar reclaimed water. 
Periods of injection are in italics. 
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Figure 10.13: Bypass filter system. 

Date 

6 April2000 
7 April2000 
8 April2000 
11 April 2000 

Median particle size 

Pre-filter 
13 
19 
30 
33 

(flm) 
Post-filter 

10 
19 
14 
30 

Change 
3 
0 
16 
3 

Table 10.6: Median particle sizes before and after passage 
through the 1 OOflm bypass filter (6-11 April 2000). 

One explanation for the poor percentages of particulate matter collected by the filter is 
considered to be particulate break-up as a result of the increase in shear stress caused by 
the flow of water through the filter. Similar behaviour was observed in analyses of particle 
sizes before and after filter passage in April 2000, where the median size of the post-filtered 
particles was the same or smaller than pre-filter waters (table 1 0.6). It is reasonable to 
speculate that the effective size of particles in waters passing though the smaller filters would 
also have been reduced in subsequent tests 3 and 4. 

Particle break-up has been substantiated by Massmann, et.al., (1999) who reported this in 
Bolivar reclaimed water during laboratory determination of particle size distributions. It was 
shown that increasing the shear stress led to a reduction of the median size and an increase 
in the spread of particle sizes. Given that the proportion of particles captured by the filter bag 
in most cases was significantly less than that expected in light of particle size data derived 
from grab samples, it is reasonable to suggest that the sloughing of course particles and 
debris was not a significant contributor to clogging of the well. Nevertheless, it can be 
confidently concluded that the filter technique, even with the smallest size range, is a very 
poor measure of the cumulative mass flux recovered from the well. Thus, the MFI increases 
(in a 0.451-lm filter) as a result of passage through the filter were apparently due to the larger Q 
number of smaller particles capable of clogging. 
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An attempt to relate the filter results clogging rates was considered but discounted on the 
basis of the incompatibility of the time-scales of the two different techniques and the poor 
collection efficiency of the filter. 

1 0.3.3.2 Integrated Versus Bulk Sampling 

If sloughing of particles occurred in an episodic fashion it could be expected that the 
probability of intercepting the fragments of these materials would be greater when injectant 
samples became integrated over time. However, if this were the case NTU results of bulked 
samples from the autosampler would have been higher than grab samples collected during 
site visits. 

From September 2000 the autosampler was programmed to collect 18 subsamples at 
approximately 80 minute intervals over the course of a day. Comparisons between NTU 
values from the sampler with grab samples, showed that the sampler values were in fact 
marginally lower than grab sample values (table 1 0.8). This has further supported existing 
evidence against the likelihood of significant sloughing into the well. 

Test Turbidity 
(NTU) 

Grab . Integrated N 
3 2.3 ± 1.3 2.0 ± 1.0 6 
4 4.6± 2.6 4.2 ± 2.3 9 

samples collected from tap at well-head have been 
eliminated due to sampling bias discussed earlier 

Table 10.7: Comparison of the turbidity of injectant determined by grab and integrated sampling. 

10.3.4 Analysis of Redevelopment Events During Tests 1 and 4 

Water, OC and particulate mass balances were calculated for the redevelopment events 
during tests 1 and 4, using the methods illustrated by figure 1 0.14. Primarily for the purpose 
of consistency, the recovered volumes or mass flux were matched to the volume injected in 
the preceding event (i.e: Vr/Vi1 or MrJMi1) to assess what impact the redevelopment had on 
the previous event. 

injection 
event 1 

redevelop injection 
event 2 

1 q ; 1--·l!lv:,_·1=========:~---------? "" q r 

... Mass 100*V r
1 = v· recovery IH ,o; v. 

12 11 

Vr1 l > 
" ~~" ' r 

,, 

i l/ill 

:: , ____ M_;1------~~~----------~ 
Mass = 

100*M r
1 ... recovery rrss; M· 

11 

M'f'tj M 
(TOG) 

12 time 

Figure 10.14: Schematic representing the way in which water, particulate 
and organic carbon balances were determined. 

Terms are described in text. 
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Test number 

Duration of test 
(days) 

Effective size of filter 
(J..tm) 

Total volume through filter 
(kl) 

Mass of particles captured on filter 
(g) 

Mean concentration captured by filter 
(mg/L) 

Mean TSS of water passing through filter 
(mg/L) 

Capture efficiency 
(%) 

Particles in water greater than size of filter 
(%) 

.--------------------- INJECTION -----------------+ ._- RECOVERY - ,._ 

6-11 4-15 15 Aug- 14 Sep- 5-31 31 Oct- 4 Dec- 30 Jan- 5-20 27 May- 24 Oct- 25 July-
Apr Aug 14 Sep 5 Oct Oct 4 Dec 30 Jan 29 Mar Mar 25 Jun 29 Nov 8 Aug 
2000 2000 2000 2000 2000 2000 2001 2001 2002 2002 2001 2002 

: 2 .--------------- 3 ---------------• +- 4 --~-: 15rrec :znd rec 
' ' 

:s 

: 100 

49.18 

16.17 

0.33 

7.8 

4 

5 

11 30 30 21 26 34 57 

.---------------- 10 ---------------· 

86.58 56.24 115.31 147.35 170.60 193.37 159.54 

30.62 46.24 76.47 101.7 50.20 50.01 24.56 

0.35 0.18 0.66 0.69 0.29 0.26 0.15 

10.8 8.8 12.2 8.4 8.0 6.8 4.0 

3 2 5 8 4 4 4 

63 53 90 92 94 86 80 

15 29 

10 

43.48 341.28 

18.55 40.22 

0.43 0.12 

11.2 3.7 

4 3 

NA NA 

' ' ' ' 
: 35 

643.24 

1.67 

0.003 

5.5 

0.05 

NA 

76 

65.12 

7.73 

0.017 

6.5 

0.25 

NA 

Table 10.8: Results of bypass filter tests during 10 injection events and 2 recovery events. 



1 0.3.4.1 Test 1 

During test 1 there were a total of 25 redevelopment events, or an average of one 
redevelopment for every 1.2ML injected. For the majority of these events, pumping rates 
were about 35Lis, which were two to three times the average injection rate. Results of the 
mass balances are presented in figure 1 0.15. 

The volume of water pumped during redevelopment ranged from 2% to >20%, with an 
average of 8% of the total volume injected. This was the water removed from storage for the 
purpose of maintaining well capacity. The water initially recovered from the ASR well during 
any particular redevelopment event was high in suspended solids (SS) (>1 OOmg/L) but 
particulate concentrations rapidly declined to levels comparable to that of the injectant. 

The proportion of particles recovered ranged from 20 to 160% for individual events and 
averaged 60%. By the end of first test 230kg of sediment had been injected of which 135kg 
was recovered, and the residual 95kg was retained within the aquifer. These percentage 
recoveries exceeded that of the volume of water as a result of the accumulation and 
subsequent collection of particles around the ASR well so that recovered water had an 
average of eight times the TSS of the injectant. Mass recoveries from this Trial can be 
compared with results from the Andrews Farm site, where <5% of the particulate matter 
derived from the injected stormwater was recovered through airlifting, although by far a 
greater proportion of aquifer sediments were recovered (Pavelic, et.al., et.al.,). For TOC the 
proportion recovered was similar to the proportion of water recovered, since the majority of 
the OC occurred as DOC. 

10.3.4.2 Test 4 

During test 4 there were a total of 105 redevelopment events or an average of one 
redevelopment for every 1.1 ML injected. Based on an experiment performed in test 3 an 
opportunity was seen to optimise redevelopment techniques in terms of restoring well 
capacity and minimising volumetric losses. On this basis redevelopment was adjusted to 24 
minutes of surging and the results of the mass balances are presented in figure 1 0.16. 

The volume of water pumped during redevelopment averaged four percent, with very little 
deviation except for the few occasions where redevelopment could not be performed daily. 
This was twice as efficient as for test 1. Mass recoveries ranged from 1 to 10% of input, with 
an average of only 5%. Due to the restricted frequency of visits to replace the sample 
carousel, particle balances were determined on every second redevelopment, and so 
calculations based on one event were assumed to be representative of the following 
(unmonitored) event. These values were considerably lower than those in test 1 as a result 
of acidisation and other reasons that are identified in section 1 0.3.5. The lowest recoveries 
were observed in the first fortnight of injection, suggesting that the collection efficiency was 
lower when the clogging layer was not so well developed. However, this does not appear to 
be consistent between tests as the same behaviour was not observed in test 1. The slugs of 
more turbid water were injected, one in the first two weeks of injection and another in the 
later stages (see figure 1 0.20). There appears to be no correlation between the 
concentration of particulate matter entering the well and the efficiencies of the particulates 
recovered. 

The TSS concentration changes in extracted waters during the first two redevelopment 
events during test 1 are shown by figure 1 0.16. For the first event on 15 October 1999 
highest concentrations were observed in the first ten minutes of pumping. Whilst 
concentrations were still highest near the beginning of pumping in the second event, much 
greater variation was observed. Incorporating a surging step in the final 20 minutes 
appeared to have a beneficial effect in mobilising residual sediment from around the well
face. 
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1 0.3.4.3 Particulate Transport in Aquifers 

In a macroscopic sense the key parameters governing the retention of particles in a porous 
medium are the relative size of the injected particles and the pore-throats (the size of the 
porous medium can be used as a surrogate), the concentration of suspended particles in the 
water, and the pore-water velocity (McDoweii-Boyer, et.al., 1986). Naturally, particles would 
be intercepted by 'straining' when pore-sizes of the medium became smaller than the 
effective size of the injected particle. From figure 10.5 it is clear that a considerable 
proportion of injected particulates have the potential to be intercepted in this way, hence 
physical clogging was expected to take place on the perimeter of the well. However, it must 
be noted that this was highly conditional on the flow system around the ASR well, for 
instance there are also opportunities for particles to migrate beyond the well-face through 
larger pores and other aquifer heterogeneities. It is also likely that the temporal variability in 
particle sizes combined with their tendency to break-up under increasing shear stresses, 
resulted in considerable variation in the ability of the aquifer to detain particulates, giving rise 
to differences in the mass flux retained around the well as well as that migrating out into the 
aquifer beyond the well. 

This was supported by the results of the particle mass balances presented earlier, which 
show considerable variability in the proportion of injected particles recovered by 
redevelopment. Interception is a highly non-linear process, with a well-known 'ripening' 
effect whereby successively smaller particles become trapped by larger particles blocking 
pores, reducing the effective size of the pore-throats. Other processes may also occur that 
control capture, including gravitational settling and inter-particle forces (Herzig, et.al., 1970). 

Although filtration models have been applied to controlled experiments to predict the fate of 
particulate matter with mixed results, the feasibility of applying process-based models to this 
dataset has been made difficult for numerous reasons already described. Therefore, 
modelling of this type was not pursued in the course of this study. However, the application 
of simple empirical models that incorporate physical as well as other clogging processes 
could be explored in future research with a view of integrating and linking lab and field 
results. 

1 0.3.5 Evaluation of Three Redevelopment Approaches 

During test 3, in the period between October 4 and November 3 2000, an experiment was 
undertaken during the ASR Trial with the aim of assessing which of the redevelopment 
methods (that were considered viable at the Bolivar site within existing constraints) was most 
effective in redeveloping the ASR well. Redevelopment efficiency was measured in terms of 
the average injection rate (gross and net) and the proportion of introduced particulate matter 
recovered from the well. Mass balances were performed using the techniques outlined in 
section 1 0.3.4. 

Three approaches were tested that involved two different redevelopment methods, one of 
which was carried out at two different frequencies: 

A. daily pumping at constant rate of 32Lis for 60 minutes ( 115KL!day); 
B. daily surging over 24 minutes: three minutes pumping at 32Lis then three minutes 

rest, repeated three times, finishing with six minutes of pumping (30KL/day); and 
C. daily surging (as for B) performed every other day (15KL/day). 

Each redevelopment type was undertaken in pairs, and at least three pairs of each were 
conducted in a random fashion to minimise systematic errors such as carry-over. Relatively 
stable hydraulic conditions experienced over this time (figure 1 0.8) assisted the analysis. 

The results for each of the redevelopment events, as conducted in chronological order, are 
shown in figure 1 0.18. The gross and net injection rates (i.e: those which did not and then 
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did account for the recovered volumes) varied from 8-12Lis. There was no obvious 
correlation between injection rates and average LPs over the injection period. The mass 
recoveries were more variable, ranging from 2 to 86%. Type A redevelopments had higher 
recoveries than types B or C. The only outlier is the first type B redevelopment conducted on 
the second occasion that was elevated since low volumes were injected due to low operating 
pressures caused by external influences. 
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Figure 10.15: Mass balances for water, particulates and organic carbon during injection test 1. 
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400 
event 1 

..J 
300 pumping > 

tn 
E 

200 

100 

0 

400 

..J 
300 

tn 
E 

200 

0 
0 10 20 30 40 50 60 70 

Time of pumping (minutes) 
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successive redevelopment events during injection test 1. 
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The figures for the second of each of the paired redevelopment events are shown in table 
10.9 (one type Cis omitted due to low LP). The gross injection rates for types A, B and C 
are similar at 9.8Lis, neglecting the final type A case where LP was low. However, when 
recovered volumes are taken into account B appears to out-perform C and A. The maximum 
difference between the means (eight percent) are comparable to the standard deviations, 
and further statistical scrutiny using an Analysis of Variance (ANOVA) confirms that 
differences in net injection rates were insignificant (p > 0.95). 

In terms of particle balances the distinctions are much greater. Type A redevelopments 
removed an average of 59% of injected particles, substantially greater than type B at 21% 
and type C at 8%. The differences are significant in this case. 

Turbidity (NTU) in recovered waters for one of each of the redevelopment events are 
presented in table 10.9 and figure 1 0.19. Type A events appeared to recover more 
sustained, but not necessarily higher NTU concentrations. The enhanced period of pumping 
associated with type A also recovered substantially more of the injected particles than types 
B or C, although at the detriment of volumetric efficiency, as losses varied from 13-26% for 
type A, 3-4% for type B, and 1-2% for type C. 

Near-well K's as a result of the type A redevelopment events were marginally higher than 
types B or C, testifying to the benefits of enhanced mass recovery which resulted from the 
extended period of pumping. 

On the basis of these results the redevelopment strategy for test 4 was revised to a type B, 
although a marginally higher volumetric recovery (39KL) was incurred due to a higher 
pumping rate. 

Type of Avg. Line Gross Initial Net lnj. Mass Water 
Redevelopment Event Pressure lnj.Rate Ko..o.o3 m Rate recovery recovery 

(m) (Lis) (m/day) (Lis) (%) (%) 

A 38.57 10.18 0.040 9.51 55 12.5 
A 36.69 11.06 0.032 9.73 86 25.6 
A 29.60 8.18 0.030 7.51 38 12.1 

Mean: 35.0 9.81 0.034 8.92 59.2 16.7 
Standard Deviation: 4.7 1.5 0.005 1.2 24.7 7.7 

---------------------------------------------------------------------------------------------------------------------8 37.48 9.17 0.024 9.00 22 4.3 
B 37.52 10.20 0.026 9.88 10 3.2 
B 37.16 10.14 0.029 9.95 30 3.0 

Mean: 37.4 9.83 0.026 9.61 20.9 3.5 
Standard Deviation: 0.2 0.6 0.003 0.5 10.0 0.7 

---------------------------------------------------------------------------------------------------------------------c 37.83 9.89 0.028 9.55 13 2.2 
c 37.93 10.35 0.023 10.00 8 1.4 
c 38.00 8.31 0.032 8.18 2 1.4 

Mean: 37.9 9.52 0.028 9.24 7.8 1.7 
Standard Deviation: 0.1 1.1 0.005 1.0 5.4 0.5 
values one hour into injection event 

Table 10.9: Summarised results of redevelopment experiments. 
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10.3.6 Changes in Chemistry and Microbiology During Redevelopment, In The 0-4m 
Zone, in Pore-Water of Bailed Sample From ASR Well, and in Recovered Water 

Mass balances for various constituents were used to gain a better understanding of near-well 
processes during a number of particular events. 

1 0.3.6.1 First Redevelopment Event on 13 October 1999 

Mass balances are based on a sample of the injectant and ten samples during pumping 
(figure 1 0.17), along with the recorded volumes of water injected and recovered from the 
ASR well according to the following expression: 

Mr V; 
I,.=-.-

M; Vr 
Eqn(12) 

where M; and M,. = the masses of solute, particle or microbe injected and 
recovered; and 

V,. and v; =the volumes of water recovered and previously injected. 

Thus, this "recovered-mass fraction" (/;.) is a ratio of the mean concentration in recovered 
water to the mean concentration in water injected since the previous redevelopment. 
Therefore, a value of one would indicate conservative behaviour, whilst the cause for any 
departure from one would be due to some reactive processes. 

Figure 10.21 (a) shows the results for the first redevelopment event on 13 October 1999 
which followed the first two days of injection test 1 where v,. /Vi = 0.03. Many of the 
constituents do not vary markedly from one. Significant deviations can only be seen for TSS, 
total iron (Fe), bacterial colony counts and E. coli. Retention of injected particles within the 
vicinity of the well accounts for the elevated fr values for TSS. In the case of Fe 
approximately half of the injected Fe was present in particulate form, and retention only 
would lead to an f. value of three, which was an order of magnitude less than was 
determined. It may be concluded that a source of iron other than the injectant itself lead to 
these high recovered concentrations. 

1 0.3.6.2 0-4m Zone 

The short time-lag in transmission through the aquifer to the 4m observation well (less than 
two days) made it possible to gauge the types of processes operating in the near-well 
environment. Thus, data collected on the same sampling occasion could be directly 
compared. The difference between the mean concentrations of the injectant and the 4m 
observation well were determined to provide a broad perspective on water quality changes 
that occurred. Approaches of a similar nature have been used in the Netherlands by van 
Beek and van Puffelen (1987), and at this site by Vanderzalm, et.al., (2001 and 2002). 

In this case the factor Ia is given as: 

fa= C4 

Ci 

where c; = average concentration of the injectant; and 
c4 =average concentration measured at 4m. 

Eqn(13) 

Compensation for concentration changes due to mixing with ambient groundwater were only 
required for the first sampling due to the rapid breakthrough at this well. 

A summary plot based on the use of equation (13) for the test 1 injection is given in figure 
10.21 (b). The plot shows interesting parallels with what was observed during 
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redevelopment. Again particulates and total Fe were enriched, with the latter confirming that 
the leaching of minerals from the aquifer was the source of high Fe levels measured in 
redevelopment and observation well water. Loss of nitrate was apparent through either 
microbial uptake or denitrification, as was phosphorus (P) through adsorption or the 
formation of phosphate-bearing minerals. A decrease in TOC was due partially to recovery 
and retention of the particulate fraction, and partially due to removal of DOC in the aquifer. 

10.3.6.3 Bailed Sample From ASR Well 

Analysis of the pore-water from the sediment scraped from the side of the ASR well two 
weeks after test 1 on 8 December 1999 provided a useful supplement to that of the 
redevelopment data shown earlier, since the period of injection prior to sample collection 
were longer and so microbial activity may be expected to have been better established. 

The data shown in figure 10.21 (c) is determined from the ratio of the concentration of the 
pore-water sample to that of the average injected concentration during test 1 (i.e: similar to 
equation (12)). In this case the variability of the constituents was far higher than that of the 
two previous cases. As expected the sample was highly turbid with elevated TSS ratios. A 
ratio for bicarbonate (HC03) of 12, significantly above that for calcium (Ca), suggests that 
both bacterial oxidation and dissolution of carbonate minerals took place. TOC was elevated 
by a factor of ten, although the particulate fraction was elevated by considerably more, 
confirming the high levels of accumulation of OM, particulate P, total kjeldahl nitrogen (TKN) 
and especially Fe around the well. E. coli. had accumulated or grown around the ASR well, 
and filtration was suspected given the observed depletion at the 4m well. 

Colony counts show that bacterial activity was high. Microbial biomass levels in this 
sediment were also high (5.7mg/g), indicating that microbial growth contributed strongly to 
the clogging that had occurred during the first injection test. Polysaccharide data also 
confirmed high levels of activity, and that an active biofilm had established during the first 
injection test. 

The column work by Rinck-Pfeiffer (2000) allows the level of K reduction to the quantity of 
biomass in the porous medium. According to this approach the values of biomass for the 
sediment scrape suggest reductions in K to about 30% of its initial value. Field measured K 
reductions were much higher at <1% of the initial value for the 0-0.03m interval and -95% for 
the 0-4m interval. This is not altogether surprising as the validity of a single scrape to 
characterise the entire profile must be poor, given the heterogeneity in biomass distribution 
(confirmed by a downhole television camera survey). 

The Fe data offers consistent evidence for the oxidation of iron-bearing minerals from the 
aquifer, which is supported by the high heterotrophic Fe bacteria numbers (>1 06cells/ml) in 
the sediment sample and the elevated values in redevelopment waters. These organisms 
mediate the oxidation of ferrous (Fe2+) to ferric (Fe3+). However, no filamentous iron deposits 
were seen at the pump intake on the occasion when the pump column was recovered 
following test 1, as is commonly seen in production wells clogged by iron bacteria. Pyritic 
framboids were observed by scanning electron microscopy (SEM) within the most reduced 
regions of the aquifer (see appendix 84 ). 
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Figure 10.20: Photograph of seven 1 OOmL sample containers collected 
during the first 30 minutes of recovery. 

Inset shows decline in turbidity of the recovered water over first six hours. 

10.3.6.4 First Recovery Event on 18 July 2001 

The final mass balance was for the first stage of the recovery on 18 July 2001 which followed 
the 3.7 month storage period after injection test 3. Although the recovery extended for over 
four months, equation (7) was applied for the first six hours of pumping where solute 
changes were most pronounced and sampling was most detailed (13 samples; figure 1 0.20). 
The results are given in figure 10.21(d). 

The first point of note is the slightly depressed value of j.. -0.8 for Cl , owing to the below
average values of chloride concentration in the latter part of the injection test 3 and therefore 
the earliest part of the recovery. Hence, this value defines conservative behaviour over this 
period. OC recycling during the storage period is suggested by the observed gain in TOC 
that could not be accounted for by increased TOC at the end of injection. Ratios marginally 
in excess of one for HC03 and Ca suggest some calcite dissolution , as found on all previous 
occasions. A significant decline in microbial activity occurred compared with the first 
redevelopment and the bailed sample. 

Vanderzalm, et.al., (2001 and 2002) showed that during the storage period the biomass 
which flourishes around the ASR well began to decompose and the associated geochemical 
changes were dramatic, with sulphate reduction and later methanogenesis occurring due to 
highly reduced conditions that were only observed adjacent to the ASR well. Being highly 
localised, water quality was rapidly improved soon after the start of the recovery phase. 
DOC turnover was apparent during this period with dramatic increases in many water quality 
parameters. For instance, TOC levels were over three times the injected concentration. 

1 0.3.6.5 Water Quality Changes During Injection in the 0-4m Interval 

Further to the results presented in section 1 0.3.6.2 which considered only the average 
relative gain or loss of a host of parameters as a result of 4m of aquifer passage during 
injection test 1, time-series data for selected parameters are now examined. 

NTU data for the injectant and in the groundwater at the 4m observation well during the two 
largest injection tests are shown in figure 1 0.22. Values at the 4m well were lower than the 
injectant on most occasions. Two exceptions possibly linked to the degree of calcite 
dissolution occurred near the start and end of test 3, and resulted from the mobilisation of 
aquifer particles. There was little or no correlation between the concentrations injected and 
those at 4m. Most variation observed in the NTU of the injected waters can not be translated 
to the NTU measured at the 4m well. 
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Figure 10.21: Average line pressures, injection rate (gross and net) and particulate recoveries 
during each redevelopment event (Oct to Nov 2000). 

Earlier results also showed that the proportion of particles recovered is not significantly 
affected by the mass flux introduced, which implies that the aquifer has a significant and 
ongoing capacity to assimilate the introduced particles, and only a finite capacity to transmit 
particles. During test 4, as was previously shown that around ten percent of the particles are 
recovered during redevelopment events, whilst figure 10.22 shows that -30% turbidity to the 
4m well, with the remaining 60% entrained within the aquifer in the near-well zone. Clearly 
this particulate organic matter (POM) has a critical role in supporting microbial processes as 
was previously shown. Geochemical modelling by Greskowiak, et.al., (in press) has 
highlighted that the POM that accumulates around the well is dissolved and supports 
microbial activity, including biomass production. 

Figure 10.23 shows that for much of the period the groundwater reaching the 4m well was 
enriched with respect to Ca (and for HC03 as well) due to calcite dissolution, although for a 
period in the midst of test 3 rates of dissolution were modest. 

Excess Ca and HC03 indicated that calcite dissolution was occurring, partially fuelled by the 
acidity created by oxidation of OM. This was associated with a slight increase in silica, 
possibly due the mobilisation of sand exacerbated by the dissolution of calcite. Deficits in the 
carbon-14 values at the 4m well also indicate the effect of calcite dissolution (La Gal Le 
Salle, et.al., 2001 ). 
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Figure 10.22: Turbidity of injectant and groundwater at 4m observation well during tests 3 and 4. 

In chapter 12 of this report Vanderzalm, et.al., stochiometrically determined the average 
quantity of calcite dissolved in cycle 1 was 0.3mmoi/L and in cycle 2 was 0.35mmoi/L, and 
therefore the quantity of calcite minerals dissolved from the aquifer in the two cycles 
combined was estimated to be 11.4 tonnes. If it is assumed that the aquifer bulk density is 
1.5g/cm3 and thickness is 50m, then 0.3% of the aquifer mass was dissolved within 4m of the 
ASR well after two ASR cycles. Given that the average calcite content of the aquifer material 
is 74% then approximately 0.2% of the calcite in the 0-4m interval was dissolved. This 
exceeds the quantity dissolved by acidisation by a factor of around four (appendix B1) 

Rinck-Pfeiffer (2000) explained the restoration in K in the latter stages of her column studies 
to be due to calcite dissolution. Evidence for this was conclusive and included an "excess" of 
Ca and HC03 in the effluent from the column, visual observation of weathering in SEM 
images, and mass balances of the sectioned columns. Previous experience at the Andrews 
Farm site has shown that calcite dissolution counteracted predominantly physical clogging, 
due to the injection of urban stormwater (Rattray 1998, Herczeg, et.al., in press). 

Figure 10.22 shows the change in DOC and Ca concentration between the injectant and the 
4m well (c; - c4) during tests 3 and 4. A positive value denotes concentration loss, whilst a 
negative value denotes a gain. DOC reaching the 4m well was typically depleted by -2mg/L 
during test 3 and by -3mg/L during test 4. Vanderzalm, et.al., (2002) attributes this removal 
to the oxidation of OC under either aerobic or anaerobic conditions, induced by microbial 
metabolism (commensurate losses in oxygen and nitrate occurred). Both are microbially
mediated redox processes which generate biomass. The stable utilisation of DOC during 
these periods suggest a stable microbial population. 

NOM characterisation work by Skjemstad, et.al., (2002) using 13C nuclear magnetic 
resonance (NMR) and XAD TM techniques indicates the injectant was of relatively low 
molecular weight (LMW) and aromaticity, but high in alkyi-C and carboxylic acid. Although 
generally low, the higher molecular weight material was preferentially removed by aquifer 
passage to the 4m as well as the 50m wells. Preliminary batch experiments by Skjemstad, 
et.al., suggested the possibility of a complex cycling of sorption and sorption of DOC 
fractions between the liquid phase and the aquifer matrix. The OC pool within the aquifer 
was known to be considerable with respect to that introduced through ASR, however the 
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lability of this OM remains unknown. The first results based on the use of carbon isotopes to 
infer the source of carbon for microbial reactions is at this stage inconclusive (La Gal Le 
Salle, et.al., 2001 ). 

Test 3 

5 
ilDOC (o-4m) 

:::! 3 
Ol 
E 

10 

0 

..1 

} -10 

-20 

-30 +--~-~----~------"-
Aug-00 Sep-00 Oct-00 Nov-00 Dec-00 Jan-0 I Feb-0 I Mar-0 I 

Test4 

5 
ilDOC (0-4m) 

3 

-1+---~---~--~--

10 

0 ilCa (0-4m) 

-10 

-20 

-30 +---~---~---~

Mar-02 Apr-02 May-02 Jun-02 Jul-02 

Figure 10.23: Change in dissolved organic carbon (DOC) and calcium concentration between 
injectant and 4m observation well during tests 3 and 4. 

Negative values indicate losses; positive values indicate gains. 

10.3.7 Laboratory and Field Biogrowth Experiments 

Microbial growth, defined as the collective increase in the number of cells (and not the 
increase in size of an individual cell) and the associated extracellular polymeric materials that 
they secrete, occurred where sufficient organic and inorganic substrates were present. In 
their own right, bacteria occupy little space at concentrations found in source waters and it is 
only when they are given the opportunity to grow that they can cause significant practical 
problems. Bacteria reproduce by fission and their rate of replication with time is exponential, 
where the availability of substrate is not limiting. Reproduction times are typically in the order 
of hours to days, and therefore biomass production time-frames are typically days to weeks. 
In the absence of inhibitors such as disinfectants, the extent to which growth can occur 
depends on the amount of OM or other key nutrients that are available as substrates for 
metabolism. Redevelopment will recover biomass, but it will quickly re-establish. If nutrient 
availability (i.e: energy) is limited, clogging will stabilise and a new equilibrium is reached, 
with energy utilisation and net growth is reduced to zero. By ceasing ASR the supply of new 
substrate is cut off, resulting in the decomposition of OM. Highly anaerobic conditions can 
occur if this period is of the order of several weeks or more. In terms of microbial 
populations, this may be associated with a decline in biomass and activity. During this period 
porosity and K would be expected to increase. Laboratory studies have shown that only a 
small reduction in the total void-space of the porous media is needed to significantly reduce 
K. For instance, Vandevivere and Baveye (1992) showed that a three percent reduction due 
to biofilm resulted in a decline in K of over two orders of magnitude. 

1 0.3. 7.1 Laboratory Batch Experiments 

Batch experiments were undertaken to measure the rate of biomass growth in a closed 
environment where the available nutrient supply is fixed, as distinct from the field experiment 
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(described next) where continual flushing of water and nutrients occurred between the fluid 
within the chambers and the surrounding groundwater. Two batch experiments were 
performed in parallel with the column experiments; one using reclaimed water from the 
Bolivar WWTP, the other from the Christies Beach WWTP. The data was first reported by 
Dillon et.al., (2001 b) and Marsden (2001) respectively. A significant point to note is that the 
nutrient status was significantly higher for the Christies Beach water (see table 10.1 0). In the 
case of the Bolivar experiment, an attempt was made to maintain anaerobic conditions by 
expunging oxygen using N2 gas, which was only partially successful (DO levels -1 mg/L). 

Figure 10.24: Flask Setup. 

Sediment-water slurries were made by adding two grams of air-dried aquifer material to 500 
or 1 OOOmL Schott bottles which were then filled with either the reclaimed water used in the 
column study (this is the so-called 100% reclaimed water), a mix of reclaimed water and 
ambient groundwater from the 300m well in equal proportions (50% reclaimed water), or 
100% ambient groundwater (figure 10.24 ). Bottle lids were screwed on tight and secured 
with electric tape, then bottles were wrapped in silver foil and stored in the dark at a constant 
temperature of 20°C. Duplicate samples were sacrificed at each sampling event which 
commenced initially at weekly intervals but later expanded to fortnightly. Microbial growth 
was quantified using polysaccharide as an index. 

For both experiments there was negligible synthesis of polysaccharide in the low-nutrient 
ambient groundwater (figure 1 0.25). Note that the aquifer materials used in the experiment 
had polysaccharide levels ranging from 0.5-0.Smg/g. Measurable growth occurred in both 
the 50/50 mixture and in the 100% reclaimed water in all cases. Growth curves for the 
mixture were indistinguishable from the 100% reclaimed water for the higher-nutrient 
Christies Beach water. However, for the Bolivar water the 50/50 mixture produced 
polysaccharide concentrations that were intermediate to the 0% cent and 100% reclaimed 
water. Thus, polysaccharide production appeared to have been limited by nutrient 
availability in the case of the Bolivar water, but not limited for the Christies Beach water 
mixture. The response at the end of the experiment was for polysaccharide production to 
have stabilised, with the Bolivar reclaimed water the only exception, due possibly to the 
shorter duration of this experiment. Peak polysaccharide levels were similar for the two 
experiments (-3mg/kg), which was unexpected given the enormity of the contrast in the 
quality of the two waters. Therefore, the data implies that the aquifer may have a fixed 
capacity to sustain microbial activity. This claim is supported by studies in the literature 
which show that the surface area available for colonisation by microorganisms is fixed 
(Baveye, et.al., 1998). 
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In no case over the monitored 9 week and 12 week duration did the bacterial growth cycle 
extend beyond the stationary phase to enter a decay phase, with the associated decline in 
polysaccharide levels. This had important implications for the field Trial, showing that 
bacterial clogging could persist in the aquifer for at least four months following the end of 
injection if the aerobic status of the aquifer remained unchanged. 
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Figure 10.25: Polysaccharide production with (a) Bolivar reclaimed water, and 
Christies Beach reclaimed water using (b) Bolivar aquifer material and (c) Aldinga sand. 

10.3.7.2 Field Sand Chamber Experiments 

In-situ sand chambers were suspended in wells to quantify the rate of microbial growth on 
porous media as a result of exposure to the nutrient-rich injectant. Since it was not feasible 
to suspend and periodically recover chambers in the ASR well, the 4m observation well was 
used as a surrogate. Two other wells were selected, one at 50m in the permeable third 
layer, and another at 300m. Two sets of experiments were performed. The first chambers 
were installed four weeks prior to commencing injection test 1 and conducted over a nine
week period, whilst the second experiment was initiated five weeks after the start of injection 
test 3 and monitored over a duration of 29 weeks which proceeded over the remainder of test 
3. The 300m well served as a control on both occasions, whilst the 50m well served as a 
control only for the first since breakthrough had occurred in the intervening period. 

The chamber assembly was made from teflon, and housed nine replicate cylindrical 25mm 
diameter voids that were filled with acid-washed sand from Aquifer T2 and supported from 
both sides with nylon mesh containing sand, allowing through-flow of groundwater. The sand 
chambers were autoclaved and then lowered to a depth of approximately 120m, and on each 
sampling occasion the chamber assembly was recovered, the nylon of one chamber pierced 
and the contents destructively sampled for analyses of polysaccharide and biomass, before 
being lowered back down the well. Bacterial polysaccharide production was measured using 
the "phenol-sulphuric acid method" on a UV visible spectrophotometer, whilst biomass was 
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measured on the MIDI Hewlett-Packard Microbial Identification System, which is based on 
the extraction of fatty acids. A description of these methods is given by Rinck-Pfeiffer (2000). 
Analyses of total N, P and C were performed in the second experiment. 
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Figure 10.25: Sand chamber experiment polysaccharide production in 4m, 50m and 300m wells. 
Injection occurred over the entire duration of experiments 1 and 2. 

Appendix B3 presents a table of all the collected data from these experiments, and figure 
10.26 shows the results of polysaccharide production only. Due to the acid-washing these 
samples contained no polysaccharides at the start of the experiment, unlike the laboratory 
samples where no amendments were made to the aquifer materials. The levels of microbial 
activity during both experiments were generally low. There were neither slimes apparent on 
the sediment, nor were noxious smells apparent. During the first chamber experiment (test 
1) microbial biomass increased to 0.1 mg/kg (as dry-weight) in the samplings on days 14 and 
20 which occurred prior to the formal start of injection on day 26. Biomass increased during 
injection and appeared to reach a plateau at 0.4mg/g by day 48. Polysaccharide levels 
initially lagged behind biomass, but gradually increased to a maximum of 0.25mg/kg at the 
end of the experiment on day 62 (36 days after the start of injection). There was no 
detectable polysaccharide or biomass in the control wells on any of the occasions. 

The second experiment was conducted primarily to provide more definitive information on 
growth rates over extended time-frames. At the 4m well a strong growth phase was 
observed which peaked at 1. 7mg/g between days 24 and 42. This was followed by an 
equally rapid decay phase. Polysaccharide levels were reduced to background (as defined 
by 300m response) after around 60 days. At the 50m well polysaccharide levels did not 
increase, and in fact slight declines were observed over the monitored period. Background 
levels of activity in the second experiment appeared higher, but were most likely due to 
differences in analytical procedures owing to a change in personnel. Biomass values were 
consistently near the limits of resolution for the technique and consequently are not reported. 
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Results from nutrient analyses were inconclusive. TOC levels varied between 0.01 and 
0.08%, but all wells showed similar ranges and there was no significant trend overall. N and 
P were both below detectable limits at the three sites on all occasions. 

10.3.7.3 Comparison Between Laboratory and Field Experiments 

Table 10.10 summarises the results of lab and field studies in terms of the peak 
polysaccharide concentrations measured and the associated nutrient status of the water. 
Polysaccharide growth curves differed markedly between the lab and field data. The most 
pertinent questions, which currently remain unanswered, are: 
• Why were values in the 4m well much lower than batch, and the response during the 

second experiment so strikingly different to the lab data, particularly in terms of the rapid 
decay observed after day 42?; and 

• Why didn't more growth occur at 50m well as a result of the increased nutrient availability 
caused by breakthrough of injected water as would have been expected from the batch 
experiment results? 

Redox potentials (Eh) at the 4m well during the second experiment varied from +20 to 
+260mV, but patterns of growth or decay did not show a clear linkage to changes in redox 
conditions. Evidence documented earlier in this chapter suggests that DOC utilisation 
patterns in the 0-4m zone were relatively constant throughout the period of the second field 
experiment. Vanderzalm, et.al., (2002) demonstrates that for the period of the first 
experiment this was also the case. Therefore, it would appear that the polysaccharide 
response observed in the 4m well had little bearing on what occurred within the microbially
active zone immediately adjacent to the ASR well. The strong redox gradient that 
Vanderzalm, et.al., (2002) had shown to develop between the highly reduced ASR and 
moderately reduced 4m well during the storage period adds stronger weight to this claim. 

The role of indigenous bacteria in microbial clogging is becoming better known (Ross, et.al., 
2001) and this may hold the key to explaining the differences between lab and field results. 
The role of indigenous microbes on biogrowth in lab and field settings may be the subject of 
further research. 

Experiment Site I polysaccharide TOC Totai-N Totai-P C:N:P condition 
{mg/kg w/w} 

(mg/L) (mg/L) (mg/L) 

4m 0.25 14.0 19.2 0.33 42: 58: 1 
Field - experiment 1 300m 0.0 0.15 0.003 0.02 8:0.2: 1 

4m 1.7 15.3 15.4 0.41 37: 38: 1 
Field - experiment 2 50m 0.5 8.0 10.4 0.04 200: 260: 1 

300m 0.2 0.15 0.003 0.02 8:0.2: 1 

Lab - Bolivar aquifer and 0% 1.3 0.15 0.003 0.02 8:0.2: 1 
Bolivar reclaimed water 50% 1.9 7.8 14.2 0.38 21 : 37: 1 

100% 3.1 15.4 28.3 0.74 21 : 38 : 1 

Lab- Aldinga sand and 0% 1.3 0.15 0.003 0.02 8:0.2: 1 
Christies Beach 50% 2.2 77.1 19.4 9.4 8:2:1 
reclaimed water 100% 3.1 154 38.7 18.7 8:2:1 

ww = wastewater 

Table 10.10: Summary of results of lab and field biogrowth experiments in relation to water quality. 
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10.3.7.4 Assimilable Organic Carbon (AOC) Measurements 

Assimilable organic carbon (AOC) reflects the OC that may be converted into biomass, and 
is reported as the "bacterial regrowth potential" by the Australian Water Quality Centre 
(AWQC). Measures of AOC were determined in the injectant and in the groundwater on 
three occasions during injection test 3 (figure 1 0.2). The most significant feature of the data 
is the decline in AOC of the injectant from around 1900 to 500f.lg/L over the course of the test 
(as highlighted in the proceeding section). It appears that AOC removal at 0-4m remained 
stable at -300f.lg/L which supports a consistent DOC removal, as was previously shown. 

AOC was only measured at the 50m well on the last occasion (following complete 
breakthrough) on day 176 of the chamber experiment. Although the concentration was 
higher than the water at 4m as measured on the same day, the 1.4 day residence time to the 
4m well compared with 115 days to the 50m well (chapter 8), combined with earlier 
measurements in the injectant, would imply that the water that had arrived at 50m was 
initially higher in AOC and that a decline had occurred during aquifer passage. 

Hijnen and van der Kooij (1992) demonstrated that levels of AOC greater than 1 0-20f.lg/L 
were sufficient to cause microbial clogging in sandy aquifers in The Netherlands. Values 
measured in the Bolivar experiment exceeded this guide by 20-100 times. AOC removal in 
sand filters has also been associated with elevated bacterial activity (Palinski, et.al., 2000). 
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Figure 10.27: Assimilable organic carbon (AOC) of injectant and groundwater on three occasions. 
Days elapsed in second sand camber experiment are shown. 

1 0.3.8 Water Quality - Clogging Relationships 

Marked improvement in the hydraulic performance of the ASR well during the last three 
months of test 3 (figure 1 0.5) appeared to be linked with differences in the physical and 
chemical characteristics of the injectant during that time. This was the strongest possible 
field evidence of a link between variations in the quality of the injectant and the degree of 
well clogging at this site. If the specific water quality constituents or other relevant factors 
that affect performance could be identified, then better-defined management can occur at 
other ASR sites in similar environments. The ultimate goal would be to define the 
appropriate quality of water for sustainable ASR. 

Possible causes for the variations seen in injection performance throughout the experiment, 
and particularly over this period during test 3, include changes in: 
• temperature of the injectant modifying the fluid viscosity and hence K; 
• pressures in the delivery line; 
• levels of microbial activity through variation in the Cl dose rate of the injectant; 
• pH of the injectant affecting the rate of calcite dissolution and hence aquifer porosity and 

permeability; and 
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• particulate concentrations (TKN, MFI, etc.,) and/or nutrient status (particularly C, N and 
P) affecting levels of physical and microbial clogging. 

Whilst LP variations are not a water quality issue, their influence needs to be evaluated since 
it can have a confounding effect. 

1 0.3.8.1 Plots of Hydrologic and Water Quality Response 

The hydrologic data and key water quality parameters relating to the aforementioned factors 
during tests 3 and 4 are plotted in figures 10.28 and 10.29 respectively, to provide a visual 
basis for evaluating the relationships between clogging and water quality. 

Each of the factors identified as potential contributors to clogging are discussed below. 

Temperature 

During test 3 there was a seasonal increase in the temperature of the injectant during the 
latter part of the year 2000, although during the critical period where flow-rates increased, 
temperatures hovered in the high 20°C's with no net change. 

During test 4 there was a gradual decline in temperature of over 1 0°C as the test started in 
autumn and ended in early winter 2002. Calculations of near-well intrinsic permeability (k) 
showed that for the period after the first two weeks whilst the clogging layer was establishing 
there was no net change in k, and thus the majority of the decline in hydraulic conductivity 
(K) over this period can be accounted for by temperature effects. During this period the 
changes in near-well K were sufficiently subdued for broad trends in temperature to be 
directly evidenced in the flow-rate data (figure 1 0.29). A 1 0°C drop in temperature occurred 
in the last month of test 3 that had no obvious effect on flow-rate. It now appears likely that 
the decline in K that would have occurred due to temperature, was compensated for by an 
increase in K due to reduced clogging. 

Line Pressure (LP) 

As was discussed earlier at the individual injection event scale, LPs can be expected to 
influence flow-rates, but not Ks which should be independent of LP. The increased flow-rate 
during test 3 cannot be attributed to LP's since these were either stable or lower than in the 
previous months. An increase in K also occurred during this period, further indicating that LP 
was not a determining factor. During test 4 the gradual decline in flow-rate occurred as a 
result of the temperature effect previously described, although it must be noted that the 
falling trend in LP's may have had a secondary effect. 

Particulates 

The mean MFI value for January to March 2001 was lower than the mean of the preceding 
period of test 3 (64 cf 150s/L 2), suggesting that reduced particulate filtration could have been 
a contributor to the reduction in clogging during this period. A gradual fall in TKN over the 
first month of test 4 failed to translate to an obvious reduction in clogging, whilst a TKN spike 
in mid-May 2002 had no effect on clogging. Thus, the role of particulate matter appeared to 
have been relatively subtle and difficult to deconvolve from other processes. 

Nutrients 

There was significant change in nutrient status during the period coinciding with the higher 
injection rates in test 3. The total N concentration declined from 15-30 to <1 Omg/L and total 
P from >1 mg/L to <0.3mg/L. AOC levels, although sparse, (see figure 1 0.27) indicate that 
levels of bio-available nutrients declined over time, apparently correlated with a reduction in 
the levels of total N. 
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These changes are known to occur during the warmer summer months which tend to support 
the activity of temperature-dependent nitrifying bacteria, as well as enhance algal production 
within the polishing lagoons detention area, which in turn is recovered by the filtration-step at 
the DAF/F plant (chapter 6). It should be noted that whilst the activated sludge (AS) 
treatment facility went on-line at the Bolivar WWTP in late February 2001, due to the large 
residence time in the lagoons it is unlikely that water with this enhanced level of treatment 
would have reached the ASR well prior to the end of injection test 3, and indeed chapter 6 
illustrates that nitrate, TKN and ammonia concentrations remained high until several months 
after injection ceased in 2001. During test 4 however, nutrient concentrations were lowered 
as expected as a result of the improved treatment. 

At no time during test 3 prior to January 2001 were N values as low, however for a brief 
period during September 2000, total P fell below 0.5mg/L, despite no improvement in 
hydraulic performance having been observed. If total P is effectively a limiting nutrient for 
microbial growth then it can be presumed that the test the duration was too short. 

During test 4 N values in the order of those measured in the latter stages of test 3 were 
measured (-8mg/L), however P values were consistently higher (typically >1 mg/L). 

TOC levels fluctuated around 18-20mg/L during both tests but had no obvious effect on flow
rate changes observed. 

The laboratory batch experiments discussed earlier suggested that there may be no 
significant increase in the level of microbial growth with elevated nutrient concentrations, 
when these concentrations exceed some critical threshold. The experiment results showed 
that subtle variations in C, N or P would not necessarily be reflected in a change in clogging. 
Studies have consistently found that the level of OC is important to the production of 
polysaccharides, and particularly that an increase in the C:N ratio results in increased 
extracellular production (Baveye, et.al., 1998). 

pH and Calcite Saturation Index (SicAL) 

SlcAL denotes the saturation index with respect to calcite of a water, such that a positive 
numerical value indicates super-saturation or the potential for calcite precipitation, whilst a 
negative value represents under-saturation or the potential to dissolve calcite. SlcAL is 
derived from pH, Ca and HC03 data, but most closely correlates with pH values. 

Data from this experiment indicates there was a dramatic decline in SlcAL to the lowest levels 
measured throughout the experiment (around -1.0mmoi/L), and this coincided with the 
elevated flow-rates seen during test 3, and also corresponds to a -0.5 unit drop in pH. Prior 
to this period SlcAL values hovered around O.Ommoi/L. 

During test 4 SlcAL values were negative, although not as negative as late in test 3. 
Consequently, only approximately half as much calcium was dissolved in the 0-4m interval of 
the aquifer. 

A considerable amount of data has been presented in this chapter to demonstrate that calcite 
dissolution consistently occurred during the injections. Further supporting these results, 
Vanderzalm, et.al., (2002) identified calcite dissolution as one of the main geochemical 
reactions occurring at the Bolivar ASR site. This data shows that not only the highest 
potential, but also the highest actual rates of calcite dissolution coincided with the time when 
K increases occurred. The propensity for dissolution of the calcite matrix suggested by SlcAL 
was at its highest during this period. In the columns studies conducted by Rinck-Pfeiffer, 
et.al., (2002) calcite dissolution produced an increase in K (even with relatively uniform water 
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Figure 10.28: Hydrologic and key water quality data for injection test 3. 
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Figure 10.29: Hydrologic and key water quality data for injection test 4. 
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quality). The K patterns seen in test 3 closely resembled those observed at the inlet end of 
those column experiments. 

Chlorination 

Whilst the chlorinator was operational during most of test 3 (but not tests 1 or 2), the target Cl 
residual of 5mg/L was never achieved and the average residual recorded downstream of the 
chlorinator was 0. 7mg/L. Over this test there were minor breakdowns, with the most 
significant being for a two month period between January and March 2001, coinciding with 
the period when flow-rates actually increased. The Cl residual for test 4 was significantly 
higher at 2.6mg/L, although there appeared to be little or no obvious improvement in flow
rates or on clogging rates. 

Chlorinating the source water had less of an impact in these experiments than anticipated. 
Beneficial impacts of Cl on well clogging have previously been reported by Ehrlich, et.al., 
(1979) and Fox, et.al., (2000) among others. For instance, in a comparison of the effects of 
injection of unchlorinated and chlorinated wastewater, Ehrlich, et.al., (1979) showed that a 
residual of 2.5mg/L was sufficient to suppress microbial growth around the well. In this study 
however, differences in dosages of a similar order occurred between tests without such 
benefits. However, Oberdorfer and Peterson ( 1985) demonstrated that bacteria can persist 
when the injectant is chlorinated (0.5-3mg/L residual), probably flourishing in protected 
microenvironments where they would be less exposed to contact with the chlorine. 

1 0.3.8.2 Regression Analysis Between Near-Well Hydraulic Conductivity (K) and Key 
Parameters 

A linear regression analysis was performed to examine the relationship between near-well K 
and the water quality parameters discussed above. On the basis of the evaluation presented 
thus far parameters such as temperature and LP could have been eliminated from this 
analysis as potential causative factors for clogging, however these were included in order to 
be systematic. 

Correlation Coefficient 
(R2) 

Parameter Tests 
1 and 3 
(n=18) 

Test 4 
(n=14) 

Kave 

Turbidity 0.17 0.04 
Acidity 0.01 0.00 
Total N 0.01 0.00 
Total P 0.001 0.002 

SlcAL 0.04 0.00 
LPave 0.65 0.23 

T em perat~E?_ ________ Q:11: ___________ 9..:.4L __ 
i!K 

Turbidity 0.11 0.14 
Acidity 0.00 0.40 
Total N 0.02 0.01 
Total P 0.03 0.61 

SlcAL 0.02 0.82 
LPave 0.62 0.00 

Temperature 0.16 0.15 
Kave = average hydraulic conductivity; 
11K = change in hydraulic conductivity; 
SlcAL = calcite saturation index; 
LPave= average line pressure 

Table 10.11: Results of regression analysis between hydraulic conductivity (K) and key parameters. 
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The K data was assembled for each of the events when detailed water quality sampling was 
performed. Coincident data occurred on 18 occasions during tests 1 and 3 (combined) and 
on 14 occasions during test 4. 

K values taken at 1 hour and 18 hours after the commencement of each event (the longest 
duration common to the 32 occasions) were used to determine the average (Kave) and 
change (ilK) in hydraulic conductivity over this period. Grab samples collected at any point 
during this time were assumed to be representative of the entire period. Associations with 
ilK were interpreted as relating to short-term (intra-event) clogging, whilst associations with 
Kave related to longer-term (inter-event) clogging. 

The results presented in table 10.11 show the correlation coefficients (R2's) in each case are 
extremely low, and with a few exceptions, far below significant levels. 

The two highest associations were for temperature and LP. Whilst the correlation between K 
and LP could be incorrectly interpreted to imply an error in the calculation procedure for K, a 
more plausible explanation can be deduced by examining the temporal trends. Line 
pressure averages (LPave's) increased dramatically from 20m in test 1 to 37m in test 3, as 
improvements were made to the supply pressure on the distribution scheme across the NAP. 
Over the same periods Ko4 m declined from average values of 1.8m/day in test 1 to 0.6m/day 
in test 3 due to progressive clogging. A correlation can therefore be observed, further 
supported by the lower correlation seen in test 4 when no change in LPave's was seen. 

SlcAL was found to be significant only with respect to ilK and even there, the regression 
equation predicted a greater ilK for increasing SlcAL. which is the inverse of the expected 
response where calcite dissolution is dominant, but may perhaps be valid if the lack of 
dissolution at higher SlcAL fails to offset other forms of clogging. The inconsistency between 
ilK and SlcAL for both cycles does little to inspire confidence in this result. 

Overall, this analysis suggests that the mechanisms leading to changes in Kave and ilK at the 
Bolivar site are too complex to be described by simple linear inter-relationships between the 
key parameters that may be indicative of clogging. 

1 0.3.8.3 Water Quality Association with Different Levels of Clogging 

Three extended periods were selected each with a duration of approximately three months, 
which covered the range of hydraulic conditions encountered over the course of the Trial. So 
as to select portions of time where there were relatively stable hydraulic conditions the first 
few weeks of injection, when the rate of decline in K was most rapid, were disregarded. 
Differential degrees of clogging were seen in each of the three periods, which were 
specifically chosen on the basis of K and flow-rate (Q) data. Clogging parameters along with 
average values of water quality for key parameters in each period are given in table 1 0.12. 
Temperature and LPave are included here due to their unusually high correlation with K in the 
single parameter regression analysis. 

These results would indicated that the increase in acidity (pH) of the injectant (i.e: reduced 
SlcAL) was possibly the strongest determining influence on the hydraulic performance of the 
ASR well. Particulate concentrations distinguished the highest clogging from other levels of 
clogging, while there was no clear distinction between the medium and low levels. Nutrient 
data appears to suggest that a reduction in both total P and total N concentrations are 
required to achieve a low level of clogging. Water temperature may only partially, at best, 
directly account for the levels of clogging seen. 
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Relative level of High Medium Low 
clogging_: 

Period 14 Sep- 1 Apr- 1 Jan-
18 Dec 27 Jun 29 Mar 
2000 2002 2001 

Flow-rate (Lis) 10 12 15 
Kro-4ml (m/day) 0.31 0.55 1.0 

Turbidity (NTU) 4.6 2.0 2.5 
MFI (s/L2

) 150 NA 64 
Total N (mg/L) 23.5 7.9 8.6 
Total P (mg/L) 0.9 2.7 0.1 
TOG (mg/L) 17.1 20.6 18.0 
Acidity (pH) 7.3 6.9 6.7 

SlcAL (mmoi/L) -0.21 -0.87 -0.95 
LPave (m) 37.0 36.0 37.5 

Temp (0 C) 21.0 16.2 23.5 

Table 10.12: Average water quality characteristics associated with three observed levels of clogging. 

10.4 SUMMARY AND CONCLUSIONS 

An understanding of the nature of clogging at the Bolivar experimental site has evolved 
through detailed data collection and analysis over two ASR cycles involving the injection of 
-360ML of reclaimed water. A summary of the main outcomes to arise from this analysis are 
outlined below. 

1 0.4.1 Major Clogging Processes 

The clogging occurring at the site was driven by an interaction between physical, chemical 
and microbial processes, which vary both in space and time. In particular filtration of 
particulates at the well-face lead to a decline in the near-well K and flow-rate over the short
term. A significant proportion (typically -90%) of injected particles were irrecoverable by 
pumping and migrated further into the aquifer, although most were retained within a 4m 
radius. Clogging over the longer-term occurred due to microbial biomass production. 
Physical and microbial mechanisms were linked in that filtration of POM enhanced the 
substrate available for biofilm development and was a key driver for geochemical reactions 
and/or redox conditions in the near-well zone. Calcite dissolution had an equally significant 
role in offsetting the effect of clogging. These broad findings agreed favourably with the 
results of previous related laboratory column studies. 

Other possible clogging mechanisms were carefully evaluated, then discounted. This 
demonstrated that whilst all ASR systems in porous media aquifers utilising particulate-laden 
nutrient-rich reclaimed water experience some degree of clogging, the carbonaceous nature 
of Aquifer T2 assisted in off-setting this clogging at the Bolivar site, as had been found to be 
the case in previous studies involving wetland-treated stormwater (Herczeg, et.al., in press). 

1 0.4.2 Rates of Clogging 

Rates of injection were sustained at 12Lis, or about 40% of the rate of groundwater 
extraction. Initial teething problems and infrequent redevelopment produced the most 
significant clogging at the beginning of the Trial, however acidisation of the ASR well 
combined with daily redevelopments were effective in maintaining net injection rates of 
-12Lis over the three year duration of the Trial. 
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Strongest declines in aquifer K occurred at the well-face and within the first few metres of the 
ASR well, although it is possible that subtle changes in K also occurred throughout the entire 
volume occupied by the injectant plume. Initially at the start-up of each injection test there 
was a gradual and persistent decline in K over the first few weeks as the microbially-induced 
clogging zone developed. On a shorter time-scale physical clogging caused an exponential 
decline in flow-rate and near-well K which was restored through redevelopment by surging 
and the recovery of clogging agents. The dissolution of calcite by buffering of carbonic acid 
produced by oxidation of OC close to the well, offset clogging and increased K. 

Temperature fluctuations were shown to have the ability to offset or enhance variations in K, 
but would be accounted for by the determination of intrinsic permeability (k). Fluctuations in 
pressure within the delivery line may have impacted on flow-rates but not on K's. 

1 0.4.3 Water Quality Criteria for Aquifer Storage and Recovery (ASR) 

A sustained improvement in injection rates of >50% was shown to be possible through an 
improvement in the quality of the injectant. The key water quality parameters which offered 
minimal clogging at this site were the indices of calcite dissolution (pH and Sl), nutrient 
concentrations (N and P totals) and particulate concentrations (NTU and MFI). 

1 0.4.4 Other Specific Conclusions 

In recovering injected particulate matter, testing of three possible redevelopment methods 
revealed that daily pumping for one hour was more effective than surging for 24 minutes, but 
resulted in larger volumetric losses. Delaying redevelopment beyond daily time-scales 
reduced particulate recoveries (in percentage terms but not the absolute amount) but 
appeared to have little impact on injection rates or K. In terms of overall efficiency surging of 
the well on a daily basis was the preferred redevelopment technique. There was latitude for 
increasing the frequency of redevelopment and hence mass recovery of particulates with 
only a minor reduction in the volumetric efficiency of injection. 

Step testing of the ASR well was a useful technique for quantifying changes in well efficiency 
over time, as a result of clogging and measures to rehabilitate the well, and proved 
supportive of the analytical determinations of K. 

Lab flask biogrowth experiments revealed that biogrowth could persist in the aquifer for 
months after the influx of nutrients into the aquifer ceased (i.e: during periods of storage). 
Nutrient concentration was not a strong determinant of biogrowth where concentrations were 
high, suggesting that the sites available on the aquifer matrix to sustain biofilm may have 
been finite. 

Sand chamber biogrowth experiments showed that microbial growth in the field was 
dynamic, providing evidence of degradation as well as production of biofilm. Mechanisms 
leading to biofilm degradation at the 4m well were unknown and inconsistent with 
conclusions drawn from the lab experiments. The strong geochemical gradient away from 
the ASR well suggested that inferences drawn from the 4m observation well were not 
representative of near-well clogging. 

The benefits of chlorinating injectant with a dose of up to 5mg/L appeared to be small, 
presumably due to the rapid removal of free Cl as a result of the high TOC and ammonia 
concentrations in the injectant. Flow-rates were not enhanced, nor the frequency of 
redevelopment reduced, as a result of an increase in dose-rate during the final injection test 
when microbial activity remained high in the near-well zone. 

The bypass filter system offered a poor measure of the integrated particulate load entering 
the aquifer. The failure of the filters ranging in size from 1 to 1 OO!J.m to capture a significant 
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proportion of the particles present in the injectant, was due to the tendency for the organic 
floes to break-up under shear stress. 
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11.1 INTRODUCTION 

Introducing oxygenated water into an anoxic environment through aquifer storage and 
recovery (ASR) impacts or perturbs the native redox environment and can alter the water 
quality and the aquifer permeability. Additionally, utilising a reclaimed water injectant with a 
significant organic matter (OM) and nutrient content can potentially induce a series of 
microbially-mediated redox processes, which may be comparable to the biogeochemical 
processes observed both in natural and contaminated systems. Aquifer OM often acts as 
the substrate for these bacterially-mediated redox reactions, with the aquifer labile OM 
content controlling the removal of electron acceptors (Stuyfzand 1998). In contrast, this 
research considers an injectant high in both OM and electron acceptors. The reactivity of the 
injected OM and the availability of suitable electron acceptors may play a large role in driving 
the reaction processes associated with the use of reclaimed water in ASR. 

The sequence of hydrochemical reactions along a hydraulic gradient depends on both the 
acidity (pH) and redox potential (Eh) of the groundwater, defining various redox zones in the 
aquifer. In order of preferential use, the dominant electron acceptors or oxidised species are: 
oxygen (02), nitrate (N03), manganese(IV) (Mn), iron(lll) (Fe), sulphate (804) and carbon 
dioxide (C02) (Appelo and Postma 1999). The development of distinct zones of redox 
processes is evident in both pristine (Edmunds and Walton 1983; Bishop and Lloyd 1990) 
and contaminated environments (Wood and Bassett 1975, Baedecker and Back 1979, 
Ehrlich, et.al., 1979, Herczeg, et.al., 1991, Bennett, et.al., 1993, Eastwood, et.al., 1998, 
Jensen, et.al., 1998). In pristine aquifers, microbial metabolism tends to be electron-donor 
limited and results in the sequential consumption of the available electron acceptors. Thus 
the redox zone progression is indicated by the presence of reduced manganese and iron 
species, followed by the presence of sulphide and then methane (Chapelle 2000). 
Contaminated environments (Bennett, et.al., 1993) are generally limited by the availability of 
electron acceptors and the reverse sequence of redox zone development is evident, with 
methanogenesis close to the source. Aside from their integral role in water quality issues, 
redox reactions, and the associated biofilm development, are extremely important when 
considering clogging issues (Wood and Bassett 1975, Baorui 1988, Xigen and Baorui 1994, 
Rinck-Pfeiffer 2000, Rinck-Pfeiffer, et.al., 2000a and 2000b). 

Perhaps owing to the high quality of water utilised in most ASR schemes, biogeochemical 
processes have not received a lot of attention in ASR research. However with the 
commitment, or in some cases over commitment, of existing water resources, alternative 
water sources are being sought that perhaps require more attention or understanding in the 
area of biogeochemical reactions. This study follows from work by Rinck-Pfeiffer (2000), and 
Rinck-Pfeiffer, et.al., (2000a) and (2000b) investigating the potential for aquifer clogging 
utilising laboratory columns and meshes with the current work in that area of Pavelic, et.al., 
(2003). Rattray (1999) and Herczeg, et.al., (in press) consider the extent of biogeochemical 
processes during a long-term urban storm water ASR scheme in a carbonate aquifer at 
Andrews Farm in South Australia. The hydrochemistry of artificial recharge through both 
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deep well injection and infiltration has been extensively studied by Stuyfzand and co-workers 
(Brun, et.al., 1998, de Ruiter and Stuyfzand 1998, Stuyfzand 1998, Stuyfzand, et.al., 2002) in 
the Netherlands. ASR differs from artificial recharge through deep well injection (Ragone 
1977, Stuyfzand 1998) in that recovery from the injection well may lead to reversal of some 
processes, such as sorption. Similarities may also be drawn between the hydrochemical 
processes in ASR with those in artificial recharge schemes relying on infiltration through the 
unsaturated zone (Cave and Tredoux 2002, Fox 2002, Fritz, et.al., 2002, Massmann, et.al., 
2002) 

This chapter aims to improve understanding of the progression of redox processes when an 
injectant rich in OM and nutrients is utilised in ASR. From this, the effect of the various 
phases of the ASR cycle on the recovered water quality can be gauged in determining the 
feasibility of such a scheme. The behaviour of available electron acceptors, 0 2 , N03, Mn, Fe 
and S04 is examined alongside that of organic carbon (OC). These and other environmental 
tracers, such as the nutrients ammonium (NH3) and phosphorus (P), indicative of 
biogeochemical processes are compared with the conservative behaviour of chloride (CI). 
The effect of redox conditions on trace constituents is also considered for aluminium (AI), 
nickel (Ni), zinc (Zn) and arsenic (As). Isotopic tracers, sulphur-34, carbon-13 and carbon-14 
are considered in detail by Le Gal La Salle, et.al., (2003) and presented briefly here, in 
combination with the environmental tracers, to assess the biogeochemical processes. 

11.2 METHODOLOGY 

11.2.1 Field Site 

The Bolivar ASR field Trial site is in the Northern Adelaide Plains (NAP), South Australia, an 
area known for its horticultural industry and currently utilising reclaimed water directly for 
irrigation through an extensive pipeline network (Martin, et.al., 2000, Sickerdick and Desmier 
2000). This Trial targets the lower of two main Tertiary limestone Aquifers T1 and T2 within 
the Port Willunga Formation, extending from approximately 100 to 160m bgs (below ground 
surface) and overlain by a 7m confining layer of Munno Para Clay. Lithology in Aquifer T2 
varies from fossiliferous and marly limestone through to silicious calcarenite (Martin, et.al., 
1998). The localised mineralogy of the target aquifer is dominated by, on average, 74% 
calcite (CaC03) and 18% quartz (Si02), with small amounts of ankerite (Ca(Fe,Mg)(C03)2) 
hematite (Fe20 3), microcline (KAISi30 8) and albite (NaAISbOs) present. Ca, Mg, Fe, AI, Mn, 
Zn and Ni contribute approximately 30%, 1.5%, 0.6%, 0.2%, 0.02%, 0.0035% and 0.0023% 
of the aquifer matrix respectively. 

The ASR well was completed over most of the aquifer depth and surrounded by a network of 
seventeen monitoring wells. Sixteen of these were completed in Aquifer T2 and one in the 
overlying Aquifer T1, monitoring the integrity of the confining layer. 'Fully-penetrating' 
observation wells were placed at 4m, 75m, 120m, 300m and 700m radially from the ASR 
well. Two clusters of four piezometers were located at 50m north and south of the ASR well, 
intersecting approximately 5m intervals from 104-1 09m, 119-124m, 134-139m and 151-156m 
bgs. The pump test derived average transmissivity, over the whole aquifer thickness was 
estimated at 180m2/day (Martin, et.al., 1998), while core-scale analysis indicated three 
orders of magnitude variation in vertical hydraulic conductivity (Wright, et.al., 2002). 

Two full-scale ASR cycles were undertaken, which spanned various seasons (table 11.1 ). In 
contrast, an operational scheme would predominantly aim for winter injection when there is a 
surplus of reclaimed water, and subsequent recovery in the drier summer period. In the 
initial stages of injection (October 1999 to December 2000) the reclaimed water injectant had 
undergone secondary treatment through trickling filters and waste stabilisation lagooning for 
16 to 30 days, followed by dissolved air flotation/filtration (OAF/F), and then chlorination. 
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Notably, an upgrade to the Bolivar Wastewater Treatment Plant (WWTP) process in January 
2001 changed from the trickling filter to an activated sludge (AS) process. 

Well-head chlorination was included with the injection interval beginning in August 2000, 
after around 35ML of injection. The chlorinator operation was sporadic in the first cycle with 
an average chlorine (CI) residual of 0.7 ± 0.4mg/L, compared with more consistent 
chlorination in cycle 2 at a rate of 5mg/L, maintaining a Cl residual of 2.6 ± 2.4mg/L. 

Water quality observations were made through the 4m observation well and the 50m 
piezometers intersecting the two permeable zones of the aquifer (Wright, et.al., 2002), depth 
layer 1 (104 to 109m bgs) and depth layer 3 (134 to139m bgs) during the injection, storage 
and recovery phases. The 50m piezometer data is available for layer 3 north (50m n-3) and 
layer 1 south (50m s-1) in both cycles and for layer 3 south (50m s-3) in cycle 1. 
Additionally, the water quality from the ASR well itself was monitored during storage and 
recovery. The storage phase data is available for cycle 1 only. 

Pavelic, et.al., (2003) discussed the rapid breakthrough of injection at 4m, with the aquifer 
pore-volume to this radius being approximately 1.5ML, equating to a travel-time of 1.4 days. 
Migration to the 50m radius is slower, with the aquifer pore-volume to this radius at around 
1 OOML (Vanderzalm, et.al., 2002). The aquifer pore-volume in layer 1 and 3 respectively is 
120 and 90ML, with respective travel-times of 115 and 87 days (Pavelic, et.al., 2003) 

ASR Reclaimed water Duration 
Approx. Ave. 

cycle treatment 
Activity Period (days) volume Flow-rate 

no. {ML} {Lis) 
1 Trickling filter, lagoons, Injection 11 Oct- 23 Nov 1999 42 28.7 7.9 

DAF/F, chlorination 
Activated sludge (AS) Injection 4 Apr- 21 Apr 2000 8 6.6 9.5 

replaced trickling filter in 
Injection 4 Aug 2000 - 29 Mar 2001 215 214.5 11.5 Jan 2001 

Storage 30 Mar- 17 Jul 2001 109 

Recovery 18 Jul - 28 Nov 2001 133 150.0 15.0 

-----------------------------------------------------------------------------------------------------------------------2 AS, lagoons, DAF/F, Injection 5 Mar - 27 Jun 2002 114 114.3 11.9 
chlorination 

Storage 28 Jun - 24 Jul 2002 26 

Recovery 25 Jul - 8 Oct 2002 70 90.9 15.0 

Table 11.1: Operational details of the two ASR cycles undertaken in the Bolivar ASR field Trial. 

11.2.2 Water Sampling and Analysis 

All water samples were taken after stabilisation of acidity (pH), temperature, dissolved 
oxygen (DO) electrical conductivity (EC) and redox potential (Eh), in accordance with 
appropriate well purging (approximately three well volumes). These physical parameters 
were measured in situ using a TPS-FL90 probe in a flow-through cell, directly from the pump 
discharge to prevent atmospheric exposure. Injectant quality samples were taken directly 
from the supply to the ASR well. 

Major ions, nutrients, metals and metalloids were analysed by the Australian Water Quality 
Centre (AWQC), Bolivar, South Australia meeting National Accreditation Testing Authority 
(NATA) accreditation and quality system certification to ISO 9001. All samples were 
maintained below 4°C and transported to the laboratory for analysis within 24 hours. 
Sampling, preservation and analysis methodology was based on the Standard Methods for 
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the Examination of Water and Wastewater (APHA 1998). A comparison of sampling and 
preservative techniques for nitrogen species collection is presented in appendix C. 

Dissolved metal and nutrient samples were filtered through a 0.45~-tm filter immediately after 
sampling, and metal samples were acidified with nitric acid to below pH 2. Organic carbon 
(OC) concentrations were measured by potassium per sulphate/ultra-violet oxidation with 
detection of carbon dioxide as methane by flame ionisation detection, using a Skalar-SK12 
organic carbon analyser with 0.2mg/L detection limit. Assimilable organic carbon (AOC) was 
measured as the biological regrowth potential with an equivalent acetate carbon source (van 
der Kooij, et.al., 1982). Alkalinity was determined by titration and reported as bicarbonate 
with a detection limit of 1 mg/L. Residual chlorine was determined by titration with N,N
diethyl-p-phenylene diamine (DPD) with a detection limit of 0.1 mg/L. Chloride, nitrogen and 
phosphorus were determined by colorimetric flow analysis using a Skalar segmented flow 
analyser. The detection limit for chloride was 1 mg/L. Total Kjeldahl nitrogen (TKN) samples 
were prepared with a Kjeldahl digestion. The detection limit for TKN and ammonia was 
0.005mg/L. Nitrate and nitrite were analysed using the cadmium reduction method, with an 
analytical detection limit of 0.01 mg/L. Total phosphorous samples were prepared by an acid 
mercury digestion for analysis by the ascorbic acid reduction method, also used for filterable 
reactive phosphorus and with a detection limit of 0.005mg/L. Inductively coupled plasma
emission spectrometry (ICP-ES), was used for sodium and sulphate, both with detection 
limits of 1 mg/L, and also for calcium, magnesium and potassium, with detection limits of 
0.1 mg/L. Acid digestion preparation and emission spectroscopy was used for iron, 
manganese, nickel and zinc with a detection limit of 0.005mg/L. Arsenic was analysed by 
continuous hydride generation using a Varian Spectr AA-20 Plus with a detection limit of 
1~-tg/L. Sulphide analysis was undertaken in the field by the author using a Hach DR/890 
Portable Colorimeter and a reagent set based on the methylene blue method with a detection 
limit of 0.01 mg/L. 

In situ gas sampling was undertaken according to methodology recommended by the service 
provider, the Petroleum Service Gas Analysis department of Amdel Laboratories, with both 
NATA accreditation and ISO 9001 certification, following ASTM 1945-91. Hydrogen sulphide 
was measured in the field by DragerT:-.! tube, in the range of 0.2 to 5ppm. The molar 
percentages of gas present were analysed by head-space gas chromatography using a 
Perkin-Elmer Autosystem XL, with a detection limit of 0.01 %. 

Sulphur-34 analysis was performed on S02 from combustion of 1.8 to 3.5mg barium sulphate 
samples precipitated from approximately one litre of sample (Carmody, et.al., 1998) with an 
elemental analyser coupled to an Optima mass spectrometer, and the uncertainty was 0.2%o. 
Preparation of barium sulphate was undertaken by the author at the Flinders University of 
South Australia, while mass spectrometry analysis was undertaken by Dr Paul Gammon at 
the University of Adelaide. Analyses have been standardised to international standards NBS 
127 (seawater barium sulphate -20.3%o) and IAEAS1 (silver sulphide -0.3%o). All analyses 
are expressed in comparison to the Troilite (FeS) phase of the Canon Diablo meteorite 
(COT) international sulphur isotope ratio definition, with an associated uncertainty of 0.3%o. 

Carbon isotopes, carbon-13 and radioactive carbon-14, were measured on carbon dioxide 
produced from barium carbonate precipitates dissolved in vacuum with 1:1 hydrochloric acid. 
Carbon dioxide preparation was undertaken by the author at CSIRO Land and Water, 
Adelaide, while isotopic analysis was performed by the Isotope Analysis Service at CSIRO 
Land and Water (Leaney, et.al., 1994). The barium carbonate precipitates were prepared 
predominantly in the field but on some occasions at CSIRO Land and Water (from 40L water 
samples at pH above ten). Carbon-13 of the C02 was analysed by a Europa Geo 20-20 
isotope mass ratio spectrometer with an associated uncertainty of 0.2%o. Analyses were in 
comparison to the Pee Dee Belemnite (PDB) standard. Carbon-14 was measured in a 
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Quantilis 1220 ultra low-level liquid scintillation spectrometer after bubbling the carbon 
dioxide through a Carbosorb/Permafluor scintillant mixture (Leaney, et.al., 1994 ). Analyses 
were reported as a percentage of modern carbon (pmC) and were standardised to Angaston 
Marble background (OpmC) and Adelaide Oyster Shell (1 07.4pmC), with an associated error 
of approximately 1.5pmC. 

11.3 RESULTS 

11.3.1 Native Groundwater 

The native groundwater is marginally brackish and anoxic, with dissolved oxygen (DO) less 
than 0.02mmoi/L, and oxidised nitrogen species, nitrate and nitrite, below the analytical 
detection of 0.0004mmoi/L (table 11.2). The total nitrogen, predominantly as ammonium, is 
approximately 0.005mmoi/L. Dissolved organic carbon (DOC) is on average 0.05mmoi/L 
and the ambient Eh remains positive but is generally less than 1 OOmV. Sulphate is present 
in appreciable concentrations in the native groundwater, varying between 1.9 and 3.3mmoi/L, 
with an average of 2.8mmoi/L. Thus, the native redox conditions are between denitrifying 
and sulphate reducing. The stability of sulphate may be due to the limitation of an available 
electron donor (Chapelle 2000) or the inability of sulphate-reducing species to colonise the 
aquifer matrix as found in England's Lincolnshire Limestone dual-porosity aquifer (Edmunds 
and Walton 1983, Bishop and Lloyd 1990). Sulphate reduction is reported at Eh below 
1 OOmV, but only in the fissures, which are large enough for sulphate-reducing bacteria to 
colonise. 

Ambient metal and metalloid concentrations are predominantly in the soluble phase, with 
some contribution from particulate iron, aluminium, arsenic and zinc. Soluble manganese is 
on average 0.0005mmoi/L, while soluble iron, on average 0.01 mmoi/L, is at least 50% of the 
total iron, on average 0.02mmoi/L. Total aluminium is on average 0.02mmoi/L, with the 
soluble average lower at 0.005mmoi/L. The highest particulate aluminium concentrations, up 
to 0.09mmoi/L, are observed in the southern 50m piezometers, possibly due to higher clay 
content in this vicinity. Soluble nickel is 0.00001 mmoi/L on average, while the average 
soluble zinc at 0.001 Ommoi/L is approximately 67% of the total zinc at 0.0015mmoi/L. 
Inorganic arsenic is on average 0.07flmoi/L, with approximately 70% in the soluble form. 

11.3.2 Injectant Quality 

In contrast to the native groundwater, the injectant was fresh, oxygenated and nutrient-rich 
(table 11.2). The reclaimed water injectant was variable in quality over the duration of the 
Bolivar ASR field Trial, indicated by the large standard deviation associated with various 
parameters. The extreme quality variation was exhibited within the first ASR cycle, which 
generally encompasses the quality of the second cycle injectant. The nature of this 
variability was due to numerous factors (Pavelic, et.al., 2003), the most significant being: the 
seasonal variability in microbial processes within the treatment regime and operational 
changes in water quality treatment, together imparting considerable variation in the nutrient 
concentrations. The redox potential of the injectant was variable, reflecting the variation in 
both DO and nitrate (figure 11.1 ). A higher Eh was experienced in the second cycle due to 
the consistently higher oxygen and nitrate concentrations of the injectant and the 
maintenance of a well-head chlorine residual. 

The injectant was also variable in pH, ranging between 6.4 and 7.8, with an overall average 
of 7.1. This is discussed in detail in Vanderzalm, et.al., (2003) but is included here for 
consideration of the likely metal speciation. 
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The injectant had appreciable organic carbon loading, which was on average 92% in the 
dissolved fraction (DOC) in cycle 1, and slightly higher at 95% in cycle 2. The average DOC 
injected in cycles 1 and 2 was 1.4 and 1.7mmoi/L respectively. While the particulate organic 
fraction (POC) of the injectant was only around 0.1 mmoi/L, this equated to the addition of 
approximately 300 and 140kg of POC in cycles 1 and 2 respectively. It was believed that this 
would be removed by physical processes such as sorption or filtration in close proximity to 
the injection well. The zone closest to the injection well was evidently exposed to the highest 
fluxes of organic carbon and can therefore be expected to support the highest level of 
microbial activity in the aquifer. 

Injecting a high organic matter loading suggested that the system could be limited by the 
availability of electron-acceptors, such as in a contaminated system (Chapelle 2000), but in 
reality the reactivity of the injected organic matter is likely to be low. As a measure of the 
reactivity of the injected organic matter, assimilable organic carbon (AOC) was measured on 
three occasions in the first injection cycle. AOC ranged between 0.04 and 0.16mmoi/L, with 
an average of 0.09mmoi/L, representing a small portion of the DOC (approximately 6%). 
AOC reported by van der Kooij et.al., (1982) in a suite of differing waters, ranging from 
0.03% of DOC in groundwater, to 27% of DOC in biologically treated wastewater. In 
comparison to samples from various stages of wastewater treatment plants in the 
Netherlands, an AOC contribution to DOC greater than 1% seems quite high (van der Kooij, 
et.al., 1982). Organic matter reactivity and its associated role is extremely important and the 
focus of further study by Skjemstad, et.al., (2002). The authors describe the injected DOC 
as low to intermediate molecular weight material (<2000 Dalton), with short-chained alkyl 
units contributing approximately 41%, o-alkyl (simple polysaccharides), approximately 25%, 
aromatics (possibly amino acids), and carbonyl acids each adding around 15%, and 
aldehydes and ketones constituting approximately 4%. 

Nitrogen, present in the injectant in varied concentrations and oxidation states, plays various 
roles in redox processes. Energy can be derived from the oxidation of either nitrogen in 
ammonium or from the reduction of nitrogen in nitrate, while both ammonium and nitrate can 
be utilised as a nutrient source for cell biomass growth (Madigan, et.al., 1997). The injected 
nitrogen content and speciation was varied throughout the ASR cycle (figure 11.1 ). Reduced 
nitrogen (-3), in ammonium, was a significant contribution to total nitrogen in most of the first 
cycle (0-150ML) but was less significant from January 2001, the latter stages of cycle 1 
(>150ML) and in cycle 2. This variation was evident in the average ammonium 
concentrations of 1 mmoi/L and 0.12mmoi/L in cycles 1 and 2 respectively. However, within 
cycle 1, the average ammonium for the first 150ML of injection was 1.5mmoi/L, and 
considerably lower at 0.26mmoi/L in the last 1 OOML. The total nitrogen content of the 
injectant was clearly lower in the second cycle. The greater overall nitrogen removal, 
through more effective nitrification and denitrification, could be attributed to the activated 
sludge treatment process. 

Similarly the oxidised species, N(lll) and N(V), in nitrite and nitrate, varied considerably with 
the same marked change around 150ML of injection in the first cycle (January 2001 ). In 
cycle 1, nitrate-N ranged from less than the analytical detection limit (0.0004mmoi/L) to 
0.34mmoi/L, with an overall average of 0.1 Ommoi/L. While nitrite-N exhibited the same 
range of data, the average was lower at 0.04mmoi/L. In cycle 2, nitrate-N ranged from 0.039 
to 0.39mmoi/L, resulting in a higher average concentration than cycle 1, at 0.17mmoi/L. The 
contribution from nitrite was minimal at an average of 0.002mmoi/L N due to more efficient 
nitrification. As nitrite was an intermediate species in the nitrification process, it could be 
assumed that nitrite would proceed to nitrate with the consumption of some influent oxygen. 
This produced an overall average concentration of oxidised nitrogen of 0.14mmoi/L in cycle 
1, consuming on average 0.02mmoi/L oxygen in the process. 
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Parameter Ambient Cycle 1 Cycle 2 
(mmoi/L) injectant t injectant t 
Temperature CC) 25.9 ± 1 20.4 ± 4.5 16.5 ± 3.6 
pH 7.3±0.1 7.1 ±0.4 7.0 ±0.3 
EC (mS/cm) 3.5 ± 0.4 2.3 ± 0.2 1.91 ± 0.07 
Eh (mV SHE) 50 ±60 250 ± 250 850 ± 90 
DO <0.02 0.13 ± 0.16 0.19± 0.04 
Cl- 26 ± 3 12 ± 1 12 ± 1 
so/· 2.8 ± 0.4 2.2 ± 0.12 1.9±0.1 
HC03- 4.5 ±0.9 4.4 ± 1.2 4.1 ± 0.3 
Ca2+ 3.8 ± 0.4 1.1 ± 0.2 1.1±0.1 
TOG 0.05 ± 0.05 1.5 ± 0.2 1.8±0.2 
DOC 0.05 ± 0.05 1.4±0.2 1.7±0.2 
POC 0.1 ± 0.1 0.08 ± 0.04 
AOC nd 0.09 ± 0.06 nd 
TN 0.006 ± 0.003 1.3 ± 0.7 0.45 ± 0.21 
N03- -N <0.0004 0.10±0.10 0.17 ± 0.13 
N02- -N <0.0004 0.04 ± 0.07 0.002 ± 0.004 
TKN-N 0.006 ± 0.003 1.2 ± 0.8 0.29±0.15 
NH/-N 0.005 ± 0.002 1 ± 1 0.12 ± 0.15 
TP 0.0009 ± 0.0006 0.02 ± 0.02 0.07 ± 0.04 
FRP <0.0002 0.007 ± 0.011 0.06 ± 0.03 
Fe-total 0.02 ± 0.01 0.05 ± 0.09 0.001 ± 0.001 
Fe-soluble 0.01 ± 0.01 0.02 ± 0.03 nd 
Mn-total 0.0005 ± 0.0002 0.001 ± 0.001 nd 
AI-total 0.02 ± 0.03 0.008 ± 0.004 nd 
Al-soluble 0.0005 ± 0.0003 0.002 ± 0.002 nd 
Zn-total 0.0015 ± 0.0009 0.0011 ± 0.0009 nd 
Zn-soluble 0.0010 ± 0.0005 0.0009 ± 0.0006 nd . 
Ni-total 0.000010 ± 0.000008 0.0004 ± 0.0002 nd 
As-total (J.tmoi/L) 0.07 ± 0.04 0.03 ± 0.03 nd 
As-soluble (ttmoi/L) 0.05 ± 0.01 0.03 ± 0.03 nd 

n number of samples averaged 
in soluble form 

nd not determined 
t flow-weighted average 

Table 11.2: Water quality comparison of the ambient groundwater in Aquifer T2, with the reclaimed 
water injectant used in the Bolivar ASR field Trial (mean± standard deviation). 

The injected sulphate concentration was within the native groundwater concentration range, 
at an average of 2.2mmoi/L in cycle 1 and slightly lower at 1.9mmoi/L in cycle 2 (figure 11.1 ). 

In cycle 1 the filterable reactive phosphorus (FRP), generally ortho-phosphate (Boyd 2000) 
was on average 0.007mmoi/L or 35% of total phosphorus, while in cycle 2 FRP was 
considerably higher at 0.06mmoi/L, constituting 85% of total phosphorus (figure 11.1 ). 

In the first cycle, iron and manganese, with injected averages of 0.05mmoi/L and 
0.001 mmoi/L respectively, were injected at concentrations above the ambient groundwater 
(figure 11.2). Note that with the exception of total iron, metal and metalloid data is available 
for cycle 1 only. Injected iron was approximately half in the soluble phase while manganese 
was totally soluble, similar to the ambient speciation. The injectant was consistently over
saturated with respect to iron oxides, thus precipitation of iron oxides was be expected. In 
the second cycle, the injected iron concentration was considerably lower, at an average of 
0.001 mmoi/L, which was lower than the ambient groundwater concentration. The monthly 
average concentrations of iron and manganese measured in the output from the Bolivar 
DAF/F plant did not reflect the period of increased concentration evident in the injectant 
quality. The maximum monthly average concentration from the DAF/F plant for iron and 
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manganese respectively was 0.003 and 0.002mmoi/L. This indicated that the increased 
concentrations observed in the injectant were introduced between the DAF/F plant and the 
ASR well. 
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Figure 11.1: Temporal variation of the injected redox potential, temperature, 
dissolved oxygen, pH, organic carbon, sulphate, nitrogen and phosphorus. 

Aluminium was injected at an average concentration of 0.008mmoi/L, with only 0.002mmoi/L 
in the soluble phase (figure 11.2). This was generally higher than the ambient signature, 
aside from the southern 50m piezometers, where elevated aluminium signatures were 
observed (see section 11.3.1 ). Zinc was on average 0.0011 mmoi/L, which was 
predominantly soluble at an average of 0.0009mmoi/L and comparable to the undisturbed 
signature. Soluble nickel was on average 0.0004mmoi/L, an order of magnitude greater than 
the native groundwater. Inorganic arsenic was also chiefly soluble and at an average of 
0.03~-tmoi/L was slightly lower than the average ambient concentration. 
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Figure 11.2: Temporal variation of the injected total and soluble iron, 
manganese, arsenic, aluminium, nickel and zinc. 

11.3.3 Injection Phase • 4m Aquifer Passage 

The use of chloride as a conservative tracer indicates that direct comparison can be made 
between the quality of samples from the injectant and the 4m well (figure 11.3) (Vanderzalm, 
et.al., 2002). A two-tailed student's t-test comparing chloride in the injectant and the 4m 
groundwater as two samples with unequal variance reports a P-value of 0.56. 

The trend in Eh data during the first 4m of aquifer passage gives insight into the redox 
processes occurring (figure 11.4 ). In the first injection cycle, the Eh at 4m responds to the 
injection of oxic water and reaches a maximum at just below 500mV within the first 50ML of 
injection, then declines rapidly to below 200mV. In the second injection cycle, the 4m Eh 
varies between 1 00 and 600mV and is often higher than in the first cycle, due to the higher 
Eh of the injectant. However, the magnitude of the Eh drop within 4m is considerably larger 
in the second cycle than in the first cycle. The redox sequence is considered further with the 
examination of environmental tracers. 

Initially in injection cycle 1 a short-lived penetration of dissolved oxygen (DO) is evident at 
4m, followed by complete removal within 4m of aquifer transport. In injection cycle 2, an 
average oxygen residual of 0.04mmoi/L is observed, which is above the threshold between 
oxic and anoxic conditions of approximately 0.015mmoi/L. As mentioned, the injectant in this 
cycle has a greater oxidative capacity. 
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The DOC observed at 4m ranges from one to 1.5mmoi/L in cycle 1 and 1.3 to 1.5mmoi/L in 
cycle 2 with respective averages of 1.2 and 1.4mmoi/L. When compared to the injected 
DOC concentration, 4m of aquifer transport results in an average DOC decrease of 
0.2mmoi/L (14%) in cycle 1 and 0.3mmoi/L (18%) in cycle 2. Excluding an extreme case 
early in cycle 1, where a larger DOC decline of 0.8mmoi/L is observed due to sorption, the 
general removal of DOC observed within 4m of aquifer passage is within 0.3mmoi/L. 

300 

250 

:::? 200 
6 
Q) 

150 E 

f 
J 1 

::J 

0 
100 > i 
50 

0 t 

' o irjectart - stcrage • reco.ery I ' t; injectant • 4m o 50m n-3 o 50m s-3 x 50m s-1 ::t: ASR wen I 

1>---

'· ll.A •. 
A • 

l • • • / • 
t 
l 

\ "' "' A 
6 

6 
6 

~ 30 
0 
E 25 -

.§._ 

.;g 20 
·g 
:c 
0 

10 

X 

Figure 11_3: The cumulative volume, chloride, pH and temperature behaviour 
over the duration of the Bolivar ASR field Trial. 

• 

Nitrate reaches 4m in the first SOML of injection cycle 1, coinciding with the more positive Eh 
measurements and also the penetration of oxygen, but is followed by complete removal 
between 50 and 150ML of injection, when the Eh is below 200mV (figure 11.5). Later in the 
first cycle, influent nitrate above 0.1 mmoi/L is not completely consumed prior to reaching 4m. 
Similarly, in injection cycle 2, higher influent nitrate is observed to penetrate 4m with removal 
of 0.1 mmoi/L nitrate-N typically observed. 

Transport within 4m shows an average soluble manganese concentration of 0.0006mmoi/L, 
which is lower than the average injected concentration of 0.001 mmoi/L but comparable with 
the ambient average of 0.0005mmoi/L (figure 11.6). In the first cycle, total iron at 4m is on 
average 0.01 mmoi/L, with soluble iron at 0.005mmoi/L. This is lower than the average 
injected total iron of 0.05mmoi/L and also slightly lower than the average ambient iron 
concentration of 0.02mmoi/L. In the second cycle, the average total iron at 4m of Q 
0.0035mmoi/L is greater than the average injected concentration of 0.001 mmoi/L, but lower 
than the ambient signature. 
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Figure 11.4: Redox potential, dissolved oxygen, organic carbon 
and sulphate behaviour over the duration of the Bolivar ASR field Trial. 

600 1000 

Sulphate at 4m is between 1.8 and 2.4mmoi/L in cycle 1 and 1.7 and 2.1 mmoi/L in cycle 2 
with respective averages of 2.1 and 1.9mmoi/L (figure 11.4 ). The average sulphate at 4m is 
comparable to the average injectant concentrations in cycles 1 and 2 of 2.2 and 1.9mmoi/L, 
suggesting conservative behaviour during injection. 

Nitrogen and phosphorus are necessary for biofilm development and thus, changes to the 
injected concentrations are expected. Removal of injected nitrate-N, is observed within 4m 
as outlined previously in this chapter. The other major nitrogen species, ammonium, shows 
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conservative behaviour to 4m (figure 11.5). In cycle 1, total nitrogen is unchanged within 4m 
of aquifer passage, while in cycle 2 total nitrogen at 4m is reduced by 75%. This behaviour 
is linked to the nitrogen speciation within the injectant. In cycle 1, ammonium is dominant 
and follows conservative behaviour, whereas in cycle 2 nitrate is dominant, which is 
attenuated. 

In the first cycle, a decline in injected phosphorus is evident within the first 70ML. Following 
this decline, the major change observed is conversion from the particulate to soluble phase. 
In the second cycle where the injected phosphorus is higher, a clear reduction is evident 
within 4m. Removal of 0.05mmoi!L total phosphorous, predominantly as FRP, equates to 
removal of approximately 65% of the injected phosphorus. 

The behaviour of trace metal and metalloid species is also considered, as the mobility of 
these through contamination or water quality improvements is important (figure 11. 7). 
Soluble inorganic arsenic at 4m is on average 0.131-Lmoi/L, an order of magnitude higher than 
the injected average and also higher than the ambient signature of 0.051J.moi/L. Over the 
duration of the first injection, arsenic illustrates a peak of 0.251J.moi!L at around 30ML of 
injection and then remains at approximately 0.20!-Lmoi/L until a decline in concentration after 
around 150ML of injection. This variation in arsenic at 4m is clearly independent of the 
injected arsenic concentration. 

Soluble aluminium declines from an injected average of 0.0016mmoi/L, to 0.0009mmoi/L at 
4m, equating to around 44% removal. However, soluble aluminium contributes only 20% of 
the total aluminium injected. Total aluminium, predominantly in the particulate phase, is on 
average 0.005mmoi!L, showing a decline from the injected average of 0.008mmoi/L. 
Groundwater at 4m exhibits particulate aluminium concentrations greater than injection on 
some occasions prior to 50ML of injection, but these remain lower than the elevated 
groundwater signature seen in the southern piezometers. 

Zinc shows some sign of removal within 4m, with total zinc on average 0.0007mmoi/L (from 
0.0011 mmoi/L injected) and soluble zinc on average 0.0006mmoi/L (from 0.0009mmoi/L 
injected). A peak of almost 0.0030mmoi/L is seen for soluble zinc within the first 50ML, 
followed by concentrations below 0.0003mmoi/L until around 200ML of injection. The final 
50ML of injection sees soluble zinc increasing to around 0.001 Ommoi/L. Additionally, there 
appears to be a conversion from soluble to particulate zinc from around 30 to 80ML of 
injection, without a significant change in the concentration. 

Soluble nickel also increases, up to almost 0.001 Ommoi/L, in the initial stages of injection. 
On average, the nickel concentration at 4m, of 0.0004mmoi/L is the same as injected, 
remaining an order of magnitude higher than the ambient signature. 
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Figure 11.5: Nitrogen and phosphorus behaviour over the duration of the Bolivar ASR field Trial. 
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Figure 11.7: Trace species behaviour over the duration of the Bolivar ASR field Trial. 
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11.3.4 Injection Phase - 50m Aquifer Passage 

Migration of the injectant plume to 50m can be examined over the time series of the Trial in 
figures 11.3 to 11.7. 

In general, the Eh at 50m remains constant at between 100 and 200mV throughout the 
injection phase, without any sign of the higher Eh observed at 4m (figure 11.4 ). As oxygen is 
chiefly depleted prior to 4m it is not expected to penetrate the 50m radius. 

DOC reaches 0.8mmoi/L in layer 1 and 1.0mmoi/L in layer 3 during both 'injection cycles 
(figure 11.4 ). This is also illustrated by a bivariate plot comparing the DOC behaviour to that 
of the conservative species, chloride (figure 11.8). In theory, a linear relationship between 
the end-member waters indicates conservative behaviour, while a deviation from 
conservative behaviour is indicative of reaction processes. As some DOC removal is evident 
within 4m of aquifer passage, a mixing line between the ambient groundwater and the 
average condition at 4m can be utilised to better understand the removal capacity within 4m 
and 50m. The DOC concentration reached at 50m clearly falls below this mixing line in both 
layers. This suggests further removal between 4m and 50m, which is quantified for cycle 1 
at approximately 0.4mmoi/L in layer 1 and 0.3mmoi/L in layer 3. 
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Figure 11.8: Variation of dissolved organic carbon with chloride at the 50m piezometers, 
4m well and the injectant during both injection cycles. 

30 

Despite the presence of a nitrate residual at 4m toward the latter stages of injection, nitrate 
concentrations at 50m remain below the analytical detection limit (figure 11.5). 

The first sign of breakthrough to 50m in layer 3 (50m n-3 and 50m s-3) results in a peak in 
manganese of approximately 0.001 Ommoi/L, increasing by around 0.0004mmoi/L from the 
ambient concentration (figure 11.6). Furthermore, this peak concentration is not evident 
within 4m of aquifer passage, indicating its occurrence with migration from 4m to 50m. Full 
breakthrough results in a return to the ambient concentration as reached at 4m. This 
manganese peak is not evident in the shallower layer (50m s-1) where concentrations remain 
typical of the ambient signature. 

Migration of the injectant to 50m results in higher total iron towards the south, where 50m s-1 
and 50m s-3, have iron up to 0.03mmoi/L, composed of both particulate and soluble iron. 
The total iron in the north at 50m n-3 ranges from 0.01 to 0.02mmoi/L, similar to the 
concentrations observed at 4m, and is composed predominantly of soluble iron. 
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Sulphate appears to follow conservative behaviour with migration of the injectant to 50m 
(figure 11.4 ). A clear reduction from the higher ambient concentration to within 2.2 and 
2.3mmoi!L is evident in layer 3. Layer 1 has a similar ambient sulphate concentration to that 
injected and thus shows little change. 

In layer 1, no ammonium reaches 50m in either injection cycle, regardless of the variation in 
the injected concentration. In layer 3, ammonium movement to 50m is clearly retarded but 
increases to 1.6mmoi/L in the north and 1.3mmoi/L in the south upon full breakthrough. The 
second cycle continues to see the influence of the residual "high-ammonium" injectant of the 
first injection cycle reaching 50m rather than the second cycle injectant. The ammonium 
concentrations reached at 50m do not reach the injected and 4m concentrations, indicative of 
removal with aquifer passage. Injected phosphorus is completely attenuated prior to 50m 
(figure 11.5). 

Aluminium and arsenic illustrate concentrations typical of the ambient condition upon 
migration of the injectant to 50m (figure 11. 7). The zinc and nickel concentrations at 50m, 
however, depart from the ambient condition. Particulate aluminium is dominant at 50m, with 
the highest concentrations in the south, reaching up to 0.06mmoi/L in 50m s-3, consistent 
with the ambient behaviour. These elevated concentrations exceed both the injected and the 
4m aluminium concentrations. 

Arsenic at 50m remains below 0.080flmoi/L, consistent with the average ambient 
concentration. The increased arsenic concentrations seen at 4m are not seen at 50m, 
indicating attenuation within 4m and 50m. 

Zinc, predominantly in the soluble phase, shows higher concentrations with the initial stages 
of breakthrough to 50m. The peak of almost 0.0030mmoi/L is typical of that reached at 4m 
within the first 50ML of injection. Thus, the elevated concentrations may be in response to 
the peak observed at 4m, suggesting no attenuation between 4m and 50m, or due to 
mobilisation with further aquifer passage. After full breakthrough, zinc at 50m remains below 
0.0005mmoi!L, which is lower than the average ambient concentration of 0.0010mmoi/L. 

Nickel concentrations at 50m remain above the ambient average of 0.00001 Ommoi!L. There 
is some evidence of reduction from the injected average of 0.0004mmoi/L in layer 1, where 
concentrations remain below 0.0002mmoi/L. However, in layer 3, nickel reaches 
0.0004mmoi/L, indicating little removal. 

11.3.5 Storage Phase: Aquifer Storage and Recovery (ASR) Cycle 1 

Under conditions of no flow, conservative species indicate that diffusion does not alter the 
groundwater near the ASR and 4m observation well, and does not greatly alter the 50m 
groundwater. Diffusive exchange between the ambient groundwater is evident at the 50m 
radius during the first storage phase as outlined by Pavelic, et.al., (2003). Note that the 
following focuses on the first storage phase of 109 days where detailed sampling was 
undertaken. Changes over the second cycle storage phase of 26 days can be inferred 
between the quality observed at the cessation of injection and the beginning of the recovery 
phase. 

A clear decrease in Eh to the ambient condition is seen at all wells during the storage period 
in cycle 1 and in the bulk of the injectant plume (figure 11.4 ). At 4m, the decline is from 
around 250mV to less than 50mV and at 50m, from around 1 OOmV to less than 50mV. 
However, the greatest decline is observed at the ASR well, from around 70mV to 50mV. 
Clearly, a more reducing zone evidently surrounds the ASR well than at 4m from the onset of 
the storage phase, which is not typical of the ambient condition. A marked decline in Eh 
occurs over the duration of the second cycle storage phase. In this cycle, Eh at 4m remains 
more oxidising during injection due to the higher Eh of the injectant, but under no-flow 
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conditions the redox conditions rapidly decrease to less than 50mV, returning to the ambient 
condition. The spatial variation in redox zone development during storage will be discussed 
further with environmental tracer behaviour. 

There is clear evidence of organic carbon remobilisation during the storage phase. Net DOC 
increases are observed at the ASR well and at the 4m observation well in the first cycle 
storage phase. Groundwater at 4m sees an initial decline of around 0.07mmoi/L DOC to 
1.0mmoi/L, followed by an overall increase of approximately 0.7mmoi/L to 1.7mmoi!L over 
the 109 day storage period. At the ASR well, DOC increases rapidly over the first 30 days of 
storage reaching a peak of 6.3mmoi/L (figure 11.4 ). From this peak, a subsequent decline to 
4mmoi/L occurs over the remaining storage period of over 70 days. There is also an 
increase in POC during storage with the maximum of 1.6mmoi/L observed after 70 days of 
storage. The maximum POC and DOC do not coincide, as POC mobilisation and DOC 
removal processes are distinct and occurring concurrently. In contrast, at the 50m radius, 
DOC concentrations remain relatively stable during storage. An increase in DOC at the ASR 
well during the second storage phase can be inferred by the higher DOC (3.1 mmoi/L) at the 
onset of recovery than at 4m (1.3mmoi/L). 

At the end of the first cycle injection phase, a 0.2mmoi/L nitrate residual persists at 4m, 
which is depleted during the initial two weeks of storage, coincident with the declining DOC. 
Similarly in the second cycle, the nitrate residual of 0.24mmoi/L at the injection period is 
completely removed prior to recovery (figure 11.5). 

In the ASR well, both iron and manganese concentrations are elevated and this is evident 
from the beginning of storage (figure 11.6). Manganese then decreases during the storage 
phase, from 0.011 to 0.006mmoi/L, still an order of magnitude greater than the ambient and 
4m concentrations. Soluble iron is elevated at the beginning of storage (0.1 Ommoi/L) and it 
continues to increase to a maximum of 0.17mmoi/L over 70 days of storage. Manganese 
concentrations remain stable at 4m and 50m during storage. Iron increases by an order of 
magnitude toward the ambient concentration, from 0.002 to 0.012mmoi/L, at 4m, during 
storage but remains stable at the 50m radius. 

Sulphate concentrations at 4m and 50m remain constant throughout both storage periods. In 
contrast, in the ASR well, sulphate declines from around 2.1 mmoi!L to 0.50mmoi/L during the 
first cycle storage phase. In the second cycle storage phase, there is no evidence of 
declining sulphate in the ASR well during storage (figure 11.4 ). Dissolved sulphide 
measurements peak at 0.02mmoi/L in the ASR well but remain less than 0.001 mmoi/L at the 
4m radius. 

Furthermore, some aeration is evident in the groundwater sampled from the ASR well, which 
develops to excessive gas exsolution. After 82 days of storage, the gas comprises 67% 
methane, 28% nitrogen and 5% carbon dioxide. In contrast, slight aeration of 4m 
groundwater is due to 99% nitrogen, 0.6% carbon dioxide and 0.03% methane. 

Ammonium peaks at 2.7mmoi/L in the ASR well after 70 days of storage, increases slightly 
from 0.02 to 0.09mmoi/L at 4m over the entire duration of storage, while remaining stable at 
50m (figure 11.5). Increased ammonium at the ASR well is not evident within cycle 2. 
Phosphorus increases at both the ASR well and at 4m during storage, with again, a 
significantly larger increase in the vicinity of the ASR well. The phosphorus increase at the 
ASR well of 0.02mmoi/L is primarily in the particulate fraction, while at 4m the increase of 
0.005mmoi!L is approximately half filterable reactive phosphorus and half particulate 
phosphorus (figure 11.5). 

Aluminium remains constant during storage whilst zinc declines to below 0.0003mmoi/L at 
both the ASR well and at 4m during storage. Nickel is 0.0007mmoi/L at the start of storage, 
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higher than at 4m where the concentration is 0.0004mmoi/L, as injected. Throughout 
storage, nickel remains constant at the ASR well, but increases to 0.0009mmoi/L at 4m. 
Arsenic is mobilised at both the ASR and 4m wells, and as with P this effect is greatest near 
the ASR well. At the ASR well soluble arsenic peaks after 80 days of the storage phase, at 
1.4flmoi/L, while at 4m the maximum concentration is an order of magnitude lower at 
0.2flmoi/L (figure 11. 7). 

11.3.6 Recovered Water Quality 

The microbial activity directly surrounding the ASR well leads to some extreme values in 
water quality parameters in the initial waters recovered (-1 ML). However, these are rapidly 
relieved with commencement of recovery, as illustrated in the time series plots (figures 11.3 
to 11.7). The end result of an ASR cycle is the quality of the water recovered from the ASR 
well and its suitability for the required use, in this case irrigation. The quality changes 
observed during injection represent changes along specific flow-paths, whereas the 
recovered water is a flow-weighted average representation of the changes within the entire 
injectant plume. Mean residence time and flow-path length of recovered water increases as 
recovery progresses. 

The Eh of the recovered water from the ASR well and the observation wells is consistent with 
the native conditions. The average DOC in water recovered from the ASR well is 1.0 to 
1.1 mmoi/L. This is clearly lower than the injected averages of 1.4 and 1. 7mmoi/L of DOC in 
cycles 1 and 2 respectively. Taking into account mixing with the lower ambient groundwater 
indicates there is removal of approximately 0.3mmoi/L of DOC (20%) during cycle 1 and 
0.4mmoi/L (24%) in cycle 2. On average, this is 0.1mmoi/L further DOC removal than 
observed within 4m aquifer passage. Organic matter in the recovered water is on average 
97% in the dissolved form, compared with 92% and 95% in the injectant in cycles 1 and 2 
respectively. Thus, injected POC is clearly removed through filtration and sorption 
processes. The highest contribution from POC is in the early stage of each recovery, where 
polysaccharide material is being removed. 

Recovered sulphate, on average 2.5 and 2.0mmoi/L in cycles 1 and 2 is slightly higher than 
the average injected sulphate of 2.2 and 1.9mmoi/L, due to mixing with the ambient sulphate 
pool. 

Average iron and manganese are 0.01 mmoi/L (90% soluble) and 0.0008mmoi/L respectively, 
similar to the ambient concentrations. On average, aluminium, at 0.002mmoi/L, is 
significantly lower than the injected average of 0.008mmoi/L. Zinc is recovered at 
0.0001 mmoi/L, an order of magnitude lower than injected, while nickel is recovered at 
0.0003mmoi/L, close to the average injected concentration of 0.0004mmoi/L. Inorganic 
arsenic, at 0.19flmoi!L, is increased from the injected average of 0.03flmoi/L and exceeds 
the average ambient concentration in groundwater of 0.07flmoi/L. This higher arsenic is 
seen at the 4m radius during recovery while at the 50m radius the arsenic concentrations 
remains below 0.02flmoi/L. 

The average ammonium concentration recovered is 0.45mmoi/L in cycle 1 and lower at 
0.17mmoi/L in cycle 2. In the first cycle, the average injected ammonium is 1.1 mmoi/L, 
suggesting a considerable removal of ammonium. However, this may be biased by recovery 
of the injectant quality in the latter stages of cycle 1 with a lower ammonium concentration. 
The second cycle recovered water average is actually slightly higher than the injected 
average of 0.12mmoi/L, due to the presence of the first cycle injectant. Phosphorus in the 
recovered water is on average 0.009mmoi/L as total phosphorus and 0.005mmoi!L as 
filterable reactive phosphorus in cycle 1, and higher in cycle 2 at 0.04 and 0.03mmoi/L 
respectively. In both instances, this represents between 45 and 60% removal of injected 
phosphorus. 
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11.4 ORGANIC MATTER (OM) OXIDATION 

An important consideration in the use of reclaimed water in ASR is the extent to which the 
injected organic matter will drive redox processes, through reactions with available electron 
acceptors, and the associated water quality changes. 

The biogeochemical processes resulting from the introduction of an oxygenated, nutrient rich 
injectant into an anoxic, carbonate aquifer clearly evident within a 4m radius of the point of 
injection. Within 4m, equating to a one to two day travel-time, the oxidative capacity of the 
injectant, through dissolved oxygen and nitrate, is greatly reduced, resulting in redox 
conditions only slightly more oxidising than the ambient conditions. The initial penetration of 
oxygen and nitrate to 4m represents the lag-time prior to establishment of the microbial 
community (Boyd 2000). The persistence of a higher redox potential at 4m in the second 
ASR cycle may be due to the higher injectant Eh and some variability in the microbial 
development due to well-head chlorination. Aside from subtle differences, essentially the 
same processes are evident in both injection cycles. 

Removal of 0.2 to 0.3mmoi/L, or around 20% of the average injected DOC is evident with 
transport to 4m. Some sorption of organic matter occurs initially (Skjemstad, et.al., 2002). 
The continual removal of DOC occurs by oxidation with oxygen and nitrate (equations (1) 
and (2)). The AOC decline within 4m, measured on two occasions during cycle 1, is 
0.02mmoi/L, only 10% of the DOC removal (figure 11.9). The degradation is accompanied 
by a greater contribution to DOC from alkyl groups with a lower contribution from the more 
hydrophilic carbonyl acid and aromatic functional groups (Skjemstad, et.al., 2002). 
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Figure 11.9: Assimilable organic carbon (AOC) behaviour during the first ASR cycle. 

Denitrifying species are often facultative aerobes and will shift their metabolism to aerobic 
respiration in the presence of oxygen (Ehrlich, et.al., 1979). A threshold Eh for bacterial 
nitrate respiration of 200mV or less is suggested (Bishop and Lloyd 1990, Edmunds and 
Walton 1983, Ehrlich, et.al., 1979). While this is consistent with the observed Eh at 4m in the 
first ASR cycle, the second cycle exhibits denitrification with Eh over 200mV. 
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The variation experienced within the injectant nitrate concentration allows an estimate of the 
nitrate removal capacity within 4m. Injected concentrations below 0.1 mmoi/L are completely 
removed within 4m. However higher injected nitrate concentrations, above 0.1 mmoi/L result 
in penetration of nitrate to 4m. This indicates that denitrification is limited to removal of 
0.1 mmoi/L of nitrate within this short travel-time of one to two days. There is no clear 
relationship between groundwater temperature at 4m and the variation in these processes. 

It appears that the DOC removal within 4m is accounted for by oxidation of organic matter by 
both influent oxygen and nitrate. However the behaviour of the next available electron 
acceptors, manganese(IV) and iron(lll) adsorbed to aquifer sediments or within the injectant, 
and then sulphate, can be considered (Appelo and Postma 1999) (equations (3) to (5)). 
During the first cycle injection phase, iron and manganese concentrations at 4m are lower 
than those injected, due to removal through precipitation of either oxide or carbonate 
species. In the second cycle injection, when the injectant concentration is lower than the 
ambient condition, some iron mobilisation is evident. In this case, iron increases within 4m of 
aquifer passage by 0.0025mmoi/L on average. This increase is not significant for DOC 
removal according to equation (3), but is of interest in altering the quality of the injectant. 
Sulphate also follows conservative behaviour within 4m and confirms that further electron 
acceptors are not significant for organic matter oxidation at 4m. 

Eqn (3) 

Eqn (4) 

Eqn (5) 

With full breakthrough of the injectant to 50m, a final DOC concentration of 0.8mmoi/L and 
1.0mmoi/L in layers 1 and 3 respectively, suggests further DOC removal between 4m and 
50m. 

Analysis of the concentration of DOC in the recovered water gives some additional insight 
into the removal processes, or at least the permanency of them. The flow-weighted average 
DOC concentration recovered from the ASR well is approximately 1.0mmoi/L, which supports 
the observation that DOC removal continues past the 4m radius. The lower DOC 
concentrations in layer 1 at 50m do not influence the overall recovered water quality, 
indicating processes that are not typical of the bulk of the injectant plume, or reversible 
removal, such as sorption. 

An examination of the possible electron acceptor behaviour provides additional insight into 
DOC removal with 4m and 50m. The nitrate residual passing 4m of 0.1 to 0.2mmoi/L 
requires oxidation of 0.13 to 0.25mmoi/L DOC through denitrification. Thus, the depletion of 
residual nitrate could account for the additional removal of DOC after 4m. Manganese, iron 
and sulphate again indicate predominantly conservative behaviour, with slight increases in 
manganese evident with the first signs of breakthrough. While some reductive dissolution of 
manganese oxides is possible, again this equates to a minimal amount of DOC oxidation. 

The behaviour of various species during the storage phase, or period without an induced 
flow, is quite different from the injection cycle processes. During the injection cycle, the 
major processes are associated with removal of species, or treatment, while during storage, 
mobilisation or release of species is witnessed. Under no-flow or no injection microbial 
populations can increase (Rinck-Pfeiffer 2000). Cessation of injected nutrients can also lead 
to cell die-off, providing an additional source of nutrients (Baedecker and Back 1979). The 
discussion of storage phase changes in water quality focuses mainly on the first injection 
cycle that has a detailed data set. Data are not available over the shorter storage period of 

11-21 



the second ASR cycle, but the onset of recovery acts as a surrogate for conditions at the end 
of storage. 

Redox conditions decline at the ASR well, 4m and 50m during the first cycle storage phase, 
but only become negative and more reducing than the ambient conditions near the ASR well 
(Vanderzalm, et.al. , 2002). This greatest increase in microbial activity is centered around the 
ASR well which, as discussed previously, is exposed to the greatest flux of organic carbon 
and nutrients and is expected to support the highest level of microbial activity. The proximity 
of this reactive zone, responsible for treatment processes during injection, to the ASR well 
can be examined by the spatial variability in aqueous chemistry. 

The ASR well illustrates increasing DOC and POC, due to metabolism of previously immobile 
organic matter such as particulate organic matter, sorbed species or die-off and turnover of 
biomass. This metabolism also results in turnover of nutrients, observed through increases 
in ammonium and phosphorus. The addition of ammonium and total phosphorus throughout 
storage exhibits a strong relationship in both the ASR well (correlation coefficient ((2) = 72%) 
and the 4m well ((2 = 92%). The carbon to nitrogen (C/N) molar ratio of the first cycle 
injectant is variable at 45 ± 25. Carbon and nitrogen are added in a ratio within 48 and 95 at 
the ASR well and within 10 and 15 at the 4m well. Thus, the ratio added at the ASR well is 
typical of the injectant, while the ratio added at 4m is more consistent with the composition of 
organic matter (van der Kooij, et.al., 1982). Thus is seems that the significant addition of 
nutrients at the ASR well is predominantly from sorbed particulate organic matter, while 
turnover of biomass is dominant at 4m. The subsequent decline in DOC is attributed to 
oxidation and fermentation as outlined in the following discussion, again progressing through 
the sequence of electron acceptors. 

Nitrate is not present around the ASR well at the start of storage, in contrast to the residual 
present at 4m. Elevated concentrations of soluble manganese(ll) and iron(ll) at the ASR well 
with the beginning of the storage phase, indicate that manganese(IV) and iron(ll) oxides are 
used as electron acceptors, presumably in the injection phase itself. Continued mobilisation 
of iron during the storage phase results under the reducing conditions where dissolution may 
be enhanced by complexation with organic species (Baier and Wesner 1971 , Lovley 1987). 

Sulphate reduction of up to 1.5mmoi/L is evident within 12 days of storage, suggesting that 
manganese(IV) and iron(lll) have already been utilised (equation (5)). Additionally the onset 
of sulphate reducing conditions coincides with increasing DOC concentrations, which may be 
analogous to the increase in DOC and onset of sulphate-reducing conditions observed by 
Wassenaar, et.al., (1991) in a vertical profile. The authors suggest that the anoxic 
conversion of high molecular weight organic material to soluble low molecular weight organic 
material by bacteria is necessary to sustain the metabolic activity of the sulphate reducers. 
The sulphate depletion coincides with approximately 12%o enrichment in 8348 of the residual 
sulphate, reaching up to 23%o relative to the Canon Diablo Troilite (COT) standard. The 
preferential metabolism of the lighter species 32804, results in sulphur-34 enrichment in the 
residual sulphate (Clark and Fritz 1997). The increase in dissolved sulphide at the ASR well 
is considerably lower than expected from sulphate reduction, suggesting removal through 
precipitation as metal sulphide species, thus serving as a removal for mobilised iron, arsenic 
and zinc. 

Following in the progression of redox zones , redox conditions around the ASR well reach 
methanogenesis (Vanderzalm, et.al., 2002) (equation (6)) , during the storage phase with 
negative Eh conditions. Excessive degassing suggests methane, the dominant gas, exceeds 
its solubility limit of approximately 2mmoi!L at 2o·c (http://www.eecs.umich.edu/ssel/ 
MSDS/Methane.pdf accessed 30 June 2003). In response, the carbon-13 of the total 
dissolved inorganic carbon shows enrichment by around 3%o, while maintaining modern 
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carbon-14 activity, consistent with kinetic enrichment during methanogenesis (Le Gal La 
Salle, et.al., 2003). 

Eqn (6) 

Production and utilisation of DOC occur simultaneously at the ASR well during the storage 
phase. While a peak DOC of 6.3mmoi/L is observed after 30 days of storage, allowing for 
the DOC used in sulphate reduction suggests that the magnitude of the DOC peak here 
could be at least 8mmoi/L. Similarly, allowing for sulphate reduction and methanogenesis, 
the DOC peak concentration after 80 days of storage could be at least 9mmoi/L. 

The redox conditions at 4m are vastly different from the strongly reducing zone that develops 
around the ASR well. Recycling of around 0.7mmoi/L DOC is evident, an order of magnitude 
smaller than estimated at the ASR well. Following the rapid depletion of residual nitrate, the 
remaining available electron acceptors remain stable during the storage phase. Accordingly, 
the 834S signature shows no enrichment and the dissolved sulphide concentration remains at 
background levels. 

The reduced sulphate concentration, enriched sulphur-34 and aerated water quality 
attributed to methane production observed at the ASR well during the first cycle are 
alleviated prior to 1 ML of the recovered volume. The stark contrast in redox conditions 
between the ASR well and 4m is not observed in the second cycle, despite similar 
biogeochemical reaction processes occurring within a 4m radius in both injection cycles. The 
shorter period of the second storage phase may not have been long enough to enhance 
microbial activity, or the microbial community may not have been as dense around the well
face. Skjemstad, et.al., (2002) indicates that the initial DOC recovered in the first cycle is 
totally polysaccharide material and this is expected to account for the elevated DOC 
observed from the ASR well in the second recovery cycle. 

The overall DOC removal through the ASR cycle is up to 20% in cycle 1 and 24% in cycle 2. 
A considerable degree of this removal occurs within 4m from the point of injection, 14% and 
18% in cycle 1 and 2 respectively, while the rest occurs further into the aquifer. Higher 
injected nitrate in the second cycle may explain the slightly higher DOC removal. The 
recovered concentration may also be influenced by mixing with injectant from the first cycle 
with lower DOC concentrations. Thus, the nature of the injected DOC and its propensity 
toward degradation are more important when considering redox zone development than the 
concentration injected. Within 4m, a nitrate residual is present when nitrate is injected above 
0.1 mmoi/L, which could suggest that the reactive organic matter has been fully utilised. 
However denitrification continues past 4m suggesting a slightly longer travel-time is 
necessary to remove the higher injected nitrate concentrations. However, approximately 
0.2mmoi/L AOC remains in the recovered water (figure 11.9), suggesting removal may be 
limited by the availability of injected oxygen and nitrate as favourable electron acceptors. 

The amount of injected DOC removed can be compared with previous studies. In a column 
study simulating the Bolivar ASR scheme, the decrease in DOC during passage through 
0.16m-long columns of aquifer material under oxic conditions was less than 10% (Rinck
Pfeiffer 2000). Some denitrification was inferred from the overall nitrogen balance, but was 
masked by an overall excess in nitrate due to nitrification of ammonium. This represents the 
loss of DOC accounted for by aerobic oxidation within 4m in the field Trial. 

In the Andrews Farm study of storm water ASR, the injectant DOC was lower, at 
approximately 0.4mmoi/L (Rattray 1999). Following injection events, observed DOC in the 
ASR well declined to around 50% of the injected concentration, coinciding with sulphate
reducing conditions. In this study sulphate-reducing conditions did not coincide with a net 
DOC increase here, as observed in the Bolivar ASR field Trial. 
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Stuyfzand (1998) reported that generally 20% of influent DOC was able to be oxidised when 
oxygen and nitrate were present in excess in recharge experiments in the Netherlands. 
Instead, the excess oxygen and nitrate were utilised in oxidation of aquifer organic matter 
and pyrite. 

11.5 INFLUENCE OF TRACE METAL AND METALLOID BEHAVIOUR ON WATER 
QUALITY: ARSENIC (As), ALUMINIUM (AI), NICKEL (Ni) AND ZINC (Zn) 

Arsenic reaches a maximum of 2.5f.Lmoi/L within recovery of 80kl, with an average 
concentration in the recovered water of 0.19!-Lmoi/L, higher than both the injected and 
ambient averages of 0.03!-Lmoi/L and 0.07!-Lmoi/L respectively. Water recovered from 4m is 
also elevated in arsenic, while at 50m arsenic concentrations remain less than 0.02!-Lmoi/L. 

This arsenic mobilisation is evident during the first 150ML of injection, with an average 
concentration at 4m of 0.13!-Lmoi/L, which may be indicative of pyrite oxidation (de Ruiter and 
Stuyfzand 1998, Stuyfzand 1998). Peak arsenic concentrations coincide with the peaks in 
iron reaching 4m, firstly in total iron and then in soluble form. This may be an indication of a 
transition between oxidation states, with the initial oxidation of pyrite firstly by oxygen and 
then by nitrate under anaerobic conditions. This suggests that the iron trend seen at 4m is 
not merely an artefact of the elevated injected iron concentrations but can be related to pyrite 
oxidation. There is, however, no sign of pyrite oxidation in the sulphate behaviour, which 
appears to behave conservatively. Similarly, there is no sign of addition of sulphate depleted 
in sulphur-34, expected with pyrite oxidation. Elevated arsenic does not migrate to 50m, 
suggesting attenuation through adsorption onto metal hydroxide surfaces prior to movement 
further into the aquifer (de Ruiter and Stuyfzand 1998). It is also possible that arsenic may 
be released through other processes evident within this ASR Trial, organic matter during 
oxidation and dissolution of carbonates (Arthur, et.al., 2001 ). 

At the Eh and pH of groundwater, arsenic speciation is extremely sensitive to redox 
conditions (figure 11.1 0). A slight increase to more oxidising conditions at 4m after 
approximately 150ML injection, in response to a period of higher Eh and nitrate in the 
injectant, favours the charged arsenic species arsenate, HAso/-. Arsenate can then be 
removed by sorption, coinciding with lower arsenic concentrations in the 4m groundwater. 
However, this removal by sorption does not appear to be permanent, as arsenic is mobilised 
during the recovery phase in a zone extending at least 4m from the ASR well. This 
mobilisation can be explained by a shift in Eh below 50mV, to the ambient condition, during 
the storage phase, where the more mobile neutral molecule, arsenite, H3As03, dominates. It 
appears that arsenic is introduced, through either mineral dissolution or organic matter 
oxidation, during the injection phase. The mobility of this arsenic is then controlled by the 
redox conditions within the injected plume. However, a return, in the bulk of the plume, to 
the ambient Eh condition during recovery renders the arsenic mobile. Arsenic mobilisation 
through reducing conditions at neutral pH (Smedley and Kinniburgh 2002), also explains the 
extreme increase in concentrations during the storage phase. 
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Figure 11.10: Redox potential relative to acidity for aqueous. 
Indicating the varying conditions in 4m during the first injection trial. 

Nickel and zinc are also detected, as trace constituents in pyrite by de Ruiter and Stuyfzand 
(1998) and do peak at 4m with the initial stages of injection in a similar manner to arsenic. 
Despite being in the same group of the periodic table zinc and nickel show differing 
behaviour during the ASR Trial. Zinc is injected at a similar concentration (0.0011 mmoi/L) to 
the ambient average (0.0015mmoi/L), while nickel is injected (0.0004mmoi/L) two orders of 
magnitude greater than the ambient condition (0.00001 Ommoi/L). The ASR cycle sees 
considerable removal of injected zinc, with the average concentration in the recovered water 
an order of magnitude lower than injected (0.0001 mmoi/L), while nickel remains little 
changed (0.0003mmoi/L). 

Some removal of zinc (around 30%) occurs within 4m of aquifer passage, but a further 60% 
removal is evident prior to recovery. While the removal of zinc may be attributed to sorption 
on oxide surfaces (de Ruiter and Stuyfzand 1998), reductive dissolution of oxides during 
storage does not result in increasing zinc concentrations, suggesting this is not the dominant 
removal. Garcia-Sanchez and Alvarez-Ayuso (2002) discuss the removal of zinc from 
industrial wastewater by precipitation as hydrozincite (Zn5(0H)G(C03)z) on the calcite surface. 
Thus, the effective removal of zinc during passage between the 4m and 50m radius, is likely 
to be due to such precipitation. Zinc declines during storage, and in the near-well zone this 
decline coincides with sulphate reduction in the redox zone where precipitation of zinc 
sulphide is likely (Kamon, et.al., 2002). 

The increased nickel at the ASR well at the onset of storage and the increase at 4m during 
storage can be related to the elevated iron and manganese at this point, suggesting limited 
release from oxide surfaces. While this release suggests association with oxide surfaces, 
the reverse would suggest removal of nickel through sorption to such surfaces. Neither 
sorption, nor precipitation in either carbonate or hydroxide species, is evident for nickel 
through the ASR cycle. 

The injected aluminium is 80% particulate and this phase is removed during the ASR cycle, 
by sorption (Boyd 2000) with approximately half of this removal within 4m. With passage 
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further into the aquifer, there is an initial increase in aluminium by around 0.05mmoi/L, in the 
southern permeable zone of the aquifer (134 to 139m) during both injection and recovery. 
However, this does not influence the water quality recovered from the ASR well over the 
entire aquifer depth. The soluble aluminium phase shows no change after an ASR cycle. 

Additional species, cadmium, chromium, copper, lithium, lead and mercury, were monitored 
less rigorously (up to five occasions in the recovered water) and did not show any indication 
of mobilisation through the ASR cycle. 

11.6 EFFECT OF AQUIFER STORAGE AND RECOVERY (ASR) ON NITROGEN (N) AND 
PHOSPHORUS (P) CONCENTRATIONS 

As outlined previously in this chapter, the relative contribution of the various nitrogen species 
is variable during the field Trial. The process of denitrification (discussed in section 11.4) 
results in attenuation of nitrate. Nitrification of the influent ammonium is not evident, despite 
the high concentration of ammonium, due to the utilisation of available oxygen in organic 
matter oxidation. This is in contrast to Rinck-Pfeiffer (2000), where nitrification is a major 
oxygen removal process in column studies simulating the Bolivar ASR scheme. Similarly 
nitrification is an important process in artificial recharge schemes in the Netherlands 
(Stuyfzand 1998). Ammonium is attenuated within 4m and 50m by cation exchange, 
resulting in lower concentrations in the recovered water (Baier and Wesner 1971, Roberts, 
et.al., 1978, Stuyfzand 1998). 

Soluble phosphorus concentrations remain virtually unaltered after the ASR cycle. In the first 
cycle, injected phosphorus is predominantly in the particulate phase, and thus results in 
considerable overall attenuation. However in the second cycle, phosphorus is injected at 
higher concentrations, of which around 80% is in the soluble phase and the resultant 
attenuation is lower. Neither soluble nor particulate phosphorus penetrate 50m, clearly 
indicating aquifer passage results in removal of phosphorus. However, in a single-well 
scheme, sufficient mobilisation of soluble phosphorus occurs during the storage phase to 
counteract the attenuation during injection. Microbial uptake and precipitation as calcium 
phosphate (apatite) can be considered as phosphorus attenuation (and subsequent release) 
mechanisms. 

Microbial uptake may be responsible for phosphorus attenuation and similarly biomass die
off and turnover during storage can release phosphorus. The microbially-mediated oxidation 
of organic matter within 4m of aquifer passage is consistent throughout the ASR Trial, in 
which time injected phosphorus concentrations are extremely variable. The extremely low 
injected phosphorus in the latter stages of the first injection trial did not appear to inhibit 
these processes, indicating phosphorus concentration is plentiful and not controlling 
microbial activity. Particulate phosphorus, collected around the ASR well may be utilised in 
this period, making the critical level of phosphorus difficult to determine. 

Precipitation as apatite can remove injected phosphorus, which can then be released on 
dissolution. The saturation of apatite (calculated for hydroxyapatite) is -1.6 ± 1.3 in cycle 1 
and -0.3 ± 1.0 in cycle 2. Thus, while the injectant is predominantly under-saturated with 
respect to hydroxyapatite, it did exhibit over-saturation on some occasions which may lead to 
precipitation. 
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11.7 CONCLUSION 

The use of a reclaimed water injectant, high in organic matter, in ASR does not alter the 
native redox conditions significantly in the bulk of the injectant plume. Initially some 
response to the injected Eh and pH is evident, but the system rapidly progresses toward the 
ambient condition. The removal of injected organic matter is limited to the oxidation by 
oxygen and nitrate, leading to a denitrifying redox state and effectively removing the injected 
nitrate, similar to the conditions prior to injection where the large sulphate pool remains 
stable. The reactivity of injected DOC can not be fully assessed as greater removal may 
result with higher concentrations of injected oxygen and nitrate. In support of this is the 
incomplete removal of AOC in the first ASR cycle. The dominant reaction, or treatment, zone 
observed within the 4m radius during injection is associated with the development of a 
biofilm. This biofilm is also responsible for the spatial variability in redox conditions, and the 
associated water quality, that develops between the ASR well and the 4m observation well 
during storage. These differences indicate the biofilm is situated closely around the ASR 
well. Differences in redox state between the ASR well and the 4m observation well during 
storage are found to influence disinfection by-product degradation rates (Nicholson, et.al., 
2002). 

Mobilisation of trace metal and metalloid species can result from changes in redox state, 
clearly evident for arsenic. It is illustrated that the ASR cycle is not detrimental to water 
quality with respect to most of the trace constituents and, with the exception of arsenic, 
average concentrations are predominantly lower than injected. On average, all metals and 
metalloids meet the Australian guidelines for irrigation quality water before and after an ASR 
cycle (Australia and New Zealand Environment and Conservation Council (ANZECC) and 
Agriculture and Resource Management Council of Australia and New Zealand (ARMCANZ) 
2000). Some removal of injected nitrogen and phosphorus is also evident, but the degree 
appears to be dependent on the species initially present. 
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12.1 INTRODUCTION 

Introduction of a foreign body of water into a carbonate aquifer may induce mineral 
dissolution or precipitation reactions in order to reach equilibrium with the aquifer matrix 
(Rattray, et.al., 1998, Mirecki, et.al., 1998, Rattray 1999, Rinck-Pfeiffer 2000, Rinck-Pfeiffer, 
et.al., 2000, Cave and Tredoux 2002, Massmann, et.al., 2002, Herczeg, et.al., in press). 
Carbonate minerals also act to buffer, or neutralise, the acidic by-products of biogeochemical 
processes by dissolution and the subsequent addition of bicarbonate (HC03) ions to solution. 
As a result, the hydrochemical signature of groundwater in a carbonate aquifer is largely 
attributed to interaction with the highly reactive carbonate minerals. More specifically, 
groundwater calcium (Ca) and total dissolved inorganic carbon (TDIC) species are added or 
removed through calcite (CaC03) dissolution or precipitation respectively and the behaviour 
of these aqueous species can be utilised to understand the carbonate system processes 
(Appelo and Postma 1999). These species are used to calculate the calcite saturation index 
(Sica1) of a given solution, indicating its propensity to dissolve or precipitate the mineral 
phase. Theoretically a Slcalcite of 0 ± 0.1 indicates groundwater in equilibrium with calcite 
(langmuir 1971 ), Slcalcite<O is under-saturated and will dissolve calcite, and Slcalcite>O is over
saturated and calcite is likely to precipitate. 

Magnesium (Mg) and strontium (Sr), common constituents within carbonate aquifers, provide 
additional hydrogeochemical information to support Ca and TDIC species. Magnesium in 
groundwater can be indicative of magnesium calcite or dolomite within the aquifer (langmuir 
1971 ). In addition, the molar ratio of magnesium to calcium can give insight into incongruent 
dissolution whereby secondary calcite precipitates after calcite saturation is reached 
following dissolution of dolomite (Salomons and Mook 1986). This can be identified by 
enrichment in the aqueous magnesium concentration, which also increases the magnesium 
to calcium molar ratio. Calcium behaviour may not be indicative of a system in which both 
calcite dissolution and precipitation are occurring. However, this process will exclude any 
existing strontium from the calcite structure on precipitation (Appelo and Postma 1999), 
causing enrichment in both the dissolved strontium and the strontium to calcium molar ratio. 

In aquifer storage and recovery (ASR) carbonate mineral processes may alter the recovered 
water quality and also change the aquifer permeability, with both impacting on the 
sustainable operation of the scheme. Excess dissolution may contribute 'hardness' to the 
water through calcium and magnesium ions (Appelo and Postma 1999) and lead to well 
stability concerns but, conversely, dissolution processes may effectively mask clogging 
processes. Carbonate precipitation is expected once saturation with respect to a particular 
mineral is reached, resulting in chemical clogging and potentially reducing the rate of 
injection. 

Rinck-Pfeiffer (2000) conducted a column study simulating the Bolivar ASR scheme to 
investigate the potential aquifer clogging mechanisms. She reported dissolution of calcite in 
response to the nature of the reclaimed water column influent being under-saturated with 
respect to calcite and to the biogeochemical processes occurring within the column. This 
dissolution served as some relief to biogeochemical clogging, dominant in the inlet end of the 
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columns, while further transport through the columns produced saturation with respect to 
calcite and subsequent calcite precipitation. Calcite dissolution was also an important 
process in stormwater ASR at Andrews Farm in SA (Rattray 1999, Herczeg, et.al., in press). 
Dissolution proceeded until carbonate saturation was reached, clearly modifying the quality 
of the stormwater injectant, but affecting less than 0.005% of the carbonate matrix per pore
volume. Similarly, water-rock interactions were the major contributors to water quality 
changes during subsurface storage of treated drinking water in a limestone/clastic aquifer in 
South Carolina (Mirecki, et.al., 1998). 

This chapter investigates the hypothesis that injection of reclaimed water into a carbonate 
aquifer will induce dissolution of the aquifer matrix, a factor which must be addressed when 
considering the long-term sustainability of such a scheme. This hydrochemical investigation 
relies heavily on the measurement of groundwater acidity (pH), calcium and bicarbonate 
which are then used to calculate TDIC, the partial pressure of carbon dioxide (Pc02 ) and 
mineral saturation indices (SI's), with PHREEQC-2 (Parkhurst and Appelo 1999). 
Magnesium, strontium and the carbon isotopes of TDIC (Le Gal La Salle, et.al., 2003) are 
also used to aid in the interpretation of the carbonate system processes. 

12.2 METHODOLOGY 

12.2.1 Field Site 

The Bolivar ASR field Trial site is located in the Northern Adelaide Plains (NAP) of SA, a rich 
horticultural region. The Trial targeted the lower of two main Tertiary limestone aquifers 
(Aquifers T1 and T2) within the Port Willunga Formation, extending from approximately 1OOm 
to 160m bgs (below ground surface) and overlain by a 7m confining layer of Munno Para 
Clay. Lithology in Aquifer T2 varies from fossiliferous and marly limestone through to 
silicious calcarenite (Martin, et.al., 1998). The localised mineralogy of the target aquifer is 
dominated by, on average, 74% calcite (CaC03) and 18% quartz (Si02), with approximately 
five percent ankerite (Ca(Fe,Mg)(C03) 2) and small amounts of hematite (Fe20 3), microcline 
(KAISi30 8) and albite (NaAISi30 8) also present. The magnesium to calcium molar ratio 
ranges from six to ten percent; however, the magnesium content shows a strong correlation 
with the ankerite contribution(~= 86%), indicating the magnesium is largely attributed to this 
ferrous variety of dolomite. The strontium to calcium molar ratio increases with depth from 
around 0.0004, in core samples taken between 104m and 120m (bgs), to 0.0006 in samples 
taken from 135m to 157m (bgs ). The strontium variation may be due to the nature of the 
biogenic calcium carbonate, as aragonite, originally precipitated. 

The ASR well was completed over most of the aquifer depth and surrounded by a network of 
seventeen monitoring wells. Sixteen of these were completed in Aquifer T2 and one in the 
overlying Aquifer T1 to monitor the integrity of the confining layer. 'Fully-penetrating' 
observation wells were placed at 4m, 75m, 120m, 300m and 700m radially from the ASR 
well. Two clusters of four piezometers were located at 50m north and south of the ASR well, 
intersecting approximately 5m intervals from 104-1 09m, 119-124m, 134-139m and 151-156m 
(bgs). The pump test derived average transmissivity over the whole aquifer thickness was 
estimated at 180m2/day (Martin, et.al., 1998), while core-scale analysis indicated three 
orders of magnitude variation in vertical hydraulic conductivity (K) (Wright, et.al., 2002). 

Two full-scale ASR cycles were undertaken, which spanned various seasons (table 12.1 ). 
Initially, the reclaimed water injectant had underwent secondary treatment using trickling 
filters, retention of 16-30 days in stabilisation lagoons, then further treatment using dissolved 
air flotation/filtration (OAF/F) and chlorination. Activated sludge (AS) treatment replaced the 
trickling filters in January 2001 as part of an upgrade to the Bolivar Wastewater Treatment 
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Plant (WWTP), coinciding with the latter stages of the first injection cycle, after approximately 
150ML. 

Well-head chlorination was included with the injection interval beginning in August 2000, 
after around 35ML of injection. The chlorinator operation was sporadic in the first cycle with 
an average chorine (CI) residual of 0.7 ± 0.4mg/L, compared with more consistent 
chlorination in cycle 2 at a rate of 5mg/L, maintaining a chlorine residual of 2.6 ± 2.4mg/L. 

Water quality observations were made through the 4m observation well and the 50m 
piezometers intersecting the two permeable zones of the aquifer (Wright, et.al., 2002), depth 
layer 1 (1 04-1 09m) and depth layer 3 (134-139m) during injection storage and recovery. The 
50m piezometer data are available for layer 3 north (50m n-3) and layer 1 south (50m s-1) in 
both cycles and for layer 3 south (50m s-3) in cycle 1. Additionally the water quality from the 
ASR well itself was monitored during storage and recovery. The storage phase data are 
available for cycle 1 only. Rapid breakthrough of injection was evident at 4m with the aquifer 
pore-volume to this radius being approximately 1.5ML (Pavelic, et.al., 2003). While migration 
to 50m is slower with the aquifer pore-volume to this radius being approximately 1 OOML 
(Vanderzalm, et.al., 2002, Pavelic, et.al., 2003). 

ASR 
cycle 
no. 

Reclaimed water 
treatment 

Trickling filter, lagoons, 
DAF/F, chlorination 

Activated sludge (AS) 
replaced trickling filter in 

Jan 2001 

Activity 

Injection 

Injection 

Injection 

Storage 

Recovery 

Period 

11 Oct - 23 Nov 1999 

4 Apr- 21 Apr 2000 

4 Aug 2000 - 29 Mar 2001 

30 Mar- 17 Jul 2001 

18 Jul - 28 Nov 2001 

Duration Approx. 
volume 

(days) (ML) 
42 28.7 

8 6.6 

215 214.5 

109 

133 150.0 

Ave. 
Flow-rate 

(Lis) 
7.9 

9.5 

11.5 

15.0 

----2-------A's~ ia9-ooi15.-oft..i=ti=.------ -ln]eci:foii--------5 -ritiar:-2.-=r- Iu-ri 26o2--------11 ~f----- -1·:,-4j------- -1 T9-----
chlorination 

Storage 

Recovery 

28 Jun - 24 Jul 2002 

25 Jul - 8 Oct 2002 

26 

70 90.9 15.0 

Table 12.1: Operational details of the two ASR cycles undertaken in the Bolivar ASR field Trial. 

12.2.2 Water Sampling and Analysis 

All water samples were taken after stabilisation of pH, temperature, dissolved oxygen (DO), 
electrical conductivity (EC) and redox potential (Eh), in accordance with appropriate well 
purging (approximately three well-volumes). These parameters were measured in situ using 
a TPS-FL90 probe in a flow-through cell directly from the pump discharge to prevent 
atmospheric exposure. Injectant quality samples were taken directly from the supply to the 
ASR well. 

Major ions and metals were analysed by the Australian Water Quality Centre (AWQC) in 
Bolivar, meeting National Accreditation Testing Authority (NATA) accreditation and quality 
system certification to ISO 9001. All samples were maintained below 4°C and transported to 
the laboratory for analysis within 24 hours. Sampling, preservation and analysis 
methodology was based on the Standard Methods for the Examination of Water and 
Wastewater (American Public Health Association (APHA) 1998). 

Chloride was determined by colorimetric flow analysis with a detection limit of 1 mg/L. 
Residual chlorine was determined by titration with N,N-diethyl-p-phenylene diamine (DPD) 
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with a detection limit of 0.1 mg/L. Dissolved metals were filtered through a 0.45~-tm filter 
immediately after sampling, and acidified to below a pH of 2 with nitric acid (HN03). 

Inductively coupled plasma-emission spectrometry (ICP-ES) was used for metal analysis 
with detection limits of 1 mg/L for sodium and 0.1 mg/L for calcium, magnesium and 
potassium (K). Acid digestion preparation prior to analysis by emission spectroscopy was 
used for strontium with a detection limit of 0.0005mg/L. Alkalinity was determined by titration 
and reported as bicarbonate with a detection limit of 1 mg/L. Ammonia was determined by 
colorimetric flow analysis using a Skalar segmented flow analyser with an analytical 
detection limit of 0.005mg/L. 

TDIC, Pc02 and the mineral saturation indices (e.g: Slcalcite) were calculated from pH and 
alkalinity data using PHREEQC-2 (Parkhurst and Appelo 1999). 

Carbon isotopes, carbon-13 and radioactive carbon-14, were measured on carbon dioxide 
(C02) produced from barium (Ba) carbonate precipitates dissolved in vacuum with 1:1 
hydrochloric acid (HCI). Carbon-13 is useful in distinguishing between organic and inorganic 
carbon sources. The marine carbonate signature is enriched, ranging from -2.1 to +2.7%o 
relative to the Pee Dee Belemnite (PDB) standard (Deines, et.al., 1974) while biogenic 
carbon dioxide produced by oxidation of C3-type plant material by microorganisms leads to a 
depleted carbon-13 signature, around -25%o (Grossman, et.al., 1989). Coupling this with 
carbon-14 can differentiate between modern (injected) and ancient carbon (aquifer material 
and the ambient groundwater). Carbon dioxide preparation was undertaken at CSIRO Land 
and Water, Adelaide, while isotopic analysis was performed by the Isotope Analysis Service 
at CSIRO Land and Water (Leaney, et.al., 1994). The barium carbonate precipitates were 
prepared from 40L water samples at pH above ten, predominantly in the field but on some 
occasions at CSIRO Land and Water. Carbon-13 of the C02 was analysed by a Europa Geo 
20-20 isotope mass ratio spectrometer with an associated uncertainty of 0.2%o. Analyses are 
in comparison to PDB. Carbon-14 was measured in a Quantilis 1220 ultra low-level liquid 
scintillation spectrometer after bubbling the carbon dioxide through a Carbosorb/Permafluor 
scintillant mixture (Leaney, et.al., 1994). Analyses were reported as percent of modern 
carbon (pmC) and were standardised to Angaston Marble background (OpmC) and Adelaide 
Oyster Shell (1 07.4pmC), with an associated error of approximately 1.5pmC. 

12.3 RESULTS 

This chapter initially outlines the hydrochemistry of the end-member waters, the native 
groundwater and the reclaimed water injectant, focusing on the relevant aqueous species 
outlined in section 12.1. The behaviour of these species is then considered throughout the 
injection phase, in the near-well zone (0 to 4m) and further into the aquifer (4 to 50m), then in 
the storage phase, and finally within the recovered water following a full ASR cycle. The 
carbonate system processes are then drawn together to consider the impact of reclaimed 
water ASR on the carbonate matrix in section 12.5. 

12.3.1 Native Groundwater 

The native groundwater of the target aquifer is of sodium-chloride-bicarbonate type. It is 
saturated with respect to the dominant carbonate mineral, calcite and slightly over-saturated 
with respect to dolomite (table 12.2). Vertical stratification is evident within Aquifer T2, with 
fresher water of around 1600mg/L TDS in the top 1Om, overlying more saline waters of 
around 2100mg/L. Thus, the two layers of focus in this research, layer 1 (104-109m (bgs)) 
and layer 3 (134-139m (bgs)), exhibit differing ambient hydrochemistry. 

The average groundwater pH is 7.3 and the mean calculated Pc02 is 10"1
·
8

. At this pH the 
mean TDIC of 5.0mmoi/L, is approximately 90% as bicarbonate, on average 4.5mmoi/L. 
While the ambient bicarbonate is observed to vary between 3.2 and 7.3mmoi/L, there is no 
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clear evidence for variation with depth. Calcium is 3.8mmoi/L on average, showing variation 
between 2.9mmoi/L and 4.8mmoi/L, and clearly increasing with depth. 

Magnesium of the native groundwater is on average 3.2mmoi/L, ranging between 2.2mmoi/L 
and 3.8mmoi/L, corresponding to an average magnesium to calcium molar ratio of 0.8. This 
is consistent with equilibrium between calcite and dolomite as indicated by Langmuir (1971). 
Ankerite, a ferrous variety of dolomite, contributes on average five percent of the aquifer 
matrix. 

The mean native strontium concentration is 13!lmoi/L, corresponding to an average strontium 
to calcium molar ratio of 0.0033, an order of magnitude larger than that of the core material, 
with an average ration of 0.0005. This is consistent with dissolution of aragonite and 
subsequent precipitation of calcite thus eliminating strontium (Appelo and Postma 1999). It 
also follows from this data that the precipitated calcite surface is poor in strontium in 
comparison to the original marine carbonate material. 

Parameter 
Ambient Cycle 1 Cycle 2 

(mmoi/L) injectantt injectant t 

7.3 ± 0.1 7.1 ±0.4 7.0 ± 0.3 
Temperature (0 C) 25.9 ± 1.0 20.4 ± 4.5 16.5 ± 3.6 
EC (mS/cm) 3.5 ± 0.4 2.3 ± 0.2 1.91 ± 0.07 
Eh (mV SHE) 50± 60 250 ± 250 850 ± 90 
cr 26 ±3 12 ± 1 12 ± 1 
Na+ 21 ± 3 13 ± 1 13 ± 1 
Ca2+ 3.8 ± 0.4 1.1 ± 0.2 1.1 ± 0.1 
Mgz+ 3.2 ± 0.4 1.5 ± 0.1 1.6±0.1 
K+ 0.4 ± 0.1 1.3 ± 0.1 1.3±0.1 
NH/-N 0.005 ± 0.002 1 ± 1 0.12±0.15 
HC03- 4.5 ± 0.9 4.4 ± 1.2 4.1 ± 0.3 
TDIC 5.0 ± 1.0 5.5 ± 1.0 5.0 ± 0.9 
Sr-total (J..tmoi/L) 13 ± 2 3.5 ± 0.7 3.7 ± 0.4 
Mg/Ca 0.8 ± 0.1 1.3 ± 0.2 1.4±0.1 
Sr/Ca 0.0033 ± 0.0003 0.0031 ± 0.0006 0.0037 ± 0.0004 
log Pcoz -1.8 ± 0.1 -1.7 ± 0.3 -1.7±0.3 
Slcalcite 0.08 ± 0.07 -0.6 ± 0.5 -0.7 ± 0.3 
Sloolomite 0.2 ± 0.3 -0.9 ± 1.0 -1.3±0.5 

number of samples averaged 
nd not determined 
t flow-weighted average 

Table 12.2: Water quality comparison of the ambient groundwater in Aquifer T2, with the reclaimed 
water injectant used in cycle 1 and cycle 2 of the Bolivar ASR field Trial (mean ±standard deviation). 

12.3.2 Injectant 

The reclaimed water injectant is fresher than the brackish groundwater, and the signatures of 
conservative species, such as chloride, allow differentiation between the two end-member 
waters (Le Gal La Salle, et.al., 2003, Pavelic, et.al., 2003). However, the flow-weighted 
averages of pH, TDIC and bicarbonate of the injectant, important tracers in understanding 
the carbonate system, are not distinct from that of the ambient groundwater. Thus, the use 
of supporting parameters, such as magnesium, strontium and the carbon isotopes, is clearly 
necessary here. 

The injectant quality illustrates considerable temporal variability as indicated by the large 
standard deviations associated with some parameters shown in table 12.2 and figure 12.1. 
In general, the injectant composition in cycle 1 exhibits the greatest variation, and the 
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composition experienced in cycle 2 lies within the range observed in cycle 1, despite the 
similar mean compositions. 

This variation in quality is illustrated for TDIC in figure 12.1, with a flow-weighted average 
concentration of 5.5 and 5.0mmoi/L in cycles 1 and 2 respectively. In the first cycle the TDIC 
concentration varies between 3.8 and 7.5mmoi/L, and remains below 5.5mmoi/L in the latter 
stages of the first injection phase, corresponding to December 2000 to March 2001 (150ML 
to 250ML). There is slightly less variation in the second cycle, with TDIC between 4.0 and 
6.5mmoi/L. 

The mean pH and Pco2 of the injectant, at 7.1 and 1 o-1.7 respectively, are similar to the 
ambient conditions. However, both exhibit considerable variation during the Trial (figure 
12.1 ). Within the first cycle the pH ranges between 6.4 and 7.8 with a marked change to 
acidic conditions, again from December 2000 to March 2001. Lower pH, from around 150ML 
of injection, is due to increased dosing with coagulant (aluminium sulphate) to control algal 
counts (Buisine 2003). This period sees C02 contributing up to 50% of the TDIC and the 
Pco2 above 10-1

·
5

. 

Slcalcite and log Pc02 of the injectant are calculated from pH and alkalinity, and thus exhibit 
linear variability with pH. It follows that the lower pH injectant has the higher Pc02, resulting 
in the greatest under-saturation with respect to calcite. As a result the injectant quality from 
around 150 to 250ML exhibits the highest acidity due to the increased carbon dioxide 
concentration and also the greatest under-saturation with respect to calcite, with a minimum 
Slcalcite of -1.4. In contrast, the maximum Slcalcite of +0.3 is observed earlier in the injection 
phase with neutral pH. 

In the second cycle the injectant pH is within the extremes of the first cycle, varying between 
6.7 and 7.4, with a flow-weighted average of 7.0. The mean Pc02 is again 10-1

·
7

, with the 
maximum of 10-1

·
3 exhibiting the greatest under-saturation with respect to calcite (Sicalcite = -

1.0). The saturation of the injectant with respect to calcite has important implications for the 
carbonate matrix, as under-saturation is expected to induce dissolution in order to achieve 
equilibrium with the matrix. 

The mean bicarbonate concentration in cycles 1 and 2 respectively is 4.6mmoi/L and 
4.4mmoi/L, constituting, on average, 82% of the TDIC. In cycle 1 bicarbonate ranges 
between 2.6 and 6.7mmoi/L, contributing between 55 and 97% of the TDIC. The minimum 
concentration of 2.6mmoi/L coincides with the period of lower TDIC. In cycle 2 bicarbonate 
is between 3.5 and 4.5mmoi/L, comprising 69 to 100% of the TDIC. 

The average injectant calcium is 1.1 mmoi/L in both cycles and magnesium is 1.5 and 
1.6mmoi/L in the first and second cycles respectively. Calcium is predominantly within 1.0 
and 1.4mmoi/L (1.8mmoi/L an extreme value) in cycle 1, and within 1.1 and 1.3mmoi/L in 
cycle 2. Magnesium ranges from 1.2 to 1. 7mmoi/L in cycle 1 and from 1.5 to 1. 7mmoi/L in 
cycle 2. The resulting magnesium to calcium molar ratio is, on average, 1.3, significantly 
higher than the ambient ratio (0.8) and likely to be altered with aquifer passage (Langmuir 
1971 ). Unlike the species presented above, the calcium and magnesium concentrations and 
the resulting magnesium to calcium molar ratio of the injectant are distinct from the ambient 
signature in both ASR cycles. 
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Figure 12.1: Temporal variation of the injected total dissolved inorganic carbon (TDIC) (calculated), 
bicarbonate, pH, Pc02 (calculated), calcium, Slcalcite. magnesium, magnesium to calcium molar ratio, 

strontium and strontium to calcium molar ratio over the duration of the Bolivar ASR field TriaL 

The injectant strontium ranges from 1 .8 to 4.6!J.moi/L in cycle 1, and from 2.9 to 4.2!J.moi/L in 
cycle 2. The overall mean strontium concentration of the injectant is 3.6!J.moi/L, and the 
strontium to calcium molar ratio is 0.0031. While the injected strontium is an order of 
magnitude lower than the ambient groundwater, the strontium to calcium ratio is virtually the 
same. 
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12.3.3 Injection Phase- 4m Aquifer Passage 

Groundwater at the 4m observation well is rapidly displaced with the injectant, with an 
approximate travel-time of one to two days. The variation of the conservative species, 
chloride in the 4m well closely follows the temporal variation of the injectant (figure 12.2) (Le 
Galle La Salle, et.al., 2003). This indicates that comparison can be made between the 
quality of samples of the injectant and the 4m well water collected on individual sampling 
occasions. A two-tailed Student's t-test comparing the chloride concentrations of the 
injectant and the 4m groundwater as two samples with unequal variance, reports a P-value 
of 0.56. 
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Figure 12.2: Cumulative volume and the chloride behaviour 
over the duration of the Bolivar ASR field Trial. 

Changes through buffering by the carbonate system with in 4m of aquifer passage are 
examined initially with pH, Pc02 , Slcalcite. calcium and TDIC (mainly as bicarbonate) (figure 
12.3). The behaviour of magnesium and strontium and their molar relationship to calcium 
are then considered (figure 12.4 ). 

The mean pH observed at 4m is 7.2 and 7.3 in cycles 1 and 2 respectively, and is slightly 
higher than the mean injected pH of 7.1. Groundwater at 4m illustrates some response to 
the variation of the injectant pH, ranging between 6.9 and 7.8. However there is no evidence 
of the more acidic injectant quality penetrating the 4m radius. It follows that the higher 
injectant Pc02 , above 10-1

·
5 is not witnessed at 4m, ranging between 10-2

·
5 and 10-1

·
5

, with an 
overall average of 10-1

·
8

. 

The Slcalcite at 4m is also without the extremes seen in the injectant, ranging between -0.5 
and +0.5, as opposed to between -1.4 and +0.3 for the injectant. The mean Slcalcite of -0.2 ± 
0.2, indicates slight under-saturation. If we consider mineral saturation indices of 0 ± 0.1 to 
represent equil ibrium (Langmuir 1971 ), groundwater at 4m appears near to equilibrium with 
the matrix, despite the variation observed within the injectant quality. It becomes clear that 
changes to the injectant quality within 4m of aquifer passage are evident through evolution 
towards calcite saturation resulting in both pH and Pc02 buffering. 
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Figure 12.3: Total dissolved inorganic carbon (TDIC), bicarbonate, pH, Pc02. calcium and Slcalcite 
behaviour over the duration of the Bolivar ASR field Trial. 
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over the duration of the Bolivar ASR field Trial. 

1AD 

Both the calcium and bicarbonate concentrations observed at 4m are chiefly in excess of the 
injected concentrations (P-values <0.005). Calcium at 4m ranges between 1.2 and 
1.8mmoi/L, with a mean concentration of 1.5mmoi/L. The corresponding bicarbonate 
concentration at 4m is on average 5.5mmoi/L in cycle 1, and 4.8mmoi/L in cycle 2, rang ing 
overall between 3.9 and ?.Ommoi/L. TDIC is on average 6.2 and 5.4mmoi/L in cycles 1 and 
2 respectively, and as the pH is near to neutral is predominantly (-90%) composed of 
bicarbonate. 

Quantification of the excesses discussed above, indicates an average calcium excess of 
0.30mmoi/L in cycle 1 and 0.35mmoi/L in cycle 2. As illustrated in figure 12.5, the excess is 
extremely variable throughout the injection cycle, particularly in cycle 1. The calcium excess 
in the first 150ML of injection cycle 1 is, on average, 0.2mmoi/L, while in the last 1 OOML is 
much higher at 0.6mmoi/L. 

If the calcium excess is due to calcite dissolution (equation (1 )), the corresponding molar 
bicarbonate excess should be twice that of calcium. 

Eqn (1) 

The mean bicarbonate excess is 0.75mmoi!L and 0.79mmoi/L in cycles 1 and 2 respectively, Q 
which is slightly above twice the calcium excess. Within the first cycle the bicarbonate 
excess for the first 150ML is 0.5mmoi/L, and for the last 1 OOML is 1.4mmoi!L. 
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The TDIC excess is slightly lower than the bicarbonate excess with averages of 0.62mmoi/L 
and 0.54mmoi/L for cycles 1 and 2 respectively. TDIC in this pH range is comprised of both 
bicarbonate and carbon dioxide. An excess in TDIC greater than in bicarbonate suggests 
production of biogenic carbon dioxide without calcite dissolution. An excess in TDIC lower 
than in bicarbonate suggests that some of the bicarbonate excess at 4m is resulting from 
TDIC (i.e: C02) of the injectant. The period exhibiting the greatest increase in both calcium 
and bicarbonate is the latter stage of the first injection cycle, after 150ML of injection, when 
the injectant has the greatest carbon dioxide concentration. At this stage the average TDIC 
excess of 0.50mmoi/L is considerably lower than the average bicarbonate excess of 
1.4mmoi/L. Here, a considerable amount of calcite dissolution, seen through the calcium 
and bicarbonate excesses, is induced by TDIC, as C02, of the injectant. Thus the TDIC gain 
is less than for bicarbonate. 
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Figure 12.5: Mass balance indicating excess or deficit of calcium, bicarbonate and 
total dissolved inorganic carbon (TDIC) after 4m aquifer passage. 
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cycle 1 indicates some occasions without an excess in calcium or bicarbonate (at injection 
volumes of 76, 101 and 121 ML) and also some decline or loss of these species (at an 
injection volume of 151 ML). These data show an excess TDIC, indicating that C02 

production must still be occurring. 

Magnesium appears to behave conservatively through both injection cycles, in contrast to the 
predominant excess in calcium, with the 4m signature closely following the injectant 
signature (P-value = 0.56). The mean magnesium to calcium molar ratio at 4m is 1.0, 
intermediate between the injectant and ambient signature. Due to the conservative 
behaviour of magnesium, the change in the molar magnesium to calcium ratio is likely to be 
caused by the observed calcium increase. 

Strontium concentrations after 4m of aquifer passage are generally in excess of the injected 
composition (P-value = 0.05). The average strontium concentration at 4m is 3.9Jlmoi/L, with 
average excesses of 0.48!-Lmoi/L and 0.30!-Lmoi/L in cycles 1 and 2. The events without 
calcium and bicarbonate excesses, as indicated previously, are also without strontium 
excesses, indicating that strontium release is related to calcite dissolution. The mean 
strontium to calcium molar ratio at 4m is 0.0028, lower than the ratio of the injectant and the 
ambient groundwater. This lowering of the ratio relates to addition from the matrix, with a 
strontium-to-calcium molar ratio an order of magnitude lower than the waters, and is 
particularly evident in the latter stages of the first injection cycle. 
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12.3.4 Injection Phase- 50m Aquifer Passage 

The carbonate system reactions observed within 4m are occurring over a short path-length 
and more than two hundred pore-flushes are achieved over the duration of the ASR Trial. In 
contrast, migration to 50m allows the carbonate system processes to be considered over a 
longer path-length, where only three to four pore-flushes are observed. In this section, the 
changes in hydrochemistry after passage to the 50m radius are presented. 

In addition to the time series in figures 12.2 to 12.4, mixing between the injectant and the 
native groundwater end-members can be investigated with the use of mixing or bivariate 
plots. The tracer behaviour is compared with the conservative species, chloride and a 
deviation from a linear relationship between the end-members indicates a reaction process. 
As discussed, the nature of the injectant is extremely variable, particularly in the first cycle. 
The 4m groundwater can also be used as an end-member to separate the examination of 
carbonate buffering processes occurring in the near-well zone (0 to 4m) and those further 
into the aquifer (4 to 50m). It is not feasible that the entire volume of injected water in cycle 1 
will penetrate 50m (Le Gal La Salle, et.al., 2003). Therefore the latest injectant, or 4m 
groundwater, possibly reaching 50m in the first cycle, and thus included in mixing diagrams 
and in mass balance calculations, is estimated at around 196ML of injection. Following the 
first cycle recovery of 150ML, the residual of approximately 1 OOML is expected to penetrate 
50m within the second injection cycle. 

At 50m the native pH in layer 3 varies between 7.0 and 7.4, while the shallower layer 1 
remains consistently near 7.0. During breakthrough of injectant to 50m, the differing pH 
between the layers is maintained. Neither layer responds to the variation observed in the 
injectant (6.4 to 7.8) or in the groundwater at 4m (6.9 to 7.8). 

The Pc02 at 50m is between 10-1
·
9 and 10-1

·
5 during the injection phase. Higher Pc02 is 

maintained in the shallower layer and as with pH, this in accordance with the ambient 
condition. The Slcalcite remains near saturation, ranging from -0.2 to 0.2, with an average of 
0.1 ± 0.1 in both layers. This is slightly less variation than the condition reached at 4m, 
suggesting progression toward buffered conditions with further aquifer passage. 

During penetration of the injectant from 4m to 50m, there is only marginal evidence of further 
variation in the TDIC or bicarbonate signature. According to the differing pH and Pc02 of 
layers 1 and 3 the relative carbon dioxide and bicarbonate contribution to TDIC varies under 
both the ambient condition and during injection. Bicarbonate contributes approximately 80% 
of TDIC in layer 1 and approximately 90% in layer 3. 

In layer 3 the bicarbonate remains between 5.0 and 5.6mmoi/L, typical of the ambient 
bicarbonate concentration but also consistent with mixing with the early injectant quality 
(figure 12.6). In the first cycle full breakthrough in this layer shows some evidence of the 
injected signature variation. Bicarbonate reaches as high as 5.9mmoi/L, in response to 
mixing with the higher concentrations of the mid injectant. In the shallow layer breakthrough 
is not monitored is such detail. The ambient bicarbonate concentration in this layer is lower, 
at around 4.0mmoi/L, and allows clear distinction between the ambient and injected end
members. The final bicarbonate concentration reached in this layer is between 4.9mmoi/L 
and 5.5mmoi/L, higher than the mean ambient concentration but consistent with the mean 
4m signature of 5.5mmoi/L. Again, the extremities seen in the injectant, and at 4m are not 
seen at 50m. 

The calcium end-members of the injectant and ambient groundwater show a greater 
distinction than seen for bicarbonate (figure 12.6). Additionally the calcium signatures of 
layers 1 and 3, and their behaviour during breakthrough, are distinct. In layer 3 calcium 
follows slightly above the mixing line between the ambient groundwater and the average 4m 
calcium concentration of 1.5mmoi/L. 
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Figure 12.6: Variation of bicarbonate, calcium, magnesium and strontium with chloride for the 
injectant, 4m and 50m groundwater during the first cycle injection phase. 

Based on mass balance calculations, the calcium excess between 4m and 50m is 
approximately 0.3mmoi/L during mixing. Upon full breakthrough, the calcium concentration 
in layer 3 progresses toward the injected and 4m signature reaching between 1.5 and 
1.6mmoi/L. This final calcium concentration is higher than the average injected 
concentration of 1.1 mmoi/L, but comparable to the mean observed at 4m of 1.5mmoi/L. The 
calcium behaviour in layer 1 is quite different exhibiting a clear excess over mixing, despite 
starting with a lower concentration in the native groundwater. The final calcium 
concentration reached in layer 1 is 2.2mmoi/L in the first cycle, 0.7mmoi/L higher than the 
average concentration at 4m. This behaviour is repeated in the second cycle, however the 
calcium concentration in layer 1 is higher again, at 3.0mmoi/L, remaining at concentrations 
typical of the ambient signature (figure 12.4 ). 

Magnesium illustrates evidence of non-conservative behaviour with further migration in the 
aquifer (figure 12.6). Layer 1 illustrates an average excess of 0.3mmoi/L during 
breakthrough, reaching a final concentration of 1.7mmoi/L in cycle 1 and 1.8mmoi/L in cycle 
2. Although not clear on the mixing plot, mass balance calculations indicate a slight 
magnesium excess of approximately 0.15mmoi/L in layer 3 during mixing, which declines 
upon complete breakthrough until the injectant composition is reached . The magnesium to 
calcium molar ratio remains consistent with the ambient ratio in the both layers during the 
first cycle. The extremely high calcium concentrations in layer 1 during the second cycle 
lower the ratio to around 0.6. 

The behaviour of strontium during injectant breakthrough to 50m is comparable to that of 
calcium. Strontium is in excess of a mixing relationship in both layers and, as with calcium , 
this is greatest in layer 1 (figure 12.6). The final strontium concentration in layer 3 is between 
4.7 and 5.9'-'-moi/L, which is greater than the mean concentration at 4m of 3.9'-'-moi/L. The 
final strontium concentration in layer 1 is between 7.5'-'-moi/L and 8.1 '-"moi/L, also increasing 
in the second cycle (figure 12.4 ). The strontium to calcium molar ratio at 50m varies 
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between 0.003 and 0.004 in cycle 1, typical of both the injected and ambient ratio. The 
higher strontium concentrations witnessed in cycle 2 increase this ratio to as high as 0.006. 

12.3.5 Storage Phase 

This section presents results predominantly from the first cycle storage phase. The second 
cycle does not include any sampling events in the storage period, so changes can only be 
assessed from the quality at the beginning of the recovery period. The storage period 
illustrates increased microbial activity near the ASR well with deeply reducing conditions 
resulting in sulphate-reduction and methanogenesis. While in contrast, the redox conditions 
at 4m remain typical of the ambient conditions, with Eh up to 100mV and sulphate remaining 
stable (Vanderzalm, et.al., 2003). Some diffusion leads to mixing on the outer reaches of the 
injectant plume during the first storage phase. Based on chloride behaviour, ten to 15% 
mixing with the ambient signature is evident at 50m, while at the ASR well and at 4m chloride 
concentrations remain stable. 

The effect of increased microbial activity is seen in the increased Pc02 , which in turn lowers 
pH (figure 12. 7), potentially altering the saturation of groundwater with respect to calcite. In 
the storage phase of cycle 1, the pH at the ASR well declines from neutral to around 6.5 and 
Pc02 increases substantially up to 1 o-0

·
7

, which is higher than measured within the injectant. 
Despite the increased Pc02 at the ASR well during storage, the Slcalcite remains around -0.5. 
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Figure 12.7: Variability of the Slcalcite and Pcoz at the ASR well 
during storage in comparison to the injectant. 

A contrast between water quality in the vicinity of the ASR well and the surrounding 
observation well network is indicated by the diverging hydrochemistry (figures 12.2 to 12.4 ). 
At 4m, the Pc02 increases slightly from 1 o-2·0 to 10-1

·
7 leading to a pH decline from 7.3 to 7.1. 

The Slcalcite remains between 0 and -0.3, which is similar to the injection phase conditions. 

Further into the aquifer at 50m, the groundwater Pc02 in layer 3 decreases, tending toward 
saturation with respect to calcite, typical of the ambient condition. In layer 1 the Pco2 remains 
near 10-1

·
5

, also typical of the ambient condition. However in this layer, the storage phase 
does produce a marginal increase in Pc02, resulting in a slightly lower Slcalcite at -0.3. 

The Pc02 trend is reflected in the increasing TDIC at the ASR well during storage. The TDIC 
increases by approximately 13mmoi/L, reaching a maximum of 20mmoi/L. Bicarbonate 
increases by 7mmoi/L during the first cycle storage phase, reaching around 12mmoi/L. The 
TDIC added is initially comprised of approximately 67% bicarbonate, declining to 54% over 
the duration of the storage phase. 

At 4m TDIC increases by 1.1 mmoi/L, reaching 5.5mmoi/L, while bicarbonate increases by 
0.7mmoi/L, to 4.7mmoi/L. At 4m the bicarbonate portion of the added TDIC declines from 
94% to 69%. 
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The overall TDIC concentrations at 50m remain relatively constant during storage. There is 
a very slight shift in the contribution of bicarbonate to TDIC, which lowers in layer 1, 
corresponding with the greater carbon dioxide contribution, but increases in layer 3, 
consistent with the shift toward calcite equilibrium. 

Calcium increases by 0.4mmoi/L in the vicinity of the ASR well and by 0.2mmoi/L, at 4m over 
the duration of the storage phase. Clearly, these calcium increases are far less than half of 
the observed bicarbonate increases. This is explained by enhanced microbial activity 
leading to increased TDIC concentrations, without concomitant calcite dissolution and is 
supported by carbon isotopic data outlined in Le Gal La Salle, et.al., (2003). The differing 
calcium concentrations reached in layers 1 and 3 at 50m remain fairly stable throughout 
storage. 

Magnesium does not exhibit conservative behaviour during the storage period, increasing by 
approximately 0.4mmoi/L in both the ASR well and the 4m well. The increase in magnesium 
in the near-well zone may be indicative of ankerite dissolution. The magnesium to calcium 
molar ratio remains constant within the injectant plume during the storage phase. 

Strontium concentrations in the ASR well and 4m well increase during the storage phase 
from 3.5 to 4.3Jlmoi/L and 2.7 to 3.4Jlmoi/L respectively. The strontium to calcium molar ratio 
remains at 0.002, similar to that observed at 4m during the latter stages of injection cycle 1. 
At the 50m radius, strontium concentrations and the strontium to calcium molar ratio remain 
constant in layer 1 but increase in layer 3. The increased strontium at 50m may be explained 
by diffusive mixing with the higher concentration native signature. However, this does not 
increase the ratio of strontium to calcium, as the injectant and groundwater end-members are 
similar, suggesting exclusion of strontium during precipitation of calcite. 

12.3.6 Recovered Water Quality 

The volume of water recovered from the ASR well is controlled by an upper salinity limit of 
1500mg/L and incorporates approximately 10% contribution overall from the ambient 
groundwater. The recovered water quality is indicative of the geochemical processes within 
the plume and can be compared to those observed during injection along specific flow-paths. 
Clearly the mean residence time and flow-path length of the recovered water increases with 
time. 

The flow-weighted average pH recovered from the ASR well is 7.1 and 7.4 in cycles 1 and 2 
respectively. Excluding the acidic conditions generated in the vicinity of the ASR well during 
the first cycle storage phase, recovered water remains neutral or slightly basic. The 
recovered water is slightly under-saturated with respect to calcite, with a mean Slcalcite of -0.2 
± 0.2 and Pc02 of 1 o-1

·
7
±

0
.4. In comparison to the injectant quality, there is a clear progression 

toward equilibrium with calcite. However, this tendency toward equilibrium appears to be 
largely achieved within the first 4m of aquifer passage. 

The flow-weighted average bicarbonate concentration in the recovered water is 5.0mmoi!L in 
cycle 1 and slightly lower at 4.9mmoi/L in cycle 2, higher than the injected averages of 4.4 
and 4.1 mmoi/L for cycles 1 and 2 respectively. In cycle 1, the recovered average is lower 
than the mean concentration of 5.5mmoi/L, observed at 4m during the injection cycle. While 
in cycle 2 the recovered average is consistent with the average concentration at 4m during 
injection, of 4.8mmoi/L. Calcium is recovered with a mean of 1.8mmoi/L, which is greater 
than the average obtained at 4m during injection of 1.5mmoi!L. This is, however, consistent 
with a ten percent contribution from the higher concentration ambient signature of 3.8mmoi/L. 
The higher calcium concentration observed in the shallow layer 1 at 50m, does not 
significantly affect the overall recovered water quality. 
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Magnesium follows conservative mixing between the injected and native end-members in all 
recovered waters. Magnesium from the ASR well is on average 1.6mmoi/L, also consistent 
with a slight contribution from the higher ambient signature. The average strontium 
recovered of 4.6f!moi/L, is consistent with the mean 4m concentration during injection and 
mixing with the much higher ambient signature. The strontium to calcium molar ratio in 
groundwater recovered from the ASR well is between 0.002 and 0.004. 

12.4 EXCESS CALCIUM (Ca) BETWEEN 4m AND 50m- CATION EXCHANGE 

With migration of the injectant plume between 4m and 50m, calcium is in clear excess over 
mixing in layer 1, while in layer 3 remains on the upper bounds of the mixing line. However, 
the bicarbonate (TDIC) signature, partial pressure of carbon dioxide, and the pH remain 
constant at 50m during injectant breakthrough. As migration to this distance is considerably 
slower than the short passage to 4m, cation exchange is considered as a possible 
mechanism for releasing calcium. Baier and Wesner (1971) utilise cation exchange to 
explain an increase in calcium without the concomitant alkalinity increase, in a pilot-scale 
study of groundwater recharge via reclaimed water injection. 

The clay confining layer overlying the target aquifer is composed of predominantly 
montmorillonite and palygorskite, with illite, kaolinite and pyrite also identified. While these 
are not identified in the core samples taken from the target aquifer, it is feasible that they 
may have been present below the analytical detection limit or not detected due to the aquifer 
heterogeneity. With particular focus on the behaviour of the clay minerals, montmorillonite 
and illite have potential for cation exchange. 

In layer 1, potassium and ammonium are completely retained in both cycles, and in a 
carbonate aquifer these species may be exchanged for calcium. The relationship between 
the sum of the potassium and ammonium deficit in between 4m and 50m (in meq/L) is highly 
dependent (~ = 90%) on the calcium excess (in meq/L) in this layer (figure 12.8). While the 
layer is not largely composed of clay, only a small amount of montmorillonite is required for 
considerable exchange. The complete retention may suggest a fixation of potassium and 
ammonium more likely in illites or vermiculites than in smectites (Hassett and Banwart 1992, 
McBride 1995). 

In layer 3 retardation of these species is also evident during movement to 50m in both the 
northerly and southerly directions. Full breakthrough of injectant in both directions leads to 
the injectant signature being reached, suggesting the exchange capacity has been reached. 
The weaker relationship (~ = 70%) in layer 3, suggests that a minor amount of the calcium 
excess may be attributed to carbonate processes. 

The strontium excess observed at 50m also shows a strong relationship with the potassium 
and ammonium behaviour, with ~ values of 80% and 70% in layers 1 and 3 respectively. 
The relationship is weaker for magnesium with ~ values of 40% in layer 1 and 30% in layer 
3. 

To investigate the bulk potassium and ammonium behaviour of the recovered water, water 
quality from the ASR well can be examined. The flow-weighted average potassium in the 
recovered water is 1.2mmoi/L, only 0.1 mmoi/L lower than injected and typical of a ten 
percent mixing with the ambient signature. Clearly the complete retention of potassium 
observed in 50m s-1 does not have a significant impact on the recovered water quality. The 
flow-weighted average ammonium concentration in the recovered water is 0.5 and 
0.2mmoi/L in cycles 1 and 2 respectively. In cycle 1 this is lower than the injected average of 
1.0mmoi/L, but in cycle 2 is similar to the injected average of 0.12mmoi/L. The apparent loss 
of ammonium in cycle 1 may be biased by recovery of the latter volume injected, which is 
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also lowest in ammonium concentration. However the recovered ammonium concentration 
does remain under 1.0mmoi/L, which is the maximum concentration reached after 50m of 
aquifer passage, suggesting some permanent removal of the higher injected ammonium 
concentrations. Retention of sorbed ammonium may be oxidised in future cycles, if the 
dissolved inorganic carbon input does not consume all the injected oxidising capacity. 
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Figure 12.8: Ammonium and potassium versus chloride indicating retention in layer 1 (50m s-1) 
and retardation in layer 3 (50m n-3) during the first cycle injection phase; 

and the mass balance of ammonium and potassium versus calcium during injection. 

12.5 CARBONATE SYSTEM PROCESSES 

Vanderzalm, et.al., (2003) illustrates that the initial 4m of aquifer passage is largely 
responsible for the biogeochemical processes that alter the recovered water quality from that 
injected. Within 4m up to 0.3mmoi/L TDIC is oxidised by oxygen and nitrate, potentially 
adding up to 0.3mmoi/L TDIC. When added as C02 this can induce buffering by dissolution 
of the carbonate matrix, essentially resulting in the addition of 0.6mmoi/L bicarbonate 
through calcite dissolution (equation (1 )). Additionally it has been illustrated that at some 
times, the injectant exhibits considerable under-saturation with respect to calcite, also 
inducing buffering. 

Buffering is evident in the water recovered during the Bolivar ASR field Trial with pH typical 
of the native signature, generally between 6.9 and 7.4, when compared to the more variable 
injectant, with a pH of 6.4 to 7.8. This buffering process is evident within the initial stages of 
the injection phase, during 4m of aquifer passage, where excesses in calcium and 
bicarbonate are evident, coincident with a move towards calcite saturation. 

The average quantity of calcite dissolution occurring within 4m aquifer passage is 
0.30mmoi/L in cycle 1 and slightly higher at 0.35mmoi/L in cycle 2. This is marginally greater 
than the average biogenic carbon dioxide production through OM oxidation within 4m of 
0.2mmoi/L in cycle 1, but comparable to the observed OM oxidation of 0.3mmoi/L in cycle 2 
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(Vanderzalm, et.al., 2003). The carbon isotopic signature of the 4m groundwater in the first 
cycle shows a minimal depletion in carbon-13 and a reduction in carbon-14 activity, which is 
in agreement with this quantification of calcite dissolution and organic matter oxidation (Le 
Gal La Salle, et.al., 2003). Here buffering biogenic carbon dioxide production is the major 
influence on dissolution, with additional response to the nature of the injectant. The greatest 
degree of dissolution, on average 0.6mmoi/L, is evident when the injectant exhibits the 
greatest under-saturation with respect to calcite in the latter 1 OOML of cycle 1. At this stage, 
the importance of the injectant under-saturation with respect to calcite becomes apparent. 
The importance of the injectant composition is also shown where the injectant is saturated 
with respect to calcite (Sicalcite = 0 to 0.4) and there is no excess in calcium or bicarbonate (at 
injection volumes 76, 101,121 and 151 ML). 

With respect to the carbonate system, the quality of water recovered from the ASR well is 
similar to that obtained after 4m of aquifer passage, suggesting that the buffering process is 
largely complete within this short travel-time of one to two days. Additionally, this buffering 
capacity is maintained throughout considerable variation in the injectant quality, signifying the 
rapid response of the target aquifer to the nature of the injectant in order to assume 
equilibrium conditions. As redox processes are likely with a reclaimed water injectant 
(Vanderzalm, et.al., 2003) and difficult to control, dissolution in response to the injectant 
being under-saturated with respect to calcite could be minimised by maintaining a neutral pH. 

On average 0.3mmol (0.03g) of calcite dissolution occurs for every one litre of injectant. 
Assuming a porosity (n) of 0.45 (core sample average) and a bulk density (p) of 1.50g/cm-3 

(Wright, et.al., 2002), 1 L of water (Vw) occupies 2.2L of the aquifer-

(Vtotal = Vw ); Eqn (2) 
n 

and 3.3kg of aquifer material -

PVw 
(Mass = --). Eqn (3) 

n 
With an average calcite content of 74%, this equates to 2.4kg calcite per litre of water. Thus 
calcite dissolution with each pore-flush affects approximately 0.001% of the calcite mass and 
<0.001% of the total aquifer. 

While the effect of dissolution per pore-flush is minimal, over 200 pore-flushes occur within 
4m, leading to considerable calcite dissolution concentrated in the region around the ASR 
well. While this can mask clogging effects, the effect on the ASR well stability must be 
considered. Based on the average dissolution in each cycle (0.3mmoi!L x 250ML and 
0.35mmoi/L x 11 OML), approximately 11 T (tonnes) of calcite is dissolved within 4m over the 
two cycles and affects approximately 15T, or less than 0.4%, of the aquifer matrix. Clearly 
this estimate increases further if the injectant is acidic and far from equilibrium with the 
matrix. 

This suggests that support of the overlying aquitard could be threatened if the ASR well was 
operated on an ongoing basis. A further (unpublished) study was performed on the strength 
of the aquitard and its integrity with a radially expanding absence of support (Dillon, pers. 
comm.). Assuming this 7m thick stiff clay was self-supporting on a 2m radius (total aquifer 
volume 750m3

), it is estimated to take 110 years of injection at 250ML per year to dissolve 
the 840T of calcite required to reach this criteria (at 0.3mmoi/L). This significantly exceeds 
the normal operating life of a production well. Calcite mass balance calculations and 
geophysical techniques should be used on an ongoing basis to assess aquifer dissolution 
and support for the confining layer during the operating life of the ASR well to enable 
revision, if required, of its proposed shut-down date or cumulative injection volume. 
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The effect of further aquifer passage is examined by considering the processes occurring 
within 4m and 50m. While calcium, strontium and magnesium indicate excesses compared 
to mixing, this is not seen in the corresponding TDIC behaviour. Cation exchange processes 
(section 12.4) can explain the excess of calcium, strontium and to some extent magnesium. 
Further insight can however, be obtained from both carbon-13 and carbon-14 (Le Gal La 
Salle, et.al., 2003). During the period of injectant breakthrough, or mixing between the 
ambient groundwater and the injectant, the TDIC retains the ambient isotopic signature 
despite considerable portions of the injectant (up to 80%). Upon full breakthrough, the 
isotopic signature of the 50m groundwater progresses toward the injectant signature. These 
analyses suggest that TDIC is exchanged between the injectant and the calcite surface, 
which is in equilibrium with the ambient groundwater rather than possessing the marine 
carbonate signature. Upon full breakthrough, sufficient exchange has occurred to see the 
influence of the injectant signature within the calcite surface. While this exchange involves 
ongoing precipitation and dissolution, net calcite dissolution does not appear significant 
between 4m and 50m. With this in mind, some excess of magnesium and strontium may be 
attributed to exclusion during the precipitation process. 

During storage, some calcite dissolution is evident in the vicinity of the ASR well and at 4m. 
The magnitude of the calcium increase in the near-well zone during storage remains similar 
to that occurring in the injection phase. Despite the considerable microbial activity near the 
well-face, considerable TDIC is produced without inducing calcite dissolution. The 
magnesium increase during storage may indicate that ankerite dissolution is acting to buffer 
some of the biogenic carbon dioxide in the near-well zone during storage. This buffering, in 
response to the enhanced microbial activity during storage, adds to the dissolution around 
the well-face. 

12.6 CONCLUSIONS 

The injection of reclaimed water injectant in a carbonate aquifer induces buffering by the 
dissolution of the carbonate matrix. This is evident in the recovered water quality, which is 
less variable in quality than the injected reclaimed water. With regard to the carbonate 
system, this is shown by more constant pH, TDIC species and the saturation with respect to 
calcite. 

A large degree of this buffering is evident within the first 4m of aquifer passage, or one to two 
days residence-time within the carbonate aquifer. Here the response to the variable injectant 
quality is quite rapid and highlights the response to biogenic carbon dioxide production and 
the under-saturation of the injectant with respect to calcite. Despite this, dissolution in the 
near-well zone does not appear to be a limitation to the application of reclaimed water in 
ASR. Maintaining a near-neutral injectant pH, hence bringing the injectant near to 
equilibrium with the matrix, may be effective in minimising calcite dissolution. 

The investigation of the carbonate reaction processes occurring with further aquifer passage 
exemplifies the need for a multi-tracer study. The use of hydrochemical species as 
environmental tracers is complicated by the variability of the injectant quality and in some 
cases, the lack of distinction between end-members. It becomes apparent that further 
aquifer passage continues the equilibrium process, with carbon-isotopes suggesting an 
exchange between the TDIC injected and that residing on the surface of the matrix. 
Movement of the plume to 50m indicates that the matrix may be releasing calcium, strontium, 
and some magnesium, in exchange for injected potassium and ammonium. This is most 
obvious in the shallower permeable zone from 104-109m (bgs), where complete retention of 
ammonium and potassium see the largest release of calcium, strontium and magnesium. 
The processes observed in the shallower layer, however, do not have a significant effect on 
the overall quality of the water recovered after a full ASR cycle. 
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13.1 INTRODUCTION 

Aquifer storage and recovery (ASR) is an important resource management tool in arid and 
semi-arid areas where surface water is scarce. An available water source, such as surface 
water from seasonal rainfall or reclaimed water, is stored in a suitable aquifer for reuse when 
required to meet further water demand, and significantly relieves pressure on groundwater 
resources. Aquifer storage can also contribute to water quality improvement by natural 
attenuation and degradation of contaminants that may be present in the injected water. The 
primary issues in determining the feasibility of an ASR scheme relate to the sustainability of 
adequate injection-rates, and to maintaining an acceptable quality in the recovered water. 
Mixing of the injectant with low quality ambient groundwater can be detrimental to the 
recovery efficiency (RE) of an ASR scheme. Additionally injection of water into an aquifer 
irrespective of its origin can induce numerous geochemical and biogeochemical reactions 
which may modify aquifer properties and affect the quality of the recovered water. The 
significant geochemical processes involved are mineral dissolution/precipitation (towards 
equilibrium), and redox (oxidation reduction) reactions. In a confined carbonaceous aquifer 
these processes include dissolution or precipitation of calcite (CaC03), and also oxidation of 
secondary minerals such as pyrite (FeS2). When reclaimed water is used for injection, the 
potential for redox processes increases through oxidation of injected organic matter (OM), 
and the associated reduction of nitrate (N03) and sulphate (S04) may also become 
important. 

Understanding the driving forces that trigger these geochemical processes is essential for 
assessing the feasibility of new schemes and to adequately manage operating schemes. 
Such processes can be investigated by studying the chemical variation of the injected water 
quality after passage through the aquifer. However, the resultant geochemical signature of 
the recovered water is often due to a complex suite of reactions that is difficult to unravel. 
Only a few studies have analysed the contribution of isotopic tracers to the processes 
involved in artificial recharge (Herczeg, et.al., in press, Le Gal La Salle, et.al., 2001 and 
2002, Vanderzalm, et.al., 2002, Rattray, et.al., 1998, Stuyfzand 1998, Ma and Spalding 
1996). Some of the issues that stable and radio isotopes can contribute to elucidate are 
introduced below. 

Heterogeneity in the aquifer material imposes uncertainty on the prediction of the injectant 
flow-path, the extent of the injected plume and the proportion of mixing between the two end
members. However, a good understanding of these is required to determine the recovery 
efficiency and the amount of geochemical reaction occurring, which influence the feasibility of 
an ASR scheme. The uncertainty on the part of mixing can be large enough to mask any 
addition or loss of solute due to geochemical reactions, preventing any prediction of the 
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geochemical processes triggered by ASR. Conservative tracers are needed to trace and 
quantify the presence of injectant within groundwater samples. Chloride (CI) is a good 
candidate in situations where fresh water is injected into a more saline aquifer. Stable 
isotopes of the water molecule can also be of use when the native groundwater and the 
injectant have distinct isotopic signatures. In Nebraska Ma and Spalding (1996) used the 
stable isotopes of water to quantify mixing between the native groundwater and surface 
water from recharge basins, based on large differences between the signature of regional 
groundwater (o2H = -64 to -56%o) and stream flow used for recharge (o2H = -83 to -74%o). In 
an ASR trial at Andrews Farm in SA where injection occurred over four winters from 1993 to 
1996, variations in the oxygen-18 and deuterium signature of the stormwater injectant were 
observed. The stable isotopic signatures were found to be too variable to be used as 
quantitative conservative tracers but could be used as a qualitative indicator of the injectant 
(Herczeg, et.al., in press). 

Suitable aquifers are often constituted of sandstone or limestone with carbonate cement or 
carbonate matrix. In such aquifers injection of foreign water that is likely to be under
saturated with respect to calcite, may lead to substantial dissolution of the aquifer material 
(Rattray, et.al., 1998, Herczeg, et.al., in press). While this can offset the effects of clogging 
during injection, it has the potential to lead to aquifer erosion and well collapse. Furthermore, 
in reclaimed water ASR, injection of OM and nutrient-rich water has the potential to enhance 
microbial activity which, through degradation of OM and respiration produces additional 
carbon dioxide (C02) that can further increase carbonate (C03) dissolution. Simultaneously, 
the oxidation of OM is an important process, utilising available electron acceptors through a 
sequence of redox reactions. 

Column studies using Bolivar reclaimed water and core material from the Trial site (Rinck
Pfeiffer, et.al., 2000) showed that both carbonate dissolution and precipitation can occur. 
Dissolution was shown to occur at the inlet end of the column where biological activity was 
high, while calcite precipitation was observed at the column outlet when the effluent was 
saturated with respect to calcite. Precipitation of carbonate can be beneficial if heavy metals 
are co-precipitated but may have detrimental effects, such as decreasing the hydraulic 
conductivity (K) of the aquifer material through the physical clogging of pores. Such 
processes have not yet been investigated in a full-scale ASR scheme. While an increase in 
calcium (Ca) is likely to be associated with carbonate dissolution, it is difficult to assess the 
amount of reprecipitation in situ. 

The use of carbon-13 and carbon-14 can further our understanding of the processes 
impacting on the carbonate geochemical system; namely carbonate dissolution/precipitation 
and OM oxidation (Herczeg, et.al., in press, Le Gal La Salle, et.al., 2001) when the end
member signatures are sufficiently different. Carbon-14 should allow the differentiation 
between modern (injected) and ancient carbon (aquifer material and ambient groundwater), 
while carbon-13 should allow differentiation between organic and inorganic carbon sources. 
After the injection of stormwater in a carbonate aquifer Herczeg, et.al., (in press) observed a 
high carbon-14 (>50pmC) and a slightly depleted carbon-13, indicating slightly more 
contribution to the total dissolved inorganic carbon (TDIC) from the oxidation of injected OM 
than from calcite dissolution. 

Isotopic exchange through steady-state dissolution and precipitation of calcium carbonate 
(CaC03) affects the use of carbon-14 for groundwater dating, and thus has generated 
considerable interest and has been the subject of several laboratory experiments (Garnier 
1985, Mozeto, et.al., 1984, Thilo and MOnnich 1970). The main factors affecting isotopic 
exchange are the residence time and chemistry of the aqueous phase and also the 
carbonate content of the solid phase. Gonfiantini and Zuppi (2003) reported half-lives of 
isotope exchange processes from 4,000 to 20,000 years in a series of natural settings. The 
shortest half-lives were reported for high porosity chalk aquifers. 
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Redox-driven sulphur (S) transformations in ASR impact on recovered water quality. The 
oxidation of reduced S in pyrite results in the addition of sulphate and heavy metals, such as 
iron (Fe), arsenic (As), cobalt (Co), nickel (Ni) and zinc (Zn) to the groundwater (Arthur, et.al., 
2001, Stuyfzand 1998, Rattray, et.al., 1998). Under anaerobic conditions and with an 
accessible organic carbon (OC) substrate, the anaerobe Desu/fovibrio desu/phuricans can 
use S as an electron acceptor, initially reducing sulphate to bisulphide, which can then 
precipitate metals or hydrate to hydrogen sulphide gas (H2S) (Clark and Fritz 1997). In 
pristine environments sulphate-reducing conditions are generally found in confined or deeper 
aquifer zones where anaerobic conditions prevail (Robertson and Schiff 1994, Moncaster, 
et.al., 2000); however it has been shown that sulphate-reduction can also occur in localized 
microenvironments in the presence of dissolved oxygen (DO) (Berner 1971, Canfield and 
Des Marais 1991 ). 

The isotopic analysis of sulphate in groundwater can be utilised in determining sulphate 
sources and investigating subsurface sulphur transformation processes, such as pyrite 
oxidation and sulphate reduction (Clark and Fritz 1997, Herczeg, et.al., in press). Isotope 
fractionation is insignificant during the oxidation of reduced sulphur (Strebel, et.al., 1990) and 
thus the resultant sulphate signature can be indicative of the mineral sulphur source, which is 
generally depleted in sulphur-34. In contrast large isotopic enrichments of up to 40%o in the 
residual sulphate, can occur due to kinetic isotope effects during sulphate reduction (Krouse 
and Mayer 2000, Strebel, et.al., 1990, Robertson and Schiff 1994 ). 

Sulphur-34 data proved very informative in a geochemical study of stormwater ASR at 
Andrews Farm in SA (Herczeg, et.al., in press). Initial decreases in sulphur-34 coupled with 
increasing sulphate indicated pyrite oxidation during the first month following injection. In the 
proceeding period sulphate reduction was evident with declining sulphate concentrations and 
enrichment in sulphur-34. 

This chapter investigates the potential of the stable isotopes of the water molecule, carbon-
13 and carbon-14, and sulphur-34 to contribute to an understanding of the geochemical 
processes involved in reclaimed water ASR. 

13.2 FIELD TRIAL 

The Bolivar ASR project, located on the Northern Adelaide Plains (NAP) of South Australia, 
provided an ideal setting to investigate the potential applications of a suite of isotopes to 
trace the injectant plume, and to enhance the understanding of the geochemical reactions 
induced by reclaimed water injection. The aim of the Bolivar ASR Trial was to store 
irrigation-quality reclaimed water over winter in a brackish aquifer, for reuse in summer for 
irrigation of horticultural crops. The reclaimed water derived from Adelaide's municipal 
sewage effluent from the Bolivar Wastewater Treatment Plant (WWTP) underwent secondary 
treatment, storage for up to six weeks in shallow aeration lagoons, dissolved air 
flotation/filtration (OAF/F), and chlorination prior to being reticulated to the ASR site. 

The targeted Aquifer T2 is the lower of two tertiary confined carbonate aquifers. This 60-70m 
thick aquifer is overlain by a -7m thick layer of Munno Para Clay, intersected at a depth of 
-90m. The sedimentary sequence is heterogeneous, leading to variations in the horizontal 
hydraulic conductivity (K) of almost three orders of magnitude through the depth of the 
aquifer, ranging from 1 o-1 to 102m/day (Pavelic, et.al., 2001, Wright, et.al., 2002). Two major 
zones of high K were identified at approximately 100-11 Om and 130-140m, with a narrower 
band indicated at around 150m. The other layers had a hydraulic conductivity one to two 
orders of magnitude lower. The average hydraulic conductivity derived from a pumping test 
over the whole aquifer thickness was 3m/day (Martin, et.al., 2000). 
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The ASR well is open over the full depth of the aquifer from 103 to 170m. Eight observation 
wells, open over the full thickness of the aquifer, were placed at 4m, 75m, 120m, 300m and 
700m radii from the ASR well. In addition two sets of four piezometers intersecting Sm 
intervals at 104-1 09m, 119-124m, 134-139m and 151-156m were installed 50m north and 
south of the ASR well (figure 13.1 ). A further observation well at 4m from the injection well 
was set above the Munno Para Clay. 

ASR well 4 m 50m 
0 

Overlying aquifers 

Figure 13.1: Schematic cross-section of the Bolivar ASR site showing the Aquifer vertical 
heterogeneity and the injection well, the 4m observation well and the 50m piezometer installations. 

(Not to scale). 

250ML of water was injected in several phases over 18 months between October 1999 and 
March 2001 (figure 13.2). The injection scheme started with two short injection periods of 
29ML and 6ML over six weeks in October 1999 and two weeks in April 2000 respectively. 
Finally the bulk of the injection of 216ML occurred over an eight month period from August 
2000 to March 2001 with an average injection rate of 1 ML!day. Injection was followed by a 
storage period of almost 16 weeks and then recovery of approximately 150ML over 19 
weeks . 

13.3 METHODS 

Groundwater was sampled on a weekly or fortnightly basis after breakthrough at a specific 
observation well was identified. In accordance with appropriate well purging (approximately 
three well-volumes), all water samples were taken after stabilisation of physical parameters 
including acidity (pH), temperature, DO, electrical conductivity (EC) and redox potential (Eh). 
These physical parameters were measured in situ using a TPS-FL90 probe in a flow-through 
cell directly from the pump discharge to prevent atmospheric exposure. Injectant quality 
samples were taken directly from the supply line just before the ASR well. 

Major ions, nutrients, metals and metalloids were analysed by the Australian Water Quality 
Centre (A WQC) at Bolivar, meeting National Accreditation Testing Authority (NATA) 
accreditation and quality system certification to ISO 9001. All samples were maintained 
below 4°C and transported to the laboratory for analysis within 24 hours. Sampling, 
preservation and analysis methodology was based on the Standard Methods for the 
Examination of Water and Wastewater (American Public Health Association (APHA) , 201hed. 
1998). The detection limits for chloride (CI), sulphate (S04 ), iron (Fe) and arsenic (As) were Q 
1 mg/L, 1 mg/L, 0.005mg/L and 1 ).lg/L respectively. 
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Figure 13.2: Injection event and temporal variation of the injectant water quality 
including chloride, inorganic carbon and sulphur concentrations, 

the stable isotopes of water and the isotopes of carbon and sulphur. 
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Isotopic analyses were performed at the CSIRO Isotope Laboratory Service (Adelaide) and 
The University of Adelaide. The concentration of stable isotopes is expressed in the 
conventional way as the difference in per mill (or parts per thousand, written as %o) of the 
ratio of heavy to light isotopes between the samples and the standard. 

Oxygen-18 and deuterium (D) concentrations were measured by mass spectrometry 
following the standard methods of equilibration with carbon dioxide (C02) (Socki, et.al., 1992) 
and uranium (U) reduction (Dighton, et.al., 1997). Results are expressed with respect to 
Vienna standard mean ocean water (V-SMOW) with an associated error of 0.15 and 1 %o for 
oxygen-18 and de uteri urn respectively. 

Sulphur-34 analysis was performed on sulphur dioxide gas (S02) from combustion of 1.8 to 
3.5mg barium sulphate (BaS04 ) precipitate (Carmody, et.al., 1998) with an elemental 
analyser coupled to an Optima mass spectrometer. Analyses were standardised to 
international standards NBS127 (seawater barium sulphate -20.3%o) and IAEAS1 (silver 
sulphide -0.3%o). All analyses are expressed in comparison to the Troilite (FeS) phase of the 
Canon Diablo meteorite (COT) international sulphur isotope ratio definition, with an 
associated uncertainty of 0.3%o. 

Carbon isotopes, carbon-13 and radioactive carbon-14 were measured on carbon dioxide 
produced from barium carbonate precipitates dissolved under vacuum with 1:1 hydrochloric 
acid (HCI). Carbon-13 of the C02 was analysed using a Europa Geo 20-20 isotope ratio 
mass spectrometer. Analyses are reported in comparison to the Pee Dee Belemnite (PDB) 
standard with an associated uncertainty of 0.2%o. Carbon-14 was measured in a Quantilis 
1220 ultra low-level liquid scintillation spectrometer after bubbling the C02 through a 
Carbosorb/Permafluor scintillant mixture (Leaney, et.al., 1994 ). Analyses are reported as 
percent of modern carbon (pmC) and are standardised to Angaston Marble background 
(OpmC) and Adelaide Oyster Shell (1 07.4pmC) with an associated error of approximately 
1.5pmC. 

Data for the water injected into and recovered from the ASR well, the groundwater from the 
4m well, and the 50m north and south piezometers at a depth of 134-139m, are presented in 
this chapter. 

13.4 RESULTS AND DISCUSSION 

13.4.1 Tracing the Injectant Plume Using Chloride and the Stable Isotopes of Water 

13.4.1.1 Chloride (CI) Data 

The ambient groundwater was marginally brackish with an average Cl concentration of 
26mmoi/L (910mg/L), ranging from 21 to 28mmoi/L (730-1010mg/L) (table 13.1). The aquifer 
is stratified with fresher water from 100 to 120m overlying marginally brackish water. The Cl 
concentration in the injectant was approximately half that of groundwater, ranging from 10 to 
15mmoi/L (370-520mg/L) and peaking in spring when saline groundwater ingress to 
Adelaide's sewers was greatest (figure 13.2). The flow-weighted average Cl concentration of 
the injectant was 12mmoi/L (430mg/L). The contrast in Cl concentrations between the 
ambient groundwater and injectant allowed breakthrough of the injectant to be determined at 
the observation wells, though the variation in the injectant signature may have lead to some 
uncertainty in the calculated part of mixing. 
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Parameter Ambient Cycle 1 
(t) 

pH 7.3 ± 0.1 7.1 ± 0.4 
Temperature (0 C) 25.9 ± 1.0 20.4 ± 4.5 
Conductivity (EC) (mS/cm) 3.5 ± 0.4 2.3 ± 0.2 
Redox Potential (Eh) (mV SHE) 50 ±60 250 ± 250 
cr 26±3 12 ± 1 
Na+ 21 ± 3 13 ± 1 
Ca2+ 3.8 ± 0.4 1.1 ±0.2 
Mgz+ 3.2 ± 0.4 1.5 ± 0.1 
Sr-total (~-tmoi/L) 13 ± 2 3.5 ± 0.7 
HC03- 4.5 ± 0.9 4.4 ± 1.2 
TDIC 5.0 ± 1.0 5.5 ± 1.0 
Slcalcite 0.08 ± 0.07 -0.6 ± 0.5 
log Pcoz -1.8±0.1 -1.7±0.3 
8042

- 2.8 ± 0.4 2.2 ± 0.12 
Carbon-13 (%oPDB) -11 ± 1 -3.3 ± 2.5 
Carbon-14 (pmC) 5.6 ± 2.1 100 ± 7 
Sulphur-34 (%oCDT) 11.3±0.3 10.2 ± 0.5 
Deuterium (%oV-SMOW) -26 ± 1 -6.4 ± 2.9 
Oxygen-18 (%oV-SMOW) -4.4 ± 0.1 -0.9 ± 0.5 

n number of samples averaged 
t flow-weighted average 

Table 13.1: Water quality of the ambient groundwater and the reclaimed water injectant 
used in the Bolivar ASR field Trial (mean± standard deviation). 

After the injection of 1 OML corresponding to approximately 16 days of injection full 
breakthrough was observed at the 4m well (figure 13.3). Following full breakthrough the Cl 
concentration closely followed the variation of the injectant on a day-to-day basis, showing 
rapid hydraulic connection between the ASR well and the 4m well. 

At 50m from the ASR well breakthrough at a depth of 134-139m was first observed in the 
north then in the south. After approximately 140-170ML of injection the Cl concentration in 
the northern 134-139m depth interval plateaued at around 13mmoi/L ( 460mg/L). This was 
slightly higher than the flow-weighted average Cl concentration of the injectant up to that 
point of 12.2mmoi/L (430mg/L), suggesting either contribution of more saline water from 
secondary porosity, less than full breakthrough, or full breakthrough corresponding to a 
specific period of injection with a higher chloride concentration. The chloride concentration 
monitored at the 134-139m interval was closer to the injectant concentration in the initial 
20ML, or toward the middle of the injection period, at around the 90-150ML of injection. 
However, at about 140-170ML injection, it was unlikely that a great deal of the latter portion 
would have penetrated the 50m radius. The pore-volume at this depth was estimated using 
Cl at approximately 1 OOML. 
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Figure 13.3: Water quality evolution of the 4m well and the 134-139m deep piezometers, 
50m north and south of the ASR well, as a function of the volume of water injected. 

13.4.1.2 Stable Isotopes of Water 

The isotopic signatures of the reclaimed water and the native groundwater of the tertiary 
aquifer were significantly different. The o2H and 8180 of the native groundwater were fairly 
constant at -26 ± 1 %o and -4.4 ± 0.1 %o respectively relative to V-SMOW, while the injectant 
signature was much more enriched but also more variable, with o2H ranging from -10.6 to 
-3.6%o (flow-weighted average -6.4%o) and 8180 from -1.74 to -0.21%o (flow-weighted average 
-0.9%o). The variations were related to seasonal changes, the injectant being relatively 
enriched in the first injection period of spring 1999 and toward the end of the main and last 
injection period in the summer of 2000/2001 (figure 13.2). In winter and spring 2000, at the 
beginning of the main injection period, the injectant was depleted by approximately 6%o in 
o2H and 0.8%o in 8180. 

On a deuterium (D) versus oxygen-18 plot the injectant lies along an evaporation line with a 
slope of 5.1, showing that the seasonal variation in the injectant signature was mainly due to 
varying degrees of evaporation (figure 13.4 ). The evaporation was likely to be attributed to a 
combination of storage in the Adelaide reservoirs as well as in the aeration lagoons during 
secondary treatment of the effluent. The evaporation line intercepted the Adelaide Meteoric 
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Water Line (Herczeg, pers. com) at -24 for o2H and -4.4 for 8180, giving the signature of the 
precipitation at the origin of the injectant prior to evaporation. This intercept was close to 
both the ambient groundwater signature and Adelaide precipitation's weighted mean ( -24%o 
for o2H and -4.3%o for 8180 relative to V-SMOW (Herzceg, pers. com)), suggesting that the 
ambient groundwater and the injectant have the same origin in localised precipitation. As 
with the chloride concentration, the stable isotopic signatures at the 4m well closely followed 
the signature of the injectant on a day-to-day basis owing to the small time-scale for transit 
as compared to the larger time-scale associated with seasonal variability (figure 13.3). 
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Figure 13.4: Deuterium relative to oxygen-18 of the injectant 
showing the impact of evaporation on the isotopic composition of the injectant. 
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Figure 13.5: Deuterium relative to chloride concentration 
showing the influence of different portions of injectant in the 50m piezometers, while recovered water 

from the ASR well follows mixing with the flow-weighted average injectant signature. 

The 50m piezometers showed increasing isotopic signature during breakthrough. Again the 
deuterium signature plateaued after injection of approximately 140ML at around -9%o, slightly 
lower than the weighted average deuterium signature of the injection for that period (-8%o), 
but similar to the signature of the injectant and 4m well after 1 00-120ML of injection. On a 
deuterium (D) plot relative to chloride (CI) the first points of mixing at 50m clearly lie along a 
line of mixing between the groundwater end-member and the early injection signature of the 
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injectant (figure 13.5). Subsequently the 50m well signature tended toward the more 
depleted signature typical of the injectant during the middle of the injection period. While a 
plateau seemed to have been reached around 140ML, this was due to mixing between the 
early and mid injectant signature and full breakthrough was not achieved before 170-180ML 
in the north and 21 OML in the south, when the 50m signature reached the signature shown 
by the mid injectant. This supported the pore-volume estimate of approximately 100ML. 

The seasonal variation of the injectant signature was maintained within a short passage from 
the ASR well to 4m, and further into the aquifer to 50m. While the passage to 50m was 
considerably slower dispersion did not obliterate the seasonal variability in the isotopic 
signature. At 50m the response to the variation in isotopic composition of the injectant trailed 
by about 70-1 OOML after injection, corresponding to the volume required for initial 
breakthrough of chloride (figure 13.3). 

It was found that a combination of chloride and stable isotope data could be utilised to 
constrain the portion of injected end-member that was penetrating a piezometer. The quality 
of the injectant that must be considered for mixing and reaction process calculations could 
then be estimated. This was potentially beneficial where the concentration of injected 
species varied considerably throughout the injection period, such as with nitrate and 
ammonia which varied from less than 0.0004 to 0.34mmoi!L and 0.004 to 2.1 mmoi/L 
respectively. During the recovery phase the isotopic signature at 50m followed straight 
mixing with the overall flow-weighted injectant average as an end-member (figure 13.5). 
Thus, while the portion of injectant could be identified during injection it was not possible 
during recovery. 

13.4.2 Carbon (C) Isotopes of Total Dissolved Inorganic Carbon (TDIC) 

13.4.2.1 End-Members 

The ambient and injected TDIC concentrations were comparable at 5.0 ± 1.0 and 5.5 ± 
1.0mmoi/L respectively. The ambient groundwater was near to calcite saturation (Sicatcite = 
0.08 ± 0.07), while the injectant was variable in calcite saturation with Slcatcite on average 
-0.6 but ranging from -1.4 to +0.3. The variation in the injectant Slcatcite was largely due to 
seasonal variation in the contribution of carbon dioxide in TDIC, clearly evident in the latter 
stages of the injection period (figure 13.2). 

The carbon-13 of the native groundwater was on average -11 ± 1 o/oo relative to PDB varying 
in a narrow range between -12.0 and -1 0.3%o, while the injectant was much more enriched in 
carbon-13 with a signature ranging between -7 and Oo/oo and a flow-weighted average of 
-3.3%o. 

The carbon-13 signature of the ambient groundwater TDIC was typical of dissolution of 
marine carbonate of the aquifer matrix, with C02 from resident organic matter following the 
reaction: 

Eqn (1) 

The marine carbonate signature ranged from -2.1 to +2.7%o relative to PDB (Deines, et.al., 
197 4) while C02 produced by oxidation of C3-type plant material by micro-organisms lead to 
a carbon-13 signature of around -25%o (Grossman, et.al., 1989). If 50% of the TDIC 
originated from carbonate mineral and the rest from the biogenic carbon dioxide, the final 
signature of the TDIC was calculated to be around -12%o. 
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The carbon-13 of the injectant was more enriched than expected for biogenic carbon dioxide 
and might be explained by methanogenesis occurring during secondary treatment of the 
effluent in the decantation pond following the reaction represented in equation (2). 

Eqn (2) 

The C02 produced from this reaction would usually be very enriched in carbon-13 while 
methane (CH4) would be very depleted (Games and Hayes 1976). The enriched C02 up to 
18%o (Baedecker and Back 1979) was further dissolved and contributed to carbon-13 
enrichment of the TDIC. 

A seasonal variation in carbon-13 of the injectant was also observed with a depleted 
signature in winter and enrichment in summer, suggesting more important methanogenesis 
processes in summer (figure 13.2). 

The ambient groundwater carbon-14 activity was low ranging between 2.9 and 10.9pmC, 
with an average of 5.6pmC, while the injectant had a modern carbon-14 activity of 100 ± 
9pmC. 

13.4.2.2 4m Aquifer Passage 

As mentioned earlier, displacement of the groundwater at 4m was rapid, and full 
breakthrough was evident within 1 OML of injection. Following full breakthrough of the 
injectant to 4m the carbon-13 signature ( -4.3 to -0. 7%o) followed the injected signature 
relatively closely, while the carbon-14 activity appeared slightly depleted (82-99pmC). 

Dissolved organic carbon (DOC), DO, nitrate (N03), Ca, Sr and C03 species behaviour 
showed that both injected OM oxidation and calcite (CaC03) dissolution were evident within 
4m of aquifer passage (Vanderzalm, et.al., 2002). On average 0.2mmoi/L of influent OM 
oxidation and 0.3mmoi/L calcite dissolution could be estimated within 4m. The extent of 
these processes was variable, in particular the degree of calcite dissolution. Towards the 
latter stages of the injection trial when the injectant carbon dioxide contribution to TDIC 
increases leading to greater under-saturation with respect to calcite, dissolution increased to 
as much as 0.6mmoi/L. Overall, the first 4m of aquifer passage resulted in a move toward 
saturation with respect to calcite (average Slcalcite -0.2). 

To further confirm this process the effect of carbonate dissolution on the carbonate isotopic 
signature was also investigated. The theoretical carbon isotopic signature could be 
calculated based on a quantitative estimate of these reaction processes. Part of the calcite 
dissolution (on average 0.2mmoi!L) was in response to oxidation of 0.2mmoi/L injected OM, 
and these processes combined added 0.4mmoi/L TDIC, with a carbon-13 of -12%o and a 
carbon-14 activity of SOpmC. Dissolution in response to the under-saturation of the injectant 
added on average 0.1 mmoi/L TDIC with isotopic signature of the carbonate matrix (O%o, 
OpmC). Overall, these processes resulted in the addition of TDIC with an average signature 
of -9.6%o and 40pmC in carbon-13 and carbon-14 respectively. The carbon-13 signature 
added was only slightly depleted compared to the injected signature, while the carbon-14 
activity was much lower. The large pool of injected TDIC (average 5.5mmoi/L) far 
outweighed the TDIC contribution from reaction processes (estimated at around O.Smmoi/L). 
In response to this, reaction processes were expected to have little or no effect on the more 
depleted carbon-13 signatures, with variation near the analytical uncertainty, but a more 
significant effect on the carbon-14 activity. 

After only 2ML of injection the groundwater at 4m was approximately 70% injectant and 30% 
ambient groundwater. At this point the carbon-13 signature at 4m was -8.6%o, depleted in 
comparison to the calculated signature of -6.3%o. In addition the measured carbon-14 activity 
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of 42pmC fell considerably lower than the conservative estimate of around 71 pmC. Again 
after 1 OML injection where full breakthrough became evident, the measured carbon-14 
activity was around 11 pmC lower than predicted, while the carbon-13 signature remained 
closer to the theoretical value. With further injection the measured isotopic signature was 
closer to that estimated, allowing for both organic matter oxidation and calcite dissolution, as 
outlined previously. In the latter stages of injection the injectant showed the greatest under
saturation with respect to calcite, and due to the higher C02 contribution from 
methanogenesis, was the most enriched in carbon-13 signature. After 4m of aquifer 
passage the carbon-13 was -0.8%o depleted by around 0.9%o; and the carbon-14 activity was 
93pmC lowered by 15pmC. The measured signature was consistent with up to 0.6mmoi/L 
calcite dissolution, in part due to oxidation of around 0.1 to 0.2mmoi/L injected OM, but 
predominantly due to the under-saturation of the injectant itself. 

Following 4m of aquifer passage the carbon-14 activity appeared more sensitive to reaction 
processes than the carbon-13 signature. Overall, the geochemical reactions observed 
added only a small amount of TDIC when compared with the large pool of injected TDIC, and 
thus had a small influence on the carbon isotopic signature of the injectant reaching the 4m 
well. 

13.4.2.3 50m Aquifer Passage 

Breakthrough of injectant to 50m was a slower process than to 4m, with the injection period 
resulting in only around two to three pore-flushes at 50m, as compared to more than 200 at 
4m. With migration of the injectant plume to 50m the TDIC concentration remained relatively 
stable without any indication of the variable signature observed at 4m. Following full 
breakthrough the TDIC at 50m reached a maximum of 5.9mmoi/L in response to the higher 
injectant and 4m TDIC concentrations (up to ?mmoi/L) observed around 1 OOML of injection 
(figure 13.3). Initially the ambient isotopic signature dominated, remaining at -11.4 ± 0.4%o 
and 8 ± 2pmC for carbon-13 and carbon-14 respectively, until the groundwater was near to 
100% injectant, equivalent to two pore-flushes. With full breakthrough the carbon isotopic 
signature at 50m evolved toward the injectant or 4m signature, reaching -8.1 o/oo and 58pmC 
for carbon-13 and 14 respectively at the end of the injection period (figure 13.6). 

One possible explanation for the isotopic signature at 50m initially remaining near the 
ambient condition was the addition of TDIC from the oxidation of old OM from the aquifer by 
microorganisms, as against recent OM from the injectant and calcite dissolution. However, 
this explanation would assume that the observed TDIC (5.6 ± 0.3mmoi/L) was totally issued 
by reaction products, with little influence from the large pool of modern TDIC injected. 
Considering the influence of reaction processes alone could not produce the departure of this 
signature from that injected. 

Alternatively, it was expected that with migration from 4m to 50m, once the injectant was 
near to saturation with the matrix carbonate, TDIC would be exchanged between the 
injectant plume and the matrix surface with little overall dissolution. If it was supposed that 
the solid surface of precipitated calcite was in isotopic equilibrium with the ambient 
groundwater, and therefore different from the bulk of the marine carbonate signature, the 
TDIC would exchange with calcite at approximately -11%o and 10pmC. If complete isotopic 
exchange occurred, the TDIC signature would be the same as the ambient groundwater 
signature, which is what was initially observed. Such signature dominated until 
approximately two pore-flushes where the injected TDIC signature started breaking through. 
At this point further injection resulted in exchange with the 'modified' surface, thus releasing 
TDIC with a signature evolving towards that of the injectant. If the 4m groundwater is 
considered to represent the injectant signature following the initial equilibrium with the matrix, 
the evolution in signature at 50m was toward the 4m signature. At 50m the observed 
signature at the end of the injection phase after around three pore-flushes could be 
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contributed to around 40% of the solid surface. Isotopic exchange also explained the 
deviation from predicted isotopic signatures observed at 4m during early injection. At 4m the 
carbon isotopic signature after approximately one pore-volume could be contributed to 
around 45% of the solid surface. After five pore-volumes the carbon-14 signature was 
lowered by 10% contribution from the surface signature. 
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Figure 13.6: Evolution of the carbon isotope signature as a function of chloride concentration 
at the 4m well, and the 134-139m deep piezometers 50m north and south of the ASR well. 

By calculating the amount of carbon injected and the specific surface area of the aquifer, the 
amount of carbon exchanged per unit of surface area could be estimated. If a porosity of 
0.46 (average of core samples) is assumed, 1 L of water will occupy 2.17L of the aquifer. 
Assuming a spherical cubic arrangement, the specific surface area per unit of bulk volume 
would be given by Ssp= rr/2R, where R is the average particle diameter (de Marsily 1986). 
Thus, for an average particle size of 0.2mm the surface area for the considered volume of 
aquifer is 17m2 or 17 x 1020N. Using an atomic radius for calcium carbonate of 1A (Hay, 
et.al., 2003) this surface area would consist of approximately 4.3 x 1020 atoms. After two 
pore-volumes 2L of injectant will have passed through the considered volume, corresponding 
to the addition of on average 11 mmol or 6.6 x 1021 atoms of TDIC, the potential to exchange 
15 atomic layers. This approximation indicated two pore-volumes of injection would provide 
the opportunity for sufficient isotopic exchange. At this point it was feasible for the solid 
surface signature to be modified to reflect that of the injectant, and thus further exchange 
tended toward the injectant signature. 

The carbon isotopes were useful in quantifying biogeochemical processes occurring within 
4m from the ASR well during the injection phase. In contrast further aquifer passage to 50m 
resulted in a carbon isotopic signature dominated by isotopic exchange. Also of interest was 
the influence of isotopic exchange on the behaviour of the carbon isotopes. After two pore
flushes the isotopic signature of the matrix surface dominated through such exchange. With 
more than five pore-flushes isotopic equilibrium between the solid surface and the injected 
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TDIC was suggested, with no further modification of the isotopic signature of the injectant by 
exchange. 

13.4.2.4 Storage Period 

Carbon-13 and carbon-14 could also contribute to understanding the biogeochemical 
processes occurring in the vicinity of the ASR well during the storage phase. The isotopic 
signatures at the ASR well and 4m differed at the onset of the storage period (figure 13.3). 
The 4m signature was modern and enriched, reflecting the nature of the latest injectant 
signature. However, while the ASR signature was also modern, it was depleted by about 7%o 
when compared to the 4m and latest injectant signature. This suggested greater microbial 
activity near the ASR well-face which received the greatest flux of nutrients, thus leading to a 
greater contribution of biogenic carbon dioxide. 

Throughout the storage phase the groundwater around the ASR showed carbon-13 
enrichment with increasing TDIC concentrations. This enrichment could be attributed either 
to: (i) calcite dissolution, with the signature tending toward the enriched marine carbonate 
signature; or (ii) kinetic enrichment evident through methanogenesis. As shown below, 
during this storage phase sulphur and sulphur-34 illustrated the development of sulphate
reducing conditions in the vicinity of the ASR well despite the stable redox environment at 
4m. 

Both the ASR well and the 4m observation well indicated calcite dissolution throughout 
storage. The magnitude was around 0.6mmoi/L at the ASR well and 0.2mmoi/L at 4m. The 
TDIC addition at the ASR well during storage far exceeded that expected through calcite 
dissolution associated with the injectant under-saturation. TDIC up to a maximum of 
20mmoi/L was approximately 40% carbon dioxide. 

In addition, the carbon-14 activity at the ASR well remained modern as opposed to the 
addition of ancient marine carbonate, which suggested methanogenesis rather than calcite 
dissolution. Excessive aeration was also evident in groundwater sampled from the ASR well 
during the storage phase, comprising 67% methane, 28% nitrogen and 5% carbon dioxide. 

13.4.3 Sulphur-34 of Dissolved Sulphate 

The signature of the injectant ranged from 9. 7 to 10. 9%o relative to Canon Diablo Troilite 
(COT) in sulphur-34 and 2.2 ± 0.1 mmoi/L in sulphate, whereas the signature of the ambient 
groundwater varied between 10.5 and 11.5%o in sulphur-34 and 2.8 ± 0.4mmoi/L in sulphate. 
Both the groundwater and the injectant signatures were more enriched than the depleted 
signature arising from pyrite oxidation (~-20%o) and more depleted than the tertiary marine 
sulphate signature (~20%o), but consistent with the range for atmospheric sulphate (~-5 to 
1 O%o) (Clark and Fritz 1997). While the end-member waters were not unique with respect to 
sulphur-34 of sulphate, sulphur-34 could provide insight on sulphate reduction and pyrite 
oxidation reactions (Herczeg, et.al., in press). 

Sulphate and sulphur-34 signatures at 4m appeared to be conservatively mixed. However, 
the initial stages of injection resulted in net mobilisation of 0.12~-tmoi/L arsenic at the 4m 
observation well, which could have been associated with pyrite oxidation (de Ruiter and 
Stuyfzand 1998, Stuyfzand 1998). There was no evidence of either iron or sulphate increase 
nor sulphur-34 depletion, which would be indicative of pyrite oxidation. Both the pools of 
native and injected sulphate were considerably larger (approximately 2mmoi/L) than the 
expected addition of sulphate by pyrite oxidation (approximately 0.02mmoi/L assuming an As 
to Fe molar ratio of 0.0054 (Stuyfzand 1998)). Net removal of injected iron through 
precipitation as either hydroxide or carbonate species was also evident within 4m, and thus 
is believed to have masked any addition through pyrite oxidation. 
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Figure 13.7: Sulphur-34 relative to sulphate concentration, 
indicating sulphate reduction at the ASR well during the storage phase. 

Sulphate-stable conditions remained predominant within the injected plume during the 
injection phase, however following the cessation of injection sulphate reduction became 
evident in the vicinity of the ASR well, with sulphate concentrations declining by up to 
1.5mmoi/L (figure 13. 7). In contrast sulphate and sulphur-34 signatures remained stable at 
4m during the period of no-flow. Enrichment in residual sulphate near the ASR well of 
around 12%o accompanied the decline in sulphate concentration, and was typical of 
biologically-mediated sulphate reduction (Herczeg, et.al., in press, Vanderzalm, et.al., 2002). 

The use of isotopic tracers, carbon-13, carbon-14 and sulphur-34, in combination with 
sulphate and TDIC signified the distinct redox zones developing during the storage phase in 
the near-well zone. 

13.5 CONCLUSIONS 

Significant differences in both chloride and stable isotopes of water between the injectant 
signature and ambient groundwater allowed the injectant to be identified within mixtures at 
observation wells. A rapid response to the quality of the injectant allowed differentiation for 
individual sampling occasions to be used in estimating the extent of geochemical reactions at 
the 4m radius. It was more difficult to link the 50m groundwater to specific injection events 
using chloride (CI) alone. Seasonal variation in the isotopic signature of the injectant over 
the 18 month injection period was maintained with aquifer passage, which allowed tracing of 
the temporal origin of the injectant in such mixtures. Thus, a dual approach using chloride 
and the stable isotopes is demonstrated to be useful in constraining the quality of injectant 
reaching 50m, and therefore to assist in quantifying geochemical processes within the 
aquifer. This approach was useful at the 50m radius and could be applied similarly to 
monitor the recovered water quality in a dual-well scheme. However, during recovery the 
signature of the recovered water did not differentiate between the different deuterium (D) 
signatures of the injectant, suggesting that this approach may not be conclusive when 
applied exclusively to the recovery phase in a single-well scheme. 

Carbon and sulphur isotopes proved valuable and complemented more traditional 
geochemical tracers in interpreting biogeochemical processes. During injection the carbon 
isotopes proved useful in quantifying the oxidation of injected OM and calcite dissolution 
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within 4m of the point of injection. Calcite dissolution could be attributed jointly to the under
saturation of the injectant with a more enriched carbon-13 signature, and to dissolution in 
response to the production of biogenic carbon with a depleted signature. Due to the large 
influence of isotopic exchange at 50m changes to the carbon isotopes through reaction 
processes could not be determined. The storage period exhibited enhanced microbial 
activity directly around the ASR well. Here, the combined use of sulphur-34, carbon-13 and 
carbon-14 indicated the development of highly reducing conditions in this vicinity, which were 
quite distinct from the redox conditions at the 4m radius. At the ASR well sulphur-34 
enrichment in combination with declining sulphate concentrations indicated biologically
mediated sulphate reduction. The modern activity of carbon-13-enriched TDIC added during 
storage identified the dominant source as methanogenesis rather than calcite dissolution. 

Furthermore, the injection phase provided an opportunity to observe the process of isotope 
exchange between the injected TDIC and the solid surface of the matrix, initially in 
equilibrium with the ambient groundwater. At 4m the isotopic signature after one pore-flush 
was consistent with a 45% contribution from the carbonate surface signature, declining to 
approximately 10% after five pore-flushes. Further aquifer passage to 50m resulted in 
isotopic exchange, initially completely obliterating the injectant signature until two pore
flushes, where progression toward the signatures of the injectant and 4m groundwater 
became evident. The cessation of injection corresponded with only around three pore
flushes at this radius, and at this point the carbon isotopic signature was consistent with a 
40% contribution from the solid surface. Thus, this suggested that isotopic exchange lead to 
the dominance of the surface signature until approximately five pore-flushes, where 
equilibrium between the solid surface and the injected TDIC was achieved and there was no 
further modification of the isotopic signature of the injectant by exchange. 
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14. MONITORING PROGRAM FOR MICROBIAL PATHOGENS AT 
THE BOLIVAR AQUIFER STORAGE AND RECOVERY (ASR) 
SITE 

S. Toze 1, J. Hanna\ K. Barry2 and P. Gobet1 

1 CS/RO Land and Water, Perth, Western Australia 
2 CS/RO Land and Water, Adelaide, South Australia 

14.1 INTRODUCTION 

Wastewater and water intended for reuse is a potential source of waterborne pathogens. In 
order to assess water quality improvement during aquifer storage and recovery (ASR), a 
comprehensive assessment of the microbiological quality of the recovered water was 
undertaken. Samples of water were collected from the injection well and monitoring wells at 
the Bolivar ASR site in an attempt to detect selected microorganisms. These 
microorganisms were used as indicators of the movement of injectant and introduced 
pathogens (e.g: enteroviruses) through the aquifer, or regrowth of bacterial pathogens due to 
the higher nutrient status of the injectant. The concentration of large volumes of water was 
also an issue requiring consideration due to the lower than expected numbers of indicator 
microorganisms present in collected samples. 

14.2 OPTIMISATION OF THE TANGENTIAL FLOW FILTRATION (TFF) SYSTEM 

Tangential flow filtration (TFF) is a technique using a hollow fibre ultrafiltration unit (figure 
14.4). This technique uses a size exclusion membrane (e.g: 50,000 molecular weight cut off 
(MWCO) using in this system) to remove molecules smaller than the pore-size (i.e: water, 
ions, small solutes) while retaining anything larger (i.e. protozoa, viruses, bacteria and large 
compounds). This enables the effective concentration of sample volumes as large as 1 OOL 
down to a concentrate as low as 50ml, which retain all of the microbial components present 
in the original unconcentrated sample. The filter units are portable, providing there is access 
to a 240V power source to run the peristaltic pump, enabling concentration of samples in the 
field if required. This method allows the analysis of large volumes of water enabling a 
comprehensive assessment of the microbial quality of the recovered water. 

The TFF system works by rapidly moving water through a membrane straw (effectively 
passing the water across the face of the membrane surface) while under pressure. This 
results in water and compounds smaller than the limiting size of the pores in the membrane 
passing across the membrane, while anything larger is retained inside the membrane straw. 
The fact that the water is rapidly passing across the surface of the membrane means that 
there is very little opportunity for caking and compaction to occur, as would be expected in 
the more traditional dead-end filtration processes often used for concentrating materials in 
larger volumes of water. The TTF units used in the Bolivar ASR project were hollow fibre 
ultrafilter (Microza®, Pall Corp) comprised of a poly-acrylonitrile membrane with a molecular 
weight cut-off of 50,000. Two units were used: the large AHP-1 010 filter (figure 14.2) 
capable of concentrating 1 OOL down to 1 L, and the AHP-0013 (figure 14.3) smaller unit used 
for concentration from 1 L down to 50ml. 
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Figure 14.1: The standard tangential flow filtration (TFF) set up. 

0 
Figure 14.2: AHP-1 010 filtration unit. 
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Figure 14.3: AHP-0013 filtration unit. 

( 

Figure 14.4: Hollow fibre filtration unit (the individual fibres can be seen). 

l 
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There were some inherent problems however, with the base method as supplied by the 
manufacturer. The first was the potential for cross-contamination between samples due to 
inadequate cleaning of the filter unit and pump system. Sample concentration involves the 
use of a pump and collection vessel, which can potentially introduce cross-contamination of 
samples. It has also been noted that despite the rapid flow-rate and regular cleaning, using 
the method and cleaning solution supplied by the TFF manufacturers, performance of the 
unit and recovery of indicator organisms became reduced due to adhesion of microbes to the 
membrane wall, and their growth on the membrane surface during storage. This had the 
effect of slowly reducing the recovery efficiency (RE) and affecting the integrity of the data. It 
became obvious that changes were needed in the cleaning regime and storage solution to 
maintain the performance of the TFF units and to prevent cross-contamination. 

To minimise cross-contamination between samples a change in sample handling, a more 
extensive wash step, and the replacement of sample containers and filter parts was 
introduced. Firstly, changes to sample handling were implemented. By concentrating 
samples more likely to contain lower numbers of target organisms first, followed by samples 
with higher expected numbers, cross-contamination could be minimised. More extensive 
wash steps were also implemented. Between samples, three 2L volumes of distilled (01) 
water were flushed through the unit to waste, rinsing the unit of any remaining microbes. A 
sample of the final wash volume for microbial analysis was also routinely collected to assess 
the effectiveness of the cleaning regime and ensure that no cross-contamination had 
occurred. The membrane was subsequently re-blocked using 2.5% bovine serum albumin 
(BSA) before moving onto the next sample. The sample container and tubing were also 
replaced with sterilised sample vessels and tubing between samples, thus reducing the 
chance of contamination from the equipment between samples. Improvements in the 
cleaning regime involved the replacement of 0.005% sodium hypochlorite (NaCIO) with 
0.01% formaldehyde (HCHO) as the storage solution. By modifying the methods used 
previously it was possible to improve the TFF method to maximise recovery of indicator 
organisms while also reducing any cross-contamination between samples, improving the 
quality of data obtained. 

While the membranes used in the TFF units are considered to have low protein binding 
capacity, the use of a blocking agent to coat the surface of the membrane has been 
documented to improve the RE and performance of TFF. Winona, et.al., (2001) determined 
that the efficiency of viral recovery in TFF is dictated partly by adsorption of viral particles to 
the membrane and/or to other particulates. Viruses absorb to membranes based on 
electrostatic attractions (dictated by acidity (pH)) and through direct hydrophobic interactions 
with certain materials. Most viruses have an acidic isoelectric point and are therefore mostly 
negatively charged at neutral pH. Lytle and Routson ( 1995) showed that the presence of 
foetal bovine serum (FBS) reduces hydrophobic and electrostatic forces involved in vrral 
adsorption. This method could be applied to TFF, thus preventing binding to membranes 
and increasing recovery in the concentrate. Methods outlined in Winona, et.al., (2001) noted 
significant improvements of virus recovery using hollow fibre filtration modules after the 
membrane was blocked with a proteinaceous (FBS) solution followed by elution. Due to the 
high cost of FBS, alternate blocking agents were investigated, including BSA and adult 
bovine serum (ABS). The recovery of MS2 bacteriophage (faecal indicator) from water of 
different sources was investigated using BSA and ABS as blocking agents (figure 14.5). 
BSA showed the best recovery in all water types and was selected as the blocking agent. 

Winona, et.al., (2001) also found that optimum recovery occurred when a blocking agent was 
used in conjunction with an elution agent. As a result glycine (C2H5N02) (pH 7.2) was tested 
as an elution buffer, being added to the concentrate to a final concentration of 0.05M (molar). 
The use of the blocking agent and elution buffer were found to significantly improve 
recoveries (results not shown). 

14-4 



( 

In order to monitor RE's in each sampling event an internal standard was developed, using a 
surrogate virus as an indicator of recovery. Due to its presence in environmental waters at 
very low numbers the bacteriophage PP? was selected as an internal standard. PP? phage 
is a non-enveloped icosahedral single-stranded RNA bacteriophage that infects 
Pseudomonas aeruginosa and is 25nm (nanometres) in size. PP? was selected as an 
internal control due to its similarity in size, shape and receptor characteristics to that of 
human pathogenic viruses (Winona, et.al., 2001). 108pfu (plaque forming units) of PP? was 
inoculated into each of the samples and the number of PP? phage present in the resulting 
concentrate was determined to measure recovery efficiency. The results of this test can be 
seen in figure 14.6. PP? showed a consistent RE of approximately 60% in the two different 
water types. 
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Figure 14.5: Recovery efficiency (RE) of the bacteriophage MS2 in a tangential flow filtration (TFF) 
system using different blocking agents. 
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Figure 14.6: Comparison on the recovery efficiency of bacteriophage PP? 
and C. parvum oocysts using tangential flow filtration. 

In comparison Cryptosporidium parvum oocysts, while having a greater RE than the PP? 
phage in the two water types, did not have a consistent recovery between the two water 
types (i.e: 85% in tap water and 96% in groundwater). The observed consistency indicated 
that PP? has a good potential for use as an internal standard for monitoring RE's and for 
quality control purposes. 
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The final operation method developed was as follows: 24 hours prior to sample concentration 
the membrane is blocked using 5% BSA solution. The storage solution (0.01% 
formaldehyde) is thoroughly removed and 5% BSA solution recirculated for 10 minutes. The 
filter module is subsequently incubated overnight at room temperature under constant 
agitation. The filter modules are set up according to figure 14.6, with the permeate flowing to 
waste. The blocking agent is removed by flushing 1 L or 500ml of sterile Dl water to waste, 
depending on the unit being used. Following the pre-use cleaning, sample concentration is 
commenced. The sample is spiked with a standard concentration of the internal standard 
(PP7 phage) and flow is commenced through the TFF unit. Adjusting the backpressure, a 
permeate flow-rate of 50mllmin is used as the standard flow-rate. When the sample volume 
matches the volume held by the filter unit, glycine (pH 7.2) is added to a concentration of 
0.5M. The eluting agent with the concentrate is recirculated for 10 minutes ensuring all 
attached particles are removed. The final concentrate should match the filter and filter 
apparatus volume of 50ml. Between each sample three 2L volumes of Dl water is flushed 
through the unit to waste, followed by rinsing with 2L of Dl water for 10 minutes. The 
membrane is re-blocked after rinsing using 2.5% BSA solution, which is recirculated for 10 
minutes. 

After the final sample the filter used is flushed with 2L of Dl water to waste and the unit is 
cleaned using a cleaning solution consisting of 0.05M sodium hydroxide (NaOH) and 0.1% 
sodium hypochlorite (NaCIO). The cleaning solution is recirculated for 30 minutes with 
regular reversal of flows in order to maximise the removal of any attached contaminants. 
Following cleaning, the filter is rinsed for 30 minutes with Dl water, followed by recirculation 
of storage solution (0.01% formaldehyde). All valves are closed and the unit stored at room 
temperature in the dark. The same procedure is used for both the AHP-1010 and the AHP-
0013 filter units. 

14.3 MONITORING OF WATER SAMPLES FROM THE BOLIVAR AQUIFER STORAGE 
AND RECOVERY (ASR) SITE FOR ENTERIC VIRUSES AND INDICATOR 
MICROORGANISMS 

Water samples were analysed for the presence of enteric viruses and indicator 
microorganisms in the CS/RO Land and Water (Perth, WA) microbiology laboratory following 
collection and initial concentration on site at Bolivar. 

14.3.1 Collection and Concentration of Bolivar Water Samples 

Groundwater was collected from various monitoring wells and the injection well at the Bolivar 
site. Concentration was undertaken in the field using a dedicated TFF unit. Sampling was 
undertaken by pumping water from a selected well into a polycarbonate carboy. The sample 
volume collected was initially 50L up to 15 August 2000, but was subsequently reduced to a 
20L volume to enable more water samples to be collected on any one sampling occasion. 

The container holding the collected sample was connected to a hollow fibre TFF unit (AHP-
1010) (Microza) (figure 14.2) and peristaltic pump (figure 14.1). The flow of water through 
the TFF unit was commenced and a backpressure created to force water across the 
membrane (permeate). Pumping was continued until a continuous flow could no longer be 
maintained and the water had been concentrated to approximately 500ml. The water 
concentrate was decanted from the carboy into sample containers, the TFF unit and pump
line were then drained into the same sample container. The filter unit was then back-flushed 
with approximately 1 OOmL of permeate, which was also added to the sample concentrate. 
This usually resulted in a final concentrated volume of approximately 1 L. The containers of 
collected concentrate were then sealed and stored on ice. Once all of the samples collected 
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on that sampling occasion had been concentrated, they were shipped overnight to Perth, 
WA. 

Once received in Perth the samples were concentrated further to approximately 50ml 
utilising a smaller TFF unit (AHP-0013) (figure 14.3), using the same method as described 
above for the large unit. The resulting 50ml concentrate was then used as inoculum for 
detecting Clostridium perfringens spores and Pseudomonas aeruginosa cells before being 
concentrated further using the JumboSep ™ centrifugal ultrafiltration system with a 100,000 
MWCO insert (Pall) to approximately 1 ml. This final concentrate was then stored at -80°C 
until tested for the presence of enteroviruses. 

14.3.2 Detection of Bacterial Indicators in Bolivar Concentrates 

A 1 ml portion of the TFF-concentrated water samples was diluted ten-fold to 1:10, then 
1 OOj.JL of this dilution and the neat sample were spread-plated in triplicate onto plates of 
selective media for the detection of Pseudomonas aeruginosa and Clostridium perfringens. 

C. perfringens was detected using Perfringens Agar Base (Oxoid) supplemented with Egg 
Yolk Emulsion and TSC selective supplement (Oxoid). The medium was poured into sterile 
petri dishes inside an anaerobic cabinet and stored in the cabinet until used. The plates of 
the C. perfringens medium were inoculated with the water sample and incubated at 28°C for 
48 hours in the anaerobic cabinet. Each of the inoculated plates was examined for the 
presence of black colonies surrounded by a clouding of the medium around the colony (due 
to denaturation of the egg yolk supplement in the medium). Prolonged growth of the C. 
perfringens colonies could also cause blackening of the medium around the colonies. These 
colonies were deemed to be C. perfringens. The number of C. perfringens colonies on the 
three replicate plates was averaged and multiplied by the dilution factor to determine the 
numbers of C. perfringens in the original 50L sample. 

Ps. aeruginosa was detected using Pseudomonas isolation medium (BBL). A 1 OOf.JL volume 
of each dilution was placed in triplicate onto plates of the Pseudomonas medium and 
incubated at 28°C for 48 hours. Following incubation the plates were examined for colonies 
that were surrounded by fluorescent green pigment diffusing into the medium. These 
colonies were deemed to be Ps. aeruginosa. The number of Ps. aeruginosa colonies on the 
three replicate plates was averaged and multiplied by the dilution factor to determine the 
numbers of Ps. aeruginosa in the original 50L or 20L sample. 

Clostridium perfringens spores were detected in the majority of the samples collected from 
each of the injection and monitoring wells tested (figure 14. 7). The numbers detected in 
each sample varied greatly both between the different wells, and between samples collected 
from each well. Frequent detection in the 50m wells indicated that the spores may be 
capable of travelling through the aquifer at least as far as the 50m wells. However, there 
was insufficient sampling of the monitoring wells at the beginning of the testing period, prior 
to the commencement of injection, to show if there were any C. perfringens spores present in 
the aquifer in the region of the monitoring wells (table 14.1 ). 

C. perfringens spores have been documented as persisting for prolonged periods in faecal 
contaminated marine sediments (Ferguson, et.al., 1996). This suggests that the spores of 
this bacterium have the potential to survive for the time period required for the spores to 
travel from the injection well to the 50m monitoring wells. There is insufficient data to 
determine if C. perfringens spores could be used as an indicator of breakthrough of injectant 
into monitoring wells; for example the retardation of the spores due to interactions with 
aquifer material is still unknown. However, the presence of C. perfringens spores has shown 
that Aquifer T2 has pore-spaces big enough to allow particles of the size of the spores to 
pass through. This means that these pore-spaces would also be capable of allowing the 
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passage of smaller microorganisms such as viruses should they be able to survive for longer 
time-periods than the enteroviruses tested. 

As with the detection of C. perfringens spores, Ps. aeruginosa cells were detected in all of 
the monitoring wells and the injection well on the majority of occasions (figure 14.8). There 
was no distinct pattern to the detection of the Ps. aeruginosa cells apart from more frequent 
detection in the later part of the monitoring period (from August 2000 onwards). An important 
observation was that Ps. aeruginosa numbers did not increase significantly due to the 
injection of the reclaimed water, with the highest number detected being 1900 cells per 50L. 
This correlates well with the findings of experiments undertaken to determine the growth 
potential of opportunistic pathogens in Aquifer T2 due to ASR. 

14.3.3 Detection of Enteric Viruses 

The presence of enteroviruses in the water samples was detected using reverse 
transcriptase polymerase chain reaction (RT-PCR). Enterovirus RNA was extracted from 
2501-JL aliquots of each concentrated sample using the High Pure™ Viral RNA Extraction Kit 
(Roche Diagnostics). The final 501JL eluent from the extraction kit that contained extracted 
viral RNA was stored at -80°C until tested. 

RT-PCR was performed using the Titan™ One-Step RT-PCR kit (Roche Diagnostics) and the 
ent-up and ent-down primers (Abbaszadegan, et.al., 1993). Each sample was tested using 
31JL of sample as the template for the RT-PCR reaction. In addition, the expected possibility 
of false negative results due to the presence of compounds capable of inhibiting the RT-PCR 
(e.g: humic compounds and divalent cations) was tested by repeating the RT-PCR with the 
addition of 11JL of poliovirus RNA as well as the 31JL of sample template. These were termed 
'spiked samples'. A positive result in the spiked sample indicated that no inhibition of the RT
PCR had occurred for that sample, therefore a lack of detection of enterovirus RNA in the 
non-spiked sample was a true negative result (i.e: no detectable enteroviruses were present 
in the sample). Correspondingly, a negative result in the spiked sample indicated that 
inhibition of that sample had occurred, and therefore a negative result in the non-spiked 
sample was most likely a false negative result. 

The RT-PCR protocol was used as described by Roche Diagnostics on a PC200 
Thermocycler (MJ Research). The temperature cycle used was as follows: 30 minutes at 
5o· c. 45 cycles of 95·c for 30 seconds, 55·c for 20 seconds, and 68"C for 20 seconds (with 
five second increases of the extension step in each cycle after the 201

h cycle). The final cycle 
had a five minute extension at 68·c. The final PCR product was visualised on a 1.5% 
agarose gel, plus 0.51-Jg/ml in a TAE buffer run at 70 volts. The gel was then examined on a 
transilluminator for the presence of a PCR product of the appropriate size ( 196 base pairs) 
indicating the presence of enteroviruses. 

Results of testing carried out on the water samples collected during the early stages of the 
third injection event (4-21 August 2000) for the presence of enteroviruses are given in figure 
14.9. Enterovirus RNA was detected in two of the three water samples collected from the 4m 
monitoring well (#19450) and the one injectant sample collected during the second injection 
cycle. The lack of detection of enterovirus RNA in the third 4m well sample tested (collected 
on 15 August 2000) is a false negative attributable to inhibition of the RT-PCR as no result 
was obtained from the spiked sample. Thus, it is possible that enteroviruses could have 
been present in this third 4m well sample but could not be detected due to the inhibition of 
the PCR. A sample collected on 31 September 2000 from one of the 50m wells (#19183) 
was also tested, however no enterovirus RNA was detected in this sample. 

The results for all of the other water samples can be seen in figures 14.10 to 14.12. The 
results show that there was no detectable enterovirus RNA present in any of the samples 
collected outside of the first month of the third injection event. It should be noted that this 
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It was not initially expected that enterovirus RNA could be detected in the samples collected 
during the narrow window of the first month of the third injection event, but not at any other 
times. The lack of detection in many of the samples tested could be explained as these 
samples had been collected from the 4m (#19450) well during a non-injection time (on 16 
Jan 2000 between injection test 1 and 2; or on 17 May 2001 between injection tests 2 and 3) 
or from the 50m wells. The estimated travel-times between the injection well and 50m 
monitoring wells (90-120 days (discussed in greater detail in chapter 8 of this report)) along 
with the experimentally-determined survival-times for poliovirus and Coxsackievirus, 
indicated that there was little chance of enteroviruses reaching the 50m wells or surviving the 
region of the 4m well during the storage periods. (Five samples were collected from the 4m 
monitoring well (collected on 5 Oct 2000; 4 Dec 2000; 4 Feb 2001; 15 Mar 2001; 29 Mar 
2001) and two injectant samples (collected on 15 Sep 2000 and 1 March 2001) during the 
third injection test (4 Aug 2000 to 29 Mar 2001 )). The sample from the 4m observation well 
(#19450) collected on 29 Mar 2001 was also tested in triplicate (lanes 19, 25 & 27 in figure 
14.9) to determine if the enteroviruses were present in very low numbers, but all three 
replicates were found to be negative for enterovirus RNA. 

The major difference found between the samples displayed in figures 14.9 and 14.11, in 
which no enteroviruses were detected, and those tested during the second injection test 
(figure 14.8) where enterovirus RNA was detected, is that all but two of the samples collected 
during the third injection test were collected after a major improvement in the operation of the 
DAF/F plant or the Bolivar WWTP (November to December 2000). Only one sample from 
the 4m well was collected (on 5 Oct 2000) and one from the injectant (on 15 Aug 2000) were 
collected prior to this operation upgrade. While no enterovirus RNA was detected in these 
samples it is recognised that pathogen distribution in treated effluent is random and thus 
detection cannot be expected in all samples tested. 
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Figure 14.9: Detection of enterovirus RNA in water concentrates where lanes 1, 10 and 19 are DNA ladders; 
lane 2 is water collected from well #19450 on 10 Sep 2000; lane 3 is water from well #19450 collected on 31 Aug 2000; 

lane 4 is water collected from well #19450 on 15 Aug 2000; lane 5 is water collected from well #19183 on 31 Sep 2000; lane 6 is injectant collected 
on 15 Aug 2000; lane 8 is the same as lane 2 except that 1 OiJL of the RNA extract was used as template (instead of 31JL used in the lane 2 reaction) ; 

lane 9 is the same as lane 3 except that 1 OiJL of the RNA extract was used as a template; lanes 11 to 15 are the same as lanes 2 to 9 
except that each reaction mixture had been spiked with 11JL of poliovirus RNA; lane 17 was positive control; and lane 18 was negative control. 
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Figure 14.10: Detection of enterovirus RNA in water concentrations. 
See table below for details of samples in each lane. 
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Figure 14.11: Results of spiked reverse-transcriptase polymerase chain reaction (RT-PCR) listed in figure 14.9. 
See appendix 0 for details of samples in each lane. 
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Figure 14.12: Detection of enterovirus RNA in non-spiked and spiked water concentrate samples. 
See appendix 0 for details for samples in each lane. 
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Table 14.1: Detection of Clostridium perfringens spores in ASR and monitoring wells. 
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Table 14.2: Detection of Pseudomonas aeruginosa cells in water obtained 
from ASR and monitoring wells. 
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Selected aquifers have potential use for the storage of surplus water for later recovery and 
reuse. This can be an important way to improve urban water supplies and assist water 
sustainability efforts. In addition to the storage of excess water, artificial recharge can 
provide a means of improving the quality of the recharged water through its storage in-situ 
(Dillon, et.al., 1999). As communities continue to expand and dependence on water sources 
such as groundwater and reclaimed water grows, potential hazards involved in using a 
resource such as reclaimed water must be better understood. Among the most important 
and ubiquitous of the potential health risks are water-borne pathogens, whose persistence in 
aquifers is still poorly understood. It is currently known and accepted that microbial 
pathogens lose viability in groundwater. However, there is no information on the fate of 
microbial pathogens in aquifer storage and recovery (ASR) schemes using treated effluent. 
This paper outlines the findings of experiments investigating the survival characteristics of 
selected pathogens in injected treated effluent and native groundwater at an ASR site. 

15.1 LABORATORY STUDIES ON THE SURVIVAL POTENTIAL OF ENTERIC 
MICROBIAL PATHOGENS IN AQUIFER T2 

Published in Dillon, P.J. (ed.), (2002), Management of aquifer recharge for sustainability, 
Swets and Zeitlinger, Netherlands, ISBN. 90 5809 527 4; pp. 139-142. 

15.1.1 Methods and Materials 

15.1.1.1 Water Collection 

Both the native groundwater and the injected effluent were collected from Aquifer T2 at the 
Bolivar ASR site in Adelaide, South Australia. The groundwater was collected from a 
background well 300m from the injection well, while the injected effluent was collected from a 
4m monitoring well. Both water types were collected into nitrogen-flushed sterile 500ml 
glass bottles and sealed with a silicone septum. The samples were placed on ice and 
transported to the laboratory where they were used immediately to construct the 
microcosms. 

15.1.1.2 Microorganisms Tested 

The pathogens tested were poliovirus type 1 (PL0692), coxsackievirus b1 (ATCC VR-28), 
Salmonella typhimurium (ATCC13311) and Aeromonas hydrophila (ATCC7966). The 
indicator microorganisms tested were Escherichia coli (ACM1803) and the male-specific 
bacteriophage MS2 (ATCC 15597 -B 1 ). The bacteria were all cultured overnight in nutrient 
broth. The bacteriophage was cultured in tryptone yeast extract broth with an E. coli host, 
while the viruses were cultured in layers of green monkey kidney cells. All of the 
microorganisms were washed twice in sterile groundwater to remove the culture medium and 
resuspended in sterile groundwater to a final concentration of ca. 1 x1 08cfu/ml (colony
forming units) or pfu/ml (plaque-forming units). 
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15.1.1.3 Development of Microcosms 

The collected groundwater and effluent were each divided into two portions. One 200ml 
portion was passed through a 0.21-Jm disposable filter to remove the indigenous groundwater 
microorganisms, while a second 200ml volume was left unaltered. Sterile distilled water 
was used as a control water type. Three 50ml samples of the non-filtered and filtered 
samples and the distilled water control were aliquoted into sterile bottles. The aliquots were 
inoculated with a mixture of the bacteria or poliovirus or coxsackievirus and MS2 
bacteriophage. All microorganisms were inoculated to achieve a final concentration of 
approximately 1 06 viral particles or bacterial cells per millilitre. Each of the samples 
containing the different microorganisms was then transferred to an anaerobic cabinet where 
they were split into three 1 Oml replicates in 15ml polypropylene centrifuge tubes. The tubes 
were then removed from the anaerobic cabinet and placed in a water bath at 27°C. 

15.1.1.4 Sampling and Detection 

The bacteria and MS2 were sampled on days 0, 2, 5, 7, 14, 21 and 28. The samples 
containing poliovirus and coxsackievirus were sampled on days 0, 7, 14, 21 and 28. All 
analyses were performed in triplicate. 

E. coli and A. hydrophila were detected in the relevant samples using Chromocult™ agar 
(Merck). S. typhimurium was detected on Salmonella Shigella agar (Merck). Where 
necessary the samples containing bacteria were diluted ten-fold in sterile groundwater and 
1 001-JL of the appropriate dilutions spread-plated on the appropriate medium. Plates were 
incubated at 37°C overnight and the appropriate colonies counted. E. coli colonies were 
blue-violet and A. hydrophila colonies were pink on the Chromocult™ agar. Salmonella 
colonies were black on the Salmonella Shigella agar. 

Enumeration of MS2 was achieved by the standard double agar layer plaque method 
(Ferguson, et.al., 1996), using E. coli HS(pFamp)R {ATCC700881) as the host. Prior to 
plating, samples were diluted as necessary using sterile groundwater. 

Changes in poliovirus and coxsackievirus numbers were determined using quantitative RT
PCR. Enterovirus RNA was extracted from 2501-JL aliquots using the High Pure™ Viral RNA 
Extraction Kit (Roche Diagnostics). Quantitative reverse transcriptase polymerase chain 
reaction (RT-PCR) was performed using the Titan TM One-Step RT-PCR kit (Roche 
Diagnostics) and the Ent-up and Ent-down primers (Abbaszadegan and Delong 1997). The 
RT-PCR protocol described by Roche Diagnostics was amended with the addition of Sybr 
Green (final concentration of 0.1 x). Quantitation was undertaken using an iCycler 
Thermocycler (Biorad). The temperature cycle used was as follows: 30 minutes of reverse 
transcriptase at 50°C; followed by 45 cycles of 95°C for 30 seconds; 55°C for 20 seconds, 
and 68"C for 20 seconds; (with five second increases of the extension step in each cycle 
after the 201

h cycle). The final cycle had a five minute extension at 68°C. A melt curve was 
added after the PCR step to distinguish product from primer dimers. The melt curve was 
achieved using 80 cycles of increasing temperature starting at 55°C for ten seconds, with a 
0.5°C increase with each cycle to a final temperature of 95°C. The melting temperature {Tm) 
for each amplicon was determined using the iCycler software. Mean viral copy numbers 
were calculated from a standard curve generated during the RT -PCRusing the iCycler 
software. The standard curve was constructed from 1 00-fold serial dilutions of pre
determined starting quantities of either poliovirus or coxsackievirus. Four dilutions of the 
standard RNA were used to construct the standard curve. 
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15.1.1.5 Removal Times 

The pathogen or indicator microorganism quantities determined at each time interval were 
plotted as a semi-logarithmic function. A one-log10 removal time-r (day) was determined from 
each plot using equation (1 ). 

-r = t/log10 (C/Co) (days) Eqn (1) 

where = the final copy number at day t; and 
= the copy number at day zero. 

15.1.2 Results 

The one-log10 removal for each of the microorganisms tested under each of the conditions is 
presented in table 15.1 and figure 15.1. 

Pathogen Dl WW-S WW-NS GW-S GW-NS 
Coxsackie 20.4 17.5§ 7.1 9.9§ 7.1 
Poliovirus 23.3 2.6§ 3.0 27.8 2.7 
MS2 25.6 4.3§ 4.3 4.4§ 3.4 
E. coli 3.8 12.3 0.7 5.2 1.0 
Salmonella 3.4 4.3 0.4 5.0 1.1 
Aeromonas 4.8 7.7 2.2 5.7 1.7 

OJ = distilled water; WW = wastewater; GW = groundwater; WW-S = sterile injectant; 
WW-NS = non-sterile injectant; GW-S = sterile groundwater; GW-NS = non-sterile groundwater. 

§ Bacteria detected in microcosms after day seven. 

Table 15.1: One-log10 removal times (days) of the different pathogens and indicator 
microorganisms under different conditions. 

All three of the bacterial species decayed faster than either of the enteric viruses or the 
coliphage MS2. Of the three bacterial species E. coli had the largest removal times under 
the non-sterile conditions and A. hydrophile was the most resistant with the smallest removal 
times. The viruses had much smaller removal times than any of the bacteria with 
coxsackievirus having the smallest removal times in the groundwater and effluent of all the 
organisms tested. The longest survival for the bacterial species in the presence of the 
groundwater microorganisms was a six-log1o loss over 21 days by A. hydrophile, with similar 
numbers of the other two bacterial species being removed from these microcosms within 14 
days. The MS2 bacteriophage was removed to below detection limits (six-log10 loss) within 
21 to 28 days in all the water types, apart from the distilled water (DI) control. Apart from 
coxsackievirus suspended in non-sterile groundwater, neither poliovirus nor coxsackievirus 
reached below detection limits in any of the water types and conditions tested within the 28 
day incubation period. The presence of indigenous groundwater microorganisms had a 
major impact on the survival of all the pathogens and indicator microorganisms. Removal 
times were considerably larger under non-sterile conditions for all of the microorganisms 
except for poliovirus in the sterile injectant and MS2, and coxsackievirus in sterile 
groundwater and injectant. However, these samples were found to be non-sterile due to 
contamination from day 14 onwards. 

It was also observed that under sterile conditions the water type had an influence on the 
decay of the bacterial pathogens (figure 15.1 ). E. coli was observed to have a greater 
removal time in the groundwater than the injectant, while A. hydrophile had the greater 
removal time in the injectant. S. typhimurium had a similar removal time in both the 
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groundwater and the injectant under sterile conditions. The removal times observed for the 
viruses and MS2 did not vary significantly in either sterile injectant or groundwater. 
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Figure 15.1: Survival of (a) E. coli; (b) S. typhimurium; (c) A. hydrophi/a 
in 1111 distilled water; o sterile injectant; • non-sterile injectant; 

fl. sterile groundwater and A non-sterile groundwater. 

15.1.3 Discussion 

The results indicated that the survival of the viruses or bacteria tested was limited in both the 
groundwater and effluent. Apart from the 01 water controls and sterile conditions, all or the 
majority (>90%) of each pathogen type was lost within the 28 day incubation period. The 
results have indicated that the presence of indigenous groundwater microorganisms were the 
most significant factor tested in determining the fate of introduced microbial pathogens and 
indicator microorganisms. This has been noted in previous studies by Bitton, et.al., (1983), 
Nasser and Oman (1999), Yates, et.al., (1985 and 1990). This study has demonstrated that 
pathogen decay is similar either in injected treated effluent or native groundwater. 

Injectant and groundwater with indigenous microorganisms removed were used to determine 
the relative effect of the water type on the microbial pathogens. This was done as it could be 
expected that the pathogens will remain within the injectant in the aquifer, while the 
indigenous groundwater microorganisms will change from being suspended in native 
groundwater to injectant. The results indicated that water type had a minor influence on the 
survival of the bacterial pathogens. Difficulties with sterility in the microcosms containing the 
viruses meant that the influence of the water type could not be determined except for 
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poliovirus suspended in sterile injectant, which was found to have no effect compared to the 
distilled water control. 

Other groundwater processes, in particular temperature (Jansons, et.al., 1989, Melnick and 
Gerba 1980, Yates, et.al., 1990) and oxygen (Jansons, et.al., 1989), have also been found to 
have a major influence on pathogen survival. While the presence of groundwater 
microorganisms and water type (native groundwater and high-nutrient injectant) were the 
only variables tested in this study (temperature maintained at 2rc and microaerophilic 
conditions), the results indicate that indigenous groundwater microorganisms have significant 
influence on the survival of all the pathogens tested, and water type had a minor but 
noticeable effect on the bacterial pathogens. Other research undertaken by the authors and 
associates have shown that while these other factors such as temperature and oxygen can 
have an influence on pathogen decay in groundwater, these effects are secondary to the 
influence of the indigenous groundwater microorganisms (unpublished results). 

It should also be noted that a three- to six-log10 loss of all the tested microorganisms was 
observed over the 28 day sampling period. The numbers of pathogens used in this study (for 
experimental reasons) can be considered excessive compared to numbers commonly 
detected in treated effluent. Such a large loss under the experimental conditions in a 
relatively short period of time gives confidence that more realistic pathogen numbers in 
treated effluent used as a water source for ASR schemes would be easily and rapidly 
removed within a few months of storage in an aquifer. As artificial recharge methods are 
further developed an understanding of the persistence of microbial pathogens along with 
confidence that the recovered water is free of harmful pathogens will be vitally important. 
This study has determined that the indigenous groundwater microorganisms were the major 
influence on the decay of enteroviruses and bacterial pathogens. The results suggest that as 
long as active indigenous microorganisms are present in the groundwater and the injected 
water is stored for an appropriate pre-determined period of time then the risk of viral and 
bacterial pathogens in recharged waters may be minimal. 

15.2 FIELD STUDIES ON PATHOGEN SURVIVAL IN AQUIFER T2 

Current research has focused on the survival of microbial pathogens in Aquifer T2 fed by 
nutrient-rich injectant. The presence of microbial pathogens in the tertiary-treated effluent, 
certainly only in low numbers, needs to be accepted as a strong possibility as pathogens 
have been previously demonstrated to be present in the effluent from treatment plants 
(Aulicino, et.al., 1996, Baggi, et.al., 2001 ). As such the persistence in Aquifer T2 of any 
microbial pathogens present in the treated effluent needs to be determined and the major 
conditions influencing the persistence or decay better understood. This is essential for both 
being able to predict the risk associated with microbial pathogen presence and to enable 
improved management of these risks. 

To achieve these aims a field experiment was undertaken to determine the survival potential 
of selected microorganisms directly in Aquifer T2. 

15.2.1 Methods and Materials 

The pathogen survival experiment was undertaken by suspending chambers containing 
selected microbial pathogens in the 4m and 300m observation wells. The pathogens studied 
were Cryptosporidium parvum oocysts, MS2 coliphage, E. coli and Aeromonas hydrophi/a. 
The chambers used for the bacterial strains were modified McFeters chambers (Pavelic, 
et.al., 1998), while the Cryptosporidium oocysts and viruses were contained within single-use 
modified McFeters chambers (figure 15.3) hung in groups within each of the wells. Each 
chamber contained a predetermined number of pathogens suspended in either filtered or 
non-filtered groundwater. 
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The chambers were assembled as described by Pavelic, et.al., (1998) or by attaching one 
end of the single-use chambers. The chambers were then filled with either groundwater or 
injectant that had the indigenous groundwater microorganisms removed (filtered) or present 
(non-filtered), and been seeded with the bacterial strains or Cryptosporidium plus viruses. 
The chambers to be placed in the 300m well were filled with Aquifer T2 groundwater while 
the chambers placed into the 4m observation well were filled with the injectant. The 
groundwater had been collected on the previous day as explained in section 15.1. The 
chambers were then sealed and lowered into Aquifer T2 at the 4m and 300m monitoring 
wells. 

An initial sample (day zero) was taken before the chambers were placed into the wells and 
then the chambers were sampled in weeks 1, 2, 4, 6, 8, and 10. The bacteria in the 
chambers were sampled by removing approximately 1 ml of sample from each of the 
chambers. The samples were transferred to sterile 2ml screw-capped tubes immediately on 
collection and placed on ice. On each sampling occasion one of the single-use chambers 
containing oocysts and viruses in filtered water and one chamber containing these 
microorganisms in non-filtered water, were removed from the string of single-use chambers 
suspended in each of the wells. The collected samples and chambers were then packed in a 
cooled biohazard transportation box and air transported to the CSIRO microbiology 
laboratory in Perth, WA, where they were processed immediately on receipt. 

Bacterial numbers were determined by spread-plating each sample onto selective media 
(Chromocult™, Merck) and incubating for 48 hours at 37°C. The presence of 
Cryptosporidium oocysts was determined by immunofluorescence and PCR (Gobet and 
Toze 1999). The sample for coliphage analysis was concentrated and the MS2 coliphage 
was detected by infecting a culture of E. coli host. The number of microorganisms detected 
on each sampling occasion was then determined (the concentration factor was also taken 
into account at this stage for the MS2 bacteriophage). At the completion of the experiment a 
one-log10 removal time -c for each microorganism was determined using equation (1 ), section 
15.1.1.5. 

15.2.2 Results 

The only results that were obtained in a form that could be analysed were for the bacteria 
and for the bacteriophage MS2. Inconsistent data prevented any reliable conclusions to be 
made about the survival potential of the Cryptosporidium oocysts. The one-log10 removal 
times for these microorganisms studied in the field experiment are given in table 15.2 The 
decay of the bacteria in the field experiment can be seen in figure 15.4. 

All of the bacteria and MS2 had one-log10 removal times of less than 17 days apart from 
E. coli in the "filtered" injectant sample where a removal time of 33 days was observed and 
A. hydrophila in the non-filtered injectant (53.8 days) and the filtered injectant where no 
significant decay was observed over the period of the experiment. The observed trend for 
E. coli decay in all of the water types was for viable cell numbers to be relatively stable for 
the first 7 to 14 days, after which rapid loss of the cells in the chamber was observed (figure 
15.4 ). E. coli was observed to persist for longer in the injectant than the ambient 
groundwater, suggesting that the injectant was providing an environment (possibly through 
nutrient supply) which allowed a temporary persistence of the E. coli cells. This was also 
observed for A. hydrophila cells where a slow to negligible removal was observed in the 
injectant and a much faster loss in the groundwater. The removal times for both E. coli and 
A. hydrophila were similar in the groundwater. By contrast the bacteriophage MS2 was 
rapidly removed from both groundwater and the injectant which was almost always faster or 
similar to the removal times for the bacteria. 

There was little difference in the decay times for any of the three microorganisms in the 
filtered and non-filtered samples. An analysis of the collected sample indicated that all of the 
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chambers containing filtered groundwater or injectant were in fact contaminated by non
target bacteria (i.e: neither E. coli nor A. hydrophi!a). 
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Figure 15.3: Construction of 'single-use' chambers . 

15-7 



Water Type Water Treatment 
Microorganisms Tested 

E. coli A. hydrophila MS2 
Injectant Filtered 33.2 ND§ 4.2 
Injectant Non-filtered 10.9 53.8 3.6 

Groundwater Filtered 6.2 7.5 5.1 
Groundwater Non-filtered 10.8 6.1 12.8 

NO = No decay observed 

Table 15.2: One-log1 0 removal times (days) for E. coli and A. hydrophila in 
injectant and groundwater at the Bolivar ASR site . 

15.2.3 Discussion 
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Figure 15.4: Survival of E. coli and A. hydrophila in 
injectant and ambient groundwater at the Bolivar ASR site. 

The chambers containing either filtered groundwater or filtered injectant were contaminated 
by groundwater microorganisms, most likely as a result of poor technique during the filtration 
of the groundwater or injectant used to fill the chambers. The method used to obtain the 
filtered water was a single pass through a 0.21-Jm pore-filter to remove all of the indigenous 
groundwater microorganisms present in the sample. Some groundwater microorganisms 
can be very small in size or thin and have the potential to cross a 0.21-Jm filter. This same 
problem was also observed in other experiments undertaken within the laboratory (results 
not shown) and double filtration is now routinely used with minimal occurrence of bacterial 
contamination of filtered groundwater. 

Thus, all of the chambers were treated as non-filtered and to have groundwater 
microorganisms present. This is not of particular concern as it has been established that the 
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presence of indigenous groundwater microorganisms is the most significant factor controlling 
the decay of introduced microbial pathogens (Toze and Hanna 2002, Gordon, et.al., 2002). 

Difficulties were encountered in the detection of the Cryptosporidium oocysts from the 
chambers using immunofluorescence. Further investigation in the laboratory showed that 
the use of bleach in the purification of the oocysts from contaminated faecal matter 
significantly reduced the sensitivity of the immunofluorescence. Initial PCR results indicated 
that there appeared to be no appreciable decrease in the amount of detectable 
Cryptosporidium deoxyribonucleic acid (DNA) from any of the chambers over the period of 
the experiment. However, quantitation of these PCR results could not be performed due to 
problems with the use of quantitation with the developed Cryptosporidium PCR method. 
Later modifications to the PCR method and improvement in the quantitative PCR machine 
corrected these problems, however no more DNA sample remained from the 
Cryptosporidium trial. The preliminary results do suggest however, that Cryptosporidium 
oocysts may be able to persist in groundwater during ASR for times longer than other 
microbial pathogens. More research is needed to gain a further insight into protozoan decay 
in groundwater associated with ASR and other artificial recharge methods. 

The removal times obtained from the field experiment differed slightly from the results 
obtained in the laboratory experiment (table 15.1) (Toze and Hanna 2002), with slightly faster 
removal times for E. coli, A. hydrophi/a and MS2 observed in the laboratory experiment. In 
the laboratory experiment the log10 removal times determined for these microorganisms in 
injectant or groundwater were still less than 13 days. In addition, the survival potential of 
Salmonella typhimurium, poliovirus and coxsackievirus could be studied. The results 
obtained demonstrated that S. typhimurium had a similar survival potential to E. coli, but 
poliovirus and coxsackievirus had slightly slower removal times than the bacteria. None of 
the microorganisms tested however, had one-log10 removal times larger than 20 days apart 
from poliovirus in filtered groundwater (table 15.1 ). 

15.3 EFFECT OF WASTEWATER INJECTION ON THE GROWTH POTENTIAL OF 
OPPORTUNISTIC PATHOGENS IN GROUNDWATER 

Opportunistic pathogens include bacteria such as Aeromonas hydrophila, Pseudomonas 
aeruginosa, Pseudomonas stutzeri, and various Flavobacterium species and former 
Flavobacterium species. These bacterial strains have been implicated in a range of diseases 
and infections particularly in the very young and old, the ill and the immuno-compromised 
(Monteil and Harf-Monteil 1997, Rusin, et.al., 1997). Many opportunistic pathogens have 
been commonly detected as members of the natural microbial community in many different 
soil and aquatic environments including groundwater (Massa, et.al., 2001, Monteil and Harf
Monteil 1997). As they do not have the impediments experienced by introduced 
microorganisms, opportunistic pathogens have a competitive advantage of not having to 
adapt to a new environment or competing for nutrients and ecological niches with an 
established indigenous microbial population. 

A pilot ASR project was undertaken to investigate the efficacy of injecting treated disinfected 
wastewater into a brackish tertiary calcite aquifer at the Bolivar site. Chlorination levels were 
such that there was no residual chlorine in the injected wastewater. Consequently, the 
possibility was recognised that large and rapid increases in microbial numbers in the aquifer 
may occur due to the injection of high-nutrient water. Of particular concern was the increase 
of bacterial opportunistic pathogens. This section outlines experiments undertaken to 
determine the growth potential for opportunistic pathogens in the presence of wastewater 
and native groundwater under conditions similar to those found in the aquifer receiving the 
injected treated wastewater. 
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15.3.1 Methods and Materials 

15.3.1.1 Collection of Core Material and Groundwater Samples 

Groundwater was collected from Aquifer T2, the aquifer targeted for the ASR study at the 
Bolivar site. The groundwater was collected into sterile nitrogen-flushed 1 L borosillicate 
bottles. It was pumped into the bottles until overflowing and each bottle was then stoppered 
with a sterile butyl rubber bung. The collected sample was immediately placed into a cold 
box containing frozen freezer "bricks" and freighted overnight to the laboratory. Groundwater 
was also collected in non-sterile 20L polypropylene containers for use as the eluent in the 
column experiments. All groundwater samples were stored at 4°C until analysed or used. 

Aquifer material was collected from cores taken during the drilling of an observation well into 
Aquifer T2 in the Northern Adelaide Plains (NAP). A core from 134.56 to 137.4m bgs was 
used as the source of the aquifer material. The cores were packed in PVC tubes, flushed 
with nitrogen (N), then sealed and transported to the laboratory at 4°C. After drilling the 
collected cores were processed under aseptic conditions by CSIRO Land and Water 
(Adelaide, SA) staff. A portion of the core material was packaged under anoxic, sterile 
conditions, placed on ice and shipped overnight to Perth, WA. 

15.3.1.2 Isolation of Opportunistic Pathogens from Core Material and Groundwater 

Attempts were made to isolate opportunistic pathogens from both core material and 
groundwater. Sub-samples of the core material and the groundwater were placed onto 
different isolation media (listed in table 15.3) to isolate individual bacterial strains. 

Media 
R2A 

Denitrifying medium 

MacConkey Agar1 

Ampicillin Agar 

Pseudomonas Isolation 
Agar 

Chromocult® Agar2 

Use Incubation Conditions 
General isolation media Aerobic at room 
for heterotrophic bacteria temperature 
Isolation of denitrifying Anaerobic at 25°C 
bacteria 
Isolation of faecal Aerobic at 37°C 
coliforms 
Isolation of Aeromonas Aerobic at 28°C 
species 
Isolation of Pseudomonas 
aeruginosa and other 
pseudomonads 
Isolation of faecal 
coliforms 

Aerobic at 28°C 

Aerobic at 37°C 

1 MacConkey Agar used for the isolation of faecal coliforms from the core material only. 
2 Chromocult Agar used for the isolation of faecal coliforms from groundwater only. 

Table 15.3: Media used for the isolation of opportunistic pathogens 
from Bolivar core material and groundwater. 

Upon receipt the core material was placed in an anaerobic chamber, removed from its 
wrappings and broken in half lengthways with a sterile spatula. A sample of this material 
was collected from the centre of the core, weighed (wet weight 2.27g), and suspended in 
anaerobic Ringers solution. The suspended core material was diluted ten-fold in anaerobic 
Ringers solution. The groundwater was vortexed for 30 seconds and then diluted ten-fold in 
filter-sterilised Bolivar groundwater. Plates of the different isolation media were then 
inoculated with 1 00~-JL of each dilution. The plates were inoculated by spreading the 
inoculum over the entire surface of the medium using a sterile glass spreader (spread
plating). Each of the dilutions was plated onto each of the media in triplicate. 1 OOmL of the 
groundwater was also filtered through 0.2~-Jm cellulose acetate filters, and the filters placed in 
duplicate onto the surface of each of the medium. All of the plates were then incubated at 
28°C. 
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The plates were examined at 24 hours and then on days 3, 7 and 14 for the presence of 
bacterial colonies. Bacterial colonies were chosen from the selective media based on colony 
morphology typical of that of Pseudomonas species or Aeromonas species. Bacterial 
colonies grown on the general isolation medium R2A were randomly selected from each 
plate. All selected colonies were initially purified on the media on which they had been 
isolated and then transferred to R2A for maintenance. 

Selected bacterial isolates were characterised using cell morphology, gram stain, oxidase, 
catalase, and indole reactions. Using these criteria isolates known to have characteristics 
similar to known opportunistic pathogens were tested using the BBL Crystal IDTM kit (Becton 
Dickinson) in an attempt to obtain a positive identification. 

15.3.1.3 Growth of Opportunistic Pathogens in Mixtures of Bolivar Groundwater and 
Wastewater 

Two Bolivar groundwater isolates identified as bacterial species known to be opportunistic 
pathogens, were used to determine their ability to replicate in Bolivar groundwater containing 
various concentrations of wastewater. These two strains were identified as Aeromonas 
hydrophila (BGW16) and Pseudomonas aeruginosa (BGW18). Prior to determining their 
growth potential in the presence of aquifer material and non-pathogenic microorganisms, 
each strain was adapted to groundwater conditions. This involved collecting growth of the 
opportunistic strain off of plates of R2A medium, washing with sterile groundwater and then 
suspension in anaerobic groundwater containing 10% wastewater. This suspension was 
then incubated at room temperature in the dark for a minimum period of two weeks. 

Various concentrations of wastewater mixed with Bolivar groundwater were placed in sterile, 
sealed, nitrogen-flushed 250ml screw-cap Erlenmeyer flasks. The clarified and secondarily
treated wastewater used was obtained from the Subiaco wastewater treatment plant in Perth. 
Typical chemical and physical characteristics of the wastewater were provided by the Water 
Corporation, WA and are listed in table 15.4. 

Characteristics 
Suspended Solids 
Particulates 
pH 
DOC 
Ammonium 
Nitrate 
Nitrite 

Wastewater 
10-40mg/L 
10-50mg/L 
6.4-7.0 
Not available 
3-4mg/L 
8-25mg/L 
<2.2mg/L 

Table 15.4: Physical and chemical characteristics of secondary-treated wastewater 
obtained from the Subiaco Wastewater Treatment Plant. 

The concentrations of wastewater used were 0%, 1 %, 5%, 10%, 25% and 100%. The 
solutions were prepared by mixing groundwater and wastewater to the required 
concentration, boiling to remove oxygen and cooling under a stream of nitrogen gas. 1 OOmL 
of groundwater/wastewater solution was then injected through a 0.21.Jm cellulose acetate filter 
into a sterile sealed nitrogen-flushed flask. Two flasks containing the groundwater 
/wastewater concentration were created. 

The opportunistic pathogen to be tested was added to each of the flasks to a final 
concentration of approximately 1 x1 05 viable cells/ml. The inoculated flasks were sampled at 
time zero and then incubated at room temperature in the dark. Additional samples were 
collected on days 1, 2, 3, 4, 7, 10 and 14. 
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Samples were collected by drawing approximately 0.5ml of the inoculated groundwater/ 
wastewater solution into a sterile syringe. The collected sample was then diluted as 
necessary in filter-sterilised Bolivar groundwater prior to staining. The number of viable and 
non-viable cells were determined using the Bactlight Live/Dead® stain (Molecular Probes). 
The appropriate dilutions were tested by adding 0.51-JL of the Bactlight stain to 2ml of the 
sample, incubating in the dark for 15 minutes and then passing the stained sample through 
an lrgalan Black stained, 25mm, 0.21-Jm, polycarbonate filter. The filters were placed onto 
glass slides, covered with mounting medium and overlayed with a glass coverslip. The 
slides were examined under a fluorescent microscope using excitation wavelengths of 
470nm and 520nm. The number of viable cells (seen as green cells) and non-viable cells 
(seen as red cells) was determined for all 20 fields of view. The results were then graphed 
and analysed for changes in the number of viable and non-viable cells of the opportunistic 
pathogen in each of the groundwater/wastewater concentrations. 

15.3.1.4 Growth Potential of Opportunistic Pathogens in the Presence of Aquifer 
Material 

Two column experiments were conducted . The first experiment was designed to determine 
the effect of aquifer material and indigenous groundwater microorganisms on the survival of 
the opportunistic pathogens in the presence of different concentrations of wastewater. The 
second experiment was similar to the first, except that 100% groundwater and the 
wastewater was cycled through the columns to simulate injection of wastewater into an 
aquifer and its subsequent recovery. 

15.3.1.4.1 Column Design and Construction 

Each column was constructed using capped 10cm long PVC tubing (3cm 10). The ends of 
the column were covered with geotextile matting (Bidim Pty. Ltd.), which was supported by a 
stainless steel grid to prevent loss of the aquifer material from the column. The ends were 
then capped with PVC dome-ends (3.3cm ID, 2.5cm deep) (Hardy IPEX, Australia) in which 
a nylon swagelock connector had been fitted. The swagelock connector was connected to 
Wh inch Nylaflow™ tubing. A total of six columns were constructed and assembled in an 
array (figure 15.5). 

Groundwater/Wastewater 
R.eserroir Peristaltic Pump 

l Groundwater/Wastewater 
Flow -·------

Effluent 
DiscOid 

Figure 15.5: Construction of sterile and non-sterile columns (in groups of two). 
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Groundwater or wastewater was gravity-fed to the bottom inlet of each of the two columns 
from a container kept under a nitrogen atmosphere. The flow-rate of the 
groundwater/wastewater mixture was regulated through the use of a peristaltic pump on the 
effluent end of the column. 

The Bolivar aquifer material was divided into two approximately equal portions in two glass 
baking dishes. Any lumps of aquifer material were broken up and the dish placed into an 
oven at aaoc for 12 hours to dry the aquifer material. After drying the aquifer material was 
sterilised by autoclaving twice at 121°C for 6a minutes with a 24 hour period between the two 
autoclaving steps. The aquifer material in one of the dishes was then suspended in sufficient 
non-sterile Bolivar groundwater to have groundwater just covering all of the aquifer material. 
The other dish was suspended in an approximately equal volume of filter-sterilised Bolivar 
groundwater. Both dishes were then inoculated with 1 ml of a groundwater suspension of 
A. hydrophi/a BGW16 (1.5x1 as viable cells/ml) and 1 ml of Ps. aeruginosa BGW18 (8.8x1 as 
viable cells/ml). The dishes were left to sit overnight to allow bacterial attachment to the 
aquifer material. Three of the columns were packed with the aquifer material that had been 
suspended in the sterile groundwater. The remaining three columns were packed with the 
aquifer material suspended in the non-sterile groundwater. 

15.3.1.4.2 Initial Column Experiment 

Three different groundwater/wastewater concentrations were passaged through different 
columns. The groundwater and wastewater used had been collected from the Bolivar ASR 
site as described above. 

The clarified wastewater was combined with the Bolivar groundwater in 2aL polypropylene 
liquid containers to give three different groundwater/wastewater concentrations. These were 
1 aa% groundwater and a% wastewater, 9a% groundwater and 1 a% wastewater, and a% 
groundwater and 1 aa% wastewater. The groundwater/wastewater solutions were then 
autoclaved at 121°C for 3a minutes. While still hot the sterile groundwater/wastewater 
solutions were made anaerobic by sparging with filtered nitrogen gas until cool. 

Two columns were tested with each of the groundwater/wastewater solutions. One of the 
two columns in each set had been packed with aquifer material seeded with groundwater 
microorganisms while the other contained sterile aquifer material. The groundwater 
/wastewater mixtures were passed through the columns at a flow-rate of a.Smllmin. 

Combined groundwater/aquifer samples were obtained from the sampling port of each of the 
columns at time zero, then every day until day 4, then every second day until day 14. After 
day 14 the columns were sampled on days 17 and 2a. The samples were collected from the 
sampling port using a sterile pasteur pipette. The sample from the effluent end of the column 
was collected using a sterile 1 ml syringe attached to the three-way tap. 

Each collected sample was diluted ten-fold to 1 a-s in filter-sterilised groundwater. Six 1 a1-1L 
drops of each dilution were then drop-plated onto a plate of Pseudomonas isolation agar 
(PIA), Ampicillin Dextrin Agar (ADA), and R2A. Inoculated plates were incubated at 28°C. 
The ADA plates were incubated for 24 hours, while the PIA and R2A plates were incubated 
for 48 hours. Following incubation each plate was examined and the number of appropriate 
colonies present in the area of each drop were counted. On the ADA plates only bright 
yellow colonies, considered to be A. hydrophila colonies, were counted. On the PIA plates 
the only colonies counted were those with a light green colour, which were considered to be 
colonies of Ps. aeruginosa. All colonies present on the R2A plates were counted. Only the 
dilutions containing colony numbers between 1 a and 4a were selected to determine the 
number of viable cells present per ml of collected samples. 
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15.3.1.4.3 ASR Column Experiment 

The second column experiment was a modification of the initial column experiment. Two of 
the columns seeded with indigenous groundwater microorganisms used in the initial column 
experiment were used in the second experiment. In addition, a third sterile column from the 
initial experiment was divided into two portions and mixed with extra sterile aquifer material 
from the ASR site. These portions were used to construct two further columns that contained 
only viable cells of the Aeromonas and Pseudomonas strains. Ten litres of sterilised Bolivar 
groundwater was passed through each of the four columns at a flow-rate of 0.5mllmin. 
Each column was then sampled at the sampling port and the effluent end of the column, as 
described for the initial experiment. This sampling occasion was considered to be the time 
zero sample. Following the collection of the time zero sample the groundwater flowing 
through the columns was replaced with sterile, clarified wastewater. Wastewater was 
passed through the columns for a further six days with samples collected on days 2, 4, and 
6. 

Following collection of the day six samples, the flow of wastewater through the column was 
stopped and the wastewater "stored" in the column for eight days (until day 14) with samples 
collected every two days. After the collection of the sample on day 14, sterile groundwater 
was passed through the columns for a further eight days with samples collected from the 
column on every second day. All of the collected samples were processed as described in 
the initial column experiment. 

15.3.1.5 Statistical Analysis of Column Results 

The data obtained in the first column experiment were expressed on a cfu per ml basis 
using the highest countable dilution. Where no colonies were detected, half the value of the 
minimum detection number was used in subsequent analyses. The data were analysed as a 
split plot in time, where the 'main plots' were the columns and the split plots were the 
samples that were taken at each of the 11 sampling times. The treatment effects in the main 
plots were the sterilisation and the source of the water (groundwater; groundwater 
/wastewater mixture; and wastewater). 

The residuals from the split plot were tested for serial correlation by constructing a correlation 
matrix across the times. There were no trends evident in this matrix; only three of the ten 
correlations between consecutive times were positive. This enabled the repeated measure 
problem to be treated as a split plot in time. 

The effect of time was partitioned into linear and quadratic trends, and these effects and their 
interactions with the other factors were studied using an analysis of variance (ANOVA). 
There was a large range of counts observed during the Trial, and a logarithmic 
transformation was required to give constant variance over all the means. The normality of 
the errors was checked using graphical procedures. There were several outliers that were 
associated with data that was below the detection limit, although the counts from the other 
replicates were well above that limit. 

As the plots for the ASR column experiment were able to be treated as linear decay, 
regression slopes were obtained for changes in the number of each bacterial species in each 
of the columns, and an ANOVA conducted on the resulting regression slopes. 
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15.3.2 Results 

15.3.2.1 Isolation of Opportunistic Pathogens from Bolivar Core Material and 
Groundwater 

The number of bacterial colonies per gram of Bolivar core material, or per mililitre of 
groundwater are given in tables 15.5 and 15.6 respectively. 

Very few bacteria were isolated from the core material despite the fact that approximately 
1 x1 05 bacterial cells were observed in the stained core material under the fluorescent 
microscope (results not shown). The Bolivar groundwater yielded greater numbers and 
variety of bacterial strains than the core material, with more strains isolated on the non
selective media (i.e: R2A and denitrifying medium) than on the selective media designed to 
isolate selected bacterial types. Bacterial colonies were also isolated on the filters placed on 
each of the media types, but were in numbers that were too high to obtain an accurate count. 
Despite being unable to be used to determine cell numbers, a number of prominent isolates 
displaying the appropriate characteristics for Aeromonas species and Pseudomonas species 
were isolated from the filters of the selective media. 

Medium 

MacConkey Agar 
Ampicillin Dextrin Agar 
R2A 
Denitrifying Medium 

Number of Bacteria Colonies 
Per Gram of Core Material 

0 
8 
8 
0 

Table 15.5: Number of bacteria isolated from Bolivar core material. 

Medium 

Chromocult® Agar 
Ampicillin Dextrin Agar 
Pseudomonas Isolation Agar 
R2A 
Denitrifying Agar 

1 for selective media only 

Number of Bacteria 
Per ml of Groundwater 

Target Isolates Non-target Isolates 
33 3550 
53 33 
0 0 

17500 
12500 

Table 15.6: Number of bacteria isolated from Bolivar groundwater. 

A total of 71 isolates (17 from core material and 54 from groundwater) were selected for 
further characterisation. Characterisation of these purified strains indicated that all were 
gram negative. It was also observed that all of the strains were rod shaped apart from three 
strains isolated from the core material which were coccoid in shape. A wide variation was 
observed in the oxidase, catalase and indole reactions. 

Based on the characterisation results 6 isolates from the core material and 19 isolates from 
groundwater were selected for identification using the BBL Crystal ID kit. An identity was 
obtained for 16 of the 25 isolates tested. Of the 16 identified strains 9 belonged to species 
that are recognised opportunistic pathogens. The identity of each isolated strain identified as 
an opportunistic pathogen is given in table 15. 7. 
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Strain ID 

BC16 
BC19 
BGW1 
BGW6 
BGW9 
BGW16 
BGW18 
BGW28 
BGW40 

Core Material or 
Groundwater 

Core 
Core 
Groundwater 
Groundwater 
Groundwater 
Groundwater 
Groundwater 
Groundwater 
Groundwater 

Identified Opportunistic 
Pathogens 

Chryseobacterium indo/ogenes 
Empedobacter brevis 
Aeromonas hydrophila 
Aeromonas hydrophi/a 
Yersinia enterocolitica 
Aeromonas hydrophi/a 
Pseudomonas hydrophila 
Empedobacter brevis 
Pseudomonas stutzeri 

Table 15.7: Identification of selected bacterial isolates from core material and groundwater. 

15.3.2.2 Growth of Opportunistic Pathogens in Mixtures of Bolivar Groundwater and 
Wastewater 

Changes in the number of viable cells of the strains Ps. aeruginosa BGW16 and 
A. hydrophila BGW18 in the presence of Bolivar groundwater containing various 
concentrations of wastewater is given in figure 15.6. Changes in the number of non-viable 
cells of the two bacterial strains in the same cultures can be seen in figure 15.7. 

A similar pattern in the increase in viable Ps. aeruginosa cell numbers occurred for all of the 
different wastewater concentrations tested. No significant differences were observed 
between the growth patterns of these cells in the different wastewater concentrations. Cell 
numbers in all wastewater concentrations only increased in the range of two-log from 107 to 
109

. Cell growth in these cultures was also observed in the classic growth phases of lag, log 
and stationary phase. The cells entered the log phase of growth within 24 hours of 
inoculation and reached stationary phase by day four. 

As with the Ps. aeruginosa strain there was little difference between the growth of the 
A. hydrophi/a cells in the different concentrations of wastewater. The Aeromonas cells 
showed a similar growth pattern to the Pseudomonas cells with a short lag period lasting less 
than 24 hours and a log phase occurring over a period of three days. Again like the 
Ps. aeruginosa strain the overall increase in cell numbers was approximately two-log from an 
initial number between 1 04 and 1 05 cells/ml to a final cell concentration between 107 and 108 

cell/ml. While the Ps. aeruginosa cells reached a stable stationary phase, the A. hydrophila 
cells continued to gradually increase in number once the "stationary" phase had been 
reached. This was especially pronounced in the groundwater culture containing 5% 
wastewater. 

Similarly, changes in the number of non-viable cells for both the Ps. aeruginosa and 
A. hydrophila strains varied little between the different wastewater concentrations (figure 
15.3). As with the changes in viable cell numbers in the different wastewater concentrations, 
changes in the number of non-viable Ps. aeruginosa cells over time were virtually identical 
between the different wastewater concentrations. There was greater variability between the 
different wastewater concentrations for changes in the non-viable A. hydrophila cell numbers 
between the wastewater concentrations tested, but this variation was minor. 
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Figure 15.6: Changes in viable cell numbers of Ps. aeruginosa and A. hydrophila 
in the presence of different wastewater concentrations. 
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Figure 15.7: Changes in the number of non-viable cell of Ps. aeruginosa and A. hydrophila 
in different wastewater concentrations. 
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15.3.2.3 Column Studies 

The results for the initial column experiment are displayed in figure 15.8. The results are 
virtually identical for changes in cell numbers of Ps. aeruginosa, A. hydrophila and total 
heterotrophic count (THC) bacteria in the aquifer material within the column. Cell numbers 
changed little in the presence of 100% groundwater or groundwater containing 10% 
wastewater. Only in the columns that were fed with 100% wastewater was a significant 
change in cell numbers observed. In these columns, one containing and one free of 
groundwater microorganisms, a decrease in cell numbers over time was observed. In 
contrast, the presence of indigenous groundwater microorganisms and 100% wastewater 
had a profound effect on A. hydrophi/a numbers with the number of Aeromonas cells in both 
the column and effluent being below detection limits from day 10 until almost the end of the 
experiment (day 22). The presence of wastewater or non-target microorganisms did not 
have as much effect on the Ps. aeruginosa or THC cells but a distinct decrease of these 
strains was still observed in the presence of 100% wastewater. 

The number of A. hydrophi/a, Ps. aeruginosa and THC cells recovered from the effluent of 
the different columns generally followed the same pattern as the changes in cell numbers in 
the columns (figure 15.9). A. hydrophila cells were always detected in much lower numbers 
in the effluent than in the aquifer material, while the number of Ps. aeruginosa and THC cells 
in the effluent were much closer to the number recovered from the column. The numbers of 
THC cells on the other hand, were always less in the effluent than in the aquifer material, but 
the Pseudomonas cells were detected in higher numbers in the effluent than in the aquifer 
material. 

An ANOVA is given in table 15.8. Most of the effects observed were statistically significant, 
but only the largest of these will be discussed here. For both bacteria there were very 
significant effects of the source of the water, and a lesser effect of whether it had been 
sterilised or not. These two effects did not interact with each other. The means for these 
results are given in tables 15.9 and 15.1 0. 

Changes in A. hydrophi/a, Ps. aeruginosa and THC cell numbers in the second of the column 
experiments are given in figures 15.1 0. The results obtained were similar to the first column 
experiment in that a general decrease or maintenance of cell numbers occurred in all of the 
columns. No increase was observed for any bacterial type in the aquifer material in any of 
the columns. The number of A. hydrophi/a cells present in the effluent was always lower 
than in the aquifer material. There was little evidence that the presence of non-pathogenic 
microorganisms had any significant influence on the survival of either A. hydrophila or 
Ps. aeruginosa cells in the aquifer material. 

The number of THC cells in the effluent during the ASR column experiment tended to be less 
than in the aquifer material on most of the sampling occasions, however there were a few 
times particularly in the non-sterile columns where the number of THC cells in the effluent 
was marginally higher than in the aquifer material (figure 15.11 ). Only the Ps. aeruginosa 
had distinctly higher numbers of cells present in the effluent than in the aquifer material. In 
each of the columns the Ps. aeruginosa cells in the aquifer material decreased in the 
presence of wastewater, and increased in number in the effluent. When the influent was 
changed from wastewater to groundwater the Pseudomonas cell numbers in the effluent 
were observed to decrease. 

15-18 



Source of variation d.f.(m.v.) s.s. m.s. v.r. F pr. 

Cylinder. Tr stratum 
Source 2 374.64 187.32 2972.1 <.001 

Sterile 1 11.29 11.29 179.1 <.001 

Source.Sterile 2 0.45 0.23 3.6 0.04 

Residual 30 1.89 0.06 0.8 

Cylinder. Tr.day stratum 
Time 10 87.10 8.71 112.9 <.001 

Lin 79.17 79.17 1026.2 <.001 

Quad 1 2.55 2.55 33.1 <.001 

Deviations 8 5.38 0.67 8.7 <.001 

Time.Source 20 62.04 3.10 40.2 <.001 

Lin.Source 2 43.28 21.64 280.5 <.001 

Quad.Source 2 2.71 1.36 17.6 <.001 

Deviations 16 16.05 1.00 13.0 <.001 

Time. Sterile 10 4.91 0.49 6.4 <.001 

Lin.Sterile 0.05 0.05 0.7 0.41 

Quad.Sterile 0.63 0.63 8.2 0.004 

Deviations 8 4.22 0.53 6.8 <.001 

Time.Source.Sterile 19(1) 7.70 0.41 5.3 <.001 

Lin.Source.Sterile 2 1.41 0.71 9.2 <.001 

Quad.Source.Sterile 2 1.98 0.99 12.9 <.001 

Deviations 15(1) 4.31 0.29 3.7 <.001 

Residual 295(5} 22.76 0.08 
d.f = degrees of freedom; s.s. = sum of squares; 

m.s. =mean square; v.r. =variance; F.pr =probability using f distribution 

Table 15.8: Analysis of variance for logged Aeromonas data. 

Source GW GWWW ww SED 

Aeromonas 4.424 4.578 2.442 0.031 

Pseudomonas 4.316 4.205 2.396 0.041 

Table 15.9: 

GW = Groundwater; WW = Wastewater; 
SED = Standard error of difference 

Means of Statistical differences using water type as the variable. 

Sterile NS 

Aeromonas 3.646 

Pseudomonas 3.469 

s 
3.984 

3.809 

SED 

0.025 

0.033 

Table 15.10: Means of Statistical differences using presence of 
indigenous groundwater microorganisms as the variable. 
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Figure 15.8: Behaviour of Ps aeruginosa, A. hydrophila and bacteria 
total heterotrophic count (THC) in the initial column experiment. 

15.3.3 Discussion 

The results of this study have indicated that opportunistic pathogens are present in the 
aquifer and can be recovered using standard isolation techniques. Several common 
opportunistic pathogens including Pseudomonas aeruginosa, Aeromonas hydrophila and 
Yersinia enterocolitica were isolated from the Bolivar groundwater. These bacterial species 
have been documented to cause a range of diseases and infections in susceptible people 
(Baker and Bovard 1996). 

The results from the initial regrowth experiment using Ps. aeruginosa showed that the 
increase in numbers in the different cultures followed the classical growth pattern of lag 
phase, followed by log phase growth, then stationary phase. As there was growth in all of 
the cultures it is possible that the injection of a different water source regardless of its 
nutrient levels could induce growth of microorganisms in the aquifer. The lack of a visible 
difference between the growth-rates and patterns in the presence of the different wastewater 
concentrations indicates that there were no components of the wastewater that were having 
any significant impact on growth of the opportunistic pathogens. 
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Bacterial numbers isolated from the core material were lower than anticipated compared to 
the numbers detected in the groundwater, although this may have been an experimental 
artefact. It is considered that normally more than 90% of the microorganisms present in an 
aquifer are attached to solid surfaces. Thus, it was expected that higher bacterial numbers 
would be obtained from the core material. It is possible that the time taken for the core to be 
obtained, processed and delivered to Perth could have affected the viability of many of the 
bacteria adhered to the aquifer surface, thus resulting in a lower-than-expected recovery of 
bacterial strains. 
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Figure 15.9: Ps. aeruginosa, A. hydrophila and bacterial 
total heterotrophic count (THC) numbers detected in the effluent during initial column experiment. 

The lack of any significant difference in growth-rates however, may be due to some effect of 
the groundwater conditions on the growth of Ps. aeruginosa. Further tests would be needed 
to confirm this. It should be noted that these results are from one experiment on a single 
opportunistic pathogen in isolation. In the aquifer, opportunistic pathogens such as 
Ps. aeruginosa exist in a complex physical, chemical and biological environment in the 
presence of many other microorganisms. Further experiments would be needed to establish 
the effects of these other parameters on the growth of an opportunistic pathogen in the 
presence of wastewater. 
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Figure 15.10: Behaviour of Ps. aeruginosa, A. hydrophila and 
bacteria total heterotrophic count (THC) during the ASR column experiment. 

The decrease in cell numbers in the columns receiving 100% wastewater in the first column 
experiment suggests that there could be some component in the wastewater which had an 
inhibitory effect on bacterial cells in the column. The greatest decreases in cell numbers, 
particularly for A. hydrophila, were observed in the columns receiving 100% wastewater. 
These decreases in cell numbers were not seen in the columns receiving groundwater or 
groundwater containing 10% wastewater. This is in direct contrast to the results obtained 
from the groundwater/wastewater cultures where 100% wastewater had no negative 
influence on the growth of either Ps. aeruginosa or A. hydrophifa. The presence of non
pathogenic microorganisms did not have any significant effect on the growth potential of 
either A. hydrophila or Ps. aeruginosa. 

The lack of any increase in numbers of any of the bacteria during the ASR column 
experiment supports the theory that major increases in numbers of these bacteria were not 
occurring during the introduction of treated effluent into the aquifer material. In fact, 
Ps. aeruginosa and A. hydrophila were both observed to slowly decrease during the ASR 
column experiment. This indicated that the injection and storage of treated effluent through 
an ASR cycle did not give any competitive advantage to these opportunistic pathogens. This 
can give confidence that it is unlikely to have large numbers of these pathogens in the water 
recovered from the aquifer. Q 
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Figure 15.11: Ps. aeruginosa, A. hydrophila and bacterial 
total heterotrophic count (THC) numbers detected in the effluent during ASR column experiment. 
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16.1 LABORATORY EXPERIMENTS INVESTIGATING THE BEHAVIOUR AND DECAY 
OF MICROBIAL PATHOGENS IN GROUNDWATER ASSOCIATED WITH ASR 

Selected aquifers have potential use for the storage of surplus water for later recovery. This 
can be an important part of improving and enhancing urban water supplies. As communities 
continue to expand and dependence on water sources such as groundwater and reclaimed 
water grows, potential hazards involved in using a resource such as reclaimed water must be 
better understood. Amongst the most important and ubiquitous of these risks are water
borne pathogens, whose persistence in aquifers is still poorly understood. 

There are two major advantages involved with water reclamation, those being the additional 
water supply, and the reduction of pollution into the environment (Dillon, et.al., 1999). One 
issue influencing the use of reclaimed water is storage during periods of low demand. One 
potential means of short to long-term storage is artificial recharge of reclaimed waters into 
suitable aquifers. Artificial recharge into aquifers is achieved by either infiltrating water 
directly from the surface; by direct injection into an aquifer through injection wells; or by 
altering conditions of the surface so as to increase the natural filtration of the water. The 
principal reason for using artificial recharge is to store excess water for later reclamation, 
however artificial recharge has the further advantage that it affords a means of improving the 
quality of the recharged water through its storage in-situ (Dillon, et.al., 1999). 

It is currently known and accepted that microbial pathogens such as enteric viruses lose 
viability in groundwater (Keswick, et.al., 1982, Yates, et.al., 1985), however it is still not well 
understood which factors are most influential in the decay of pathogens, particularly viruses. 
The factors most commonly cited in the literature to influence viral decay in groundwater 
include temperature (Melnick and Gerba 1980, Yates, et.al., 1990) and the type of 
pathogenic organism (Yates and Yates 1988, Jansons, et.al., 1989). Other abiotic factors 
that have been implicated in potentially reducing viral numbers in groundwater include 
dissolved oxygen (DO) ( Jansons, et.al., 1989), water chemistry such as acidity (pH), 
electrical conductivity (EC) and organic carbon (OC) concentrations (Katzenelson 1978), the 
water source (Melnick and Gerba 1980) and the presence of indigenous microorganisms 
(Yates and Yates 1988, van Leeuwen 1996). 

The purpose of this study was to compare the influence of several factors implicated in 
pathogen decay in groundwater to determine which is the most influential on the decay of 
enteric viruses, male-specific bacteriophage and Escherichia coli. 
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16.2 INFLUENCE OF GROUNDWATER CHARACTERISTICS ON THE SURVIVAL OF 
ENTERIC VIRUSES 

Published in Journal of Applied Microbiology (2003) Vo1.95; pp. 536-544 

This work has been reported with the permission of the American Water Works Association 
Research Foundation (AWWARF) Project No. 2618. 

16.2.1 Groundwater Collection 

Groundwater samples were collected from the superficial aquifer located on the Swan 
Coastal Plain, Perth, WA. Anoxic groundwater was collected from a well using a 
submersible pump. Groundwater was pumped for 30 minutes to purge the well prior to 
collection of the samples. Samples were then collected in sterile 1 L borosilicate bottles. 
When anoxic groundwater was required for experiments the sterile 1 L borosilicate bottle was 
flushed with nitrogen (N) and sealed with a silicon septum prior to sterilisation to prevent 
contact with atmospheric oxygen. The groundwater was tested at the beginning of this study 
for background levels of E. coli, coliphages such as MS2 and enterovirus and was found to 
be free of these microorganisms on all occasions tested. 

16.2.2 Viruses and Indicator Microorganisms 

The microorganisms tested were poliovirus type 1 (PL0692), coxsackievirus B 1 (A TCC 
VR-28), E. coli(ACM1803) and the male-specific bacteriophage MS2 (ATCC15597-B1). 

The E. coli cells were grown overnight in nutrient broth at 37°C with agitation, then washed 
three times in sterile groundwater and resuspended in sterile groundwater. Cell numbers in 
the groundwater suspension were determined using the MPN method in nutrient broth. The 
MS2 bacteriophage was grown using the E. coli host HS(pFamp)R (ATCC700881). 
Bacteriophage were collected by scraping the E. coli growth plus bacteriophage from the 
agar plate and resuspending in sterile groundwater. The suspension was centrifuged at 
2000xg for two minutes to pellet the E. coli cells and cell debris, and the supernatant 
transferred to a fresh tube. The viral suspension was then washed three times in sterile 
groundwater to remove excess nutrients carried over from the E. coli lawn using the 
JumboSep™ with 100,000 MWCO filters (Pall). The bacteriophage were then suspended in 
sterile groundwater to approximately 1 010pfu/ml and the exact number of phage particles 
determined by plating serial dilutions using the double agar layer plaque method for detection 
ofF-RNA bacteriophage (Ferguson, et.al., 1996). 

Poliovirus and Coxsackievirus were grown in cell culture of Vero cell lines (African Green 
Monkey Kidney cells) by the Pathology Centre, WA, and then harvested from the cultures 
and frozen as a crude cell extract at -80°C until needed. The initial number of infective viral 
particles in the viral suspensions was determined by the Pathology Centre using the MPN 
method in fresh cell culture. The titre for each virus was determined to be 1 09pfu/ml for 
poliovirus and 1 08pfu/ml (plaque forming units per ml) for coxsackievirus. The detection 
limit for both viruses using reverse transcriptase polymerase chain reaction (RT-PCR) was 
determined by making serial ten-fold dilutions of extracted viral RNA and determining the 
lowest detectable dilution. The lowest detectable dilution was 1 o-6 for both viruses, which 
equated to a detection limit of approximately 10 or less viral RNA molecules per PCR (based 
on original MPN titre). Prior to use in the survival experiments volumes of the viral 
suspension were centrifuged at 2000xg to remove cell debris and then washed three times in 
sterile groundwater using the JumboSep ™ with 100,000 MWCO filters (Pall) to remove 
excess cell culture medium. The viral suspensions were finally resuspended in sterile 
groundwater to their original viral titre (assessed by comparing RT-PCR results with non
washed viral suspensions). 
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16.2.3 Experimental Design 

All experiments were undertaken by seeding groundwater with known numbers of one of the 
viruses or E. coli cells. When experiments were undertaken under anoxic conditions, all 
work was done in an anaerobic glovebox using bottles that had been purged with nitrogen 
(N) and sealed with butyl rubber stoppers prior to sterilisation. 

The collected 1 L groundwater samples were divided into two 500ml aliquots. One 500ml 
aliquot was passed through a 0.21Jm filter to remove the indigenous groundwater 
microorganisms (termed "filtered"), while the second portion was left "unfiltered". From each 
of the 500ml unfiltered and filtered aliquots, three 1 OOmL sub-samples were taken and 
placed into sterile bottles. The 1 OOmL samples were then inoculated with poliovirus, 
coxsackievirus, E. coli or MS2 bacteriophage to a final concentration of approximately 
1 06cells/ml or viral particles. Three 1 Oml replicates were then taken from each inoculated 
1 OOmL sub-sample and placed into 15ml polypropylene centrifuge tubes. All tubes were 
incubated under conditions described by the following 'temperature', 'oxygen' or 'nutrient' 
experiments. 

Temperature Experiments 

Temperature experiments were carried out using two temperatures 15°C and 28°C. The 
tubes of all replicates of each sample were incubated under aerobic conditions in static 
incubators. 

Oxygen Experiments 

Oxygen (02 ) experiments were undertaken in the presence and absence of oxygen. All 
tubes used in this test were incubated at 28°C. Tubes incubated in the presence of oxygen 
(oxic conditions) were placed in a shaking water bath, while the tubes tested under anoxic 
conditions (the absence of 0 2) were incubated in a heated anaerobic chamber. 

Nutrient Experiments 

Nutrient experiments were undertaken by the addition to groundwater samples of either 
peptone (0.1% final concentration) as a protein-based nutrient source, or glucose (0.01% 
final concentration) as a simple, non-protein carbon nutrient source. Concentrated sterilised 
peptone or glucose in groundwater were filter-sterilised and added to the collected 1 L 
groundwater samples prior to the groundwater being divided into the 500ml filtered and 
unfiltered aliquots. The resulting final replicates of all samples were incubated at 28°C under 
aerobic conditions. 

Sample Collection 

Sample collection was undertaken on days 0, 2, 5, 7 and then every 7 days until day 45 for 
the majority of replicate tubes from all experiments. However, due to time constraints some 
experiments were sampled on days 0, 4, 7, 14 and 21 only. All of the collected samples 
were processed within two hours of collection. 

16.2.4 Analysis of Viable E. coli and MS2 and Detectable Viral RNA 

All analyses for each microorganism were performed in triplicate. The numbers of E. coli and 
the bacteriophage MS2 at each time interval were detected by direct culture, while poliovirus 
and coxsackievirus numbers were determined by the number of detectable copies of the 
RNA genome using RT-PCR. 

Prior to plating, E. coli and MS2 samples were diluted sequentially one in ten in autoclaved 
groundwater to a level estimated to obtain between 30 and 1 00 colonies or plaques per 
plate. The final dilutions plated varied depending on the expected number of viable cells or 
infective phage present in the collected groundwater samples. This was determined from the 
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results of the previous sampling occasion. Normally two or three sequential dilutions were 
plated on each sampling occasion to ensure that a countable result was obtained. 

E. coli was detected by spread-plating 1 OOf.JL of appropriate dilutions on Chromocult™ agar 
(Merck™). Inoculated plates were incubated at 37°C overnight, and characteristic E. coli 
colonies were counted to determine the average colony-forming units (cfu) per ml in the 
original sample. Chromocult™ agar was used as this medium had been found to prevent the 
growth of the majority of non- E. coli bacteria in the groundwater. The few groundwater 
microorganisms that were capable of growing on the Chromocult™ medium were easily 
distinguished from E. coli by the blue-violet colour of E. coli on this medium. 

Enumeration of MS2 was achieved by plating three 1 OOf.JL replicates of appropriate dilutions 
using the double agar layer plaque method, with E. coli HS(pFamp)R (ATCC700881) as the 
host (as described by Ferguson, et.al., 1996). All inoculated plates were incubated for 24 
hours at 37°C. Following incubation the number of MS2 plaques on each plate were counted 
and used to determine the number of plaque-forming units (pfu) per ml in the original 
sample. 

Changes in detectable poliovirus and coxsackievirus RNA numbers were determined using 
quantitative real-time RT-PCR. Enterovirus RNA was extracted from 250f,JL aliquots of 
collected sample using the High Pure™ Viral RNA Extraction Kit (Roche Diagnostics). 
Quantitative RT-PCR was performed using the Titan ™ One-Step RT-PCR Kit (Roche 
Diagnostics) and the Ent-up and Ent-down primers (Abbaszadegan and Delong 1997). The 
RT-PCR protocol described by Roche Diagnostics was amended with the addition of Sybr 
Green (final concentration of 0.1x). Quantitation was undertaken using an iCycler 
Thermocycler (Biorad). The temperature cycle used was as follows: 30 minutes at 50°C; 45 
cycles of 95°C for 30 seconds; 55°C for 20 seconds; and 68°C for 20 seconds (with five 
second increases of the extension step in each cycle after the 20th cycle). The final cycle 
had a five minute extension at 68°C. A melt curve was also added after the PCR step to 
distinguish product from primer dimers and eliminate the potential for false positive detection. 
The melt curve was achieved using 80 cycles starting at 55°C for 10 seconds, with a 0.5°C 
increase with each cycle to a final temperature of 95°C. The melting temperature (Tm) for 
each amplicon was determined using the iCycler software. 

Mean viral copy numbers were calculated from a standard curve generated during the 
RT -PCR. The standard curve was constructed from 1 00-fold serial dilutions of poliovirus or 
coxsackievirus RNA, using RNA extracted from the original washed suspensions. Four 
dilutions of the standard RNA were used to construct the standard curve starting with the 
initial extracted RNA solution being used as the first dilution ( 101 

). Aliquots of the same set 
of RNA standards were used for all experiments for comparative purposes. 

16.2.5 Data Analysis 

A one-log10 removal time (T 90) • was determined between each sampling occasion using 
equation (1 ). 

• = -t/(log10 C/Co) (days) 

where = the final number at day t; 
= the number at day zero; and 
= the time interval. 

Eqn (1) 

The average removal time on each sampling occasion was determined from the replicates of 
each organism. The removal times for each of the conditions over the entire sampling period 
were then averaged to obtain a mean T90 and standard deviation for each microorganism. 
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Where the decay for one of the microorganisms was clearly second order non-linear decay, 
two Teo values were recorded, one for the initial rapid removal and the other for the slower 
second stage of decay. 

The statistical significance of the results for individual organisms under each of the 
conditions tested was determined by comparing the difference between the regression 
slopes obtained for the log of each organism under the different conditions (Fowler, et.al., 
1998). The null hypothesis (Ho) was that there was no significant difference between the 
regression slopes of the two conditions being compared. Due to differences in detection 
methods comparison of statistical significances was carried out only for the individual 
microorganisms within the different treatments and not between the different 
microorganisms. 

16.2.6 Results 

16.2.6.1 Effect of Temperature on Decay 

The results showed that neither 15°C nor 28°C had much influence on the decay of the 
E. coli or viruses in the absence of indigenous microorganisms (filtered groundwater 
samples) with very slow or no decay observed at either temperature. Where decay was 
observed in the absence of indigenous groundwater microorganisms it was a slow, 
continuous decay except for E. coli where a sharp increase in the removal time (Teo) was 
observed after day 21 at both temperatures. The Teo of all four microorganisms in the 
absence of groundwater microorganisms were slower at 15°C than 28°C (table 16.1 ), 
however this difference was found to be statistically insignificant. When indigenous 
groundwater microorganisms were present in the groundwater samples, much faster Teo was 
observed for all four microorganisms. 

For E. coli the observed decay in the presence of groundwater microorganisms was much 
greater than when the groundwater microorganisms were absent, with Teo in the filtered 
samples being greater than 95 days up until day 21, while Teo in the unfiltered samples was 
less than 2 days. The difference in the Teo for E. coli between the two temperatures, in the 
presence or absence of groundwater microorganisms, was not statistically significant. 

MS2 showed a similar behaviour to E. coli in that there was a much greater Teo in the 
presence of groundwater microorganisms than in their absence (figure 16.1 ). Teo of >180 
days in the absence of groundwater microorganisms, and <3 days in their presence, were 
observed (table 16.1 ). Again there was no statistically significant difference between the Teo 
at 15°C or 28°C when groundwater microorganisms were present or absent. The only 
significant differences observed were between the presence and absence of the groundwater 
microorganisms. 

The influence of temperature in the presence of groundwater microorganisms was more 
pronounced for the enteroviruses. Under both temperatures the decay of poliovirus occurred 
over 2 stages with a rapid loss of virus over the first short stage and a much slower loss over 
the second stage (figure 16.1 ). The decay of poliovirus was observed to be faster for both 
stages at 28°C with the first rapid stage of decay finished within 2 days at 28°C, compared to 
7 days at 15°C; and the detection limits reached by day 21 at 28°C and day 35 at 15°C. This 
difference in the decay of poliovirus in the presence of groundwater microorganisms at 28°C 
and 15°C was found to be statistically significant. In the absence of groundwater 
microorganisms no significant difference was detected between the two temperatures. 

In contrast, there was no significant difference detected between coxsackievirus incubated in 
the presence of groundwater microorganisms at either 28°C or 15°C with a Teo of 10.2 days 
at 28°C, and 10.5 days changing to 165.8 days after day 21 at 15°C (table 16.1 ). While this 
difference was found to be insignificant the t-ratio obtained was approaching significance at 
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P = 0.05 (where P is the probability value) indicating that there was some significance in the 
results. As with poliovirus there was no difference in T90 in the absence of groundwater 
microorganisms, and the only statistically significant differences detected were between the 
samples containing groundwater microorganisms, and those in which the groundwater 
microorganisms were absent. 

Temperature Filtered/ 
Unfiltered 

E. coli MS2 Coxsackievirus 
Filtered 107.8; 27.5 ND 528.0 

15°C 
Unfiltered 1.4 1.0 5.0; 10.0 10.5; 165.8 
Filtered 97.0; 11.4 180.0 164.8 109.4 

28°C 
Unfiltered 1.1 2.7 1.0; 29.0 10.2 

NO= No decay observed. 

Table 16.1: Mean removal times for viruses and E. coli at two temperatures. 

16.2.6.2 Effect of Oxygen on Decay 

Like the observed results in the experiments testing the influence of temperature, the only 
observed significant decay of the introduced viruses and E. coli in the presence and absence 
of oxygen occurred when groundwater microorganisms were also present (figure 16.2). 
Unlike the temperature results, oxic conditions (i.e: the presence of oxygen) in the 
groundwater containing groundwater microorganisms had a greater influence on the decay of 
each of the four microorganisms compared to the T90 observed under anoxic conditions (i.e: 
in the absence of oxygen) (table 16.2). 

E. coli had T 90 in the presence and absence of oxygen that were the most similar, although 
T90 was significantly faster in the presence of oxygen. As was observed for E. coli in the 
temperature experiments there was little decay in the absence of the groundwater 
microorganisms with little difference between the observed T 90 in the presence or absence of 
oxygen (table 16.2). 

MS2 also had a larger difference in decay between the unfiltered oxic and anoxic 
groundwater samples with T90 of 2.7 and 8.2 days respectively. The only non-significant 
difference observed between T90 was between the aerobic and anoxic groundwater samples 
where the groundwater microorganisms had been removed. 

Both poliovirus and coxsackievirus were non-detectable at T90 under anoxic conditions in the 
presence of groundwater microorganisms, compared to the T90 obtained in the unfiltered 
groundwater in the presence of oxygen. The T90 in the unfiltered groundwater under anoxic 
conditions for both of these viruses were found not to be statistically different from any of the 
filtered samples that had the groundwater microorganisms removed. 

Oxygen Groundwater 
Microorganisms Presence Present MS2 Coxsackievirus 

Oxic/ Filtered 97.0 180.0 109.4 
Aerobic Unfiltered 1.1 2.7 1.0; 29.0 10.2 

Anoxic/ Filtered 102.7 107.6 ND ND 
Anaerobic Unfiltered 6.2 8.2 77.3 144.2 

NO= No decay observed. 

Table 16.2: Mean removal times for viruses and E. coli in the presence and absence of oxygen. 
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Figure 16.1: Temperature effects on the decay of (a) E. coli, (b) MS2, (c) poliovirus 
and (d) coxsackievirus at different temperatures. 

11: filtered groundwater at 28°C; A.: filtered groundwater at 15°C; 0: unfiltered groundwater at 28°C; 
and o: unfiltered groundwater at 15°C. 
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Figure 16.2: Effect of oxygen presence on the decay of (a) E. coli, (b) MS2, 
(c) poliovirus and (d) Coxsackievirus. 

a: filtered anoxic groundwater; .A: filtered aerobic groundwater; 
0: unfiltered aerobic groundwater; and o: unfiltered anoxic groundwater. 
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16.2.6.3 Influence of Nutrient Concentrations 

When nutrients were added to groundwater, similar to observations in the temperature and 
oxygen experiments, the only significant decay observed occurred when the groundwater 
microorganisms were present (figure 16.3). In the presence of groundwater microorganisms 
the addition of 0.01% glucose or 0.1% peptone groundwater was observed to significantly 
decrease the decay of all three tested microorganisms (E. coli, poliovirus and coxsackievirus) 
when compared to the non-amended groundwater (figure 16.3). Coxsackievirus was an 
exception in glucose-amended groundwater, where the Teo (4.4 days) was only marginally 
slower than the non-amended groundwater (3.1 days) (table 16.3). 

When groundwater microorganisms were present E. coli decayed the slowest in peptone
amended groundwater with an initial increase in cell numbers for the first seven days 
followed by a gradual decay over the remaining time of the experiment. The Teo for E. coli in 
glucose-amended groundwater was significantly faster than for peptone-amended 
groundwater, but the fastest Teo occurred when the groundwater remained unamended. 

No statistical significance was found between the Teo for poliovirus in unfiltered groundwater 
amended with either glucose or peptone. Both removal rates were significantly slower than 
decay rates in the unfiltered non-amended groundwater. Teo in the presence of groundwater 
microorganisms in all cases were much faster than when the groundwater microorganisms 
were removed (table 16.3). 

There was no significant difference between the decay of coxsackievirus in the filtered 
groundwater samples and the unfiltered groundwater amended with 0.1% peptone until day 
28, after which coxsackievirus numbers began to decrease (figure 16.3). The Teo for 
coxsackievirus in the unfiltered, peptone-amended groundwater was significantly less than in 
the glucose-amended groundwater or in the non-amended groundwater. As with poliovirus 
and E. coli, the greatest Teo was observed in unamended groundwater containing indigenous 
microorganisms, however no statistically significant difference was observed between this 
decay rate and that for groundwater amended with 0.01% glucose. 

Nutrient 
Groundwater Removal Times 

Amendment 
Microorganisms {da:ts} 

Present E. coli Poliovirus 

Non amended 
Filtered 144.3 164.8 

Unfiltered 0.7 4.2 

Glucose 
Filtered 20.0; 3.3 ND 

Unfiltered 15.9 9.5 

Filtered ND 443.5 
Peptone 

Unfiltered ND; 6.0 13.0 
NO- No decay observed. 

Table 16.3: Mean removal times for viruses and E. coli 
in nutrient-amended and non-amended groundwater. 
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Figure 16.3: Effect of increased nutrients on decay times for (a) E. coli, (b) poliovirus 
and (c) coxsackievirus, at 28°C in aerobic conditions. 

111: filtered non-amended groundwater; o: unfiltered non-amended groundwater; 
.A.: unfiltered groundwater amended with 0.1% peptone; and 
v: unfiltered groundwater amended with 0.01% glucose. 
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16.2.7 Discussion 

This study involved determining the dominant processes influencing the survival of 
enterovirus pathogens and indicator microorganisms in groundwater under different 
conditions. Poliovirus and coxsackievirus were used as known human pathogens that can 
be transmitted through water, while MS2 and E. coli were included in the study as these 
microorganisms are often used as indicator organisms for the presence of faecal 
contamination, or as a model virus particularly for the enterovirus group (Yates, et.al., 1985). 
While it is known that viral pathogens decay in groundwater (Gerba 1999), it is not well 
understood which are the dominant processes involved in inactivation. 

Understanding of the dominant processes involved in the removal of enteric pathogens in 
aquifers is fundamental for the management of artificial recharge systems, particularly those 
that use non-potable water sources. The injection of water into an aquifer during artificial 
recharge can cause a range of perturbations including changes in temperature, oxygen, and 
nutrient availability. These changes have the potential to influence the survival potential of 
microbial pathogens introduced with the recharged water. It has already been demonstrated 
that pathogens decay in aquifers during artificial recharge (Toze and Hanna 2002). If this 
decay process can be more clearly understood then issues such as management, residence 
or storage times, and pre- or post-treatment requirements, can be predicted and possibly 
modelled. 

In this study changes in MS2 and E. coli numbers were determined by culture techniques 
while poliovirus and coxsackievirus numbers were determined using real-time quantitative 
RT-PCR. As RT-PCR is not a direct measure of loss of infectivity, instead being a measure 
of the loss of viral RNA, it almost certainly underestimates the removal times (T90) of the 
enteroviruses. As such, the use of different detection methods prevented direct comparison 
between the results of E. coli, the bacteriophage MS2, and the enteroviruses poliovirus and 
coxsackievirus. Instead, the influence of the different conditions was assessed for each 
individual microorganism. 

Temperature has been rated in related literature as one of the most significant factors 
affecting pathogen inactivation (Melnick and Gerba 1980, Yates, et.al., 1990). While the 
exact mechanism behind this inactivation is uncertain it has been suggested that increased 
temperature could cause thermal degradation of the viral capsid (Yates, et.al., 1985). 
Another suggestion is that temperature has an indirect influence on virus inactivation, by 
controlling the activity of other inactivation mechanisms (Kapuscinski and Mitchell 1980). In 
this study the temperatures 15°C and 28°C were used to represent temperatures commonly 
found in aquifers, and are consistent with temperature ranges tested in other studies (Yates, 
et.al., 1990, Toze and Hanna 2002). 

The results obtained in this study showed that the influence of temperature on the decay of 
the viruses and E. coli was indirect. This was demonstrated by the significant differences 
observed between the T90 of the samples containing or lacking indigenous groundwater 
microorganisms, with faster T go occurring in the presence of the groundwater 
microorganisms. Lower temperatures such as 4°C and 12°C have been shown to result in 
decreased decay rates of viruses compared to decay rates of the same viruses in 
groundwater at 23°C (Yates, et.al., 1985). These lower temperatures were not tested in the 
present study however as they are not considered to represent temperatures found in 
Australian groundwater. 

It is possible that at the higher temperatures tested indigenous groundwater microorganisms 
are more metabolically active and are thus able to degrade the pathogens at a faster rate. 
This has been proposed previously by Jansons, et.al., (1989) who observed a difference in 
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the decay of poliovirus in groundwater wells in the same aquifer that had groundwater at 
different ambient temperatures. 

Similarly to the results obtained for the temperature experiments the presence of oxygen 
appears to have had an indirect influence on pathogen decay. Previous studies on the 
influence of oxygen on the survival of pathogens in groundwater have been limited. The 
findings of these few studies consistently observed that an increase in dissolved oxygen 
(DO) increased virus inactivation (Keswick and Gerba 1980, Jansons, et.al., 1989). A 
possible explanation for this observation may be that the increased oxygen levels have a 
direct influence on inactivation, by increasing the oxidation of the viral capsid (Jansons, et.al., 
1989). An alternative suggestion is that the oxygen may operate indirectly by increasing the 
activity of indigenous microorganisms in the groundwater, which would subsequently impact 
on virus inactivation rates (Yates and Yates 1988). 

The results of this study have shown a definite relationship between the decay of E. coli and 
the viruses, and the presence of oxygen as well as the presence of indigenous groundwater 
microorganisms. The general pattern observed was that in the presence of oxygen and the 
indigenous groundwater microorganisms the removal times of the enteroviruses and 
indicator microorganisms were significantly increased. These observations supported the 
same conclusions as those made for the influence of temperature on T90: that the presence 
of oxygen influenced the activity of the indigenous microorganisms which in turn increased 
the decay rates of the viruses and E. coli. 

Organic carbon (OC) is another factor that has been implicated in influencing the decay of 
pathogens in groundwater (Sobsey, et.al., 1995). OC can enter groundwater through several 
processes including natural recharge, pollution events and intentional recharge. In particular 
the intentional recharge of treated effluent could result in OC being introduced into 
groundwater along with microbial pathogens. It can be anticipated that any additional 
nutrients entering groundwater would increase the metabolic activity and change the 
population dynamics of the indigenous groundwater microorganisms. Based on the 
observations that temperature and oxygen appear to influence the decay of the viruses and 
E. coli by increasing the activity of the indigenous groundwater microorganisms, it has been 
predicted that an increase in nutrients will also increase the decay of the tested 
microorganisms by increasing the metabolic rate of the groundwater microorganisms. 
Peptone was used in this study as a protein-based nutrient while glucose was selected as a 
simple carbohydrate-based nutrient source. 

It has previously been suggested that increasing the activity of the indigenous 
microorganisms through the addition of extra nutrients into an aquatic system could increase 
the inactivation of some viruses (Katzenelson 1978). Unlike the predicted effect however, 
the results showed that the addition of peptone and glucose decreased the decay rates of 
both the viruses and E. coli when compared to unamended groundwater. This is in contrast 
to the observed increase in decay of the test organisms when the indigenous groundwater 
microorganisms were exposed to oxygen and increased temperatures. The results in this 
study have not indicated the mechanism by which the additional nutrients have decreased 
the decay rate of enteroviruses. However, it has been proposed that nutrients may surround 
viral particles thus directly protecting them from inactivation (Katzenelson 1978). This may 
be caused by the peptone and glucose protecting the introduced microorganisms from attack 
from extracellular enzymes, until sufficient nutrients are broken down to allow degradation of 
the introduced microorganisms. This could occur as a result of either the added nutrients 
acting as an alternative target for the groundwater microorganisms; or as suggested 
previously, by surrounding the microorganisms and thereby preventing direct attack by the 
enzymes. Further research is required to elucidate the exact mechanism by which nutrients 
have decreased the rate of decay of the introduced microorganisms. 
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The addition of glucose to the groundwater had less of a retardation effect on the decay of 
the viruses than was observed in peptone-amended groundwater. This would suggest that 
the mechanism causing viral decay may be different in peptone and glucose amended 
groundwater. The only significant decay of the viruses occurred in the presence of 
indigenous groundwater microorganisms, hence it is likely that peptone and glucose are 
having different influences on groundwater microorganism activity and population dynamics. 
This is being investigated further. 

The T 90 observed in the decay of E. coli was similar for both glucose- and peptone-amended 
groundwater, except that there was a 7 day lag period in the presence of peptone prior to 
decay commencing. This lag in decay rates suggests that E. coli was responding to the 
presence of peptone in a manner that did not occur with the glucose-amended groundwater. 
As was suggested for the viruses the peptone may have been surrounding the E. coli cells, 
initially protecting them from attack until the peptone was consumed by the groundwater 
microorganisms to a level where there was no more protective effect. Alternatively, the 
E. coli cells may have been continually degraded from day one, but also able to replicate in 
the groundwater up to day seven when there was insufficient peptone remaining to overcome 
the degradative effect. The fact that degradation of the E. coli cells commenced from the 
start of these experiments suggests that unlike peptone, the presence of glucose was either 
unable to provide this protection to the E. coli cells, or could not support sufficient cell growth 
to counter the inactivation effect. 

The findings of this study are that the presence of indigenous groundwater microorganisms 
had a major influence on the inactivation of enteroviruses and indicator microorganisms. 
While the decay of the introduced microorganisms in the absence of the groundwater 
microorganisms was generally greater at higher temperature or the presence of oxygen, 
these effects were secondary to the presence of indigenous groundwater microorganisms. 
An additional conclusion can be drawn from these results that the pathogen type can also 
have an impact on the rate of decay. This can be observed in the difference in the decay 
rates of poliovirus and coxsackievirus, notably under anoxic conditions and nutrient
amendment to the groundwater. The influence of pathogen type, while not directly studied in 
this work, has also been observed in other studies (Keswick, et.al., 1982, Jansons, et.al., 
1989, Yates, et.al., 1990). The results obtained in this and other studies indicates that it is a 
factor that will also need to be examined more closely, if the decay processes involved in 
removing microbial pathogens from groundwater are to be better understood. 

This may allow the presence of viral pathogens in recharged waters may be more easily 
predicted. This is already being done where the results of this and other studies have been 
incorporated into a predictive index (ASR Risk Index, or ASRRI) for determining contaminant 
attenuation during ASR (Miller, et.al., 2002). It is hoped that further developments in 
understanding and predictive capability will lead to the ability to manipulate artificial recharge 
schemes to optimise the removal of contaminants such as microbial pathogens through 
influencing the activity of the indigenous groundwater microorganisms. 

16.3 ACTION OF GROUNDWATER MICROORGANISMS ON ENTERIC VIRAL DECAY 

Submitted to Water Research 

The potential for the contamination of groundwater by enteric viruses is a problem that 
increasingly needs management, as urban pressures increase on freshwater resources such 
as groundwater, and water reclamation schemes such as artificial recharge become more 
prominent (Dillon, et.al., 1999). Enteric viruses are known to have a greater resistance to 
environmental pressures than other microbes such as the microbial indicators like faecal 
coliforms. Therefore, the persistence of enteric pathogens in groundwater requires 
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understanding to help determine the potential risk from these organisms. Enteric virus 
persistence in groundwater is of particular importance given the high infectivity and low dose 
of these viruses required for infection. Thus, knowledge of the persistence and decay 
mechanisms of enteric viruses in groundwater are important in the management of these 
resources. 

A number of studies into viral decay in groundwater have alluded to the importance of the 
indigenous groundwater microorganisms (Gordon and Toze 2003, Jansons, et.al., 1989, 
Keswick and Gerba 1980, Toze and Hanna 2002, Yates, et.al., 1985). It is widely recognised 
that viral decay is greater in the presence of other microorganisms, but the mechanisms by 
which this occurs are still not well understood. The results of all of these studies do not 
clearly determine whether viral decay by indigenous microorganisms is a result of direct 
predation, the production of virucidal compounds, or other unknown activities. If the 
mechanisms by which groundwater microorganisms cause the decay of pathogenic viruses 
could be determined, the risk from enteric viruses in artificial recharge could be better 
predicted. The aim of this study was to determine whether 'direct contact' was required 
between viruses and groundwater microorganisms for decay, or whether virucidal activity 
could cause the decay of viral particles without direct virus-bacteria contact. 

16.3.1 Materials And Methods 

16.3.1.1 Groundwater Source and Collection 

Groundwater was obtained from a well located in the superficial aquifer on the Swan Coastal 
Plain, Perth, WA. The well was purged by pumping for 30 minutes using a submersible 
pump to prevent the collection of stagnant water prior to the collection of groundwater 
samples. Groundwater was collected into sterile one-litre borosilicate glass bottles and 
immediately stored on ice until processed. When atmospheric oxygen was to be excluded, 
groundwater was collected carefully to overflow, into sterile, nitrogen-flushed bottles, which 
were then sealed with a sterile butyl rubber septum. 

To test the survival potential of poliovirus and coxsackievirus in nutrient-amended 
groundwater in the presence of indigenous microorganisms, the collected groundwater was 
amended with either a filter-sterilised peptone or glucose solution to a final concentration of 
0.01% and 0.1% respectively. Groundwater amended with 0.01% peptone was used in the 
oxygen-limited experiments, while 0.1% glucose was used for experiments run under aerobic 
conditions based on results previously obtained by Gordon, et.al., (2002). All oxygen-limited 
experiments were incubated in an anaerobic cabinet at 28°C. The experiments undertaken 
in the presence of oxygen were incubated in a static incubator at 28°C. 

Each of the amended groundwater samples was immediately divided into two equal portions. 
One portion of each amended groundwater sample was passed through a sterile, disposable, 
0.2flm filter to remove the indigenous groundwater microorganisms, and was referred to as 
'filtered'. The remaining portion was left 'unfiltered' with the groundwater microorganisms still 
present. 

16.3.1.2 Viruses 

Poliovirus and Coxsackievirus were grown on lawns of Vero cell lines (African Green Monkey 
Kidney cells) by the Pathology Centre, WA, and then harvested from the lawns and frozen as 
a crude cell extract at -80°C until needed. The number of infective viral particles in the viral 
suspensions had been determined by the Pathology Centre using the MPN method in fresh 
cell culture lawns. The titre for each virus was determined to be 1 09pfu/ml for poliovirus and 
1 08pfu/ml for coxsackievirus. The detection limit for both viruses using RT-PCR was 
determined by making serial ten-fold dilutions of extracted viral RNA and determining the 
lowest detectable dilution. The lowest detectable dilution was 1 o-6 for both viruses which 
equated to a detection limit of approximately ten or less viral RNA molecules per PCR (based 
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on original MPN titre). Prior to use in the survival experiments volumes of the viral 
suspension were centrifuged at 2000xg to remove the cell debris and then washed three 
times in sterile groundwater using the JumboSep ™ with 100,000 MWCO filters (Pall) to 
remove excess cell culture medium. The viral suspensions were finally resuspended in 
sterile groundwater to their original viral titre (assessed by comparing RT-PCR results with 
non-washed viral suspensions). 

16.3.1.3 Separation Chambers 

A diagrammatic plan of the separation chambers is shown in figure 16.4. The separation 
chambers were assembled with a 0.025!-lm (approximate 250,000 MWCO) cellulose acetate 
membrane filter (Millipore) separating the two chambers. The chambers were sterilised by 
autoclaving at 121 ·c for 20 minutes with a small amount of double-distilled water added to 
each chamber to keep the membrane moist during autoclaving. Once sterile, chambers for 
use in the oxygen-limited experiments were placed in the anaerobic chamber with sampling 
ports loosened for several days to allow oxygen to diffuse out of the chambers. 

Silicon seal 

Locking 

Figure 16.4: Plan of separation chamber. 

Three chambers were established to create three different conditions. One chamber was 
established where indigenous groundwater microorganisms were present on both sides of 
the membrane (termed "direct contact"). In the second chamber the indigenous groundwater 
microorganisms were only present in the groundwater on side A of the chamber (using the 
unfiltered groundwater for side A and the filtered groundwater for side B) (termed 'indirect 
contact'). The third chamber was created so that indigenous groundwater microorganisms 
were not present on either side of the membrane (termed 'control'). Either poliovirus or 
coxsackievirus was added to side B only of each of the chambers to a final concentration of 
108 copy numbers per millilitre. 

A 1 ml sample was taken from side B of each chamber at time zero on days 2, 4, 7, 14 and 
21. The collected samples were stored at -80°C until processed. Sterility or presence of 
viable microorganisms in each side of all of the chambers was monitored on each sampling 
occasion by inoculating 20f.ll of sample from each side of each chamber into 180f.ll of 
nutrient broth in 96 well microtitre trays. 

16.3.1.4 Virus Quantification 

Changes in viral numbers were determined using quantitative RT-PCR. Viral RNA was 
extracted from 2501JL of each of the collected samples using the High Pure TM Viral RNA 
Extraction Kit (Roche Diagnostics) using supplied instructions. All extracted RNA samples 
were stored at -ao·c until analysed by RT-PCR. 
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Quantitative RT-PCR were run on a Biorad iCycler, using the one-step Titan™ RT-PCR 
Enzyme System (Roche Diagnostics). Amplifications of extracted RNA were conducted in a 
reaction volume of 25f.ll including a 1 f.ll RNA template. The amplification of all samples was 
undertaken in triplicate. The amplification reaction mixtures contained one Titan RT -PCR 
buffer, 1.6mM (millimols) dNTP (deoxynucleotide triphosphate), 8U RNase inhibitor, 4mM 
DTT (dithiothreitol), and 0.8f.1M (micromols) of the high performance liquid chromatography 
(HPLC) purified primers Ent-up and Ent-down (Abbaszadegan, et.al., 1993). The DNA
specific fluorophore SybrGreen 1 (Molecular Probes) was used at a final concentration of 
0.1 x to track real-time results of the amplification of both poliovirus and coxsackievirus RNA. 

The temperature cycle used was as follows: 30 minutes of reverse transcriptase at 50°C; 
then 45 cycles of 95°C for 30 seconds; 55°C for 20 seconds; and 68°C for 20 seconds. The 
final cycle had a five minute extension at 68°C. A melt curve was also added after the PCR 
step to distinguish product from primer dimers and eliminate the potential for false positive 
detection. The melt curve was achieved using 80 ten second cycles starting at 55°C; with a 
0.5°C increase with each cycle to a final temperature of 95°C. The melting temperature (Tm) 
for each amplicon was determined using the iCycler software. 

Mean viral copy numbers for each replicate at each sampling occasion were calculated from 
a standard curve generated during the RT-PCR using the iCycler software. The standard 
curve was constructed from 1 00-fold serial dilutions of poliovirus or coxsackievirus RNA 
starting using RNA extracted from the original washed suspension. Four dilutions of the 
standard RNA was used to construct the standard curve starting with the initial extracted 
RNA solution being used as the first dilution ( 1 0°). Aliquots of the same set of RNA 
standards were used for all experiments for comparative purposes. 

16.3.1.5 Determination of Decay Rates and Statistical Analysis. 

The viral copy numbers determined at each time interval were plotted as a semi-logarithmic 
function. A one-log10 removal time ('r) was determined from each plot using equation (1) (see 
section 16.2.5). 

Significant differences between treatments were determined by a two-factor analysis of 
variance (ANOVA) without replication. P values of less than 0.05 were used to determine 
significant differences between treatments. 

16.3.2 Results 

16.3.2.1 Peptone-Amended Anaerobic Groundwater 

Both poliovirus and coxsackievirus were observed to decay under all conditions in oxygen
limited conditions in peptone-amended groundwater (figure 16.5). A faster decay of 
poliovirus was observed in the separation chambers under all of the conditions when 
compared to coxsackievirus (table 16.4 ). The decay of poliovirus had the same trend 
regardless of the presence or absence of the groundwater microorganisms, with an overall 
reduction of approximately 2 to 3-log units (figure 16.5). Without 'direct contact' with the 
groundwater microorganisms, poliovirus had a one-log10 removal time of 8.1 days. This was 
slightly slower than the removal time in the direct presence of the groundwater 
microorganisms (8.7 days), however there was no significant difference between these 
removal times and the time obtained in the 'control' chamber containing no groundwater 
microorganisms (9.8 days) (P = 0.092). 

In comparison, coxsackievirus had longer removal times in all of the chambers containing 
anaerobic groundwater amended with peptone with one-log removal times of 16 days or 
longer (table 16.4 ). As with poliovirus however, these removal times were found to be similar 
regardless of the presence or absence of the indigenous groundwater microorganisms in the 
chambers. Assessment of the presence of groundwater microorganisms indicated that all 
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chambers containing filtered groundwater remained free of groundwater microorganisms, 
and viable microorganisms could be detected in the chambers containing unfiltered 
groundwater over the entire incubation period. 

Differences in the decay of poliovirus and coxsackievirus were more noticeable under 
aerobic conditions in glucose-amended groundwater (figure 16.6). Poliovirus had the fastest 
decay time when in 'direct contact' with groundwater microorganisms with a one-log10 

removal time of 12.7 days. In comparison a one-log10 removal time of 32.8 days was 
observed when there was 'indirect contact' between the viruses and groundwater 
microorganisms. In the complete absence of indigenous groundwater microorganisms, 
poliovirus remained relatively stable with a one-log10 removal time of 55.6 days. This 
removal time was found to be significantly different to the removal times in the 'direct contact' 
(12.7 days) (P = 0.027) and 'indirect contact' chambers (32.8 days) (P = 0.037). 

Groundwater Conditions Virus 
Indirect 

Anaerobic + peptone 
8.1 Poliovirus 

Coxsackievirus 16.0 

Aerobic + glucose 
Poliovirus 32.8 

Coxsackievirus 7.4, ND# 
# ND- no decay observed after seven days incubation. 
§ Second removal time observed from day 14 onwards. 

Chamber 
Direct 

4.8, ND# 

19.8 
12.7 

10.1,3.2§ 

Control 
4.3, 28.6 

16.9 
55.6 
21.6 

Table 16.4: One-log1 0 removal times (days) for poliovirus and coxsackievirus 
in the separation chambers under different conditions. 
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Figure 16.5: Decay of (a) poliovirus (b) coxsackievirus in separation chambers 
containing anaerobic groundwater amended with 0.01% peptone. 

o = 'indirect contact'; o = 'direct contact'; and 1 =absence of groundwater microorganisms. 
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Figure 16.6: Aerobic decay of (a) poliovirus and (b) coxsackievirus in separation chambers 
containing groundwater amended with glucose. 

o = 'indirect contact'; o = 'direct contact'; and i = absence of groundwater microorganisms. 

16.3.2.2 Glucose-Amended Aerobic Groundwater 

Unlike the results observed in the peptone-amended groundwater, the log10 removal times of 
coxsackievirus in aerobic glucose-amended groundwater were faster than for poliovirus 
(P = 0.005). When the virus was in direct contact with the groundwater microorganisms a 
large reduction of approximately 3.5-log10 was observed with a one-log10 removal time of 
10.1 days up to day 14, followed by a much faster log removal time of 3.2 days up to day 21. 
In contrast when the virus was separated from the groundwater microorganisms ('indirect 
contact'), coxsackievirus had a reduction of just under one-log10 over the 21 day incubation 
period. The initial log10 removal time was 7.4 days, however from day seven of incubation 
onwards no decay was observed. In the total absence of groundwater microorganisms 
coxsackievirus had a log10 removal time of 21.6 days which was found not to be statistically 
different to the observed decay of this virus, when in 'indirect contact' with the groundwater 
microorganisms (P = 0.094). 

Determination of the presence of viable microorganisms in the chambers containing filtered 
and unfiltered glucose-amended groundwater, tested with both poliovirus and coxsackievirus 
showed that the filtered groundwater remained free of groundwater microorganisms. 
However, microorganisms could always be detected in the unfiltered groundwater. 

16.3.3 Discussion 

It is already recognised that enteric viruses decay in groundwater (Keswick, et.al., 1982, 
Toze and Hanna 2002, Yates, et.al., 1985) and that the major factor determining the decay of 
these viruses is the presence of indigenous groundwater microorganisms (Gordon and Toze 
2003). The mechanisms by which the groundwater microorganisms cause this decay 
however, are still poorly understood. A better understanding of the decay process will be 
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important as methods such as the artificial recharge of reclaimed waters (Dillon, et.al., 1999) 
and the management of groundwater in urban area become more important. 

The aim of this study was to determine if 'direct contact' between the groundwater 
microorganisms and viruses was necessary for decay of the viruses to occur, or if the 
groundwater microorganisms were producing compounds that could degrade the viral 
particles independently from the microorganisms. To explore this separation chambers with 
a 0.025!-lm filter (approximate 250,000 MWCO) were used to gain an insight into the 
mechanisms of groundwater microorganisms on viral decay. The separation chambers 
allowed the control of physical contact between viruses and groundwater microorganisms by 
preventing the free passage of viruses or groundwater microorganisms between each side of 
the chamber. If direct contact is not required and a virucidal compound produced by 
groundwater microorganisms is able to cross the membrane filter, a similar decay rate for the 
virus should be observed both when groundwater microorganisms are separated from the 
viruses by the filter, and when the groundwater microorganisms are in direct contact with the 
virus (i.e: present on both sides of the filter). If the groundwater microorganisms do not 
produce a compound that is able to cross the separating membrane then little or no decay of 
the viruses should be observed when the viruses and groundwater microorganisms are 
physically separated. The complete absence of groundwater microorganisms on both sides 
of the filter was used as a negative control, and a reduced loss of the viral particles was 
expected, compared at least 'direct contact' between the viruses and the groundwater 
microorganisms. 

The results obtained indicated, at least for poliovirus in the aerobic glucose-amended 
groundwater, that groundwater microorganisms can have an influence on the decay of 
enteric viruses in groundwater without the need for 'direct contact'. While the log10 removal 
times for poliovirus in the glucose-amended groundwater were faster when the poliovirus 
particles were in 'direct contact' with the groundwater microorganisms than when there was 
indirect contact, both removal times were significantly faster than in the 'control' chamber 
lacking groundwater microorganisms. This result indicated that under these conditions the 
indigenous groundwater microorganisms may have been producing a virucidal compound 
able to cause poliovirus decay that is capable of crossing the separating 0.025j..Jm 
membrane. 

The same effect was not observed for coxsackievirus where the log10 removal times in the 
chambers with 'indirect contact' were never significantly greater than in the 'control' 
chambers. The highest log10 removal time for coxsackievirus was observed when the 
groundwater microorganisms were in 'direct contact' with the viral particles in the aerobic 
glucose-amended groundwater. This indicated that coxsackievirus decay through the action 
of the groundwater microorganisms in the samples tested was different than that for 
poliovirus. When coxsackievirus was tested under the same conditions the lack of a decay 
time greater than the negative 'control' indicated that either microbial contact was required 
for decay (for example by cell wall associated enzymes), or that compounds responsible for 
coxsackievirus decay may have been greater than 250,000 MW (molecular weight) in size 
and therefore unable to cross the membrane filter. 

The results gained may give some insight into the nature of the mechanism responsible for 
decay, at least for poliovirus. Ward, et.al., (1986) believed that virucidal action was either 
closely associated with microbes or a very short-lived compound. Nobel and Fuhrman 
(1997) isolated heat-labile, high molecular weight molecules, or colloids up to 0.21-lm in size 
that were responsible for 20-25% of viral degradation in coastal waters. O'Brien and 
Newman (1977) also suggested from studies in situ that heat labile, or possibly volatile 
inactivating compounds, could be responsible for viral decay. 
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The ability for a virucidal effect to cross the limiting membrane that affects poliovirus but not 
coxsackievirus suggests that a compound is responsible for the decay. One possibility is 
that indigenous microorganisms may have been influencing the decay of enteric viruses 
through the production of extracellular enzymes. Cliver and Hermann ( 1972) investigated 
the influence of various enzymes on the decay of poliovirus and coxsackievirus and found 
that several protein-digesting enzymes resulted in viral decay. Coxsackievirus was found to 
be more susceptible to protease than poliovirus. The authors also concluded that the decay 
of poliovirus type 1 and coxsackievirus A9, A? and 81 could occur in cell-free extracts from 
Ps. aeruginosa. These cell-free extracts were also fractionated using ultrafiltration, and viral 
decay was observed in fractions containing molecules smaller than 500 MW, suggesting that 
decay was not merely enzymatic. In another study investigating microbial activity on virus 
reduction in saturated soils, Nasser, et.al., (2002) determined that protease-pronase had a 
significant effect on coxsackievirus A9 but no effect on poliovirus, hepatitis A virus or MS2 
bacteriophage. The authors also extracted extracellular enzymes from Ps. aeruginosa and 
found that this enzyme extract caused a decay of the coxsackievirus and hepatitis A virus, 
but not poliovirus or MS2. Ward, et.al., (1986) found that a considerable amount of viral 
protein was being broken down and some cleavage of RNA was observed in the presence of 
indigenous microbes. The authors further determined that microbes were required for viral 
decay and any treatment that removed them (e.g: filtering) resulted in a loss of decay; and 
also that the viral decay observed was not the result of predation. 

An investigation of the MW sizes of various proteolytic enzymes and RNase enzymes 
indicated that they ranged between 20,000 and 60,000 Daltons for the proteases and 
<15,000 Daltons for the RNase enzymes (Dixon and Webb 1959). This was considerably 
smaller than the nominal MWCO range of the separating filter (-250,000 MWCO), 
suggesting that these enzymes would be able to freely pass across the membrane if they 
were extracellular in nature. Viral removal times observed in this study were obtained by 
monitoring the loss of amplifiable RNA through quantitative RT-PCR. This indicated that 
degradation of the RNA genome of poliovirus and coxsackievirus was occurring, but gave no 
indication of potential degradation of the viral protein coat as suggested by others, as 
discussed above. If degradation of the protein coat was also occurring then the loss of 
infective viral particles may have been occurring faster than determined. 

The difference in the log10 removal times of poliovirus and coxsackievirus observed in each 
of the conditions tested suggested that there was a difference in the mode of decay of the 
two viruses. Similar observations were made by Nasser, et.al., (2002), Keswick, et.al., 
(1986), Jansons, et.al., (1989) and Yates, et.al., (1985). Coxsackievirus appeared to be 
more susceptible to proteases than poliovirus (Cliver and Hermann 1972, Nasser, et.al., 
2002). The results from this study have suggested that either other compounds apart from 
protease enzymes may be involved in the decay of the viruses, as indicated by the decay of 
poliovirus but not coxsackievirus while separated from the groundwater microorganisms; or 
that the enzymes of importance for coxsackievirus decay are cell-bound. The slower rate of 
decay of coxsackievirus while in 'direct contact' with the groundwater microorganisms in 
peptone-amended groundwater, compared to the removal times when in 'indirect contact' 
and in the 'control', could have been a result of anaerobic conditions or the protection of 
coxsackievirus by peptone (Gordon, et.al., 2002). 

16.3.4 Conclusions 

1. Groundwater microorganisms are able to produce a compound(s) that can cross a 
0.025f.Jm membrane and cause the decay of poliovirus. 

2. The decay of coxsackievirus is different to that of poliovirus under the same conditions 
and only occurs in 'direct contact' with the groundwater microorganisms. 

3. The decay of both viruses was quite probably occurs as a result of the activity of 
enzymes released by the groundwater microorganisms, however further studies would be 
needed to confirm this. 
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16.4 PERSISTENCE OF BIOFILM-ASSOCIATED ESCHERICHIA COLI AND 
PSEUDOMONAS AERUGINOSA IN GROUNDWATER AND TREATED EFFLUENT 
IN A LABORATORY MODEL SYSTEM 

Published in Microbiology (2003); Volume 149; pp. 47-55. 

In aquatic environments the interaction of pathogens with biofilms has predominantly been a 
concern in man-made water systems, and drinking water distribution systems in particular 
(Szewzyk, et.al., 2000, Block 1992). Drinking water utilities commonly use coliform bacteria 
such as E. coli as an indicator of the presence of pathogens from faecal contamination. 
Frequent occurrences of increased coliform numbers in the distribution system without a 
contamination event led researchers to believe that biofilms on the surfaces of pipes and 
fittings may act as a reservoir for coliforms and other pathogenic bacteria (Van der Wende, 
et.al., 1989, LeChevallier, et.al., 1987, Camper, et.al., 1985). Subsequent laboratory-based 
studies have demonstrated the colonisation of heterogeneous biofilms developed from tap
water microorganisms by pathogens such as E. coli (Buswell, et.al., 2001, Camper, et.al., 
1996, Robinson, et.al., 1995), Aeromonas hydrophila (Walker, et.al., 1995), Legionel/a 
pneumophila (Murga, et.al., 2001, Rogers, et.al., 1994, Colbourne, et.al., 1984 ), 
Campylobacter jejuni (Buswell, et.al., 1999), and Helicobacter pylori (Mackay, et.al., 1999). 
Prolonged persistence of biofilm-associated pathogens has been attributed to access of 
attached cells to nutrients that accumulate at surfaces and to the enhanced resistance of 
biofilm microorganisms to disinfection by chlorination or other inimical agents (Gilbert and 
Brown 1995, Vess, et.al., 1993, van Loosdrecht 1990). It has been proposed that biofilm 
communities in natural aquatic environments such as intertidal marine systems (Decho 
2000), hydrothermal springs (Marrao, et.al., 1993) or groundwater (Momba, et.al., 1999) may 
also provide favourable microenvironments for introduced pathogens. However, there is little 
experimental data on the conditions under which the biofilms may provide protection for 
introduced pathogens and the extent to which this phenomenon may occur outside of water 
distribution systems. 

The attenuation of bacterial pathogens introduced into subsurface environments has been 
observed in both field and laboratory studies and has been modelled using first-order decay 
kinetics (Pavelic, et.al., 1998, Dowd and Pillai 1997, Yates and Yates 1988). Factors that 
commonly limit the survival of bacterial pathogens introduced into groundwater include the 
low level of available nutrients, the lack of oxygen (for obligate aerobes), as well as the 
competitive, antagonistic and predatory activities of the indigenous microbial population 
(Gerba and Goyal 1985). The practice of ASR which involves the injection of surface water 
into an aquifer, can create an environment which allows the rapid growth of indigenous 
and/or introduced bacteria in the aquifer, particularly when the injected water is high in 
nutrients (Pavelic and Dillon 1997, Vecchioli 1970). ASR provides a means of storing 
reclaimed wastewaters prior to re-use for purposes such as irrigation. During an ASR pilot 
project in South Australia using treated sewage effluent, bacterial growth during injection 
resulted in biofilm formation within the aquifer matrix immediately surrounding the injection 
well (Rinck-Pfeiffer 2000). 

This study was undertaken to determine whether the biofilms developed in an aquifer during 
ASR could potentially provide a reservoir for pathogenic bacteria. If the recovered water 
contains a greater number of pathogens than expected, its re-use may pose a potential 
public health risk. Furthermore, water from the initial stages of recovery is often enriched in 
dislodged biofilm material and may require special disposal if it contains large numbers of 
pathogens. In this study E. coli was used as a representative of the enteric bacterial 
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pathogens and its survival compared to the ubiquitous water-borne microorganism and 
opportunistic pathogen Pseudomonas aeruginosa. 

16.4.1 Methods 

16.4.1.1 Biofilm Reactor Design 

The reactor set-up shown in figure 16.7 was duplicated to enable two holding reservoirs and 
eight reactor flasks to be run simultaneously. Glass was chosen to provide a surface for 
attachment as it is an inert material that simulates natural silicon oxides such as sand 
(Murgel 1991 ). Nitrogen gas was constantly bubbled through the water in the holding 
reservoirs to create anaerobic conditions similar to those found in many aquifers. The 
outflow line from each reactor flask passed directly to a multi-channel peristaltic pump which 
controlled the gravity-induced flow, and subsequently to a waste container. The mean flow
rate was 7.5 ± 0.2mllh (325ml flask working volume; dilution rate (D) = 0.023 per hour). 
Homogeneous conditions in each flask were established by mixing, using a cylindrical stirrer 
bar (4 x 15mm) and placing each flask on a multi-point magnetic stirrer plate (Variomag™ 
HP15) set at 200rpm for the duration of the experiment. All components of the reactor were 
sterilised at 121°C for 15 minutes prior to use. The reactor was run at room temperature (23 
± 2°C) in the dark. To sample from the reactor, flow-through was stopped, a flask detached, 
and the lid unscrewed. Nitrogen gas was passed over the liquid surface during sampling to 
prevent exposure to oxygen. Coverslips were removed using flame-sterilised stainless steel 
forceps. The total surface area available for attachment in the reactor flasks containing 
coverslips was 541 cm2

. Each sampling occasion reduced the surface area by 29cm2 

(equivalent to three coverslips ). The surface area in reactor flasks without coverslips was 
256cm2

. 

reservoir 

glass 
flasks 

Figure 16.7: Diagram of biofilm reactor set-up. 

16.4.1.2 Bacterial Strains 

The type-strain of E. coli (ATCC11775) was transformed with the pEGFP vector (Ciontech). 
This vector contains an ampicillin resistance determinant and a green fluorescent protein 
gene (GFPmut1) that has been mutated for improved fluorescence (Cormack, et.al., 1996). 
The type-strain of P. aeruginosa (ATCC10145) was transformed with the pSMC21 vector, a 
derivative of pSMC2 ·described by Bloemberg, et.al., (1997). This vector encodes an 
enhanced green fluorescent protein (GFPmut2), a kanamycin resistance determinant, and a 
Pseudomonas 'stabilising' fragment that allows the plasmid to replicate in Pseudomonas 
species as well as E. coli. A constitutive lac promoter drove expression of the GFP gene in 
these plasmids. Maintenance and expression of the GFP-plasmids in their respective host 
cells, in the absence of antibiotic selection, was tested during successive subculture in Luria 
Bertani (LB) broth for a minimum of 40 generations as well as incubation of the cells in 
sterile, anaerobic groundwater and effluent microcosms using previously described methods 
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(Banning, et.al., 2002). For inoculation into the biofilm reactor, cells were grown overnight at 
37°C in LB broth containing 1 OOj.Lg ampicillin per ml for growth of E. coli (pEGFP) or 4001-Lg 
kanamycin per ml for growth of P. aeruginosa (pSMC21 ). The cells were harvested by 
centrifugation (15,000g; ten minutes at 4°C) and washed three times in sterile groundwater 
with sequential reductions in volume. The final cell concentrations, determined on LB agar 
with the appropriate antibiotic were 1 x 1 010cfu/ml (E. coli) and 8 x 1 09cfu/ml 
(P. aeruginosa). Colony counts on LB without antibiotic, were also performed and no non
fluorescent colonies were detected. The concentrated cell suspensions were stored at 4°C 
prior to use. 

16.4.1.3 Quality of Water Used 

Anaerobic groundwater was collected from the superficial aquifer on the Swan Coastal Plain 
(Perth, WA) using a submersible electric pump. When required, a sterile 10% (w/v) peptone 
(oxoid) solution in Dl water was added to five litres of groundwater to give a final 
concentration of 0.01% (v/v). Effluent was collected from a clarification pond, used for 
sedimentation processing after primary and activated sludge (AS) treatment, at the Subiaco 
Wastewater Treatment Plant, WA. Particulates were removed from the effluent by passing 
through glass microfibre filter paper ( 1.2j.Lm pore-size (Whatman ™) ). Some chemical 
properties of the waters used in the reactor experiments are given in table 16.1. 

Parameter 
(mg/L) 

Groundwater* Treated Effluent 

Mean (±St.Dev.) Mean 

Total organic carbon 4.25 (1.3) 13.3 
Ammonia-N < 0.01 (0.0) 0.34 
Nitrate-N 0.042 (0.04) 10.0 
Nitrite-N < 0.02 (0.0) 0.17 
Phosphorous 0.01 (0.0) 3.10 
Calcium 66 (5.7) 51.3 
Magnesium 13 (1.4) 13.7 
Dissolved oxygen 3.33 (1.9) 6.3 
pH 7.16 (0.2) 7.05 

*Amendment with peptone resulted in an approximate ten-fold increase in the concentration 
of total organic carbon. 

(±St.Dev.) 

(2.1) 
(0.2) 
(7.0) 
(0.1) 
(2.9) 
(8.1) 
(3.8) 
(3.1) 

(0.33) 

Table 16.5: Mean water quality of groundwater and treated effluent used in the reactor. 

16.4.1.4 Experimental Design and Sampling 

The reactor experiments with E. coli and P. aeruginosa were performed on separate 
occasions following the protocol described below. Both holding reservoirs of the reactor 
were connected to four flasks, three of which contained coverslips. Peptone-amended 
groundwater in the holding reservoirs was allowed to flow into each reactor flask, which had 
been previously flushed with nitrogen gas, until the water level reached the top of the flask. 
The reactor was operated in batch mode for 24 hours. For the following six days, three of 
the flasks connected to each holding reservoir (six in total) were injected twice daily with 
0.5ml of the washed GFP-Iabelled E. coli or P. aeruginosa concentrated cell suspension. 
During this biofilm development period the reactor was operated under continuous flow 
conditions. The peptone-amended groundwater in the holding reservoirs was then replaced 
with unamended groundwater in one reservoir and clarified effluent in the other. This was 
designated day zero and flow-through was continued for three weeks (E. coli) or seven 
weeks (P. aeruginosa). Connected to each holding reservoir were duplicate test flasks used 
to measure E. coli or P. aeruginosa removal in the presence of biofilms in either groundwater 
or effluent, a third flask without coverslips used to measure E. coli or 
P. aeruginosa removal in the absence of biofilms in either groundwater or effluent, and a 
fourth flask containing biofilms without inoculated GFP-Iabelled cells. The flasks with 
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uninoculated biofilms were used to provide negative controls for detection of GFP-conferred 
fluorescence. 

Three coverslips and a water sample were removed from the reactor flasks on days 0, 3, 7, 
10, 15 and 21 during the E. coli experiment and on days 0, 7, 14, 26 and 40 during the 
P. aeruginosa experiment. Coverslip samples were immediately rinsed three times in 
phosphate buffered saline (PBS) (24g/L NaCI; 0.6g/L KCI; 4.32g/L Na2HP04; 0.72g/L 
KH2P04 at pH 7.0) to remove unattached or loosely adhered cells prior to further processing 
(described below). Viable E. coli numbers in the outflow from each flask were monitored 
during the E. coli experiment. At the end of the P. aeruginosa experiment (day 47) each 
flask that had been inoculated with P. aeruginosa was destructively sampled to determine 
the extent of biofilm development and numbers of attached P. aeruginosa on the remaining 
coverslips, the coverslip holder and wall of each reactor flask. 

16.4.1.5 Culturable Cell Counts 

Coverslip samples were placed in 12mL of PBS immediately after rinsing. Cells were 
removed from the surface by scraping with a sterile disposable cell scraper (17mm blade 
length) (Sarstedt™), followed by sonication in a 50kHz water-bath (10mins) and vortexing 
(1 min). The same procedure was followed to remove cells, after rinsing, from the coverslip 
holders and reactor flasks at the end of the P. aeruginosa experiment, using 20mL or 1 OOmL 
volumes of PBS respectively. Culturable counts of GFP-Iabelled cells in water or processed 
biofilm samples were performed by either the drop-on-plate method (with six replicate 1 OflL 
drops of the appropriate dilutions) or spread-plate method (triplicate plates using undiluted 
1 OOflL or 200flL volumes) using LB agar containing the appropriate antibiotic. The number 
of colonies showing green fluorescence under blue light illumination was recorded. 

16.4.1.6 Epifluorescence Microscopy 

For determination of fluorescent cell numbers, aqueous samples were filtered onto black 
polycarbonate filters (0.2flm pore-size, 25mm diameter) (Millipore rM) and mounted on glass 
slides as described by Hobbie, et.al., (1977). Coverslip samples were air-dried after rinsing 
and mounted on a glass slide using nail-varnish. Mounted coverslips were overlaid with 
mineral oil and a clean coverslip before viewing. Filters and coverslip samples were viewed 
under oil immersion with a 1 OOX Plan objective on a Leitz Diaplan microscope fitted with a 
Leitz Pleomopak fluorescence attachment. GFP-conferred fluorescence was visualised 
under illumination with blue-light (excitation 450-490nm; suppression 515nm). The number 
of cells in a minimum of 20 randomly chosen fields of view was determined for each filtered 
aqueous sample and each coverslip sample. 

The surface area coverage of the biofilms was determined by staining the coverslip samples 
with the nucleic acid stain DAPI (4',6-diamidine-2'-phenylindole dihydrochloride) at a 
concentration of 0.5flg/mL for 1 Omins in the dark. Ten photomicrographs from each 
coverslip were taken under ultra-violet (UV) light (excitation 340-380nm; suppression 430nm) 
at 1000X magnification with a cooled slow scan PXL CCD camera (Photometries). The area 
of DAPI-conferred fluorescence (in flm2

) was measured in each photomicrograph using 
IPLab Spectrum version 3 (Scanalytics). The surface area values were converted to a 
percentage of the photomicrograph area, which was 6143flm2

, and the mean value for each 
coverslip sample determined. 

16.4.1. 7 Confocal Scanning Laser Microscopy (CSLM) 

After rinsing, coverslip samples were mounted in screw-top circular stainless steel chambers 
with a viewing area of 7.5mm radius. The chambers were filled with PBS to prevent the 
biofilm drying during viewing, and the underside of each coverslip was cleaned with 70% 
ethanol. Biofilms were viewed using a BioRad MRC1 000/1024 UV confocal scanning laser 
microscope, mounted on a Nikon Diaphot 300 with a Nikon 60X water-immersion PlanApo 
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objective lens (numerical aperture of 1.2). A correction collar allowed adjustment for the 
thickness of the coverslip. The microscope was controlled by the COM OS software (BioRad 
Microscience, UK) and images were collected using a Kalman mathematical filter (where 
n = three) to reduce background noise. All images were collected using a confocal pinhole 
size of 2.5mm. For GFP detection, 488nm argon laser light was used to excite the specimen 
and fluorescence was collected through a 522/35nm emission filter. Power and gain settings 
were chosen to supply the most sensitivity without picking up autofluorescence in the 
negative control biofilms (i.e: from flasks that were not inoculated with GFP-Iabelled cells). A 
z-axis stepping motor, that allows movement of the focal plane in precise increments 
(minimum of 0.1 f.!m), was used to collect a z-series of images for each field of view. 
Confocal microscope images were processed using Confocal Assistant Software version 
4.02 (BioRad). 

16.4.1.8 Data Analysis 

Removal rates were determined by calculating the slope and correlation coefficient (r) of the 
linear regression of log-transformed cell concentration data according to the first-order decay 
relation given by: 

where c 
Co 
k 

= microbial concentration at time t; 
= initial concentration on day zero; and 
= removal rate. 

Eqn (2) 

The concentration data were mean values from replicate culture-based or direct cell counts 
from a single water sample or coverslip sample. Where reactor flasks were run in duplicate 
(i.e: test flasks containing coverslips), the removal rate associated with each flask was 
calculated first and then the mean value and standard deviation of the two rates determined. 
The cell removal rates derived from direct GFP-fluorescent cell counts are referred to as 
'total' and those from GFP-fluorescent colony counts are referred to as 'viable'. A Student's 
t-Test (one-tailed distribution for two-samples with unequal variance) was used to determine 
if differences between test flasks with flow-through of the different water types were 
significant. 

16.4.2 Results 

16.4.2.1 Green Fluorescent Protein (GFP) -Conferred Fluorescence 

Transformation of E. coli and P. aeruginosa with the high copy number GFP plasmids 
pEGFP and pSMC21 respectively, resulted in the production of brightly fluorescent cells that 
were easily detectable by epifluorescence microscopy. Although the fluorescence intensity 
of GFP-Iabelled P. aeruginosa was visibly less than that of E. coli, they could still be 
distinguished from the indigenous microbial population. GFP has an intrinsic property of 
fluorescing without the addition of any co-factors or substrates and as it is a cytoplasmic 
protein, it has been found not to effect bacterial cell surface properties (Oiofsson, et.al., 
1998). The only requirement for GFP fluorescence is the presence of oxygen, although 
GFP-Iabelled cells grown under anaerobic conditions can develop fluorescence upon 
exposure to air (Scott, et.al., 1998). 

The GFP plasmids were found to be stable in the type-strains of E. coli and P. aeruginosa 
over 40 generations of growth in LB broth without the addition of antibiotic when incubated at 
28°C in a static incubator (data not shown). During incubation of E. coli (pEGFP) in sterile 
groundwater microcosms for 50 days, the number of cfu on LB with or without antibiotic did 
not significantly differ (P > 0.05), demonstrating maintenance of plasmid expression in the 
culturable cell population. In addition, no significant differences between the total number of 
cells (enumerated using the nucleic acid stain DAPI) and the number of GFP-fluorescent 
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cells were detected during this time (figure 16.8(a)). Incubation of E. coli (pEGFP) in sterile 
effluent microcosms gave similar results (data not shown). Maintenance of fluorescence in 
P. aeruginosa (pSMC21) in sterile groundwater microcosms was also demonstrated in the 
culturable cell population although the proportion of the total cell population with GFP
conferred fluorescence decreased over time (figure 16.8(b) ). These results are in agreement 
with previous studies demonstrating that intact cells may maintain GFP-conferred 
fluorescence even if nonviable, but that some intact dead or dying cells may lose GFP
conferred fluorescence under conditions of stress such as nutrient-limitation (Banning, et.al., 
2002) or heat (Lowder, et.al., 2000). It is likely that this loss of fluorescence is linked to 
leakage of the protein though a damaged cell membrane. Although the GFP plasmid-host 
constructs used in this study displayed different patterns of fluorescence loss, both GFP 
plasmids were considered as suitable cellular markers {but not viability indicators) for use 
under nonselective, anaerobic, nutrient-limited conditions. 
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Figure 16.8: Numbers of DAPI-stained ( •) and GFP-fluorescent (0) cells and cfu's on LB agar, 
with (o) and without ( 11) antibiotic, following inoculation of GFP-Iabelled E. coli (a) or P. aeruginosa (b) 

into sterile groundwater microcosms. 
Error bars show the standard deviation between duplicate flasks. 

16.4.2.2 Biofilm Development 

Flow of peptone-amended groundwater through the reactor flasks resulted in the formation of 
biofilms with large multi-layered cell clusters separated by sparsely populated areas. This 
heterogeneous colonisation of the surface was a consistent feature on all coverslips within 
each flask and is typical of aquatic biofilm structure (Costerton, et.al., 1995). On day zero of 
the E. coli experiment the mean biofilm surface area coverage in all flasks was 5.5 ± 2%. 
After 15 days the biofilms in flasks with treated effluent flow-through had a greater mean 
surface area coverage (16 ± 1%) than the flasks with groundwater flow-through (6.3 ± 2%). 
Combined fluorescence/transmission CSLM images revealed that E. coli had attached as 
single cells to the surface, had colonised clusters of other cell types and had also formed 
microcolonies (figure 16.9). Analysis of CSLM fluorescence images (taken as five z-sections 
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in 0.2~-tm increments) of biofilms from each of the four test flasks sampled on day three, 
revealed that higher numbers of E. coli were attached near to the coverslip surface. The 
mean number of E. coli per field of view on all coverslips (n = 40) in the first z-section 
(closest to the coverslip surface) was 60 ± 14 compared to 31 ± 10; 17 ± 7; 8.2 ± 3 and 3.7 ± 
2 in the second to fifth z-sections, respectively. Conversely, for E. coli associated with cell 
clusters, the highest numbers were in the second or third z-section from the surface. The 
mean number of E. coli per cell cluster on all coverslips (n = 56) was 5.2 ± 2; 6.2 ± 2; 4.8 ± 1; 
3.1 ± 1; 1.3 ± 1 in the first to fifth z-sections, respectively. 

Figure 16.9: CSLM image of GFP-Iabelled E. coli attached to a glass coverslip 
from a single field of view taken in five vertical sections with a separation of 211m, 

moving up from the coverslip surface (left to right). Bar length is 1 011m. 

Similar biofilm surface area coverages were measured on coverslips during the 
P. aeruginosa experiment but the majority of attached P. aeruginosa cells were distributed as 
single cells, with only a small number of P. aeruginosa-dominated microcolonies observed. 
The vertical distribution of P. aeruginosa cells was not analysed. Destructive sampling at the 
end of the P. aeruginosa experiment revealed that the mean percentage surface area 
coverage of biofilm on the wall of the reactor flasks was either similar to (flasks with effluent 
flow), or less than (flasks with groundwater flow), the coverage on the coverslips sampled on 
the same day. The concentration of attached P. aeruginosa (cfu/cm2

) on the wall of the test 
flasks was significantly less than that on the coverslips (P < 0.05). This indicates that there 
was no preferential association of cells with the walls of the reactor flasks over the 
coverslips. There was no significant difference between the mean P. aeruginosa 
concentration detected on the coverslip holders and the mean concentration on coverslips 
from the same flask (P > 0.05). The concentration of P. aeruginosa attached to the wall of 
the control flasks was also less than the concentration on coverslips in the test flasks, 
indicating that the lack of coverslips did not promote attachment of the cells to the flask wall. 

16.4.2.3 Removal Rates of Green Fluorescent Protein (GFP) -Labelled Cells 

The rates of removal of total and viable E. coli (pEGFP) and P. aeruginosa (pSMC21) cells 
from biofilms and from the water phase are shown in table 16.6. The time periods of days 0 
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to 10 for E. coli, and 0 to 14 for P. aeruginosa, were chosen for determining removal rates as 
cell numbers in all samples between these periods were above detection limits. Persistence 
of GFP-Iabelled cells inoculated into the reactor was a result of the interplay between the 
dilution or washout effect of continuous flow, cell growth and death rates and 
attachment/detachment processes. It was not possible to confirm whether any of the viable 
inoculated cells or their progeny had lost the GFP plasmid or expression of the plasmid 
during the reactor experiments due to the presence of the mixed microbial population. 
However, the results from the sterile microcosms discussed above, suggest that this is 
unlikely to have occurred over the 21 or 40 day time period. 

During the E. coli experiment the numbers of attached E. coli cells increased over the first 
three days following the end of the inoculation period, but subsequently declined by 2 to 3-
log units, indicating that death or detachment processes were dominating the overall 
dynamics (figure 16.1 0). Nonetheless, interaction with the biofilms did appear to slow the 
washout effect as removal of attached E. coli was significantly slower than removal of 
planktonic E. coli (P < 0.05). This was particularly evident in flasks with flow-through of 
groundwater in which removal of attached E. coli was slower than in flasks with flow-through 
of effluent. 

The removal rates for GFP-Iabelled E. coli from the water phase of each flask were all faster 
than the theoretical washout-rate of -0.24-log10 (cells/ml) per day suggesting that cell death 
was contributing to the observed removal. Removal rates of planktonic E. coli measured 
using direct cell counts were generally faster than rates measured using viable counts, again 
suggesting cell death was occurring. The only exception was in flasks containing coverslips 
with groundwater flow-through, in which the total and viable removal rates were very similar. 
In all flasks the removal dynamics of the total E. coli population were not sufficiently different 
from the culturable population to suggest the emergence of 'viable but nonculturable' cells 
during the course of the experiment. In flasks with groundwater flow-through E. coli removal 
from the water phase was slower in test flasks with coverslips and associated biofilm, 
compared to the control flask without coverslips. In these flasks viable cells may have 
detached from the biofilms, boosting numbers in the water phase. Conversely, in flasks with 
effluent flow-through E. coli removal was faster in the test flasks compared to the control 
flask. It was confirmed that the faster removal of E. coli from the test flasks was not due to 
greater dilution through monitoring of the flow-rates, which were the same for each flask, and 
monitoring of viable E. coli concentrations in the outflow, which were lower in samples from 
the flasks with faster removal rates. Thus, it appears that in the presence of effluent, the 
biofilms were expediting the removal of both water phase and attached E. coli. 

For P. aeruginosa, there was no significant difference between the removal rates of attached 
cells in flasks with groundwater or effluent flow-through and both rates were slower than that 
measured for E. coli. There was also little difference in removal rates (total or viable) of 
planktonic P. aeruginosa between control and test flasks. However there was a pronounced 
difference between the behaviour of planktonic P. aeruginosa in flasks with flow-through of 
groundwater, and those with effluent. After day 14 the number of viable P. aeruginosa in the 
flasks with groundwater flow-through fell below detection limits, whereas there were still 
detectable levels in the flasks with effluent flow-through by day 40. The rate of planktonic 
P. aeruginosa removal in flasks with effluent flow-through measured between day 0 and 40 

was -0.12-log10(cfu/ml) per day with or without biofilms, which was slower than the 
theoretical washout-rate. 
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WATER PHASE. ATTACHEDt 

Control flask Test flasks:t: Test flasks:!: 

E. P. E. P. E. P. 

Groundwater 
Total -0.61 -0.42 -0.54 (0.00) -0.40 (0.02) -0.19 (0.01) 
Viable -0.87 -0.39 -0.55 (0.01) -0.41 (0.04) -0.16 (0.02) -0.06 (0.07) 

Treated effluent 
Total -0.33 -0.35 -0.55 (0.02) -0.32 (0.00) -0.29 (0.07) 
Viable -0.44 -0.31 -0.63 (0.01) -0.30 (0.02) -0.29 (0.01) -0.03 (0.01) 

* ? for all rates was <! 0.8 
t i for all rates was <! 0.7 except viable rates in flasks with groundwater where i was 0.4 
~ These are mean rates derived from duplicate flasks with standard deviations given in parentheses. 
E. = E. coli (pEGFP); 
P. = P. aeruginosa (pSMC21) 

Table 16.6: Mean E. coli removal rates between day 0 and 10 and 
mean P. aeruginosa removal rates between day 0 and 14. 

Units are log10 (cells or cfulmL) per day (water phase) 
or log10 (cells or cfu/coverslip) per day (attached). 
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Figure 16.10: Numbers of viable E. coli attached to biofilms ( 11) and in water phase (.6.) 
of coverslip-containing flasks and in water phase of control flask (0) with flow-through of 

groundwater (a) or effluent (b). 
Error bars show the standard deviations between duplicate flasks. 

Washout of cells at 0 = 0.023 per hour is shown by dotted line. 
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16.4.2.4 Prolonged Persistence of P. aeruginosa Compared to E. coli 

A comparison of the length of time taken for the GFP-Iabelled cells in reactor flasks to fall 
below the detection limits also reveals that the most pronounced difference between E. coli 
and P. aeruginosa behaviour occurred in flasks with effluent flow-through (figure 16.11 ). In 
these flasks P. aeruginosa persisted in an attached state and in the water phase for longer 
than E. coli and for longer than the theoretical time for cells to fall below the detection limits 
as a result of dilution. 
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Figure 16.11: Comparison of survival potential of GFP-Iabelled E. coli and P. aeruginosa cells in 
groundwater and wastewater. 

The floating bars represent the times between which the number of viable 
attached (a) or planktonic (b) GFP-Iabelled E. coli or P. aeruginosa fell below the detection limits 

in test flasks with groundwater ( 111111111 ) or effluent ( c::::J ) flow-through and 
control flasks with groundwater (l2'ZZ.l) or effluent (I~// I) flow-through. 

The theoretical time at which cell numbers would have fallen below detection 
as a result of washout is also shown (: ). The arrow indicates that the number had not fallen 
below the detection limit by day 40. Detection limits were 60cfu/coverslip for biofilm samples 

and 5cfu/ml for water samples. 

16.4.3 Discussion 

The results from this study demonstrated that E. coli was able to persist in reactor flasks with 
groundwater flow-through beyond the time at which cells would have fallen below detection 
limits as a result of washout only. Although E. coli did not accumulate in the biofilms over the 
entire length of the experiment, the dynamics of planktonic cell removal suggested that at 
least some of the cells detaching from the biofilms were viable and therefore capable of 're
infecting' the water phase. Control flasks without coverslips were used in this study to 
measure the removal rates of GFP-Iabelled cells from flasks with limited biofilm development 
by the indigenous microorganisms. The surface area available for attachment in the control 
flasks was just under half that of the test flasks, and it was confirmed that cells did not 
preferentially associate with the wall of the reactor flasks over the coverslips. Removal of 
E. coli from the control flask with treated effluent flow-through was slower than the 
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groundwater control flask (although still faster than the theoretical washout rate), suggesting 
that E. coli die-off was slower in the effluent. However, the presence of biofilms appeared to 
expedite the removal of the attached and planktonic E. coli populations from flasks with 
effluent flow-through. In these flasks the increase in mean biofilm surface area coverage 
over the length of the experiment was approximately ten-fold greater than in the flasks with 
groundwater flow-through. Analysis of the distribution of E. coli in fully-hydrated biofilms 
revealed a close 'intermingling' of E. coli with other bacterial surface colonisers indicating the 
potential for interaction (either beneficial or detrimental) between the E. coli and indigenous 
microbial population. Thus, it is likely that the enhanced biofilm development in flasks 
exposed to effluent, a result of the higher level of nutrients in this water, increased the 
competition for nutrients and attachment space and the E. coli were out-competed by the 
indigenous microbial population. The enhanced biofilm development may also have 
increased the antagonistic activity of the indigenous microorganisms. 

Established biofilms developed from indigenous river-water bacteria have been shown 
previously to reduce persistence of introduced E. coli and other enteric pathogens (Camper, 
et.al., 1985). Furthermore, changing biofilm dynamics and pathogen persistence as a result 
of an increase in nutrient levels has been reported elsewhere. The survival of a C. jejuni 
strain in heterogeneous tap-water biofilms was shown to be significantly reduced by the 
addition of serine, a carbon source known to be favoured by C. jejuni, during which time the 
number of indigenous biofilm microflora increased (Buswell, et.al., 1999, and 1998). These 
studies demonstrate that under certain conditions biofilms may represent sites of intensified 
competition for limiting nutrients. 

By comparison P. aeruginosa persisted in the biofilms in the flasks with effluent flow-through, 
for much longer than E. coli. In both the test flasks and the control flask with effluent flow
through, the rate of P. aeruginosa removal from the water phase slowed dramatically after 
day 14 to a rate slower than the theoretical washout-rate suggesting that P. aeruginosa was 
growing in the treated effluent. It is unlikely that there was enough oxygen available in the 
air-tight reactor flasks to sustain growth of P. aeruginosa, which is an obligate aerobe. 
Although the mean concentration of dissolved oxygen in the treated effluent was higher than 
the groundwater upon collection (table 16.5), the oxygen levels in the water decreased 
during the course of the experiment due to constant bubbling of water in the holding 
reservoirs with nitrogen gas. Thus, growth of P. aeruginosa most likely occurred through 
utilization of nitrate as the terminal electron acceptor, which was present at much higher 
concentrations in the effluent than the groundwater (table 16.5). P. aeruginosa also has the 
ability to utilise a wider range of organic molecules as carbon and energy sources compared 
to Enterobacteriaceae (Bergey 1984 ). As there was no difference in P. aeruginosa removal 
rates between the control and test flasks, the increased persistence of P. aeruginosa in 
effluent could not be attributed to an interaction with the biofilms. 

The laboratory reactor used in this study was not a perfect simulation of aquifer conditions 
during ASR. Therefore, survival times of the microorganisms reported here may vary 
considerably to survival in the field. Nonetheless, this study has shown that addition of a 
high-nutrient water to a low nutrient environment may stimulate biofilm development, but 
have a detrimental effect on survival of bacteria such as E. coli. The biofilm development 
which has been found to occur during ASR using reclaimed sewage effluent (Rinck-Pfeiffer 
2000) may not pose a health risk with respect to the persistence of enteric bacterial 
pathogens in the aquifer during storage of the water. On the other hand, growth of the 
opportunistic pathogen P. aeruginosa, which is able to compete more effectively with the 
indigenous microbial population for available nutrients, may occur during ASR. 
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16.5 GENERAL CONCLUSIONS 

All of the laboratory experiments have conclusively demonstrated that it is the presence and 
activity of the indigenous groundwater microorganisms that have the major impact on the 
attenuation of the microbial pathogens. 

The other major findings of these experiments are described below. 

Other parameters that had previously been identified as important in pathogen attenuation 
(e.g: temperature, oxygen presence) were secondary to the presence of groundwater 
microorganisms and had a secondary influence through their influence on the activity of the 
groundwater microorganisms. 

The groundwater microorganisms are producing compounds that can cross a restricting 
membrane barrier to increase the attenuation-rate of poliovirus. 

Apart form the presence of groundwater microorganisms, the other factor most influencing 
pathogen attenuation-rates is the pathogen type (e.g: virus, bacterium or protozoa). 
Significant differences in log removal times were even noted between the two closely related 
viruses poliovirus and coxsackievirus, indicating that the action of the groundwater 
microorganisms is microorganism-specific. 

Bacterial pathogens such as E. coli and Ps. aeruginosa are capable of interacting with and 
entering biofilms produced by groundwater microorganisms, however it was observed that 
this ability did not increase their persistence in the aquifer, in fact loss was noted to increase 
under some conditions. 
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17.1 INTRODUCTION 

Dissolved organic matter (DOM) drives redox reactions and provides substrate for microbial 
processes including degradation of synthetic organic compounds. Components may also 
react with chlorine to form disinfection by-products (DBPs). The kinetics of DOM 
transformations vary widely depending on the chemical nature of the DOM components, and 
means that resulting water quality can be difficult to define with precision. However, studies 
at the Bolivar aquifer storage and recovery (ASR) site in SA suggest that water quality 
improvements may be related to DOM decomposition. 

The treated water used in the ASR Trial at Bolivar contains significant quantities of DOM. 
The carbon content of the injectant is typically 15-20mg of carbon per litre (C/L) (chapter 11 ). 
At the 4m well this has been reduced to near 14mgC/L, and following breakthrough at the 
50m radius well this is substantially reduced to near 1 OmgC/L. This reduction in dissolved 
organic carbon (DOC) can potentially result from biological or chemical oxidation, 
precipitation or adsorption within the aquifer. These processes are represented in a one
dimensional, simplified model in figure 17.1. 
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Figure 17.1: Conceptual model of the fate of dissolved organic matter (DOM) in the aquifer. 
FG = functional groups; HMW = high molecular weight; LMW = low molecular weight. 

The competitive nature of these processes is shown in figure 17.2. Filtration of particulate 
organic carbon (POC) and microbial assimilation occur close to the well. Microorganisms 
generally preferentially break down larger molecules and those containing functional groups. 
Turnover of organic carbon (OC) occurs and the resulting lower molecular weight OC is 
dissolved in the water and migrates further from the injection well, and may subsequently be 

17-1 



further degraded more slowly. This conceptual model is developed further in the PHT3D 
model described later in appendix H this report. 

Injection 

Aerobic Anaerobic 

Increasing distance from injection point ~ 

Decreasing MW and solubility in the presence of cations 

Figure 17.2: Conceptual model of competing processes 
affecting fate of injected dissolved organic matter (DOM). 

MW = Molecular Weight; HMW = High Molecular Weight; LMW = Low Molecular Weight. 

In this study a number of analytical techniques were used to provide information on the 
chemical changes that occurred during the passage of water from the point of injection up to 
a distance of 75m through the aquifer. 250ML of water was injected over a period of 18 
months, with the majority in the last six months. The data obtained were used to gain insight 
into the nature of the DOC compared to natural organic matter (NOM) found in other surface 
and groundwaters, and to provide a better understanding of the mechanisms for DOC loss 
following water injection and storage. Implications for the sustainability of the ASR site are 
also considered. To characterise DOM apparent molecular weight (AMW) chromatograms 
and solid-state 13C, nuclear magnetic resonance spectra were used and each of these 
approaches is described below. 

17.2 APPARENT MOLECULAR WEIGHT (AMW) 

High-pressure size exclusion chromatography (HPSEC) was used to test if particular 
molecular weight fractions were lost during the passage of the DOM through the aquifer. 
Apparent molecular weight (AMW) was determined using HPSEC on a Waters Protein-Pak 
125 column, a carrier solvent of phosphate/NaCI buffer (pH 6.8), and a UV detector set to 
260nm (Pelekani, et.al., 1999). The average molecular weight (Mw) was determined using 
the equation (1 ). 

11 

L UV260t X MWt 
M = ..:..1=-=-~------

w n 

LUV2601 

1=1 Eqn (1) 

where Mw = average molecular weight; 
UV260 = absorbance at 260nm; and 
MWt =AMW. 
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Figure 17.3 shows a comparison of AMW chromatograms of water sampled from the 
injectant (OAF/F), a 4m well (#19450) and a 50m well (#19181) on 19 October 2000. The 
injectant and 4m well samples are very similar, with only minor variations in the 
chromatograms. This suggests that there has been little impact on the DOM across the 4m. 
The sample from the 50m well however, shows a greatly reduced chromatogram, consistent 
with the lower DOC content, but also shows some significant differences in AMW distribution. 
In particular, elution bands near 450 and 1,500 AMW are present in both the injectant and 
the 4m well, but are absent in the 50m well. These differences are consistent across a 
number of different wells and indicate the loss or transformation of at least two organic 
components as a result of passage through the aquifer. It should be noted that organic 
molecules which do not show appreciable absorbance at 260nm would be seriously 
underestimated or not observed at all. Simple acids and polysaccharides would fall into this 
class of compound. 
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1.20E-02 +--------1-hf!-'.l------/;-.\--·-/i--'H-Ic--------------,---'-----, 
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Figure 17.3: Apparent molecular weight (AMW) chromatogram of water 
sampled from the injectant (DAF/F), a 4m well (#19450), and a 50m well (#19181 ). 

A batch experiment was carried out on the aquifer matrix and injectant, to ascertain the 
potential adsorption characteristics of the matrix. AMW chromatograms developed on the 
water before and after exposure to the matrix indicated that two processes, adsorption and 
desorption, were occurring simultaneously. The high AMW band near 1 ,500 was largely lost 
and most of the other bands were increased. The high AMW materials therefore appear to 
be adsorbed while lower AMW materials were being released from the matrix. It would seem 
entirely coincidental that the material released from the matrix, which had never previously 
been exposed to injectant, showed bands at lower AMW similar to the injectant. Interaction 
with the matrix could also potentially change the cations associated with the DOM, thereby 
changing molecular conformation and AMW. The chromatographs however, were run in a 
buffer solution which should minimize this effect. If adsorption/desorption experiments were 
to be pursued further, the effect of cation composition would need to be addressed. 
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17.3 SOLID-STATE 13C NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY 

13C NMR with cross-polarisation and magic angle spinning (CP/MAS) spectra were obtained 
at 50.3MHz (megahertz) on a Varian Unity 200 spectrometer with a 2.7 T wide-bore Oxford 
superconducting magnet using a Doty Scientific MAS probe. Freeze-dried samples were 
spun at 5KHz (kilohertz) in 7mm diameter Zirconia rotors with Kei-F caps. All spectra for the 
separated samples were obtained with a 1.0ms (milli-second) contact time and with a 1 sec 
recycle time. Between 3000 and 17,500 transients were collected. For unseparated 
samples the recycle time was reduced to 300ms, and up to 200k transients were collected. 
A standard Varian pulse sequence was used with 50Hz Lorentzian line broadening and 0.01 
seconds Gaussian broadening applied. Chemical shift assignments were externally 
referenced to the methyl resonance of hexamethyl benzene at 17.36ppm (parts per million) 
(Skjemstad, et.al., 1994). The differences in resonance (chemical shifts) between non
equivalent nuclei are small and are measured in parts per million of the magnetic field. 

Spectra were integrated using "natural valleys" to determine the contribution from alkyi-C 
(0-5ppm), 0-alkyi-C (55-11 Oppm), aryi-C and unsaturated-C (11 0-160ppm), carbonyi-C 
(160-190ppm) and aldehyde/ketone-C (190-220ppm) (Wilson 1987). Corrections were made 
for spinning side bands, as described by Knicker and Skjemstad (2000). 

17.3.1 Sample Preparation and Nuclear Magnetic Resonance (NMR) Spectra 

Two approaches were used to obtain material for NMR analysis: (a) direct analysis on 
freeze-dried material, and (b) separation of the DOM on XAD resins. The freeze-dried water 
samples for method (a) were first brought to a pH of 4.5 with HCI to remove HC03-. Simple 
freeze-drying ensures that the organic components in the sample are not fractionated and 
lost through the preparation phase, but the organic carbon (OC) content of the resulting dried 
sample is in the order of only 1 %. This preparation procedure was successful for the 
injectant, but for the well samples no spectrum could be obtained, largely due to the 
presence of Fe in the sample. Any ferro-magnetic or paramagnetic materials (such as iron 
(Fe) and manganese (Mn)) interfere with NMR, particularly when the carbon concentration is 
low. Magnetic minerals such as ilmenite were identified in the well water and were removed 
by filtration, but useful spectra still could not be obtained. In an attempt to remove the 
remaining interfering Fe species that originated from the aquifer matrix and appeared to be 
complexed with the recovered DOM, well samples were passed through a H+ charged 
exchange resin (Amberlite IR120) prior to freeze-drying. The NMR spectral results of before 
and after resin treatment are shown in figure 17.4 and indicate the very large increase in 
signal following this treatment. The before-treatment spectrum is mostly spectrometer noise, 
while the after-treatment sample shows a well-defined spectrum. The latter spectrum is of 
equal quality to spectra of purified DOM from many water samples as presented throughout 
water quality literature. As a result of this improvement in spectral quality, all future samples 
of injectant and well waters were subjected to the same resin treatment prior to NMR 
analysis. 

The four major peaks shown in the NMR spectrum represent alkyi-C (-10-50ppm), 0-alkyi-C 
(50-11 Oppm), aryi-C (11 0-160ppm), carbonyi-C (160-200ppm), and aldehyde/ketone C (200-
220ppm). The area under each peak represents the relative contribution of each carbon 
type. The shape and position of the peaks suggest that the alkyi-C is largely in the form of 
short-chained units. 

The aryi-C is consistent with aromatic groups from amino acids in proteins, but any 
unsaturated alkyl groups would also appear in this region. The carbonyl groups are largely 
due to alkyl acids (178ppm) but some amide-C from proteins is also recognisable as a 
sideband at 175ppm. 
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a 

Figure 17.4: Solid-state 13C NMR spectra of DOM material from 4m well (#19450) 
(a) following resin treatment; and (b) prior to resin treatment. 

Both spectra are shown at the same vertical scale. 

A number of samples from the DAF/F plant, the 4m well, and 50m well, were also freeze
dried following treatment with hydrogen (H+) -charged cation exchange resin. Earlier 
attempts using lithium (Ln as the counter ion gave variable results but later results using 
sodium (Na+) gave spectra of acceptable quality. 

The chemistry of the DOM in the DAF/F and well waters appear to be very similar to other 
published data on fulvic acids (FA) from natural ecosystems. That is, they are low in 
aromatics and AMW and high in alkyi-C and carboxylic acid (table 17.1 ). The final column 
shows the change in DOC and functional groups between the DAF/F and 50m well as a 
percentage of the DAF/F water. Percentage values lower than the DOC row indicate a 
greater relative loss while higher values indicate a lower relative loss. DOM high in carboxyl 
groups therefore appear to be preferentially lost. Values given are the means of several 
spectra. 
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Functional Grou~ DAF/F 4m wells 50m wells %final to original 
DOC 16.9 14.9 10.4 62 

Aldehyde/ketone 0.8 0.7 0.4 50 
Carbonyl/acid 2.6 1.8 0.9 35 

Aromatic 2.4 1.8 1.8 75 
0-alkyl 4.2 3.9 2.5 60 
Alk~l 6.9 6.7 4.8 70 

Table 17.1: Concentration of dissolved organic carbon (DOC) and various functional groups 
in milligrams of carbon per litre (mg C/L) of the DAF/F and well waters. 

17 .3.2 Recovered Water 

The freeze-drying and/or resin treatment was also used on water collected during the 
recovery phase. Samples were collected from the production well 90mins into the recovery 
phase (18 July 2001) and also on 25 July 2001, 11 September 2001 and 28 November 2001. 
The sample collected after 90mins showed a spectrum entirely consisting of polysaccharide 
materials, and since this sample had been passed through a 0.451-lm filter, this 
polysaccharide was soluble. The subsequent samples showed spectra of the DOM which 
were consistent with the well waters and also showed a decrease in carboxylic acids but with 
no relative change in 0-alkyl content. This is consistent with the data from the wells during 
the injection phase (table 17.1 and table 17.2). The final column in table 17.2 shows the 
change in DOC and functional groups between the sample taken on 25 July 2001 and 28 
November 2001 as a percentage of the initial sample. Percentage values lower than the 
DOC row indicate a greater relative loss while higher values indicate a lower relative loss. 

Functional grou~ 25 Jul2001 11 Se~ 2001 28 Nov 2001 %final to original 
DOC 13.2 12.7 10.5 80 

Aldehyde/ketone 0.7 0.5 0.5 80 
Carbonyl/acid 1.8 1.4 0.9 51 

Aromatic 2.1 2.3 2.0 94 
0-alkyl 3.0 3.2 2.6 86 
Alk~l 5.5 5.3 4.4 80 

Table 17.2: Concentration of dissolved organic carbon (DOC) and various functional groups 
in milligrams of carbon per litre (mgC/L) of the recovered waters on three sample collection dates. 

Bulk samples from the DAF/F plant, the 4m well, and the 50m well were separated on XAD-8 
and XAD-4 by Dr. Roger Swift (University of Queensland) and the separated fractions 
subjected to solid-state 13C NMR analysis. Filtered (0.2!-lm) injectant and groundwater 
samples adjusted to pH 1.5 were separated on XAD-8 [(poly) methyl methacrylate] and 
XAD-4 (styrenedivinyl benzene) resins in tandem. 120L of water were applied at a rate of 
1.5L/hr, washed until Cl free with water, and back-eluted with 0.1 m NaOH. The back-eluates 
were passed through a column of IR-120 ion-exchange resin (H+ form) and freeze-dried 
(Hayes, et.al., 1997). The data show a substantial reduction in the XAD-4 fraction between 
the injection and 4m wells (figure 17.5). The XAD-4 fraction is dominated by carboxylic acids 
and 0-alkyi-C, and loss of this fraction should result in a general reduction in these two 
functional groups in the DOC as a whole. As well, the XAD-8 separated fractions show a 
significant relative decline in carboxylic acid, and to a lesser extent in the 0-alkyi-C material 
between the 4m and 50m wells. The more highly acidic materials therefore appear to be 
preferentially sorbed within the matrix. 
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Figure 17.5: CP/MAS 13C nuclear magnetic resonance (NMR) spectra of the XAD-8 fractions from 
(a) injectant, first cut; (b) 4m well, first cut; (c) 50m well, first cut; (d) 75m well; 

and (e) XAD-4 fraction from the injectant. 

Table 17.3 shows the contribution of the various spectral regions from the XAD-derived 
fractions. The spectra are of much higher quality than the freeze-dried samples and show 
similar trends with a decrease in the carbonyl peak with increasing distance from the 
injection well. The XAD fractions are much lower in 0-alkyi-C however, which suggests that 
some of this material was not recovered by the XAD resin methodology. 

XAD-8 XAD-8 XAD-8 XAD-8 XAD-4 
Injectant 4m 50m 75m Injectant 

Functional group 
Aldehyde/ketone 3 5 3 3 3 

Carbonyl/acid 18 15 15 14 21 
Aromatic 18 15 17 16 13 
0-alkyl 16 14 13 12 30 
Alkyl 44 51 52 55 33 

Table 17.3: Contribution (as a percentage) of various functional groups to the first cut 
of the DOM recovered on the XAD-8 and XAD-4 resins. 
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Total saccharide (sugar) content was measured on the organic matter obtained from the 
various water samples, following passage through XAD-8 and XAD-4 resins. As previously 
indicated, this process involves the sorption of DOM onto the resins. The organic fractions 
are subsequently washed off the resin, recovered and freeze-dried. Any saccharide material 
in these organic fractions is most likely to be in the form of polysaccharides or 
oligosaccharides. These may be present as separate entities or be attached to other 
components of the organic matter. It is unlikely that any simple monosaccharides would 
exist in these samples. 

Total sugars were measured using a colourimetric method based on that developed by 
Cheshire and Mundie (1966), involving hydrolysis with 12 molar (M) sulphuric acid followed 
by reaction with anthrone, to develop the colour which was then determined photometrically. 
Glucose and starch were used as standards and known additions were made as an 
additional check on recovery. 

Sample Injectant Injectant 4m Well 50m Well 
XAD-8 XAD-4 XAD-8 XAD-8 

Total Saccharide 
22 48 2 <2 

(mg/g*) 
*Error IS approximately ten percent 

Table 17.4: Total saccharide content of dissolved organic matter (DOM) 
samples recovered from XAD-8 and XAD-4 resins. 

75m Well 
XAD-8 

2 

The results show that considerable changes occur in the saccharide content of the DOM 
following injection into the aquifer and subsequent passage through aquifer matrix. It should 
be noted that no values are given for XAD-4 fractions from well samples because this 
fraction effectively disappeared after injection, whereas the XAD-8 fraction continued to 
move through the aquifer, albeit with a changing chemical composition. 

17.4 DISCUSSION OF RESULTS 

The DOC data show that there is considerable interaction between the DOM and the aquifer 
matrix. The significant initial retardation of the DOM between the injection point and the 4m 
well over a period of 1-2 days, indicates a rapid initial sorption of DOM to the matrix. With 
time, the sorption capacity appears to be reached under the injection conditions, and the 
DOC content of the 4m well approached that of the injectant. The difference between the 
injectant and 4m well of about 2mgC/L probably reflects microbial decomposition and 
assimilation of the DOM by the biofilm which builds up over time around the injection well. 
This loss could also represent a definite sorption process on the matrix. The much greater 
diminution of the DOM at the 50m and 75m wells also attest to the ability of the matrix to sorb 
a proportion of the DOM. 

The AMW data indicate that the molecular weight (MW) of the DOM materials is relatively low 
( <2000 Dalton), which is typical for reclaimed and surface waters (Drewes and Fox 1999, 
Pelekani, et.al., 1999). During passage through the aquifer there was loss of DOM and the 
higher MW materials appear to have been preferentially lost. To further test the possible 
mechanism for this loss, a sample of injectant was shaken with a finely divided sample of the 
aquifer matrix. AMW analyses showed that over this period DOM was reduced preferentially 
in the highest molecular weight material, reflecting the changes that occurred within the 
aquifer. Sorption by the matrix therefore appears to be a major mechanism for DOM loss 
within the aquifer. 
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There would also appear to be some major changes in the chemistry of the NOM following 
injection. The hydrophilic XAD-4 fraction (Aiken, et.al., 1992) does not survive passage 
through the aquifer, even as far as the 4m well. The chemistry of this fraction shows a 
predominance of carbonyl- and 0-alkyi-C. The carbonyl region, centred at 178ppm, 
suggests the presence of alkyl acids, although some amide in the form of proteinaceous 
material could also be present. The 0-alkyl region, which includes the small peaks near 
1 OOppm, suggests the presence of carbohydrates while the alkyl region centred at 35ppm 
indicates a branched tertiary carbon structure. 

The total saccharide data (table 17.4) shows that the composition of the XAD-4 fraction is 
significantly different from the XAD-8 fraction in that it contains more than twice as much 
carbohydrate material; 48mg/g in the XAD-4 fraction, versus 22mg/g of total saccharide in 
the XAD-8 fraction. This finding accords well with the evidence provided by the NMR spectra 
(see figure 17.5). It is noteworthy that the carbohydrate-rich XAD-4 fraction is quickly lost 
following injection into the aquifer and does not survive passage to the first sampling well. 

The total saccharide content of the XAD-8 fraction is highest in the injected water at 22mg/g, 
and quickly falls by an order of magnitude to 2mg/g or less for each of the well samples. 
Thus although the XAD-8 fraction of DOM continues to move through the aquifer, it 
undergoes a significant change in composition, particularly with respect to carbohydrate 
content. Most of this change occurs in the early stages after injection. 

Since the fractionated samples were obtained early in the recovery period, it is not possible 
to determine whether the hydrophilic XAD-4 material was sorbed by the matrix during the 
period of storage or was preferentially removed during passage through the zone of 
biological activity or biofilm. However the substantial loss of carbohydrate material from both 
the XAD-4 and the XAD-8 fractions in the area immediately around the injection point, tend to 
indicate that removal by biological activity could be the more likely mechanism. 

The more hydrophobic XAD-8 fractions appear to be sorbed to the aquifer matrix at a slower 
rate than the removal of the hydrophilic materials and so these may not be strongly sorbed. 
Even at the 50m well the DOC content continued to increase after breakthrough, indicating 
that the capacity of the matrix to sorb this fraction was not high, and was gradually being 
overcome. It is likely that the disproportionate or preferential decrease in carbonyi-C 
(probably as carboxylic acids) with distance from the injection well occurred because the 
more highly charged organic materials were preferentially sorbed on the matrix material, 
possibly by coulombic attraction to the cationic species held to the matrix. Thus the less 
polar (less charged), more alkyl components penetrated further into the matrix. The alkyl 
materials consisted of a mixture of longer-chained methylene carbons (29ppm) and branched 
tertiary systems (39ppm ). The source of the peaks near 128ppm is not clear. These peaks 
are often attributed to aromatic C and are commonly observed in humic acids (Watt, et.al., 
1996). In these highly alkyl materials the possibility of unsaturated alkyi-C cannot be 
discounted. 

The chemistry of the NOM recovered from the injectant and wells is very similar in nature to 
that reported in the literature recovered from surface, ground and reclaimed waters. Drewes 
and Fox (1999) for example, report 13C NMR spectra recovered from XAD resins, which are 
very similar to those reported here. 13C NMR spectra of XAD-8 derived NOM materials from 
their Mines and Energy SA (MESA) soil aquifer treatment (SAT) site, show almost identical 
spectral profiles to those obtained in the present study. An increase in alkyi-C and 
decreases in 0-alkyl and carbonyl with increased storage time was observed. They also 
demonstrate that these spectral profiles are similar not only to the background groundwater, 
but also to drinking water. 
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Watt, et.al., (1996) report 13C NMR spectra of humic acids (HA), fulvic acids (FA) and XAD-4 
acids from three surface waters and a groundwater from Britain. The FA and XAD-4 acids 
show very similar spectral profiles to those reported here, with those for the groundwater 
being almost identical. The DOC entering and passing through the aquifer therefore can be 
considered as a member of the NOM class of materials, and would be expected to behave 
as other NOM materials. 

The major difference between the results from this study and others reported in the literature, 
is the lack of hydrophilic XAD-4 material within the aquifer. Drewes and Fox ( 1999) report 
very little change in XAD-8 and XAD-4 components, while McCarthy, et.al., (1993) report a 
greater loss in high molecular weight hydrophobic XAD-8 materials. The reason for these 
differences between studies is not clear, but preferential removal of the XAD-4 fraction 
through the rapid build-up of an active biofilm around the injection well would seem to be one 
likely cause in the present study. Sorption to the soil matrix is another. If this material was 
preferentially and strongly sorbed to the matrix, it is unlikely that its occurrence would be 
commonly reported in the wide range of surface and groundwaters from a variety of sources 
that have been studied. 

Due to the similarity in the nature of the DOC in waters from the Bolivar site and of NOM in 
other studied sites, the reaction of the reclaimed water to impacts such as chlorination should 
be little different. The loss of DOM occurs through a combination of microbial degradation 
and adsorption. Microbial degradation will help to add to the biofilm mass but this can be 
readily dealt with. Adsorption would not necessarily preclude later decomposition of the 
adsorbed DOM, however the slower sorption processes will probably ultimately lead to a 
reduced capacity of the site to absorb DOM. The adsorption process appears to be 
generally slow and incomplete. 

17.4.1 Implications for Disinfection By-Products (DBPs) 

As will be discussed in chapter 18 of this report DBP formation is closely correlated with 
DOC, but the relative potential varies among waters of different origin. Relative to the same 
DOC content, aromaticity, and to a lesser extent the presence of higher AMW materials, 
increase DBP formation. Humic acids (HA) therefore, which are much higher in AMW and 
aromaticity have a much higher potential for DBP formation than fulvic acids (FA). The DOM 
in these waters are low in aromaticity and also have AMW generally <3,000 Dalton, and 
therefore would be expected to have a relatively low potential for DBP formation per unit 
weight of DOC. As demonstrated above, during passage through the matrix, all of the 
functional groups decrease although the aromaticity declines the least. The potential for 
DBP formation would therefore be expected to decline with decreasing DOC, although the 
potential for DBP formation per unit weight of DOC may be slightly higher towards the later 
stages of recovery, due to the slightly higher relative aromaticity of the DOM following 
passage through the matrix. 

17.5 CONCLUSIONS 

The conceptual model proposed appears to approximately describe the observed processes. 
That is, filtration of POC, sorption of higher molecular weight DOM, and bio-accumulation of 
0-alkyi-C including carbohydrates occur near the injection well. These contribute to active 
biological growth and the rapid demand for electron acceptor clearly observed during storage 
periods (see chapter 11 of this report). 

The composition of DOC from the injection and observation well waters at the Bolivar site are 
typical of NOM present in other natural surface and groundwaters. During injection, 
hydrophilic materials retained on XAD-4 are preferentially lost, probably through microbial 
decomposition. The higher AMW, more acidic materials are preferentially sorbed within the 
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aquifer by the matrix. The more hydrophobic materials retained on XAD-8 are less strongly 
sorbed to the mineral matrix, and are transported more readily through it. After an initial 
period of sorption, breakthrough of DOM occurred at observation wells at 4m, 50m and 75m, 
with partial residual loss of DOM. Aromatic OC decreases at a slower rate than most DOM 
during passage through the aquifer, suggesting that the DBP formation potential may decline 
at a rate slower than would be predicted based on attenuation of DOM alone. 
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18.1 INTRODUCTION 

Disinfection of water is carried out to protect public health from risks associated with 
microbial pathogens. The most commonly used disinfectant for treatment of potable water 
supplies is chlorine because it is both cheap and effective. It is well known that chemical 
disinfection produces disinfection by-products (DBPs) through their reaction with the natural 
organic matter (NOM) found in the water. Where chlorine is used for disinfection, 
halogenated DBPs form, of which the trihalomethanes (THMs) and haloacetic acids (HAAs) 
predominate (Rook 1974, Dillon and Toze 2005). 

Some of the DBPs that are produced are carcinogenic in animals, and are therefore possible 
human carcinogens. As such, the maximum permissible drinking water guideline level for 
total trihalomethanes (TTHMs) is set for Australia at 250f..lg/L (NWQMS 1996), for the United 
States at 80f..lg/L (Pontius 2000), and for Germany at 1 Of..lg/L. The stricter guidelines can be 
difficult to meet, even in waters with low levels of NOM. 

Chlorination is also a form of pre-treatment of source water for aquifer storage and recovery 
(ASR) where it has been assumed to assist in controlling microbial fouling around the 
injection/recovery (ASR) well. Although much is known about the disinfection processes and 
the factors controlling DBP formation, much less is known about the behaviour of DBPs in 
aquifers during ASR. The few studies that have been conducted, include those by Roberts, 
et.al., (1982), Singer, et.al., (1993), Miller, et.al., (1993), Mirecki, et.al., (1998), Thomas, 
et.al., (2000), Fram, et.al., (2003). With the exceptions of Roberts, et.al., (1982) and Fram, 
et.al., (2003), these studies have largely been qualitative in nature, with the level of analysis 
generally extending no further than to examine whether attenuation does, or does not, occur. 
It has been revealed however, that formation of DBPs may continue to occur following 
injection (Singer, et.al., 1993, Fram, et.al., 2003) leading to concentrations in recovered 
water that may exceed that of the injectant. 

The reclaimed water ASR Trial at Bolivar has facilitated the collection of quantitative data on 
DBP fate and transport in groundwater. Between October 1999 and November 2001 THMs, 
HAAs, and a conservative tracer were monitored in the water injected and recovered from 
the ASR well and at a number of observation wells. 

The broad aim of the Bolivar ASR Trial is to evaluate the viability of storing surpluses of 
reclaimed water into a carbonaceous aquifer for irrigation supplies during dry periods (Dillon, 
et.al., 1999, Martin, et.al., 2000). A number of other research activities that are being 
undertaken at the site include work on aquifer characterisation and conservative solute transport 
(Pavelic, et.al., 2001 ); isotropic tracer studies (Le Gal La Salle, et.al., 2001 and 2002); 
geochemical transformations (Vanderzalm, et.al., 2002); well clogging; fate of injected natural 
organic matter (NOM) (Skjemstadt, et.al., 2002); and microbial ecology/fate of pathogens (Toze 
and Hanna 2002). 
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The primary aim of this study is to evaluate the fate of THMs and HAAs that are present in 
the injected, chlorinated, source water during ASR at the Bolivar site. The specific objectives 
of the study are to: 

a) Determine retardation factors based on literature values of sorption coefficients and 
aquifer parameters, and compare with observed breakthrough curves; 

b) Quantify rates of attenuation of DBPs at the ASR well and at observation wells, 
accounting for the effects of mixing, and examine the association between 
persistence, and the redox and thermal conditions in the aquifer; 

c) Assess the potential for the formation of DBPs in the aquifer; and 
d) Evaluate the change in DBP precursors and DBP yield. 

DBPs are not an issue at the Bolivar site given that the recovered water will not be used for 
potable purposes. However this study offers an opportunity to extend our understanding of 
the fate of DBPs in deep anoxic groundwaters (and hence an improved understanding of 
potential public-health risks associated with microbial pathogens), through the detailed 
characterisation of the aquifer material and ambient groundwater; monitoring the quality of 
the chlorinated injectant for a range of characteristics (including NOM); and sampling from a 
number of observation wells and recovered waters. The data also allow comparisons to be 
drawn with corresponding data from ASR sites situated in other hydrogeological 
environments (Dillon and Toze 2005). 

18.2 METHODS AND MATERIALS 

18.2.1 Sample Collection and Analysis 

THMs were monitored approximately fortnightly in the injectant, stored groundwater and 
recovered water. HAAs were monitored on three occasions over the duration of the third 
injection test. Samples to be analysed for DBPs were collected by filling (without headspace) 
500mL plastic bottles containing sodium thiosulphate to quench the excess chlorine residual, 
stored on ice, and submitted to the National Accreditation Testing Authority (NATA) 
accredited Australian Water Quality Centre (AWQC) laboratories within eight hours of 
collection, and analysed using in-house methods. This sampling program was part of the 
broader water quality evaluation. 

18.2.2 Analysis of Disinfection By-Product (DBP) Data 

18.2.2.1 Sorption 

If sorption of a DBP compound is assumed to follow a linear isotherm, then it can be shown 
that the movement of that species is retarded with respect to the movement of water by a 
ratio known as the retardation factor {R) which is defined as: 

R = 1 + ((1-n}/n) Ps Kd Eqn (1) 

where Kd =.focKoc and 
Kc1 is the distribution coefficient for a linear isotherm; 

Ps. = particle density of organic carbon (OC) of the porous media; 
n = porosity of OC of the porous media; 
foe = weight fraction of OC of the porous media; and 
Koc = adsorption coefficient related to OC content. 
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18.2.2.2 Attenuation 

Two classes of solute are considered: the conservative tracer C1 (i.e: chloride (CI)); and the 
reactant C2 (i.e: DBP). It is assumed that the concentration in the injectant C1 inJ• and in the 
ambient groundwater C1 amb, are constant, and that these concentrations are sufficiently 
different such that the proportion of injectant present in any sampled mixture at any time 
(otherwise known as the 'mixing fraction' .fi (t)), can be estimated from the following simple 
mass balance equation: 

where c1 
cl in} 

cl amb 

CI(tJmix 

= chloride (CI) as the conservative tracer; 
= tracer concentration in the injectant; 
= tracer concentration in ambient groundwater; and 

Eqn (2) 

= tracer concentration in the mixture at any particular time during 
the storage or recovery phases of the ASR cycle. 

Although conservative behaviour is not presumed for the reactant, the corresponding mixing 
fraction (h (t)) is calculated by equation (3). 

j
2

(t)= C2(t)mix-C2amb 

c2inj- c 2amb 

where C2injo 

C2amb 
C2(t)mix 

18.2.3 Methods 

Eqn (3) 

= concentration of reactive solute in the injectant; 
= concentration of reactive solute in ambient groundwater; and 
= concentration of reactive solute in the mixture. 

The general principles behind the two methodologies of DBP data analysis are described 
below. The principal difference between them is that Method 1 assumes the injectant is 
introduced as an instantaneous (Direct) pulse; whilst Method 2 accounts for the extended 
nature of injection by considering exponential decay of the reactant over the course of the 
injection phase. 

18.2.3.1 Method 1 

The attenuation of DBPs can generally be described by a first-order reaction. That is, the rate of 
attenuation at any time (t,) is a function of the concentration of the reactant C2• This may be 
described by the kinetic equation (4). 

acz = -kc 
at 2 Eqn (4) 

where k is the attenuation rate coefficient [time-1
]. 

Equation (4) may be solved to yield the following exponential relationship, which relates the 
concentration at any sampled time C2(t), to the initial concentration C2(0). 

Eqn (5) 
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Equation (5) can then be rearranged for the only unknown term k, as expressed in equation (6). 

Eqn (6) 

Generally equation (6) can be applied to batch-reactor types of experiments, but cannot be 
directly applied to ASR studies because waters withdrawn during the recovery phase are a 
blend of the injected and ambient end-members. 

To compensate for the effects of mixing in the aquifer, equations (2) and (5) are combined to 
form equation (7). 

C (t) = .ft (t) C (0) e -kt 

z .ft(O) z 
Eqn (7) 

Hence: 

-ln[Cz(t)J;(O) l 
k = C2 (Ott; (t) J 

t 
Eqn (8) 

Equation (8) can be used to describe the rate of attenuation of DBPs in an aquifer during the 
storage or recovery phase, at either the ASR well or an observation well. 

18.2.3.2 Method 2 

An approach similar to the above was developed by Haggerty, et.al., (1998) for analysing the 
rate coefficients for microbially-induced reactions (e.g: denitrification) from "push-pull" tests 
(which are essentially a scaled-down version of ASR). The authors have shown that at the 
end of injection at a constant rate, with constant concentrations C1 and C2 for a period tinJ• 
that: 

Eqn (9) 

The attenuation rate can be estimated from the best-fit of the slope of the plot of the left hand 
side of equation (9), versus the time since injection ceased (t-tinj}. 

Attenuation is generally expressed in terms of the so-called "half-life" (t112), which is simply 
the time necessary for the concentration to halve. From equation (6) we can see that: 

ln(0.5) 0.693 
th=- k = k Eqn (10) 
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18.2.3.3 Assumptions 

The main assumptions associated with both Method 1 and Method 2 above are described 
below. 

End-Member Concentrations are Constant: 

Temporal variability in the injected concentrations of either the tracer or reactant, or spatial 
variability in ambient concentrations, lead to errors in the calculated attenuation rate. Neither 
model allows for the effects of spatially-variable tracer concentrations which can be 
problematic after the first ASR cycle. Non-zero background DBP concentrations are 
accounted for through the use of the mixing fraction fi (t)) rather than the measured 
concentrations (equation (3)). Both are non-issues at the Bolivar site. 

No Formation of Disinfection By-Products (DBPs) in the Aquifer: 

This is most problematic where formation is ongoing over the period where attenuation is 
evaluated. However, when formation occurs it is generally rapid (see subsequent section) 
and has typically reached completion before groundwater monitoring commences. This 
leads to elevated concentrations, but should not impact on the determination of k. 

Spatially-Uniform Attenuation Rates: 

This assumption may not always be met since for instance there is the potential for multiple 
redox zones to occur in the storage zone. Analysis of the data from more than one well and 
any given site, gives some indication of the significance of this phenomenon. 

Losses Due to Adsorption Are Small: 

It is assumed that removal by degradation is the dominant removal mechanism and this is 
supported by the data shown previously (table 18.2). 

The errors associated with the decay-dilution approach are mainly attributed to the 
uncertainty in the mixing fractions, due to spatial and temporal variability effects as 
previously discussed. The uncertainty in half-lives was estimated by calculating the upper 
and lower 95% confidence limits about the mean half-life, by adding for the lower limit and 
subtracting for the upper, twice the standard error of the inactivation rate (note that this 
produces results which are non-symmetric about t 112 ). 

18.2.4 Formation 

Models to describe the formation of THMs following chlorination have recently begun to 
emerge (Clark and Sivaganesan 1998, Westerhoff, et.al., 2000, Gallard and von Gunten 
2002). Of these, the model of Clark and Sivaganesan (1998) was chosen for use in this 
study since its development was based on a substantial set of water quality data (42 waters), 
and the data needed to derive the coefficients in the model were readily available. 

The ultimate equation given by Clark and Sivaganesan, derived from second-order kinetics 
for coupled TTHM formation and chlorine decay, is given in equation (11 ). 

Eqn(11) 

where R =a dimensionless parameter defined in equation (12) below; 
D =a dimensionless parameter defined in equation (13) below; 
C3(0) = the initial chlorine residual; and 
kc = the rate constant for chlorine decay [time-1

]. 
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The equation describing changes in residual chlorine with time is given in Clark and 
Sivaganesan (1998). 

The water quality parameters required for the model include chlorine dosage, pH, 
temperature and TOC. Unfortunately bromide and ammonia concentrations are also known 
to play a role but were not considered (nor was the OC in the aquifer whose effect is 
unknown). Best-fit equations were deduced from empirical data by Clark and Sivaganesan 
to predict the three unknowns D, kc, and Mwhich were given by the equations below. 

R = eo.32( C3(0Jro.44(TOC)o.63(pHro.29(Temp )o.t4 

D = el.49( c3(0Jro.4s(TOC)o.ts(pH)o.96(Temp )o.2s 

In 

(M) = -2.46-(0.19*TOC)-(0.14*pH)-(0.07*Temp)+(O.Ol *Temp*pH) 

where 

Eqn (12) 

Eqn (13) 

Eqn (14) 

Eqn (15) 

18.3 COMPOSITION OF INJECTED WATER AND AMBIENT GROUNDWATER 

The compositions of injected water and ambient groundwater are substantially different (table 
18.1 ). The anoxic ambient groundwater is a sodium-chloride water-type and only the high 
concentration of dissolved solutes prevents its use for irrigation or drinking. The source 
water is colder, has higher levels of dissolved oxygen (DO), organic carbon (OC), other 
nutrients, and bacteria; but has lower salinity than the ambient groundwater. Particulate 
organic carbon (POC) (<0.451J.m) made up on average about ten-percent of the total organic 
carbon (TOG). The quality of the reclaimed water exhibits significant temporal variability, as 
reflected in the relatively high values of standard deviations given in table 18.1. Chloride (CI) 
is a useful conservative tracer in this system due to the contrast between the relatively fresh 
injectant and the brackish ambient groundwater. The effect that the chloride residual 
(average concentration of 0.7mg/L) would have on the injected chloride concentration 
(average concentration of 433mg/L) due to hydrolysis reactions would be insignificant. 

PARAMETER 
(mg/L) 

Temperature (0 C) 
pH 
Dissolved Oxygen (DO) 
Redox Potential (Eh) (mV SHE) 
Electrical Conductivity (EC) (~-tS/cm) 
Chloride (CI) 
Bromide (Br) 
Sulphate (S04) 
Ammonia-NH3 
Nitrate-N03 
Dissolved Organic Carbon (DOC) 
Total Organic Carbon (TOG) 
Chlorine residual- total (Ciror) 
Heterotrophic Plate Count (cells/ml) 

INJECTANT 

20.4 ± 4.5 
7.1±0.4 
4.4 ± 3.4 
300 ± 260 
2270 ± 90 
433 ± 40 
1.2 ± 1.1 
208 ± 13 

15.5 ± 11.3 
1.4 ± 1.5 

16.7±2.1 
18.2 ± 2.3 
0.7 ± 0.4 

1.7x105 ±2.3x105 

AMBIENT 
GROUNDWATER 

25.9 ± 1.0 
7.3±0.1 
0.1 ± 0.1 
42±32 

3590± 330 
932 ± 92 
3.3 ± 0.4 
274 ± 39 

0.08 ± 0.06 
<0.005 

0.3 
0.3 
0 

120 ± 130 

Table 18.1: Composition of the injected water and ambient groundwater. 
Means and standard deviations reported. 
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18.4 RESULTS AND DISCUSSION 

18.4.1 Variability in Injected Disinfection By-Product (DBP) Concentrations 

DBP concentrations in injectant were very variable with TTHM concentrations ranging from 
five to 157~-tg/L (figure 18.1 ). Similar trends were evident for individual THMs and HAAs. Most 
of this variability can be related to changes in ammonia concentrations in source water. 
When chlorine is added to ammonia-containing waters, the ammonia competes with NOM to 
form chloramines, reducing production of DBPs. Other factors such as temperature and 
chlorine residual appear to be of secondary importance. 

Over the period from October 2000 to March 2001, ammonia levels declined from around 
28mg/L during winter, to <0.1 mg/L in summer (January to March 2001) (figure 18.1 ). Thus, 
during winter most of the added chlorine was consumed by the ammonia, and THM levels 
were very low (<30~-tg/L), whilst during summer THM levels were much higher (>140~-tg/L). 
For monitoring purposes it was fortuitous that the final injection phase concluded at a time 
when injected concentrations were high, allowing a strong signature in the groundwater at 
the ASR and 4m wells over the storage phase. Vanderzalm, et.al., (2002) suggests the 
changes in ammonia concentration to be driven by nitrification and denitrification processes 
within the lagoon detention step in the standard temperature and pressure (STP). 
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Figure 18.1: Total trihalomethanes (TTHM's) and ammonia (NH3) concentrations in 
the injected water during test 3, August 2000 to March 2001. 

18.4.2 Typical Injected Disinfection By-Product (DBP) Composition 

The relative concentrations of individual THM constituents in the injected water at the end of 
the test 3 injection (when ammonia concentrations were low) are presented in figure 18.2. 
This shows that the brominated by-products CHCI2Br (dichlorobromomethane) and CHBr3 
(bromoform) were dominant. Brominated DBPs arise from the oxidation of bromide (which is 
a natural constituent of the injected water, as seen in table 18.1 ), to hypobromous acid by the 
chlorine used for disinfection. The hypobromous acid (HOBr) reacts with the NOM in 
competition with the chlorine, thereby leading to the incorporation of bromine into the DBPs 
formed. 
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1 a CHCI3 
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[] CHCIBr2 
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Figure 18.2: Trihalomethane (THM) constituents in source water during 
the final month of injection test 3 (March 2001 ). 

18.4.3 Breakthrough of Trihalomethanes (THMs) at 4m Observation Well During 
Injection Test 1 

The first evidence on the fate of THMs in the aquifer emerges from results of breakthrough of 
injected water at the 4m observation well during test 1 (figure 18.3). The travel-time of the 
injected water to the 4m radius was determined using chloride data to range from one to two 
days, depending on the rate of injection. 

The fractional breakthrough for chloride (f!), and THMs (/2), (as defined in equations (2) and (3)) 
at the 4m well during test 1 is given in figure 18.3. Chloroform (CHCb) was clearly the most 
mobile with little or no lag, as compared to chloride in terms of the first arrival of the injected 
water front, and perhaps small fluctuations in the plateau concentration, due to other reactive 
processes which will be discussed later. For other THMs the degree of removal was sufficient 
for levels at the 4m observation well to be below the detection limit of 1 ~g/L. 

As water moves through the aquifer DBP compounds will be adsorbed into particulate matter 
until equilibrium, as determined by the chemical's partition coefficient between the water and 
the organic component of the solid phase (Koc), is reached. The overall effect of adsorption 
on movement of injectant away from the ASR well will be the retardation of components 
relative to the movement of injected water as traced by chloride. 

0.8 

0.6 

f 
0.4 

• Cl 
-+- total THMs 

0.2 -e- CHCI 3 

-X- CHBr 3 

o~~~~~~~~~~~~~~~~~~ 

10/10 17/10 24/10 31/10 7/11 14/11 21/11 28/11 

1999 

Figure 18.3: Mixing fractions (f) for various trihalomethanes (THMs) 
at the 4m observation well (#19450) during injection test 1. 

Table 18.2 lists the DBPs for which Koc has been determined, also the calculated retardation 
factors based on parameter estimates for Aquifer T2 at Bolivar. The very low retardation 
factors suggest that adsorption is of minor consequence. Retardation factors are generally 
calculated from the breakthrough curves at observation wells, although in this case only data 
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for chloroform (the only DBP not substantively affected by degradation), does not deviate 
significantly from chloride, and so verifies the low sorptive capacity of Aquifer T2. Roberts, 
et.al., (1982) and Fram, et.al., (2003) have drawn similar conclusions at field studies in 
California. 

DBP 

Chloroform (CHCI3) 

Bromodichloromethane (CHCbBr) • 
Dibromochloromethane (CHCIBr2) • 

Bromoform (CHBr3 ) • 

Dichloroacetic acid (CHCI2C02H) # 

Trichloroacetic acid (CCI3COzH ) # 

*in Buszka, et.al., 1994. 

59 
48 
77 
151 
5.2 
32 

RETARDATION 
FACTOR 

1.4 
1.3 
1.5 
2.0 
1.0 
1.2 

# International Labour Organisation, International Chemical Safety Cards. 

Table 18.2: Adsorption coefficient (Koc) and retardation factors of disinfection by-products (DBPs ), 
based on a density of aquifer solids of 2.65g/cm3

, a porosity of 0.45, and an organic carbon (OC) 
content of 0.2%. Modified from Nicholson, et.al., 2002. 

18.4.4 The Role of Other Abiotic Processes? 

THMs and HAAs can potentially be degraded by chemical hydrolysis which involves attack 
by hydroxide ion at the carbon bearing the halogen substituent, however extremely long 
hydrolysis half-lives have been reported (e.g: in Buszka, et.al., 1994). Although no specific 
hydrolysis data for HAAs are available, it would appear that rates are also very slow. Thus, 
chemical hydrolysis is not considered to be important in the degradation of THMs or HAAs. 
Removal of HAAs by other abiotic processes may occur by decarboxylation to form the 
corresponding THM compound, however this also occurs at an insignificant rate (Dillon and 
Toze 2005). The evidence is therefore consistent with a microbial mechanism for DBP 
removal. 

18.4.5 Breakthrough of Haloacetic Acids (HAAs} at the 4m Observation Well During 
Injection Test 3 

The data available for HAAs was less extensive than for THMs. The injectant had a range of 
HAAs present with a relatively high proportion of brominated compounds, as was the case 
for the THMs (table 18.3). Only dichloroacetic acid at a concentration of 1 f..lg/L was detected 
at the 4m observation well on the day that the final injection test ceased. Thus, all HAAs 
apart from dichloroacetic acid, were effectively removed during the roughly one to two day 
period required to reach that observation well. Data which shows that retardation factors are 
low and hydrolysis is negligible, reaffirms the ready-removal of these compounds, as noted in 
previous studies (Landmeyer, et.al., 2000, Thomas, et.al., 2000, Singer, et.al., 1993). 

HAA 

Chloroacetic acid CH 2CIC02H 
Dichloroacetic acid (CHCizCOzH) 
Trichloroacetic acid (CCI3C02H) 
Bromoacetic acid (CH2BrC02H) 
Dibromoacetic acid (CHBr2C02H) 
Bromochloroacetic acid (CHBrCIC02H) 
Bromodichloroacetic acid (CBrCI2C02H) 
ND =not determined 

Concentration 
(1-lg/L) 

Injectant 4m Well 
<5 <5 
3 1 
18 <1 
<1 <1 
<1 <1 
2 <1 

35 ND 

Table 18.3: Haloacetic acid (HAA) levels in injectant and the 4m observation well at the end of test 3. 
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18.4.6 Trihalomethane (THM) Changes Over Time at the ASR Well, and 4m and 50m 
Observation Wells 

Only an approximate appraisal of changes in DBPs over extended time-frames could be 
gained for the intervening period between tests 1 and 2 (November 1999 to April 2000), 
which followed 29ML of injection due to the paucity of data. Sampling of the ASR well 16.3 
weeks after the cessation of injection in test 1 found chloroform to be the only THM detected at 
a concentration of 1 1-lg/L, compared with less than the average concentration injected of 6~-tg/L. 

The most useful monitoring period was that during the April to July 2000 storage phase that 
followed 248ML of injection. Virtually all DBPs were removed prior to the start of the 
recovery phase at the ASR well (figure 18.4(a)). As there was no significant change in 
chloride concentration during storage from mixing with ambient groundwater, this must be 
attributed to degradation. There appears to be a difference in attenuation rates between the 
ASR well and the 4m well, with greater persistence associated with the 4m well (figure 
18.4(b)). A brief pulse of some of the chlorinated THMs in the recovered water at the 
commencement of pumping is clearly the result of residual THMs in the vicinity of the 4m 
well. 

No THM breakthroughs were detected at either of the three next closest observation wells at 
the 50m radius, where complete breakthrough of injected water had occurred by the end of 
the injection phase. The appropriate data relating to one of these wells (#19181) for a 180 
day period following injection, is shown in figure 18.4(c). 

18.4.7 Application of Decay-Dilution Approach to the Field Data 

Plotting the log-transformed concentrations of the relative DBP and Cl ratios of Method 2 (as 
described in section 18.2.3.2) as a function of time since the end of injection allows k (and 
therefore t112 ) to be determined from the regression slope. Note from the presence of kin the 
denominator that the higher the attenuation the lower the half-life, and vice versa. An 
example plot based on the TTHM data is given in figure 18.5. Concentration data from the 
first groundwater sampling onwards (day seven) was used, since concentrations at t-tinj = 0 
may not have been representative of input concentrations (refer to section 18.2.3.3). 

Table 18.4 presents attenuation rate data, expressed as half-lives for total a:nd individual 
THM compounds and HAAs, using Method 2. Despite differences between the two methods 
described earlier in section 18.2.3, numerically equivalent rates are derived, since in practice 
equations (8) and (9) are differentiated by the inclusion of two constants in the logarithmic 
term on the right hand side of equation (8), which affects only the absolute value, but has no 
influence on the slope (i.e: k). 

Half-lives for CHCI3 are generally higher than other THMs (15-65 compared with <1-39 days). 
CHBr3 was the most rapidly attenuated THM. HAAs are readily removed during passage to 
the nearest observation well at the 4m radius, indicating the half-life is less than one day. 

Perhaps one of the most pronounced features of the data is the two- to five-fold contrast in 
DBP attenuation between the two wells. These data are consistent with the view that the 
microbially-active environment close the ASR well is more conducive to degradation than the 
zone at the margins of the injected water plume. It is relevant to note that Rittmann, et.al., 
(1980) demonstrated that the biofilms which develop around injection wells have the capacity 
to significantly enhance degradation of THMs. Biofilm development is common to ASR with 
reclaimed water, and laboratory column studies using Bolivar aquifer materials and source 
water have demonstrated their development over time (Rinck-Pfeiffer, et.al., 2000). 
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Roberts, et.al., (1982) reports on the injection of chlorinated reclaimed water at the Palo Alto 
Baylands site in the San Francisco Bay area. Half-lives of 23 days were reported for each of 
the THM compounds, which is within the range of values reported herein. Singer, et.al., 
(1993) found that THM and HAA removal occurred beyond that which could be accounted for 
by mixing, and HAA removal was found to be most rapid. Attenuation rates were not 
reported. 
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Figure 18.4: Trihalomethane (THM) and chloride (CI) data during 
storage period following test 3 and earliest recovery at the 

(a) aquifer storage and recovery (ASR) well; (b) 4m well; and (c) 50m well. 
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Figure 18.5: Log-transformed total trihalomethane concentration data for the ASR well and 4m well 
showing lines of best-fit used to calculate k and t112 for the storage period following test 3. 

Half-Life 

Well 
(days) 

TTHMs CHCI3 CHCI2Br CHCIBr2 CHBr3 HAAs 

ASR well 14 [12-17] 15 [13-18] 13 [9-29] 17 [11-36] < 1* 

4m 
40 [36-49] 65 [53-84] 31 [27-35] 27 [22-35] 9 [8-12] 

obs.well. 
< 1* [na] 

* based on concentration changes between the ASR and 4m wells during the injection phase, 
since there is insufficient data above the detection limit to make reliable estimates during the 
storage phase. 

Table 18.4: Disinfection by-product (DBP) attenuation rate data expressed as half-lives 
for the Bolivar site based on data collected during the storage phase following test 3. 

95% confidence limits shown in brackets alongside the 'best-fit' value. 

18.4.8 Relationship Between Half-Lives and Redox Conditions 

DBP attenuation is principally microbially-mediated. The literature suggests that HAAs are 
readily microbially degraded under both aerobic and anaerobic conditions. However, 
reducing conditions are required for effective degradation of THMs, and highly-reduced 
conditions are needed to degrade CHCI3. Under aerobic conditions THMs have been 
observed to behave conservatively (Miller, et.al., 1993). 

Causes for the differences in attenuation rate between the two wells are sought by examining 
the geochemical characteristics at the wells. During the injection phase, the contrast 
between the quality of the injectant and the 4m well was relatively subdued, however a 
strong geochemical gradient developed between the two wells during the storage phase 
(Vanderzalm, et.al., 2002), which could not be attributed to mixing, as shown in figure 18.4. 
Decreases in redox potential (Eh) at the ASR well were consistent with increased microbial 
activity (figure 18.6). Eh values at the 4m well were typically higher. Depletion of nitrate in 
the groundwater around the ASR well in the initial stages of the storage phase allowed a 
reduction in the sulphate concentration of up to 1.5mmoi/L, whilst no sulphate reduction 
occurred at the 4m well. This indicates the highly localised nature of the near-well redox 
zone. Hydrogen sulphide and methane gas were also present at the ASR well at the end of 
the storage period but not in the 4m well. The mean temperature of the groundwater was 
approximately 20°C; and the mean temperature difference between the two wells being 
<1°C. 
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Based on the geochemical data, the most reducing redox condition of the groundwater 
during the storage phase was nitrate reducing at the 4m observation well and methanogenic 
at the ASR well. The more rapid removal of THMs under methanogenic conditions observed 
in this study is consistent with the literature (Nicholson, et.al., 2002). 
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Figure 18.6: Redox potential (Eh), nitrate (N03) and sulphate (804) changes 
at the ASR and 4m wells during the storage phase and on the commencement of recovery. 
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Figure 18.7: Predicted gross trihalomethane (THM) formation and chlorine decay for Bolivar injectant. 
Temperature= 20°C; pH = 7.0; total organic carbon (TOC) = 18mg/L; and chlorine residual = 1 mg/L; 

giving D = 112 (equation (13)); k" = 7.36 (equation (11)); and M= 0.001 (equation (15)). 
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18.4.9 Formation of Disinfection By-Products (DBPs) in Aquifers 

The concentrations of DBPs produced through chlorination depend on a number of factors. 
For each THM the ultimate concentration depends on chlorine dosage and contact time, the 
type and concentration of NOM present, water temperature, pH, NH3 and bromide 
concentrations (Symons, et.al., 1982). 

A number of previous studies on disinfection in the water treatment field have shown that the 
reaction chain that leads to DBP formation (e.g: Cl2 ~ HOCI/HOBr ~ THMs) is not 
instantaneous, but typically occurs over time-scales of tens- to hundreds- of hours (e.g: Clark 
and Sivaganesan 1998). Further, it has been recognised that in some circumstances, largely 
depending on chlorine dose and demand, DBP concentrations may continue to increase 
during transport through the distribution system, as residual chlorine reacts with NOM (Chen 
and Weisel 1998). Continued formation of DBPs in aquifers is likely in light of the common 
practice of chlorinating the injectant at the well head. If the chlorine dose exceeds the 
demand, then chlorine will not be totally consumed and DBP formation incomplete before 
injection occurs, and subsequent sampling may reveal a DBP concentration increase in the 
aquifer. 

The application of the model to "typical" Bolivar injectant (presented in figure 18. 7) shows 
that the asymptotic formation of TTHMs is associated with a corresponding decline in 
residual chlorine. Seventy-one percent of the final concentration is reached within the first 7 
days (the period before the first groundwater sampling takes place) but formation may 
continue for up to 30 days. The maximum predicted concentration of 11 OJ.Lg/L would be in 
excess of the TTHM concentration that may have been present in the water prior to injection. 

18.4.1 0 Field Observations 

To assess whether or not THM formation occurred at the Bolivar site, THM concentrations in 
the injectant as measured at the well head, were compared with concentrations measured in 
the groundwater at the 4m observation well on 17 occasions during the injection test 3. The 
results presented in figure 18.8 show some evidence for increased THM concentrations in 
the aquifer. Formation clearly occurred in the aquifer with respect to chloroform (CHCI3) and 
dichlorobromomethane (CHCI2Br) only at the start and at the end of the period, but was not 
observed for dibromochloromethane (CHCIBr2) or bromoform (CHBr3) during the 1-2 day 
travel-time to this well. In the case of CHCIBr2, there was no significant concentration 
change, whilst for CHBr3 groundwater concentrations were significantly depressed and 
generally measurable only when input concentrations were high due to rapid degradation. 
HAA concentrations would also be expected to increase but this is offset by their very rapid 
removal. 

Measurements of the total chlorine residual at the well head, although sparse, revealed that 
where formation occurred there was a residual ranging between 0.3 and 1.1 mg/L. Where 
THM formation did not occur chlorine residuals were less than the detectable limit of 
0.1 mg/L. The absence of ammonia during the latter period was clearly a contributing factor 
in allowing chlorine concentrations to persist and thus formation to occur. It should be noted 
that frequently an apparent lack of TTHM increase is actually due to CHCI3 and CHCbBr 
formation being insufficient to offset the collective decreases of CHCIBr2 and CHBr3. The 
maximum measured formation for TTHM was substantially less than that predicted by the 
model due to the attenuation, which occurred concurrently. 

Large declines in HAA concentrations had earlier occurred during passage to the 4m well 
(table 18.3) implying there was no formation of any measured HAA compound. 
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Figure 18.8: Trihalomethane (THM) concentrations in injectant and in groundwater 
at the 4m observation well during injection test 3. 

(Travel-time to observation well is 1-2 days). 
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18.4.11 Changes in Disinfection By-Product (DBP) Formation Potential (FP) 

A reduction in the level of DBP precursors through ASR represents a potential water quality 
improvement, since this could be expected to yield lower levels of DBPs following post
chlorination of recovered water. 

The DBP formation potential (FP) is used to evaluate the propensity of NOM to form DBPs 
by exposing the water sample to excess chlorine under standardised test conditions, and 
measuring the peak concentration of DBPs formed. In this test conditions specified that 
waters be buffered at pH 7.4, dosed with 20mg/L chlorine, and incubated at 25°C for 4 hours, 
after which residual chlorine was quenched and DBP concentrations determined. 

As previously stated the presence of ammonia in the reclaimed water affects the amount of 
DBPs produced and hence the FP value. The high ammonia concentration for much of the 
injection phase made valid comparisons difficult, since FPs were largely reflected in the 
concentration of ammonia present in any sample. Only in the final phase of injection, when 
ammonia concentrations reduced to sub-mg/L levels, did valid comparisons become 
possible. A portion of the data from the 4m and 50m observation wells were also suitable. 
The dataset is presented in table 18.5. 

DBP formation potentials in the source water are relatively high due to the high TOC content. 
However, in relative terms per unit of TOC they are relatively low, as compared to other ASR 
sites (Dillon and Toze 2005). 

The data from 1 March 2001 reveals clear evidence of reductions in the FPs of both THMs 
and HAAs at the 4m and 50m observation wells, with increased travel-time and distance. 
This decline is attributable to the combined effect of a removal of OC in the groundwater (Le 
Gal La Salle, et.al., 2001, Skjemstad, et.al., 2002), and dilution with ambient groundwater 
during the recovery phase (at 50m after 1 March 2001 ). 

Further evidence for precursor removal from a mass balance calculation of TOC inputs and 
outputs recovered over the course of pumping showed that at the end of the test only 46% of 
the TOC was withdrawn as compared with 55% of the injectant (Dillon and Toze 2005). This 
suggests that the net loss of -16% of the injected TOC within the aquifer was the result of 
the TOC formed by microbial activity, less that removed by adsorption or chemical and 
microbial degradation. 

The low DBP yield per unit weight of TOC was identified by Skjemstad, et.al., (2002) to be due 
to the relatively low molecular weight (LMW) and aromaticity of the TOC in the reclaimed 
water. The authors demonstrated that higher molecular weight material in the injectant is 
preferentially removed by aquifer passage. Thus, it was suggested that an overall reduction 
in the DBP-FP could be expected, but that there would be an increase per unit weight of 
DOC since the remaining NOM would produce more DBPs. Data gathered in this study 
offers reasonable support to that claim. Although FPs were reduced through ASR, it appears 
that DBP-FP/TOC ratios in groundwater at the 4m and 50m observation wells are 
significantly higher than in the injectant, indicating an increase as a result of aquifer storage 
and/or passage (table 18.5). There is also some evidence for declining THM and HAA ratios 
during the recovery phase, due to mixing with ambient groundwater that would appear to be 
of a lower DBP-FP/TOC ratio. Interestingly, in a study of a similar nature involving tertiary
treated reclaimed water at Montebello Forebay in Los Angeles County (Leenheer, et.al., 
2001) showed that the ambient groundwater and not the injectant was the major contributor 
to the THM-FP. Microgram THM-FP/mg TOC ratios of 40-90 were measured in groundwater, 
which is substantially higher than for Bolivar. Structural characterisation of the NOM in the 
reclaimed water showed that the predominance of aromatic sulphonates and fulvic acids 
produced minimal THMs. 
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SAMPLE DATE 
RESIDENCE PERCENT 

TOC TTHM-FP f..19TTHM-FP HAA-FP f..19HAA-FP TIME INJECTANT 
(dd/mm/yy) (days) (%) (mg/L) (Jlg/L) (per mgTOC) (Jlg/L) (per mgTOC) 

Ambient Groundwater - NA 0 0.3 NO - NO 

Injectant 01/03/01 0 100 15.4 293 19.0 154 10.0 

4m well (#19450) 01/03/01 -1 100 13.6 281 20.7 106 7.8 

50m well (#19449) 01/03/01 -100 91/, 8.8 247 28.1 90 10.2 

50m well (#19449) 11/09/01 -300 86 8.8 231 26.3 79 9.0 

50m well {#19449} 28/09/01 -400 41 4.6 102 22.2 28 6.1 
). Mixing fraction underestimated due to variability in chloride concentration of the injectant. 
NA = not applicable; ND = not determined 

Table 18.5: Disinfection by-product formation potential (FP) data. 

18-17 



18.5 CONCLUSIONS 

The fate of DBPs is a key consideration for ASR where recovered waters are used for 
potable purposes. Although the Bolivar site will not be used to provide potable water this 
study presents quantitative field data on DBP fate and transport in groundwater. The 
principal conclusions of this study are as follows. 

Minimal adsorption of THMs and HAAs occurs (retardation factors <2) due to the low Kac's of 
DBP compounds and organic content of the target aquifer. 

THM half-lives, which take into account mixing effects with ambient groundwater, varied by 
more than an order of magnitude (<1 to 65 days) for different DBP compounds. Chloroform 
was found to be the most persistent compound, bromoform the least. HAA attenuation was 
rapid. 

Differences in redox state between the two main study wells had a substantial effect on rates 
of THM attenuation. Half-lives were two to five times higher at the ASR well where the redox 
state became methanogenic during the storage phase, as compared to an observation well 
4m away which remained nitrate reducing. 

After 250ML of injection of reclaimed water containing an average TTHM concentration of 
381-Lg/L, no breakthrough of any DBP compound was observed at several 50m wells, where 
the travel-time was in the order of 100 days, as expected from half-life estimates at the 4m 
observation well. 

Continued formation of THMs in the aquifer occurred for chloroform (CHCI3) and 
dichlorobromomethane (CHCbBr); but not for dibromochloromethane (CHCIBr2), bromoform 
(CHBr2 ) or any HAA (presumably due to degradation being dominant over formation). 
Application of a model from the literature (as discussed in section 18.2.3) suggests that the 
source waters have sufficient residual chlorine and NOM for substantial increases in THMs to 
occur, however this is masked in the field observations due to concomitant attenuation, 
particularly for the more rapidly attenuated compounds such as bromoform. Data for the 
model were based on literature values for water distribution systems that may not be 
representative for ASR, since bromide and ammonia concentrations in the injected water and 
the possible role of OC in the aquifer, were not taken into consideration. 

Water quality improvements during aquifer storage also occurred, through the removal of 
DBP precursor material, and resulting reduction in the formation potentials (FP). This is at 
the expense of an increase in the FP per unit weight of TOC. 
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19.1 INTRODUCTION 

Aquifer storage and recovery (ASR) has been used as a management tool for the 
conjunctive use of surface and groundwater in Australia as well as other countries (Dillon, 
et.al., 1999). The introduction of sewage treatment plant effluents into aquifers creates the 
potential for groundwater contamination if trace organic contaminants are present in such 
effluents. Knowledge of the attenuation of such pollutants during ASR could lead to 
understanding the place of ASR as part of the treatment-train for water containing such 
substances. Endocrine-disrupting chemicals (EDCs) are compounds that may be present in 
such effluents and there is an emerging interest in their fate in the environment and on their 
possible effects on natural ecosystems as well as on human health (Ying and Kookana 
2002). Therefore, it is necessary to understand the behaviour and fate of these EDCs in 
aquifers. Due to the time-varying and low concentrations of EDCs expected in reclaimed 
water, it was decided to undertake these studies in the laboratory under controlled conditions 
using elevated concentrations suited to the detection limits of the available analytical 
equipment. 

The five representative EDCs chosen for this study were: natural estrogenic steroid 17[3-
estradiol (E2), synthetic steroid 17a-ethynyl-estradiol (EE2), industrial chemical bis-phenol A 
(BPA), and surfactant degradation products 4-n-nonyl-phenol (4-n-NP) and [3-sitosterol. 
However, [3-sitosterol was substituted with 4-terl-octyl-phenol ( 4-t-OP) as testing of the 
analytical procedure for [3-sitosterol could not be completed in time for these experiments 
due to equipment constraints. These five chemicals have been found in sewage effluents 
with concentrations ranging from nanograms per litre (ng/L) to micrograms per litre (f.lg/L) 
(Nasu, et.al., 2001, Rudel, et.al., 1998, Tabata, et.al., 2001, Kuch and Ballschmitter 2001, 
Furhacker, et.al., 2000 (for BPA), references cited in Ying, et.al., 2002a (for NP and OP), and 
references cited in Ying, et.al., 2002b (for E2 and EE2)). The fate of these five EDCs has 
been reviewed in the past, for example in studies by Staples, et.al., (1998), Ying, et.al., 
(2002a) and Ying, et.al., (2002b), however there is still little information available about their 
behaviour and fate in the aquifer. This study was designed to investigate the sorption and 
degradation of these five EDCs in an aquifer material, with a view to contributing to current 
knowledge of the behaviour and fate of these chemicals. 

19.2 MATERIALS AND METHODS 

19.2.1 Chemicals 

Hormone steroids including 17[3-estradiol (E2) and 17a-ethynyl-estradiol (EE2) were 
obtained from Aldrich; while 4-tert-octyl-phenol ( 4-t-OP) was obtained from Chem Service; 
and bis-phenol A (BPA) and 4-n-nonyl-phenol (4-n-NP) were purchased from Fluka (Riedel
de Haen). The physiochemical properties of these chemicals are given in table 19.1. High 
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Pressure Liquid Chromatography (HPLC) -grade methanol and acetonitrile were obtained 
from BDH (England). Stock solutions (100mg/L) of each standard as well as mixtures were 
prepared in methanol (CH30H). 

* 

Chemical Name 

bis-phenol A (BPA) 
1713-estradiol (E2) 

17a-ethynyl-estradiol (EE2) 
4-t-octyl phenol (4-t-OP or OP) 

4-n-nonyl phenol (4-n-NP or NP) 
Kow = Octanol-water partition coefficient; 

Molecular Weight 
(MW) 
228.0 
272.4 
296.4 
206.0 
220.0 

Water Solubility 
(mg/L at 20°C) 

[1] Howard 1989; [2] Lai, et.al., 2000; [3] Ahelm and Giger 1993a; [4] Ahelm and Giger 1993b. 

Table 19.1: Physiochemical properties of 
the five chosen endocrine-disrupting chemicals (EDCs). 

19.2.2 Aquifer Materials 

Log Kow* 

3.32 [1] 

3.94 [2] 

4.15 [2] 

4.12 [4] 
4.48 [4] 

The aquifer materials (sediment and groundwater) used in this study were collected from the 
aquifer storage and recovery (ASR) well at Bolivar, corresponding to a relatively permeable 
horizon. Sediment samples were collected from a depth of 153-154m, while groundwater 
was from the observation well 300m from the injection well. These sediment samples were 
representative of native groundwater at this site. The physiochemical properties of aquifer 
materials were analysed, and results are presented in table 19.2. 

Groundwater 

pH 
Nitrate (N03)-N (mg/L) 

Phosphate (P04)-P (mg/L) 
Total Carbon (TC) (mg/L) 

IC (mg/L) 
DOC (mg/L) 

7.9 
0.02 
0.02 
56 
49 
7 

Aquifer Material 

pH 
Total Carbon (TC) (%) 
Organic Carbon (OC) (%) 
CEC (NH4) (cmol(+)/kg) 
C03 as CaC03 (%) 
Clay(%) 
Silt(%) 
Sand(%) 

Table 19.2: Physiochemical properties of groundwater and aquifer materials. 

8.9 
1.9 
0.5 
2.4 
12 
3.1 
1.1 
83 

/C = inorganic carbon; DOC = dissolved organic carbon; CEC = cation exchange capacity. 

19.2.3 Sorption Tests 

Sorption of five endocrine-disrupters (BPA, E2, EE2, 4-t-OP and 4-n-NP) was measured at 
room temperature (25°C) by a batch equilibration method. The test was separated into two 
groups, one for BPA, E2 and EE2; and the other for 4-t-OP and 4-n-NP. In the sorption test 
of the first group (BPA, E2 and EE2) 1 Og of sediment was weighed into each 250ml bottle 
and 1 OOmL of groundwater was added into each bottle. The five concentrations used in the 
sorption test were 2.5, 5, 10, 15, and 201-lg/L. The sediment solutions were equilibrated by 
shaking in a mechanical shaker for 16 hours. After equilibration the tubes were centrifuged 
at 3000rpm (revolutions per minute) for 30 minutes. 

In the sorption test of the second group ( 4-n-NP and 4-t-OP) 2g of sediment was used due to 
its high sorption on sediment. The concentrations used in this test were 40, 60, 80 and 
1 001-lg/L for 4-n-NP and 5, 10, 20 and 401-lg/L for 4-t-OP. The solutions containing 4-n-NP 
were only shaken for 2 hours due to a possible loss in the process. Other conditions were 
the same as those for the first group. After centrifugation the supernatants were further 
filtered through Whatman ™ glass fibre filters. The filtrates were then analysed by a Varian TM 

HPLC with a fluorescence detector. All tests were performed in duplicate or triplicate. 
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Blanks without sediment but with different concentrations of each chemical were prepared at 
the same time during the sorption test. No significant loss was found in the blanks for BPA, 
E2, EE2 nor 4-t-OP during the sorption process, but a small loss was found for 4-n-NP after 
overnight shaking. Therefore, a short equilibration time of 2 hours was used in the sorption 
test of 4-n-NP. Blanks with different concentrations of 4-n-NP as well as other groundwater 
chemicals were prepared during the sorption and analysis processes as quantitation 
controls. 

Sorption can be described by using sorption isotherms. The most commonly used 
expression of a sorption isotherm is the Freundlich equation, which defines a non-linear 
relationship between the amount adsorbed and the equilibrium solution concentration 
(equation (1 )). 

Eqn (1) 

where s 
Kr 
c 
lin 

=the concentration of a chemical adsorbed by the soil (mg/kg); 
=the Freundlich sorption coefficient (Likg); 
= the equilibrium solution concentration (mg/L); and 
= a power function related to the sorption mechanism. 

When the value of n is unity the linear isotherm can be described as in equation (2). 

Eqn (2) 

where Kd is the sorption coefficient (Likg). 

Many studies have shown that the sorption of chemicals closely depends on the organic 
content in the soil. By normalising sorption from a total soil basis to an organic carbon (OC) 
basis, the OC sorption is defined by equation (3). 

Kac = Kt (or Kt) I% organic carbon Eqn (3) 

19.2.4 Degradation Experiments 

Biodegradation of the five EDCs (BPA, E2, EE2, 4-n-NP, 4-t-OP) in an aquifer material was 
undertaken under aerobic and anaerobic conditions. 5g of the same aquifer material used in 
the sorption test (sampled at 153-154m bgs) and 5ml of Bolivar groundwater (from the 300m 
well) were used during all experiments. The groundwater and aquifer material had never 
been in contact with reclaimed water. The concentration applied for each chemical was 
1 Jlg/g in aquifer material (sediment). All five compounds were present in each microcosm 
and interaction effects on degradation rates were assumed to be negligible. The incubation 
temperature used in the studies was 20°C. Concentrations of the five EDCs were monitored 
at certain intervals. All experiments were performed in duplicate and duplicate sterile 
controls were monitored at the same times. 

19.2.4.1 Aerobic Study 

Aquifer materials (sediment and water) were weighed into 1 OOmL Schott™ bottles. Half of 
the bottles were sterilised and used as controls. Chemicals were spiked at a required 
concentration. All bottles were incubated in a temperature-controlled chamber. Those 
bottles were shaken for one minute at each sampling time. 

19.2.4.2 Anaerobic Study 

Aquifer materials (sediment and groundwater) were weighed into Hungate ™ anaerobic 
culture tubes (16x125mm), with half of them then sterilised and used as controls. These 
Hungate ™ tubes were placed into an anaerobic incubation chamber filled with nitrogen gas 

19-3 



(N2), the lids were then loosened to facilitate gas exchange. Resazurin was added at a 
concentration of 0.0002% into two tubes as a redox indicator. Once sulphate reducing 
conditions were reached in the tubes those with resazurin turned colourless from red. All 
tubes were left in the anaerobic incubation chamber for nearly a month until all the tubes with 
the redox indicator resazurin turned colourless. Chemicals were spiked into each tube at a 
required concentration and the lids of all tubes were tightened after spiking, which was 
performed inside the anaerobic incubation chamber. All the tubes were then incubated in the 
same chamber as in the aerobic study. 

19.2.5 Instrumentation 

A Varian HPLC system was used in this study, which consisted of an autosampler (Model 
91 00), a solvent delivery system (Model 9012 pump), a fluorescence detector (Model 9070) 
and an on-line sample preparator (Prospekt™, Model 9200). The instrument was equipped 
with a reversed-phase column (Adsorbosphere C18

, 5J.!m, 250 x 4mm) from Alltech. For 
compounds of interest the fluorescence detector settings were 230nm excitation and 290nm 
emission. The mobile phase for gradient elution were Milli-Q water and acetonitrile (ACN) 
delivered at a constant flow-rate of 1 ml!min. The gradient program of the mobile phase was: 
30% ACN and 70% water at Omins; 40% ACN and 60% water at 5mins; 60% ACN and 40% 
water at 1Om ins; and 80% ACN and 20% water at 20m ins. This was followed by isocratic 
purge until 30mins, increasing to 100% ACN and 0% water at 35mins. The total run time for 
a HPLC analysis was 35 minutes. The injection volume of standards and samples was 50J.!L 
for injection using autosampler, and 30ml of water for the on-line sample preparator. 

19.3 RESULTS AND DISCUSSION 

19.3.1 Sorption on to Aquifer Material 

Sorption of the five EDCs on the aquifer material from Bolivar was tested using a batch 
method with a concentration of each EDC at 11g/L levels. Controls gave recoveries 
exceeding 97% for all chemicals when agitated for 16 hours, except 4-n-NP with only 62% 
recovered. When shaking time for 4-n-NP was reduced to two hours, recovery improved to 
89%. The sorption isotherms of the five EDCs are given in figure 19.1 and show type S or 
type C sorption. S-isotherms imply that adsorption becomes easier as the concentration in 
the liquid phase increases. C-isotherms correspond to a constant partition of the solute 
between the bulk solution and the adsorbent (Giles, et.al., 1960). 

The experimental data were subjected to regression analysis using a log linear model 
(log S = log Kr + 1/n log C). The values of sorption coefficients (Kr), Freundlich exponents 
{1/n), and correlation coefficients (R2

) are presented in table 19.3 .. Bis-phenol A (BPA) had 
the lowest Krvalue (3.89Likg), while 4-n-NP had the highest Krvalue (194.71Likg). This was 
consistent with the elution order of these chemicals on the reverse-phased HPLC obtained 
during analysis. The sorption coefficient of a chemical depends on its physiochemical 
properties, as well as those of the sorbent (tables 19.1 and 19.2). Less polar compounds 
tend to have higher adsorption on sediments. Due to the low OC content of this aquifer 
material the K1 values measured on the sediment for the five compounds were relatively low. 

The OC-normalised sorption coefficients (Kac) for the five EDCs varied widely from 780Likg 
for BPA to 38,900Likg for 4-n-NP, but were still comparable to values reported in other 
studies (Howard 1989, Lai, et.al., 2000, Ferguson, et.al., 2001, Sekela, et.al., 1999, Johnson, 
et.al., 1998). No measured constant Kac values have been reported thus far, however 
Howard (1989) calculated Kac values of 314 - 1 ,524Likg, corresponding to BPA using an 
aqueous solubility of 120 and a log Kaw of 3.32. The sorption data suggested a modest 
sorption of BPA on soil or sediment. Lai, et.al., (2000) measured sorption coefficients of E1 
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(estrone), E2, E3 (estriol), EE2, and MeEE2 (mestranol) on a sediment, and log K1 values 
were 1.71, 1.56, 1.33, 1.72 and 2.26, respectively. The authors found that the sorption on 
sediments was non-linear with sorption constants ranging from 0.57 to 0.83. Those log K1 
values were converted into Kac values which ranged from about 1 ,900 to 5,000L!kg. Results 
from that study are comparable with those found in the study being discussed here. The 
data collected by Lai, et.al., showed that estrogenic steroids had modest sorption on 
sediment, which correlated with OC content and also increased with water salinity. 

Compound lnKr Kr (Likg) lin R Koc (L/kg) 
BPA 1.36 3.89 0.85 0.93 780 
E2 3.08 21.8 0.40 0.95 4,360 

EE2 3.19 24.2 0.46 0.98 4,840 
4-t-OP 4.51 90.9 1.45 0.97 18,200 
4-n-NP 5.27 195. 0.97 0.95 38,900 

Table 19.3: Sorption coefficients (K1) of the five endocrine disrupters EDCs on the aquifer material. 
1 In = Freundlich exponents; R2 = correlation coefficient; Koc = OC-norma/ised sorption coefficient 

Ferguson, et.al., (2001) investigated the partitioning of alkyl-phenol ethoxylate (APE) 
metabolites to suspended solids in Jamaica Bay, New York. The log Kac values were 5.39 for 
4-n-NP and 5.18 for 4-n-OP. The measured log Kac for 4-n-NP was very similar to that 
measured on five samples (log Kac values of 4.7 to 5.6Likg) by Sekela, et.al., (1999). 
Johnson, et.al., (1998) used laboratory batch techniques to study the sorption of 4-n-OP on 
sediments from three English rivers of contrasting water quality. The results showed that 
given either sufficient time or mixing, a large proportion of 4-n-OP in the solution will sorb to 
the bed sediments, with distribution coefficients (Kc~) of 6-700Likg and OC-normalised 
partition coefficients (Kac) of 3,500-18,000Likg (cfcurrent results 18,200Likg). The sediments 
that sorbed the highest quantities of 4-n-OP had higher TOC and greater proportions of clay 
and silt particles. 

It can be concluded from the measured data in the present study as well as the existing 
literature that BPA has lowest sorption, the two steroids (E2 and EE2) have modest sorption, 
and surfactant degradation products ( 4-t-OP and 4-n-NP) have highest sorption on aquifer 
material. 

19.3.2 Degradation in the Aquifer Media 

Biodegradation experiments showed different behaviour for the five EDCs under aerobic and 
anaerobic conditions (figures 19.2 and 19.3). Under the aerobic conditions E2 and 4-n-NP 
degraded very quickly, while EE2 degraded very slowly, and BPA and 4-t-OP remained 
unchanged over 35 days. Within ten days the majority of the E2 was lost and nearly 50% of 
4-n-NP was degraded in the aquifer media. Half-lives under aerobic conditions were 2 days 
for E2, 7 days for 4-n-NP, and 81 days for EE2. However, under anaerobic conditions, all 
the five EDCs remained almost unchanged over 35 days, with only some very slow 
degradation of E2. 

Biodegradation of EDCs has been reported to play a major role in their removal from aquatic 
environments. For example, rapid breakdown of BPA in natural waters has been reported; 
>90% degradation of BPA was observed in laboratory experiments using three river waters 
near plastics manufacturing facilities (Dorn, et.al., 1987). However, Stone and Watkinson 
(1983) reported that aerobic biodegradation of BPA was <1% within 28 days in testing 
conducted by the Organisation for Economic Cooperation and Development (OECD). The 
bacterial assemblages in the river waters near plastics factories may have developed the 
ability to degrade BPA in water, whereas in media without previous exposure to BPA 
degradation rates are much slower. 
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Figure 19.1: Sorption isotherms for the five selected EDCs on an aquifer material. 

Rapid biodegradation of E2 has been reported in aerobic experiments with activated sludge 
(AS) and biosolids (Ternes, et.al., 1999, Layton, et.al., 2000), and also in river water and 
sediments (Jurgens, et.al., 2002) under aerobic conditions, however EE2 was found more 
persistent (Layton, et.al., 2000, Jurgens, et.al., 2002). These results are consistent with 
those of the aerobic experiments on Bolivar water described herein. 

Laboratory and field experiments all demonstrated that alkyl-phenols could be degraded 
under aerobic conditions but were persistent under anaerobic conditions (Ying and Kookana 
2003). Results of this study have supported those observations, and suggest that there may 
be a very slow rate of degradation of E2 under anaerobic conditions. The present study has 
also showed that 4-n-NP could be degraded easier than 4-t-OP in the aquifer under aerobic 
and anaerobic conditions. Aerobic conditions were more favourable than anaerobic 
conditions for the degradation of E2, 4-n-NP and EE2 in this aquifer material. During the 
course of this 35 day degradation study BPA and 4-n-OP appeared to be conservative under 
aerobic and anaerobic conditions, and EE2 and 4-n-NP were not degraded under anaerobic 
conditions. a related study by Ying and Kookana (2003), the same EDCs as are examined 
here were observed to degrade under aerobic conditions in a marine sediment. This 
suggests that degradation may depend on the microorganism communities present in the Q 
sediments. 
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Degradation of the five selected EDCs under aerobic conditions. 

Groundwater rather than reclaimed water (injectant) was used in these biodegradation 
experiments which had analytical advantages but reduced the opportunity for co-metabolism 
of the trace organics that may have potentially occurred near the recharge well. The results 
of this study are therefore considered to be conservative and appropriate for use in screening 
models such as the ASR Risk Index (ASRRI) (Miller, et.al., 2002), but also indicate that these 
experiments should be repeated with reclaimed water replacing groundwater. 

On current evidence it would appear that in the anaerobic natural environment of the Bolivar 
aquifer material and ambient groundwater tested, single-well ASR cannot be relied upon to 
remove these five EDCs to any significant degree. Concentrations may be enriched on initial 
recovery due to adsorption on sediments and accumulation of organic matter (OM) in the 
well during the injection phase. This may result in concentrations in subsequently recovered 
water to be depleted, however firm evidence would be required before this removal 
mechanism could be considered reliable . For dual-well operations where there is sufficient 
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OM in the aquifer, there is a very large capacity to adsorb these compounds in passage 
through the aquifer in relation to their potential loads in injectant. However, without 
biodegradation breakthrough at the recovery well would be expected ultimately, unless there 
is adaptation of bacterial assemblages capable of degrading EDCs. This could be regarded 
as a reliable removal mechanism if adsorption capacity was capable of retaining all EDCs 
and other organics injected over several decades, and experiments are performed to assess 
the extent to which biodegradation rates can be affected by continuous inoculation of the 
aquifer with EDCs, exogenous microorganisms and injectant nutrients 
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Figure 19.3: Degradation of the five EDCs under anaerobic conditions. 
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19.4 CONCLUSIONS 

Sorption and degradation of the five selected endocrine-disrupting chemicals (EDCs) 
bis-phenol A (BPA), 17[3-estradiol (E2), 17a-ethynyl-estradiol (EE2), 4-tert-octyl phenol 
( 4-t-OP) and 4-n-nonyl phenol ( 4-n-NP) were investigated in the laboratory using ambient 
groundwater and porous media from an aquifer at Bolivar. The sorption coefficients 
measured on the porous media were in the following order: 4-n-NP > 4-t-OP > EE2 > E2 > 
BPA. The alkyl-phenols 4-t-OP and 4-n-NP were strongly bound on the matrix, while BPA 
was only weakly sorbed. Degradation experiments of the five EDCs showed that E2 and 4-
n-NP degraded quickly in the aquifer material under aerobic conditions, while the other 
chemicals remained almost unchanged. Little or no degradation of the five EDCs was 
observed in native groundwater within 35 days under anaerobic conditions. Further 
biodegradation experiments using reclaimed water are suggested to evaluate the potential 
for degradation by communities capable of co-metabolising EDCs. 
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20. EVALUATION OF CAFFEINE AS A TRACER OF INJECTANT 
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20.1 INTRODUCTION 

Caffeine is one of the most widely consumed substances in the world and can be found in 
foods, beverages, condiments, tobacco and medication. James (1991) quotes global 
average consumption of ?Omg per person per day, although this varies widely between 
countries. Caffeine use in Australia is high, with 1995 nutritional survey results revealing 
adult caffeine use ranging from 190 to 41 Omg per person per day (S. Record, CS/RO Land 
and Water pers. comm.). Studies have shown that a percentage of this is passed 
unchanged through the human body and discharges in urine (Arnaud 1993). Additionally, 
large amounts of tea and coffee are disposed of in household drains (Seiler, et.al., 1999), 
and significant quantities of caffeine enter sewage treatment plants. Concentrations in 
sewage effluent have been measured at >1 00~-Jg/L in the USA (Umari, et.al., 1995); 
20-3001-Jg/L in Canada (Rogers, et.al., 1986); and 341-Jg/L in Sweden (Paxeus and Schroder 
1996). In some cases chlorinated derivatives of caffeine have also been found (Seiler, et.al., 
1999). 

The presence of caffeine in environmental waters is a distinct indicator of anthropogenic 
influences. In a small stream, downstream of sewage treatment outflows in Texas, Buszka, 
et.al., (1994) detected 1.3 to 2.41-Jg/L caffeine, whilst the baseflow concentration in the 
Mississippi River was reported by Barber, et.al., (1995) to be 0.01 to 0.07~-Jg/L caffeine. In 
groundwater wells beneath a landfill in Barcelona (Aibaiges, et.al., 1986, and more recently 
in areas serviced by septic tanks in Reno, Nevada (Seiler, et.al., 1999) caffeine was detected 
in concentrations ranging from <0.04 to 0.23~-Jg/L. In some of the above cases, but not all, 
caffeine was associated with elevated concentrations of nitrate. Seiler, et.al., (1999) failed to 
detect degradation by-products, which include other xanthine derivatives, and concluded that 
the failure to detect these was due to almost complete bacterial catabolism under anaerobic 
conditions, and that sorption was less important. They suggested that because caffeine was 
not conservative its usefulness as a tracer may be limited. 

The only study of caffeine degradation currently known to the authors, is that by Ogunseitan 
(1996) who isolated a strain of Pseudomonas putida from domestic sewage. Using caffeine 
as the sole food source, growth rates were one-sixth of that of the same organism grown 
under similar conditions on glucose (mean generation time of 20 hours). 

This review of existing information shows that little is known on the fate of caffeine in 
groundwater, and so the value of caffeine in tracer studies has yet to be rigorously assessed 
with respect to relatively 'un-reactive' tracers such as bromine (B() and chlorine (Cr) (Davis, 
et.al., 1980, Boggs and Adams 1992). Fluorinated benzoic acid derivatives have also been 
used recently as tracers of anthropogenic effects on groundwater (Bowman and Gibbens 
1992, Groffman, et.al., 1995, Seaman 1998). Results have shown that fluorinated benzoic 
derivatives are un-reactive and poorly adsorbed, and therefore well suited for use as tracers 
for transport studies. Since the concentration of these tracers is very low ( <1 flg/L) in 
environmental water samples and they contain a complex of natural and anthropogenic 
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organic substances, new separation methods for the determination of these tracers are also 
required. 

During the past few years there has been significant progress in developing chromatographic 
methods for the analysis of caffeine, largely in consumables. However, due to very low 
concentration of caffeine (<1 11g/L) in water samples, theses methods do not transfer well to 
environmental sampling. Chromatographic methods frequently employed include gas 
chromatography (GC) and high performance liquid chromatography (HPLC). Gas 
chromatography/mass spectrometry (GC/MS) was developed for the determination of 
caffeine in tobacco (Song and Ashley 1998) and in-vitro metabolites (Regal, et.al., 1998). 
GC-MS provided confirmation of the detection of caffeine in complex solutions at below 
11-Jg/L. In terms of liquid chromatography, the separation of caffeine was previously 
performed in a C18 column using a mixture of water, organic solvent, and acid to concentrate 
and elute the caffeine, followed by ultra-violet (UV) detection with a detection limit of 
0.1 mg/L. These methods are useful for the detection of caffeine concentrations greater than 
0.5mg/L, such as in food and beverages (Atay and Oztop 1997, Naik and Nagalashmi 1997, 
Casal, et.al., 1998, Fernandez, et.al., 2000, Wang, et.al., 2000). To improve the detection 
limit for environmental analysis, solid-phase extraction (SPE) has been proposed for sample 
clean-up and pre-concentration of caffeine using various cartridges (Burkhardt, et.al., 1999, 
Piocos and de Ia Cruz 2000). SPE techniques require large samples (500-1 OOOmL water) 
and can be time-consuming and laborious. 

On-line trace-enrichment on short and usually disposable pre-columns, coupled with liquid 
chromatography (LC), has recently been applied to the trace-determination of pesticide 
residues in environmental samples (Pocurull, et.al., 1995, Hidalgo, et.al., 1998). This 
method was developed to improve reproducibility, reduce manual work, and avoid losses 
during sample evaporation. More recently automated systems have made it possible to 
perform SPE with a true extraction cartridge, followed by desorption and further analysis on 
the analytical column in an on-line process. 

The objective of the present study is to develop an on-line sample clean-up and concentrate 
the solute of interest to replace off-line SPE for the determination of trace level caffeine 
(!lg/L) in surface water and groundwater samples, which would decrease analysis-time and 
costs; facilitating the use of caffeine as a tracer of the presence of sewage effluent in 
groundwaters. This study includes: 

1) The selection of the pre-column to give the best recovery; 
2) The optimisation of the separation conditions to give a reasonable separation-time 

and best UV detection sensitivity; 
3) The use of C18 cartridge for sample purification and concentration to enhance UV 

detection sensitivity; and 
4) The demonstration of the proposed method for the analysis of caffeine concentrations 

in the waters of two artificial recharge sites. 

20.2 MATERIALS AND METHODS 

20.2.1 Chemicals and Solutions 

All reagents used in the study, obtained from Aldrich-Sigma (Sydney, Australia), were of 
analytical grade and used without further purification. Caffeine standard solution was 
prepared daily from a 1 OOmg/L stock solution in deionised water, and diluted to the required 
concentrations before use. LC-grade acetonitrile was obtained from BDH (Pool, England). 
The mobile phase required for chromatography was prepared by dissolution by an 
appropriate amount of H3P04 in deionised water. The mobile phase was filtered through a 
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Millipore TM 0.451-lm membrane filter, and degassed in an ultrasonic bath (Bransonic, B-220, 
USA) prior to use. Water samples with suspended particles were previously filtered on 
0.451-lm disposable nylon membrane producer. 

20.2.2 Equipment 

All experiments were performed on a fully-automated Varian TM on-line enrichment high 
performance liquid chromatography (HPLC) system, including an automatic sample 
processor from Varian™ (9200 Prospekt™); a solvent delivery system (9012); and a diode 
array detector (9065). The system was controlled by a Star Workstation. Online SPE 
cartridges (5.8x4.6mm, C18

, PRP-1, PLRPs and Bond-Eiut Env) obtained from Varian were 
used for the sample enrichment and clean-up, and Hypersil C18 (250x4mm) was used for the 
separation of caffeine. 

20.2.3 Procedure 

Automation of on-line trace enrichment was performed on a Varian (9200 Prospekt) system. 
The pre-column was placed between the sample loop and analytical column. The 
conditioning process was preformed sequentially with 5ml methanol and 5ml deionised 
water at 2.5ml/min. The water sample was then passed through at 5mllmin. Finally, the 
retained compounds were directly eluted in the mobile phase, set at 1 mllmin, to the 
analytical column in the backflush mode for 20 minutes. Caffeine in waters was confirmed by 
using the diode array detection (DAD) technique (poly-view, Spectral processing software) to 
compare its purity of spectra with that from the caffeine standard. Identification was 
additionally based on retention-time, and spiked with a known concentration of caffeine. The 
conditions for pre-concentration of the samples and HPLC separation are listed in table 20.1. 

Procedure 

Conditioning 
Conditioning 
Pre-concentration 
Clean-up 
Separation 

Column 

Cartridge 
Cartridge 
Cartridge 
Cartridge 
Analytical column 

Solution 

5ml methanol 
5ml methanol 
1 OOmL water sample 
5ml acidic aqueous 
Gradient 

Flow-Rate 
(ml/min) 
5 
5 
5 
5 
1 

Table 20.1: Procedures used for the pre-concentration, 
clean-up of the water sample, and chromatographic separation. 

20.3 RESULTS AND DISCUSSION 

20.3.1 Selection of Sorbents for the Enrichment 

A serious limitation of an on-line enrichment SPE-LC system is that the pre-column contains 
only a small amount of sorbent, and therefore the solutes may be poorly retained, hence the 
selection of the retentive sorbent is important for the binding of caffeine. There are reports of 
different non-selective sorbents, including alkyl-bonded silica and apolar copolymers, being 
used for on-line enrichment of organic compounds (Barcelo and Hennion 1997). To test for 
the sorption and desorption of caffeine, alkyl-bonded silica such as C18 and copolymers 
(PRP-1, PLRP-s and Env) were used for the enrichment of the trace-level caffeine. 

The recovery of caffeine for various pre-columns was tested by passing through 50ml Milli-Q 
water spiked with 4flg/L, and eluting the caffeine to column by backflushing. This was 
followed by separation by a C18 column and detection with DAD at 210nm. Comparisons of 
percentage recovery, and coefficient of variation between five measurements for each 
column for the tested sorbents, are shown in table 20.2. 
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Pre-Column 

Env 
PRP-1 

c1s 

PLRP-s 

Mean Recovery 
(%) 
83.5 
84.3 
85.2 
97.8 

Coefficient of Variation 
(%) 
3.9 
3.7 
3.1 
2.6 

Table 20.2: Recovery and repeatability of caffeine measurements 
using different pre-treatment columns (n = 5). 

The highest recovery for the test caffeine was achieved using PLRP-s material, while other 
sorbents exhibited similar recoveries. PLRPs obtained a higher recovery than C18 as its 
breakthrough volume was 25-40 times higher than that of C18 (Ferrer and Barcelo 1999). 

The data also shows however, that the lower recoveries were obtained when other polymers 
such as Env and PRP-1 sorbents were employed for the enrichment of the spiked caffeine. 
The variations can be attributed to differences in the retention mechanisms of these 
materials. For example Env has a higher surface area and allows greater n-n interactions 
(Puig and Barcelo 1997), hence it is the most suitable for trapping phenolic and polycyclic 
aromatic hydrocarbon (PAH) compounds. On the basis of our study into recovery and 
reproducibility the PLRP-s pre-column was selected as the sorbent for subsequent studies. 

The effect of various concentrations of caffeine on the recovery value was also examined by 
passing 50ml water samples through the PLRP-s pre-column. Data shown in table 20.3 
show that the recovery value increased when the caffeine concentration in water sample 
increased; for example, the recovery rate increased from 92.1% to 97.8% as the caffeine 
concentration increased from 0.5 to 4~-tg/L, due to mass transport rate. 

Concentration 
(f.Jg/L) 

0.5 
1.0 
4.0 

Mean Recovery 
(%) 
92.1 
95.6 
97.8 

Coefficient of Variation 
(%) 
5.2 
4.2 
2.6 

Table 20.3: Recovery and repeatability for the caffeine in 50ml water, 
spiked with various concentrations, using PLRP-s (n = 5). 

Sample volumes of 50, 75 and 1 OOmL spiked to the same concentration of caffeine (4.0~-tg/L) 
were percolated through the PLRP-s pre-column in order to evaluate the maximum sample 
volume. Data in table 20.4 show that the recovery of caffeine decreased as sample volume 
increased. Mean recovery decreased from 97.8% to 89.6%, when the sample volume 
passed through the pre-column increased from 50ml to 1 OOmL. 

Volume 
(ml) 
50 
75 
100 

Mean Recovery 
(%) 
97.8 
94.4 
89.6 

Coefficient of Variation 
(%) 
2.6 
3.1 
3.9 

Table 20.4: Recoveries and repeatability for various volumes of water, 
each spiked with a caffeine concentration of 4J.lg/L, using PLRP-s (n = 5). 

Table 20.4 shows that the sorption capacity of the pre-column is finite, and as the mass of 
caffeine introduced is increased, eventually the proportion which is not adsorbed also begins 
to increase, where 200ng (nanograms) appears to be the mass at which recovery is 
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optimised. When low masses of caffeine are adsorbed recovery efficiencies are reduced, as 
a finite amount of adsorbed caffeine is not desorbed by the backwashing process. This 
retained caffeine is a higher proportion of the sample for low sample masses. Hence, the 
optimum sample size may be determined by the concentration, and shows that the optimum 
injected amount of caffeine is 200ng. 

20.3.2 The Sample Clean-up Procedures 

In the analysis of environmental water samples, interference results from the presence of 
many other organic substances, making a correct quantification difficult (Hogendoorn, et.al., 
1999). In off-line SPE, procedures are required for the clean-up of the sample using a 
cartridge to reduce or eliminate interference prior to elution of caffeine. 

In this study the environmental water sample was spiked with 4!-lg/L caffeine, and different 
clean-up procedures were tested to gain an understanding of the effectiveness of the 
elimination of interference. Figure 20.1 (a) shows the chromatogram obtained from directly 
backflushing the PLRP-s pre-column, which shows that interference compounds have been 
released. The large peak (peak area: 1.12x1 06

) appeared prior to the peak of the caffeine 
and made the quantification of caffeine difficult. In order to meet the requirements of the 
analysis of an environmental water sample, deionised water (at 2.0ml/min for 2mins) was 
used to wash the pre-column. As shown in figure 20.1 (b) the peak for the interference (peak 
area: 1.08x1 06

) was reduced, but not significantly. In figure 20.1 (c) however, the peak of the 
interference (peak area: 4.01 x1 03

) was nearly eliminated, where phosphoric acid (0.001% 
v/v) diluted with deionised water to a pH of 2.70, was used for backwashing the pre-column. 
This appeared to result in the H+ in acid interacting with the active sites of the surface of 
PLRP-s, leading to desorption of the interfering substances from PLRP-s sorbent. Hence the 
elimination of interference is possible. On the other hand, the recovery of caffeine decreased 
with the pH of the water used to clean-up the pre-column. Recovery of 97.0% for caffeine 
was obtained without the clean-up procedure, while 85.8% was achieved when 4ml of Milli
Q water at pH 2.70 was passed through the pre-column, but the procedure for the clean-up 
gave satisfactory recovery for the quantification of the caffeine. 

20.3.3 High Performance Liquid Chromatography (HPLC) Procedures 

Studies on reverse-phase chromatographic separation of caffeine have shown that retention 
depends on the organic modifier in the mobile phase. In order to achieve a reasonable 
selectivity, and eliminate the co-elution of the tested caffeine with interfering substances, 
organic modifiers such as methanol and acetonitrile were tested with gradients. Figure 20.2 
shows that the retention time of caffeine was 15.6mins when the methanol gradient was 10% 
(v/v). When acetonitrile was tested as a modifier to control retention (as shown in figure 
20.1 (c)), the gradient ranged from ten to 20% (v/v) in 15mins as listed in table 20.1. The 
retention for caffeine at 9.6mins was observed with a sharp peak. The shorter retention-time 
was obtained using acetonitrile as the modifier, due to its higher solvation power. 
Considering the speed of the analysis in this case, acetonitrile in the gradient range of 
10-20% in 15mins was selected for use in separation of caffeine in environmental water 
samples. 
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Figure 20.1: The procedure for the washing step (a) directly backflush to pre-column 
with PLRP-s; (b) 4ml deionised water; and (c) 4ml acidic aqueous at pH 2.70. 
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2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 

Retention time (min) 

Figure 20.2: The chromatograms obtained using 
different organic modifiers, 0-20% in 20min by gradient. 

Other conditions as in figure 20. 1. 

Concerning UV detection, the wavelength was scanned from 200 to 250nm to determine the 
maximum detection sensitivity. As shown in figure 20.3, the detection-sensitivity decreased 
with increasing wavelength. UV response of caffeine is low at 229nm, whereas at 200nm a 
large response was obtained. Since UV at low wavelengths can respond to short 
wavelength interferences, a wavelength at 21 Onm proved optimal for the detection of caffeine 
in water samples. The calibration curve for caffeine was linear, in the range of 0.1 to 1 OJ.Lg/L 
with a correlation coefficient of 0.99. The detection limit (signal/base noise = 3) in 50ml 
water samples was 0.1 J.Lg/L, but the detection limit may be reduced by increasing the sample 
volume. 

0.0200 

'""' -~ 0.0100 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 

Retention time (min) 

200 

210 

220 

229 

Figure 20.3: The ultra-violet (UV) scanning for the selection of the wavelength. 
Other conditions as in figure 20. 1. 
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20.3.4 Field Applications 

The suitability of this analytical method for environmental waters was evaluated at two field 
sites currently under investigation. Both sites involve the artificial recharge of reclaimed 
water (treated sewage effluent), although their individual experimental designs and outcomes 
are quite different. 

20.3.4.1 Bolivar Aquifer Storage and Recovery (ASR) Site, South Australia 

At the Bolivar site most sewage effluent from South Australia's capital city undergoes 
conventional secondary treatment, followed by detention for six weeks in "polishing lagoons", 
and finally dissolved air flotation/filtration (OAF/F) and chlorine dosing. The reclaimed water 
is discharged to a small balancing storage (with a typical residence time of one day), prior to 
being distributed through a pipeline network to local landholders for irrigation of horticultural 
crops (figure 20.4). ASR Trial is currently underway to establish the feasibility of subsurface 
inter-seasonal storage of winter flows of reclaimed water (Dillon, et.al., 1999). 

Analysis of injectant at the ASR site by grab-sampling on four occasions failed to find 
caffeine on three of those occasions above the detection limit of 0.1J.-tg/L, and on the fourth 
occasion caffeine was detected at 1J.-tg/L (table 20.5). The low values were unexpected since 
literature values ranging 102 to 1 03Jlg/L had been reported for treated sewage as previously 
noted. Sampling was therefore undertaken along the treatment train to ascertain if caffeine 
was present in the inflows to the plant, and if so, where in the system it was being removed. 

Composite samples collected at three monitoring points extended the previous and on-going 
monitoring at the ASR site: (a) the raw sewage; (b) following secondary treatment but before 
pond storage; and (c) after pond storage but before OAF/F. Caffeine was identified in the 
raw effluent and following secondary treatment, at concentrations of 11.4 and 15.2J.-tg/L, 
respectively. Temporal variability in input concentrations may account for these variations, 
since the durations for the composite samples differed from one day at sampling point (a) to 
six days at points (b) and (c). 

The significantly lower concentration of 2.0Jlg/L determined at monitoring point (c), suggests 
that caffeine is being attenuated in the polishing lagoons. The weight of evidence to suggest 
lagoon detention as the major sink for caffeine is not great, however repeated sampling in 
future will continue to test this hypothesis. 

As expected, no caffeine was found in the ambient groundwater at the ASR site, in a 
confined aquifer that is unaffected by anthropogenic factors. Caffeine was also not found at 
the observation well located only 4m from the injection well (one day travel-time), which was 
not surprising since caffeine was not detected in the injectant on that same day. 

20.3.4.2 Halls Head Basin Infiltration Site, Western Australia 

Sewage effluent from approximately half of the town of Mandurah in Western Australia also 
undergoes secondary treatment before being used to recharge groundwater, by diverting it 
into infiltration basins on the sandy soils of the Swan Coastal Plain. Production wells were 
recently drilled 60m from the perimeter of the ponds to harvest the groundwater for irrigation. 
Grab samples of the pond water and groundwater withdrawn from the recovery well were 
collected on a single occasion in November 2000. Caffeine was present in the pond water at 
a concentration of O.?Jlg/L, and was also found to be present in the groundwater at a slightly 
lower 0.5J.-tg/L. This suggests that the groundwater quality is largely influenced by the 
infiltrated, reclaimed water, and that there is little attenuation of caffeine over the 60m travel
path through the aquifer. Firmer conclusions would rely on a time-series of caffeine analyses 
of samples taken from recharge ponds and observation wells. 
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Site MP1 

Bolivar a) 
b) 

c) 
d) 

e) 

f) 

Halls g) 
Head 

h} 

CAFFEINE SUPPORTING 
DATA DATA 

Date Description Cone. RSD (n = 3) TOG 
(dd/mm/yy) (gg/L} (%) (mg/L) 

19.11.00 raw sewage effluent 11.4 4.8 
19.11.00 secondary treated effluent 15.2 4.1 

(pre-ponds) 
19.11.00 post-ponds (pre-OAF/F) 2.0 5.2 
13.10.99 ASR injectant (post-OAF/F) <0.1 22 
08.08.00 <0.1 18 
19.10.00 <0.1 18 
16.11.00 1.0 5.7 16.9 
08.08.00 groundwater : <0.1 15.2 

(4m from injection well) 
' 

05.09.00 ambient groundwater : <0.1 : 0.3 
' ' ' ----------------------------------------------------------r-----------------------------r--------------------· 

' ' ' ' 
30.11.00 Secondary-treated effluent : 0.7 6.1 

recharge ponds ' ' 
30.11.00 recove!1 well (60m from ~onds} : 0.5 6.3 

Table 20.5: Caffeine and supporting total organic carbon 
data for the two artificial recharge sites studied. 
MP1 = Monitoring Point; and - = not available. 

: 140 
' 
:9 

20.4 CONCLUSIONS 

This work provided a basis for the evaluation of the potential for the use of caffeine as a 
water tracer at two artificial recharge sites where reclaimed water is used. Preliminary data 
suggests that there is a restricted range of conditions under which caffeine behaves as a 
conservative tracer. 

Results gained from this study demonstrate that on-line enrichment with SPE coupled with 
LC-DAD may be used for the determination of trace-level caffeine in environmental water 
samples. PLRP-s pre-columns give higher recovery efficiency, and are more repeatable for 
the enrichment of the caffeine in water samples, than for other adsorbents. The sample 
backwashing procedure with acidic water is required to eliminate interference. 

The proposed method offers advantages in detection-sensitivity, repeatability and simplicity. 
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21. OPERATIONAL PERFORMANCE AND BROAD-SCALE 
SAMPLING 

P.J. Dillon and K. Barry 

CSIRO Land & Water, Adelaide, South Australia 

This chapter reviews data from the Aquifer T1 observation well, and water quality data from 
the broad-scale sampling program, to assess the impacts of the Bolivar ASR operation. 

21.1 LOCAL EFFECTS ON AQUIFER T1 

Examination of piezometric pressures in the Aquifer T1 well (#19179) located approximately 
4m from the injection well (#18777); and the Aquifer T2 well (#19450) also located 4m from 
the injection well, shows no correlation between pressures in the two aquifers (figure 21.1 ). 
Both wells respond to seasonal variations in extraction which are similar for the two aquifers, 
but only the Aquifer T2 well responds to injection and recovery. Plotting data on a finer scale 
makes this even more clear. In figure 21.2 we see that in spite of ongoing injection into 
Aquifer T2, piezometric pressure in Aquifer T1 continues to fall following seasonal trends, 
and only begins to rise when extraction from Aquifer T1 declines in autumn. In this instance 
the head in Aquifer T2 before injection was Sm lower than in Aquifer T1, and during injection 
rose to up to 20m more than that in Aquifer T1. This is the largest upward hydraulic gradient 
recorded in the injection cycles to date; and given the existing over-burden above the Munno 
Para Clay confining layer of 90m of consolidated clay and sands, of which a minimum of 75m 
is saturated; there is no danger that the upward hydraulic gradient would destabilize the 
aquitard. Figure 21.3 which shows piezometric heads in both Aquifers during a period of 
recovery from the ASR well, with upward spikes occurring during pump stoppages, shows 
that there is no transfer of pressure across the confining layer. 

Four samples of Aquifer T1 well water were collected from before commencement of 
injection through to the end of the second cycle of injection. The results from the analyses of 
these waters are presented in table 21.1, and show that there has been no change in water 
quality over this period beyond the range expected for repeated samples of the same water. 
There is also no evidence of constituents present in reclaimed water breaking through to 
Aquifer T1. The marginally higher total organic carbon (TOG) content in the last sample (27 
June 2002) has been confirmed, but as no other more mobile constituents of reclaimed water 
or Aquifer T2 groundwater have broken through, this suggests variability in Aquifer T1 water 
and does not signify any loss of integrity of the aquitard, as confirmed by the piezometric 
data. Furthermore, the induced upward hydraulic gradient across the aquitard appears not to 
have given rise to any increase in salinity in the Aquifer T1 observation well, as a result of 
advecting more saline pore-fluid from the clay aquitard into the Aquifer. The sampling 
method used in this study, of pumping from a well that penetrates more than a thin section at 
the base of Aquifer T1, is unlikely to allow such subtle changes to be detected if they occur at 
all (these would also be imperceptible in any production wells in Aquifer T1, even if there was 
an adjacent ASR well in Aquifer T2). 

It can therefore be concluded that the ASR operation has had no affect on pressures or 
water quality in Aquifer T1 near the ASR well, where there is greatest potential for these 
effects. 
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Figure 21.1: Static water level (SWL) data for Aquifer T1 (#19179) and Aquifer T2 (#19450) observation wells. 
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Figure 21.2: Static water level (SWL) response for the Aquifer T1 and Aquifer T2 observation wells during the third injection event. 

21-3 



10 

5 

0 

c 
I 
<{ -5 
E 

-10 

-15 

Recovery 

" 

" T1 - 1st cycle 

- T2 - 1st cycle 

= 

-20+----------------.--------------~----------------r---------------~--------------~ 

Jun-01 Jul-01 Aug-0'1 Oct-01 Nov-01 Dec-01 

Figure 21.3: Static water level (SWL) response for the Aquifer T1 and Aquifer T2 observation wells during the first recovery event. 

21-4 



( 

T2 avg T1 T1 T1 T1 

Parameter (mgll) Ambient Injectant b4 injection mid-injection end injection end injection 

(n=17) 1st cycle 7104/1999 14/09/2000 4/04/2001 2nd cycle 27/06/2002 

Electrical Conductivity (uS/em) 3592 2265 1350 1226 1392 1975 11 90 

pH 7.3 7.1 7.8 7.6 7.25 6.9 7.43 

Ds solids by calc 2099 1267 757 734 740 
TSS 12 14 9 3 11 
Turbidity (NTU) 13 29 1.9 2.3 5.4 2.4 

Total organic carbon 0.3 18.2 0.3 0.3 <0.3 20.1 0.8 

Ammonia -N 0.1 15.3 0.034 0.031 0.022 2.09 0.023 

TKN-N 0.1 18.5 <0.05 <0.05 <0.05 4.85 <0.05 
N03+N02-N 0 2 <.005 <.005 0.007 2.96 <.005 

Total P 0.02 0.72 0.01 7 0.009 0.013 2.3 0.009 

Chloride 932 428 244 250 220 413 258 

Bicarbonate 265 282 327 286 312 256 321 

Sulphate 274 208 65.1 67.1 70.1 178 69.5 

Calcium 155 45.1 60.2 55 64 47.6 63.6 

Magnesium 80.0 35.6 34.4 30.8 35.2 38.4 35.9 

Potassium 14.7 48.8 6.4 6.5 6.4 49.2 6.8 

Sodium 486.9 303.1 161 162 167 306. 1 166 

Iron- Total 3.2 0.282 0.169 0.359 0.08 0.414 

Strontium -Total 1.1 0.3 0.546 0.484 0.5 0.36 0.306 

Arsenic -inorganic 0.006 0.003 0.004 0.002 0.003 
Boron 0.081 0.415 0.057 0.111 0.106 

Zinc- total 0.16 0.069 0.039 0.048 0.007 

E.coli ( /100ml) 0 42 0 0 0 

Table 21 .1: Water quality of the Aquifer T1 observation well (#19179) before, 
during and after the ASR Trial. 

21.2 WATER QUALITY CHANGES IN NEARBY PRODUCTION WELLS 

Fourteen production wells in the vicinity of the ASR site were sampled by staff of the South 
Australian Department of Water, Land and Biodiversity Conservation (DWLBC) on 22 Feb 
1999, prior to commencement of injection. Ten of these wells were re-sampled on 20 June 
2001, after the end of the first major injection cycle and before commencement of recovery. 
The locations of these wells are shown on figure 21.4. Radial distances between these 
production wells and the ASR well ranged from 360m to 2090m. Collected samples were 
analysed for major ions, metals, nutrients, and a suite of 19 pesticides. A summary of the 
results of analyses of these samples is shown in table 21.2. No pesticide was detected in 
any well before or after ASR so these data have been excluded from the summary table. 
The full suite of results is documented in an appendix to this report. 

The results show that there has been no change in water quality for most wells beyond the 
variability expected in repeated sampling from the same water. However for two wells 
(#15355 and #3959) substantial increases in salinity and some other variables have 
occurred. For well #3959 located 440m from the injection well, total dissolved solids (TDS) 
doubled to 1720mg/L; and for well #15355 located 360m from the injection well , and 270m 
from well #3959, TDS increased by 47%. The salinity increase of 16% in well #3902 (at 
1230m), and 12% in well #3952 (at 1140m) also suggests that some localised changes have 
occurred . 
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Figure 21.4: Map of background Aquifer T1 wells. 
Sampled February 1999 and June 2001. 
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Possible causes for these water quality changes are leakage upwards from Aquifer T2 into 
T1, or leakage downwards from shallow aquifers or the land surface into Aquifer T1. An 
examination of other water quality parameters helps to differentiate these processes. 

Oxidised nitrogen was detected in these four wells, with the highest concentration being in 
the well with the largest salinity increase. All wells in Aquifer T2 before injection, and 
observation wells beyond 50m from the ASR well throughout the Trial, recorded no detectible 
levels of oxidised nitrogen. Aquifers T2 and T1 are nitrogen-reducing environments, which 
suggests that presence of oxidised nitrogen in a sample represents inclusion of water from 
shallower systems, and most notably the upper-most Quarternary Aquifer, where the highest 
nitrogen concentrations and most aerobic conditions are expected. A report by Grams, et.al., 
( 1994) shows that the upper Quaternary aquifer in the vicinity of the Bolivar woodlot, has a 
head higher than Aquifers T1 and T2 for most or all of the year, is saline, and has variable 
and elevated nitrate concentrations beyond the area affected by the woodlot; presumably as 
a consequence of widespread tillage and fertiliser application. Inside the woodlot the mean 
N03-N concentration sampled from 53 wells increased from 4mg/L in 1991 to 24mg/L in 
1993. Outside the woodlot nitrate concentrations were detected in three out of 12 wells, with 
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Unit No. Date 

6628 153551 22/02/1999 

19106/2001 

diff 

6628 3959 I 22102/1999 

19106/2001 

diff 

6628 3970 I 2210211999 

19/06/2001 

diff 

6628 164971 22102/1999 

20/06/2001 

diff 

6628 3900 I 22102/1999 

20/06/2001 

diff 

6628 3958 I 22/02/1999 

20/06/2001 

diff 

6628 39521 22/02/1999 

20/06/2001 

diff 

6628 39491 22/02/1999 

20/06/2001 

diff 

6628 39021 22/02/1999 

19/06/2001 

diff 

6628 155881 22/02/1999 

19/06/2001 

diff 

662813840 22/02/1999 

6628 3903 22/02/1999 

6628 3954 22/02/1999 

6628 7162 22/02/1999 

pH 

(pH units) 

8.1 

7.4 

-0.09 

7.7 

7.5 

-0.03 

7.7 

7.6 

-0.01 

7.8 

7.7 

-0.01 

7.6 

7.6 

0.00 

7.7 

7.7 

0.00 

7.6 

7.8 

0.03 

7.8 

7.8 

0.00 

7.6 

7.5 

-0.01 

8 

7.5 

-0.06 

7.6 

7.6 

7.7 

7.4 

Conductivity 

(us/em) 

Turbidity 

(NTU) 

Ca Mg K Na HC03 Cl F 504 NH4-N Totai-P TKN-N 

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

on 
B Fe-total Mn-total Zn-total Balance 

(mg/L) (mg/L) (mg/L) (mg/L) (%) 

1840 

2340 

0.27 

987 

1450 

0.47 

6.8 

9.3 

0.37 

93.5 

135 

0.44 

55.4 

86.3 

0.56 

6.5 

8.3 

0.28 

183 

280 

0.53 

317 395 0.55 72.2 0.015 0.014 

0.011 

-0.21 

0.07 0.103 0.432 0.012 0.035 -1.48 

1530 

2700 

0.76 

1420 

1380 

-0.03 

1260 

1220 

-0.03 

1320 

1250 

-0.05 

1290 

1200 

-0.07 

1290 

1400 

0.09 

1260 

1220 

-0.03 

1620 

1740 

0.07 

1520 

1500 

-0.01 

2140 

1760 

1270 

2690 

8 

3 

20 

0.00 

1 

0.00 

1 

6 

2 

1.00 

3 

9 

2.00 

1 

2 

1.00 

14 

4 

-0.71 

<1 

3 

3 

2 

860 

1720 

1.00 

799 

827 

0.04 

713 

730 

0.02 

742 

748 

0.01 

730 

727 

0.00 

720 

807 

0.12 

695 

766 

0.10 

895 

1040 

0.16 

833 

897 

0.08 

1190 

949 

709 

1320 

3.6 

5.1 

0.42 

4.4 

14 

2.18 

2.9 

5.3 

0.83 

10 

3.2 

-0.68 

3.3 

4.8 

0.45 

4.9 

9.5 

0.94 

5.4 

11 

1.04 

3.7 

0.55 

-0.85 

8.5 

8.5 

0.00 

10 

6.4 

5.2 

22 

75.2 

132 

0.76 

64.2 

66.6 

0.04 

54.4 

54.5 

0.00 

53.9 

58.7 

0.09 

56.3 

55 

-0.02 

56.9 

62.1 

0.09 

48.6 

53.7 

0.10 

86 

98.2 

0.14 

73 

78.7 

0.08 

95.1 

89.7 

51 

134 

44.8 

89.8 

1.00 

37.8 

39.4 

0.04 

34.1 

33.7 

-0.01 

33.8 

34.3 

0.01 

33.8 

32.9 

-0.03 

34.7 

40.2 

0.16 

31.1 

32 

0.03 

45.1 

52.2 

0.16 

37.3 

40.1 

0.08 

50.6 

54.2 

32 

56.8 

6.2 

9 

0.45 

6 

6.8 

0.13 

5.9 

6.4 

0.08 

5.6 

6.2 

0.11 

5.6 

6.2 

0.11 

5.5 

6.6 

0.20 

5.5 

6.3 

0.15 

5.6 

6.6 

0.18 

5.5 

6.4 

0.16 

7.3 

6.6 

5.7 

9.1 

172 

373 

1.17 

169 

188 

0.11 

154 

167 

0.08 

158 

167 

0.06 

150 

163 

0.09 

145 

185 

0.28 

144 

171 

0.19 

167 

209 

0.25 

163 

196 

0.20 

260 

174 

154 

328 

313 639 0.56 

-0.01 0.62 0.02 

326 304 0.56 

323 763 0.59 

-0.01 1.51 0.05 

324 264 0.55 

307 272 0.58 

-0.05 0.03 0.05 

328 211 0.57 

329 213 0.61 

0.00 0.01 0.07 

329 240 0.53 

321 233 0.59 

-0.02 -0.03 0.11 

332 231 0.54 

333 216 0.61 

0.00 -0.06 0.13 

332 228 0.53 

319 261 0.6 

-0.04 0.14 0.13 

329 213 0.6 

339 245 0.62 

0.03 0.15 0.03 

328 331 0.46 

329 395 0.56 

0.00 0.19 0.22 

343 282 0.44 

331 295 0.52 

-0.03 0.05 0.18 

283 

320 

340 

226 

484 

353 

208 

560 

0.46 

0.49 

0.54 

0.27 

118 0.025 

0.63 0.67 

71.3 0.027 

166 O.D19 

1.33 -0.30 

74.4 0.026 

79.2 0.025 

0.06 -0.04 

65.9 0.023 

67.9 0.022 

62.8 O.D18 

62.9 0.022 

0.00 0.22 

59.9 0.02 

69.3 0.02 

0.16 0.00 

58.5 0.021 

65.4 0.02 

0.12 -0.05 

73 0.021 

93 0.017 

0.27 -0.19 

78.7 0.024 

92.6 0.025 

0.18 0.04 

124 0.027 

88 0.023 

64.6 0.024 

182 0.027 

0.006 

0.008 

0.33 

0.01 

0.01 

0.00 

0.016 

0.013 

O.D15 

0.009 

-0.40 

0.01 

0.014 

0.40 

0.007 

0.009 

0.80 

0.012 

0.022 

0.83 

0.1 

0.43 

0.06 

0.08 

0.33 

0.05 

0.06 

0.20 

0.05 

0.05 

0.00 

0.06 

0.07 

0.17 

0.07 

0.07 

0.00 

0.013 0.06 

0.015 <0.05 

0.008 0.06 

0.019 0.13 

0.299 

0.131 

<0.005 

<0.005 

0.008 

<0.005 

Table 21.2: Water quality of the background Aquifer T1 wells, before and after the ASR Trial. 
(Diff = Z'd value minus first value divided by first value.) 
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0.09 

0.089 

0.115 

0.29 

0.09 

0.133 

-0.23 

0.785 

0.276 

-0.65 

0.165 

0.283 

O.o? 0.377 

O.D79 

0.077 

0.113 

0.134 

0.793 

0.3 

0.244 

1.39 

0.022 

0.83 

0.009 

0.021 

1.33 

0.011 

0.019 

0.73 

0.008 

0.012 

0.50 

0.017 

0.013 

-0.24 

0.01 

0.008 

-0.20 

0.176 

4.03 

0.027 

0.168 

5.22 

0.027 

0.152 

4.63 

0.02 

0.029 

0.45 

0.026 

0.026 

0.00 

0.421 

0.017 

-0.96 

1.13 

-1.76 

-1.16 

0.13 

-1.11 

-1.84 

1.82 

-1.99 

-1.44 

0.29 

-1.20 

-3.8 

-0.09 

-0.98 

-4.05 

-0.75 

-0.81 

0.012 0.023 -3.98 

0.021 0.133 1.94 

0.75 4.78 -1.49 

0.007 0.022 -4.21 

0.013 

0.86 

0.015 

0.01 

0.028 

0.27 

0.035 

0.035 

-3.55 

-0.16 

-2.74 

0.08 

-0.33 0.00 -1.03 

0.007 0.03 -4.44 

0.0011 0.149 0.67 

-0.84 3.97 -1.15 

0.01 

0.013 

0.011 

0.023 

0.056 

0.03 

0.026 

0.171 

-1.19 

-1.15 

-3.19 

5.2 



the peak observed being 36mg N03-N/L. This was also demonstrated when the PVC casing 
of observation well #19183 (50mN, level 1) was cracked. Before the leak, NOx was 
<0.005mg/L, and on 22 Aug 2003 a sample taken 26m from the top of the casing of the well 
had an NOx concentration of 4.42mg/L, compared with a sample from the slotted interval 
(0.303mg/L). 

Analysis of other water quality parameters provided little decisive information to identify the 
cause of observed water quality changes. Boron concentrations are small, but increased in 
all wells, with the largest increase in the well with the largest salinity increase. Given that the 
ambient boron concentration in Aquifer T2 is no higher than the initial mean concentration in 
Aquifer T1, this also suggests that water quality changes in Aquifer T1 that are beyond 
natural variability, may be caused by leakage from overlying aquifers. It is known that the 
boron concentration in the shallowest Quaternary aquifer is elevated. There were no parallel 
signatures for various forms of phosphorus, or other forms of nitrogen. The largest 
manganese and zinc increases occurred in the wells that had largest TDS increases. It is 
well known that a number of bores in the Waterloo Corner area have experienced leakage 
from overlying aquifers, and the water quality signatures in several of the sampled production 
wells indicate that this can also occur in the locale of St Kilda Road. 

Heterotrophic iron bacteria were detected in five of ten T1 wells in the first survey, two of 
which were wells where salinity increases subsequently occurred; but none were detected in 
any well in the second survey. E. coli were detected in two wells in the first survey including 
well #15355, but only one well (#3970 at a radius of 500m) had a small number of E. coli 
present in both surveys. These suggest that contamination of Aquifer T1 samples from 
above-ground is also plausible. 

In conclusion there is evidence that groundwater quality has changed in four of ten nearby 
wells. In two of these the salinity increased by 100% and 47%. An evaluation of water 
quality parameters shows that these changes can be attributed to leakage from overlying 
aquifers, but not to upward leakage from Aquifer T2. There is no evidence of reclaimed 
water in any of the Aquifer T1 wells either adjacent the injection well, or in production wells, 
and the hydrographic signatures show that Aquifers T1 and T2 are not connected in this 
area. 

Well #3959 was constructed around 1960 and originally completed with a 152mm steel 
casing to a depth of 67.66m (not pressure-cemented). From the base of the casing to a 
depth of 77.11 m a 127mm slotted steel screen was installed. The well was re-lined with a 
PVC casing in May 1993 to a depth of 61m. The original TDS of this well was 733mg/L. 
Well #15355 was constructed in May 1990 and completed with a welded steel, pressure
cemented casing to a depth of 67.06m, with open-hole completion to a drilled depth of 
76.2m. 

21.3 PIEZOMETRIC PRESSURE EFFECTS OF ASR OPERATIONS 

The effect of ASR operations on piezometric pressures in Aquifer T2 are discussed in 
chapter 8 of this report. Continuous injection or recovery at 25Lis over three months results 
in head changes of ten metres at 50m, five metres at 400m, two metres at three kilometres, 
and one metre at five kilometre radii. This gives an indication of the increases and 
decreases in pressures that would occur at neighbouring wells as a result of ASR operations, 
and also indicates the extent of interference effects if there are multiple ASR operations 
within the same aquifer. The impact on pressure gradients across the Munno Para Clay 
formation would appear to be trivial in comparison with the effects of existing irrigation wells. 
As extraction is expected to be less than injection volumes, there will be a net positive effect 
on storage, but irrigators in close proximity to ASR operations would experience a net decline 

21-8 



in head during the pumping season. It is therefore recommended that any ASR wells 
constructed in future be located no closer than 50m, and preferably more than 400m, from 
existing irrigation wells in the same aquifer. 
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22. BOLIVAR AQUIFER STORAGE AND 
NUMERICAL MODELLING STORAGE 
SCENARIOS 

K. Osei-Bonsu and R. Martin 

RECOVERY (ASR) 
AND RECOVERY 

SA Department of Water, Land & Biodiversity Conservation (DWLBC) 

22.1 INTRODUCTION 

A calibrated groundwater flow model was used to determine the set of injection/extraction 
well locations and rates, subject to hydraulic and native groundwater quality constraints. 
These constraints were: limits on head build-up in both Aquifer T2 and injection/recovery 
wells; and current total dissolved solids (TDS) concentrations of native groundwater in 
Aquifer T2. The injection/recovery well locations and rates were defined using a trial-and
error approach. The objective was to maximise the total amount of treated water that could 
be stored in, and recovered from, Aquifer T2 during the winter months, for a given wellfield 
configuration. 

Model application indicated that injecting 8.0GL (12.0Lis per well) of treated water under 
pressure into Aquifer T2 every winter over a period of 25 years is possible, but would require 
a recovery of 6.35GL every summer. Under this scenario the range of water levels at the 
end of the annual injection periods in the injection/recovery wells located within the main 
injection domain, was between 5.7 and 10.0m above ground surface. Water levels could rise 
to between 0.1 and 2.3m above ground surface in injection/recovery wells, if up to 6.7GL (or 
1 O.OL/s per well) is injected over 155 days in winter, and S.OGL (or 5.5Lis per well) was 
extracted over 210 days during summer. 

On the other hand, injecting 5.4GL (8.0Lis per well) in winter months and recovering 4.5GL 
(S.OL/s per well) during summer would lead, at the end of the duration of injection, water 
levels ranging between 3.3 and 7.0m bgs in injection/recovery wells. A water level of 
between 10.8 and 14m bgs in injection/recovery wells at the end of injection periods was 
computed, if winter injection and summer recovery-rates per well are kept at 6.0Lis and 
4.0L/s respectively. 

This chapter describes the results of this modelling exercise, aimed at assessing impacts of 
the location of injection wells, and the determination of injection/recovery-rates for a number 
of different scenarios, utilising the available winter-treated reclaimed water from Bolivar for 
aquifer storage and recovery (ASR). Three phases of groundwater flow simulations were 
carried out for this study: 

1. production of a pre-development (the 1960s) steady-state model; 
2. calibration of a transient model using 1970/71 to 2002/03 observed heads; and 
3. hydraulic "optimisation" for wellfield configuration and injection/recovery-rate 

determination, based on the calibrated/validated model. 

Several scenarios investigated in this study considered artificial recharge at 50 injection/ 
recovery wells, assuming 1 OGL of treated wastewater was available for injection during 
winter months. In these scenarios the total volume of water injected over each winter period 
ranged between S.OGL and 8.0GL. To investigate the response of Aquifer T2 to these 
scenarios the calibrated model was applied, using current rates of pumpage from Aquifer T2 
by existing irrigation/domestic well users, and the simulated groundwater potentiometric 
surface for April 2002 as the starting head. 
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22.2 STUDY AREA AND AQUIFER SYSTEM BOUNDARY 

The Northern Adelaide Plains (NAP) Prescribed Wells Area (PWA) is 10 to 35km north of 
Adelaide (figure 22.1) and occupies about 750km2 of the coastal plains of Adelaide. 

The hydrogeologic structure within the study area is defined by elevation, thickness and 
depth data from well logs (Gerges 2001, Evans 1990). The hydrogeologic formation includes 
Quaternary and Tertiary sediments that extend from the land surface to a depth of about 
600m bgs. These sediments could broadly be divided into four regional hydrogeologic units: 
the Hindmarsh Clay with interbedded Quaternary aquifers; the first Tertiary aquifer (Aquifer 
T1 ); the Munno Para Clay confining bed; and the second Tertiary aquifer (Aquifer T2) (figure 
22.2). The Hind marsh Clay, which overlies Aquifer T1, is interspersed with sand and gravel 
lenses forming the Quaternary aquifers. Aquifers T1 and T2 are separated by Munno Para 
Clay, except at the northern and north-eastern parts of the study area where Aquifer T1 and 
Munno Para Clay pinch out and the Hindmarsh Clay is in direct physical and hydraulic 
contact with Aquifer T2 (figure 22.3). Where present, the Munno Para Clay limits 
groundwater flow between Aquifers T1 and T2. The thickness of the Munno Para Clay 
formation ranges from featheredge where it pinches out to as much as 1Om thick at the 
centre of the study area. Aquifers T1 and T2 are layered composites of limestone (Port 
Willunga Formation), sandstone (Hallet Cove Sandstone), and sand (Dry Creek sand). 

The boundary of the NAP aquifer system is mostly defined by geologic and hydrologic 
conditions (figure 22.4). To the east, the boundary is where the Quaternary and Tertiary 
sediments abutt the Para Fault. To the west, the boundary is the shore of Gulf St Vincent. 
The Tertiary formations (Aquifers T1 and T2) continue under the waters of Gulf St Vincent 
and outcrop on Yorke Peninsula. The boundary of the NAP aquifer system is extended for 
this study to account for the existence of Tertiary sediments underneath the Gulf of St 
Vincent. 

The land surface elevation in the study area decreased from east to west. The Little Para 
and Gawler Rivers are the major streams draining the study area. These rivers drain 
westerly towards Gulf St Vincent. The Para Fault, Alma Fault and Redbank fault are the 
principal structural features of the study area (figure 22.4 ). 

22.3 HYDROLOGIC CONDITIONS 

There are two aquifers within the study area, however the focus of this work was on Aquifer 
T2, hence only the hydrologic conditions of Aquifer T2 are described in this section. Historic 
water levels in wells completed in Aquifer T2 in the NAP indicate that groundwater in this 
aquifer is generally confined. However, groundwater can occur under unconfined conditions 
during periods of heavy extraction in areas around Virginia. 

Groundwater recharge to Aquifer T2 occurs by lateral inflow from fractured aquifers at the 
eastern boundary of the study area (figure 22.5). Groundwater outflow from Aquifer T2 
occurs through extraction from irrigation and domestic wells and discharge at the western 
boundary. Before development in the early 1970s groundwater moved laterally from the area 
of recharge (Adelaide foothills) along the eastern region of the study area, to the west where 
it discharged as underflow at the downgradient end of the NAP. The large number of 
extraction wells in the study area has altered the groundwater flow regime significantly. As 
development took place and increased groundwater has been withdrawn from storage within 
Aquifer T2, pumping has disrupted the regional groundwater flow system and most of the 
groundwater movement in Aquifer T2 is now towards pumping wells and their associated 
cone of depression centred on Virginia (figure 22.6). Increased hydraulic gradient between 
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the overlying aquifers and Aquifer T2 as a result of heavy pumping in Aquifer T2 may lead to 
vertical flow from overlying Aquifer T1 and the Quaternary aquifers to Aquifer T2. 
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22.3.1 Hydraulic Properties Of Aquifer Domain 

Different aquifer tests (step-drawdown, constant rate test) and laboratory tests were carried 
out across the NAP to determine the hydraulic properties of Aquifer T2. Figure 22.7 shows 
the location of sites where the tests were conducted. Aquifer tests consist of pumping water 
from Aquifer T2 at different rates and measuring drawdowns in pumping wells and nearby 
observation wells. Aquifer transmissivity is estimated by fitting models to measured 
drawdowns. Table 22.1 shows a summary of hydraulic properties of Aquifer T2 determined 
from aquifer tests. 

Location 
Calculated Aquifer 

Method Of Properties Source Of Well# Location Type OfTest 
Analysis Storage Information 

Easting Northing Coefficient 

6628 Andrews Step-drawdown Eden-Hazel 1.9 to 5.6 x 104 Gerges 285766 6160457 Constant rate 180 
19960 Farm discharge Jacob 2001 

6628 Step-drawdown, Eden-Hazel 4.27 X 104 Martin, Bolivar 276553 6154021 constant rate 184 18777 
discharge 

Jacob et.al., 1998 

James-
6628 Kangaroo 284087 6172113 

Constant rate Jacob 252 0.001 Smith and 
19388 Flat discharge Huntush 192 0.0015 Osei-Bonsu 

2001 

6628 Parafield Step-drawdown, Eden-Hazel 177 Telfer, et.al., 
282065 6146759 constant rate 20328 Airport dischar e Jacob 180 2001 

Table 22.1: Aquifer properties determined from aquifer test. 

Figure 22.7: Aquifer T2 pump test sites. 
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22.4 CONCEPTUAL MODEL AND BOUNDARY CONDITIONS 

A one-layer model representing Aquifer T2 was used in this work, although the geologic 
formation in the study area can be divided into four regional hydrogeologic units. 

The conceptual model was based on geologic and hydrologic information discussed in the 
previous sections. Water within Aquifer T2 was assumed to flow horizontally (and vertically 
through the confining bed). Three types of boundary conditions were used in the model: 
constant head; no-flow boundaries; and general head boundary (GHB). The boundaries 
were selected to match the groundwater flow regime in the study area. Constant head cells 
bound Aquifer T2 to the east and the west. The constant head and no-flow conditions were 
assigned based largely upon the September 1973 potentiometric surface of Aquifer T2 
(Shepherd 1975). The constant head cells were used in the model to control the hydraulic 
gradient, and thus the inflow and outflow, near the limits of the simulated area. The constant 
heads were used where the limits of the modelled area could not be aligned perpendicular to 
equipotential lines on the potentiometric surfaces, and where it was unrealistic and/or 
impractical to truncate the simulation with no-flow boundaries. The northern and southern 
boundaries of Aquifer T2 were specified as no-flow boundaries. The hydraulic boundaries 
used in this study were transitory features that could shift in location or disappear altogether, 
if hydrologic conditions changed. 

The lateral hydraulic boundaries used in this study are shown in figure 22.8. Along the 
eastern boundary, the NAP aquifer system is not hydraulically isolated from the adjacent 
area. To account for the interaction of the flow system with adjacent areas, the mountain 
front to the east was treated as a series of constant head boundary cells. This represented 
the major source of lateral inflow from the fractured rock aquifer system to Aquifer T2. In the 
areas where Aquifer T2 extends below the body of overlying ocean, it was inferred that sub
sea discharge from Aquifer T2 may occur through the confining bed into the overlying Aquifer 
T1. This sub-sea discharge boundary was approximated as a constant head in Aquifer T2. 
The northern, north-eastern corner, and southern boundary of the study area approximated 
flow lines and were treated as no-flow boundaries. 

Downward leakage to Aquifer T2 from overlying aquifers was considered likely to occur on 
the fringes of areas where there were thin or no confining beds separating Aquifer T2 from 
overlying aquifers (Gerges 2001 ). This process was thought likely to happen at the area 
north of the Gawler River and at Kangaroo Flat where the confining Munno Para Clay bed is 
thin or absent. Records relating to wells in Aquifer T3 in the Port Gawler, Virginia and 
Allenby Gardens area suggest a potential upward leakage into Aquifer T2 under current 
potentiometric level conditions. 

The MODFLOW General Head Boundary (GHB) package is used to simulate vertical inflow 
to, and outflow from, Aquifer T2. A general head boundary simulates a source of water 
outside the model area that either supplies water to, or receives water from, adjacent cells in 
proportion to the hydraulic head difference between the source and model cell. The 
exchange rate of water between the model cell and outside source or sink is given by 
equation (1 ). 

Q = C(HB-h) Eqn (1) 

where Q =rate of flow [L3T] into or out of model cell; 
C =conductance [L2T] between the external source or sink and model cell; 
HB = head [L] assigned to the external source or sink; and 
h = hydraulic head [L] within the model cell. 
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The values of C are calculated by using equation (2). 

C = (KA)/L 

where 

y 

L X 

K 

A 
L 

Eqn (2) 

= hydraulic conductivity [LIT] between the model cell and the external 
source or sink; 

= cross-sectional area [L 2] perpendicular to flow; and 
=flow distance [L]. 

Figure 22.8: Model grid and boundary condition. 

MODFLOW BC Symbols 

G Constant Head 

22.5 MODELLING APPROACH 

The 3D finite difference model MODFLOW (McDonald and Harbaugh 1988) was used to 
accomplish modelling. A single layer, two-dimensional approach was used. Data entry to 
the model included the lateral extent, and the top and bottom elevation of Aquifer T2; 
hydraulic properties, such as horizontal hydraulic conductivity and specific storage; and 
location of current extraction wells and their pumping-rates. Both steady-state and transient
state model runs were accomplished through a trial-and-error process of adjusting initial 
aquifer hydraulic property values used in the model within acceptable ranges. Results of the 
simulation consisted of hydraulic heads at observation wells and potentiometric surface. 

Very limited data is available on pre-development (1960s) water level conditions, although it 
is understood that much of T2 had previously been artesian , thus the developed steady-state 
model is of uncertain reliability. One of the problems encountered in this study involved the 
simulation of a steady-state model and the specification of initial conditions for transient-state 
for a system that was not in equilibrium. 
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The simulation strategy involved the following steps: 
• identification of a period in the past, during which the aquifer system was in semi

equilibrium; 
• carrying out a steady-state simulation for that period, to obtain computed water levels 

that are acceptably closed to the mean of measured water levels; 
• using the simulated head as initial conditions for transient-state simulation; and 
• modelling all intervening stress to the specified time in future. 

Water level patterns from monitoring wells in Aquifer T2 are shown in figures 22.9 to 22.12. 
In general, the hydrographs show seasonal variations with water levels increasing to reach 
maximum elevation in August/September (winter) and decreasing to minimum elevation in 
March/April (summer). The historical water level trends from 11 observation wells in Aquifer 
T2 (shown in figures 22.9 to 22.12), indicate that from the time first observed water level data 
was recorded to 1969, groundwater inflow and outflow to Aquifer T2 was in a semi-steady 
condition (dynamic equilibrium). 

Based on the analysis of these hydrographs it can generally be stated that prior to 1970, 
water levels in Aquifer T2 almost fully recovered during the wet winter months, after falling 
during the dry summer months. Fluctuations in head values represent a response to 
pumping and recovery cycles, and it is assumed that the system attained a semi-steady-state 
equilibrium with the stresses during this period. Historical water level trends from the 11 
selected observation wells indicate that Aquifer T2 was in semi-steady-state (dynamic 
equilibrium) from 1960 to 1969. These water levels are assumed representative of the 
hydraulic heads before substantial groundwater development, and are therefore assumed to 
represent semi-steady-state conditions. The average of the measured water levels during 
this period of 1960 to 1969 are hence used in the steady-state phase of model development 
and calibration. 

Pumping events after 1969 severely disturbed the semi-steady-state of Aquifer T2. The 
long-term trend line from the observation wells shows a decline in water levels between 1970 
and 1999; however these are currently recovering in Aquifer T2. The transient model, which 
was simulated by using the steady-state results as initial conditions, was run between 1970 
and 2002. Each year was divided into two stress periods representing summer and winter. 
The summer stress period beginning in September is made up of 210 days, and the winter 
stress period beginning in April is made up of 155 days. The stress periods are selected to 
correspond to the periods during which water levels in observation wells were measured. 
The summer and winter stress periods are divided into seven and five time steps, 
respectively, where time units are in days. Hydraulic stress considered in the model was 
groundwater extraction from irrigation wells. Observed changes in water levels from 1970 to 
2002 were used to calibrate and validate the transient model. 

The Licensing Division of the Department of Water, Land and Biodiversity Conservation 
(OWLBC) provided locations of current extraction wells in the study area (shown in figure 
22.13), as well as a summary of historic groundwater pumping from Aquifer T2 (shown in 
figure 22.14 ). The annual withdrawals do not include withdrawals for 1988/89, 1989/90, 
1990/91 and 1991/92 seasons. The annual withdrawals from 1970/71 through 1987/88 
represent withdrawals from both Aquifers T1 and T2. It is estimated that 77% was withdrawn 
from Aquifer T2 (Evans 1990). Extraction prior to 1970/71 (the start of development) is 
unknown. 
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Figure 22.14: Distribution of current extraction wells completed in Aquifer T2. 
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22.6 MODEL CHARACTERISTICS 

The numerical model was based on the following characteristics and assumptions: 
• a finite-difference grid with a minimum cell size of 340 by 315m. The model grid 

consisted of 129 rows and 143 columns, of which 11356 cells were active; 
• a one-layer model was used to represent Aquifer T2; 
• natural lateral inflow to and outflow from Aquifer T2 was simulated by the use of constant 

head cells during steady-state and transient-state simulations; 
• potential vertical leakage into or out of Aquifer T2 over the model domain was simulated 

with the general head boundary (GHB) package (MODFLOW); 
• the steady-state model was used to simulate pre-development water levels; 
• the transient model was run between 1970 and 2002. Each year was divided into 

summer and winter stress periods, with summer made up of 210 days, and winter 155 
days. Summer was divided into seven time steps and winter into five time steps; 

• the transient model simulated historic pumping conditions for two periods: from pre
development to 1992, and from 1993 to 2003. Aquifer T2 was used for all simulated 
pumping in the transient model; 

• pumping data from 1970/71 to 1986/87 was a combined annual pumpage from Aquifers 
T1 and T2. It was assumed that 77% of the total annual pumpage was from Aquifer T2 
(Evans 1990); 

• pumping volumes between 1987/88 and 1990/91 were not available, hence volumes 
used during this four year period were estimated; 

• the actual pumping volume from individual extraction wells in Aquifer T2 were used for 
the period between 1991/92 and 2002/03; 

• actual locations of individual extraction wells were used; and 
• final development of both steady-state and transient-state models was accomplished 

through a trial-and-error process of adjusting initial values used in each model within an 
acceptable range. 

22.7 MODEL CALIBRATION 

Model calibration was an attempt to reduce the difference between model results and 
measured data by adjusting model parameters. Calibration of the model was accomplished 
by adjusting input values of hydraulic conductivity and storage coefficient until reasonable 
results were achieved. The locations of observation wells used in model calibration are 
shown in figure 22.15. The calibration results consist of a comparison of measured and 
simulated heads. The sensitivity of the model to variations of hydraulic property values used 
as input data was examined. Properties tested included hydraulic conductivity and specific 
storage. 

Steady-state model simulation was made for groundwater conditions in the 1960s. Using the 
steady-state results as the initial condition, the transient-state calibration was accomplished. 

The transient model was calibrated using 1970/71 to 2002/03 water level measurements 
from 26 observation wells in Aquifer T2. Based on the extraction data provided, volumes 
from Aquifer T2 were simulated for the transient model, focusing on two pumping periods: 
from 1970/71 to 1991/92, and 1992/93 to 2002/03 seasons. During the history matching 
process, values for specific storage were varied within acceptable limits; values for pumping
rates were not varied. This process provided a means of obtaining representative transient 
models. 

Model-calibrated hydraulic property values are shown in figures 22.42, 22.43, 22.45 and 
22.46. 
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22.7 .1 Steady-State Model 

The steady-state model was calibrated by trial-and-error adjustments of aquifer hydraulic 
conductivity and model boundary conditions, until simulated heads matched the average 
values of water levels measured at 11 observation wells during the 1960s. These 11 wells 
were selected on the basis of water level records and their spatial distribution (table 22.2). 

Observation well hydrographs from Aquifer T2 (shown in figures 22.9 to 22.12) indicated that 
water levels in the 1960s were in a semi-steady state (dynamic equilibrium). Average values 
of water levels for the 1960s from the selected wells area were therefore assumed to be 
representative of hydraulic heads of Aquifer T2 in the NAP GPA and Kangaroo Flat 
Restricted Area, prior to substantial groundwater development. It was estimated that an 
average of 5.0GL was extracted annually from Aquifer T2 in the 1960s. 

Matching of simulated steady-state potentiometric surface to observed potentiometric surface 
was not carried out because actual pre-development potentiometric levels for Aquifer T2 
were unknown. Figure 22.16 shows simulated average hydraulic heads (reflecting pre-1970 
or pre-development conditions) for the 11 selected observation wells, compared with mean 
water levels. Simulated water level altitudes for these 11 wells, using the calibrated steady
state model, are shown in table 22.2. Observed mean water levels and simulated hydraulic 
heads for the 1960s are plotted along 1:1 correlation line (figure 22.17). After calibration, the 
simulated hydraulic head for the steady-state were within 0.14-1.72m of measured mean 
water levels for the 1960s, with root mean square error (RMSE) of 0.95m and mean error 
(ME) of 0.32m. 

A principle requirement of the development of a numerical model was a water level map 
representing the pre-development period, so that field-determined potential distribution could 
be compared to simulation results and boundary conditions. However, there are no records 
of pre-development water level data, nor a water level map. The lateral boundary condition 
used in this model was based on a 1973 water level map (Shepherd 1975) and knowledge of 
the physical features of the area. The lateral boundary conditions used, and the simulated 
steady-state water level, may have been a fair to poor representation depending, on the 
rapidity of the initial groundwater development. 

Observation Observation Well Location Water Level Elevation (AHD) 
Well 

Easting Northing Calculated Observed Difference 
MPA048 283276.75 6150924.29 19.61 18.67 0.94 
MPA050 287502.73 6151810.33 17.31 16.67 0.64 
MPA064 278497.74 6160091.26 -6.26 -6.04 -0.22 
MPA075 282647.77 6163266.28 9.28 7.00 -0.72 
MPA081 284541.80 6159052.34 12.66 12.80 -0.14 
PTG044 285578.80 6151385.29 13.54 11.83 1.71 
PTG056 279242.00 6169647.00 13.62 11.9 1.72 
PTG060 267988.74 267988.74 4.53 3.80 0.73 
PTG062 277086.81 6166518.35 6.43 7.35 -0.92 
YAT009 285578.8 6151385.29 14.33 14.50 -0.17 
YAT010 283276.75 6150924.29 10.55 9.98 0.57 

Table 22.2: Measured and calculated water level elevation from steady-state simulation. 
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Figure 22.15: Location of Aquifer T2 observation wells used in model calibration. 

Figure 22.16: Simulated heads compared to observed mean water levels 
in Aquifer T2 after steady-state calibration. 
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22.7.2 Transient-State Model 

The transient conditions included results of pumping from production wells in the aquifer 
system. Reported groundwater extraction from Aquifer T2 is shown in figure 22.14; figure 
22.13 shows the current location of extraction wells. After achieving a satisfactory steady
state calibration, transient groundwater conditions were modelled for 32 years between 1970 
and 2002. 

The transient model was calibrated for 1970/71 to 2002/03 seasons, using available water 
level data from a total of 26 observation wells in Aquifer T2. The transient model was 
assumed calibrated when simulated water levels matched the general magnitude and trend 
of measured water levels, and the model parameters were within reasonable limits supported 
by available data. During the history matching process values for specific storage were 
varied within acceptable limits; values for pumping-rates were not varied. 

The transient model simulated historical groundwater extraction conditions for two periods, 
with an intermediate pumping period ending in 1991/992. 1991/92 coincided with the time 
from which actual extraction-rates from Aquifer T2 are available. 

22.7.2.1 Transient Model Calibration- First Pumping Period 

The first 22 seasons of the transient model were calibrated for the periods 1970/71 and 
1991/92. During the transient model calibration process water level hydrographs for 16 wells 
were used to compare simulated and measured water levels over a time period of 22 years 
(figure 22.18 to 22.35). 

A number of factors may have contributed to the poor match between measured and 
simulated water levels. These may have included: 
• in areas like the NAP Prescribed Groundwater Area (PGA), where groundwater 

development was intensive and extraction widespread, matching of water levels required 
the use of actual groundwater extraction-rates and locations of pumping wells; 

• between 1970/71 and 1991/92 the actual withdrawal-rate from Aquifer T2 is unknown; 
• the documented extraction volume for 1970/71 to 1987/88 was a combined volume of 

groundwater extracted from both Aquifers T1 and T2. It was assumed that 77% of the 
total annual pumpage was from Aquifer T2; and 

• there is no documented data on annual groundwater extraction during the last four 
seasons of the first pumping period, these figures were therefore estimated. 

22.7.2.2 Transient Model Calibration- Second Pumping Period 

Observed 1992/93 to 2002/03 water levels were used in the second period of model 
calibration. Calibration results are shown in figures 22.26 to 22.35. Measured water levels 
and simulated hydraulic heads for selected periods plotted along 1:1 correlation line are 
shown in figures 22.36 to 22.41. 

Hydrographs from the two simulation periods show that the transient-state model reasonably 
simulated long-term water level changes in Aquifer T2 that have resulted from pumping. 
Very poor calibration results were achieved for observation wells MPA081, PTG062 and 
MUW025. The simulated water levels at these observation points were generally lower than 
measured water levels, indicating that either the hydraulic properties (such as transmissivity 
and specific storage values) used in the model cells in and around these points were smaller 
than actual field values; that the actual extraction-rates from wells located in the vicinity of 
these observation wells were less than the quantity simulated; or that a combination of these 
factors occurred. Simulated water levels at the end of the 1970/71 - 1990/91 period were in 
poor agreement with measured water levels in observation well MPA075. 
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observed head against simulated head from observation wells MPA075 and MPA081. 
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Figure 22.20: Transient model calibration for the first pumping period : 
observed head against simulated head from observation wells MPA 110 and MPA 111. 
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Figure 22.21: Transient model calibration for the first pumping period: 
observed head against simulated head from observation wells PTA041 and PTA046. 
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Figure 22.22: Transient model calibration for the first pumping period: 
observed head against simulated head from observation wells PTG044 and PTG046. 
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Figure 22.23: Transient model calibration for the first pumping period: 
observed head against simulated head from observation wells PTG060 and PTG062. 
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Figure 22.24: Transient model calibration for the first pumping period: 
observed head against simulated head from observation wells PTG066 and MUW028. 
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Figure 22.25: Transient model calibration for the first pumping period: 
observed head against simulated head from observation wells PTG066 and MUW028. 
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Figure 22.26: Transient model calibration for second pumping period: 
observed head against simulated head from observation wells MPA064 and MPA048. 
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Figure 22.27: Transient model calibration for second pumping period: 
observed head against simulated head from observation wells MPA 110 and MPA075. 
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Figure 22.28: Transient model calibration for second pumping period: 
observed head against simulated head from observation wells MPA 136 and MPA 111. 
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Figure 22.29: Transient model calibration for second pumping period: 
observed head against simulated head from observation wells MPA081 and MPA050. 
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Figure 22.30: Transient model calibration for the second pumping period: 
observed head against simulated head from observation wells PTA041 and PTA046. 
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Figure 22.31: Transient model calibration for the second pumping period: 
observed head against simulated head from observation wells PT A083 and PT A091. 
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Figure 22.32: Transient model calibration for the second pumping period: 
observed head against simulated head from observation wells PTG060 and PTG044. 
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Figure 22.33: Transient model calibration for the second pumping period: 
observed head against simulated head from observation wells PTG066 and PTG062. 
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Figure 22.34: Transient model calibration for the second pumping period : 
observed head against simulated head from observation wells MUW012 and MUW025. 
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Figure 22.35: Transient model calibration for the second pumping period: 
observed head against simulated head from observation wells YAT01 0 and YAT009. 
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Figure 22.36: Transient model calibration: simulated head relative to measured heads (April 2000). 
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Figure 22.37: Transient model calibration: simulated head relative to measured heads (September 2000). 
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Figure 22.38: Transient model calibration: simulated head relative to measured heads (April 2001 ). 
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Figure 22.39: Transient model calibration: simulated head relative to measured heads (September 2001 ). 
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Figure 22.45: Calibrated aquifer transmissivity in units of square metres per day (m2/day) . 
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Figure 22.46: Calibrated aquifer storage coefficient. 
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22.8 SENSITIVITY ANALYSIS 

The differences between simulated and measured groundwater heads were used as the 
basis for demonstrating the best-fit for the calibration. Comparison of the hydrographs of 
simulated heads and measured heads readily highlighted the spatial distribution of errors in 
the calibration. Some of the simulated groundwater heads from the calibrated groundwater 
flow model departed from measured heads after calibration. 

Discrepancies between model results and measurements (model errors) may have been due 
to one or a combination of some or all of the following factors: over-simplification of the 
conceptual model; grid size; inadequate presentation of boundary conditions; simulated 
pumping-rates not well represented; and/or difficulty in obtaining sufficient measurement to 
account for all the spatial variation of aquifer hydraulic properties throughout the modelled 
area. 

The response of the model to changes in calibrated hydraulic values was evaluated by 
sensitivity analysis. The purpose of the sensitivity analysis carried out in this study was to 
quantify uncertainties in the calibrated model, caused by uncertainty in the estimates of 
aquifer hydraulic parameters. Each parameter was adjusted uniformly over the entire 
modelled area, while all other variables were kept constant. The uncertainty in the estimates 
of aquifer hydraulic parameters was quantified in terms of ME, Mean Absolute Error (MAE) 
and RMSE using only water level measurements. 

22.8.1 Steady-State Model Sensitivity Analysis 

The sensitivity of the model in steady-state mode was determined by varying the calibrated 
values of aquifer hydraulic conductivities. Eleven wells were selected for this analysis. The 
range of adjustments for hydraulic conductivity was 0.10-3.0 times the calibrated hydraulic 
conductivity value. The sensitivity of the steady-state model to calibrated hydraulic 
conductivity value is shown in table 22.3 and figure 22.47. The steady-state model was 
sensitive to decreases in hydraulic conductivity values. Decreasing the hydraulic 
conductivity to less than 0.5 times the calibrated hydraulic conductivity values, increased the 
RMSE value to more than 6.0m; however the hydraulic conductivity was increased by three 
times the calibrated hydraulic conductivity value, before the RMSE value increased to more 
than 6.0m. 

Multiples of K 

0.1 
0.25 
0.5 
1.0 
1.5 
2.0 
3.0 

Mean Error 
m 

-22.09 
-10.25 
-4.41 
0.32 
2.53 
3.86 
5.40 

Mean Absolute Error 
m 

23.68 
11.11 
4.74 
0.82 
2.53 
3.86 
5.40 

Root Mean Square Error 
m 

39.90 
16.79 
6.76 
.95 

2.93 
4.50 
6.30 

Table 22.3: Steady-state sensitivity analysis results. 

22-51 



18 

16 . 

E 14 
0 
t: 12 
w 
g10 
c 8 "' Q) 

::;: 6 
0 
0 4 a:: 

2 

0 

0 2 3 4 5 6 7 

M.Jtiples d calibrated t¢a<Jic a::rd.ctivity 

Figure 22.47: Steady-state sensitivity analysis with respect to hydraulic conductivity. 

22.8.2 Transient-State Model Sensitivity Analysis 

The sensitivity of the transient model was determined for simulations representing 
September 2000 conditions by varying the calibrated hydraulic conductivity and specific 
storage values. A total number of 19 wells were used. The results are shown in tables 22.4 
and 22.5 and in figure 22.48. The model was sensitive to decreases in hydraulic 
conductivity. Decreasing the hydraulic conductivity to 0.25 times the calibrated value leading 
to an increase of about 20.0m in the RMSE. However, the hydraulic conductivity was 
increased by 2.0 times the calibrated value, before the RMSE value increased to 11.70m 
(figure 22.48). The model was sensitive to decreases in storage coefficient. Decreasing 
storage coefficient to 0.25 times the calibrated value, caused the RMSE to increase from 
4.38 to 1Om (table 22.5). 

Multiples of 
Calibrated Horizontal 

Hydraulic Conductivity (K) 
0.1 

0.25 
0.5 
1 
2 
4 
6 

Mean Error 
(m) 

-20 .20 
-14 .98 
-9.30 
2.40 
9.19 
13.65 
15.25 

Mean Absolute Error 
(m) 

22.53 
15.64 
9.33 
2.65 
9.19 
13.65 
18.25 

Root Mean Square Error 
(m) 

28.29 
20.40 
12.49 
4.38 
11.70 
16.52 
18.25 

Table 22.4: Transient simulation sensitivity analysis 
with respect to calibrated horizontal hydraulic conductivity (K). 

Multiples of Calibrated 
Specific Storage (S) 

0.1 
0.25 
0.5 
1 
2 
4 
6 

Mean Error 
(m) 

10.06 
7.99 
-5.50 
2.40 
-4.10 
-4.69 
-4.53 

Mean Absolute Error 
(m) 

10.066 
7.99 
5.50 
2.65 
4 .35 
4 .96 
4.87 

Root Mean Square Error 
(m) 

11.94 
10.03 
7.82 
4.38 
5.94 
6.76 
6.86 

Table 22.5: Transient simulation sensitivity analysis with respect to calibrated specific storage (S). 
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Figure 22.48: Transient simulation sensitivity analysis 
with respect to aquifer horizontal conductivity (K) and specific storage (S). 

22.9 MODEL LIMITATION 

The model was limited by difficulties in obtaining sufficient measurements to account for all of 
the spatial variation in hydraulic properties throughout the modelled domain, and in 
adequately defining boundary conditions. 

Limited data (magnitude and distribution of hydraulic heads) was available for pre
development water level conditions; thus the developed steady-state model was of uncertain 
reliability. 

The head in each cell represented an average head for the aquifer in that cell. The average 
head was a gross approximation. At cells with high transmissivity values, this was not much 
of a problem except if an observation well was adjacent to a pumping well. However, if 
pumps were switched on and off, the meaning of a single recorded reading once every three 
months would itself be unreliable. 

A single-layer semi-confined aquifer was modelled. The general head boundary (GHB) 
package was used to simulate vertical outflow and inflow into the modelled aquifer. 

Constant heads used in the model represent artificial boundaries. No-flow boundaries were 
defined along groundwater flow lines, and constant heads were defined for locations where 
flow lines were not coincident with the location of a boundary. 

The results of the calibration were evaluated both qualitatively and quantitatively, but even in 
a quantitative evaluation, judgement of the best-fit between the model and observed data 
was subjective. More effort could go into calibration by adjusting parameters in individual 
zones, however this was considered unnecessary for the objective of this modelling exercise, 
given the assumptions discussed earlier (section 22.6) as well as time limitations. 

The conceptual model was a simplification of the natural system, which was much more 
complex. Some errors in the model results may have occurred where the simplifications did 
not adequately describe the complexity of the NAP aquifer system. 
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22.10 MODEL APPLICATION 

22.10.1 Determination of Injection/Recovery Well Locations and Rates 

The main objective of this study was to use the calibrated groundwater flow model to 
determine the best set of injection/recovery well locations and injection/recovery-rates, 
subject to site-specific constraints. 

The determination of the injection/recovery well locations and rates is based on criteria listed 
later in this chapter. The calibrated groundwater flow model, driven by 2002/03 extraction
rates and using April 2003 simulated heads as initial conditions, was used to compare the 
hydraulic effects of different scenarios. Currently 9.5GL and 3.5GL of groundwater is 
extracted during summer and winter months, respectively. 

Well locations and injection/recovery-rate scenarios were defined using a trial-and-error 
approach. The calibrated groundwater flow model was executed repeatedly to simulate 
different injection/recovery well locations and recovery-rate scenarios. The results for each 
scenario were evaluated with respect to the objective function and constraints of the 
problem, as listed below. 

22.1 0.1.1 Objective Function 

The objective function was to maximise the amount of total treated water that could be stored 
in and recovered from Aquifer T2 during winter months. 

NW 155 

Maximize L:L:Qwi,t 

where 

i=l 1=1 

NW 
Qwi,t 

= total number of injection/recovery wells; and 
= injection-rate at well (i) at time (t). 

Eqn (3) 

Values of the objective function are in units of gigalitres (GL) injected during the 155 day 
period. The value of the objective function was limited by a set of constraints, as outlined 
below. 

22.1 0.1.2 Constraints 

1) The total number of injection/recovery wells must not exceed a fixed number (NW), 
where NW is 50 wells. This was represented by the simple formula: NW s; 50. 

Consider a problem of increasing the head at a point x by h via injection, using up to NW 
wells. The head build-up at (x) due to well (i) is: 

Eqn (4) 

where Fi = build-up at x due to a unit of injection via well (i); and 
Qi = injection-rate at well (i). 

The total head build-up at point x is: 

NW NW 

h= Lhi= LFiQWi Eqn (5) 
i=l i=l 
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2) Maintaining the head build-up at any point in Aquifer T2 below ground surface elevation 
is governed by the following constraint: 

NW NW 

h = Lh = LFiQWi,l 5, (Egs ho) Eqn (6) 
i=l i=l 

where Egs =ground surface elevation (mAHD); and 
ho = elevation of initial piezometric head. 

3) The total winter storage through all injection/recovery wells is required to be equal to the 
amount of treated water available for injection during each winter. This constraint could 
be written as: 

Eqn (7) 

where Ainj is the amount of water available for storage during winter months. 

The total amount of treated water to be made available for injection was assumed to be 
10GL. 

4) Total number of days of injection was 150 during winter. 

5) Injection/recovery wells should be located close to existing pipeline infrastructure where 
possible. 

6) Injection/recovery wells are to be located in areas where the current native groundwater 
salinity (total dissolved solids (TDS) concentration) is greater than 1500mg/L. 

7) Constraints on the minimum and maximum recovery-rate from each injection/recovery 
well are written as: 

(Qwi. 1) min 5, Qwi, 1 5, Q( Wi, 1) max 

where (Qwi,r)min = minimum recovery-rate at well (i) at time (t); and 
(Qwi.t)max = maximum recovery-rate at well (i) at time (t). 

Eqn (8) 

The minimum recovery-rate from each injection/recovery well was necessary for the 
system operation. 

The above constraints were used in determining the location and rates of injection/recovery 
wells. A trial-and-error method in which wells were moved around, and injection/recovery
rates were varied was used. A management period of 25 years was simulated. 

22.10.2 Land Surface Elevation 

Global Position System (GPS) measurements of land-surface altitude at observation wells 
locations in the study area obtained from the SAGEODATA database were used in this 
study. This data, apart from being critical when calculating water level elevations for 
potentiometric surface maps, were of great importance when determining if the water level in 
the observation wells was below land surface during injection. The GPS land-surface 
elevations at observation well locations are presented in table 22.6. 
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Observation Location Land-Surface 

Well Name Easting Northing 
Elevation 
(mAHD} 

MPA050 287502.73 6151810.33 49.61 
MPA064 278497.74 6160091.26 14.60 
MPA075 282647.77 6163266.28 27.40 
MPA110 288511.82 6162752.34 34.72 
MPA111 277983.81 6156376.24 9.98 
MUW012 289322.78 6167953.31 43.52 
MUW016 289282.84 6172977.3 52.02 
MUW027 283707.10 6173526.95 32.56 
PTA040 270906.76 6150259.30 3.54 
PTA041 270686.79 6155234.32 2.39 
PTA046 270979.78 6158798.31 2.75 
PTA083 274045.76 6157478.26 3.83 
PTA091 276291.69 6161318.38 12.29 
PTG044 276893.82 6170587.35 16.33 
PTG060 267988.74 6166116.34 5.71 
PTG066 273234.80 6168967.32 10.47 
YAT010 283276.75 6150924.29 24.43 
YAT009 285578.80 6151385.29 36.29 

Table 22.6: Land-surface elevation at observation well sites in Aquifer T2 

22.10.3 Application 

To determine injection/recovery well configuration and rates, a series of simulations using the 
calibrated model were run. In each simulation the injection/recovery well rates were varied, 
while well configuration was kept the same. Injection/recovery-rates were simulated in the 
calibrated transient model for a 10 year period and the rise in water levels in observation 
wells was compared with land surface elevation at each observation point. Various aquifer 
storage and recovery (ASR) scenarios simulated with the calibrated numerical model were 
represented. 

Figures 22.49 and 22.50 and table 22.7 show the location of injection/recovery wells for the 
ASR project. The potential impact of various ASR scenarios on groundwater levels in the 
NAP PWA is presented in the form of observation well hydrographs, injection/recovery well 
hydrographs, and potentiometric surface maps. 

Figures 22.51 to 22.65 represent the response of Aquifer T2 under the following additional 
conditions: 

• current groundwater users extracting approximately 9.5GL during summer and about 
3.5GL during winter; and 

• an annual injection/recovery cycle is made up of 155 days of injection, followed by 
21 0 days of recovery. 

The results of scenarios investigated are described in the following sections. Tables 22.8 
and 22.9 present a summary of simulation results. 
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Figure 22.49: Groundwater salinity in Aquifer T2 and injection/recovery well locations. 
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Figure 22.50: Location of injection/recovery wells, indicating the numbering used in this study. 
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22.1 0.3.1 Scenario 1: Injecting 6. 7GL per Winter Season 

This scenario was made to determine the recovery-rates at which the increase in Aquifer T2 
water levels could be kept at an elevation below ground surface, if 6.7GL was injected. 
Injection/recovery wells were assigned an injection-rate of 1 OL/s. The minimum recovery
rates required to maintain water levels at observation wells below ground surface when 
injecting a combined total of 6. 7GL, was 5.5Lis for each of the 50 injection/recovery wells 
over 210 days, which is equivalent to 4.99GL. This volume excluded extraction by irrigators. 
Simulated potentiometric surface in Aquifer T2 under this scenario is shown in figure 22.51. 

The potential impact of this scenario as monitored in injection/recovery wells located within 
the cone of depression and the observation wells is shown in figures 22.52 to 22.71. 

Injection/ 
Recovery Easting Northing 

Well 
1 274721.8 6154082.4 

2 275416.8 6153474.2 

3 276111.9 6152813.9 

4 276772.1 6152205.8 

5 277102.3 6153422.1 

6 277467.2 6154690.5 

7 278197.0 6155003.3 

8 278492.3 6154377.8 

9 279534.9 6154725.3 

10 278839.9 6155316.1 

11 278857.2 6155993.7 

12 279517.5 6155941.6 

13 280264.7 6155993.7 

14 280959.7 6155976.3 

15 281967.5 6155611.5 

16 281255.1 6156636.6 

17 280247.3 6156619.2 

18 280560.1 6157210.0 

19 281585.2 6157244.8 

20 280229.9 6158495.8 

21 281567.9 6158808.6 

22 282262.9 6158200.4 

23 282627.8 6157574.9 

24 283971.8 6156963.0 

25 283583.4 6157939.8 

26 282610.4 6158878.1 

27 281984.9 6159781.6 

28 281498.4 6160372.4 

29 280890.2 6160424.5 

30 281620.0 6161397.6 

31 282332.4 6160702.6 

32 283322.8 6160094.4 

33 282940.5 6160719.9 

34 282262.9 6161397.6 
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35 282262.9 6161936.2 

36 282969.2 6161327.1 

37 283670.3 6161067.4 

38 284330.6 6160702.6 

39 284712.9 6160094.4 

40 282992.7 6161971.0 

41 283705.1 6161658.2 

42 286867.5 6161328.1 

43 287465.9 6160398.2 

44 267719.4 6163908.4 

45 269595.9 6165437.5 

46 270614.4 6164496.9 

47 271926.5 6165130.8 

48 271233.6 6166384.0 

49 273710.5 6166354.5 

50 283433.5 6170194.9 

Table 22.7: Location of injection/recovery wells. 

Figures 22.51 and 22.52 indicate that this scenario would cause a head of about -24.0mAHD 
at the center of the cone of depression. A maximum head of 23.72, 23.94, 23.88, 23.63 and 
22.89mAHD was recorded in injection/recovery wells #22, #23, #25, #26 and #32 located 
within the cone of depression, respectively. 

At an injection-rate of 1 O.OL!s per well during winter months, followed by an extraction-rate of 
?.OL/s per well over summer periods, the water levels at the end of injection months in 
injection wells located within the cone of depression ranged between 0.1 and 2.3m head 
above ground surface. 
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Figure 22.51: Scenario 1: potentiometric surface in Aquifer T2 
at the end of 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 
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Figure 22.52: Scenario 1: 
Hydrograph from Injection/recovery wells #22, #23, #25, #26 and #32 (located within the cone of 

depression) during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

Figure 22.53: Scenario 1: 
Response of Aquifer T2 at observation well PT A040 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

Figure 22.54: Scenario 1: 
Response of Aquifer T2 at observation well MPA111 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

22-62 



Figure 22.55: Scenario 1: 
Response of Aqu iter T2 at observation well PT A041 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

( 

Figure 22.56: Scenario 1: 
Response of Aquifer T2 at observation well PTA083 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

Figure 22.57: Scenario 1: 
Response of Aquifer T2 at observation well PTA046 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 
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Figure 22.58: Scenario 1: 
Response of Aquifer T2 at observation well PTA091 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

Figure 22.59: Scenario 1: 
Response of Aquifer T2 at observation well MPA081 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

Figure 22.60: Scenario 1: 0 
Response of Aquifer T2 at observation well MPA064 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 
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Figure 22.61: Scenario 1: 
Response of Aquifer T2 at observation well MPA075 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

( 

Figure 22.62: Scenario 1: · 
Response of Aquifer T2 at observation well MPA 110 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

Figure 22.63: Scenario 1: 
Response of Aquifer T2 at observation well MPA083 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 
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Figure 22.64: Scenario 1: 
Response of Aquifer T2 at observation well PTG060 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

Figure 22.65: Scenario 1: 
Response of Aquifer T2 at observation well PTG062 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

Figure 22.66: Scenario 1: 
Response of Aquifer T2 at observation well PTG053 0 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 
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Figure 22.67: Scenario 1: 
Response of Aquifer T2 at observation well MPA136 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

c 

Figure 22.68: Scenario 1: 
Response of Aquifer T2 at observation well YAT01 0 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

Figure 22.69: Scenario 1: 
Response of Aquifer T2 at observation well YAT009 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 
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Figure 22.70: Scenario 1: 
Response of Aquifer T2 at observation well MPA050 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

Figure 22.71: Scenario 1: 
Response of Aquifer T2 at observation well PTG053 

during 25 years of alternate injection of 6.7GL and recovery of 4.99GL. 

22.1 0.3.2 Scenario 2: Injection of 8.0GL per Winter Season 

The injection-rate for each individual well was increased to 12.0Lis, meaning that the total 
amount of treated water injected during winter periods under this scenario was 8.0GL. 

In order to keep water levels at the observation wells below ground surface elevation, each 
injection/recovery well was pumped at a rate of 7.0Lis over 210 days, totalling 6.35GL. 
Potentiometric surface in Aquifer T2 at the end of 25 years of injection/extraction under this 
scenario is shown in figure 22.72. In injection/recovery wells #22, #23, #25, #26 and #32 
located within the cone of depression, maximum head was recorded of 29.57, 29.42, 28.80, 
29.47 and 28.61mAHD, respectively. Figures 22.72 and 22.73 indicate that this scenario 
would result in a hydraulic head of about 30.0mAHD at the center of cone of depression. 

Injection at a rate of 12.0L!s per well during winter months, followed by extraction at a rate of 
7.0L/s per well over summer periods could, at the end of injection periods, lead to between 
5. 7 and 1 O.Om hydraulic head above ground surface in the main cluster of injection wells. 
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Figure 22.72: Scenario 2: 
Potentiometric surface in Aquifer T2 at the end of 25 years 

of alternate injection of 8.0GL and recovery of 6.35GL. 
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Figure 22.73: Scenario 2: 
Hydrograph at injection/recovery wells #22, #23, #25, #26 and #32 

(all located inside the cone of depression) during 25 years 
of alternate injection of 7.5GL and recovery of 7.0GL, respectiely. 
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22.1 0.3.3 Scenario 3: Injection of 3.35GL per Winter Season 

The injection-rate for each individual well was 5.0L/s, meaning that the total amount of 
treated water injected during winter periods under this scenario was 3.35GL. 

Each injection/recovery well was pumped at a rate of 3.0L/s over 210 days, totalling 2.72GL. 
Simulated potentiometric surface in Aquifer T2 under this scenario is shown in figure 22.7 4. 
Shown in figure 22.75 is the simulated head from selected injection/recovery wells. Figures 
22.74 and 22.75 indicate that this scenario would cause a head of about 8.0mAHD at the 
center of cone of depression. A maximum head of 6.0, 7.0, 8.0, 6.0 and 6.0mAHD was 
recorded in injection/recovery wells #22, #23, #25, #26 and #32, respectively. Under this 
scenario, the water levels in injection/recovery wells located within the cone of depression at 
the end of injection periods ranged from 13.3 to 17m bgs. 

Figure 22.74: Scenario 3: 
Potentiometric surface in Aquifer T2 at the end of 25 years 

of alternate injection of 3.35GL and recovery of 2.72GL. 
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Figure 22.75: Scenario 3: 
Hydrograph at injection/recovery wells #22, #23, #25, #26 and #32 

(all located inside the cone of depression) during 25 years of alternate 
injection of 3.35GL and recovery of 2.72GL, respectively. 

Maximum Head at the end of 25 years 
Land of Alternate Injection and Recovery {mAHD} 

Surface Well Volume Injected, Elevation (Volume Recovered} {GL} 
(mAHD) 

3.35 {2 .72} 6.70 {4 .99) 8.00 {6.35) 
MPA064 -14 .00 -8 .00 -5.00 14.60 
MPA081 8.00 20.00 25.00* 24.80 

( MPA083 2.50 11.00 14.00 29.87 
MPA075 -7.50 2.00 5.00 27.40 
MPA110 11 .00 14.00 15.00 34.72 
MPA111 -6.00 5.00 9.00 9.98 
MUW012 10.00 11 .00 11.00 43.52 
MUW016 13.50 14.20 14.20 52.02 
MUW027 7.00 8.00 9.00 32.56 
PTA041 -4 .20 -2 .00 -1 .50 2.39 
PTA046 -7.50 -4.00 -3.00 2.75 
PTA083 -10.50 -6.00 -4.00 3.83 
PTA091 -22.00 -16.00 -15.00 12.29 
PTG044 -1.50 0.00 0.00 16.33 
PTG056 -3.00 -2 .00 -1 .00 18.65 
PTG060 0.80 4.00 5.00 5.71 
PTG062 -12.50 -10.00 -9.00 16.73 
PTG066 -2.50 0.00 1.00 10.47 
YAT009 10.10 13.50 14.20 36.29 
YAT010 6.30 10.40 12.00 24.43 

lnj/rec well #22 6.00 22.00 29.57* 19.76 
lnj/rec well #23 7.00 22.00 29.42* 20.33 
lnj/rec well #25 8.00 23.00 28.80* 22.5 
lnj/rec well #26 6.00 23.00 29.47* 20.73 
I nj/rec well #32 6.00 23.00 28.61 * 22 .90 

Table 22.8: Simulated maximum head at observation wells under different scenarios. 
* = Well becomes artesian. 
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22.1 0.3.4 Other Scenarios 

This study included the investigation of two additional scenarios. In these scenarios the 
respective injection-rates were 6.0 and 8.0L!s, and the respective recovery-rates were 4.0 
and 5.0L!s. The results of these scenarios in terms of head in selected injection/recovery 
wells are summarised in table 22.9. Shown in figure 22.76 is the potentiometric surface in 
Aquifer T2 at the end of 25 years of alternate injection of 5.36GL (8.0L!s per well), and 
recovery of 4.5GL (5L!s per well), respectively. 

From table 22.9 it can be concluded that the head in injection/recovery wells at the end of 
injection periods can be kept below ground surface, if the injection-rate per well is limited to 
8.0Lis, with a recovery-rate per well of not less than 5.0L!s. At an injection-rate of 8.0Lis and 
a recovery-rate of 5L!s per well, water levels in the injection/recovery wells at the end of 
injection duration of 155 days can be kept between 3.0 and ?.Om bgs. Injecting at a rate of 
1 O.OL!s per well over 155 days and recovering at a rate of 5.5Lis per well over a period of 
210 days would lead to head ranging between 0.1 to 2.3m above ground surface in injection/ 
recovery wells. 

Well 

I nj/rec well #22 
lnj/rec well #23 
lnj/rec well #25 
I nj/rec well #26 
I nj/rec well #32 

Maximum Head at end of 25 years 
of Alternate Injection and Recovery (mAHD) 

Injection-rate (Recovery-rate) (Lis) 
5.0 (3.0) 6.0 (4.0) 8.0 (5.0) 10.0 (5.5) 

6.00 9.00 16.00 22.00 
7.00 10.00 17.00 22.00 
8.00 10.00 17.00 23.00 
6.00 9.00 16.00 23.00 
6.00 9.00 16.00 23.00 

Land 
Surface 
Altitude 
(mAHD) 

19.76 
20.33 
22.5 
20.73 
22.90 

Table 22.9: Simulated maximum head at selected injection/recovery wells 
under two injection/recovery-rate scenarios. 

22.11 CONCLUSION AND DISCUSSION 

Injection/recovery well configuration and injection/recovery-rates for a conceptual ASR 
scheme utilising the available winter-treated wastewater from Bolivar was the subject of this 
study. The objective was to maximise the amount of treated water that could be stored in, 
and recovered from, Aquifer T2 during winter and summer months for a given 
injection/recovery well configuration. The injection/recovery well locations and total storage 
were limited by a set of constraints specified earlier in this chapter. 

Table 22.7 shows the proposed location of injection/recovery wells, and tables 22.8 and 22.9 
present the summary of simulation results at the end of 25 years of alternate 
injection/recovery. The injection-rates and minimum withdrawals needed to keep water 
levels in observation wells below ground surface under the various scenarios simulated 
during this study, are shown in table 22.8. Table 22.9 presents a summary of simulated 
heads in selected injection/recovery wells. 

Based on the objective function and the constraints, modelling results have indicated that 
8.0GL of treated water can be injected every winter, provided 6.35GL is recovered during 
summer. The proposed well configuration (50 injection/recovery wells) would lead to water 
levels ranging between 5.7 and 10.0m above ground surface at the injection wells, at the end 
of an injection period of 155 days. 
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Figure 22.76: Potentiometric surface in Aquifer T2 at the end of 25 years 

of alternate injection of 5.36GL and recovery of 4.5GL. 

This study has demonstrated that at the end of the injection period, water levels in 
injection/recovery wells can range between: 

• 0.1 and 2.3m bgs if respective injection and recovery-rates are maintained at 10.0 
and 5.5Lis per well; 

• 3.3 and ?.Om bgs if respective injection and recovery-rates are kept at 8.0 and 5.0L/s 
per well; 

• 10.0 and 13.9m bgs if respective injection and recovery-rates are maintained at 6.0 
and 4.0Lis per well; and 

• 13.3 and 16.9m bgs if respective winter injection and summer recovery-rates are kept 
at 5.0 and 3.0L/s per well. 

The results of this modelling exercise should be considered with reference to the following 
factors: 

• head limits were imposed at grid cells of size 340 x 315m; hence head values given 
in tables 22.8 and 22.9 do not represent actual heads at the wells, but rather the 
average for the entire cell area; 

• In this study, well and aquifer losses due to clogging and/or poor well completion 
were not taken into consideration; 

• The injection/recovery well configuration was only one of a very large number of 
potential combinations of well locations and injection/recovery-rates satisfying the 
model constraints; and 

• The results of this study should be viewed within the context of the limitations and 
assumptions applied to the model. 
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23. POTENTIAL FOR RECLAIMED WATER AQUIFER STORAGE 
AND RECOVERY (ASR) ON THE NORTHERN ADELAIDE 
PLAINS 

R. Martin 1 and P.J. Dillon2 

1 SA Department of Water, Land & Biodiversity Conservation (OWLBC) 
2 CSIRO Land and Water, Adelaide, South Australia 

23.1 INTRODUCTION 

Issues surrounding Aquifer Storage and Recovery (ASR) are primarily concerned with source 
water and water quality and the technical feasibility at the selected location. ASR systems 
will be feasible where success can be achieved in three key areas: 

1. Hydrogeological and technical system design and operation to achieve benefits 
exceeding costs; 

2. System compliance with regulations, within a progressive regulatory regime; and 
3. Establishment of suitable organisations to allow satisfactory stakeholder negotiations. 

A feasible system must address the basic considerations for, and work within the constraints 
of: 

• Surface water availability of sufficient quantity and quality; 
• Suitable lands for surface works involved in surface water capture, temporary 

storage, treatment, transfer to the ASR site, ASR headworks and reticulation to the 
demand location; 

• A suitable aquifer for long-term storage, additional quality modification and 
transmission (as may be required); 

• A capital funding source for establishing the system; and 
• A contracted demand for the water product, adequate to ensure ongoing profitability 

of the system. 

23.2 DISCUSSION 

The Bolivar project clearly demonstrates that there is sufficient water quantity available, that 
has been treated to a high standard and conforms to specified quality criteria. Across the 
Northern Adelaide Plains (NAP) there is suitable land for construction of the required wellfield 
and a suitable aquifer system in which the water can be temporarily stored before being 
drawn out to meet summer demand. 

However, there are a series of other issues that need to be considered before a large-scale 
scheme could progress. The list below is by no means comprehensive and whilst the trial 
itself dealt with a number of physical issues of storing and recovering nutrient-rich water, 
there are still a number of issues to be addressed, as identified in the following list: 

• Groundwater quality (including contaminants); 
• Surface water quality (including contaminants); 
• Location of neighbours and neighbouring wells; 
• Location of any domestic users within proximity of the Trial site; 
• Amounts of water to be recharged and recovered; 
• Potential impacts on neighbours wells; 
• Catchment area; 
• Surface water storage, size, construction; 
• Water off-take requirements; 
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• Target aquifer for storage; 
• Barriers that will be used to secure the quality of injected water; 
• Detailed monitoring programs; 
• Site security; 
• Amount, quality and fate of any well redevelopment discharge (eg surface spreading); 
• Location of nearby buildings or other surface- or below ground infrastructure; and 
• Management plans; 

The primary issue associated with ASR using reclaimed water is the one concerning 
proximity to existing users, or users who may be taking water for domestic supply. The 
following two plans that have been constructed provide a first-order approximation of various 
locations across the NAP, where ASR using reclaimed water from the Bolivar plant could be 
injected into the aquifer system. It is recognised by the Bolivar ASR Project Committee that 
these plans are preliminary and that detailed site assessments would still be required to 
ensure that aquifer properties similar to those present at the Trial site, can be found across 
those areas that have been identified as having a high potential for ASR. 

23.3 SPATIAL APPROACH USING GEOGRAPHICAL INFORMATION SYSTEMS (GIS) 

The basic assessment criteria included: 
• Existing groundwater quality; 
• Proximity of existing users; 
• Presence or absence of the Munno Para Clay confining bed; 
• Broad-scale aquifer hydraulic properties; and 
• Current groundwater potentiometric surface for confined aquifer systems. 

Existing groundwater quality was selected as one of the main criteria and it was considered 
that any ASR using treated reclaimed water should be injected into areas where groundwater 
quality exceeded 1500mg/L. The underlying principle was that where groundwater quality 
exceeded 1500mg/L, then the likelihood of someone using it for potable purposes was 
considered very small. Secondly, there are limited horticultural applications for groundwater 
when it exceeds 1500mg/L. Thirdly, the treated reclaimed water typically has a salinity of 
around 1200mg/L, but may exceed this value on some occasions. This sometimes occurs in 
late spring when shallow groundwater tables are high, and then enter the sewage system 
where the networks still retain ceramic pipes. These pipes are slowly being replaced. 

Figures 23.1 and 23.2, showing the first and second tertiary Aquifers T1 and T2, illustrate 
that where groundwater salinity exceeds 1 OOOmg/L TDS, operational wells tend to be more 
widely dispersed. This indicates that any proposed ASR scheme in the identified shaded 
areas on the two plans is likely to impact on fewer existing users. 

The Munno Para Clay is a regional confining bed within the geological Port Willunga 
Formation. The presence of this confining bed allows the geological unit to be separated into 
the Aquifer T1 and T2 systems across much of the Northern Adelaide Plains. The Munno 
Para Clay thins and pinches out along the northern margin of the Prescribed Wells Area 
(PWA), at which point there is no separation between the Aquifer T1 and T2 systems. Along 
the northern margin of the PWA where the Munno Para Clay is absent, the aquifer system is 
considered as Aquifer T2. The approximate northern limit of the Munno Para Clay is 
illustrated on both figures 23.1 and 23.2 by the dashed brown line. 

23-2 



As a precautionary approach it is considered that it may not be warranted to undertake ASR 
where there is a possibility that smearing of the injected water may occur across two aquifer 
systems. This constraint applies purely from an operational perspective where the smearing 
across the boundary of two aquifer systems of different hydraulic properties, may impact on 
recovery efficiencies of the reclaimed water. Before ASR could proceed in this area, more 
information about aquifer properties along this boundary would be required. Once this 
information has been obtained, more detailed numerical modelling incorporating flow-paths 
and particle tracking could be undertaken to determine the impacts of recharge and 
subsequent recovery along this boundary. 

Broad-scale hydraulic properties have been used to determine the most likely locations for 
the implementation of a full-scale scheme to inject and recover the winter excess of treated 
water from Bolivar. It is recognised that hydraulic properties vary across the aquifer system 
both vertically and laterally. It is known that around the Kangaroo Flat area, there are some 
well-developed karstic features within the aquifer system, possibly resulting from accelerated 
erosion during a period of lower sea level and subaerial exposure. From the current level of 
information about aquifer hydraulic properties across Aquifer T2, it would appear that aquifer 
transmissivity does not vary greatly and generally lies within one order of magnitude of the 
aquifer transmissivity determined at the Bolivar ASR Trial site. 

The current potentiometric surface for the confined Aquifer T2 system presents some 
additional challenges for the effective and efficient operation of an ASR scheme. As a result 
of the concentration in pumping demand around the Virginia area, a major cone of 
depression has developed over the past 40 years of groundwater abstraction. The steeper 
hydraulic gradients associated with the cone of depression have accelerated the rate of 
migration of saline groundwater from along the northern and southern margins toward the 
centre of the cone. However, the rate of migration of saline water towards the centre of the 
cone appears to be relatively slow at this time. It is anticipated that as the gradients steepen, 
the rate of movement of the saline groundwater towards the centre of the cone of depression 
is likely to increase. One mechanism to manage the aquifer pressures and migration of 
saline water would be to inject and recover the treated reclaimed water along the fringes of 
the cone. The slightly steeper hydraulic gradients may initially result in lower recovery 
efficiencies, however appropriate design, layout and operation of the injection and recovery 
well field will enable recovery efficiencies to be maximised and reduce losses of injected 
water down-gradient, towards the centre of the cone. 

23.4 RESULTS 

It should be stressed that the areas identified on figures 23.1 and 23.2 are indicative only and 
some testing to validate the aquifer properties at each site will still be required. It is also 
recommended that if any future scheme were to proceed, a more comprehensive suite of 
assessment criteria be examined before finalising the sites. The information provided here 
identifies those areas on which to focus more detailed assessments. It should also be noted 
that there has been no consideration as to potential demand for reclaimed water, or where 
the existing infrastructure for the reclaimed water pipeline is available; although two of the 
possible locations identified on the Aquifer T2 plan do coincide with parts of the existing 
pipeline infrastructure used to deliver reclaimed water to irrigators. 

The plan of Aquifer T2 yields three potential sites where ASR might be carried out when the 
basic assessment criteria are taken into consideration. Site 1 and also the western portion of 
Site 2 around the St Kilda area, appear to be attractive localities from a groundwater 
perspective because they are situated towards the discharge end of the groundwater system. 
There is still sufficient open land allowing ease of construction of well fields and other 
associated infrastructure. Along the eastern margin of the NAP there is still a high potential, 
but because this area is rapidly undergoing urban development, the logistics of establishing 
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infrastructure become a little more difficult although not impossible. Because the 
injection/recovery wells have a relatively small ecological footprint, they can be established 
relatively easily within the urban landscape. 

Site 3 is located along the southern margin of the prescribed wells area. This area is 
currently undergoing intense urban development and there will be issues associated with the 
establishment of any associated infrastructure. The reclaimed water pipeline currently does 
not extend down into this area. The Aquifer T2 system is also at a much greater depth below 
the natural ground surface in this locality and would result in slightly higher well construction 
costs. However this locality does present an opportunity to expand the potential market for 
reclaimed water back into the urban marketplace. 

The plan of Aquifer T1 shows only one locality where ASR, using reclaimed water, may have 
potential when the basic assessment criteria are taken into consideration. This region is 
located mainly along the northeastern margin of the NAP. The area identified is a relatively 
small area and would be unlikely to accept all of the available winter surplus, however it is 
coincident with the middle zone identified for the Aquifer T2 system. It may be possible to 
use both the Aquifers T1 and T2 systems concurrently if a scheme were to proceed in this 
locality. 
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Figure 23.1: Northern Adelaide Plains Prescribed Wells Area and Kangaroo Flat Restricted Area 
Potential for ASR using reclaimed water- Aquifer T2. 
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Figure 23.2: Northern Adelaide Plains Prescribed Wells Area and Kangaroo Flat Restricted Area . 
Potential for ASR using recla imed water - Aquifer T1. 
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24. EVALUATION OF COSTS 

R. Martin 1 and P .J. Dillon2 

1 SA Department of Water, Land & Biodiversity Conservation (DWLBC) 
2 CS/RO Land and Water, Adelaide, South Australia 

Costs were evaluated for ASR with reclaimed water. Figures are slightly higher than estimates 
at the end of Stage 1. This is to allow for a monitoring well adjacent to each injection well, to 
facilitate early detection of clogging and enable improved recharge operating efficiencies. 
Furthermore, energy costs of AUS$0.03 per kilolitre have been allowed for, which is double the 
energy costs for recovery used in Stage 1 estimates. 

Capital, annual operating, maintenance, and depreciation costs were calculated for each well 
installation (table 24.1 ). The net present value of capital, annual operating and volume-related 
operating costs, was calculated for each case using a 15 year time horizon (the estimated 
replacement time for the major asset - the injection well) for discount-rates between five and 
13%, and supply volumes between 50 and 300ML/yr (table 24.2). Throughout the analyses a 
loss term of ten percent was used on extraction to account for pumping of water during 
redevelopment. The cost of water from the pipeline is not included in the cost analyses here, 
and should be added to give final costs. The depreciation costs were not included in the 
analysis, as these are primarily a tax shield for financial accounting in a private operation and 
the replacement costs of pumps during the 15 year period have already been included as 
maintenance costs. 

The equivalent uniform cost of water (table 24.2) was determined by finding the annuity that 
gave the same net present value (NPV), and then dividing this annuity by the annual water 
supply volume. Sensitivity of the equivalent uniform water supply cost to the annual volume of 
water supplied, and to the discount rate were determined. 

At a seven percent discount rate for a 150ML/yr supply the cost is AUS$0.145 per kilolitre, and 
for 200ML/yr supply it is AUS$0.12 per kilolitre. The scale-effect on price becomes steeper 
below 150ML. Changing interest rate over the range five percent to 13% at 150ML/yr, has the 
effect of increasing costs from AUS$0.134 to 0.179 per kilolitre, so costing is relatively stable 
with respect to discount rate. 

It was decided to compare these costs with groundwater supply costs from individual wells. Cost 
components for groundwater supplies are documented in table 24.3, and these again are 
included within the same NPV and equivalent annual cost analysis (table 24.4). Interestingly, a 
20ML/yr supply (fairly large for the Northern Adelaide Plains) at a seven percent interest rate 
and over a 15 year term, gives a price of AUS$0.261 per kilolitre. This is substantially higher 
than the market price of reclaimed water, and of the water supplied by the ASR scheme, 
presuming off-peak winter prices are charged for water supply to the ASR scheme. Figures 24.1 
and 24.2 show the effect of scale-dependence on price. 

With capital costs of AUS$115,000 for the establishment of each well, and if the recovery 
capacity target is 5GL/yr, then the number of wells required ranges from 20 to 50 at a capital 
cost of AUS$2.3 to 5.8M for supply rates of 250 to 1 OOML/yr/well respectively (table 24.5). The 
number of wells and costs double for a 1 OGL/yr target capacity. 
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Clearly there are rewards to be gained from increasing annual recovered volumes from ASR 
wells, by reducing and containing rates of clogging, and maintaining efficiency in redevelopment 
of injection wells. 

The costs of water supply from ASR would appear to be competitive with alternatives on the 
NAP, and further work is warranted in determining locations and numbers of injection wells for 
the full-scale scheme, and in maximising injection rates in wells. 
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Figure 24.1: Aquifer storage and recovery scale-dependence. 
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24-2 

0 



Design Variables 

Net Annual Volume/Well: 

Rate: 

Loss on recovery (est): 

Energy cost of pumping 

Depreciation rate 

Vol Injected (calc from net & losses) 

TableA2-1 

Capital Costs 

Establishment of injection well 

Observation well (clogging control) 
Commissioning tests on inj well 

Monitoring equipment & telemetry 

Pumps 

Headworks 

Pipelines 
Soakage pit and contingencies 

Total Capital Cost 

Annual Operating Costs 

Recovery Pumping Cost (energy) 

Maintenance (est) 

Periodic monitoring (quality) (est) 

Total Annual Operating Costs 

Operating Cost I kl 

Annual Maintenance Costs 

Pumps 

Indicative Depreciation Costs 

Injection well 

Monitoring equipment & telemetry 

Observation well (clogging control) 

Pumps 

Headworks 

Pipelines 
Total Annual Depreciation Costs 

Depreciation Cost I kl 

Total Annual Op and Dep costs 

Op & Dep Cost I kl 

250 ML 

25 Usee 
10% 

0.03 $/kl 

7% 

275 ML 

units 

170m 

170m 

1 pump 

1 km 

275 ML 

275 

275 

275 

250 ML 

lifetime 

years 

10 

lifetime 

years 

15 

10 

30 

10 

15 

30 

250 ML 

250 ML 

unit cost 

265 $/m 

150 $/m 

8000 $/pump 

4000 $/km 

0.03 $/kl 

replace 

cost 

8,000 

replace 

cost 

45,050 

12,800 

25,500 

8,000 

10,000 

4,000 

cost 

$ 

2.1 MUday 

45,050 Note 1 

25,500 Note 2 

2,500 Note 3 

12,800 Note 4 

8,000 Note 5 

10,000 Note 6 

4,000 Note 7 

7,150 

115,000 

annual cost Note 8 

$/year 

8,250 

2,750 

2,750 

13,750 

0.055 

annual cost Note 9 

800 

annual 

depreciation 

3,003 

1,280 

850 

800 

667 

133 

6,733 

0.0269 

20,483 

0.0819 

Comments 

Note 1 -Completion 203mm ID FRP casing @ $265/m with drilling to a depth of 170m. 

Note 2 -Completion 150 mm ID FRP casing@ $150/m with drilling to a depth of 170m. 

Note 3 -Step drawdown test 

Note 4 - Costs of software development & central system control distributed across wells. 

Note 5 - Pump capable of delivering 30 Usee @ approx 40m and pump column. 

Note 6 -Includes power, starters, floats and valves etc. 

Note 7 -Assumes 1 km of pipeline per well from main distribution line + soakage pit. 

Note 8 - Comments 

$/ML 

30 

10 

10 

50 
0.00 

0 

For a single well recharging 250 MUyr 

Note 9 -Comments 

3.20 for 250MUyr 

Table 24.1: Bolivar reclaimed water ASR cost components. 
(All costs are in AUS$). 
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CAPITAL COST= 115,000 PER WELL 
FIXED ANNUAL MAINTENANCE COSTS = 800 PER WELL DEPRECN = $6,733 
VARIABLE ANNUAL COST (OPN)= 50 $/ML PUMPED 
LOSSES (PUMPING-SUPPLY) 10% PV of annuity, A : 

PVA= A*[1-(1+r)**(-t)]/r 
PERIOD CONSIDERED 15 YEARS PV = P*(1 +r)**(-t) 

NET PRESENT VALUE OF EXPENDITURE PER WELL($) 
Discount Rate 5% 7% 9% 11% 13% 

ML!year ML!year Variable 
Supplied Pumped Annual Cost$ 

50 55 3,550 151,848 147,333 143,615 140,528 137,941 
100 110 6,300 180,392 172,380 165,782 160,302 155,713 
150 165 9,050 208,936 197,427 187,949 180,077 173,485 
200 220 11,800 237,480 222,473 210,116 199,852 191,256 
250 275 14,550 266,024 247,520 232,283 219,627 209,028 
300 330 17,300 294,568 272,567 254,450 239,402 226,799 

EQUIVALENT UNIFORM COST OF WATER ($/ML) 
Discount Rate 5% 7% 9% 11% 13% 

ML/year ML/year Variable 
Supplied Pumped Annual Cost$ 

50 55 2,750 293 324 356 391 427 
100 110 5,500 174 189 206 223 241 
150 165 8,250 134 145 155 167 179 
200 220 11,000 114 122 130 139 148 
250 275 13,750 103 109 115 122 129 
300 330 16,500 95 100 105 111 117 

Table 24.2: Bolivar reclaimed water ASR supply costs. 
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Design Variables 
Net Annual Volume/Well: 
Rate: 
Loss on recovery (est): 
Energy cost of pumping 
Depreciation rate 
Vol Injected (calc from net & losses) 
Table A2-1 
Capital Costs 

Establishment of injection well 
Observation well {clogging control) 
Commissioning tests on inj well 
Monitoring equipment & telemetry 
Pumps 
Headworks 
Pipelines 
Soakage pit and contingencies 
Total Capital Cost 

Annual Operating Costs 

Recovery Pumping Cost (energy) 
Maintenance (est) 
Periodic monitoring (quality) (est) 
Total Annual O&M Costs 
Operating Cost I kl 

Annual Maintenance Costs 
Pump 

Indicative Depreciation Costs 

Injection well 
Monitoring equipment & telemetry 
Observation well {clogging control) 
Pumps 
Headworks 
Pipelines 
Total Annual Depreciation Costs 
Depreciation Cost I kl 

Total Annual Op and Dep costs 
Op & Dep Cost I kl 

15 ML 
15 Lisee 
0% 

0.03 $/kl 
7% 

15 ML 

units 

170m 
Om 

1 pump 

1 km 

15 ML 

275 
15 ML 

12 yrs 

lifetime 
years 

45 
10 
30 
12 
30 
30 

15 ML 

15 ML 

unit cost 

150 $/m 
150 $/m 

8000 $/pump 

4000 $/km 

Note 1 

cost 
$ 

25,500 Note 2 
0 

500 Note 3 
0 Note 4 

8,000 
2,000 Note 5 

0 Note 6 
0 

36,000 

annual costNote 7 
$/year 

0.03 $/kl 450 
0 
0 

450 
0.0300 

8,000 repl. cost 667 

replace 
cost 

25,500 
0 
0 

8,000 
2,000 

0 

annual 
depreciation 

567 
0 
0 

667 
67 
0 

1,300 
0.0867 

1,750 
0.1167 

Note 1 - 2.1 ML!day 

Comments 

Note 2- Completion 150mm ID FRP casing@ $150/m with drilling to a depth of 170m. 
Completion 150 mm ID FRP casing@ $150/m with drilling to a depth of 170m. 

Note 3- Step drawdown test 

Note 4 - Costs of software development & central system control distributed across wells. 

Pump capable of delivering 30 Lisee @ approx 40m and pump column. 

Note 5 - Includes power, starters, floats and valves etc. 

Note 6- Assumes 1km of pipeline per well from main distribution line+ soakage pit. 

Note 7 -Comments 
$/ML 

30 
0 
0 

30 8250 
30.00 

44.44 

Table 24.3: Groundwater supply cost components. 
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CAPITAL COST= 36,000 PER WELL 
FIXED ANNUAL MTCE COSTS = 667 PER WELL 
VARIABLE ANNUAL COST (OPN)= 30 $/ML PUMPED 
LOSSES (PUMPING-SUPPLY) 0% PV ann correct 

PVA= A *[1-(1 +r)**( -t)]/r 
PERIOD CONSIDERED 15 YEARS PV = P*(1 +r)**(-t) 

NET PRESENT VALUE OF EXPENDITURE PER WELL($) 
Discount Rate 5% 7% 9% 11% 13% 

ML/year ML/year Variable 
Supplied Pumped Annual Cost $ 

5 5 817 44,480 43,441 42,586 41,875 41,280 
10 10 967 46,037 44,807 43,795 42,954 42,249 
15 15 1,117 47,594 46,174 45,004 44,032 43,218 
20 20 1,267 49,151 47,540 46,213 45,111 44,188 
50 50 2,167 58,493 55,737 53,468 51,583 50,004 

100 100 3,667 74,062 69,399 65,559 62,369 59,698 
150 150 5,167 89,632 83,061 77,650 73,155 69,391 

EQUIVALENT UNIFORM COST OF WATER ($/ML) 
Discount Rate 5% 7% 9% 11% 13% 

ML/year ML/year Variable 
Supplied Pumped Annual Cost $ 

5 5 817 857 954 1,057 1,165 1,278 
10 10 967 444 492 543 597 654 
15 15 1,117 306 338 372 408 446 
20 20 1,267 237 261 287 314 342 
50 50 2,167 113 122 133 143 155 

100 100 3,667 71 76 81 87 92 
150 150 5,167 58 61 64 68 72 

Table 24.4: Groundwater supply costs. 

Supply Rate Wells For $M For Wells For $M For 
MUyr 5GUyr SGUyr* 10GUyr 10GL/yr* 

50 100 11.5 200 23 
100 50 5.8 100 11.5 
150 33 3.8 67 7.7 
200 25 2.9 50 5.8 
250 20 2.3 40 4.6 
300 17 1.9 33 3.8 

*capital cost of well AUS$115,000 

Table 24.5: Capital costs of full-scale project. 
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25. CONCLUSIONS AND RECOMMENDATIONS 

R. Martin 1 and P.J. Dillon2 

1 SA Department of Water, Land & Biodiversity Conservation (DWLBC) 
2 CS/RO Land and Water, Adelaide, South Australia 

25.1 INTRODUCTION 

The Bolivar Reclaimed Water Aquifer Storage and Recovery (ASR) Research Project has 
investigated the technical feasibility, environmental sustainability and economic viability of 
aquifer storage and recovery of reclaimed water in a brackish aquifer. Before injection 
commenced, preliminary investigations in the field and laboratory, groundwater modelling 
and meetings with the local community were held and the field trial infrastructure constructed. 
Approximately 360ML was injected into a brackish confined aquifer and approximately 240ML 
recovered, over two ASR Cycles. Through intensive monitoring an understanding of clogging 
and unclogging, movement, mixing and water quality changes of injectant in the aquifer has 
been developed. 

Risks that were identified by scientists and by the local community (Dillon, et.al., 1999) were: 
• Growth of opportunistic pathogens indigenous to the aquifer; 
• Injected water reaching water supply wells; 
• Irreversible clogging of the well or nearby aquifer; 
• Well or aquitard instability due to aquifer dissolution or pressure changes; 
• Recovered water containing an excessive proportion of brackish native groundwater; 

and 
• Aquifer storage capacity being inadequate for economic ASR. 

Each of these risks was evaluated during the course of the Trial. The study has demonstrated 
that the recovered water met the guidelines for unrestricted irrigation. Injected pathogens 
attenuated within the aquifer and in the well biofilm. The addition of nutrient-rich water was 
found not to have any significant affect on the rates of growth of several common indigenous 
opportunistic pathogens. No injected water nor water from Aquifer T2, reached any 
neighbouring water supply wells. Although clogging occurred, it was not irreversible and 
average injection rates could be sustained over prolonged periods, using simple methods. 
Injection pressures were incapable of damaging the aquitard and aquifer dissolution was 
determined to have no affect on aquitard stability for more than 100 years. A simple monitoring 
regime is suggested to verify this. After initial sand recovery causing some early pump 
maintenance problems, dissolution of aquifer matrix had no adverse impacts on well stability. It 
was found that aquifer storage capacity and injection rates are adequate for the cost of the 
ASR operation to compare favourably with conventional alternative supplies. 

Furthermore, it was found that the quality of the water improved during ASR, particularly with 
respect to pathogens, disinfection by-products, suspended particles, organic carbon (OC), 
most metals and some endocrine-disrupting chemicals (EDCs). The reasons for these 
improvements have been identified and are due largely to the presence of indigenous 
microorganisms in the aquifer. Transition of injectant through a range of redox states in the 
aquifer result in biodegradation of a wide variety of injectant constituents. In a related study, 
supported in part by the American Water Works Association Research Foundation 
(AWWARF), a simple screening model (ASR Risk Index (ASRRI)) was produced to indicate 
the worst case scenario for the recovered water quality, with the view that this model would 
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be used by regulatory authorities and proponents of ASR (Miller, et.al., 2002) to assist in site 
establishment. 

25.2 SITE LOCATION AND HYDROGEOLOGY 

The ASR site is located 25km north of the centre of Adelaide in South Australia, on farmland 
within the northern boundary of the Bolivar Waste Water Treatment Plant (WWTP) (figures 25.1 
and 25.2). 

Bolivar - +--....,r• 
sewage 
treatment 
plant 

ADELAIDE 

Figure 25.1: Northern Adelaide Plains (NAP) horticultural area 
indicating location of the Bolivar ASR Trial site. 

0 full -penetration observation well in T2 aquifer 

e piezometer 

100 

METRES 

Figure 25.2: Location of wells and piezometers at the Bolivar site. 
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The target aquifer is the lower of the two tertiary limestone aquifers known as the Port 
Willunga Formation. The brackish Aquifer T2 at this location is separated from the overlying 
fresh Aquifer T1 by a 7.5m-thick confining layer of Munno Para Clay. The aquifer was 
moderately transmissive (180m2/day) and the average porosity was 0.45. Locally, the 
groundwater in Aquifer T2 has a salinity of approximately 2000mg/L total dissolved solids 
(TDS). Mineralogical composition of the aquifer is dominated by calcite and quartz, but small 
quantities of ankerite, mica and albite are also present. 

The ASR well is cased in 203mm internal diameter (I D) fibre reinforced plastic to 103m, and 
the remaining depth is completed as open hole to approximately 160m. Wells at radial 
distances of 4m, 75m, 120m and 300m fully penetrate Aquifer T2 (102-160m). The eight 50m 
piezometers up-gradient (NE) and down-gradient (SW) of the ASR well, are completed over 
four distinct intervals of the aquifer (figure 25.3). 

A (SW) 

overlying 
Quaternary 

aquifers 

T1 aquifer 

confining 
layer 

T2 
aquifer 

#19446-49 #18777 
(50m) (ASR well) 
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Figure 25.3: Simplified vertical section along transect A-A' 

showing location of ASR well, observation wells and piezometers. 

25.3 INJECTION AND RECOVERY CYCLES 
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Between October 1999 and June 2002 the injection phases of two ASR Cycles were carried 
out. These injections were divided into four distinct periods and are referred to as Tests 1-3 
(which occurred within Cycle 1) and Test 4 (Cycle 2). Details are given in table 25.1. Injection 
commenced in October 1999 and the target volume of 250ML (net) in Cycle 1 was reached 
near the end of March 2001. Injection rates were controlled by the permeability of the aquifer, 
the degree of well clogging, and the line pressure at the wellhead. The first recovery test 
occurred between July and November 2001, when approximately 60% of the volume injected 
during Cycle 1 was withdrawn. A second recovery test was conducted between July and 
October 2002, when approximately 80% of the volume injected during Cycle 2 was withdrawn. 
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Within Test Period Duration Net Cum. net Avg. 
Cycle No. of test volume volume flow-rate 
No. (da~s} (ML) (ML) (Lis) 

Injection: 

1 1 11 Oct to 23 Nov 1999 42 28.7 28.7 7.9 
1 2 4 to 21 Apr 2000 8 6.6 35.3 9.5 
1 3 4 Aug 2000 to 29 Mar 2001 215 214.5 249.8 11.5 
2 4 5 Mar to 27 Jun 2002 111 114.3 364.1 11.9 

---------------------------------------------------------------------------------------------------------------Recovery: 
1 
2 

18 Jul to 28 Nov 2001 121 152.0 152.0 
25 Jul to 8 Oct 2002 70 90.9 242.9 

Table 25.1: Dates and volumes of injection and recovery events, 
October 1999 to October 2002. 

15.0 
15.0 

The ASR Trial used water from the nearby Bolivar Sewage Treatment Plant. The secondary 
treatment was achieved by trickling filters from October 1999 to January 2001, prior to being 
replaced by activated sludge reactors. The water was then stored in stabilisation ponds and 
passed through a water reclamation plant involving dissolved air flotation filtration (OAF/F), 
followed by disinfection (chlorination). The water was delivered to the ASR site via the 
Virginia Pipeline Scheme (VPS), which supplies reclaimed water to farmers across the 
Northern Adelaide Plains (Kracman, et.al., 2000). 

Studies at the Bolivar ASR site included hydraulic characterisation of the aquifer; measuring 
and modelling piezometric head and conservative solute responses in the aquifer; assessing 
physical and biological clogging; exploring subsurface biogeochemical processes; 
quantifying pathogen survival rates, including within biofilms at the well-face; measuring the 
fate of trace organics, including disinfection by-products (DBPs) and selected endocrine 
disrupters (Ying, et.al., in press); cross-hole resistivity tomography; evaluating well 
maintenance procedures; and assessing the structural integrity of the overlying aquitard. 
Some of the findings are reported briefly below. 

25.4 RESULTS 

25.4.1 Fate of Injected Water 

Complete breakthrough of injectant was observed at the observation well at the 4m radius 
and at four of the eight 50m piezometers (#19447, #19449, #19181, and #19183), within two 
distinct high permeability layers. Partial breakthrough occurred at the 75m and 120m wells, 
but not at the 300m well. The travel-time to 4m was one to two days and to 50m was 90 to 
120 days. The total number of pore flushes was in excess of 200 for the nearest well, and no 
more than four for the 50m piezometers. 

25.4.2 Geochemical and Organic Matter Changes Associated with ASR 

The quality of the injected and recovered waters was monitored to investigate the effect of 
redox processes and mineral dissolution and precipitation. Oxidation of organic matter was 
evident within four metres of the ASR well during the injection phase and was responsible for 
removal of up to 4mg/L dissolved organic carbon (DOC), or 20% of that injected. In contrast, 
strongly reducing conditions were evident around the ASR well during the storage phase. 
Sulphate-reduction of up to 150mg/L occurred. Calcite dissolution was evident during both 
the injection and storage periods (Vanderzalm, et.al., 2002). Chloride and the stable 
isotopes of water were used as conservative tracers (LeGal La Salle, et.al., 2002) and C-13, 
C-14, S-34 and N-15 analyses verified reaction and exchange processes. 
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Studies of the changes in dissolved organic matter (DOM) showed that compounds with 
larger molecular weight and more reactive functional groups were absorbed or decomposed 
close to the ASR well. Recalcitrant organic matter (OM) with the same characteristics as 
natural deep groundwater, was persistent in the aquifer (Skjemstad, et.al., 2002). 

25.4.3 Fate of Disinfection By-Products (DBPs) 

Although the Bolivar site will not be used to provide potable water, this study has provided 
quantitative data on the fate of disinfection by-products (DBPs) in groundwater. The results 
identified that minimal adsorption of trihalomethanes (THMs) and haloacetic acids (HAAs) 
occurred due to the low organic content of the target aquifer. THM half-lives varied from less 
than one, to 65 days, with persistence of chloroform being highest and bromoform lowest. 
HAA attenuation was rapid (Nicholson, et.al., 2002). 

Differences in redox state between the ASR well and 4m observation well had a substantial 
effect on rates of THM attenuation. At the ASR well, which became methanogenic during the 
storage phase, chloroform degraded more than five times faster than at the 4m well, which 
remained nitrate reducing. 

25.4.4 Pathogen Attenuation 

The survival potential of microbial pathogens in groundwater and injected reclaimed water 
was assessed to determine the relative risk associated with ASR. The microbial pathogens 
tested were Poliovirus, Coxsackievirus, Salmonella typhimurium, the opportunistic pathogen 
Aeromonas hydrophila, as well as the indicator microorganism Escherichia coli, and the 
coliphage MS2. 

The results obtained indicated that the bacteria had the fastest attenuation rates followed by 
the coliphage MS2, with the enteric viruses inactivating slowest of all the organisms tested. 
In all cases the time for one log removal was less than one month. In laboratory studies, the 
attenuation rates of all of the tested microorganisms were highest when exposed to 
indigenous groundwater microorganisms. It can be inferred from these results that the risk of 
microbial pathogen presence in recovered water is low, if the reclaimed water is stored in the 
aquifer for a sufficient time (Toze and Hanna, 2002). 

25.4.5 Clogging Processes 

25.4.5.1 Laboratory Studies 

Laboratory columns were used to understand and predict well clogging issues at the ASR 
site before field trials proceeded (Rinck-Pfeiffer, et.al., 2000). The columns were used to 
investigate the combined effect of physical, biological, chemical and mechanical factors on 
clogging and to quantify biogeochemical processes that would offset this on the perimeter of 
an injection well. This gave confidence that clogging could be managed and suggested 
management strategies that subsequently proved effective in maintaining injection rates. 

Specifically, the experiments showed the depth of penetration of the zone of reduced 
permeability, the rate of decline in hydraulic conductivity with time under different conditions, 
the effect on clogging rates of waters of different quality and for different flow-rates and the 
effect of biomass and polysaccharide accumulation within the columns on hydraulic 
conductivity. Importantly they also quantitatively defined the offsetting effect induced as a 
result of the establishment of preferential flow-paths due to dissolution of the aquifer matrix. 
Further research is planned to evaluate bioaccumulation and biogeochemical reactions in the 
anoxic zone further from the well-face, as well as to apply these techniques to other source 
waters and aquifer types. 
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25.4.5.2 Field Studies 

As anticipated from laboratory studies, filtration of particulates at the well-face led to a decline 
in the near-well hydraulic conductivity and flow-rate over the short-term. Clogging over the 
longer-term occurred due to microbial biomass production. Filtration of particulate organic 
matter (POM) enhanced the substrate available for biofilm development and is a key driver for 
geochemical reactions/redox conditions in the near-well zone. Calcite dissolution within a 4m 
radius has an equally significant role to play in offsetting the effect of clogging over the duration 
of each injection. 

Initial teething problems and infrequent redevelopment produced clogging at the beginning of 
the Trial, however periodic pumping of the ASR well was effective in restoring injection rates 
which have been maintained over the three-year duration of the Trial. 

An association was found between rates of injection and the quality of the injectant, with 
higher quality water leading to reduced clogging and higher injection rates. The minimum 
water quality criteria to maintain injection rates over the long-term for this site have been 
tentatively identified. 

25.4.6 Quality of Recovered Water 

Following the recovery of the first megalitre affected by enhanced microbial activity around 
the ASR well, the recovered water quality was found to satisfy the requirements for use as 
irrigation water, according to the Agriculture and Resource Management Council of Australia 
and New Zealand (ARMCANZ) and the Australia and New Zealand Environment and 
Conservation Council (ANZECC) guidelines (National Water Quality Management Strategy) 
(table 25.2). Subsurface storage reduced concentrations of suspended solids, OC and some 
metals and E. coli were removed during aquifer storage, as predicted from the in-situ and 
laboratory pathogen survival experiments by Toze and Hanna (2002). 

The proportion of the injected volume that is recovered at a quality suitable for productive 
use is known as the 'recovery efficiency' and may be constrained where the ambient 
groundwater is more saline than the injectant (Pavelic, et.al., 2002). Recovery efficiencies 
determined on the basis of the volumetric withdrawal, until the salinity of the recovered water 
reached the maximum permissible level of 1500mg/L TDS (a requirement for the pipeline), 
were 66% in the first Cycle and >80% in the second. Improvements in further Cycles are 
predicted due to the development of a fresher buffer zone by injectant remaining in the 
aquifer. 

25.4.7 Economics 

Excluding water treatment and pipeline costs, it was found that the cost of reclaimed water 
ASR is AUS$0.08 to $0.18 per kilolitre, depending on the volume of water recovered per 
well, the depreciation rate, and the assumed working life of wells and pumps. These are less 
than the range for groundwater extraction by individual irrigators for typical annual production 
volumes (AUS$0.12 to 0.34 per kilolitre ), taking into account capital and operating costs and 
the expected lifetimes of wells and pumps. Surface storage of large volumes of reclaimed 
water is not considered an acceptable option on the Northern Adelaide Plains. 

Preliminary modelling suggests the capacity to store 9GL!yr during winter in aquifers of the 
NAP. Further evaluation is warranted on a local scale. 
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Parameter 
(mg/L) 

Electrical Conductivity (ED) (pS/cm) 
Temperature (0 C) 
pH 

Dissolved Oxygen (DO) 

Total Suspended Solids 

Total Dissolved Solids (TDS) (by EC) 
Total Nitrogen 
Total Phosphorus 
Dissolved Organic Carbon (DOC) 
Total Organic Carbon (TOC) 
Chlorine residual -total 
E. Coli. (cells/100ml) 

Cycle 1 Cycle 2 
Irrigation Ambient 1 . t t Recovered 1 . t t Recovered . . nJeC an njec an 

Gu1delmes Groundwater n=24 Water n=14 Water 
(NI/fQMS) (n=17) ( ) (final sample) ( ) (final sample) 

4.5-9 

1500 

1000 

3592 ± 326 2265 ± 191 2470 1975 ± 92 2550 
25.9 ± 1.0 20.4 ± 4.5 
7.3 ± 0.1 7.1 ± 0.4 

0.77 ± 0.79 4.4 ± 3.4 
12 ± 14 14 ± 13 

2006 ± 188 1267 ±58 
0.08 ± 0.03 19.9 ± 10.8 
0.02 ± 0.001 0.72 ± 0.65 

0.3 16.7±2.1 
0.3 18.2 ± 2.3 
0 0.7 ± 0.4 

0±0 42 ± 113 

22.7 
7.06 

0 

1 

1470 
15.6 
0.24 
10.5 
10.6 

0 
0 

16.3 ± 3.6 
6.9 ± 0.3 

6.0 ± 1.4 

1225 ±55 
7.8 ± 2.5 
2.3 ± 0.9 

19.5 ± 1.9 
20.1 ±2.12 

3.0 ± 2.4 

21.1 
7.31 

0 

4.12 
0.24 

12 
12.2 

NWQMS = National Water Quality Management Strategy 

Table 25.2: Quality of injected water, local ambient groundwater and recovered water. 

25-7 



25.5 CONCLUSIONS 

The Bolivar Reclaimed Water ASR Research Project has been the first reclaimed water ASR 
project in Australia and is the first known successful Trial with nutrient-rich irrigation water. 
The distribution of injectant in the aquifer was identified by collecting water quality data at 
eight fully-penetrating observation wells and eight short-interval piezometers. Continuous 
pressure and water quality monitoring of the injectant and at selected piezometers, enabled 
mass balances to be determined. The contrasting quality of injectant and groundwater 
enabled studies of geochemical reactions, fate of natural organic matter, attenuation of 
disinfection by-products, endocrine disrupters, pathogens, nutrients, metals, and suspended 
solids. Changes in hydraulic conductivity near the injection well and deeper within the aquifer 
have been determined, and methods to maintain injection rates have been demonstrated. 
Recovery efficiency has been found to be high and is not an impediment to economic 
operation. It has also been demonstrated that no drinking water wells beyond the Trial site or 
in the overlying aquifer will be adversely affected by ASR. 

In addition to establishing the viability of ASR with reclaimed water in this limestone aquifer 
containing brackish groundwater, the research undertaken at this site has provided valuable 
new information about water treatment processes in aquifers. These suggest conditions 
under which ASR with reclaimed water is likely to be viable. 

Success at Bolivar suggests further applications, such as sustainable recovery of potable 
water from non-potable sources, may be robust low-cost solutions to water supply problems 
in arid developing countries. Further research is proposed to explore and validate these 
opportunities. 

The Trial is continuing and will assess the long-term operational feasibility of reclaimed water 
ASR. This is intended to offer confidence in applying reclaimed water ASR and allow 
research to facilitate application elsewhere. 

25.6 RECOMMENDATIONS 

The concept of reclaimed water ASR has been demonstrated with this Trial. Construction of 
a network of ASR wells capable of recharging between five and 1 OGL reclaimed water over 
winter, for recovery over summer, is considered feasible and it is recommended that 
investigations are undertaken to site a network of ASR wells, taking into account: 

• Locations of demand for recycled water, considering sustainable rates of 
application in agriculture and substitution for mains water supplies for landscape 
irrigation and industrial use in urban areas; 

• Ambient groundwater quality is to be protected to preserve existing beneficial uses 
of groundwater; 

• Avoiding locations where the aquitard is thin or absent, or where multiple 
abandoned wells are likely to compromise the integrity of the aquitard; and 

• Clustering of wells in brackish aquifers to maximise recovery efficiency while 
constraining energy costs in injection and recovery. 

Furthermore, changes in water regulations and allocations will be required, which need to 
have consideration of: 

• The implications of Bolivar research results on licensing requirements for Northern 
Adelaide Plains and Willunga Basin ASR projects; 

• Rights to access stored water, taking account of water quality (salinity 
improvements); 

• Arrangements for transfer of credit entitlements between aquifers and locations; 
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• Zoning of aquifers for storage of different water types; 
• More complete evaluation of storage capacity within aquifers and recoverability of 

water; and 
• Consistent licensing arrangements for ASR with reclaimed water and in particular 

the monitoring and reporting requirements, taking into account the attenuation 
zone allowed within the current South Australian Environmental Protection Policy 
(Water Quality). 

The Bolivar ASR research project suggests that water quality improvements in aquifers are 
sustainable and that the South Australian Government invest in further research on: 

• Generating potable supplies through injection of stormwater in an aquifer and 
recovering it from separate wells (Aquifer Storage Transfer and Recovery, ASTR), 
set within a catchment to tap Hazard Analysis and Critical Control Points (HACCP) 
framework to allow systematic replication; 

• Widening the range of potential opportunities for reuse of reclaimed water by 
reducing its salinity through reverse osmosis and better identification and reduction 
of saline groundwater ingress into sewers; 

• Amalgamate the above to enable recovery of reclaimed water used in ASTR to 
substitute for non-potable uses of mains water within the metropolitan area where 
there are aquifers, but insufficient land area to capture and treat stormwater via 
ASR; 

• Widening the range of aquifers used for stormwater ASR, notably the use of 
alluvial aquifers which are very common in South Australia and elsewhere, with 
bank filtration to treat water and testing of alternative well completion 
arrangements to determine sustainable configurations and operating strategies; 

• Developing ASR for fractured rock systems; and 
• Participating in a further American Water Works Association Research Fund 

(AWWARF) project on water quality changes during ASR. 
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APPENDICES 





A1: 2001/02 REUSE COMPLIANCE MONITORING PROGRAM AT 
THE BOLIVAR DISSOLVED AIR FLOTATION/FILTRATION 
(OAF/F) PLANT AND LAGOON 

Sample Location Determinants 

Finished Water Acidity (pH) 
Turbidity (Total Dissolved 
Solids) 
Total chlorine (CI) residual 
Suspended Solids (SS) 
Biological Oxygen Demand 
(Soluble) 
Ammonia (NH3) 

Oxidised Nitrogen (OxN) 
Total Kjeldahl Nitrogen (TKN) 
Phosphorous (P) Total 
Heavy Metals 
Anions 
Cations 
Sodium Adsorption Ratio (SAR) 
Chlorinated Phenols 
Total Herbicides 
Benzo(a)pyrene 
Total Cyanide 
Polychlorinated Biphenyls 
Halogenated Aromatics 
Non Halogenated Aromatics 
Chlorinated Hydrocarbons 
Total Insecticides 

Finished Water Cryptosporidium (1) 
E. Coli 

Filtered Water 
Duct 
Raw Water 

Lagoon Influent 

Total and Free Chlorine 
Residual 
Adenovirus 
Total Algae+ speciation 
Turbidity (Total Dissolved 
Solids) 
Cryptosporidium (1) 
Adenoviruses 
Total Algae+ speciation 
Cryptosporidium 

Frequency Analysed By 

Continuous UWI 
Continuous UWI 

Continuous UWI 
Weekly UWI 
Weekly AWQC 

Monthly AWQC 
Monthly AWQC 
Monthly AWQC 
Monthly AWQC 
Monthly AWQC 
Monthly AWQC 
Monthly AWQC 
Monthly AWQC 
Monthly AWQC 
Quarterly AWQC 
Yearly ALS 
Yearly ALS 
Yearly ALS 
Yearly ALS 
Yearly ALS 
Yearly ALS 
Yearly ALS 
Weekly AWQC 
3 times per week AWQC 
3 times per week UWI 

Monthly AWQC 
Weekly AWQC 
Continuous UWI 

Weekly AWQC 
Monthly AWQC 
Weekly AWQC 
Weekly (Dec-Mar) AWQC 
Fortnightly (Apr-Nov) AWQC 

Adenoviruses Monthly AWQC 
If >50 oocysts per 50L were detected at the lagoon influent, samples of raw water and finished water 
were then taken weekly, until otherwise instructed. 
UWI: United Water International 
AWQC: Australian Water Quality Centre 
ALS: Australian Laboratory Services 

Table A1.1: 2001/2002 reuse compliance monitoring program at the 
Bolivar Dissolved Air Flotation/Filtration (OAF/F) plant and lagoons. 
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A2: SUMMARY OF BOLIVAR DISSOLVED AIR FLOTATION I 
FILTRATION (OAF/F) PLANT FINISHED FLOWS 

Plant Flow to Flow out 
Outflow VPS storage of VPS Storage 

{ML} {ML} {ML} 
99/00 00/01 01/02 99/00 00/01 01/02 99/00 00/01 01/02 

July 243 337 157 238 136 216 
August 333 338 256 231 226 207 

September 132 646 491 132 597 320 132(1) 551 299 
October 448 937 789 366 878 603 366(1) 815 592 

November 580 1302 1226 470 1231 1064 470(1) 1168 1038 
December 835 1370 1312 745 1290 1135 725 1233 1124 
January 1032 1594 1359 957 1428 1211 992 1359 1206 
February 1172 1282 1165 1072 1120 1041 724 1078 1098 

March 732 1015 1043 607 848 922 572 787 932 
April 344 838 808 270 679 685 281 668 695 
May 181 473 538 109 330 423 104 314 431 
June 167 294 308 104 156 200 88 138 171 
Total 5623 10327 9714 4832 8970 8073 4454 8473 8009 

Average 562 860 810 483 747 673 445 706 667 

Table A2.1: Summary of Bolivar DAF/F plant finished flows. 

Flows out of the Virginia Pipeline Scheme (VPS) storage were not recorded during September, 
October or November of 1999. Flows were assumed to be consistent with flow to VPS storage 
readings. 

Notes: 
• Finished water was not used by the VPS for re-use during July and August 1999. 
• 'Plant Outflow' figures are based on measured raw water flows, minus measured waste stream 

flows (backwash and sludge flows). Bypass flows are included in these figures. 
• 'Flow to VPS Storage' figures are based on 'Plant Outflow' values, minus measured Bolivar 

WWTP reclaimed water usage flows, plus measured dilution water flows. 
• 'Flow out of VPS Storage' figures are based on measured flows taken by the VPS. 
• Differences between 'Flow to VPS Storage' and 'Flow out of VPS Storage' are attributed to the 

effects of evaporation in storage, flowmeter errors, and the inclusion of bypass flows within the 
'Plant Outflow' figures. 

• Raw water flowmeters were calibrated every 12 months. Plant outflow, Point R and dilution water 
flowmeters were calibrated every 6 months. 
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A3: SUMMARY TABLE OF THE DISSOLVED AIR FLOTATION/ 
FILTRATION (OAF/F) PLANT PERFORMANCE SINCE 
COMMISSIONING IN 1999 

99/00 00/01 01/02 
Parameter Units Min Max Av Min Max Av Min Max Av 

BOD mgiL <2 >50 8.00 2 2 2 
BOD Sol mgiL <2 6 3.00 <I 10 2.42 <2 32 6.14 

pH pH units 6.4 7.9 7.00 6 8.2 7.06 6.9 8.3 7.5 
TDS after dilution mgiL 791 1460 1183 800 1390 1193 1060 1450 1249 
Turbidity NTU 0.8 20.1 4.1 1.2 12.4 5.32 0.4 7.6 2.7 

Total- P mgiL 0.2 1.85 0.85 0.146 1.65 0.66 0.54 3.31 1.89 

OxN (Nitrate+Nitrite) mgfL 0.188 8.18 4.95 0.194 9.01 3.67 0.20 6.12 2.29 
Arnmonia-N mgfL <0.1 26.8 12.70 <0.02 32.6 6.30 0.02 8.75 2.15 

TKN mgiL 2.2 29.2 16.90 3.3 35.4 11.50 4.10 14.90 6.66 

E. Coli 2 
- Monthly 

Median cells/lOOm! 0 1200 0.0 0 140 0 0 4 0 

Total Chlorine mgfl 0 8.1 0.8 <0.1 S.9 1.6 0.3 5.2 2.28 
Free Chlorine mgiL <0.1 2.S 0.28 0.1 3.7 0.16 

Aluminium mgiL <0.02 0.376 0.141 <0.02 0.396 0.222 0.046 1.23 0.464 
~timony mgiL <0.002 0.004 0.002 <0.003 O.OOS 0.004 
Arsenic mgfL <0.002 0.002 0.002 0.001 0.004 0.002 0.001 0.007 0.0033 
Barium mgfL <0.005 0.0072 O.OOS9 O.OOOS 0.0175 0.0080 
Beryllium mgiL <0.001 <0.001 <0.001 <O.OOOS <O.OOOS <O.OOOS <O.OOOS <0.005 0.0009 

~oron mgfL 0.243 0.399 0.340 0.272 0.489 0.398 0.295 0.58 0.4308 
~admium mgiL <0.0002 <0.0002 <0.0002 <0.0002 <0.0005 <0.0004 O.OOOS o.ooos o.ooos 
~hromium mgiL <0.03 <0.03 <0.03 <0.003 <0.03 <0.01 <0.003 0.004 0.0031 
promiumVI mgfL <0.01 <0.03 <0.01S <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
~obalt mgiL <0.02 0.026 0.021 0.0007 0.0340 0.0082 0.0003 0.0026 0.0013 

~opper mgiL <0.03 0.032 0.030 0.003 0.064 0.017 0.001 0.041 0.0138 
Iron mgfL <0.03 0.312 0.050 <0.03 0.11 0.0418 <0.03 0.081 0.0482 

I Lead mg/L <0.001 0.002 0.001 <0.001 0.0062 0.003 0.0006 0.0073 0.0029 

1Lithiwn mgiL <0.01 <0.01 <0.01 0.003 0.016 0.0096 0.006 0.012 0.0096 
Magnesium mgiL 26.8 40.4 33.61 

!Manganese mgiL 0.005 0.102 0.039 0.0271 0.078 0.0446 0.0162 0.13 0.0791 
Mercury mgiL <0.0003 0.0004 0.0003 <0.0003 <O.OOOS <O.OOOS <O.OOOS <O.OOOS <O.OOOS 

Molybdenum mgtL 0.006 0.033 0.020 0.01 0.032S 0.0171 0.0066 0.0183 0.012S 
!~Hekel mgiL 0.009 0.023 0.0\S O.OIS7 0.027 0.0217 0.0094 0.0201 0.0\SO 
Selenium mgiL <0.002 0.003 0.002 <0.003 0.036 0.0063 <0.003 0.004 0.0032 
!Uranium mgiL <0.001 0.002 0.001 <O.OOOS <0.001 <0.0008 
!Vanadium mgiL 0.002 0.002 0.002 <0.003 0.007 0.004 0.004 0.01 O.OOS8 

lzinc mgiL <0.01 0.033 0.016 0.013 0.104 0.0437 0.011 0.089 0.038 

1'-alcium mgfL 34.6 46.9 41.7 36.8 43.9 40.4 36.8 4S.8 43.0 
Potassium mgiL 24 60.1 47.S 42.4 S7.4 47.7 40.S S3.4 47.5 
SoditUn mgiL ISS 4S2 297.0 2S6 34S 286 273.0 384.0 323.9 
Bicarbonate mgiL IS6 340 233.0 1S9 383 2S9 194.0 316.0 2S7.0 

Chloride mgfL 217 SIO 396.0 360 476 408 371.0 S68.0 4S0.4 
Fluoride mgiL 0.59 I 0.83 o.ss 1.29 0.81 0.79 1.2S 1.07 
SAR 5.09 11.6 8.30 7.74 9.0S 8.13 7.47 9.93 8.63 

Biological (Finished 
Water) 
Cryptosporidium-

presumptive 2 /SOL <I 33 3 l 4 2 
Cryptosporidium-

potentially viable 2 /SOL o4 0.21 4 o4 0 9 0 2 2 2 
Giardia - potentially 
viable o4 <0.11 4 o4 
Adenovirus 2 /SOL 0 38 4 0 14 1 1 1 1 
Reovirus /SOL 0 0 0 
Enterovirus /SOL 0 0 0 
Total algae cell/mL 131 712000 33172 lS40 603000 53702 9 208000 308S4 
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99/00 00/01 01/02 
Parameter Units Min Max Av Min Max Av Min Max Av DHS 1 

._hlorinated Phenols 

0.10 0.60 0.11 0.1 
Phenols ugfL <0.01 <0.1 <0.02 
# 2,3,4,6-
etrachlorophenol ugfL <0.1 <0.2 <0.1 <0.1 <0.! <0.1 0.1 

I# 2,3,5,6-
etrachlorophenol ugfL <0.2 <0.2 <0.2 <0.1 <0.1 <0.1 0.! 
~ 2,4,5-
lUi chlorophenol ugfL <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 
~ 2,4,6-
trichlorophenol ugfL <0.1 <0.5 <0.2 <0.1 0.60 0.18 0.1 

~ 2,4-dichlorophenol ugfL <0.1 <0.5 <0.1 <0.1 <0.1 <0.1 0.1 

~ 2,6-dichlorophenol ugfL <0.1 <0.! <0.1 <0.1 <0.1 <0.1 0.1 

~ 3,5-dichlorophenol ugfL <0.! <0.1 <0.1 <0.1 <0.1 <0.1 0.1 
~ chlorophenol ugfL <0.1 <2.0 <0.6 <0.1 <0.2 0.12 0.1 
~ 4-chlorophenol ugfL <0.1 <0.5 <0.3 <0.1 <0.2 0.11 0.1 
I# pentachlorophenol ugfL <0.1 <0.1 <0.! <0.! <0.1 <0.1 0.1 
Benzo(A)pyrene ugfL <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.5 
~yanide (Total) mgfL <0.05 <0.05 <0.05 <0.1 <0.1 <0.! <0.! <0.1 <0.1 0.05 
Polychlorinated 
Biphenyls ugfL <0.1 <0.! <0.1 <0.1 <0.1 <0.1 0.5 
Halogenated 
!Aromatics ugfL 
1.2 dichlorobenzene mgfL < l <l <l <l <l < l !.5 
l ,3 dichlorobenzene ugfL <I < l <l < l <I <l 5 
I ,4 dichlorobenzene ugfL <l <I <l <l <l <l 40 

l ,2,3 trichlorobenzene ugfL <l <l <l <l <I <l 5 
l ,2,4 trichlorobenzene ugiL <l <l <l <l <l <l 5 
Non HalogenatedAromatics 

Benzene ugfL <4 <4 <4 <l <I <l 10 
foluene ugfL 2 2 2 <l <l <l 25 
rr etrachloroethene ugfL <l < l <l <l <l <l 50 
rrotal Herbicides 

~trazine ugfL <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.5 
Sirnazine ugfL <0.5 0.7 0.6 <0.5 <0.5 <0.5 0.5 

rota! Insecticides 
¢hloropyrifos ugfL <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.5 
Endosulfan l ugfL <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.5 
Endosulfan 2 ugfL <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.5 

Endosulfan Sulphate ugfL <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.5 
TotaiTHM ugfL l7 45 28 27 27 27 

01loroform ugfL ll ll ll 
Dibromochloromethane ugfl 10 lO 10 
Bromodichloromethane ugfL 4 4 4 

.. . -~ ....... '~ .... 
1. Environment Protection Agency (EPA) and Department of Health Services (DHS) Reclaimed Water Guidelines 

(1999) 
2. Median values 
3. Individual species analytical results aggregated 
4. Cyst per litre 

Table A3.1: Summary table of the Bolivar Dissolved Air Flotation/Filtration (OAF/F) plant 
performance since commissioning in 1999. 
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81: ACID TREATMENT OF AQUIFER STORAGE AND RECOVERY 
(ASR) WELL 

81.1 INTRODUCTION 

Acid is commonly used in treating wells to dissolve both organic and inorganic deposits from around 
the well so that they can be pumped out. A total of 1 O,OOOL of 16% w/w (weight in weight) hydrochloric 
acid (HCI) solution was fed into the open interval of the ASR well over a two day period (6 to 7 June 2000) 
during the intervening period between tests 2 and 3. This dosage was approximately four times the 
volume of the water in the open interval to ensure adequate penetration of acid into the formation . The 
operation was performed by trained personnel of the South Australian Department of Water, Land and 
Biodiversity Conservation (DWLBC) using appropriate equipment and strict safety procedures (figure 
81.1 ). The acid was allowed to reside in the well for two days to quell the carbon dioxide (C02) gas 
content in the recovered water before -130kl of water was airlifted to recover the reaction by-products. 
One week later a further -670kl of water was pumped prior to undertaking detailed sampling of the 
groundwater at the ASR and 4m observation wells. 

Figure 81.1: DWLBC personnel pumping hydrochloric acid solution 
into the Bolivar ASR well in June 2000. 

Each of the containers on the truck contain 1 OOOL of acid. 

81.2 EFFECT ON ASR PERFORMANCE 

The flow-rate at the commencement of test 3 was elevated but improvement was short-lived (figure 
81.2). The major benefit of acidisation on ASR performance was the lower than expected flow-rate 
reduction as compared to earlier injections. Since the rates of clogging were reduced , the periods 
between redevelopments could be extended. However, even between the first two injection events, 
the average flow-rate declined by -3Lis. This trend of declin ing flow-rate and accelerated flow-rate 
reduction persisted for approximately one month until no distinguishable difference from pre
acidisation could be observed (refer to chapter 10, figure 1 0.8). As could be expected , hydraulic 
conductivity (K) in the 0-4m zone mirrored the flow-rate data. Ko-4 m started off quite high but rapidly 
decayed, with a return to values similar to those of previous tests occurring within one month of 
injection (early September 2000). 
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The acidisation process lead to an increase in the size of the well and hence the area of the well-face. 
Therefore, a reduction in the clogging rate followed, even if the rate of clogging per unit of surface 
area was the same. 

Days following start of each injection event 

Figure 81.2: Injection rates before and after acid treatment. 

81.3 GEOCHEMISTRY AND MASS BALANCES 

It is assumed that the principal reaction which took place was between the hydrochloric acid (HCI) and 
carbonates (which make up 50-90% of the aquifer matrix), and may be described by equation (81-1). 

2HCl + CaC03 csl ~ CaClz + COz Cgl + HzO Eqn (81-1) 

The result includes: 
1. elevated concentrations of calcium (Ca) and chlorine (CI) in solution; 
2. carbon dioxide (C02 ) being formed leading to secondary acidity and elevated hydrogen

carbonate (HC03); and 
3. increased concentrations of total soluble salts (TSS) from silicious material mobilised through 

dissolution of the carbonaceous matrix. 

In addition to carbonate, other soluble clogging materials can also be dissolved with acid. For instance, 
acid can be used to remove deposits of iron oxyhydroxides. The dissolution of iron (Fe) compounds by 
the addition of HCI given by Wojcik and Wieczysty (1986) as: 

6HCl + Fe20 3 ~ 2FeCh + 2H20 
3HCl + Fe(OH)3 ~ FeCl3 + 3H20 
2HCl + FeS ~ FeClz + H2S 

Eqn (81-2a) 
Eqn (81-2b) 
Eqn (81-2c) 

Acid can also react with organic matter (OM) deposited around the well-face as biofilm. The yields of the 
various reaction by-products are dependent on the quantity of available reactants. Given that the quantity 
of calcite (CaC03) by far outweighs that of Fe or OM, it can be assumed that the dominant by-products 
can be determined from equation (81-1) 

Samples were collected through pumping for the analysis of field parameters, major and minor ions, 
nutrients and TSS. The concentration changes at the ASR well as a result of the acid treatment are 
summarised in table 81.1. Concentrations of Ca, Cl, HC03 and TSS in particular were elevated by over 
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an order of magnitude above background concentrations during the airlift phase of pumping, resulting in 
electrical conductivities (EC's) of up to 13,000~tS/cm during initial stages. Time-series plots for these four 
parameters are shown in figure B1.3(a). The total mass of each solute recovered can be determined 
through integration of the temporal response. The mass recovered above background for the first stage 
of pumping (table B1.1) was clearly dominated by Ca (660kg) and Cl (1,110kg). Some excess of 
magnesium (Mg) (25kg) and Fe (6kg) suggests the dissolution of Mg/Fe bearing minerals such as 
ankerite, the next-most common carbonate mineral present after calcite. 

Considerable bicarbonate (HC03) was produced as a result of C02 generated from calcite dissolution and 
OM degradation. Approximately 80kg of sediment largely made up of quartz minerals was also recovered 
from the well. Some heat was generated through the reaction, and the maximum measured temperature 
increase above background was -2°C. 

Figure B 1.3(a) shows that solute concentrations had yet to reach background levels after 130kl of 
pumping. Since only the field parameters were monitored after the airlift until the well was sampled after 
800kl, the changes in EC and acidity (pH) over the entire period of pumping are provided here to 
demonstrate concentrations approximated background after 600-700kl (figure B 1.3(b) ). 

Parameter Pre- Concentration 
Excess mass 

Acidisation in Recovered 
recovered 

(mg/L) Cone. Water 
after130kL 

pumped (kg) 
Temperature (0 C) 18.4 19.8-20.6 
pH 6.9 5.5-6.4 
Total soluble salts (TSS) 16 53-2670 83 
Electrical conductivity (EC) (~S/cm) 1800 8100- 13600 
Calcium (Ca) 70.9 2740-7150 660 
Sodium (Na) 270 236-254 -2.7 
Magnesium (Mg) 39.4 135-307 25 
Hydraulic Conductivity (K) 42.9 100- 126 8.6 
Chlorine (CI) 342 4790- 11800 1110 
Bicarbonate (HC03) 559 883- 1760 70 
Sulfion (S04) 70.2 125-155 9.0 
Flourine (F) 0.93 0.32-0.67 -0.1 
Bromine (Br) 0.74 0.45-3.03 0.1 
Silicone (Si) 17 22-42 1.3 
Total Iron (Fetotat) 4.1 27.6-78.9 5.9 
Total Manganese (Mntotat) 0.09 1.1 - 2.0 0.2 
Total Arsenic (AStotat) 0.01 0.01 -0.05 0.001 
Total Organic Carbon (TOC) 44 24-77 -1.1 
Total Kjehldahl Nitrogen (TKN) 21.6 11.8-19.0 -0.9 
Nitrate (N03-N) 0 0.002- 0.006 0.001 
Total Phosphorous (Ptotat) 6.9 0.5-3.5 -0.7 

Table 81.1: Water quality data before and after acidisation of ASR well 
and mass balance for airlift phase. 

The expected quantity of calcium carbonate (CaC03) dissolved and Ca and Cl produced can be 
estimated from a stoichiometric mass balance. Given the volume and strength previously quoted and a 
density of 1.08kg/L it could be calculated that 1730kg or 4. 7 4 x 104 moles of acid were used. According to 
equation (B1-1) this would produce half the molar quantity of Ca and the same of Cl. From the atomic 
weights of these solutes, we can calculate that the derived masses produced would be 950kg for Ca and 
1690kg for Cl (table B 1.2). 

A mass balance for the recovered Ca and Cl were determined from direct measurements for the airlift 
phase, and by estimation from EC (correlation coefficient (R2

) = 0.88 and 0.89) for the subsequent phase 
(table B 1.2). The calculated amount of Cl recovered was 17 40kg, which is similar to that estimated to 
have been dissolved stoichiometrically (107%). Note that recovered mass can be partitioned into 69% for 
the airlift and 38% for the pumping. An identical percent recovery was reached for Ca, reaffirming that 
co3 dissolution is predominant. 
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(a) total soluble salts, calcium, chlorine and bicarbonate during the airlift redevelopment (first 130kl); 
and (b) electrical conductivity and acidity over the entire pumping period. 

Expected mass dissolved* (kg) 
Mass recovered (kg) 
Mass recovery (%) 
* from equation B 1-1 

Ca 
950 
1013 
107 

Cl 
1683 
1743 
107 

Table 81.2: Calcium and chloride mass balances for airlift and pumping phases combined. 

81.4 INCREASE IN DIAMETER OF AQUIFER STORAGE AND RECOVERY (ASR) 
WELL 

The increase in well size was determined using a caliper probe, which is a geophysical logging devise 
which determines the effective diameter of the well from a number of spring-loaded arms which press 
against the side of the open hole. Profiles were collected before and after acid treatment at the ASR well. 

81-4 



Results presented in figure 81.4 clearly illustrate that the acid indeed increased the well diameter, and 
that the expansion of well size was not uniform (1 0 to > 400mm). Unfortunately, the post-acid profile was 
terminated at -133m due to a blockage of the hole, denying the opportunity to examine the lower 20m of 
the profile. For the interval from 104-133m bgs, the average well diameter increased from 230 to 330mm. 
The approximate increase in the volume of the open hole was 210%, whilst the increase in surface area of 
the well-face was 46%. Results from the 75m N well revealed no increase in the well diameter over this 
period. 

The quantity of calcite (CaC03) that will react with the acid may be easily calculated from equation (81-1) 
as being 2.4 tonnes. Thus, the total aquifer material lost from the ASR well when combined with the 
sediment loss during recovery, totalled -2.5t. This mass was then used to estimate the new volume of 
the open hole, and hence the resultant increase in well radius for a given bulk density. From measures of 
core samples it was reasonable to assume a value of 1 ,500kg/m3 which resulted in the effective 
theoretical increase in well diameter of 80mm, bringing this to 310mm. This was in reasonable agreement 
with the observed increase. 

The value of the radius of the ASR well (rw) used for the calculation of near-well K was maintained at 
0.125m (i.e: 250mm diameter) throughout, marginally overestimating the pre-acid value, but 
underestimating the post-acid value. Implications on K04m would be an underestimation of -2% in tests 1 
and 2, and overestimation of -8% in tests 3 and 4. 

B1.5 EFFECT OF ACIDISATION ON RESIDUAL CHLORIDE (CI) AND SOLUTE 
BREAKTHROUGHS AT OBSERVATION WELLS 

Monitoring was undertaken at observation wells to determine whether the acidisation had impacted 
beyond the immediate vicinity of the ASR well. Emphasis was placed on chloride since this was being 
used as the principal conservative tracer to determine solute transport at this site. It was therefore 
necessary to assess the impact of any residual chloride on the groundwater, even though mass balance 
calculations suggested that this would be small or even non-existent. 

The nearest observation well at 4m was pumped in the latter stages of the airlift redevelopment where it 
was noted that all field parameters, and in particular pH and EC, showed no significant deviation from 
values prior to the acidisation. This demonstrated no impact on the average quality of water over the 
entire aquifer depth at this radial distance. To determine if impacts could be observed at specific depths a 
period of six days was given to allow the water quality profile to re-establish. Downhole profiles of EC and 
temperature before and after acidisation are shown in figure 81.5. It was hence confirmed that there was 
no significant impact at any depth in the aquifer. However, it was noted that the EC profile after 
acidisation exhibited minor fluctuations which had not been observed at any other occasion in over one 
dozen profiles collected at this well. Permanently deployed sondes in four of the 50m piezometers had 
detected no response due to acidisation. 

These data led to the conclusion that the impact of the acidisation was very localised, hence it was 
unexpected to measure EC's of >5000!18/cm upon profiling the shallowest of the northern 50m wells 
(#19183) soon after the start of test 3. The origin of this increase at this well was later conclusively 
identified to have been due to a crack in the casing which allowed saline groundwater to enter the 
well. 
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Figure 81.4: Caliper logs of ASR well before injection and after acidisation. 
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Figure 81.5: Electrical conductivity and temperature profiles of 4m well before and after acidisation. 
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82: RESULTS OF STEP DISCHARGE TESTS 

82.1 INTRODUCTION 

The main aim of this series of step drawdown tests was to ascertain the extent of clogging within the 
injection well by investigating how far the clogging agent has moved beyond the well. The step 
drawdown well tests were carried out on both the production well and the 4m observation well. 
Although this type of aquifer test is not normally applied to observation wells, the comparison of the 
constants derived for both wells from the analysis of the well equation, were used to evaluate aquifer 
response changes. The changes give some indication of the extent and severity of clogging. It is 
emphasised that the well equation constants for the observation well should not be used to determine 
aquifer hydraulic properties. 

82.2 STEP DRAWDOWN WELL TEST 

A step drawdown test is a single-well test that measures the drawdown over a set period of time in the 
pumped well for incrementally varied pumping rates. The well headloss and discharge rates 
associated with the discharging well are recorded and calculated to define the parameters of the well 
equation (82-1 ). 

S(t) = a Q+ c Q2 +b log10 (t) Q (m) 

where: S(t) 

Q 

a 
b 
c 

= drawdown at timet (m); 
=discharge rate (m3/min); 
=time (minutes); 
= constant related to well loss from laminar flow; 
= constant related to aquifer loss from laminar flow; and 
= constant related to well loss from turbulent flow. 

Aquifer transmissivity is calculated using the Jacob Equation: 

T 0.1830( ? /d ) -----=-= m- ay 
ru 

where: T 
Q 
!::.s 

= transmissivity (m2/day); 
=discharge rate (m3/day); and 
= drawdown per log cycle (m). 

Eqn (82-1) 

Eqn (82-2) 

The initial test was analysed using a step drawdown computer analysis program while the first through 
to the fifth test were analysed manually and, in most cases, subsequently analysed using the step 
drawdown computer analysis program. The sixth test was analysed using only a step drawdown 
computer analysis program. There are some differences between manually and computer-derived 
values but in most cases these are only marginal. Where available the manually-derived values have 
been used throughout this report in preference to the computer-derived values. 

82.2.1 Pre-Injection Step drawdown Tests 

Initial Test (27 January 1998) 
Tested Well- Production Well (no. 6627-18777) 

This initial step drawdown test was performed in the production well to determine the well equation 
and aquifer transmissivity and to establish a well hydraulic datum for the production well prior to 
injection. The first three steps of the test were conducted for 100 minutes per step and for the fourth 
for 480 minutes. The results are detailed in table 82.1. 
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Tested Well 

._ 
0) en 

#18777 "5 'Ui 
o.-2:- Production Em 
0 c Well (.)(1) 

Test name Date Test Type a b c 

Initial test 27/01/1998 Step DO 12.65 1.43 0.2 

Table 82.1: Results of initial test -four-step drawdown test, 
Discharge and monitoring from production well #18777. 

Production well hydraulic datum. 

First Test (15 September 1999) 
Tested Well- 4m Observation Well (no. 6627-19450) 

Q T 
(m3/min) (m2/day) 

0.48 183 
0.72 184 
0.96 185 
1.2 184 

A line shaft turbine pump together with column was selected as a discharge pump and fitted in to the 
production well. The pump was fitted at a depth of 75m within the well and was capable of delivering 
36L/sec. 

The pump driving motor was fitted on top of the well prohibiting access to monitor the drawdown in the 
well during pump testing. For this reason an observation well was drilled 4m away with the 
expectation that there would be a physical link in the aquifer between the two wells so they would be 
hydraulically interconnected and operate effectively as one well. Thus it was assumed the observation 
well would adequately express the production well response to pumping and the results could be used 
to calculate well and aquifer losses. 

During the step drawdown test for the 'first test' the production well was pumped and the change in 
hydraulic head was recorded in the 4m observation well. 

The pump test was achieved by a three-stage step drawdown test. The first two steps were 
conducted over 100 minutes per step and the third step for 1410 minutes when the test abruptly 
stopped due to a power failure. The total time for the step drawdown test was 1610 minutes. The 
results are detailed in table 82.2. 

After comparing the results of the initial test (pumping from and recording drawdown within the 
production well) with that of the results of the first test (pumping from the production well and recording 
drawdown within the 4m observation well), it was clear that a full physical connection was not 
achieved between the wells and instead the results indicated that the wells responded independently 
of each other during pump testing. Therefore, drawdown recorded in the 4m observation well cannot 
be used to determine the well equation for the production well. However, the well loss hydraulic 
information from the drawdown recorded in the 4m observation well has been used in this report to 
assess the extent of clogging between the two wells. 

Tested Well 
Test 

Date Test Type b 
Q T a c 

(m3/min) (m2/day) name 

-en #19450 
0.9 158.1 (1) ·-

::::l en 4m c-2:- First Test 15/09/1999 Step DO 3.05 1.55 0.125 1.5 179.7 (1) (1) Observation 
~ffi well 2.1 172.9 

._ 
#19450 0) en 

0.9 153 -·-::::l en 4m o.» First Test 15/09/1999 Step DO 2.69 1.72 0.05 1.5 153 E m Observation 
0 c 2.1 154 (.)(1) well 

Table 82.2: Results of first test- 3-step drawdown test. 
Discharge from production well #18777. 

Water level monitored from 4m observation well #19450. Observation well hydraulic datum. 
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Second Test (29 September 1999) 
Constant Discharge Test 

This test being a constant discharge test, is discussed by Pavelic, et.al., (2001 ). 

82.2.2 Post-Injection Step drawdown Tests 

Third Test (2 December 1999) 
Tested Wells: Production Well (no. 6627-18777) and 4m Observation Well (no. 6627-19450) 

Injection began on 11 October 1999 and ceased on 23 November 1999 because of a reduced 
injection rate due to clogging of the well. The turbine pump was removed for maintenance and 
groundwater samples were collected and a down-hole video was performed on the well. In addition, a 
step drawdown test was performed using a 150mm submersible pump in the production well. This 
allowed the drawdown measurements to be recorded in both the production well and the 4m 
observation well. The purpose of the test was to investigate what effect the clogging had on the well 
and aquifer hydraulics parameters. The three-stage step test ran for 300 minutes at 100 minutes per 
step. The results are detailed in table 82.3. 

Tested Well Test name Date Test Type b 
Q T a c (m3/min) (m2/day) 

#18777 0.9 158.1 
Production Third Test 2/12/1999 Step DD 15.35 1.95 2.7 1.5 158.1 

-(/) 
well 1.8 105.4 co·-

:::l (/) 
c2:-
co co 
2 § #19450 0.9 169.4 

Observation Third Test 2/12/1999 Step DD 2.98 1.47 0.3 1.5 179.7 
well 1.8 189.7 

Table 82.3: Results of third test- 3 step drawdown test. 
Discharge from production well #18777. 

Water level monitored from 4m observation well #19450 and production well #18777. 

The well loss 'a' component had increased suggesting a decrease in well efficiency. In addition the 
well loss 'c' component had increased by a factor of 15 for the initial test value, indicating that clogging 
had occurred within the well walls. 

Fourth Test (15 March, 2000) 
Tested Wells: Production well (no. 6627-18777) and 4m observation well (no. 6627-19450) 

The production well was chlorinated on 25 February 2000 to disinfect the well from algae and 
microorganisms that may have contributed to clogging. This was followed by a vacuum and airlift on 8 
and 9 March 2000 to remove any resulting suspended solids (SS). On 15 March 2000 a step 
drawdown test was performed to evaluate the effectiveness of the disinfection and vacuuming. The 
test was performed using a 150mm submersible pump in the production well allowing the drawdown to 
be recorded in both wells. The three-stage step-test ran for 220 minutes, 60 minutes per step for the 
first two steps and 100 minutes for the third step. The test was followed by a back-flush on 16 March 
2000. The results are detailed in table 82.4. 

The results suggest, when comparing the production well results of the third and fourth tests, that 
some of the clogging agency had been removed and the well efficiency had been partly restored. 
However, the well loss value 'c' had not recovered to the original value of the initial test, suggesting 
that some clogging material may still have been embedded in the well walls. 

Fifth Test (18 April 2000) 
Tested Wells: Production well (no. 6627-18777) and 4m observation well (no. 6627-19450) 

Injection restarted on 8 April 2000 and ceased on 11 April 2000. Although the injection rate was 
almost constant at 12.5Lis at the beginning of the injection period, after four days injection clogging 
occurred rapidly, reducing the injection rate to 6Lis. This resulted in the line delivery system shutting 
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down. A step drawdown test was conducted on the 18 April 2000 to determine what impact the 
clogging had on the well and aquifer hydraulics. The test ran for 220 minutes; 60 minutes per step for 
the first two steps and 100 minutes for the third step. The results are detailed in table 82.5. 

The well loss 'c' component had increased by a factor of 12 from the initial test value and by a factor 
of five from the fourth test, indicating that clogging had occurred. In addition, the value was very 
similar to the results from the third test after the initial clogging of the well. A large increase of 'c' 
component values in the observation well-loss hydraulic information gave some indication that 
intensity and severity of clogging was high. 

Tested Well Test name Date Test Type b 
Q T 

a c (m3/min) (m2/day) 

#18777 0.6 158.1 
Production Fourth Test 15/03/2000 Step DD 11.88 2.22 0.46 1.2 143.8 

- (J) Well 1.8 142.4 ro·-
:::J (J) 

c.2:-
Cll Cll 

2 ~ #19450 0.6 112.9 
Observation Fourth Test 15/03/2000 Step DD 1.34 1.86 0.5 1.2 131.8 

Well 1.8 124.8 

#18777 0.6 132 
Production Fourth Test 15/03/2000 Step DD 12.06 2.00 0.46 1.2 132 

(i) (J) well 1.8 132 
~ 'U) 
o..>-
E ro 
0 c #19450 0.6 136 10 Cll 

Observation Fourth Test 15/03/2000 Step DD 2.22 1.95 -0.01 1.2 136 I 

I well 1.8 133 

Table 82.4: Results of fourth test- three-step drawdown test. 
Discharge from production well #18777. 

Water level monitored from 4m observation well #19450 and production well #18777 

Tested Well Test name Date Test Type b 
Q T 

a c (m3/min) (m2/day) 

#18777 0.6 158.1 
Production Fifth Test 18/04/2000 Step DD 14.4 1.6 2.4 1.2 158.1 

- (J) Well 1.8 169.4 Cll ·-
:J en 
c.2:-
Cll Cll 

2~ #19450 0.6 157.1 
Observation Fifth Test 18/04/2000 Step DD 1.5 1.5 2.4 1.2 166.4 

Well 1.8 182.4 

#18777 0.6 148 
Production Fifth Test 18/04/2000 Step DD 14.75 1.87 0.31 1.2 139 

'--
a> en well 1.8 137 5 '(j) 
o..>-
E ro 
0 c #19450 0.6 258 oro 

Observation Fifth Test 18/04/2000 Step DD 2.37 1.69 0.09 1.2 157 
well 1.8 155 

Table 82.5: Results of fifth test- three-step drawdown test. 
Discharge from production well #18777. 

Water level monitored from 4m observation well #19450 and production well #18777 

Sixth Test (16 June 2000) 
Tested Wells: Production well (no. 6627-18777) and 4m observation well (no. 6627-19450) 

On 2 June 2000 an in-line trickle chlorination unit was fitted to disinfect injection water for the purpose 
of protecting the production well from further clogging. Furthermore, the production well was cleaned 
by acidisation and airlifting on 6 and 7 June 2000. The purpose of the test was to investigate what 
effect the acidisation had on the well and aquifer hydraulics. The four-stage step-test ran for 720 
minutes; two 60 minute steps followed by two 100 minute steps. The results are detailed in table 82.6. 
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Tested Well Test name Date Test Type b 
Q T a c (m3/min) (m2/day) 

Cf) #18777 0.6 158 
'iii 

Production Sixth Test 16/6/2000 Step DD 9.92 1.67 0.25 
1.20 158 

>, 
1.80 158 -ro Well c 2.40 158 <( 

..._ 
Q) 

5 #19450 0.6 135 
Cl. 1.20 131 E Observation Sixth Test 16/6/2000 Step DD 1.3 1.97 0.01 0 1.80 135 () Well 

2.4 132 

Table 82.6: Results of sixth test- four-step drawdown test. 
Discharge from production well #18777. 

Water level monitored from 4m observation well #19450 and production well #18777. 

Comparison between the fifth and sixth test indicated there had been large improvement in efficiency. 
The decreased value of the well loss 'c' component indicated that the clogging agent had been 
removed by the acidisation. Furthermore, a significant improvement in well efficiency was evident by 
the decreased well loss 'a' component, further indicating that there had been a positive effect to 
acidisation treatment. 

82.3 DISCUSSION 

82.3.1 Initial and First Test 

The initial test established the hydraulic datum of the production well, whereas the first test established 
the initial observation well hydraulic information determined from the drawdown in the 4m observation 
well prior to injection. 

The production well showed a greater well loss value 'c' than the 4m observation well. The turbulent 
flow around the pump in the production well would be greater than the turbulent flow in the observation 
well during pumping. 

82.3.2 Third Test- After First Injection to Investigate the Effects of Clogging 

Tested Well Well equation Initial Third Test Comments 
Constant Test 

Production a 12.65 15.35 
1.2x Increase from Initial test- suggest a 

Well decrease in well efficiency 

c 0.2 2.98 
15x increase is considerably higher 

suqqesting that clogging has occurred 
Hydraulic 

information 
Observation 

3.05 2.98 Similar to initial test 
well a 

c 0.125 0.3 
Increase from datum suggesting that 

clogging has occurred 

Table 82.7: A comparison of 'a' and 'c' components determined from the manual analysis 
with the datum for both the production and observation well. 

Table 82.7 shows an increase in the 'a' and 'c' in the production well indicating a decrease in well 
efficiency. The increased 'c' value in the observation well from the datum was most probably a result 
of the increased well loss in the production well. Increases in these constants indicated that some 
clogging had occurred in the production well. The results demonstrated that the drawdown in the 
production well was reflected in the observation well at a reduced magnitude. 
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82.3.3 Fourth Test - After Chlorination, Vacuum and Air Lighting to Investigate the 
Effects of Disinfection and Well Cleaning. 

Tested Well Well equation Initial Fourth Comments 
Constant Test Test 

a Slight decrease to little change -
12.65 11.88 indicates improved well efficiency after 

Production cleaning 
Well c Increase from datum but decrease from 

0.2 0.46 third test- some clogging agent removed 
during cleaning 

Hydraulic 
information 

Observation a 3.05 1.34 Decrease - improved well efficiency 
well c Increase from datum and third test-

0.125 0.5 suggests some clogging material still 
remains in well walls and beyond 

Table 82.8: A comparison of 'a' and 'c' components determined from the manual analysis 
with the datum for both the production and observation well. 

Table 82.8 shows that the decrease in 'a' and an increase in 'c' in the production well was evidence 
of the well efficiency improving as a result of disinfection and cleaning. However, neither constant 
returned to the value of the datum, suggesting that there could have been some residual clogging 
agent in the walls of the well. This was supported by the increased 'c' constant in the observation 
well. 

82.3.4 Fifth Test- After Injection to Investigate the Effect of Clogging 

Tested Well Well equation Initial Fifth Test Comments 
Constant Test 

a 12.65 14.4 Slight increased value- indicates a slight 
Production decrease in efficiency 

Well c 0.2 2.4 Large increase- indicating clogging has 
occurred 

Hydraulic 
information 

Observation a 3.05 1.5 Indicates a increase in efficiency 
well c 0.125 2.4 Large increase from datum - may 

suggest intense clogging in production 
well. 

Table 82.9: A comparison of 'a' and 'c' components determined from the manual analysis 
with the datum for both the production and observation well. 

Table 82.9 compares the data from the fifth and the initial test revealing that there had been intense 
clogging in the production well. This was shown by an increase in 'a' and 'c' in the production well 
and the large increase in 'c' in the observation well. 

82.3.5 Sixth Test- After Acidisation to Investigate the Effects on Well Hydraulics 

Comparing the results of the sixth with the initial test summarised in table 82.10 indicated a significant 
improvement in well efficiency. Both the 'a' and 'c' values were significantly low in both wells. The 
low 'c' in the observation well may have been a positive value, indicating that the clogging agent had 
been effectively removed by acidisation from around the production well or that the analysis was 
erroneous. 
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Well Well equation Initial Test Sixth Test Comments 
Constant 

a 12.65 9.92 Increase in efficiency 
Production c 0.2 0.25 Slight increase from datum but large 

Well decrease from fifth test. Clogging agent 
partly removed by the acidisation treatment 

Hydraulic 
information 

Observation a 3.05 1.3 Increase in efficiency 
well c 0.125 0.01 Very low value- Increased efficiency-

clogging agent removed by acidisation 
treatment. 

Table B2.10: A comparison of 'a' and 'c' components determined from the manual analysis 
with the datum for both the production and observation well. 

82.4 SUMMARY OF THE RESULTS OF ALL STEP TESTS 

The results showed that the observation well did not suffer as severely from clogging as the production 
well. This can be interpreted as a result of the following: 

• Clogging occurring in the production well and migration of the clogging agent (if any) being 
restricted to the area around the production well; 

• The drilling of the production well may have resulted in more impermeable mud rings being 
formed that were not removed during development of the well as opposed to more successful 
development of the observation well; and 

• The observation well may have been intersecting a more transmissive section of, or fracture 
in, the formation. 

• A step drawdown test conducted in the observation well would have provided more 
information on the effects of clogging in this well or the extent of the migration of clogging 
agent around the well. 

A summary of the analysis of the well discharge tests is given in table 82.11. 

82.5 CONCLUSIONS 

The well equation established in the initial test is useful in monitoring changes in well hydraulics as a 
result of several factors such as clogging and rehabilitation. Furthermore, a comparison between 

1. the well equation (derived from the production well); and 
2. hydraulic information (derived from 4m observation well) of the third test through to the sixth 

test is useful in monitoring 
• The intensity of clogging after injection; and 
• Changes in well efficiency as a result of production well rehabilitation, such as airlifting and/or 

acidisation. 

A summary of comparisons are as follows: 
• Third test - increases in the well equation well loss component 'c' indicate clogging occurred 

after the initial injection. 
• Fourth test - showed that chlorination, vacuuming and airlifting of the production well were 

effective in partly restoring well efficiency. However, the well loss component 'c' was not 
restored to the original value, indicating that some clogging agent was still present in the well 
walls. 

• Fifth test - after the next injection period the well clogged again resulting in an increased well 
loss component 'c' similar to that on the third test. 

• Sixth test - the sixth test showed that acidisation was more effective in restoring well 
efficiency. The dissolution of some of the aquifer material within the well resulted in the 
increase in the well surface area and the removal of the clogging agent; both reducing the 
aquifer well loss. 
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This test revealed: 
• A large decrease in the well loss component 'c' when compared to the fifth test indicating the 

removal of clogging agent; 
• That acidisation was more effective in restoring well efficiency than cleaning and disinfecting, 

with a lower well loss component 'c '; 0.25 (sixth test) compared with 0.46 (fourth test); and 
• That the well efficiency is not fully restored to that of the initial test (0.2). 

Step Draw Down Tests Bolivar ASR 
Well Date Test Type a b c Q (m3/min) T (m2/day) 

~ 18777 0.48 183 ., "' '$ ·;;; Production 0.72 184 
Initial test c.>- 27/01/1998 Step DO 12.65 1.43 0.2 

E "' Well 0.96 185 0 c: 
u "' 1.2 184 

~ ·~ 19450 0.9 158.1 
c:2!- Observation 15/09/1999 Step DO 3.05 1.55 0.125 1.5 179.7 
"' "' First Test ::;; c: well 2.1 172.9 "' 

1 Q)"' 19450 0.9 153 "5 .ii) 
c.2!- Observation 15/09/1999 Step DO 2.69 1.72 0.05 1.5 153 E "' 0 c: 

well (.) ~ 2.1 154 

"' 
18777 0.9 158.1 

·u; 
Production 2/12/1999 Step DO 15.35 1.95 2.7 1.5 158.1 ,.. 

Third Test ro well 1.8 105.4 c 

"' 3 ro 19450 0.9 169.4 
" c: Observation 2/12/1999 Step DO 2.98 1.47 0.3 1.5 179.7 "' ::;; 

well 1.8 189.7 

"' 
18777 0.6 158.1 

·u; 
Production 15/03/2000 Step DO 11.88 2.22 0.46 1.2 143.8 ,.. 

ro Well 1.8 142.4 c: 

"' ro 19450 0.6 112.9 
Fourth " c: Observation 15/03/2000 Step DO 1.34 1.86 0.5 1.2 131.8 "' ::;; 

Well 1.8 124.8 Test 
"' 18777 0.6 132 

4 
·u; ,.. 

Production 15/03/2000 Step DO 12.06 2 0.46 1.2 132 ro 
c: well 1.8 132 "' 2 19450 0.6 136 
" c. 

Observation 15/03/2000 Step DO 2.22 1.95 -0.01 1.2 136 E 
0 

well 1.8 133 (.) 

"' 
18777 0.6 158.1 

·u; 
Production 18/04/2000 Step DO 14.4 1.6 2.4 1.2 158.1 ,.. 

ro Well 1.8 169.4 c 

"' ro 19450 
" 

0.6 157.1 
c: Observation 18/04/2000 Step DO 1.5 1.5 2.4 1.2 166.4 "' Fifth Test ::;; 

Well 1.8 182.4 

5 "' 18777 0.6 148 ·u; ,.. 
Production 18/04/2000 Step DO 14.75 1.87 0.31 1.2 139 ro 

c well 1.8 137 "' 2 19450 0.6 258 
" c. 

Observation 18/04/2000 Step DO 2.37 1.69 0.09 1.2 157 E 
0 

well 1.8 155 (.) 

18777 0.6 158 

"' Production 1.2 158 ·u; 
16/06/2000 Step DO 9.92 1.67 0.25 ,.. 

Well 1.8 158 ro 
Sixth Test c: 

<( 2.4 158 

6 2 19450 0.6 135 
" c. Observation 1.2 131 E 16/06/2000 Step DO 1.3 1.97 0.01 0 Well 1.8 135 (.) 

2.4. 132 

Table 82.11: Summary of results of all step tests. 

It has been documented in previous work that acidisation can increase well efficiency by 50% (Gerges, 
et.al., 1998). 

There is some evidence in the fourth test that the clogging agent has extended beyond the well wall. Q 
The increase in well loss component 'c' in the observation well hydraulic information suggests this. 
However, it is believed that the extent is minimal as the well loss component 'c' in the observation well 
hydraulic information in the sixth test is very low. If clogging had migrated out from the production well 
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into the surrounding formation it would be expected that the value would be showing an increased well 
loss value. 

REFERENCES 

Gerges, N.Z., Howles, S.R., Dennis, K.J. (1998) 'ASR, Hydraulic And Salinity Response In 
Unconfined/Confined Aquifers' In Peters, J.H., et.al., (ed.) Third International Symposium on Artificial 
Recharge of Groundwater- ISAR3 98. A.A. Balkema, Amsterdam, Netherlands; pp. 269-274. 
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B3: TABULATED RESULTS OF BIOGROWTH IN SAND CHAMBERS FOR EXPERIMENTS 1 AND 2 

4 m well 50 m well,~. 300m well (control) 
Date Day, Bio- Poly- c N p Bio- Poly- c N p Bio- Poly- c N p 

mass sacc. mass sacc. mass sacc. 
(dd/mm/yy) (mg/g) (mg/g) (%) (%) (%) (mg/g) (mg/g) (%) (%) (%) (mg/g) (mg/g) (%) (%) (%) 

Experiment 1 
15/09/99 0 (0) 0.01 0.01 - - - 0.01 0.01 - - - 0.01 0.01 - - -
29/09/99 0 (14) 0.1 0.01 - - - 0.01 0.01 - - - 0.01 0.01 - - -
05/10/99 0 (20) 0.1 0.01 - - - 0.01 0.01 - - - 0.01 0.01 - - -
19/10/99 8 (34) 0.25 0.1 - - - 0.01 0.01 - - - 0.01 0.01 - - -
02/11/99 22 (48) 0.4 0.2 - - - 0.01 0.01 - - - 0.01 0.01 - - -
16/11/99 36 (62) 0.4 0.25 - - - 0.01 0.01 - - - 0.01 0.01 - - -

Experiment 2 
06/09/00 0 0.01 
13/09/00 7 0.12 0.12 0.024 <0.005 <0.002 
20/09/00 14 0.02 0.32 0.017 <0.005 <0.002 <0.01 0.46 0.040 <0.005 <0.002 0.05 0.10 0.030 <0.005 <0.002 
04/10/00 28 0.31 1.67 0.026 <0.005 <0.002 0.18 0.32 0.025 <0.005 <0.002 0.08 0.11 0.023 <0.005 <0.002 
18/10/00 42 0.09 1.63 0.027 <0.005 <0.002 0.05 0.14 0.017 <0.005 <0.002 

31/10/00 3 55 0.06 0.14 0.015 <0.005 <0.002 0.01 0.19 0.048 <0.005 <0.002 <0.01 0.13 0.021 <0.005 <0.002 
15/11/00 70 0.09 0.16 0.031 <0.005 <0.002 0.06 0.16 0.034 <0.005 <0.002 <0.01 0.20 0.029 <0.005 <0.002 
29/11/00 84 0.23 0.28 0.022 <0.005 <0.002 0.04 0.22 0.022 <0.005 <0.002 
04/12/00 89 0.02 0.17 0.028 <0.005 <0.002 
18/12/00 103 n/a 0.09 0.016 <0.005 <0.002 
04/01/01 120 n/a 0.01 0.024 <0.005 <0.002 n/a 0.06 0.014 <0.005 <0.002 
18/01/01 134 n/a 0.08 0.080 <0.005 <0.002 
30/01/01 147 n/a 0.04 0.025 <0.005 <0.002 n/a 0.05 0.014 <0.005 <0.002 
15/02/01 162 n/a 0.07 0.019 <0.005 <0.002 
01/03/01 176 n/a 0.09 0.027 <0.005 <0.002 n/a 0.11 0.058 <0.005 <0.002 
15/03/01 190 n/a 0.07 0.012 <0.005 <0.002 
29/03/01 204 n/a 0.05 0.021 <0.005 <0.002 n/a 0.08 0.014 <0.005 <0.002 n/a 0.10 0.032 <0.005 <0.002 
Days reported in brackets for experiment 1 are total days that chambers were suspended -including 26 days prior to start of injection on 11 October 1999 

2 This well served only as control during test 1 until breakthrough occurred in test 3 
3 Sampled on 1 November 2000 

Table 83.1: Results of biogrowth in sand chambers for experiments 1 and 2. 



84: SCANNING ELECTRON MICROSCOPY (SEM) SURVEY OF 
INJECTED AND RECOVERED WATERS 

Scanning electron microscopy (SEM) has proven to be a useful visualisation tool for a number of lab 
and field studies on clogging (e.g: Olsthoorn 1982, Vandevivere and Baveye 1992, Rinck-Pfeiffer 
2000). 

In this study four sample-types were analysed with the scanning electron microscope: 
1. aquifer core material (used in column study by Rinck-Pfeiffer (2000)); 
2. Bolivar reclaimed water (on various occasions before, during and after the Trial); 
3. sediment scraped from the face of the ASR well (in December 1999); and 
4. earliest water pumped during recovery phase (first event). 

Sample preparation and analyses were performed by Stuart McClure of CS/RO Land and Water, 
Adelaide. A subsample of each of the water samples was filtered on 0.2f.!m (micrometres) nucleopore 
filter membranes after appropriate dilution to give a single layer of particles with little overlap. The 
samples were then evaporatively coated with 20nm (nanometres) of carbon and examined using a 
Cambridge Steroscan S250 Mk3b Scanning Electron Microscope and a Link AN 1 0000 EDX system 
(Goldstein, et.al., 1981 ). The 0.2J.Lm nucleopore filter was selected in preference to the 0.45f.!m 
cellulose filter used in water sampling and in membrane filtration index (MFI) tests to maximise 
visibility of the particles. Photomicrographs were taken in a representative area at the most 
convenient magnification and the most obvious features were identified, wherever possible. Detailed 
identification of particles were performed using the x-ray analysis, and because the detection of 
elements of atomic numbers is limited to those greater than 11 (i.e: sodium (Na)), most organic 
particles had to be identified visually or by the absence of elemental peaks. Qualitative interpretation 
between individual EDX spectra is best done by inspecting the ratio between the height of the 
characteristic x-ray peak and the local background, which is independent of most artefacts. The peak 
heights are proportional to the atomic weight percent. 

A representative image for each of the samples is presented in figure 84.1. The aquifer material, from 
a relatively permeable layer at 116.9m bgs (figure 84.1 a), most clearly shows the two dominant 
minerals in the aquifer: the quartz sand and the carbonaceous precipitates which coat as well as 
cement the sand grains. The reclaimed water, collected in March 1999 and first reported by 
Massmann, et.al., (1999) (figure 84.1 b) shows the diverse composition of particle matter that is present 
in the injectant. Those most easily discerned material include algal spores and diatoms, fungi and 
bacteria, amoebae, and less discernible polysaccharides and biomass as well a small amount of assorted 
alumino-silicate clays (illite, kaolinite, etc) material bound to assorted organics. This array of particles 
may also be considered to be typical of the injectant at other times. 

The sediment scrape sample revealed the development of pyrite framboids that arise from the highly 
reduced environment whereby dissolved H2S (hydrogen sulphide) arising from sulphate reduction 
reacts with the available iron present to form black non-crystalline FeS (iron sulphide). The framboids 
normally form when sulfur reacts with FeS in the sediment to form pyrite (FeS2) which crystallises as 
minute framboidal microspheres (Rinck-Pfeiffer 2000). Once injection resumes, and dissolved oxygen 
is introduced back into the formation, the pyrite may be reoxidised and ferric iron and sulphate formed. 
Evidence for this process was obtained from SEM imaging of earliest waters recovered from the well, 
where FeS and FeS2 were detected. The fact that the sediment sample obtained from the well was 
black upon collection and discoloured back to a brown sandy colour once in contact with air, was a 
good indication. Interestingly, Examination made on a sample of injectant collected from a dark airtight 
vessel after remaining stagnant over the entire storage period developed the same characteristic black 
colouration that the initial waters collected during the storage phase from the ASR well and also from 
the first samples collected during the recovery phase, and also revealed the formation of pyrite. 

Not surprisingly, the water pumped from the ASR well during the earliest stage of recovery contains a 
composite of the aquifer minerals and injected particles previously identified. There was no significant 
evidence of precipitates that were not from either of these two sources. For instance, there was no 
evidence of struvite or other calcium-phosporus minerals n the recovered water sample eliminating this as 
a possible cause of clogging. Framboid minerals similar to those observed in the bailed water were 
apparent in some of the recovered samples. 
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fi!imtbOOlds 

a) T2 aquifer material from 
ASR well (116.9 m bgs) 

c) sediment scrape from wall of 
ASR well in December 1999 
(after Rinck-Pfeiffer, 2000) 

b) Bolivar reclaimed water, March 1999 
(after Massmann et a/1999) 

FcS-'- Cu 

d) backwash water 5-90 minutes 
into recovery on 18 July 2001 

Figure 84.1: Scanning electron microscopy (SEM) images of aquifer material, 
reclaimed water, sediment scrape and recovered water. 
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85: ALGAL STUDIES 

B5.1 INTRODUCTION 

Algae can be problematic to aquifer storage and recovery (ASR) due to their high clogging potential 
(per unit mass flux), and the labile organic matter (OM) that can provide substrate for microbial 
biomass (Buisine and Oemcke 2002). Chlorella are known to block filters during water and 
wastewater treatment. 

Enumeration of the algae present in the injectant occurred during two periods: the first over six weeks 
prior to and during the initial phase of test 3 during the winter months of 2000; the second the whole of 
test 4 during autumn 2002. In the winter period total algal counts were high (-50,000 cells/ml) and 
highly variable (standard deviation of -30,000 cells/ml). In the autumn period counts were 
considerably lower (mean 1,700 cells/ml). Chlorella were consistently dominant (-90% of the total 
numbers on average); Euglena and Ankistrodesmus were also abundant. 

B5.2 CORRELATIONS BETWEEN ALGAL COUNTS AND SIMPLE WATER QUALITY 
PARAMETERS 

An ability to correlate the total algal numbers with easily measured parameters may be useful for 
ongoing ASR management. The two indices chosen for evaluation were turbidity (NTU) and colour (at 
340nm). 

The results for turbidity were poor, with low predictive capability (figure 85.1 ). Given that algae 
represent only one component of the total filterable material (see appendix 84), then temporal 
changes in the composition of the algal population may also affect the reflectivity of the sample. Colour 
was expected to be more sensitive to algal numbers but the results too were poor (figure 85.1 ). 
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Figure 85.1: Total algae versus turbidity relationship for Bolivar reclaimed water. 
February 1999 to June 2002 sampling. 

B5.3 CHANGES BETWEEN THE DISSOLVED AIR FLOTATION/FILTRATION (DAF/F) 
PLANT AND ASR WELL-HEAD 

In an effort to explain the high clogging rates observed during the early stages of the Trial, speculation 
emerged that an elevation in algal counts was occurring during residence in a balancing storage pond 
situated immediately downstream of the dissolved air flotation/filtration (DAF/F) plant, where sunlight 
and nutrient-availability provide ideal conditions for algal regrowth. Indeed sampling conducted at the 
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inlet and outlet ends of this storage facility during warm summer weather (on 4 February 2000) 
showed numbers increased from 7300 to 81 00 cells/ml. The turbidity of the water also increased from 
2.1 to 2.4NTU, whilst total organic carbon (TOC) increased from 17.2 to 18mg/L. During an intensive 
period of sampling over winter (from June to August 2000), greater evidence was amassed that the 
numbers in the injectant were indeed higher than those leaving the DAF/F plant at that time. 
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Figure 85.2: Total algae versus colour relationship for Bolivar reclaimed water. 
June to August 2000 samplings. 

However, conflicting evidence occurred during the test 4 monitoring period, where algal numbers in 
the injectant were consistently lower than the outflow from the DAF/F treatment plant (figure 85.3). 
The median concentration in the injectant was 1100 cells/ml, whilst the concentration from the plant 
was 4200 cells/ml over the same period. Since the only notable difference between test 4 and earlier 
tests was that the chlorinator operated reliably and at a higher dose rate, it appears plausible that 
chlorination lead to a systematic decline in algal numbers. This seems plausible given that chlorine 
has been used to control algae for decades (e.g: Holden 1970). 

85.4 ALGAE IN INJECTED AND RECOVERED WATER 

Most algae require light to grow, and therefore the exclusion of light in the aquifer, and potentially the 
effect of the high pressures at depth on cell structure, would minimise or possibly eliminate 
opportunities for growth in the subsurface. Algae which are heterotrophic have the potential to grow 
around the ASR well in nutrient-rich water. No live algae were observed in water recovered during 
well-vacuuming in March 2000 during a microscopic examination performed by Megh Mallavarapu of 
CSIRO Land & Water, Adelaide. 

An algal mass balance performed based on the first injection and redevelopment event during test 3 
(4 - 15 August 2000) revealed, even though the initial concentration was around 40 times greater than 
the maximum injected concentration, that overall, only -7% of the total algae injected were recovered 
during redevelopment. 
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86: DOWN-HOLE VIDEO CAMERA SURVEYS 

Figure 86.1: Three snap-shots of the down-hole video camera inspections of the ASR well , 
at depths of approximately one metre into the open-hole section on: 

a) 6 January 2000 after the first injection test, and prior to any rehabilitation , 
showing large amounts of heterogeneous material around the well face; 

(b) 28 February 2000 after chlorination, but before vacuum airlift 
showing some minor degradation of the deposits; and 

(c) 14 March 2000 after well was pumped by vacuum airlift 
resulting in significant reduction of the clogging deposits. 
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C: EFFECT OF SAMPLING TREATMENT ON NITROGEN (N) 
SPECIES 

J. Vanderzalm 

Flinders University of South Australia 

A comparison of sampling treatments on the nitrogen (N) species, total Kjeldahl nitrogen (TKN), 
ammonium (NH4+), nitrate (N03) and nitrite (N02), was undertaken between July and September 
2001. Prior to this all N species had undergone vacuum filtration in the field before submission to the 
Australian Water Quality Centre (AWQC) for analysis. In the test period duplicate groundwater 
samples were submitted to the AWQC for N species analysis. One had undergone vacuum filtration, 
while the second had been acidified with sulphuric acid (H2S04) and then pressure-filtered. There was 
also a more rigorous comparison of four different treatments on 16 July 2001, comparing vacuum 
filtration only, acidification then pressure filtration, pressure filtration then acidification, and pressure 
filtration only. 

There was no clear effect of the treatments on the TKN or NH4+ concentrations. The major 
comparison, between vacuum filtration and acidification then pressure filtration, resulted in regression 
values of 92% for TKN and 97% for NH4+. However, there was a clear reduction in the N03 

concentrations (except one sample) following acidification and then pressure filtration (table C.1). 

Pressure filtration is preferable for isotopic analysis of volatile species, to prevent fractionation 
between the water and gas phase (Lamontagne, pres. comm.). Samples were also being collected for 
nitrogen-15 analysis of the NH4+ and N03 species. Acidification of N species is suggested for storage 
longer than 24 hours (American Public Health Association 1998) to prevent bacterial conversion 
between species. However, N02 is converted to N03 and the species can not be determined 
individually. Freezing samples for short-term storage is an alternative to acidification in preventing 
bacterial activity and is the method recommended by the A WQC. Following this test period, it was 
decided that pressure filtration was favourable for consistency with the nitrogen-15 methodology, but 
acidification was not necessary. 
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Sample Treatment Ammonia Nitrate Nitrite TKN Nitrate + Nitrite 
as N As N as N as N as N 

#18777 16 July 01 VF only 37.8 0.050 <.005 77.7 0.055 

acidify then PF 39.9 0.007 <.005 0.012 

18 July 01 VF only 29.7 0.027 <.005 31.4 0.032 
12:25 

acidify then PF 29.3 0.006 <.005 33.1 0.011 

18 July 01 VF only 24.6 0.085 <.005 27.9 0.090 
12:30 

acidify then PF 17.3 0.004 <.005 20.8 0.009 

18 July 01 VF only 16.2 0.098 <.005 19.5 0.103 
12:40 

acidify then PF 14.9 0.005 <.005 18.3 0.010 

18July01 VF only 10.3 0.061 <.005 12.6 0.066 
13:00 

acidify then PF 10.6 0.003 <.005 13.7 0.008 

18 July 01 VF only 6.8 0.040 <.005 9.4 0.045 
13:50 

acidify then PF 6.7 0.003 <.005 9.4 0.008 

25 July 01 VF only 1.6 0.029 <.005 2.4 <.005 

acidify then PF 1.5 0.020 <.005 2.9 0.020 

1 Aug 01 VF only 2.0 <.005 <.005 3.0 <.005 

acidify then PF 2.0 <.005 <.005 3.1 <.005 

15 Aug 01 VF only 2.7 0.001 <.005 3.9 0.006 

acidify then PF 2.7 4.0 

29 Aug 01 VF only 4.0 2.98 0.005 5.0 2.98 

acidify then PF 2.4 4.8 

11 Sep 01 VF only 4.8 0.000 <.005 5.8 <.005 

acidify then PF 4.9 6.0 

#19447 16July01 VF only 13.9 0.090 <.005 16.8 0.095 

acidify then PF 14.1 1.29 <.005 1.30 

PF then acidify 14.0 0.010 <.005 0.015 

PF only 14.1 <.005 <.005 <.005 

acidify only 16.5 

25 July 01 VF only 18.5 0.014 <.005 18.8 0.019 

acidify then PF 18.8 0.000 <.005 20.0 <.005 

1 Aug 01 VF only 16.9 0.046 <.005 17.4 0.051 

C-2 



#19181 

#19449 

#19450 

VF 
PF 
Acidify 

acidify then PF 

29 Aug 01 VF only 

acidify then PF 

11 Sep 01 VF only 

acidify then PF 

26 Sep 01 VF only 

acidify then PF 

25 July 01 VF only 

acidify then PF 

1 Aug 01 VF only 

acidify then PF 

15 Aug 01 VF only 

acidify then PF 

29 Aug 01 VF only 

acidify then PF 

11 Sep 01 VF only 

acidify then PF 

26 Sep 01 VF only 

acidify then PF 

25 July 01 VF only 

acidify then PF 

1 Aug 01 VF only 

acidify then PF 

25 July 01 VF only 

acidify then PF 

1 Aug 01 VF only 

acidify then PF 

15 Aug 01 VF only 

acidify then PF 

29 Aug 01 VF only 

acidify then PF 

11 Sep 01 VF only 

acidify then PF 

26 Sep 01 VF only 

acidify then PF 

Vacuum f1ltrat1on 
Pressure filtration 
with sulphuric acid 

16.5 

15.0 

15.0 

13.6 

13.8 

11.8 

6.9 

10.2 

9.3 

10.5 

10.9 

11.2 

11.9 

11.4 

11.8 

13.4 

13.7 

13.0 

7.0 

0.1 

<.2 

0.1 

<.2 

3.0 

3.1 

7.2 

6.9 

7.2 

7.3 

8.3 

8.6 

9.6 

9.7 

8.5 

5.7 

<.005 <.005 22.8 

0.000 <.005 16.8 

20.6 

0.003 <.005 15.3 

14.8 

0.002 <.005 10.8 

10.9 

0.006 <.005 11.2 

11.5 

0.015 <.005 10.6 

<.005 <.005 8.7 

0.002 <.005 10.6 

11.1 

0.001 <.005 12.6 

13.0 

0.000 <.005 13.6 

15.4 

0.000 <.005 13.2 

15.8 

0.102 <.005 1.1 

<.005 <.005 1.1 

0.023 <.005 0.8 

<.005 <.005 2.8 

0.007 <.005 4.0 

<.005 <.005 4.0 

0.014 <.005 7.0 

<.005 <.005 8.5 

0.009 <.005 11.6 

11.0 

0.004 <.005 10.5 

12.8 

0.008 <.005 11.5 

11.4 

0.000 <.005 10.2 

10.0 

Table C.1: Nitrogen (N) species concentrations during treatment comparison. 
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<.005 

<.005 

0.008 

0.007 

0.011 

0.020 

<.005 

0.007 

0.006 

<.005 

<.005 

0.107 

<.005 

0.028 

<.005 

0.012 

<.005 

0.019 

<.005 

0.014 

0.009 

0.013 

<.005 
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D: LEGENDS FOR FIGURES 14.9, 14.10 AND 14.11 

Lane Figure 14.9 Figure 14.10 Figure 14.11 

No. Source Date Source Date Source Date 
(dd/mm/yy) (dd/mm/yy) (dd/mm/yy) 

1 +ve control NA +ve control NA +ve control NA 
2 #19181 30.1.01 #19181 (8) 30.1.01 Rec1 10 min 16.7.01 
3 #19447 30.1.01 #19447 (8) 30.1.01 #19449 16.7.01 
4 #18777 25.10.01 #18777 (8) 25.10.01 #19450 30.1.01 
5 #19450 17.5.00 #19450 (8) 17.5.00 #19183 15.8.00 
6 #19450 15.3.01 #19450 (8) 15.3.01 #19447 25.4.01 
7 #18777 29.8.01 #18777 (8) 29.8.01 #19181 5.10.00 
8 #19449 15.3.01 #19449 (8) 15.3.01 #19450 7.11.01 
9 #19447 18.1.01 #19447 (8) 18.1.01 #19450 16.7.01 
10 #19450 29.8.01 #19450 (8) 29.8.01 #18777 15.8.00 
11 #19181 26.4.01 #19181 (8) 26.4.01 #19449 11.9.01 
12 #19450 19.6.01 #19450 (8) 19.6.01 #19447 16.7.01 
13 #19450 24.10.01 #19450 (8) 24.10.01 #19450 15.3.01 
14 #19449 15.8.01 #19449 (8) 15.8.01 #19442 19.6.01 
15 #19181 15.8.01 #19181 (8) 15.8.01 #19181 15.3.01 
16 #18777 19.6.01 #18777(8) 19.6.01 #18777 14.8.01 
17 #19450 25.7.01 #19450 (8) 25.7.01 #19181 11.9.01 
18 #19450 4.12.00 #19450 (8) 4.12.00 #18777 16.7.01 
19 #19450 29.3.01 #19450 (8) 29.3.01 #19181 14.9.00 
20 +ve control NA +ve control NA #19447 16.11.00 
21 +ve control NA +ve control NA #19450 5.10.00 
22 #19181 5.10.00 #19181 (8) 5.10.00 #19449 10.10.01 
23 #19447 4.12.00 #19447 (8) 4.12.00 #19447 10.10.01 
24 #19450 11.9.01 8CGM-4 (8) 11.9.01 #19450 17.5.00 
25 #19450 29.3.01 #19450(8) 29.3.01 #19181 16.1.00 
26 #19450 24.11.01 #19450 (8) 24.11.01 #19442 19.6.01 
27 #19450 29.3.01 #19450 (8) 29.3.01 -ve control NA 
28 #19181 15.8.01 #19181 (8) 15.8.01 Rec 10 min (8) 16.7.01 
29 #19450 26.4.01 #19450 (8) 26.4.01 #19449 (8) 16.7.01 
30 #19450 1.8.01 #19450 (8) 1.8.01 #19450 (8) 30.1.01 
31 #18777 25.7.01 #18777 (8) 25.7.01 #19183 (8) 15.8.00 
32 #18777 1.8.01 #18777 (8) 1.8.01 #19447 (8) 25.4.01 
33 Injectant 1.3.01 Injectant (8) 1.3.01 #19181 (8) 5.10.00 
34 #19450 15.8.01 #19450 (8) 15.8.01 #19450 (8) 7.11.01 
35 #19447 15.3.01 #19447 (8) 15.3.01 #19450(8) 16.7.01 
36 #19450 11.9.01 #19450 (8) 11.9.01 #18777 (8) 15.8.00 
37 #18777 11.9.01 #18777 (8) 11.9.01 #19449 (8) 11.9.01 
38 #18777 10.10.01 #18777 (8) 10.10.01 #19447 (8) 16.7.01 
39 #19450 10.10.01 #19450 (8) 10.10.01 Problem Well2 15.3.01 
40 +ve control NA +ve control NA #19440 (8) 19.6.01 
41 -ve control NA -ve control NA #19442 (8) 15.3.01 
42 #19181 (8) 14.8.01 
43 #18777 (8) 11.9.01 
44 #19181 (8) 16.7.01 
45 #18777 (8) 14.9.00 
46 #19181 (8) 16.11.00 
47 #19447 (8) 5.10.00 
48 #19450 (8) 10.10.01 
49 #19449 (8) 10.10.01 
50 #19447(8) 17.5.00 
51 #19450 (8) 16.1.00 
52 #19181 (8) 19.6.01 
53 #19442 (8) 15.6.01 
54 +ve control NA 

-Rec- sample collected dunng recovery penod from well #18777 
2 Problem due to blockage of well, well not used. 

Table D.1: Legends for figures 14.9, 14.1 0, and 14.11 (chapter 14). 
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E. STYGOFAUNA INVESTIGATION AT THE BOLIVAR ASR SITE 

S. Fildebrandt and K. Barry 

CSIRO Land and Water, Perth, Western Australia 

Stygofauna are a specialized form of invertebrate and occasionally vertebrate fauna that have recently 
been identified in groundwater ecosystems (Humphreys 2001 ). Until now there has been a general 
lack of data and understanding about these stygofauna, but according to Malard, et.al., (1996) a 
specialized knowledge of these groundwater ecosystems could become useful as an indicator for 
groundwater monitoring, management and protection in the future. 

On 27 June 2002 a sample was collected from the Bolivar ASR site observation well #19035, which is 
located 300m to the NE of the injection well. The well taps the confined brackish limestone Aquifer 
T2, and is completed as an open-hole from a depth of 102m to approximately 160m below ground 
surface (bgs). Although the sampling day coincided with the final day of the second injection cycle, 
water quality monitoring shows that the sample should still have been representative of the pristine 
aquifer, as there had been no detectable influence from the injected reclaimed water. 

The sample was collected with a specially constructed device consisting of a Perspex cylinder (30cm 
long and 8cm diameter) with a fine mesh attached to the base. The device was attached to a thin 
cable and weighed-down with a sinker, then lowered to the bottom of the well. Near the base of the 
well sediment was collected by jiggling the cylinder to stir up the sediment at the bottom. During the 
ascent the cylinder scraped along the perimeter-face and further sediment was captured. 
Approximately 1 OOg of sediment was collected and deposited into sample containers, which were then 
filled with groundwater from the well to preserve the sample. 

The act of water sampling is known to disturb groundwater fauna (Humphreys 2001 ). The last 
sampling event at the 300m well was 20 March 2002 (four months prior), and it had only been 
sampled on six occasions since the start of the project in 1999. 

The extraction of potential stygofauna from the sediment sample was done by dispersing the sediment 
in groundwater and allowing it to settle. The organisms were expected to be visible within the 
supernatant and could be easily extracted with a pipette. The extracted specimens were then 
preserved in a suspension of 70% ethanol and 30% water, examined under a microscope (Olympus 
IX70 Inverted) at 40X magnification, and digital photographs taken. The examination lasted three 
hours. In this time three different types of specimen were discovered: two were insect-like (specimen 
1, figure E.1 ), three were worm-like (specimen 2, figure E.2) and one was mollusc-like (specimen 3, 
figure E.3). 

The digital images of the three specimens were sent to Julianne Waldock, a technical officer at the 
Western Australian Museum, who works with Bill Humphreys on stygofauna research in Western 
Australia. Specimen 1 was identified to be a mite, very common in the soil interface, often falling into 
the water column. However she couldn't specify the two other specimens and suggested Remko Leijs 
at the South Australian Museum for further assistance. He was contacted and identified specimen 2 
to be PVC scrapings, and specimen 3 to be fossil material. 

In summary, there is no evidence for the presence of stygofauna in Aquifer T2 at the Bolivar site. This 
survey may be considered as exploratory, given the crudity of the sampling approach, and that only 
one well was sampled. If further investigations were to be carried out, the South Australian Museum 
have expressed a willingness to offer similar assistance. 
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Figure E.1: Specimen 1 

Figure E.2: Specimen 2 

Figure E.3: Specimen 3 
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F ASRRI: A RISK BASED APPROACH TO ESTIMATING WATER 
QUALITY IMPROVEMENTS DURING ASR 

R. Miller,1 R. Correll,1 P.J. Dillon,2 S. Fildebrandt2 and P. Pavelic2 

1 CS/RO Mathematical and Information Sciences 
2 CS/RO Land and Water, Adelaide, South Australia 

Originally published in American Water Works Association Research Fund Project 2618 
Report, Volume 1, Chapter 13. 

F.1 INTRODUCTION 

Three models are presented, which have different levels of complexity and serve different purposes. 
ASR Risk Index (ASRRI) (Version 1 ), a product of this project, is a simple screening model that can be 
used to determine the likelihood of water being of acceptable quality on recovery from the injection 
well or other wells, with minimal data. The next model, Easy-Leacher 4.6, developed by Pieter 
Stuyfzand (Kiwa Water Research), simulates a wide range of biogeochemical processes in aquifers as 
a Microsoft Excel spreadsheet program. Although tailored for pond and bank filtration systems, it can 
be used to trace the evolution of water quality in observation wells during injection phases of single
well ASR operations. It has the capacity for use in very long-term projections, of decades and even 
millennia. The third model, PHT3D, is a mechanistic model of transport and reaction processes. It is 
the most data-intensive of the three models and allows incisive evaluation of process descriptions in 
relation to their ability to match observations. Like Easy-Leacher, it can simulate biodegradation of 
synthetic organics and account for the dependence of degradation rates on environmental variables 
such as redox status and temperature. 

This chapter focuses on the development of ASRRI and its application to project partners' ASR sites. 
The application of Easy-Leacher and PHT3D to the Someran and Bolivar sites is presented in 
Appendix G. 

F.2 CONCEPTUAL BASIS OF ASRRI 

A systematic generic approach is warranted to quantify the treatment that aquifers afford during ASR. 
ASSRI (ASR risk index) aims to do that as a screening tool, and is aimed at bridging the existing gap 
in scientific knowledge, based on the contaminant attenuation-rates determined in the laboratory or 
field, and the design of ASR projects, to assure adequate attenuation. 

ASRRI is an approach that is a derivative of the PIRI program (Pesticide Impact Ranking Index). PIRI 
uses simple inputs that are readily available to create an index that is a useful indicator of the quality 
of water used to recharge groundwater beneath land where pesticides are applied. PIRI considers the 
concentration of contaminants in the water as well as their toxicity. The program thus creates a 
measure of the toxic load in pesticide applications. The toxic load is then reduced by adsorption and 
degradation as the water passes through the soil. Experience to date with PIRI is that it provides a 
useful rating index of the expected amount of contamination in water. 

This section presents an adaptation of the PIRI approach to ASR, to form a new index we have called 
ASRRI (ASR Risk Index). Using ASRRI, the risk of exposure to contaminants is estimated in a simple 
but conservative manner. Like the PIRI program, f ASRRI indicates that there is no significant risk, the 
risk can be treated as acceptable; however, if ASRRI does not indicate that the risk is acceptable, 
further investigation is required. The use of this tiered approach can greatly reduce the effort required 
to enable confident assertions about the acceptability of any potential risks involved. As with PIRI, the 
philosophy of ASRRI is to use only readily available inputs. This requires the use of many simplifying 
approximations. It should therefore not be considered as a model, but rather as an index. 
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There are two basic classes of aquifer storage systems considered in ASRRI: 
1. Single-well systems where the same well is used for injection and recovery. This is ASR in 

the strict sense, as defined by Pyne (1995); and 
2. Dual-well systems, that is, where there are separate injection and recovery wells. 

The change in water quality that occurs in either of these systems is controlled inter alia by the 
residence-time and travel distance of the water between injection and recovery. 

F.3 ATTENUATION PROCESSES 

ASRRI is intended to give a conservative estimate based on the best available data, of the water 
quality improvement that can be relied upon in an ASR system, involving a single-well or separate 
injection and recovery wells. ASRRI only accounts for sustainable attenuation processes. In the long
term adsorption capacity for persistent substances will be used up, so this cannot be regarded as a 
sustainable attenuation process, therefore adsorption is only considered where injection and recovery 
wells are separated, and its effect is assumed to be restricted to retarding the transport of 
contaminants, thereby extending the time available for biodegradation. The two major contaminant 
attenuation processes in the subsurface are adsorption and biodegradation (including pathogen 
attenuation). 

ASRRI neglects dilution of injectant by ambient groundwater within an aquifer. Reasons for this are 
given later in describing the two major types of systems - single-well and separate injection and 
recovery wells. Note also that ASRRI also provides information on the impact of an ASR project on 
the water quality in other wells in an area, as well as the quality of the recovered water. More details 
are given in the section on dual-well systems below. 

The biodegradation is assumed to be simple exponential decay, ie: 

C(t) I C0 = exp ( -A.t) 

where C(t) 
Co 
A. 

= concentration of species after storage time (t); 
= concentration of species in injectant; and 
=decay-rate constant [time-\ 

Eqn(F.1) 

For pathogen attenuation, the decay-rate is often expressed as the time for one-log-removal. For 
decay of radioactive species and organics, the decay-rate is most commonly expressed as a half-life 
(the time t at which C(t)/ C0 = 0.5). ASRRI allows degradation data to be presented as the decay-rate 
constant A.; as the time for one-log10-removal; or as the half-life. In ASRRI, default values for some 
variables can be read from a table. For all tabulated values the half-life is assumed to have been 
measured at a temperature of 25°C. In ASRRI it is assumed that the half-life is halved if the 
temperature is 1 ooc higher, or doubled if 1 ooc lower than this temperature. ASRRI uses the mid
range temperature between those of the ambient groundwater and the injectant, to adjust the half-lives 
of all contaminants. To determine attenuation in the aquifer we need to define the residence-time of 
the contaminant species in the aquifer between its injection and recovery. The residence-time 
depends on the type of ASR system, and in the case of dual-wells, on the ambient groundwater flow
rate. 

F3.1 Single-well systems 

The minimum residence-time in the single-well system is the elapsed time from cessation of injection 
to initial recovery (td). If there is no mixing, the residence-time will follow a uniform distribution 
between td and (td + the time of pumping during recovery + the duration of preceding injection period). 
Only the worst-case scenario is considered; that is, we use the minimum residence-time (td) to allow 
for biodegradation in equation (F.1 ), and we assume no dilution. In the longer-term the proportion of 
injectant recovered will increase, and highest concentrations of a contaminant occur when recovered 
water is composed entirely of injectant. ASRRI calculates an 'acceptable risk residence-time' 
according to the biodegradation of the contaminant; that is, the residence-time is calculated for each 
contaminant to attenuate to its guideline/standard value (in the case of organics), or to degrade by a 
user-specified number of log10 removals (in the case of pathogenic microorganisms). 
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We make no allowance for adsorption on the basis that some aquifer sediments and organic matter to 
which contaminants sorb or adhere, will be recovered on commencement of pumping, and sorption 
may also be reversible. We do not allow for the potential growth of bacterial pathogens in the well 
biofilm, on the basis that the water recovered from a single-well ASR system in the first few minutes to 
hours, will be turbid. From our experience bacterial numbers subside by the time the water has 
cleared. The turbid water would be discharged to a holding tank or dam or used for irrigation, and not 
discharged into potable water reticulation systems. A turbidity-meter can be used to control diversion 
valves. 

F.3.2 Dual-well systems 

An idealised approximation is to consider that the aquifer has uniform thickness (D (metres)), and 
uniform porosity (ne)· The distance between injection and recovery wells is given by L (meters), and it 
is assumed that the flow system is in steady-state, and the flow-rate of injection (Q,) is equal to the 
flow-rate of recovery. The Darcian velocity (Vdo) describes the initial uniform flow-field in the aquifer 
before the ASR system operates; where V"" is considered positive in the direction from the injection 
well towards the recovery well. 

A summary of the symbols used in the dual-well system calculations is given in Table F.1. 

In a dual-well system it can be shown that the minimum residence-time of water between injection and 
recovery in a steady-state flow-field is given by equation (F.2). 

[min = 3Q 
--+V 
JrDL do 

Symbol 
L 
L* 
Q 
t 

lmin 

td 
D 

Vdo 
ne 

ne* 

Eqn (F.2) 

Interpretations Units 
Distance from injection to recovery well m 
Acceptable risk distance from injection to recovery well m 
Rate of injection and pumping m"d-
Time days 
Minimum time for water to pass from injection to recovery days 
wells 
Time between injection ceasing and recovery commencing days 
Aquifer thickness m 
Component of Darcian velocity in aquifer md· 
Porosity of aquifer (see section F .4) m;;m-" 

Acceptable risk porosity m"m-" 

Table F.1: Terminology and symbols used in equations for dual-well systems. 

Often the ambient groundwater velocity is small with respect to the gradients induced by the injection 
and recovery wells. If it can be ignored, the above equation can be simplified to: 

Eqn (F.3) 

This derivation is shown in Rhebergen and Dillon (1999). 

Note that this will generally underestimate travel-time and attenuation as continuous concurrent 
injection and recovery rarely occur. Where injection and pumping-rates differ the larger of the two 
values should be used to ensure that travel-time is not overestimated. 

The same equations can be used to describe the travel-time to neighbouring pumping wells for both 
single and dual-well ASR projects. Again, equations (F.2) and (F.3) are likely to underestimate travel
time because when wells are operated intermittently, the average hydraulic gradient over the time of 
travel will be less than the maximum value (which has been assumed in equation (F.3)). Additionally, 
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if the neighbouring well pumps at a lower rate than the rate of injection, the travel-time will be longer 
than calculated from equation (F.3). If the pumping well is a sufficient distance up-gradient of the 
injection well, V"" is negative and in magnitude exceeds 3Q /rcDL; then equation (F.3) returns a zero 

or negative value of tmin i • This result indicates that there is a stagnation point between the injection 
and recovery wells, and that no injectant will be recovered for those pumping rates if the regional 
gradient is maintained. 

If adsorption of a species follows a linear isotherm, then it can be shown that the movement of that 
species is retarded linearly with respect to the movement of water. Thus, the minimum residence-time 
of that species (t mini), is given by: 

t min i = R t min 

where the retardation factor (R) is defined as: 

and 

where Kd =the distribution coefficient for a linear adsorption isotherm [m3/kg]; 
p =the dry bulk density of the porous media [kg/m-3

]; 

Eqn (F.4) 

Eqn (F.5) 

Eqn (F.6) 

foe =the weight fraction of organic carbon (OC) in the porous media [-]; and 
Knc =the adsorption coefficient related to OC content [m3/kg OC]. 

Therefore, the duration of time over which biodegradation may occur is expanded by the retardation 
factor. Other forms of adsorption isotherm also extend travel-times, but the relationships are more 
complex. It is possible to apply equations (F.1 ), (F.2) and (F.4) to determine the concentration of any 
contaminant for which injectant concentration is known; and for microbial pathogens, to determine the 
minimum number of log-removals achieved at the recovery well. ASRRI performs these calculations. 

If the acceptable concentration of contaminant, or the minimum number of log-removals at a recovery 
well, are specified ASRRI can also calculate the well separation distance at which these criteria are 
met. This is known as the 'acceptable risk distance' (L *), for each contaminant, and is defined by 
equation (F.7) 

with 

a=AneR 

c 
J3=1n-V" c () 

0 

c 
3Qln-

Co r=---=-
rcD 

F.4 HETEROGENEITY AND PREFERENTIAL FLOW 

Eqn (F.?) 

The above analyses for separate injection and recovery wells assume that the aquifer is 
homogeneous even though hydraulic conductivity is not required within equation (F.7); however in real 
aquifers we know that heterogeneity occurs. This is most extreme in fractured rock aquifers and 
karstic aquifers where water can migrate long distances quickly along preferential flow-paths that 
occupy only a small fraction of the aquifer volume. Even in relatively homogeneous aquifers, 
breakthrough can occur to observation and pumping wells faster than would be predicted by equation 
(F.2), because not all of the aquifer volume is contributing uniformly to flow. While it is possible to use 
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an advective-dispersion equation and substitute a value for dispersivity to predict early breakthrough 
of contaminants at concentrations of interest, this is not very practical. Dispersivity cannot be reliably 
estimated for aquifers, and even if measured at one scale, may not necessarily be extrapolated to a 
broader scale; and may therefore differ between wells when considering breakthrough of contaminants 
at wells where injectant is recovered (intentionally by the project or unintentionally by neighboring 
wells). 

In an attempt to resolve this dilemma, we simply allow the user to specify a likely value for 'effective 
porosity', which is redefined as that proportion of aquifer pore-space that contributes to the flow going 
furthest in the aquifer. This value must be smaller than the value of effective porosity derived for the 
typical coarse material within the aquifer. Reducing the value of effective porosity reduces travel-time 
to a well, and has a similar effect as increasing the value of dispersivity. This does not overcome the 
fundamental problem of a lack of knowledge of heterogeneity of aquifer properties in zones between 
wells; but it does keep the process conceptually simple, and avoids scale-dependence issues 
associated with fitting dispersivity to the advective-dispersion equation. It also shows the value of 
having monitoring wells to allow detection of breakthrough of conservative species, thereby enabling 
an estimation of an appropriate effective porosity. 

Strictly speaking, it is neither realistic nor valuable to find a 'minimum' travel-time, if hydraulic 
conductivities of media within the aquifer are log-normally distributed over a range of more than a few 
orders of magnitude. We are unlikely to be interested in travel-time of the molecule of injected water 
that reaches the recovery well first. We are however interested in the travel-time of a sufficient 
amount of injectant that could measurably influence the quality of recovered water, and has the 
potential to breach drinking water guidelines. This points to the value of having one or more 
monitoring wells to indicate realistic values of effective porosity. In the absence of other information, 
ASRRI can be used to determine the 'acceptable risk effective porosity' (ne *)for each species from: 

n * = e 

c 
In-

Co 
LA Eqn (F.8) 

at which each contaminant species would reach its target attenuation ratio (log-removal) or its 
guideline value. The acceptable effective porosity lets the user think about different possible values 
that could suit the system, but still the values are to be taken with care and should be considered in 
regards to realistic values for the aquifer. If the calculated ne * exceeds realistic values of n0 , then it 
would appear that an acceptable quality of water cannot be assured for that production well. 

F.5 DEVELOPMENT OF ASRRI 

The ASRRI code has been developed as a user-friendly program by Ros Miller (CSIRO Mathematical 
and Information Sciences) for single and dual-well systems. It has been tested with hypothetical 
parameters and reference data on adsorption and biodegradation rates, which have been incorporated 
as default values from other chapters of this report; DBPs (ch 18), endocrine disruptors (ch 19), and 
pathogens (chs 14-16). Where data is sparse estimates will be conservative and can be refined as the 
data quality improves. Users may add extra species and can revise adsorption and degradation rates 
if they have local data. Forms of input and output are shown in Miller, et.al., (2002), and in more detail 
from a user's perspective by Miller (2003). Refinements to cover transitions in redox zones, where 
different attenuation-rates occur under aerobic and anaerobic conditions for some species, have not 
been incorporated. 

Training was provided by Susanne Fildebrandt to enable ASRRI to be tested by the SA Environment 
Protection Authority (EPA). This experience showed that users with a limited knowledge of 
hydrogeology had difficulty in using this model. Additional help information has been provided, 
including explanation of terms and a help manual. 
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F.6 APPLICATION OF ASRRI TO FIELD SITES 

ASRRI (version dated 04/09/02) was tested at each of the study sites where there was suitable data. 
The guiding principles that defined the way in which the model was applied are as follows: 

• ASRRI is intended to be a management tool for ASR proponents and operators, and a 
screening tool for regulators; 

• The precautionary principle applies, and predictions should offer the most plausible worst
case scenario; and 

• The precautionary principle is achieved by specifying the most conservative values of 
attenuation, the peak concentration of contaminants in the injected and recovered water, and 
the minimum residence-time of the injectant in the aquifer. 

The specific goal of this evaluation is illustrated in the schematic (figure F.1 ), where the aim is not to 
match the measured peak recovered concentration. Instead it is to show whether ASRRI would over
estimate the contaminant concentrations of recovered water, with the data available from these sites. 
If this is achieved, confidence that ASRRI can be used as a screening tool would be enhanced. 

Of the three classes of contaminants considered by ASRRI (pathogens, disinfection by-products 
(DBPs), and endocrine-disrupting chemicals (EDCs), field data was only available for testing for the 
first two classes. For the single-well systems (seven out of eight cases in the following analysis on 
trihalomethanes (THMs); and two out of four cases for the analysis of pathogens), only tmin and Cn.i 
where needed to predict the quality of the recovered water. 

For the dual-well systems (only one out of eight cases for THMs and two out of four cases for 
pathogens), Q, L, ne and vdo were needed to define residence-time as well as Cin.i~ 

ASRRI over
predicts concn 0 

'1_ 
---.,6. 

observed } 
Cree 

INJECT RECOVER time 

Figure F.1: Schematic representation of concentration changes 
during ASR in relation to ASRRI predictions. 

Based on the outcome of each of the eight simulations, a numerical value was ascribed to indicate 
how ASRRI had performed with a value of "1" indicating satisfactory performance and "0" indicating 
unsatisfactory performance. 

F.6.1 Application to Trihalomethanes (THMs) 

THM data from eight sites was utilised. Where THM attenuation-rates for particular compounds were 
unavailable, such as at East Bay for bromoform, a prediction could not be made. 

The results presented in table F.2 show that ASRRI performed reasonable for THMs with a positive 
index achieved in five of the eight cases (-65%). ASRRI-derived concentrations would have 
converged towards observed values in many cases if mixing effects had been taken into account. 
Therefore reasonable performance is attributed to dilution. 

ASRRI failed in three of the eight cases (Charleston, Memphis and Oak Creek). We have a 
reasonable basis to conclude that these failures are attributable to in situ formation of THMs in the 
aquifer. Formation leads to elevated concentrations in the groundwater, which results in higher 
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concentrations than would be predicted by attenuation alone. This was most pronounced at Memphis, 
where concentrations in recovered water significantly exceeded injected concentrations, even taking 
into account the four-month storage period and the diluting effects of dispersion. Given the 
uncertainties in modelling DBP formation, no attempt was made to incorporate this in the ASRRI 
model within this project. 

F.6.2: Application to pathogens 

Pathogen data from four sites were utilised. Inactivation rate data were derived from pathogen 
survival studies at the Andrews Farm, Bolivar and Dizon sites. Conservative estimates of E.coli 
survival (!-log-removal time of 20 days) were taken from the microbiological assessment 
investigations. 

The results presented in table F.3 show that no detectable pathogens were measured in recovered 
waters at any of the sites. ASRRI also predicted non-detectable concentrations at each of the cases. 
We conclude that ASRRI performed satisfactorily in all four cases. 

F.7 CONCLUSIONS 

A simple model has been developed as a screening tool for assessing the effectiveness of single-well 
and dual-well ASR systems for sustainable contaminant removal. Default values used for contaminant 
attenuation (DBPs, EDCs and pathogens) were taken from the values used during the microbiological 
assessments. The model is sufficiently flexible to be applied with minimal input data at other sites, 
with additional contaminants and with revised adsorption and biodegradation rates. The model is 
based on a number of assumptions in order to keep it as simple as possible. Its application to the 
case study sites found that it correctly predicted complete attenuation of pathogens at four sites, but 
because it failed to account for DBP formation within aquifers under aerobic conditions, it under
predicted DBP concentrations in recovered water in three of eight sites. DBP formation in aquifers 
warrants further research to enable prediction of this phenomenon. Where this did not occur in five of 
eight sites, ASRRI (Version 1) overestimated DBP concentrations in recovered waters, and would 
enable it to be considered a potential screening tool in these circumstances. 
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·•··· Aquifer parameters ·•·•• 
Max injected cone Max recovered cone 

(!Jg/L) (!Jg/L) 
Site System tmin L Q ne Vdo ASRRI Observed Index 

(days) (m) (m3/d) (mlday) TTHMs CHCb CHCbBr CHCIBrz CHBr TTHMs CHCb CHCbBr CHCIBrz CHBr3 TTHMs CHCb CHCizBr CHCIBr2 CHBr3 

Bolivar Single 111 N/A N/A N/A N/A 145 33 58 8 46 <1 <1 <1 <1 <1 BD BD BD BD BD 1 
(cycle 1) 
Talbert 

Dual N/A 850 1430 0.3 0.1 70.9 50.9 8.3 7.8 3.6 <0.05 <0.05 <0.05 5.1 5.1 1 
Barrier 

East Bay Single 46 N/A N/A N/A N/A 64.8 59.0 5.2 0.48 0.15 45.3 41 3.9 0.23 0.15 60.6 55.7 4 N/A N/A 1 
(cycle 3) 

Las Vegas 
Single 11 N/A N/A N/A N/A 51.6 17.0 18.0 15.0 1.6 36.4 14 12 9 1.4 48.4 16.9 16 14.1 1.5 1 

Valley 
(95/96) 

Charleston Single 6 N/A N/A N/A N/A 77 62 13 1.3 1 63 54 7.7 1 1 BD BD N/A N/A N/A 0 
(cycle 9) 

Jandakot Single 112 N/A N/A N/A N/A 67 4.9 18 34 9.7 <0.5 <0.5 <0.5 <0.5 <0.5 BD BD BD BD BD 1 
(cycle 1) 

Memphis Single 124 N/A N/A N/A N/A 2 0.5 0.6 0.7 0.2 54 F.4 18.2 17.9 4.5 0.7 0.2 0.1 0.1 0.1 0 
(cycle 3) 

Oak Creek Single 83 N/A N/A N/A N/A 32 18 8.9 4.5 0.62 24.9 15 6.5 3 0.38 BD BD BD BD BD 0 
(cycle 3) 

N/A = not applicable 
BD = below detection 

Table F.2: Results of ASRRI evaluation of THMs. 
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----- Aquifer parameters •···· 
Max injected cone Max recovered cone Meas log ASRRIIog ASRRI cone. 

Index 
(cells/100ml) ( cells/1 OOmL) reduction reduction (cells/100ml) 

Site System tmin L Q ne Vdo 

(days) (m) (m3/d) {mlday) E. coli. E. coli MS2A PRD1A E. coli. E. coli MS2A PRD1A E. coli. E. coli MS2A PRD1A 

Bolivar 
(test 3, Single 111 N/A N/A N/A N/A 99 <1 >2 >10 NO 1 
cycle 1) 

Dizon 
Dual N/A 98.0 960 0.3 0.1 1.2x1 06 6.1 x107 5.1 x105 <10B <10B <10B >5, >6 & >4 resp 1.9 2.5 1.9 1.5 x104 1.9 x105 6.5 x103 1 

Clayton 
Dual N/A 13 3500 0.30 0.1 2 <1 <1 1.8 1 

Andrews 
Single 292 N/A N/A N/A N/A 2800 <1 >3 >10 NO 1 

Farm 
(96/97) 

----

Table F.3: Results of ASRRI evaluation of pathogens. 
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G.1 INTRODUCTION 

An aquifer storage and recovery (ASR) Trial consisting of two full-scale ASR cycles was conducted at 
Bolivar, South Australia between October 1999 and October 2002. The injectant used was reclaimed 
water from Adelaide's major wastewater treatment facility, the Bolivar Wastewater Treatment Plant 
(WWTP), and the composition of this oxygenated nutrient-rich injectant varied throughout the testing 
period. The target aquifer, consisting of variably consolidated calcarenite and sandstone, is 
approximately 100-160m bgs and is overlain by an 8m layer of clay. The mineralogy of the target 
aquifer is predominantly calcite and quartz, with small quantities of ankerite, mica and albite present. 
Locally, the native groundwater is brackish with salinity around 21 OOmg/L total dissolved solids (TDS). 

The Easy-Leacher (EL) modelling presented in this section focuses on the simulation of water quality 
changes at 4m and 50m from the point of injection with two differing injectant compositions; typical of 
what was apparent in the field trial. Easy-Leacher (EL) 4.6, a reactive transport code set in Microsoft 
Excel spreadsheet format (Stuyfzand 2001 ), is designed for modelling or predicting water quality 
changes during artificial recharge, which can be applied to shallow or deep recharge or the injection 
phase of an ASR scheme. With respect to an ASR simulation, the water quality predicted after aquifer 
passage may not represent the recovered water quality, particularly for reversible processes such as 
sorption. It is of interest to apply the expert system EL 4.6 to the Bolivar site, which is quite different in 
hydraulics, geochemistry and injectant quality, from the empirical base of the program. EL has been 
used here to further understand the long-term effects of using reclaimed water for ASR, by considering 
the impact of varying injectant quality on injection phase hydrogeochemical processes (which largely 
determine the quality of the water recovered). 

EL can be used to predict water quality evolution within the injectant plume, which can be used in 
designing and optimising monitoring programs around the most reactive zones and periods. If the 
behaviour of measured components is simulated well suggesting the behaviour of the scheme is 
understood, it is possible to use EL to predict the behaviour of other components such as trace metals 
and organic pollutants. If their input concentrations are unknown an injected concentration of 100% 
can be allocated and the relative attenuation is predicted. 

Rinck-Pfeiffer (2000) applied EL 4.4 to simulate the geochemical transformations observed in a 
laboratory column study representing the Bolivar ASR scheme. The homogeneous laboratory column 
study was run for 22 days at 150 pore-flushes per day, and was simulated as one layer with five 
horizontal flow lines to depict dispersion. The dominant geochemical processes indicated by the 
author were nitrification of influent ammonium and calcite dissolution, in response to the acidity 
produced by nitrification and the under-saturation of the injectant with respect to calcite. The 
magnitude of the simulated concentration changes associated with nitrification and calcite dissolution 
on ammonium, nitrate, calcium and bicarbonate species were well predicted, however EL 4.4 did not 
predict the dynamics of microbial activity. 
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G.2 METHODOLOGY 

G.2.1 Injectant Quality 

The injection trial spanned various seasons (table G.1) whereas a full-scale operating scheme would 
aim for winter injection and subsequent recovery in the drier summer period. Seasonal variation and 
WWTP modifications resulted in varying injectant composition in the two ASR cycles. In the first ASR 
cycle (250ML) the reclaimed water injectant had undergone secondary treatment via lagooning, 
followed by dissolved air flotation/filtration (OAF/F) and chlorination. Seasonal variations in the 
dominant microbial processes lead to a distinct change in injectant quality at around 150ML of this 
injection period. In the final 100ML of injection nitrification of influent ammonium was more effective, 
thus resulting in lower ammonium and higher nitrate concentrations in the injectant. Notably, an 
upgrade to the Bolivar WWTP treatment process to include an Activated Sludge (AS) process 
occurred during the first ASR cycle, thus changing the injectant composition available for the second 
and future cycles. The second cycle injectant quality was similar to the latter stages of the first cycle. 
Two average injectant compositions are represented in table G.2 and were used in water quality 
simulations. 'Injectant 1' is typical of the first 150ML of cycle 1, while 'Injectant 2' is similar to the final 
1 OOML of cycle 1 and all of cycle 2, also representing the quality likely to be injected in future 
schemes. The average 4m groundwater compositions corresponding to these injectants, referred to 
as '4m 1' and '4m 2' are also included in table G.2 for comparison. 

G.2.2 Observation Well Details and Target Aquifer Representation 

Simulations of the observed water quality changes in observation wells 4m and 50m from the point of 
injection during the injection phase, focused on a fully-penetrating well (100-160m bgs) at the 4m 
radius and two piezometers at the 50m radius intersecting 104-109m and 
135-139m bgs respectively. Two sets of four piezometers at 50m from the ASR well were completed 
over 4-5m intervals of the aquifer, hence giving insight into the stratification of the target aquifer and 
allowing a four-layered conceptual model to be developed (Pavelic, et.al., 2001b) for use in the 4m 
simulations. The 50m intervals simulated coincided with the most permeable zones of the aquifer 
(layers A and C) (table G.3) and were represented as one layer. In all simulations five horizontal flow 
lines are used in each layer to represent dispersion. 

G.2.3 Simulations Undertaken 

The 'Reactions+' module of EL 4.6 is an auxiliary tool using a mass balance approach to quantify the 
extent of reactions in the aquifer. It was used here to gain chemical mass balances for the water 
phase at the 4m and 50m radius, and to determine the suitable 'switch' or operating values for use in 
the main EL program. 

This tool was used to compare the 'injectant 1' and 'injectant 2' with average 4m groundwater 
compositions corresponding to these injectants, referred to as '4m 1' and '4m 2' (table G.2). At the 
50m radius two sampling dates under conditions of complete injectant breakthrough were used in the 
mass balance; one corresponding to penetration of 'injectant 1' soon after full injectant breakthrough, 
and the other showing a transition to 'injectant 2' at the end of the injection phase. 

In the main EL program, the evolution of groundwater composition was examined at both the 4m and 
50m radii, with both injectant compositions to compare the effect of each type of injectant on the long
term operation of such a scheme. The 50m simulations focused mainly on layer C where more 
detailed field data was available. The groundwater composition observed at the 4m and 50m radii 
during the first injection trial was compared with simulations using 'injectant 1' and 'injectant 2' (figures 
G.1 and G.2). 
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ASR Reclaimed Water Duration 
Approx. 

Cycle Treatment 
Activity Period 

(Days) 
Volume 

(ML) 
Primary and Injection 11 Oct - 23 Nov '99 42 28.7 
secondary treatment Injection 4 Apr - 21 Apr '00 8 6.6 

1 
. (trickling filter), 

Injection 4 Aug 2000 - 29 Mar '01 2G 214.5 lagooning, DAF/F, 
chlorination Storage 30 Mar- 17 Jul '01 109 

Recovery 18 Jul- 28 Nov '01 133 GO 
Primary and Injection 5 Mar- 27 Jun '02 114 114 

2 
secondary treatment Storage 28 Jun - 24 Jul '02 26 
(AS), lagooning, 
DAF/F, chlorination Recovery 25 Jul - 8 Oct '02 75 91 

DAF/F =dissolved air flotation/filtration 
f'.S = Activated Sludge 

Cycle 1 details from Pavelic., et.al., 2001a 

Table G.1: Overview of injection details in the Bolivar ASR Trial. 

Parameter 
Average Average Average 

(mg/L unless otherwise stated) 
Injectant 1 Injectant 2 4m 1 

(st.dev.) (st.dev.) (st.dev.) 
pH 7.2 (0.3) 6.8 (0.3) 7.3 (0.2) 
Temperature CC) 19 (5) 20 (5) 19 (3) 
Electrical conductivity (11S/cm) 2350 {GO) 2000 (140) 2310 (230) 
Dissolved oxygen (DO) 4.0 (3.0) 5.5 (2.7) 0.6 (1.0) 
Sulfate 200 (9) 218 (12) 200 (16) 
Nitrate (including nitrite) 6.6 (5.0) 13.1 (7) 0.9 (1.4) 
Chloride 425 (30) 395 (25) 440 (40) 
Bicarbonate 330 (49) 200 (63) 360 (38) 
Sodium 310(21) 290 (20) 320 (25) 
Potassium 47.6 (4.3) 51.6 (1.8) 46.5 (3.6) 
Calcium 45.0 (5.7) 46.0 (8.1) 55.0 (4.0) 
Magnesium 36.9 (2.5) 33.0 (4.1) 37.0 (3.8) 
Ammonium 28.4 (9.8) 2.5 (3.4) 28.5 (11.4) 
Iron 4 (6) 2 (4) 0.7 (0.7) 
Manganese 0.08 (0.07) 0.05 (0.03) 0.03 (0.02) 
Arsenic 0.003 (0.001) 0.002 (0.001) 0.013 (0.007) 
Silica 9 (1) 8 (4) 9 (2) 
Fluoride 0.87 (0.1) 0.66 (0.1) 0.82 (0.09) 
Phosphate 3.2 (1.9) 0.36 (0.21) 1.5(1.0) 
Boron 0.45 (0.08) 0.35 (0.12) 0.41 (0.05) 
Dissolved organic carbon (DOC) 16.6 (2.4) 18.2 (2.7) 14.0 (1.5) 
Total organic carbon (TOG) 17.5(1.7) 18.2 (2.0) G.5 (1.5) 
Influent nitrite is represented as an equivalent amount of nitrate, as nitrite is not included in the 
EL program at this stage. 

Table G.2: Average injectant and 4m observation well compositions 
used in the Easy-Leacher water quality simulations. 

G.3 RESULTS AND DISCUSSION 

Average 
Flow-Rate 

(LIS) 

7.9 

9.5 

11.5 

G 

11.9 

G 

Average 
4m2 

(st.dev.) 
7.2 (0.2) 

20 (3) 
2090 (120) 

0.8 (1.0) 
2G(10) 
6.8 (4.0) 
400 (25) 
280 (33) 
295(18) 

50.6 (2.2) 
62.0 (6.0) 
33.2 (4.0) 
3.9 (4.4) 
0.2 (0.1) 

0.03 (0.01) 
0.006 (0.004) 

7 (2) 
0.72 (0.07) 
0.37 (0.27) 
0.31 (0.03) 
G.O (1.5) 
G.O (1.5) 

Field observations indicate that groundwater at the 4m radius was being rapidly displaced by the 
injectant, and the signature of the 4m groundwater closely followed that of the injectant (one pore
volume around 1 ML; Vanderzalm, et.al., 2002), while migration to the 50m radius was a slower 
process (pore-volume around 1 OOML). Stable isotope data (Le Gal La Salle, et.al., 2002) indicated 
that the injectant penetrating the 50m radius could be linked to discrete injection intervals within the 
first injection cycle. This was also seen for species such as ammonium, where full breakthrough of 
injectant initially produced high ammonium conc-entrations of around 28mg/L due to the presence of 
'injectant 1 ', but then lowered to around 1 0-15mg/L reflecting the concentration of the next portion of 
injectant. 
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Layer 4m simulations 50m simulations 
A B c D A c 

Depth (m-LS) 100-18 18-130 130-145 145-160 100-18 130-145 
t5o \d) 1.5 2 1.3 1.8 GO 120 
flux (%) 30 10 40 20 100 100 
mixing flux (%) 0 0 0 0 10 10 
CEC (meg/kg) 25 13 10 29 25 10 
CaC03 (mmol/kg dw) 7800 5800 8800 7500 7800 8800 
Corg (% dw) 0.07 0.2 0.19 0.24 0.07 0.19 
MnOz (mmol/kg dw) 2.4 4.3 6.4 3.8 2.4 6.4 
FeSz* (mmol/kQ dw) 10 10 10 10 10 10 .. 

not quant1f1ed 1n core samples so an arbitrary concentration of 10 mmol/kg used. 
t flux for 4m simulations (4 layer) from Pavelic, et.al., 2001a. Flux for 50m simulation is 100% for the one 
layer simulation but does not suggest that 100% of the injectant is flowing through this layer. 

Table G.3: Aquifer representation used in water quality simulations 
after 4m and 50m of aquifer passage. 

m-LS = metres below land surface; t50 = mean travel time; 
CEC = cation exchange capacity, dw = dry weight. 

G.3.1 Mass balances - Reactions+ 

The Reactions+ mass balance tool was used to investigate the dominant processes associated with 
the Bolivar ASR field Trial. Within the 4m radius the extent of dissolved organic carbon (DOC) 
oxidation by influent oxygen and nitrate, and also calcite dissolution were dominant. The observed 
decline in DOC corresponded well with declines in oxygen and nitrate for both of the injectant qualities. 
While 'injectant 2' had a considerably higher nitrate concentration the influent DOC did not utilise all of 
this within 4m of aquifer passage. In the main EL program the oxidation of influent DOC occurred in 
the sludge layer, which in effect modified the injectant quality available for aquifer passage. Therefore, 
the 4m radius Reactions+ simulations suggest that oxidation reactions consumed the influent oxygen 
and nitrate-oxidising capacity for 'injectant 1', whereas a residual nitrate concentration remained for 
'injectant 2' which could be used for oxidation processes during aquifer passage. 

An increased calcium concentration at the 4m radius was due to calcite dissolution, calculated at 270 
and 460Jlmoi/L for 'injectant 1' and 'injectant 2' respectively, reflecting the greater under-saturation of 
'injectant 2' with respect to calcite. The corresponding fraction of carbon dioxide reacting with calcite 
(fc02) was calculated at 0.32 for 'injectant 1' and 0.37 for 'injectant 2'. Cation exchange was a minor 
process within the 4m radius, presumably due to the rapid movement of injectant to this distance. 

As migration to the 50m radius was considerably slower than to the 4m radius and mixing with the 
ambient groundwater was evident, it was not as easy to compare groundwater samples to the injectant 
signature in the mass balance tool. However, it was clear that the observed depletion in DOC 
exceeded the concentration of oxygen and nitrate available. Other oxidants such as manganeous or 
iron oxides can be utilised in combination with sorption processes to further deplete the DOC with 
migration to 50m. A considerable amount of sorption was required to account for this depletion, which 
appeared to be more significant than oxidation in removing the influent DOC. 

The effect of cation exchange appeared to be significant with migration to the 50m radius, where the 
pore-volume was around 1 OOML and only around 2-3 pore-flushes occurred during the entire injection 
period. Influent ammonium and potassium were removed in exchange for calcium. This subsequently 
lowered the amount of calcite dissolution required to balance the observed calcium increase, and also 
the calculated 'switch' for the fraction of carbon dioxide reacting with calcite (fc02). Sodium may have 
also been exchanged but the large pool of ambient and injected sodium made this difficult to 
determine. 

While some user assessment of the postulated reaction processes was required when using the mass 
balance tool, it was useful in examining the contribution of sorption to DOC removal and the exchange 
of influent ammonium and potassium for calcium, which in turn altered the amount of calcite 
dissolution predicted. 
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G.3.2 Easy-Leacher 4.6 Details -Modifications To Suit Bolivar Site 

EL 4.6 is based on experience with artificial recharge using relatively clean surface waters, and 
therefore had to be extended to deal with an impaired quality injectant, such as the reclaimed water 
used in the Bolivar ASR research project. The modifications are based on field observations and are 
thus aimed at calibrating the model. 

The impaired quality of the injectant at Bolivar leads to a biofilm development around the ASR well 
which can be compared with the sludge layer formed in infiltration systems. The processes associated 
with the sludge formation modify the quality of influent available for aquifer passage. The influent 
DOC loss observed within 4m of aquifer passage is consumed in the near-well biofilm formation, which 
also consumes sufficient influent DO and then nitrate to account for observed losses. Thus, oxygen is 
largely consumed and not available for the conversion of influent ammonium to nitrate in the 'sludge 
layer', as is normally responsible for oxygen consumption (observed by Rinck-Pfeiffer 2000). The 
amount of influent DOC removed in the sludge layer is set by the user by a 'switch' added to the 
program (DOCinfiin). thus determining the oxygen and nitrate utilised and available for reactions during 
aquifer passage. The settings for the EL simulations are summarised in table G.4. 

The few oxidants in 'injectant 1' are completely used up by DOC oxidation, and in 'injectant 2' small 
amounts survive to oxidise reactive aquifer components like pyrite and bulk organic material (BOM). 
While pyrite oxidation is not identified in the Reactions+ simulations undertaken in this work, it was 
witnessed in Rinck-Pfeiffer's (2000) column study, and pyrite was also identified within the core 
material by scanning electron microscopy (SEM). As pyrite was not quantified in the aquifer core 
samples an arbitrary concentration of 1Om mol/kg is used in the simulations and the appropriate 
'switches' relating to the amount of oxygen and nitrate utilised in the oxidation of pyrite are set as 
follows; foz 0.8, fNo3 0.5, fNo3,Fe3+ 0.25 (Stuyfzand 2001 ). 

The fraction of labile organic matter (f1ab) is set at 1 0% (default 1%) of the total organic matter in the 
native aquifer (BOM). The fraction of carbon dioxide reacting with calcite (fc02) is set at 0.3 (from 
Reactions+), which is lower than the default value of 0.5 used by Rinck-Pfeiffer (2000). 

In the 50m simulations, travel-time of 150 days (layer A) and 120 days (layer C), with a 10% mixing 
flux of ambient groundwater, is included to calibrate the simulated result with respect to the observed 
data. Layer C is used to calibrate EL as it has detailed field data, particularly during injectant 
breakthrough. 

Leach or retardation factors compare the breakthrough time of a solute with conservative behaviour. 
Therefore, they quantify the addition to solution by desorption or dissolution, or retardation due to 
sorption or oxidation (Stuyfzand 2001 ). Some of the leach or retardation factors are adjusted from the 
field observations for layer C. The standard calculated leach or retardation factors for potassium, 
ammonium, boron and fluoride are multiplied with 2, 2, 1.5 and 0.35 respectively, and the retardation 
factor for silica is multiplied by two. 

Rsioz 
DOCintiin. 

Definition 
Fraction of carbon dioxide reacting with calcite set at 0.3. 
Fraction of oxygen (after sludge changes) reacting with pyrite, set at 0.8. 
Fraction of nitrate reacting with pyrite to form Fe(OH)3 or Fe2+, set at 0.5. 
Fraction of nitrate reacting with pyrite to form Fe3+, set at 0.25. 
Fraction of labile organic matter in aquifer set at 10%. 

Retardation factor for potassium: calculated value multiplied by 2. 
Retardation factor for ammonium: calculated value multiplied by 2. 
Retardation factor for boron: calculated value multiplied by 1.5. 
Retardation factor for fluoride: calculated value multiplied by 0.35. 
Retardation factor for silica: calculated value multiplied by 2. 
The ratio of the dissolved organic carbon at the 4m radius to that originally in the 
injectant. Set at 0.84 for 'injectant 1' and 0.82 for 'injectant 2'. 

Applied for Bolivar ASR Trial. 

Table G.4: Summary of 'switches' or operating values for Easy-Leacher simulations. 
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G.3.3 Experimental And Simulated Data Comparison 

When comparing the observed and simulated results from the 4m radius, some variation is evident 
due to the use of an average injectant quality, whereas it is evident in the field data that the 4m 
signature closely follows the injectant variation (figure G.1 ). The field data illustrates the transition 
between 'injectant 1' and 'injectant 2' for various species (illustrated for bicarbonate, ammonium, 
sulfate and phosphorus). 

Simulating the water quality evolution at the 4m radius is useful for comparing the long-term effects of 
two varying injectant qualities; one with a higher oxidant capacity through oxygen and nitrate. Of 
particular interest is what can happen with the oxidant residual available after sludge formation for 
'injectant 2'. Possible processes include nitrification, and oxidation of reduced species within the 
aquifer such as aquifer organic matter and pyrite. The composition of the influent OM may allow 
further degradation, in preference to the more recalcitrant aquifer OM. It is apparent that the average 
DOC removal used in the simulations does not include the dynamics associated with this removal. 

'Injectant 2' has a nitrate concentration of around 6-7mg/L after the sludge layer, with a simulated 
residual of around 3.5mg/L, suggesting most of it is used during aquifer passage. The observed 
concentrations at the end of the first injection cycle exceed those simulated, suggesting the nitrate 
removal, either by aquifer organic matter or pyrite, is over-predicted. 

The arsenic and iron peaks witnessed in the field are not simulated, although pyrite oxidation is 
included as a reactive phase in the simulations. The observed peaks suggest some localised pyrite 
oxidation may occur, which is not evident in the sulfate behaviour, most certainly due to the 
insensitivity of the large pool of ambient sulfate to small additions. 

The transition between the two injectant qualities simulated is evident for phophorus as mentioned 
previously. While the peak value for phosphorus corresponds with the simulated result for 'injectant 1 ', 
the initial stages of the injection period illustrate phosphorus removal that is not simulated. This may 
be similar to the lack of prediction for the dynamics of microbial processes described by Rinck-Pfeiffer 
(2000). 

Extrapolating these results to the 50m radius allows the long-term effects of the injectants to be 
considered. The simulated water quality in layer C at the 50m radius with the two injectant 
compositions is compared to the field data in figure G.2. 

The increase in calcium after complete breakthrough is simulated, although the field data suggest 
additional calcium during injectant breakthrough which may be explained by cation exchange 
processes. The corresponding bicarbonate increase predicted with 'injectant 1' is not seen in the field 
data. The simulated pH for 'injectant 1' is also over-estimated (not shown), as pH is calculated from 
the distribution of total dissolved inorganic carbon species. This suggests that either the contribution 
of carbon dioxide, which may be due to biogeochemical processes, is underestimated, or that the 
buffering process of calcite dissolution is not correctly predicted. 

DOC, ammonium, potassium, silica, fluoride and boron behaviour was modified, as discussed in the 
previous sections. Changing the retardation factors for ammonium, potassium, silica, fluoride and 
boron produce simulations close to the observed data. These modified factors can be used for 
simulations of other layers where the field data is not as detailed during injectant breakthrough. 

The sensitivity of potassium and ammonium behaviour to cation exchange capacity (CEC) of the 
aquifer is illustrated with the 'injectant 1' simulations, using values for CEC increased and decreased 
by a factor of three. This corresponds with values from around 3-30meq/kg, which encompasses the 
data obtained from aquifer core samples over the entire aquifer depth. Field data for layer 1 indicate 
that potassium and ammonium are completely retarded during the injection trial (figure G.3). This 
layer is also quite different in native hydrochemistry to layer C and exhibits a higher CEC of around 
25meq/kg. Simulations using a CEC of 25meq/kg predict breakthrough of ammonium and potassium, 
not observed. However, increasing the CEC by a factor of two predicts complete retention of these 
species. As illustrated previously, the CEC has a large influence of the behaviour of ammonium and 
potassium. In this sense, EL can be used to refine estimates of such aquifer properties. 
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Figure G.1: Observed and simulated water quality at the 4m observation well (100-160m) 
indicating the influence of the two injectant compositions on the observed data. 
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The dominant processes for the Bolivar ASR site are the oxidation of influent DOC, by oxygen and 
nitrate, and the dissolution of calcite. The dissolution of calcite is probably the most important process 
when considering the long-term sustainability of such a scheme. The long-term predictions are quite 
similar for both injectant compositions (presented in figures G.4 and G.5 at the 4m and 50m radii 
respectively), using 'injectant 2', which exhibits the greater under-saturation with respect to calcite and 
the most aggressive behaviour. These can be viewed in combination with the leach fronts (table G.5) 
that indicate the time predicted for leaching of aquifer components, calcite, labile organic matter and 
pyrite, and the breakthrough of nitrate, with ranges of estimates indicating the variation between flow
lines. Oxygen does not breakthrough as it is consumed in the sludge layer. 

It is predicted that calcite will be completely leached at the 4m radius within 1 ,000 to 10,000 years 
while complete leaching is not predicted within 10,000 years at the 50m radius. Increasing the fraction 
of carbon dioxide that reacts with calcite (fc02 ) to 0.4 does not significantly alter the predicted leach 
fronts. 

Leaching of labile organic matter and pyrite is predicted due to the presence of nitrate, with the 
leaching of species at 50m coinciding with the nitrate front breakthrough. However, it may be more 
realistic that more of the influent DOC is reactive, rather than the aquifer organic matter being leached. 
Also, it must be noted that the removal of nitrate is over-estimated in the 4m simulations, suggesting 
that the onset of these leach and breakthrough fronts may also be over-estimated. 

While forward estimates of such large time-scales are difficult with a small base of observed data, it is 
useful in comparing the effects of varying the injectant composition. At Bolivar, the influent DOC 
should be sufficient to remove the majority of the oxidative capacity, thus minimising leaching of 
aquifer organic matter and pyrite. As some calcite dissolution is expected in response to acidity 
produced through organic matter oxidation, the use of an injectant near to saturation with respect to 
calcite is desirable for the long-term use of this scheme. 

Parameter 

Calcite 
Nitrate 

Labile organic matter 
Pyrite 

Leach front (years) 
4m 

1,000 to 10,000 
Always some breakthrough 

50 
50 

50m 
> 10,000 

1,000 to 10,000 
1,000 

1 ,000 to 10,000 

Table G.S: Comparison of time taken for leaching of aquifer components (calcite, organic matter and 
pyrite) and breakthrough of nitrate (leach fronts) at 4m and 50m radii with 'injectant 2'. 
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Figure G.2: Observed and simulated water quality at 
the 50m observation well (135-139m) using the two injectant compositions. 

Simulated result is for both injectant compositions, unless indicated. 
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Figure G.3: Observed and simulated water quality at 
the 50m observation well (104-109 m) using 'injectant 1'. 
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Figure G.4: Long-term water quality simulations at the 4m radius using 'injectant 2' . 
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Figure G.S: Long-term water quality simulations at the 50m radius using 'injectant 2' . 

G.4 CONCLUSIONS 

Easy-Leacher 4.6 has been illustrated to effectively simulate water quality changes in the Netherlands. 
When applied to South Australia's Bolivar ASR Trial, some modifications to the model were required to 
suit both the different quality of injectant and the geochemical setting . Further refinement of the 
simulations may include interaction of the influent with the well biofilm analogous to a sludge layer 
(already available in the model). Observation wells 4m and 50m from the ASR well allowed the effect 
of multiple pore-flushes (>200) at the 4m radius to be compared with fewer pore-flushes (<5) at the 
50m radius. The dominant processes were the oxidation of injected DOM by oxygen and nitrate, that 
occurred predominantly within 4m, and the dissolution of calcite. Cation exchange is observed to be 
an important contributor to calcium concentrations during breakthrough of injectant to the 50m radius . 
Calcite dissolution is an important factor in considering the long-term sustainability of this scheme. 
Leaching of calcite is predicted in 1 ,000 to 10,000 years at the 4m radius, but is not predicted within 
10,000 years for the 50m radius. This relatively slow rate can be viewed as positive for the future of 
this scheme. 

While EL simulation of the Bolivar site is continuing to refine the results presented here, it is apparent 
that EL is potentially useful in extending from the observed data to investigate the potential long-term 
effects, and thus sustainability of this scheme. In particular, EL was found to be useful in explaining 
the sensitivity to CEC of the mobility of ammonium and potassium in the aquifer. EL was also valuable 
in assisting in the interpretation of the fate of OC in the aquifer, and in particular in differentiating 
adsorption from biodegradtion in explaining OC depletion. 
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H.1 INTRODUCTION 

In this chapter the PHT3D model is applied to the Bolivar ASR project where organic matter oxidation 
and calcite dissolution are the main geochemical reactions. The present modelling study attempts to 
integrate the hydrogeochemical data collected during the first Trial period from October 1999 to 
November 2001 and to provide a consistent, process-based interpretation of these observations. The 
modelling framework created during this study incorporates advective-dispersive transport, ion 
exchange, mineral dissolution/precipitation and bacterial activity. Kinetically controlled reactions have 
been defined where the local equilibrium assumption (LEA) appears to be violated. Particular 
emphasis was put on tracking the fate of organic and inorganic carbon in its various forms. To our 
knowledge it is the first attempt to provide a modelling framework that gives a detailed process-based 
quantitative description of nutrient, carbon and major ion cycling during with ASR reclaimed water. 

H.2 BOLIVAR FIELD OBSERVATIONS 

Discontinuous injection of about 250ML took place between October 1999 and April 2001. After a 
storage period of 110 days, the continuous recovery of 150ML occurred between July and November 
2001 (figure H.1 ). 

H.2.1 Hydrogeology of the Bolivar Site 

The target Aquifer is comprised primarily of limestone and separated from the overlying fresh Aquifer, 
locally known as Aquifer T1, by the 7.5m-thick confining layer of Munno Para Clay. The injection well 
penetrates the entire depth of Aquifer T2 from 103m to 170m below the ground surface (bgs ). 
Observation wells have been installed at radial distances from the ASR well of 4m (open over the 
entire depth), 50m (two nests of four multilevel piezometers up- and down-gradient of the ASR well), 
75m, 120m, 300m and 700m (also open over the entire depth). 

Based on pumping tests, flowmeter, temperature, and anisotropy measurements, it can be assumed 
that Aquifer T2 is strongly heterogeneous in the vertical direction but relatively homogeneous with 
respect to its lateral extent (Pavelic, et.al., 2001 ). The distribution of flow-rate versus depth (figure 
H.2) as well as the temperature distribution in the surrounding observation wells before and after 
injection (figure H.3) suggests four stratified zones of different permeability. Lateral flow is expected to 
occur preferentially between 1 00-115m depth and between 130-145m depth, referred to as layer 1 
and layer 3, respectively. In contrast, the layers referred to as layer 2 (at 115-130m depth) and layer 
4 (at 145-160m depth), appear to be significantly less conductive. The average horizontal hydraulic 
conductivity is assumed to be approximately 3m/d, based on pumping tests (Pavelic, et.al., 2001 ). 
Anisotropy measurements of soil cores showed a variation of vertical hydraulic conductivities versus 
depth of more than two orders of magnitudes (Pavelic, et.al., 2001 ). The average porosity of all core 
samples is approximately 0.45. 
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H.2.2 Aquifer Mineralogy 

The four layers outlined previously vary in mineralogy, organic carbon (OC) content and total cation 
exchange capacity (CEC) (table H.1 ). Overall, the average composition of the aquifer matrix, 
determined by X-Ray-Diffraction analysis on 11 core samples taken from the ASR well, is 
approximately 74% calcite and 18% quartz, with small amounts of ankerite, hematite, microcline and 
albite. OC represents around 0.2% and the average total cation exchange capacity (CEC) is 
20meq/kg. 

La er 1 2 3 4 
Core sample depth m (bgs) 104-107 116-119 134-136 153-157 

(n=3) (n=3) (n=2) (n=3) 
Calcite (%) 78 58 88 75 
Quartz (%) 12 35 9 15 
Ankerite (%) 10 3 <1 5 
Hematite (%) <0.5 <0.5 <0.5 <0.5 
Microcline (%) 3 1 3 
Albite (%) 1 <1 <1 
Organic C (%) 0.07 0.2 0.2 0.2 
CEC (meq/kg) 25 13 10 29 

Table H.1: Mineralogical composition of the target Aquifer. 

H.2.3 Ambient Groundwater 

The hydrochemistry of the target Aquifer is characterised by anoxic conditions with a brackish salinity 
that ranges from 600mg/L to over 3000mg/L. In the vicinity of the field Trial site it is around 21 OOmg/L. 
Sulphate occurs at typical concentrations between 2.0mmoi/L and 3.2mmoi/L. Elevated 
concentrations of calcium (-3.6mmoi/L) and bicarbonate (-3.5-4.2mmoi/L) indicate partial or full 
mineral equilibrium with the limestone (Sicalcite "" 0.1-0.2). The pH is typically around 7.4. The 
dissolved organic carbon (DOC) concentrations in the ambient groundwater are rather low 
(approximately 0.025-0.04mmoi/L). The total iron concentration is about 0.017mmoi/L. 

H.2.4 Injection Water Composition 

The quality of the reclaimed water from the Bolivar Wastewater Treatment Plant (WWTP) can vary 
significantly with time. For instance the oxygen content ranges between 0 and 0.32mmoi/L of 0 2 

during the Trial period. Ammonium concentration varied also between 0 and 2mmoi/L, coincident with 
a variation of nitrate concentrations between 0 and 2-3mmoi/L. Those variations are most likely the 
result of the seasonally varying, temperature-dependent activity of nitrifying bacteria (Vanderzalm 
2001 ). Nitrite concentrations of about 0 to 0.1 mmoi/L next to relatively high oxygen concentrations 
indicate disequilibrium in the injection water. The injection water is generally under-saturated with 
respect to calcite. The concentration of DOC remained more or less constant during the entire Trial 
with an average concentration of 1.39mmoi/L. The average total organic carbon (TOC) concentration 
was found to be slightly higher (-1.51 mmoi/L) and it is assumed that the difference in carbon 
concentrations results from the presence of organic carbon in particulate form (POC). Given this 
assumption, the injection water contains an average concentration of approximately 0.12mmoi/L POC. 

The chloride concentration in the injectant varied between 1 Ommoi/L and 15mmoi/L, i.e: approximately 
50% of the ambient groundwater concentration. Thus, chloride appears to be a suitable tracer. A 
corrosive tap used for water samples appears to have caused the temporary presence of dissolved 
iron in the injectant. It can be assumed that measured iron concentrations were biased as it is very 
unlikely that the injectant indeed contained the observed, significant iron concentrations. 

H.2.5 Field Observations 

H.2.5.1 Injection Phase 

Chloride breakthrough indicates that the injection water reaches the observation well at 4m distance 
within one to two days. At most times during the experiment a complete depletion of the injected 
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oxygen and nitrate occurs. However, breakthrough of nitrate was observed when nitrate 
concentrations within the injectant were above 0.1 mmoi/L. DOC consumption remained fairly constant 
throughout the injection period, at around 0.2-0.3mmoi/L, with perhaps a slight decline towards the 
end of the injection (Vanderzalm, et.al., 2002). Increases in calcium and bicarbonate concentrations, 
above that injected, were indicative of 0.3-0.?mmoi/L calcite dissolution within 4m of aquifer passage. 
Increased dissolution toward the end of the injection was due to greater under-saturation of the 
injectant with respect to calcite (Vanderzalm, et.al., 2002). Concentrations of all other constituents, as 
well as the pH, remained approximately constant during the subsurface passage to the 4m well. The 
breakthrough characteristics at the 50m well differ significantly in the different layers, as could have 
been expected from the temperature and flowmeter measurements. In the two more conductive 
layers (layers 1 and 3), chloride breakthrough occurred at about 420 days after the start of injection. 
Breakthrough in the two more conductive layers can also be seen for most of the other constituents. 
No breakthrough at all occurred in the two less conductive layers 2 and 4. After breakthrough the 
concentration of DOC in layer 3 was more than 30% reduced compared to the injectant. The 
breakthrough of ammonium and potassium occurred about 45 and 60 days later relative to chloride 
and in addition the concentration of ammonium was also lowered by 30%. The pH remained constant. 
The signal of oxygen between days 400 and 650 is most likely produced by the airlifting water sample 
technique and therefore not representative. 

H.2.5.2 Storage Phase 

During the storage phase, rapid geochemical changes took place in or near the injecting well 
(Vanderzalm, et.al., 2002). In contrast, minor and no changes at all occurred in the 4m and the 50m 
well, respectively. In the injection well an increase in concentration of about 7mmoi/L DOC, 7.5mmoi/L 
bicarbonate, 0.17mmoi/L soluble iron, 2-3mmoi/L ammonium, 2mmoi/L calcium, and 0.5mmoi/L 
magnesium, was observed. A concentration decrease was only observed for sulphate (about 
2mmoi/L) and the pH dropped from approximately 7 to 6.5. The same trend of geochemical changes, 
however less intense, was observed in the 4m well. 

H.2.5.3 Recovery Phase 

The observations from the injection and the 50m well show that during the recovery phase the water 
composition largely resembled the injection water composition, apart from changes in dissolved 
oxygen (DO) and nitrate concentrations. In contrast, the water composition at the 4m well develops 
more towards the ambient groundwater composition. This effect can be best seen where ambient 
water concentrations differ significantly from those of the injectant, most likely as a result of the mixing 
of water inside the 'fully-penetrating' well. On the other hand, such a mixing effect cannot be identified 
as clearly for the injecting phase. This is probably because during this period the concentration 
difference between the less and the more conductive layers is typically very small. Therefore mixing 
of water from different layers inside the observation well has only a minor or no effect. At the end of 
the injection period, the (dispersed) fronts of the injectant in the less conductive layers have not 
moved as far as the fronts in the more conductive layers. As the fronts (i.e: the interfaces between 
injectant and ambient water) are moving back during recovery, dispersive mixing continues. Because 
of their different distances to the 4m well, the (dispersed) concentration fronts of the less conductive 
layers meet the 4m well before the (dispersed) fronts of the more conductive layers. If the recovery 
phase had continued for a longer period of time, the same effect would have occurred in the 
injection/recovery well. 

H.3 DEVELOPMENT OF THE SITE-SPECIFIC CONCEPTUAL MODEL AND 
GOVERNING EQUATIONS 

H.3.1 Reactive Multi-Component Transport 

In a generalised form, the transport of interacting mobile aqueous components in saturated porous 
media, can be described by the advection dispersion reaction equation (Prommer, 2002, Prommer, 
et.al., 2003): 
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where = the concentration of the k1
h aqueous component; 

=the pore-water velocity in direction x;; 
= the hydrodynamic dispersion coefficient tensor; 

Eqn (1) 

= a volumetric flow-rate per unit volume of aquifer, representing fluid 
sources (positive) and sinks (negative); 

e 
rreac 

= the porosity of the subsurface medium; and 
=a source/sink term for reactive processes. 

From the hydrogeological site characterisation and the records of observed hydrochemical changes 
during the Trial, a conceptual model can be formulated. It consists of a conceptual model for (i) the 
physical processes, i.e: for the first three terms within equation (1 ); and (ii) the formulation of a 
reaction network from which the reaction term, i.e: the fourth term of the right hand side of equation (1) 
can be determined. 

The conceptual model for the Bolivar site includes transport and reactions of oxygen and all major 
ions; some of which serve as electron acceptors; one type of ion exchanger site; two forms of mobile 
organic carbon; immobile organic carbon; several (equilibrium) minerals; and two microbial groups. 
The details of this conceptual model and the governing equations, which subsequently need to be 
solved by the numerical model, are provided in the following section. 

H.3.2 Flow and Advective-Dispersive Transport 

As discussed previously, the results of the flowmeter and temperature measurements indicate that the 
aquifer consists of four distinct layers of approximately similar thickness but of different hydraulic 
conductivity. However, as the majority of the collected hydrochemical data was measured within layer 
3, the development of the conceptual model was predominantly aimed at providing the best possible 
quantitative description for the processes within layer 3. For simplicity, the layer might be modelled as 
an isolated single, confined aquifer where a radial flow-field, unaffected by the regional groundwater 
flow, is created during ASR. Note that vertical hydraulic gradients have been observed occasionally 
during the injection period (as a result of the injection), but generally vertical fluxes seem to be small 
compared to the horizontal fluxes. Thus, neglecting any heterogeneity of hydraulic conductivities in 
radial and transverse horizontal direction, flow and transport within layer 3 can be approximated by a 
one-dimensional quasi-radial model, once the flux rates within this layer are known. Those fluxes and 
the resulting flow velocities in layer 3 depend on the relative conductivity distribution between layers. 
Which fraction of the total injection/extraction needs to be allocated to layer 3 must be determined 
through a calibration process using a four-layer model, before the simplifying assumption of one
dimensional, radial flow and transport can be made. 

H.3.3 Reaction Network 

H.3.3.1 Carbon Cycling 

Perhaps the most significant difference between ASR systems that use drinking water as injectant and 
those using wastewater is the clearly more important role of various forms of organic carbon (OC). 
Depending on the concentrations and the reactivity of the (dissolved) OC, its presence will often 
become the major driving force for geochemical changes within the injectant and recovered water. A 
schematic overview over all processes that are thought to affect cycling of organic and inorganic 
carbon is given in figure H.4. 
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Figure H.4: Schematic illustration of the conceptualised carbon cycle . 

The proposed conceptual model for the reactive transport of carbon species includes one immobile 
form of OC and two distinct forms of mobile, aqueous phase OC, i.e: DOC and POC. In contrast to 
DOC, POC is mainly kept in the aqueous phase through hydrodynamic forces . Thus, once POC 
enters the porous media it will rapidly become immobilised in the close vicinity of the injection well due 
to filtration (Skjemstad , et.al. , 2002). For the deposition, i.e: filtering of POC, a simple first order rate 
expression is proposed , i.e: 

dCPOC 
dt 

where 

dC 
POCim C 
dt = -rallach POC Eqn (2) 

Cpoc = the concentration of particulate organic carbon (POC); 
Cpoc;m = the concentration of immobile POC; and 
rattach =an attachment rate. 

The immobilised POC might be attached to the aquifer matrix and/or to biofilms. From there, 
particulate material will be successively solubilised and subsequently transformed or completely 
mineralised . The solubilisation , i.e: mass transfer process, is assumed to be a rate-limited process 
where the rate might also depend on the solubility of the dissolved organic compounds. It can be 
modelled, for example, as proposed by Kinzelbach , et.al., (1991 ): 

dC POC;"' jJ(C C ) dt = - rsol =- sat - DOC Eqn (3) 

where the transfer rate depends on the rate constant ~ and the saturation concentration Csat· In order 
to handle Csat and r.. independently, a slightly modified version of equation (3) is: 

Eqn (4) 

where ~ can be seen as the maximum transfer rate. The solubilisation of filtered , immobilised POC is 
thought to form a continuous, localised source of DOC. 
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The mineralisation of DOC is the major link between the organic and inorganic hydrochemistry at the 
Bolivar site and largely determines both carbon and nitrogen cycling. The mineralisation of DOC is 
generally mediated by microbial metabolism. This has been consistently demonstrated in many 
studies (e.g: by Lovely and Phillips 1988, McMahon and Chapelle 1991, Chapelle and Lovely 1992, 
and Robertson, et.al., 1996). During their growth the reaction-mediating microbial populations derive 
energy from the electron transfer that occurs when external organic substrate is oxidised by an 
electron acceptor, e.g. 0 2 and/or N03-. Different microbial populations are catalysing different redox
reactions. Thus, bacteria that are able to catalyse reactions with higher energetic yield, have a 
competitive advantage over bacteria relying on reactions with lower energetic yield (e.g: Hunter, et.al., 
1998). This usually leads to a sequential consumption of available electron acceptors and therefore to 
the formation of distinct redox zones in the aquifer. According to the sequence of decreasing energy 
yield (e.g: Stumm and Morgan 1970), biodegradation of organic matter might consist of aerobic 
respiration, denitrification, manganese reduction, iron reduction, sulfate reduction and fermentation. 
Note that depending on; for example, the solution pH, ionic composition and the mineral form of iron 
oxides/hydroxides; the simultaneous occurrence of sulfate and ferric iron reduction is 
thermodynamically possible and sulfate reduction may even occur before ferric iron reduction (Postma 
and Jakobson 1996). In the fermentation process, carbon of the organic substrate acts partially as 
electron donator and partially as electron acceptor. Hence, no external electron acceptor is needed 
for fermentation. Fermentation products are carbon dioxide and methane. DOC oxidation coupled to 
the sequential use of electron acceptors in natural flow systems has been reported (Champ, et.al., 
1979). The formation of distinct redox zones in hydrocarbon-contaminated aquifers has been 
reported; for example by Baedecker, et.al., (1993), Vroblesky and Chapelle (1994 ), and Levine, et.al., 
(1997). 

A consistent reaction network for the microbially-mediated oxidation of DOC can be developed by (i) 
determining the reaction stoichiometries of the relevant reactions; and (ii) by formulating appropriate 
kinetic rate expressions if reactions are assumed to be kinetically controlled and not well described by 
equilibrium reactions. 

Under circumstances where the changes in microbial activity; i.e: the mass of active degraders; 
remains relatively constant, the reaction equations appear to be a suitable approximation. However, 
where dynamic hydrochemical changes and subsequent (rapid) changes of microbial activity occur, a 
more detailed formulation is required, e.g: on the base of the role of electron carriers such as 
nicotinamide adenine dinucleotide (NAD+; Brock, et.al. 1994, Rittman and van Briesen 1996). The 
reaction stoichiometry of the redox reactions which incorporate microbial growth and decay can then 
be derived and a mass-conservative reaction network formulated (Prommer, et.al. 2002). 

In the first step of the (overall) DOC mineralisation reaction, electrons donated during the oxidation of 
DOC reduce NAD+ to NADH following the reaction (assuming DOC can be represented as CH 20): 

Eqn (5) 

The first fraction of the electrons gained in this step can then be further transferred (Brock, et.al. 1994) 
to obtain free energy by the reduction of electron acceptors such as 0 2, N03-, SO/ and for the re
oxidation of NADH, e.g: in the case where oxygen acts as electron acceptor: 

0 2 + 2NADH + 2H+ ~ 2H20 + 2NAD+ +free energy Eqn (6) 

The second fraction of electrons is used for the formation of new biomass. Together with free energy 
gained in equation (2), the generation of new biomass (assuming a simplified composition like 
C5H70 2N and assuming ammonium serves as the nitrogen source) can be described by (Rittman and 
van Briesen 1996): 

1 ONADH + 5H2C03 + Nfit + + 9H+ + free energy 
~ C5H70 2N + 10 NAD+ + 13H20 Eqn (7) 

Thereby, the ratio of the organic carbon converted to cell carbon (C5H70 2N) and the organic carbon 
degraded is the efficiency of the microorganisms. For microorganisms that rely on reactions with high 
energetic yield, i.e: oxygen and nitrate reduction, the efficiency can be as high as 50-70% (Rittman 
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and van Briesen 1996). On the other hand, an efficiency of around ten percent was found for sulfate 
reducing bacteria degrading toluene and xylene (Edwards, et.al. 1992). 

Considering aerobic conditions with an efficiency of 50% the combination of reactions in equations (5), 
(6) and (7) leads to the overall reaction: 

Eqn (8) 

Note that microbial decay also consumes oxidation capacity, e.g: under aerobic conditions the 
reaction for the biomass breakdown can be described by: 

Eqn (9) 

The reaction equations (8) and (9) can be combined to .the well-known irreversible degradation for 
DOC mineralisation under aerobic conditions and (quasi-) steady-state biomass: 

Eqn (10) 

Equations describing e.g: denitrification, iron and sulfate-reduction, can be developed in a similar way 
leading to: 

Eqn (11) 

for the reduction of goethite to: 

Eqn (12) 

and for sulfate reduction to: 

Eqn (13) 

Many denitrifying bacteria are facultative bacteria and can either use oxygen or nitrate as electron 
acceptor by switching from aerobic to anoxic degradation (Hoos and Schweisfurth 1982). The decay 
of these bacteria consumes additional oxidation capacity. If both oxygen and nitrate are depleted, the 
decay might consume thermodynamically less favourable electron acceptors such as sulfate: 

Eqn (14) 

At times of dynamic changes in the microbial population, biomass decay might be a process that 
consumes significant amounts of the oxidation capacity that is supplied by aqueous or mineral form 
electron acceptors. Note that the oxidation capacity used during biomass decay is saved while 
organic carbon is transformed to bacteria instead of being directly transformed to bicarbonate. 

Generally biodegradation; i.e: redox reactions of the above type; can be modelled either via a single
step or by a two-step approach (Brun and Engesgaard 2002). In the single-step approach, a 
biodegradation reaction is modelled as an irreversible kinetic reaction that simultaneously includes 
organic substrate oxidation and the reduction of a pre-defined electron acceptor. In contrast, the two
step approach, or so-called partial equilibrium approach (PEA), separates the electron-donating 
oxidation step from the electron-accepting and biomass generation step. The first step is assumed to 
be the rate-limiting step, and thus the second step can be simply modelled as an equilibrium reaction 
(Postma and Jakobson1996, McNab and Narasimhan 1994, Barry, et.al., 2002, Prommer, et.al., 
2002). 

In the present study the PEA approach was employed. Therefore only the oxidation reaction of DOC 
and bacterial growth/decay needed to be formulated as kinetic reactions. The reaction network that 
was developed for the Bolivar site includes two microbial groups, which grow and decay at rates that 
depend on the availability and the concentrations of several reactants. The first microbial group 
contains bacteria, which can either act as aerobic degraders or as denitrifying bacteria. The mass 
balance equation for this group is: 
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where X1 = the microbial concentration of this group. 

The microbial growth-rate is proportional to the mineralisation-rate of DOC due to oxidation under 
aerobic or denitrifying conditions, r1, i.e: 

dXI,groll'th Y. 
= t'l 

dt 
Eqn (16) 

where Y1 = a stoichiometric factor. The decay rate is a first-order rate which is proportional to the 
microbial mass: 

Eqn (17) 

where vdecay.x1 =the microbial decay rate. The mineralisation rate r1 is computed from 

where Kox. Knitr, KNH4+, Kooc = the half-saturation constants of oxygen, nitrate, 
ammonium and DOC respectively; 

Eqn (18) 

fox and rnitr =the maximum degradation rates for DOC with respect to oxygen 
and nitrate; and 

lbio = an inhibition factor that limits the microbial concentration X1 to a maximal 
concentration xmax and is computed from the following equation. 

I - xmax -XI 
bio- X 

max 

Eqn (19) 

Based on a set of similar equations as (15)-(18), a second bacterial group (X2), which relies on 
electron acceptors with a lower energetic yield than nitrate, was included. The second bacterial group 
is only activated when oxygen and nitrate are fully depleted. The microbial efficiency of this second 
microbial group was assumed to be much lower (ten percent) than the efficiency of the first group 
(50%). The overall reaction rate for DOC is: 

dCDOC 
--=-=-=- = rsol - (rl + r2) 

dt 
Eqn (20) 

where r2 = the mineralisation rate of DOC where organic carbon (OC) is diverted to the microbial group 
Xz. 

All other equilibrium-based reactions and their reaction constants were taken as provided by the 
PHREEQC-2 standard database. 

The DOC mineralisation reactions can have a strong influence on the solution pH by producing or 
consuming protons. Therefore, mineral buffering reactions, i.e: precipitation and dissolution reactions, 
that further affect the carbon cycle might take place, e.g: calcite dissolution: 

Eqn (21) 
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Under iron-reducing conditions the production of ferrous iron might trigger the precipitation of siderite. 
On the other hand, if siderite is abundant it might also buffer pH changes through the dissolution 
reaction : 

Eqn (22) 

Finally, methane (CH4 ) and carbon dioxide might be produced as a result of DOC degradation and/or 
biomass decay, In the case of biomass decay the appropriate redox reaction is: 

Eqn (23) 

H.3.3.2 Nitrogen 

Nitrogen is found in a range of different redox-states in natural waters . In oxidised waters (pe > 12) 
nitrate (N03-, valence = 5) is the dominating nitrogen species, whereas at a pe < -4 NH4+ (valence =-
3) becomes predominant (Stumm and Morgan 1970). In between, N2 (valence = 0) is the most stable 
species. The maximum concentration of aqueous N2 is approximately 5 x 1 o·4moi/L, corresponding to 
the atmospheric N2-partial pressure. Nitrite (N02-, valence = 3) is the most unstable species and its 
presence indicates that the water is not in equilibrium with respect to the different nitrogen species 
(Appelo and Postma 1993). The coexistence of N03- and NH4+ also indicates disequilibrium, 
because, depending on the pe, either N03- or NH4+ should react to nitrogen gas. Under aerobic 
conditions, such as found in the injectant water, (re)oxidation of NH/ to nitrate should take place. 
Commonly, this is not observed in the natural environment and can be explained by a lack of efficient 
microbial mediation of this reaction (Appelo and Postma 1993). To account for these observations in 
the numerical model for the Bolivar site, ammonium/ammonia species (valence = -3) were excluded 
from the redox-equilibria assumption . This means that the ammonium in the injectant water will not be 
oxidised to nitrite or nitrate and, on the other hand , nitrate will not be reduced to ammonium. 

I N03 I 
I + Reduction Reoxidation 

I : N02 : I 
Reduction Reoxidation 

I N2 I 
... 

Cation 
Exchange • growth and • - -l:il decay 

~ lr---------;I==Amm-t=l ~I Bi±.L~I - , 

Figure H.5: Schematic illustration of the conceptual model of the nitrogen cycle at the Bolivar site. 

Furthermore it is assumed that ammonium serves as the sole nitrogen source for bacterial mass. 
Consequently, any ammonium that is incorporated into bacterial mass during growth might be 
released during bacterial decay. Ammonium might also undergo cation exchange reaction, whereas 
sorption of other nitrogen species is assumed to be negligible. A schematic overview of the 
conceptual model of the nitrogen cycle at the Bolivar site is given in figure H.5. 
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H.4 MODEL SETUP 

H.4.1 Flow, Non-Reactive Transport and Model Discretisation 

The flow and non-reactive transport modelling study for the Bolivar site consisted of two substeps. In 
a first step, a three-dimensional model was set up to determine which fraction of the total 
injection/extraction rates was diverted to and extracted from layer 3. In the second step, a one
dimensional flow and transport model was created to simulate the radial flow and transport within layer 
3, using the fluxes that were determined in the first step. For both of these steps the United States 
Geological Survey (USGS) flow model MODFLOW (McDonald and Harbaugh 1988) was used for the 
flow simulation and MT3DMS (Zheng and Wang 1999) was used for the (nonreactive) transport 
simulations of chloride which served for the calibration of the physical (transport) processes. 

The three-dimensional (3D) model that was set up for the first step has an extension of 200m in both, 
x- and y-direction (table H.2) and consists of 40 grid cells in each direction. A schematic view of the 
model is given in figure H.8. The model represents one quarter of an assumed ideal radial flow-field. 
Accordingly, the injection/extraction well was placed in one of the corners (see figure H.8). The model 
consists of four differently permeable layers in vertical direction (table H.3), each layer being 15m
thick. 

A constant head boundary (Dirichlet-boundary) was implemented at all grid-cells with an approximate 
radial distance of 200m from the injection/extraction well. Grid-cells outside this boundary were set 
inactive. A no-flow boundary condition was selected for the model boundaries located along the two 
axes of symmetry. 

Parameter 
Model extent (x, y, z) 
Porosity 
Hydraulic conductivity layers 1 ,2,3,4 
Longitudinal dispersivity layers 1 ,2,3,4 
Transverse dispersivity layers 1 ,2,3,4 

Unit 
m 
[-] 

mid 
m 
m 

Value 
200 X 200 X 60 

0.45 
4.75, 0.5, 4.0, 0.5 
1.2, 0.7, 0.2, 0.7 

0 

Table H.2: Parameters of the 3D flow and chloride transport model. 

Parameter Unit Value 
Model extent (x) m 300 

Grid-cells 70 
Grid-cell size m generally 5, 

1 in the vicinity of the 
injection/extraction well 

Porosity [-] 0.45 
Hydraulic conductivity mid 4.0 

Longitudinal dispersivity m 0.2 

Table H.3: Parameters of the 1 D quasi-radial flow and transport model for layer 3. 

To represent the different phases of the ASR experiment the transient in- and out-flow conditions at 
the injection/extraction well was discretised into 28 stress-periods. For the chloride transport 
simulations, the initial concentration of chloride was taken from a representative water sample of the 
ambient groundwater as measured in layer 3 before the beginning of the experiment (19 May 1999) at 
the 50m well. The variable chloride concentrations that occurred during the injection phase were 
considered by adjusting the in-flow concentrations for each stress period. 

The different hydraulic conductivities and longitudinal dispersivities of the four layers were adjusted 
within a model calibration process until the simulated chloride data fitted the corresponding 
observation data at the 50m well (table H.2). Other parameters were not adjusted. In figure H.7 the 
simulated chloride data are shown in comparison with the measured data. 

The flux in layer 3 was extracted from the results of the 3D model, and used for a new, 
computationally more efficient one-layer model. In this second model, the two-dimensional radial flow 
and transport in layer 3, was simulated by a one-dimensional quasi-radial transport model. The 
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parameters estimated in the 3D model were used again for the new model. A constant head boundary 
was selected during injection at the effluent end. 

location 

Fixed head, fixed 
concentration boundary 

Layer 3 

Figure H.6: Schematic illustration of the three-dimensional model, 
its boundaries and the location of layer 3. 
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Figure H. 7: Simulated chloride concentrations at the 50m well 
in comparison with observed chloride concentrations. 

Because the simulation of radial flow is not an explicit feature of the flow simulator MODFLOW, the 
radially-decreasing flow velocities which characterise a radial flow-field in such an aquifer was 
achieved by a variable layer thickness that corresponds to the perimeter at the radial distance of the 
grid-cell, i.e: the distance from the injection/extraction well. The simulated breakthrough curves 
obtained with this one-dimensional quasi-radial model were compared with the results from the 3D 
model and with an analytical solution. A good agreement of all three solutions was found for a 
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simplified test problem (steady flow, tracer breakthrough), as can be seen in figure H.8. This second 
model (parameters are shown in table H.3) formed the basis for the subsequent reactive transport 
simulations. 

H.4.2 Biogeochemical Transport Model 

Based on the calibrated flow and chloride transport model, the code PHT3D (Prommer 2002) was 
used to model the reactive multi-component transport at the Bolivar site. The PHT3D model couples 
the transport simulator MT3DMS (Zheng and Wang 1999) and the geochemical model PHREEQC-2 
(Parkhurst and Appelo 1999) based on a split-operator technique. In a first step the reactive 
processes that were found to be important at the conceptual modelling stage, were integrated into a 
site-specific PHT3D reaction module. As PHT3D uses the original PHREEQC-2 database syntax, 
arbitrary equilibrium and non-equilibrium reaction networks can be easily defined. The kinetic 
reactions of DOC mineralisation and bacterial growth/decay, were incorporated into the database 
through the creation of appropriate BASIC-routines. 

0.8 

0.6 

0.4 

0.2 

0 

---tr- 2-dim. Model 

0 
analytical solution 

1-dim. Model 

50 100 150 200 25( 
days 

Figure H.8: Comparison of normalised breakthrough curves for the three-dimensional model, the 
analytical solution by Gelhar and Collins (1971) and the one-dimensional, quasi-radial model. 

H.4.2.1 Initial Conditions 

The hydrogeochemical composition of a groundwater sample taken on 19 May 1999, i.e: prior to any 
penetration of injectant, served as the initial condition for the model simulation. The sample, which is 
thought to represent the homogeneous initial conditions, i.e: initial concentrations, was taken from the 
50m well at a depth that corresponds to layer 3. Before using the data in PHT3D, PHREEQC-2 was 
used in batch simulation mode to obtain equilibrated and charge-balanced initial conditions, i.e: the 
measured water composition was (i) equilibrated with respect to the minerals calcite, hematite and 
siderite; and (ii) charge-balanced by an appropriate adjustment of the chloride concentrations. 
Siderite was assumed not to be present at the beginning of the simulation. Calcite and hematite were 
assumed to be abundant and the results of the X-Ray Diffraction analysis were used to estimate their 
initial concentrations. 

Charge-balancing of the aqueous solution with chloride had only a minor effect on the chloride 
concentration, indicating that the measured ion balance was of good accuracy. 

To determine the initial exchanger composition of the considered exchangeable cations it was 
assumed that the occupancy of the exchanger sites was in equilibrium with the ambient groundwater. 
The measured total exchange capacity of 1 Omeq/kgson was used for the equilibration. All measured 
and equilibrated initial concentrations are listed in table H.4. 
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Aqueous Component Measured Equilibratf!!d 
exchangeable cation concentration (mmoi/L) (mmoi/L) 

pH 7.44 7.28 

C(4) 3.51 3.63 

Ca 3.59 3.51 

Na 24.88 24.88 

Cl 28.49 29.25 

Fe(2) 0.02 0 

Fe(3) 0 0 

K 0.35 0.35 

Mg 3.33 3.33 

N(5) 0 0 

N(3) 0 0 

N(O) 0 0 ... 
Amm 0 0 

0(0) 0 0 

8(6) 3.18 3.17 

S(-2) 0 0 

Dissolved Organic Carbon (DOC) 0 0 

Particulate Organic Carbon (POC);m n.a. 0 

Aerobes/Denitrifying Bacteria n.a. 1e-5 
Sulfate-Reducing Bacteria n.a. 1e-5 

Ca-X2 n.a. 8.38 

Na-X n.a. 4.06 

Mg-X2 n.a. 4.95 

K-X n.a. 0.29 

Fe-X2 n.a . 0.00 
• !=JXCept pH 
._!-1C03-

Amm =Ammonium/Ammonia species 

Table H.4: Measured and equilibrated initial concentrations of aqueous components, 
initial exchanger composition and initial bacterial concentrations. 

H.4.2.2 Boundary Conditions 

The concentration boundary conditions at the injection well were defined for all aqueous components 
from the injection water composition. A fixed concentration boundary was used for the boundary cell 
representing a distance of 300m from the injection well. The injectant composition used for the model 
simulations was derived from charge-balancing the measured, temporally-variable injection water 
composition. This was done for all stress-periods with a positive flux rate, i.e: during the periods 
where water was injected. 

H.4.2.3 Model Calibration 

As mentioned before, the physical, i.e: flow and nonreactive (chloride) transport model was used as a 
base for the reactive transport model. The parameters determined in that previous modelling step 
were not further modified. The reaction model itself contains several adjustable parameters, mainly 
rate constants and rate-determining parameters of kinetic reactions. Note that in the present study the 
development of the conceptual hydrogeochemical model and model calibration was one single, 
iterative process. That means that the conceptual model was constantly adjusted and further 
developed if field observations could not be approximated reasonably well with a certain conceptual 
model. Although the number of adjustable parameters seems high, it must be noted that a large 
number of field observations from a large number of chemicals served as constraints and were 
available to reduce the non-uniqueness of the model calibration. 
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H.S RESULTS AND DISCUSSION 

The biogeochemical transport model that evolved from the development and calibration process is 
capable of reproducing most features of the dynamic chemical changes that occur during the injection, 
storage and recovery phases. Generally, the comparison of simulations and observations from the 4m 
well shows qualitative and quantitative discrepancies whereas a good agreement was achieved for the 
injection/extraction well and for the 50m well. The discrepancies at the 4m well can be explained from 
the fact that the observed water composition is a mix of waters from all 4 layers, whereas the 
simulations represent only layer 3. The simulation results that were obtained with the calibrated model 
are discussed below. 

Parameter Unit Value Parameter Unit 
Kox [moi/L] 0.000294 fox [sec-] 
Knitr [moi/L] 0.0001 fnitr [sec-1

] 

Ksulfate [moi/L] 0.0001 fsulfate [sec-1
] 

KNH4+ [moi/L] 0.00005 r attach [sec-1
] 

Kooc [moi/L] 0.0001 p [sec-1
] 

Csat [moi/L] 0.005 Vdecay,X1 [sec-1
] 

Xmax [moi/L] 0.007 Vdecay,X2 [sec-1
] 

Total CEC [meg/L] 10 

Table H.5: Estimated values of adjustable reaction model parameters 
derived during model calibration. 
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Figure H.9: Simulated and observed concentrations of dissolved oxygen (DO) 
at the injection/extraction well, the 4m well and at the 50m well. 
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Figure H.1 0: Simulated and observed concentrations of nitrate at the injection/extraction well, 
the 4m well and at the 50m well. 
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Figure H.11: Simulated and observed concentrations of aerobes/denitrifying bacteria at the 
injection/extraction well and at the 4m well. 
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Figure H.12: Simulated and observed concentrations of nitrite at the injection/extraction well, 
the 4m well and at the 50m welL 

DOC 

Injection/Extraction well 

I I 

= I I 
0.01 I 

:;s I O i 

~000:~ 

4mwell 
0.01.------.-------.------,-------~----~-------.-------.----~ 

""' 0 
£0.005 
(.) 

50mwell 
0.01.------.-------.------,-------~----~-------.-------.----~ 

""' 0 
£0.005 
(.) 

+ injectant 
o oBservation 

reactive modeling 
conserv. modeling 

300 400 500 
Days since start of injection 

Figure H.13: Simulated and observed concentrations of DOC at the injection/extraction well, 
the 4m well and at the 50m welL 
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Figure H.14: Simulated and observed concentrations of calcium at the injection/extraction well, 
the 4m well and at the 50m well. 
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Figure H.15: Simulated concentration profile of calcite 530 days after the start of the Trial. 
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Figure H.16: Simulated and observed concentrations of dissolved inorganic carbon (valence= 4) at 
the injection/extraction well, the 4m well and at the 50m well. 
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Figure H.17: Simulated and observed pH at the injection/extraction well, 
the 4m well and at the 50m well. 
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Figure H.18: Simulated and observed concentrations of ammonium/ammonia at the 
injection/extraction well, the 4m well and at the 50m well. 
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Figure H.19: Simulated and observed concentrations of potassium at the injection/extraction well, the 
4m well and at the 50m well. 
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Figure H.20: Simulated concentration profile of immobilised POC 
530 days after the start of the Trial. 
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Figure H.21: Simulated and observed concentrations of dissolved iron (Fe(2) + Fe(3)) at the 
injection/extraction well, the 4m well and at the 50m well. 

H-21 



S(6) 

10-3 4m well 

s;3~--------------~----------~ 
0 
E 
02 

+ injectant 
o ooservation 

reactive modeling 
conserv. modeling 

1~==~====~==~----~--~~--~~--L---~ 
0 100 200 300 400 500 600 700 800 

Days since start of injection 

Figure H.22: Simulated and observed concentrations of sulfate at the injection/extraction well, 
the 4m well and at the 50m well. 
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Figure H.23: Simulated concentrations of hematite at the injection/extraction well 
and at the 4m well. 
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Figure H.24: Simulated concentrations of methane at the injection/extraction well 
and at the 4m well. 

H.5.1 Carbon Cycling 

As discussed in H.3.3, the model simulates the injection of OC into the aquifer as DOC and, at lower 
concentrations, as POC. During the injection phase, POC is immobilised, i.e: attached to the aquifer 
matrix in the close vicinity of the well, where it accumulates (figure H.22). While the re-mobilisation, 
i.e: solubilisation of the immobilised POC occurs permanently, the effect can only be seen during the 
storage phase (figure H.13), when the solubilised matter is not flushed away. During the storage 
phase, when no flushing occurs, the DOC concentration increases significantly in the vicinity of the 
injection/extraction well. While no hard data exist to clearly verify the occurrence of the hypothesised 
combination of processes, the modelled DOC concentration matches the observations very well. 

Within the aquifer, the injected and transported DOC is (partially) mineralised where the joint presence 
with other essential reactants, i.e: electron acceptors and ammonium (figure H.18), allow the formation 
of biomass. As a result of the transient groundwater flow conditions, the availability of electron 
acceptors and ammonium, delivered through advective-dispersive transport of the injection water, is 
highly variable. This causes very dynamic changes in the mass of aerobes/denitrifying bacteria (figure 
H.11) and in the degradation rate of DOC. The mineralised fraction of DOC is converted to inorganic 
carbon. As the simulation results for the 50m well show, on average the model clearly underestimates 
the attenuation of DOC. The reason for this discrepancy remains unclear, as at the same time: (i) the 
consumption of the oxidation capacity provided by oxygen (figure H.9), nitrate (figure H.1 0), hematite 
(figure H.23), dissolved Fe (figure H.21 ), and sulfate (figure H.22) is rather overestimated; (ii) the 
production of inorganic carbon is rather overestimated (figure H.16); and (iii) no indication exists that 
DOC sorption/retardation would cause the overestimation of the simulated DOC concentrations at the 
50m well. 

During the injection phase microbial mass is steadily produced while biomass decay simultaneously 
reduces the mass. During the injection phase, the redox chemistry in the vicinity of the 
injection/extraction well is generally characterised by denitrifying conditions. However, with the 
beginning of the storage phase more reducing conditions develop as the supply with oxygen (figure 
H.9) and nitrate (figure H.1 0) ceases and the mass of aerobes/de nitrifying bacteria decreases (figure 
H.11 ). The latter process consumes significant amounts of oxidation capacity, as has been discussed 
earlier. In the model, the oxidation capacity that sustains biomass decay is provided by sulfate, 
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hematite and inorganic carbon (carbon dioxide, mainly as bicarbonate). The modelled sulfate removal 
during the storage phase was indeed observed in the injection/extraction phase (figure H.22), 
however, it is somewhat overestimated in the model. Modelling indicates that methanogenesis occurs 
after sulfate reduction (figure H.22 and H.24) but starts before hematite is depleted (figure H.23 and 
H.24). The modelled concentration of inorganic carbon, which is during the storage phase mainly 
produced by biomass decay, matches the observations very well. Furthermore, a good agreement 
between the modelled and observed pH (figure H.17), calcium (figure H.14) and ammonium (figure 
H.18) concentrations further underpins the hypothesised conceptual model. 

The modelled increase of the ammonium concentration during the storage phase results from the 
release of ammonium during microbial decay of aerobes/denitrifying bacteria. This is an important 
finding as the observations can not be explained alternatively by nitrate or nitrite reduction, because 
they were not present in concentrations that could account for the observed increase in nitrogen 
concentration (as ammonium). 

H.5.2 Calcite Dissolution 

The observed slight increase of calcium concentration during the injection phase at the 50m 
observation well is modelled very well, as can be seen in figure H.14. It is explained by the modelled 
calcite dissolution, which results (i) from the under-saturation of the injection water with respect to 
calcite; and (ii) the buffering of carbonic acid production by calcite dissolution during the degradation 
of organic carbon (Vanderzalm, et.al., 2002). The simulation overestimates the observed calcium 
concentrations at the 4m well. However, as previously discussed, the discrepancy is very likely the 
result of the sampling technique, which mixed the waters from the four different aquifer layers. The 
modelled calcite concentration profile is shown in figure H.15. It can be seen that calcite dissolution 
mainly occurs in the close vicinity of the injection well. The modelled calcium concentrations are in 
agreement with observed data, which show an increase in calcium concentrations during the injection 
phase of 0.3-0.?mmoi/L. 

H.5.3 Cation Exchange 

The modelled set of cation exchange reactions is capable of explaining the observed retarded 
transport of ammonium (figure H.18) and potassium (figure H.19), relative to chloride transport. 
During the injection phase ammonium and potassium replace sodium on the exchanger sites. 
However, the modelling shows that there is only a minor effect on the breakthrough curve at the 50m 
well. This is due to the high absolute concentration of sodium relative to ammonium and potassium, 
which hide the effect. In the simulations a total cation exchange capacity of 1 Omeq/L (approximately 
3.2meq/kg) was used, which resulted in good fits of the breakthrough curves of the cations. The 
breakthrough curves were not modelled well when the originally measured cation exchange capacity 
(CEC) was used. 

H.5.4 Nitrogen 

Several aspects of the modelled nitrogen cycling, such as nitrate reduction during DOC mineralisation, 
ammonium release during bacterial decay, and cation exchange of ammonium have already been 
partially discussed above. Another modelled dynamic change in nitrogen speciation, is the occurrence 
of brief pulses of nitrate breakthrough at the 4m well. This effect occurs at times when the microbial 
population of aerobes/denitrifying bacteria is very low, e.g: at the beginning of the first injection as well 
as 300 and 400 days after the beginning of the injection (figure H.10). As the DOC removal rate is 
dependent on the microbial concentrations, electron acceptor consumption remains small, allowing 
nitrate to breakthrough at the 4m well. 

H.6 CONCLUSIONS 

A quantitative framework for the injection of wastewater into an anaerobic limestone aquifer and the 
resulting biogeochemical response was formulated and applied for the simulation of a trial injection, 
storage and recovery experiment at Bolivar, South Australia. The simulation results show that the 
modelling framework is capable of providing a reasonably good quantitative description of the physical 
and biogeochemical processes at the Bolivar site and can largely reproduce the measured data from 
different observation wells, in particular the data from the injection/extraction well and the data from 
the observation well located at a distance of 50m. 
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Probably the weakest point of the current model is the discrepancy between modelled and observed 
DOC concentrations at the 50m well. As has been mentioned, the reason for this discrepancy 
remains as yet unclear and calls for further investigations, which were beyond the scope of the 
present study. One potential explanation for the discrepancy might be that the chemical formula that 
was used to approximate DOC (CH20) was too simplistic and the stoichiometric relationships that 
were developed on the base of this simple formula do not represent the organic compounds 
composition at the Bolivar site very well. As indicated by Skjemstad, et.al., in chapter 7, the organic 
pool contains a mixture of compounds with a range of liability and daughter products for injectant and 
some of the significant OC initially present in the aquifer has been found to participate in 
biogeochemical reactions and been mobilised and mineralised. 

At this stage, the major benefit of the present modelling study comes from the fact that it provides a 
completely mass-conservative representation/simulation of essentially all existing hydrochemical 
observations that were made during the Trial period. The modelling study has in particular 
successfully advanced the understanding of the hydrochemical changes during the storage phase, 
where it appears that dynamic changes in bacterial mass have a significant influence on the local 
geochemistry in the vicinity of the injection/extraction well. The described development of a site
specific PHT3D reaction module for reclaimed water ASR at the Bolivar site demonstrates the 
usefulness of using mechanistic reactive multi-component to constrain existing or new hypothesises of 
how physical, chemical and biological processes interact during ASR. The flexible nature of the 
modelling tool allowed rapid and steady improvement and adaptation of the conceptual model. 
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