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Investigations into the factors affecting the rates of recovery of acid sulfate soils in the Lower Lakes

Executive Summary

This project addresses a critical knowledge gap in the geochemical behaviour of acid sulfate soil
processes of the Lower Lakes. Specifica |lly, this project examine s the role of organic carbon on the
recovery of acidified sediments and mobilisation of metal (loid) contaminants. The outcomes will

underpin the development of the strategies and practices necessary for appropriate wetland
management.

Extensive areas of acid sulfate soils in the Lower Lakes were exposed during the last drought which
resulted in soil a cidification (pH<4) over large areas and localised acidification of surface waters (DENR

2010). The presence of littoral vegetation around the lake margins assisted in reducing soil erosion and
provided a source of carbon for m icrobial reduction processes . Microbial reduction processes that
use organic carbon as a n energy source consume acidity within the sediment , and therefore the
presence of oxidisable organic carbon can significantly affect the rate of recovery . Low
concentrations of easily oxidisable organic matter have been identified as a n important factor
affecting the recovery rate of the sediments in the Lower Lakes foreshore (e.g. Sullivan et al. 2010).
Metal immobilisation may also occur due to the sulfide formation andt he pH increase associated with
reduction processe s reducing metal solubility. However, t he reductive dissolution of iron and
manganese minerals  within the sediments can lead to high dissolved concentrations of these metals

and other associated metal(loid)s sorbed to the mineral surfaces.

In this study we examine the role of natural organic matter (NOM) on the recovery of acidified
sediments from the Lower Lakes foreshore and metal(loid) mobilisation utilising both a laboratory -
based mesocosm and batch experiments. The mesocosm experiment examines the rate of recovery

and the kinetics and magnitude of metal(loid) mobilisation from NOM -enriched and NOM -depleted
sediments. Two vegetation types (  Phragmites austr alis and Schoenoplectus validus ) were used and
are commonly found on the fringes of the Lower Lakes. The batch experiment examines the effect of

various organic components (including acetate, glucose and humic acid) that potentially form during
the microb ial degradation of plant material on the rate of recovery and mobilisation of metal(loid) s.
The effect of two common acid sulfate soil minerals (i.e. schwertmannite and jarosite) on organic

carbon utilisation and  metal(loid) mobilisation is also examined.

An additional component of this project was to examine the likely mobility and uptake by vegetation
of metal(loid)s from the formerly acidified lake sediments. This was undertaken to assess ongoing
environmental risks posed by the presence of very high bio -accessible concentrations of potentially

toxic metal(loid)s as identified in previous stud ies of bioremediating formerly strongly ac idified Lower
Lakes sediments (Sullivan et al. 2012a, 2013).

This project focuses on two of the sites examined in studies by Sullivan et al. (2011, 2012b, 2013)
including the control site at Tolderol, Lake Alexandrina and the Cotula trial revegetation site at
Waltowa, Lake Albert

The key findings of this study are:

1) The addition of organic carbon (i.e. Phragmites australis and Schoenoplectus validus) to the
surface and sub -surface sediments (0-10 cm) from Tolderol and Waltowa  slowed the rate of
recovery due to the release of organic acids  from the vegetation

2) The addition of Phragmites and Schoenoplectus showed a similar recovery response,
although the rate of recovery differed between the surface (0 -2.5 cm) and sub -surface ( 2.5-
10 cm) sediments. The surface sediments recovered a t a faster rate due to the r apid
breakdown of organic acids , particularly formic acid

3) The effect of various organics (including acetate, glucose and humic acid) on the rate of
recovery varied. Whilst the addition of both acetate and humic acid had minimal effect on
the rate of recovery, the addition of glucose slowed the rate of recovery (due the formation

of organic acids ).
4) The hydrolysis of schwertmannite and jarosite led to acidification of the surface water ,

however, the presence of sufficient organic matter led to a rapid rate of recovery as a
consequence of the reductive dissolution of these minerals.
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The addition of NOM to both the Waltowa and Tolderol sediments resulted in an increase in

the mobilisation of many of the metal( loid)s. The addition of either Phragmites or
Schoenoplectus to each of the sediments often resulted in a similar metal(loid) behaviour ,
although slightly higher  metal concentrations were often found associated with the
Phragmites treated sediments (e.g. Co, Cu, Mn, Ni, Zn) .

The addition of NOM enhanced the reduction of iron and manganese oxides and
oxyhydroxides in the sediment to more so luble forms (i.e. Fe 2+, Mn2+). The magnitude of iron
and manganese release varied depending on NOM type added, with the addition of
vegetation resulting in the greatest release.

Trace metals including arsenic (As), cobalt (Co) and nickel (Ni)  associated with these iron and
manganese minerals were also released into the surface water . Elevated levels of copper
(Cu) and zinc (Zn) were associated with both Phragmites and Schoenoplectus .

The surface water a rsenic (As) concentration increased  with all sediments as the conditions
became more reducing and the pH increased. The addition of Phragmites and
Schoenoplectus suppressed arsenic mobilisation in the sub -surface sediments (2.5 -10 cm)
compared to the untreated sediments due to the relatively low pH of these sediments

The hydrolysis and reductive dissolution of  jarosite and schwertmannite  led to metal(loid)
mobilisation, although in the presence of vegetation immobilisation was sometimes observed
(possibly as the result of the precipitation  of sulfides). The presence of s chwertmannite was
particularly effective in suppressing the release of arsenic due to arsenic sorption.

The concentration of m any of the metal(loid)s in the surface waters exceeded the ANZECC
water quality guidelines under  the ex perimental conditions. The magnitude of metal(loid)
mobilisation suggest the levels measured represent a low to moderate hazard. However, the
potential impacts  of the metal(loid) concentrations measured in this study  on the surrounding
aquatic environment is dependent on numerous factors (such as the rate of metal(loid) flux
from the sediments and dilution in the receiving waters).

The addition of Phragmites australis to all sediments led to very high ammonia levels  in the
surface waters (up to 66 mg/L) . Elevated ammonia levels were n ot observed when
Schoenoplectus validus was added to the sediments. Whether t he high ammonia levels
measured under the conditions in the mesocosm experiment would potentially lead to the
development of algal blooms isdependent on the rate of ammonia flux from the sediments ,
dilution within the lakes and other processes ( e.g. nitrification/denitrification ).

Although universally accepted critical metal(loid) contents for wetland vegetation are not
available, this study has clearly shown elevated levels of some metals (i.e. Mn, Al) in the
vegetation growing int he formerly acidified sediments . Such elevated metal concentrations
are important as e ven moderate concentrations of metals have been shown to disrupt
aquatic ecologies.

Recommendations

1

2)

3)

We recommended that the effect of the organic carbon concentration on these processes
is examined in detail using this experiment al approach.

The role of sulfate reduction on metal immobilisation was not directly assessed in this study.

The formation of sulfide minerals is potentially capable of strong metal immobilisation. We
recommended that the effect of sulfate concentration is examined in detail using this
experiment al approach.

We recommended that the impact of Phragmites on the lake margins on the nutrient
dynamics within the lakes is quantified .
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1.0 Introduction

In this project a critical knowledge gap is addressed : the geochemical behaviour of acid sulfate soil
processes of the Lower Lakes. Specifically, the role of organic carbon on the recovery of acidified
sediments and mobilisation of metal ~ (loid) contaminants will be examined . The outcomes willu nderpin
the development of the strategies and practices necessary for appropriate wetland management.

Recent studies of sediments in the Lower Lakes and the effects of bioremediation (Sullivan et al . 2010,
2011, 2012b, 2013) have highlighted the hazard of acid sulfate soils and the ir potential to impact on
ecological processes.  The studies showed that the role of sulfate reduction and associated processes
during the re -inundation of the acidified Lower L ak e s dis csitieal formre -gding management.

Sullivan et al . (2011, 2012b, 2013) examined the effects of various bioremediation options which aimed

at facilitating sulfate reduction and, consequently, remediation of often strongly acidified acid sulfate

soil materials around drought  -exposed margins of the Lower La  kes. The results of these studies indicate
that bioremediation of the exposed acidified lake sediments by certain types of vegetation produced
substantial environmental benefits from a combination of vegetation -associated processes including
the provision of alkalinity from plant roots, provision of organic carbon for sulfate reducing bacteria

and the role of vegetation in minimising soil erosion and hence preventing further exposure of severely

acidic subsaoils that occurred under unvegetated sites.

The dudies also highlight that several of the likely future hazards associated with a strategy of
enhancing organic matter input into sediments to stimulate sulfate reduction and the beneficial co -
production of alkalinity, had been substantially avoided in the initial refilling period of the Lower Lakes,
particularly where annual vegetation was too short to survive inundation. This hazard avoidance was

due to the characteristic nature of the sulfur cycling occurring in these sediments, the consequent lack

of a ccumulation in the surficial lake sediments of sulfide minerals such as monosulfides and pyrite and

their associated hazards of acidification, metal and metalloid mobilisation, and deoxygenation.

However, the study by Sullivan et al . (2012b) showed when Phragmites (a species that survived lake
re-filling and continued to grow vigorously when water levels in the lake increased ) bioremediated
these sediments, there was considerable accumulation of both pyrite and monosulfide (as
Monosulfidic Black Ooze (MBO )) in the uppermost sediment layers. These accumulated sulfides
indicated that alkalinity had been produced via sulfate reducing processes enabled by the ongoing
production of organic matter by Phragmites.  In addition, these uppermost sediments under
Phragmites appeared likely to act as sources of soluble phospha te that could lead to increased
nutrient flux /accumulation  to lake water.  While the Sullivan et al . (2012b) study strongly indicated a
number of potentially important hazards would arise in the presence of Phragmites (e.g. incr eased
accumulation of sulfides), such hazards were avoided almost completely w ith inundation intolerant
vegetation (such as Bevy rye, Cotula , Juncus and Puccinellia ).

Natural organic matter (NOM) plays an essential role on biogeochemical reactions that dominate

acid sulfate soil chemistry and water quality outcomes in aquatic environments . Inundation often
removes acidity in partially -oxidised sediments through the reduction of iron oxides, sulfates and other
oxidised sp ecies by anaerobic bacteria (e.g. Dent 1986) . However, low con centrations of easily
oxidisable organic matter  have been identified as a significant factor affecting the recovery rate in
these landscapes (e.g. Sullivan et al. 2010).

The potential for metal (loid) mobilisation from sediments in the Lower  Lakes has been clearly shown
(e.g. Simpson et al. 2008, 2009, 2010; Sullivan et al. 2008, 2010; Hicks et al. 2009; Shand et al. 2012). In
addition to the release of  metal (loid)s as a conseq uence of sulfide oxid ation, metal (loid) scan also be
mobilised when acid sulfate soils are subject to p rolonged inundation. For example, under reducing
conditions iron oxides and oxyhydroxides are prone to microbial reductive dissolution potentially

leading to high dissolved concentrations of ferrous iron (Fe  2*) and other associated metal (loid)s sorbed
to the iron mineral surfaces , such as arsenic (e.g. Burton et al. 2008). Sediment fractions vary in the
mechanism and strength by which the metal (loid) s are bound (e.g. Claff et al. 2011a, 2011b) and
subsequently released during inundation by these reductive processes. Natural organic matter may
govern the medium - to long -term behaviour of metal (loid) s in these sediments following inundation
through its redox -active capacities and by enabling sulfidisation

This project builds on the results of the Sullivan et al. (2011, 2012b, 2013) studies to allow a more
accurate assessment of the progression of remediation of these sediments. A combinati on of
innovative approaches  has been used to examine the role of  organic carbon in the recovery of
acidified sediments and mobilisation of metal(loid)s from the Lower Lakes foreshore utilising both
laboratory -based mesocosm and batch experiments. The mesocosm experiment examine s the rate
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of recovery and the kinetics and magnitude of metal (loid) mobilisation from NOM -enriched and NOM -
depleted sediments. Two vegetation types ( Phragmites australis and Schoenoplectus validus ) were
used and are commonly found on the fringes of the Lower Lakes . Batch experiments examine the
effect of various organic components (including acetate, glucose and humic acid ) that potentially
form during the microbial degradation of plant material on the rate of recovery and mo  bilisation of
metal(loid) s. The effect of two common acid sulfate soil minerals (i.e. schwertmannite and jarosite) on
organic carbon utilisation and metal (loid) mobilisation isalso examined.

This project focus es on two of the sites examined in studies by Sullivan et al. (2011, 2012b, 2013)
including the control site at Tolderol, Lake Alexandrina and the Cotula trial revegetation site at
Waltowa, Lake Albert.

An additional component of this project is to continue to examine the likely mobility and uptake of
metal (loid) s (particularly manganese, nickel and aluminium) by vegetation from Tolderol and
Waltowa, two formerly acidified lake sediment sites. This will be undertaken to assess ongoing
environmental risks po sed by the presence of very high bio -accessible concentrations of these
potentially toxic metals , as identified in previous studies of bioremediat ing formerly strongly acidified
Lower Lakes sediments (Sullivan et al. 2012a, 2013).

2.0 Aim

The primary aim of this projecti s to determine the role of  organic carbon in the recovery of acidified
sediments and mobilisation of metals from Lower Lakes acid sulfate soil foreshore materials using a
combination of innovative approaches. The information will be of direct relevance to remediation
management strategies involving in situ neutralisation (under reductive geochemical conditions ) such
as broad scale vegetation of the Lower Lakes foreshore.
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3.0 Materials and Methods

3.1 Field Sampling of Soilsand Vegetation

3.1.1 Field Sampling of Sediment s

In this project sediments were collected from the two of the four study areas sampled by Sullivan etal.
(2011, 2012b, 2013). Only two of the study areas were examined as this project is now more targeted
at examining the role of organic carbon on recovery of acid sulfate soils and mobilisation of
metal(loid)s. The two study areas around the Lower Lakes sampled in this study included Tolderol (north

Lake Alexandrina) and Waltowa (east La ke Albert). The locations of the sediment sampling study
areas are shown in Figure 3 -1.

{Wellington

Tiolderolisite
{Einniss

Milang

/
o

SCurrency Creek
2

: CC\ayto_(LB,ay

#iGoolwa

<

Waltowa site,

- (‘Memng\e

Figure 3-1. Map showing study areas in the Lower Lakes (Source: Google Maps).

Sediments were collected from the previously scalded site at Tolderol and from the site planted with
Cotula at Waltowa . The Cotula site was chosen at Waltowa as both the Phragmites and Juncus sites
at Waltowa had been limed prior to bioremediation.

Field sampling at the Tolderol and Walt  owa study areas was undertaken on 31 st October 2013. Intact
sediment cores were collected using a 5 cm diameter push -tube coring device (see Figure 3  -3) from
three replicate sampling sites  at each location  to a depth of 10 cm. Each core was collected within
approximately 4 m of the initial sites sampled by Sullivan etal. (2011).

The pH and redox potential (Eh) were determined on duplicate samples at each of the replicate sites

using calibrated electrodes linked to a TPS WP -80 meter; Eh measurements are presented versus the
standard hydrogen electrode. Each suboxic core was separated into two layers including the upper
horizon layer (0 -2.5 cm) and the lower horizon layer (2.5 -10 cm). Approximately 10 kg of each sediment
laye r was collected for the laboratory incubation experiments.

All sediment samples were transported in sealed plastic bags in cold iceboxes, and were stored
refrigerated on return to the Southern Cross GeoScience laboratory.
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A soil description together with pH/Eh data for each 2.5 cm horizon is presented in Appendix 1 (Tables
8-1 and 8 -2). The global positioning system (GPS) coordinates for each site are also presented in
Appendix 1 (Tables 8 -1 and 8 -2).

Maps showing the sa mpling locations in each study area and selected photographs are presented in
Sections 3.1.1.1 and 3.1.1.2. Bathymetry maps of each study area are presented in Appendix 8 (Figures
8-37 and 8 -38).

3.1.1.1 Tolderol, North Lake Alexandrina Study Area Char acteristics

o Soil Sampling Site
Vegetation Sampling Site
Soil Sampling Site (2010-2013)

TS: Tolderol Scald

AN

! T
r\leg,etate'dsit’

:

Metres

Figure 3-2. Tolderol sediment and vegetation sampling locations (Source: Google Maps).

Figure 3-3. Sediment sampling at Tolderol (October 2013).
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Figure 3-4. Sediment cores (10 cm depth) collected at Tolderol.

Figure 3-5. Sediment core (10 cm depth) collected at Tolderol.
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Figure 3-6. Phragmites australis at site 1 at Tolderol .

Figure 3-7. Shoreline Phragmites australis at Tolderol .
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3.1.1.2 Waltowa, East Lake Albert Study Area  Characteristics

o Soil Sampling Site
Vegetation Sampling Site
Soil'Sampling Site (2010-2013)

WC: Waltowa Cotula

_ Juncus site

10 11

Juncus site

WC 2 ¢
R WC 1 ; r Cotula site

Cotula site

WC 3 o Phragmites site
Phragmites site

N

A

Metres

Figure 3-8. Waltowa sediment and vegetation sampling locations (Source: Google Maps).

Figure 3-9. Sediment sampling at Waltowa (October 2013).
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Figure 3-10. Sediment core (10 cm depth) at Waltowa.

e - P

Figure 3-11. Collection of Phragmites australis sampl es at site 10 at Waltowa.
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Figure 3-12. Collection of Schoenoplectus val idus sampl es at site 14 at Waltowa.

Figure 3-13. Collection of Phragmites australis samples at site 17 at Waltowa.
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3.1.2 Field Sampling of Vegetation

Plant materials (including Phragmites australis and Schoenoplectus validus ) were collected from a
total of 18 sites from Tolderol on the fringes of Lake Alexandria and Waltowa on the fringes of Lake
Albert that had been exposed during the recent drought. The locations sampled at Tolderol and
Waltowa in October 2013 are shown in Figures 3-2 and 3 -8, respectively.

Phragmites australis was the dominant vegetation type at the time of sampling. Samples of
Schoenoplectus vali dus were only collected from four sites at the Waltowa study area. The GPS
locations of the vegetation sam  pling sites and the type of vegetation collected each site are
presented in Table 3-1.

Vegetation samples were placed into sealed plastic bags and stored in a cold icebox during
transportation . All samples were refrigerated on return to the Southern Cross GeoScience laboratory
A comprehensive analysis of metals in the plan  ttissues (including leaves and stems) was undertaken
and selected vegetation was used in the laboratory incubation experiments (see Section s3.2.1 and
3.3.4).

Table 3-1. Tolderol and Waltowa vegetation sampling locations and vegetation types collected in October 2013.

Location Site GPS Co-ordinates Vegetation Types Collected
Zone East, North.

Tolderol Site 1 54H 0330986, 6083468 Phragmites australis
Tolderol Site 2 54H 0330930, 6083542 Phragmites australis*
Tolderol Site 3 54H 0330964, 6083560 Phragmites australis
Tolderol Site 4 54H 0331005, 6083591 Phragmites australis
Tolderol Site 5 54H 0331044, 6083601 Phragmites australis
Tolderol Site 6 54H 0331089, 6083609 Phragmites australis
Tolderol Site 7 54H 0331141, 6083623 Phragmites australis
Tolderol Site 8 54H 0331268, 6083612 Phragmites australis
Tolderol Site 9 54H 0331339, 6083632 Phragmites australis
Waltowa Site 10 54H 0352239, 6059267 Phragmites australis
Waltowa Site 11 54H 0352260, 6059261 Schoenoplectus val idus
Waltowa Site 12 54H 0352309, 6059116 Phragmites australis
Waltowa Site 13 54H 0352385, 6059200 Schoenoplectus val idus*
Waltowa Site 14 54H 0352394, 6059133 Schoenoplectus val idus
Waltowa Site 15 54H 0352414, 6059105 Phragmites australis
Waltowa Site 16 54H 0352427, 6059070 Schoenoplectus val idus
Waltowa Site 17 54H 0352411, 6059116 Phragmites australis
Waltowa Site 18 54H 0352439, 6059134 Phragmites australis

* Samples used in laboratory

incubation experiments
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3.2 Mesocosm and Batch Experiments

3.2.1 Sample Preparation

All sediment samples were oven dried at 4 0 éfd at least 72 hours. Any large fragments present (such
as shells, wood and rock fragments) were removed. Large a ggregates were gently  separated using
a mortar and pestle and then the sediment s amples were thoroughly mixed.

The two vegetationtypes  used inthe laborator yincubation experiments were Phragmites australis from
Tolderol (site 2) and Schoenoplectus val idus from Waltowa (site 13) (see Table 3-1). The plant materials
collected forthe mes ocosm and batch experiments  were initially washed thoroughly in tap water and
then in deionised water (M illi-Q) to remove any potential contamination (i.e. dust). The washed plant
materi al s wer e d48 hoarslpria to bein é@mid nallrground.

3.2.2 Mesocosm Experiment

The mesocosm experiment was designed to examine the changein pH and mobilisation of metal s
under anoxic conditions  from the four sediments collected as NOM -enriched and NOM -depleted
sediments. In this experiment duplicate surface (i.e. 0 82.5 cm) and sub -surface (i.e. 2.5 810 cm)
sediments from both Tolderol and Waltowa were incubated with and without the addition of the two
vegetation types  (Phragmites australis and Schoenoplectus val idus). A summary of the treatments in
the mesocosm experime ntis presented below in Table 3-2.

Table 3-2. Summary of the mesocosm experiment sample treatments .

Tolderol Waltowa Treatment
sample to. 0-2.5cm 2.5-10 cm 0-2.5cm 2.5-10 cm Phragmites Schoenoplectus
australis validus
1
2
3
4
5
6
7
8
9
10
11
12

In this experiment 8.00 g (+ 0.01 g) of the oven dried sedime ntswas added to 50 mL acid washed
centrifuge tube s. Millground samples of Phragmites australis and Schoenoplectus val idus were added
to selected sediments at a concentration of 5% (i.e. 0.40 g +£0.002 g) (see Table 3-2). A total of 40 mL
of deoxygena ted Milli-Q water was added to each centrifuge tube resulting in a 1:5 sediment:water
mixture (see Figure 3-14). In the mesocosm experiment it was necessary to prepare two samples for
each analytical duplicate due to the sample volume needed for the laboratory analyses.

Deoxygenated Milli-Q water was prepared by purging the Milli-Q water with high purity nitrogen gas
for at least 1 hour. The dissolved oxygen concentration  was checked using a calibrated dissolved
oxygen probe linked to a TPS 90-FLMV multi-parameter meter , and consistently had a concentration

of less than 1.0 ppm .

All centrifuge tubes were  gently shaken and incubated in an anaerobic chamber at 24°C (+ 2°C)
(Figure 3-15) over four time intervals including 10 minutes, 4 weeks, 8 weeks and 16 weeks. All
centrifuge tubes were  also gently shaken on a weekly basis and 24 hours prior to sampling. During the
incubation the caps on the centrifuge tubes were not tightened, so any gases produced during
incubation were able to escape. The gas in the anaerobi ¢ chamber was partially replenished every

2 hours when a compressed nitrogen/hydrogen gas mix (95%: 5% nitrogen: hydrogen) was added for

3 seconds. The oxygen free conditions were maintained by passing the gas mixture in the chamber

over a palladium (Pd) catalyst.
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CAMAZ o wxon

\USE NON-FLAMMABLE

Figure 3-14. Tolderol surface sediments (0 -2.5 cm) after 48 days of incubation  (left tube - sediment only; middle tube &
sediment + Phragmites ; right tube 0 sediment + Schoenoplectus ).

Figure 3-15. Incubating samples in the anoxic chamber.

At the end of each  incubation period , the two surface water samples for each analytical duplicate
were poured into a 120 mL polyethylene tube  and gently mixed. Surface water samples for analysis
(see Section 4.3.2) were e xtracted using a 50 mL syringe and filtered (0.45 pm). All sediments for
analysis (see Section 4.3.3) were immediately frozen at the end of each incubation period .

3.2.3 Batch Experiment

The batch experiment was designed to examine  the change in pH and  mobilisation of metal s under
anoxic conditions in the presence of different labile organic carbon sources with and without the
presence of common acid sulfate soil minerals. In this experiment t riplicate sub-surface sediment
samples (i.e. 2.5010 cm) from the Waltowa study area were incubated with and without the addition

of the various organic carbon treatments (i.e. acetate, glucose, humic acid, Phragmites australis and
Schoenoplectus val idus). Two common acid sulfate soil minerals  (i.e. jarosite and schwertmannite )
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were also added to each treatment to examine their effect . A summary of the treatments  examined
in the batch experiment is presented in Table 3-3.

Table 3-3. Summary of the batch experiment sample treatments

Treatment

Sample Control
No.* i i

(No' Glucose Acetate HUI’]"]IC Phragml_tes Schoen(_)plectus

organic Acid australis validus

matter)

Jarosite Schwertmannite

(N[O |A~|W[IN |-

©

10

11

12

13

14

15

16

17

18

* Qub -surface (2.5010 cm) sediment from the Waltowa study area  was used in this experiment.

The sub-surface sediment (2.5 810 cm) was used in this study as it was expected that there would be

less interference from the NOM present, helping to clarify the role of added organics. The hypothesis
was that the sub -surface sediment would respond greater to the addition of organics than the surface
sediment , providing greater clarity to the effect of the various treatments. The visual observatio n of

jarosite in the sub -surface sediment at the Tolderol site prevented the use of this sediment in the batch
experiment.

The three organic compounds added to the batch experiment (i.e. acetate, glucose, and humic
acid) all potential ly form during the microbial degradation of plant material. Acetate is the simplest
organic compound added in this batch experiment , and is the most readily available to bacteria (e.q.
Chacon et al. 2006). Itis also expected that glucose would be more bio available th an humic acid.
The addition of these organic compounds will indicate the relative importance of these electron
donors on the reduction processes within the sediments , particularly the geochemical kinetics . The
addition of t wo common ly found acid sulfate soil minerals (i.e. jarosite and schwertmannite) will
indicate the relative importance of these reactive minerals on the rate of recovery and metal (loid)
mobilisation with and without the presence of various organic materials . These iron mineral s have a
large surface area and may represent a significant sink for metal(loid)s. However, i tis also expected
that the r eductive dissolution of these iron minerals will increase the concentration s of both iron and
sulfate, two important terminal electron acceptors (TEAs). Under suitable geochemical conditions this

will lead to sulfidisation and the formation of sulfide minerals which are capable of strong metal (loid)
immobilisation.

As in the mes ocosm experiment, a total of 8.00 g (+ 0.01 g) of the oven dried sediment was added to

each acid washed centrifuge tube . Atotal of 40 mL of deoxygenated Milli  -Q water or deoxygenated
Milli-Q water containing known organic concentrations  (i.e. glucose, ac etate or humic acid) were
added to each centrifuge tube resulting in a 1:5 sediment:water mixture (see Figure 3-16).

A stock humic acid solution was prepared by dissolving 400 mg/L of a humic acid reference material
(Pahokee Peat & 1R103H2) from the International Humic Substances Society (IHSS)  in a deoxygenated
0.002 M NaOH solution (Richie and Perdue 2003) ; NaOH was required as humic acid is insoluble under
near neutral pH conditions . The stock solution had a n initial pH of >9.5, so sufficient HCl (<0.3 mL) was
added to each tube containing humic acid  to lower the pH to 5.8. A pH of 5.8 was chosen so all the
treatments in the batch experiment had a similar starting pH to the sediment sample with only ~ Milli-Q
water added.
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WM-AZ
U= —

Figure 3-16. Waltowa sediments (2.5 -10 cm) with no organic matter added after 47 days of incubation (left - sediment only;
middle 0 sediment + jarosite ; right & sediment + schwertmannite ).

The humic acid re ference material used in this experiment had an organic carbon content of 56.76% ,
which equates to a carbon content of 227 mg C/L in the humic acid stock solution. The glucose and
acetate stock solutions were prepared so that they contained the equivalent total organic carbon
contents to the humic acid solution . The glucose stock solution was prepared by dissolving 568 mg/L

of glucose (CsH1206) in deoxygenated Mill-Q water and adjusting the pH to 5.8 with NaOH . The
acetate stock solution was prepared by dissolving 776 mg/L of sodium acetate (C2H3NaO ) in
deoxygenated Milli-Q water and adjusting the pH to 5.8 with HCI.

The two vegetation types (i.e. Phragmites australis and Schoenoplectus vali dus) were added at the
same concentrations as used in the mesocosm experiment (i.,e. 0.40 g £ 0.002 g). Whilst the organic

carbon concentration added with the two vegetation types was substantially higher than that used
with the three organic compounds , it is expected that only a fraction of the organic carbon added
would be readily decomposable and bacterially available over the period of incubation.

Synthetic jarosite (KFe3(SO4)2(OH)s) and schwertmannite  (FesOg(OH)xSOy) were added separately to
each of the batch experiment trea tments (Table 4 -3). Synthetic jarosite was prepared following the
method of Baron and Palmer (1996). Synthetic s chwert mannite was prepared following the  short-term
synthesis method (method  2) outlinedin Regenspurg etal. (2004). The formation of these two synthetic
minerals was confirmed by  x-ray diffraction (XRD) using a Bruker D4 Endeavour x-ray diffractometer

with a Lynxeye position sensitive detector . Synthetic jarosite and schwertmannite w  ere incorporated
with the sediments at a concentration of 5% (i.e. 0.40 g = 0.002 g); the same concentration as used in
the mesocosm experiment . The tubes containing jarosite and schwertmannite were initially adjusted

to approximately pH 5.8 by adding 0.04 mL of 0.2 M NaOH and 0.22 mL of 1.0 M NaOH, respectively.

As in the mesocosm experiment, a |l centrifuge tubes were gently shaken and incubated in an
anaerobic chamber at 24°C (x 2°C). In the batch experiment the sediments were incubated over
eighttime intervalsupto 12 weeks (i.e. 1 0 minutes, 2 days, 1 week, 2 weeks, 4 weeks, 6 weeks, 9 weeks
and 1 2 weeks). All centrifuge tubes were  also gently shaken on a weekly basis and 24 hours prior to
sampling. The caps on the centrifuge tubes were not tightened, so any gases produced during
incubation were able to escape. At the end of each incubation period, the surface water samples
for analysis (see Section 3.3.2) were extracted in the anaerobic chamber  using a 20 mL syringe and
filtered (0.45 pm).
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3.3 Laboratory Analysis Methods

3.3.1 General Comments

All laboratory glassware and plastic  -ware were cleaned by soaking in 5% (v/v) H Cl for atleast 24 h ours,
followed by repeated rinsing with deionised water. Reagents were analytical grade and all reagent

solutions we re prepared with deionised water ( Milli-Q). All solid -phase results are presented on a dry
weight basis (except where otherwise noted).

3.3.2 Surface W ater A nalyses

A summary of the parameters analysed in the mesocosm and batch experiment surface waters are
presented in Table 3-4.

Table 3-4. Summary of the param eters analysed in the surface water  for the mesocosm and batch experiments.

Parameter Mesocosm Experiment Batch Experiment

pH, Ehand EC

Water soluble metals and ions (including CI
SO4%, Na*, Ca*, Mg?, K, Al3*)

Redox sensitive species (Fe?*, &, Mn?*)
Nutrients (NHs-N, NO3-N)

Alkalinity

Titratable acidity

Dissolved Inorganic Carbon (DIC)

NOM - Dissolved Organic Carbon (DOC)*
NOM - Fluorescence Spectroscopy

NOM - UV Spectroscopy

NOM - Redox state determination

NOM 0 Low Molecular Weight (LMW) organic
acids

* DOC only determined at the start and end of the batch experiment

Surface water pH, redox potential (Eh), and electrical conductivity (EC) were immediately measured

on unfiltered samples, and all other properties were determined on filtered (0.45 um) samples. Redox
potential and pH were determined using calibrated el ectrode s linked to a TPS WP80 meter ; Eh
measurements are presented  versus the standard hydrogen electrode. Electrical conductivity = was
determined using a calibrated electrode linked to a TPSsmart CHEM-LAB laboratory analyser .

Ferrous iron (Fe2+*), alkalinity and dissolved sulfide ($-) were immediately fixed. The Fe 2*trap was made

up from a phenanthroline solution with an ammonium acetate buffer (APHA 2005). Bromophenol blue
traps were used for alkalinity (Sarazin et al. 1999) and alkalinity standards  were determined with 0. 1M
HCI using the Gran procedure (Stumm and Morgan 1996) . The dissolved sulfide fraction was
determin ed by the spectrophotometric method of Cline (1969).  Ferrous iron, alkalinity and dissolved
sulfide were all quantified colorimetrically using a Hach DR/2 800 spectrophotometer . It was not
possible to quantify the ferrousiron , alkalinity and dissolved sulfide fractions in the majority of the batch
experiment samples containing humic acid due to the colour interference . A colour interference was

also sometime sobserved with the determination of the dissolved sulfide fraction, and may possibly be
due to the formation of 0 rgano -sulfur compounds that are known to interfere with the method used
(Cline 1969) .

Samples analysed for metal (loid)s (Ag, Al, As, Cd, Cr, Co, Cu, Fe, Hg, Mn, Ni, Pb, Se and Zn), cat ions
(Ca2+, Mg 2+, K*, Na*) and anions (SOs?,, Cl-) were acidified with 0.2 mL of concentrated nitric acid
(HNO3) and analysed using inductively coupled plasma -mass spectrometry (ICP -MS; Perkin Elmer
NexION 300D ICP-MS) (APHA 3125 ICP-MS; APHA 2005); the dissolved sulfate (  SO42) concentration was
not quantified but was analysed as part of the total dissolved sulfur fraction. The dissolved nitrate and
ammoni a concentrations were analysed turbidimetrically using flow  -injection analysis (FIA) colorimetry
(Lachat QuikChem 8000) (APHA 4500 FIA APHA 2005).

Changes in carbon functional groups of the NOM in the surface waters were followed by using a

number of techniques (Table 4 -4). Samples analysed for dissolved organic carbon (DOC) and
dissolved inorganic carbon (DIC) content were acidified with concentrated sulfuric acid (H 2S0O4) and
analysed using a Shimadzu TOC -L Analy ser (e.g. APHA 5310 B; APHA 2005). Fluorescence analysis of
the trypto phan -like peak using excitation -emission-matrices (EEMs)was measured using a Horiba
Scientific Aqualog® Benchtop Flurometer. Excitation and emission were scanned simultaneously at
wavelengths from 220 -600 nm. Fluorescence analysis of the tryptophan -like peak (peak T -
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excitation/emission wavelength (T exem ) region 275 -296/3 30-378 nm) has been found to provide an
accurate indication of the presence and relative proportions of bioavailable organic material present

(Hudson et al. 2008). In addition to the T peak data , data has also been c ollected for other peaks
examined by Hudson et al. (2008) (i.e. T2, C and A peaks ) (see Figure 3-17). The optical properties of
the NOM were also assessed as a function of time via UV  -visible spectrophotometry (Varian Cary 50
UV-Visible spectrophotometer).

400
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Figure 3-17. Example of excitation -emission -matrices (EMMs) illustrating positions of T 1, Tz, C and A peaks (source: Hudson
etal. 2008).

Filtered sub -samples (0.45 pm) were frozen and subsequently defrosted in the anaerobic chamber

prior to the determination of the redox properties, low molecular weight (LMW) organic acids and
titratable acidity.  The redox properties of the NOM were assessed using a direct electrochemical
reduction technique (Bi et al. 2013). Electrochemical measurements were performed in the
anaerobic chamber  using an electrochemistry workstation CHI660D (CH Instruments, Inc., Austin, USA)
with a conventional three -electrode cell at ambient temperature. Differential Pulse Voltammetry
(DPV) was employed to investigate the redox -active components in  the dissolved organic matter. A
glassy carbon electrode was used as the working electrode, and a platinum ( Pt) wire and silver/silver
chloride ( Ag/AgCI ) electrodes as the counter and reference electrodes, respectively. A 0.5 mL filtrate

was transferred to the electr ochemical cell, and 2.5 mL of 5.0 mM ammonium acetate was added.

The operating conditions  used to obtain voltammograms included a scanning speed of 10 mV/s, pulse
voltage of 50 mV, and operating voltage range of 0.5t0 1.0 V.

High-performance liquid  chromatography  (HPLC) was used to determine LMW organic acids
including acetic acid ( CHsCOOH ), formic acid ( HCOOH ), malonic acid (CH 2(COOH) 2), oxalic acid
(H2C204) and succinic acid (  C4HsO4) (Goldstone et al. 2002). The presence of b enzoic acid (C7HeO32)
was also examined by HPLC. The titratable ac idity was determined by titration  to pH 8.3 following the
addition of hydrogen peroxide (H  202) (APHA 2310 B; APHA 2005).

All surface water data  for the mesocosm and batch experiments are presented in Appendix 2 (Tables
8-3to 8-7) and Appendix 3 (Tables 8-8 to 8-31), respectively .

3.3.3 Sediment Analyses

Analyses of the sediment were only undertaken on  the samples collected during the mesocosm
experiment. The moisture content, reduced inorganic sulfur (RIS) content, iron mineralogy and iron
fractionation were only measured at the start and end of the  incubation experiment (i.e. Day 0 and
Week 16). All other parameters were  measured at all four time intervals (i.e. Day 0, Week 4, Week 8
and Week 16).

The parameters measured on the se  diment included:
1 Moisture content

1 Reduced inorganic s ulfur (RI§ content (including CRS S(0)and AVS)
1  Titratable actual acidity ~ (only if pH «ci is <6.5)
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1 Acid neutralising capacity  (only if pH kci is >6.5)

1  Retained acidity  (only if pH kci is <4.5)

i Total Cand N (by LECO)

1  Organic carbon fractionation

1 lron mineralogy (by XRD)

1 Iron fractionation
The sediment moisture content was determined by weight loss due to drying at 105 °C; the moisture
content w as only required when wet samples were analysed (i.e. RIS and iron fractionation)
Sediments for further analysis (with the exception of sediments analysed for RISand iron fractionation )
were oven -dried at 80 °C and sieved (< 2 mm) prior to being ring mil | ground.
Total carbon (%C) and total nitrogen (%N) were measured on powdered oven -dried samples by
combustion using a LECO -CNS 2000 analyser. The acid volatile sulfide (AVS), elemental sulfur  (S(0))
and pyritic sulfur fractions were determined using a sequential extraction procedure on frozen sub -
samples. The AVS fraction was initially extracted via a cold diffusion procedure, with the use of
ascorbic acid to prevent interferences from ferric iron (Fe (I11)) (Burton et al. 2007). The solid phase S(0)
fraction was extracted using met hanol as a solvent and quantified by high -performance liquid
chromatography ( HPLC) (McGuire and Hamers 2000).  The remaining RIS fraction (i.e. pyritic sulfur) was
determined using the chromium reduction analysis method of Sullivan et al. (2000).

The potassium chloride (KCI) extractable pH (pH kc) was measured ina  1:40 1.0 M KClI extract (Method
Code 23A), and the titratable actual acidity (TAA) (i.e. sum of soluble and exchangeable acidity) was
determined by titration of the KCI extract to pH 6.5 (Met hod Code 23F) (Ahern et al. 2004). Titratable
actual acidity is a measure of the actual acidity in soil materials. The acid neutralising capacity (ANC g7
was quantified on the <0.5 mm sieved soil fraction (only if pH kel is >6.5) using a standard back -titration
determination (Method Code 19A2) (Ahern etal. 2004). The retained acidity (RA) was not required to
be determined asall sample shad pHkc > 4.5. The net acidity was estimated by the acid -base account
method of Ahern etal. (2004).

The organic matter fractionation (i.e. total organic C, hydrolysable C and non -hydrolysable C) were
measured after the 1.0 M HCI method described by Silveira et al. (2008). The total organic carbon
(TOC) content was determined by a LECO  -CNS 2000 analyser following the removal of inorganic
carbon by treatment with 1.0 M HCI. The non -hydrolysable organic carbon content was determined

by a LECO -CNS 2000 analyser following treat mentwith 6.0 M HCl at 105 ©°C for 2 hours . The hydrolysable
organic carbon content was determined from the difference between the TOC and the non -
hydrolysable carbon fractions.

The iron mineralogy was examined by XRD using a Bruker D4 Endeavour x-ray diffractometer with a

Lynxeye position sensitive detector. All sediment s amples were milled to a powder (<10 um) by agate

micronize r. Cobalt radiation wasused at 40kV and 40mA over a range of 5A anc
0.03572A 2é& and Tr§5takktihetenaterials were iMSEWMA®Ofi ed usin
Search/Match software and the ICDD PDF -2 database . The XRD has a mineral detection limit of

appro ximately 2 % by weight .

Iron fractionation was determined following a modified sequent ial extraction procedure of  Claff etal.
(2010). In this study, the sequential extraction procedure followed four steps to quantify (1) soluble
and exchangeable (magnesium chloride extractable), (2) acid (hydrochloric acid) soluble, (3)
crystalline oxide (citrate buffered dithionite (CBD)) extractable, and ( 4) residual (acid/peroxide
digestible) forms of iron ; the pyrite -bound (nitric acid extractable) fraction was determined using the
chromium reduction analysis method of Sullivan et al. (2000). Inthe first step the total iron (Fe 2+ + Fe3*)
fractions were immediately fixed following extraction , and in the third step ferrous iron (Fe 2*) was
immediately fixed . The Fe2* trap was made up from a phenanthroline solution with an ammonium
acetate buffer (APHA 2005), and the total iron trap also included a hydroxylamine solution (APHA
2005). The iron fractions were quantified colorimetrically using a Hach DR/2800 spectrophotometer
The total iron content of the sediment with and without the presence of vegetation was analysed by
ICP-MS (APHA 3125 ICP-MS; APHA 2005) for the acid soluble and residual steps (steps 2 and 4).
Selected metal(loid)s (i.e. As, Co, Cu, Ni, Zn) extracted using this procedure were examined in one of

the treatments, and were analysed by ICP-MS (APHA 3125 ICP-MS; APHA 2005).

The particle size distribution of the 4 sediments collected was also determined using a Malvern
Mastersizer 2000 particle size analyser.

All sediment data are presented in Appendix 4 (Tables 8-32 and 8-33). Additional data including
particle size distribution and XRD data is presented in Appendix 6 (Figures 8-1 to 8-6).
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Investigations into the factors affecting the rates of recovery of acid sulfate soils in the Lower Lakes

3.3.4 Vegetation Analyses

A comprehensive analysis of metals in the leaves and the stems was undertaken for the vegetation

collected from the 18 sites at Tolderol and Waltowa . The metal contents of the vegetation used in

laboratory incubation experiments were also determined. The plant materials were initially separated

into leaves, stems and flowers (except for those used in the  laboratory incubation experiments) . Al

plant materials were then washed thoroughly in tap water followed by deionised water ( Milli-Q) to

remove any potential contamination. The plant materials were dried at 70éC for
ceramic mill ground.  The metal concentrations were determined using ICP-MS following microwave

digestion with nitric acid (HNO 3). The total orga nic carbon (TOC) content was determined on the

vegetation used in the laboratory mes ocosm experiments by a LECO -CNS 2000 analyser following the

removal of inorganic carbon by treatment with 1.0 M HCI.

Plant material analysis data  are presented in Appendix 5 (Tables8-35and 8-36).

3.3.5 Expression of Results

The mean (Av.) values are often presented in tables in this document with graphs given to illustrate
certain points. The standard errors (SE) are presented on many of the graphs.

3.3.6 Quality Assurance and Quality Control

For all tests and analyses, the Quality Assurance and Quality Control procedures were equivalent to
those endorsed by NATA (National Association of Testing Authorities). The standard procedures
followed included the  monitoring of blanks, duplicate analysis of at least 1 in 10 samples, and the
inclusion of standards in each batch.

Blanks were collected for laboratory samples to examine whether contaminants had been introduced
to the sample. Reagent blanks and method blanks were prepared and analysed for each method.
All blanks examined here were either at, or very close to, the limits of detection.

Duplicates /triplicates were prepared for all  the laboratory experiments and analysed separately.

Selected analytical duplicate samples were prepared by dividing a test sample into two, then

analysing these sub -samples separately. On average, the frequencies of quality control samples

processed were: 10% blanks, O 10% | aborat orhganayigall i cates, an
precision was usually £10% for all analyses .
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Investigations into the factors affecting the rates of recovery of acid sulfate soils in the Lower Lakes

4.0 Results

4.1 Field Sediment Condition

This section presents the field pH and redox potential (Eh) data collected in October 2013. Further
details of the sediment condition at the start of the mesocosm experiment are presented in Section
4.2.2.

4.1.1 Tolderol

4.1.1.1 pH (fietd)

The mean field pH of the surface layer (i.e. 0 -2.5cm) atthe replicate sites ranged betwee n7.2and 7.3
(Figure 4-1). The pH of the sediment decreased with depth to a minimum pH ranging between 4.2

and 6.6. The field pH of the top 10 cm at two of the sites (TS1 and TS3) issimilar to th at measured at
this site in March 2013 ( see Figure 8-7, Appendix 7 ). However, site TS2 had a substantially lower pH
below 5 cm; traces of  jarosite w ere also visible in the field below this depth

Field pH

2.0 4.0 6.0 8.0

O 1 1

2

——TS1

§ 4 —0—TS2
c
£ —&-TS3
8 6

i ./ i

10

Figure 4-1. Held pH at the Tolderol scald sites (October 2013).

4.1.1.2 Redox Potential (Eh)

The mean field Eh of the suboxic surface layer (i.,e. 0 -2.5 cm) at the replicate sites ranged between 165
and 2 59 mV (Figure 4-2). The Eh of the sediment at two of the replicate sites (TS1 and TS3) decreased
with depth to a minimum ranging between 127 and 136 mV. However, site TS2 showed a different

trend with a maximum Eh of 333 mV at  the lowest depth measured . The field Eh of the top 10 cm is
slightly lower than that measured at this site in March 2013 (  see Figure 8-8, Appendix 7 ).
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Eh (mV)
0 100 200 300 400
O 1 1 1
: i ey atm—
——TS1
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8 6
° e
10
Figure 4-2. Held Eh at the Tolderol scald sites (October 2013).
4.1.2 Waltowa
4.1.2.1 pH (field)

The mean field pH of the surface layer (i.e. 0 -2.5 cm) at the replicate sites  was consistently pH 7.0
(Figure 4-3). The pH at the three sites decreased with depth ~ to a minimum pH ranging between 6.4
and 6.7 . The field pH of t he top 10 cm is similar to th at measured at this site in March 2012 and March
2013 (see Figure 8-9, Appendix 7 ).

Field pH

6.0 6.5 7.0 7.5

0 1 1

2 -‘I l

=¢—\\/C1

§ 4 —o—WC2
c
=] =f=\\VC3
()
a 6

° 7 AL

10

Figure 4-3. FHeld pH at the Waltowa Cotula sites (October 2013).
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4.1.2.2 Redox Potential (Eh)

The mean field Eh of the suboxic surface layer (i.e. 0 -2.5 cm) at the replicate sites ranged between 87
and 152 mV (Figure 4-4). The Eh of the sediment decreased with depth to a minimum Eh ranging

between 54 and 73 mV. The field Ehof the top 10 cmis lower than that measured  at this site in March

2013, but similar to th at measured in March 201 2 (see Figure 8-10, Appendix 7 ).

Eh (mV)
0 50 100 150 200
0 1 1 1
, p A A
——WC1

§ 4 —0—\WC?2
c
£ —&-WC3
()
o 6 A

° IS

10

Figure 4-4. FHeld Eh atthe Waltowa Cotula sites (October 2013).
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4.2 Laboratory Mesocosm Experiment

4.2.1 Surface W ater

In this section the behaviour of various parameters to 16 weeks of inundation is examined with and
without the addition of vegetation (  Phragmites and Schoenoplectus) for the Tolderol and Waltowa
surface (0-2.5 cm) and sub -surface (2.5-10 cm) sediments. The levels of nutrients (nitrate and
ammonia) and metal( loid)s also are compared to the ANZECC Ecosystem Protection Freshwater

Guidelines for protection of 95% ofbiot a i n 6mbdeghat gl y di sturbedd systems

2000).

4.2.1.1 pH

The change in surface water pH during incubation with and without the addition of vegetation for the
Tolderol and Waltowa sediments is shown in Figure 4-5. The initial surface water pH of the sediments
without the addition of vegetation ranged between pH 4.3 and 8.3. The surface water of the  Tolderol
sub-surface sediment (2.5-10 cm) wh ere field observations indicated the presence of jaro site had the

lowest pH . The surface water pH of the untreated sediments largely  increased during incubation , and
was near -neutral to slightly alkaline after 16 weeks of incubation; the pH ranged between 7.4 and 8.4

after 16 weeks . The only exception was the surface water associated wit h the untreated Waltowa
surface sediment (0-2.5 cm) which showed minimal change over the 16 week incubation period .

The addition of vegetation generally lower ed the pH of the surface water, and was less than or equal

to pH 5.0 with all sediments after 4 weeks of incubation.  The surface sediment (0-2.5 cm ) surface water

pH at both sites showed a similar behaviour, with an initial decrease in pH over the first 4 weeks,
followed by a pH increase to near -neutral conditions . The surface water pH of the treat ed sub -surface
sediments (2.5-10 cm) continued to decease for at least 8 weeks. The addition of either Phragmites or
Schoenoplectus to all sediments resulted in similar pH behaviour. The pH decrease observed with the
sediments treated with vegetation isa consequence of the release of organic acids produced  during
the breakdown of  organic matter (see Section 4 .2.1.9.5 for further details) .
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Figure 4-5. Tolderol and Waltowa surface water pH dynamics .
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4.2.1.2 Redox Potential (Eh)

The change in surface water Eh during incubation with and without the addition of vegetation for
Tolderol and Waltowa sediments is shown in Figure 4-6. As expected and as a consequence of
reducing processes the surface water for all treated and non -treated sediments showed an overall
decrease in Eh during the incubation experiment.

the

A rapid decrease in  surface water Eh was observed during the initial 4/8 weeks of incubation, after
which the rate of decrease reduced , and an increase in Eh was usually observed. The surface water
Eh of the non -treated sediments was often less than that of the sediments treated with vegetation
Strongly reducing conditions (i.e. <  -100 mV) in the surface water were observed wi th all non -treated
sediments during the incubation experiment. Greater reducing conditions in the surface water were
observed with the surface sediments (0 -2.5 cm) treated with vegetation when compared to the sub -
surface sediments (0 -2.5cm) treated with  vegetation. The addition of Phragmites and Schoenoplectus
to each sediment resulted in similar Eh behaviour .

Days of incubation Days of incubation

0 20 40 60 80 100 120 0 20 40 60 80 100 120
200 . . L . 400 + - - :
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100 -100
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0 20 40 60 80 100 120 0 20 40 60 80 100 120
400 - L . L . 400 - " . L .
300
200 Tolderol (2.5- 10 cm) Waltowa (2.5 - 10 cm)
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= 100 .
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&
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Figure 4-6. Tolderol and Waltowa

surface water
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Investigations into the factors affecting the rates of recovery of acid sulfate soils in the Lower Lakes

4.2.1.3 Electrical Conductivity (EC)

The change in surface water EC during incubation with and without the addition of vegetation for the

Tolderol and Waltowa sediments is shown in  Figure 4-7. At the start of the incubation experiment the
addition of the two vegetation types resulted i n a substantial increase in the surface water EC when
compared to the control. The initial surface water EC of the control s were less than 270 pS/cm
compared to approximately 1,000 puS/cm and 1,300 pS/cm following the addition of Phragmites and
Schoenoplectus , respectively.  Substantially higher surface water cation and anion concentrations
were also found with the vegetated treated samples (e.g. Figures 8-110 8-15, Appendix 7).

The surface water EC of untreated sediments often showed minimal ch ange over the 16 weeks
incubation period , although the EC showed a gradual increase with the Waltowa surface sediment

(0-2.5 cm). An overall increase in  surface water EC was observed during the incubation exper iment
when treated with either Phragmites or Schoenoplectus . The addition of Phragmites and
Schoenoplectus to each sediment largely resulted in similar EC behaviour .
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Figure 4-7. Tolderol and Waltowa s urface water EC dynamics .
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4.2.1.4 Titratable Acidity

The change in surface water titratable acidity during incubation with and without the addition of
vegetation for the Tolderol and Waltowa sediments is shown in Figure 4-8. While the measurement of
pH provides the concentration of hydrogen ions (H +) in solution, t he measurement of titratable acidity
also includes any acidity  that may be produced from the hydrolysis of metal ions (usually mainly iron
(Fe) and aluminium (Al) in acid sulfate soil landscapes).  Relatively | ow surface water titra table acidities
were observed with  all sediments without the addition of vegetation ,and tended to decrease during
incubation (Figure 4-8). The decrease in titratable acidity during incubation is a consequence of
acidity being consumed as a result of reduction processes. As expected, the Toldero | sub-surface soil
(2.5-10 cm) which had the lowest initial pH (Figure 4-5) had the highest titra table acidity (~50 mg/L
CaCo 3).

The addition of vegetation resulted in substantial increases in the surface water titra table acidities
(Figure 4-8). The surface (0-2.5 cm) and sub -surface (2.5-10 cm) sediments showed different
behaviour sin titratable acidity , but the behaviour was similar  at each site . The addition of vegetation

to the surface (0 -2.5 cm) sediments showed a rapid increase over the initial 4 weeks, followed by a
rapid decrease. It is expected that the rapid increase in titratable acidi ty is a combination of the
acidity produced from the breakdown on organic matter (as indicated by the initial drop in pH ( Figure
4-5)), and the release of metal ions during reduction (particularly ferrous iron ( Figure 4-13)). After 4
weeks the acidity present (and any acidity produced) is rapidly broken down and consumed by
reduction processes.

While the sub -surface (2.5 -10 cm) sediments also showed a rapid increase in titratable acidity over the

initial 4 weeks, the acidity was not rapidly consumed as observed with the surface (0 -2.5 cm)
sediments. While the addition of vegetation to the surface (0 -2.5 cm) sediments resulted in more
reducing conditions than  observed with the sub -surface (2.5 -10 cm) sediments (see Figure 4-6), the
reason for this dif ference is currently not clear.
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Figure 4-8. Tolderol and Waltowa surface water titratable acidity dynamics.

Itis important to note that whilst significantly higher titratable acidities were observed when vegetation

was added to the sedi ments, the titratablCaCOaoiQil.iCls

mol H+/L), particularly when compared to the sul furic and sulfidic acidities previously observed within
the sediments in the Lower Lakes (e.g. Fitzpatrick et al. 2008).
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4.2.1.5 Nutrients

The change in surface water nitrate and ammoni a concentrations during incubation with and without
the addition of vegetation for the Tolderol and Waltowa sediments isshown in Figures 4-9 and 4-10,
respectively. Very low surface water nitrate  concentrations were observed withthe  Tolderol sediments
(0-10 cm) and the Waltowa sub -surface sediment (2.5 -1 0 ¢ m) Q.06 mgL N) QFigure 4-9). The
untreated and treated =~ Waltowa surface sediment s (0-2.5 cm) initially had higher surface water nitrate
concentrations  (i.e. >0.10 mg/L N), however, the nitrate concentration s rapidly decreased due to
denitrification . The surface water nitrate concentration s were always substantially lower than the
ANZECC freshwater water quality guideline of 0.7 mg/L

0.16 0.16

0.14 + 0.14
. 012 4 = 012 ;
z Tolderol (0 - 2.5 cm) S Waltowa (0 - 2.5 cm)
> 010 4 = 0.10
E —— No vegetation E —— No vegetation
§ 008 4 ® 008
® Phragmites ® Phragmites
B : =
2 0.06 —&— Schoenoplectus Z 006 —&— Schoenoplectus

0.04 ~ 0.04

0.00 T : T T 0.00 + T . ]

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Days of incubation Days of incubation

0.16 - 0.16

0.14 1 0.14 -

012 4 = 012 1
= - = Waltowa (2.5 - 10 cm
S o0 | Tolderol (2.5 - 10 cm) ":':‘: 010 1 ( - )
E ——No vegetation E ——No vegetation
s 008 4 @ 008 - )
] Phragmites ® Phragmites
5 5
g 0067 —8—schoenoplectus z 008 == Schoenaplectus

004 - 0.04 1

0.02 %‘\- 0.02 T

— &
0.00 . — - - . 1 0.00 + T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Days of incubation Days of incubation

Figure 4-9. Tolderol and Waltowa surface water nitrate dynamics.

The surface water ammonia concentration of the sediments without the addition of vegetation
increased over the initial 4/8 weeks of inc  ubation , and the increase in the  ammonia concentration
was particularly evident for the Waltowa surface sediment (0 -2.5cm) (Figure 4-10). High surface water
ammonia concentrations were observed with all the Tolderol and Waltowa  sediments treated with
Phragmites (i.e. 3.4 6 66 mg/L N) ( Figure 4-10).

The surface water ammonia concentration in the Phragmites treated sediments showed a rapid
increase over the initial 4 weeks , after which the concentration decreased with the surface sediments
(0-2.5 cm) and largely remained constant with the sub -surface (2.5-10 cm). The surface water
ammonia concentration in the sediments treate dwith Schoenoplectus showed a slight decrease over
the 16 week incubation period. The increase in the surface water ammonia concentr ation often
observed is a consequence  of the breakdown of organic nitrogen by bacteria. The data suggests
that the Schoenoplectus is much more resistant to breakdown by bacteria, particularly over the 16
week incubation period of this experiment.

The surface water ammonia concentrations were substantially high er than the ANZECC freshwater
water quality guideline of 0. 9 mg/L for all the sediments treated with Phragmites . The surface water
ammonia concentration also often exceed ed the ANZECC guideline with the control surface

sediments (0 -2.5 cm).
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Investigations into the

4.2.1.6 Sulfur and Sulfide

factors affecting the rates of recovery of acid sulfate soils in the Lower Lakes

The change in surface water sulfur concentration during incubation with and without the addition of

vegetation for the Tolderol and Waltowa sediments is shown in
sulfur concentration of the sediments without the addi

decreased during the incubation. The addition of

initially increased the total sul
The concentration of total sulfur in the

tion of vegetation was low (<

Phragmites and Schoenoplectus

Figure 4-11. The initial surface water

15 mg/L) and

to the sediments

fur concentration by approximately 25 mg/L and 40 mg/L, respectively.

within the initial 4 weeks of incubation.
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Figure 4-11. Tolderol and Waltowa surface water sulfur dynamics.
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4.2.1.7 Dissolved Inorganic Carbon (DIC)

(DIC) concentration during incubation with
Figure 4-

The change in surface water  dissolved inorganic carbon
and without the addition of vegetation for the Tolderol and Waltowa sediments is shown in

12. The DIC concentration is a measurement of the sum of the inorganic carbon species including
carbon dioxide (CO ), carbonic acid (H 2CO3), bicarbonate (HCO 37 and carbonate (CO 32). The DIC
concentration often shows a substantial increase after 16 weeks of incubation , except with the
vegetation treated sub -surface sediments (2.5 -10 cm) at both sites. Minimal DIC  concen tration
increase was observed in the vegetation treated sub -surface sediments due to the pH of the surface
water (i.e. pH <6.2).
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Figure 4-12. Tolderol and Waltowa surface water  dissolved inorganic carbon (DIC) dynamics.
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4.2.1.8 Summary of Surface Water Parameter Trends

A summary table was created to gain an understanding of the high level trends/relationships  with the
surface water parameters  discussed in Sections 4.2.1.1.t0 4.2.1.7 (see Table 4-1). Table 4-1 compares
the rank of the maximum value  /concentration  (where 1 represents the highest value and 3 represents
the lowest value) for each treatment (i.e. No vegetation, Phragmites , Schoenoplectus ) within a
sediment depth (i.e. 0 -2.5cm and 2.5-10 cm) for the two sites during the 16 week incubation period
For example, the Schoenoplectus treatment which had the highest sulfur concentration with the
Tolderol surface (0 -2.5 cm) sedimen t (see Figure 4 -11) is ranked 1, and the no vegetation treatment at

this site and depth had the lowest ~ maxi mum concentration is ranked 3.

Table 4-1. Summary of the rank of the maximum parameter values /concentrations

Depth Treatment Site Parameter
(cm) pH Eh* EC Tltra_\te_\ble Nitrate Ammonia Sulfur DIC
Acidity
0-2.5 No vegetation Tolderol & & 3 2 3 3
Waltowa 8 8 3 2 3 3
Phragmites Tolderol 2 2 3 2
Waltowa 2 2 2 2
Schoenoplectus Tolderol 2 2 2
Waltowa 2 2 8 2
2.5-10 | No vegetation Tolderol 8 8 3 3 8
Waltowa 8 8 3 2 2 8
Phragmites Tolderol 2 2 2
Waltowa 2 2 2
Schoenoplectus Tolderol 2 2 2
Waltowa 2 2 2 2 2
Bold red values indicate th atthe concentration exceeded ANZECC Guideline Ecosystem Protection 8 Freshwater Guideline

forprotection of 95% -méddédi @atal y ndiost (ANBEEW FRMCHNZ2G00) s
* Eh decreased with time and therefore minimum value compared .

Highest Value / Lowest Value /
Concentration Concentration

Table 4-1 shows that many of the parameters measured were at the lowest value/concentration in the

surface waters associated with the sediments without the addition of vegetation; this was observed

with both surface (0 -2.5 cm) and sub -surface (2.5 -10 cm) sediments. However, some of the parameters
were also found at their highest values/concentrations in these surface waters, including p H, nitrate ,
and DIC (with the sub -surface ( 2.5-10 cm) sediments only).

Table 4-1 highlights the fact that the addition of vegetation to the sediments from both site sand each
depth often resulted in a similar behaviour. Table 4-1 shows the addition of either = Phragmites or
Schoenoplectus to the sediments resulted in a very similar maximum pH and EC, and minimum Eh. The
behaviour of the vegetation treated sediments during incubation was similar with many of the other

surface water parameters, with the only exception being the surface water ammonia concentrations.

Table 4-1 shows the ammonia ANZECC guideline concentration was often exceeded in the surface
waters under the experimental conditions, and substantially higher concentrations were observed with
the Phragmites treated sediments (Figure 4 -10).

A summary of the surface water parameter trends is provided i n the following O6Summary of
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Summary of Section

The addition of Phragmites and Schoenoplectus to each of the sediments resulted in a similar behaviour
with many of the parameters. The only clear exception was with the ammonia concentration where
the addition of Phragmites resulted in substantially higher concentration s (Figure 4-10).

The surface water pH data showed without the addition of vegetation to the acidified sediments from

both Tolderol and Waltowa recovery to a near -neutral pH occurred within 4 to 8 weeks (Figure 4  -5). The
addition of vegetation ( Phragmites and Schoenoplectus ) to the surface (0 -2.5 cm) sediments initially
resulted in some acidification, however, a near -neutral pH was still reached within 8 weeks. The addition

of vegetation to the sub  -surface (2.5 -10 cm) sediments resulted in acidification for at least 8 weeks and
a near -neutral pH was not reached within the timeframe of the mesocosm experiment (i.e. 16 weeks).

As expected, the surface water redox potential (Eh) decreased with all sediments and treatments
during the incubation (Figure 4 -6). A lower minimum E h was reached with the sediments without
vegetation.

The surface water electrical conductivity (EC) was much higher when vegetation was added to the
sediments (Figure 4 -7). The data showed the dissolution of salts associated with the vegetation was the
cause of the EC increase.

The additi on of vegetation caused  surface water titra table acidities to increase, althought he surface
(0-2.5 cm) and sub -surface (2.5 -10 cm) sediments showed a different behaviour (Figure 4-8). The
titratable acidity rapidly i  ncreased over the initial 4 weeks with the surface (0 -2.5 cm) sediment s and
then rapidly decreased. The  sub-surface (2.5 -10 cm) s ediment also showed a rapid increase over the
initial 4 weeks, but then either increased slightly or steadily decreased. It is important to note that whilst
significantly higher titratable acidities were observed when vegetation was added to the sediments,

the titratable aciditieGaC@eare O ®w O(L), paricllariivherocdmpaned/ L
to the sulfuric and sulfidic acidities previously reported within the sediments in the Lower Lakes (e.g.
Fitzpatrick et al. 2008). It is expected that the increase in titratable acidity observed is the result of a
combination of the acidity produced from the breakdown on organic matter and the release of metal

ions during reduction (particularly ferrous iron). The titratable acidity often decreases during incubation
as the organic acids get broken down and acidity get s consumed by reduction processes.

High ammonia concentrations were especially observed with all sediments treated with Phragmites (up
to 66 mg/L N). Low surface water nitrate concentrations were observed with all sediments and
treat ments ( O 0 .Undér theg@xpérimental .condition s, the surface water ammonia
concentration often exceeded the ANZECC water quality guideline (see Table 4 -1).

The initial surface water sulfur concentration of the sediments without the addi tion of vegetation was
low (< 15 mg/L) . The addition of vegetation initially increased the total sulfur concentration (by up to 40
mg/L), buthad decreased substantially after 4 weeks of incubation (Figure 4  -11). Sulfate reduction and
the formation of dissolved sulfide w ere also often observed

Dissolved inorganic carbon (DIC) was largely only detected after 16 weeks of incubation, particularly
with the surface (0 -2.5 cm) sediments (Figure 4 -12).
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4.2.1.9 Metal (loid )s
4.2.1.9.1 Ferrous Iron (Fe2*)

The change in surface water ferrous iron (Fe2*) concentration during incubation with and without the
addition of vegetation for the Tolderol and Waltowa sediments is shown in Figure 4-13. The surface
water Fe2* concentration for the sediments without the addition of vegetation only showed a slight or
no increase over the 16 week incubation period. = The addition of vegetation resulted in a substantial
increase in the surface water = Fe2* concentration. The surface sediments (0 -2.5 cm) treated with
vegetation showed a rapid increas e in the surface water Fe2* concentration over the initial 4 weeks
followed by a decrease; a greater decrease was observed with the Phragmites treatment. The surface
water Fe2* concentration increased with time with the vegetation treated sub -surface sedi ments (2.5 -
10 cm), except after 16 weeks with the Waltowa sediment where the duplicate samples showed a

mixed response. The addition of either Phragmites or Schoenoplectus to all sediments resulted in  similar
Fe2+ behaviour.

70 70

Tolderol {0- 2.5 cm) Waltowa (0 - 2.5 cm)

—— No vegetation —#— No vegetation

Fe?* (mg/L)
Fe?* (mg/L)

Phragmites Phragmites

—8— Schoenoplectus —&— Schoenoplectus

0 20 40 60 80 100 120

Days of incubation Days of incubation

70 70
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Tolderol (2.5- 10 cm) Waltowa (2.5 -10 cm)
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Fe** (mg/L)
&
Fe? (mg/L)

Phrogmites Phragmites

—a— schoenaplectus —o— Schoenoplectus

0 & T T T T T T T
0 20 40 60 80 100 120 [} 20 40 60 80 100 120

Days of incubation Days of incubation

Figure 4-13. Tolderol and Waltowa surface water ferrous iron dynamics.

These results indicate that the addition of vegetation resulted in substantial iron reduction and
dissolution of iron m inerals (such as iron oxide s and oxyhydroxi de s). The reduction and dissolution of
iron minerals was more rapid with the surface (0-2.5 cm) sediments than the sub -surface ( 2.5-10 cm)
sediments; iron may be in a more easily reducible form in the surface sediments. The Fe2*
concentration decrease with the surface (0-2.5 cm) sediments after 8 and 16 weeks of incubation
initially indicates the formation of iron insoluble minerals and/ or adsorption . However, a nalysis of the
sediment after 16 weeks of incubation indicates the d ecrease in Fe2* is not the result of iron sulfide
formation (see Section 4 .2.2.1). Sedimentiron fractionation data indicate that the decrease in the iron
concentration associated with the surface (0 -2.5 cm) sediments is the result of iron moving to both
Gsoluble and exchangeable 6 and ©6or gani c al (kg Setorudn22®.2)po ol s

The pH and redox potential for ~ the mesocosm study have been plotted on an iron pE/pH diagram
(Figure 4-14); note the stability fields have been estimated for the experimenta | conditions. The pH/Eh
conditions measured in the surface water indicates that the p recipitation of siderite (FeCO 3) is an
unlikely explanation for the reduction in Fe 2+ (Figure 4-14). As mentioned previously, t he sorption of
Fe2+ to mineral and organic matter surfaces is the explanation for the reduction in Fe2+* observed. A
reduction in Fe2* was not observed with the Tolderol sub  -surface soil (2.5 -10 cm) as the pH was less
than 5.5 throughout the incubation; the sorption of Fe2+isgreater at pH values > 6.

A comparison of the total iron and ferrous iron concent rations showed that all the iron in solution is in

the ferrous iron form ( see Figures 8-16 and 8-17, Appendix 7). Further details on the iron fractionation
for the four sediments during incubation are presented in Section 4 .2.2.4.2.
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Figure 4-14. Iron pE/pH diagram for mesocosm surface waters.
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4.2.1.9.2 Manganese (Mn)

The change in surface water manganese concentration during incubation with and without the

addition of vegetation for the Tolderol and Waltowa sediments is shown in Figure 4-15. The surface
water manganese concentration showed a similar behaviour to the F e2+ concentration, and tended

to increase as the ferrous iron concentration increased (Figure 4-16). The reduction of manganese
oxides (e.g. MnO 2) to Mn 2+ would explain the initial increase in the surface water manganese
concentration observed. The decrease in surface water manganese concentration often observed
in the vegetation treated sediments after 4 weeks of incubation may be a result of the precipitation
and/or adsorption .

The manganese concentration in the surface water only exceeded the ANZECC freshwater water
quality guideline on Week 4 in the vegetation treated surface sediment (O -2.5 cm) at Waltow a.
3.0 3.0
= 25 —_
E g
: 20 Tolderol (0 - 2.5 cm) E Waltowa (0 - 2.5 cm)
__________________ s
E —— No vegetation E —— No vegetation
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é — — ANZECC(1.9 mg/L) .:u — — ANZECC (1.9 mg/L)
05
0.0 : L . — | 0.0 ; . . ; .
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Days of incubation Days of incubation
3.0 3.0
= 25 25
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Days of incubation Days of incubation

Figure 4-15. Tolderol and Waltowa surface water manganese dynamics.
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Figure 4-16. Comparison of the surface water Fe  2* and manganese concentrations for the mesocosm experiment.
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4.2.1.9.3 Aluminium (Al)

The change in surface water  aluminium concentration during incubation with and without the
addition of vegetation for the Tolderol and Waltowa sediments is shown in Figure 4-17. The surface
water aluminium concentration tended to increase during the incubation with the non -treated
sediments. The addition of vegetation to the Tolderol sub -surface sediment (2.5 -10 cm) resulted in a
substantial increase in the surface water aluminium concentration ( Figure 4-18). This effect was not
observed with the other three sediments examined in this study The addition of Phragmites and
Schoenoplectus to each sediment resulted  in similar behaviour in the aluminium concentration

The ANZECC water quality guideline of 0.055 mg/L for aluminium only applies when the pH > 6.5 and

is often exceeded aft er 8 and 16 weeks of incubation ( Figure 4-18). Aluminium has a low solubility a t
pH values of greater than 5.5, thereforet  he elevated aluminium concentration sat a near neutral pH
values can be attributed to a fine particle fraction that passes through the 0.45 um filter and/or the

presence of soluble aluminium complexes (e.g. Ward etal. 2011).
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Figure 4-17. Tdderol and Waltowa surface water  aluminium dynamics.
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Figure 4-18. Comparison of the surface water pH and aluminium concentrations for the mesocosm experiment.
area indicates surface water exceeding the ANZECC water quality guideline.
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4.2.1.9.4 Arsenic (As)

The change in surface water  arsenic concentration during incubation with and without the addition

of vegetation for the Tolderol and Waltowa sedim ents is shown in Figure 4-19. The surface water
arsenic concentration for all sediments and treatments showed an increase after 16 weeks of
incubation , however, the kinetics of arsenic release into the surface water varied between the sites,

sediment depths and whether organic matter was added.

The surface water arsenic concentration  with the untreated sediments was higher than the vegetated
treated sediments after 16 weeks, except with the Waltowa surface layer (0 -2.5 cm). A maximum
arsenic concen tration was largely observed after 4/8 weeks  with the untreated sediments, except for

the Tolderol surface layer (0 -2.5 cm) which steadily increased over the 16 weeks. The addition of
vegetation clearly supressed the release of arsenic in the  sub-surface sediment layers (2.5-10 cm) at
both sites ; this is most likely due to the low pH associated with these sediments (see Figure 4-5). The
addition of vegetation to the surface soils (0 -2.5 cm) at the two sites a showed different response when
compared to the  control; the reason for this difference is not clear. However, t he sediments treated
with either Phragmites or Schoenoplectus showed a similar behaviour.

The surface water arsenic concentration was below the ANZECC water quality guideline at the start

of the mesocosm experiment  and was exceeded after 4/8 weeks with all sediments, except for the
sub-surface layers (2.5-10 cm) at both sites treated with organic matter which release d arsenic at a
slower rate .

The adsorption of arsenic to the sedimentis bo  th redox sensitive and pH dependent. The increase in

the surface water arsenic concentration as the Eh decreases and pH increases is clearly illustrated in
Figures 4-20 and 4-21, respectively. The increase in the surface water arsenic concentration with the
Tolderol control surface soil (0 -2.5 cm) after week 4 despite minimal change in pH and no further
decrease in Eh clearly indicates there are also other controls on arsenic release.
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Figure 4-19. Tolderol and Waltowa surface water  arsenic dynamics.
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Figure 4-21. Comparison of the surface water pH and arsenic concentrations for
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4.2.1.9.5 Cadmium (Cd)

The change in surface water cadmium concentrati on during incubation with and without the addition

of vegetation for the Tolderol and Waltowa sediments is shown in Figure 4-22. Low surface water
cadmium concentrations ~ were observed with all sediments and treatments ( O 0. 1 TKegurfack
water cadmium concentration did not exceed the ANZECC water quality guideline, although the
concentration had often increase d by Week 16.
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Figure 4-22. Tolderol and Waltowa surface water ~ cadmi um dynamics.
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4.2.1.9.6 Cobalt (Co)

The change in surface water cobalt concentration during incubation with and without the addition of

vegetation for the Tolderol and Waltowa sediments is shown in Figure 4-23. Minimal changes in the
surface water cobalt concentrations were observed with the surface sediments (0 -2.5 cm) without the
addition of vegetation, and concentrations were below the ANZECC water quality guideline . The
surface water cobalt concentrations in sub -surfac e sediments ( 2.5-10 cm) wi thout the addition of
vegetation tended to decrease over the 16 weeks of incubation.

The addition of vegetation to all sediments resulted in a substantial increase in the cobalt
concentration, particularly during the first 4 weeks of incubation. The incr ease in the surface water
cobalt concentration was greater when Phragmites had been added when compared to
Schoenoplectus treated samples. Higher cobalt concentrations were also observed when vegetation

had been added to the Waltowa sediments when compare d to the Tolderol sediments

Whilst the ANZECC water quality guidelines for cobalt were only exceeded for up to 4 weeks with the

sub-surface sediments (2.5 -10 cm) without the addition of vegetation , the addition of vegetation
resulted in the guideline being exceeded with all sediments. The addition of vegetation to the
Waltowa sediments resulted in a greater exceedance than the Tolderol sediments ,and also resulted

in the ANZECC guideline being exceeded by more than 10 times.
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Figure 4-23. Tolderol and Waltowa surface water ~ cobalt dynamics.
Cobalt is often strongly associated with iron and manganese oxides/ oxyhydroxide s. The behaviour of

cobalt with the vegetated treated s  ediments often shows a similar trend to that observed with iron

and manganese (see Figures 4-13 and 4-15). Figure 4-24 also shows the relationship between the
cobalt surface water concentration and the iron and manganese concentrations. The lack of a str ong
correlation between the cobalt concentrations and the manganese/iron concentrations indicates

that other factors (such as pH 0 see Section 4 .5.2 for further details) also play an important role.

The lower surface water cobalt concentration with the ve  getated treated Tolderol sediments than the
Waltowa sediments may reflect the greater sorption capacity of the Tolderol sediments. Particle size
analysis data ( see Figure 8-5, Appendix 6) and x -ray diffraction (see Section 4 .2.2.4.1) have indicated
there is more clay and silt (< 63 um) in the Tolderol sediment which would may have a greater capacity

to sorb metals. Alternatively, cobalt maybe associated with more crystalline minerals with the Tolderol
sediments and istherefore less likely to be readily r eleased into solution.
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Figure 4-24. Comparison of the surface water cobalt concentrations
mesocosm experiment.
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4.2.1.9.7 Copper (Cu)

The change in surface water copper concentration during incubation with and without the addition

of vegetation for the Tolderol and Waltowa sediments is shown in Figure 4-25. Elevated surface water
copper concentrations  were observed with all sediments at  the start of the mesocosm experiment
(Day 0) where vegetation had been added. However, the surface water copper concentration

rapidly decreased probably due to adsorption by organic matter.

Whilst the surface water ¢ opper concentration often exceed ed the ANZECC water quality guideline
at the start of the mesocosm experiment, the concentration was just above or below the guideline for
the following 16 weeks
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Figure 4-25. Tolderol and Waltowa surface wa  ter copper dynamics.
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4.2.1.9.8 Chromium (Cr)

The change in surface water chromium concentration during incubation with and without the addition

of vegetation for the Tolderol and Waltowa sediments is shown in Figure 4-26. Low concentrations and
minimal changes in the surface water chromium concentrations were observed with sediments
without the addition of vegetation, except with the Waltowa sub  -surface (2.5 -10 cm) sediment for
week 4. Higher surface water chromium concentrations were often observed with sub -surface (2.5 -10
cm) sediments treated with vegetation.

The surface water ¢ hromium concentration occasionally exceed ed the ANZECC water quality
guideline, but was particularly evident with the sub -surface (2.5 -10 cm) sediments treated with
vegeta tion.
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Figure 4-26. Tolderol and Waltowa surface water copper dynamics.
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4.2.1.9.9 Lead (Pb)

The change in surface water  lead concentration during incubation with and without the addition of
vegetation for the Tolderol and Waltowa sediments is shown in Figure 4-27. The surface water lead
concentration for the sediments without the addition of vegetation were all low, except for the
Tolderol surface sediment (0 -2.5 cm). The addition of vegetation resulted in a slight increase in the
lead concentration at the start of the incubation experiment with the Tolderol sediments, however,

the concentration rapidly decreased within the in itial 4 weeks.

The surface water lead concentration was only observed to exceed the ANZECC water quality
guideline with the Tolderol surface sediment (0  -2.5 cm).
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Figure 4-27. Tolderol and Waltowa surface water  lead dynamics.
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4.2.1.9.10 Nickel (Ni)

The change in surface water nickel concentration during incubation with and without the addition of

vegetation for the Tolderol and Waltowa sediments is shown in Figure 4-28. Minimal change sin the
surface water nickel concentrations were observed with all sediments without the addition of
vegetation, and  concentrations were below the ANZECC water quality guideline . However, t he
addition of vegetation to all sediments resulted in an increase in the nickel concentration, particularly

during the first 4 weeks of incubation. The increase in the surface water nickel concentration was
great er whe n Phragmites had been added when compared to  Schoenoplectus treated samples.
Higher ni ckel concentrations were  also observed when vegetation had been added to the Waltowa
sediments when compared to the Tolderol sediments.

Whilst the ANZECC water quality guidelines for nickel were not exceeded with the sediments without
the addition of vege tation, the addition of vegetation resulted in the guideline being exceeded with

all sediments. This would suggest that some of the nickel  originates from the vegetation.  The addition
of vegetation to the Waltowa sediments resulted in a greater exceedanc e than the Tolderol
sediments. The addition of Phragmites to the Waltowa sediments  often resulted in the ANZECC
guideline being exceeded by more than 10 times.
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Figure 4-28. Tolderol and Waltowa surface water nickel dynamics.
The behaviour of nickel  during incubation  with the sediment swhere vegetation had been added was
similar to that observed with  cobalt (see Figures 4-23 and 4-29). As with cobalt, nickel is also often
strongly associated with iron and manganese oxides/ oxyhydroxide s. However, w hilstthe lower surface
water nickel concentration with the vegetated treated Tolderol sediments may largely reflect the
greater sorption capacity of the Tolderol sediments , the p revious study by Sullivan et al. (2013) also
observed slightly higher HCI extractable nickel contents in the Waltowa sub -surface sediments (see

Table 8-37, Appendix 6) .
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Figure 4-29. Comparison of the surface water nickel and cobalt concentrations for the mesocosm experiment.
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4.2.1.9.11 Selenium (Se)

The change in surface water

of vegetation for the Tolderol and Waltowa sediments
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Figure 4-30. Tolderol and Waltowa surface water
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Investigations into the

4.2.1.9.12 Silver (Ag)

factors affecting the rates of recovery of acid sulfate soils in the Lower Lakes

The change in surface water silver concentration during incubation with and without the addition of

vegetation for the Tolderol and Waltowa sediments is shown in

concentrations (< 0.2 pg/L) were observed with all sediments.
value of 0.05 pg/L was occasionally exceeded in the surface water associated with the sediments

from both sites .
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Figure 4-31. Tolderol and Waltowa surface water
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Investigations into the factors affecting the rates of recovery of acid sulfate soils in the Lower Lakes

4.2.1.9.13 Zinc (Zn)

The change in surface water zinc concentration during incubation with and without the addition of
vegetation for the Tolderol and Waltowa sediments is shown in Figure 4-32. An initial increase in the
surface water zinc concentration follow by a decrease was observed  with all sediments wit hout the
addition of vegetation. The  addition of vegetation resulted in a substantial increase in the surface
water zinc concentration from Day O indicating the vegetation is the source of the high zinc
concentration rather than the sediments.

The Phragmites treatment initially had a much higher
Schoenoplectus treatment. The determination of the z
they had the same total zinc content (18 mg/kg)

surface water zinc concentration than the
inc content of the two plant materials showed
(Tables 8-35 and 8-36 , Appendix 5), indicating the
zinc associated with the  Phragmites is in a more soluble form. It is interesting to note that the surface
water zinc concentration s were similar from and after 4 weeks of incubation, suggesting the same
processes were controlling the water soluble zinc concentrations with both vegetation treatments

The ANZECC water quality guideline value of 8.0 pg/L was ex ceeded (often by more than 10 times) in
the surface water associated with all sediments and often by more than 10 times  with the vegetation
treatments. The only except ion to this exceedance was on Day 0 with the non -vegetation treated
Waltowa surface sedi ment (0 -2.5 cm) .
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Figure 4-32. Tolderol and Waltowa surface water
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Investigations into the factors affecting the rates of recovery of acid sulfate soils in the Lower Lakes

4.2.1.9.14 Summary of Metal(loid) Trends

A summary table was created  to gain an understanding of the  high level trends/relationships with  the
surface water metal(loid) concentrations observedin the mesocosm experiment (see Table 4-2). Table
4-2 compares the rank of the maximum concentration (where 1 represents the highest concentration
and 3 represents the lowest concentration) for each treatment (i.e. No vegetation, Phragmites ,
Schoenoplectus ) within a sediment depth (i.,e. 0 -2.5cm and 2.5-10 cm) for the two sites  during the 16
week incubation period . For example, the Phragmites treatment which had the highest zinc
concentration with the Tolderol surface (0 -2.5 cm) sediment (see Figure 4 -32) is ranked 1, and the no
vegetation treatment at this site and depth had the lowest maximum concentration is ranked 3.

Table 4-2. Summary of the rank of the maximum metal (loid) concentrations.

Depth Treatment Site Metal(loid
(cm) Fe | Mn Al
0-2.5 No vegetation Tolderol
Waltowa

Phragmites Tolderol
Waltowa
Schoenoplectus Tolderol

Waltowa
2.5-10 No vegetation Tolderol
Waltowa
Phragmites Tolderol
Waltowa
Tolderol
Waltowa

Schoenoplectus

Bold red values indicate th atthe concentration exceeded ANZECC Guideline  Ecosystem Protection & Freshwater Guideline
forprotection of 95% -méddédi ot al y ndiost (ANBEEW FRMCHNZ2G00).S

Highest Lowest
Concentration Concentration

The addition of vegetation ( Phragmites and Schoenoplectus ) to both the Waltowa and Tolderol
sediments often resulted in an increase in the mobilisation of metal(loid)s (Table 4 -2). Many of the
metal(loid)s examined were at the lowest concentration in the surface waters associated wi th the
sediments without the addition of vegetation ; this was observed with both  surface (0 -2.5 cm) and sub -
surface (2.5 -10 cm) sediments . However, some of the metal(loid)s were also found at their highest
concentrations in these surface waters, particularly arsenic (As), lead (Pb) and silver (Ag). The surface
water concentration of many of the metal(loid)s tended to be greater with the Phragmites treated
sediments when compared to Schoenoplectus  treated sediments (Table 4 -2); this trend was often
observed with sediments from both sites and sediment depth S.

Under the experimental conditions, the ANZECC water quality guidelines for the metal(loid)s were

often exceeded (Table 4-2). The number of metal(loid)s that exceeded the guidelines tended to be

greater with the vegetation treated sediments, and a few more metal(loid)s exceeded the guidelines

with the surface (0 -2.5cm) sediments treated with ~ vegetation when compared to the sub -surface (2.5 -
10 cm) sediments treated with vegetation. The surface water guidelines for manganese (Mn) and
nickel (Ni) were only exceeded when vegetation was added to the sediments. The guidelines for
cadmium (Cd) and selenium (Se)  were not exceeded with  any of the sediments or treatments  during
the 16 week mesocosm experiment.

A summary of the surface water metal(loid) trends is provided i n the foll owing 6Summary of
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Investigations into the factors affecting the rates of recovery of acid sulfate soils in the Lower Lakes

Summary of Section

The addition of vegetation ( Phragmites and Schoenoplectus ) to the Waltowa and Tolderol sediments
often resulted in an increase in the mobilisation of metal(loid)s.

The addition of vegetation to all sediments resulted in a substantial increase in the surface water iron
(Fe) and manganese (Mn) conce ntrations compared to the sediments without vegetation (Figures 4
13 and 4 -15). This finding would indicate that the addition of vegetation rapidly enhanced the
reduction of iron and manganese oxides /oxyhydroxides present in these sediments.

Whilst iron and manganese showed a similar behaviour with the addition of vegetation, the behaviour
of the surface (0 -2.5 cm) and sub -surface (2.5 -10 cm) sediments differed  (Figures 4-13 and 4 -15). The
concentration of these metals rapidly increased over the initia | 4 weeks with the surface (0 -2.5 cm)
sediments and then decreased (probably due to precipitation and/or adsorption). On the other hand,

the surface water iron and manganese concentrations associated with the sub -surface (2.5 -10 cm)
sediments increased for at least 8 and 16 weeks for the Waltowa and Tolderol sediments, respectively.

The addition of vegetation to the sediments resulted in an increase in the surface water cobalt (Co)

and nickel (Ni) concentrations (Figures 4 -23 and 4 -28). These two metal s showed a similar behaviour,
and a similar behaviour to that observed with iron and manganese; cobalt and nickel are often strongly
associated with iron and manganese oxides/ oxyhydroxide s. The lack of a strong correlation between
these two metals and iron/manganese indicate other factors (such as pH) also play an important role.

Higher cobalt and nickel concentrations were also observed when vegetation was added to the
Waltowa sediments when compared to the Tolderol sediments ; this may be due the greater sorption
capacity of the Tolderol sediments (see Sections 4.2.1.9.6 and 4.2.1.9.10 for further details).

Elevated surface water copper (Cu) and zinc (Zn) concentrations were initially observed with all
sediments treated with vegetation (Figures 4-25 and 4 -32). The increase in the concentrations at the
start of the experiment indicates the vegetation is the source of these metals. The copper
concentration rapidly decreased within the in itial 4 weeks, probably due to adsorption by organic
matter. The addition of vegetation sometimes resulted in an increase in the surface water chromium

(Cr) concentration, particularly with the sub -surface (2.5 -10 cm) sediments (Figure 4-19).

The behav iour of arsenic (As) varied between the sites, sediment depths and whether vegetation was
added (Figure 4 -19). All sediments and treatments showed an increase in the arsenic concentration

during the incubation period. As the adsorption of arsenic is both redox sensitive and pH dependent,
the arsenic concentration was observed to increase as the Eh decreased and pH increas ed (Figures 4 -
20 and 4 -21). Whilst the addition of vegetation did not have a consistent effect with the surface (0 -2.5
cm) sediments, t he addition of vegetation to the sub -surface (2.5 -10 cm) sediment clearly supressed
the release of arsenic; this is most likely due to the relatively low pH associated with these sediments
(Figure 4-5).

The addition of Phragmites and Schoenoplectus toeac h of the sediments resulted in a similar  behaviour
with many of the metal(loid)s. Some metal con centrations (e.g. Co, C u, Ni, Mn, Zn) were often found
to be slightly higher in the surface water associated with the Phragmites treated sediments , despite the
two vegetation types usually having similar total metal contents (Table 8 -35 and 8 -36, Appendix 5).

Under the experimental conditions, the ANZECC water quality guidelines for the metal( loid)s were often
exceeded (see Table 4 -2). With many of the metals (e.g. Co, Cu, Cr, Ni, Mn, Zn) the ANZECC water
guality guidelines were exceeded to a greater extent when vegetation was added to the sediments

The surface water guidelines for manganese and nickel were only exceeded when vegetation was
added to the sediments. The guidelines for cadmium (Cd) and selenium (Se) were not exceeded with

any of the sediments or treatments during the 16 week mesocosm experiment.
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4.2.1.10 Natural Organic Ma tter (NOM)
4.2.1.10.1 Dissolved Organic Carbon (DOC)

The change in surface water DOC concentration during incubation with and without the addition of

vegetation for the Tolderol and Waltowa sediments is shown in Figure 4-33. The surface water DOC
concentration clearly increases during the incubation with all the sediments without the addition of
vegetation. The addition of vegetation substantially increased the surface water DOC concentration
and the Phragmites treatment often had a greater DOC c oncentration than the Schoenoplectus
treatment. The vegetation treated surface sediments (0 -2.5 cm) showed a decrease in the DOC
concentration  over the 16 week incubation period, whist the vegetation treated sub -surface
sediments (2.5 -10 cm) showed minima | change or an increase inthe ~ DOC concentration
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Figure 4-33. Tolderol and Waltowa surface water ~ DOC dynamics.

Page 51



Investigations into the factors affecting the rates of recovery of acid sulfate soils in the Lower Lakes

4.2.1.10.2 Fluorescence Intensity

The change in surface water tryptophan -like peak (T 1) intensity during incubation with and without the
addition of vegetation for the Tolderol and Waltowa sediments is shown in Figure 4-34. Fluorescence
analysis of the tryptophan -like peak (T 1; excitation/emission wavelength region 275/340 nm) has
previous ly been found to provide an accurate indication of the presence and relative proportions of
bioavailable organic material present (Hudson etal. 2008). The surface water T peak intensity clearly
increases during the incubation with all the sediments with out the addition of vegetation. The trend is
similar to that observed with the DOC concentration  (Figure 4-33). The addition of vegetation
substantially increased the surface water T1 peak intensity and indicates that more bioavailable
organic material is associated with the Phragmites when compared to the Schoenoplectus ; this was
also often found with the DOC ( Figure 4-33). No clear trend was observed in the T1 peak intensity when
vegetation was added.
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Figure 4-34. Tolderol and Waltowa surface water T 1 fluorescence intensity dynamics .

Figure 4-35 presents normalised plots of the T: peak intensity (normalised to the maximum peak value)
and shows the change in the  relative proportion bioavailable organic material over the 16 weeks of

incubation. An increase in the relative proportion bioavailable organic material is often observed over
initial 4 weeks , after which a decrease  occurs . The only exceptions are the sub-surface sediments (2.5-
10 cm) without the addi tion of vegetation which showed an increase over the initial 8 weeks. The

rapid increase indicates that there is the breakdown of the easily decomposable organic materials
over the initial 4 weeks after which the less ~ decomposable organic materials remain .

A comparison of the T 1 peak intensity with the DOC concentrations is presented in Figure 4-36. The
plot shows that the T 1 peak intensities for the two vegetation type s each have a different relationship

to the DOC concentration. The relationship indicates that a greater proportion of the DOC is
bioavailable with the  Phragmites when compared tothe  Schoenoplectus.
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