Acid Sulfate Solls
Research Program

b -
S /L'%} Government of =
ustralian Government : 7 South Australia




7.2 Lake Alexandrina: drawdown scenarios and analysis (Sep 2009 —
Sep 2013)

Lake Alexandrina water quality forecast

The plots of water level and water quality for the period from Sept 2009 - Dec 2012 are shown in
Figures 7.21-7.33. These plots show four simulations that represent the main simulations tested to date:
the ‘do nothing’ (or drawdown, ‘DDN’), freshwater pulse (‘FWp’), freshwater inundation (or
freshwater stabilisation, ‘FWs’) and seawater inundation (or seawater stabilisation, ‘SWs’). Clearly
there are many permutations of how these different management approaches may ultimately be
implemented, and these are presented as a guide for testing the lake response to drawdown and
refilling from a lake acidification point of view.

As is seen in Figure 7.21, the water level of the simulations varies in response to the level of
supplemental water provided. The do nothing (DDN) scenario indicates the lake will drop to -2.0m
AHD by the end of summer 2011 (this assumes pumping to Lake Albert implemented to maintain it
about -1.0m; Lake Alexandrina will go lower than 2.0m for higher Lake Albert pumping rates). The
prescribed flows for the freshwater and seawater input raise the water level by approximately 1.0 m.

The temperature of the domain is largely unaffected by the different inflows (Figure 7.22). This is due
to the fact that the seasonal temperature changes are driven by the surface thermodynamics,
which are similar regardless of lake inflows. There is some divergence between simulations towards
the end of the simulation period due to differences in the extinction coefficient, which impacts
surface temperature and therefore evaporation. Salinity varies markedly between the simulations as
expected based on the different inflow rates and water sources. In the ‘do nothing’ drawdown
simulation, the salinity peaks at 14,500 uScm-! following the 2009-2010 summer, and then at 20,000
uScm-! after the 2010-2011 summer. For the freshwater supplementation scenario, the extra water
enters in early 2010, and following the peak salinity in the centre of the water body it is rapidly
diluted, and by the 2010-2011 peak it is back down top the initial value of ~7,500 uScm-, and
continues to drop for the remainder of the simulations. The seawater supplementation scenario
however, creates a peak of EC in the middle of Lake Alexandrina of around 50,000 by the 2010-2011
summer, and this is reduced during the winter but then increases more substantially in the 2011-2012
summer (not this is seawater supplementation to -1.0m AHD).

Dissolved oxygen concentrations do not differ significantly between the simulations (Figure 7.23),
despite the difference in sediment-area to volume ratios of the different simulations (due to their
different volumes). The DOC levels in the lake do evapo-concentrate considerably under the do-
nothing scenario, but are diluted under the freshwater and seawater scenarios in line with the
volume of water that is introduced since the boundary value concentrations are low compared to
that in the lake.

Nutrient and chlorophyll-a values show some interesting changes (Figure 7.24-7.26), both in the
speciation between nutrient components and in the total N and P concentrations. Seawater is most
effective at reducing nutrients as would be expected given the low values within Coorong/Murray
Mouth waters providing a dilution effect. Note also that seawater has potential to greatly reduce
turbidity and change the primary producer community structure and abundance (e.g., as in
Goolwa channel - macrophytes more abundant as turbidity is now low); these effects have not
been modelled. The rise in nutrients is generally reflected in a rise in the total Chlorophyll-a
concentration with levels reaching ~100 ugL-! in the summer periods, except for the simulation where
seawater was introduced.

Most of the major ions following the trends outlined for salinity, as would be expected given they are
mostly conservative. The exception is for dissolved inorganic carbon (DIC) and Ca due to solubility
equilibrium control with calcite/aragonite, and alkalinity consumption by the acid sulfate soil model
(Figure 7.17). The alkalinity is generally stable (Figure 7.27) and noticeably lower for the seawater
scenario, although not fully depleted. The alkalinity does get close to zero as the seawater flows in
and along the southern lake margin towards Pt Sturt, and at these locations pH responds
accordingly (Figure 7.28). The metals are also stable and dissolved phases are not present for the life
of the simulation.
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Figure 7.21: Forecast scenarios of modelled water level (m AHD) (DDN, FWp, FWs, SWs) for four stations
within Lake Alexandrina.
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Figure 7.22: Forecast scenarios of modelled (DDN, FWp, FWs, SWs) temperature (°C) and salinity (uS cm-1)
data for four stations within Lake Alex.
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Figure 7.23: Forecast scenarios of modelled (DDN, FWp, FWs, SWs) dissolved oxygen (DO, mg L1) and
dissolved organic C (DOCL, mg L) for four sites in Lake Alex.
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Figure 7.24: Forecast scenarios of modelled (DDN, FWp, FWs, SWs) nitrate+nitrite (NO3, mg L-) and
ammonium (NH4, mg L-?) for four sites in Lake Alexandrina.
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Figure 7.25: Forecast scenarios of modelled (DDN, FWp, FWs, SWs) total N (TN, mg L) and orhto-phosphate

AlexOpening -TN

@t

S

©w

5}

1

Q

May09

Nov0g Nov10  May11 Nov12

Date

May10 Novi1  May12

AlexMiddle -TN

0
May09

MNov0d Novid  Mayii Navi2

Date

May10 Novil  May12

AlexOpening -PO4

0.025

0.02

0.015

0.01

0.005

l

—

15 WAL

0
Ma

0.03
0.025
0.02
0.015
0.01

0.005

0
Ma

135

y0%  Nov09 Mayl0 Novid Mayll MNovil  Mayi2 Nowi2
Date

AlexMiddle -PO4

| | |
SN

Nev10

y09  Nov0d  May10 May11  Nov11

Date

May12  Nowi2

AlexTop =TN

TN (mgiL)

1

0

RS W
\

N L ' " L L L

May09 Nov09 Mayl0 Nowl0 Mayl1 Novil May12 Novi2
Date
Point-S -TN
10
k]
8
7
—~ 6
E)
E 51O
z
s
300
2
1
]
May08 Nov03 Mayld Nowvl0 Mayil Novil Mayi2 Novi2
Date
AlexTop -P0O4
0.03
[@) =3
Fip
DO
0.025 FWs 1
SWs
0.02 1
=
g 0.015 4
3
0.01 i 1
Q
o]
0.005 CDCCP ) 1
g 1wl I
Me ik ‘-"‘"‘*.-;__‘_ ! l.gw,\_ L

0
May03 Now0d Mayid Novid Mayl1  Novil  May12  Novi2

0.03

0.025

0.02

0.015

PO4 (mgiL)

0.01

0.005

0
May0g Nov09  May10

Date
Point-S -PO4
O_ =
P ]
SWs

I&p

| |
-M‘"'- __,.‘. L“‘&L. Jl .Lu‘w._ A

Novi0  May11  Novi1l May12 Novi2

Date

(PO4, mg L?) for four sites in Lake Alexandrina.




AlexOpening -TP

1

0.9

0.8

0.7 1
06 B

0.5

o1 h 5P o e
N S

May09  Nowd% May10 MNovi0 Mayil  Novil  Mayl2  Novi2
Date

TP (mgi)

[}

AlexMiddle -TP

1

09

0.8

0.7

06

0.5

TP (maiL)

0.4

0.3

0.2

0.1 1

0
May03  Now0® Mayi0 Novid May11  MNovil  Mayi12  Novi2

Date

AlexOpening —~TCHLA

a0

80

70

TCHLA (ugiL)
@
(=]

o " " . . .
May0s Nov03  Mayl0 Novi0 Mayli  Novit
Date

.
May12  Novi2

AlexMiddle -TCHLA

H\»W

]
May09  Nov08 Mayld Novid Mayii Novil Mayl2 Noviz
Date

a0

80

70

TCHLA (ugiL)
@
(=]

TP (mgiL)

TP (mgiL)

TCHLA (ug/L)

TCHLA (ugiL)

AlexTop -TP

1

O EPA
CON
0.8 W 1

0.9

07
06
05
04 |
1
03 \

02 bdl’&b :

01 1

0 " L A s " .
May0% Nov08 Mayl0 Nowld Mayii Novii May12 Novi2
Date

s

Point-S -TP

1

(@] EPA

DN

0.8

0.8 SWs.

07
06 1
05
0.4 i [
03

0.2 Q‘ ]
8]

0.1

0
May09 NowDZ May10 Nowid May11  Nowii May12 Movi2
Date

AlexTop —-TCHLA

100
90
) ",

70

60

50 ' \.\,.,ll
40 +

30

20 O EPa
Filg
DDN
Fvs
SWs

10

L L L " L L L

il
May09 Nov02 Mayl0 Novi0 May!l Novil Mayl2 Novi2
Date

Point-S -TCHLA

100

90

80

70

60 [

50

40

30

20} Q e
FWp

BoN
10 Fits
SWs

0
May09  MNov09 Mayl0 MNovid Mayi1  Novil  Mayl2 Novi2
Date

Figure 7.26: Forecast scenarios of modelled (DDN, FWp, FWs, SWs) total P (TP, mg L-) and total chlorophyll-a
(TCHLA, ug L) for four sites in Lake Alexandrina.
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Figure 7.27: Forecast scenarios of modelled (DDN, FWp, FWs, SWs) calcium (Ca, mg L1) and carbonate
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Figure 7.28: Forecast scenarios of modelled (DDN, FWp, FWs, SWs) pH and charge imbalance (CHGBAL,
meq) for four sites in Lake Alexandrina.
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Figure 7.29: Forecast scenarios of modelled (DDN, FWp, FWs, SWs) chloride (Cl, mg L) and sodium
(Na, mg L) for four sites in Lake Alexandrina.

139




AlexOpening -Mg AlexTop -Mg

1500
[@) =
Fwp
DON
FWs.
SWs
1000
ry jary
B B
E =
o o
= =
500 500
J W
T N
0 . s N . s s "
May0g Nov02 Mayl0 Novid Mayi1 Novii May12  Novi2 May02 MNov0d Mayi0 Nevi0 Mayl1 Nevil Mayi2 Nevi2
Date Date
AlexMiddle -Mg Point-S -Mg
1500 T
O =0
— = A
DD
Fis
SWs
1000
J =
£ £
g g
500 500
: e ¥ ‘Qt Ty " i .
0 0
May08 NovD® May10 Novid Mayi1  Naovii  Mayi2 Novi2 May0d Nov0d Mayl0 Novi0 Mayil Novil Mayi2 Novi2
Date Date
AlexOpening -S04 AlexTop -S04
5000 5000
8 LwA (@] EPA
4500 EPa 4500 —— P
Fiip ———— oon
DN Fis
4000 FWs 4000 SWs
W
3500 3500
) 3000 ) 3000
g 2500 E 2500
@ 2000 @ 2000
1500 1500 |
1000 1000
500 500 | .
May09  Now03 May1d Novl0 May1l  Novil  May12  Novi2 May09 Nov0d Mayl0 MNovi0  Mayl1l  Novil  Mayl2 Novi2
Date Date
AlexMiddle -S04 Point-S -S04
5000 5000
8 Lwa O EFA
4500 PR 4500 F — Fwp
Fup ——————— Don
DDN FWs
4000 Fws 4000 SWs
sws
3500 3500
) 3000 fry 3000
o @
E 2500 E osp0 f
= =
8 2000 8 2000
1500 1500
1000 1000 [
500 500
0
May09 MNov02 Mayl0 Novid Mayi1 Novii  May12 Novi2 May02 MNov0d Mayi0 Novi0 May11 MNovi1l Mayi2 Novi2
Date Date

Figure 7.30: Forecast scenarios of modelled (DDN, FWp, FWs, SWs) magnesium (Mg, mg L) and sulfate
(SO4, mg L2) for four sites in Lake Alexandrina.
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Figure 7.32: Forecast scenarios of modelled (DDN, FWp, FWs, SWs) dissolved Mn (Mnll, mg L-1) and
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Figure 7.33: Forecast scenarios of modelled (DDN, FWp, FWs, SWs) dissolved iron (Fell, mg L-1) and
particulate ferric iron (FeOH3A, mol L-1) data for four stations within Lake Alexandrina.
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Lake Alexandrina acid sulfate soil analysis

Here we aim to gain insights into the process controlling the acidity dynamics and identify the key
sensitive processes by examining spatial variability and integrated process rates. The hydrology
output from a single sandy cell near Pt Sturt is shown in Figure 7.34, and highlights the magnitude of
the different fluxes over the drying/wetting cycle. Most notable is the magnitude of the overland and
throughflow component resulting from saturation/infiltration excess generated during 2009-2010,
however this becomes less as the water table deepens and the soil infiltration capacity increases.
The chosen cell is sandy so the rate of evaporation and drainage is higher than the example cell
plotted for Lake Albert; this is reflected in the depth of the drainage that occurs, which is around
0.75m over the 3yr simulation period. Here the top 60cm is oxidised, and a considerable amount of
pyrite is consumed (Figure 7.35).

The spatial plots of pH and soil model output for Lake Alexandrina(Figure 7.36-7.40) show the annual
change in the key acidity pools, the key processes controlling acidity mobilisation, and how these
vary across the lake. The pH/alkalinity first becomes unstable at the north-western end of the lake,
and then on the south-western edge west of Pt Sturt. The southern reach also shows a modest acidity
contribution. The lake edge soil properties are patchy due to large variability in soil type (clay or
sand) and chemical properties.

The initial shallow water table depths (<0.3 m deep) increase substantially over the 2009-2010
summer, particularly within the sandy regions. By the end of winter 2010, the lake perimeter shows
sands of ~0.5m deep that have become unsaturated and clays becoming unsaturated to ~0.3m
deep (Figure 7.37). By Sep 2011, the sands are even further exposed (up to 1.0m deep) and the clays
are unsaturated down to ~0.5m. The unsaturated zone in the clays remains at a moisture content of
about 30%,; the sands are fairly dry and on average are down to ~10%.
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Figure 7.34: Hydrology fluxes in Lake Alexandrina drawdown simulation for a boundary sand cell. Refer to
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Figure 4.2 for symbol definitions and the hydrological conceptual model.
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Figure 7.35: Vertical soil profile for a single clay cell on the boundary of Lake Alexandrina during the -1.5m
AHD stabilisation showing a) moisture content, b) PASS concentration (mol H+ kg-! cell-t) and
c) ANC (mol H+ kg-! cell ') evolution.

The pH and DIC remain fairly stable in the Lake Alexandrina domain during stabilisation, with some
limited perimeter acidification events occurring in disconnected pools (Figure 7.36). The initial ring of
sulfidic material (PASS) rapidly expands in width of the 2009-2010 summer and this is subsequently
transformed into available acidity (AASS) and this proceeds rapidly (Figures 7.37-7.38). By late 2011
the low lake level means that a significant area of lake perimeter has become exposed and a
considerable fraction is oxidised to available acidity.

The flux of acidity is predominantly from the sands around the edge of the lake following the
autumn/winter rainfall period. The area of material contributing to the baseflow/seepage flux has a
seasonal cycle of increase following a period of water level stabilisation (Figure 7.39). The area
contributing to the rewetting flux is a thin ring around the edge of the lake that occurs during
periodic refilling stages.

The neutralisation processes (Figure 7.40) are also documented and these show the gradual
consumption around the perimeter due to ANC, and the magnitude and variability of SO4 reduction
in the inundated lake sediment. This value varies considerably due to the variable concentrations of
SO4 across the lake, in line with Eq. 4.22.

The integrated process trends summarise the dynamics as the lake draws down. For the base “do
nothing” lake drawdown scenario the total area of mostly sulfuric soil exposed is approximately
550 km2 for most of the period from 2010 onwards. A further 50-100 km2 becomes inundated by the
lake during the peak of the seasonal rise in water level during the winter of 2011 and 2012, although
this is quite small throughout 2010. The total amount of sulfidic material exposed to oxygen,
integrated over the lake, peaks at around 300,000 tonnes of H2SO4 acidity equivalents, when the lake
gets below -1.5m, of which a small fraction (<10%) is oxidised to form available acidity within the
unsaturated zone over the simulation period. During the autumn and winter of each year, a
substantial fraction of the acidity within the unsaturated porewaters percolates down to the
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Figure 7.36: Plots of pH and dissolved carbonate alkalinity DIC (mg C L-t) for Lake Alexandrina at annual
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intervals for the -1.0m AHD water level stabilisation scenario.
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Figure 7.37: Plots of water table depth (PHREATIC, m from surface) and exposed pyritic material (PASS,
mol H*) at annual intervals from 2009-2012 for the lake drawdown scenario (DDN).

147




|
|
|

UZAASS ® 10 SZAASS
4.5
11-Sep-2009 4 51 11-Sep-2009
35 1ot
3
15
25
=
2 20
15
25
1
05 30 F
0 A A . A A A
15 20 25 30 35 40 45 50 55 15 20 25 30 35 40 45 50 55
4
UZAASS x10 SZAASS
4.5
10-Sep-2010 4 5+ 10-Sep-2010
35 ot
3
25 151
=
2 20 b
15
25
1
05 E
0
15 20 25 30 35 40 45 50 55 15 20 25 30 35 40 45 50 a5
4
UZAASS x 10 SZAASS
4.5
09-Sep-2011 4 5 09-Sep-2011
35 10t
3
25 15
<
2 20 b
15
a5
1
05 30
15 20 a5 30 35 40 45 50 55 15 20 25 30 35 40 45 50 55
4
UZAASS x 10 SZAASS
45
07-Sep-2012 00:00:01 4 5t 07-8ep-2012 00:00:01
35 10t
3
25 5[
E
2 20
15
25 F
1
05 30+
15 20 25 30 35 40 45 50 55 15 20 25 30 35 40 45 50 55
Km Km

Too

600

500

400

300

200

700

600

500

400

300

200

100

700

600

500

400

300

200

100

]

600

500

400

300

200

100

Figure 7.38: Plots of unsaturated zone acidity (UZAASS, mol H*) and saturated zone acidity (SZAASS, mol H*)
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at annual intervals from 2009-2012 for the lake drawdown scenario (DDN).
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Figure 7.39: Plots of acidity re-wetting flux (ASSRWET, mol H* m-2 day-!) and baseflow/seepage acidity flux
(ASSBFLW, mol H* day-1) at annual intervals from 2009-2012 for the lake drawdown scenario (DDN).
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Figure 7.40: Plots of acid neutralising capacity (ANC, mol H*) and submerged sediment alkalinity flux
(SO4REDN, mol m-2 day-) at annual intervals from 2009-2012 for the lake drawdown scenario (DDN).
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saturated zone; this pool gradually reduces due to a combination of baseflow mobilisation and
saturated zone neutralisation processes. The baseflow component is initially small but becomes
substantial and increases further as the water level declines. Because of the slow rate of
groundwater movement towards the lakes, there is a substantial lag between when the acidity is
generated and delivered to the water table, and when it is received by the waterbody. In contrast,
the ability of overland and throughflow generated by intense storms to wash in surficial sediment with
high available acidities is able to deliver a large acidity load over a very short period (~days to
weeks).

The rewetting pulse of acidity during the seasonal inundation of previously exposed sediment in
winter generates a peak acidity flux of 2 tonnes H.SO4 per day, which is compared to a more
constant total alkalinity release rate of around 0.3 tonnes H2SOs per day due to SO4 reduction
processes in the submerged, organic rich lake sediment. Although the acidity flux rates per m2 are
much higher than the equivalent SO4 reduction rates in the anoxic sediment, the much higher areas
of alkalinity producing sediment mean that the total alkalinity production is actually greater than
that caused by re-inundation of acid sulfate soil material.

To test the sensitivity of the pH predictions to key processes several simulations were conducted with
adjusted values of acid mobilisable fraction (f,.,,) and ANC neutralisation rate (k). These are
denoted ‘021, ‘022" and ‘23f’ in Figure 7.42:

021 has high ANC consumption (40% year?) and a low acidity mobilisable fraction (f,,,,=0.5);

e 022 haslower ANC consumption (20% year-t) and a low acidity mobilisable fraction (f,,,,=0.5);

23f has lower ANC consumption (20% year?) and a high acidity mobilisable fraction (f,,,,=0.75);

The simulations were otherwise configured identically, and used ‘default’ acid sulfate soil and lake
model parameters as presented in Table 4.2. The results indicate a relatively low sensitivity to the ANC
neutralisation rate, and a higher sensitivity to the mobilisable fraction. From the Currency/Finniss
validation, the observed data was between the 021/022 and 23f sensitivity simulations and so this is
considered to be a reasonable representation of the uncertainty in the predicted alkalinity
concentrations. The 23f scenario does appear to start to create a noticeable lowering of the pH and
alkalinity compared to the 021/022 suggesting that a continuation of this simulation would potentially
lead to an acidification event.
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Figure 7.41a: Analysis of spatially-integrated acid sulfate soil model outputs from the base drawdown
simulation showing accumulation of exposed PASS and subsequent AASS production and consumption.
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Figure 7.41b: Analysis of spatially-integrated acid sulfate soil model outputs from the base drawdown
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Figure 7.42: Comparison of pH (top) and DIC (bottom) for three simulations for the lake drawdown scenario
(DDN), testing sensitivity to the acid neutralisation and mobilisation parameters.
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Annual average budgets of key acidity fluxes and stores of acidity were compiled for the years 2010
and 2012 to gain insights to how the dominant drivers of the acidification process change over time
(Figure 7.43). These sums indicate that the amount of available acidity doubles over this period
(these sums assume continued drawdown until 2012) and substantial transport of available acidity to
the water. In 2010 this is around 10% of the oxidised acidity, but this reduces to ~8% in 2012. However,
by 2012 the store of acidity available for mobilisation is significantly greater (increased from 90,000 to
225,000 tonnes from 2010-2012 in the unsaturated zone). Diffusive fluxes from rewetting and seiching
are small during the drawdown (0.25-0.31 tonnes day-1). The dominant mechanisms for delivery of
acidity to the lake water is the ponding, overland flow, and throughflow, as for the other domains
reported previously.

452,819,105 m* 481,528,504 m?

3x10% Acidity store (tH,50,)
700:  Acidity (red) / Alkalinity (blue) flux rate (t H SO, /day)

554,800,668 m* 379,549,515 m*

3x10°% Acidity store (tH,S0,)
700:  Acidity (red) / Alkalinity (blue) flux rate (t H,SO, /day)

Figure 7.43: Annual average budgets of acidity stores and fluxes for Lake Alexandrina in 2010 and 2012.
Data from drawdown (DDN) simulation.
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7.4 Recommendations for water level stabilisation

The acidification ‘trigger level’ analysis conducted here considers all the drawdown simulations
conducted to date in addition to the various filing scenarios, since flooding of previously acidified
sediment may mean that acidic conditions take some time to manifest and may in fact be realised
during the re-filling process. The trigger level below which the risk of acidification becomes too high is
therefore defined as the lowest level the lake gets to prior to pH dropping below 6, even if this occurs
at some time in the future. Here we also define the target ‘water management level’, which is the
level the lake should be maintained at to avoid acidification, and given the inherent uncertainties in
our understanding and the model simulations, this includes some conservative adjustments to the
trigger level. Importantly, the significant role of rainfall-induced lateral flow mechanisms in controlling
the acidity flux to the lake means that acidification is very much related to the time of year that the
acidity is flushed from the exposed soil by rainfall, regardless of the water level at that time.
Therefore, the target water management level must be considered within the context of the annual
rainfall cycle.

Note that the management scenarios presented in this report and the volume fluxes used in the
simulations presented here are indicative for the purposes of testing acidification dynamics and at
this stage they are not meant to imply any endorsed strategy.

During the early stages of drawdown (i.e., no active water level management) before the water
levels drop significantly, the overall acidity load was largely insensitive to rewetting (since only
seasonal scale re-inundation of acidic sediment occurs during the lake drying phase) and in-lake
alkalinity generation processes. This is because the main acidity contribution occurs during seasonal
pulses triggered by prolonged and intense rainfall driving overland and throughflow processes.
However, diffusion of acidity from acidified clays in Lake Albert was a notable risk under certain
conditions. Variability in these processes results from sensitivity to the soil type, the vertical percolation
of acidity in response to rain, generation of lateral flow from saturated soil, and the in situ soil
neutralisation processes.

Lake Albert
e Any simulations that went below -1.0m AHD, regardless of timing or ASS model parameters
tested, indicated significant lake acidification at a potentially irreversible level. While
stabilisation at -1.0m AHD may prevent large-scale acidification, large regions of the lake
would be significantly impacted and large area so f soil acidification would also present
numerous significant management challenges.

e Stabilisation at -0.75 and -0.5m AHD appeared to prevent large-scale deterioration,
however the alkalinity in the “23f” simulation, which arguably gave a better validation to the
observed Currency Creek acidification data, did show very low alkalinites and pH
instabilities at perimeter regions of the lake even at -0.5m AHD. However, the 23f simulation
also showed partial and temporary acidification of the north region of the lake in late 2009,
which is not reflected in the field observations, so it could be considered that this particular
simulation is an over prediction.

. Recommendation: stabilise above -0.75m AHD; aim for +/- 25cm oscillation around -0.5
MAHD.

e Stabilising at -0.5m AHD or above will significantly reduce risk.

Lake Alexandrina

Across the simulations conducted to date, the lake system appears to cross a threshold at a depth of
< -1.75mAHD, where the volume of acidity stored in the soil is considerable compared to the lake
alkalinity stores and generation mechanisms. Whilst the soil accumulates acidity, the important
delivery mechanism is the movement of this acidity to the water column, and since this occurs over a
short period (~1-3 months) when the rainfall amount is sufficient to drive lateral flows, the simulations
suggest that in this case there is relatively little time for soil neutralisation processes to make an
appreciable impact on the acidity entering the water.

e Even though both the drawdown and stabilisation scenarios using the base validation
configuration showed no whole-lake acidification over the period to the end of 2012, the
model does indicate several management issues:
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o0 North-western region shows temporary acidification in the drawdown simulation,
especially with 23f configuration (note: during final review of this report this was
observed in May 2010 and this model prediction therefore was proven accurate);

0 Seawater entrance is predicted to create some acidification in the south reach of
the lake around Pt Sturt;

Inertia of groundwater acidity via high accumulation of acidic material in the unsaturated
zone indicates that longer simulations beyond 2012 would eventually deteriorate if levels
were maintained below -1.75m AHD.

Water level management scenarios simulated included a switch to 1850GL allocation to
stabilise the lake around -1.0m, as well as one scenario that explored the impacts of
seawater flooding with the aim of maintaining the lake level immediately at -1.0 m. The
model shows enhanced baseflow/seepage contributions as the water drops, and a
progressive increase in the importance of the rewetting flux as more sulfuric soil is inundated
as water levels increase at a later stage. The simulations show that seawater is more efficient
at mobilising acidity (in accordance with the observational data) and so freshwater is able
to prolong pH neutral conditions for longer.

Recommendation: stabilise above -1.75 mAHD; aim for +/-25 cm oscillation around -1.5m
AHD to avoid acidification.

Stabilising at -1.5m AHD or above will significantly reduce risk

Note that while the focus of this section is on pH, the model indicates that stabilisation at these levels
will avoid acidification, however, it should be noted that large areas of sulfuric and poor quality soil
will be exposed, and traditional water quality problems such as elevated nutrients and reduced
clarity will become a persistent feature. In particular salinity issues when the lake levels are low wiill
become a significant management challenge, particularly where seawater is introduced.

156




8 Conclusions

8.1 Model development and validation

Whilst acidification of lake ecosystems has been previously documented around the world, and
attributed to various underlying mechanisms (mainly acid rain), the present case of acidification of
the Murray Lower Lakes is unprecedented. The rate of water level change and amount of potentially
oxidisable sulfidic minerals make the scale of the acidification threat beyond previous experience
and it is therefore not surprising that models of acid sulfate soils relevant to lake ecosystems have not
previously been developed. The challenges of the present project were to develop a model able to
spatially resolve acid sulfate soil dynamics, whilst also accounting for lake hydrodynamics and key
biogeochemical processes, and for the coupled model to be able to simulate multiple years of
management scenarios. Following a substantial review of the literature and available models for
acid sulfate soil dynamics, there was no platform that could be readily applied for the present
investigation. Models of acid sulfate soil dynamics are largely 1-dimensional and are based on the
solution of the Richard’s equation, coupled with pyrite oxidation and acidity neutralisation chemical
processes, and the associated solute transport equations. Whilst these approaches were scientifically
sound for the present case, there application to the lake where large spatial heterogeneity in soil
type, salinity and sulfide concentrations meant that computational constraints were insurmountable
given this approach is so numerically intensive. Instead, here we have developed a new soil hydro-
geochemical model with a simplified vertical representation, but which was able to represent spatial
heterogeneity and dynamically link with an existing 3D lake hydrodynamic-biogeochemical model.
The vertical structure of acid sulfate soils can not be overly simplified due to the importance of the
unsaturated zone soil moisture profiles and the variability of pyrite with depth, and so the present
approach does not entirely lump vertical processes into an averaged unit, but instead resolves the
vertical profile in a simplified manner that avoids the full Richard’s equation solution. This approach
does not preclude the implementation of a more complete Richard’s equation solution in
subsequent studies, and in fact the model has been designed to incorporate this option into future
revisions when computational constraints can be addressed. The present approach is justified,
however, given the relatively long time integrations the model is being applied over (i.e., monthly to
decadal), and at this time scale simpler models are known to provide an adequate representation.

The coupled model, termed ELCOM-CAEDYM-ASS, was configured on a range of model
subdomains, representing i) Lake Alexandrina, ii) Lake Albert and iii) a high-resolution domain for the

Currency Creek, Finniss River and Goolwa Channel region. The simulated variables in all domains
were identical and included velocity, temperature, salinity, nutrients, algae, major ions, pH and
alkalinity and solid phase precipitates. The acid sulfate soil module parameters were based on the
associated research programs (and summarised in Table 4.2), and literature values, where available.
The model was validated against a large variety of parameters from extensive available data sets for
the water column, and to more limited available data for the soil conditions.

Generally, the model performed well against lake physical properties (water level, temperature and
salinity) in each of the domains, and also the behaviour of oxygen and conservative ions were also
accurately captured, with the exception of where missing data for the water and mass inputs for the
model domain resulted in uncertainty in model input data. The nutrients and chlorophyll-a values
were reasonably well predicted although there were seasonal or site-specific errors that could be
improved given continued calibration. The pH and alkalinity dynamics were also well predicted in
cases where no acidification was reported. In areas where acidification has been reported, the
model was competent in predicting when and where pH would fall, particularly in the main
Currency Creek tributary area in 2009. There were some areas that were predicted to acidify in the
model that were not observed to acidify in reality; this highlights the uncertainty in the model
predictions and underlines that, rather than being used in isolation, the model as a predictive tool
should be applied within an adaptive monitoring framework that will guide further improvements in
model process descriptions and parameter values, and also optimize collection of input and
validation data.

Where possible the parameterisations used in the model have been taken directly from the
associated field and laboratory research without adjustment. Available qualitative information has
also been compared to model results, in an attempt to further ground truth model performance.
However, the processes indicated by the model to be the key drivers of the acidification dynamics
require further validation at a system-scale. The modelis also highly sensitive to the spatial input data
with respect to soil type and chemistry, which is used to drive the predictions.
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Significant error resulting from input uncertainty, or simplification of these properties, thus also needs
to be considered. Further opportunities to improve the model performance are outlined in detail
below.

8.2 Recommendations for management

The model developed, and associated scenarios reported here, builds on previous work that has
attempted to forecast ecosystem conditions under a range of potential future flow and
management regimes. Despite the increased sophistication of the model and rigour of testing and
validation compared to earlier work (e.g., Hipsey and Salmon, 2008), the present analysis confirms
the magnitude of the risk of acidification of the standing water is substantial in both Lake
Alexandrina and Lake Albert and needs to be actively managed.

The outputs of the model suggest that the amount of pyrite in exposed soil that is able to oxidise is
potentially orders of magnitude larger than that able to cause water body acidification, however
limitations on the oxidation rate, and transport of acidity to the lakes, introduce complexities in
interpreting the time, or water level, where acidification risk becomes unacceptably high. In this
study the rate of oxidation was generally found to be high enough to generate ample acidity to
create management problems, however the dominance of vertical transport processes and the
slowly moving groundwater meant that the dynamics of the soil hydrology are of critical importance
in determining the predicted outcome. In particular, it is predicted that large threshold rain events
overwhelm the vertical percolation rate, which generates temporary ponding and throughflow
processes and leads to delivery of large loads of acidity to the lake boundaries. These large events
typically occur infrequently, however as they are the dominant mechanism controlling the acidity
flux to the lake, the implication of this is that acidification is related to the time of year that the
acidity is flushed from the exposed soil by rainfall, regardless of the water level at that time. This
makes prediction of acidification trigger levels uncertain. The role of acidity diffusion into the water
column following reflooding of acidified clays, particularly in Lake Albert, was also identified as a
potentially significant to loading, and therefore assessment of trigger levels must not only consider
the dynamics during drawdown, but also during refill.

To investigate the different future states of the lake in terms of drying-flooding cycles, a range of
scenarios were conducted and the results were used to recommend a water management target
level for both Lake Alexandrina and Lake Albert. The scenarios included sourcing extra water (above
the minimum flow allocation to the lakes) from either increased freshwater allocation to the lakes, or
alternatively from the Coorong and Murray Mouth region by opening part of Tauwitchere barrage.

Although the acid sulfate soil module is sensitive to variations in salinity, due to its effect on acidity
diffusion during reflooding, the impact of flooding with seawater as opposed to freshwater did not
greatly increase the risk of acidification, but did however lead to high salinities, often above that of
seawater.

For Lake Albert, the lake went acidic for all model simulations that went below a water level of -1.0 m
AHD. Sensitivity testing of the model did not significantly change this prediction. Stabilisation at
-0.75m AHD and -0.5m AHD appeared to prevent any large scale deterioration until the end of 2012.
However, pH instabilities at the lake margins were observed even at -0.5m AHD. This agreed with field
observations of soil and water acidification in localised areas around the lake margins over the
winter of 2009. Based on these modelling results, the key management recommendation to prevent
lake acidification is to maintain water levels above - 0.75m AHD in Lake Albert.

For Lake Alexandrina, the main lake body maintained satisfactory pH and alkalinity up until the end
of 2012 for all stabilisation and drawdown scenarios. However the model indicated several issues:

1. The north-western region shows temporary acidification during lake drawdown during May
2010, which was later confirmed in the observed data;

2. Seawater entrance does create some acidification in the south reach of the lake around Pt
Sturt and alkalinity declined over the whole lake area. Seawater salinities are rapidly
established across the whole lake area in the -1.0m AHD water level stabilisation scenario.

3. A high accumulation of acidic material in the soil occurs, with a lag in delivery of the acidity
in shallow groundwater. This indicates that longer simulations beyond 2012 may eventually
deteriorate if levels were maintained below -1.5m AHD. Longer term simulations being run as
part of the seawater Environmental Impact Assessment confirm this.

Based on these issues, the key management recommendation to prevent large-scale lake
acidification is to maintain water levels above -1.75m AHD in Lake Alexandrina. Fringing waterbody
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regions with poor connection are likely to continue to acidify in response to rainfall even when the
lake remains above this level.

In all simulations conducted, the area of sulfuric soil continues to expand until lake water level
stabilization; acidity levels in the soil remain high despite ongoing fluxes to the lake, due to the large
reservoir of accumulated acidity in the oxidized soil profile. Therefore a soil hazard will continue to
remain around the margins of the lake.

Further, while the focus of this report has been acidity/alkalinity and pH, historical water quality
problems such as elevated nutrients and reduced clarity will become a persistent feature even at
the recommended management levels.

8.3 Recommendations for further research

While the model has accounted for a wide range of biogeochemical parameters, the focus of the
report has been on acidity and pH, and only to a lesser extent on the nutrients, metals, algae and
turbidity. Further advances can be made to the calibration presented in this report through further
time spent with calibration of relevant nutrient cycling, sediment and biological parameters. It is
suggested therefore that the model results can be further improved with minimal effort as further
monitoring data is collected.

Furthermore, the model outputs should be carefully considered when designing and costing future
monitoring programs, within the spirit of adaptive water quality management. Outputs from the
model can guide monitoring of potential hotspots, and in turn such strategically collected data can
be used to address remaining uncertainty within the long-term predictions by improving the
calibration and parameter estimation.

Recent increases in flows to the Lower Lakes (Winter 2010) will give an opportunity to collect
important data to help validate the model during the recovery process and so it is recommended
that monitoring intensity be maintained despite potential increases in water level. Periods of change
in the system offer a means to test the ability of model to capture dynamic processes as indicated
by the system response observed in the field.

Further work is recommended on key biogeochemical model components in order to reduce
uncertainty and further improve confidence in the predictions:

e Unsaturated zone hydrology: it is recommended that the vertical hydrology model be
extended to included a vertically resolved Richard’s equation option in order to reduce
uncertainty in soil moisture prediction and associated solute dynamics. While this option has
not been adopted throughout this report due to computational constraints, its application
to the Currency Creek sub-domain for a time period less than one year would be
achievable and will help unravel the key controls on acidification dynamics.

e Inclusion of metal and ion dynamics in pore-water leachate: improved breakdown of pore-
water leachate geochemistry will help ensure that the connection between the water and
soil is mass-conservative, and also that the mobilisable acidity fraction parameter is
dynamic and able to respond to soil acidity.

e Improved prediction of lateral flows using two-dimensional transport model: the dynamics of
lateral transport of acidity arep complicated and it is recommended that further 2D cross-
sectional work be conducted to understand how ponding and throughflow dynamics occur
following high rainfall events.

e Improved assessment of sediment fluxes within the lake and measurement of alkalinity
production (e.g., sulfate reduction), including spatially variable flux rate estimates.

159




9 References

Ahern, C.R., McElnea, A.E. and Sullivan, L.A., 2004. Acid Sulfate Soils Laboratory Methods Guidelines.
Indooroopilly, Queensland, Australia, Queensland Department of Natural Resources, Mines and Energy.

Baldwin, S, Hall, K., Rees, G. and Richardson, A., 2007. Development of a protocol for recognizing sulfidic
sediments (potential acid sulfate soils) in freshwater wetlands. Ecol. Manage. Restoration, 8(1): 56-60.

Barrodale, |I. and Roberts, F.D.K., 1980. L1 solution to linear equations subject to linear equality and
inequality constraints. ACM Trans. Math. Soft., 6, 231-235.

Blodau, C., 2006. A review of acidity generation and consumption in acid mine lakes and their watersheds.
Sci. Total. Environ., 369(1-3): 307-332.

Blunden, B.G., and Indraratna, B., 2000. Evaluation of surface and groundwater management strategies for
drained sulfidic soil using numerical simulation models. Australian J. Soil Res., 38: 569-590.

Borma, L.D., Ehrlich, M. and Barbosa, M.C., 2003. Acidification and release of heavy metals in dredged
sediments. Canadian Geotechnical J., 40: 1154-1163.

Boudreau, B. P., 1996, A method-of-lines code for carbon and nutrient diagenesis in aquatic sediments.
Comp. Geosci., 22: 479-496.

Boudreau, B.P., 1997. Diagenetic models and their implementation: Modelling transport and reactions in
aguatic sediments. Berlin, Germany, Springer-Verlag.

Boudreau, B.P. and Westrich, J.T., 1984, The dependence of bacterial sulfate reduction on sulfate
concentration in marine sediments. Geochim. Cosmochim. Acta, 48(12): 2503-2516.

Brown, P.N., Byrne, G.D. and Hindmarsh, A.C., 1989. VODE: A variable coefficient ODE solver. SIAM J. Sci.
Stat. Comp., 10(5): 1038-1051.

Bronswijk, J., Nugroho, K., Aribawa, J., Groenberg, J., and Ritsema, C., 1993. Modeling of oxygen transport
and pyrite oxidation in acid sulfate soils. J. Environ. Quality, 22(2): 544-554.

Bronswijk, J.J.B. and Groenenberg, J.E., 1993. A simulation model for acid sulphate soils, I: basic principles.
In: Dent, D.L. and van Mensvoort, M.E.F. [eds], Selected papers of the Ho Chi Minh City Symposium on
acid sulphate sails, International Institute for Land Reclamation and Improvement, Wageningen. Publ.
53: 341-355,

Brooks, R.H., and Corey, A.T., 1966. Properties of porous media affecting fluid flow. J. Irrig. Drainage Div.,
ASCE Proc., 72(IR2): 61-88.

Bush, R. T., and Sullivan, L.A., 1999. Pyrite micromorphology in three Australian Holocene sediments.
Australian J. Soil Res., 37: 637-653.

Cappuyns, V., Swennen, R. and Devivier, A. 2006. Dredged river sediments: Potential chemical time
bombs? A case study. Water Air Soil Pollut., 171: 49-66.

Casulli, V. and Cheng, R.T., 1992. Semi-implicit finite difference methods for three-dimensional shallow water
flow. Intl. J. Numerical Methods Fluids, 15: 629-648.

Chan, T.U., Hamilton, D.P., Robson, B.J., Hodges, B.R. and Dallimore, C.J., 2003. Impacts of hydrological
changes on phytoplankton succession in the Swan River, Western Australia. Estuaries, 25(6B): 1405-1415.

Cook, F.J., Dobos, SK., Carlin, G.D. and Millar, G.E., 2004. Oxidation rate of pyrite in acid sulfate soils: in situ
measurements and modelling. Australian J. Soil Res., 42(5-6): 499-507.

Cook, F.J. and Rassam, D.W., 2002. An analytical model for predicting water table dynamics during
drainage and evaporation. J. Hydrol., 263: 105-113.

Di Nanno, M.P., Curutchet, G. and Ratto, S., 2007. Anaerobic sediment potential acidification and metal
release risk assessment by chemical characterization and batch resuspension experiments. J. Soils
Sediments, 7: 187-194.

Drever, J.I., 1997. The geochemistry of natural waters: Surface and groundwater environments. New Jersey,
USA, Prentice-Hall, Inc.

Earth Systems 2010, Quantification of acidity flux rates to the Lower Murray Lakes. Prepared by Earth
Systems Consulting Pty. Ltd. for the SA Department of Environment and Natural Resources, Adelaide.

Farmer, D., Sivapalan, M., Jothityangkoon, C., 2003. Climate, soil, and vegetation controls upon the
variability of water balance in temperate and semiarid landscapes: Downward approach to water
balance analysis. Water Resour. Res., 39(2): 1035-1056.

Fitzpatrick, R.W., Shand, P., Marveanek, S., Merry, R.H., Thomas, M., Raven, M.D., Simpson, S.L. and McClure,
S., 2008. Acid sulfate soils in subaqueous, waterlogged and drained soil environments in Lake Albert,
Lake Alexandrina and River Murray below Blanchetown (Lock 1): Properties, distribution, genesis, risks
and management. Report prepared for South Australian Department of Environment and Heritage,
CSIRO Land and Water Science Report 46/08.

Fitzpatrick, R.W., Grealish, G., Shand, P., Simpson, S.L., Merry, R.H. and Raven, M.D., 2009. Acid sulfate soil
assessment in Finniss River, Currency Creek, Black Swamp and Goolwa Channel, South Australia. Report
prepared for Murray-Darling Basin Authority (MDBA), CSIRO Land and Water Science Report 26/09.

160




Fitzpatrick, R.W., Grealish, G., Chappell, A.,, Marvanek, S. and Shand, P. 2010, Spatial variability of
subaqueous and terrestrial acid sulfate soils and their properties, for the Lower Lakes South Australia.
Prepared by the Commonwealth Scientific and Industrial Research Organisation (CSIRO) Land and
Water for the SA Department of Environment and Natural Resources, Adelaide.

Hicks, W.S., Creeper, N., Hutson, J., Fitzpatrick, R.W., Grocke, S. and Shand, P., 2009. The potential for
contaminant mobilisation following acid sulfate soil rewetting: field experiment. Prepared by the
Commonwealth Scientific and Industrial Research Organisation (CSIRO) Land and Water for the SA
Department of Environment and Natural Resources, Adelaide.

Hillmer, I.LA. and Imberger, J., 2007. Influence of advection on time and space scales of ecological
variables in a coastal equilibrium flow, Continental Shelf Res., 27: 134-153.

Hipsey, M.R., Salmon, S.U., Marti, C.L., Aldridge, K.T., and Brookes, J.D., 2009. Hydrodynamic and water
quality model for the Lower Murray River — The ‘Lower Murray HydroModel’. Final report prepared for
SAWater.

Hipsey, M.R. and Hamilton, D.P., 2008. Computational Aquatic Ecosystem Dynamics Model: CAEDYM v3,
v3.3 Science Manual. Centre for Water Research Report, The University of Western Australia..

Hollings, P., Hendry, M.J., Nicholson, R.V. and Kirkland, R.A., 2001. Quantification of oxygen consumption
and sulphate release rates for waste rock piles using kinetic cells: Cluff lake uranium mine, northern
Saskatchewan, Canada. Appl. Geochem. 16: 1215-1230.

Hutson, J.L. 2003. Leaching estimation and chemistry model (LEACHM): Model description and user's guide.
pp. 1-142.

Hutson, J.L. and Wagenet, R.J., 1992. LEACHM: Leaching Estimation And Chemistry Model: A process based
model of water and solute movement transformations, plant uptake and chemical reactions in the
unsaturated zone. Continuum Vol. 2, Version 3. Water Resources Inst., Cornell University, Ithaca, NY.

Jacques, D. and Simnek, J., 2005. User manual of the multicomponent variably- saturated flow and
transport model HP1 (Version 1.0): Description, Verification and Examples. Open Report of the Belgian
Nuclear Research Centre. SCK*CEN-BLG-998 05/DJa/P-36, pp. 1-91.

Koschorreck, M. and Tittel, J., 2007. Natural alkalinity generation in neutral lakes affected by acid mine
drainage. J. Environ. Qual., 36: 1163-1171.

Lazar B., Starinsky, A., Katz, A., Sass, E. and Ben-Yaakov, S. 1983. The carbonate system in hypersaline
solutions: Alkalinity and CaCO:s solubility of evaporated seawater. Limnol. Oceanogr., 28(5):978-986.

Lu, N. and Likos, W.J., 2004, Rate of capillary rise in soil. J. Geotech. Geoenviron. Engng, 132: 1-5.

Luff, R., Wallmann, K., Grandel, S., and Schluter, M., 2000. Numerical modeling of benthic processes in the
deep Arabian Sea, Deep-Sea Res. Part ll-Topical Studies Oceanogr., 47(14): 3039-3072.

Luff, R., Haeckel, M., Wallmann, K., 2001. Robust and fast FORTRAN and MATLAB libraries to calculate pH
distributions in marine systems. Comp. Geosci., 27: 157-169.

Luff, R. and Moll, A., 2004. Seasonal dynamics of the North Sea sediments using a three-dimensional
coupled sediment-water model system. Continent. Shelf Res., 24: 1099-1127.

Meysman, F.J.R., Middelburg, J.J. Herman, P.M.J. and Heip, C.H.R., 2003. Reactive transport in surface
sediments. Il. MEDIA: an object-oriented problem-solving environment for early diagenesis. Comp.
Geosci. 29: 301-318.

Morse, J.W., 1991. Oxidation-kinetics of sedimentary pyrite in seawater. Geochimica et Cosmochimica
Acta, 55: 3665-3667.

Mosley, L., 2008. Modelling of pH in the Lower Lakes of South Australia following large-scale acid sulfate soil
exposure. South Australian Water Security Technical Working Group confidential report.

EPA, 2010. Currency Creek, Finniss River and Goolwa Channel water quality summary report.

Nicholson, R.V., 1994. Iron-sulfide oxidation mechanism: Laboratory studies. In: Blowes, D.W. and Jambor, J.
I. [eds.], The environmental geochemistry of sulfide mine-wastes. Mineralogical Association of Canada.

Niswonger, R.G., Prudic, D.E. and Regan, R.S., 2006. Documentation of the Unsaturated-Zone Flow (UZF1)
Package for modeling unsaturated flow between the land surface and the water table with
MODFLOW-2005. U.S. Geological Survey Techniques and Methods 6-A19, 62 p.

Nordstrom, D.K., and Alpers, C.N., 1999. Geochemistry of acid mine waters, p. 133-160. In: Plumlee, G.S.
and Logsdon, M.J. [eds.], The environmental geochemistry of mineral depaosits. Reviews in Economic
Geology. Society of Economic Geologists.

Nordstrom, D. K., Plummer, L. N., Langmuir, D., Busenberg, E., May, H. M., Jones, B. F. & Parkhurst, D. L., 1990,
Revised chemical equilibrium data for major water-mineral reactions and their limitations. In: Bassett,
R.L. and Melchior, D. [eds.] Chemical modeling in aqueous systems Il. Washington D.C., American
Chemical Society Symposium Series.

Oldham, C.E., Salmon, S.U., Hipsey, M.R. and Ivey, G.N., 2009. Modelling pit lake water quality: Coupling of
lake stratification dynamics, lake ecology, aqueous geochemistry and sediment diagenesis. In:
Castendyk, D.N. and Eary, L.E. [eds], Mine Pit Lakes: Characteristics, predictive modeling and
sustainability, Acid Drainage Technology Initiative.

161




Parkhurst, D. L. & Appelo, C. A. J., 1999, User's guide to PHREEQC (Version 2) - A computer program for
speciation, batch reaction, one dimensional transport and inverse geochemical calculations. Water-
Resourses Investigations Report 99-4259. Denver, Colorado, U.S. Geological Survey.

Ravi, V. and Wiliams, J.R., 1998. Estimation of Infiltration Rate in the Vadose Zone: Compilation of Simple
Mathematical Models. United States Environmental Protection Agency Report, EPA/600/R-97/128a.

Rassam, D.W., Cook, F.J. and Gardner, E.A., 2002. Field and laboratory studies of acid sulfate soils. J. Irrig.
Drainage Engng.-ASCE, 128: 100-106.

Rassam, D.W. and Cook, F.J., 2002. Numerical simulations of water flow and solute transport applied to acid
sulfate soils. J. Irrig. Drainage Engng.-ASCE, 128: 107-115.

Rigby, P.A., Dobos, S.K., Cook, F.J. and Goonetilleke. A., 2006. Role of organic matter in framboidal pyrite
oxidation. Sci. Total Environ., 367: 847-854.

Read, D.J., Oldham, C.E., Hipsey, M.R., and Ivey, G.N. in review. The effect of dissolved organic carbon on
chemical fluxes across the sediment-water interface in cores from a carbon limited marine system.
submitted manuscript in review.

Robson, B.J. and Hamilton, D.P., 2004. Three-dimensional modelling of a Microcystis bloom event in the
Swan River estuary, Western Australia. Ecol. Model., 174: 203-222.

Romero, J.R. and Imberger, J., 2003. Effect of a flood underflow on reservoir water quality: Data and three-
dimensional modelling. Archiv fur Hydrobiologie, 157: 1-25.

Romero, J.R., Antenucci, J.P. and Imberger, J., 2004. One- and three-dimensional biogeochemical
simulations of two differing reservoirs. Ecol. Model., 174(1-2): 143-160.

Schnoor, J.L.,1996. Environmental modelling: Fate and transport of pollutants in water, air, and soil. New
York, USA, John Wiley and Sons, Inc.

Simpson, S., Angel, B. Fitzpatrick, R.W., Shand, P., Merry, R. and Thomas, M., 2008. Acid, metal and nutrient

mobilisation following rewetting of acid sulfate soils in the Lower Murray. CSIRO report prepared for
South Australian Environmental Protection Agency, CSIRO Land and Water Science Report CLW27/08.

Simunek, J. and Bradford, S.A., 2008. Vadose zone modeling: Introduction and importance. Vadose Zone J.,
7:581-586.

Spilman, C.M., Imberger, J., Hamilton, D.P., Hipsey, M.R. and Romero, J.R., 2007. Modelling the effects of Po
River discharge, internal nutrient cycling and hydrodynamics on biogeochemistry of the Northern
Adriatic Sea, J. Marine Sys., 68(1): 127-200.

Smith, R.E., 1983, Approximate sediment water movement by kinematic characteristics: Soil Sci. Soc.
Amer. J., 47: 3-8.

Steefel, C.I.,, and MacQuarrie, K.T.B., 1996. Approaches to modeling of reactive transport in porous media.
In: Lichtner, P.C., Steefel, C.Il. and Oelkers, E.H. [eds], Reactive transport in porous media, Reviews in
Mineralogy, no. 34, Mineralogical Society of America, Washington, DC, p. 83-129.

Sullivan, L.A., Bush, R.T., Ward, N.J., Fyfe, D.M., Johnston, M., Burton, E.D., Cheeseman, P., Bush, M., Maher,
C., Cheetham, M., Watling, K.M., Wong, V.N.L.,, Maher R. and Weber, E., 2009. Lower Lakes laboratory
study of contaminant mobilisation under seawater and freshwater inundation. Prepared by Southern
Cross GeoScience for the SA Department of Environment and Natural Resources, Adelaide.

van Genuchten, M.Th., 1980. A closed-form equation for predicting the hydraulic conductivity of
unsaturated soils. Soil Sci. Soc. Am. J., 44: 892-898.

van Wik, A.L.M., Putu Gedjer Widjaja-Adhi, |., Ritsemal, C.J. and Konsten, C.J.M., 1993. A simulation model
for acid sulphate soils, Il:Validation and application. In: Dent, D.L. and van Mensvoort, M.E.F. (editors):
Selected papers of the Ho Chi Minh City Symposium on acid sulphate soils, International Institute for
Land Reclamation and Improvement, Wageningen. Publ. 53: 357-367,

Vegas-Vilarrubia, T., Baritto, F. and Melean, G., 2008. Critical examination of some common field tests to
assess the acid-sulphate condition in soils. Soil Use Manage., 24: 60-68.

Vogel, T., and Cislerova, M., 1988. On the reliability of unsaturated hydraulic conductivity calculated from
the moisture retention curve. Transp. Porous Med., 3: 1-15.

Wang, Y.F. and Van Cappellan, P., 1996. A multi-component reactive transport model of early diagenesis:
Application to redox cycling in coastal marine sediments. Geochimica et Cosmochimica Acta, 60(16):
2993-3014.

Van Cappellen, P., and Wang, Y.F., 1996. Cycling of iron and manganese in surface sediments: A general
theory for the coupled transport and reaction of carbon, oxygen, nitrogen, sulfur, iron, and
manganese, Amer. J. Sci., 296(3): 197-243.

Ward, N.J., Sullivan, L.A. and Bush, R.T., 2004a. Soil pH, oxygen availability, and the rate of sulfide oxidation
in acid sulfate soil materials: implications for environmental hazard assessment. Australian J. Soil Res., 42:
509-514.

Ward, N.J., Sullivan, L.A., Fyfe, D.M., Bush, R.T. and Ferguson, A.J.P., 2004b. The process of sulfide oxidation in
some acid sulfate soil materials. Australian J. Soil Res., 42: 449-458.

Wiersma, C.L., and Rimstidt, J.D., 1984. Rates of reaction of pyrite and marcasite with ferric iron at pH-2.
Geochimica Et Cosmochimica Acta, 48: 85-92.

162




Al Appendix 1: Sensitivity analysis of key model processes

Scenario matrix and uncertainty testing

To ascertain sensitivity of the lake system to acidification a range of scenarios have been conducted
throughout the project with different river and seawater inflows, Lake Albert pumping conditions and
model parameters (Table Al.1). The results presented here do not use the final parameter set and
model as described in the report due to updates that occurred throughout the project. The pH
predictions presented here are therefore not current. However, they are included here as they do
provide insight into the sensitivity of the model predictions to key processes, as described next.

Table Al.1: Summary of simulations run for sensitivity testing and uncertainty estimation. In this table ‘0’
implies a median parameter value used and ‘+’ / ‘++’ / ‘+++’ indicates successive increases and
conversely ‘- indicates a decrease.

Scenario
c
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£ED = T ¥ S 2 2 g
s 4 < @ 2 O SR = ° S
s% | 22 | 5% | 2% | %88 | $- | 2
e L 8 8 = o a s g < PR
Lake Alexandrina
Do Nothing - RW- SR- ANC1% Ox- NoBF 0 0
Continued 896GL allocation at SA 0 0 0 0 BF- -Per +SD
Border, + 170GL extra in 2009-2010 RW+ SR+ ANC20% Ox+ 0
RW++ SZN+ BF+
SZN++
SZN+++
Freshwater stabilisation — 1850GL 0 0 0 0 NoBF 0 0
allocation at SA Border from -1.5 RW++ SZN+ 0
mMAHD
Seawater stabilisation — 1850GL 0 0 SZN+ 0 NoBF 0 0
allocation at SA Border from -1.5 0
mAHD
Seawater flooding — 0 0 0 0 NoBF 0 0
Maintain -1.5 mAHD SZN+ 0
Lake Albert
No Pumping post Jan 2010 0 0 SZN+ 0 0 0 0
Continued pumping from Alex to 0 0 0 0
maintain -1.0mAHD for 2010-2011
Continued pumping from Alex to
maintain -0.75mAHD ongoing
Continued pumping from Alex to
maintain -0.5mAHD ongoing
Currency/Finniss
Hindcast validation sim 0 0
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Simulations conducted with 10% ANC consumption per year and with 10% ANC consumption per
year + in situ acidity consumption within saturated regions of the soil column of 1% per day highlight
that the time between acidification of the main lake body shifted by 2 months. Simulations run with
2-5% saturated zone neutralisation per day were able to prolong the acidification threshold for a

further 12 months until the following winter (winter 2011).

Sensitivity to the oxidation rate is relatively subdued, since at the current oxidation rate, the acidity
generation is ample relative to the acidity mobilisation and neutralisation rate.
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Figure Al.1: Time-series of pH at four locations within Lake Alexandrina for a range of drawdown simulation

run with different rewetting flux (D02 = RW+; D03 = RW-) parameters.
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Figure Al.2: Time-series of pH at four locations within Lake Alexandrina for a range of drawdown simulation
run with different lake sediment alkalinity generation rate (D08 = SO4+; D09 = SO4-) parameters.
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Figure Al.3: Time-series of pH at four locations within Lake Alexandrina for a range of drawdown simulation
run with different baseflow (BFO, BF+ and BF-) and saturated zone acidity attenuation (SZN) parameters. Top
right plot highlights the simulation with 5%, 2%, 1% and 0.5% saturated zone acidity neutralisation (SZN) per
day.
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