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Abstract

Mining pit lakes can form in open cut mining pits that ex
surface levels generally represent the greatest risk of pit la
overflow and discharge to regional surface water bodie
prerequisite for managing this risk is a good understanding of t

d below the groundwater table. Final lake
losure to stakeholders through potential to
d groundwater] resources. An essential

Pit lakes in the Collie Coal Basin ,Western Australia form a lake rrently consisting of 13 lakes
exceeding a total volume of 200 GL of acid and metalliferous (AMD) degraded water. Given long-term risks
for off-site contamination, regulatory agencies often rely on geochemical predictions of future pit lake water
quality to evaluate closure strategies that protect the s nding environment.

Using an existing regional groundwater model, we m
District, south-western Australia, to deter differe
pit lake water levels. PITLAKQ was used to three different lakes representing three distinct lake types
identified by conceptual modelling: Historic (around 50 rs old), New/Rehabilitated, and New/
Un-rehabilitated (both around 5-15 years . An accurate representation of the water level-volume
relationships was developed before all avail@ble data on major hydrological sinks and sources such as
groundwater inflow/outflow, surface watey@inflow/outflow, as well as precipitation and evaporation were
considered in lake water budget calculations.

tative pit lake types in the Collie Lake
ndwater abstraction regime effects on

d and calculated water levels we could show
ows by examining different scenarios. Reciprocally, this
pling fine-scale pit lake models with groundwater models

Although we found large devzatlons bei
reasonable limits for groundwater i
improved the groundwater model(s)fSiiggesting @

to identify the data quality for sinks n approach for other pit lake models.

Our modelling scenarios showed tha 7 groundwater abstraction regime changes would lead to only
limited changes in lake water / to modelling uncertainties resulting from limited available
data and the use of a regio ater model. This example illustrates pit lake modelling with low data

under different operational scenarios.

1
The size of mind i ia ranges from relatively small urban borrow pits of about 100 m in
diameter, to eno en cut operations such as Mount Whaleback Mine in the Central Pilbara, (WA)

with final pit dim
not known ho

by 2.2 km and a depth of 500 m (Waterhouse and Davidge, 1999). It is
st in Australia, although, it has been estimated that there are more than

11 less than 250 mm per year and another one third is semi-arid (250-500 mm per
where rainfall exceeds evaporation on an annual basis (Bell, 2001), however, the
1dentified as an area where pit water quality is unlikely to undergo significant
h evapo-concentration (Kumar et al., 2009). If pit lake water levels are sustainable under
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As one of the driest continents in the world and with the demand for water resources
increasing population, pit lakes may be of significant potential use for both 1ndustry and su
communities (McCullough and Lund, 2006). Given the long-term risks for over-flow, na
regulatory agencies rely on geohydrological predictions of future pit lake water le
closure strategies that can provide sustainable protection of the surrounding enviro
resources.

1.1  Pit lake modelling

There are several modelling strategies for mine lakes, hydrological modg

stratification and circulation (Hamblin et al., 1999; Castendyk and Wel 07); geochemical
modelling on pit lake geochemistry and water quality (Eary, 19 - ing on ecological
community structure (Kalin et al., 2001; Jin and Bethke, 2005 able amount of both
pit lake and often relevant catchment data is also needed to p ce accurate results for modelling prediction
in these disciplines.

There are many physical processes which control pit lak
orientation of the lake, and climatic conditions at the site (Mille er et al., 2008). Incoming
solar and outgoing evaporation and radiation contributes to a he ¢ which controls lake water
temperature and therefore water density in freshwater systems, affect mixing and stratification, as will wind
stress across the pit lake surface, transferring energy to depth. In turn, the hydrological pit lake balance is
determined by lake depth and volume and relative i of water (e.g., precipitation, surface water and
ground water influx) and water removal (e.g., evapor: d ground water efflux, and abstraction)

(Salmon et al., 2008). Therefore, modelling pit lake w: es hydro-geological, limnological, and
climatic processes all to be considered. S
Despite potential and existing examples of possible beneficial ses for pit lakes, there are many pit lakes
across the Australian continent with no plannedaend uses (Farrell, 1998). The potential use of pit lake water
remains largely dependent on the pit lake wateff quantity and quality (Doupé and Lymbery, 2005). However,
a frequent lack of detailed data of pit lake quantity and quality currently renders it impossible to assess
the risk and opportunities presented by pit Current predictive pit lake models are able to provide
information for advancing current conceptual m d provide advice of pit lake response to different
management scenarios (McCullough ¢ gh there are often no guidelines for developing pit

lakes as useful water resources, pit d water quality can be used immediately for uses such as
aquaculture, water sports and recrea

hese include the shape,

1.2 Study site

Located in the south- west 0
centre of coal mind
mining has taken

Australia, Collie is surrounded by the Collie Coal Basin which is the
m Australia (Figure Figure 1). Underground and open cut coal

Collie has a M i th hot, dry summers (range 12-29°C) and cool, wet winters (range
4-15°C). The 100 rainfall for the Collie Basin is 939 mm, although this has decreased to an
average of only ast 20 years (Craven, 2003). The hydrogeology of the Collie basin is
complex, with

of groundwater is highly variable ranging from <4 to neutral (Varma, 2002).
13 mine lakes in Collie, with surface area between 1-10 ha, depth between
years and pH between 2.4-6.8 (Lund and McCullough, 2008). Water quality of

centrations of seleCted metals due to low buffering capacity of surrounding geologies.
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Figure 1 Location of the Collie Lake District and repres

2 Methods

2.1 Modelling software

The PITLAKQ (Miiller, 2011) numerical modelling so
had been applied to several lakes (Miiller and Wern
the determining physical, chemical, and bi

gical pr
principle of spatial discretisation is shown in F1 2(b).

schematic overview of important proces
e

sunzand cloud-cover

re is based on MODGLUE (Miiller, 2004), which

; 1 et al., 2008). PITLAKQ accounts for
mining pit lakes. Figure 2(a) a gives a
are implemented in the model. The
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harizantal discretizationm
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Figure 2  a) Schematic of processes in PITLAKQ; b) Prin

PITLAKQ couples CE-QUAL-W2 (Cole and Buchak, 1995) and PHREEQC (Parkhurst and Appelo, 1999)
and adds new functionality to account for the pit lake requirements. For example, several sources of acidity
such as erosion or release from submerged sediments spatially distributed groundwater inflow help to
better represent pit lake conditions. Furthermore, PIT Qca ount for the effects of water treatment on
water quality. The two-dimensional model setup with one horizontal dimension allows sinks
and sources with defined spatial locations.

2.2 Lake types

e District pit lakes identified three major lake types
pes all showed similar water quality and environmental
similar developmental behaviour. The three basic lakes
New and Rehabilitated pit lakes (around 5-15 years
0 years old, but with revegetation <5 years old).
due to higher pH and lower ORP in historic pit lakes, high

Previous conceptual modelling of Collie
(McCullough and Lund, 2010). These 1
characteristics and therefore are expected
types included: Historic pit lakes (around 50 yea
old) and New and Un-rehabilitated pi %

Mine Closure 2011, Alberta, Canada



Mine Closure Wetland

Table 1 Pit lake types modelled and their bathymetry

Lake Type and Name Details

New and rehabilitated: Kepwari Characteri- e
sed by steep
slopes. Final

lake >67 m

deep.

Good pit
morphology  :
data from
Vulcan
modelling
during
rehabilita-
tion.

8300

T T
*50C 3000 2300

Historic: Stockton No pit
bathymetry
available; so
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1nitial levels
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Varma (2002) consi [ er a very important source of water and acidity influx for the Collie
lakes where p Kfill may often constitute the immediate pit catchment and walls.
A numerical MO undwater model for the Collie Basin was built by Zhang et al. (2007).

Recently, a FEFL water flow model has also been developed. This FELOW-based model
was a success W-based model using much of the same input data but at the same time
taking advantage reater flexibility of the Finite Element Modelling (FEM) mesh of FEFLOW. This
yielded a better spatia ntation of smaller features such as rivers without running the risk of producing

d to produce numerical instabilities as it is often the case with MODFLOW.

Lake water 1e fied as inputs before the model run and inflows to the lake were calculated with
the groundwater . Since results from the FEFLOW-based model were only available from 2010,
jected back to start in 1997, i.e., using the data from January 1, 2010 for January 1, 1997.
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Evaporation from the lake surface is an important lake water sink. The Lake Kepwari
calculate the evaporation for a period of 13 years (1997-2009). The calculation was performed wi
algorithm of CE-QUAL-W2 (Cole and Buchak, 1995) with evaporation calculated fg i

heat budget model. Daily results were saved for all model cells at the surface a
average values for the whole lake over the total calculation time.

No evaporation calibration was made. All results were calculated with inp
internal parameters of CE-QUAL-W2. Good correspondence with measurg :
that projections of evaporation rates into the future with metrological inputd sible allowing for
the investigation of the abstraction effects on the water budget of the lakes.

3 Results

3.1  New, rehabilitated lakes — Lake Kepwari

3.1.1 Model run without groundwater inflow

The model was run without any groundwater inflow. The expecte would be a lake level below
measured values that would indicate how the groundwater contributes to the volume change of the lake. The
water level over time is shown in Figure 3(a) and shows similar patterns of rapid increase of water level or
volume during flooding periods with water from River ie and plateaus in between. At lower water levels
the water level increased rapidly with increases in v, ing less and less at higher water levels

with the same amount of volume added.
There were three distinct phases: \
1. A pre-flooding phase before mid 1999

2. A flooding phase from mid 1999 to
River water. There was a small floq@i
tenth of that of the other flooding per

ith only groundwater inflow, no Collie River water filling.

2004 with several short periods of flooding with Collie
event in mid 2005; however, the volume was about only one
simplicity, this flooding period is included in the next

phase.
3. A post-flooding phase from 1 ards with, again, only groundwater inflow, and no
significant diversions of the ter anymore

e pre-flood phase calculated water level and volume lag
that there is no groundwater inflow in the model but the

expected

In the flooding ph i between calculated and measured values was similar until mid

2003. From mid 2003— re was a sharp increase of calculated volumes compared to measured values
this. The very fast increase in lake water levels during flooding reduced

the near-lake gr ssentially zero preventing any groundwater inflow. When lake water

level increased her, the gradient will likely be reversed and the lake flows into the subsurface. The

model does not al ence the calculated lake volume is larger than the measured one.

In the after-flo red water level reached a quasi steady-state with only seasonal changes.

The calculated el slowly fell due to evaporation and no other source except precipitation, which was
suggests groundwater inflows must be generally higher than outflows.
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Furthermore, Lake Kepwari was represented in the model as a static boundary condition,
lake water level determines how much water flows into the lake. Consequently, only inflow and n
were calculated. While these are reasonable assumptions for investigations of large-sca
conditions, the model results are not suitable as inputs for a detailed lake model.

In the pre-flooding phase the inflow provided by the groundwater model was la
stage the lake volume and therefore the contact area with the groundwater was sig
of the full lake used in the groundwater model. Although Lake Kepwari received ground ow during
this phase, it would have to be much less than the flow calculated with the gro
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Figure 3 and calculated water levels of Lake Kepwari over time a) without

y the FEFLOW-based model with current abstraction from
parison of measured and calculated water levels of Lake Kepwari for
oubled groundwater scenario

phase no groundwater inflow was expected as the groundwater model
. In post-flooding phase the lake was expected to have groundwater
outflows alon i . Since the groundwater model only provided inflows, the modelled lake
volumes increase ily to more than twice the measured values.

W-based groundwater model with current abstraction

m FEFLOW-based model with the current abstraction produced similar results as
odel for the lake water level (Figure 3(c)). The results for the licensed abstraction

erefore not shown here.
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3.1.4 Selection of groundwater scenarios for further calculations

None of the available groundwater inflows could be used for further calculations beca
models were designed for different purposes and therefore cannot provide useful
study. In order to generate suitable model outputs for lake water level modelling,
would need several modifications including increasing its spatial discretisation in ghg
that more groundwater model cells border to the lake.

inflow from the Collie River needs to be considered as well as precipitation
The best solution for this problem would be a coupled groundwater-lake mg
is calculated by a lake model and provided to the groundwater mods
groundwater model could calculate the groundwater inflows and outflows

one month. Since such a model was not available, a reasonab i weand outflow regime was
deduced from the available data. This inflow was different fo In the pre-flooding phase
groundwater inflow was assumed to be the only input source . Therefore, its value can
be estimated by solving the inverse problem and the ground
measured volume change in the lake.

During the first part of the flooding phase no groundwater inflow or ndwater outflow was assumed,
supported by the calculation without groundwater inflow as shown in Figure 3(a). During the last part of the
flooding phase and in the post-flooding phase both groundwater inflow and groundwater outflow were likely
present. Calculated lake volume exceeded the measug€d” volumes even without groundwater exchange and
the lake water level steadily decreased (Figure 3(a)). he contributions of inflow and outflow

could not be uniquely determined as therefis, an unli ination of inflows and outflows that could
result in the same lake water volume develo

The following groundwater inflow and outflow scenarios were based on deductions. Three different
groundwater inflow/outflow scenarios were ated following the reasoning above using the same inflow
and outflow amounts until July 2004. After this the amounts vary. Likely groundwater inflow/outflow used

inflow amounts from the MODFLOW-bas ndwater model from July 2004 onwards. The outflow was
calculated to get a close agreement between m

Minimal groundwater inflow/outflo aised in from July 2004 onwards by reducing inflow
volumes from the MODFLOW-based'g model by the outflows. This scenario yielded the smallest
C ng the seasonal groundwater flow variation calculated

ce the inflow amounts from the MODFLOW-based
. The outflow was calculated from the close agreement between
volumes (Figure 3(d)).

Doubled groundwater inflow/outflov
groundwater model from Jul

3.2 Historic lake

The lake inflows calc
for the MODF

consistent with th
2010 as January a very clear trend of a falling water level indicating the need for more
inflow to the 1 rrent water level. Since no observation data for the lake water level were
available, the water table is shown as reference. The assumption was that the water table is

ow rate was then determined and a constant value of 0.0012 m*/s produced a
d the current water table (Figure 4).

suggests.
water tab
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Figure 4 Water levels in Lake Stockton over time using
based model with current abstraction from gro
(April 2010 level at zero)

3.3 New and un-rehabilitated lakes —Lake WOSC

No groundwater inflow data was available for Lake
showing clearly that inflows were needed to reprod

A compensation inflow rate was also detezmined. B
declining inflow rates. Using this comp&

calculated water table levels could be achieve ure 5(b)).

5C so a calculation without inflows was made
d water levels over time (Figure 5(a)).
variations, there was a clear trend of
le agreement between measured and
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teristics. However, empirical models still allow us to integrate complex physical
ss multiple time and space scales. As our study shows, they also can provide
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models where the lakes are small features and not the main concern of the existing grou

This means that lake water levels have to be specified as input values. Unfortunately, th
have to be computed using the groundwater exchange as a source or sink.

Incorporation of new lake boundary conditions in the groundwater model based o

exchange rates with high spatial and temporal resolution. This would allo
impacts on the lake-groundwater system and would provide a good basis fo

Bathymetry data were also very important to calculate accurat ble representation
of spatial distribution of shallow and deep areas of a lake. B tockton was obtained
during this study but can be considered as estimates and nt to improve the model
representation of the real lake bathymetry. Bathymetry dat cted for other pit lakes,
particularly historic lakes, so that these can be modelled.

The influence of groundwater on lake water quality can only b sed on the regional models
groundwater exchange scenarios; with inherent uncertainties at the pi e scale. However, the changes
planned for groundwater abstraction regimes are relatively small, and of far less consequence to the pit lakes,
than the current uncertainties involved with modelled greundwater exchange. Therefore, based on available
data, no final conclusions on the influence of abstra regime changes on lake water budgets could be
drawn.

Nevertheless, our modelling scenarios sﬁide i basis for a better understanding of
important hydrological processes for the di t lake type en though we could not provide full
solutions for the groundwater exchange processes, we could exclude less likely, and point to more, likely, pit
lake water level scenarios. We could also i y our major limiting data set; groundwater processes, for
targeting in further studies. Further modelling investigations into water quality processes in addition to
groundwater exchange are planned as the esses may be important in determining long-term pit lake
water level and water quality controls. Mode ults strongly support the need for more site-specific
investigations and pit lake-oriented groundwater m g to accurately predict long-term pit lake levels of
the District and also to improve region g ater models.

This example illustrates pit lake mg
long term pit lake risks at closure.

data availability are still useful in better understanding
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