
Quantifying Lake Water Quality Evolution: Coupled Geochemistry,
Hydrodynamics, and Aquatic Ecology in an Acidic Pit Lake
S. Ursula Salmon,*,† Matthew R. Hipsey,† Geoffrey W. Wake,‡ Gregory N. Ivey,‡

and Carolyn E. Oldham‡

†UWA School of Agriculture and Environment, University of Western Australia, (M087) 35 Stirling Hwy, Crawley, Western Australia,
Australia 6009
‡School of Civil, Environmental and Mining Engineering, University of Western Australia, (M051) 35 Stirling Hwy, Crawley, Western
Australia, Australia 6009

*S Supporting Information

ABSTRACT: Assessment of water quality evolution in the
thousands of existing and future mine pit lakes worldwide
requires new numerical tools that integrate geochemical,
hydrological, and biological processes. A coupled model was
used to test alternative hypothesized controls on water quality
in a pit lake over ∼8 years. The evolution of pH, Al, and Fe
were closely linked; field observations were reproduced with
generic solubility equilibrium controls on Fe(III) and Al and a
commonly reported acceleration of the abiotic Fe(II) oxidation
rate by 2−3 orders of magnitude. Simulations indicated an
ongoing acidity loading at the site, and the depletion of Al
mineral buffering capacity after ∼5 years. Simulations also
supported the existence of pH limitation on nitrification, and a
limitation on phytoplankton growth other than the commonly
postulated P and DIC limitations. Furthermore, the model reproduced the general patterns of salinity, pH, Al, and Fe during an
uncontrolled river breach in 2011, however, incorporating sediment biogeochemical feedbacks is required to reproduce the
observed postbreach internal alkalinity generation in the lake. The modeling approach is applicable to the study of hydrological,
geochemical, and biological interactions for a range of lake and reservoir management challenges.

■ INTRODUCTION

The utility of a water body for environmental values, domestic
and industrial water supply, agriculture, recreation, or other
uses, depends upon the water quality. Key state variables
include the biogeochemical master variables pH and redox
potential, alkalinity, salinity, and the concentration of nutrients,
oxygen, metals, and algal biomass. Predicting values for these
parameters presents a formidable challenge, as water quality is
affected by physical, biological and geochemical processes, with
many nonlinear interactions and feedbacks. While it is well
established how variables, such as chlorophyll-a and oxygen will
respond to changes in hydrology and nutrient loading,1−3 there
are many cases where more complex, coupled controls on water
quality need to be taken into account.
The need for prediction tools that couple geochemistry to

hydrodynamics and aquatic ecology is particularly clear in the
case of the thousands of new lakes referred to as pit lakes or
mine lakes. Pit lakes form after the cessation of open cut mining
of, for example, metals, uranium, coal, mineral sands, and
clay.4−10 The water quality of pit lakes will determine whether
they become sustainable water resources or, alternatively,
localized but long-term environmental hazards, with the
potential to also affect downgradient systems.11−13 A subset

of pit lakes are acidic and often contain high concentrations of
dissolved Fe, SO4, and Al.14,15 Addition of alkalinity leads to
relatively fast precipitation of Fe(III) and Al as (oxy)hydroxides
or hydroxysulfate minerals; these reactions release protons and
thus constitute “buffering systems” that must be overcome
before the pH will increase.16 Ongoing acid generation may
also occur due to pyrite oxidation in adjacent waste dumps,
mined landforms (including pit walls), and underground mine
workings, resulting in a sustained external acidity loading onto
pit lakes5,8,15,17,18 and natural water bodies.19−21

Enhanced in situ alkalinity generation via stimulation of
organic matter-driven reactions in lake sediments has been
suggested as a potential remediation technique for acidic pit
lakes, either by direct addition of labile carbon or stimulation of
primary productivity through nutrient amendment.22−30

However, in the field these processes may be limited by the
availability of labile organic matter.15,26,31 A synthesis of data
from long-term field mesocosm trials in Germany concluded
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that remediation attempts through either organic matter or
nutrient input will be hampered by reoxidation of sulfides
formed during alkalinity generation after water column
overturn.28 The challenges associated with this proposed
remediation technique when tested at the field scale highlight
the critical need for validated numerical tools to better quantify
and test our conceptual models of management strategies prior
to implementation, in both natural and anthropogenically
modified environmental systems. Furthermore, it may be
critical to make decisions regarding factors that affect water
quality, such as pit lake bathymetry and surrounding landforms,
during or even prior to commencement of mining.
Although there are thousands of existing and future pit lakes

worldwide, there are relatively few studies on numerical
prediction of pit lake water quality evolution in scientific
journals.32,33 Earlier studies focused on changing water and
mass balances as the pit filled and, in some cases, the
geochemical evolution of pit water quality.32,34−36 The physical
limnology of pit lakes has been extensively studied with
numerical models,37−41 and Moreira et al.42 coupled physical
processes to geochemistry in order to model stable geochemi-
cally controlled stratification in a pit lake. Other studies have
modeled the geochemical processes in detail, with simplification
of the hydrodynamics.43−48

In this Article, we detail the application of a recently
developed numerical model that couples geochemical equilibria
and kinetics with physical and biological processes. With a first-
principles approach to process representation and no
calibration of geochemical equilibrium processes, model
scenarios are used to quantitatively test the hypothesized
controls on water quality evolution49 by comparing simulated
concentrations to field observations as processes are switched
on/off and parameter values varied. The case study site
provides a highly suitable test case for the coupled model, given
the well constrained surface hydrology and biogeochemistry
from a 2004−2005 field campaign, additional monitoring data
up to 2012, and limited biological or sediment activity up to
2011.

■ FIELD SITE: 2004−2005 COMPREHENSIVE
SAMPLING

The case study site, Lake Kepwari, is a former open cut coal
mine WO5B, located ∼160 km southeast of the Western
Australia capital, Perth (33°27′35.53″S, 116°13′10.03″E,
WGS84) in the Collie Coal Basin. There are numerous acidic
pit lakes in the basin.50 Sub-bituminous coal seams are
interlayered with sandstone and siltstone;51 the sulfur and
carbonate content of the coal is relatively low. Mining and
dewatering in the WO5B pit ceased in 1997. From 1999
onward, to accelerate filling of the pit, water from the adjacent
river was diverted into the pit through a valve-regulated offtake
during winter months in years when river flow was sufficiently
high. The lake reached its capacity volume of ∼24 × 106 m3

(24 GL), as limited by overflow culverts, in 2004, resulting in a
pit lake approximately 65 m deep with a surface area of
approximately 1 km2 (see Figure SI-S1). The pit landforms and
adjacent overburden piles were landscaped and revegetated;
any previously exposed coal seams were covered during
landscaping or submerged.
Characterization of the lake included high temporal

resolution measurements of lake temperature profiles and
meteorological forcing at a station installed at the deepest point
in the lake from Oct 2003−March 2006, as well as profiling and

water quality grab sampling from multiple locations and depths
on several occasions in 2004−2005.40,49,52 The pH and
concentrations of some elements were also measured regularly
by the mining company in grab samples from the edge of the
lake. During the 2004 river inflow, water quality in the river was
sampled, as was a point inflow of surface runoff during a rain
event. Limited groundwater quality data were available for the
region.49

Based on the 2004−2005 field data and water/mass/energy
balance calculations, hypotheses regarding the dominant
processes controlling water quality in the pit lake were
formed.49 Temperature-driven stratification of the lake water
column occurred in the summer months (Figure SI-S2 and SI-
S3), enhanced by sheltering from mining landforms.40 An
earlier study of the hydrogeology of the area indicated regional
groundwater flow past the lake;51 dewatering was also required
during mining, indicating ready connection to the groundwater
system. A detailed energy balance over the lake (see Supporting
Information (SI)) indicated that an annual throughflow of
∼2 GL of warmer groundwater (measured to be 17 °C) was
required to reproduce the hypolimnetic temperature measured
during summer months.52

The observed increase in the concentrations of the
conservative components Cl, Mg, Ca, K, and Na in the
epilimnion in summer was hypothesized to be due to
evapoconcentration. Well-mixed, homogeneous conditions
were observed in the winter after overturn. The pH in the
lake in 2004−2005 was less than 5, despite being ∼95 % filled
with river water (pH ∼7). Mineral saturation index calculations
indicated that the Al and Fe(III) hydroxide phases gibbsite and
ferrihydrite were potentially close to solubility equilibrium with
solution, as well as the Al hydroxysulfate phases basalumin-
ite53,54 and jurbanite. Solution was either over- or under-
saturated with respect to other minerals commonly reported to
control aqueous concentrations in mine lakes and other waters
affected by acid mine drainage, such as gypsum and
schwertmannite.14,55,56

Mass balances over the lake, using the (limited) reported
measurements of groundwater quality, suggested ongoing
acidity loading, for example, inflow of Fe(II), followed by
oxidation and precipitation of Fe(III):
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Likely sources of Fe loading into pit lakes include adjacent
mine waste rock and underground workings, or the oxidation of
pyrite in exposed (now submerged) pit wall surfaces in the
lake.8,9,15,41,57−59 Iron concentrations of up to 20 mg L−1 were
reported by the mining company for groundwater close to the
lake. Concentrations may be higher at other locations around
the lake, for example there are no bores in the waste rock
material adjacent to the lake. Experiments with Lake Kepwari
sediments60,61 indicated that early sediment diagenesis in the
lake was organic carbon-limited; furthermore, mass balance
calculations over the lake also suggested that if alkalinity
generation was occurring in the lake sediments, it was not
sufficient to lead to an increase in alkalinity in the lake.49

The lake remained oxic during the 2004−2005 field
campaign, with dissolved oxygen (DO) in the hypolimnion
remaining above 50 % saturation. Concentrations of organic
matter, chlorophyll-a (chl.a) and phosphorus (P) were low,
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indicating that the lake was oligotrophic. In the years with
controlled winter river inflow, this was a source of P and
nitrogen (N), and mass balances indicated that the lake was a P
sink. It was hypothesized that primary productivity was limited
by the scavenging of P by sorption onto Fe and Al
hydroxides,10 with addition of neutralizing river alkalinity
causing precipitation of these phases. Ammonia was observed
to accumulate in the oxic hypolimnion, despite oxic conditions,
which was hypothesized to be due to a reduced rate of
nitrification at the low pH.62−64

Depth profiles of Fe(II)/total Fe and dissolved organic
carbon (DOC) concentrations suggested slight accumulation of
Fe(II) and depletion of DOC in the epilimnion during stratified
periods. It was hypothesized that the presence of Fe(II) in the
oxic water column, up to 40 % of the total Fe in the
epilimnion,49 was due to slow oxidation as a result of low pH,65

and that photoreduction of Fe(III),66 linked with photo-
oxidation of DOC, may have occurred in the epilimnion, as has
been observed in acidic surface waters elsewhere.67−69 Other
suggested sources of Fe(II) were shallow groundwater inflows,
and sinks of DOC were enhanced flocculation and
sedimentation with Al and Fe(III).70−73

■ 2005 TO 2011 RIVER BREACH

River diversion to the lake occurred in 2005, 2007, and 2008,
and additional samples were collected up to Aug 2011 by the
mining company and Kumar et al.74 In August 2011, an unusual
rain event resulted in an uncontrolled breach of the river into
the lake, including overtopping of overflow culverts and decant
of an unknown volume back to the river.75 Connection to the
river ceased in late September 2011,76 and no inflow to the lake
occurred in 2012.

■ MODEL DESCRIPTION

The inflow, outflow, stratification, and mixing dynamics were
simulated using the Dynamic Reservoir Simulation Model
(DYRESM). DYRESM is a 1D/quasi-2D Lagrangian code that
includes parametrizations for inflows, outflows, surface
thermodynamics, wind mixing and deep mixing processes.
The model has been widely used for simulation of stratified
lakes and reservoirs where horizontal motions are not of critical
importance77,78 including pit lakes.38−41,52

The Computational Aquatic Ecosystem Dynamics Model
(CAEDYM79) has been widely used to simulate the dynamics
of oxygen, carbon, N, P, and plankton for a variety of aquatic
environments.80−88 Aqueous speciation and solubility equili-
brium control by mineral phases were accounted for in the
current version of the CAEDYM code by including a flexible
number of principal chemical components that are subject to
solution of mass-action expressions, implemented according to
the approach outlined in Parkhurst and Appelo89 (see SI). The
capability to simulate several additional redox processes as
kinetically controlled reactions was also included. Rate
expressions for the pH-dependence of Fe(II)65,90−92 and
NH4

62,64 oxidation were included, as well as a photochemical
reaction between DOC and Fe(III).66,68 Limited availability of
P in pit lakes is often attributed to association with phases such
as Fe (oxy)hydroxides;93−97 sorption of P to Fe(OH)3(s) was
also implemented, with a Langmuir isotherm,98−100 including
allowance for the pH-dependence of the maximum sorbed P
concentration on Fe(III) minerals (see Figure SI-TS3-S1). All

model equations and constants, as well as computational
aspects, are given in the SI.

■ MODEL CONFIGURATION

Bathymetric data were obtained from the mining company
(Figure SI-S1 and Table SI-S1). Components included in the
aqueous speciation configuration were SO4, Cl, Na, K, Mg, Ca,
dissolved inorganic carbon (DIC), Al, Fe(II), Fe(III), Zn, SiO2,
PO4, NH4, and NO3, where the chemical species listed
represents the total concentration of the component.
Implementation of various Fe and Al solubility equilibria was
tested for phases indicated as likely by saturation index
calculations, as further described below. Inorganic precipitates
were subject to constant settling at a user-defined rate.
Additional state variables included in the model were DO
and detrital dissolved and particulate organic carbon, N, and P.
The model was configured to have three phytoplankton groups
(cyanobacteria, chlorophytes, diatoms) with internal N and P
stores, in analogy with Romero et al.80 Although CAEDYM
simulates zooplankton, they were not considered in this study
as mean abundances were very low, between 0.01 and 0.1
individuals m−3, mainly small rotifers (unpublished data).
Instead the general mortality parameter for phytoplankton was
increased slightly to account for mild grazing pressure. The
particulate organic carbon and phytoplankton were subject to
Stoke’s settling. Resuspension was not tested; particles falling
on sediments were assumed to be buried and no longer
available to the water column. A summary of the water quality
model is shown in Figure SI-S4. The effect of parameter/
process uncertainty was tested by manually changing parameter
values or switching processes on/off.
As mentioned above, laboratory experiments on sediments

from the lake60,61 and mass balance calculations49 indicated that
negligible alkalinity generation occurred in the lake sediments
in 2004−2005, due to limited availability of autochthonous or
allochthonous organic carbon.31 A comprehensive sediment
diagenesis module,101 which was developed in parallel to the
lake model described above,79 was therefore not included in
this current study, and sediment−water fluxes of dissolved
species were set to zero.
Groundwater throughflow of 2.2 GL/year as per the 2004−

2005 energy balance calculations was continued throughout the
simulations up to 2012, as were surface inflows, with chemistry
assumed to be constant with time. Groundwater concentrations
were assumed constant with depth for all species except Fe,
where initial simulations showed that influx of high
concentrations of Fe at all depths led to accumulation of
Fe(II) in the hypolimnion, which was not observed in the field.
As the acidity load on the lake, including the depth distribution,
was unknown, Fe concentrations were increased in ground-
water inflows near the surface and decreased at depth. This is
consistent with the likely source of the acidity load (oxidation
of pyrite in waste materials) being closer to the surface where
atmospheric oxygen is readily available. All data sources,
calculations, and assumptions used for model inflows and initial
conditions are described in detail in the SI.

■ RESULTS AND DISCUSSION

Stratification and Conservative Ions. The model
captured the thermal stratification of the lake over the summer
months (November−February) and overturn during the winter
months (June−August) in 2004−2011 (prebreach, Figures SI-
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S2, SI-S3, and SI-S5). For salinity and conservative ions,
simulations captured both the observed evapoconcentration of
the epilimnion over summer months and the longer-term rising
trend. The presence of ∼2.2 GL/year of 17 °C groundwater
throughflow was supported by simulations without this inflow
not capturing the observed warming trend in the hypolimnetic
temperatures in the lake in the high-resolution 2004−2005
data, and the short- or long-term water quality (Figure SI-S6).
As expected, given the water balance over the lake, the
simulated concentrations were simply a function of the
assumed inflow concentrations. Indications were that under
continued conditions similar to pre-2011, solutes in the lake
would have been subject to ongoing evapoconcentration.
Solubility Equilibrium Controls. With no mineral

solubility equilibria initially implemented in the model, the
2004 winter inflow of carbonate alkalinity due to river diversion
led to a rapid increase in the simulated pH (Figure 1a), and for
the remainder of the simulation the pH was greater than field
observations. Furthermore, in the absence of solubility
equilibrium control on Fe(III) by Fe(OH)3(s) precipitation,
the total dissolved Fe concentration was much greater than that
observed in the lake. The Al concentration, responding to
dilution only, matched the observed decrease in concentrations

during the 2004 river inflow, however, the subsequent
continued decrease was not consistent with later field
observations.
With solubility equilibrium with ferrihydrite alone imple-

mented into the model, precipitation of Fe(OH)3(s) led to
lower pH and Fe concentrations, which were then closer to
those observed in the field (Figure 1b). However, the later Al
concentrations were again underestimated. When both
ferrihydrite and gibbsite solubility equilibrium were used in
the simulation, or ferrihydrite and basaluminite (not shown),
the pH was again buffered at a level close to that observed in
the field. Dissolution of gibbsite during periods with no river
inflow led to Al concentrations that best matched the field
observations (Figure 1c) and overall this simulation config-
uration had the least error (see Text SI-S5). With the solubility
equilibria in place, the evolution of pH and Fe and Al
concentrations were tightly coupled, as is further demonstrated
below.
Simulations where solubility equilibria with jurbanite was

implemented did not reproduce water quality observations,
consistent with mineralogical studies of Al precipitates in AMD
environments.53

Figure 1. pH (left), Al (middle), and total dissolved Fe (right) in simulations: (a) with no solubility controls, and with solubility equilibrium control
by (b) ferrihydrite and (c) ferrihydrite and gibbsite. Legends apply for all panels. In these simulations, Fe(II) in the groundwater inflow is equivalent
to 15 mg/L (see SI), and the Fe(II) oxidation rate scaling is 1000×. Simulation results are shown for different depths (see legend), and all depths
(gray shading). Field data are from (i) 2004−2005 grab samples from depth profiles,49 averaged over the upper (Surf 0−10m) or lower (Deep 40−
60m) part of the lake, (ii) 2008−2011 grab samples from the mining company, from 0 or 5 m depth (Surf or 5m) or 20 or 40 m depth, and (iii)
2010−2011 grab samples from literature,74 from the surface of the lake (Surf) or from just above lake sediments (Deep). Green dots indicate grab
sampling by the mining company from the edge of the lake.
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Saturation index calculations with the 2010−2011 data
suggested that the solution was close to solubility equilibrium
with respect to goethite, rather than ferrihydrite as was found
for the 2004−2005 data. Simulations with goethite solubility
equilibrium rather than ferrihydrite resulted in the same
evolution of pH and Al as in Figure 1c, but very low Fe
concentrations in solution. Ferrihydrite is known to convert

over time to the thermodynamically more stable goethite,
where the conversion rate is influenced by solution chemistry;
for example, conversion occurs more quickly with higher Fe(II)
and lower Al concentration.102−105 Gradual conversion of
ferrihydrite to goethite may explain the slight overestimation of
Fe concentrations in the epilimnion toward the end of the
simulations. Future simulations could incorporate a kinetic

Figure 2. From top: pH, total dissolved Fe, Al, gibbsite (Gb), and ferrihydrite (Fh; NB separate color key), and chl.a, for simulations with (a) no
settling, (b) medium settling (1 × 10−6 m/s), and (c) high settling (1 × 10−5 m/s), and different Fe(II) acidity-equivalents loading in groundwater
(see SI), ranging from 25 to 0.5 mg/L and 0.5 mg/L with net positive alkalinity (+alk). For medium settling, an additional simulation is included
with additional P in inflows (see SI). For pH, Fe, and Al, gray symbols are the same data as shown in Figure 1. See SI for performance assessment
statistics.
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expression for conversion of ferrihydrite to goethite over time.
Aluminum phases may also change over time; alternatively,
aqueous species, such as Al13, and interaction with alumi-
nosilicate minerals may require consideration.106−111

Net External Acidity Load and Mineral Buffering. The
2004−2011 evolution of the coupled pH, Al, and Fe could not
be reproduced without an ongoing load of net acidity on the
lake. For comparison, simulations where the Fe(II)-based

Figure 3. From top: DO, chl.a, TP and PO4, TN and NO3, NH4, DOC, and DIC, in simulations configured with (a) P adsorption to Fh,
phytoplankton growth, and organic matter mineralization and (b) no adsorption, growth, or mineralization. Solid lines indicate simulation results
averaged over 0−10 m depth, dotted lines are 40−60 m depths; gray shading indicates simulation results from all depths. Red symbols indicate
shallow (0−10 m, red) or deep (40−60 m, black) samples, except for PO4 and NO3 (brown-shallow, and blue-deep). DO from edge sampling by the
mining company is also shown (green line and dots). Horizontal lines indicate detection limits for TP and DIC (yellow) and PO4 (light blue). See
Figure SI-S9 for detail of 2004−2006.
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acidity in groundwater was also accompanied by bicarbonate
alkalinity, such that the total alkalinity was positive, resulted in
rapid and sustained removal of Fe and Al from solution, and
increase in pH (Figure 2). Furthermore, reproducing field
observations required the initial presence of gibbsite, which
buffered pH and Al concentrations, but which was depleted
after approximately 5 years (Figures 2 and SI-S7). The initial
amount of gibbsite required to reproduce field observations
depended upon the settling rate as well as the acidity load;
depletion occurred either because of complete dissolution or
gradual settling out of the water column and burial.
Fe(II) Oxidation Rate. Oxidation of Fe(II) by oxygen was

implemented as a kinetic process, but it was not known
whether the Fe(II) oxidation rate (eq 1) in the lake would
reflect abiotic rates (given the oligotrophic conditions in the
lake), or higher rates due to the commonly observed effect of
microbial mediation or autocatalytic oxidation.55,65,112−114

However, with the abiotic rate of Fe(II) oxidation (Fe(II)
oxidation rate scaling = 1), field pH and the associated behavior
of Fe and Al concentrations were not simultaneously
reproduced under any tested conditions, where the Al
concentration was coupled to acidity generation from Fe
reactions through gibbsite dissolution (Figure SI-S8). Fur-
thermore, the Fe concentration was dominated by Fe(II),
whereas in the field the total Fe was observed to be only ∼40 %
Fe(II) in May 2005.49 With a 100 or 1000 times scaling up of
the abiotic oxidation rate, the simulated Fe concentrations were
closer to those observed in the field; accelerated Fe(II)
oxidation rates are consistent with observations in acidic
environments elsewhere.65,112 With the highest scaling factor
(1000), virtually all Fe(II) was removed from solution. With
Fe(II) oxidation scaling factor of 100, a minor amount of Fe(II)
was present in the epilimnion, as was observed in the field
(Figure SI-S8). Depending on the depth distribution assumed
for Fe in groundwater in these simulations, with a scaling factor
of 100, Fe(II) also accumulated below the thermocline, which
was not observed in the field, suggesting that inflows in the field
occurred at even shallower depths. The model input data would
require further refinement through measurement of ground-
water acidity concentrations at different depths. However, the
long-term evolution of pH and concentrations of Fe and Al
after annual overturn was insensitive to the tested range of
groundwater Fe concentration depth distributions, or to
whether the abiotic Fe(II) oxidation rate was scaled up by 2
vs 3 orders of magnitude, indicating that in this system, the
external acidity loading was the dominant control on the long-
term lake water quality.
Links between Geochemistry, Nutrients, and Primary

Productivity. In 2004−2005, the simulations displayed similar
annual patterns to those that were observed in the field data
with respect to partial DO drawdown and accumulation of
DIC, NH4, and PO4 in the hypolimnion, as well as a decreasing
trend in DOC from 2004 to 2005 (Figures 3 and SI-S9). The
main factor causing these patterns in the simulations was
microbial mineralization of organic matter in the water column
and vertical mixing limitation due to thermal stratification. As
hypothesized, the ammonia accumulation was enhanced due to
limited nitrification under the acidic conditions; in simulations
where the pH increased over time (e.g., Figure 2), the ammonia
concentrations decreased dramatically as pH increased (Figure
SI-S10). However, the selected rate parametrization resulted in
the nitrification rate being reduced to zero in the lake, which in
the longer term led to greater ammonia accumulation in the

water column than observed in the field (Figure 3). With
further refinement of the nitrification rate parametrization to
allow ongoing, low level nitrification at the pH in the lake, the
simulations would more closely reproduce the field observa-
tions.
Comparison with longer-term data indicated that the model

underestimated the 2010−2011 DOC concentration. The
observations of chl.a concentrations below 0.03 μg/L in
2010−2011 indicate that the DOC source is unlikely to have
been primary production by phytoplankton in the water
column, unless a rapid reduction in chl.a occurred prior to the
2010 measurements. To test if the rate of DOC mineralization
was limited in the lake, simulations were performed with the
extreme case of conservative behavior of DOC (no
mineralization). This resulted in improved long-term persis-
tence of DOC, and lower chl.a and NH4 concentrations, which
were then closer to those observed in the field (Figure 3).
However, the observed 2004−2005 depth trends were then not
reproduced, and there were alternative explanations for the
discrepancy between modeled and observed NH4 (see above)
and chl.a (see below). This scenario is also unlikely as microbes
are reported to have greater resilience to lower pH conditions
than phytoplankton.115 There is also the possibility that organic
carbon was generated in the lake by benthic algae; growth of
benthic algae was observed in laboratory microcosms with lake
water74 and has been observed elsewhere in acidic pit
lakes;116,117 however, if occurring in this system, its significance
remains unclear.
Simulation results were insensitive to the rate of the

photochemical reaction of DOC and Fe(III) included in the
model. The underestimation rather than overestimation of
longer-term DOC concentrations, and simulation of the
presence of Fe(II) by implementing Fe(II) in inflows and pH
limitation of oxidation, suggests that this process is not required
to explain major trends in water quality evolution. For other
systems, further investigation of model parametrization is
required, potentially with higher resolution timesteps, which
were not practical for the longer-term simulations in this study.
Simulations with sorption of P to ferrihydrite led to reduced

PO4 and chl.a concentrations. Furthermore, chl.a concen-
trations were then sensitive to variation in the Fe load and
particle settling rate (Figure 2), as these parameters affected the
removal of P from the water column. However, in simulations
with a higher P load (within the uncertainty in the input data,
see SI), the sorption capacity became saturated and chl.a
increased over time (Figure 2), as did DOC. In some
simulations, solution also became oversaturated with respect
to the Fe(III) phosphate phase strengite.
However, irrespective of the external P load, with the same

phytoplankton growth rates that have reproduced field
observations in other systems80 the model was not able to
reproduce the 2010−2011 field observations of very low chl.a
coincidental with the presence of measurable PO4 (<0.03 μg/L
chl.a and up to ∼11 μgP/L;74 see Figure 3). The two most
commonly hypothesized limitations on primary production in
acidic lakes are P and DIC.94,115,118−121 Both limitations are
included in the model; in the simulation with additional
bicarbonate alkalinity inflows in groundwater, chl.a growth was
the same as the equivalent Fe loading without alkalinity (Figure
2), indicating that DIC was not a limiting factor. Possible
explanations for the low pelagic chl.a include that growth is
limited by factors not accounted for in the model, such as
toxicity of Al or other metals.122−125
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2011 River Breach. Simulations of the Aug 2011
uncontrolled river breach are associated with large uncertainty
due to the poorly constrained volume and water quality of the
initial river inflow, an unknown amount of which decanted back
to the river. Nevertheless, the preliminary simulations captured
the general water quality patterns observed after the river
breach with respect to the development of a surface layer of less
saline water, which persisted until overturn in 2012 (Figure SI-
S11). The model also reproduced the rapid initial drop in Al in
this layer and Fe (Figure 4) due to precipitation. Furthermore,

the observed subsequent increase in Al due to gibbsite
redissolution as Fe was removed from solution, was also
captured, as was the subsequent gradual decrease in Al due to
the ongoing influx of river alkalinity. However, after the
connection to the river was closed, the model did not capture
the trend of increasing pH up to early 2012, with the associated
further decrease in Al concentrations. Organic carbon was not
measured in the river during the breach; however, there was an
immediate postbreach increase in the lake DOC concentration,
which then dropped in early 2012 (Figure SI-S11). This

postbreach increase in alkalinity was therefore likely due to
organic matter imported during the breach driving internal
alkalinity generation in lake sediments, a process which was not
included in the current model configuration. These observa-
tions indicated that ongoing addition of river water may lead to
stabilization of the lake near neutral pH, as has indeed been
reported as a result of subsequent further (controlled) river
inflows.126 Future simulations with a sediment diagenesis
module79 activated could be used to investigate the postbreach
sediment-water coupling in the lake, and other pit lakes where
river inflow and throughflow has occurred.97,127,128

Environmental Modeling Implications. The numerical
modeling approach presented here constitutes an important
tool for formulation and desktop testing of alternative scientific
hypotheses. Application to field sites allows identification of
knowledge gaps that require further field data collection, such
as the likely duration of the acidity load,58,59 or general
improved model implementation. The quantitative approach
can also be applied to optimization of the design of field
campaigns, with respect to the spatial and temporal resolution
of sampling required to capture the effects of short- and long-
term water quality controls. Future studies should include
rigorous assessment of model sensitivity, equifinality, predictive
uncertainty, and performance assessment129−132 and improved
parametrization of groundwater−lake interaction. This work
has nonetheless demonstrated that the model can reproduce
the geochemical water quality evolution in a pit lake, and with
further refinement and testing against well-constrained field
observations, will ultimately be able to provide an improved,
quantitative basis for management and remediation strategies of
pit lakes. The results and integrated modeling approach are also
readily applicable to other natural or anthropogenically
impacted systems where feedbacks between geochemistry,
biology, and physical processes in water column and sediments
affect water quality evolution, including for example lakes at
higher pH where carbonate minerals control water quality,14,45

or other systems where Fe and Mn redox chemistry and
mineral solubilities affect nutrient cycling and primary
production.133−135

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.7b01432.

Theory and numerical approach for geochemical model
parametrization, sources and derivations of input and
field data, bathymetric data, additional model results, and
performance assessment statistics (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: microbialite@gmail.com.
ORCID
S. Ursula Salmon: 0000-0002-3372-4959
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This project was funded by the Western Australian Centre for
Excellence in Sustainable Mine Lakes and by Australian
Research Council Project LP0454252. S. Katsev, C. McCul-

Figure 4. pH, Al, and total Fe during/after the river breach in August
2011. Red lines and symbols are for 0−10 m simulation results and
field data, respectively; black dotted lines and triangles indicate deeper
(40−60 m) simulation results and samples, respectively. Black
diamonds indicate samples from 20 or 40 m depth. Green dots
indicate grab sampling from the edge of the lake. Dashed vertical blue
lines indicate start and end of the river breach connection to the lake
(see text).

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b01432
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

H

http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b01432/suppl_file/es7b01432_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b01432/suppl_file/es7b01432_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b01432/suppl_file/es7b01432_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.est.7b01432
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b01432/suppl_file/es7b01432_si_001.pdf
mailto:microbialite@gmail.com
http://orcid.org/0000-0002-3372-4959
http://dx.doi.org/10.1021/acs.est.7b01432


lough, and three anonymous reviewers are thanked for helpful
comments on an earlier version of the manuscript. C. Harkin
(Premier Coal Limited) and C. McCullough kindly provided
monitoring data for 2006−2012. Premier Coal Limited did not
request any changes to the manuscript. We acknowledge the
UWA Centre for Water Research for providing the DYRESM-
CAEDYM code that was used as a basis for the model
development reported in this study.

■ REFERENCES
(1) Smith, V. H. Eutrophication of freshwater and coastal marine
ecosystems - A global problem. Environ. Sci. Pollut. Res. 2003, 10 (2),
126−139.
(2) Mallin, M. A.; Johnson, V. L.; Ensign, S. H.; MacPherson, T. A.
Factors contributing to hypoxia in rivers, lakes, and streams. Limnol.
Oceanogr. 2006, 51 (1), 690−701.
(3) Smith, V. H.; Joye, S. B.; Howarth, R. W. Eutrophication of
freshwater and marine ecosystems. Limnol. Oceanogr. 2006, 51 (1),
351−355.
(4) Miller, G. C.; Lyons, W. B.; Davis, A. Understanding the water
quality of pit lakes. Environ. Sci. Technol. 1996, 30 (3), 118A−123A.
(5) Castro, J. M.; Moore, J. N. Pit lakes: their characteristics and the
potential for their remediation. Environ. Geol. 2000, 39 (11), 1254−
1260.
(6) Castendyk, D. N.; Eary, L. E. Nature and Global Distribution of
Pit Lakes. In Mine Pit Lakes: Characteristics, Predictive Modeling, and
Sustainability; Society for Mining, Metallurgy, and Exploration, Inc.:
Littleton, CO, 2009; Vol. 3, pp 1−11.
(7) Geller, W.; Schultze, M.; Kleinmann, B.; Wolkersdorfer, C. Acidic
Pit Lakes: The Legacy of Coal and Metal Surface Mines; Springer: Berlin,
2013; p 525.
(8) Castendyk, D. N.; Eary, L. E.; Balistrieri, L. S. Modeling and
management of pit lake water chemistry 1: Theory. Appl. Geochem.
2015, 57 (0), 267−288.
(9) Castendyk, D. N.; Balistrieri, L. S.; Gammons, C.; Tucci, N.
Modeling and management of pit lake water chemistry 2: Case studies.
Appl. Geochem. 2015, 57 (0), 289−307.
(10) Tucci, N. J.; Gammons, C. H. Influence of Copper Recovery on
the Water Quality of the Acidic Berkeley Pit Lake, Montana, U.S.A.
Environ. Sci. Technol. 2015, 49 (7), 4081−4088.
(11) Geller, W.; Klapper, H.; Salomons, W. Acidic Mining Lakes: Acid
Mine Drainage, Limnology, and Reclamation; Springer: New York, 1998;
p 435.
(12) Doupe, R. G.; Lymbery, A. J. Environmental risks associated
with beneficial end uses of mine lakes in southwestern Australia. Mine
Water Environ. 2005, 24, 134−138.
(13) McCullough, C. D.; van Etten, E. J. B. Ecological Restoration of
Novel Lake Districts: New Approaches for New Landscapes. Mine
Water Environ. 2011, 30 (4), 312−319.
(14) Eary, L. E. Geochemical and equilibrium trends in mine pit
lakes. Appl. Geochem. 1999, 14 (8), 963−987.
(15) Blodau, C. A review of acidity generation and consumption in
acidic coal mine lakes and their watersheds. Sci. Total Environ. 2006,
369 (1−3), 307−332.
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