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Abstract: Sustainable potable groundwater supply is crucial for human development and the preser-
vation of natural habitats. The largest endorheic inland lake in Kazakhstan, Balkhash Lake, is the
main water resource for the arid southeastern part of the country. Several ore enrichment plants that
are located along its shore have heavy metal pollution potential. The study area is located around
a plant that has an evident anthropogenic impact on the Balkhash Lake aquatic ecological system,
with ten known heavy metal toxic hotspots endangering fragile habitats, including some indigenous
human communities. This study assessed the risk of heavy metal contamination from tailing dump
operations, storage ponds, and related facilities and suggested management practices for preventing
this risk. The coastal zone risk assessment analysis used an innovative integrated groundwater
numerical flow and transport model that predicted the spread of groundwater contamination from
tailing dump operations under several mitigation strategies. Heavy metal pollution prevention
models included a no-action scenario, a filtration barrier construction scenario, and two scenarios
involving the drilling of drainage wells between the pollution sources and the lake. The scenario
assessment indicates that drilling ten drainage wells down to the bedrock between the existing
drainage channel and the lake is the optimal engineering solution for confining pollution. Under
these conditions, pollution from tailings will not reach Lake Balkhash during the forecast period. The
methods and tools used in this study to enable mining activity without environmental implications
for the region can be applied to sites with similar anthropogenic influences worldwide.

Keywords: groundwater sustainability; technogenic impact; heavy metals; water resource

contamination; numerical modeling

1. Introduction

Human and natural habitat sustainability is dependent on a clean water supply [1].
Heavy metals are nonbiodegradable pollutants with long cycle times that have been found
to endanger endemic organisms and humans [2,3], making them a severe environmen-
tal problem in many parts of the world [4]. In China, lead, arsenic, and cadmium from
industrial and stockpile origins were found to exceed the environmental standard concen-
trations in soils [5], rivers [6], and lakes [7]. The pollutant migration time from surface to
groundwater was approximately 12 years [8], which can be considered a human health
and environmental risk. Regression and principal component analyses in Tehran’s landfill
indicated anthropogenic heavy metal accumulation with related toxic soil effects [9].
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Surface water heavy metal concentration-based risk analysis has been performed in
China [7,10], Mexico [11], Fiji [12], India [13,14], Kazakhstan [15], and other countries.
Heavy metal behavior in groundwater is complicated and dependent on the water source,
local lithology, and natural and technogenic biogeochemical processes [16]; population and
economic growth have been found to intensify heavy metal contamination [17]. Heavy
metal pollution occurs via several pathways, such as fertilizer and pesticide overuse, un-
treated industrial waste [18], solid waste dumping sites [19], and mine drainage [20]. In soils
around mining tailing dams, the heavy metal contamination is usually significantly higher
than the local background value, directly or indirectly contaminating the surrounding soil
and posing a severe environmental threat [21].

Since the data are stochastic, nonlinear, nonstationary, and complex, no generalized
ML model can handle all types of heavy metal migration and adsorption systems, and
correct input parameter selection is essential to allow predictability [22].

Heavy metal and nutrient sources and their entry routes into Lake Balkhash were
studied via distribution maps (cadmium, nickel, cobalt, lead, zinc, and copper) and nutrient
reconstruction, which indicated that while Cu and Zn entered the water bodies mainly
through agricultural wastewaters, Cd, Ni, Co, Pb, and, in part, Zn originated mainly
from industrial and surface runoff [23]. A 20-year survey of ten trace elements revealed
toxic element hotspots near industrial sites, such as smelters or mining and metallurgical
complexes in surface waters (Cd and Pb), soil (As), and sediments (Cd and As), and less
toxic elements, such as Cu, Zn, and Mn [24].

Heavy metal pollution of surface water is a common problem in Kazakhstan [25] and
endangers the fragile regional ecosystem around its largest endorheic lake, the Balkhash
(Figure 1) [26]. Agricultural pesticides have been found in the water supply and soils of
several villages in the region [27], as have heavy metals in urban soils. Currently, human
health and the ecosystem are endangered by industrial sources, such as zinc, cadmium,
lead, copper and chromium polymetallic ore complexes [28]. Without corrective action,
there may be devastating effects as a result of the anthropogenic pressure damage as seen
at the Aral Sea and the Dead Sea inland lakes [29]. The Balkhash Enrichment Plant located
on the lake’s shore results in heavy metal contamination, with cadmium and lead already
posing severe risks [24,25].

Central Asia’s leading water and climate regulators are the Aral Sea and Balkhash Lake.
As such, they were found to sustainably facilitate areas of ecological sources with dependent
agricultural production systems. It is suggested that harm to these imperative ecological
features might jeopardize human and natural habitats sustainability in Kazakhstan and
all of Central Asia [30]. The primary objective of this study was to develop a heavy metal
pollution expansion area prediction model that enables risk assessment of heavy metal
contamination in Balkhash Lake due to the operation of industrial tailings systems, storage
ponds, and related facilities. Our research focuses on whether it is possible to prevent
further migration of heavy metals from the industrial zone to the lake and, if so, how. The
research hypothesis was that at least one of the methods tested would successfully keep
the pollution out of the lake.
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Figure 1. The study site location map and the Balkhash Industrial Area aerial photo display industrial
objects included in the model’s schematization where the orange line is an interface with water bodies,
the purple line is the tailing storage interface, black lines are barriers, and green lines are drains. The
figure was prepared by Corel Draw with a base experimental site image taken from Google Earth.

2. Materials and Methods
2.1. Research Site Background and Geographical Framework

Balkhash Lake is the sink of a continental-type terminal basin located in the lowest
part of the Balkhash depression at an altitude of 340 m. It is a long and narrow water body
with at least 15,500 sq. km of water area. The lake’s catchment basin area is approximately
413,000 sq. km, including 353,000 sq. km (~85%) within Kazakhstan (Figure 1). The total
watershed length is approximately 4000 km, and the active catchment area is approximately
135,000-170,000 sq. km, which is 33-41% of the total basin area. The lake surface area
is between eight and nine times smaller than the active runoff area and approximately
27 times smaller than that of the whole basin [31,32]. Climate change in the region is
manifested by general increasing temperatures and drying trends, resulting in earlier and
shorter growing seasons [33] that require the allocation of additional water resources to
agriculture [34]. The lake level varies from 343 m to 341 m, with a decrease of ~2 m between
1970 and 1984; at present, it has recovered to 343 m.

The Balkhash Industrial Area is located on the northwest coast of the lake and is
adjacent to Torangalyk Bay (Figure 1). The Balkhash Enrichment Plant is the largest in
the industrial area, with the main activity involving the enrichment of polymetallic ores
and related manufacturing purposes. The Balkhash Enrichment Plant utilizes Vanyukov
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smelting furnaces to produce copper. The furnaces oxidize charge components with blast
oxygen, thereby reducing the fuel component of the energy mix. Recovery boilers also
utilize heat energy from copper smelting furnaces and converters. Most by-products and
waste are recycled. The water is circulated in closed cycles, so industrial effluent into water
bodies is minimal. If such discharges occur, the effluent may contain ions of metals such as
Cu, Pb, Zn, Cd, Se, Mn, and As.

Furthermore, effluents may also exhibit increased acidity values due to the presence
of sulfuric and (much less frequently and in much smaller volumes) hydrochloric and
hydrofluoric (fluoric) acids [35]. The tailings storage facility is three kilometers from the
main industrial area in an alluvial ravine—gully tailings dump. The enrichment plant
tailings storage facility is a flat structure formed by embanking a part of the existing tailings
storage area. It has an area of approximately 18.8 sq. km, with an adjacent tailings pond of
approximately 14.03 sq. km. The tailings storage facility has an additional 25-year operation
period up to a maximal water level of 374 m. The tailings storage facility drainage system
includes two channels and pumping stations. The drainage channels run along the southern
dam of the tailing’s storage facility and the evaporative pond dam. The channel is 8600 m
long and passes through aeolian deposits and sandy to rocky soils (Figure 1).

Erosion-tectonic and denudation genesis of ridge-hilly relief is manifested by dome-
shaped hills and ridges with lengths that do not exceed 1-2 km and widths ranging
from 100 to 300 m, without a specific direction that is separated by a dense network of
burrows. The domes have gentle slopes with elevations varying from 8-10 to 20-40 m. The
accumulative delta gently descends to the Balkhash Lake through a 1-5 km wide swampy
reed-covered coastline. Creeks across the coastline have a depth of up to three meters and
a length of up to 25 m. The denudation plain has crusts up to a few meters wide and a
pronounced thalweg [36].

The region’s stratigraphic section involves multiple folding and magmatic processes
with Paleozoic rocks that are usually covered by loose Cenozoic sediments [32] with water-
bearing horizons (Figure 2):

Bulk technogenic sediment (tQIV) debris flow formed paleosols comprising fine sands,
sandy loams, and silts. During the first decade of the tailing operation, water was dis-
charged directly into Torangalyk Bay. The boreholes drilled south of drainage channel
No. 1 uncovered a 0.20 to 4.50 m thick sediment layer.

The upper-middle Quaternary lacustrine aquifer (IQII-III) occupies buried river valleys and
numerous channels. This alluvial deposit horizon forms a continuous groundwater flow
conduit with a phreatic water table. The aquifer has an average thickness of 9.9 m of loams
and sandy loams ranging from 0.5 to 4.0 m, which represents the upper part of the section
underlaid by alluvial sandy gravel and sandy pebbles with thin interlayers and clay lenses.
The total gravel-sandy-pebble layer thickness varies from 4-5 m to 45-50 m. Around the
lakeshore, groundwater is 2 to 3 m deep, but the average phreatic level is 6 to 8 m. The
average flow rates are 20-26 L/s and the average hydraulic conductivity is 90-100 m/day.
The groundwater mineralization varies from 0.5 to 1.0 g/L with an average of 0.7-0.8 g/L.
The aquifer contains brackish water in the coastal zone with a 4.0-6.5 g/L salinity.

The Pavlodar Formation Pliocene aquitard and the Argyn Formation Miocene aquitard com-
prise clays that divide it into a series of water-bearing layers that, in some places, are
hydraulically connected. The water-bearing layer thickness varies from 2 to 58 m. The
lenses and clay interlayers are often marly and plastered, with thicknesses of 1 to 10 to 15 m.
These layers, which are located closer to the lake, constitute an aquitard section of up to
20 m in thickness.

The Meso-Cenozoic aquitard prevails in the western part of the study area and is asso-
ciated with clayey, sandy, and gravelly complexes, such as gravel-containing clays and
gravel-sand fill layers. The layer thickness varies from a fraction of a meter to 12.2 m, with
1.5-2.5 m on average. The well productivity does not exceed 0.001-0.02 L/s of fresh and
slightly brackish waters.
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Figure 2. Hydrogeological cross-section along lines A-B (Figure 1). 1—upper-middle Quaternary

lacustrine aquifer; 2—Pliocene aquitard of Pavlodar formations; 3—Miocene aquitard of Argyn
formations; 4—Meso-Cenozoic water-bearing formations; 5—Carboniferous aquifer; 6—Paleozoic
zone of fractured intrusive rocks; 7—tectonic faults; 8—groundwater level; 9—upper Quaternary
technogenic aquifer, bulk soil; 10—sands with gravel inclusions; 11—crushed stones; 12—loams;
13—clays; 14—granites; 15—syenite porphyries; 16—dacite porphyries; 17—fractured rock; 18—well.
Numbers: on top—well number, bottom—well depth, m; on the left in the numerator—mineralization,
g/L; in the denominator—temperature, °C; on the right: in the numerator—well flow rate, L/s; in
the denominator—drawdown, m. Shading corresponds to the chemical composition of groundwater
in the sampled interval with the predominance of chloride and sulfate anions.

The Carboniferous aquifer (C2-3) consists of albitophyre, dacite porphyry, sandstone,
siltstone, tuff sandstones, limestones, and conglomerate lenses. All the rocks have well-
developed fracturing, but the cracks are often filled with clay weathering products or
secondary quartz and calcite. The groundwater table is at a depth of 0.9-21.1 m and the
active fractured zone thickness reaches 20-30 m. The wells are set in tectonically weak-
ened zones with flow rates of 0.2-0.3 L/s and water level drawdown under pumping of
1.4-13.4 m. The hydraulic conductivity of the rock is low and varies from 0.1 to 3.8 m/day.
The groundwater salinity ranges from 1.1 to 35.5 g/L but mostly ranges from 2 to 5 g/L.
The predominant composition of groundwater is sulfate and sulfate—chloride components.

The Paleozoic water-bearing zone of fractured intrusive rock (yPz) granites are distributed in
weathered and fractured blocks. In most parts, the cracks are filled with clayey weathering
products or healed by secondary minerals. According to drilling data, the active fractured
zone thickness is 10-30 m, which increases in the crushed rock zones up to 100 m or more.
The hydraulic conductivity varies from 0.026 m/d for fractured rocks to 0.92-0.96 m/d for
crushed zones and the water salinity ranges from 0.6 to 6.1 g/L.

2.2. Methodology

The ArcGIS 10.4 platform combines Copernicus satellite-based global land service data,
a groundwater modeling system (GMS), field experiments and monitoring data for data
processing and visualization. Orbital remote sensing was utilized to supply a digital terrain
model (DTM) that improved the DEM and provided land cover and land use mapping. The
information was converted into special data formats used for GMS numerical groundwater
model construction [37]. Integrated laboratory tests and HYDRUS-1D modeling were used
to simulate lead immobilization in contaminated soil and the underlying groundwater [38].
Pollutant migration from an abandoned tannery to soil and groundwater was assessed via
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ion balance simulation software (Visual MINTEQ v 3.1) and groundwater flow and solute
transport software (Visual MODFLOW, version 4.1, MT3DMS, version 1.0.1) [39]. Based on
the Visual MINTEQ simulation, it was found that the main Cr species in the groundwater
were Cr(NH;3)¢C1>* and CrO,42.

The MODFLOW module was used (within the GMS v 10.4) to create a dynamic 3D
groundwater flow model for predicting temporal and spatial groundwater changes, and
the MT3DMS module was used to solve the transport model. Integrating the various data
and modeling yielded a spatial-temporal Balkhash Lake contamination risk assessment
illustration (Figure 3a).
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Figure 3. The conceptual working process applied for the Balkhash Lake contamination risk assess-
ment (a) and model application steps (b).

2.3. Numerical Groundwater Flow and Contaminant Transport Models

The Balkhash Lake coastal zone hydrodynamic and transport model included three in-
teractive steps: conceptual modeling, numerical modeling and predictive scenario analyses
(Figure 3b).

Datasets:

- Monitoring study results [40].
- Data from the Balkhash tailings facility construction and operation organization

(permission to conduct field studies).

- Remote sensing data (SRTM).
- Groundwater-level monitoring data [40].
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- Cadmium, manganese, copper, lead, zinc, arsenic, selenium, and cyanide concentra-
tions in tailings ponds; tailings storage facilities; drainage channels; and
monitoring wells [8].

The initial data preparation included linking and digitizing thematic maps, process-
ing remote sensing data into DEM and DTM, and obtaining a soil surface classification
map. Geotechnical columns were compiled based on the drilling operation results and
geophysical studies. The schematized model’s absolute bottom boundary mark and hy-
draulic conductivity and storage maps were prepared by cracking method interpolation
(Zhang et al., 2021). Groundwater head monitoring interpolation enabled groundwater
time-step simulations and the creation of equipotential maps.

Conceptual Model. The modeled area lithology is represented by sand-gravel and
gravel-pebble lenses and interlayers occurring among sandy loams and clays with thick-
nesses of 3.2 to 29.96 m. Impermeable rocks comprise clays and fractured granite massifs
filled with secondary formations. Groundwater recharge is retained due to precipitation
infiltration, tailings, and storage pond water losses. The total groundwater balance refers to
evaporation, outflow by the drainage channel and water withdrawal by drainage wells [41].
The model boundaries are a storage pond in the west, a tailings dump in the east, and
Balkhash Lake in the south. The geological cross-section has three layers with thicknesses
of 1.12 to 14.48 m. The upper layer thickness of the cover sediments is one meter over
almost the entire model area and slightly increases around the tailings dump. The two
lower semiconfined and confined aquifer layers have equal thicknesses. The lowest model
regional aquitard boundary represents low-permeability fractured intrusive rocks. A uni-
form orthogonal grid size approximates the modeled area (Figure 1) with dimensions of
249 rows by 223 columns and a width of 25 m for each side of the computational cell.

Numerical and Computer Modeling Structure. The groundwater flow through porous soil
material is represented by a constant-density partial differential equation in a three-layer
geo-filtration system, where the hydraulic head is obtained from the three-dimensional
groundwater flow equation [42]. The model’s boundary conditions are head, flow, and their
combination. The external boundary conditions (BC) for Balkhash Lake and a storage pond
were “General Head” (BC of the first type), assuming a groundwater connection with the
external filtration medium [43], and no-flow BCs are the second type; the drainage channel
operation is the third type of BC, “Drain”; and for drainage wells, the type is “Well”, with a
specified water flow rate. For the contaminant transport model, the tailings dump and the
storage pond are specified as groundwater pollution sources and represented as a first-type
BC “specified concentration” (C (X, y, z, t) =c (x,y, z,t) on I'l, t > 0, where I'l denotes the
specified concentration boundary). The contaminant transport is described by a partial
differential equation in 3D groundwater flow transient systems [44]. The transport equation
is related to the flow equation through Darcy’s law.

Model Calibration: The model accuracy corresponds to the calculated groundwater
levels that were validated by actual data obtained during the field survey. The allowable
head error was set not to exceed 10% of the required values (up to £1.97 m) [45]. The
steady-state calibration solution was repeated until the meanings between the modeled and
measured levels in the observation wells were satisfactory. Hydraulic conductivity, specific
storage and recharge values were corrected during model calibration. The heavy metal
concentrations in groundwater MT3DMS model calibration rely on a composite GIS-based
database [8] supplemented by field sampling conducted in 2020. The combined dataset,
integrating information from four monitoring wells and five surface water-sampling points,
encompassed over 10,920 measurements and was compiled into a GIS-attributed shapefile
detailing the spatial locations of the wells and their associations. The groundwater sampling
results during the monitoring period are presented in Appendix C. Observations from
2019 and 2020 were used for model calibration and verification. Appendix D illustrates the
spatial distribution of the receptors used in model calibration and verification.

The correlation and error-based measures considered in this work include the cor-
relation coefficient, the root mean squared error (RMSE), and the mean absolute error
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(MAE) [46]. These terms were kept similar throughout the model calibration and verifica-
tion assessment (Appendix E). Correlation coefficient values above 0.9, RMSE and MAE
of 0.00312 indicate a strong correlation between the observed (2019-2020) and simulated
Cd, Pb and Mn concentrations. Further analysis revealed that the simulated concentrations
were within an error margin of 10% for 80% of the simulated values, providing a high
confidence level in the model’s validity and ensuring its accuracy.

Prediction Model testing: The contamination migration plume and its interface with
significant water resources were simulated and predicted for a forecasting period of ten
years with five stress periods of two years each. The hydrogeological conditions in the study
area remained stable throughout the forecast period. The first scenario evaluates a filtration
barrier construction [47] between the existing drainage channel and Lake Balkhash [40].
The simulation model presumed a linear boundary condition “barrier” in the first and
second model layers. The second scenario evaluates an additional 14 drainage wells drilled
between the existing drainage channel and the tailings pond. The wells drilled down to the
bedrock (the bottom model boundary) were inserted into the model by assigning “Wells”
boundary conditions with a flow rate of 120 m3/day. The third scenario also evaluated
the drilling of additional wells with a similar depth and flow rate but located between the
drainage channel and Balkhash Lake.

Model sensitivity analysis and validation: Sensitivity analysis is a crucial process used
to evaluate the influence of input parameters on a model’s output [48]. By systematically
varying input parameters, sensitivity analysis can identify critical parameters that signifi-
cantly impact the model’s results [49]. Essentially, sensitivity analysis provides insights into
the model’s robustness and the reliability of its predictions by quantifying the uncertainty
propagated from input parameters to the output [50]. Relative sensitivities were calculated
using the following relationship [51]:

_ M,/M,

"R oM /M ‘1)

where vy is the relative sensitivity coefficient of the model output parameter Mg with
respect to the model input parameter M.

Relative sensitivity coefficients were calculated for selected parameters of the MPC
violation frequency across the entire study area, defined as a £50% change in each pa-
rameter. Appendix I presents the sensitivity analysis results, indicating that groundwater
biodegradation significantly impacts heavy metal mass reduction compared with trans-
missivity (hydraulic conductivity rate). The model parameter sensitivity analysis of their
relative influence on the simulated heavy metal concentrations offers valuable insights
into the key factors influencing heavy metal transport in the groundwater system. This
understanding assists with model performance optimization and the development of more
effective management strategies for groundwater protection.

3. Results and Discussion

Geochemical testing of the tailings pond, tailings storage facility, drainage channel
and monitoring wells indicated the presence of cadmium, manganese, copper, lead, zinc,
arsenic, selenium and cyanides down to groundwater. Cadmium, manganese, copper,
and lead exceed the MAC [52] in all samples taken from various sources; iron, cadmium,
manganese, coppet, and lead are currently below the MAC but are predicted to exceed it in
all multiple sources.

3.1. Groundwater Flow and Contaminant Transport Modeling

The computer model consists of three horizontal layers: a base impermeable boundary
and two isotropic aquifer layers with hydraulic conductivity from 2 m/day in the northern
part of the model to 1.5 m/day in the southern part, which is equal to 0.5 m/day in the
area close to the dams. The initial specific storage coefficient value was 0.001. Along the
tailings dump boundary, the watermark was 366.5 m; at the storage pond, it was 354 m;
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and the Balkhash Lake level was 342.2 m. The drainage channel had a depth of 2 m and
hydraulic conductivity of 10 m/day. The water withdrawal from drainage wells between
the tailings and the drainage channel was 120-143.9 m3/day (1.389-1.665 L/s) [43] and the
initial infiltration recharge value was taken as 0.000384 m/day.

A pollutant concentration value is the sum of the calculated concentrations and
the average pollution concentration set as the initial known concentration [8,53]. The
groundwater flow heavy metal transport plume distribution map legend (Table 1) reflects
the various metal concentration ranges. Assuming that the “specified concentration” BC
is 100%, enabling percentage ratio concentration calculations from selected zones up to
the pollutant source. Equation (1) was also used to calculate the diffusion and chemical
reaction components, where the sink source distribution was not considered. Thus, the
model simulated the most severe contamination zone development conditions, which
provided a certain safety margin.

Table 1. Heavy metal groundwater pollution plume maps (4-6 & Appendices A-F) legend, where
MAC is the Maximum Allowable Concentration and colors represent the pollution severity.

The Concentration of Heavy Metals in Groundwater, mg/L

% Cu Pb Zn Cd Mn Se As
MAC-1 MAC-0.03 MAC-5 MAC-0.001 MAC-1 MAC-0.01 MAC-0.05
- 90-100 0.36-0.364 0.478-0.6102 0.2-0.23 0.111-0.1199 25.46-25.114 0.0053-0.00507 0.01-0.009
80-90 0.404-0.328  0.7902-0.5624 0.28-0.21 0.1399-0.1088 27.314-22.568 0.00537-0.00454  0.009-0.008
70-80 0.368-0.292  0.7424-0.5146 0.26-0.19 0.1288-0.0977 24.768-20.022 0.00484-0.00401  0.008-0.007
60-70 0.332-0.256  0.6946-0.4668 0.24-0.17  0.1177-0.0866 22.222-17.476 0.00431-0.00348  0.007-0.006
50-60 0.296-0.22 0.6468-0.419 0.22-0.15 0.1066-0.0755 19.676-14.93 0.00378-0.00295  0.006-0.005
40-50 0.26-0.184 0.599-0.3712 0.2-0.13 0.0955-0.0644 17.13-12.384 0.00325-0.00242  0.005-0.004
30-40 0.224-0.148 0.5512-0.3234 0.18-0.11 0.0844-0.0533 14.584-9.838 0.00272-0.00189 0.004-0.003
20-30 0.188-0.112 0.5034-0.2756 0.16-0.09 0.0733-0.0422 12.038-7.292 0.00219-0.00136 0.003-0.002
10-20 0.152-0.076 0.4556-0.2278 0.14-0.07 0.0622-0.0311 9.492-4.746 0.00166-0.00083 0.002-0.001
0-10 0.116-0.04 0.4078-0.18 0.12-0.05 0.0511-0.02 6.946-2.2 0.00113-0.0003 0.001-0

On the basis of the sensitivity analysis results, the most significant influence on the
model’s sensitivity is the extent of the boundary condition change. The model calibration
results and modeled and measured level convergence are shown in Figure 4, where the
bar graphs next to the observation wells show the error magnitude. A comparison of the
observed and simulated data is shown in Table 2. The mean error, mean absolute error
and root square error were 0.36 m, 0.58 m, and 0.79 m, respectively. The model-calculated
groundwater levels and the measured levels correspond within an acceptable accuracy limit,
suggesting that the mathematical model is adequate for forecasting natural conditions.

The groundwater balances calculated via the model for the steady-state period in 2020
are shown in Table 3.

The visual MODFLOW and MT3DMS simulation results showed that Cr, Cl, and
F migration occurred mainly in the upper Quaternary layer. The new immobile zone
(IMZ)-MODFLOW /RT3D model was developed to simulate diffusion and reaction in
low-permeability zones within the RT3D model framework [54] and was used to eval-
uate real-life scenarios, seemingly for the first time. The numerically coupled MOD-
FLOW and 3D models allowed nonuniform unsteady flow modeling of low-permeability
zones with multiple reactions, which were already applied in a water management study
in Kazakhstan [55].
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Figure 4. Model calibration results.
Table 2. Comparing observed and simulated data.
Observed Computed Residual Head, m
Observed Well Model Layer Head, m Head, m (Obs.H.- Comp.H.)
44 3 342.49 34247 0.02
46 3 3442 344.89 —0.69
47 3 344.52 344.99 —0.47
48 3 343.73 344.35 —0.62
49 3 344.29 344.65 —0.36
50 3 343.6 343.07 0.53
51 3 344.24 343.51 0.73
53 3 343.47 344.28 —0.81
54 3 343.81 344.39 —0.58
57 3 344.36 343.73 0.63
61 3 346.84 348.66 —1.82
63 3 348.88 348.63 —-1.75
65 3 344.14 345.01 —0.87

The total groundwater flow rate along the simulated area was 9180 m?/day. Ground-
water recharge due to leakage from plant tailings storage facilities is the primary input
to the groundwater flow balance (54%). Groundwater discharge to the drainage system
(55.4%) and loss to evapotranspiration (39.5%) prevail in the groundwater outlet balance.
Groundwater flow enters Balkhash Lake from a model area of 4.9% groundwater outlet
balance. The balance discrepancy (the difference between input and output items) does not
exceed 0.17% and lies within the specified accuracy of the calculations.
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Table 3. Groundwater-flux balance for the steady-state period in 2020. The results of the model
calibration are in m3/day.

Storage pond leakage 1596
Input Tailings storage facility leakage 3334
Recharge 4250
Total input 9180

Groundwater discharge into Balkhash Lake 457
o Groundwater discharge to drainage system 5083

utput o

Evapotranspiration 3624
Total output 9164

Difference—m?3/day 16

I —

nput-Output Difference—% from Input 0.17

The transient model calibration results define the hydraulic conductivity and specific
storage coefficient and vary from 1.5 to 2 m/day, with a specific yield of 0.001. The similarity
between the post-calibration model parameter values and the post-calibration observed
values confirms that the numerical model is geologically reliable and can be used for
prospective calculations.

3.2. Prognostic Analysis and Risk Assessment

The initial fixed conditions were used for prognostic transport forecast modeling.
Under these terms and without additional actions taken, tailings pond pollutants will
reach Lake Balkhash. Scenarios with preventive actions were later simulated to evaluate
their effectiveness.

Ten-year pollutant transport prediction under existing hydrogeological conditions.

The transport model reflects the groundwater flow of pollutants from the tailings
and storage pond toward Balkhash Lake. The hydrogeological conditions remained stable
throughout the forecast period. The pollutant transport calculation results were based on
the groundwater flow model particle transfer tracers, which determine the most dangerous
pollution-contributing areas in terms of heavy metal ingress into Lake Balkhash. The
particle tracking directions and the distances they move in a certain period were defined
using the MODPATH module (Figure 5a). The results show that the simulated area’s
eastern part is prone to heavy metal pollution. According to the prognostic transport
modeling results for the forecast period, pollutants from the tailings pond will reach Lake
Balkhash if no actions are taken (Figure 5b).

Groundwater model balance calculations show that 166.8 thousand m3 of groundwater
flow enters Balkhash Lake annually from the model area. Thus, the amount of the pollutants
calculated according to Table 1 from the tailings pond that will enter Balkhash Lake will
consist of 54 kg of Cu, 107 kg of Pb, 38 kg of Zn, 17 kg of Cd, 3720 kg of Mn, 0.7 kg of Se,
and 1.2 kg of As annually.

First scenario prediction with filtration barrier construction [47].

The prediction results are consistent with those of previous works, which indicate
that, in this case, the heavy metal distribution in the Balkhash Lake coastal zone after ten
years will reach up to 70-90% of its concentration in the tailings pond (Appendix A). The
analysis results indicate that the barrier construction is redundant, as the aquifer deposit
thickness significantly exceeds the possible depth of the barrier.

The second scenario prediction involves drilling additional drainage wells between the drainage
channel and the tailings pond.

The length of the contaminant dispersion zone determines the distance and number
of boreholes. Well interaction is automatically taken into account when operating the wells
on a model.
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Figure 5. (a) Path lines of particles released from the source of pollution by the area tracked with
MODPATH and (b) heavy metal spatial distribution in groundwater for ten years after contaminant
release without a change in hydrogeological conditions (legend in Table 1).

The calculation results suggest that the operation of these wells will significantly
reduce the spread rate of pollution. Under these conditions, during the forecast pe-
riod, the pollution from the tailings dump will not reach the Balkhash Lake coastal zone
(Appendix B). The model indicates that the pollution front reaches the additional drainage
well line and the existing drainage channel, which points to a potential long-term pollution
risk for Lake Balkhash.
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Third scenario prediction with drilling additional drainage wells located between the drainage
channel and Lake Balkhash.

The additional 14 drainage wells were located between the existing drainage channel
and Lake Balkhash, since the model calculated the contaminant path-lines for the steady-
state mode. The number of wells and distance between them correspond with the second
predicted scenario of well locations north of the drainage channel (between the drainage
channel and the tailings pond). The analysis results indicate that changing the well location
downstream from the drainage channel, between the drainage channel and Balkhash Lake,
is sufficient to contain the pollutant plume (Figure 6a).

@  drainage wall

Percentage of heavy metal distribution, %
90-100

80-90

70-80

60-70

50-60 sias
40-50 h
30-40

| 20-30

10-20

0-10

sses

L anans

Ieaman:

Figure 6. Spatial distribution of heavy metals in groundwater from 14 drainage wells drilled between
the drainage channel and Lake Balkhash (a) and for the scenario of drilling ten drainage wells
between the drainage channel and Lake Balkhash (b).

Due to the latter model prediction result, drilling fewer wells between the drainage
channel and the lake was simulated. Ten wells were specified with a pumping rate of
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120 m3/day. While the distance between the additional drainage wells increased, the
overall length and location of the wells remained the same. Based on the results, it can be
concluded that a smaller number of drainage wells, located between the drainage channel
and Lake Balkhash are sufficient to contain the pollutant plume and prevent its entry into
the lake. (Figure 6b).

The heavy metal pollution forecast results are integral to the environmental risk
management system [56]. This forecast implies that maintaining the existing drainage
settings poses an imminent heavy metal pollution risk to the coastal waters of the lake and
the coastal habitats of Torangalyk Bay. Preventing this tendency requires the development
of appropriate environmental management measures, which, according to this study, need
to maintain the lake’s water at a level no lower than 342 m above sea level. For that matter,
transboundary cooperation is needed to ensure the required upstream inflow velocity;
otherwise, heavy metal pollution might spread to the lake’s center.

In response to the environmental impacts identified during the study, an environmen-
tal management plan was developed, including wastewater treatment facility construction,
to prevent and/or mitigate adverse environmental effects associated with wastewater
migration from open ponds. The oncoming operation also involves environmental and
economic damage assessment and time for ecosystem restoration (Project No. 51365-001).

The direct operation resulting from this study consists of drainage boreholes drilled
down to the bedrock between the existing drainage channel and the tailings management
facility (14 boreholes at a depth of 30 m) and constant pollution monitoring and control.

4. Conclusions

Balkhash is Kazakhstan’s largest endorheic inland lake, sustaining human and natural
habitat livelihood around Kazakhstan’s southeastern desert, with regional sustainability
implications impacting vast areas around Central Asia. On the lake’s shore, the Balkhash
enrichment plant causes heavy metal pollution from cadmium and lead, which have already
been found in the water.

The Balkhash Lake heavy metal-contamination risk assessment requires constant-
density numerical groundwater flow contaminant transport modeling. Field experiments
and monitoring data supported a three-layer computer model, enabling its calibration and
validation and several simulated predictions. The prediction results suggest that pollutants
from the tailings pond will reach Lake Balkhash if no actions are taken. Different engineer-
ing solutions have been proposed and simulated to evaluate contamination preventive
actions. The scenarios consisted of creating a wall barrier, drilling drainage wells between
the existing drainage channel and the tailings pond and drilling drainage wells between
the existing drainage channel and Lake Balkhash.

The mathematical model developed for tracking the geo-filtration and geo-migration
conditions was used to create operational maps reflecting the heavy metal content changes
during monitoring and to evaluate pollution scenarios that were applied for lake contami-
nation forecasting and risk assessment, which suggests the following conclusions from the
scenario prediction results:

- The construction of a wall boundary with a depth of 3-5 m between the existing
drainage channel and Lake Balkhash is ineffective since the aquifer thickness ranges
from 20 to 30 m, exceeding the wall’s effective barrier depth.

- Dirilling drainage wells down to the bedrock between the existing drainage channel
and the tailings pond (14 wells with depths ranging from 20 to 30 m) can significantly
slow the spread of contamination during the forecast period but does not prevent
Lake Balkhash becoming contaminated by heavy metals in the future.

- Drilling drainage wells down to the bedrock between the existing drainage channel
and Lake Balkhash was found to be optimal, as it requires the operation of a smaller
number of wells (10 wells with depths ranging from 20 to 30 m), which will reduce
the pollution spread rate to a level such that the pollution from the tailings will not
reach Lake Balkhash during the forecast period or in the future.



Sustainability 2024, 16, 6816

15 of 21

- The unified and integrated water quantity and quality database that was created in
this project is accessible to all management bodies, water users, and the general public.
It supports real-time decision-making for lake management as part of the Balkhash
Lake Conservation Initiative.

The tangible operations enabled by this study ensure that Lake Balkhash will not
suffer the same fate as the Aral Sea. Ensuring regional sustainability by applying the
modeling results into action is an ongoing challenge and similar models should be created
for other point pollution sources to be implemented in the future. Therefore, the strategy
and methodology developed in this study may be applied to similar scenarios worldwide.
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Figure Al. Spatial distribution of heavy metals in groundwater for the scenario of boundary con-
struction between the drainage channel and Lake Balkhash.
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Figure A2. Spatial distribution of heavy metals in groundwater for the scenario of drainage wells
drilled between the tailings pond drainage channel and the lake.
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Figure A3. Results of heavy metal concentration in groundwater monitoring wells over time.
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Figure A4. Sampling points on a map of heavy metal halo distribution in groundwater at the time of

sampling in 2020.
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