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Abstract

A finite-element groundwater flow model was developed for the expanding Dareh-Zar open pit mine in southern Iran, to
simulate groundwater inflow into the excavation and mine wall pore pressure dynamics. The model was used to test the
effectiveness of implementing different drainage management strategies to reduce groundwater inflow rates and mine wall
pore pressures, including abstraction wells and horizontal drains. Model predictions suggest the implementation of abstrac-
tion wells will reduce groundwater inflow rates by 75% during the first 12 years of mining and 50% during the subsequent
5 years relative to a ‘no drainage’ management scenario, with further reductions in groundwater inflow achieved through
horizontal drain installation. Furthermore, the installation of horizontal drains was found to be necessary to reduce mine-
wall pore pressures from destabilizing the mine walls. Groundwater management of the decommissioned pit mine was also
evaluated, with simulation results suggesting that backfilling the excavation would restore the groundwater level within the
open pit mine region to ~2,442 m above sea level, representing a net restoration of ~204 m relative to the water table prior

to mine closure.
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Introduction

Excavation of open pit mines below the water table can
result in groundwater inflow into the mining pit (Bozan
et al. 2022). Groundwater inflow into open pit mines can
cause significant impacts to the environment (McCullough
and Lund 2006) and provides technical and operational chal-
lenges to mining, associated with increased costs of blasting
(Zago et al. 2020), and disruption to loading and transporta-
tion (Taherkhani and Doostmohammadi 2015). In addition,
steep hydraulic gradients can develop across the highwalls
of open-pit mines, increasing the pore pressure of mine walls
and resulting in shear stress, instability, and potential failure

< Hossein Parsasadr
hossein.parsasadr@wur.nl

Hydrology and Environmental Hydraulics Group,
Wageningen University & Research, Wageningen,
the Netherlands

Tehran Science and Research Branch, Islamic Azad
University, Tehran, Iran

Published online: 25 April 2024

(Kolapo et al. 2022). Therefore, estimation of the ground-
water inflow rate into an open pit mine is crucial for design-
ing effective drainage systems and predicting changes in the
pore pressure distribution of the mine walls to ensure the
stability and safety of the mine operations.

Numerous researchers have dedicated their efforts to pre-
dicting groundwater inflow into open pit mines (Atkinson
et al. 2010; Azrag et al. 1998; Cotesta et al. 2020; Robins
et al. 2005; and Rézkowski et al. 2021), as it is crucial for
the design and optimization of drainage systems (Polomci¢
and Baji¢ 2015). Previous studies have employed various
methodologies, including finite difference models such as
SEEP/W (Bahrami et al. 2014) and MODFLOW (Fernan-
dez-Alvarez et al. 2016; Jiang et al. 2013), as well as ana-
lytical solutions (Aryafar et al. 2007; Li et al. 2014) and
machine learning algorithms (Bahrami et al. 2016).

MODFLOW (Harbaugh 2005) and FEFLOW (Diersch
2013) are conventional groundwater modeling codes based
on the equivalent porous medium (EPM) approach, that
are frequently used to simulate groundwater flow in frac-
tured porous media. MODFLOW is commonly employed
for simulating groundwater flow in orthogonal fracture
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systems, whereas FEFLOW is often preferred for mod-
eling irregular fracture systems (Kresic and Panday 2018;
Rivera 2007).

Despite the utility of MODFLOW and FEFLOW, these
models possess inherent limitations that hinder their
effectiveness for groundwater modeling in mining envi-
ronments. This study accounts for the specialized charac-
teristics unique to mining operations. This includes the use
of a dynamic mesh to account for open pit excavation and
alterations in hydrogeologic properties surrounding mines,
resulting from stress relief due to overburden removal and
blast-induced damage. Specifically, a zone of relaxation
(ZOR) has been developed as a key factor influencing the
simulation of groundwater inflow into the open pit mine.
Additionally, this study examines the formation of the pit
lake after mining and dewatering ends as well as the recov-
ery of the groundwater system after closure or backfilling.
Furthermore, simulation of seepage faces was used as a
validation process in this study, involving the simulation
of seepage faces, serving as a verification factor to ensure
the reliability of the model.

For this study, a groundwater finite element model (FEM)
was used to predict groundwater inflow into the Dareh-Zar
open pit mine. The advantages of FEM approaches include
the capability to handle complex boundary conditions,
accommodate high-resolution spatial and temporal dynam-
ics, and incorporate heterogeneous subsurface properties.

The Dareh-Zar open-pit copper mine has been strip-mined
and extracted for almost two decades, and the main mining
process is carried out below the water table. Currently, seep-
age faces are present in the Dareh-Zar mine, ranging from
2,500 m above sea level (m ASL) in the current pit floor to
~2,563 m ASL along the eastern mine wall. Groundwater dis-
charge has formed a sizable pond in the southern section of
the pit floor, measuring ~290 m? in area and exceeding a depth
of 10 m. Additionally, smaller ponds have emerged near the
seepage faces, commonly used as water sources for spraying
mine berms and benches to reduce the dispersion of airborne
respirable dust. The mine development plan projects the pit
floor level will reach a depth of 2,230 m ASL within the next
17 years, equivalent to 300 m below the water table.

This report aims to predict the groundwater inflow rate to
the Dareh-Zar mine pit through numerical modeling using a
3D groundwater FEM. The specific objectives include: (1)
developing and evaluating the performance of the FEM spe-
cifically for the Dareh-Zar mine area, (2) assessing various
management scenarios to identify the most suitable option
for designing an optimized drainage system, and (3) deter-
mining the distribution of pore pressure in the pit walls over
different time periods in order to evaluate the most effective
operational management system for the sustainable develop-
ment of the Dareh-Zar copper mine.
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Materials and methods
Geological and Hydrological setting

The Dareh-Zar copper mine is located 170 km southwest
of Kerman Province and 10 km south of the Sarcheshmeh
copper mine (N 29°52'60" and E 55°54"20") (Fig. 1). The
most significant porphyry copper deposits in Iran, includ-
ing the Dareh-Zar mine, lie in a tectonically active zone
on the south of Urumieh-Dokhtar Magmatic Assemblage
(UDMA) and the central part of Dehaj-Sardouieh strip,
which is the most important metallogenic belt in Iran
(Movahednia et al. 2022). The study area is character-
ized by a diverse range of geological units (Fig. 1). The
oldest units in the area are of Eocene age, represented
by pyroclastic and volcanic rocks, and consist of tuff and
tuffite, lithic tuff, crystal tuff, and volcanic rocks with
acidic to intermediate composition and, less frequently,
intermediate to basic composition. Overlying the Eocene
volcanics are younger, Quaternary deposits consisting of
unconsolidated sediments of gravel, sand, and silt textures.
The Dareh-Zar study area is highly altered and signifi-
cantly faulted, resulting in a reduction in the mechanical
strength of the rock mass (Parizi and Samani 2014; Mali
et al. 2022). The Dareh-Zar faults primarily exhibit E-W
and N-S orientations, with subvertical dip angles. Notably,
the E-W faults are older than the N-S faults. The forma-
tion of fractures within the study area is primarily attrib-
uted to the development of contraction joints during the
crystallization of magma, tectonic activity, and weathering
processes, resulting in enhanced permeability of the rock
mass, facilitating groundwater flow and discharge into the
open mine pit (KMP 2020).

The study area experiences an arid climate, character-
ized by low annual precipitation and high evapotranspira-
tion rates. Precipitation is highly seasonal, with the major-
ity of the annual rainfall occurring in the winter months
as high-intensity storm events, whereas summer months
receive minimal rainfall. The Dareh-Zar open pit mine
receives an average annual rainfall of 312 mm, while the
mean annual precipitation within the model domain ranges
from 225 to 378 mm (KMP 2019). Assuming a recharge
rate of ~10-15% of annual rainfall, the average groundwa-
ter recharge resulting from precipitation exceeds 40 mm/
year. The average annual temperature is 13.4 °C, ranging
from 3.1 °C in February to 21.3 °C in July.

Seasonal fluctuations in groundwater levels, monitored
monthly using a network of 20 observation wells, are
observed in the study area (Fig. 1). These data indicate
groundwater flow generally follows a north—south direc-
tion, in accordance with the regional topography and geol-
ogy. However, a significant shift in the hydraulic gradient
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Fig. 1 A Location of Dareh-Zar open pit mine in Iran, featuring major bedrock lithologies, and B detailed study area map showing contoured
observations of groundwater level and groundwater flow directions for March 2017

is present adjacent to the mine pit, resulting in flow from
the east and west walls towards the pit (Fig. 1). As a result
of the open pit mine excavation, groundwater levels exceed
the pit floor and the western mine wall, whereas the maxi-
mum depth of groundwater adjacent to the east wall is
~60 m below ground level.

As elsewhere (Bense et al. 2013), faults play a significant
role in controlling surface water and groundwater flows in
the study area. The Dareh-Zar River follows a north—south
direction along a major fault, while also serving as a chan-
nel for groundwater drainage towards the mine area (Fig. 1).
The hydraulic conductivity and groundwater flow systems
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of hard rock aquifers are primarily governed by the spatial
distribution of fractures, with petrographic attributes having
a negligible impact on these properties (Krasny and Sharp
2007). Although the stress induced by the swelling of miner-
als such as olivine and pyroxene mainly in mafic and ultra-
mafic rocks such as peridotites (Renard 2021; Sharp 2014)
and biotite in plutonic and metamorphic rocks (Dewandel
et al. 2017; Lachassagne et al. 2021) can generate fractures
and accelerate the weathering process of the rock mass.

Conceptual and numerical model development

This study constructed a numerical model using the
MINEDW code, developed by Itasca Denver, Inc. (2023), a
specialized three-dimensional (3D) finite-element ground-
water modeling code designed explicitly for mining environ-
ments. The MINEDW code is based on the FEMFLOW3D
algorithm (Durbin and Bond 1998), which was specifically
developed to meet the needs of mine management (Azrag
et al. 1998). One of the key features of MINEDW is the pos-
sibility to simulate the progressive excavation of an open pit
by modifying the elevation of the nodes affected by mining
over time. MINEDW can also efficiently simulate the forma-
tion of a zone of relaxation (ZOR) around a pit excavation or
underground mining operation through time according to the
mining schedule, where rock hydraulic properties are altered
by open pit excavation or block cave mining. Additionally,
the code includes a function for simulating backfill, which is
commonly added to excavations and has different hydraulic
properties than in-situ material. Finally, MINEDW includes
a function for simulating pit lake development after the ces-
sation of open pit mining (Ugorets 2015).

The present study simulated the groundwater inflow rate
to the Dareh-Zar open pit mine during mine operation and
post-closure stages at the regional scale. For this purpose,
the fractured hard rock aquifer in the study area was con-
ceptualized using Esri’s ArcGIS Pro and converted into a
multilayered grid within MINEDW software. The concep-
tual groundwater model was then converted into a numeri-
cal model within MINEDW, which was calibrated to the
observed head in both steady-state and transient modes. The
model was then validated and recalibrated by comparing
the simulated and observed seepage faces in the mine pit.
A sensitivity analysis was conducted to assess uncertainty
within the model input parameters. The validated numerical
model was utilized for scenario modeling. The numerical
modeling workflow is shown in Fig. 2.

Model domain and boundary condition
To develop a groundwater conceptual model for the Dareh-

Zar mine area, the geometry of the surrounding aquifer was
determined and differentiated from adjacent aquifers using
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hydraulic physical boundaries. Physical hydrological fea-
tures that are known to control groundwater flow directions
such as lakes, aquitards, and watershed divides were repre-
sented as boundary conditions (Wels et al. 2012). The catch-
ment divides were assumed to be no-flow boundaries given
the predominance of hard rock aquifers and an absence of
observable karst features (Kollet and Maxwell 2008). Con-
sequently, it is posited that the hydrological and hydrogeo-
logical catchments in this region are congruent; however,
it is crucial to consider a sufficient distance when setting
the boundaries of the model to ensure that the simulation
of both present and future stresses is performed with high
accuracy and devoid of any artificial boundary effects (Ross-
man et al. 2018). A catchment-scale modeling approach has
been utilized in many studies to predict groundwater inflow
into excavations, including underground and surface mines
(Colombo et al. 2017; Gholizadeh et al. 2020; Golian et al.
2021, 2020, 2018; Yang et al. 2009).

The Dareh-Zar mine is situated across the catchment
divide of the Goein and Dareh-Zar Rivers. The catchment
borders were considered to be no-flow boundaries, except
for the southern borders where the outflowing rivers were
represented as constant head boundaries. The hydraulic head
of these boundaries was assumed to be equivalent to the free
surface water level of the corresponding rivers (Fig. 3). In
the steady-state simulation, the initial head was defined as a
constant value, determined by the average observation head
during the steady-state modeling period within the model
domain. The hydraulic heads obtained from the steady-state
simulation results were subsequently utilized as the initial
conditions for the transient simulation.

Discretization

A feasible approach for simulating large-scale groundwa-
ter flow in rock masses involves the implementation of the
equivalent porous medium (EPM) modeling approach (Scan-
lon et al. 2003). The EPM approach can minimize aquifer
anisotropy induced by fractures in hard rocks at a sufficiently
large scale (Surinaidu et al. 2014). Nevertheless, it is essen-
tial to model any significant fracture or fault zones using
a layered modeling approach; therefore, finer discretiza-
tion along fault zones, rivers, mining areas, and important
hydrogeologic units may be necessary. In the present study,
a two-dimensional (2D) finite element mesh was generated
utilizing Rhino and Grasshopper software (Davidson 2021).
The resulting mesh was then imported into MINEDW, where
additional layers were incorporated to transform it into a 3D
mesh. In the generated mesh, the model boundary, mine pit,
and transition zone were distinguished from each other, with
the mine pit featuring the finest element discretization. Simi-
larly, the element sizes in the transition zone are discretized
at an intermediate level between those in the mine pit and the
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model range. For this study, the transition zone was defined
as a buffer region ~1 km in width encircling the periph-
ery of the open-pit mining site. The use of an intermediate
mesh size in the transition zone is helpful in representing
the gradual changes in these properties and avoiding abrupt
changes that may cause numerical instability or inaccurate
results (Holm and Langtangen 1999).

The methodology used for discretization in numeri-
cal modeling has a significant impact on predicting inflow
and the water-table geometry around excavations, whether
they are open pit or underground. Errors in estimating the
seepage face height can introduce significant inaccuracies
in predicted inflows and pore-pressure distribution, as this
height affects both lateral inflow and the water-table eleva-
tion behind the mine walls. Therefore, to achieve accurate
predictions of radial flow towards an excavation, it is cru-
cial to use small logarithmic grid spacing in both horizon-
tal and vertical directions in addition to finer discretization
in the contact zone and faults. In this way, the pinch-out
technique was utilized to partition the upper layer into eight
strata, spanning from 5 to 40 m, while the middle layer was
divided into eleven strata ranging from 40 to 100 m. The
lowermost layer, on the other hand, maintained a uniform
thickness of 500 m. Consequently, a progressive diminu-
tion in layer thickness from the base to the surface of the
mesh was achieved. The top of the grid was defined as the
ground surface elevation, based on ASTER GDEM (Tachi-
kawa et al. 2011) and 1:1000 topographic map (NICICO
2017) of the mining area, and the grid bottom was defined

WORTR

Fig.4 3D mesh structure of the numerical model for Dareh-Zar open pit mine
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Open Pit Mine

at 1,500 m ASL. Figure 4 illustrates the 3D mesh structure
of the numerical model for the Dareh-Zar mine area.

Hydrostratigraphic model

Numerical groundwater modeling requires the develop-
ment of a hydrostratigraphic model (HSM), which simpli-
fies the complex geological architecture of the study area
(Barfod et al. 2018; Hudon-Gagnon et al. 2015). The HSM
is focused on the identification and characterization of sur-
face and subsurface geological units, primarily based on
their hydrogeological properties (Allen et al. 2008), and is
validated by analyzing lithological data, characterizing geo-
logical formations, and determining their physical proper-
ties (Giudici et al. 2012). A HSM was established by first
identifying the geologic formations and fault distribution
within the study area, based on the geological map, and
subsequently simplifying the information as necessary. The
geological framework of the region was taken into account,
with each rock unit and fractured fault zone delineated as
an individual hydrostratigraphic unit (HSU). Fracture and
fault zones were identified and delineated using a compre-
hensive dataset encompassing field observations, field tests,
geotechnical borehole data, and geological maps, enabling
a more detailed representation of the heterogeneity of the
aquifer. Forty HSUs were incorporated, with 13 specifically
representing crushed and faulted zones; additionally, the
geological block model of the Dareh-Zar copper porphyry
deposit, which characterizes the geometrical properties of
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the ore body, was developed using borehole data and was
incorporated as an individual HSU in the HSM. Based on
the correlation between rock mass permeability and rock
quality designation (RQD) reported in previous studies (Cha
et al. 2006; El-Naqa 2001; Jiang et al. 2009; Piscopo et al.
2018; Qureshi et al. 2014), the geotechnical borehole data
was used to estimate the hydraulic properties of rock units
and the separation of HSUs with respect to depth. Figure 5
presents the 3D hydrostratigraphy model of the studied area.

Hydraulic Properties

In this study, the zonation of HSUs in the model domain was
determined from the geological map (Omaljev and Isailovi¢
1969; Fig. 1). The predominant outcropping lithology of the
Dareh-Zar study area comprises igneous rocks. Groundwater
flow in fractured igneous rocks, formed by a combination of
lithological conditions, local and regional geomechanical
processes, and weathering (Shapiro et al. 2015), is primar-
ily controlled by complex networks of fractures varying in
orientation and extent. Therefore, the variation in hydraulic
conductivity can be significant.

The initial hydraulic conductivity of the various HSUs
was estimated by conducting pumping and airlift tests in
the study area, which resulted in a wide range of values
spanning from 1x 1072 to 3.6 m/day (SRK 2018). Higher
values, exceeding 1 m/day, were primarily attributed to the
fault zone (‘crushed’ unit in the model), consistent with the

higher frequency of seepage faces observed within these
regions. Although there is some variation in hydraulic con-
ductivity values among different igneous and metamorphic
units, no clear distinction was determined between them (as
shown in Fig. 6). It is worth noting that high hydraulic con-
ductivity values indicate the presence of fractures within
the rock, while low values represent relatively less fractured
jointed rock masses.

Accurate determination of specific storage is crucial for
reliable groundwater modeling in unsteady state conditions
(Folnagy et al. 2013). Specific storage quantifies the abil-
ity of the aquifer to store water under varying hydrologic
conditions. Inaccurate estimation of specific storage can
result in flawed groundwater models, leading to inaccurate
predictions of transient water flow and storage in the aquifer
(Kuang et al. 2020). Based on the results of the pumping
tests, the HSUs in the investigated area exhibit a range of
storage coefficients over one order of magnitude, with the
lowest recorded value being 5x 107 and the highest being
4% 107 (Sahraei Parizi and Samani 2013). The groundwater
level in the study area exhibits a rapid response to seasonal
precipitation, as evidenced by the groundwater hydrograph
presented in Fig. 7. Consequently, the storage coefficient of
the aquifer can be estimated by analyzing the groundwater
hydrograph and utilizing the water-table fluctuation (WTF)
method proposed by Seiler and Gat (2007). This method is
particularly effective for estimating the storage coefficient of
large-scale aquifers in semiarid regions (Wang et al. 2013;
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Xu and Beekman 2019). Considering the range of rainfall
infiltration into the groundwater body in the study area
(10-15%) as reported by SRK (2018), the estimated average
storage coefficient of the aquifer using the WTF method is
consistent with the maximum value of the storage coefficient
calculated by the pumping test method.

Groundwater recharge

Spatial variation in groundwater recharge can be attributed
to various factors such as geology, geomorphology, drain-
age density, lineament density, rock outcrops, topsoil, slope,
precipitation, and land use (Sashikkumar et al. 2017). How-
ever, in the current study area, geology, geomorphology, and
land use are similar, and soil cover is limited to areas adja-
cent to streams; therefore, the distribution of groundwater
recharge in the model domain is primarily influenced by
land slope, precipitation, drainage density, and lineament
density. To identify potential groundwater recharge zones,
the analytic hierarchy process (AHP) multi-criteria decision
making (MCDM) technique proposed by Ponnusamy et al.
(2022) was used. This technique assimilated four thematic
layers—including slope, rainfall, drainage density, and
lineament density—with each layer assigned a subjective
relative weight under the AHP-MCDM technique (Table 1).
To assess the significance and relative importance of each
factor, weights were assigned accordingly. A lower value
indicates relatively lower importance compared to other the-
matic layers, while a higher value indicates greater impor-
tance. To ensure consistency in the weights assigned to dif-
ferent thematic layers and their subclasses, a consistency
ratio was computed. The results demonstrated that the nor-
malized weights were consistent, as supported by a consist-
ency ratio of 0.05, falling within the acceptable range (Saaty
2001). The thematic layers were then overlaid in ArcGIS Pro
to identify potential groundwater recharge zones. Based on
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Hydrological Year

Table 1 Classification of weighting factor influencing the groundwa-
ter potential recharge zones

Thematic layer % Influencing No. of features Weight
factor

Precipitation (mm) 48 224-275 17
275-327 30
327-378 53

Slope (degree) 34 0-2 45
2-8 31
8-15 12
15-30 8
>30 4

Drainage density (km™") 13 0-1 50
12 31
2-3 9
34 6
>4

Lineament density (km™') 5 0-1.5 3
1.5-3 13
3-4.5 21
4.5-6 29
>6 34

the analysis, the model domain was divided into four poten-
tial groundwater recharge zones, classified as high, moder-
ate, low, and very low, based on their potential to recharge
from precipitation (Fig. 8).

The average groundwater recharge ratio in the hydrologi-
cal basins, which encompass the study area, is ~13.4% of the
total annual precipitation (Noori et al. 2023). Furthermore,
based on water budget computations carried out by SRK
(2018), the study area experiences an average groundwater
recharge rate that amounts to 10-15% of the total annual pre-
cipitation. Recharge rates from precipitation were estimated
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Fig.8 Potential groundwater
recharge zones identified using
the AHP-MCDM technique
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for each potential zone during the steady-state modeling
period, with values ranging from 0.16 mm/day for regions
with very low potential to 0.26 mm/day for regions with
high potential.

Defining the progressive open pit mine

To model the impacts of the Dareh-Zar mine excavation
on the surrounding groundwater system, the finite-element
grid was manipulated by collapsing specific elements and
their corresponding nodes at discrete time steps. This pro-
cess involved reducing the elevation of these elements to
match the planned pit bottom elevation while maintaining
their original X and Y coordinates. Creating a mine plan in
MINEDW is often achieved by importing DXF files depict-
ing the pit topography at various points in time. These DXF
files are initially transformed into data files containing X,
Y, and Z coordinates of the pit surface. These coordinates
are then interpolated to construct a time-dependent mine
plan. The resulting mining input file is fed into MINEDW,
which simulates the progressive excavation of the open pit
mine over time. It is important to note that the Dareh-Zar
3D ore body model was developed by simulating informa-
tion obtained from 228 boreholes with a total drilling length
of 89.1 km using the ordinary kriging method (Keyvanian
et al. 2007), in addition to geological studies. Utilizing this
model and data on the slope of the mine walls, specifically a
minimum slope of 32° in the western region and maximum
slope of 40° in the southern and eastern areas, along with
a yearly mineral extraction capacity of 10.8 million tons
(10,800,000 kg), an optimization of the extraction plans for

a 17-year period (from January 2023 to January 2040) was
performed. This optimization was achieved by employing
the NPV Scheduler software within the Datamine software
environment. The NPV Scheduler is a management tool
designed to optimize open pit mine production schedules
with the goal of maximizing the net present value (NPV),
a critical financial metric for mine profitability (Asad and
Topal 2011). This tool facilitates the determination of the
optimal sequence of mining blocks, considering various con-
straints and objectives. Ultimately, through the utilization of
extraction plans, the depth and lateral advancement of the
Dareh-Zar open pit was determined for over 204 monthly
timesteps within the groundwater model.

Zone of relaxation

Mining activities often cause changes in the mechanical
properties of bedrock by releasing stress through the removal
of overburden and blasting. These alterations typically result
in increased hydraulic conductivity and porosity due to the
increased density and aperture of fractures (Chen et al.
2015). The magnitude of this increase in hydraulic conduc-
tivity can vary depending on the specific rock properties
and mining techniques employed. In larger open pits, where
mine wall heights exceed 15 m, the zone affected by blast
damage may extend more than 40 m beyond the wall (Read
and Stacey 2009). It is generally agreed that the combina-
tion of removal of overburden and blast damage can increase
permeability by up to three orders of magnitude, although
the ratio of increase may be even greater in unaltered, brit-
tle rock types (Aoyagi et al. 2017). The impact of mining
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activities on hydraulic conductivity within the ZOR can be
represented by the following equation (Itasca Denver 2018):
K = aiKy; (1)
where K, is the hydraulic conductivity of unit j in the zone
of relaxation (ZOR) [L'T, @ is the scaling factor for unit j
in the ZOR [L], and Ky, is the initial hydraulic conductivity
of unit j [L'T1].

In the current study, the ZOR was characterized as a
region with a thickness equivalent to one-third of the pit
depth, and divided into two distinct layers. Thus, the thick-
ness of ZOR is minimal at the periphery of the pit and pro-
gressively increased towards its central region.

Calibration and validation

The model was calibrated to groundwater level data obtained
from 20 boreholes located within the model domain in both
steady-state (March 2017) and transient (2017-2021) con-
ditions. Specifically, the calibration process involved des-
ignating the groundwater level data as calibration targets
and iteratively adjusting the hydraulic conductivity and areal
recharge values to meet the acceptable error thresholds dur-
ing steady-state simulation. To achieve this, the difference
between simulated and observed water-table elevations
converged within a range of less than 2% of the observed
water-table elevation changes within the study area during
steady-state simulation. Furthermore, specific storage values
were calibrated using the trial-and-error approach, based on
the estimated specific storage margin values from the pump-
ing test and WTF method during transient calibration. The
calibrated hydraulic conductivity of various HSUs within the
surficial layers of the groundwater model ranges from 0.08
to 0.12 m/day. These values are consistent with documented

Fig. 9 Distribution of calibrated hydraulic conductivity values
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hydraulic conductivity variations in fractured and igneous
metamorphic rocks (Atkinson 2000). Igneous rocks, char-
acterized by a wide range of grain sizes such as pyroclastic
breccias, typically exhibit higher hydraulic conductivities
compared to rocks with a more uniform grain size distribu-
tion, such as basalts (Assaad and LaMoreaux 2004). Conse-
quently, the hydraulic conductivity in the northern section of
the model domain, primarily composed of andesitic basalt,
demonstrates a smaller value compared to the southwest-
ern region, predominantly consisting of andesitic breccia.
However, in the central part of the model domain, where
the fracture network is more extensive due to higher fault
density, this value has been increased (Fig. 9). Additionally,
in the southern segment of the model domain, comprising
volcano-sedimentary complex and agglomerate tuff forma-
tions, there is a slight reduction in hydraulic conductivity
values. This decline could be attributed to diagenesis pro-
cesses and the formation of cements (Jackson and Fenelon
2022). At greater depths, hydraulic conductivity values
decrease to less than 0.01 m/day (Shahbazi et al. 2020). This
decline may be attributed to compaction, which reduces pore
and fracture sizes; furthermore, as depth increases, the geo-
thermal gradient encourages mineral recrystallization, fill-
ing pore spaces and fractures, ultimately reducing hydraulic
conductivity (Luc Leroy et al. 2021). In the open pit mine,
where mining operations have reduced the rock mass quality,
and along faults and crushed zones, hydraulic conductivity
values range from 1.6 to 3.1 m/day. This range is consist-
ent with hydraulic conductivity changes observed in field
hydraulic conductivity tests (SRK 2018). The distribution
of calibrated hydraulic conductivity values is depicted in
Fig. 9. The calibrated specific storage values exhibit a range
from 2 x 107% m™! within various lithostratigraphic units to
6107 m™! within crushed zones. The Dareh-Zar ground-
water model simulation period spans from April 2017 to

Kxy(m/day)

1000 2000 3000
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April 2045, using monthly time steps. The simulation period
covers 28 years, which is divided into 336 monthly time
steps. The model was calibrated for the first 4 years under
transient state conditions, and the proceeding 19 years were
used for predictive modeling and scenario analysis, and the
final 5 years for mine closure.

Groundwater management strategies for mine
closure

Post-closure, two groundwater management scenarios for the
remaining open pit excavation are available: (1) no backfill,
where the pit is allowed to become a lake, and (2) backfilling
with appropriate materials, which prevents lake formation
and maintains a passive hydraulic sink (Johnson and Carroll
2007). In the following sections, these two scenarios will be
simulated and evaluated.

Lake scenario

To simulate the formation of the Dareh-Zar pit lake, the
MINEDW Pit Lake package was utilized. To accomplish this,
the drain nodes positioned on the surface of the Dareh-Zar
open pit were transformed into lake nodes, and their heads
were determined based on the predicted elevation of the pit
lake surface. The detailed procedure for calculating the dis-
charge into or out of the pit lake is provided in the Appen-
dix. The major components of a pit lake water budget include
groundwater, direct rainfall into the pit, evaporation, and sur-
face runoff (pit wall runoff; Tuheteru et al. 2021). In the Dareh-
Zar mine, surface runoff is prevented from entering the pit lake
by a diversion canal. Therefore, the primary sources of water
that enter the lake are groundwater inflows and precipitation.
Evaporation from the lake surface represents the main outflow
component. The estimated values of precipitation and evapora-
tion from the free surface of water in the Dareh-Zar mine pit
area are 312 and 2,317 mm/year, respectively (KMP 2019). To
incorporate the impact of direct rainfall on pit lake formation in
the Dareh-Zar mine, the quantity of direct precipitation in the
open pit region has been deducted from the evaporation rate
during the simulation. Accordingly, the simulation assumes
that the evaporation rate is 2,005 mm/year.

Backfill scenario

Open pit mine lakes have the potential to introduce contami-
nants into groundwater, surface water, and the surrounding
ecosystem (McCullough and Lund 2006). Pit lakes, espe-
cially in arid regions, are susceptible to evapoconcentration,
which increases the concentration of contaminants posing
greater risks to humans and wildlife (Shevenell et al. 1999).
One strategy to reduce exposure to pit lake contaminants
involves backfilling the open pit above the water table. The

MINEDW Backfilling package was used to simulate the
backfilling of the Dareh-Zar open pit mine, and the final
pit topography was restored to a level of 2,485.5 m, cor-
responding to the average level of the Dareh-Zar riverbed
at the beginning of mining operations. The hydraulic con-
ductivity estimates of resaturated waste rock backfilled in
open pits range between 107 to 107! m/s, with the values at
the upper end of the range observed in waste rock materials
with low fines content (Smith 2021). For this simulation, a
hydraulic conductivity value of 10 m/day was assumed for
the backfilling materials.

Results and discussion
Aquifer base

Based on the correlation analysis between rock mass per-
meability and the RQD data of geotechnical boreholes, as
depicted in Fig. 10, discernible variation in rock mass integ-
rity were identified in relation to depth. The results show that
up to a depth of 200 m in the mine pit (2,400 m ASL), the
quality of the rock mass is poor (25% <RQD < 50%) or very
poor (RQD <25%) according to the RQD classification pro-
posed by Deere (1988). However, below this depth, there is a
significant increase in rock mass quality, ranging from good
(75% <RQD < 90%) to excellent (90% <RQD < 100%), down
to ~370 m below ground level (equivalent to the final depth
of the mine pit at 2,230 m ASL). These findings led to the
identification of the base of the aquifer at a depth of 2,400 m,
and the model was subsequently divided into three layers.

Model performance evaluation

The calibration of the groundwater flow model in steady-
state conditions was achieved through minimizing three
commonly used statistical criteria, namely the mean error
(ME), absolute mean error (AME), and root mean squared
error (RMSE). The calibration results are presented in
Fig. 11. Additionally, model validation was conducted by
comparing the simulated groundwater level hydrographs to
observations. Model calibration was performed from April
2017 to January 2022 across 57 stress periods to ensure
robust model performance. The comparison, depicted in
Fig. 12, indicates that while the simulated hydrographs
may exhibit minor deviations from observations, the over-
all trends are consistent. While successful calibration of a
model is an essential step in simulating the behavior of an
aquifer, it is important to recognize that it does not neces-
sarily imply that the model accurately represents the actual
environmental conditions (Genetti 1999). Therefore, a
validation process is necessary to ensure the accuracy and
credibility of the calibrated model. To validate the model, a
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Fig. 10 a 3D representation
of changes in rock quality

designation (RQD) for the a
planned completion of the
Dareh-Zar open pit mine, and
b RQD changes in geotechnical
boreholes
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comparative analysis was conducted between the simulated
seepage face positions and their corresponding actual loca-
tions, as well as between the estimated quantity of leakage
into the open pit mine and the observed values thereof. This
process involved identifying seepage faces on Google Earth
maps and comparing them with simulated seepage faces.
The comparison was assessed visually as shown in Fig. 13,
revealing that the location of the simulated seepage faces in
the mine overlapped significantly with the observed seep-
age faces, particularly in the northern part of the pit. Addi-
tionally, the water budget of the model indicated that the
estimated amount of seepage into the Dareh-Zar open pit
mine was ~5 L/S, which was similar to the changes in the
baseflow of the Dareh-Zar River in the mining area (6 L/s).
The Dareh-Zar River is significantly influenced by ground-
water discharge, particularly in catchment outlets along
the southern boundaries and in the central model domain,
where open pit mine excavation substantially enhances the
discharge process, leading to increased flow into the river.

@ Springer

__ o RQD (%)
. L 2. 100
R
S
%%
0900 60
\%.%, | 40
o N 20
oo
g g
o
o = o k7,
= e < 3
e > S I
o Q < (o2} 5ty
o =4 < o)) c:_) 2
= o g ) ™ t
S =] > ™ 2
© 8 © it
@ +
g ¥
) -
Elev (2)
Looking South
+2600

+2500
+2400
% 1+2300
¥+2200
+2100
+2000
+1900
+1800
+1700
+1600
+1500
+1400
+1300
+1200

++394200

++394600
++394400
++394000
++393800
++393600
++393400

Management scenarios analysis

Groundwater inflow rate and associated pore pressure distri-
bution along the mine walls in the Dareh-Zar open-pit mine
was evaluated using a groundwater model in three distinct
scenarios, including (1) the continuation of the open pit mine
excavation without the implementation of drainage manage-
ment measures until mine closure (baseline scenario), (2)
implementation of mine drainage through installation and
operation of abstraction wells, and (3) a combination of
abstraction wells and horizontal drains.

Groundwater inflow and drainage analysis

The variation of groundwater inflow rate into the Dareh-Zar
open pit mine until its closure was assessed by comparing
the different drainage management scenarios (as depicted
in Fig. 14). Based on the trend directions, it can be inferred
that the groundwater inflow rate into the open pit mine is
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Fig. 11 a Bar chart comparing —~ 3000 ~
simulated and observed heads, f) %%
and b scatter plot illustrating the <C 2900 - .
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a function of both its excavation. In the absence of drain-
age measures, it is anticipated that the groundwater inflow
into the open pit mine will experience a substantial increase,
rising from an initial rate of ~400 m?/day to an anticipated
rate of ~2,500 m*/day during the final stages of excavation.
The dimensions of the final pit, after completion of mining
operations, are ~1.9 km in the east-west axis and 1 km in
the north—south axis.

The simulation of abstraction pumping wells using the
MINEDW Pumping Well package was conducted to evaluate
their impact on groundwater inflow rate and pore pressure
distribution of the mine walls, taking into account hydro-
geological conditions, minimal disruption to mining opera-
tions, and a minimum well lifespan of 10 years. Simulations
were conducted to optimize the installation and operation of
abstraction wells, considering different inter-well distances,
depths, and flow rates. Based on the results, a configuration
of seven drainage wells, spaced 500 m apart and at a depth
of 200 m, is proposed.

Model predictions suggest the implementation of abstrac-
tion wells will result in a reduction of groundwater inflow rate
into the open pit by 75% during the first 12 years of mining
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and 50% during the subsequent 5 years, relative to the base-
line scenario (Fig. 14). Horizontal drainage boreholes provide
more effective dewatering of mine pits relative to abstraction
boreholes (Brawner 1982), particularly for depressuriza-
tion of saturated and low-permeability highwalls, where the
use of abstraction wells to mitigate pore pressure is not fea-
sible (Seegmiller 2003). The drain boundary conditions and
MINEDW Underground Mining and Dewatering package were
used to define and simulate 31 horizontal drainage boreholes
in the eastern and western walls of the mine. These boreholes
have lengths ranging from 70 to 100 m and are spaced at 50-m
intervals. The simulation results indicate that the adoption of
horizontal drains during the last 5 years of the mining opera-
tion would result in a significant reduction of ~35% in the
inflow of groundwater into the mine pit compared to relying
exclusively on abstraction wells for drainage (Fig. 14).

Pore pressure analysis
Determination of pore pressure distribution is a crucial

parameter in slope stability assessment of the mine walls
under the aforementioned scenarios. The simulation results
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Fig. 12 Comparison of simulated and observed groundwater levels for selected piezometers during the transient-state calibration period (2017—

2022)

indicate that as the mining operation progresses and the
height of the mine walls increases, particularly in the east-
ern and western regions of the open pit mine, the pore pres-
sure exhibits a significant increase. Figure 15 illustrates
the east—west cross-sectional profile of the pore pressure
distribution in the mine pit under the mentioned scenarios,
at the final timestep of the groundwater flow simulation.
The findings of the model demonstrate that the implemen-
tation of an abstraction well network results in a decrease
in pore pressure within the highwalls of the mine; however,
during the final 5 years of mining operations, the installa-
tion of horizontal drains is required to achieve an effective
reduction in pore pressure and stabilize the highwalls. The
results of the model further indicate that the incorporation
of horizontal drainage boreholes has a considerable impact
on the depressurization of the highwalls. Figure 16 shows
a 3D view of the trend of decreasing pore pressure changes
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under the aforementioned drainage scenarios compared to
the baseline scenario.

Mine closure

The findings from the simulation analysis of the formation of
the Dareh-Zar pit lake indicate that the pit lake dimensions
progressively increase over time following mine closure. The
estimated depth of the lake is projected to reach 30 m within
the first 5 years post-mining. A graphical representation of
the evolution and growth of the Dareh-Zar pit lake, spanning
from the commencement of 2040 to the termination of 2045,
is depicted in Fig. 17. Furthermore, the simulation of the
open pit mine backfill scenario indicates that the surrounding
water table will increase from 2,238 to 2,442 m after a 5-year
backfilling process. Specifically, the simulation estimates a
net restoration of ~204 m in the water table (Fig. 18).
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Fig. 13 Comparison of the loca-
tions of observed seepage faces
(a), map sourced from Google
Earth, with simulated seepage
faces (b) in the Dareh-Zar open
pit mine

Fig. 14 Comparison of ground- 2500 - - 2600
water inflow rates (CMD: cubic = = = No Dewatering - Dewatering by Wells iy
meters per day) in the three - i NS  =—— Mi - i
' p y) . 2000 —\_\ Dewatering by Wells and Drains Mine Floor ,- 7’ 2500 _
drainage management scenarios a 7
in comparison to the progress g ' oag0 <
of the Dareh-Zar open pit mine S 1500 | £
excavation S 5
c F 2300 =
£ g
[J] i ()
T 1000 i
= 2200 o
© o
S ke}
[T
S 500 -
I5) - 2100 2
=
: F F F F F F F F F o, F F F F F ™
© © © q
5 - - [ai
2023|2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 2032‘2033 2034|2035 | 2036 | 2037 | 2038 | 2039
Year
Discussion dynamic mesh holds the potential to serve as a valu-

Groundwater inflow rate to an open-pit mine excava-
tion was investigated using finite element groundwater
flow modeling with a dynamic mesh, considering altera-
tions of hydraulic properties within a zone of relaxation
(ZOR). The application of finite element methods and

able management tool, especially in operational open
pit mines with different hydrogeologic settings. This
method plays a crucial role in integrating diverse data
types into a coherent framework, making the information
readily interpretable. The tool facilitates a rapid assess-
ment of dewatering targets, ensuring efficient operations;
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Fig. 15 East—west cross-sec-
tional profile of pore pressure
distribution of the Dareh-Zar
mine pit under different drain-
age scenarios predicted for
December 2039
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furthermore, simulating open pit development using
dynamic mesh models can enhance the accuracy and effi-
ciency of groundwater modeling in mining environments.
However, the study also faces limitations—for instance,
alterations in pit geometry, in addition to affecting the
hydraulic properties of the rock mass surrounding the
open pit, can impact various hydrogeological parameters,
including the evaporation rate within the mining area.
Additionally, to determine reliable boundary conditions
in numerical groundwater modeling in mining environ-
ments, it is necessary to expand the model domain to
include hydraulic boundaries. Consequently, the model
domain primarily covers a large area. Discretizing such
large-scale systems with a fine-scale mesh, especially
near the model boundary and away from the pit area,
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increases computational complexity and resource require-
ments. Conversely, using a coarse mesh may overlook
locally important hydrogeological details.

Moreover, although the equivalent porous medium
(EPM) approach is commonly employed for modeling
fractured aquifers, it is subject to limitations in accurately
simulating groundwater flow within highly heterogeneous
fractured systems. The EPM’s assumption of an overall
hydraulic conductivity may not fully capture the significant
variations in fracture distribution and hydraulic proper-
ties, particularly at smaller scales. Nonetheless, adopting
a modified modeling strategy that incorporates a layered
approach for significant fracture or fault zones provides a
robust strategy for assessing and predicting groundwater
flow in such complex aquifer systems.
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Fig. 16 3D view of the trend of decreasing pore pressure changes under the drainage system implementation in December 2039: (a) baseline
scenario, (b) abstraction wells, and (¢) combined implementation of abstraction wells and horizontal drain boreholes
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Conclusion

A numerical groundwater flow model was developed using
the MINEDW code to simulate groundwater inflow rate
to the Dareh-Zar open pit mine during both the mining
and closure stages. The model was calibrated to observed
groundwater levels and validated through comparison with
observed groundwater inflows into to the pit lake, confirm-
ing its reliability in simulating aquifer behavior. Model
scenarios featuring the implementation of drainage meas-
ures such as abstraction wells and horizontal drains, dem-
onstrated significant reductions in groundwater inflows to
an open-pit mine excavation. Here, the simulation results
of the Dareh-Zar open pit mine groundwater model dem-
onstrated a significant reduction in groundwater inflow rate
by 75% during the first 12 years of mining and 50% during
the subsequent 5 years, through the adoption of abstraction
wells. Incorporating horizontal drainage boreholes during
the final years of mining operations further reduced ground-
water inflow rate into the mine pit by ~35%, resulting in a
decrease in pore pressure within the highwalls of the mine,
reducing the risk of collapse.

Evaluation of open pit mine decommissioning options
included pit lake and backfilling scenarios. The simulation
results show that the formation of a pit lake in Dareh-Zar
mine will commence immediately after mining operations
cease, and its depth is projected to reach 30 m within the
first 5 years post-mining. Backfilling the open pit can help
prevent potential hazards associated with pit lakes, such as
the introduction of contaminants into groundwater, surface
water, and surrounding ecosystems. The simulation study
suggests that restoring the groundwater level within the
open pit mine region to ~2,442 m can be achieved through a
5-year backfilling process, representing a net restoration of
~204 m. Based on these findings, a combined approach of
abstraction wells and horizontal drains is recommended for
the Dareh-Zar open pit mine to ensure safe mining opera-
tions. Additionally, backfilling is recommended to mitigate
potential environmental impacts associated with the pit lake.

Appendix

Equation (2) delineates the mathematical framework used
to calculate the discharge into or out of the pit lake resulting
from groundwater interactions.

Csi(HL - Hi)’ if H; < Hp
C,(H;—H;), if H; > H and H; < H; ¢ (2)

L St —

0, if H; > H; and H,; > H,

St — St —

4= 2:;1
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where:

— g, is utilized to express the discharge to or from the pit
lake [L*T']

— C represents the coefficient associated with node i
located on the open pit surface [L>T™']

— H, corresponds to the computed hydraulic head at node i [L]

— Hg represents the elevation of node i [L]

— Hy is the water surface elevation of the pit lake [L]

— n stands for the number of nodes [dimensionless]

Under the first condition (Hsi < H} ), open pit node i is
beneath the pit lake surface. Discharge into the groundwater
system occurs if the calculated head at the open pit node is
lower than the pit lake surface elevation. Conversely, dis-
charge exits the groundwater system when the calculated
head at the open pit node exceeds the pit lake surface eleva-
tion. The second condition (Hy; > H; and H; < H,), applies to
open pit nodes above the pit lake surface. Water discharges
from the groundwater system into the pit lake when the calcu-
lated head at the open pit node exceeds the node’s elevation.
The third condition (Hy;> H; and Hi>H,), pertains to open
pit nodes above the pit lake with a head value lower than their
respective ground surface elevations. In this situation, there is
no discharge into or out of the groundwater system.

The total discharge to or from the pit lake (gr) consists
of additional specified pumping to or from the pit lake
(gp) and evaporation from the pit lake surface (gg). Equa-
tion (3) defines the mass balance relationship governing
the calculation of gr.

41 =945+ 4p — 4g ?3)

where:

— g represents the total discharge into or out of the open
pit [LT™!]

— ¢p denotes the additional pumping to or from the pit
lake [L°T™]

— g accounts for the discharge related to evaporation [L°T']

The evaporation rate from the pit lake (gg) depends on
the surface area of the pit lake, which varies with the pit
lake elevation (H;) over time. The calculation of gy is
presented in Eq. (4).

qg = At “

where:

— rg represents the evaporation rate from the pit lake
[L'T]

— Aq signifies the surface area of the pit lake at time step ¢,
functioning as a variable dependent on H}, [L?]
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The cumulative discharge to or from the pit lake over time
(Q) is determined throughout the model run by employing
the average discharge rate over the current time step (g;) and
the preceding time step, as depicted in Eq. (5).

¢+ gt
T "Tas

5 &)

Ql — Qt—l +
where:

— Q represents the cumulative discharge into the pit lake
[L7]

— gp denotes the total discharge rate to the pit lake [L3T]

— Arsignifies the time step length [T]
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