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Abstract
In this study, we present the efficiency of remediation scenario to attenuate the impact of acid mine drainage (AMD) 
contamination in the Kettara abandoned mine site. The study focuses on the AMD groundwater contamination of the 
Sarhlef shists aquifer. To predict the evolution of AMD groundwater contamination in the Kettara mine site under reme-
diation scenario, a model of groundwater flow and AMD transport was performed.
Piezometric heads were measured at the dry and wet periods from eleven wells located downstream of mine wastes. 
To elaborate a conceptual groundwater flow model, we faced with to the heterogeneity and anisotropy of fractured 
Sarhlef shists aquifer. Consequently, the study focused on the use of various approaches: 1. The inverse modeling by 
the CMA-ES algorithm is adopted as an alternative approach to determine hydraulic parameters indirectly, and 2. the 
model is treated as an equivalent porous media (EPM). The groundwater flow model was carried out in steady-state and 
transient conditions in the dry and wet periods using the PMWIN interface. The obtained results are satisfactory and show 
an excellent correlation between measured and computed heads. Contaminant transport model is used to solve the 
advection–dispersion equation and to generate the AMD concentration by MT3D via the PMWIN interface. A sensitivity 
analysis of the dispersivity coefficient is carried out. The AMD transport simulation was computed during periods of 1, 
5 and 10 years, and the performed model indicates that the simulated concentrations under remediation scenario are 
reduced 1000 times comparing to the current concentrations. The study revealed a necessary approach in addressing 
an environmental issue for the AMD contamination. The results of the study will be a start-up for further research work 
in the study area and implementing it for the prevention of AMD propagation plume.

Keywords  Acid mine drainage · Remediation scenario · Inverse approach modeling · Equivalent porous media · 
Groundwater contamination

1  Introduction

Groundwater constitutes a vital water resource in Morocco 
which is characterized by an arid climate with limited rain-
fall and an important rate of evaporation. In abandoned 

Kettara mine site, the groundwater is becoming undrink-
able due to high sulfate concentration that exceeds 
1800 mg/l [31]. The Kettara mine site concept remediation 
will consist of collecting and placing coarse tailings over 
tailing pond. The process requires placing a fine alkaline 

 *  Meriem Lghoul, meriem.lghoul@usms.ac.ma | 1B2DRN Lab, Polydisciplinary faculty, University Sultan Moulay Slimane, Béni-Mellal, 
B.P.592, Mghila, Morocco. 2LBME, Polydisciplinary Faculty of Taroudant, Ibn Zohr universisityè, Agadir, Morocco. 3Research Institute Mines 
and Environment, UQAT, 445 boulevard de l’université, Rouyn‑Noranda, Québec, Canada. 4LCME, Cadi Ayyad University, Abdelkarim 
Elkhattabi Avenue, P.O. Box 549, GuelizMarrakech, Morocco. 5E2G, Cadi Ayyad University, Abdelkarim Elkhattabi Avenue, P.O. Box 549, 
GuelizMarrakech, Morocco.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-021-04690-6&domain=pdf


Vol:.(1234567890)

Research Article	 SN Applied Sciences           (2021) 3:702  | https://doi.org/10.1007/s42452-021-04690-6

phosphate waste (APW) layer on the Kettara coarse tail-
ing (Fig. 1e) [20]. The APW acts as a capillary barrier which 
must block the access of water to the mine wastes, and 
consequently, the generation of AMD will be limited. 
Remediation of abandoned mine areas is becoming a 
more significant environmental issue in the world [4, 23, 
37, 47, 55].

The research work aims to evaluate the efficiency of 
remediation scenario at the Kettara mine site by predict-
ing the evolution of AMD contamination in groundwater. 
By comparing the current AMD groundwater contamina-
tion to the predicted one under remediation scenario, we 
can quantify the rate of removal of contamination and 
the efficiency of remediation concept. Several studies on 
the prevention of environmental contamination related 
to mine waste have been carried out [2, 9, 17, 26, 33, 37, 
38, 45, 57–59].

The present work contains two steps: The first one is 
a conceptual groundwater flow model and the second is 
to simulate the AMD contamination. For elaborating the 
groundwater flow model, the primary purpose is how to 
describe the heterogeneity associated with fractures of the 
Sarhlef schists aquifer. Modeling processes in hard rocks 
and their associated fractured aquifers has been of high 

importance last decades [8, 16, 19, 28, 29, 35, 39, 52, 61]. 
One of the simplest approaches is basing on the concept 
of a representative elementary volume. They assume that 
the aquifers including fractures and conduit networks can 
be represented by an equivalent porous medium (EPM) 
with equivalent hydraulic conductivity. The EPM approach 
is commonly used by several studies for modeling ground-
water flow and transport in heterogeneous aquifers [1, 
14, 27, 44]. In our present study, we have opted for the 
equivalent porous medium (EPM) approach to represent 
the Sarhlef schists aquifer.

Due to the unknown information of hydraulic parame-
ters and limited financial resources for their measurement 
in situ, the determination of aquifer transmissivity from 
measured heads constitutes the second purpose. In heter-
ogeneous aquifers, the groundwater flow model has been 
calibrated by the inverse approach. Inverse approach mod-
eling is becoming a powerful method to approximate and 
attribute relevant values to unknown features in hydro-
logical models [5, 24, 40, 49, 53, 56]. Inverse approach com-
bines two compounds: hydrodynamic model code and 
optimization algorithm. The CMA-ES algorithm, one of 
available the optimization algorithms, has been used 
in this research. The EPM approach and the CMA-ES 

Fig. 1   Location of the study area (a), panoramic view of Kettara mine wastes (b), secondary minerals (c) and AMD effluent (d), (e) the alka-
line phosphate waste (APW) concept
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algorithm are used to produce a model that accurately 
represents the real system of groundwater flow in Sarhlef 
schists aquifer.

Processing Modflow (PMWIN) [7] is used to simulate the 
groundwater flow, and the results obtained are combined 
with MT3DMS mass transport model to predict the AMD 
transport in groundwater of the Kettara mine site under 
remediation scenario. The obtained results are promising 
and they show clearly the importance of remediation sce-
nario to attenuate the AMD contamination. The remedia-
tion project of the abandoned Kettara mine site, under 
study, is the first in Morocco. Once tested and approved, 
the findings will be applicable to other mines located in 
semi-arid climate.

1.1 � Study area

The extraction of pyrrhotite (FeS) in the Kettara mine is 
carried out between 1965 and 1982 and was mainly aimed 
at production of sulfuric acid. It has been estimated that 
during this mining activity, more than three million tons 
of sulfureous wastes were stored over an area of approxi-
mately 16 ha [20]. After the closure of the mine, these 
wastes are still without remediation and constitute the 
biggest pollution issue in the Kettara region. The aban-
doned Kettara mine is located at 30 km north–northwest 
of Marrakech, at the edge of the road connecting Mar-
rakech to Safi (Fig. 1a). The climate of Kettara mine site is 
semiarid with an annual potential evaporation of 2500 and 
250 mm of annual rainfall.

1.2 � Geological and geophysical setting

The Kettara sulfide deposit is located in the Sarhlef series; 
this series belongs to the Hyrcynian Jebilet massif affected 
by the post-vesean metamorphism [25]. Metamorphic 
deformation is distinctly observed at the Kettara mine 
site (Fig. 2a). The microtectonic structure is the schistos-
ity with an average orientation of N45° (Fig. 2c). Faults 
with quartzo-carbonated seams are the tectonic struc-
ture observed with principal direction of N75°, N95° and 
N110° (Fig. 2b).

An electrical resistivity tomography (ERT) profile situ-
ated 2 km downstream to the Kettara mine site was carried 
out [30]. The ERT shows the internal geological structure 
(Fig. 1d). The first layer with a low resistivity corresponds 
to Quaternary alluvium. The second layer with an irregu-
lar morphology corresponds to altered schists. In the last 
layer, we can observe the presence of very heterogeneous 
formations with lateral and vertical variations in resistivity. 
These variations make it possible to identify moderately 
the schist’s formation as to highly resistant areas inter-
spersed with more conductive areas (faults).

1.3 � Hydrogeological setting

At the Jebilet massif, two major aquifer systems are identi-
fied [11]: a superficial aquifer located in the altered schists 
and granites, and a deep aquifer of discontinuous water 
flows at the level of faults and fractures of the crystalline 
basement (schists and granites). The majority of wells sur-
veyed the groundwater located in the altered and frac-
tured schists formation, in either quaternary alluvium 
along the Oued Kettara or other thalwegs. Other wells and 
boreholes are exploiting the deep aquifer sheltered in the 
schist’s substratum.

The piezometric level of the altered schists aquifer is 
about 15 m, and the hydrodynamic parameters are esti-
mated [11] with a transmissivity of 9.10−4 m2 / s and a coef-
ficient storage of 5.10−2. This aquifer is subject to human 
exploitation by traditional wells. This recharge is provided 
by direct infiltration of meteoric water through fractures 
and permeable alluvium and by the Kettara Wadi.

2 � Materials and methods

2.1 � Data collection

Eleven wells, located in the study area, were sampled and 
analyzed for physicochemical characterization [31]. These 
wells are located downstream of the Kettara mine and fol-
low the general direction of the groundwater flow in this 
area. Sampling of well water and measuring of groundwa-
ter head are carried out during two campaigns covering 
dry and wet periods (March 2011 and June 2012).

2.2 � Modeling approaches

2.2.1 � Equivalent porous medium (EPM)

According to geological and hydrogeological studies, 
the Sarhlef schists aquifer is complex and highly hetero-
geneous. The presence of faults and fractures are prob-
ably responsible for the heterogeneity of this aquifer. 
Indeed, the notion of fractured media is based on the 
existence of cracks and/or faults influencing the fluids 
flow through these media. A fractured porous medium 
is imagined as an interconnected system of cracks divid-
ing the medium into a series of porous blocks, called 
"porous matrices." The flow characteristics of a fractured 
medium depend on the degree of fracturing, the con-
nectivity of the fracture, and the variation of porosity 
and permeability parameters [41]. The groundwater 
modeling in this medium requires to adapt a conceptual 
model. According to [47], there are several conceptual 
models: stochastic continuum (SC) model, triple porosity 
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medium, equivalent porous medium (EPM), discrete frac-
ture network (DFN). The EPM model consists of replacing 
the discontinuous values of porosity and permeability 
by equivalent mean values [14]. These mean values 
can be obtained by a homogenization procedure. This 
EPM model treats the fractured medium as a homoge-
neous medium with average hydraulic properties [48]. 
Various studies in fractured media have adopted the 

equivalent porous medium approach [1, 8, 14, 16, 27, 
29, 47]. Owing to the heterogeneity of Sarhlef schists 
aquifer and the unknown mode of groundwater flow, we 
decided to adopt an equivalent porous medium (EPM) as 
a modeling approach. The objective is to reproduce the 
observed piezometric by calibrating equivalent hydrau-
lic conductivity. Our model will be assimilated as a con-
fined aquifer with a single layer (single-layer model).

Fig.2   Geological map of Kettara mine site (a), tectonic structures: schistosity (b), quartzo-carbonated seam with fault (c) and electrical resis-
tivity profile (d)
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2.2.2 � Inverse approach modeling

Owing to the lack of hydrodynamic parameters data nec-
essary for the characterization of the Sarhlef schists aqui-
fer, the calibration of the model cannot be performed. 
Indeed, the capacity of a model to simulate the observed 
measurements depends on the satisfactory calibration 
(of one or more selected parameters). To obtain a deeper 
insight of aquifer features and improve groundwater 
modeling accuracy, the estimation of hydrodynamic 
parameters is necessary. In our study, we first tried to 
calibrate the model basing on the transmissivity values 
extracted from the study carried out by [11]. Due to the 
insufficient data, the calibration result after several tests 
was very poor.

The foundations to carry out a conceptual model is 
in collecting the information and data [5]. In heteroge-
neous aquifers, the groundwater flow model has been 
calibrated by the inverse approach to obtain the optimal 
fits between the simulated and observed groundwater 
heads. Heterogeneity and limited features data about 
schists aquifer led us to adopt an inverse approach mod-
eling. Indeed, the advantage of inverse approaches over 
direct approaches is that the formulation of the inverse 
problem applies to situations where the environment 
is heterogeneous and where the observations are few 
and poorly distributed [27]. Many issues of groundwater 
model flow have used an inverse approach in the last 
decades [5, 49], and these methods generally lead to 
better solutions. The fundamental concept of inverse 
strategy is the optimization in order to minimize an 
objective function. When the objective function or the 
best fit in the least-squares sense minimizes the differ-
ence between the simulated value and the observed 
one, the parameter optimization is achieved.

An  inverse method  that combines the hydrody-
namic model code and the optimization algorithm is 
followed for the identification of hydrodynamic param-
eters (transmissivity). A large number of optimiza-
tion codes are used: Newton methods, artificial neural 
network (ANN), evolution strategies (ESs) and genetic 
algorithms (GAs) [49]. The covariance matrix adaptation 
evolution strategy (CMA-ES) algorithm, one of the most 
efficient optimization algorithms, is used as an identi-
fication approach in the present study [3, 21, 49]. We 
used the piezometric levels of the high-water period as 
input data. The boundary conditions correspond to the 
measured hydraulic heads imposed at each node. The 
average mesh size used is 4997.38 m2. The finite element 
method was selected to calculate the piezometric level. 
As shown in Fig. 3, the comparison between measured 
and calculated heads of the two maps is similar, so it can 

say that the CMA-ES algorithm reproduces the measur-
ing head satisfactorily.

2.3 � Groundwater flow modeling

The aquifer has been carried out as confined with a 
single hydrogeological layer, and the modeled domain 
covers an area of 16 km2 (Fig. 4a). The model grid was 
discretized into 45 columns and 47 rows. A sensitivity 
study of the different cell sizes: 20, 60, 80, 100, 120, 140 
and 160 m, was carried out. The top elevation of the 
aquifer was obtained from the DEM (digital elevation 

Fig. 3   Comparison of the computed and measured piezometric 
head: a computed values by the control volume finite element 
method (CVFEM), b measured values
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model). The bottom is deduced by interpolation from 
the existing data of drillings and the electrical DC sur-
veys (Fig. 4b) [18].

The software Processing Modflow (PMWIN) distin-
guishes three categories of cells:

•	 active cells, in which the hydraulic head (piezometric 
level) is computed with each iteration of calculation 
setting up from a fixed starting level;

•	 the inactive cells where the flow is null (i.e., it does 
not have there a flow in the cells);

•	 cells with imposed flux (i.e., it acts of the cells with a 
wadi on the surface);

The volcanic outcrops and the basic tuffites consti-
tute the lateral geological limits of the aquifer and are 
defined as no-flow boundaries. The limits with constant 
head boundaries correspond to the schistous outcrops 
and are localized in the northeast and the south of 
the study zone. The limit with fixed head boundaries 

corresponds to the Kettara wadi. This limit was taken in 
only for simulation in the wet period because the flow is 
temporary and taking place during this period.

Groundwater flow simulation in Sharlef schists aquifer 
was carried out by the Processing Modflow for Windows 
code (PMWIN, version 5.3) [7]. This code is widely used in 
hydrogeology [2, 15, 26, 33, 43, 47]. The finite difference 
is the method used by PMWIN code for solving the three-
dimensional transient groundwater flow equation in satu-
rated porous media (Eq. 1).

where Kxx: hydraulic conductivities along the x [LT-1], Kyy: 
hydraulic conductivities along the y[LT-1], Kzz: hydraulic 
conductivities along the z [LT-1], h: hydraulic head [L], W: 
volumetric flux per unit volume [T-1], Ss: specific storage 
of saturated porous media, and t: time [T].

(1)
d

dx

[
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dh
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]

+
d

dy
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+
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Fig. 4   a Location of the study area on a topographic map, b Sarhlef shale aquifer geometry and c schematic conceptual model section
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The model of flow simulations was performed under 
steady-state and transient conditions. Water entries and 
exits were added to the model (Fig. 4c). The inflow com-
prises the recharge from precipitation (4,16 × 10−4 m/j). 
We suppose that the recharge is homogeneous in all the 
studied zone. The water exits correspond to the pumping 
wells discharge (Q = 0,001 m3 /S).

The main goal of calibration is to reproduce the field 
measured heads by an iterative process. Calibration results 
were assessed using the root mean square error (RMSE) 
of the hydraulic head, and a good fit indicates that the 
model is calibrated and therefore potentially representa-
tive of the aquifer flow [53]:

where hsim: hydraulic simulated head, hobs: hydraulic meas-
ured head and n: number of calibration hydraulic heads 
used in error computations.

The calibration is an iterative process conducted in 
steady-state and transient-state simulation.

To reproduce the observed head in steady-state and 
transient-state simulations, the groundwater flow model 
was calibrated using measured head data from 11 wells 
during March 2011 (wet period) and during June 2012 
(dry period). For this, the coordinates (X, Y), as well as the 
corresponding measured heads, of these wells have been 
integrated into the Boreholes and Observation module 
of PMWIN. The Kettara wadi works as drains during high-
water periods and does not affect during dry periods.

2.4 � Contaminant transport simulation

As an input to contaminant transport models, ground-
water velocities are computed. Contaminant transport 
models are used to solve the advection–dispersion equa-
tion and to generate the contaminant concentration by 
MT3D via the PMWIN interface [7]. The equation of advec-
tion–dispersion contaminant transport in three dimen-
sions is:

where U: Darcy velocity and C: concentration.
The retardation factor R of the compound dissolved 

in water can be calculated from the estimation of the 
soil–water partition coefficient Kd of this compound 
[L3M−1], the effective porosity and the bulk density of the 
porous medium [ML−3] (Eq. 4). In our case, conservative 
solute, the retardation factor is equal to 1.

(2)RMSE =

�

∑n

i=1
(hobs − hsim)

2

n

(3)div

(

DgradC − CU

)

= �R
�C

�t
+

�Cchimie

�t

The solute is transported in the direction of groundwa-
ter velocities by the process of advection and convection.

Molecular diffusion results from molecular agitation of 
solute molecules. The result of this molecular agitation is 
a transfer flux of solute particles from high-concentration 
zones to low-concentration zones. For a fluid that circu-
lates in a porous medium, the phenomena of advection 
and diffusion are easily combined by establishing again 
the conservation of the mass of the element transported 
in an elementary volume, by summing the two flows of 
matter.

The dispersion is linked to the heterogeneity of the 
porous medium on a small and large scale, and it is at the 
origin of the “spreading” of plume pollution and contrib-
utes to dilute the concentrations. There is a transverse 
dispersion coefficient and a longitudinal dispersion coef-
ficient. The coefficients of longitudinal DL and transverse 
dispersion s DT [L2T −1] are generally proportional to the 
Darcy velocity [LT −1] (Eqs. 5 and 6) and the dispersivity 
functions α of the medium [L].

αL: longitudinal dispersivity and αT: transverse 
dispersivity.

The dispersion coefficient is related to the effective 
velocity U. The spread of solutes is called longitudinal dis-
persion DL when it is in the direction of the main flow and 
transverse dispersion DT in perpendicular directions. In 
general, the longitudinal dispersion is much greater than 
the transverse dispersion. The ratio (αL / αT) provides the 
form of the plume: The smaller this ratio, the larger the 
rising plume.

3 � Results and discussions

3.1 � Inverse modeling approach

The transmissivity values repartition is heterogeneous 
(Fig. 5), the highest values (> 0.02 m2/s) are found in par-
ticular in the southeast and southwest parts and the values 
of 0.002 to 0.01 m2 /s are distributed over the rest of the 
study site. A study carried out by [50] and using the CMA-
ES code shows that the calculated transmissivity has a het-
erogenous distribution over the studied area. The trans-
missivity distribution was being explained by the aquifer 
lithology and thickness [50]. In our study, this distribution 
is related to the geometrical characteristic of the Sarhlef 

(4)R = 1 +
1 − �

�
�sKd

(5)DL = �LU (4.3)

(6)DT = �LU (4.3)
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shists aquifer, especially owing to the important thickness 
and to the faults network in these areas. The highest values 
of transmissivity can be assigned to the important thick-
ness of the Sarhlef shists aquifer, and the presence of faults 
affects transmissivity distribution by dividing the aquifer 
to hydrogeological blocks.

In the absence of pumping well tests, the obtained 
results will be constituting a reference for future hydro-
geological studies in the region.

3.2 � Sensitivity analysis

To test the influence of the mesh size on the simulation 
modeling, a comparison between simulated and measured 
hydraulic head over eight different grid size: 20 × 20 m, 
40 × 40 m, 60 × 60 m, 80 × 80 m, 100 × 100 m, 120 × 120 m, 
140 × 140 m and 160 m × 160 m was made to establish the 
proposed grid size according to scatter plots (Fig. 6). The 
results show that the correlation coefficients between the 
measured values and the predicted values are between 
47.5% and 84.7%. Thus, these findings show that the ideal 
grid size was chosen based on the highest correlation coef-
ficient. Results propose a 100 m × 100 m grid size for the 
modeling process in the studied aquifer. Consequently, the 
model will be composed of 211,500 meshes of 100 × 100 m 
size. Several studies were adapting a grid refinement of 

contaminated area in numerical groundwater model [12, 
34]. The groundwater solute transport models may be con-
structed at a smaller scale with finer discretization than 
the flow models in order to accurately delineate the sol-
ute source and the modeled target [12]. A refinement of 
the grid with a mesh size of 50 × 50 m is located near the 
source of contamination (mine tailings).

3.3 � Calibration and verification of groundwater 
flow model

By comparing the hydraulic heads obtained from obser-
vation wells (n = 11) and the computed hydraulic heads, 
steady-state calibration of model flow was achieved. 
Another way to display the calibration fit is the scatter plot. 
Furthermore, the calibrated model outputs were evaluated 
by the root mean square error (RMSE).

The simulated piezometric map for the period of high 
water (March 2012) [31] is presented in Fig. 7a. On the 
whole of the modeled domain, we reproduce very well 
the general appearance of the piezometric map. It can 
be seen that most of the observation points are located 
around 45° straight line, illustrating an RMS value 
R2 = 0.847. The difference between the calculated values 
and the measured values does not exceed 10% of the 

Fig. 5   Identified transmissivity 
map by CMA-ES method
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Fig. 6   Scatter plots of observed and computed hydraulic heads for different mesh size
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piezometric amplitude of the modeled area, which cor-
responds to a satisfactory calibration. The wells for which 
the deviation is large are P1, P2, P7, P10, P11 and P12. 
These deviations can be attributed, on the one hand, to 
the system for measuring the absolute altitudes of the 
wells and, on the other hand, to their situation in the 
zone of low transmissivity value.

The simulation was made based on the piezometric of 
June 2012 (Fig. 7c). In detail, when we compare the calcu-
lated and observed values, we see that the differences are 

generally acceptable (R2 = 0.592), and most of them are 
less than 10 m. The piezometers for which the deviations 
are the greatest are all located at the extreme downstream 
of tailing mine (P9, P10, P11 and P12). Indeed, at the level 
of these wells, agricultural farms solicit and use water in a 
significant way.

During the dry period, most of the wells present a drop 
in the piezometric level and become exhausted under 
the effect of discharges. Therefore, the simulation is gen-
erated only during the high-water period. The transient 

Fig. 7   Piezometric maps simulated in steady-sate flow a wet saison, c dry saison and in transient flow b wet saison
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hydrodynamic model was established based on the piezo-
metric level of March 2011 (Fig. 7b) and taking one year 
us a period of simulation. The setting is satisfactory and 
shows an excellent correlation between measured and 
computed heads (R2 = 0.995). The well with the most sig-
nificant deviation is P11, related to his localization in a low 
transmissivity value zone.

In order to confirm the model validation, calculation of 
water balance is necessary, and the finding is presented in 
Table 1. The analysis of these balances makes it possible 
to verify that the water inputs and outputs correspond 
well to the supposed behaving of the aquifer system. The 
balance of flows in wet period (steady-state and transient 
regime) and dry period (steady-state regime) is well bal-
anced. The inputs represent the supply of the aquifer, 
and the outputs represent the drainage. We deduce that 
the water inputs in this aquifer derive from recharge by 
precipitations. Despite the limited rainfall in Kettara mine 
site, and in arid and semiarid areas, it can be concerned as 
the primary hydrogeological input. [60] assess very low 
groundwater recharge that may be less than 20 mm/a 
in semiarid and arid regions. The water outputs from the 
aquifer are due to i) the Kettara wadi and ii) the pumping 
well.

3.4 � Acid mine drainage transport simulation

The groundwater contamination in the Kettara mine site 
is mainly related to AMD. Sulfates (SO4

2−), characteristic of 
AMD, constitute the element with the highest concentra-
tions in water and therefore the main source of pollution 
of these waters [31]. For local scale transport simulations 
of AMD contamination in schists aquifer, it is necessary to 
describe the sulfates distributions within the source. The 
current situation of groundwater Kettara pollution by sul-
fates (SO4

2−) is shown in Fig. 8. Furthermore, the degree of 
contamination of groundwater depends on the interactions 
with the soil, sediment and rocks that constitute the path of 
the contaminant.

To determine the evolution and the future of AMD in the 
Sarhlef schist aquifer, we called up by the pollutant transport 
model. The modeling of pollutant transport is a tool to help 
predict risk.

As part of this modeling, the boundary conditions cor-
responding to a constant sulfate concentration of 200 g/
m3 were imposed at the mine tailings site. This value cor-
responds to the standard sulfate concentration in ground-
water [55]. It has been used as an initial concentration in the 
remediation scenario. For all the other cells of the model, the 
initial sulfate concentration is zero.

Unfortunately, no tracking tests have been carried out on 
the site. For this reason, dispersion coefficient values were 
estimated according to a commonly used method based on 
the scale of the study area (Eq. 7). This method consists in 
considering, as a first approach, a longitudinal dispersion 

Table 1   Calculated water budget of wet period (1) steady-state 
flow, (2) transient flow and dry period (3) steady-state flow

(1) Flux (m3/j)

Inputs (a) Outputs (b) (a)-(b)

Constant head 4,8,310,227 1,9,951,547 2,8,358,679
Well pumping 0 0 0
River drainage 0,22,826,041 3,6,632,528 −3,43,499,239
Recharge 0,59,897,321 0 0,59,897,321
Total 5,65,825,632 5,6,584,075 −0,00,015
(2) Inputs (a) Outputs (b) (a)-(b)
Storage 0,54,118,896 0,61,409,873 −0,072,909,772
Constant head 4,7,095,623 1,8,378,195 2,8,717,427
Well pumping 0 0,001 −0,001
River drainage 0,22,826,041 3,6,632,528 −3,43,499,239
Recharge 0,59,897,321 0 0,59,897,321
Total 6,07,798,488 6,11,617,103 −0,04
(3) Inputs (a) Outputs (b) (a)-(b)
Constant head 26,247,555 26,846,169 −0,598,614
Well pumping 0 0 0
River drainage 0 0 0
Recharge 0,59,897,321 0 0,59,897,321
Total 26,846,527 26,846,169 −0,00,003

Fig. 8   Observed sulfate concentrations in the study area
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coefficient of the order of 0.1 times the length of the pollut-
ant plume or the length traveled by the pollutant [49], that is:

αL: longitudinal dispersion coefficient (m) and  Lp: 
length of the plume (m).

The dispersivity value obtained is only an estimate, 
which can give, at best, a large range of variation in dis-
persivity for a given plume length. However, this relation-
ship represents a good starting point for modeling work. 
Besides, there are many empirical relationships between 
the longitudinal, transverse and vertical dispersion coeffi-
cients that have been described. Generally, αT is estimated 
at 0.1αL [12] and αV is estimated at 0.05 αL.

There is no information available on the value of the 
molecular diffusion coefficient, but in most cases, it is small 
and can be overlooked compared to other phenomena 
such as kinematic dispersion.

To estimate the impact of the variation in dispersivity 
values on the obtained results, a sensitivity analysis was 
carried out by varying the values of the dispersion coef-
ficients according to four scenarios (Table 2). In addition, 
the estimates of this parameter corroborate by [12] study 
which relates dispersion coefficient to the length of plume, 
obtained at porous and fractured aquifers, thus enabling it 
to apply to the Sarhlef schist aquifer. The predictive simula-
tion times are of the order of one year, five years and ten 
years.

The comparison of the obtained maps after simula-
tion makes it possible to estimate the sensitivity of the 
model to the variation of each of the above three param-
eters (αL, αT and αV). Values assigned to the parameters for 
each simulation are shown in Figs. 9 and 10. Overall, the 
simulated periods (one and ten years), in scenarios 1 and 
4, show a difference in terms of the shape and extent of 
the plume. The obtained results for the first scenario show 
that the pollutant transported mainly along the direction 
of the groundwater flow, the contours are moving away 
from the source (mine tailings) and the plume is getting 
more wider and longer at 10 years of simulation time. For 
scenario 4, we can show similar trend, with less wide and 

(7)�L = 0.11Lp

longer plume. This can be well explained by the values 
of the longitudinal and transversal dispersion coefficients 
which present the two borderline cases (maximum for 
scenario 1 and minimum for scenario 4). The concentra-
tion gradient is decreasing for both scenarios below the 
remediation assigned value.

Scenarios 2 and 3 have the same overall plume shape 
over the three simulation periods. This plume grows over 
time and progresses in the direction of flow while mov-
ing downstream of the tailings. The results show that the 
longitudinal and transversal extension of the plume into 
sulfates downstream is greater in the case of a high dis-
persion coefficient and over a large simulation period. 
Investigations carried out by [6] confirm that dispersivity 
increases with distance or observation scale. Dispersion 
parameters, therefore, play an important role in the evolu-
tion of the contaminant plume.

The concentration versus time graphs is shown in 
Fig. 11. The concentrations at time level t = 0 (s) corre-
spond to the current state. From t = 3.15 1007 s (time of the 
start of simulation), we note that the concentrations drop 
below the assigned remediation concentration value for all 
wells and increase slightly until they stabilize beyond five 
years. However, the wells of lower concentrations are P5, 
P6 and P7 located at the SW of mine tailings. We also note 
that for the low dispersion coefficients these concentra-
tions are slightly higher (scenarios 3 and 4). The wells with 
the highest concentrations are those located downstream 
of the mine tailings.

The evolution of concentrations relative to the center 
of the plume and along the direction of flow for the four 
scenarios shows a gradual decrease while going down-
stream of the mine wastes (Fig. 12). The gradient is slightly 
higher for the minimum dispersion values. This evolution 
is mainly due to the effect of dispersion and advection.

In general, the transport of AMD depends on the flow 
conditions imposed on the hydrodynamic flow model. It 
is simulated during high-water period, and the aquifer is 
assuming to be equivalent and continuous—our explica-
tions was based on this simple approach to predict the 
evolution of AMD pollution under remediation scenario. 
However, the aquifer is very heterogeneous and fractured, 
so the results of the simulation of pollutant transport must 
be explained, taking into account the reel flow condi-
tions. It would, therefore, be very interesting to carry out 
measurements in the field, of the tracing test type, to bet-
ter constrain the model, and thus improve its predictive 
qualities.

Table 2   Dispersion parameter estimation of four scenarios

Scenario 1 Scenario 2 Scenario 3 Scenario 4

Sulfate 
plume 
length (m)

5000 2000 1500 800

αL 500 200 150 80
αT 50 20 15 8
αV 25 10 7.5 4
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4 � Conclusion

In the current study, modeling approach was used to repro-
duce the flow and pollutant transport of an heterogenous 
aquifer by accordingly adopting an inverse approach to 
estimate the hydrodynamic parameters (transmissivity). 

Results of numerical flow modeling are promising; how-
ever, it is recommended that the current groundwater 
flow model can in no way be considered as being defini-
tively developed. In perspective, to improve and adjust the 
hydrodynamic model, pumping tests are necessary to get 
the hydrodynamic parameters of the aquifer.

Fig.9   Sulfate plume simulation assuming under remediation condition of scenarios 1 and 2
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The simulation of contaminant transport shows that the 
pollutant concentrations are significantly reduced and the 
groundwater quality is improving. The obtained results 
indicate the future groundwater impact and constitute a 
valuable contribution of groundwater assessment under 
remediation scenario in the study area.

The remediation project will, therefore, create an appro-
priate solution that will make it possible to limit the gener-
ation of pollution by AMD and thus protect the groundwa-
ter against contamination. It is farther necessary to remove 
the uncertainties and to propose a definitive predictive 
model by setting up: 1—a system of piezometers for the 

Fig. 10   Sulfate plume simulation assuming under remediation condition of scenarios 3 and 4
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regular monitoring of variations in the piezometric head 
and the quality of the groundwater and 2—measurements 
campaign of transmissivity and parameters of the trans-
port model.
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