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ABSTRACT

Background: The improper exploitation of water resources by humans has disrupted the
Article info: *  natural balance of groundwater. Given the water resources restriction, it is crucial to manage
Received: 29 Dec 2021 ¢ these resources properly, recognize the current situation, and anticipate the harvesting or
Accepted: 05 Feb 2022 ¢ feeding effects. In this regard, simulators or models can act as valuable tools.
Publish: 01 Apr 2022 :  Methods: In this research, we performed quantitative modeling of groundwater flow in the

Quar-Mabharlu plain, Fars Province, Iran using the PMWIN software. The model included
three years’ calibration (2011-2014) for hydraulic conductivity coefficient and one year’s
verification (2014-2015). To evaluate the model error in calibration and verification, the
root mean square deviation (RMSD) was used. After simulating the aquifer to optimize the
artificial recharge location by the flood spreading method, different scenarios were defined
and examined by considering the natural and artificial factors.

Results: The RMSD values for calibration were 1.55, 1.49, and 1.56 m for 2011, 2012,
and 2013, respectively. The RMSD for verification of one year was 1.77 m, indicating the
acceptable ability of the model to predict groundwater flow parameters. The stock variation
for the whole aquifer was -8.88 mm?® in 2014. In the next step, the best recharging location
was selected to create the maximum head increase (5.3cm) in the entire area of the plain.
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1. Introduction

oday, the improper operation, manage-

ment, and restriction of water resources

are serious concerns. Population growth,

rising per capita water use, and the oc-

currence of droughts and destructive
floods highlighted the need to improve the current
water resources management [1, 2]. In this manage-
ment, a better understanding of aquifer performance
in natural conditions and anticipating the effects of
water harvesting and feeding can help find a solution
to save and balance the groundwater [3, 4]. The un-
controlled water exploitation may have consequences,
such as permanent static water-level drop, reduction
of the groundwater storage volume, and undermined
groundwater quality [5]. To compensate for the aquifer
depletion, one of the management procedures is arti-
ficial groundwater recharge using winter and spring
floods, as well as surface water collection during the
rainy seasons [2, 6].

Artificial recharge, known as aquifer reinjection, is the
process by which groundwater storage in an aquifer is
augmented at a rate much higher than those under the
natural condition of percolation [7]. In addition to the wa-
ter storage for future requirements, the artificial recharge
of aquifers affects water quality by diluting and making
it suitable for reuse. It can also improve land subsidence,
the hydrologic regime of an aquifer, groundwater flow
directions and rates, movement of saline groundwater,
and leakage from other sources [5]. There are several
artificial recharge methods, including surface or spread-
ing method, flooding, basin or percolation tanks, stream
augmentation, injection wells, ditch, furrow systems,
and dug wells [6, 8, 9]. By simulating an aquifer in com-
pliance with natural conditions, we can easily predict the
future conditions on the substrate by considering differ-
ent scenarios and examining the impact of different man-
agement methods on developing groundwater level [10].

Groundwater simulation models play a decisive role in
developing and managing groundwater resources. They
also have an essential role in predicting the outcomes of
water management [11].

Various software applications have been used for this
purpose. Emace et al. identified a hydrological system
and predicted water levels and fluctuations relative to
pumping and future drought potential [12]. They used
the MODFLOW-96 3D numerical model to simulate
the upper and middle trench aquifer in the Hill County
area of southern Texas, USA.12 Ren X and Minsker B
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studied the effect of network size on hypothetical mod-
els of MT3D and MODFLOW. They used a genetic al-
gorithm to model and optimized the system for the cor-
rection of pumping contamination and purification [13].
Another study was conducted to validate hydrodynamic
parameters of the eastern aquifer of Bakhtegan Lake
(Neyriz) in Iran using VMODFLOW simulation [14].
Moreover, in several studies, the MODFLOW software
was used [15-20].

Paul combined the WETPASS and MODFLOW mod-
els to study the effects of land use on groundwater dis-
charge and recharge in Eastern China in 2006. The results
indicated that urban development and agricultural lands
are generally the main causes of recharge decline in the
studied area. However, forests can effectively maintain
the aquifer and its dependent ecosystems [21]. Also,
some studies have been conducted on artificial recharge
and the application of PMWIN. For example, the effects
of construction on artificial recharge on the groundwater
level of the Marvast plain were monitored by analyzing
the data from 1986 to 2009 in Yazd, Iran [22]. Choopani
et al. used MODFLOW to examine artificial and natural
recharge of the Sarkhahan plain underground water in
Hormozgan Province, Iran [23].

In addition, the PMVIN software code has been used in
several studies to model the Zarghan plain aquifer numer-
ically in terms of hydraulic and propagation and spread-
ing of contamination, [24]. to investigate the effects of ar-
tificial recharge on the hydraulic head in different regions
of Bakan aquifer, [25] to model Ray City aquifer quan-
titatively, [26] to $tudy the phreatic zone of Jiroft plain
Groundwater, [27] and to evaluate the hydraulic behavior
of the aquifer in Shiraz plain (all in Iran) [28].

Because of the recent droughts, uncontrolled abstrac-
tion of aquifers, and the need for artificial recharge in this
plain, it is essential to identify best management practic-
es and tools. The present study aims to simulate the Quar
Maharlu aquifer (in Fars Province, Iran) quantitatively,
optimize the location of artificial recharge, apply an arti-
ficial recharge plan at selected locations, and determine
the recharge effect on the upstream and downstream
heads using PMWIN software.

2. Materials and Methods
Study area
The area of Bakhtegan and Maharlou lakes is located in

Fars Province. This area extends from north to Karabakh
and east to Sarvestan (Figure 1). The size of the study
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area is 323 km?, with a height of 175.9 ft and a plain of
147.1 km?. Also, the area of the alluvium aquifer is 131.5
km?. The mean temperature is 15.9°C for the whole area,
12.73°C in heights, and 17.1°C in plains. In the entire
area, there was neither surface/underground flow nor ar-
tificial water transfer or construction from other neigh-
boring areas. The maximum height of this area is 2202
m in the south, and the minimum is 1500 m in the plains
of the center. Also, the average height of the plains and
mountains are 1593.3 and 1948.91 m, respectively. The
most important city in this area is Quar.

At the altitudes of Quar Maharlu, there are some forma-
tions such as Asmari-Jahrom, Sarvak, Tharbur, Darian,
Saghun, Gurpi, and Kazhdumi. Also, the average annual
rainfalls in the plain and altitude were 491.1 and 520.9
mm, respectively. The average annual evaporations from
the plain and altitudes of this range were 2257.8 and
1587.2 mm, respectively. The wells are the primary utili-
zation in this area. The general trend of groundwater hy-
drology was descending, which indicates the continued
loss of groundwater resources [29].

Modeling

Conceptual Scheme: A mathematical model is a man-
agement tool for aquifer studies and predicting the effects
of various hydrological and hydrogeological stresses
[30]. The PMWIN software is used for the 2D modeling
of a region. Therefore, it is impossible to use the digi-
tal elevation model (DEM) map for the topographic file
of the region. According to the geological data of this
area, drinking water wells log information, and existing
reports, there is an unconfined aquifer type. Also, ac-
cording to the steady state modeling, there is only one
height for the floor (altitude=0) and one for the high level
(height=1600 m). Therefore, the digits related to the alti-
tude of the surface of the observed well are included from
the high level. Besides Darcy’s law, the continuity equa-
tion or conservation of mass is the second most impor-
tant law in ground water equations. By combining these
two laws, a partial second-order equation is obtained for
groundwater. If we know the dimensions of the aquifer,
boundary conditions, initial conditions, and hydrological
characteristics, it is possible to find the hydraulic head in
different locations by solving these equations. Assuming
a homogeneous aquifer, k is independent of X, Y, Z, and
Equation 1 is given as follows:

1.2, &, &h_
oA R =l
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Equation 1 is known as the Laplace Equation, [31],
which governs groundwater flow in a homogeneous
environment or steady-state condition that can be
solved using analytical methods. Under no steady
circumstances, it is impossible to use the Laplace
method. Depending on the finite and free aquifer, the
phrase would be different. In a free aquifer, two sepa-
rate processes occur. First, the aquifer and water com-
paction will change the potential of groundwater. Also,
the special storage coefficients are being applied to all
the elements. In addition, the loss of free water levels
leads to recharge from the aquifer. In a free aquifer, the
special drainage is often equivalent to special porosity.
Equation 2 illustrates the governing of the 3D flow of
groundwater in an open aquifer:

ofn Oh) . o 4 oh%, 5 o oho
2. aT(kx ﬁ S e

—qdh g 0h_ t
=8 G5+8, 5y

Among the numerical methods for solving these equa-
tions, the finite-difference method is the most widely
used one, in which each equation leads to several par-
tial equations. For each node, a multiplicative equation
is obtained in each period. For example, if a model has
N nodes and M is the period, then the N*M equations
are obtained. The solution matrix is used to solve the
equations. To model the range, 245%245 m cells were
used to construct the main grid. The number of rows and
columns of the model were both 100, and the number of
layers was considered to be one unit due to the existence
of only one aquifer layer in the region. The total number
of cells is 10000, and the number of model active cells
is 5439. The area of the model is 326 km?. The base year
for the scenario was 2014-2015.

Determining the initial conditions and selecting the
time steps: To solve the equations governing the ground-
water by a numerical method, one of the initial condi-
tions for the computation model was being in a steady
state. In this case, only the initial conjecture for the re-
petitive solution is introduced to the system. However,
the selection of inappropriate initial conjecture when the
initial level in the cell is less than the level of the floor in
the same section will lead to cell drying in the calcula-
tions. In the PMWIN model, various options have been
proposed to select the initial conditions, such as the pro-
vision of initial conditions (e.g., cell property inputs), us-
ing the introduced file into the model, or using a similar
presented level for all cells. Inputs for the one-year time
interval (due to availability of average annual discharge
of wells) were entered as average, and the outputs were
obtained based on inputs of the previous year. Therefore,
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Figure 1. The geographical location of Quar-Maharlou

we will have a model that gives us the status in the next
year if we enter the average annual information.

Determining the values of recharge and discharge
of cells: In this study, based on the reports from the up-
graded Water Resources Atlas of the catchment area of
Tashk-Bakhtegan and Maharlo Lakes, the water balance
was as follows:

The average annual discharge of this study area is 0.56
m?/s (0.37 and 0.19 m%/s in the highlands and plain, re-
spectively), equivalent to 17.72 mm?/y. Based on the
hydro-climatological balance (Table 1), the total volume
of rainfall is reached by penetration, evapotranspiration,
and surface flow (runoff). The percentages of the three
parameters are variable according to geological charac-
teristics, slope, vegetation, and other factors. To estimate
the penetration percentage, the sum of evapotranspira-
tion and runoff percentage has been deducted from 100.
Runoff and evaporation rates were determined by the
equations of the Indian agriculture association (Equation
3) and the White Torrent (Equation 4), respectively:

(L115%P4)

* T34 A 0.0613

4. ETp=16100y =52 in in=("0)'

In Equation 3, T, P, and A are the temperature, rainfall,
and domain area, respectively. Also, in Equation 4, ETp
is the monthly potential of the evapotranspiration (mm),

and tn is the average monthly temperature (°C). Further-
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more, I, in, and a are the annual and monthly heat index
and dependent coefficient, respectively.

Rainfall was considered the main input factor in the
aquifer at the heights, equivalent to 91.63 mm®. Also,
the evaporation values of the free surface, spring, and
the ganat were O at heights. The underground drainage
flow to alluvium and the groundwater transportation by a
well was 36.82 and 2.30 mm?/year, respectively, with the
evapotranspiration of 91.63 mm?®. The total amount of re-
charge and discharge of the alluvial aquifer is 91.16 and
100.04 mm?®/y, respectively. The total annual discharge
from the alluvial aquifer (98.89 mm?®) and the hard for-
mations (2.3 mm?®) was estimated in this studied area to
be 101.9 mm?. The general balance of water showed that
the total amount of inlet and outlet water was estimated
to be 163.87 and 172.75 mm?/y, respectively. Moreover,
the variation in the mm? reserve was 88.8% [29].

As PMWIN does not distinguish the wells between al-
luvial and mountainous regions, 882 wells (872 in al-
luvial sources and 10 sources in hard formations) were
imported annually in the model (pumping rate was intro-
duced as m*/d). The negative pumping rate indicates the
discharge, and the positive pumping rate expresses the
recharge to the well. Because of countless wells, the di-
mensions in the study area, and the size of the cells, more
than one well has been located in some cells, in which
the pumping rate of the target cell was cumulative. In the
cells where the wells are located, the values of discharge
are separately entered.

Talebi S, et al. Optimization of Artificial Recharge. J Adv Environ Health Res. 2022; 10(2):105-118
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Table 1. Hydro-climatologic balance of heights and plains in Quar Maharlu [29]

%

%

A Real Useful Rainfall*
Zone €3 " Rainfall* Evapotranspi-
(km?) Runoff - Evapotrans- Penetration
Coefficient ration piration SUAEES Penetration Total
Flow
Height 175.9 91.63 12.73 40.85 44.58 42.69 11.66 39.12 50.78
Plain 147.1 72.24 8.38 43.59 60.34 31.28 6.05 22.6 28.65
Totalarea 323 163.87 10.81 84.44 17.71 61.72 79.43

* Values are in mm?.

In this study, data from 5 rain gauge stations were
analyzed by the Surfer program and mapping the iso-
hyetal line. Since precipitation values are entered into
the PMWIN software in the recharge pack, rainfall
data should be calculated according to penetration and
evapotranspiration coefficients. Afterward, the pene-
tration rates in mountainous and alluvial regions were
introduced into the software using Equations 3 and 4. A
similar trend was repeated in the following years based
on the rainfall of the same year.

Agricultural, drinking, and industrial water return
rates were entered into the software based on the exist-
ing data in the water balance document. Accordingly,
consuming values were applied to the cells as recharge.
It is noteworthy that the software shows the well at a
point when the cell recharge is applied. The effects of
evaporation (discharge sources), runoff, transitional
flow regime of water, and input flow from adjacent
basins (feeding or discharge sources) were calculated
and entered into the software. To apply the calculated
recharge package, the area must be divided into 14
parts. Table 2 lists the applied recharging values.

Table 2. Applied recharge values

The values in Table 2 are derived from the aquifer
groundwater balance. So, according to the different in-
put and output items from each area and their precipi-
tation, the net recharge value for that area is estimated.
Recharge values are negative in the mountainous and
positive in the aquifer areas. Also, because only hydrau-
lic conductivity (K value) is considered in the solution of
the model in the steady-state condition, the storage coef-
ficient does not play a role in the calculations. Several
restricted areas (13 areas) were defined for the hydraulic
conductivity coefficient at the basin.

Calibration and verification of the model

Calibration minimizes the difference between the cal-
culated value and the observed value.1 To simulate the
model each year, the piezoelectric data were used at
the beginning. The end of the year was also introduced
in the software to do the calibration process in 2012,
2013, and 2014 and verification in 2015. Although the
water level at the beginning of the period in a steady
state is not necessary for the simulation, the initial con-
ditions must be entered into the model to start the cal-
culation. In this step, we calculated Root Mean Square

Zone Recharge (m/d) Zone Recharge (m/d)
1 0.001010- 8 0.001699
2 0.001022- 9 0.001690
3 0.001033- 10 -0.001031
4 0.001045- 11 -0.001043
5 0.001725 12 -0.001057
6 0.001716 13 -0.001068
7 0.001708 14 -0.001080

Talebi S, et al. Optimization of Artificial Recharge. J Adv Environ Health Res. 2022; 10(2):105-118
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Deviation (RMSD) (Equation 5), a statistical quantity
for the variable values:

5.X V@/n (2 tx ),

RM5D=

where n is the number of observed wells and x1, x2, ...
xn are the differences between observed and estimated
values in the first, second, ..., and the nth wells. In the
verification process, plain information in 2015, includ-
ing average wells discharge, rainfall, water exchange
at the borders, increase in the number of wells, drying
wells, return water per year, drinking and industry return
water, were defined in the software and calibrated by the
results for each year.

Determining the aquifer boundary conditions

Solving partially differential equations of ground-
water through numerical methods requires hydraulic
determination of boundary conditions and the use of
information at these boundaries. The aquifer boundar-
ies are often presented as boundary lines without flow
in limited parts (in the vicinity of adjacent aquifers)
as the general head boundary (GHB) boundary con-
ditions. By evaluating the equilibrium maps of the
surface water, groundwater topographic maps, basin
geological maps, and general satellite images of the
region, the exact location of boundaries and height of
the identified basin and impermeable structures are de-
termined as non-flow boundaries.

Investigating the artificial recharge effect on hy-
draulic condition in the aquifer

In this study, the flood spreading method, the easiest
and most cost-effective method for artificially recharg-
ing aquifers, was applied. Site selection of artificial re-
charge is the main challenge in this method. At first, 16
points at the aquifer were selected based on the problems
in agricultural land ownership that could solve the own-
ership problem (Figure 2). Afterward, these points were
gradually eliminated concerning other environmental
factors, such as distance between the selected site and
city or village, proximity to the road and the industry at
the plains, the existence of qualitative monitoring wells,
distance to drinking water, as well as the consideration of
the hydraulic conductivity coefficient (K).

Because of the proximity of urban and rural areas, three
points were removed. In addition, a point was removed
due to the proximity to the Pasargad Quar smelting
plant. Due to inappropriate location and distance from
the monitoring wells, two downstream points were also

Journal of
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Figure 2. The initial 16 points with the potential for recharge
in the area

eliminated. Two points on the upstream were removed
due to their lack of effect on drinking wells. Among the
four remaining points in upstream, two points were in
the east, between regions 9 and 10, where the division
of the hydraulic conductivity existed. Finally, the point
located in area 10 was selected because it had a higher
K value than the others. Regarding the points located in
zones 6 and 8, we selected area 6 due to its higher K
value. Four locations were considered for the ditch con-
struction (Figure 3). A good area for flood spreading in
each area was 9 cells equivalent to 0.54 km?.

Since the runoff coefficient was 12% at the heights, the
total amount of runoff from mountainous areas was then
calculated first to determine the total rate of recharge. Then,
depending on the location of the 4 selected points and the
altitude line of the heights, these areas were divided into 6
sections. The final runoff will reach the 4 selected points
from one of these six areas. Total runoff was equal to 1.055
m’/y, calculated using average rainfall of 300 mm/y, an area
of 175.9 km?, and dividing the mountainous areas into six
parts. To optimize the recharge rate, the model was evalu-
ated for each scenario by assuming 25%, 35%, and 50% of
the total runoff volume for all selected points.

General head boundary

GHB is determined in the model using the distance
from the nearest observed head, the observed head sur-
face at the closest hydraulic counter head, and the aver-
age hydraulic conductivity at the boundary.

K-zonal sensitivity analysis

In this study, the effect of network-shifting and the hy-
draulic conductivity zoning parameter was considered

Talebi S, et al. Optimization of Artificial Recharge. J Adv Environ Health Res. 2022; 10(2):105-118
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Figure 3. The location of selected recharge areas relative to the flood path in the Aquifer

in the calibration. As mentioned, this area was divided
into 20 sections, including 2500 cells which contained
50 rows and 50 columns (490 m at 490 m) for each cell
based on the geological maps and the hydraulic conduc-
tivity parameter. The recharge and discharge data of the
area and the exchange of water with surrounding bound-
aries were input into the software for the year 2012.
Also, groundwater level at the beginning and end of the
period was used in observation wells to help calibration
process and preliminary estimate hydraulic coefficients.

3. Results and Discussion

Calibration

Because of the proper dispersion of available data in the
basin and the acceptable number of observational data, it
is possible to use the calibration and verification processes
of the model desirably. Thus, the years 2011-2012, 2012-
2013 were used for calibration and 2012-2014 for verifi-

Talebi S, et al. Optimization of Artificial Recharge. J Adv Environ Health Res. 2022; 10(2):105-118
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Figure 4. Observational and computational head of calibration in different years

cation. The calibrated results by the reliable model have
been shown in Figure 4 and Table 3 (Kx=Ky=10 Kz).

According to Table 3, the most relevant results in 2012,
2013, and 2014 were obtained in wells 13, 7, and 3,
respectively. Also, the most unsuccessful results in the
same years were obtained in wells 3, 6, and 5, respec-
tively. RMSD values were 1.55, 1.49, 1.50 m in 2011,
2012, 2013, respectively. The total RMSD was equal to

Table 3. The calibration phase in 2011, 2012, and 2013 (m)

1.519 m which was acceptable according to the observed
and estimated heads value (i.e., 1500 m). Finally, the av-
erage hydraulic conductivity coefficients estimated dur-
ing three calibrated years were considered as the hydrau-
lic conductivity coefficients.

The hydraulic conductivity coefficients (i.e., the coef-
ficients obtained from different calibrated years) and the
final values are presented in Table 4.

April 2012-March 2013

April 2013-March 2014 April 2014-March 2015

Well

No. Zene Observed Cor.npu- Differ- Observed COlznpu- D Observed Cm:npu- Differ-
Head (m) tational S ki) tational fer- Head (m) tational ence
Head (m) Head (m) ence Head (m)
1 WeSt(g;Bsia)gha” 146468 146639 -1.711  1463.85 146221 1.643 145667 145872  -2.046
p  WestofBaghan =004 1469.75 1155 146453 146543 -0.897 146154 146331 -1.774
Khosrobeigi
3 WestofBaghan 1,000 145922 2364 145552 145696 -1442 145566 145561  0.005
Kenar Tapeh
4 Weztsglfo I(D)are 147586  1477.76  -1.895 147721 147578 143 147616 147559  0.57
5 Eas/isc,’;:foare 145739 145561 1778 145832  1459.92 -1603 1447.16 14498  -2.638
6 Bouraki 145525 145677 -1522 14538 1451.8  2.002 145418 145591  -1.727
7 WestofTasouj  1496.8 149794  -1.138 14963 149652  -0.223  1495.39 1496 -0.61
8 Fath Abad 148539 148646 -1.068 148394 148531 -1.365 148475  1483.84  0.905
Road intersec-
9 tion of Arbab  1462.93 146456 -1.633  1461.6 146291 -1.311 146039 146157  -1.179
Olya
10  Northwestof /033 144167 1664 143611 143472 1380 142552 142707 -1.544
Akbar Abad
11 East of Mah- 150452  1503.61 0914  1503.11  1505.09 -1.98  1502.55  1502.68  -0.123
moud Abad
12 OilCompany 149596  1496.88  -0.92  1493.89 149578 -1.889 149591 149369 2221
Adjacent to the
13 liquefiedgas ~ 1470.15 147094 -0.792 146893 147023  -13 145832 145986  -1.535
company

Talebi S, et al. Optimization of Artificial Recharge. J Adv Environ Health Res. 2022; 10(2):105-118
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Table 4. Hydraulic conductivity coefficient obtained by calibration of different years and final values (m/d)

2012-2013 2013-2014 2014-2015 3-Year Average
Zone
KX Ky Kz KX Ky Kz KX Ky Kz KX Ky Kz

1 900 900 90 870 870 87 850 850 85 873.3 873.3 87.33
2 1100 1100 110 1150 1150 115 1200 1200 120 1150 1150 115
3 850 850 85 885 885 88.5 900 900 90 878.3 878.3 87.83
4 550 550 55 580 580 58 600 600 60 576.7 576.7 57.67
5 500 500 50 480 480 48 530 530 53 503.3 503.3 50.33
6 250 250 25 270 270 27 300 300 30 273.3 273.3 27.33
7 650 650 65 680 680 68 710 710 71 680 680 68
8 350 350 35 340 340 34 322 322 322 337.3 337.3 33.73
9 450 450 45 463 463 46.3 480 480 48 464.3 464.3 46.43
10 380 380 38 410 410 41 450 450 45 4133 413.3 41.33
11 700 700 70 680 680 68 650 650 65 676.7 676.7 67.67
12 1000 1000 100 985 985 98.5 950 950 95 978.3 978.3 97.83
13 750 750 75 730 730 73 700 700 70 726.7 726.7 72.67

Table 5. Results of the verification phase in 2015

Well No. Observed Head (m) Computational Head (m) Difference
1 1458.49 1456.68 1.815
2 1458.28 1456.48 1.798
3 1453.4 1455.68 -2.284
4 1474.18 1476.02 -1.84
5 1449.15 1447.32 1.83
6 1444.29 1446.1 -1.811
7 1496.52 1495.16 1.364
8 1483.12 1484.67 -1.548
9 1462.91 1460.34 2.568
10 1422.17 1420.63 1.542
11 1500.37 1502.15 -1.78
12 1494.85 1495.7 -0.847
13 1455.91 1454.61 1.301
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Figure 5. Observed and estimated heads in 2015
Verification

In the calibration phase, it was expected that the dif-
ferences between the observed and estimated heads
were low. The model’s accuracy is shown by the re-
sults of verification in the following year. Figure 5
shows the results.

The minimum and maximum differences between
the observed and estimated heads in 2014-2015 were
0.847 and 2.568 m, respectively. The RMSD in this
year was 10766 m, which was approximately equal to
1500 m, which seems to be acceptable according to
the observed and estimated head. Table 5 lists the dif-
ference in the observed and estimated heads for piezo-
metric wells in 2014-2015.

The results show that despite fluctuations in water lev-
els in different months, the predicted water level in the
following year gives us an appropriate approximation of
the actual water level. The reason for this is the use of
the average annual data, which according to the monthly
fluctuations, the water level in the next year is predicted
to be at an acceptable limit. The sensitivity analysis of
the K zoning was defined as the effect of variation in the
network and region of the hydraulic conductivity param-
eter in 20 parts on the results. For example, the mini-

Figure 6. Hydraulic head of the Quar-Maharlu area
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mum and maximum differences between the observed
and estimated heads in 2011-2012 were 0.776 and 2.703
m, respectively. Also, the RMSD was 1.866 m, indicat-
ing an increase in the number of K zoning developed
model’s error which is not suitable.

Figure 6 shows the hydraulic head values of different
parts of the plains according to the color layout. Light
green indicates the largest head, and the dark green repre-
sents the smallest hydraulic head. Therefore, as we move
from light green to dark green, the hydraulic head is re-
duced. As seen, the head decreases from the south and
southwest towards the north and east of the plain. It can
be concluded that the head is the highest around the city
of Quar and its nearby heights. This finding is confirmed
by the existence of most drinking wells in this range of
plain. Also, the results of velocity vectors showed that the
magnitude of vectors is higher in mountainous regions
than in others. GBH is shown in Figure 7.

Evaluating artificial recharge effect on the hydrau-
lic status of the Aquifer

The position of the quadruple points selected for artificial
recharge using the flood spreading method was as follows:

* Area 1 is located upstream of the aquifer and close to
the Thalweg of western heights of the plains. It is not in

Figure 7. The public boundaries of the head
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Figure 8. Plain hydraulic head contours using 25% runoff for four points

Table 6. Changes in hydraulic head in observed wells (m) before and after recharge at 4 points in 2014-2015

T First point Second point Third point Fourth point
No. Before After Before Re- After Before After Before After
Recharge Recharge charge Recharge Recharge Recharge Recharge  Recharge

1 1456.68 1456.76 1456.68 1456.73 1456.68 1456.74 1456.68 1456.79
2 1456.48 1456.57 1456.48 1456.5 1456.48 1456.52 1456.48 1456.55
3 1455.68 1455.79 1455.68 1455.71 1455.68 1455.69 1455.68 1455.73
4 1476.02 1476.08 1476.02 1476.09 1476.02 1476.04 1476.02 1476.09
5 1447.32 1447.34 1447.32 1447.38 1447.32 1447.34 1447.32 1447.44
6 1446.1 1446.1 1446.1 1446.13 1446.1 1446.15 1446.1 1446.12
7 1495.16 1495.25 1495.16 1495.23 1495.16 1495.21 1495.16 1495.18
8 1484.67 1484.75 1484.67 1484.73 1484.67 1484.71 1484.67 1484.69
9 1460.34 1460.36 1460.34 1460.4 1460.34 1460.42 1460.34 1460.34
10 1420.63 1420.64 1420.63 1420.66 1420.63 1420.7 1420.63 1420.63
11 1502.15 1502.17 1502.15 1502.19 1502.15 1502.23 1502.15 1502.15
12 1495.7 1495.76 1495.7 1495.75 1495.7 1495.78 1495.7 1495.7
13 1454.61 1454.66 1454.61 1454.64 1454.61 1454.68 1454.61 1454.61

Talebi S, et al. Optimization of Artificial Recharge. J Adv Environ Health Res. 2022; 10(2):105-118



http://jaehr.muk.ac.ir/

Spring 2022. Volume 10. Number 2

the path and has a reasonable distance from the drinking
wells (K =337 m/d).

* Area 2 is located at the bottom of the Thalweg at the
western heights of the plain and close to the Shiraz-
Firoozabad route. There is a small distance from the
rural areas and a reasonable distance from the drinking
wells (K=273 m/d).

* Area 3 is upstream and located in the Thalweg of
the eastern heights. It is close to the Shiraz route of
Jahrom, a small distance from the rural and cultivated
areas (K=413 m/d).

* Area 4 is located upstream in the Thalweg of the east-
ern heights. It is near the Shiraz-Jahrom route, a short dis-
tance from rural areas (K=503 m/d). Figure 8§ illustrates
the head contours caused by feeding in quadruple areas.

Assuming 25% runoff control as recharge rate at
points 1, 2, 3, and 4, the average head rise in the ob-
served wells was 3.5, 4.6, 1.5, and 7.3cm at the plain
surface, respectively.

The results showed that if the rate of 35% is applied at
points 1, 2, 3, and 4, the average hydraulic levels of the
plain increase to 9, 8, 10.2, and 6 cm, respectively. Also,
the average hydrological levels of the plain increase by
15.2, 11, 13.7, and 8.4cm if the 50% restraining rate is
applied for the four points. These values are presented in
Table 6. Applying 25%, 35%, and 50% rates at point 1
resulted in an increase of 5.3, 9, and 15.2cm in the mean
hydraulic level of the plain.

According to Table 6, the largest and smallest values
result in an increase in the head at the hydraulic level of
the observed wells:

* When recharge is carried out at the first point, the
maximum and minimum head variations will be in
wells 3 and 6, respectively.

* By reinjecting at the second point, the maximum
head variation is seen in wells 4 and 7, and the mini-
mum will be at point 2.

* In the case of recharging at the third point, the maxi-
mum head variation is in well 3, and the minimum will
be at points 4 and 5.

* The recharging at the fourth point results in the
maximum head variation in well 5. No change in the
height head was observed in wells from 9 to 13.

Journal of
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Groundwater flow models have been used as assess-
ment tools for evaluating recharge, discharge, quantify-
ing sustainable yield, and aquifer storage processes. In
addition, as a supporting tool for field data collection
and practical solution designs, this model can predict
future conditions or effects of human activities [32]. In
this study, modeling is a screening tool for evaluating
the groundwater development scenarios. To determine
the areas for recharge, it is crucial to be in locations
where groundwater levels are declining due to over-
exploitation or where groundwater quality is poor, and
there is no alternative source for water. In addition, wa-
ter availability from wells and hand pumps is inadequate
during the lean months in these locations. The recharge
process causes a reduction in runoff and an increase in
water availability, especially in the summer months.
Also, ground availability would remain a limitation to
the full development of this process. The quality of raw
waters that are available for recharge is essential. There-
fore, before using, some sources require treatments. A
significant requirement is being silt free that can be used
for the recharge process. As seen, with the rates of 25%
and 50%, point 1 is the best option, while with the rate of
35%, point 3 is the best. These points are both upstream.
The main reason for the results of these points can be due
to the movement of groundwater and the proper position
of these points relative to the hydraulic head gradient.

These points also have a positive effect on downstream
drinking wells. As we move to the north, the artificial re-
charging effect decreases. Also, the closer to the recharg-
ing point, the more positive effect will be observed in the
points. A study investigating the effects of Dauder dam
construction on the aquifer of the Ladiz plain and aquifer
management using the Visual MODFLOW premium 4.2
model found that an artificial recharging basin for wa-
ter injection into the aquifer in March, April, May, and
June are the best options [33]. A modeling study of the
artificial recharging of the Dasht Naz in Sari City, Iran,
showed that the nearby southwest areas of Neka and the
south Tajan rivers were the most suitable options for re-
charging in the Dasht Naz [34].

Previous studies have shown that the annual drop in
groundwater levels in the following years of artificial re-
charging has been significantly lower than in previous
years.6 Performance evaluation of the artificial recharg-
ing plan of Ab-barik aquifer (Bam) using MODFLOW
software revealed that the annual increase of 12.3 mm*
of water could not stop the decline in the phreatic zone in
the aquifer of narrow Bam water [35]. According to the
mentioned issues, the result of the present study about
the ability and efficiency of the MODFLOW model to
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optimize the location of artificial recharge is similar to
that of Mahdavi et al. [36].

4. Conclusion

Improper exploitation and management of ground-
water resources are the main factors causing the water
crisis in Fars Province. The cooperation of responsible
organizations can prevent this crisis. Artificial recharge
as a solution to the issue is a design developed by hu-
mans in which the water is injected into the ground in a
controlled way. In this regard, the models can determine
the optimum recharge locations. The results of this study
indicated the necessity of an artificial recharge process
and simulation using the PMVIN software that can be
well suited for determining the best alternatives among
the defined scenarios.
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