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Accepted: 16 December 2024 satellite remote sensing techniques. A groundwater flow model was developed using MODFLOW to
Keywords: simulate the hydraulic behavior of the aquifer system. The model was calibrated against observed
Li';‘é:I‘fﬁ;‘ig?;f;i%rgaﬂﬁgfter groundwater levels and subsidence rates derived from radar interferometry data. The calibrated model
MODFLOW. exhibited a good fit, with a Root Mean Square Error (RMSE) of approximately 80 cm. The minimum
Root Mean Square Error (RMSE) values in the calibration mode were about 80 cm, which show that the
accuracy of the model was adequate. Examining the modeling balance as well as the balance in the
existing reports have a difference of less than 20%, which is an acceptable value in groundwater
modeling. The results of the sensitivity analysis also show that the aquifer has the highest sensitivity to
surface water recharge and hydraulic conductivity values, respectively. Subsequently, the subsidence of
the aquifer was modeled by the subpackage in GMS, in which the simulation results were also controlled
with satellite images to calculate the subsidence. The results obtained from the radar interferometry
method from 2015 to 2019 indicate a subsidence zone with an area of 20 square kilometers with a
maximum subsidence rate of 48 mm per year. The groundwater of the Karat Plain has been in a
downward trend for 20 years and the aquifer level has dropped by about 35 meters from 1370 to 1390,
an average of 175 cm per year. The modeling results showed that the southern parts of the watershed are
the most prone to land subsidence. The largest number of agricultural wells are also observed in these
places. Comparing the results of subsidence obtained from satellite images as well as numerical modeling
showed that Interbed Package is capable of simulating land subsidence under the condition of basic
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aquifer data.

Introduction

In the last two decades, excessive population growth,
limited surface water resources, and over-extraction from
aquifers have severely impacted the quality and quantity
of water resources in Khorasan Razavi province (Khairy
and  Sarfi, 2024). Groundwater consumption
management has thus become a primary goal for experts.
Declining groundwater levels can cause land subsidence,
primarily due to excessive extraction. Various methods
exist for groundwater management, with mathematical

models being cost-effective tools for studying
groundwater. These models, such as MODFLOW,
simulate the impact of management scenarios on
aquifers, offering insights into current and future
groundwater conditions (EI Yaouti et al., 2008). Radar
interferometry can validate these models by measuring
annual subsidence rates. For example, the SBAS method
estimated subsidence rates of Sicily Island’s coast
between 5-18 cm annually (Motagh et al., 2007).
Numerical models and data-driven algorithms provide
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robust and rapid predictions, with MODFLOW
determining groundwater fluctuations' effects on
subsidence. Despite their limitations, models like

MODFLOW, which uses governing aquifer equations,
are preferred for optimal groundwater management.
These models assess long-term exploitation periods and
provide valuable hydraulic data (drawdown rates, flow
directions). In regions where the data accessibility is
limited, models simulate and predict groundwater
behavior, essential for managing aquifers in dry eastern
regions.

Theoretical Foundations of the MODFLOW Model

The MODFLOW code, developed by the United
States Geological Survey (USGS), is designed to
simulate three-dimensional groundwater flow in porous
media (Mcdonald and Harbaugh, 1988). This code
simulates both steady-state and transient flow conditions
using finite-difference methods. The governing equation
for groundwater flow and the GMS software package,
which acts as a pre- and post-processor for MODFLOW,
will be examined. To derive the governing equations for
groundwater flow, Darcy's Law (Hubbert, 1957) is
extended to three dimensions, utilizing the continuity
equation (expanded by Slichter, 1906), Jacob's equation
(1996), Laplace's equation, and Dupuit-Forchheimer
assumptions (for unconfined aquifers). Groundwater
flow follows the fundamental hydrodynamic equation for
porous media. Using Darcy's empirical formula
(Equation 1) and the law of mass conservation (Equation
2), the flow equation in porous media is written and
solved numerically using the finite-difference method in
the MODFLOW model.

= 2 =K _hl —h,

A L (1)
Where Q is the water flow rate, A is the cross-
sectional area, h is hydraulic conductivity, and L is the
distance between two cross-sections.

q

377
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Where R is the aquifer recharge rate, p is the density,
AxAyAz is the volume, a is the porosity, and At is the time
interval.

The GMS interface for MODFLOW allows for grid
creation using both cell-centered and block-centered
approaches. Input data for MODFLOW are prepared by
GMS and stored in files that are called upon by
MODFLOW during its execution.

Implementation and Development of the Numerical
Model

In this study, the Interbed Storage package
(Harbaugh, 2005), linked with MODFLOW, is utilized to
estimate and model land subsidence. This package can be
used in various software like GMS to estimate
subsidence. To simulate the groundwater level, the model
is first constructed and calibrated in a steady-state
condition. The model is then prepared, calibrated, and
validated for transient conditions with a specified number
of steps depending on the simulation type and objectives.
The cell size for model grid creation depends on the
aquifer area. Figure 2a illustrates that the aquifer has a
cell size of 250 by 250 meters. In Figure 2b, the
specifications of the grid for the aquifer are displayed,
consisting of 124 rows and 100 columns, which results in
a total of 5777 active cells.

Results and Discussion
Hydrogeology of the Kerat Aquifer

The groundwater level in the Karat aquifer has been
monitored in 8 piezometer wells from 1993 to 2016. The
water table has dropped by 38.5 meters due to decreased
rainfall, reduced recharge, and over-extraction. A ten-
year hydrograph indicates an average decline of 10
meters, with significant drops since 2006.
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Groundwater Decline and Depth

The most significant decline in the aquifer occurs in
the central region, which is affected by high extraction
rates. In contrast, the eastern and southern areas are
experiencing the least decline. The central region reaches
a maximum depth of approximately 200 meters, while
the eastern side has a depth ranging between 40 to 60
meters.

Groundwater Balance

The water balance, calculated by input-output
analysis, indicates an annual rainfall of about 150 mm,
contributing approximately 5.35 million cubic meters to
the aquifer's recharge. The average annual water
extraction is 57.5 million cubic meters, mainly for
agricultural purposes, with a 25% return flow. Total
inflow and outflow were estimated at 22.78 and 2.44
million cubic meters, respectively, showing a deficit of
15.55 million cubic meters annually.

Groundwater Modeling

A conceptual model of the Kerat aquifer was
developed, incorporating input-output data, topography,
and bedrock. The groundwater flow generally moves
from northeast and northwest to the south. Recharge
comes from input fronts, surface water, and rainfall,
contributing 17-25% to the aquifer. The model was
calibrated using the topography, exploratory wells, and
hydraulic parameters. After calibration, the model was
used to estimate land subsidence.

Simulation Results

The groundwater model was run in both steady-state
and transient conditions. Observations from 2009 were
used for initial calibration. Monthly water level changes
were evaluated, with 24 time steps used for calibration.
The findings indicated notable subsidence in both the
eastern and western regions of the aquifer after two years.

Land Subsidence Modeling

The Interbed Storage package in MODFLOW was
used to estimate subsidence. Calibration was enhanced
using radar satellite images, which provide broader
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surface displacement data compared to geodetic
methods. Results indicated a maximum subsidence of 50
cm from 2006 to 2019, with the highest rates in the
eastern part of the aquifer.

Conclusion

The Kerat Plain, located in southeast Khorasan
Razavi province, faces significant geological challenges
due to population growth and agricultural development.
This study analyzed land subsidence using aquifer
modeling and radar interferometry. Results show a 20 sq
km subsidence area with a maximum rate of 48 mm per
year from 2006 to 2010. Groundwater levels dropped by
35 meters over 20 years, averaging 175 cm annually. The
subsidence, mainly in the eastern plain, is influenced by
pumping rates, aquifer heterogeneity, and thickness
variations. Groundwater flow follows the north-south
slope, with levels between 754 and 854 meters.
Hydraulic conductivity and recharge are highly sensitive
factors. The study observed surface deformation, such as
cracks in agricultural lands and well casing issues,
aligning with high extraction areas. Continued
groundwater extraction and subsidence modeling
indicate significant risks to infrastructure if current trends
continue.
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Table 1. Components of groundwater inflow and outflow in the Karat aquifer.

Water Balance Component

Recharge (million cubic meters per year) Discharge (million cubic meters per year)

Groundwater Inflow to aquifer 22.78
Recharge from precipitation 5.35
Recharge from return Flow 16.26
Groundwater outflow from aquifer 2.44
Withdrawal from aquifer 57.5
Evapotranspiration from water table
Total sum 44.39 59.94
Changes in aquifer storage volume -15.55
YA#
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Fig. 10. Input data for the Interbed package in the subsidence modeling of the Karat Plain.
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Fig. 11. Subsidence areas generated and their amounts through groundwater modeling (in meters).
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Fig. 13. Configuration of the interferometric network of images used in the study area.
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