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Extended abstract

Introduction

Groundwater depletion and the continuous decline of water table levels are
major challenges in water management in arid and semi-arid regions.
Limited and unevenly distributed rainfall, rising agricultural and domestic
water demand, and overextraction beyond the aquifer’s renewable capacity
have disrupted the natural balance of groundwater resources. This process
can lead to reduced aquifer storage, deterioration of groundwater quality,
higher pumping costs, drying of wells and ganats, and even land subsidence.
Therefore, restoring and strengthening groundwater reserves, especially in
plains highly dependent on groundwater, is essential. Artificial recharge is
one of the most effective approaches for sustainable aquifer management. It
enhances the infiltration of surface water, runoff, or flood flows into aquifers
and can help reduce groundwater decline, increase aquifer storage, mitigate
flood damage, improve water quality, and strengthen hydrogeological
resilience.
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However, its success depends strongly on proper site selection. Poorly selected sites may result in low
infiltration efficiency, greater water loss, sediment and pollution transfer, limited impact on groundwater
levels, and wasted financial resources. Thus, site selection must consider surface, subsurface,
hydrological, hydrogeological, and management criteria. Artificial recharge site selection is often carried
out using GIS and multi-criteria decision-making methods. These approaches integrate factors such as
slope, geology, land use, hydraulic conductivity, water quality, available water volume, exploitation
conditions, and distance from groundwater resources. However, spatial suitability alone does not
guarantee maximum aquifer response, which also depends on hydrodynamic properties, boundary
conditions, flow regime, pumping patterns, and subsurface structure. Therefore, this study aims to
identify, evaluate, and prioritize suitable artificial recharge sites in the Azghand aquifer, Razavi Khorasan
Province. Its main innovation is the integration of AHP-GIS-based site selection with MODFLOW
groundwater flow modeling and the development of an index to rank the effectiveness of the proposed
sites in improving the aquifer’s quantitative condition

Materials and Methods

The research methodology followed a multi-stage framework. In the first stage, the required hydrological,
hydrogeological, geological, topographic, land-use, water-quality, exploitation, and observation-well data
were collected and processed. A conceptual framework for artificial recharge site selection was then
developed, focusing on the use of flood flows for aquifer recharge. Eight main criteria were considered:
water quantity, water quality, aquifer hydraulic conductivity, land use, geological formations and
erodibility, land slope, exploitation status, and proximity to groundwater resources. Criteria weighting was
performed using the Analytic Hierarchy Process (AHP). For each criterion, four suitability classes were
defined: highly suitable, suitable, moderately suitable, and unsuitable. Pairwise comparison matrices were
constructed for both the internal classes of each criterion and the eight main criteria. The weights were
assigned based on previous studies, regional conditions, field observations, and expert judgment. The
spatial layers were then prepared, standardized, and integrated in a GIS environment using weighted
overlay analysis to produce the artificial recharge potential map. In the second stage, the proposed sites
identified by the AHP-GIS analysis were evaluated using numerical groundwater flow modeling with
MODFLOW. The model was developed for the Azghand aquifer over a three-year simulation period, with
the first two years used for calibration and the final year (2019-2020) for validation. Monthly time steps
were applied, and October 2017 was selected as the reference time for the steady-state simulation.
Recharge components included infiltration from precipitation, flood and surface flows, return flows, and
lateral groundwater inflow, while discharge components comprised pumping, evapotranspiration, and
downstream groundwater outflow. Lateral boundaries were represented as general-head boundaries.
Model calibration and validation were performed using groundwater-level data from seven observation
wells. Sensitivity analysis identified hydraulic conductivity as a key parameter in the steady-state model,
while specific yield was particularly important in transient calibration. Finally, the proposed artificial
recharge sites were simulated in MODFLOW, and their performance was compared using an aquifer
quantitative status improvement index, defined as the ratio of the average annual groundwater level rise
under artificial recharge to the average annual groundwater level decline under non-recharge conditions.
Higher index values indicate more effective sites for improving the quantitative condition of the aquifer.

Results and Discussion

The results of the weighting and classification of the eight criteria demonstrated that the AHP method
provides a structured and interpretable framework for integrating the various factors influencing artificial
recharge site selection. The criteria maps revealed that artificial recharge potential in the Azghand aquifer
is spatially heterogeneous, with each area exhibiting different suitability levels based on its specific
combination of hydrological, geological, topographic, and land-use conditions. Highly suitable areas were
characterized by high flood volumes, superior water quality, high hydraulic conductivity, alluvial and
Quaternary formations, gentle slopes, and low-conflict land uses. Conversely, areas with low
permeability, unfavorable slopes, residential or agricultural land use, or water quality constraints received
lower suitability scores.

Following the integration of the weighted layers in GIS, five potential sites for artificial recharge were
identified based on the drainage network, land conditions, slope, and flood routing capacity. This stage
highlighted that while spatial mapping identifies suitable preliminary options, a quantitative assessment of
the aquifer’s response is essential for final prioritization. Factors such as a site’s position relative to
groundwater flow direction, exploitation zones, hydraulic coefficients, and aquifer boundaries
significantly influence the actual impact of recharge. Numerical modeling of the Azghand aquifer
revealed significant spatial heterogeneity in hydraulic parameters. During the steady-state calibration,
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hydraulic conductivity was identified as a highly sensitive parameter, ranging from a maximum of 12
m/day in the northern part of the aquifer to a minimum of 3 m/day in the southwest. This variation
indicates that the capacity for water transmission differs across the aquifer, which directly affects the
propagation of the recharge effect. Furthermore, the calibrated average specific yield was approximately
6%, reflecting the aquifer’s storage capacity and its influence on water table response to recharge.
Simulating the proposed sites in MODFLOW demonstrated that not all options contribute equally to
improving the aquifer’s quantitative status. Based on the Aquifer Quantitative Status Improvement Index,
Site 1 was ranked as the top priority with an index value of 2.24, followed by Site 4 (2.03), Site 2 (1.64),
Site 3 (1.21), and Site 5 (1.12). The variance in these index values confirms that spatial suitability derived
from AHP-GIS is insufficient for final decision-making; the actual hydrodynamic impact must be
evaluated through numerical modeling. These findings indicate that Site 1 is not only spatially suitable but
also yields the greatest hydrodynamic response in terms of elevating the groundwater table. Its high
performance can be attributed to its strategic location relative to the drainage network, favorable hydraulic
conditions, effective connectivity to exploited zones, and high capacity for transmitting the recharge
impact. In contrast, the lower indices of other sites suggest that even if a location appears suitable based
on surface criteria, subsurface conditions or limited flow transmission may hinder its ability to improve
groundwater levels. Therefore, integrating AHP-GIS with MODFLOW enhances decision-making
accuracy and reduces uncertainty in selecting artificial recharge sites.

Conclusion

This study was conducted to identify and prioritize suitable areas for artificial recharge in the Azghand
aquifer and aimed to move the decision-making process from simple spatial zoning toward evaluating the
actual effectiveness of recharge on aquifer conditions. The results showed that applying AHP within a
GIS environment provides a suitable framework for identifying potential recharge zones based on a range
of surface and subsurface criteria. However, the AHP-GIS output mainly reflects spatial suitability and
cannot, by itself, determine the actual impact of each option on the quantitative behavior of the aquifer.
Therefore, the use of the MODFLOW numerical model in the next stage made it possible to analyze
aquifer response to artificial recharge scenarios and compare the performance of the proposed sites.
According to the modeling results, hydraulic conductivity in the Azghand aquifer ranges from 3 to 12
m/day, while the average specific yield is about 6%. This hydrogeological heterogeneity indicates that the
aquifer does not respond uniformly to artificial recharge across all areas. Among the five proposed sites,
Site 1, with an improvement index of 2.24, showed the highest effectiveness and was identified as the top
priority for artificial recharge implementation. Sites 4, 2, 3, and 5 ranked next, respectively. Thus, the
aquifer quantitative status improvement index provided a quantitative and comparable basis for ranking
the alternatives. The main contribution of this study is the development of an integrated approach for
moving from potential-based site selection to effectiveness-based prioritization. In this framework,
potentially suitable areas are first identified using spatial criteria, and their actual performance is then
evaluated through numerical aquifer modeling. This approach can provide a practical tool for water
resources managers and decision-makers in selecting the optimal locations for artificial recharge projects.
It is also recommended that future studies examine the combined effects of implementing multiple
recharge sites, changes in flood input volume, drought and wet-period scenarios, the water quality impacts
of recharge, and the long-term consequences of artificial recharge on aquifer balance, in order to support
more reliable decision-making for aquifer restoration.
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Table 1. Flood in the study area using the Krieger method (m?/s)
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Return period
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Table 2. Analysis of factors affecting the location of artificial recharge
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Gentle slope has higher priority.
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Controlled proximity can make the recharge effect more

monitorable.
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Areas with higher depletion and exploitation intensity deserve

greater management priority

possibility of infiltration surface clogging

Control of runoff velocity, water retention time and infiltration
opportunity
Sl e (2155 S5 ol b a5 Jomo S L | (o
Investigation of the spatial relationship between recharge sites and
wells, qanats, or sensitive aquifer zones
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Reflecting exploitation intensity and the urgency of aquifer
recovery.
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Indicates the possibility of providing sufficient water from flood
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Expected impact on suitable site selection Role in Artificial Recharge Site Selection Criteria
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More stable and less eroded formations are more suitable. Investigating formation stability, sediment production, and the S il

Geological formations in
terms of erodibility
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Land slope
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Proximity to groundwater
sources
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Exploitation Status

NP
Water volume

.A higher volume of available water is more desirable
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Controlling quality risks and protecting groundwater
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Water quality in the aquifer
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Areas with more favorable water quality conditions or greater
potential for quality improvement are prioritized
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Represents the aquifer’s ability to receive and transmit the Hydraulic conductivity of the
recharged volume aquifer
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Assessment of implementation feasibility and environmental and
ownership constraints

Higher hydraulic conductivity is more suitable
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Land use status
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Barren, pasture-like, and low-conflict lands are more suitable.
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Fig 4. Conceptual model of the Azghand aquifer
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Table 3. Location of observation wells in the Azghand aquifer

UTMY UTM X Observation well UTMY UTM X Observation well
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Fig 5. Geometric location of the Azghand aquifer
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Table 4. Importance matrix and weight parameter in each subgroup
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Table 5. Matrix of relative importance of each criterion in the implementation of artificial nutrition
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Table 6. Final weight of main criteria and non-compliance rate
L SLNE Sk=e 039 ey
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Fig 6. Classification of artificial recharge criteria in the Azghand aquifer based on the use of the Analytic Hierarchy
Process (AHP) method
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Fig 7. Location of proposed sites for Artificial recharge
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Table 7. Error in Quantitative model in steady and Un-steady
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Un-steady model Steady model Error parameter
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Mean Error
0.85 0.38 b Gl 0l
Abs Error
s o o Sleo
0.89 0.4 o3 ook
RMSE
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