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Groundwater resources are vital sources of water supply in many regions of the world.
Owing to its geographical and climatic characteristics, the Garmsar Plain is highly
dependent on groundwater, particularly for agricultural irrigation and drinking water
supply. In this study, the DRASTIC model was used to assess the intrinsic vulnerability
of groundwater to contamination in the Garmsar Plain. The model incorporates seven
parameters: depth to groundwater, net recharge, aquifer media, soil media, topography,
impact of the vadose zone, and hydraulic conductivity. These parameters were integrated
in a GIS environment using the overlay index method to calculate the final vulnerability
index for the aquifer under study. The resulting DRASTIC vulnerability index ranged
from 54 to 145. Approximately 9% of the study area was classified as having no
pollution potential, 39% as having very low potential, 30% as having low potential, 17%
as having low-to-moderate potential, and 5% as having moderate-to-high vulnerability.
Sensitivity analysis was also conducted to evaluate the model results and identify the
parameters that contributed most to the estimated groundwater vulnerability. Based on
the parameter-removal and single-parameter sensitivity analysis methods, the impact of
the vadose zone exhibited the highest sensitivity according to both methods.
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EXTENDED ABSTRACT

Introduction: Groundwater is one of the most critical resources for drinking, agricultural, and industrial purposes,
particularly in arid and semi-arid regions. The expansion of human activities and industrial development has increased
environmental pressures, including the risk of water pollution. Climate change may further exacerbate these pressures
by altering hydrological processes and groundwater recharge patterns, potentially threatening water security in arid and
semi-arid regions. Groundwater quality is influenced by various factors, including aquifer lithology and anthropogenic
activities. Because groundwater contamination is generally more difficult and costly to detect, monitor, and remediate
than surface water pollution, an effective groundwater protection strategy involves identifying potential pollution
sources and vulnerable zones, preparing groundwater vulnerability maps, and implementing appropriate management
measures. Aquifer vulnerability refers to the susceptibility of groundwater to contamination from pollutants originating
at or near the land surface. Among the various methods developed to assess groundwater vulnerability, the DRASTIC
model has been widely applied because of its relatively straightforward data requirements, compatibility with
geographic information systems (GIS), and applicability to regional-scale assessments. The model evaluates
groundwater vulnerability using seven hydrogeological parameters: depth to groundwater, net recharge, aquifer media,
soil media, topography, impact of the vadose zone, and hydraulic conductivity. However, the relative influence of these
parameters can vary considerably across study areas depending on local hydrogeological and environmental conditions.
Sensitivity analysis can therefore help identify the parameters that contribute most to the resulting vulnerability index
and assess the robustness of the model outcomes. In this context, the present study applies the GIS-based DRASTIC
model, together with sensitivity analysis, to assess groundwater vulnerability in the Garmsar aquifer, Iran. The study
aims to delineate groundwater vulnerability zones and identify the parameters that exert the greatest influence on the
estimated vulnerability under local conditions. The findings are expected to provide a scientific basis for prioritizing
groundwater protection measures and supporting sustainable aquifer management.

Materials and Methods: The study area is the Garmsar plain, covering approximately 532 km? of alluvial deposits
formed by the Hableh Rud River and its alluvial fan, located in western Semnan province, about 110 km southeast of
Tehran. The plain is bordered by highlands to the north and west, the Deh Namak plain to the east, and the central
Iranian desert to the south. The region has an arid to desert climate, with average annual precipitation of about 140 mm,
and the aquifer is recharged primarily by the perennial Hableh Rud River. The aquifer is unconfined throughout most of
the plain. The DRASTIC model integrates seven hydrogeological parameters: depth to water table (D), net recharge (R),
aquifer media (A), soil media (S), topography (T), impact of the vadose zone (I), and hydraulic conductivity (C). Each
parameter was assigned a relative weight (1-5, reflecting its importance to contamination potential) and a rating (1-10)
according to standard DRASTIC classification tables. Input data were obtained from 31 observation wells, piezometric
records, soil and geological maps, and a digital elevation model, compiled in Excel and processed in a GIS environment
(ArcGIS). Continuous raster layers for each parameter were generated mainly through Kriging and Inverse Distance
Weighting (IDW) interpolation, selected according to best data fit. The seven rated and weighted layers were overlaid to
compute the final DRASTIC vulnerability index using the formula Di = £(Wj x Rj), where Wj and Rj denote the weight
and rating of each parameter, respectively. To evaluate the relative influence of each parameter, two complementary
sensitivity analyses were performed: the parameter-removal method, which measures the variation in the vulnerability
index when each parameter is sequentially excluded, and the single-parameter (effective weight) method, which
compares each parameter's theoretical weight with its actual contribution to the final index.

Results and Discussion: Depth to the water table ranged from about 7 m in the southern part of the plain to roughly 130 m
in the north, with areas deeper than 30 m assigned the lowest rating. Net recharge averaged 22 mm/year, reaching up to
290 mm/year in places, while permeability decreased from the center toward the southern and marginal zones as sediments
became finer-grained. The aquifer media were dominated by coarse sand and gravel in the north (high ratings) and by
clayey deposits in the south and west (low ratings); a similar spatial pattern was observed for soil texture, with sandy soils
in the north and saline clay soils in the south and west. Slope across most of the plain was very low, increasing overall
vulnerability potential, while vadose-zone sediments were coarse-grained in the north, northeast, and central areas and
finer in the south and west. Hydraulic conductivity ranged from about 50 m/day in the northeast to 6 m/day elsewhere,
with moderate values prevailing across most of the plain. The final DRASTIC vulnerability index, obtained by overlaying
all seven rated layers, ranged from 54 to 145 and was classified into five vulnerability categories: no potential (9% of the
area), very low potential (39%), low potential (30%), low-to-moderate potential (17%), and moderate-to-high potential
(5%). The highest-vulnerability zones were concentrated in the northern plain, associated with coarse-grained soils, high
recharge, coarse aquifer media, and a highly permeable vadose zone, whereas the southern and western areas,
characterized by fine-grained sediments and low permeability, exhibited markedly lower vulnerability. Sensitivity analysis
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using the parameter-removal method identified the vadose zone (I) as the most influential parameter, with a mean
variability index of 2.64%, while the aquifer media (A) parameter showed the lowest sensitivity (0.6%). The single-
parameter analysis confirmed this finding: the vadose zone's mean effective weight (27.52%) exceeded its theoretical
weight (21.7%), indicating that this parameter contributes more strongly to vulnerability in Garmsar than assumed by the
standard DRASTIC weighting scheme. These findings are consistent with comparable studies elsewhere. In the Kirkuk
aquifer (Iraq) and the central Erbil basin, vadose-zone characteristics and coarse aquifer media similarly dominated
vulnerability outcomes, with index ranges closely matching those obtained here. Studies in Pakistan, the Natanz plain, and
the Hamedan-Bahar plain likewise reported that areas with permeable soils and high hydraulic conductivity coincided with
elevated vulnerability, and that DRASTIC outperformed alternative index (e.g., SI, GOD, SINTACS) in correlating with
nitrate contamination data. Collectively, these comparisons confirm both the reliability of DRASTIC for regional
vulnerability mapping and the need to recalibrate parameter weights, particularly for the vadose zone, to reflect local
geological and climatic conditions. Recent literature also suggests that integrating DRASTIC with optimization techniques
and artificial intelligence approaches (e.g., genetic algorithms, fuzzy logic, machine learning) can further reduce model
uncertainty and improve predictive accuracy.

Conclusion: The GIS-based DRASTIC model effectively delineated groundwater vulnerability zones across the
Garmsar Plain, identifying the northern part of the study area, characterized by coarse-grained soils, high recharge, and
a highly permeable vadose zone, as most susceptible to contamination, while the finer-grained southern and western
zones showed lower vulnerability. Sensitivity analysis demonstrated that the seven DRASTIC parameters do not
contribute equally to the vulnerability index; the vadose zone consistently emerged as the dominant factor, with its
effective weight exceeding its theoretical (generic) weight. This discrepancy indicates a limitation in applying
DRASTIC's standard weighting scheme without local calibration and highlights the importance of region-specific
sensitivity analysis when adapting global models to local hydrogeological settings. Practically, the resulting
vulnerability map offers a valuable tool for land-use planning and the design of targeted protective measures,
particularly given the intensive agricultural activity and associated fertilizer and pesticide use in the Garmsar Plain.
Theoretically, the results support growing evidence that coupling DRASTIC with optimization or artificial intelligence
techniques can enhance its accuracy. Future studies should validate the model against actual contamination indicators
such as nitrate concentrations, incorporate climate change and land-use change scenarios, and assess model uncertainty
to refine groundwater protection strategies for the region.
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