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1. Introduction

ABSTRACT

The effects of the Guriyeh earthquake swarm (November 2017-July 2018) on groundwater
hydrochemistry were examined in northeastern Khuzestan Province. Production-well data from 2004
to 2019 were used to evaluate changes in EC, TDS, pH, and the concentrations of major ions (Na*,
K*, Ca**, Mg?", HCOs", Cl, and SO+>") across two time periods, defined as before and after the
earthquake swarm. The results show that seismic activity, particularly where earthquake epicenters
are densely clustered, altered groundwater flow systems by opening fractures and increasing fault
permeability. These structural changes were accompanied by clear shifts in both the magnitude and
spatial distribution of groundwater chemical parameters. Following the earthquake swarm, EC and
TDS increased noticeably along active fault zones and in areas of intense seismicity, pointing to the
contribution of deeper and more saline fluids to the aquifer system. Changes were also evident in the
spatial patterns of major ions. Before the earthquake swarm, Na*, Ca?*, Mg?*, SO+*", and C1 displayed
relatively broad and region-scale distributions, whereas after the swarm they became more localized
and clustered. This shift suggests a reactivation of fault-controlled hydrogeological pathways. These

observations indicate a close link between seismicity, fault structures, and the alluvial aquifer system.

Aquifer systems commonly experience both chemical and physical
perturbations during and following seismic events. Chemical
responses typically include changes in groundwater hydrochemistry,
turbidity, and the concentrations of isotopic constituents (Andrén
et al.,, 2016; Kim et al., 2023). Physical responses may involve

variations in groundwater temperature, water-table levels, spring

discharge, and river flow rates (Montgomery and Manga, 2003).
Seismic activity can trigger either abrupt or long-term modifications
inaquifers, which are highly sensitive to tectonic stresses and ground
shaking. These responses may result in alterations of groundwater
physicochemical properties, with important implications for human

health, agricultural systems, and environmental sustainability.
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A growing body of research has demonstrated that seismic
waves can induce significant fluctuations in groundwater level,
temperature, and geochemical composition (Matsumoto et al., 2003;
Roeloffs, 1998; Roeloffs et al., 2003; Adinolfi Falcone et al., 2012;
Wang et al., 2012; Shi et al., 2015; Kim et al., 2018). Variations in
groundwater hydrochemical characteristics may occur during three
distinct phases-pre-seismic, co-seismic, and post-seismic-reflecting
the combined effects of tectonic and physicochemical processes.
These processes directly influence aquifer permeability, pore-
pressure regimes, and the ionic composition of groundwater.

Seismic events can induce substantial variations in groundwater
levels, hydrochemistry, electrical conductivity (EC), pH, and the
concentrations of major ions such as Ca*", Mg?*, Na', K*, HCOs",
CI, and SO+* (Hartmann, 2006; Pérez et al., 2008; Tsunogai and
Wakita, 1995; Skelton et al., 2014; Hosono and Masaki, 2020).
Post-seismic hydrochemical monitoring provides a valuable tool to
evaluate the influence of fault activity on aquifer physicochemical
parameters. Previous studies have also shown that seismic waves can
trigger significant fluctuations in groundwater level, temperature,
and geochemical composition, reflecting complex interactions
between tectonic and hydrogeological processes (Matsumoto et al.,
2003; Roeloffs, 1998; Roeloffs et al., 2003; Adinolfi Falcone et al.,
2012; Wang et al., 2012; Shi et al., 2015; Kim et al., 2018).

Between November 2017 and July 2018, a nine-month
earthquake swarm occurred in the Shushtar and Mian-Ab aquifers
in northeastern Khuzestan Province, southwestern Iran (Fig. 1).
Surface faults, including the Shushtar, Sardarabad, and Shahur
faults, as well as subsurface structures such as buried lineaments
and basement faults, control seismicity in the Gourieh area, with
focal mechanisms indicating predominantly compressional faulting
accompanied locally by right-lateral strike-slip components
(Mombeni Salehi, 2021; Charchi et al., 2021). Previous research
has examined the impact of this swarm on physical groundwater
parameters, particularly water-table fluctuations, highlighting the
role of northeast-southwest-trending faults (Jalili et al., 2025).
However, the effects on groundwater hydrochemistry remain
unexplored.

This study investigates changes in hydrochemical parameters—
including K*, Na*, Ca?", Mg*, Cl, SO+, HCOs", EC, pH, and
total dissolved solids (TDS)—before and after the Gourich
earthquake swarm. By evaluating the influence of fault structures
on groundwater quality, the study aims to improve understanding
of subsurface flow dynamics, recent fault activity, and the
hydrogeochemical stability of the Shushtar and Mian-Ab aquifers

under tectonic stress.

2. Research methodology
To evaluate the impact of the Gourieh earthquake swarm on the
physicochemical parameters of groundwater in southeastern

Shushtar, geological maps, previous studies, production-well data,

and seismic records were utilized. Geological maps at a 1:100,000
scale were used to assess the regional geology, while previous
studies provided information on seismicity and active faults in
the area. Given the occurrence of the Gourieh earthquake swarm
in November 2017, production-well data from 2004 to 2019 were
divided into two periods: pre-swarm (2004—November 2017) and
post-swarm (November 2017-2019) (Fig. 3). Spatial distribution
maps of hydrochemical parameters were generated using statistical
data from production wells in the ArcGIS environment. Kriging
interpolation was applied to estimate groundwater quality
parameters across the study area and to produce continuous
distribution maps. These maps were then used to analyze and
evaluate temporal and spatial variations in the concentrations of
major ions and other water-quality parameters before and after
the Gourieh earthquake swarm within the Shushtar and Mian-Ab
aquifers. This approach allowed the assessment of earthquake-
induced changes in groundwater chemistry and their spatial

correlation with local hydrogeological and structural features.

3. Results

Due to the limited availability of groundwater well data, which
were only accessible from 2004 to 2019, earthquake epicenters
within the same period were considered for analysis. During the
first period (2004-November 2017), 583 earthquakes occurred at
depths ranging from 1 to 36 km (mean 11.8 km) with magnitudes
of 2.5-5.2 (mean 2.97) (Fig. 3). Earthquakes during this period
were predominantly low-magnitude and distributed at moderate
to deep depths. In the second period (November 2017-2019), 669
earthquakes occurred at depths of 5-28 km (mean 12.8 km) with
magnitudes of 2.5-5.0 (mean 2.97), displaying a wider range of
depths and magnitudes, including events up to 4.4. Figures 4 to 13
illustrate the spatial distribution of hydrochemical parameters prior

to and following the earthquake swarm in November 2017.

4. Discussions

Analysis of hydrochemical parameters in the Shushtar and Mian-Ab
aquifers before and after the November 2017 Gourieh earthquake
swarm (Figs. 4-13) indicates that recent seismic events not only
induced structural deformations in the regional geology but also
directly and indirectly affected the chemical composition of
groundwater. Spatiotemporal patterns of hydrochemical parameters
suggest that reactivation of fractures, increased fluid pressures,
vertical flow displacement, and reorganization of subsurface
pathways played a critical role in aquifer chemical evolution
following the earthquake swarm.

Pre-seismic electrical conductivity (EC) maps show elevated
values concentrated in the southern and southeastern aquifer
zones, coinciding with earthquake epicenters (Fig. 4), suggesting
preferential fluid pathways along faults. After the swarm, seismic

density increased in central and southern regions, accompanied by
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corresponding EC maxima, indicating that fracture opening and the
upward migration of deeper, more conductive fluids significantly
contributed to EC enhancement. Multiple seismic events likely
reactivated minor fractures and facilitated deeper flow, introducing
high-EC fluids into the shallow aquifer system. Previous studies
similarly reported that fluid release along strike-slip and thrust
faults, driven by increased pore pressure and tensile fracturing, can
elevate EC and alter groundwater chemistry (Wang and Manga,
2015; Rosen et al., 2018; Kim et al., 2018), particularly near fault
intersections with active aquifers.

Total dissolved solids (TDS) exhibited similar behavior, with
marked post-swarm increases along central and southern faults
(Fig. 5). This pattern reflects the combined effects of deep fluid
input, enhanced mineral dissolution, and altered hydrodynamics
due to fault reactivation. Such earthquake-induced processes
redistribute solutes, mobilize deep saline waters, and are consistent
with observations from seismically active regions in Japan and
South Korea (Hosono and Masaki, 2020; Lee et al., 2020).

Bicarbonate (HCOs") concentrations were initially high in
central, southern, and southeastern zones, reflecting prolonged
water—carbonate rock interactions (Fig. 6). Following the swarm,
localized HCOs™ decreases coincided with epicentral areas, likely
due to deep fluid intrusion with lower CO, dilution from newly
injected waters, or shifts in carbonate/bicarbonate equilibrium.
Spatial overlap between HCOs~ depletion zones and the earthquake
swarm supports the role of seismic activity in modifying carbonate-
related ions, consistent with studies showing that ground shaking
mobilizes fluids stored in fractures and pore spaces (Rosen et al.,
2018; Hosono and Masaki, 2020; Zhou et al., 2021).

Sodium (Na*) concentrations, initially elevated along southern
faults, decreased in central and southern regions post-swarm
with patchy distribution at margins (Fig. 7), suggesting mixing
between deep saline and shallow fresher waters, multi-source fluid
interactions, or hydrostatic pressure changes along fault zones.
Magnesium (Mg?") exhibited increased concentrations but in more
spatially restricted zones near active faults (Fig. 8), indicating
focused flow through fault-controlled pathways and enhanced ionic
exchange in dolomitic environments. Potassium (K*) concentrations
shifted from broad pre-swarm zones to localized clusters along
faults and epicenters post-swarm (Fig. 9), reflecting channelized
flow and focused input of deep K*-rich fluids.

pH patterns transitioned from a continuous neutral-alkaline
distribution to patchy, localized zones post-swarm (Fig. 10),
likely reflecting intrusion of deeper acidic fluids, shifts in HCOs7/
CO: ratios, redox changes along newly activated fractures, and
localized water—rock interactions. Chloride (Cl), calcium (Ca?"),
and sulfate (SO+*") displayed similar post-seismic patterns (Fig.
11-13), with spatial contraction and channelized or localized

maxima along faults, consistent with upward migration of saline
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fluids (CI"), enhanced carbonate dissolution (Ca?"), and local redox
or evaporative processes (SO4?").

Collectively, these observations indicate that the Gourieh
earthquake swarm transformed the aquifer system from a broadly
homogeneous hydrochemical regime to a structurally controlled,
locally heterogeneous system. The spatial correspondence between
hydrochemical anomalies and active fault zones highlights the
pivotal role of fault reactivation in modulating groundwater
chemistry in the Shushtar and Mian-Ab aquifers following seismic

activity.

5. Conclusion

This study integrates seismic, hydrochemical, and structural data
to demonstrate that the Gourieh area in southeastern Shushtar is
significantly influenced by the convergence of the Arabian and
Iranian plates and by the activity of a hidden fault. The spatial
density and orientation of earthquake epicenters between 2004 and
2019, their overlap with groundwater level and depth variations,
and the alignment of water quality patterns with fault structures
collectively indicate the presence and reactivation of a fault system
in this region.

Comparative analysis of hydrochemical parameters before and
after the November 2017 earthquake swarm reveals that recent
seismic events not only induced subsurface rearrangements,
increased permeability, and fracture reactivation, but also caused
significant changes in the chemical composition of the Shushtar and
Mian-Ab aquifers. Post-seismic increases in electrical conductivity
(EC) and total dissolved solids (TDS) along central and southern
faults, coinciding with a spatial shift in parameter maxima, indicate
the upward migration of deeper, more saline fluids into shallower
aquifer zones. These observations are consistent with global
findings that associate earthquakes with fluid release, elevated pore
pressures, and fracture dilation.

Major ions including HCOs™, Na*, Mg?*, K*, Cl-, Ca?*, and SO+*~
exhibited similar patterns. Pre-seismic broad-scale distributions
transitioned to channelized, patchy, and localized concentrations
along faults, reflecting the strong structural control exerted on
groundwater geochemistry following seismic activity. Specifically,
decreases in HCOs™ in central and southern zones, localized
increases in Mg?', reductions in Na*, and the spatial concentration
of K" indicate mixing of fluids from multiple sources, the upward
release of deep carbonate- and salt-rich waters, and reorganization
of subsurface flow along reactivated fault structures. Localized pH
changes further support the intrusion of chemically distinct fluids
and alterations in redox conditions.

Overall, these results underscore the critical role of fault-controlled
processes in modulating hydrochemical dynamics in the Shushtar
and Mian-Ab aquifers and highlight the sensitivity of these

groundwater systems to seismic perturbations.
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Figure 3. Spatial distribution of earthquake hypocenters and seismic swarms overlaid on the

topographic map.
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Figure 5. Comparison of groundwater table depth maps before and after the

Guriyeh earthquake swarm.
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Figure 6. Time-series variations in groundwater hydrochemical parameter concentrations during 2004-2018. The pre-earthquake swarm

(Before Earthquake Swarm) and post-earthquake swarm (After Earthquake Swarm) periods are highlighted in the plots.
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Figure 7. Spatial distribution maps of groundwater electrical conductivity (EC) before and after the Guriyeh earthquake swarm.
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Figure 8. Spatial distribution maps of total dissolved solids (TDS) concentrations in groundwater before and after the Guriyeh earthquake

swarm.
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Figure 9. Spatial distribution maps of bicarbonate (HCOs") concentrations in groundwater before and after the Guriyeh earthquake swarm.
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Figure 10. Spatial distribution maps of potassium (K*) concentrations in groundwater before and after the Guriyeh earthquake swarm.
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Figure 11. Spatial distribution maps of groundwater pH before and after the Guriyeh earthquake swarm.
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Figure 12. Spatial distribution maps of chloride (C1l") concentrations in groundwater before and after the Guriyeh earthquake swarm.
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Figure 13. Spatial distribution maps of calcium (Ca?*) concentrations in groundwater before and after the Guriyeh earthquake swarm.
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Figure 14. Spatial distribution maps of sulfate (SO+*") concentrations in groundwater before and after the Guriyeh earthquake swarm.
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