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Abstract

More than 120 exposed salt diapirs in southern Iran are connected to the adjacent aquifers and likely constitute the
main sources of groundwater salinization in the region. Located in southern Iran, the Korsia salt diapir is surrounded by
alluvial and karst groundwater aquifers. To investigate the impact of the salt body of Korsia on the groundwater quality
of surrounding aquifers, electrical conductivity, total dissolved solids and dissolved calcium, magnesium, sodium, po-
tassium, chloride, bromide, and sulfate concentrations were measured at 41 sampling points, including 32 exploitation
wells, 7 springs and 2 surface water stations. Additionally, oxygen-18 and deuterium isotopes were analyzed at 7 sam-
pling points to investigate the source of the salinity in the area. Our hydrogeological, hydrogeochemical, and isotopic
evaluations show that the Korsia diapir deteriorates groundwater quality of the eastern karst and southern alluvial
aquifers through infiltration of a spring’s brine into limestone, and flow of the surface brine originated from the diapir,
respectively. A karst aquifer west of the diapir is not influenced by the diapir brine because its hydraulic connectivity is
interrupted by an impermeable geological formation. Construction of salt basins or diversion of brine is suggested to
increase water quality of the surrounding aquifers. These procedures can be applied not only in the Korsia diapir, but
also in tens of diapirs of southern Iran as remediation methods to improve water quality of their adjacent aquifers in this
arid region.

Introduction

There are more than 120 emerged salt diapirs in the Zagros Mountain Ranges of southern Iran (Talbot and Alavi,
1996; Bosak et al., 1999; FDA, 2016; Zarei, 2016). Intrusion of brines from these salt diapirs into their surrounding water
resources contributes to degrade the quality of surface and underground waters of southern Iran (Zarei, 2010; Zarei et
al., 2014). Salt diapirs are also reported in the United States (the Gulf Coast region and southeast Utah), the Dead Sea
coasts, the northern German Plain, and northeast Spain (Frumkin, 1994; Bosak, 1999; Kloppmann et al., 2001; Ham-
lin, 2006; Lucha et al., 2008). Investigations dealing with exposed salt diapirs in Spain and the Dead Sea coasts have
been mainly the subject of salt speleogenetic studies, whereas their impact on water quality on the surrounding water
resources have not been considered so far. The salt diapirs in the United States (Hamlin, 2006) and Northern Germany
(Kloppmann et al., 2001) have no exposure at the surface and their effect on water quality has been evaluated in detail.

Geomorphological and hydrogeological aspects of salt diapirs of southern Iran have been studied in detail by sever-
al investigators over the last two decades. Bruthans et al. (2000) characterized the factors affecting morphogenesis of
salt karst in southern Iran, pointing to thickness of caprock as a major factor that influences superficial and underground
karst forms. The most important factors affected by caprock thickness are, in turn, the density of recharge points, the
amounts of concentrated recharge, the rate of ground surface lowering, the dissolution capacity of water, and the size
and amount of load transported by underground flood-streams into cave systems. Bruthans et al. (2006) estimated the
age, depositional history and uplift rates of marine terraces of the Hormoz and Namakdan salt diapir in the Persian
Gulf, based on radiocarbon dating. The erosion rates of residuum and rock salt exposures on several salt diapirs with
different climatic settings were measured in southern Iran for a period of five years by Bruthans et al. (2008). They found
that denudation of rock salt exposures is much faster than the diapirs covered by weathering residuum. Bruthans et al.
(2009) studied surficial deposits of 11 Iranian salt diapirs, and characterized that the source material, diapir relief, cli-
matic conditions, and vegetation cover were the main factors affecting the development and erosion of surficial depos-
its. Evolution of salt diapir and karst morphology of the coastal salt diapir of Namakdan, southern Iran, were evaluated
based on known sea-level oscillations, radiometric dating, and geological evidence (Bruthans et al., 2010).

Comparing the evolution of Namakdan diapir with the Hormoz and Larak diapirs, they showed that the evolution of
diapir morphology is strongly affected by the differences in uplift rates and geological settings. Bruthans et al. (2017)
studied soil, drip, stream, and flood waters from different environments at several diapirs of southern Iran, and they
found that the soil water chemistry depends on both the climate and cap soil thickness. Abirifard et al. (2018) studied
model of flow direction and hydrochemical effects of the Jahani salt diapir on the adjacent water. They also character-
ized the major factors controlling the morphological aspects of salt karst at the Jahani diapir.
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A variety of chemical constituents and ratios have been suggested to distinguish halite-solution brine from other
potential sources of salinization, such as evaporation of groundwater (Richter et al., 1991; Kloppmann et al., 2001; Da-
vidson and Mace, 2006; Jirsa et al., 2013; Ying et al., 2013; Kumar, 2014; Salameh et al., 2014; Lichun Ma et al., 2016;
Ebrahimi et al., 2016;). Intrusion of halite-solution brines typically produces significant changes in groundwater chemis-
try from more Ca-HCO, to Na-Cl type (Kreitler and Richter, 1986). The molar ratio of Na/Cl has been also suggested by
Leonard and Ward (1962) to characterize halite-solution brines. Sodium (Na) and chloride (Cl) are present in halite at
equal molar concentrations, and therefore, the Na/Cl molar ratio is close to one in brines that originate from salt diapirs
(Richter et al., 1990). Bromide is extensively used in combination with chloride as a useful tracer in the study of saline
waters (Richter et al., 1991; Cartwright et al., 2006; Zarei, 2010; Charef, et al., 2012). Both constituents (Br and Cl) are
conservative and they are not easily removed by processes such as ion exchange or precipitation )Kreitler and Rich-
ter, 1986). Their ratio (Br/Cl) can be used as a tracer of salinization sources. The Br/Cl ratio in brines related to halite
dissolution (Br/Cl <4 x107*) is typically one order of magnitude smaller than in other water sources. Many authors have
applied Br/Cl ratio in their studies to identify sources of salinization, including Whittemore and Pollock (1979), Kreitler
and Richter (1986), Morton (1986), Kreitler (1993) and Kharroubi et al. (2012).

The water quality of alluvial and karst aquifers surrounding the salt diapirs of southern Iran are typically deteriorated
by intrusion of diapir-derived brine, and this represents one of the main hydrogeological problems affecting karst aqui-
fers in Iran (Karimi and Taheri, 2010; Taheri et al., 2016, 2017). Zarei (2016) evaluated 62 salt diapirs in southern Iran
to identify factors governing the impact of salt diapirs on the surrounding water resources. The author concluded that
the main controlling factors are: i) the evolutionary stage of the diapirs, ii) the geology, iii) the hydrogeological setting,
and iv) the anthropogenic activities. Moreover, Mehdizadeh et al. (2015) studied how the 62 salt diapirs of southern
Iran influence water quality in the surrounding aquifers, reporting that the main mechanisms of the adjacent aquifers’
deterioration are related to: a) diapir-brine intrusion in the subsurface, b) re-infiltration of brine emerging from springs,
and c¢) infiltration of saline runoff originating from the surface of the diapirs. The effects of several, individual salt diapirs
on adjacent aquifers in southern Iran have been also evaluated at the Konarsiah diapir (Sharafi et al., 1996; Zarei and
Raeisi, 2010; Zarei et al., 2013), Gaztavileh diapir (Sharafi et al., 2002), Bastak diapir (Zarei et al., 2014), and Karmust-
adje diapir (Nekouei and Zarei, 2016). For instance, Sharafi et al. (2002) studied the impact of the Gaztavileh salt diapir
on the adjacent karst aquifer and reported that the water quality is degraded by the diapir brine. Nekouei et al. (2016)
evaluated the influence of Karmustadj salt diapir on aquifers using hydrogeochemical and isotopic techniques. They
found that diapir-derived brines intrude the surrounding alluvial aquifers but have no degrading impact on the adjoining
karst aquifer.

Salt has a particularly low-yield strength, and consequently, is subject to plastic deformation under differential pres-
sure (Anderson and Brown, 1992). The role of halokinesis in salt karst hydrology has been evaluated by some research-
ers. Frumkin (2000) studied how halokinesis inhibit deep development of salt caves in salt diapirs of the Dead Sea area.
Chiesi et al. (2010) related the sudden increase in salinity of springing waters in Poiano area, Italy, to active halokinesis
causing new bodies of rock salt to reach the water table (De Waele et al., 2017).

The Korsia salt diapir of southern Iran is in direct contact with adjacent karst and alluvial aquifers, and in addition,
shows several brine springs that emerge from the diapir. The surrounding wells and springs are characterized by fresh
to brackish waters. The overall purposes of this study are to: i) evaluate the salinity distribution of waters in the Korsia
area, ii) demonstrate that the salt diapir is the main source of aquifer salinization, and iii) describe how this diapir influ-
ences water quality.

Geological, Geomorphological and Hydrogeological Setting

The salt diapir of Korsia is located in south-central Iran, 15 km west from the city of Darab (Fig. 1). The diapir oc-
curs on the southern limb of the Shahneshin Anticline, situated in the Zagros Mountains. The Shahneshin Anticline
follows the general NW-SE trend of the Zagros. James and Wynd (1965) and Falcon (1974) described the stratigraph-
ical and structural characteristics of the Zagros sedimentary sequence. The exposed geological formations of the
study area, from the oldest to the youngest, include Hormuz salts (Precambrian-Middle Cambrian), Sarvak limestones
(Cretaceous), Radiolarite Unit (Cretaceous), Tarbur limestones (Upper Cretaceous), Sachun marlstones (Upper Cre-
taceous- Paleocene), Jahrum limestones and dolostones (Oligocene), Razak shales and marlstones (Oligo-Miocene),
and Gachsaran marls and evaporites (Tertiary). The bedrock is unconformably overlain by Quaternary alluvium that
characterizes the alluvial plain (Falcon, 1967; Berberian and King, 1981; Alavi, 2004). The salt rocks of Korsia diapir
belong to the Hormuz Formation with an approximate original thickness of 1 km (Stocklin, 1968; Kent, 1979).

The Korsia salt diapir has an elliptical shape with an area of 2.64 km? (Fig. 2a). Mehdizadeh et al. (2015) character-
ized it as an active diapir in terms of the evolutionary stages of salt diapirs. An active salt diapir has a positive relief with
significant area of salt rock exposures. Table 1 summarizes the morphological characteristics of the Korsia diaper, the
maximum length and width of the diapir being 2.40 and 1.48 km, respectively. The maximum elevation of the diapir is
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Figure 1. Geological map of the study area.

1300 meters above sea level (m.a.s.l.) and 200 m above the surrounding plain, which is located in the western section.

The diapir can be separated into two different morphological portions: i) summit and ii) low land zones (Fig. 2). The
western portion, with high relief, comprises the top of the diapir (summit zone), whereas the eastern one has a low and
hummocky morphology (low land zone) and is highly dissected by several faults. In the summit zone, salt is covered by
residual soil, while in the low-land, it is mostly exposed.

The study area is located in a semi-arid region with a mean annual precipitation of 360 mm (Alemansour, 2015) that
takes place mainly during late fall and winter. The salt diapir of Korsia is surrounded by four aquifers (Fig. 1):

Milak karst aquifer: it is located east of the diapir (Fig. 1). The aquifer is composed of well-karstified limestones of
the Tarbur Formation and is in direct contact with the Korsia diapir. Milak karst aquifer discharges about 800 L/s of
groundwater through two springs (S8: Korsia, and S9: Shahijan) with electrical conductivities of 2.25 and 0.44 mS/cm,
respectively. They have become dry during recent years (Fig. 3a). The northern and eastern boundaries of Milak aquifer
are mainly bordered by the Rudbal River.

Shahneshin karst aquifer: as for the Milak karst aquifer, it is associated with the Tarbur limestones in the northwest
side of the Korsia diapir (Fig.1). Shahneshin Aquifer is drained by Golabi spring (S7). The emergence point of the spring
is only 1 km away from the Korsia diapir (Fig. 3). However, the spring is of bicarbonate water type with electrical con-
ductivity of 0.60 mS/cm.

Rudbal karst aquifer: it develops in the limestone rocks of Sarvak Formation, north of the Korsia diapir (Fig. 1). The
NW boundary of the Rudbal aquifer is in contact with Rudbal River. Hydraulic connectivity of the Korsia diapir with Rud-
bal aquifer is interrupted by the impermeable Radiolarite Unit. No evident springs discharge the Rudbal aquifer, which
likely feeds the Rudbal River. Electrical conductivity in the two sampling sites of Rudbal River (R1 to R2) decreases
from 0.69 mS/cm (R1) to 0.45 mS/cm (R2) along this section, which is thought to be related to input of high-quality water
from Sarvak aquifer.
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Figure 2. a) Satellite image of the study area; b) NW-SE cross-section of the Korsia salt diapir along the section line of AB.

Darab alluvial aquifer: it borders the southern and western portions of the Korsia salt diapir. In addition, the area be-
tween the Darab plain and Korsia diapir is characterized by a salt flat (Fig. 3). The electrical conductivity of groundwater
in Darab plain, near the Korsia diapir, ranges from 0.40 to 5.05 mS/cm.

The Korsia salt diapir is drained by three permanent and three temporary brine springs (Fig.2a), characterized
by flow rates lower than 2 L/s (Table 2). The surface runoff of the summit zone presents a radial drainage network
and flows toward the surrounding Darab plain. Part of the diapir runoff and spring S1 pass through the Korsia valley,
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Table 1. Morphological characteristics of the Korsia diapir®.
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which is partly in contact with limestones of the Milak karst

aquifer (Figs. 2a and 2b). The spring-derived brines and
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Figure 3. a) Location map of sampling points of the study area; b. distribution map of groundwater salinity (TDS: total dissolved solids); c)
water type and molar ratio of Na/Cl in the study area.

Table 2. Measured parameters of the springs of the study area.

Spring Spring Flow Rate Elec. Cond. Current Date of

Code Location (L/s) (mS/cm) Status Measurement

S1 Korsia diapir 0.5 160 active 2013

S2 Korsia diapir 0.2 150 active 2013

S3 Korsia diapir 0.3 165 active 2013

S4 Korsia diapir 0.2 155 active 2013

S5 Korsia diapir 0.5 145 active 2013

S6 Korsia diapir 0.2 170 active 2013

S7 (Golabi) Shahneshin Aq. 395 0.60 active 2013

S8 (Korsia) Milak Ag. 430 2.25 dry 2002

S9 (Shahijan) Milak Aq. 360 0.44 dry 2002
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Table 3. List and location of sampling points.

UTM-Zone 40N

Sampling Location Source Type Easting Northing Aquifer
S1 Brine spring 246526 3185870 Korsia diapir
S2 Brine spring 246114 3185368 Korsia diapir
S3 Brine spring 245547 3186047 Korsia diapir
S4 Brine spring 245380 3185713 Korsia diapir
S5 Brine spring 245368 3185762 Korsia diapir
S6 Brine spring 244939 3185703 Korsia diapir
S7 (Golabi spring) Karst spring 243437 3187289 Shahneshin aquifer
S8 (Korsia spring) Karst spring 246982 3185317 Milak aquifer
S9 (Shahijan spring) Karst spring 247504 3185668 Milak aquifer
w2 well 250560 3183879 East side of Darab aquifer
W3 well 250074 3183820 East side of Darab aquifer
W4 well 249603 3183760 East side of Darab aquifer
W5 well 248999 3184505 East side of Darab aquifer
w7 well 249119 3185406 East side of Darab aquifer
w8 well 249088 3185525 East side of Darab aquifer
W9 well 249222 3185688 East side of Darab aquifer
W10 well 248793 3186025 East side of Darab aquifer
W11 well 248764 3185953 East side of Darab aquifer
W12 well 247996 3185466 East side of Darab aquifer
W13 well 247712 3185715 East side of Darab aquifer
W14 well 246652 3184187 East side of Darab aquifer
W15 well 246317 3183144 East side of Darab aquifer
W16 well 246373 3182878 East side of Darab aquifer
W17 well 246197 3182452 East side of Darab aquifer
W18 well 244902 3182558 East side of Darab aquifer
W19 well 244817 3181912 East side of Darab aquifer
W20 well 244563 3185415 West side of Darab aquifer
w21 well 244411 3185748 West side of Darab aquifer
w22 well 244094 3185699 West side of Darab aquifer
w23 well 244030 3185767 West side of Darab aquifer
w2 well 243950 3186118 West side of Darab aquifer
W25 well 243836 3186132 West side of Darab aquifer
W26 well 243780 3186173 West side of Darab aquifer
w27 well 243975 3186373 West side of Darab aquifer
W28 well 244138 3186330 West side of Darab aquifer
W31 well 244669 3187460 West side of Darab aquifer
W32 well 244325 3187177 West side of Darab aquifer
W33 well 243944 3187005 West side of Darab aquifer
W34 well 242303 3187197 West side of Darab aquifer
W35 well 239751 3185896 West side of Darab aquifer
W38 well 244746 3188289 West side of Darab aquifer
R1 river 245469 3198796 Rudbal River
R2 river 246469 3196203 Rudbal River
S2 Brine spring 246114 3185368 Korsia diapir
S3 Brine spring 245547 3186047 Korsia diapir
S4 Brine spring 245380 3185713 Korsia diapir
S5 Brine spring 245368 3185762 Korsia diapir
S6 Brine spring 244939 3185703 Korsia diapir
Aquifers

seven springs, and two sur-
face water stations (Fig. 3a).
Water samples were taken in
new, pre-rinsed polyethylene
bottles to measure major- and
minor-dissolved constituents.

Chemical analyses of the
water samples were per-
formed in the laboratories of
the Geological Department of
TU Bergakademie, Freiberg,
Germany. The concentrations
of major and minor ions, in-
cluding calcium, magnesium,
sodium, potassium, chloride,
bromide, and sulfate, were
determined by ion chroma-
tography (Metronm Compact
IC Pro 881 for anions and
Metrohm Professional IC 850
for cations). Bicarbonate was
determined by titration with
HCI, using methyl orange as
indicator. Table 4 reports the
results of the chemical analy-
sis of water samples. The ion
balance error did not exceed
5 % in any of the samples an-
alyzed.

In addition, seven of the
41 samples were analyzed
for stable isotopes of oxy-
gen-18 and deuterium in the
laboratories of TU Berga-
kademie, Freiberg, Germa-
ny. The isotopic composition
(0'®0 and &%H) of the water
samples were measured with
a laser-based device, Picarro
L1102-1. Since all the brine
samples are of Na-Cl type,
the laboratory results of iso-
topes measurements are not
expected to be affected by
salinity effect (Sofer and Gat,
1972). Therefore, no specific
correction was applied.

Results and Discus-
sion

The Influence of the

Diapir on the Surrounding

The Korsia salt diapir is surrounded by three karst aquifers: Rudbal, Milak, Shahneshin, and an alluvial aquifer,
Darab. We do not have sufficient data from the groundwaters of the Rudbal aquifer because there are no observable
emerging springs or observation/exploitation wells in the aquifer. Therefore, the flow regime of the Rudbal aquifer has
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Figure 4. Conceptual groundwater flow model of the study area.

not been evaluated in the current work. However, the impact of the diapir on the karst Rudbal aquifer is unlikely, in par-

ticular, because its hydraulic connectivity is interrupted by the impermeable Radiolarite Unit.
Milak Karst Aquifer

Our observations allowed us to understand the general groundwater circulation in the Milak aquifer (Fig. 4). The
main components of water recharge to the aquifer include: i) meteoric precipitation, and ii) infiltration of waters from
Rudbal River. Part of the meteoric waters falling on the surface of Milak area recharge the aquifer and flow southward,
following the dip direction of the strata, and then westward, parallel to the strike of limestones. In addition, the Milak
aquifer receives a significant volume of water from the Rudbal River, where it flows in direct contact with the aquifer.
These waters used to emerge at springs S8 and S9, located in the southwest portion of the aquifer, where the limestone
crops out at the lowest elevation. The brine intrusion occurs in the western part of the aquifer, and the EC of the waters
emerging at spring S8 increases from an expected value for karst waters (<0.5 to 2.25 mS/cm) (Table 2). As mentioned
earlier, the springs have dried up in the last 10 years because of a severe drought in the region, and the construction of
a dam in the Rudbal River, located upstream of the studied area. Perhaps, after drying out of the springs, karst waters

from Milak aquifer discharge through flow to the alluvial Darab plain.
The following reasons justify the proposed water circulation model for the Milak karst aquifer:

1. The result of water balance estimation for the Milak aquifer indicates that the total outcrop area of the aquifer
is not sufficient to provide flow rates of 430 and 360 L/s from the springs S8 (Korsia) and S9 (Shahijan), re-
spectively. The annual volume of precipitation recharging the Milak aquifer is estimated using Equation (1) and
information provided in Table 5.

V=PIA )
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where V is the to-
tal annual volume
of recharge to the
aquifer, P is the
annual precipita-
tion on the aquifer
outcrop (0.340 m),
I is the recharge
coefficient (0.40
m), and A is the
Milak aquifer out-
crop area (28.7
km?). The calcu-
lated value for the
recharge volume
V to the aquifer

salt flat

3 - P L 7 is 110 L/s, which

: . . . . L . is significantly
Figure 5. a) A photograph looking south showing Korsia valley located in the east of the diapir; b) flow of brine

originating from spring S1, infiltrating into the limestone of Milak Aquifer on the bed of Korsia Valley. lower than the

discharge volume

observed at springs S8 and S9. This suggests that there
is another recharge source for the aquifer, in addition to ok (a) %“\\N\/’ -7
the direct precipitation on the aquifer. Regarding the direct

contact of the aquifer with the Rudbal River, seepage from % -7
the river is the most likely source of extra recharge for the % 20 ;;."
Milak aquifer, especially through the Shahijan Fault (F2 on € -
Fig. 1). A significant decrease in flow rate of the river, af- = 40 | -7
ter dam construction, resulted in a quick lowering of water -7
table in the Milak karst aquifer. Therefore, springs S8 and -7 . . )
S9 dried up and karst water of the Milak aquifer discharg- ’60_10 0 20 €0 20 50
es to the Darab alluvial plain as a subsurface flow, pointed ' T 50 (% VSMOW) ’
out by the equipotential map of the Darab alluvial Plain in 20
this area (Fig. 4). (b)
b. Comparing the water quality of springs S8 and S9, we ob- 30T
served that spring S8 presents EC of 2.25 mS/cm and = 49 |
Na-Cl waters, mainly influenced by diapir brines, which g
have, on the other hand, no impact on S9 water, showing £ °° [ ™ .
EC of 0.44 mS/cm and Ca-HCO, waters. A portion of the £ 60 |} : .
brine flows into the Milak aquifer somewhere between the £
emerging points of these two springs. Therefore, the part 0T
of karst water flowing westward and discharging through -8.0 T T
spring S8 receives some brine infiltrated into the aquifer. 0.1 1 10 100 1000
In addition, our field observations indicate that the brine DS (g/)

infiltration into the limestone of the Milak aquifer occurs EII\%IL\J/\rIEI}_ 6. at) t‘>2II\-I/I \st_i 5180 diagr?m for vx;atel_r satr)npleg,
fam the eastem side o the diapi. Part of the dispi-de- ~ Sl ceste edievanen roleere v oo
rived brine flows eastward on limestone outcrops in Korsia . samples.

Valley (Fig. 2 and Fig. 5). Flowing through the valley, salt

water of the brine stream infiltrates into the limestones at the valley bottom.

c. Spatial distribution of the groundwater quality in the alluvial Darab aquifer shows an increase in the salinity of
the exploitation wells located in a zone, where the Milak aquifer discharges into the Darab Alluvium. The front
of brine intrusion has propagated to the east during recent years. Consequently, well W13, located close to the
former emerging point of spring S9, with EC of 0.44 mS/cm, has EC of 1.71 mS/cm, with a chloride water type
at the present time.

d. The molar ratio of Na/Cl of groundwater samples has been plotted in Figure 3c. Investigation of ion ratios
indicates that karst water discharging to Darab aquifer is influenced by diapir brine in the western sector of
the discharge zone. The Na/Cl molar ratio of wells W12 and W13, located close to the diapir, are 0.95 and
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0 © 0.97, respectively, which are especially close to the average Na/Cl ratio of brine
springs of the diapir (0.99). The ratio is lower than 0.8 in wells located further

10 east, including W7, W8, W9, W10 and W11, which indicates no impact of diapir
brine in that area (Fig. 3c). In addition, the weight ratios of Br/Cl (Table 4) are less

20 r than 4 x 10~* in groundwater samples from W12 and W13, falling in the proposed
30 L range of Br/Cl ratio for saline water resulting from halite dissolution (Richter et

al., 1991), and is also close to the ratio calculated for the brine springs of Korsia
40 F diapir (2.5 x 1074).

E Shahneshin Karst Aquifer

= 01 Shahneshin karst aquifer is located on the west side of the Korsia salt diapir
R 60 F (Fig. 1). Part of the meteoric precipitation falling on the limestone outcrops re-
charges to the aquifer. The general flow direction in the aquifer is mainly N-S,
70 | across the axis of an anticline. Then karst water flows toward the southeast,
following the strike of the limestone strata, finally emerging at Golabi Spring (S7)

80 with a flow rate of 395 L/s, as the only discharging point of the aquifer.
%0 | The limestone of Tarbur is sandwiched between two impermeable layers. It is
underlain by the Radiolarite Unit and overlain by the Sachun Formation. There-
100 . . L fore, discharge of karst water is only likely in the far southeast of the aquifer,
0 500 1000 1500 2000 Where the limestone outcrops lay at the lowest elevation, and where spring S7
EC (uS/cm) is located. The presence of the impermeable Sachun Formation, in the southern

Figure 7. Variations of electrical conduc- boundary of the aquifer, prevents subsurface discharge of karst water into the
tivity (EC) with depth in observation well  Darab alluvial aquifer.
of OW1. Water budget calculations indicate that meteoric precipitation recharging to
the outcrop area of the Shahneshin aquifer is sufficient to provide the karst water
discharging via spring S7, with an annual volume discharge of 12.5 MCM or 395 L/s (Table 5). The annual recharge vol-
ume to the Shahneshin Aquifer is estimated at 12.6 MCM (equivalent to 400 L/s) using Equation (1), given the outcrop
area of 78.05 km?, an annual precipitation of 405 mm and a recharge coefficient of 0.40.
Golabi spring (S7) is located in the eastern sector of the Shahneshin aquifer and 1000 m away from the salt diapir.
However, electrical conductivity of the spring water is 0.60 mS/cm, which is characteristic of typical fresh waters domi-
nated by Ca-HCO, water type. These confirm the lack of brine intrusion from Korsia diapir into the Shahneshin aquifer.

Darab Alluvial Aquifer

Darab alluvial aquifer is located in the south side of the Korsia diapir (Fig. 1), whereas its northern part is in direct
contact with Milak karst aquifer. Generally, groundwater flows from the northern toward the southern sector (Fig. 4).
Therefore, recharge in the northern mountains, as surface runoff and subsurface flow, represents the main water
source for the alluvial aquifer. Figure 3b indicates the spatial distribution of salinity in Darab aquifer around the Korsia
Diapir and suggests two zones of high-salinity groundwater: Zone A (adjacent to the Korsia diapir) and Zone B (ad-
jacent to the Milak aquifer). Figure 4 illustrates the general flow direction in the Darab Aquifer. The following reasons
justify the proposed model:

Zone A (south of the diapir (is mainly influenced by brines emerging from springs. In addition, flow of saline surface
runoff, originated from the surface of the diapir, causes additional salinization of Zone A. Infiltration of surface saline
water in Zone A causes an increase in the salinity of groundwater in this zone.

Subsurface inflow of brackish water from Milak Aquifer causes an increase of groundwater salinity in Zone B (adja-
cent to Milak Aquifer). As mentioned earlier, part of the diapir brine flows into the western section of Milak aquifer. Then
brackish karst water of Milak Aquifer flows into the alluvium of Darab Aquifer, which increases salinity of exploitation
wells located in Zone B.

Generally, Darab Aquifer presents bicarbonate (HCO,) waters, which in Zones A and B have become chloride wa-
ters because of the intrusion of diapir-derived brine.

The molar ratio of Na/Cl of groundwater samples from Zones A and B varies between 0.95 and 1.07 (Fig. 3b), which
are markedly close to the average Na/Cl ratio of brine springs of the Korsia diapir (0.99). Furthermore, the ratio of Br/
Clis lower than 5 x 10 (Table 4) in groundwater samples of wells located in Zones A and B, which suggests that the
source of salinity is salt diapir (Richter et al., 1991).

The isotopic composition of all groundwater samples was plotted on the '®0-8%H diagram of Figure 6a. Since there
is no local meteoric line in the study area, and meteoric precipitation mainly originated from Mediterranean air masses,
the Eastern Mediterranean Meteoric Water Line (EMWL) is considered as the meteoric water line of the area. All sam-
ples plot very close to the EMWL, which shows that evaporation does not play any significant role on groundwater salin-
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Table 4 Results of the chemical analysis of water sample in the study area.

Elec. Br/Cl
Sampling Water Cond. TDS Ca Mg Na K SO, Cl HCO, Br Na/Cl [* 10~
Location Type (mS/cm) (g/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (molar) (molar)
S1 Cl 160 352 1550 349.4 138400 496.2 2260 209200 42.7 39.7 1.02 1.9
S2 Cl 150 341 1680 273.4 130900 4711 2430 205600 48.8 0.98
S3 Cl 165 378 950.0 1220 141900 1610 5260 226900 61.0 0.97
S4 Cl 155 335 1380 683.6 127900 581.4 3130 205600 30.5 0.96
S5 Cl 145 349 2510 106.3 133900 691.6 4250 207400 30.5 70.5 1.00 3.4
S6 Cl 170 362 1300 607.6 144900 671.3 2080 212700 30.5 48.9 1.05 2.3
S7 HCO, 0.60 0.558 76.2 231 25.8 1.56 64.8 53.18 3051 0.069 0.75 13.0
w2 HCO, 0.80 0.652 78.2 41.3 47.4 1.96 92.7 177.30  213.6 0.41
W3 HCO, 0.72 0.709 64.1 46.2 65.1 2.35 169.6 12410 238.0 0.434 0.81 35.0
W4 HCO, 0.55 0.532 60.1 48.6 26.9 1.56 127.3 35.45 231.9 117
W5 HCO, 0.81 0.721 82.2 43.8 67.8 1.56 103.3 184.40 238.0 0.57
w7 HCO, 0.50 0.543 601 30.4 24.6 1.56 92.7 70.91 2624 0121 0.54 171
w8 HCO, 0.54 0.518 621 48.6 14.9 1147 43.7 42.54 3051 0.54
W9 HCO, 0.42 0.504 78.2 29.2 13.8 117 78.8 28.36 274.6 0.75
W10 HCO, 0.43 0.492 741 26.7 12.2 1.17 101.3 31.91 2441 0.59
W11 HCO, 0.40 0.51 92.2 15.8 17.9 117 85.5 60.27 238.0 0.072 0.46 11.9
W12 Cl 1.40 1.016 134.3 64.4 214 2.35 162.3 35450 213.6 0.106 0.95 3.0
W13 Cl 1.7 1174 100.2 52.3 280 1.56 78.8 453.80 238.0 0.095 0.97 21
W14 HCO, 0.70 0.661 90.2 45.0 67.6 2.35 96.1 131.20 268.5 0.223 0.79 17.0
W15 HCO, 0.50 0.555 5841 52.3 25.8 1.96 92.7 49.63 274.6 0.80
W16 HCO, 0.72 0.670 90.2 41.3 281 1.96 101.3 53.18 353.9 0.81
w17 HCO, 0.40 0.474 641 28.0 26.0 1.56 54.8 24.82 274.6 1.62
W18 HCO, 0.52 0.522 401 42.5 46.7 117 47.6 56.72 286.8 0.091 1.27 16.0
W19 HCO, 0.60 0.576 6641 42.5 43.5 1.56 76.9 88.63 256.3 0.152 0.76 1741
W20 Cl 5.05 0.850 100.2 48.6 1190.0 1.56 827.8 1860.00 384.4 0.279 0.99 1.5
w21 Cl 3.02 2.337 3041 30.4 513.3 2.74 4472 759.70 366.1 0.137 1.04 1.8
w22 HCO, 0.80 0.694 110.2 24.3 45.3 1.96 75.4 113.4 323.4 0.261 0.62 23.0
W23 HCO, 0.80 0.811 108.2  43.8 41.6 1.96 153.7 95.72 366.1 0.67
w24 Cl 1.90 1.275 2204 30.4 286.3 3.13 2311 460.90 292.9 0.23 0.96 5.0
w25 HCO, 0.70 0.653 90.2 32.8 36.3 1.56 13141 74.45 286.8 0.75
W26 Cl 3.10 2.381 116.2 51.0 579.6 1.96 482.2  833.10 317.3 1.07
w27 HCO, 0.60 0.595 84.2 42.5 31.3 1.17 101.3 60.27 274.6 116 0.80 19.2
w28 Cl 4.40 2643 78.2 28.0 820 4.30 1729 1241.00 299.0 0.397 1.02 3.2
W31 HCO, 1.03 0.955 90.2 48.6 133.3 2.35 148.4 141.80 390.5 1.45
W32 HCO, 0.90 0.791 96.2 45.0 64.4 1.96 138.3 109.90 335.6 0.165 0.90 15.0
W33 HCO, 0.62 0.638 7041 41.3 36.8 3.91 101.3 67.36 317.3 0.84
W34 HCO, 0.40 0.508 66.1 35.2 19.8 1.56 92.7 42.54 250.2 0.72
W35 HCO, 0.90 0.777 110.2 42.5 53.8 2.35 113.8 99.63 366.1 0.84
W38 HCO, 0.90 0.571 441 28.0 86.2 1.96 75.4 60.27 274.6 2.22
R1 HCO, 0.69 0.875 1251 50.7 25.3 2.30 1451 49.36 336.8 0.095 0.79 19.2
R2 HCO 0.45 0.530 84.2 29.2 17.0 1.17 831 28.36 286.8 0.93
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Table 5. Water balance parameters of Milak and Shahneshin Aquifers. ity of the water samples. Additionally,
Parameter Milak Shahneshin this is confirmed by Figure 6b, which
shows no enrichment of 80 with in-
Outcrop area (km?) 78.05 28.70 creasing salinity.
Annual precipitation (mm) 405 340 A salt flat has been developed
Recharge coefficient (%) 40 40 south of the diapir, in Zone A. Field
Calculated recharge (Mm3) 12.6 3.5 observations show (Figs. 2 and 5)
Aquifer discharge through springs ( Mm?) 12.5 24.9 flow of direct runoff and discharge of
brine springs toward the surface of
Table 6. Results of analysis of stable Darab Aquifer in Zone A. In addition, the satellite image in Figure 2
isotope in selected water samples. indicates that there is no cultivation south of the Korsia diapir, which
VSMOW Elec. Cond. Justifies low quality of groundwater and soil in Zone A, while agri-
Sample sy o 590 % (mS/cm) cultural activities in the west of the diapir indicates no impact of the
- : diapir on this area.
St ~204 31 352.3 A monitoring well was drilled in the south of the diapir by Water
S5 —24.1 5.9 348.9 Authority of Fars Province (Well OW1 in Fig. 3a). Figure 7 illustrates
S7 -27.0 -5.7 0.56 the results of measurement of electrical conductivity with depth in
w19 -28.9 -6.2 0.58 this well. A general declining trend of salinity with depth is observed,
W21 -225 -5.8 234 which suggests that Zone A is influenced by brine mainly flowing in
W13 242 53 117 the upper portion of the Darab aquifer.
W10 -23.3 -5.4 0.49 Conclusion

Fragility of the karst environment determines high possibility for pollution’s rapid transport within karst conduits (All-
shorn et al., 2007; Ford and Williams, 2007), with serious problems in recovering a contaminated aquifer to its pre-con-
tamination state (Milanovic, 1981; Kacaroglu, 1999; Stevanovic et al., 2010; Parise et al. 2015, 2018). In Iran, more
than 50 % of salt diapirs in the southern part of the country deteriorate water quality of the surrounding aquifers (Zarei,
2016). Located in the south-central Iran, Korsia salt diapir is surrounded by alluvial and karst aquifers. Our investiga-
tions indicate that the Korsia diapir influences the eastern karst aquifer (Milak Aquifer) and the southern alluvial aquifer
(Darab Aquifer), whereas it has no impact on the western karst aquifer of Shahneshin. Infiltration of brine emerging
from a spring in the east of the Korsia diapir leads to an increase of up to 2.25 mS/cm in the salinity of karst waters in
the western part of Milak aquifer. The westward flow direction of karst water in the Milak Aquifer prevents flow of saline
water to the eastern section of the aquifer. However, a decline in the recharge rate of the aquifer, subsequent to the
construction of a dam on the Rudbal River, caused an eastward advance of the salinity front in recent years. Thereafter,
salt karst water in the west of the Milak Aquifer discharges as subsurface flow toward the adjoining alluvium of Darab
Aquifer, deteriorating the quality of the aquifer in this zone. Conveying brine from perennial spring S1 to salt-evapo-
ration basins would improve water quality of the karst aquifer and would result in economic benefits by producing salt
for local and industrial uses after the required treatments. The Darab Aquifer is also influenced by infiltration of saline
surface runoff from the diapir and brine emerging via springs around the diaper that drain southward to the alluvium
of the Darab Aquifer. Construction of salt evaporation basins could be used to collect surface saline waters originating
from the diapir. This would prevent infiltration of brine into the ground and would increase the quality of the groundwater
and soil of the alluvial aquifer. The karst waters coming from Shahneshin Aquifer and emerging in Golabi Spring (S7),
located less than 1 km away from the west of Korsia salt diapir, show high quality. The salt diapir has no impact on water
quality of the Shahneshin Aquifer due to the presence of the impermeable Radiolarite Unit that interrupts the hydraulic
connectivity of the diapir with the Shahneshin karst aquifer.
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