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CHARACTERIZATION OF A KARST AQUIFER IN A COMPLEX TECTONIC
REGION, SOUTHWESTERN IRAN

Rouhollah Adinehvand' and Ezzat Raeisi?°

ABSTRACT

Characterization of karst aquifers is not unique and depends on geological and structural settings, relief, precipita-
tion, and the interactions of these parameters. Therefore, the characterization of a highland karst aquifer in tecton-
ized geological settings is still a challenge, especially in a region with scarce hydrogeological data. In this study, we
characterize an inaccessible highland karst aquifer under the severe compressional stresses of two thrust faults,
using extensive hydrogeological data by an integrated approach. The Malagha karst aquifer is located in the south-
ern limb of the Malagha Anticline in a tectonized highland zone and is bounded by the Malagha and Qale-Tol thrust
faults. Dam construction-related data including hydrochemical data, stable isotopes, water table levels, geological
logs, permeabilities, fracture zones from numerous boreholes, and data from three dye tracer tests were used to
evaluate the aquifer behavior. The exposed breccia zones and the significant water table differences on both sides
of the Qale-Tol thrust fault core confirm the barrier behavior of the fault. The damage zone is highly fractured based
on the geological logs, resulting in a relatively uniform water level distribution. The karst water flows through the
extensive fracture networks inside the damage zone with no evidence of converging toward any main conduit. The
type of flow is most probably diffuse, based on two dye tracer tests, the flat water table, and continuous high per-
meabilities up to a length of 140 m. The general flow direction is parallel to the fault strike, toward the downstream
alluvium bounded between two impermeable formations. This conclusion is based on water balance, geological
settings, and 680 and 6%H data. Due to the flatness of the water table, such conditions as the mound below the Ab-
olabbas River, bedding plane dips, and fractures and joints may locally control the flow direction. The footprint of the
karst water and the recharge from the Abolabbas River are distinguishable by the hydrochemical and isotopic data.

Introduction

A karst aquifer is a complex heterogeneous medium because its characteristics are controlled by several factors
including tectonic and stratigraphic settings, precipitation, temperature, and local and regional base levels. These
parameters vary significantly between different karst aquifers, especially in active tectonic zones. Deep knowledge of
karst aquifers is very important for drinking, industrial, and agricultural karst water uses and selection of dam sites or
tracing contaminants.

Reviewing research on the effects of faults on non-karstic formations is required to understand the actions of the
faults on karst aquifers. Faults control the aquifer hydraulic behavior and the groundwater flow pattern (Bense et al.,
2008; Mayer and Sharp, 1998; Bense and Person, 2006; Mayer et al., 2007) Fault zones usually consist of a fault core
that is surrounded by a damage zone cutting through the un-deformed host-rock, or protolith (Chester and Logan, 1986;
Caine et al., 1996; Bense et al., 2013). The protolith may contain background joints, not primarily related to the fault
zone (Bense et al., 2013). The fault core is the zone of the most intense strain and refers to intensely deformed materials
which strongly reduce porosity and permeability compared to the adjacent damage zone and protolith (Chester and
Logan, 1986; Antonellini et al., 1994; Goddard and Evans, 1995). Therefore, fault cores may act as low-flow or no-flow
boundaries (Caine et al., 1996). The damage zone has secondary structures such as fractures and minor faults which
take up the remainder of the strain within the fault zone (Bense et al., 2013) and causes heterogeneity and anisotropy in
the permeability of the fault zone (Bruhn et al., 1994; McGrath and Davison, 1995). The secondary structures enhance
permeability relative to the fault core and the host-rock (Chester and Logan, 1986; Goddard and Evans, 1995; Bense et
al., 2013; Solum and Huisman, 2016). The damage zones form permeable fractures which are mostly oriented parallel
to the fault plane (Caine et al., 1996). The permeability of the damage zone is significantly increased due to high frac-
ture density and connectivity and is generally higher than that of the protolith (Bense et al., 2013).

Structural geologists use various methods, such as outcrop mapping of fault zones (Caine and Forster, 1999; Jourde
et al., 2002; Shipton et al., 2005), mineralogy and geochemistry studies (Caine and Minor, 2009; Koukouvelas and
Papoulis, 2009) , and porosity and permeametry measurements on cores in the laboratory or in the field (Antonellini et
al., 1994; Faoro et al., 2009). Hydrogeological methods of studies of the fault zones include subsurface studies such as
permeability by pumping tests (Anderson and Bakker, 2008), determination of hydraulic gradients on both sides of the
fault core (Bense and Van Balen, 2004), artificial environmental tracer delineating fluid flow paths (Rugh and Burbey,
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2008; Leray et al., 2012) and numerical models (Caine and Forster, 1999; Jourde et al., 2002; Surrette and Allen, 2008).
Hydrogeologists often characterize karst aquifer hydrodynamics without a specific focus on fault zones (Celico et al.,
2006; Doan and Cornet, 2007; Apaydin, 2010), in contrast to structural geologists who are mainly focused on fault zone
characteristics (Caine et al., 1996; Billi et al., 2003). In literature, the links between the hydrogeological and structural
viewpoints, especially in highland tectonized zones, are limited. Bense et al. (2013) extensively reviewed the hydroge-
ology of fault zones based on both structural and hydrogeological approaches.

In carbonate rocks, cataclasite, ultracataclasite, fault gouge (Agosta and Kirschner, 2003; Billi et al., 2003; Ferrill
and Morris, 2003; Kostakioti et al., 2004; Micarelli et al., 2006; Benedicto et al., 2008; Billi, 2010; Tesei et al., 2013),
clay smear and fluid flow cementation (Micarelli et al., 2006; Kim and Sanderson, 2010) reduce permeability of the
fault cores. In karstic carbonate aquifers, the impermeable fault cores impede the flow perpendicular to the core and
direct the flow parallel to the fault plane in the damage zone, creating a significant head difference, for example 5 m to
7 m (Celico et al., 2006) and 40 to 100 m (Cappa et al., 2005, 2007; Hamaker and Harris, 2007; Micarelli et al., 2006;
Doan and Cornet, 2007; Apaydin, 2010 on both sides of the fault cores. Faults in carbonate rocks display a complex
hydrogeological behavior, from barriers by secondary cementation or smearing of low permeability material in the core
to conduits developed by the dissolution process in fractured dominantly damage zone (Bense et al. 2013). The pro-
ductive Edwards Aquifer in south-central Texas, USA, formed in Cretaceous limestones is another example of active
karst regions (Maclay, 1995; Ferrill et al., 2004). The karst groundwater flow in the aquifer is controlled by the Balcones
fault system, a system of high-angle normal faults (Ferrill et al., 2004). Faulting had a critical role in the aquifer evolution
(Lindgren et al., 2004), through solution enlargement of fractures and forming caves along faults (Hovorka et al., 1998).
The faults strongly control cave orientation (Wermund et al., 1978; Alexander, 1990) and flow direction (Lindgren et al.,
2004). Alpine karst in Europe can be divided into two main karst type, the plateau-like karst massifs (deep karst) and
the folded alpine karst (shallow karst) based on geological and tectonical structures (Goldscheider and Hoetzl, 1999).
As part of the Alpine fold and thrust belt, the strata are affected by polyphase deformation and the tectonics is very
complex in high alpine karst plateaus (Plan et al., 2009). Faults are a main factor controlling drainage patterns of thick
carbonate sequences in the south of Alpine and Austroalpine zones (Hoetzl, 1998; Goldscheider and Neukum, 2010) .
Cave patterns and groundwater flow paths often follow faults and fractures within the karst limestones (Goldscheider,
2005; Goldscheider and Neukum, 2010) and cross-formational flow between karst aquifers separated with marl forma-
tions is demonstrated (Gremaud et al., 2009).

The studied karstic Malagha Aquifer is located in the High Zagros Zone in southwestern Iran, a tectonized highland
zone, which is characterized by northwest-trending asymmetric anticlines, synclines and high-angle reverse faults. The
Malagha Aquifer is formed in the highly fractured karstic Asmari Formation (AF) of the overturned southern limb of the
Malagha Anticline (Fig. 1a and Fig. 1b). The objective of this study is to investigate the hydrogeological behavior of the
Malagha karst aquifer within a highly tectonized region, using integration of extensive hydrogeological data. The com-
bination of these specific methods finally enables us to propose a conceptual model of the aquifer.

Hydrogeological Settings

The karstified carbonate rocks crop out on about 23 % of the Zagros Mountains in the south-central regions of Iran
(Nassery, 1991; Raeisi and Kowsar, 1997). The Zagros Mountain ranges have been divided into three zones: High
Zagros, Simply Folded Belt, and Khuzestan Plane (Stocklin, 1968; Falcon, 1974; Berberian and King, 1981) . In these
regions, most of the hydrogeological and hydrochemical studies on karst aquifers are on the Simply Folded Belt (Raeisi
and Karami, 1997). The study area is located on the border between the High Zagros Zone and the Simply Folded Belt
inside the Izeh Zone, a tectonized complex zone (Sepehr and Cosgrove, 2004; Sherkati and Letouzey, 2004; Sherkati et
al., 2005) and its relationship to sedimentary facies and the evolution of sedimentary depocenters since Late Cretaceous
times have been studied, on the basis of one regional balanced transect and several updated isopach maps, in the Izeh
zone and the Dezful Embayment, central Zagros. This study relies on fieldwork data, existing geological maps, seismic
data and well information. A new structural classification for part of the Zagros sedimentary cover is presented to high-
light the different mechanical behavior of the formations in the stratigraphic column. It shows the existence of several
local decollement levels activated during folding. These decollement levels separate lithotectonic units, which accom-
modate shortening in different ways. The Lower Paleozoic is the basal decollement level throughout the studied area.
Triassic evaporites, Albian shales, Eocene marls and Miocene evaporites can act as intermediate decollement levels,
and present variable facies in the Central Zagros. Lateral facies and thickness variations, the sedimentary overburden
and the close relationship with inherited fault patterns influenced the wavelength, amplitude and style of folding in the
study area. Furthermore, surface structures do not necessarily coincide with deeper objectives where these disharmonic
levels are involved in folding. The evolution of sedimentary depocenters from the Late Cretaceous (obduction episode.
The High Zagros Zone is bounded to the northeast by the Main Zagros thrust fault, and in the southwest, it is separated
from the Zagros Simply Folded Belt by the seismically active High Zagros Fault (Berberian, 1995). To the southwest,
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Figure 1. (a) General geological map of the study area. The boundary of the Malagha Aquifer is shown with
dashed lines and its western and eastern sub-aquifers (WMS and EMS) in both sides of the Abolabbas River are
pointed out in the figure. (b) A geological cross section near the dam site perpendicular to the Malagha Anticline
has been drawn, showing the impact of faults on the formation of structures near the dam site and the surround-

ing geology.

teristics of the High Zagros Zone (Berberian, 1995).

The climate of the study area is semiarid. The minimum, maximum and average annual precipitation are 379 mm,
907 mm, and 622 mm, respectively. Annual average evaporation is 1457 mm and daily temperature ranges from -1
°C to 41 °C (Mahab Ghodss Consulting Engineers, 2004). All precipitation occurs during November to May, mostly
in the form of rain or snowfall (Najmeddin et al., 2017). The main exposed formations, in decreasing order of age,
are Surmeh limestone (Oxfordian-Tithonian), Fahliyan-Dariyan limestone (Berriasian-Aptian), Sarvak-llam limestone
(Cenomanian-Campanian), Pabdeh-Gurpi marl with thin interbeds of marly limestone (Paleocene-Oligocene), Asmari
limestone (Oligocene-Miocene), Gachsaran marl, anhydrate, gypsum and salts (Lower Miocene), Aghajari marl and
sandstone (Upper Miocene), and Bakhtiari conglomerates (Pleistocene) (Fig. 1a). In the study area, there are three
anticlines as the main geological structures, namely the Mongasht, Malagha and Chidan (Fig. 1a). Three main reverse
faults, Mongasht, Malagha, and Qale-Tol, parallel to the anticlines’ axis, have been formed by compressional forces
(Fig. 1b). The Mongasht Anticline, with the highest elevation in the study area, is an asymmetric tight fold with a short
wavelength. The cores of the Mongasht and Malagha Anticlines are exposed due to faulting and erosion processes, in
a way that the northern and southern limbs are disconnected and the older formations outcrop at the surface (Fig. 1a).
The southern limbs of these two anticlines are overturned. The syncline between the Mongasht and Malagha Anticlines
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is an overturned close fold. The Chidan Anticline is located near the border of the Simply Folded Belt. The Mongasht
and Malagha are tight folds with short wavelengths compared to the Chidan Fold. The Robat Anticline is a small sub-
surface asymmetric anticline located between the Malagha and Chidan Anticlines (Fig. 1b).

Intensive tectonic activity has formed several parallel independent aquifers in the karstic Asmari, Fahliyan-Dariyan,
and Sarvak-llam Formations at the northern and southern limbs of the Mongasht and Malagha Anticlines (Fig. 1a). The
karst waters of these independent aquifers are mainly discharged through several springs (Adinehvand, 2017). The AF
of the overturned southern limb of the Malagha Anticline has formed karstic Malagha Aquifer (Fig. 1a). The AR divided
the Malagha Aquifer into the western and eastern parts or sub-aquifers. The parts of the Malagha Aquifer on the left
and right sides (banks) of the AR and Malagha Gorge are named the Eastern and Western Malagha sub-aquifers,
respectively (Fig. 1a). No springs emerge from the Malagha Aquifer. The karst waters of the aquifer discharge into the
Qale-Tol alluvial aquifer at the western plunge of the Malagha Anticline, being exploited by several pumping wells (Fig
1a). The boundaries of the Malagha Aquifer are limited to impermeable Pabdeh-Gurpi and Gachsaran Formations from
the northern and southern sides, and to the Qale-Tol alluvial aquifer and Chidan Anticline at the western and eastern
plunges, respectively (Fig. 1a). There are no sinkholes, shafts, big caves, nor springs in the Malagha Aquifer. The karst
features are grikes, rillenkarren, and rain pits. The sources of karst waters are autogenic recharge from precipitation
through thin soil covers, fractures, grikes, and seepage from the AR bed. Parts of the Malagha Aquifer and Robat An-
ticline, upstream and downstream of the Qale-Tol thrust fault bounded by boreholes, are named the Dam-site Malagha
Aquifer (DMA) and the Local Robat Aquifer (LRA), respectively (Fig. 2). The DMA is located in parts of the As1, As2
and As3 Units of the overturned southern limb of the Malagha Anticline (Fig. 2). The LRA is a small aquifer with an ex-
posed area of about 0.05 km?, formed in the As3 Unit of the northern limb of the Robat Anticline (Fig. 2). Both of these
aquifers are unconfined.

The Abolabbas Dam under study, with a reservoir capacity of 113.4 Mm? and height of 138 m, is located inside the
Malagha Gorge on the AF (Fig. 3). The dam will be constructed across the AR. The sources of the AR are three large karst
springs, flood waters, and snowmelt from the Mongasht Anticline and the northern limb of the Malagha Anticline (Fig. 1a).
The minimum, maximum and average discharges of the AR at the dam site are about 1 m®/s, 8.8 m%/s, and 2 m®/s, respec-
tively. Parts of Malagha Aquifer have been studied in detail already in order to design the Abolabbas Dam. The Mahab
Ghodds Consulting Engineers (2004) classified the AF of the Malagha Aquifer into three units, namely the lower (As1),

Figure 2. Geological
map of the dam site and
the location of the DMA
and LRA boreholes.
All the boreholes were
used for water table
monitoring and water
sampling in the hydro-
geochemical analyses
| and tracer tests. Dye
injection boreholes are
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Figure 3. A photograph from the As1, As2 and As3 Units at the Malagha Gorge, where the Abolabbas Dam is . -
planned to be constructed. The As2 Unit containing more marly limestone and limy marlstone formed a smooth ~ Sive fracturing and
topography between As1 and As3 Units. jointing. The As2

Unit is divided into

the As2-a, As2-b and As2-c Subunits. The As2-a Subunit, with a thickness of 33 m, is composed of thin to medium
bedded limestones with marly limestone interbeds. The As2-b Subunit consists of 21 m of marly limestone to maristone.
The As2-c Subunit has a thickness of 26 m of sandy limestones, thin to medium-bedded crystalline limestone with marl
interbeds. The As3 Unit, with 150 m thickness, is composed of thin to thick-bedded and massive microcrystalline lime-
stones with intensive fracturing. The dam is planned to be constructed on this unit.

Materials And Methods

The hydrogeology of the area was studied by Shiraz University from 2010 to 2015 (Majd, 2011; Adinehvand, 2017).
The boundaries of the Malagha Aquifer (Fig. 1a) was estimated using geological settings, water balances, and 50
and 6%H compositions (Adinehvand, 2017). The average aquifer recharge was estimated using the following equation

V:AXI{DX/ ™)

where V is the volume of recharge by precipitation (m®/year), A is the aquifer surface area (107% km?), P is the mean
annual precipitation depth (10® mm), / is the recharge coefficient and t is one hydrological year. The precipitation depth
(mm) at a specific elevation (m a.s.l.) was calculated using the precipitation-elevation relationship from 10 neighboring
meteorological stations as follows,

P =293.08 InH — 1356.7 (2)

The mean annual precipitation ( (10 mm)) over a specific area is calculated as follows,

p= 10—32 293.08 InH; — 1356.7 (3)
i=1

where n is the number of 30 m by 30 m cells of the Digital Elevation Model (DEM) and H is the topographic elevation of

each cell. The depth to the water level is at least 40 m below ground surface and therefore, evaporation from ground-

water in neglected in the above calculations.

The flow rate of the AR was measured four times by a current-meter at the beginning and the end of the Malagha
Gorge to determine the seepage from the river bed inside the Malagha Aquifer. Twenty boreholes were constructed on
the eastern and western sides of the AR (Fig. 2; Table 1) by the Khuzestan Regional Water and Power Authority within
the DMA and LRA and hydrogeological data were collected (Majd, 2011; Adinehvand, 2017). The lithology, permeability
(lugeon) and fractures were measured at 5 m steps in these borehole logs.
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Table 1. Hydrogeochemical data of the water samples.

HCO3 Ca Mg S04 Cl Na K Cco3 TDS EC Water-
Name (epm) (epm) (epm) (epm) (epm) (epm) (epm) (epm) (mg/L) (uS/cm)  Type
Abolabbas River 3.40 3.06 1.69 0.97 0.38 0.05 0.02 0.05 226 290 Ca-HCO,
Dam-site Malagha Aquifer
Group A
AD201 3.32 212 1.91 0.34 0.53 0.10 0.02 0.04 180 262 Ca-HCO,
AD202 3.02 214 1.76 0.67 0.58 0.10 0.03 0.01 191 274 Ca-HCO,
AD203 4.84 3.42 2.42 0.60 0.66 0.09 0.03 0.00 307 442 Ca-HCO,
AD204 3.05 2.40 1.65 0.63 0.75 0.14 0.07 0.00 200 263 Ca-HCO,
AD216 2.30 1.50 1.70 0.45 0.80 0.1 0.08 0.00 152 234 Mg-HCO,
AD206 3.07 2.49 1.87 0.64 0.43 0.1 0.03 0.01 209 308 Ca-HCO,
AD207 3.93 3.03 2.03 0.67 0.51 0.10 0.03 0.01 242 333 Ca-HCO,
SA14 3.23 2.68 1.45 0.59 0.70 0.06 0.03 0.01 192 273 Ca-HCO,
SA16 2.79 2.46 1.29 0.63 0.55 0.09 0.03 0.11 197 272 Ca-HCO,
SA9 2.90 2.35 1.58 0.62 0.70 0.07 0.03 0.00 205 288 Ca-HCO,
SAM23 3.10 2.70 1.80 0.48 0.65 0.07 0.04 0.00 225 315 Ca-HCO,
Group B
AD210 3.80 3.28 1.58 1.14 0.53 0.15 0.03 0.07 236 340 Ca-HCO,
SA7 2.99 2.53 1.76 0.96 0.66 0.08 0.03 0.00 197 285 Ca-HCO,
SA4 3.77 3.00 1.77 1.04 0.67 0.09 0.07 0.00 227 329 Ca-HCO,
SAM24 3.74 3.20 1.87 0.99 0.58 0.06 0.02 0.00 235 331 Ca-HCO,
Local Robat Aquifer
AD209 3.30 2.70 1.50 0.67 0.50 0.09 0.04 0.00 216 332 Ca-HCO,
AD208 3.44 6.03 2.50 4.58 0.64 0.13 0.03 0.02 515 625 Ca-SO,
SAN 2.93 2.62 1.58 1.11 0.52 0.07 0.03 0.03 237 321 Ca-HCO,
SAM21 1.60 1.22 0.82 0.08 0.58 0.35 0.08 0.12 119 141 Ca-HCO,
SAM22 2.07 1.60 1.10 0.14 0.60 0.10 0.03 0.00 138 174 Ca-HCO,

The water table levels were measured 19 times during the study period (2010 — 2015) in most of the DMA and LRA
Boreholes (Fig. 2). The waters of the boreholes (DMA and LRA) and AR at the Malagha Gorge (Fig. 3) were sampled
during the study period using USEPA (2007) and USGS (2006) guidelines. The pH, EC, and temperature were mea-
sured in the field, using portable instruments (WTW). The major anions and cations concentration and TDS were mea-
sured at the laboratory of the Department of Earth Sciences, Shiraz University. Major anion and cations concentration
were analyzed based on methods of the American Public Health Association (APHA, 2005): sodium and potassium by
flame photometer; calcium, carbonate, bicarbonate, and chloride by titration, while magnesium was calculated from the
calcium contents, and the sulfates were estimated using the turbidity method. Stable isotope 0 and 2H compositions
of six boreholes (AD201, AD202, AD207, AD208, SA7, and AD206) and the AR at the beginning and end of the Malagha
Gorge (R1 and R2) were measured in the dry and wet seasons at the Freiberg Laboratory, Technische Universitat Ber-
gakademie, using the double mass spectrometry method (Fig. 2).

Three dye tracer tests, using fluorescent dyes, were performed in order to study the groundwater flow path and
velocity within the Malagha Aquifer. In the first tracer test, 15 kg of uranine (MERK) were injected into Borehole AD207
(Majd, 2011) (Fig. 2). This borehole intersects the As1 Unit below the water table. In the second tracer test, 86 liters of
Rhodamine WT (TURNER) was injected into Borehole AD210 in June 2014 (Fig. 2). This borehole intersects the As1
Unit below the water table. Forty kg of uranine (MERK) were injected into Borehole AD202 in the third tracer test (June
2014). This borehole intersects the As3 Unit below the water table. The sampling points of these three tracer tests were
all boreholes inside the Malagha Aquifer (Fig. 2) and the pumping wells of the Qale-Tol plane (Fig. 1a). In addition, all
the springs of the Chidan Anticline, as well as nine sections along the AR passing through the Malagha Gorge and
Chidan Anticline, were also sampled (Fig. 1a). The time intervals of the samplings were once every hour and six hours
from the sampling points near to and far from the injection wells, respectively, on the first day, which were gradually ex-
tended. The dye concentration was measured by a Shimadzu Spectrofluorophotometer, RF-5301PC, at the laboratory
of the Department of Earth Sciences of Shiraz University.
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Figure 4. Permeability (lugeon) and fracture zones in the DMA boreholes. The hydrogeology of the thrust

faults

The hydrogeology of the DMA and
LRA is controlled by the actions of Malagha, and especially the Qale-Tol thrust fault (Fig. 1b). The DMA is located in
the damage zone of the Qale-Tol and Malagha thrust faults and LRA is located in the damage zone of the Qale-Tol
thrust fault. The activity of these two thrust faults has resulted in extensive joints, fracture zones, and minor faults (Fig.
2). The extensive fracture zones are observed in some of the boreholes (Fig. 4) and limestone exposed areas (Fig. 5).
The fracture zones in the boreholes have a significant correlation with continuous high permeabilities of 120 m length
(Fig. 4). No cavity indicating a conduit was found in the high permeability sections of the boreholes (Adinehvand, 2017).
The extensive fracture zones provide more pathways for groundwater flow than intact rock with less fractures which
prevents the formation of a main flow pathway. Nonhomogeneous stress intensity causes a heterogeneity in the frac-
ture zone distributions (Fig. 4) resulting in flow within the aquifer focus in the high permeability sections with extensively
fractured zones. The Qale-Tol thrust fault core consists of breccia, gauge, cataclasite, and alterations in the exposed
area (Fig. 6). The core of the Qale-Tol thrust fault acts as a barrier, disconnecting the hydraulic connection between the
two sides of the fault core. The groundwater level differences in the LRA boreholes (AD209, SA11, SAM21, and SAM22)
and in all boreholes of the DMA on both sides of the Qale-Tol thrust fault core are 10 m to 30 m (see the next section)
which confirm the impermeable behavior of the fault core.

The Dam-site Malagha Aquifer (DMA) and Local Robat Aquifer (LRA)

Hydrogeochemistry

The chemical composition data in Table 1 gives an overview of the hydrogeochemical characteristics of groundwa-
ter in the DMA and LRA. The groundwater samples from DMA, LRA, and Abolabbas River are CaMg-HCO, type with
TDS below 307 mg/L, EC of 442 uScm™', pH of 7.3, and temperature of 19.0 °C. The exception is AD208 in which the
water type is Ca-SO, and TDS is 515 mg/L due to gypsum bearing veins in the borehole log. Groundwater temperature
is almost constant in all water samples of the AR, DMA, and LRA.Groundwater samples from LRA show a significant
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Figure 5. A photograph showing fracture zones on the limestones in the left
side of the Malagha Gorge.

Adinehvand and Raeisi

difference in hydrogeochemistry (Table 1). Even
though the water type is mostly Ca-HCO,, the EC
varies from 141 to 625 uScm-. The lowest ion con-
centrations were found in SAM21 and SAM22 bore-
holes (Table 1). For all of the measurements during
the monitoring period, the EC in both SAM21 and
SAM22 boreholes was about 150 yScm-', which is
at least 100 uScm'less than those of all the other
boreholes and the AR (Table 1). The SO,/CI ratio
of the water samples of the two boreholes is less
than 1 and the major ions’ concentrations are less
than those of the AR and all of the other boreholes.
The distances of the boreholes SA11, AD208, and
AD209 from the AR are about 30 m, 150 m, and 230
m, respectively, and the SO,/Cl ratio is higher than
1 similar to the AR. Based on the SO,/CI ratio in
the water samples of the DMA boreholes, A and B
groups can be distinguished (Fig. 7a, 7b). The SO,/
Cl ratio in the water samples of Group B boreholes
is equal to or less than 1 (Fig. 7a) while in Group
B boreholes it is higher than 1 (Fig. 7b). Group B
boreholes have the closest distances from the AR
and similar to the AR, the SO,/Cl ratio is higher than
1 (Fig. 7b).

Stable isotopes
Stable isotope compositions for 5’80 and &?H in

water samples of the AR (R1 and R2), DMA (AD201, AD202, AD203, AD206, AD207, and SA7) and LRA (AD208) in dry
and wet seasons are shown in Fig. 8. All the water samples in the 880 and &?H diagram can be placed into two distinct
groups of Aand B. Group B consists of the boreholes of the DMA which are close to the river, LRA, and river water. The 5'80
values of Group B change from -6.2%o to -6.2%0 and 2H values change from —26.4 %o to —23.4 %o (Fig. 8). Group A includes
water samples of the DMA boreholes which are further from the river (Fig. 2). The 5'®0 values of Group B evolve from -5.7
%o to —=4.3 %o and &%H values from —20.8 %o to —12.3 %o (Fig. 8). Most of the water samples fall above global meteoric water

location of Figure 6.

line (GMWL)
and close to
the local me-
teoric water
line (LMWL)
(Fig. 8).
The river
water orig-
inates from
Mongasht
Anticline in
the north
which  has
P e the highest
N}Zfﬂ'ﬁiﬁ"ﬁ'r;f:/)e elevations

r A Malagha Fault in the StUdy

§ Qale-Tol Fault ";r‘ —_— area and its
: water sam-

ples tend
S= ~ 1 to have the
RobatAnticlne———— W TS most deplet-
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Figure 6. A photograph from breccia zone of the Qale-Tol Fault at the end of the Malagha Gorge. See Figure 2 for the O-H Ccompo-

sitions (Fig.
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Figure 7. Water table map of the DMA and LRA boreholes. Major ion concentrations of the DMA boreholes; a) Group A, b) Group
B.

8). Among the LRA boreholes,
the 60 and 6°H compositions
were measured only for AD208.
The 6'®0 and &°H values are
depleted and are in the range
of the AR in the wet season
and show a mixing component
(Fig. 8). The water samples of
the DMA boreholes which are
close to the river show a mix-
ing component and fall in the
same group as the river (Group
B) (Fig. 8). The waters of Group
A tend to have more enriched
compositions in 60 and &°H
than those of Group B.

GMWL (Craig, 1961): 2H = (8.13*'0) + 10.8
LMWL (Faroughi, 2009): 2H = (7.1%*0) + 14.1
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Figure 8. Stable isotope diagram of the DMA and LRA borehole water samples in dry and wet  tween June 2010 and August
seasons. River water was also sampled at the entrance (R1) and exit (R2) of the Malagha Gorge. 2015 (Fig. 9). The DMA bore-

GMWL: global meteoric water line (Craig, 1961); LMWL.: local meteoric water line (Faroughi, 2009). -
holes for water level monitor-

ing include Group B boreholes
(AD210, SA7, SA4, and SAM24), which are located close to the river, have slightly higher water levels, and may be
affected by the river seepage, and Group A boreholes (AD201, AD202, AD203, AD204, AD216, AD206, AD207, SA14,
SA16, SA9, and SAM23), which are farther from the river (Fig. 2). The LRA boreholes (SAM21, SAM22, SA11, AD208,
and AD209) are located downstream of the Qale-Tol fault core, inside the gentle-dip bedding planes of the northern limb
of the Robat Anticline (Fig. 1b, Fig. 2). The variations of the water level in each aquifer (DMA and LRA) differ. The water
level in the LRA boreholes is 10 to 30 m higher than that of DMA (Fig. 9). The bottom elevations of all LRA boreholes
are below the minimum DMA water table level. Therefore, the LRA boreholes are not located in a perched water table
aquifer. The minimum, maximum, and average water level differences of the LRA boreholes are 13.4 m, 21.2 m, and
18.2 m, respectively, at a specific time during the monitoring period (Fig. 9). The boreholes SAM21 and SAM22 are
located on both sides of the AR, with distances of less than 30 m (Fig. 2). The average of the water table levels of these
boreholes is 989.50 m a.s.l., which is the highest among the LRA boreholes (Fig. 9). Groundwater level distributions in
the LRA boreholes are highly variable, which is common in a karst aquifer.
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N Figure 9. Water level el-
—#—AD201 gvation hydrographs in
the DMA (Groups A and
AD202
= B) and LRA boreholes.

1010 # p 4

—e—AD207
1000
—e—AD203
—e—SA16

—e—SA14

990 _—

"~
970 .\(L

960

Group A

—e—SA9

—e—AD206

o
=]
o

—e—SAM23

—e—AD204

DMA

—e—AD216

|,—e—AD208

™ AD210

Water table elevation m (a.s.l.)

SA7

Group B

SA4

—

—

b Ly SAM24
950
—=—AD209

2010 2011 2012 2013 2014 2015 —*—SA11

I A J O A J O A1 O Al O A J O A J O —=—SAM21

LRA

940
0 180 360 540 720 900 1080 1260 1440 1620 1800 1980 2160 ——SAM22

Time (day)

The water levels of the DMA boreholes are about 60 m below the river bed elevation. The minimum, maximum, and
average water level differences of the DMA are 1.2 m, 4.7 m, and 2.8 m, respectively, at a specific time during the moni-
toring period (Fig. 9). The distances of Group B boreholes from the AR are less than 30 m, while the distances of Group
A boreholes from the AR are more than 30 m (Fig. 2). The water table levels in Group B are always slightly higher than
those of Group A during the monitoring period (Fig. 9), except for Borehole SAM24 in which the water table level is 45 m
higher than that of Group A since it has the closest distance to the AR and has the lowest permeability. Although all of
the boreholes of Groups A and B intersect with As1 and/or As3 below the water level, the water-level topography in the
DMA is almost flat and shows an almost uniform distribution (Fig. 10a and 10b) similar to granular aquifers. Even though
groundwater level measurements are relatively infrequent in time and also have different time resolutions, they can
give some valuable information on aquifer homogeneity in space. To show the aquifer heterogeneous behavior more,
simultaneous groundwater levels are drawn in the form of a cross-section connecting piezometers AD201 to AD206
as shown in Fig. 10a. The topography of water level is almost flat. To have a better understanding of flow direction in
space, a groundwater elevation map for a specific time (July 30, 2014) is also drawn (Fig. 10b). The water level differ-
ences are less than 2.5 m and there is no preferential flow direction which shows the effect of the local heterogeneity
in permeabilities within the aquifers (Fig. 4). The local flow has different and occasionally opposite directions (Fig. 10b).

Tracer tests

An overview of the locations and results of the three tracer tests is given in Table 2. In the first tracer test, uranine
dye was injected into the Borehole AD207, intersecting the As1 Unit below the water table (Fig. 3), but it was not de-
tected in any of the sampling points (Majd, 2011) (Table 2). The new Borehole AD210, intersecting the As1 Unit, was
constructed for the second tracer test (Fig. 2). In the second tracer test, rhodamine WT dye was injected into Borehole
AD210 and it was detected only in Borehole AD207 with a maximum velocity of 0.40 m/h, indicating a laminar flow
regime (Table 2). In the third test, uranine dye was injected into the Borehole AD202 (Fig. 2), intersecting As1 and As2
from above, and As3 from below the water table level. The dye was only detected in Borehole AD207 at a distance of
550 m from the injection point (Fig. 2). The first and peak dye appearances occurred 76 days and 215 days after the
dye injection, respectively. The maximum velocity was 0.62 m/h (Table 2), indicating a laminar flow regime.

DISCUSSION

The Dam-site Malagha Aquifer (DMA) and Local Robat Aquifer (LRA)

The hydrogeological study of the DMA and LRA is a suitable method to recognize the behavior of aquifers in a
complex tectonic region. Part of the AR water seeps vertically into the DMA and forms a mound below the river and it
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Table 2. Summary of qualitative and quantitative analysis tracer-tests.

Injection Detection Migration Maximum Peak Velocity
Tracer Test Dye Type Borehole Point Distance (m) Velocity (m/h) (m/h)
First Uranine AD207 N/A
Second Rhodamine WT AD210 AD207 85 0.40 0.31
Third Uranine AD202 AD207 520 0.62 0.14

Sampling Stations: AD201, AD202, AD203, AD204, AD216, AD206, AD207, SA14, SA16, SA9, SAM23, AD210, SA7, SA4, SAM24, AD209, AD208, SA11, SAM21, SAM22, Abolabbas
River (see Fig.2), Qale-Tol wells and Chidan springs (see Fig.1a).

is expected that the boreholes near the AR are under the influence of the mound. The sources of water of the DMA are
seepage from the AR and precipitation recharge. The mixing of the AR with Eastern Malagha sub-aquifer water is a
very complex process in a heterogeneous karst system. The boreholes of the DMA are classified into the two groups of
A and B based on the share of the AR seepage (Fig. 3). Group A consists of boreholes AD201, AD202, AD203 AD207,
SA14, SA16, SA9, SAM23, AD204, AD216, and AD206 while the boreholes of Group B are AD210, SA4, SAM24, and
SA7 (Fig. 3). The water source of the boreholes of Group A is mainly recharge from precipitation, but the boreholes of
Group B are dominantly under the direct influence of river seepage due to the following reasons:

1. The boreholes of Group B have shorter distances to the AR than the boreholes of Group A (Fig. 2).

2. The water table levels in Group B are always slightly higher than those of Group A (Fig. 9).

3. Similar to the AR, the ratio of SO,/Cl in all water samples of Group B is more than 1, whereas, in Group A, itis

less than or near 1 (Fig. 7).
4. The 0'®0 and 6?H compositions of the AR with a higher elevation than the Malagha Aquifer and Group B bore-
holes have the same range on the 680 and 62H diagram (Fig. 8), while they are enriched in Group A.

Group B boreholes are mainly located in the AR mound area. The mound is formed because the vertical flow of the
AR seepage requires an extra head. Because of this, the water table levels of Group B boreholes cannot be used to
determine the general flow direction of the DMA. The water table levels of Group A boreholes in the DMA are undulated
without any trend to determine the flow direction. The extensive fracture zones caused a large cross-sectional area of
flow, resulting in a low hydraulic gradient in the DMA. The uniform distribution and almost flat water-level topography in
the DMA (Fig. 10a and 10b) indicate that the DMA has a behavior similar to those of the aquifers with more homoge-
nous media (Bonacci, 1995; Bonacci and Roje-Bonacci, 2000; Kresic, 2010).

In all three dye tracer tests, the dye was not detected in the AR because the water levels in all of the sampling points
were less than those of the river bed. The dye was not detected in any of the sampling points in the first tracer test
(Majd, 2011). The reasons were the lack of any boreholes in the As1 Unit, and the time of injection being during the dry
season (August 23, 2010) and a dry year. The closest boreholes (AD203) were located in the As3 Unit with a straight-
line distance of more than 500 m from the injection borehole (AD207) which is located in the As1 Unit. This may indicate
that there is no flow through the As3 Unit towards the AD203 Borehole and the dye probably flows only in the As1 Unit.
The dye probably diluted and was absorbed by the rock matrix due to the long residence time of a laminar flow and fine
materials of the crushed zones (Adinehvand, 2017). In the third tracer test, the dye may have flowed in the direction of
the bedding planes slope through the As3, As2, and As1 Units and was detected in Borehole AD207 (Fig. 3). The dye
was not expected to flow through the As2 Unit because it was composed of 21 m of marly limestone to marlstone, but
this unit is permeable and does not act as an impermeable layer due to extensive fracturing. The dye has most probably
been diluted and absorbed by fine crushed-materials in the media, similar to the first tracer test. It was expected that
the dye in the third tracer test would flow parallel to the bedding plane strike in the As3 Unit and would be detected in
borehole SA16, 600 m away from the injection borehole. The lack of dye detection in this borehole implies that there
is no conduit flow in this direction.

The significant lower concentration of the major ions and EC in both of SAM21 and SAM22 boreholes than those
of all the other boreholes and AR as well as the SO,/Cl ratio which is less than 1 indicate that the source of the water
is not the AR. The chemical characteristics of the water samples in SAM21 and SAM22 indicate that the source of
water is probably local precipitation near the boreholes without a significant modification by water-rock interaction
(Adinehvand, 2017). The unpredicted behavior of these two boreholes in such a complex tectonic setting merits further
research. Despite their long distances from the AR, the main water source of the Boreholes SA11, AD208, and AD209
is probably the AR because: a) similar to the AR, the SO,/Cl ratio is greater than 1; b) the exposed area of the LRA is
limited; c) the Robat Anticline is covered by the impermeable Gachsaran Formation, and therefore, there is no recharge
from precipitation, and; d) there is no flow from the DMA due to the Qale-Tol impermeable fault core and the DMA has
a lower water table level.
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Conceptual model and general flow direction

A conceptual model is proposed for the general flow direction and karst development of the DMA.

In a karst aquifer, groundwater in the intergranular pores in the rock matrix, fissures, fractures, and bedding planes
flows towards the solutionally-connected conduits. The extensive fracture zones, continuous high permeabilities in the
boreholes, flat and irregular water table, and laminar flow regime by two tracer tests imply no major conduit develop-
ment and the karst water most probably flows in a network of solutionally-connected fractures. As mentioned earlier,
extensive fracture zones were observed in the boreholes (Fig. 4) and several boreholes have a continuous permeability,
up to 140 m length and 100 Iu' (Fig. 4). There was no cavity in the high permeability sections of the boreholes (Adineh-
vand, 2017). The permeability of 100 lu in the boreholes with no cavity which have continuous lengths of 40 m to 140 m,
indicating a distributed flow in the fracture zones. The extensive fracture zones with high permeabilities and no cavity
reveal that no conduit has been developed to concentrate the karst water. In all the borehole logs no cavity, indicating
the presence of conduits, was found, (Adinehvand, 2017). The water levels are irregular, which is expected in a karst
aquifer. However, the differences between the DMA water levels are very low (Fig. 10a and Fig. 10b), and without any
preferential direction toward channels or conduits. The almost flat, irregular, and uneven water table of the DMA implies
a lack of large conduits to drain the karst water. The main reason is most probably the existence of extensive fracture
networks in the DMA which make impermeable marly layers (AS2) more permeable, allow a cross-unit flow, and cause
a flat water level by creating a large area of groundwater movement through joints and fractures. The extensive frac-
ture and joints have caused the As2 Unit with a 21 m impermeable marly layer to lose its barrier role making this unit
probably permeable because a) there were several boreholes intersecting the As2 Unit above the water table but there
was no perched water table; b) dye moved from As3 Unit and then passed through As2 Unit in the form of a cross-unit
flow and appeared in the As1 Unit (AD207 Borehole) in the third tracer test, and c¢) none of the boreholes showed a low
permeability in the As2 Unit representing an impermeable marly layer. The existence of extensive fracture zones makes
the media more permeable and creates more pathways for water movement. It causes the water to flow mainly through
numerous fractures, preventing channelization of the water and formation of main karstic conduits. It seems that the flow
is similar to those of alluvial aquifers but the water mainly flows through numerous solutional fractures instead of inter-
granular pores. The flow
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" Editor’s note: lu = Lugeon; 1 Lugeon Value (lu) = 1 Lmin* per meter of test interval under a reference pressure of 1 MPa.
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water table. The flow direction
is not toward the east because the contact elevations of the Malagha Aquifer with the Pabdeh-Gurpi and Gachsaran
Formations are higher than the DMA water table and no springs emerge from the contact. Therefore, the karst water
flow path is only toward the west, which is discharged by several exploitation wells in the Qale-Tol alluvial aquifer (Fig.
11a). In addition, the water levels of the DMA are about 110 m higher than those of the Qale-Tol Aquifer (Adinehvand,
2017), providing enough energy for groundwater movement. In spite of the general flow direction parallel to the Malagha
Anticline axis, the karst water flow path may be locally controlled by the karst media heterogeneity of fracture networks
(Fig. 4) and the river mound. Heterogeneities within the aquifer media may be evident in the form of different fracture
intensities and permeabilities (Fig. 4). In such conditions, the flow direction may locally affect water flows towards
nearby fractures with larger widths or areas with higher permeabilities and lead the water to flows in multiple directions
(Fig. 11c). These factors are prominent, especially in an aquifer with a flat water table and low hydraulic gradient. The
flow in the third tracer test is toward the contact of the Pabdeh-Gurpi Formations with low velocity, instead of towards
the Malagha Gorge. The main reason is the greater thickness of the river mound below the AR than the thickness of
the river mound below the impermeable Pabdeh-Gurpi Formations with further distances from the river. The existence
of the mound under the AR may cause water to move towards parts of the DMA below the Pabdeh-Gurpi Formations
which have a negligible mound.
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Conclusions

This study integrated various and extensive data such as water table levels, hydrochemistry, stable isotopes, dye
tracings, borehole logs (permeability and fracture zones), and geological settings to characterize a tectonized high-
land karst aquifer. The studied karst aquifer is located in the southern limb of the tectonized Malagha Anticline at the
High Zagros Zone, bounded by the Malagha and Qale-Tol thrust faults. The impact of these two faults, the river crossing
the aquifer, the mound below the river, and a flat water table have all resulted in a complex karst aquifer. The extensive
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hydrological data collected for the construction of the Abolabbas Dam have provided a good basis to study the karst
aquifer. The water balance of the Malagha Aquifer indicates that there was no inflow or outflow from the adjacent aqui-
fers. The sources of the Malagha Aquifer water were recharge from precipitation and/or seepage from the Abolabbas
River. The footprints of the river water, precipitation recharge, and the mix of these two sources were determined using
hydrochemistry, stable isotopes (5'®0 and &2H), and the water table levels in the boreholes.

The faults have two distinct hydrogeological impacts on the studied karst aquifer. On the one hand, Qale-Tol fault
core acts as a barrier. The water table level differences on both sides of the Qale-Tol fault core and the exposed breccia
confirm the barrier behavior of the fault core. On the other hand, the extensive fracture zones caused marly layers of the
As2 Unit to lose their impermeability role, allowing a cross-unit flow. The existence of fracture zones resulted in more
homogeneous media with relatively uniform water levels by increasing the groundwater flow cross-sectional area which
are where two independent aquifers have been formed in the upstream and downstream of the fault core, respectively.
The LRA is a small aquifer close to the Qale-Tol fault core probably with no hydraulic connection to the DMA. The DMA
is located in a damage zone with extensive fractures crushed zones and minor faults. The two tracer tests indicated the
velocities that are in the range of the laminar flow regime, and hence, a lack of main conduits. The water table levels of
the DMA were almost flat and irregular, indicating that the karst water flows through extensive fractures which increases
the total cross-sectional area of the flow and consequently reduces the velocity and hydraulic gradient. The extensive
fracture zones, continuous high permeabilities, flat and irregular water table, and laminar flow regime by tracer tests
suggested that there was no major conduit development and the karst water most probably flows through a network
of solutionally-connected fractures. It seems that the karst water is distributed within extensive solutional fracture net-
works, similar to groundwater flow in inter-granular pores of alluvial aquifers.

The general flow direction of the DMA is parallel to the Qale-Tol thrust fault strike, towards the surrounding alluvial
aquifer. However, the local heterogeneities such as fractures with larger apertures, a mound below the river, or a bed-
ding plane dip may locally control the flow direction. Two boreholes in the vicinity of the Abolabbas River had water
tables higher than the main aquifer and their electrical conductivities were significantly less than those of the Abolab-
bas River and the DMA, implying that the hydrological behavior near the fault core was complex due to the numerous
hydrological and structural processes occurring around the fault core. Most of the research carried out on tectonized
highland aquifers have focused either on the fault zones from a structural geological point of view, or on water table dif-
ferences on both sides of the fault core. Research on the hydrogeology of damage zones, especially on karst aquifers
under the impact of thrust faults, is limited due to the lack of borehole or exploitation well data from such elevated and
rough topographies. The proposed approach can also be useful in other tectonically active regions with scarce data to
characterize complex and tectonized karst systems.
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