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A B S T R A C T

Andarokh-Kardeh region is located northeast of Iran and provides notable part of potable water of Mashhad, the
second most populated city of Iran with over 3 million inhabitants. Stable isotopes (18O, 2H and 13C), hydro-
dynamic, and hydrochemical indicators have been applied to evaluate water resources quality comprehensively
and to present a hydrogeological conceptual model for the Andarokh-Kardeh region. Hydrochemical studies
indicate that chemical rock weathering and ion exchange are the main factors controlling the quality of water in
the region, while atmospheric (precipitation) as well as anthropogenic sources have no notable effect. Stable
isotopes (18O and 2H) studies in surface and groundwater samples demonstrate enriched values in Kardeh Dam
Reservoir (KDR) due to evaporation and also demonstrate that the interaction between KDR and downstream
groundwater resources is negligible. The δ13C isotope and DIC and DOC concentrations indicate role of carbo-
nate mineral dissolution from Mozdooran Formation, atmospheric and soil CO2 and also the domination of C3
vegetation coverage in the study region. The developed conceptual model for Andarokh-Kardeh demonstrates
different hydrogeological conditions during wet and dry periods, and highlights the main process which affect
hydrogeology of the region. Water quality studies and the developed conceptual model demonstrate the main
factors controlling water quality and the main hydrogeological characteristic of Andarokh-Kardeh region which
can be used by water resources scientists for the future water management programmes.

1. Introduction

In recent decades, the world has been faced with a serious challenge
in providing water resources for the growing population (Dai et al.,
2004). As the quality and quantity of available water resources have
been reducing globally due to population growth, anthropogenic pol-
lution, and recent droughts attributed to global warming, very accurate
observation and water management programs need to be developed for
available water resources to avoid future environmental catastrophes
(Sayari et al., 2012; Heydarizad et al., 2018). Iran is located in an arid
and semi-arid region with the per capita freshwater availability of
around 2000m3 per year in the year 2000 (Abbaspour et al., 2009) and
has faced a severe water shortage crisis during recent decades. Like
other parts of the Middle East, groundwater resources play a crucial
role in providing water supply for urban and rural areas in Iran. Karst
water resources have dominant role in providing potable and agri-
cultural water needs of Iran population mainly in Zagros region in the
west and north-west of Iran (Heydarizad, 2011). Hydrochemical and
stable isotope methods can be applied as powerful tools for determining

recharge zones, groundwater evaluation, and also delineation of the
flow paths. The recharge zones and hydrochemical evaluations of
groundwater systems have been determined in numerous studies in Iran
(Karimi et al., 2005; Mohammadi et al., 2007; Rezaei et al., 2013; Osati
et al., 2014) and elsewhere (Guggenmos et al., 2011; Martinez et al.,
2015; Xu et al., 2018). Surface water/groundwater interaction studies
are an important and also extremely complicated part of karst studies
requiring adequate information regarding the hydrogeology of the
study region. Numerous studies have also been conducted to determine
surface-groundwater interaction based on hydrodynamic, hydro-
chemical, dye tracing, and stable isotopes techniques (Fleckenstein
et al., 2010; Guggenmos et al., 2011; Unland et al., 2013; Martinez
et al., 2015; Shamsuddin et al., 2016; Li et al., 2017).

The Andarokh-Kardeh region is located in one of the most important
karstic basins (Kardeh Basin) in Khorasan Razavi province in the
northeast of Iran. Kardeh Basin is drained by Kardeh River (KR) on
which Kardeh Dam Reservoir (KDR) has been constructed. KDR and
karstic and alluvial aquifers located on this basin provide a significant
part of potable water for Mashhad city (with more than 3 million
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inhabitants). Kardeh Dam has had many technical problems due to
water leakage from the beginning of its impoundment. Kardeh main
thrust fault (Ktf) which passes in the vicinity of the dam body
strengthens the assumption that dam reservoir water leaks to the
downstream karstic aquifer. The aims of this paper are to reach a deep
understanding of the hydrochemistry of water resources in the
Andarokh-Kardeh region which provide notable part of Mashhad me-
tropolitan water needs and investigate the possible interaction between
KDR and downstream groundwater resources using hydrochemical,
hydrodynamic and stable isotopes (18O, 2H, and 13C DIC and DOC) tools.
Finally, a conceptual model is presented for water circulation pattern in
both the wet and dry periods. This study has great importance as there
has been no comprehensive hydrochemical studies in this region before.
Studying water quality and presenting the conceptual model is highly
important for water resources scientists in Iran to present water man-
agement programmes and models for this region in the future.

2. Geological setting and hydrogeology of Andarokh-Kardeh
region

Iran is located in a very tectonically active region in the Alpine-
Himalayan orogenic belt which extends from the Atlantic Ocean in the
west to the western Pacific Ocean in the east and is considered to be
part of the great ancient Tethys Sea which existed between “Eurasian
and Gondwana” during Paleozoic to Mesozoic. Northern Iran is con-
sidered as the land covering the northern part of Paleo-Tethys con-
sisting of the two main parts of Kopeh-Dagh and the southern Caspian
region. The Andarokh-Kardeh region is located in the Kopeh-Dagh zone.
The Kopeh-Dagh sedimentary-structural zone extends from the eastern
Caspian region to the northern Afghanistan and is surrounded by
Eshgabad fault in the Touran plate in the north and Paleo-Tethys plate
in the south (Aghanabati, 2004).

Andarokh-Kardeh region is located 40 km north of Mashhad (Fig. 1)
with elevations ranging from 1150 to 1470 m.a.s.l (meters above sea
level). The climate of this region is continental and most of the annual
rainfall events occur from early November to May with an average
annual rainfall of 250 mm (Najmeddin et al., 2018) and a potential
evaporation of 1835 mm per year. The precipitation data used in this
study was provided from Kardeh meteorological station located in the
vicinity of KDR, 5 km upstream of Andarokh spring. The hydrological
year in this region begins in September, the wet season lasts from No-
vember to April, and the dry season extends from May to September. In
the Andarokh-Kardeh region, the exposed geological formations in
descending order of age (Fig. 1.b) are Mozdooran (middle to late Jur-
assic), Ngr Formation (early Neogen), and recent Quaternary alluvium
(Aghanabati, 2004). Mozdooran Formation consists of three units “Jmz1,
Jmz2, and Jmz3” and contains limestone as well as limestone with shale
and gypsum interbeds. Ngr Formation mainly contains marl, marly
sandstone, and gypsum evaporative minerals and also contains para-
genetic assemblages including halite, gypsum, anhydrite, sylvite, and
langbeinite. Quaternary alluvium contains conglomerate, sandy con-
glomerate, and sandstone and covers the south and southwestern parts
of the region. Kardeh thrust fault (Ktf) with a northwestern and
southeastern direction demonstrates a tectonically active region. Ktf
passing the eastern embankment of KDR may cause leakage to the
downstream karstic aquifer. The karstic aquifer in the region has also
been separated into two distinct aquifers by the action of Ktf which has
uplifted the impermeable Chamanbid Formation mainly consists of
shale, marl and limestone with middle to late Jurassic age (Aghanabati,
2004) (which has no outcrops in the region).

Andarokh karstic spring (SP1) is the most important karstic spring in
Andarokh-Kardeh region and is located in the downstream of KDR
(Fig. 1.b), in the main karstic aquifer, in the vicinity of two karstic deep
wells (DW1 and DW2). The geological studies by Khorasan Razavi regional
water authority show that the Andarokh-Kardeh region is a heterogeneous
and very complicated area in terms of structure and functioning. The

karstification in this region is low to moderate, ranging from moderate
karstified in Jmz2 member of Mozdooran Formation to low karstified in
Jmz3 and Jmz1 members of Mozdooran Formation (Heydarizad, 2011).

Based on the geological setting, the structural geology, and the
available groundwater hydrochemical data, the groundwater system in
this region can be classified into two subsystems: 1) The karstic
groundwater subsystem located in Mozdooran carbonate Formation,
which covers most parts of the study area and is recharged mainly from
precipitation and probably from KDR. The main karstic aquifer in the
Andarokh-Kardeh region is located in Jmz2 member of Mozdooran
Formation and is separated by Ktf into two karstic aquifers in the up-
stream and downstream of KDR. The bottom part of the aquifer is
limited to the Chamanbid Formation and Jmz1 member of Mozdooran
Formation limits the top part of the aquifer in the downstream of KDR
while Ngr Formation limits the top part of the aquifer in the upstream
of KDR. 2) The non-karstic groundwater subsystem located in the Ngr
Formation covers a large part of the study area in the upstream and
downstream of KDR and is recharged partially from precipitation and
partially from KR. The main non-karstic aquifer is located in the up-
stream of KDR and the smaller aquifer is located in the downstream of
KDR and is mostly covered by Quaternary alluvium. Due to the very
limited hydrodynamic capacity of Quaternary alluvium, there is no
water extraction from this alluvium in the study region.

3. Materials and methods

To study the hydrochemistry of groundwater and surface water
resources, 77 samples were collected for geochemical analyses, 68
samples were gathered for stable isotopes (18O and 2H), and 19 samples
were acquired for DIC, DOC, 13C-DIC, and 13C-DOC from March to June
2011 and during June 2012. Sampling locations from surface water
(KDR and KR), karstic groundwater resources (KGW) including SP1,
DW1, DW2, SP3, and SP4), and non-karstic groundwater resources
(NKGW) including SW1, SW2, Q, and SP2 have been illustrated in
Fig. 1. In addition in July 2011, Authors took some samples for stable
isotopes (18O, 2H, 13C DIC and 13C DOC) analyses in point near the
Kardeh dam outlet using a 20cm-high, 2 litter Ruttner bottle, with a 5 m
sampling step in depth profile. Hydrochemical samplings were done in
1 l acid-cleaned polyethylene bottles. Stable isotopes (18O and 2H) were
sampled in 25 ml plastic bottles and DIC, DOC, and 13C isotopes were
sampled in 40 ml amber glass EPA vials. All samples were filtered using
0.45-micron filters. Before sampling, all the wells were pumped for a
sufficient period of time to ensure that all stagnant water in the casing
and pumping system was completely removed and substituted with
fresh water. Immediately after sampling, field parameters including pH,
temperature (T), and electrical conductivity (EC) were measured using
a Multi-parameter meter (pH/conductivity/DO), handheld instrument,
Model MU 6100 H in the field. The pH and EC meters were calibrated
before each field trip. The samples collected for hydrochemical analyses
were transferred within a few hours to the physic-chemical laboratory
of water and waste water authority in Mashhad, Iran, for cation and
anion analyses. The concentrations of Ca2+ and Mg2+ were determined
by titration using standard EDTA, while other cations were measured
using BWB XP Flame Photo Meter. Among anions, hydrogen carbonate
(CO3

2−) and (HCO3
−) concentrations were measured by the Alkalinity

values obtained by titration with HCl, sulfate (SO4
2−) was also mea-

sured by spectrophotometric turbidimetry, and nitrate (NO3
−) was

measured by an 801 Stirrer Nitrate Analyzer tool. Samples were ana-
lyzed for stable isotopes compositions (18O, 2H and 13C) using Delta
plus XP isotope ratio mass spectrometer (IRMS) (Thermo Finigan,
Germany) in G.G Hatch Stable Isotope Laboratory at Ottawa University
in Canada. The results of stable isotopes (18O, 2H, and 13C) were ex-
pressed relative to Vienna Standard Mean Ocean Water (VSMOW) with
the uncertainty of ±0.1‰ and ±1‰ for 18O and 2H, respectively, and
Vienna Pee Dee Belemnite (VPDB) with the uncertainty of ±0.2‰ for
13C. The saturation indices of calcite, dolomite, gypsum, and anhydrite
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Fig. 1. River sampling points in Kardeh basin (a), Geological map of Andarokh-Kardeh region (b), Sampling points in KDR (c), geological cross section over A–B
direction (d), and topographic map of Andarokh-Kardeh region.
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minerals and the CO2 pressure were calculated using PHREEQC model
with the main data base of “Phreeqc.dat” (Parkhurst and Appelo, 1999).
Hydrodynamic data have also been used from the archive of Khorasan
Razavi water authority.

4. Results and discussion

The measured field parameters, ion concentrations, and saturation
indices (SIs) of the water resources in the study region have been pre-
sented in supplementary Table 1. In addition, the variations of field
parameters, anions and cations concentrations and also SIs of the main
carbonate and evaporative minerals in water resources were shown by
box plot (Fig. 2).

As the hydrodynamic regime, hydrochemical and stable isotope
characteristics of water resources in the study region can be influenced
by the sampling season, the graphs were classified to wet and dry
periods. Plotting data on Piper diagram (Fig. 3) and stiff diagram
(Fig. 4) demonstrate that Alkaline earths (Ca2++Mg2+) exceed alkalies
(Na++K+) and weak anion (CO3

2−+HCO3
−) exceed strong anion

(SO4
2−+Cl−) in water resources. KDR samples mainly demonstrate

Ca–HCO3, Mg–HCO3, and Mg–SO4 types, the latter observed only
during dry period. Most of the karstic and non-karstic samples in the
upstream of KDR (SP2, SP3 and SP4 sources) have dominant Ca–HCO3

and Mg–HCO3 water types. On the other hand, karstic groundwater
samples in the downstream of KDR (DW1, DW2 and SP1 sources) plot in
a small area with dominant Ca, Mg–HCO3 water type. Cation con-
centrations shift from Ca to Mg in these samples during dry periods.
Samples of non-karstic source in the downstream of KDR (SW2) plot
separately from other resources in the wet period, but in the dry period,
they surprisingly plot near karstic groundwater resources with
Mg−HCO3 water type. It may be due to the mixing of SW2 water with

underlying karstic resources (Fig. 3). On the other hand, Stiff diagram
shows the differences of the main anions and cations change in the
water resources in dry and wet periods.

4.1. Main ionic sources in the water resources of the study region

The hydrochemistry of water resources is mainly controlled by ion
inputs via precipitation (atmospheric depositions), anthropogenic
sources (industrial and domestic sewages and agricultural fertilizers),
chemical weathering of geological formations and physical reaction,
such as ion-exchange (Heydarizad, 2018). Ions demonstrate very low
concentrations in the precipitation samples of Andarokh-Kardeh region
confirming their negligible role in water resources chemistry. Re-
garding anthropogenic pollution, among the different water resources,
SW2 and Q samples have the highest NO3

− concentrations (about 0.53
meq/l), but they are also lower than the limit concentrations (0.81
meq/l) of World Health Organization (WHO) protocols (WHO, 2011).
Thus, rock weathering (Fig. 5) and the ion exchange (Fig. 6) is the main
ion source for water resources in the study region according to Gibbs’
model (Gibbs, 1970). In Gibbs’ model (Fig. 5), most of the water sam-
ples plot in rock dominance field which confirm the importance of
chemical weathering and mineral dissolution in water resources.

To study ion exchange in water samples, Ca2++Mg2+-Alk-SO4
2− vs

Na++K+-Cl− scatter plot (Fig. 6a & b) has been used. Some of the
surface and groundwater samples in both the wet and dry periods
scatter on the right-bottom section of the plot space which shows the
release of Na+ and K+ and sorption of Ca2+ and +Mg2+ in water
samples. The ion exchange in the study area may happen due to ex-
istence of Na containing minerals such as Halite (NaCl) and Albite
(NaAlSi3O8) in Ngr Formation or clay minerals which exists in thin
marl layer in Jmz1 member of Mozdooran carbonate Formation.

Fig. 2. Field parameters, cation and anion concentrations, and SIs of carbonate and evaporative minerals in Andarokh-Kardeh region.
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Fig. 3. Surface water and groundwater samples plot on Piper diagram in the dry and wet periods.

Fig. 4. Stiff diagrams of the water resources samples in the wet and dry periods.
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4.2. Major ions molar relationship in water resources

Major anions and cations in water resources are originated from
various sources. Ca2+ and Mg2+ are the main cations which originate

dominantly from carbonate minerals (calcite, aragonite and dolomite)
dissolution from karstic Mozdooran Formation and also from anhydrite
and gypsum (evaporative minerals) dissolution from non-karstic Ngr
Formation which have large outcrop in the study region (Fig. 1).

Fig. 5. Gibbs’ model plots for the wet and dry periods based on major cations (a and c) and anions (b and d) (Gibbs, 1970).

Fig. 6. Ion exchange of water resources in the wet (a) and dry (b) periods via Ca2++Mg2+-Alk-SO4
2− vs Na++K+-Cl− binary diagram.
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HCO3
− and SO4

2− are the main anions which originate from carbonate
(calcite and dolomite) and evaporative mineral dissolution, respec-
tively. Fig. 7 (a and b) demonstrates the rNa/Cl relationships with 1:1
stoichiometric line depicting halite dissolution reaction. Naturally, Cl−

comes from the dissolution of evaporative minerals (halite and sylvite),
while Na+ is mainly derived from the dissolution of halite, Na-con-
taining silicates (from Ngr Formation), and ion exchange. On the Na+

vs Cl− diagram (Fig. 7a and b), almost all groundwater samples and
most surface water samples show an excess of Na+, and plot over rNa/
Cl 1:1 ratio line in both the wet and dry periods which maybe be due to
the dissolution of Na-containing silicate minerals (from Ngr Formation)
or cation exchange.

Studying the saturation indices (SIs) of carbonate (calcite, dolomite
and aragonite) and evaporative minerals (gypsum and anhydrite) shows
that most of the water samples are saturated and oversaturated with
respect to carbonate mineral and undersaturated with respect to eva-
porative minerals. The supersaturation with respect to carbonate mi-
nerals is mainly observed in the karstic groundwater samples (supple-
mentary Table 1).

4.3. Stable isotopes (18O, 2H and 13C) characteristics of water resources

Stable isotopes (δ18O and δ2H) contents of groundwater and surface
water resources have been tabulated in supplementary Table 2.
Furthermore, the variations of δ18O, δ2H and d-excess in water re-
sources have been shown in box plots (Fig. 8).

4.3.1. 18O and 2H in surface water and groundwater resources in the study
region

Stable isotope technique can be used as reliable and precious
method to determine groundwater origin and study groundwater evo-
lution beside hydrochemical, hydrodynamic and statistical methods
(Nayak et al., 2017; Cerar et al., 2018; Eastoe and Towne, 2018;
Pavlovskii et al., 2018; Xu et al., 2018; Zhao et al., 2018). To study
stable isotope content, the water samples plot on δ18O vs. δ2H diagram
together with the Mashhad basin Meteoric Water Line MMWL;
δ2H=7.17 δ18O+11.22‰ (Mohammadzadeh and Heydarizad, 2019)
and Global Meteoric Water Line (GMWL, δ2H=8 δ18O+10‰; Craig,
1961). MMWL (Mohammadzadeh and Heydarizad, 2019) was devel-
oped by 90 precipitation samples collected during 2008–2009 at 9
stations in Mashhad basin.

Among the surface water resources, The KR samples show depleted
δ18O and δ2H values (−54.35‰ and −8.6‰) and high d-excess values
(14.51‰). KR samples plot on or near MMWL and GMWL in both the
wet and dry periods (Fig. 9a and b). However, KDR samples show more
enriched values (−44.54‰ and −6.55‰ for δ2H and δ18O) and lower
d-excess 7.87‰ compared to KR due to an evaporation from KDR
(Fig. 9c to d).

A wide range of isotopic compositions is observed in groundwater
samples (−47.1 to −62.5‰ and −6.8 to −8.8‰ for δ2H and δ18O,
and 2.1–16.9‰ for d-excess respectively) demonstrate large variations
in the catchment area elevation of groundwater resources. Most of the
groundwater samples demonstrate depleted isotope values due to re-
charge from higher elevation precipitation rather than local

Fig. 7. Na+vs Cl− ions in groundwater (KGW and NKGW) and surface water (KDR) samples.

Fig. 8. δ 18O, δ 2H and d-excess variations in groundwater and surface water samples.
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precipitation events (δ2H and δ18O −6.2‰ and −32.3‰ and d-excess
17.4‰). Among the groundwater resources, non-karstic SW2 samples
(sampled from shallow depth well SW2 in Ngr Formation downstream
KDR) show more enriched isotope values in wet period that would be
due to recharge from low elevation local precipitations which faces
higher evaporation during infiltration process through low permeability
Ngr Formation. SW2 sample also deviates from other groundwater
samples during the wet period which confirms evaporation in this re-
source during infiltration process (Fig. 9a). SW2 samples downstream
KDR show more depleted isotope values in dry period and plot among
karstic groundwater samples (Fig. 9.b). During dry period, due to huge
water extraction from considerable number of shallow wells such as
SW2 in Ngr Formation to provide water needs of farmlands downstream
KDR, recharge of water from the underlying karstic aquifer to Ngr
Formation is possible. The water storage capacity of Ngr Formation
aquifer is not large enough to support such extreme water extraction in
dry period, thus considerable portion of the extracted water from Ngr

Formation is provided by underline karstic aquifer.
The interaction between KDR and downstream karstic aquifer is one

of the main parameters which affect the hydrogeology of the study
region. To clarify the possible interaction between KDR and its down-
stream karstic aquifer, the water budget in KDR was calculated based
on precipitation (P), evaporation (E), outlet runoff (OR), inlet runoff
(IR), reservoir storage (S), and groundwater flow (G) which consists of
groundwater inflow (IG) and groundwater outflow (OG) (Eq. 1).

= + ±S P E OR IR G (1)

To calculate the total evaporation and precipitation over KDR, the
cumulative amount of precipitation and evaporation, respectively were
multiplied by the surface area of KDR (approximately 87.8 × 104 m2).
The data of daily precipitation and evaporation were gathered from
Kardeh dam meteorological station located 2 km south-east of KDR and
the data of daily KR was obtained from Mashhad Water Authority ar-
chive. The daily KDR storage (S) and outlet runoff (OR) data were
provided by Iran’s large dams website (Pourmoghim, 2018).

Fig. 9. Groundwater and surface water samples plot on δ2H vs δ18O (a and b), and d-excess vs δ18O (c and d) diagrams in the wet and dry periods, respectively.

Table 1
Water budget parameters for KDR in Andarokh-Kardeh region from December 2010 to August 2011.

Month Surface
area (m2)

Water
level (m)

Precipitation
(mm)

Evaporation
(mm)

Precipitation
(MCM3)*

Evaporation
(MCM3)

IR (MCM3) OR (MCM3) ±G( )
(MCM3)

ΔS (MCM3) Air-
Temp* °C

Dec 88 × 104 25.0 0 52 0 4.56 × 10−4 0.60 0.51 0.07 0.16 6.3
Jan 89 × 104 26.1 10 15 8.78 × 10−4 1.31 × 10−4 0.58 0.59 −0.05 −0.06 3.6
Feb 89 × 104 26.2 37 35 3.29 × 10−4 3.0 × 10−4 0.58 0.49 −0.09 −0.01 2.5
Mar 89 × 104 26.6 14 52 1.22 × 10−4 4.56 × 10−4 0.53 0.35 −0.07 0.11 1.1
Apr 90 × 104 27.1 24 86 2.1 × 10−4 7.54 × 10−4 0.68 0.64 0.15 0.19 8.7
May 87 × 104 24.3 17.5 141 1.53 × 10−4 12.3 × 10−4 0.41 0.95 0.07 −0.47 17.3
Jun 85 × 104 22.1 6.9 220 6.06 × 10−4 19.3 × 10−4 0.16 1.05 0.14 −0.75 23.5
Jul 84 × 104 21.6 0 355 0 31.1 × 10−4 0.17 1.11 −0.09 −1.04 29.1
Aug 83 × 104 19.8 0 383 0 33.6 × 10−4 0.07 0.77 −0.15 −0.86 27.9

(MCM3)* Stands for Million Cubic Meter.
Temp* Stands for Temperature.
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Groundwater Inflow – Groundwater Outflow ±G( ) has been calculated
by solving Eq. (1). Obtained ± G values demonstrate that there is no
notable interaction between KDR and downstream groundwater re-
sources in both the dry and wet periods, as no correlation exists be-
tween ± G and ΔS values in all the studied months and the amount of
±G was so low (Table 1). The presented ΔS values have the uncertainty
of 0.1 MCM in daily data of KDR storage.

Time series of daily KDR storage, precipitation amounts, and
Andarokh karstic spring (SP1) discharge from December 2010 to
August 2011 were also illustrated in Fig.10.

During the wet period from December 2010 to April 2011 with
higher precipitation amounts, Andarokh spring discharge was higher.
However, during the dry period from May to August 2011, when the
precipitation amount decreased, the KDR storage also decreased due to
the lack of precipitation in the region and water delivery to downstream
farmlands for agricultural purposes. Andarokh karstic spring discharge
also decreased dominantly during dry period. The depleted δ 18O and δ
2H isotope values observed in Andarokh spring with no dominant
variations in both the dry and wet periods and its comparison with
more enriched isotope values of KDR demonstrate no likely interaction

Fig. 10. Time series of daily Andarokh spring discharge, precipitation amounts, and KDR storage between January to August 2011. δ18O and δ2H values in Andarokh
karstic spring and KDR have also been presented.

Table 2
δ13C isotope content and DIC and DOC concentrations in groundwater and surface water samples.

ID Date DIC DOC

mmol/l δ13C(‰ VPDB) mmol/l δ13C (‰ VPDB)

Groundwater
SP1 19-Jun-12 4.754 −7.6 0.02498 −28.6
SP2 15-Jun-12 3.955 −8.2 0.04163 −29.0
SP4 15-Jun-12 3.938 −8.4 0.02498 −29.2
DW1 19-Jun-12 4.346 −7.0 0.02498 −29.1
DW2 19-Jun-12 3.988 −5.4 0.01665 −28.2
SW2 15-Jun-12 7.793 −11.5 0.04995 −34.7
Q 15-Jun-12 7.701 −10.3 0.06661 −34.7
Average 5.57 −8.8 0.04163 −30.2
SEa 0.57 0.66 0.0058 0.94

Surface water
KR1 15-Jun-12 4.454 −7.1 0.06661 −28.4
KR2 15-Jun-12 5.079 −8.7 0.05828 −28.4
KDR1-Sb 13-Jun-11 3.813 −6.1 0.23310 −32.4
KDR1−5 m depth 13-Jun-11 4.779 −7.6 0.24140 −32.1
KDR1−10 m depth 13-Jun-11 5.120 −8.9 0.22480 −32.2
KDR1−15 m depth 13-Jun-11 5.320 −9.7 0.20810 −32.1
KDR1−20 m depth 13-Jun-11 5.420 −10.2 0.21650 −32.3
KDR5c 15-Jun-12 4.404 −5.8 0.23310 −33.8
KDR3 15-Jun-12 3.797 −5.3 0.14150 −29.4
KDR4d 15-Jun-12 4.463 −6.1 0.21650 −33.2
KDR2 15-Jun-12 4.496 −6.0 0.23310 −33.4
Average 4.646 −7.4 0.18320 −31.6
SE 0.15 0.47 0.186 0.536

a Stands for Std.error of Mean.
b S stands for surface.
c KDR5 west banks of KDR.
d KDR4 east bank of KDR.
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between KDR and downstream aquifer, but it needs further discussion.

4.3.2. 13C (DIC and DOC) and DIC and DOC concentration of water
resources

13C isotope has wide applications in environmental studies and
easily exchanges in the biosphere, hydrosphere, atmosphere, and
pedosphere (Clark and Fritz, 1997; Telmer and Veizer, 1999). The re-
sults of δ13C measurements of groundwater and surface water in the
study area have been tabulated in Table 2. δ13C (DIC and DOC) isotopes
and DIC and DOC sampling were done only during the dry period due to
the occurrence of some technical problems during the sampling pro-
cedure in the wet period.

Both surface water and groundwater samples demonstrate moderate
to enriched δ13C-DIC and moderate to high DIC concentrations
(Fig. 11a). Enriched δ13C-DIC is due to the dissolution of Mozdooran
Formation (with enriched δ13C values of 9.2‰ to 27.7‰; Aghaei et al.,
2014). The considerable role of carbonate mineral dissolution in water
resources is observed when most water samples plot on a carbonate
weathering dominant zone in binary diagrams of δ13C-DIC vs. SIC
(Fig. 11b) and δ13C-DIC vs. PCO2 (Fig. 11c) using Telmer and Veizer’s
approach (1999). However, a few numbers of samples from Q and KDR
plot outside this zone which indicates both carbonate and silicate mi-
neral dissolution. In addition to carbonate mineral dissolution, some
samples mainly from KDR and non-karstic resources show higher DIC

Fig. 11. (a) δ13C-DIC vs. DIC, (b) δ13C-DIC vs. SIcalcite, and (c) δ13C-DIC vs. PCO2 in water resources in Andaokh-Kardeh region.
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and more depleted δ13C-DIC values. These water sources face isotope
exchange with depleted δ13C-DIC values of atmospheric and soil CO2

and also C3 plants and also receives DIC from these sources.
Depleted δ13C-DOC values observed in groundwater and surface

water samples are due to the domination of C3 vegetation in the study
area (δ13C-DOC values in C3 vegetation vary from −23‰ to −35‰;
Deines, 1980). Groundwater and KR samples demonstrate approxi-
mately the same δ13C-DOC and DOC values, while KDR samples de-
monstrate more depleted δ13C-DOC and much higher DOC values due
to the existence of more biological activities in dam reservoir. Stable
carbon isotope 13C and DIC and DOC concentration also demonstrate
that KDR samples show different values compare to groundwater and
KR samples.

4.4. Developing a schematic model of water circulation in the study region

According to hydrochemical, stable isotopes, and hydrodynamic

data, two basic schematic models for the wet and dry periods have been
developed for the study region. For the wet period (November to April)
when most precipitation events take place and low evaporation is
dominant in the region, the karstic system in the region is recharged by
precipitation and snow melt with depleted isotope values (δ18O and
δ2H) and low EC amounts. However, non-karstic resources in both the
downstream and upstream of KDR demonstrate higher EC amounts
since they are recharged mainly by Ngr Formation. No interaction was
observed between KDR and the downstream karstic aquifer during the
wet period (Fig. 12a).

During the dry period (May to October) when a considerable
amount of KDR storage is delivered to downstream farmlands for
agricultural purposes and the discharge of Andarokh karstic spring and
precipitation decrease simultaneously, the possibility of the interaction
between the downstream karstic aquifer and KDR increases. Studying
stable isotopes in Andarokh spring discharge demonstrates depleted
values similar to those of the wet period which have no deviation from

Fig. 12. The schematic of water resources circulation in the wet (a) and dry (b) periods in Andarokh-Kardeh region.
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KDR enriched isotope values. This confirms that the interaction be-
tween KDR and the downstream karstic aquifer is negligible. In the dry
period, non-karstic resources in the downstream of KDR show more
depleted isotope values and lower EC amounts compared to those of the
wet period. This is due to excessive water extractions for agricultural
purposes from the non-karstic aquifer (Ngr Formation) via numerous
shallow wells. This amount of water is higher than the low capacity of
the non-karstic aquifer located in Ngr and results in the extraction of
water from the karstic aquifer below the non-karstic aquifer. This is
why the non-karstic samples in the downstream of KDR have depleted
isotope values and low EC amounts during the dry period (Fig. 12b). On
the other hand, water extraction from the karstic aquifer via several
karstic outlets (DW 1, DW2, and SP1) and also from the above Ngr
Formation in the downstream of KDR causes a head loss in the karstic
aquifer and also a decrease in Andarokh karstic spring (SP1) discharge.
Finally, although geological evidences such as Kardeh trust fault and
karstic formations increase the possible interaction between surface and
groundwater resources, but according to available hydrodynamic, hy-
drochemical and stable isotope data in both groundwater and surface
water resources during wet and dry period, it seems there is no inter-
action exists between surface (KDR) and groundwater resources.
However, it needs more research to definitely rule out the interaction
between KDR and groundwater resources.

5. Conclusion

In this study hydrochemical, stable isotopes and hydrodynamic data
show that the quality of water resources in Andarokh-Kardeh region
north east of Iran are dominantly under influence of chemical rock
weathering and ion exchange (Na+ and K+ release and sorption of
Ca2+ and Mg2+). However other sources including anthropogenic and
atmospheric sources do not have a notable effect on water quality.
Evaporation from KDR surface is the only dominant process which af-
fect stable isotopes (δ18O and δ2H) and d-excess in KDR, while KR and
groundwater resources show depleted values with negligible evapora-
tion effects. Stable δ13C isotope and DIC and DOC concentrations show
the role of carbonate mineral dissolution from Mozdooran Formation,
atmospheric and soil CO2, and C3 vegetation types in the Anadrokh-
Kardeh region. The hydrogeological conceptual model demonstrates
different hydrogeological conditions during wet and dry periods in the
region, which is mainly due to extensive water extraction from
groundwater resources during dry period. The results obtained by this
study demonstrates that although geological evidences increase the
possibility of connection between KDR and downstream groundwater
resources, but the hydrodynamic, hydrochemical and stable isotope
datas don’t show obvious connection. However, it needs more research
to definitely reject the interaction between KDR and downstream
groundwater resources. The results of this study can be used to develop
water management programs and models in the future, while the
method applied in this study can be used by other authors in the dif-
ferent karstic zones in which the possibility of surface and groundwater
interaction exists.
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