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Mineralization of sulfidic minerals including realgar, orpiment and pyrite occurs in argillic alteration zones in
northeastern Iran, which affects water quality and health in these semi-arid localities. Geochemical source of
ions in surface and ground waters was examined to evaluate potential effects of sulfidic mineralization on
water quality. The surface and groundwater samples were analyzed to determine the major ions (Na+, Ca2+,
Mg2+, K+, HCO3

−, SO4
2−, Cl−) and trace elements (such as As, B, Br).Water-rock interactions and evaporation de-

fined as the key phenomena on groundwater chemistry using Gibbs diagram. Concentrations of arsenic (As) var-
ied from16 to 606 μg/L, whichwas higher than theWHO (2011). Calculated ionic ratios revealed that anions and
cations in surface and ground waters originated from partial leaching through ion exchange in alteration zones.
We postulate that the primary source of As resulted from oxidation of As-bearing sulfide minerals such as orpi-
ment, realgar and arsenopyrite in argillic-pyrite alteration zone. High pH (N8) could provide the alkalinity to in-
crease sulfide oxidation and release As into thewater. The stable isotope data (δ18O and δ2H) indicated the origin
of the waters, which is mainly meteoric precipitation with partial effects from evaporation processes and ex-
changing ions with surrounding rocks. This confirms the notion that the source of all analyzed ions including
the toxic As is geogenic. Hydrogeochemical process, which affected thewater chemistry and thus environmental
public health are likely to be water-rock interactions and evaporation.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Widespread arsenic (As) accumulation,mobility in sediments,water
and air (dust) is a critical environmental public health issue, worldwide
(Ravenscroft et al., 2009; Rodríguez-Lado et al., 2013; Taheri et al.,
2016a). As a result of geological phenomena and environmental chang-
es, high levels of geochemically dispersed As can be found in feed, foods,
water, soil and air in both organic and inorganic forms (Hall et al., 2006;
Fillol et al., 2010) reaching toxic levels to surrounding human and ani-
mal populations and adversely affecting biochemical processes of cells
and organs. International Agency for Research on Cancer (IARC) has
classified As as a Class I carcinogen (IARC, 2004). Owing to its carcino-
genic properties, the maximum allowable concentration (MAC) value
of As in drinking water is 10 μg/L (Tamasi and Cini, 2004). The Environ-
mental Protection Agency (EPA) and the National Research Council
y Gharaie).
(NRC) stated that chronic effects on humans may be caused by
prolonged consumption of water with a concentration of As as low as
5 μg/L (EPA) or even 3 μg/L (NRC) (Hogue, 2001a, 2001b; Tamasi and
Cini, 2004).

Water-rock interaction is one of the main factors controlling geo-
chemical characteristics of the water. Indeed, one of the crucial areas
of research in chemical geology is groundwater chemistry (Hounslow,
1995); application of groundwater hydrochemistry and how rocks/sed-
iments physicochemically interacts with the water would multidisci-
plinary broaden our knowledge about environmental and public
health. Although evaporation-based concentration and precipitation-
related dilution could change the chemical compositions of groundwa-
ters, rock/sediment-water interaction is nonetheless the major process
because solid phases (inorganic and organic matter) are the primary
sources and sinks of dissolved constituents in groundwater. The chem-
ical reactions that are responsible for the water-rock interaction vary
spatially and temporally, depending on the chemistry of the initial wa-
ters and dynamics of geological formations and residence time (Sarkar
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et al., 2007). The resulting concentrations of major ions of groundwater
can be used to identify the intensity of water-rock interactions and
chemical reactions.

Distinctive chemical composition of ground waters has been due to
association with hydrothermal systemswithin fault zones, where inter-
action of hydrothermal fluids with the wall rocks and atmospheric
water and subsurface brine occurs (Aiuppa et al., 2006). Chemical char-
acteristics of springwater and hydrothermal alteration zones have been
studied to evaluate their relationship. For example, oxidation of sulfide
boosts SO4

2− level, thus leading to precipitation of sulfate minerals such
as gypsum (Karakaya et al., 2007). Hydrothermal activity and volcanic
systems are typically associated with As release to the groundwater
(Nriagu, 1989; Aiuppa et al., 2006). In addition to naturally occurring
As, oxidation of arsenides and arsenosulfides such as orpiment
(As2S3), realgar (As4S4) and arsenopyrite (AsFeS) inmine tailings are re-
lated anthropogenic As to the ground and surface waters.

Considering the broad hazardous effects of As on the natural envi-
ronment and animal/public health (Argos et al., 2006; Banerjee et al.,
2009, Taheri et al., 2016a), geochemical studies related to geogenic As
contamination in vital water resources from this agro-ecologically im-
portant arid northeastern Iran, is warranted. We therefore intend to
evaluate the geochemical source of As with other related major ions,
and saturation parameters affecting the quality of surface and ground
water resources in the highly mineralized region of Chelpu-Koohsorkh
in northeastern Iran to rediscover a new window to understanding
the geochemical mechanisms and functional consequences of As in in-
ducing environmental health risks in As-exposed inhabitants.
Fig. 1. Simplified Geological Map of Chelpu area (with slight modifications in drawing of
Naderi Mighan, 1999a,b, #7661).
2. Location and geological setting

Chelpu is located along the east longitude of 58° 29′ 44″ to 58° 36′
07″ and north latitude of 35° 33′ 12″ to 35° 37′ 77″ (Fig. 1). This moun-
tainous area demonstrates a semi-arid climate. Its dominant lithology
consists of shale, limestone, sandstone, conglomerate and evaporites
(gypsum and halite), from the Paleogene age.

There are numerous tectonic forms of anticline, syncline, and folded
beds and in particular several faults in Chelpu. East-west trending strike
slip “Doruneh fault” is the main fault accompanied by N-W to S-E
oblique-slip and normal faulting system in the region (Aghanabati,
2004). Resulting fractureswere filled by hydrothermal solutions leading
to hydrothermal mineralization along the fractures. Epithermal miner-
alization of As, Sb and Au elements at temperatures b300 °C has been
reported in stoke framework of veins in this area (Mazloumi Bajestani,
1992). Jarosite [KFe(SO4)2OH6] and alunite [KAl3(SO4)3OH6] minerals
together withmontmorillonite and kaolinite (clayminerals) are hydro-
thermal alteration-minerals, present in this location that indicate hy-
drothermal activities in this region. Mineralization of sulfides such as
realgar, orpiment, arsenopyrite, pyrite, and stibnite are accompanied
with calcite and gypsum within the alteration zones, also known as
argillic-pyrite alteration zones (Mazloumi Bajestani, 1992; Karakaya et
al., 2007). In fact, the As-bearing sulfides (orpiment, realgar, pyrite
and arsenopyrite) were hosted in the sedimentary rocks of shale,
marly limestone, sandstone, conglomerate (Mazloumi Bajestani, 1992).

Stages ofmineralization in the host rock are as following: 1) creation
of fractures and hydrothermal fluid ascent through fractures, 2) stibnite
1:100,000 Shamkan and Kadkan map, Persian report of Geological Survey of Iran, N.
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mineralization, 3) realgar and orpiment mineralization associated with
stibnite, 4) fault reactivation and creation of joints and fractures, 5) gang
intrusion that is associatedwith pyritemineralization, 6) realgar and or-
piment mineralization being associated with arsenopyrite (As rich) and
finally 7) gypsum and quartz gang intrusion (Mazloumi Bajestani,
1992).

3. Materials and methods

All surface and ground waters resources including streams, springs,
tap waters were sampled in Chelpu and Akbarabad (Fig. 1). Because of
aired to semi aired conditions of the study area, there were not many
water resources, and we could thus hardly found more than ten water
samples for analyses.

Location of thewater samples were presented/shown in Table 1 and
Fig. 1. All water resources (except TR-1 and TR-2 used only for irrigation
purpose)were routinely used for both drinking and irrigation purposes.
The samples TR-1 and TR-2were taken on Chelpu river as surfacewater
samples. The springswater sampleswere collected from alteration zone
or their host sedimentary rocks. One sample (Chelpu tap water) were
pumped from wells to storage tanks. However, well depth was around
25–30 m. So, it seems the aquifer is relatively shallow. Tap water sam-
ples were allowed to flow freely for 5 min prior to sample collection
from the well, allowing us to consider as wells waters.

Hydrochemical parameters includingwater temperature, pH and EC
were measured in situ using portable pHmeter (AZ-8686) and EC (AZ-
8351) in field, whichwere calibrated before use. Duringwater sampling
all samples were filtered through 0.45 μm filter discs on-site. Water
samples were stored in 500 mL high density polyethylene (HDPE) bot-
tles for laboratory analyses. Pure nitric acid (69%, Merck) was added to
the water samples to adjust the pH to ≤2 for the cations. Stable isotope
samples were taken in 50 mL HDPE bottles screw-capped and sealed
tightly to prevent evaporation. All water samples were kept at 4 °C
until analyses. Cations of calcium (Ca2+), magnesium (Mg2+), sodium
(Na+), potassium (K+), iron (Fe), arsenic (As) and boron (B) were ana-
lyzed using Perkin-Elmer ICP-OES 8000 at geochemistry laboratory in
department of geology in Kent University (Kent, Ohio, USA). Major an-
ions as sulfate (SO4

2−), chloride (Cl−) and bromide (Br−), were
Table 1
Coordinates of sample location points, with locations of water sources and in-fieldmeasuremen
water samples. Except for items marked (*) which are in the μg/L, all the other components ar

Sample
ID

Geographic
coordinates

T
(°C)

pH EC
(μS/cm)

TDSC⁎

(mg/L)
Ca Mg Na K

SP-1 35°36′13.2″N 58°32′
15.7″E

14.8 9 320 307 4.90 0.80 92.3 0

SP-2 35°36′41.8″N 58°32′
8.5″E

17.9 8 1020 1248 64.35 11.26 156.7 1

SP-3 35°35′37″N 58°31′
13.8″ E

14.2 8.9 490 586 7.81 8.40 152.4 1

SP-4 35°35′38.2″N 58°30′
16.3″E

16 8.2 3160 3101 451 66.77 380 1

SP-5 35°36′17.08″N
58°35′2.34″E

18.6 8.5 1590 18,847 17.52 1.43 425 1

SP-6 35°33′57.1″N 58°33′
51.4″E

12.7 8.5 240 2467 8.2 1.07 52.8 0

SP-7 35°35′13.6″ N
58°33′53.9″ E

15.8 7.8 910 6677 36.13 8.65 164 0

TR-1 35°36′12.5″N 58°33′
41.77″E

16 8.5 960 9117 42.91 14.2 236.4 1

TR-2 35°36′55.9″ N
58°31′57.2″E

18.2 8.2 2400 1417 103.7 45.41 569 4

TAP 35°36′47.3″N 58°32′
34.1″E

12.4 8 950 781.7 67.6 14.9 186.4 1

Min 12.4 7.8 240 246 4.9 0.8 52.8 0
Max 18.6 9 3160 3101 451 66.8 568.9 1
Mean 15.66 8.36 1204 1115 80.41 17.28 241.5 2
Median 15.30 8.5 700 627 12.85 4.91 154.55 0
±SD 2.17 0.39 935.1 861.8 134.1 21.7 164.01 5
measured by ion chromatography (IC; Dionex ICS-2000). Bicarbonate
(HCO3

−) was measured by titration at geochemistry laboratory of
Ferdowsi university of Mashhad at the same day after sampling. Stable
isotopes of δ2H and δ18O were analyzed in Stable Isotope Lab, INSTAAR,
University of Colorado. The isotopic values are reported using the stan-
dard notations relative to the NIST/IAEA reference materials V-SMOW.
The analytical precision is ±0.1‰ and ±0.3‰ for δ18O and δD,
respectively.

Aq.QA, AquaChem (Version: 2010.1) and PHREEQC Interactive
(Version: 2.14.3.2411, USGS) softwares were applied to determine
hydrogeochemical characteristics of water samples and calculation of
saturation indices (SI) of minerals respectively.

4. Results

4.1. Field parameters

Results from field measured parameters are presented in Table 1.
Median pH of these samples varied within an alkaline range of 7.8–
9.0. Among them, 20% showed higher pH levels in comparison to the ac-
ceptable range of 7.0 to 8.5 for drinkingwaters (DW) (WHO, 2011).Me-
dian (min–max) EC and total dissolved solids (TDS) in waters were 700
(240 to 3160) μS/cm and 627 (246–3101) mg/L respectively. Among
them, 40% were within the range of brackish water (1000 to 10,000)
mg/L (Todd and Mays, 2005) (Table 1; samples include SP1, SP4, SP5,
and TR-2).

4.2. Ions and elements concentration

Summary of ionic concentration and stable isotope (δ2H and δ18O)
values are presented in Table 1. Cl− concentration in water varied
from 8.0 to 722.6 mg/L with a median 93.7 mg/L. Thirty percent of the
samples exceeded the permitted chloride level of 250 mg/L in DW
(WHO, 2011). SO4

2− concentration ranged 11.0 to 2052mg/Lwith ame-
dian 119.8 mg/L. Among these samples, 40% comprised of higher than
the permissible limit of SO4

2− (250 mg/L, WHO). Both SO4
2− and Cl−

ions have shown major effects on the EC and also water type (Fig. 2).
In spring water samples, the maximum EC was 3160 μS/cm with
ts. Results ofmajor ions, trace elements and stable isotope values (δ18O and δ2H) in Chelpu
e expressed as mg/L. *TDSc (calculated total dissolved solids).

Fe⁎ B⁎ As⁎ HCO3 Cl SO4 Br δ2H
(‰)

18O
(‰)δ

D-Excess

.32 16 680 16 103.4 61.6 30.1 13.9 −41.2 −7.02 15.0

.02 16 1570 35 61.8 125.9 307.5 50.4 −47.8 −7.86 15.1

.33 27 7970 606 206.5 20.1 182.1 36.3 51.0− −8.28 15.3

7 2 7990 48 34.2 99.8 2052 n.d −49.5 −7.73 12.3

.72 251 2800 29 79.7 370.4 370.8 42.9 −48.4 −7.40 10.7

.52 4 50 66 144 8.0 11 21 −55.5 −8.56 13.0

.91 13 390 21 187 191.9 57.5 21.4 −51.1 −8.48 16.7

.25 60 650 18 251 276.6 74.5 14.4 −47.5 −7.52 12.7

.42 20 2480 34 111 722.6 553.9 n.d −42.8 −6.84 11.9

.2 n.d n.d 29 203 114.8 194 n.d n.d n.d n.d

.32 2 50 16 34.2 8.00 11 13.9 −55.5 −8.56 10.70
7 251 7990 606 251.2 722.6 2052 50.4 −41.20 −6.84 16.70
.96 45.44 2731 90.2 138.1 199.2 383.3 28.6 −48.31 −7.74 13.63
.96 16 1125 32 123.7 93.7 119.8 28.9 −49.70 −8.07 15.05
.05 78.9 3117 181.8 71.5 215.8 611.1 14.5 4.32 0.61 1.96



Fig. 2.Piper diagramof the Chelpuwater samples: the Piper diagram showsnon-mixing trends as demonstrated by letters A, B, C, D and E. A implies calcite dissolution and ion exchange, B:
gypsum dissolution and ion exchange, C: dissolve halite, D: ion-exchange and E: oxidation of such minerals as pyrite, and neutralization by calcite.
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dominant SO4
2− of 2052 mg/L (SP-4 as in Fig. 1 and Table 1), which was

collected from argillic alteration zones.
Also, EC and dominant chloride ions were 2400 μS/cm and

722.6 mg/L in sample TR-2 from Chelpu streams (Fig. 1 and Fig. 2).
HCO3

– and Br− concentrations varied from 34.2 to 251 mg/L with a me-
dian of 123.7 and from 13.9 to 50.4 mg/L with a median of 28.9, respec-
tively (Table 1). Br− and Cl− concentrations exhibit increasing trends
to the north, where is farther distance from recharge area of the water
(Fig. 1 and Table 1).

In addition, concentrations of Ca2+, Mg2+, Na+ and K+ ranged from
4.9 to 451 mg/L, 0.8 to 66.8 mg/L, 52.8 to 568.9 mg/L and 0.32 to
17mg/L, respectively (Table 1),most ofwhich exceeded the permissible
amount of (WHO, 2011). For example, 20% and 40% levels of Ca2+ and
Na+ in drinking water (DW) were observed to be above the permitted
levels of 75 and 200 mg/L (WHO, 2011).

Fe concentration ranged from2 μg/L to 251 μg/L (Table 1). Nohealth-
based guideline is proposed for iron. There is usually no noticeable taste
at iron concentrations below 300 μg/L, although turbidity and colormay
develop (WHO, 2011). All samples were under the limit of 300 μg/L for
DW (WHO, 2011). As and B concentrations ranged from 16 to 606 μg/L
and 50 to 7990 μg/L, respectively (with a median of 32 and 1125 μg/L,
respectively). In this study 100% and 70% of water samples exceeded
the standard limits of As and B in DW of 10 μg/L and 500 μg/L, respec-
tively (WHO, 2011) (Table 1). Long-term exposure of even b3 μg/L
As-contaminated water causes various diseases especially cancer in
humans (Kozul et al., 2009; Taheri et al., 2016a).

4.3. Stable isotope compositions

Stable oxygen and hydrogen isotopes are useful tracers in water
quality studies. Their initial isotope ratio has originated from meteoric
rainfalls, but the ratio is changed through physicochemical process
such as evaporation and water-rock interactions (Sharp, 2007). Median
value of δ2H for surface and ground waters was −49.70‰, ranging
from −55.5‰ to−41.2‰ (SMOW). δ18O values ranged from −8.56‰
to −6.84‰ with a median of −8.07‰ (SMOW). The D-excess with
a mean 13.63‰, ranged from 10.7‰ to 16.7‰ (Table 1). The δ18O
and δ2H values spanned in close proximity to the local meteoric
waters, which have been reported previously for the region in
Mohammadzadeh (2010). The local meteoric water line (LMWL) was
drawn based on equation of δ2H = 11.22‰ + 7.17 × δ18O (Fig. 3),
which represents a lower slope (of 7.17) than GMWL (8). Compared
to the LMWL, the δ2H and δ18O values of the groundwater samples
indicate that the studied waters originated from meteoric waters pre-
cipitated in the area (Yin et al., 2011) (Fig. 3). Deviations in isotopic
compositions away from the LMWL may result from various processes,
e.g., evaporation, mineral hydration, precipitation andwater-rock inter-
actions (Karakaya et al., 2007; Clark, 2015).
5. Discussion

Groundwater chemical composition largely depends on the water-
rock interactions and duration of contact with subsurface rocks or sed-
iments and other physicochemical parameters such as temperature,
pH, redox potential and ionic strength. Evaporation can also change
the chemical composition and reduce quality of groundwater (Sarkar
et al., 2007). Saturation Index (SI) are used to examine the quality of
water and hydrochemical evolution, respectively. The major ions varie-
ty in the water and determination of their origin may help evaluate the
phenomena, which affects thewater quality. The examined correlations
between dissolved major ions and As concentration smoothen our un-
derstanding of primary source and mobilization of As in the Chelpu
ground and surface waters.



Fig. 3. Relationship between δ18O and δ2H values for surface and groundwater samples
collected from Chelpu; GMWL and LMWL are the global and local meteoric water lines,
respectively.
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5.1. Determination of hydrogeochemical facies

The chemical composition of water is controlled by major ions
(SO4

2−, HCO3
−, Cl−, Na+, K+, Mg2+ and Ca2+) and water type-facies

can be determined based on the ions plotted on Piper diagram (Piper,
1994) (Fig. 2). The various hydrochemical facies types were Na-Cl-
HCO3, Na-SO4-HCO3, Ca-Na-SO4, Na-Cl-SO4 and Na-HCO3 (Fig. 2).
5.2. Water-rock interactions and source of major ions

Chemical processes including dissolution, ion exchange, oxidation
and reduction occurs during water-rock interaction (Sarkar et al.,
2007). Gibbs (1970) diagram has been used to determine the mecha-
nisms controlling water chemistry by plotting the TDS vs. Cl/
(Cl + HCO3) and TDS vs. Na/(Na + Ca) as shown in Fig. 4. According
toGibbs diagram, the studiedwater samples are in thewater-rock inter-
action zone (Fig. 4). Based on alteration type (Karakaya et al., 2007),
water-rock interactions in alteration zone could likely increase various
ions in sampled waters. Considering the dominant argillic alteration
zone as associated with jarosite (KFe (SO4)2 OH6), K+ and SO4

2− ions
are likely to be increased in the water. Binary diagrams of K+ vs. SO4,
Fig. 4. Gibbs diagram interpretation of TDS measur
and Ca2+ vs. SO4 showed a significant positive trend in surface and
ground waters that can be related to simultaneous release of ions
from jarosite and gypsum (Mazloumi Bajestani, 1992) in the alteration
zone (as shown in Fig. 5a and b). Ionic ratios Na/Na + Cl, Mg/
Mg+Ca, Ca/Ca+SO4 andHCO3were examined to determine the prob-
able source of major anions, cations, and processes affecting water
chemistry (Hounslow, 1995).

Ion ratios were calculated in terms of equivalent per liter, which is
represented in Table 2 associated with probable sources of ions in the
water samples. Whenever the concentration of Na and Cl is increased
with the equal ratio (1:1), dissolution of halite (NaCl) can be the source
of Na in water, or due to evaporative concentration. Otherwise, in the
case of Na/Cl increasing, it considered to have different origin of such
processes as in silicate minerals dissolution or occurrence of ion ex-
change (Gomes et al., 2006; Sarkar et al., 2007). Considering the pres-
ence of halite minerals in sedimentary outcrops, and the ratio of
sodium to chlorine (Table 2), source of sodium in water could primarily
be sodium dissolution of halite or by increasing Na through ion-ex-
change with Na bearing clay minerals (Fig. 5c and Table 2).

Cl− and bromide (Br−) in the groundwater have different sources of
atmospheric and dissolution of evaporites such as halite (NaCl) and
d'ansite (MgNa21(Cl3SO4)(SO4)9) (Davis et al., 1998). Most evaporites
contain high concentrations of both Cl− and Br−, and high Cl/Br ratio.
Regarding to the geochemical characteristics of Br− are similar to Cl−,
both elements have high solubility and tendency to ionize in water,
but Br− compounds are more soluble. Cl− can be replaced by Br− in ha-
lite structure (Warren, 2006 & Davis et al., 1998). The amount of Br− in
the studied waters varies from 13.9 to 50.4 mg/L. Though the coupling
diagram Cl/Br vs. Cl indicates the likely effective impact of halite disso-
lution process (Fig. 6), but in most ground water samples it seems
evapotranspiration (Fig. 6) is more important contributing factor for
such process, partly causing decreased Cl− and increased Br− in water
of the studied area (Xie et al., 2012 & Deng et al., 2009). Some samples
were plotted between these two cases, illustrating their combined ef-
fect. If evapotranspirative concentration were the only factor, the
molar Cl/Br ratio would not change as Cl concentration increased
(Hogan et al., 2007).

Weathering of limestone cause Ca to increase (or a decrease in the
ratio of Mg/Mg + Ca) in water (Table 2). Sodium bearing silicate min-
erals (e.g. plagioclase and clay minerals) may also affect the calcium
ratio when sodium releases into water during ion exchange, to increase
Na/Ca ratio (Table 2). Calcium removal ion exchange or its deposition
may decrease Ca/CaSO4 ratio to b0.5 in water.

When the ratio of bicarbonate to all anions is N0.8 it will likely indi-
cateweathering of silicate and carbonateminerals. However, if this ratio
is b0.8 with high sulfate contents, it will be an indication of gypsum dis-
solution that lessens the Ca/CaSO4 ratio (Hounslow, 1995). As seen in
Table 2, low ratio of bicarbonate to anions can be the result of leaching
and dissolution of gypsum in the altered zone.
ements of Chelpu waters (as in Gibbs, 1970).



Fig. 5. Coupled ionic concentration diagrams of (a) Ca-SO4
2−, (b) K-SO4

2− and (c) Na\\Cl.

6 M. Taheri et al. / Journal of Geochemical Exploration 175 (2017) 1–10
Elements transfer between bedrock and groundwater occurs during
water-rock interaction process such as dissolution and precipitation of
minerals. Dissolution starts when groundwater tends to move towards
equilibrium. This process continues until groundwater is saturated with
those particular mineral components. At equilibrium concentration
values, the mineral may continue to dissolve, and excess mineral compo-
nents may combine in the solution to form precipitates of that particular
mineral, and this reaction is called precipitation (Deutsch, 1997). Chemi-
cal equilibrium of groundwater for a particular mineral can be identified
by calculating saturation indices. If the SI values are less than zero, it
will take more mineral into the solution, which is called dissolution (i.e.,
SI=Log IAP/Ks, where IAP is ion activity product and Ks is solubility prod-
uct of the mineral( (Yin et al., 2011; Deutsch, 1997); indeed, the use of SI
is best limited for simple soluble salts like carbonate minerals.

The SI ofminerals (Table 3) show that SI in the samples SP-4, SP-3, TR-
1 and TR-2 is greater than zero for the minerals calcite, dolomite, arago-
nite, and to some extent (samples, TR-1 and SP-3) for hardly solublemag-
nesite (Table 3). SI values for gypsum, anhydrite and halite were negative
in all water samples, indicating a tendency towards rock dissolution.

Plotting data on Piper diagram leads to the same interpretation as pro-
vided above. ThePiper diagram is abetter indication of non-mixing trends
tendency (as shown in Fig. 2 by codes A, B, C, D and E). Tendency of A im-
plies to calcite dissolution and ion exchange, B to gypsum dissolution and
ion exchange, C to dissolve halite, D to ion-exchange and E to oxidation of
sulfide minerals, and neutralization by calcite (Hounslow, 1995).

5.3. Source of arsenic and its mobilization

There are a number of possible geochemical triggers which releases
As from solid phase into the ground water in an aquifer. In mineralized
areas such as Chelpu, oxidation of As bearing sulfides may be triggered
by influxes of oxygen or other oxidizing agents (i.e., Smedley and
Table 2
Chelpu water samples: ionic ratio and possible origins.

Sample ID Na/Cl Na/Na + Cl Mg/Mg + Ca

SP-1 2.31 0.698 0.212
SP-2 1.92 0.657 0.224
SP-3 11.67 0.921 0.64
SP-4 5.87 0.845 0.196
SP-5 1.77 0.639 0.118
SP-6 10.16 0.91 0.177
SP-7 1.32 0.569 0.283
TR-1 1.31 0.568 0.353
TR-2 1.21 0.548 0.419
TAP 2.5 0.715 0.267
Possible origin Ion exchange,

except for TR-1,
TR-2, SP-7
that indicate to
halite dissolution

Ion exchange
except for TR-1,
TR-2, SP-7 that
indicate to halite dissolution

Mainly weathered
marl (clay, limeston
except for SP-3 that
indicate to depositio
of calcite
Kinniburgh, 2002). Under high pH conditions, oxidation of theminerals
such as orpiment and realgar leads to release of As in waters (Lengke et
al., 2009; Henke, 2009).

The correlation between As concentration and Fe, SO4 and pH are
shown in Fig. 7a, b and c. It is indicated that there is a positive correlation
between As and pH in the water samples (Fig. 7a). In carbonate-hosted
deposits, dissolution of carbonate minerals usually increases pH, and at
higher carbonate levels, the oxidation rates of As-bearing sulfides increase
(Lengke and Tempel, 2001, 2005; Lengke et al., 2009; Henke, 2009). It is
also assumed that sulfide minerals dissolve faster at low pH; however,
the evidence here shows that the oxidation rates of pyrite and arsenic sul-
fides by dissolved oxygen are enhanced by higher pH values (also as seen
in Lengke and Tempel, 2001, 2003). Therefore, As contamination inwater
could be more problematic if As-bearing sulfides oxidize under alkaline
conditions and later associate with environmental weathering.

Desorption frommetal oxides (especially of Fe) at high pH is another
mechanism for the development of groundwater-As problems under the
oxidizing conditions andwould account for the observed positive correla-
tion of As concentrations with increasing pH (e.g. Robertson, 1989;
Smedley et al., 2002). Under aerobic and acidic to near-neutral conditions
(typical ofmany natural environments) As is very strongly adsorbed onto
oxideminerals as arsenate ion (Smedley et al., 2002). As pH increases, es-
pecially above pH 8, As desorbs from the oxide surfaces (Xie et al., 2008),
thereby increasing the concentration of As in the water.

Since the Fe oxy-hydroxides are not soluble, concentration of As
does not increase with Fe concentration (Fig. 7b). It should be noted
that because of various chemical and biogeochemical reactions during
groundwater evolution there is no significant correlation between As
and Fe (Nath et al., 2008).

Weathering of carbonate rocks and sediments (limestone as host
rocks) in studied area could increase the pH. Though the increase of
pH in the present context is multifactorial, nevertheless the most
Ca/Ca + SO4 HCO3/Σanion Na/(Cl + SO4)

0.28 0.418 1.7
0.334 0.113 0.68
0.093 0.437 1.52
0.345 0.012 0.36
0.102 0.067 1.02
0.65 0.841 5.14
0.601 0.317 1.08
0.58 0.301 1.1
0.31 0.054 0.78
0.455 0.314 1.11

e),

n

Removal of calcium
through ion exchange or
calcium Deposition,
except for SP-6, SP-7,
TR-1 that calcium
originated from carbonates
or silicates (a source
other than gypsum)

Dissolution of gypsum,
SP-6 weathering
of silicate or carbonate

Alkaline waters, except
for SP-2, SP-4 and TR-2
that are not alkaline



Fig. 6. Relationship between Cl/Br vs. Cl.

Table 3
Saturation indices of minerals in studied water samples.

Sample ID SI(c) SI(d) SI(an) SI(g) SI(h) SI(M) SI(ar)

SP-1 0.08 −0.42 −3.38 −3.13 −6.78 −1.05 −0.08
SP-2 −0.09 −0.69 −1.50 −1.26 −6.29 −1.16 −0.24
SP-3 0.36 0.95 −2.56 −2.31 −7.07 0.05 0.21
SP-4 0.34 0.15 −0.31 −0.06 −6.09 −0.75 0.19
SP-5 −0.11 −1.04 −2.04 −1.80 −5.41 −1.49 −0.26
SP-6 −0.02 −0.75 −3.54 −3.29 −7.89 −1.27 0.17
SP-7 −0.01 −0.41 −2.37 −2.12 −6.07 −0.96 −0.16
TR-1 0.83 1.41 −2.26 −2.01 −5.76 0.03 0.68
TR-2 0.43 0.76 −1.27 −1.03 −5.03 −0.23 0.28
TAP 0.38 0.28 −1.66 −1.41 −6.24 −0.64 0.23

Minerals saturation index; SI(c): calcite, SI(d): dolomite, SI(an): anhydrite, SI(g): gypsum,
SI(h): halite, SI(M): magnesite, SI(ar): aragonite.
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important etiology for the increased pH level would be the uptake of
protons bymineral-weathering and ion exchange reactions in combina-
tion with evaporation (Smedley et al., 2002) in our arid and semi-arid
study regions.

Because of two possible sources of SO4
2− in water (sulfide oxidation

and gypsum dissolution/precipitation), it is not easy to determine the
precise relationship of As and SO4

2−. There is high correlation between
As and SO4

2− in studied samples (Fig. 7c). However, due to the presence
of such sulfide minerals as realgar, orpiment and arsenopyrite in the
argillic alteration zone, the source of As inwater can be attributed to ox-
idation of the As-sulfides.

Boron (B) is found in various environments such as volcanic rock
provinces, geothermal systems and highly saline sediments. Because of
its high solubility, it tends to accumulate in the evaporites or brines. The
process of B sorption and desorption to mineral surfaces is an important
control on its concentration in waters associated with sediments.

The Na/(Cl + SO4) (meq/L) ratios of the studied samples are gener-
ally N1,which indicates they are soda richwaters. The simultaneous en-
richment of As and B in soda waters can be related to their elevated
alkalinities (Deng et al., 2009). Like As, accordingly (Smedley and
Kinniburgh, 2002; Deng et al., 2009), B can also be removed from iron
rich soda waters (Fig. 8a and b)

Fig. 8 shows positive correlation of B and pH, B and As, B/Cl ratio vs.
Cl and B in studied water samples. The B/Cl vs. Cl and B represents rela-
tively steady trend (Fig. 8c and d), indicating evapotranspiration and B
enrichment in the waters (Deng et al., 2009). Therefore, As concentra-
tions increased within As-bearing sulfide-affected waters at high pH
(N8) and B levels in semi-arid Chelpu.

5.4. Isotopic composition (δ2H and δ18O) of water

In a plot of δ18O and δD, evaporated waters demonstrate a positive
trend (arrow in Fig. 3) that deviates from the LMWL with preferential
δ18O enrichment (as in Sharp, 2007). In addition, dissolution of evapora-
tive minerals may change the isotopic composition of the water (Horita
and Wesolowski, 1994). Dissolution of both anhydrous and hydrated
minerals may affect the isotopic ratios of water, however, magnitude
of these isotope effects is relatively small (Horita and Wesolowski,
1994). Dissolution of anhydrous minerals change the isotopic rations
of activity (Horita and Wesolowski, 1994); hydrous minerals such as
gypsum and clay minerals are enriched in δ18O, but poor in δ2H com-
pared to water from which they precipitate at isotopic equilibrium
(Chacko et al., 2001).

The approach in combining isotopic composition (δ18O) with Cl−

concentration in water samples lead to a better understanding of the
processes that changed the isotopic signatures of the studied water
samples (Currell et al., 2010; AL-Charideh and Abou-Zakhem, 2010).
The processes are categorized in three groups (I, II, III) based on δ18O
and Cl− variations (Fig. 9a). The first group is characterized by low
Cl− concentration (mean± SD value of 29.9 ± 28.1 mg/L) with enrich-
ment of δ18O, indicating that the salinity is related to the evaporation ef-
fects (Deng et al., 2009; Currell et al., 2010; Xie et al., 2012). The second
group is represented by constant δ18O values of−8.48‰, while the Cl−

concentration increased from 8.0 to 191.9 mg/L, which indicates that
the dissolution of evaporites is the origin of salinity in the area (Xie et
al., 2012). The third group represents the combination of above two
mentioned water groups, where the values of δ18O and Cl− concentra-
tion have an intermediate position with mean values of −7.45 ±
0.38‰ and 319.1±251.3mg/L, respectively; the contribution of salinity
and ionic should not be underestimated in etiology of such process as
well. Increasing Cl− reveals similar trend to increased δ18O (Fig. 9b),
but data plotting above array II confirms further effects of evaporation
in studied waters (Currell et al., 2010).

Due to high As concentrations in the water samples and the aim of
this study, it should be pointed out that if there is a possibility of seeing
a relation between evaporation and As concentrations in the studied
waters. In a plot of δ18O and As there is no positive trend (Fig. 9c). The
relatively negative trendbetween δ18O andAs (Fig. 9d), and considering
δ18O-Cl diagram (Fig. 9a), there would be no likely relation between
“evaporation” and “As concentration” in the studied area. On the other
hand, high As content waters (Sp-3 and Sp-6) show enrichment of
light δ18O values (Fig. 9c and d), indicating the contribution of meteoric
water to As levels. Meteoric water in contact with arsenic-bearing sul-
fides of argillic zone boost As dispersion into water.

According to previous observations in the area (Taheri et al., 2016a,
b; Mehrzad et al., 2016) and other regions of the world (Zhang et al.,
2012; Rodríguez-Lado et al., 2013; Giménez-Forcada and Smedley,
2014) we could confirm that the observed As geo/biodistributions/con-
centrations pose a health threat, and thus implications of water man-
agement policy and health is needed to reduce environmental and
public health risk.

6. Conclusion

Geochemical and hydrochemical sources of the ions that affect the
saturation indices of the water and water quality itself of Chelpu region
were investigated in this study. All samples contained higher dissolved
As than WHO standard for drinking water. Because of the presence of
As-bearing sulfide minerals hosted within various sedimentary rocks
and also because of arid to semi-arid climate of the region, several pro-
cesses had impacted the water chemistry. Calculated ionic ratios re-
vealed that anions and cations in the waters originated from
dissolution of minerals such as gypsum, halite, and also from partial
leaching in alteration zones. Source of the ions, and the processes affect-
ing thewater chemistrywere concluded that thewaterwere influenced
by bothwater-rock interactions (weathering) and evaporation process-
es. Considering the presence of As-bearing sulfideminerals such as orpi-
ment, realgar and arsenopyrite within argillic-pyrite alteration zones, it



Fig. 7. Relationship between dissolved As concentration with (a) pH; (b) Fe, (c) SO4.

Fig. 8. Correlation plots between (a) dissolved B and pH; (b) dissolved B and As; (c) B/Cl ratio and Cl; (d) B/Cl ratio and B in the water samples.
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Fig. 9. Relationship between Cl− and δ18O values (a and b); As and δ18O values (c and d) of surface and groundwater samples in Chelpu.
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is probable that As in the water samples was first released through ox-
idation under alkaline pH, and in case of previously absorbed onto the
surface of free iron oxides; it is also reasonable to suggest that As
could be released from the oxide surface through pH increase. The δ2H
and δ18O values indicate the source of recharge is precipitation, while
evaporation and anion/cation exchanges with evaporites are only par-
tially affecting the water quality in the studied region. High As waters
show enrichment of light δ18O values, indicating that meteoric water
is in contact with Arsenic-bearing sulfidic argillic zone, oxidizes the
minerals and releases As into water. Although our current work does
not deal with human or ecological health risk assessment, nevertheless,
a health risk assessment for the population, in particular infants, is rec-
ommended and a small-scale water treatment could also be warranted.
Further, since toxic metalloid, especially As, are geogenically and an-
thropogenically important environmental health issues (Zhang et al.,
2012; Rodríguez-Lado et al., 2013; Giménez-Forcada and Smedley,
2014, Taheri et al., 2016a), to broaden this concern in geomedicine,
the environmental health impact/concern of As-contaminated area is
worth studying.
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