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1- Introduction

The essential characteristic of sulfur springs is the rotten eggs smell due to hydrogen sulfide gas (H»S). Hydrogen
sulfide gas is a limiting factor for using sulfur springs' water. The probable sources of hydrogen sulfide in sulfur
springs are volcanic activity, oilfield brines, bacterial sulfate reduction, and thermos-chemical sulfate reduction.
The temperature of the thermal springs is 5 to 6 degrees higher than the annual average of the air's temperature
(Leet et al., 1982). The temperature origins of thermal springs are volcanic activity, geothermal gradient with
deep water circulation, Physico-chemical water/rock interactions, radioactive decay, and tectonic activity.
Thermal springs usually have high salinity and electrical conductivity.

The routine methods for studying sulfur and thermal springs are hydrogeochemical and isotopic methods. These
methods can determine the water source of the springs, possible mixing, water circulation depth, and water
temperature at the host rock reservoir.

Numerous hydrochemical methods have been used to identify salinity sources. Several researchers have used
indicator ratios such as K/Na, (Ca+Mg)/(Na+K), Na/Cl, Ca/Cl, Mg/Cl, SO./CI, K/CI, (Ca+Mg)/SO, and SO4/TDS
(Richter and Kreitler, 1993). Na/Cl ratio (Leonard and Ward, 1962), especially at high chloride concentrations,
TDS/Br ratio (Rittenhouse, 1967), and Br/Cl ratio (Whittemore, 1995; Richter et al., 1990) have been used to
distinguish oilfield brine from halite dissolved brines. Also, isotopic studies have been used to determine the
source of the springs (Zega et al., 2015; Tian et al., 2018; Avsar et al., 2016; Pasvanoglu and Celik, 2018).

In Iran, studies of the determination of the origin of sulfur and thermal springs have been carried out by various
researchers. Almost all of them have related sulfur springs to oilfield brines and tectonic activities (Karimi and
Kompani-Zare and Moore, 2001; Moore, 2008; Mahammadi et al., 2010; Boosalik, 2011; Nassery et al., 2013;
Mohammadzadeh and Kazemi, 2015; Rafighdoust et al., 2015; Karimi et al., 2017; Mohammadi et al., 2018;
Mirzaee et al., 2019).

Changuleh sulfur and thermal springs are located west of Ilam Province (Fig. 1). These springs have appeared in
the middle of the Anaran anticline. The most important properties of these sulfur springs are hydrogen sulfide gas
(H2S), high salinity, and high temperatures. Changuleh springs, with an average discharge of about 1500 lit/s, are
the most significant sulfur springs in Iran. The access path to Changuleh springs is challenging to pass, so they
have not been well-known as the biggest sulfur and thermal springs in Iran despite their high discharge. These
springs' high salinity can be due to the dissolution of evaporative formations or the mixing of karstic freshwater
with oilfield brines. The source of hydrogen sulfide in these springs can be due to sulfide's activity reducing
bacteria or sulfide hydrogen in oilfield brines. The high temperatures of the springs are probably due to the deep
circulation of infiltration waters along the faults and fractures.

Hydrogeochemical and stable isotope analyses were used to identify the source and mechanism of the appearance
of the spring. Finally, the conceptual model of springs is presented.

2- Materials and methods
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Monitoring of Changuleh sulfur and thermal springs was carried out monthly for one year (October 2017 to
October 2018), including discharge, temperature, pH, amount of hydrogen sulfide and dissolved oxygen in situ,
and analysis of major ion chemistry in order to investigate the physicochemical properties. The amount of
hydrogen sulfide gas, temperature, electrical conductivity, dissolved oxygen, and pH was measured with portable
instruments. Sampling was performed monthly to analyze major cations and anions, seasonally to analyze the
amount of silica, and periodically (wet and dry periods) to determine the stable isotopes of deuterium (2H),
oxygen 18 (*¥0), and sulfur 34 (**S).
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Fig. 1. Location of Changuleh sulfur springs in Iran and llam Province.

Samples were taken in new pre-rinsed polyethylene bottles. Samples for cations and silica analysis were filtered
through 0.45 um filters in the field and were acidified to pH<2 with ultra-pure HNOs. The Ilam Regional Water
Company Laboratory analyzed the anions. The water samples were analyzed by Zarazma Laboratory using the
ICP-MS method (to determine the number of cations and silicone) at the University of Waterloo Laboratory,
Canada (to determine stable isotopes of deuterium (?H), oxygen 18 (*30) and sulfur 34 (*S). Nine rainwater
samples were collected from different points and analyzed by the Ottawa University Laboratory, Canada, to
determine Ilam Province Local Meteoric Water Line (LMWL).

Composite diagrams were used to interpret the processes affecting chemical quality. Composite diagrams' most
important application is to identify the geochemical processes affecting groundwater quality (Mazor, 2003; Wang
et al., 2010). Composite diagrams of Na vs. Cl, Ca vs. SO, Ca vs. HCOs, Ca + Mg vs. HCOg3, Ca + Mg vs. SO, +
HCQOs;, and Ca + Mg - HCOs - SO4 for Na + K - CI were used to investigate ion exchanges have been used. The
geothermometry method was used to estimate the reservoir temperature of Changuleh sulfur and thermal springs.
Feldspar minerals are not present in the study area, so cation geothermometry cable estimates the reservoir
temperature. Geothermometry of these springs is based on silica content. Diagram of deuterium (*H) vs. oxygen
18 (*¥0) rainwater samples were plotted aware local meteoric water line of llam Province compared with the
global meteoric water line. Finally, a conceptual model of the springs' mechanism is presented by summarizing
the findings of geology, hydrogeology, and hydrogeochemistry.

3-Results and discussion

The Changuleh sulfur and thermal springs are somewhat different in terms of temperature and salinity content,
and the most crucial similarity of these springs is the presence of hydrogen sulfide gas (H.S) and the lack of
dissolved oxygen. The release of hydrogen sulfide gas causes rotten eggs odour. The lowest salinity was observed
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in the Changuleh 2 spring with an electrical conductivity of about 3200 ps/cm. The highest salinity was observed
in the Changuleh 3 spring with an electrical conductivity of about 4500 ps/cm. The electrical conductivity of the
Changuleh 1 spring is also about 3850 us/cm. The average discharge of Changulehl, Changuleh 2, and
Changuleh 3 sulfur springs in the water year of 2017-2018 with precipitation less than normal, is about 800, 35,
and 95 lit/s, respectively.

According to the piper diagram, Changuleh sulfur springs have a sodium chloride type. This type of water
indicates halite dissolution in evaporative formations or another source of salinity, including mixing with oilfield
brines.
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Fig. 2. Piper diagram of Changuleh sulfur springs.

The Na vs Cl diagram of Changuleh sulfur spring shows that the point’s distribution is below the equilibrium line
(2:1). In other words, the concentration of chlorine ions is higher than sodium, which indicates the process of
reverse cation exchange or the intrusion of chlorine ions from sources other than halite dissolution. On the other
hand, the Ca vs HCO; diagram shows the distribution of points above the equilibrium line, which indicates the
reverse cation exchange or calcium entrance from sources other than the dissolution of carbonates. Since the data
distribution in the Ca + Mg vs SO+ HCOj3 diagram is located above the equilibrium line, the dominant process is
reverse cation exchange.

The SO./CI ratios of Changuleh sulfur springs also indicate that the salinity source of these springs is the
dissolution of halite in evaporite formations. Another method for determining the source of groundwater salinity
and the detection of oilfield brines from halite dissolution is the TDS vs bromine diagram (Rittenhouse diagram).
The low concentration of bromine ion with high TDS (Fig. 3) indicates halite dissolution; this group is in Group
Il (brine from the dissolution of halite). In the TDS vs Br diagram, Changuleh sulfur springs are in group 1V,
diluted halite dissolution. The reservoir temperature of Changuleh thermal & sulfur springs is estimated to be
about 50-55°C, using a quartz geothermometer.
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Fig. 3. TDS/Br diagram of Changuleh sulfur springs.

The stable isotope composition of Changuleh sulfur and thermal springs in the wet and dry seasons in the 2H vs
80 diagrams shows that the stable 2H and 20 isotopes in these springs slightly shifted to the right of the Local
Meteoric Water Line (LMWL). In other words, 80 of springs is enriched compared to 2O of rainwater. The
enrichment of stable isotopes 2H and 80 of springs is due to evaporation before deep infiltration and exchange
process in the geothermal system.

The isotope content of *S in Changuleh 1, Changuleh 2, and Changuleh 3 sulfur springs is about 17.59, 15.97,
and 23.68%o, respectively. The high content of the 34S isotope in springs indicates that the sulfate of springs is
derived from the evaporation dissolution of gypsum and anhydrite.

Combined hydrological, hydrogeochemical, and isotopic geological findings determined these sulfur springs'
salinity source. Changuleh sulfur springs originate from the llam-Sarvak in Anaran anticline. The deep faults in
Anaran Anticline have caused hydrogeological connection of Ilam-Sarvak karstic formation with old and lower
evaporite formation (Fig. 4). The dissolution of these evaporites increases the salinity, and deep circulation
increases the infiltrated waters' temperature.
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Fig. 4. Geological cross section and conceptual model of Changuleh sulfur and thermal springs.

4- Conclusions

The llam-Sarvak limestone formations formed a karstic aquifer in the Anaran anticline, so Changuleh sulfur and
thermal springs appeared in the middle of this anticline, an average discharge of about 1500 lit/s, as the giant
sulfur spring of Iran. The salinity source of these springs is the dissolution of halite in evaporite formations. The
high temperatures of the springs are due to the deep circulation of infiltration waters along the faults and
fractures. The high temperature and anaerobic conditions caused by the deepwater circulation in the aquifer have
caused sulfate-reducing bacteria activity. These bacteria decompose organic matter in shale formations and
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produce hydrogen sulfide gas. Therefore, Changuleh springs are sulfur springs. The SO./CI ratios, Rittenhouse
diagram, and stable isotopes of 2H and 0 show that these springs' salinity is not related to the oilfield brines.
Isotope studies using S indicate that the sulfate origin of these springs is the dissolution of evaporite formations.
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Fig. 2. Geological map of the Anaran anticline adopted from geological maps of Kuh-e Varzarin (Macleod
and Roohi, 1970) and Kuh-e Anaran (Setudenia, 1967).
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Fig. 3. Image of scattered anhydrite and gypsum fragments in shales of the Garu formation blow the Sarvak
Formation (Anaran anticline).
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Table 1. Results of measurements and samples chemical analysis of Changuleh sulfur and thermal springs.

Spring Parameter Q OT EC pH mo/ - meg/!
(lit's) | (°C) | (mus/cm) TS | HS | sio, | HCos | cI | sos- | ca® | Mg | Na* | K
Mean 805 | 308 | 3852 | 6.7 [2581] 30 | 16 60 | 22 | 10 | 13 6 19 | 1.3
Changuleh 1 Max. 935 30.8 4030 7.0 | 2700 | 35 16.9 7.0 235 [ 115 14 6.5 | 19.6 | 1.47
Min. 740 | 308 | 3750 [ 652 | 2513 | 25 [ 1450 48 | 21 | 95 [ 115545 [178] 1
Mean 36 | 301 | 3218 | 67 [2156| 25 | 15 59 | 18 8 13 5 14 | 1
Changuleh 2 Max. 44 |1 303 | 3270 [ 6.95 [ 2191 | 28 [ 1732 65 [202] 95 | 14 | 55 [145]0.78
Min. 30 | 299 | 3180 [ 6552131 | 17 [ 1375 | 48 [172] 6.1 [ 118 ] 45 [13.1]0.65
Mean 96 31.15 4555 6.6 | 3052 | 59 16 6.4 28 11 15 7 23 1
Changuleh 3 Max. 110 | 312 | 4740 | 6823176 85 [17.75] 6.8 [294| 12 | 16 | 85 | 24 | 145
Min. 85 | 311 | 4450 | 6.49 [ 2982 | 51 [ 1459 57 [273] 103 14 | 5.88 | 21.6 [ 0.38
COsy=0 DO=0

LI ol Ol o gladigas g3l 5IUT s Y Jsozr
Table 2. Isotopic analysis results of llam Province rain samples.

L acation Height (m) VSMOW %o

AMSL 3180 &°H
Saleh Abad 660 -4.46 -14.83
Ilam 1400 -5.35 -21.36
Darreh shahr 665 -0.19 22.11
Abdanan 890 -4.39 -14.40

Ganjavan 750 -1.69 7.45
Zarrin Abad 750 -0.92 12.90
Badreh 1060 -5.01 -17.73
Malekshahi 1330 -4.02 -5.36
Dehloran 220 1.33 17.74
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Table 3. Isotopic analysis results of sulfur springs samples.

Sampling period Spring VSMOW%o & VCDT %o
5180 5°H 5%S
Changuleh 1 -4.71 -19.63 17.59
Wet season Changuleh 2 -4.82 -19.55 15.97
Changuleh 3 -5.03 -20.99 23.68

Changuleh 1 -4.37 -18.88 *

Dry season Changuleh 2 -4.92 -19.71

Changuleh 3 -4.85 -20.13 21.70
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Fig. 5. Na/Cl .Ca/HCO3 .Ca+Mg/HCO3. Ca+Mg/SO4+HCO; and Ca+Mg-HCOs-SO4/Na+K-Cl diagrams of

Changuleh sulfur springs.
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Fig. 6. TDS/Br diagram of Changuleh sulfur springs (Rittenhouse, 1967).

YAY



Y

Fojlad V) oy N Fe e ol Dyt @) Wb by Tt
Wy

CCY ol ytagoyighs 5l ooliinl b iz (69,555 sladair Jloygss (35 slod (et - ¥ Jgoz
Table 4. Estimation of geothermal reservoir temperature for Changuleh sulfursprings using silica

geothermometers.
. Average Quartz Quartz
Spring temperature (no steam loss) (max. steam loss) Chalcedony
Changuleh 1 30.8 54.1 60.6 21.7
Changuleh 2 30.1 52.9 59.6 20.5
Changuleh 3 31.1 54.9 61.3 22.5
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Fig. 7. 2H vs. 80 relationship diagram in Ilam Province precipitation.
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4 Legend k.
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Fig. 9. Schematic model of groundwater flow direction in the Anaran anticline.
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