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Abstract
In this study, the hydro-geochemistry and stable isotope compositions (δ18O, δ2H, and δ13C) of travertine-depositing springs 
were investigated in two regions of Garab and Pamukkale, located in NE-Iran and SW-Turkey, respectively. The physical, 
chemical and isotopic dataset of water and travertine samples were obtained in situ measurements, laboratory analysis and 
from the literature. According to the high EC values (~ 2400 and ~ 10,500 μS/cm), the average δ13C-DIC values of water 
samples (10.4 and 7.2‰ VPDB), and its δ13C–CO2 values (1.5 and − 1.8‰ VPDB), it seems that the Garab and Pamukkale 
spring water were supplying from deep thermal groundwater with thermogenic origins and with contribution of carbon-
ate dissolution through the rock-water interactions process. The more concentrations of  Na+,  K+, and  Cl− in Garab water 
are related to subsequent admixture processes, which is originated from dissolving overloaded impure dissolve materials 
during upwelling water toward the ground level. The more enriched δ13C and δ18O values of Garab travertine samples 
(10.4 and − 7.1‰ VPDB, respectively) than that of Pamukkale travertine (7.2 and − 10.4‰ VPDB, respectively) is due to 
more  CO2 degassing. The isotopic compositions of precipitation in both Garab (δ2H = 7.2*δ18O + 11.2‰) and Pamukkale 
(δ2H = 8*δ18O + 16‰) areas are characterized by greater d-excess compared to GMWL but smaller than of Mediterranean 
area. Although the isotopic compositions of both Garab and Pamukkale springs show the meteoric origin; however, the 
deviation from meteoric water lines is probably evident to oxygen isotope exchange with the deep host bedrock.
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Introduction

Travertine deposition is the result of  CaCO3 precipitation 
from hydrothermal springs rising along with fractures 
and faults in Earth’s crust (Pentecost 2005; Crossey et al. 
2006; Pedley 2009). The geological and hydrogeochemical 

analysis of travertine regions have been widely studied in the 
world such as in Turkey (Altunel and Hancock 1993; Atabey 
2002; Uysal et al. 2007; Bayari et al. 2009; Kele et al. 2011; 
Özkul et al. 2013), Italy (Minissale et al. 2002; Anzalone 
et al. 2007; Brogi and Capezzuoli 2009; Brogi et al. 2010; 
Petitta et al. 2011), USA (Chafetz and Guidry 2003; Hershey 
et al. 2010) and Iran (Mohammadzadeh 2009; Mansouri 
Daneshvar 2015; Mansouri Daneshvar and Pourali 2015; 
Mohammadzadeh and Kazemi 2017; Goleij et al. 2018).

The geomorphological landform of carbonate deposition 
in the Garab region in NE Iran has been patched structurally 
into both robust thermogenic travertine and fragile meteo-
gene tufa (Mansouri Daneshvar 2015). Due to active litho-
genesis and groundwater discharge from several springs, this 
region has sufficient interest in hydrological and geological 
studies in Iran. Mansouri Daneshvar and Pourali (2015) have 
claimed that the geomorphological processes and products 
of the Garab region in Iran are similar to travertine deposi-
tions of the Denizli basin in SW Turkey.
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Several studies have focused on the hydrogeology, geo-
thermal potential, and chemistry of thermal waters in the 
Denizli basin and its main region named as Pamukkale (e.g., 
Ekmekçi et al. 1995; Şimşek et al. 2000). Filiz (1984), who 
first published stable isotopic data of Pamukkale springs, 
concluded that the  CO2 content of the spring water came 
from magmatic resources. Altunel and Hancock (1993) clas-
sified the Pamukkale travertine according to its morphology, 
while Altunel (1994) and Hancock and Altunel (1997) inves-
tigated the relationship between active fissuring, faulting, 
and travertine deposition. Çakır (1999) described structural 
attributes of the Pamukkale travertine paying particular 
attention to the fault zone. Özkul et al. (2002) described 
differently litho-facies types from travertine in the Denizli 
Basin. In recent years, various studies have focused on new 
geochemical investigations and systematic stable isotope and 
trace element analysis in the Pamukkale region (e.g., Zedef 
et al. 2000; Şimşek 2003; Uysal et al. 2007; Kele et al. 2011; 
Özkul et al. 2013).

Now, the present paper aims to investigate the hydro-
geochemistry and stable isotope compositions of travertine-
depositing springs in both Garab and Pamukkale regions 
in NE Iran and SW Turkey, respectively. Accordingly, the 
results are compared together. The main novelty and signifi-
cance of this research is the comparison of two travertine 
springs, which are located along the Alp-Himalayan vol-
canic belt and may indicate a possible similar mechanism 
of hydro-geology. Hence, the results of this research would 
improve the basic knowledge of travertine depositing in the 
Middle East and Mediterranean regions. Besides, it is for the 
first time that the stable isotope composition of the travertine 
depositing spring of Garab in NE-Iran was presented.

Geographical and geological setting

In the present study, two regions are accounted for con-
sidering study areas named as Garab region in Iran and 
Pamukkale region in Turkey (Fig. 1a). Garab region with a 
total surface area of 5.8 Km2, is located geographically in 
the southeastern parts of Binaloud mountainous zone, NE 
Iran between latitude 35° 58′–36° 00′ N and longitude 59° 
37′–59° 40′ E (Fig. 1b). In this region, precipitated traver-
tine rocks have emerged geologically among the Neogene 
red conglomerates and Quaternary sediments (Mansouri 
Daneshvar 2015). This region with a mean topographic 
elevation of 1300 m a.s.l. (Fig. 2a), which consists of the 
main volcano-shaped spring and a terraced hill with active 
drainage, has a semi-arid climate with mean annual pre-
cipitation and temperature of 235 mm and 14.5 °C, respec-
tively. The Garab travertine is theoretically a metamorphic 
horst zone affected by tectonic of Binaloud extensional 
faults. The Binaloud tectonic includes meta-ophiolites, 

meta-sedimentary rocks, and meta-flysch sequences inter-
preted as remnants of the Paleo-Tethys fossil ocean (Karim-
pour et al. 2010).

Pamukkale region as a UNESCO-sponsored world cul-
tural heritage sites is located geographically in the north-
ern parts of Denizli Basin, SW Turkey between latitude 37° 
54′–37° 57′ N and longitude 29° 05′–29° 10′ E (Fig. 1c). 
This region with a mean topographic elevation of 300 meters 
a.s.l. (Fig. 2b), which consists of mainly four springs and 
numerous seeps that emerged from the metamorphic bed-
rock and terraced travertine zone, has a temperate Medi-
terranean climate with mean annual precipitation and tem-
perature of 550 mm and 13.5 °C, respectively (Özkul et al. 
2010). Denizli Basin, which belongs to the extensive Buyuk 
Menderes graben system (Şimşek 2003), is home for numer-
ous active (e.g., Pamukkale, Karahayit) and inactive (e.g., 
Akköy, Karakaya) thermal travertine-depositing springs with 
a total surface area of 100  Km2 (Özkul et al. 2002). Denizli 
Neogene depression has been controlled by Babadağ fault 
to the south and then, by the early Quaternary, Denizli basin 
was developed into a graben due to activity associated with 
the Pamukkale fault to the north, which led to the formation 
of significant travertine precipitation in the basin (Alçiçek 
et al. 2007).

Materials and methods

Field sampling, analytical methods and data 
collection

To hydro-geochemistry analyses of the Garab region, the 
water and rock samples were collected during fieldwork 
(Fig. 1d). The physical and chemical datasets of water sam-
ples were obtained from in situ measurements and laboratory 
analysis. Field geochemical parameters, including T, pH, 
EC, and TDS, were measured during sampling using appro-
priate meters. Water samples for major anions and cations 
and δ2H and δ18O of water were collected in high-density 
polyethylene (HDPE) 25 ml plastic bottles. All samples were 
filtered using 0.45 µm membranes, and the cation samples 
were acidified using concentrated  HNO3 acid. Some 40 mL 
filtered samples were collected using amber glass bottles to 
measure concentrations and δ13C of DIC. For methane and 
 CO2 (concentration and isotopes) measurements, unfiltered 
water samples were collected in 125 mL Wheaton glass 
bottles with headspace. Mohammadzadeh and Clark (2011) 
have explained detailed procedures of water sampling for 
isotope analysis.

The concentrations of main cations  (Ca2+,  Mg2+,  Na+and 
 K+) were measured using Inductively Coupled Plasma 
Atomic Emission Spectroscopy (ICP-AES). The Ion chro-
matography (IC) was used to measure the inorganic anions 
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 (Cl−,  SO4
2− and  NO3

−) concentrations of the samples and 
the bicarbonate  (HCO3

−) concentrations were determined 
by titration. The δ18O and δ2H of the water samples were 
measured using a Gasbench and DeltaPlus XP continuous-
flow isotope-ratio mass spectrometer (CF-IRMS, with ana-
lytical precision of ± 0.15 and ± 2.0‰, respectively). The 

concentration and 13C-isotopic compositions of DIC were 
measured using a Total Carbon Analyzer (TCA–OI Instru-
ments Model 1010) interfaced with CF-IRMS, with analyti-
cal precision of ± 0.1% and ± 0.15‰ for concentration and 
13C, respectively (Mohammadzadeh et al. 2005). Headspace 
samples were analyzed for methane concentration, δ13CCH4, 

Fig. 1  General visualizations 
of the study areas a Geographi-
cal position of the study areas, 
b Garab region in NE Iran, c 
Pamukkale region in SW Tur-
key, and d sampling locations in 
Garab area
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and δ13CCO2 using gas chromatography (GC) combustion 
system (GCC III) interfaced with a CF-IRMS with analyti-
cal precision of ± 0.2 to ± 0.3‰. All geochemical analyses 
of ions and the isotopic analyses of water, rock, and gas-
ses samples were performed at the Geochemistry and G. 
G. Hatch Stable Isotope laboratories at the University of 
Ottawa. The geochemical components of travertine rock 
samples (consisted  SiO2,  TiO2,  Al2O3,  Fe2O3, MgO, CaO, 
 Na2O, and  K2O) were prepared based on Mansouri Danesh-
var and Pourali (2015) and Kele et al. (2011) for the Garab 
and Pamukkale study areas.

Analytical and logical procedures of hydro-geochemical 
sampling of isotope analysis have been explained in previous 
studies (e.g., Han and Liu 2004; Ryu et al. 2007; Han et al. 
2010; Ma et al. 2011; Keshavarzi et al. 2011; Pazand et al. 
2012; Zhang et al. 2004; Lang et al. 2006; Di Benedetto 
et al. 2011; Kele et al. 2011; Özkul et al. 2013). The mean 
values of hydro-geochemistry and stable isotope data were 
considered based on Kele et al. (2011) for the Pamukkale 
region in Turkey to compare the results.

Data visualization

Several types of plots (composition diagrams) were imple-
mented based on the global literature and using Minipet_2.02 
and GW_Chart software to visualize the hydrological, geo-
chemical, and isotope data. The Piper trilateral diagram 
(Piper 1944) was used to identify chemical properties. 

Ternary diagrams of CaO–MgO–SiO2, MgO–Al2O3–SiO2, 
and CaO–MgO-other compositions were used (Von Eynatten 
et al. 2002) to visualize compositional data. Geochemical 
plots of (Na + K)/HCO3 against (Mg + Ca)/HCO3 and Mg/
Ca against Na/Ca were produced after Han and Liu (2004). 
Also, the geochemical plot of TDS against Na/(Na + Ca) was 
produced after Ryu et al. (2007). To visualize the stable iso-
tope compositions plot of δ oxygen-18 (δ18O) against δ deu-
terium (δ2H or δ2H) were implemented after Craig (1961).

Results

The results of filed parameters measurements and hydro-
geochemical results of Garab and Pamukkale water samples 
were arranged in Table 1 and the chemical results of rock 
samples analysis, presented in Table 2. The results of the 
stable isotope composition of spring water,  CO2 gas, and 
travertine for both Garab and Pamukkale areas were pre-
sented in Table 3.   

Hydro‑geochemistry and geochemical properties 
of Garab and Pamukkale

The EC value of thermogenic water normally varies in the 
1000–10,000 μS/cm range (Pentecost 2005). Therefore, 
the Garab and Pamukkale spring water (with EC values of 
~ 10,500 and ~ 2400 μS/cm, respectively) are of thermogenic 

Fig. 2  Topographic maps of 
the study areas a Garab region, 
b Pamukkale region, and c the 
areas of Mashhad meteoric 
water line (MMWL), West 
Anatolian meteoric water line 
(WAMWL), and Eastern Medi-
terranean meteoric water line 
(EMMWL)
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origin. According to the data listed in Table 1, the aver-
age concentrations of  Na+ and  Cl− with values of 2931 and 
2801 mg/l, respectively, represent the dominant cations 
and anions in the Garab area. These high concentrations 
of  Na+ and  Cl− may relate to the saline soils (Na–Cl) or 
evaporative strata in paths of upwelling water. Total aver-
age concentrations of  Ca2+ and  Mg2+ were calculated 
about 512 mg/l, relating to calcium carbonate and dolo-
mite (about 12%). According to the position plotted in the 
Piper trilateral diagram, the chemical property of the Garab 
karstic aquifer was identified as Na–Cl and Ca–HCO3–SO4 
(Fig. 3). The cations and anions concentrations display the 
decreasing order of  Na+ > Ca2+ > Si2+ > K+> Mg2+ and 
 Cl− > HCO3

− > SO4
2− > NO3

−, respectively. The high con-
centration of  HCO3

− and  SO4
2− as predominant anions in 

the water attributes mainly to calcium carbonate  (CaCO3) 
and gypsum  (CaSO4·2H2O) lithology. The calcium, bicar-
bonate, and sulfate concentrations show that these ions 
originate from the dissolution of limestone and evaporate 
units (Dominguez-Villar et al. 2017). The high concentra-
tion of Na is also can be related to salty units that can be 
more concentrated by evaporation in warm and dry sea-
sons in this area (Mansouri Daneshvar 2015; Goleij et al. 
2018). The hydro-geochemical analyses of spring water in 
Pamukkale region shows that  Ca2+ and  Mg2+ (with average 
values of 499 and 105 mg/l, respectively) and  HCO3

− and 
 SO4

2− (with average values of 1046 and 918 mg/l, respec-
tively), are the major cations and anions and the main 
water type is calcium bicarbonate that relates to a karst 
aquifer (Table 1). Total ion concentrations of  Ca2+ and 
 Mg2+ were about 604 mg/l, resulting in calcium carbon-
ate and dolomite (about 48%). The chemical property of 
the Pamukkale aquifer was identified as Ca–HCO3 and 
Mg–SO4 (Fig. 3) and the cations and anions display the 
decreasing order of  Ca2+ > Mg2+ > Na+ > Si2+ > K+ and Ta
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(travertine) samples in both Garab and Pamukkale areas

* Mansouri Daneshvar and Pourali (2015)
**Kele et al. (2011)

Components Garab (%)* Pamukkale (%)**

TiO2 1.02 0.00
Al2O3 0.15 0.25
Fe2O3 8.78 0.07
MgO 7.17 0.61
CaO 59.24 54.94
Na2O 5.98 0.13
K2O 5.23 0.07
SiO2 – 1.73
LOI (Loss on Ignition) 10.23 42.00
Total 99.98 99.80
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 HCO3
− > SO4

2− > Cl− > CO3
2−, which is different from of 

Garab.
Different compositions diagrams of geochemical plots 

of Mg/Ca against Na/Ca, TDS against Na/(Na + Ca), and 
(Na + K)/HCO3 against (Mg + Ca)/HCO3 were produced 
for water samples in both Garab and Pamukkale regions 
(Fig. 4). This figure revealed that Garab hydrochemistry 
is near to evaporative seawaters affecting with silicate 
weathering. Hence, hydro-geochemistry of spring water in 
the Garab region may become originated from carbonate 
lithology, but has been controlled by evaporating admix-
tures and silicate weathering during upwelling from under-
ground to the ground level. Pamukkale hydrochemistry is 

close to limestone without any weathering effect, expos-
ing its origin depending on carbonate bedrock in a karst 
aquifer.

Based on the chemical results of rock samples analysis, 
presented in Table 2, the composition of the rock samples 
in both Garab and Pamukkale regions was demonstrated 
as CaO with values 59.24% and 56.14%, respectively. 
In this regard, the main calcite mineralogy of carbonate 
rocks was detected based on the plot of CaO–MgO–SiO2, 
MgO–Al2O3–SiO2, and CaO–MgO-other compositions 
ternary diagrams (Fig. 5). Concomitantly, Goleij et al. 
(2018) revealed that travertine rocks in the Garab area are 
composed of calcite and aragonite minerals.

Water and travertine stable isotopes (δ18O, δ2H, 
δ13C) compositions of Garab and Pamukkale

In the Garab region, the δ18O and δ2H values of the spring 
water were measured about − 9.3 and − 68.0‰VSMOW, 
respectively, and the δ13C and δ18O values of rock sam-
ples (travertine) were measured about 10.4 and − 7.1‰ 
VPDB, respectively. In this region, the δ13C-DIC and 
δ13C- of free  CO2 gas were measured as 5.8 and 0.9‰ 
VPDB, respectively. The Garab spring water samples 
have almost similar stable isotope compositions values 
of water to those measured at Pamukkale spring water 
(− 8.7, − 58.7‰VSMOW for δ18O and δ2H, respectively). 
However, the δ13C-DIC values of Pamukkale spring water 
samples are much depleted (− 1.0‰VPDB). The δ13C and 
δ18O values of travertine samples were measured about 
7.2 and − 10.4‰ VPDB, respectively, which are depleted 
about 3.5‰ VPDB than that of average values of Garab 
springs (Table 3).

Table 3  Stable isotope 
compositions of water, gas and 
rock (travertine) samples in the 
study areas (all water isotope in 
‰VSMOW and other isotopes 
in ‰VPDB)

*Values within the parentheses are calculated using δ13CCO2 = 1.2 δ13Ctravertine − 10.5 (Panichi and Ton-
giorgi 1976)
**Values within the parentheses are duplicate measurements

Sample ID H2O DIC CO2* Travertine**

δ2H δ18O Ppm δ13C mg/l δ13C δ13C δ18O

Garab
 GST#1 − 70.8 − 9.7 280 4.9 316 2.4 (1.5) 10.0 (9.1) − 6.8 (− 7.3)
 GST#2 − 71.3 − 9.8 300 6.1 2.0
 GST#3 − 59.8 − 7.6 330 5.7 − 1.5 (1.5) 10.0 (10.3) − 7.2 (− 7.1)
 GST#4 − 70.1 − 10.0 370 6.6 0.6 (3.8) 11.9 (11.3) − 7.0 (− 7.4)
 Average − 68.0 − 9.3 320 5.8 316 0.9 (1.5) 10.4 − 7.1

Pamukkale (from Kele et al. 2011)
 Min − 60.0 − 9.0 400 (− 4.4) 5.1 − 12.8
 Max − 58.5 − 7.6 1200 (3.5) 11.7 − 8.9
 Average − 58.7 − 8.7 − 1.0 673 (− 1.8) 7.2 − 10.5

Fig. 3  Piper diagram of hydro-geochemical properties of water sam-
ples in Garab and Pamukkale regions
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Discussion

Controls on δ18O and δ2H compositions of Garab 
and Pamukkale spring water

Precipitation in both Garab (Mashhad meteoric water 
line: MMWL, δ2H = 7.2*δ18O + 11.2‰, Moham-
madzadeh 2010) and Pamukkale (Western Anatolian 
meteoric water line: WAMWL, δ2H = 8*δ18O + 16‰, 
Şimşek 2003) areas are characterized by deuterium-
excess (d-excess) values of 11.2‰ and 16‰, respec-
tively (Fig. 6). Mentioned d-excess values of Garab and 
Pamukkale are greater than global meteoric water line 
(GMWL, δ2H = 8*δ18O + 10‰, Craig 1961), but smaller 

than d-excess of Eastern Mediterranean meteoric water 
line (EMMWL, δ2H = 8*δ 18 O + 22‰, Gat and Carmi 
1970), indicating the evaporation of seawater with hyper-
arid atmospheric condition (Clark and Fritz 1997). Fur-
thermore, the lower d-excess value of Garab compared 
to Pamukkale depends on the low quota of precipitation 
originating from the Mediterranean Sea in the Garab area 
(Mashhad) relative to the Pamukkale area (Anatolian 
Region). It is worth to be mentioned that the isotopic line 
of MMWL was developed by Mohammadzadeh (2010) and 
Mohammadzadeh and Heydarizad (2019) based on several 
rain samples taken from the Mashhad area, as shown in 

Fig. 4  Geochemical plots of a Mg/Ca against Na/Ca, b TDS against 
Na/(Na + Ca), and c (Na + K)/HCO3 against (Mg + Ca)/HCO3 for 
water samples in both Garab and Pamukkale regions

Fig. 5  Plot of main ternary diagrams of CaO–MgO–SiO2, MgO–
Al2O3–SiO2, and CaO–MgO–other compositions for water samples in 
both Garab and Pamukkale regions

Fig. 6  Stable isotope plot of δ18O against δ2H for water samples in 
both Garab and Pamukkale regions, GMWL: Global meteoric water 
line (Craig 1961), MMWL: Mashhad meteoric water line (Moham-
madzadeh 2010), and WAMWL: Western Anatolian meteoric water 
line (Şimşek 2003)
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Fig. 2c. Gat and Carmi (1970) and Şimşek (2003) have 
developed the isotopic lines of EMMWL and WAMWL 
based on the precipitation samples in the Buyuk Menderes 
basin and coastal stations of the eastern Mediterranean 
and Aegean Sea (Fig. 2c). In most stable isotope studies 
in Iran, the global meteoric water line (GMWL) and the 
Eastern Mediterranean meteoric water line (EMMWL) are 
used compared to local meteoric water lines (Heydarizad 
et al. 2019).

On δ18O vs. δ2H diagram (Fig. 6), all spring water from 
both Garab and Pamukkale regions were plotted below 
the GMWL. This finding indicates the similar origin of 
spring water in the Garab and Pamukkale regions, which 
are greatly affected by meteoric waters (Fig. 7). However, 
the deviation from local meteoric water lines and GMWL, 
is probably due to affected by oxygen isotope exchange 
with the deep host bedrock, because water–rock oxygen 
isotope exchange shifts the δ18Owater to a positive direction. 
The oxygen isotope exchange between water and rock sup-
posedly takes place around and above 200 °C (Kele et al. 
2011) while the temperatures of the Garab and Pamukkale 
spring are lower (24.3 and 36.7 °C, respectively). The most 
reasonable explanation is that hot water ascends along the 
tectonic lines and mixes to the shallow cool water result-
ing in 24.3 and 36.7 °C water at the Garab and Pamukkale 
springs, respectively. Among this process, especially in 
the Garab area, the water is enriched by the admixture of 
Na–Cl evaporitic lithology resulting in very high values 
of EC and TDS (~ 10,500 μs/cm and ~ 6000, respectively). 
The slight rise in the average values of δ2H and δ18O in 
Pamukkale springs (about 9.3 and 0.6‰VSMOW, Table 3 
and Fig. 6), in compare with that of Garab spring water, 
probably is attributed to the effect of different deep of 
evaporation or can be related to precipitation of calcite and 
aragonite in different environments (Ozkul et al. 2002).

Controls on δ13C and δ18O compositions of Garab 
and Pamukkale travertines

The preferential release of 12CO2 to the atmosphere, during 
rapid  CO2 degassing from the water, results in a progres-
sive increase of travertine δ13C. As the water flows upward 
toward the ground level, by changing the water conditions 
of temperature and pressure, it becomes oversaturated with 
respect to  CaCO3, and travertine is deposited. The stable 
13C and 18O isotopic composition of travertines depends on 
deposition conditions and many other parameters such as 
the origin and  CO2 escape; the primary/parent carbonate 
rock; microbiological activity; the parent karstic water res-
ervoir of the travertine; local climate and T of water; and 
tectonism (Kele et al. 2011). To determine the δ13C of the 
 CO2 released from the water during travertine deposition, 
we applied the Panichi and Tongiorgi (1976) equation (δ
13CCO2 = 1.2*δ13Ctravertine − 10.5). Using the average meas-
ured δ13Ctravertine values of Garab and Pamukkale (10.4 and 
7.2‰VPDB, respectively), this equation gives values of 1.5 
and − 1.8‰VPDB for the δ13C of the  CO2 released from the 
water during travertine deposition “original  CO2” at Garab 
and Pamukkale areas, respectively (Table 3). These values 
are enriched than the δ13C of  CO2 coming from magmatic 
sources, which has generally very low δ13CCO2 values from 
−7 to −5‰ (Hoefs 1997). Consequently, the heat source 
cannot be related to volcanic activities, and it is most prob-
ably associated with the geothermal gradient with a deep 
circulation of groundwater through faults in both areas. In 
the Garab region, the presence of many fractures and joints 
are related to acting extensional fault systems of Shandiz-
Sangbast (Zeraatkar and Rahimi 2012), which led to active 
tectonic and discharge of groundwater as hot springs (Goleij 
et al. 2018).

Conclusion

The chemical property of the Garab spring water was 
identified as Na–Cl with very high values of EC and TDS 
as ~ 10,500  μs/cm and ~ 6000  mg/l, respectively, which 
attributed to possible evaporating processes. The net concen-
tration of  Ca2+ and  Mg2+ cations and  HCO3

− and  SO4
2− ani-

ons in both Garab and Pamukkale water samples represent 
similar ranges values, evidencing to carbonate origin in bed-
rocks. The more concentrations of  Na+ and  K+ cations and 
of  Cl− in Garab water are related to subsequent admixture 
processes, which is originate from dissolving overloaded 
impure dissolve materials during upwelling water toward 
the ground level. This can be confirmed by the much higher 
average value of EC and TDS in Garab water (10,428 μs/cm 
and 5914 mg/l, respectively) than that of Pamukkale water 
(2400 μs/cm and 1186 mg/l). The high TDS values of water 

Fig. 7  The range of δ18O compositions in Garab and Pamukkale 
waters, compared to the various alterations in the crustal rock or 
water types (Clark and Fritz 1997)
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in Garab and Pamukkale regions are an indication of geo-
thermal waters (Özler 2000)and it depends on the dissolu-
tion of carbonates from the calcareous rocks and leakage of 
the deep ground (Flores Márquez et al. 2006).

The d-excess values of precipitation in both Garab and 
Pamukkale areas (11.2‰ and 16.0‰, respectively) were 
greater than that of GMWL, but smaller than the d-excess 
of EMMWL, indicating the secondary evaporation process. 
The lower d-excess value of Garab compared to Pamuk-
kale depends on the low quota of precipitation originating 
from the Mediterranean Sea in the Garab area (Mashhad) 
relative to the Pamukkale area (Anatolian Region). The 
δ18O and δ2H values of Garab spring water (− 9.3 and 
− 68.0‰VSMOW, respectively) are almost similar to that 
of Pamukkale spring water (− 8.7, − 58.7‰).

The mean concentration values of free  CO2 in both Garab 
and Pamukkale springs (316 mg/l and 673 mg/l, respec-
tively) are more than 300 mg/l, indicating deep thermal 
waters (Dilsiz 2006). These travertine-depositing springs 
along structural zones suggest deeply source and endogenic 
 CO2-rich water cycle in the faults and fractures (Yoshimura 
et al. 2004). The average δ13C-DIC values of water samples 
in both Garab and Pamukkale regions (10.4‰ and 7.2‰ 
VPDB) indicate that the main source of the  CO2 is a decom-
position of marine carbonates with an origin in deep bed-
rock limestone. The evidence of carbonate rock was detected 
based on the plot of main ternary diagrams for both regions 
as well. Hence, the same carbonate bedrocks may influence 
the origin of both regions, where the calcium, bicarbonate, 
and sulfate concentrations originate from the dissolution of 
limestone and evaporate units. The more enriched δ13C-DIC 
value of Garab spring water than that of Pamukkale spring 
water indicates more contribution of carbonate dissolution 
in Garab spring water through the rock-water interactions 
process.

The continues  CO2 degassing was observed in Garab 
spring water, which resulted in enriched δ13C and δ18O val-
ues of travertine rock samples (with an average value of 10.4 
and − 7.1‰ VPDB, respectively). The more enriched δ13C 
and δ18O values of Garab travertine than that of Pamuk-
kale travertine (7.2 and − 10.4‰ VPDB, respectively) are 
probably due to more  CO2 degassing. The calculated δ13C 
values of the released  CO2 from Garab and Pamukkale water 
during travertine deposition (1.5 and − 1.8‰ VPDB, respec-
tively) were enriched than the δ13C of  CO2 originate from 
magmatic sources (with values ranging from −7 to −5‰ 
VPDB - Hoefs 1997). Consequently, the heat source cannot 
be related to volcanic activities, and it is most probably asso-
ciated with the geothermal gradient with a deep circulation 
of groundwater through faults in both areas.
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