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Abstract  11 

Continental carbonates and their springs are rarely investigated as a source of toxicity. Remarkably high 12 

contents of As (up to 10 g/kg) have been found in travertine deposits and associated spring waters, nearby 13 

Ghorveh city (western Iran). Two types of travertines were distinguished: (i) Fissure ridge travertines, in 14 

areas with a carbonate-dominated basement, are characterized by a relatively low As content (<15 mg/kg) 15 

and low As leaching. Their spring waters contain >150 µg/L of As; (ii) Mound travertines, rich in non-16 

carbonate impurities, occur in areas with volcanic substrates and contain high As concentrations (on average 17 

~1500 mg/kg) with high leachability. Their spring waters have lower As concentrations than equivalent 18 

fissure ridge waters. Principal Component Analyses of the elemental and mineralogical composition show 19 

the unstable association of As over a wide range of pH values to non-carbonate related elements, in 20 

particular iron, related to clay minerals. The high potential release of As may result in adverse 21 

ecotoxicological effects in surrounding agricultural soils and crops. An ecological risk assessment, based 22 

on enrichment factors and risk indices, confirms the enrichment and very high potential ecological risk of 23 

As around mound carbonates. The human health risk assessment based on calculation via exposure factors 24 

suggests adverse non-carcinogenic and high carcinogenic risk with regard to As, both for adults and 25 

children. However, further investigations are necessary to evaluate the real ecological and human health 26 

risks.  27 
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Estimating the availability of inorganic pollutants (heavy metals and metalloids) in environmental samples 31 

is a crucial step for assessing eco- and human toxicological risks, and for waste management (e.g. Rigol et 32 

al., 2009). Increased concentrations of potentially toxic elements (PTEs) can pose severe threats to the 33 

environment and human health (Moore et al., 2015; Nematollahi et al., 2020). Arsenic (As), in particular, 34 

is a known carcinogen in the lungs, skin, liver, bladder and kidney (IARC, 2004; Filol, 2010). Several 35 

studies also point out the potential toxicological impact of As (e.g. States et al. 2008; Argos et al., 2012; 36 

Kundu et al. 2011). Long-term exposure to As may lead to vascular and skin diseases (Wang et al., 2003, 37 

2007; Kapaj et al., 2006; Khan et al., 2009). In addition, some authors (Antoniadis et al. 2019) suggest that 38 

the risk of As exposure tends to be often underestimated Despite that anthropogenic activities can 39 

concentrate PTEs in soil, water, sediments and rocks, elevated concentrations could also be geogenic in 40 

origin. According to Dradrach et al. (2020), As release from As-rich rocks can enter a more active 41 

biogeochemical cycle and subsequently pose a substantial risk to ecosystems, usually due to rock 42 

weathering (Myrvang et al. 2016). A vast amount of publications address As contamination by 43 

anthropogenic sources (e.g., Rinklebe et al., 2019; Mensah et al., 2020), however, only a few studies 44 

focused on geogenic rock-sourced As (e.g., Horckmans et al., 2005; Di Benedetto et al., 2013; Costagliola 45 

et al., 2013; Winkel et al., 2013). Often, directly or indirectly, elevated concentrations can be linked to the 46 

geology of a specific location. Therefore, local background concentrations of PTEs in soils and sediments 47 

should be used as a reference value to estimate the potential anthropogenic contamination and/or geogenic 48 

enrichment level of soils and sediments (De Saedeleer et al., 2010; Moore et al., 2015). Even when 49 

measured concentrations significantly exceed common background values, As anomalies do not necessarily 50 

pose health issues. An important determinant is its mobility in rocks, sediments, soils and water. Only 51 

soluble As, for example, can be taken up by plants (Bissen and Frimmel, 2003). pH is one of the key 52 

parameters controlling directly or indirectly the mobilization or retention of heavy metals and As in 53 

sediment, soils and waste materials (Van Herreweghe et al., 2002;), and thus will largely influence heavy 54 

metal and As behavior and their toxicity. Sediments and soils with different mineralogical, physical and 55 

chemical properties but similar total concentrations of As may, therefore, display different risks to the 56 

environment and human health (CCME, 1995). Regardless of the geogenic or anthropogenic origin of PTEs,57 

each situation should always be critically evaluated for potential ecological and health risks. 58 

In this study, two travertine deposits that occur contiguously, but display different morphology and textural 59 

framework, as well as geochemical signatures, were selected for a thorough petrographical (Mohammadi 60 

et al., 2019) and geochemical study. The first travertine type dominantly possesses a sparitic fabric 61 

consisting of almost pure calcite and a low content of non-carbonate components; while the second 62 

travertine body displays a dominant micritic fabric consisting of fine-crystalline calcite with a relatively 63 

high non-carbonate content, mainly consisting of clay minerals. Chemical analyses of the latter revealed 64 
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high As concentrations. The question that then naturally arises is whether the active alkaline springs and 65 

rivers, that pass through these travertine bodies and which irrigate the agricultural land of rice and wheat, 66 

also contain high As concentrations. Therefore, the three main aims of this study are (1) determining the 67 

concentration of As and associated elements in travertines with different fabric and in their spring waters; 68 

(2) assessing the leachability/mobility of As in the travertines; and (3) carrying out a simplified ecological 69 

and health risk assessment. 70 

2. Materials and methods 71 

2.1. Study area 72 

The Babagorgor watershed is located within the Hamadan-Tabriz belt (HTV) which is part of the NW 73 

oriented magmatic-metamorphic belt of the Sanandaj–Sirjan geological zone in Iran (Figure 1). This zone 74 

formed between the Arabian and Eurasian plates along the Turkish-Iranian plateau (e.g. Allen et al., 2013). 75 

According to the Geological Survey of Iran, the following formations occur in the study area: 76 

- Quaternary sedimentary–igneous rocks consisting of alluvial sediments, travertines, poorly-consolidated 77 

conglomerates, basanites and basalts. 78 

- Pliocene sedimentary–igneous rocks composed of argillaceous limestones, marls, sandy marls, 79 

conglomerates, together with tuffs, lapilli/pumiceous tuff breccias, lahars, latites, dacites and clays. 80 

- Late Miocene conglomerates, calcareous sandstones and evaporites (Upper Red Formation). 81 

- Oligocene–Miocene reefal and chalky limestones, as well as fossiliferous (especially corals) limestones 82 

and evaporites (Qom Formation). 83 

- Eocene conglomerates, calcareous sandstones and evaporites (Lower Red Formation). 84 

- Triassic–Jurassic sedimentary–metamorphic rocks composed of quartzites, micaschists, phyllites, slates, 85 

(crystalline) limestones, breccias and marbles. 86 

- Triassic metamorphic rocks consisting of meta-andesites, amphibolites, black schists, phyllites, meta-87 

gabbros and scapolite marbles. 88 

The study area, i.e., the Babagorgor watershed, is located between 47°32′ and 48°11′ E (latitude) and 35°05′ 89 

and 35°30′ N (longitude), 6 km from Ghorveh county in the Kurdistan province in western Iran. Quaternary 90 

Babagorgor travertines are characterized by two dominant morphologies, namely spring mounds and fissure 91 

ridges. Both inactive and active spring mounds are characterized by micritic fabrics, while the fissure ridges 92 

are dominantly composed of sparitic fabrics (Mohammadi et al., 2019). Although both morphologies have 93 

been considered in this study, the main focus is on the mound travertines which contain the highest 94 



4 

 

concentrations of As. Furthermore, the active springs in the study area also show high concentrations of As 95 

(Mohammadi et al., 2020a), which are above commonly found background concentrations, as listed, for 96 

example, by Antoniadis et al. (2019). 97 

2.2. Sampling and sample treatment98 

A total of 35 samples were collected from two different travertine geobodies. To determine the major and 99 

trace element composition, at each sampling location, 4 subsamples of about 0.25 kg were collected using 100 

a stainless polyethylene shovel, which then were mixed to gather a homogeneous composite sample. The 101 

samples were placed in clean polyethylene bags, packed and labeled, and then transferred to the lab for 102 

further analysis. In the lab, coarse impurities such as plant components (leaves, stems and roots), and 103 

plastics debris were removed from the samples. The samples were powdered with a mortar and pestle and 104 

then stored in clean polyethylene bags for further analysis. The concentrations of major and trace elements 105 

including Ag, Al, As, Ba, Be, Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Pb, Rb, S, Sr, Ti, V, Zn were 106 

determined using ICP-OES (Varian 720-ES; Varian Medical Systems, Incorporated, Palo Alto, California, 107 

U.S.A.) at the geochemistry laboratory of KU Leuven. A four-acid full digestion method using HNO3 (14 108 

mol/l or 65%, sub-boiled), HClO4 (70%, pro analysis Sigma Aldrich), HF (49%, sub-boiled) and HCl 109 

(2.5mol/l) was applied before determination of the elemental concentrations. Detailed information about 110 

the procedure is presented in Mohammadi et al. (2020b).  111 

2.3. X-Ray Diffraction (XRD) 112 

Pulverized rock samples were spiked with 20 wt% of corundum as an internal standard. The addition of the 113 

standard allows for a quantitative assessment of the mineralogy of the samples while also improving the 114 

qualitative analysis. Twenty-eight representative samples were selected and measured on a Bruker AXS D8 115 

Advance diffractometer with continuous radiation and step-sizes of 0.020° from 2-92° 2ϴ at the Clay and 116 

Interface Mineralogy (CIM) institute of the RWTH Aachen University. The qualitative analyses/mineral 117 

identification of the X-ray diffraction patterns were executed by Rietveld refinement using BGMN 118 

software.119 

2.4. Leaching tests (single extraction with 0.01 mol/L CaCl2 and pH-dependence leaching test) 120 

The same 28 samples that were selected for XRD analysis were used for single extraction with a 0.01 mol/l121 

CaCl2 solution. The ionic strength of the latter solution can be considered representative of soil and 122 

sediment pore water (Houba et al., 1996). To 1 g of sample, 10 ml of CaCl2 solution (0.01mol/l) was added 123 

and the samples were shaken for 2 hours on a reciprocal shaker. Subsequently, the pH of the suspension 124 

was determined with a pH-meter (Eijkelkamp, the Netherlands). Samples of the suspension were taken (5 125 
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mL), after filtering through a 0.45 μm Chromafil® filter, using a syringe attached to a flexible tube. 126 

Subsequently, the solution was analyzed by ICP-OES (for the elements Al, As, Ba, Cd, Co, Cr, K, Mg, Mn, 127 

Mo, Na, Ni, P, Pb, Sr, Ti, V, Zn, Zr). Precision and accuracy were determined based on blanks and replicate 128 

analyses. The detection limit is set as 3 times the standard deviation of blanks and repeated analyses or to 129 

the maximum of the blanks. 130 

For the pH-dependent leaching test, the method used by Yong et al. (1990) was adopted for 24 samples.131 

For each sample, 5 times 1 g was weighed into 5 different test tubes. Either acid (2.5 M HNO3) or base (2.5 132 

M NaOH) was added depending on the set-point pH. Five pH set-points were pre-defined (pH 1, 3, 5, 7 and 133 

9). After that, the samples were shaken for 2 hours. After determining the pH of the suspension and filtering 134 

the solution, the applied ICP-OES analysis followed the same protocol as has been applied for the single 135 

extraction. The accuracy was determined based on blanks and replicate analyses. 136 

2.5. Statistical analyses 137 

The results of the elemental analysis were statistically analyzed using SPSS version 22 and R software (R 138 

core Team, 2012). SPSS was used to address the distribution of elemental concentrations in the samples, 139 

and also to calculate ecological and health risk indices. Several statistical functions are only applicable to 140 

normally distributed data. The presented chemical rock data are “closed” (Aitchison, 1986). Therefore, 141 

prior to multivariate analyses, element concentration values were transformed using a centered log ratio 142 

(CLR) transformation. To establish which elements are linked by the same process or origin, a principal 143 

component analysis was carried out. A more elaborate explanation on statistical data processing can be 144 

found in Claes et al. (2019). 145 

2.6. Ecological risk assessment 146 

In order to evaluate the elemental concentrations in the studied medium, two geochemical indices, i.e., 147 

enrichment factor (EF) and risk index (RI), were calculated. In this study, the average PTE concentration 148 

in the upper continental crust (UCC) and aluminum (Al), which displays low variations within the analyzed 149 

samples, were taken as a reference medium and reference element, respectively.  150 

EF is an index to carry out a rough estimation of the ecological risk of PTEs in soils and sediments. The EF151 

was calculated based on the following equation (Sutherland, 2000): 152 

EF= (Cs/Cr)/(Bs/Br)          (eq.1) 153 

where Cs corresponds to the PTE level in the sample, Cr is the PTE level in the reference medium, Bs is the 154 

reference element level in the sample, and Br is the reference element level in the reference medium. Based 155 

on Sutherland (2000), EF is classified in five classes corresponding to: deficiency to low enrichment 156 
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(EF≤2), moderate enrichment (2<EF≤5), significant enrichment (5<EF≤20), very high enrichment 157 

(20<EF≤40), and extreme enrichment (EF>40).158 

The RI, introduced by Hakanson (1980), was also calculated to assess the potential ecological risk grade of 159 

PTEs in these sediments using the following formula: 160 

Er
i= Tr

i × CFi, CFi = Csi/Cni, and �� = ∑ ��
� ! ri       (eq. 2) 161 

where RI is the sum of all ecological risk factors (Er
i) for PTEs in sediment and soils, Tr

i corresponds to a 162 

toxic response factor for the analyzed PTEs (Zn = 1, Cr = 2; Cu = Pb = 5, and As = 10), CFi is the 163 

contamination factor, Cs
i represents the elemental content in sediment and soil, and Cn

i is the reference 164 

value for PTEs in the reference medium. Based on Hakanson (1980), the ecological risk factor classes are: 165 

low (Er<40), moderate (40≤Er<80), considerable (80<Er<160), high (160≤Er<320), and very high (Er≥320). 166 

Depending on the RI, the potential ecological risk is considered low (RI<150), moderate (150≤RI<300), 167 

considerable (300≤ RI<600), and very high (RI≥600). 168 

3.7. Exposure and health risk assessment 169 

In order to make a rough estimate of the carcinogenic or non-carcinogenic human health risk of PTEs in 170 

sediment via ingestion, inhalation and dermal contact pathways, the guidelines and Exposure Factors 171 

Handbook of the U.S. Environmental Protection Agency are followed (USEPA, 2011). To evaluate the 172 

human health impacts of PTEs, the Hazard Index (HI) and the Incremental Lifetime Cancer Risk (ILCR) 173 

were developed.  174 

The average daily dose (ADD), also known as the chronic daily intake (CDI) (mg·kg−1·day−1) of a given 175 

PTE via ingestion (ADDing), inhalation (ADDinh) and dermal contact (ADDderm) was calculated based on the 176 

following equations (USEPA, 2011): 177 

ADD"#$ = C% ×
&#$'×()×(*×+)

,-×./
         (eq. 3) 178 

ADD"#0 = C% ×
&#0'×()×(*

,-×./×1()
         (eq. 4) 179 

ADD2345 = C% ×
.)×()×%.×.,%×)(×(*×+)

,-×./
       (eq. 5) 180 

where Cs = PTEs concentration, IngR= ingestion rate, EF = exposure frequency, ED = exposure duration, 181 

CF = conversion factor, BW = body weight, AT = average time, InhR = inhalation rate, PEF = particulate 182 

emission factor, AF = adherence factor, SA = exposed skin surface area, FE = dermal exposure ratio, and 183 

ABS = dermal absorption factor. 184 

Table 1 presents the recommended values for each factor. To assess the human health risk of elements, 185 

ADDs were primarily calculated with respect to element risk type (cancerous or non-cancerous) and the 186 

exposure pathways (ingestion, inhalation and dermal contact) for both adults and children. The human 187 
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health risk assessment was performed using the obtained values from the calculated hazard quotient (HQi), 188 

carcinogenic risk (CRi), HI, and ILCR regarding the following formula (USEPA, 2011): 189 

HQ" = ∑
.**6  

'8*9:

;
< !            (eq. 6) 190 

HI = ∑ HQ" 
#
" !            (eq. 7) 191 

CR" = ∑ ADD"< × SF"<
;
< !          (eq. 8) 192 

ILCR = ∑ CR"
;
< !           (eq. 9) 193 

where RfDip and SFip are the reference dose (toxicity threshold value) and the carcinogenicity slope factor 194 

for PTEs in the exposure routes, respectively. In this study, for a better perception of the health risk, all 195 

presented values correspond to statistical medians because the median values are less affected by outliers 196 

and skewed data than mean values; therefore, it is usually the preferred parameter when the distribution is 197 

not symmetrical (Manikandan, 2011).  Subsequently, the non-carcinogenic health risk of toxic elements is 198 

termed as HI, and carcinogenic health risk is described as ILCR (USEPA, 2011). The HI values < 1 reflect 199 

no non-carcinogenic health risk of elements, while HI values > 1 indicate the feasibility of an adverse non-200 

carcinogenic health risk (USEPA, 2011). The ILCR values < 10-6 and >10-4 indicate negligible risk and 201 

high risk for the cancer development, respectively, while any value ranging from 10-6 to 10-4 reflects an 202 

acceptable or tolerable risk to human health (USEPA, 2011).                                                          203 

3. Results and discussion 204 

3.1. General sediment characteristics and element concentrations 205 

The dominant travertine morphology, i.e., the mound geobodies, consists of micritic calcite along with 206 

widespread volcanic fragments, Mn/Fe-(hydr)oxides, and stained silty to clayey mud. The second most 207 

common morphology, i.e., fissure ridges, are nearly exclusively composed of calcite with sparitic fabrics. 208 

Detailed petrographic and sedimentological analyses based on the macroscopic description (bed geometry, 209 

texture, sedimentary features, and faunal content) and characteristics of accessory grains and matrix 210 

composition have been reported in Mohammadi et al. (2019). An overview of the different samples and 211 

associated mineralogy is given in Table 3. As expected, calcite is the most dominant mineral (33-98 wt%),212 

while the samples show a low content of aragonite (< 5%). Dolomite was not present or was under the 213 

detection limit. Clay makes up a maximum of 52 % and a minimum of 0.3 %. Textured samples were not214 

prepared, therefore, detailed clay mineralogy cannot be given. The non-clay silicate content is always lower 215 

than 5 %. Also, the samples contain some amorphous phases. The 3 samples with high As content have the 216 

highest amount of clay minerals, which readdresses the difference in As concentrations between fissure 217 

ridge and mound. Petrographic, mineralogical and chemical analyses also allowed for the differentiation 218 

between both travertine types. Fig. 2a and b show the total elemental concentrations of 32 samples in both 219 
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“impure” mound and “pure” fissure ridge travertine geobodies. Overall, the elemental concentrations in the 220 

“impure” deposit (Fig. 2a) are higher than those in the “pure” geobody (Fig. 2b). Especially the 221 

concentrations for elements such as Fe (up to 172 g/kg), Ni (up to 247 mg/kg), Zn (up to 68 mg/kg), Co (up 222 

to 73 mg/kg), Ba (up to 1318 mg/kg) and As (up to 9129 mg/kg) are noticeably high. The elevated elemental223 

concentrations in the “impure” carbonate deposit with micritic fabric correspond to deposits overlying a224 

volcanic basement. This is represented in the travertine rock matrix by the presence of clay minerals and 225 

volcanic fragments (based on the mineralogy determined by XRD), which most likely originated from the 226 

bedrock. Clay minerals, characterized by a high sorption capacity can explain several of the elevated 227 

element concentrations (e.g., Uddin, 2017). Volcanic fragments can also release elements such as As to the 228 

environment due to weathering (e.g., Bowell et al., 2014). Moreover, As concentrations vary significantly 229 

among the three travertine springs (from 19μg/L to 183 μg/L).  Arsenic is not captured in the pure fissure 230 

ridge fabrics, thus the impurities in the mound might explain the high concentrations. 231 

The results of the principal component analysis (PCA) are plotted in Figure 4. The first component, 232 

explaining 33.54% of the variation in the dataset, represents the carbonate axis, with samples high in calcite 233 

and aragonite, mainly the fissure ridge samples (plotted along the positive side). Along the negative side,234 

samples are dominated by non-carbonate minerals, where As is plotted next to Fe, together with K, Al, Ti. 235 

The PCA illustrates the strong correlation of As with Fe, Al, K, Mn, Ti, Cr and P. Aluminum, Fe and K are 236 

the main components of clay minerals and also of extrusive volcanic rocks, reflecting the main source for 237 

As release. However, some As linked to Fe oxi/hydroxides cannot be excluded. It is noteworthy that P plots 238 

close to As, which reflects their mutual behavior (forming anionic complexes). Arsenic has a strong 239 

negative correlation with Ca, Sr and Na, suggesting low concentrations of As in carbonate phases since Ca, 240 

Sr and Na are the major components of carbonates.  241 

3.3. Potential release of As as function of pH 242 

The mound travertine, containing non-carbonate material, shows significantly higher As concentrations 243 

than worldwide regulation limits (As 0.68-400 mg/kg; McBride, 1994; INRA, 2008; Tsuji et al., 2005; 244 

VLAREBO, 2008; Antoniadis et al., 2019). Discharge of water which passes through the mound area to 245 

irrigate extensive neighboring agricultural areas justifies an investigation with regard to As mobility. In this 246 

respect, the pH value that was measured in the leachatesis a key parameter, which is mainly controlled by 247 

the high carbonate (mainly calcite) content in the samples.  248 

The results of the leaching experiments for As are shown in Figure 5. The pH after the single extraction 249 

with a 0.01 mol/l CaCl2 solution varies between 7.7 and 8.9, with an average of 8.  250 
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For the pH-dependence test, solutions with a pH of 1 (0.1 M HNO3), 3 (10-3 M HNO3), 5 (10-5 M HNO3), 7 251 

(deionized H2O) and 9 (10-9 M NaOH) were used. However, after extraction, the pH of the solutions with a 252 

pH of 1, 3, 5, and 7 increased to an average pH value of 6.3, 8.2, 8.5 and 8.6, respectively. This points to 253 

the strong acid-neutralizing capacity of the samples, by the dissolution of calcite, which is the dominant 254 

mineral in the travertine samples. In Figure 5, the results of the pH-dependent leaching test are grouped 255 

based on the final pH of the leachates. 256 

Most of the Ca and Mg are released with a solution of pH 1 and 3, while their release is low with solutions 257 

of pH 5, 7 and 9 (the weak acid, neutral and alkaline pH-range). Nickel leached partially with a solution of 258 

pH 1. Na, Fe, Sr, Si and Li leaching is effective in strongly acidic conditions, as well as in the neutral and 259 

alkaline pH-range. A high leachability of Mn is only observed with pH 1 and 3 extraction fluids. Apart 260 

from a small number of samples, Fe and Al leaching is low and remains the same for all pH conditions. 261 

PTEs like Ni and Mo present a low leachability. The key point of this study is the relatively high 262 

mobilization of As in the weakly acidic, neutral and alkaline pH-ranges. The higher absolute leachability 263 

in samples with micritic fabric in comparison to the samples with sparitic fabric relates to the higher 264 

absolute PTE concentrations in these samples. In general, a low mobility of cationic PTEs (e.g., Fe) has 265 

been observed in this study. This can be explained by the fact that cationic PTEs show lower mobility at266 

higher pH (McLean and Bledsoe, 1992; Lee et al., 2009; Brokbartold et al., 2012). The latter is due to the 267 

high carbonate content of travertine samples that buffer the solution in the alkaline pH range. In contrast, 268 

As displays a higher mobility under weakly acid, neutral and alkaline pH conditions (pH 5-9). This is caused 269 

by the oxyanionic properties of As which result in decreasing anion adsorption on the clay minerals and 270 

Fe-oxides/hydroxides at rising pH (Van Herreweghe et al., 2002). Thereby, the high mobility of As at 271 

alkaline pH and low mobility at acidic pH can be related to its binding with clay minerals.272 

3. 4. Influence of REDOX-conditions on As in travertines 273 

Although pH is considered the single most important factor affecting PTE availability in soilsAntoniadis et 274 

al., 2017), the effects of changing redox conditions have been highlighted in several studies, especially for 275 

flood plain sediments (e.g., Frohne et al., 2011; Shaheen et al., 2016; LeMonte et al., 2017). Arsenic is a 276 

multi-valent element, with As(III) and As(V) being the most common oxidation states of As. Arsenite 277 

(As(III) is more mobile from soil to plant than arsenate (As(V)) (Suda and Makino, 2016). Reducing 278 

conditions, transforming As(V) to As(III), should thus be avoided. Permanently oxidative conditions 279 

prevail in the studied travertines from precipitation to weathering. Only the development of very clay-rich 280 

soils on top would result in potentially local anoxic conditions.  281 

282 
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3.5. Ecological risk assessment 283 

The calculated enrichment factors for the selected elements are shown as boxplots in Fig. 6. Arsenic and 284 

Mn in all samples and Cr in sample 13 display EF values greater than 40 and are thus ‘extremely enriched’.285 

The medians, the solid lines in the middle of the boxes (Fig. 6) for Ni, Zn and Co fall between the reference 286 

lines 20 and 40, reflecting the high enrichment within the samples. The median EF values for Cr, Fe and 287 

Pb have values ranging between 5 and 20, indicating significant enrichment within most samples. On 288 

average, the lowest EF values are found for Cu (2<EF≤5), suggesting a moderate enrichment. 289 

290 

Based on the box plots shown in Fig. 7, As has the highest Er value (>320), indicating a very high ecological 291 

risk, while the other elements have Er values lower than 40 and thusa low ecological risk. Hence, the 292 

ecological risk is of great concern for As in all samples and must be taken into account. 293 

Based on the estimated IR values (Fig. 8), several mound samples (i.e., 18, 3, 16, 4, 17, 13, 13, 22, 14, 9, 294 

1, 6, 15 and 21) yield a very high potential ecological risk (RI≥600). RI values for samples 2, 3, 7, 8, 19, 295 

20 and 23 range from 300 to 600, indicating a considerable ecological risk. The remaining samples with RI 296 

values between 150 and 300 represent a moderate ecological risk. The calculation of RI values only give a 297 

very rough estimation of ecological risks, and further investigations are necessary to fully understand the 298 

ecological risk of As in the travertines and spring waters.299 

300 

3.6. Health risk assessment 301 

The calculated median ADDs values with respect to risk type (cancerogenic or non-cancerogenic) and the 302 

exposure pathways (ingestion, inhalation and dermal contact) for both adults and children are presented in 303 

Table 4. The median ADDing values of both carcinogenic and non-carcinogenic elements are several orders 304 

of magnitude greater than the ADDinh and ADDderm values in both subpopulations (adult and child). This 305 

means that inhabitants in the study area may be dominantly exposed to toxic elements via ingestion. The 306 

median ADDing, ADDinh and ADDderm values are highest for As in comparison to the other elements, 307 

indicating that ADD via the 3 exposure pathways is the most significant for As.  308 

The median HQ values for the analyzed elements, listed in Table 5, indicate that the contribution of 309 

ingestion (HQing) is dominant for all elements, followed by dermal contact (HQderm) and inhalation (HQinh) 310 

for both adults and children. The contribution of HQinh is more than HQderm for Co, showing a higher hazard 311 

quotient through inhalation when compared to dermal contact. The highest median HI values in both 312 

subpopulations are calculated for As (1.47E+00 in adults and 1.57E+01 in children), followed by Cr, Ni, 313 

Pb, Co, Cu and Zn (Table 5). As shown in Fig. 9, the HI values of As in all samples fall above the reference 314 

line (HI = 1), suggesting an adverse non-carcinogenic health risk. The HI value of As is also higher for 315 

children compared to adults. Samples 18, 3 and 16 have the highest HI values for As, which suggests that 316 



11 

 

they pose the highest adverse non-carcinogenic health risk. Since the HI values of the other elements in 317 

both groups are less than 1, they do not pose a non-carcinogenic health risk. The HQ values suggest  that 318 

the adverse health risk of As exposure is the highest for children and that ingestion is the primary exposure 319 

pathway for contaminated soils. The calculation of HQ values indicate that As contributes to the highest 320 

percentage of  non-carcinogenic health risks, and the other elements have a minor contribution,. The 321 

calculated LCR values for As via the triple exposure pathways are presented in Table 4. LCRing has a major 322 

contribution in ILCR, meaning that ingestion is the most significant exposure route for As. The LCR values 323 

for both groups (Fig. 9 c, d) indicate that As, in all samples, poses a high risk for cancer development 324 

(ILCR>10-4). However, these ILCR values are not sufficient to draw conclusions about the real human 325 

health risk, but ask for further investigations.326 
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4. Conclusion 327 

Travertine sediments in the Babagorgor watershed overlaying volcanic deposits reveal arsenic 328 

concentrations up to 10 g/kg. Mineralogical and chemical analyses show the strong association of As to 329 

non-carbonate phases. Multivariate statistical analyses (PCA) show that As concentrations are positively 330 

correlated to elements derived from clay minerals and volcanic fragments, and negatively correlated to 331 

elements that relate to calcite, such as Ca and Sr. Based on the single extractions with CaCl2 (0.01 mol/l),332 

which is considered to be representative for pore water in sediments and soils, and on pH-dependent 333 

leaching tests, As is relatively mobile in several samples. The maximal retention of As in the travertines 334 

occurs in the pH range of 5 to 9, which relates to the high calcite content of the samples providing a high 335 

buffering potential. Leaching tests at different pHs (6-9) indicate that neutral and alkaline pH-values have 336 

a more pronounced effect on As release. The calculation of HI and ILCR reveals an adverse non-337 

carcinogenic health risk and high carcinogenic risk of As for both adults and children. The ecological risk 338 

assessment, based on EF and RI  reflects an extreme enrichment and very high potential ecological risk for 339 

As in mound carbonate deposits. Consequently, based on this research, the high potential release of As from 340 

these deposits is very likely to affect the surrounding agricultural area and domestic animals (which use the 341 

water that passes through the travertine deposits). However, the human health and ecological risks have 342 

only been assessed by calculating risk indices, which is only a rough estimation of the risk, and should be 343 

supplemented with additional data.  344 

As this research shows, because of the high potential release of toxic As, it is recommended for agricultural 345 

activities to be restrained around such deposits until additional research on the leaching behavior, plant 346 

uptake, and groundwater pollution has been carried out.  347 

Acknowledgments 348 

The authors are grateful to Dr. E. Vassilieva for the ICP-OES analysis. Mr. H. Abbasi are thanked for their 349 

help during fieldwork. H. Nijs is acknowledged for the careful preparation of thin sections. This work was 350 

supported by KU Leuven research and development. Jillian Helser has received funding from the European 351 

Union’s EU Framework Programme for Research and Innovation Horizon 2020 under Grant Agreement 352 

No 812580. 353 

6. References 354 

Aitchison, J., 1986. The statistical analysis of compositional data, Chapman and Hall, Ltd., London, UK, 355 

416 pp.  356 

Antoniadis, V., Levizou, E., Shaheen, S.M., Ok, Y.S., Sebastian, A., Baum, C., Prasad, M.N., Wenzel, 357 



13 

 

W.W. and Rinklebe, J., 2017. Trace elements in the soil-plant interface: Phytoavailability, 358 

translocation, and phytoremediation–A review. Earth-Science Reviews, 171, pp.621-645. 359 

Antoniadis, V., Shaheen, S. M., Levizou, E., Shahid, M., Niazi, N. K., Vithanage, M., Ok, Y. S., Bolan, N. 360 

and Rinklebe, J., ,2019,. A critical prospective analysis of the potential toxicity of trace element regulation 361 

limits in soils worldwide: Are they protective concerning health risk assessment?-A review. Environment 362 

international, 127, 819-847. 363 

Argos, M., Ahsan, H. and Graziano, J.H., 2012. Arsenic and human health: Epidemiologic progress and 364 

public health implications. Rev. Environ. Health, 27, 191–195. 365 

Bissen, M. and Frimmel, F.H., 2003. Arsenic—a review. Part I: occurrence, toxicity, speciation, mobility. 366 

Acta hydrochimica et hydrobiologica, 31(1), 9–18. 367 

Bowell, R.J., Alpers, C.N., Jamieson, H.E., Nordstrom, D.K. and Majzlan, J., 2014. The environmental 368 

geochemistry of arsenic an overview. Reviews in Mineralogy and Geochemistry, 79(1), 1–16. 369 

Brokbartold, M., Grupe, M., and Marschner, B., 2012. Effectiveness of different soil amendments to reduce 370 

the Pb and Zn extractability and plant uptake in soils contaminated by anticorrosion paints beneath 371 

pylons. Journal of Plant Nutrition and Soil Science, 175(3), 443-455.372 

Claes, H., Huysmans, M., Soete, J., Dirix, K., Vassilieva, E., Erthal, M. M., Vandewijngaerde, W., 373 

Hamaekers, H., Aratman, C., Özkul, M. and Swennen, R., 2019. Elemental geochemistry to 374 

complement stable isotope data of fossil travertine: Importance of digestion method and statistics. 375 

Sedimentary Geology, 386, 118-131. 376 

Costagliola, P., Bardelli, F., Benvenuti, M., Di Benedetto, F., Lattanzi, P., Romanelli, M., Paolieri, M., 377 

Rimondi, V. and Vaggelli, G., 2013. Arsenic-bearing calcite in natural travertines: evidence from 378 

sequential extraction, μXAS, and μXRF. Environmental science and technology, 47(12), 6231–6238.379 

De Saedeleer, V., Cappuyns, V., De Cooman, W. and Swennen, R., 2010. Influence of major elements on 380 



14 

 

heavy metal composition of river sediments. Geologica Belgica, 13(3), 257–267. 381 

Di Benedetto, F., Costagliola, P., Benvenuti, M., Lattanzi, P., Romanelli, M. and Tanelli, G., 2006. Arsenic 382 

incorporation in natural calcite lattice: evidence from electron spin echo spectroscopy. Earth and 383 

Planetary Science Letters, 246(3-4), 458–465. 384 

Dradrach, A., Karczewska, A. and Szopka, K., 2020. Arsenic accumulation by red fescue (Festuca rubra) 385 

growing in mine affected soils-Findings from the field and greenhouse studies. Chemosphere, 248, 386 

126045. 387 

Frohne, T., Rinklebe, J., Diaz-Bone, R. A., and Du Laing, G., 2011. Controlled variation of redox conditions 388 

in a floodplain soil: impact on metal mobilization and biomethylation of arsenic and antimony. 389 

Geoderma, 160(3-4), 414-424.390 

Hakanson, L., 1980. An ecological risk index for aquatic pollution control, a sedimentological approach. 391 

Water Research, 14(8), 975–1001. 392 

Horckmans, L., Swennen, R., Deckers, J. and Maquil, R., 2005. Local background concentrations of trace 393 

elements in soils: a case study in the Grand Duchy of Luxembourg. Catena, 59(3), 279-304.394 

Houba, V.J.G., Lexmond, T.M., Novozamsky, I.and van der Lee, J.J., 1996. State of the art and future 395 

developments in soil analysis for bioavailability assessment. Sci. Total Environ. 178, 21- 28.396 

IARC, 2004. Working Group on the Evaluation of Carcinogenic Risks to Humans. Some Drinking- Water 397 

Disinfectants and Contaminants, Including Arsenic: IARC Working Group on the Evaluation of 398 

Carcinogenic Risks to Humans, vol. 84. Lyon (France): IARC Press. 399 

Kapaj, S., Peterson, H., Liber, K. and Bhattacharya, P., 2006. Human health effects from chronic arsenic 400 

poisoning—a review. Journal of Environmental Science and Health. 41, 2399–428. 401 

Karimi Nezhad, M. T., Mohammadi, K., Gholami, A., Hani, A., Shariati, M. S., 2014. Cadmium and 402 

mercury in topsoils of Babagorogor watershed, western Iran: Distribution, relationship with soil 403 



15 

 

characteristics and multivariate analysis of contamination sources. Geoderma, 219–220, 177–185. 404 

Keshavarzi, B., Moore, F., Mosaferi, M. and Rahmani, F., 2011. The source of natural arsenic 405 

contamination in groundwater, west of Iran. Water Quality, Exposure and Health, 3(3-4), 135–147. 406 

Khan, N.I., Owens G., Bruce D. and Naidu R., 2009. Human arsenic exposure and risk assessment at the 407 

landscape level: a review. Environmental Geochemistry and Health 31, 143–66. 408 

Kundu, M., Ghosh, P., Mitra, S., Das, J.K., Sau, T.J., Banerjee, S., States, J.C. and Giri, A.K., 2011. 409 

Precancerous and non-cancer disease endpoints of chronic arsenic exposure: the level of chromosomal 410 

damage and XRCC3 T241M polymorphism. Mutation Research/Fundamental and Molecular 411 

Mechanisms of Mutagenesis, 706(1-2), 7–12. 412 

Lee, S. H., Lee, J. S., Choi, Y. J., and Kim, J. G., 2009. In situ stabilization of cadmium-, lead-, and zinc-413 

contaminated soil using various amendments. Chemosphere, 77(8), 1069-1075.LeMonte, J.J., 414 

Stuckey, J.W., Sanchez, J.Z., Tappero, R., Rinklebe, J. and Sparks, D.L., 2017. Sea level rise induced 415 

arsenic release from historically contaminated coastal soils. Environmental Science and Technology, 416 

51(11), 5913-5922. 417 

McLean, J.E., Bledsoe, B.E., 1992. Ground Water Issue: Behaviour of Metals in Soils, Superfound 418 

Technology Support Center for Ground Water. USEPA/540/S-92/018, Washington, DC. 419 

Mensah, A. K., Marschner, B., Shaheen, S. M., Wang, J., Wang, S. L., and Rinklebe, J., 2020. Arsenic 420 

contamination in abandoned and active gold mine spoils in Ghana: Geochemical fractionation, 421 

speciation, and assessment of the potential human health risk. Environmental Pollution, 261, 114116.422 

Mohammadi, Z., Capezzuoli, E., Claes, H., Alipoor, R., Muchez, P. and Swennen, R., 2019. Substrate 423 

geology controlling different morphology, sedimentology, diagenesis and geochemistry of adjacent 424 

travertine bodies: a case study from the Sanandaj-Sirjan zone (western Iran). Sedimentary Geology, 425 

389, 127–146. 426 



16 

 

Mohammadi, Z., Vaselli, O., Muchez, P. Bouillon, S., Claes, H., Capezzuoli, E., and Swennen, R., 2020a. 427 

hydrogeochemistry, stable isotope and geothermometry of CO2-bearing hydrothermal springs from 428 

Western Iran: Evidence for their origin, evolution and spatio-temporal variations. Sedimentary 429 

Geology, in press. 430 

Mohammadi, Z., Claes, H., Capezzuoli, E., Mozafari, M., Soete, J., Aratman, C. and Swennen, R., 2020b. 431 

Lateral and vertical variations in sedimentology and geochemistry of sub-horizontal laminated 432 

travertines (Çakmak quarry, Denizli Basin, Turkey), Quaternary International, 540, 146–168. 433 

Moore, F., Nematollahi, M., and Keshavarzi, B., 2015. PTEs fractionation in surface sediments of Gowatr 434 

bay-Iran. Environmental monitoring and assessment, 187(1), 4117.  435 

Moore, F., Nematollahi, M.J., and Keshavarzi, B., 2015. Heavy metals fractionation in surface sediments 436 

of Gowatr bay-Iran. Environmental monitoring and assessment, 187(1), 4117. 437 

Myrvang, M.B., Gjengedal, E., Heim, M., Krogstad, T. and Almås, Å.R., 2016. Geochemistry of barium in 438 

soils supplied with carbonatite rock powder and barium uptake to plants. Applied Geochemistry, 75, 439 

1–8.440 

Nematollahi, M.J., Dehdaran, S., Moore, F., Keshavarzi, B., 2020. Potentially toxic elements and polycyclic 441 

aromatic hydrocarbons in street dust of Yazd, a central capital city in Iran: contamination level, source 442 

identification, and ecological-health risk assessment. Environmental Geochemistry and Health (in 443 

press), DOI:10.1007/s10653-020-00682-4. 444 

O’Neill, P., 1995. Arsenic. In: Alloway, B.J. (Ed.), PTEs in Soils, 2nd ed. Blackie Academic and 445 

Professional, Glasgow, 105–121. 446 

Rinklebe, J., Antoniadis, V., Shaheen, S. M., Rosche, O., and Altermann, M., 2019. Health risk assessment 447 

of potentially toxic elements in soils along the Central Elbe River, Germany. Environment 448 

international, 126, 76-88. 449 



17 

 

Shaheen, S. M., Rinklebe, J., Frohne, T., White, J. R., and DeLaune, R. D. 2016. Redox effects on release 450 

kinetics of arsenic, cadmium, cobalt, and vanadium in Wax Lake Deltaic freshwater marsh soils. 451 

Chemosphere, 150, 740-748.452 

Stanjek, H. and Künkel, D., 2016. CEC determination with Cu-triethylenetetramine: recommendations for 453 

improving reproducibility and accuracy. Clay minerals, 51, 1–17.454 

States, J.C., Srivastava, S., Chen, Y. and Barchowsky, A., 2009. Arsenic and cardiovascular disease. 455 

Toxicological sciences, 107(2), 312–323.456 

Suda, A., and Makino, T., 2016. Functional effects of manganese and iron oxides on the dynamics of trace 457 

elements in soils with a special focus on arsenic and cadmium: a review. Geoderma, 270, 68-75.458 

Sutherland, R. A., 2000. A comparison of geochemical information obtained from two fluvial bed sediment 459 

fractions. Environmental Geology, 39(3-4), 330–341.460 

Uddin, M.K., 2017. A review on the adsorption of heavy metals by clay minerals, with special focus on the 461 

past decade. Chemical Engineering Journal, 308, 438–462.462 

USEPA, 2004. Risk Assessment Guidance for Superfund Volume I: Human Health Evaluation Manual 463 

(Part E, Supplemental Guidance for Dermal Risk Assessment). Office of Superfund Remediation and 464 

Technology Innovation. EPA/540/R/99/005. 465 

USEPA, 2011. Exposure factors handbook edition. EPA/600/R-09/052F. Washington, D.C: National 466 

Center for Environmental Assessment, Office of Research and Development, U.S. Environmental 467 

Protection Agency 20460. 468 

Van Herreweghe, S., Swennen, R., Cappuyns, V. and Vandecasteele, C., 2002. Chemical associations of 469 

PTEs and metalloids in contaminated soils near former ore treatment plants: a differentiated approach 470 

with emphasis on pHstat-leaching. Journal of Geochemical Exploration, 76(2), 113-138.471 

Wang, S.L., Chiou, J.M., Chen, C.J., Tseng, C.H., Chou, W.L., Wang, C.C., Wu, T.N. and Chang, L.W., 472 



18 

 

2003. Prevalence of non-insulin-dependent diabetes mellitus and related vascular diseases in 473 

southwestern arseniasis-endemic and nonendemic areas in Taiwan. Environmental Health 474 

Perspectives, 111, 155–9. 475 

Wang, C.H., Hsiao, C.K., Chen, C.L., Hsu, L.I., Chiou, H.Y., Chen, S.Y., Hsueh, Y.M., Wu, M.M. and 476 

Chen, C.J., 2007. A review of the epidemiologic literature on the role of environmental arsenic 477 

exposure and cardiovascular diseases. Toxicology and Applied Pharmacology, 222, 315–26. 478 

Winkel, L.H., Casentini, B., Bardelli, F., Voegelin, A., Nikolaidis, N.P. and Charlet, L., 2013. Speciation 479 

of arsenic in Greek travertines: Co-precipitation of arsenate with calcite. Geochimica et 480 

Cosmochimica Acta, 106, 99–110. 481 

Yong, R.N., Warkentin, B.P., Phadungchewit, Y. and Galvez, R., 1990. Buffer capacity and lead retention 482 

in some clay materials. Water, Air, and Soil Pollution, 53(1-2), 53–67. 483 



Abstract  

Continental carbonates and their springs are rarely investigated as a source of toxicity. Remarkably high 

contents of As (up to 10 g/kg) have been found in travertine deposits and associated spring waters, 

nearby Ghorveh city (western Iran). Two types of travertines were distinguished: (i) Fissure ridge 

travertines, in areas with a carbonate-dominated basement, are characterized by a relatively low As 

content (<15 mg/kg) and low As leaching. Their spring waters contain >150 µg/L of As; (ii) Mound 

travertines, rich in non-carbonate impurities, occur in areas with volcanic substrates and contain high 

As concentrations (on average ~1500 mg/kg) with high leachability. Their spring waters have lower As 

concentrations than equivalent fissure ridge waters. Principal Component Analyses of the elemental 

and mineralogical composition show the unstable association of As over a wide range of pH values to 

non-carbonate related elements, in particular iron, related to clay minerals. The high potential release 

of As may result in adverse ecotoxicological effects in surrounding agricultural soils and crops. An 

ecological risk assessment, based on enrichment factors and risk indices, confirms the enrichment and 

very high potential ecological risk of As around mound carbonates. The human health risk assessment 

based on calculation via exposure factors suggests adverse non-carcinogenic and high carcinogenic risk 

with regard to As, both for adults and children. However, further investigations are necessary to evaluate 

the real ecological and human health risks.  
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Table caption 1 

Table 1. Factors used for health risk assessment 2 

Table 2. Temperature, pH, alkalinity, total dissolved solids (TDS) and arsenic content for water samples 3 

from three travertine springs at their orifice in summer. Spring I is located nearby the fissure ridge and 4 

Spring and are situated next to the mound geobody. It should be noted that Mohammadi et al. (2020) 5 

shows the complete data of the different steps along the flow paths.6 

Table 3. Quantitative mineralogy (wt%). Samples 1 to 22 and 67 are collected from the mound 7 

travertinedeposits and the rest are from fissure ridge travertine. 8 

Table 4. Median ADD values for adult and child 9 

Table 5. Median HQs and HI values of PTEs for adult and child along with RfD and CSF values10 
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Factor Definition unit

Value

ReferenceAdult

(>21 y)

Child 

(5-11 y)

AT Average time: 

for carcinogens

d

365×70 365×70

U.S. EPA, 2011

for non-carcinogens 365×ED 365×ED

AF Adherence factor mg (cm2·d)-1 0.07 0.2 U.S. EPA, 2004

BW Average body weight kg 80 15 U.S. EPA, 2011

CF Conversion factor kg·mg-1 10-6 10-6 U.S. EPA, 2004

ABSd PTEs Dermal absorption factor 0.001 0.001 U.S. EPA, 2011

FE Dermal exposure ratio 0.61 0.61 U.S. EPA, 2004

EF Exposure frequency d·y-1 350 350 U.S. EPA, 2004

ED Exposure duration y 26 6 U.S. EPA, 2011

SA Exposed skin surface area cm2 6032 2373 U.S. EPA, 2011

PEF Particulate emission factor m3·kg 1.36×109 1.36×109 U.S. EPA, 2004

Cs PTE concentration in sediment 

of travertine deposit

mg·kg-1 This study

InhR Inhalation rate m3·d-1 20 12 U.S. EPA, 2011

IngR Ingestion rate mg·d-1 100 200 U.S. EPA, 2011

Table 1 

Spring T(°C) pH Total alkalinity 

(mg/L)

TDS

(mg/L)

arsenic

(µg/L)

Travertine Spring I 15 7.3 3859 21484 183

Travertine Spring 20 7.1 1453 2091 29

Travertine Spring 11 6.9 628 1943 172

Table 2 

Mineral Samples

1 2 3 4 5 6 7 8 9 10 11 12 13 15 16 17 18 19 20 21 22 23 27 31 33 39 46 67

Silicates - Clays 12.1 15.2 52.4 10.3 10.3 12.4 8.5 8.4 1.1 8.8 7.3 8.8 11.5 12.6 10.6 20.5 6.9 3.3 6.1 6.1 2.0 0.3 0.5 0.6 0.6 1.7 1.2 7.8

Silicates - Non-Clays

Quartz 0.8 1.6 1.7 0.7 1.3 1.0 2.6 0.9 0.3 0.4 0.3 1.0 2.8 1.7 2.3 1.0 3.4 0.2 3.4 0.4 0.2 0.2 0.2 0.3 0.6 0.4 0.4 0.9

Plagioclase 0.9 2.1 4.6 0.9 1.6 1.7 2.5 1.2 0.0 1.0 0.3 1.6 4.0 2.5 4.0 1.8 5.3 0.3 5.3 0.3 0.0 0.1 0.0 0.0 0.0 0.3 0.2 1.0

Alkali feldspar 2.1 2.5 4.5 1.3 1.4 1.6 1.8 1.1 0.1 1.1 1.1 1.6 2.9 2.8 3.1 3.4 2.7 0.9 2.9 0.4 0.0 0.1 0.0 0.0 0.0 1.5 0.2 1.2

Carbonates

Calcite 82.3 77.7 33.2 85.9 83.8 82.4 83.1 86.7 97.9 88.1 89.5 85.3 77.6 78.8 78.8 66.1 80.5 89.4 80.5 88.3 96.8 98.8 98.7 98.6 98.2 87.6 96.0 87.2

Aragonite 0.9 0.8 0.7 0.5 0.7 0.5 0.8 0.2 0.2 0.3 0.5 0.3 0.8 0.6 0.7 4.9 0.8 4.1 1.3 4.2 0.9 0.3 0.2 0.2 0.4 3.8 0.6 0.7

Sulphates and Salts

Halite 0.8 0.0 0.4 0.3 0.3 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.5 0.2 0.8 0.1 0.1 0.2 0.2 0.0 0.1 0.1 0.1 0.1 1.1 0.1 0.1

Gypsum 0.1 0.2 0.3 0.2 0.5 0.3 0.4 1.0 0.2 0.3 0.2 0.2 0.0 0.5 0.3 0.7 0.0 1.8 0.4 0.2 0.1 0.2 0.3 0.2 0.2 0.6 0.3 0.7

Amorphous/Unknown0.0 0.0 2.2 0.0 0.0 0.0 0.3 0.3 0.0 0.0 0.6 1.3 0.3 0.0 0.0 0.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.9 1.0 0.3

Table 3 
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ADD Adult Child

Metal Risk type ing. inh. derm ing. inh. derm

As non-cancer 4.41E-04 6.47E-08 1.14E-06 4.70E-03 2.07E-07 6.80E-06

cancer 1.64E-04 2.41E-08 4.23E-07 4.04E-04 1.77E-08 5.84E-07

Co non-cancer 8.50E-06 1.25E-09 2.19E-08 9.07E-05 4.00E-09 1.31E-07

cancer 3.15E-06 4.64E-10 8.15E-09 7.79E-06 3.42E-10 1.13E-08

Cr non-cancer 1.91E-05 2.80E-09 5.53E-08 2.03E-04 8.97E-09 3.31E-07

cancer 7.07E-06 1.04E-09 1.83E-08 1.75E-05 7.68E-10 2.53E-08

Ni non-cancer 2.77E-05 4.06E-09 9.23E-08 2.95E-04 1.30E-08 5.53E-07

cancer 1.03E-05 1.51E-09 2.65E-08 2.54E-05 1.11E-09 3.67E-08

Pb non-cancer 2.93E-06 4.29E-10 7.65E-09 3.12E-05 1.37E-09 4.58E-08

cancer 1.08E-06 1.60E-10 2.80E-09 2.68E-06 1.18E-10 3.88E-09

Zn non-cancer 3.61E-05 5.30E-09 1.00E-07 3.86E-04 1.70E-08 5.99E-07

Cu non-cancer 5.40E-06 7.92E-10 1.47E-08 5.76E-05 2.54E-09 8.79E-08

Table 4 

Factor As Pb Cr Ni Co Cu Zn

RfD ing. 3.00E-04 3.50E-03 3.00E-03 2.00E-02 2.00E-02 3.70E-02 3.00E-01

RfD inh. 1.23E-04 5.25E-03 2.86E-05 2.06E-02 5.71E-06 4.02E-02 3.00E-01

RfD derm 1.23E-04 5.25E-04 6.00E-05 5.40E-03 1.60E-02 1.20E-02 6.00E-02

CSF ing. 1.50E+00 1.50E+00 5.00E-01 9.10E-01

CSF inh. 1.51E+01 1.50E+01 4.20E+01 8.40E-01 9.80E+00

CSF derm 3.66E+00 1.50E+00

Adult

HQ ing . 1.47E+00 8.36E-04 6.36E-03 1.38E-03 4.25E-04 1.46E-04 1.20E-04

HQ inh. 5.26E-04 8.17E-08 9.78E-05 1.97E-07 2.18E-04 1.97E-08 1.77E-08

HQ derm 9.23E-03 1.43E-05 8.19E-04 1.32E-05 1.37E-06 1.16E-06 1.55E-06

HI 1.48E+00 8.50E-04 7.27E-03 1.40E-03 6.45E-04 1.47E-04 1.22E-04

Child

HQ ing. 1.57E+01 8.92E-03 6.78E-02 1.48E-02 4.53E-03 1.56E-03 1.29E-03

HQ inh. 1.68E-03 2.62E-07 3.13E-04 6.32E-07 7.00E-04 6.32E-08 5.66E-08

HQ derm 5.53E-02 8.59E-05 4.90E-03 7.90E-05 8.19E-06 6.94E-06 9.29E-06

HI 1.57E+01 9.00E-03 7.30E-02 1.48E-02 5.24E-03 1.56E-03 1.29E-03

Adult

CR ing. 2.45E-04 1.63E-06

CR inh. 3.63E-07 2.40E-09

CR derm 1.55E-06 4.21E-09

LCR 2.47E-04 1.63E-06

Child

CR ing. 6.06E-04 4.02E-06

CR inh. 2.68E-07 1.77E-09

CR derm 2.14E-06 5.81E-09

LCR 6.09E-04 4.03E-06

Table 5



Figure captions 1 

Fig. 1. A) Map showing the study area (red open rectangle) in Iran, B) Modified Geological map of the 2 

study area (the open black circle is the study area) and nearby regions (adopted from Geological Survey of 3 

Iran and Karimi Nezhad et al., 2014). C) Google earth image of the study area. 4 

Fig. 2. Boxplots of the elemental concentration in the studied travertine deposits of micritic (a) and sparitic 5 

textures (b) in the mound geobody and fissure ridge, respectively. The unit for Ca is given in % but the rest 6 

is ppm.7 

Fig. 3. (A) Box plot showing As concentration in three travertine springs (spring I is located near the fissure 8 

ridge and spring II and III are situated near the mound deposit. The red zone in the spring water box plot 9 

represents values above the drinking water value as determined by the world health organization (100µg/L). 10 

B) Box plot showing the As concentration in fissure ridge and mound deposits. The red zone for the 11 

travertines represents concentrations above the maximal safety threshold of all distinguished areal types of 12 

spatial planning (so even including industry).13 

14 

Fig. 4. The plot of the two main components of the Principal Component Analysis after application of a 15 

centered log ratio transformation of the element concentrations.  16 

Fig. 5. Boxplots of the As concentration leached during single extraction (SE) with a CaCl2 (0,01 mol/l) 17 

solution at different pH-values (average) in travertine deposits with micritic fabric. 18 

Fig. 6. Box plots illustrating EF values for selected PTEs. EF reference lines are indicated in red. 19 

Fig. 7. Box plots showing Er values for the analyzed elements. Er reference lines are indicated in red. 20 

Fig. 8. Bar charts indicating RI values in the samples. RI reference lines are indicated in red. 21 

Fig. 9. HI values of PTEs for a) adults, and b) children, along with ILCR values of As for c) adults and d)22 

children.  23 
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