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Abstract: Geothermal hot springs are known to contain lots of potentially hazardous elements 9 

(PHEs) which may threaten human health. Their release on Earth’s surface is greatly dependent on 10 

the retention of the sediments at the spring outflux. In this study, the hot spring waters and the 11 

sediments at the corresponding sites were collected from the Nagqu geothermal field on the Tibetan 12 

Plateau. The water geochemistry and sediment mineralogy were analyzed using inductively cou- 13 

pled plasma mass spectrometry (ICP-MS), X-ray fluorescence (XRF), and X-ray diffraction (XRD). 14 

The association of the PHEs with minerals was analyzed. The results indicated that the Nagqu hot 15 

springs did not show highly elevated PHE concentrations, but Be, As, and Tl in some hot springs 16 

exceeded the class Ⅲ groundwater limit of China by up to 2, 2, and 19 times, respectively. Cs had 17 

a relatively high concentration, of up to 776 μg/L. As, Co, Se, Tl, and U were probably captured by 18 

Fe sulfide in the sediments. Carbonate minerals had a strong retention to Be and Cs. Clay minerals 19 

showed apparent affinity for V and Cr. The immobility of PHEs from the geothermal hot spring 20 

source is controlled by the deposition of minerals at the spring vent. 21 

Keywords: geothermal spring; potentially hazardous elements; environmental impacts; mineral 22 

precipitation; association 23 

 24 

1. Introduction 25 

 26 

As a clean and renewable energy, the geothermal hot springs, which are mainly dis- 27 

tributed in areas with active geological and structural activities [1, 2], are widely devel- 28 

oped for power generation and directly used for bathing by the local residents [3]. How- 29 

ever, with the energy demand increasing, lots of environmental and health concerns 30 

emerged along with the development of geothermal energy [4, 5]. Because of the contacts 31 

with geological formations overlying the reservoir and the input of the volatile matter 32 

from the magma, the hot spring water was polluted by lots of hazardous and toxic matter 33 

[6-12]. The release of the hazardous and toxic components, such as heavy metals and hy- 34 

drogen sulfide, from the geothermal springs could result in surrounding environmental 35 

contamination [5, 13], for example, polluting the river, drinking water, soil, and crops [14- 36 

17]. Potentially hazardous elements (PHEs) including heavy metals from the geothermal 37 

springs deserves attention because exposure to those harmful chemicals through water 38 

and food consumption probably lead to human health issues [18-24]. 39 

 40 

The portioning of the dissolved PHEs in surface environment is geochemically and 41 

mineralogically controlled. The declined temperature and pressure on Earth’s surface re- 42 

sult in the release of those pollutants which were dissolved in the hot spring water as 43 

various forms [25]. The PHEs from the geothermal sources are mainly discharged into the 44 
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environment while some fractions of them are retained by the hot spring precipitates. In 45 

the underground geothermal systems, the inorganic elements such as Ca and Si are dis- 46 

solved under the high temperature and high pressure environment [26]. Those chemical 47 

elements of elevated concentrations precipitate to form sediment and sinter when the hot 48 

spring water is discharged to the Earth surface and the equilibrium conditions change [26- 49 

28]. The hydrothermal carbonate deposits travertines often form at the geothermal sites 50 

due to the CO2 degassing [29-31]. Siliceous sinters such as opaline silica deposit also often 51 

form at the geothermal sites [32, 33]. The transfer of chemical elements from the hot spring 52 

water to the sediment is a key process influencing the release of the hot spring source 53 

elements to surface environment [34]. Some elements such as As, Sb, and Hg can be 54 

trapped by the geothermal spring sinters or enriched in the geothermal spring sediments 55 

[35, 36]. W was demonstrated to be enriched in the hot spring sediment with high Fe con- 56 

tent [37]. As concentration in the hot spring sediments from the north-central Andean re- 57 

gion of Ecuador reached 717.6 mg/kg [38]. The capacity of the PHEs discharged into the 58 

surrounding environment of the hot springs is greatly dependent on the retention of the 59 

sediment at the spring vents. 60 

 61 

In China, the geothermal hot springs are mainly distributed in the Yunnan-Sichuan- 62 

Tibet Geothermal Province [39]. The previous research indicated that the PHEs from the 63 

geothermal hot springs have caused environmental pollution in Tibet [40-42]. In particular, 64 

As showed the most widely and sever among all the hot spring source hazardous ele- 65 

ments [40]. The mineralogy and geochemistry of the geothermal deposits were largely 66 

studied. However, the retention characteristics of the hydrothermal deposits on the PHEs 67 

at the geothermal hot spring sites are scarce. In this study, the association of the minerals 68 

and the PHEs in the hot spring sediments were analyzed, which will help to understand 69 

the controlling factors of the PHEs immobility in the surface environment. 70 

 71 

2. Materials and Methods 72 

 73 

Twelve hot spring waters and the corresponding surface sediments (Figure 1A) were 74 

collected in a geothermal field in Nagqu on the Tibetan Plateau, China. Three hot spring 75 

sinters (Figure 1B) were sampled for the comparison with the sediments at the abandoned 76 

hot spring pipes. The water pH was measured using an electronic pH meter and the tem- 77 

perature was measured using a mercury thermometer. The water samples were filtered 78 

in-situ using 0.22 μm syringe filter to remove the suspended particles. The water samples 79 

were acidified to pH < 2 and preserved at 4 ℃ before chemical analysis. The sediments 80 

and sinters were air dried in the laboratory and then ground to pass a 200-mesh sieve for 81 

chemical analysis. Accurately weighted sediment and sinter samples (0.2 g) were digested 82 

with a mixture of 9 mL HNO3 and 3 mL HF in a microwave digestion system following 83 

Method 3052 of the United States Environmental Protection Agency (USEPA). The con- 84 

centrations of the PHEs in the hot spring waters and the digestion solutions of the sedi- 85 

ments and sinters were determined using inductively coupled plasma mass spectrometry 86 

(ICP-MS). The major and minor element contents of the sediments and the sinters were 87 

measured using X-ray fluorescence (XRF). The mineral phases in the solid samples were 88 

identified by X-ray diffraction (XRD). 89 

 90 
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 91 

Figure 1. Sampling sites of hot spring waters, sediments, and sinters in the Nagqu geothermal field. 92 
(A) hot spring-vent on Earth’s surface; (B) abandoned hot spring pipe in the geothermal field. 93 

 94 

3. Results and Discussion 95 

 96 

3.1. Distributions of the PHEs in the hot spring water and sediments 97 

 98 

The pH of the hot spring water is close to neutral with the average value of 7.3 (rang- 99 

ing from 6.7 to 8.2) (Table 1). The temperature range was 35.6–78.0 °C, covering low tem- 100 

perature springs, moderate temperature springs, and high temperature springs (>70 °C) 101 

[43, 44]. Fifteen potentially hazardous elements (Be, V, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Cd, 102 

Cs, Tl, Pb, and U) were determined for the hot spring water samples and their concentra- 103 

tion distributions are presented in Figure 2. Except for Cd which was under the instru- 104 

mental detection limit in all hot spring water samples, another 14 elements were detected 105 

in various levels although U was only detected in 5 water samples. The data distributions 106 

of the PHEs in Figure 2 shows that the concentrations of Cr, Cu, Zn, and Cs in the waters 107 

fluctuates in a small range, while other elements were distributed dispersedly in a wider 108 

range. In the standard for groundwater quality of China (GB/T 14848—2017), the total 109 

concentrations of Be, V, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Cd, Cs, Tl, and Pb among the 110 

studied PHEs are regulated. The comparison to the standard shows that Be, As, and Tl 111 

exceeded the class Ⅲ groundwater quality as high as 2, 2, and 19 times, respectively. This 112 

indicated that those 3 elements have a potential to cause environmental and health issues 113 

if the geothermal spring water are consumed by the local residents. 114 

 115 

Natural surface water and groundwater generally have low Cs concentration (for ex- 116 

ample, < 5 μg/L or < 1.0 μg/L) [45, 46] and Cs is not currently regulated for the groundwa- 117 

ter quality in China. However, Cs had high concentrations in the Nagqu hot spring water. 118 

The average concentration of Cs in the water samples was 549 μg/L with the highest value 119 
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up to 776 μg/L. The high concentrations of Be, As, Cs, and Tl in the hot spring water has 120 

impacted their contents in the sediment. As shown in Figure 3, only the contents of Be, 121 

As, Cs, and Tl in the hot spring sediments exceeded their average levels in the Tibetan 122 

surface soils [47]. The As concentrations in the hot spring sediments varied from 1.6 to 123 

717.6 μg/g [35, 36, 38]. Other studied PHEs were lower than the soil background values or 124 

at the equivalent level. The comparison shows that most of the PHEs had higher concen- 125 

trations in the sediments than in the sinters and only the Be concentration in the sediments 126 

were lower. The geoaccumulation index (Igeo) calculated according to equation (1) [48]:  127 

 128 

𝐼𝑔𝑒𝑜 = 𝑙𝑜𝑔2(
𝐶𝑛

1.5×𝐵𝑛
)                        (1) 129 

 130 

where Cn is the concentration of the element n in the sediment sample, in μg/g; Bn is the 131 

background value of the element n in Tibetan surface soil, in μg/g. The pollution level of 132 

soil is classified into 7 categories based on the calculated Igeo : 1) Igeo ≤ 0 (practically un- 133 

contaminated); 2) 0 < Igeo ≤ 1 (uncontaminated to moderately contaminated); 3) 1 < Igeo 134 

≤ 2 (moderately contaminated); 4) 2 < Igeo ≤ 3 (moderately to heavily polluted); 5) 3 < 135 

Igeo ≤ 4 (heavily contaminated); 6) 4 < Igeo ≤ 5 (heavily to extremely polluted); and 7) 136 

Igeo > 5 (extremely contaminated). 137 

 138 

The calculated Igeo (Figure 4) suggested that the studied PHEs did not pollute the 139 

sediments in most cases. The sediments were heavily and extremely contaminated by Tl 140 

in some cases. Only one sediment showed heavily contaminated by As. However, the 141 

heaviest contamination cause by As and Tl occurred on the same sediment sample and 142 

most of the sediments were uncontaminated or moderately contaminated. The average 143 

Igeo indicated that the hot spring sediments in the Nagqu geotherm field were moderately 144 

contaminated by Tl. 145 

 146 

Table 1. pH and temperature of the hot spring water samples. 147 

Sample pH Temperature (℃) 

Water 1 8.0 78.0 

Water 2 7.8 46.0 

Water 3 6.7 40.0 

Water 4 6.7 44.0 

Water 5 7.6 40.0 

Water 6 7.1 39.4 

Water 7 7.4 37.0 

Water 8 7.2 40.6 

Water 9 7.0 35.6 

Water 10 7.4 58.2 

Water 11 8.2 63.8 

Water 12 7.0 53.0 

 148 

 149 

 150 

 151 

 152 
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 153 

Figure 2. Concentrations of the potentially hazardous elements in the geothermal hot springs from 154 
Nagqu on the Tibetan Plateau, China. (Red lines represent the contaminant limits for class Ⅲ 155 
groundwater in China, Be ≤ 2 μg/L, As ≤ 10 μg/L, Tl ≤ 0.1 μg/L). 156 

 157 

 158 
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 159 

Figure 3. Concentrations of the potentially hazardous elements in the hot spring sediments and 160 
sinters and a comparison to their average levels in the Tibetan surface soils. 161 

 162 

 163 

Figure 4. The Igeo of the potentially hazardous elements in the hot spring sediments. 164 
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 165 

3.2. Mineral compositions of the hot spring sediments 166 

 167 

The major and minor element compositions of the Nagqu hot springs are reported in 168 

Table 2. The sediments were mainly composed of Ca and Si, with the total fractions rang- 169 

ing from 61%–85% (mean = 77%). The fraction of Ca+Si+Al was up to 93% and the average 170 

value was 84%. The major element compositions of the sinter were simpler than the sedi- 171 

ments. Over 90% of the compositions were Si and followed by Sr accounting for low pro- 172 

portions (3.4%–5.1%). The relationship between the major and minor elements probably 173 

suggests the occurrence of minerals. The major and minor elements of the sediments can 174 

be classified into 3 groups: 1) Ca-Sr-Na-Mg, 2) Si-Al-K-Ti-P, and 3) Fe-S-Ba according to 175 

their Pearson correlation coefficients (Table 3). The elemental association indicated that 176 

the possible mineral compositions. For example, the solid phases with strong positive Si- 177 

Al correlation commonly represent the occurrence of clay minerals. Mg had a positive 178 

correlation with Ca, which possibly indicated that the dolomite was present in the sedi- 179 

ments although it was not detected by XRD [31]. 180 

 181 

Table 2. Major and minor element compositions of the hot spring sediments and sinters (%). 182 

Sample CaO SiO2 Al2O3 Fe2O3 K2O Na2O MgO SrO TiO2 BaO SO3 P2O5 

Sediment 1 61.0 24.0 2.2 4.1 0.62 0.88 2.56 2.58 0.28 1.25 0.50 0.05 

Sediment 2 10.3 66.3 6.3 6.2 3.30 0.79 0.59 0.20 0.85 0.60 4.51 0.14 

Sediment 3 8.7 65.3 7.0 8.0 3.42 0.77 0.75 0.16 1.06 0.51 4.23 0.09 

Sediment 4 0.4 78.0 10.3 5.4 3.54 0.18 0.51 0.01 0.77 0.12 0.68 0.11 

Sediment 5 2.5 75.1 8.1 5.7 3.77 0.84 0.64 0.07 0.91 0.16 2.03 0.16 

Sediment 6 1.8 76.6 7.9 5.1 3.36 0.68 0.48 0.07 1.19 0.25 2.49 0.14 

Sediment 7 2.2 74.9 6.7 7.1 2.48 0.42 0.39 0.06 0.85 1.17 3.71 0.07 

Sediment 8 1.3 60.0 6.1 14.0 2.39 0.49 0.00 0.06 0.82 2.88 11.75 0.11 

Sediment 9 0.2 83.7 8.8 1.4 3.47 0.18 0.34 0.01 0.82 0.16 0.95 0.04 

Sediment 10 10.2 65.6 9.1 6.8 3.20 1.11 1.00 0.17 1.05 1.05 0.53 0.14 

Sediment 11 52.5 26.9 4.3 8.2 1.42 0.87 0.68 2.05 0.66 2.06 0.38 0.09 

Sediment 12 33.8 40.2 8.9 8.4 2.62 0.95 1.08 0.93 1.04 1.36 0.52 0.19 

Sinter 1 91.4 0.9 0.5 0.9 0.04 0.37 1.69 3.44 0 0.68 0.10 0.03 

Sinter 2 92.2 0.7 0.1 0.9 0.04 0.62 0.32 4.10 0 0.81 0.08 0.04 

Sinter 3 92.8 0.5 0.1 0.3 0 0.18 0.34 5.05 0 0.64 0.05 0.03 

 183 

The minerals precipitated from the hot spring water is a kind of hydrothermal min- 184 

erals. The mineralogical compositions of the hot spring sediments are generally heteroge- 185 

neous and significantly correlated with spring pH [49]. Most of the collected Nagqu hot 186 

spring water samples had a pH slightly higher than 7.0 and the average pH value was 7.3 187 

(Table 1). The near-neutral slightly alkaline environment of the springs is favorable for 188 

the formation of sinters and the crystallization of some minerals [26]. In this study, the 189 

mineral phases in the sediments and sinters were identified using XRD (Figure 5). As re- 190 

ported in Table 4, quartz was detected in all the sediment samples. Calcite, albite, and 191 

muscovite existed in most of the sediments. Aragonite identified in most of the sediments 192 

was the dominant feldspar mineral and orthoclase was detected in one sample. The min- 193 

eral compositions of the sediments in Nagqu hot springs were generally simple. Com- 194 

pared to the sediments, the mineral phases identified in the sinter samples were fewer. 195 

The sinters can be defined as travertines because only carbonate minerals calcite and arag- 196 

onite were identified by XRD [50-52]. Calcite and aragonite are the most common minerals 197 
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deposited from hot spring with the contribution of abiotic and biotic processes [28, 31, 50, 198 

51, 53]. 199 

 200 

The calcite crystalized out of the hot spring water because of the decreasing temper- 201 

ature [54] and its precipitation happened after the precipitation of clay minerals whose 202 

formation through a gelatinous substance precursor [55]. Aragonite formed from spring 203 

water because of the rapid CO2 degassing [28]. Clay minerals were abundant in hot spring 204 

sediments [56]. Ba in the sediments was supposed to be precipitated from the hot spring 205 

water as a form of barite (BaSO4) due to the low solubility under lower temperature in the 206 

surface environment [54]. 207 

 208 

Table 3. Pearson correlation coefficients between the major elements of the hot spring sediments. 209 
 CaO SiO2 Al2O3 Fe2O3 K2O Na2O MgO SrO TiO2 BaO SO3 P2O5 

CaO 1.00            

SiO2 -0.96 1.00           

Al2O3 -0.71 0.72** 1.00          

Fe2O3 -0.01 -0.26 -0.14 1.00         

K2O -0.86 0.87** 0.85** -0.18 1.00        

Na2O 0.52* -0.57 -0.31 0.20 -0.27 1.00       

MgO 0.77** -0.67 -0.53 -0.31 -0.62 0.51* 1.00      

SrO 0.99** -0.93 -0.77 -0.06 -0.90 0.43 0.77** 1.00     

TiO2 -0.64 0.57* 0.70** 0.16 0.76** 0.10 -0.58 -0.73 1.00    

BaO 0.40 -0.60 -0.50 0.79** -0.65 0.22 -0.01 0.39 -0.29 1.00   

SO3 -0.40 0.18 -0.15 0.73** 0.06 -0.21 -0.49 -0.37 0.12 0.52* 1.00  

P2O5 -0.15 0.05 0.45 0.32 0.40 0.49 -0.15 -0.27 0.60* -0.05 0 1.00 

Note: Underlined and bold digits represent a positive correlation for 12 determinations (*, P < 0.05; 210 
**, P < 0.01). 211 
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 212 

Figure 5. XRD patterns of the hot spring sediments and sinters. 213 

 214 

3.3. Influence of mineral precipitation on PHEs immobility 215 

 216 

The presence of minerals in the hot spring sediment has an important role in the re- 217 

tention of the potentially hazardous elements. For example, the enrichment of Sb in the 218 

hot spring sediments largely depends on the Fe abundance [39]. The Pearson correlation 219 

coefficients between all the studied PHEs and the major and minor elements are reported 220 

in Table 5. The correlations between Be, As, Cs, Tl and the major and minor elements are 221 

plotted in Figure 6. As shown in Figure 6A, Be was positively related with Ca and Mg. It 222 

suggested that Be in the hot spring sediments were mainly associated with Ca-bearing 223 
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minerals. Thus, the precipitation of calcite and aragonite probably captured the dissolved 224 

Be in the hot spring water. In addition, Be also showed a positive correlation with Sr (Fig- 225 

ure 6A). The minerals containing Sr were not detected by XRD. However, Sr had a strong 226 

positive correlation with Ca in the hot spring sediments (Table 3), implying that it was 227 

probably a constituent of calcite and aragonite [58]. Thus, Be was supposed to be associ- 228 

ated with calcite and aragonite, possibly occurring as bertrandite [57]. The higher concen- 229 

tration of Be in the sinters than in the sediments also supported the conclusion that the 230 

carbonate minerals have stronger capability to capture Be than other minerals. 231 

 232 

Table 4. Minerals in the hot spring sediments and sinters identified by XRD. 233 

Sample Mineral 

Sediment 1 Calcite, CaCO3 Aragonite, CaCO3 Quartz, SiO2 Albite, NaAlSi3O8 / 

Sediment 2 Calcite, CaCO3 / Quartz, SiO2 Albite, NaAlSi3O8 / 

Sediment 3 Calcite, CaCO3 / Quartz, SiO2 Albite, NaAlSi3O8 Muscovite, KAl2Si3AlO10(OH)2 

Sediment 4 / / Quartz, SiO2 / Muscovite, KAl2Si3AlO10(OH,F)2 

Sediment 5 / / Quartz, SiO2 Albite, NaAlSi3O8 Muscovite, (K0.82Na0.18)(Fe0.03Al1.97)(AlSi3)O10(OH)2 

Sediment 6 / / Quartz, SiO2 Albite, NaAlSi3O8 Muscovite, KAl2Si3AlO10(OH,F)2 

Sediment 7 Calcite, CaCO3 / Quartz, SiO2 Albite, NaAlSi3O8 Muscovite, KAl2Si3AlO10(OH,F)2 

Sediment 8 / / Quartz, SiO2 Albite, NaAlSi3O8 Orthoclase, Ba-rich, (K,Ba)(Si,Al)4O8 

Sediment 9 / / Quartz, SiO2 / Muscovite, KAl2Si3AlO10(OH)2 

Sediment 10 Calcite, CaCO3 / Quartz, SiO2 Albite, NaAlSi3O8 Muscovite, KAl2Si3AlO10(OH)2 

Sediment 11 Calcite, CaCO3 Aragonite, CaCO3 Quartz, SiO2 / Muscovite, KAl2Si3AlO10(OH,F)2 

Sediment 12 Calcite, CaCO3 Aragonite, CaCO3 Quartz, SiO2 Albite, NaAlSi3O8 Muscovite, (K,Na)Al2(Si,Al)4O10(OH)2 

Sinter 1 Calcite, CaCO3 Aragonite, CaCO3 / / / 

Sinter 2 Calcite, CaCO3 Aragonite, CaCO3 / / / 

Sinter 3 Calcite, CaCO3 Aragonite, CaCO3 / / / 

 234 

As in the sediments showed positive correlations with the Fe and S contents (Figure 235 

6B). In natural environment, the occurrence of As is commonly geochemically controlled 236 

by the Fe-bearing phases [59-64]. In the geothermal systems, As can be retained by the hot 237 

spring sinter [65]. Although As may be present as arsenate sorbed on hydrous ferric ox- 238 

ides or as nodular arsenide micro-mineralization similar to loellingite (FeAs2) [66], the 239 

positive correlations between As, Fe, and S (Table 3 and Figure 6B) suggested that As was 240 

probably associated with pyrite because pyrite is often detected in hot spring sediments 241 

[54, 67]. Cs in the sediments showed positive correlations with Ca, Mg, Sr and Na (Figure 242 

6C), indicating that Cs was probably associated with carbonates and albite. The situation 243 

for Tl was similar to As, its concentrations were positively related with Fe, S, and Ba con- 244 

tents. 245 

 246 

Similar to the situation of As, Co, Tl, Se, and U also showed positive correlation with 247 

Fe and S contents (Table 5). Thus, Co, Tl, Se, and U were also possibly associated with Fe 248 

sulfides such as pyrite. Clay mineral often play an important role in trace elements reten- 249 

tion in nature. V in nature is most possibly associated with clay minerals and pyrite [68]. 250 

In clay minerals, V can be adsorbed through surface complexation and electrostatic inter- 251 

action (Na+-bridge) [69]. Cr was probably to be adsorbed to mineral surfaces, to form sta- 252 

ble surface complexes, surface precipitation and ion exchange in clay minerals [70, 71]. In 253 

this study, V and Cr both showed positive relationship with Si and Al (Table 5), indicating 254 

that they were possibly associated with clay minerals in the sediments. Their positive cor- 255 

relation with K contents further indicated that they might be associated with muscovite 256 
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and/or orthoclase. Cu was supposed to be present as sulfide like chalcopyrite according 257 

to its positive correlation with S contents. 258 

 259 

Table 5. Pearson correlation coefficients between the major and minor elements and the PHEs in the sediments. 260 

  CaO SiO2 Al2O3 Fe2O3 K2O Na2O MgO SrO TiO2 BaO SO3 P2O5 

Be 0.85 -0.77 -0.78 -0.19 -0.83 0.36 0.91 0.89 -0.77 0.21 -0.29 -0.34 

V -0.57 0.65 0.77 -0.39 0.59 -0.75 -0.48 -0.55 0.24 -0.49 -0.20 -0.08 

Cr -0.69 0.60 0.54 0.20 0.55 -0.59 -0.76 -0.70 0.45 -0.05 0.50 0.25 

Mn -0.16 0.19 0.41 -0.07 0.21 -0.42 -0.05 -0.14 -0.12 -0.27 -0.20 0.06 

Co -0.47 0.30 0.27 0.52 0.25 -0.51 -0.57 -0.44 0.06 0.32 0.70 0.04 

Ni -0.50 0.39 0.43 0.33 0.34 -0.63 -0.51 -0.46 0.02 0.10 0.47 0.01 

Cu -0.54 0.44 0.35 0.25 0.25 -0.80 -0.62 -0.48 -0.01 0.18 0.54 -0.22 

Zn 0.27 -0.32 0.12 0.18 -0.11 0.12 0.28 0.23 -0.20 0.04 -0.21 0.36 

As -0.35 0.12 -0.08 0.75 -0.06 -0.35 -0.49 -0.30 0.01 0.65 0.92 -0.10 

Se 0.19 -0.36 -0.40 0.66 -0.38 0.05 -0.36 0.22 -0.18 0.83 0.53 0.01 

Cd 0.07 -0.19 0.42 0.38 0.14 0.15 -0.24 -0.05 0.35 0.28 -0.03 0.57 

Cs 0.79 -0.78 -0.47 0.08 -0.47 0.76 0.55 0.72 -0.15 0.20 -0.38 0.28 

Tl -0.31 0.10 -0.13 0.70 -0.07 -0.31 -0.45 -0.26 0 0.63 0.93 -0.11 

Pb 0.36 -0.43 0.18 0.26 -0.11 0.44 0.19 0.22 0.26 0.22 -0.24 0.61 

U -0.33 0.09 0.31 0.78 0.18 0.03 -0.54 -0.38 0.49 0.57 0.63 0.46 

Note: Underlined and bold digits represent a positive correlation for 12 determinations (P 261 

< 0.05). 262 

 263 

4. Conclusions 264 

 265 

In order to investigate the influence of the mineral deposition on the retention of the 266 

PHEs in the geothermal hot spring vents, the hot spring water and the sediments sampled 267 

from the Nagqu geothermal field on the Tibetan Plateau were analyzed from the perspec- 268 

tive of geochemistry and mineralogy. The results showed that the hot spring water sam- 269 

ples did not show highly elevated PHE concentrations. However, in some cases, the con- 270 

centrations of Be, As, and Tl exceeded the class Ⅲ groundwater of China up to 2, 2, and 271 

19 times, respectively. This indicated that the hot spring water in the Nagqu geothermal 272 

field has a potential to influence the local water system and possibly cause further envi- 273 

ronmental and health concerns. Cs had a high concentration up to 776 μg/L in the hot 274 

spring water samples, which was much higher than the general levels in the common 275 

aqueous systems. The relative high concentrations of these elements have impacted the 276 

sediments, showing higher concentrations than the background levels of the Tibetan sur- 277 

face soils. The Igeo calculation indicated that the sediments were moderately contaminated 278 

by Cs and Tl. The XRD results showed that the major mineralogical compositions of hot 279 

spring sediments were calcite, quartz, aragonite, albite, muscovite, and orthoclase, while 280 

the sinters mainly contained calcite and aragonite. The occurrence of the PHEs in the sed- 281 

iments at the hot spring vents resulted from the retention of various minerals. The corre- 282 

lation analysis between the major and minor elements and the PHEs indicated that the 283 

carbonate minerals calcite and aragonite had affinity to Be and Cs. Sulfide minerals such 284 

as pyrite were probably the dominant capturer of As and Tl. The Fe-bearing minerals or 285 

the Fe sulfides also showed affinity with Co, Se, and U. Clay and feldspar minerals mainly 286 

retained V and Cr. The capture of the minerals deposited at the spring vents influenced 287 

the immobility of the geothermal source PHEs on Earth’s surface. 288 
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 289 

Figure 6. Positive correlations (r > 0.4973, P < 0.05) between the elevated PHEs and the major and 290 
minor elements in the hot spring sediments. 291 
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