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ABSTRACT: 13 

Geothermal systems in Tibet, a crucial geothermal region in China, belong to the 14 

Mediterranean–Himalayan geothermal belt and are characterized by a broad 15 

distribution of Cs-bearing geyserite deposits. Targejia, one of the largest Cs-bearing 16 

geyserites in southern–western Tibet, contains 1.446 × 104 tons of Cs. The highest ore 17 

grade reaches 2.89 wt.%, and the ore-forming process can be subdivided into 18 

mineralization stages I to V. Cs is heterogeneously distributed in geyserites. Herein, 19 

two Cs-bearing ores are investigated, with distinct characteristics of (1) low Cs-20 

bearing ore (amorphous silica opal-A and opal-CT type) with low Cs (average of ~0.2 21 

wt.%), Na, K, Al, and Ca contents, and (2) high Cs-bearing ore (clay type) with high 22 
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Cs (average of ~1.40 wt.%), Na, K, Al, and Ca contents. It is reported for the first 23 

time that Cs primarily exists in clay rather than in amorphous silica opal. The Cs-24 

enrichment mechanisms are different for the above two Cs-bearing geyserite types. 25 

(1) The deprotonated –OH, surrounded by water molecules, controls the amount of Cs 26 

absorbed on the geyserite surface (Si–OH) in the low Cs-bearing ore. (2) The variable 27 

Cs content depends on the Al content because Al substitutes Si, yielding more 28 

negative charges to absorb Cs in the high Cs-bearing ore. Geothermal fluid loading-29 

mass elements, such as Cs and SiO2, precipitate as amorphous silica (opal) with clay 30 

minerals. Mineral saturation index modeling was used to predict the most applicable 31 

physical parameters for ore formation. The results confirm that the ore forms at 32 

~85 °C and a pH of ~8.5 in the Na–Cl system at stage V. The degree of Cs enrichment 33 

reduces from the latest stage V (0–4 ka) to the early stage IV (4–17 ka), and is 34 

controlled by clay dissolution, which might further relate to the climate change in 35 

Tibet’s Holocene. Fluid–rock interaction modeling shows that dissolution–36 

reprecipitation induces a higher order of amorphous silica formation and clay 37 

dissolution at >40 °C and pH of 5–9 at stages V and III, excluding Cs from the ore. 38 

 39 

Keywords: Cs, enrichment mechanism, amorphous silica, clay 40 
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1. Introduction 41 

Owing to its excellent optoelectronic properties and strong chemical activity, 42 

Cesium (Cs) is a critical metal widely used in vacuum device and phototube 43 

manufacturing. So far, Cs deposits can be divided into granite–pegmatite (Černý, 44 

1978) and hot-spring types (Guo et al., 2008). Hot-spring deposits closely relate to 45 

geothermal systems because sinter deposits precipitated from geothermal fluids 46 

contain many ore elements (i.e., Au, Ag, Li, B, As, Mo, Hg, Cu, Pb, Sb, and W) (Fig. 47 

1a) (Rui and Shen, 1992; Lynne et al., 2007). Sinters represent a rare situation among 48 

low epithermal hydrothermal systems because metal mineralization occurs in 49 

subaerial siliceous sinters (Lynne et al., 2007). 50 

The Yunnan–Tibet geothermal belt (YTGB), part of the Himalayan geothermal 51 

belt, is in the primary collision zone with intense tectonic deformation between the 52 

Indian and Eurasian plates, where intense modern geothermal activities are developed 53 

(T’ung et al., 1981). Geothermal systems, including geothermal fluids and their 54 

sediments, have been used as tracers for recording the changes in external 55 

surroundings and climate and reflecting the tectonic–thermal events in the plateau’s 56 

rapid uplifting process in recent several million years or several hundred-thousand 57 

years (Hou et al., 2001). Along the YTGB, large-scale silica sinters (opal-A, opal-CT, 58 

and opal-C) form as discharging thermal fluids cool at the surface below 100°C 59 

(Guidry and Chafetz, 2002). 60 

In Tibet, China, a new type of Cs-bearing geyserite was found in 1986. 61 
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Geothermal fluids have high Cs contents (up to ~50 μg/mL), and parts of Cs-bearing 62 

geyserites constitute large-scale Cs deposits (Zheng et al., 1995). The Targejia hot-63 

spring Cs deposit is one of the largest Cs deposits in Tibet and represents the focus of 64 

an ongoing exploration program for high-grade Cs ore (Zheng et al., 1995; Zhao et 65 

al., 2006a, b, 2008). The Cs potential resources in the area yield 1.446 × 104 t (ore 66 

grade up to 1.55 wt.%) (Zheng et al., 1995). 67 

The Cs enrichment in geothermal fluids can be attributed to the partial melting of 68 

the Qinghai–Tibet Plateau’s crust, magma evolution, and fluid–rock interaction (Li et 69 

al., 2006). The collision between India and Asia is one crucial factor in partial melting 70 

(Li et al., 2006). When geothermal fluids loading high Cs, H4SiO4, Na, B, and Li 71 

contents ascend to the surface, minerals (primarily amorphous silica) with these 72 

elements form along with various physical and chemical parameters, such as CO2 73 

degassing, temperature, and pressure decrease (Zhao et al., 2006b). Cs occurs as three 74 

distinctive ore types: opal-A, opal-CT, and opal-C. 75 

Typically, the phase transformation scenario is that amorphous opal-A 76 

precipitates first, and a diagenetic process promotes opal-A transformation into 77 

paracrystalline opal-CT and/or well-ordered opal-C, and finally into more stable and 78 

microcrystalline quartz (Lynne, 2015). The phase transformation scenario and most 79 

studies have shown that the mineralized opal-A alternates to barren opal-C based on 80 

whole-rock data, indicating that precious metal Cs deposition was modified (Zheng et 81 

al., 1995; Zhao et al., 2006a, b). Cs is in the Q2 and Q3 constructs of amorphous silica. 82 
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The Q2 site, Si(OSi)2(OH)2, refers to a Si atom linked to two other Si atoms through 83 

two bridging oxygen atoms, whereas the Q3 site, Si(OSi)3(OH), refers to a Si atom 84 

linked to three other Si atoms (Luo et al., 2012; Zhou et al., 2013). 85 

The progressive dehydration and polymerization of amorphous silica (loss of 86 

H2O, Si–OH + HO–Si = Si-O–Si + H2O) explain the reduced degree of Cs enrichment 87 

and phase transformation because Cs primarily exists as OCs− by substituting −OH in 88 

amorphous silica (Si–OH) (Zheng 1995; Zhao et al. 2006b, 2008, 2010). However, for 89 

most epithermal deposits, such as Au at the McLaughlin Mine hot-spring gold deposit 90 

and the low-sulfidation epithermal deposits of the Omu Camp in Hokkaido, Japan, the 91 

Au distribution is heterogeneous in ore and controlled by different formation 92 

mechanisms (Sherlock and Lehrman, 1995, 2005; Zeeck et al., 2021). Research on Cs 93 

ore whole-rock is limited and more studies are needed to reveal the detailed ore-94 

forming process and the enrichment mechanisms in this type of Cs deposit. 95 

This study investigated high-grade Cs ore (clay) and low-grade Cs ore (opal) in 96 

the Targejia deposit using in situ analysis. To investigate in detail the geothermal 97 

fluid mineralization process, including Cs migration–precipitation–enrichment–98 

dissolution processes from deep to shallow, the mineralogical and geochemical 99 

characteristics were determined using X-ray diffraction (XRD), X-ray fluorescence 100 

spectroscopy (XRF), inductively coupled plasma (ICP) mass spectrometry (MS), in 101 

situ scanning electron microscopy (SEM) energy-dispersive spectrometry (EDS), 102 

transmission electron microscopy (TEM), in situ electron microprobe (EMPA), and 103 
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laser ablation (LA) multicollector (MC) ICP-MS. Furthermore, an essential part of 104 

this study is simulating the geothermal fluid mineralization process using the mineral 105 

saturation index model and the fluid–rock interaction model by the PHREEQC code. 106 

 107 

2. Geological Background 108 

The Tibetan–Himalayan orogen, the largest mountain chain on Earth today, 109 

resulted from the continued convergence between the Indian and Eurasian continents 110 

(Li et al., 2015 and reference in). The electron-spin resonance dating data of 111 

geothermal sediments in the Tibetan Plateau show an uplifting history of the plateau 112 

since 0.5 Ma B.P. in the Pleistocene (Li et al., 2001), where the climate changes from 113 

severely cold and semi-arid to arid (Han et al., 2009). Targejia’s mean annual rainfall 114 

and evaporation rates are ~192 mm/yr. and ~2269 mm/yr., respectively. The mean 115 

annual temperature is approximately 0.4 °C and ranges from −13.4 °C in January to 116 

11.7 °C in July (Zheng et al., 1995). 117 

In Tibet, a N–S rift controls the hot-spring Cs deposits (Hou et al., 2001; Li et al., 118 

2005). The compression of the Indian and Eurasian plates caused this rift system 119 

(Zhao et al., 2010). The Targejia deposit is close to the Yarlung Zangbo suture zone, 120 

with an average of more than 5000 m above sea level (Fig. 1b), and is covered by 121 

unconsolidated Quaternary sediments (loess) and siliciclastic sedimentary rocks 122 

(conglomerate and sandstone) from Tertiary to Jurassic (Fig. 1c). The Targejia deposit 123 

is to the south of the intersection of three fault sets (NNE, NNW, and NW) (Fig. 1c), 124 
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the Sangsang District, Anren County, Xigaze region, southern–western Tibet, China 125 

(Zhao et al., 2008). Five mineralization stages (I to V) have been classified from top 126 

to bottom of the terraces based on field observations, petrographic features, and 127 

mineralogy (Fig. 1d, e) (Zheng et al. 1995; Zhao et al. 2006a, 2008). (1) Stage I is 255 128 

± 63/−41.5 to 201 ± 36 ka B.P., (2) stage II is 99 ± 12.3 ka B.P., (3) stage III is 39.4 ± 129 

1.9 to 25.0 ± 3.9 ka B.P., (4) stage IV is 14.8 ± 2.5 to 4.4 ± 3.4 ka B.P., and (5) stage 130 

V is modern (Zhao et al. 2006a). The mineral assemblage is primarily opal-CT in 131 

stages I, II, III, and IV and opal-A in stage V. Unit I comprises calc sinter (36.7 ± 3.7 132 

to 39.6 ± 2.7 ka B.P.). 133 

Intensive geothermal activities or ore-forming fluids are observed in the field, 134 

including hydrothermal outbreaks, high-temperature boiling springs, and cold springs 135 

(Zhong et al., 1996). The mineralization of stage V is closely associated with the 136 

primary geothermal vent of ~4 m diameter (Fig. 1d), and the primary geothermal vent 137 

fluids’ Cs concentrations are up to ~5 μg/mL (Zheng et al., 1995; Wang et al., 2019). 138 

Large silica sinters (up to 16 m thick), incorporating high Cs contents (up to 1.55 139 

wt.%), spread over the terrace at stage V (Zheng et al., 1995). The ore grade shows a 140 

wide variation from 0.2 wt.% to 1.55 wt.% (Zheng et al., 1995; Zhao et al., 2008). 141 

 142 

3. Sampling and Analytical Methods 143 

Samples from Targejia were collected from unit I, mineralization stages I, II, IV, 144 

and V (Fig. 1d). Table A1 lists the mineralogy and major element whole-rock 145 
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compositions. Whole-rock (Table A1) and in situ microarea analyses (Table A2, A3) 146 

were conducted on all samples, including major and trace element concentrations. 147 

 148 

3.1 Mineralogical characteristics 149 

The mineralogy of the samples was studied using XRD (Bede-D1) with CuKα 150 

radiation (X′TRA) and SEM. The XRD samples were dried and ground to a grain size 151 

of ~75 μm by agate. The analyses were performed in a 2θ range between 3° and 51° 152 

using a step of 0.02° and a collection time of 0.24 s/step. The polished carbon-coated 153 

thin sections were examined using a JEOL JCM-7000 SEM, fitted with an EDS 154 

system at the Collaborative Innovation Center for Exploration of Strategic Mineral 155 

Resources, China University of Geosciences (Wuhan). Imaging was performed at a 156 

working distance of 10 mm and an accelerating voltage of 15 kV. The microstructural 157 

analyses of the samples were conducted on a Thermo Fisher TEM Talos F200 X, with 158 

a field emission gun as the electron source operating at 200 kV accelerating voltages. 159 

The samples were examined after 30 min of reaction time. 160 

 161 

3.2 Major and trace elements analysis 162 

For major element analysis, samples mixed with 0.9 g Li2B4O7–LiBO2 flux were 163 

digested at 1050–1100 °C. After melting, the samples were measured using XRF with 164 

an AXIOS Mineral Spectrometer, with an analytical relative standard deviation (RSD) 165 

of <±0.1%–5.0%. For trace element analysis, approximately 50 mg of powdered 166 
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samples were digested using HF–HNO3 at 160 °C. Trace elements were determined 167 

using ICP-MS, with an analytical RSD of <±5%. 168 

The in situ distribution of elements in solid samples (the same polished thin 169 

sections for SEM) was determined using a JEOL JXA-8230 electron probe 170 

microanalyzer (EPMA) equipped with five wavelength-dispersive spectrometers 171 

(WDSs) at the Laboratory of Microscopy and Microanalysis, Wuhan Microbeam 172 

Analysis Technology Co. Ltd and LA-ICP-MS at the Geological Processes and 173 

Mineral Resources, China University of Geosciences, Wuhan. The EPMA samples 174 

were coated with a thin conductive carbon film before analysis. Details of EPMA 175 

methods have been described by Zhang and Yang (2016) and Yang et al. (2022). 176 

The operating conditions for quantitative WDS analyses involved an accelerating 177 

voltage of 15 kV, beam current of 20 nA, and 20-µm spot size to avoid time-178 

dependent intensity variations. Data were corrected online using an atomic number, 179 

absorption, fluorescence (ZAF) correction procedure. The H2O content was calculated 180 

based on the difference to reach the analytical total of 100 wt.% and incorporated into 181 

the ZAF correction procedure. The peak counting time was 10 s for K, Ca, Mg, Al, Fe, 182 

Na, Si, and Cs and 20 s for Ti. The background counting time was half of the peak 183 

counting time on the high- and low-energy background positions. The following 184 

standards were used: microcline (K), diopside (Ca, Mg), pyrope garnet (Al, Fe), 185 

jadeite (Na), olivine (Si), pollucite (Cs), and rutile (Ti). The detection limits (3σ) for 186 

K, Ti, Ca, Mg, Al, Na, Si, Cs, and Fe were 147 μg/mg, 219 μg/mg, 201 μg/mg, 174 187 
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μg/mg, 243 μg/mg, 369 μg/mg, 531 μg/mg, 729 μg/mg, and 351μg/mg, respectively. 188 

For LA-ICP-MS, in situ trace element analyses were performed on polished thin 189 

sections using RESOlution S-155 LA system coupled to a Thermo iCAP Qc ICP-MS. 190 

Helium was used as the carrier gas and argon as the compensation gas. The NIST 191 

SRM 612 and 610 glass standards and the USGS reference glasses (BIR-1G, BCR-192 

2G, and BHVO-2G) were repeatedly analyzed between samples. Both standards and 193 

samples were ablated using a 33 μm spot size, 10 Hz repetition rate, 40 s counting 194 

time, and a corresponding energy density of ~3 J/cm2. 195 

 196 

4. Results 197 

4.1 Major elements and Cs concentration of whole-rock 198 

The contents of the primary whole-rock components, SiO2, Al2O3, Na2O, CaO, 199 

and K2O, were 87.6 wt.% to 94.8 wt.%, 0.3 to 5.7 wt.%, 0 to 0.7 wt.%, 0.5 to 0.7 200 

wt.%, and 0.3 to 1.0 wt.%, respectively (Table A1). Cs contents significantly vary 201 

from 2034 to 9030 μg/mg (Table A1). Compared to amorphous phases, Cs contents in 202 

high crystalline minerals, quartz, and calcite are low (0–600 μg/mg) (Table A1). 203 

Sample DGJ-10A was collected close to the primary spring vent where geothermal 204 

fluids contain high Cs contents (~5 μg/mL) at stage V and especially incorporates the 205 

highest Cs grade (~9000 μg/mg). However, other amorphous opal samples are 206 

characterized by low grades (~2000 μg/mg) (Table A1). These results correlate well 207 

with earlier studies (Table A1) (Zheng et al., 1995; Li, 2002; Zhao et al., 2008). 208 
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 209 

4.2 Mineralogy and microtextures of Cs ore 210 

The samples’ mineral phases were identified using an optical microscope, SEM, 211 

and XRD. At stage V, samples DGJ-9A and DGJ-10A display significantly different 212 

mineral compositions than other samples, as they primarily comprise amorphous opal-213 

A. Furthermore, illite was identified using elemental and XRD analyses (Fig. A1a, 214 

Fig. A2). Samples DGJ-6, 8, and 11 from stages IV and V primarily comprise opal-215 

CT (Fig. A1b). In stages I and II, DGJ-16 and DGJ-18 are the oldest samples, 216 

comprising quartz crystals and other minerals, such as kaolinite, amorphous opal, 217 

microcline, and calcite (Table A1). These results are consistent with the mineralogical 218 

assemblages of the study area described previously (Zhao et al., 2006b, 2008). 219 

At the microscale, three distinct textures of Cs-bearing geyserite were observed 220 

(M1, M2, and M3). (1) M1 is granular opal with no significant color (Fig. 2a) and 221 

element variation (Fig. 2, Fig. 3) in opal-CT and opal-A, and this type is the most 222 

common in the ore. (2) M2 comprises alternating, irregular concentric bands or shells 223 

of color, and this type only occurs in opal-A (Fig. 2b–2c, 2f–2g). As the color 224 

changes, the mineral compositions (amorphous silica vs. clay) associated with 225 

elemental compositions change accordingly (Fig. 4) (Section 4.3). (3) M3 is quartz 226 

cemented by amorphous opal (Fig. 2d, 2h). This is the first time reporting that distinct 227 

structures and clay minerals coexist on a microscale in Cs-bearing ore. 228 

In summary, opal-A formed at stage V incorporates two constructs (M1 and M2), 229 
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whereas opal-CT formed at stages IV and V comprises only M1. M3 type was 230 

observed in sample DGJ-16 with the oldest age. 231 

 232 

4.3 In situ major and trace elemental compositions in M1, M2, and 233 

M3 234 

The major elements of the three constructs in opal-A, opal-CT, and quartz are 235 

analyzed using in situ EPMA, and the trace elements of M2 in opal-A are analyzed 236 

using LA-ICP-MS. Na, Al, K, Si, Ca, Cs, and H2O are the primary components, 237 

accounting for more than 99.9% of the samples (Table A2). Furthermore, rare metals 238 

(Li, 0–44 μg/mg; Be, 0.6–600 μg/mg; B, 0–400 μg/mg; Ga, 0–585 μg/mg; Rb, 20–300 239 

μg/mg; Sr, 0–625 μg/mg) were obtained (Table A3). 240 

Type M1: Cs is evenly distributed in amorphous opal-CT at stages V and IV 241 

(Fig. 3). This amorphous silica incorporates low contents of Cs2O (0.06–0.36 wt.%, 242 

av. 0.21 wt.%), Na2O (0.07–1.13 wt.%, av. 0.60 wt.%), K2O (0.05–0.35 wt.%, av 0.19 243 

wt.%), CaO (0.07–0.10 wt.%, av. 0.41 wt.%), and Al2O3 (0–1.22 wt.%, av. 0.28 wt.%) 244 

and high contents of SiO2 (87.47–93.35 wt.%, av. 90.86 wt.%) and H2O (3.14–11.10 245 

wt.%, av. 7.00 wt.%). The average Cs2O contents in M1 are identical within 246 

uncertainties to the average Cs content obtained from the whole-rock data (~0.2 247 

wt.%). 248 

Type M2: Cs, Na, Al, K, and Ca-dominant zones occur in opal-A at stage V (Fig. 249 

4). Quantitative EPMA spot analyses reveal vastly different elemental compositions in 250 



13 
 

the different zones. The high Cs zone (av. 1.40 wt.% Cs2O) can incorporate numerous 251 

Na2O, K2O, CaO, Al2O3, and H2O, with average values of 1.93 wt.%, 1.28 wt.%, 0.65 252 

wt.%, 5.32 wt.%, and 8.64 wt.%, respectively. Elemental compositions in the low Cs 253 

zone include averages of 90.11 wt.% SiO2, 0.61 wt.% Na2O, 0.30 wt.% K2O, 0.23 254 

wt.% CaO, 1.23 wt.% Al2O3, 6.62 wt.% H2O, and 0.19 wt.% Cs. These elements’ 255 

average contents in the low Cs zone in M2 correlate with that in M1 (Table A2). 256 

Type M3 contains quartz cemented by amorphous opal with low Cs contents 257 

(Fig. 5). The lowest contents of Cs2O (below EPMA detection limits), Na2O (0.16 258 

wt.%), K2O (0.09 wt.%), CaO (0.04 wt.%), Al2O3 (0.55 wt.%), and H2O (0.80 wt.%) 259 

were present in this type. 260 

Based on the elemental compositions, we will call low Cs-bearing ore/geyserite 261 

(M1 in opal-CT and opal-A, and low Cs zone in M2 in opal-A), and high Cs-bearing 262 

ore/geyserite (high Cs zone in M2 in opal-A). 263 

 264 

4.4 Nanoscale petrographic results using TEM 265 

Sample DGJ-10A (Type M2) with high Cs contents (up to 2.89 wt.%) and low 266 

Cs contents (average 0.20 wt.%) (Table A2) was used to conduct TEM. EDS analysis 267 

demonstrated significant variations in Cs contents as a function of the mineral host 268 

(Fig. A3a, c). The area with low Cs contents is amorphous and disorganized (Fig. 269 

A3a, b). The well-defined lattice fringes evidenced the microcrystalline nature of 270 

particles with high Cs content, representing an interplanar spacing of 0.2 nm–0.25 nm 271 
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(Fig. A3c–f). 272 

 273 

5. Discussion 274 

Macroscopically, most studies have reported enrichment of the amorphous silica 275 

opal-A in Cs, which might be explained by how Cs substitutes −OH based on whole-276 

rock data because opal-A contains high H2O contents (the correlation between Cs and 277 

H2O is 0.75 in previous studies) (Fig. A4, Table A4) (Zheng et al., 1995; Zhao et al., 278 

2006a, b, 2008, 2010; Luo et al., 2012; Zhou et al., 2013). The most striking 279 

observation from our measurements is that significant Cs content variation is 280 

extremely sensitive to the cation contents. The Cs shows a weak correlation with 281 

Na2O, Al2O3, K2O, SiO2, and CaO in low Cs-ore, and an excellent occurs in the high 282 

Cs-bearing ore (Fig. 6a–e). However, this study did not obtain a good correlation 283 

between Cs and H2O (Fig. 6f). The second observation of 2.89 wt.% Cs2O is 284 

extensively higher than that of reported values of 1.55 wt.% (Zheng et al., 1995) and 285 

~9000 ppm in this study based on whole-rock data (Table A1). Our results indicate 286 

that preliminary observations of mineral composition variations and the texture of Cs 287 

ore in the microstructure limit the interpretation based on whole-rock data. Therefore, 288 

our approach first explores the processes controlling the heterogeneous Cs 289 

distribution and enrichment from different ore-forming processes (migration–290 

precipitation–enrichment–dissolution). 291 

 292 
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5.1 The Cs migration from deep to shallow and ore precipitation 293 

mechanisms from geothermal fluids 294 

Modern geothermal fluid mineralization is ongoing, and the geochemical 295 

characteristics of Cs-mineralizing fluids at stage V are summarized as follows: pH 296 

~8.5 (Fig. A5a), temperature 85 °C (Fig. A5b), and NaCl–H2O systems (Zhao et al., 297 

2008). The mineralization temperature is 40 °C for stage III (Zhao et al., 2008). The 298 

excellent correlation between Cs and Cl in geothermal fluids (Zhao et al., 2006b; 299 

Wang et al., 2019) implies that both elements migrate together as CsCl. 300 

The formation of amorphous silica and illite from geothermal fluids under 301 

typical Cs-mineralizing conditions was modeled using the PHREEQC thermodynamic 302 

parameters and the llnl.dat (Parkhurst and Appelo, 2013). Figure 7 shows the mineral 303 

saturation index at different pH and temperatures in the studies by Yan et al. (2019) 304 

and Zhao et al. (2007), who studied the elemental compositions of geothermal fluids 305 

in detail (Table A5). Amorphous silica precipitates at pH 6–9 and low temperatures 306 

<100 °C (Guidry and Chafetz, 2002). Based on computed saturation indexes (SI), the 307 

SI of amorphous silica is lower than 0 (SI < 0, no precipitation) because the solution 308 

is undersaturated (~100 ppm). However, large-scale amorphous silica formation is 309 

observed in the field, most likely caused by (1) the formation of ice (Channing and 310 

Butler, 2007) due to low temperatures (~−10℃) and high altitude (~5000 m) of the 311 

study area, and (2) the oversaturated Si concentrations in Li et al. (2006) of 100–600 312 

ppm at 45 °C–84 °C causing silica acid to precipitate. A crucial clay mineral, illite, 313 
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the secondary Al-bearing phase, is precipitated from the geothermal fluids under SI > 314 

0. The most suitable physical parameters for illite precipitation are at pH ~7 and > 315 

50 °C (Fig. 7, Table A5). The model results reproduce the field observation that illite 316 

coexisting with opal is common in geothermal systems (Boudreau, 1990; Smith et al., 317 

2017). Amorphous silica formation is less sensitive to temperature and pH than illite, 318 

and simple cooling is more efficient for amorphous silica precipitation than illite. 319 

Furthermore, illite and opal layers indicate the physical conditions of geothermal fluid 320 

changes. 321 

Additionally, Boudreau (1990) established a diagenesis model for clay 322 

preservation opal or devoid of dissolvable opal. This model considers conserving the 323 

dissolvable solid at a steady state with constant porosity and is simulated by applying 324 

the following equation. 325 

𝐹 − ( )( ) − 𝛾𝜑𝐷 ( ) (𝐶 − 𝐶 ) = 0 (Eq. 1) 326 

𝐹 = + [( ) + (𝛾𝜑) 𝑘 𝐷 (𝐶 − 𝐶 )] / , (Eq. 2) 327 

where Csil (mM) is the dissolved silica, bopal is the solid opal (g cm−3 of total 328 

solids), and mclay is an inert phase (g cm−3 of total solids). φ is the porosity, Ds is the 329 

tortuosity-corrected diffusion coefficient for dissolved silica (cm2 y−1), ks is the rate 330 

constant for opal dissolution (y−1), and Cs is the saturation concentration of dissolved 331 

silica. γ is the constant for unit conversion (0.0961 g mmol−1), and 𝜌  and 𝜌  332 

is the intrinsic density of opal and inert material clay (g cm−3). Fb, Fm, and Fer are the 333 
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input fluxes of opal, clay, and input rain, respectively, for which all incoming opal 334 

would dissolve and still succeed in saturating the porewater for a given set of 335 

parameter values. Table 2 lists the parameter values applied to the model. Geothermal 336 

fluids at approximately 80 °C have ~100 ppm (1.67 mmol/L) SiO2 (Wang et al., 337 

2015). Hence, Cs and Cw are 4.83 mmol/L and 1.67 mmol/L, respectively. The model 338 

indicates that opal dissolution is less noticeable as Fm increases (Fig. 7b); therefore, 339 

the clay mineral prevents amorphous silica dissolution. 340 

 341 

5.2 The Cs-enrichment processes 342 

5.2.1 Enrichment processes in low Cs-bearing ores 343 

Silica sinters formed in modern geothermal systems under specific physical and 344 

chemical conditions primarily comprise amorphous silica opal-A (see the discussion 345 

in Section 5.1). The higher alkali and/or alkaline earth metal contents neutralize the 346 

negatively charged metastable SiO2 particles and promote the coagulation of 347 

SiO2·H2O gel (Visser, 2018). Therefore, the silica gel can coprecipitate with these 348 

elements (Cs in this study) in a disordered structure (Fig. A3b). 349 

Amorphous silica is made up of the silanol group (Si–OH) and H2O, including 350 

Si–OH···nH2O (H2OSiOH, Type A molecular water), individual water molecules 351 

(H2Omol, Type B molecular water), −OH···nH2O (Type A silanol group), and −OH 352 

(Type B silanol group) (Fig. A6a). Fourier transform infrared spectroscopy indicates 353 

the presence of water (Fig. A7), and Type A molecular water is much less mobile than 354 
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Type B (Zhuravlev, 2000). Essential property changes in opal-A and opal-CT are the 355 

contents of H2O and silicic bonds (siloxane bond, Si–OH and silanol bond, and Si–O–356 

Si). The total water content (Type A + Type B water) and Type B water content vary 357 

significantly in opal-A and opal-CT, whereas opal-A contains a higher content of Type 358 

A water than opal-CT (Table A5) (Day and Jones, 2008). Hence, the no correlation 359 

between Cs and H2O observed in this study indicates that there are no or only minor 360 

differences in total water content in opal-A (av. 7.45 wt.%) and opal-CT (av. 7.00 361 

wt.%) (Table A6). 362 

The H2O/Cs ratio decreases with increasing Cs content (Fig. A8a), reflecting a 363 

condition with different water coordination numbers (CN) to cations. The negligible 364 

contents of trivalent cations, such as Al, in low Cs-bearing ore and no apparent 365 

relationship between positive and negative charges preclude Cs from being a charge-366 

balancing cation (Fig. A8c–e). The only explanation is that Cs forms a mobile outer-367 

sphere surface complex at the silica–water surface (Zhou et al., 2013). Deprotonation 368 

of Si–OH (Types A and B silanol groups, Reactions 1 and 2) induces broken 369 

crystallite edges with a negative charge, and the uptake of alkali ion Cs compensates 370 

for the negative charge at the silica–water surface to yield a neutral suspension 371 

(Reactions 3 and 4) (H site in Fig. A6a). The O atoms of the Si (Cs substitution −OH) 372 

bind and coordinate the Cs. This mechanism was recognized in previous studies and 373 

has been evidenced using 133Cs NMR spectra of samples from the Targejia Cs-bearing 374 

deposit (Zhou et al., 2013) and of Cs absorbed into silica gel (Kim et al., 1996 a, b). 375 
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The low contents of Cs surrounded by a high-water CN with stronger hydrogen-376 

bonded hydroxyls (Reaction 4) have been verified using 1H NMR spectra by Zhou et 377 

al. (2013). Because surface deprotonation induces the charge and no permanent 378 

charge exists on the surface, the ability of Cs motion is closely related to the mobility 379 

of surface water (Kim et al., 1996a, b). Consequently, the Cs reactivity in an 380 

amorphous phase is because of a lower degree of ordering (Fig. A3b) and high-water 381 

CN (Fig. A8a). It is reasonable to infer that a poor Cs-bearing ore with high Cs 382 

motion moves easier at different mineralization stages (I–V) over time. 383 

Si–OH ↔ Si-O− + H+ (Reaction 1) 384 

Si–OH···nH2O ↔ Si–O−···nH2O + H+ (Reaction 2). 385 

Si–O− + Cs+ ↔ Si–OCs (Reaction 3) 386 

Si-O−···nH2O + Cs+ ↔ Si–OCs···nH2O (Reaction 4) 387 

Why was high Cs content of whole-rock opal-A observed in past studies? Two 388 

reasons are plausible: (1) opal-A includes high H2O content in previous studies, and 389 

(2) the high Cs-bearing ore coexists with opal-A (Type M2) in this study (see the 390 

discussion in Section 5.2.2). 391 

 392 

5.2.2 Enrichment processes in high Cs-bearing ores 393 

The Cs cation exchange capacity (CEC) for various minerals reported in the 394 

literature ranges from 0.5 wt.% to 8.0 wt.%. Montmorillonite reaches a maximum 395 

CEC, followed by illite, vermiculite, kaolinite, silica gel, boehmite, corundum, and 396 
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gibbsite (Table A7) (Kim et al., 1996a, b; Ejeckam and Sheeriff, 2005; Yuan et al., 397 

2020), the same as in this study. The good correlations between Cs and other 398 

elements, especially Al (Fig. 6b–e), indicate that Cs enrichment is related to these 399 

elements. 400 

Three parameters affect the CEC. (1) the layer charge caused by substituting 401 

lower charged cations (A13+, Mg2+) for Si4+ in the tetrahedral or octahedral sheets 402 

creates a negative charge to absorb Cs (Kim et al., 1996a, b). In the high Cs-bearing 403 

ore, CEC increases from 0.42 wt.% to 2.89 wt.% as Al2O3 increases from 1.37 wt.% 404 

to 10.33 wt.%. The analysis using the charge balance method rules out Ca2+ 405 

substitution for Si4+ because the positive and negative charges are unbalanced (Fig. 406 

A8b–d). Cations were adsorbed preferentially close to the tetrahedral sites, where 407 

[AlO4]5− tetrahedra produce a local charge imbalance, and Cs in such environments is 408 

tightly bound to and coordinated by O atoms of the [AlO4]5− tetrahedra (such as the K 409 

site in Fig. A6b). Additional sources of surface charge attract Cs more effectively 410 

(Guven, 1988). (2) The layer charge from mineral constructs, such as 1:1 vs. 2:1 layer 411 

structures and the dioctahedral vs. trioctahedral. 1:1 layer structure, has a low CEC 412 

due to the lack of exchangeable interlayer cations compared to the 2:1 layer structure 413 

(Ejeckam and Sheeriff, 2005). The significant structural differences (high-degree 414 

disorder vs. high-degree order, Fig. A3) between Cs-bearing ore and barren ores 415 

significantly affect the CEC. (3) The absorption site is tightly bound to the basal 416 

oxygen atoms (C1 site) and loosely bonded to H2O molecules (C2 site), and the CEC 417 
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is higher for C1 than C2 (Kim et al., 1996a, b; Ejeckam and Sheeriff, 2005). Edge 418 

sites and basal crystallite surfaces (or planar and surface sites) are essential adsorption 419 

sites for Cs in illite, as evidenced using 133Cs NMR spectra (Kim et al., 1996b). The 420 

Cs motion ability in the high Cs-bearing ore should be lower than in the low Cs-421 

bearing ore and is attributable to a low water CN (Fig. A8a), permanent charge caused 422 

by Al (Fig. A8c), and high-degree order (Fig. A3d–f). In short, elemental 423 

compositions and mineral constructs influence the enrichment mechanism and degree 424 

of Cs in low and high Cs ores. 425 

 426 

5.2.3 The behavior of other trace elements in Cs-bearing ores 427 

The contents of Cs (up to ~5 ppm), Li (~5 ppm), and HBO4 (~100 ppm) in 428 

geothermal or ore-forming fluids of the Tibetan geothermal area are several to dozens 429 

of times the average abundance of the Earth’s crust (Wang et al., 2019). Note the high 430 

Li and B contents in geothermal fluids compared to Cs (Wang et al., 2019), but Li and 431 

B are not in geyserite (Li, 0–44 ppm; B, 0–400 ppm, and Cs, Table A3). The 432 

enrichment factor of Li and B is several times higher than that of fluids (Li up to nine 433 

times; B up to four times). The contents of Be (~0.1 ppm), Ga (~0.1 ppm), Rb (~0.6 434 

ppm), and Sr (~0.2 ppm) (Wang et al., 2019) in geothermal fluids are negligible, but 435 

they can be enriched hundreds to thousands of times in ore (Be, 0.6–600 ppm, up to 436 

6000 times; Ga, 0–585 ppm, up to 5850 times; Rb, 20–300 ppm, 33–500 times; Sr, 0–437 

625 ppm, up to 3000 times). The results imply the property of adsorption selectivity 438 
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of the ore, indicating the adsorption capacity of Be2+, Ga3+, Rb+, Sr2+, and Cs+ and no 439 

adsorption capacity of Li+ and B3+. A poor correlation between Li, Be, B, Ga, and Cs 440 

(Fig. A9a, b, c, d) and close relationships between Rb, Sr, and Cs (Fig. A9e, f) were 441 

identified. Rb, Sr, and Cs are the most common elements. They show suitable 442 

corresponding concentrations in the LCT-family pegmatites (Černý, 1978), attributing 443 

to similar geochemical properties among these elements, such as their similar atomic 444 

radii of Rb+ (1.52 Å), Sr2+ (1.18 Å), and Cs+, (1.67 Å), but inconsistent values of Be2+ 445 

(0.16 Å) and Ga3+ (0.47 Å) (Shannon, 1976). 446 

 447 

5.3 The dissolution and reprecipitation of Cs ores 448 

Clay minerals (illite) disappeared accompanied by Cs content reduction from 449 

stage V to stage IV (0–4 ka to 4–17 ka) in this study. In stages I and II (>99 ka), even 450 

though clays (kaolinite) reformed under weathering, there was no reenrichment of Cs 451 

in clay minerals. Therefore, the ores formed in the early stages were isolated from the 452 

Cs aqueous surroundings and could be affected by the uplifted Tibet. Tectonic and 453 

deep magmatic activities control the hot-spring Cs deposit formation, corresponding 454 

to the plateau’s uplift (Tong et al., 1981). Therefore, extreme Cs enrichment only 455 

happened in the latest stage (< 17 ka), especially in Meghalayan (< 4ka). A common 456 

mechanism for phase transformation from amorphous silica to crystalline quartz is 457 

dissolution–reprecipitation (Lynne et al., 2007; Day and Jones, 2008). The mineral 458 

dissolution–reprecipitation process produces a high-degree order in amorphous silica 459 
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(Langer and Flörke, 1974). The disappearance of illite because of dissolution induces 460 

Cs to be excluded from the ore, and this point is evidenced below. 461 

Geothermal fluids loaded the source of the massive metallogenic mass. What 462 

types of fluids cause mineral dissolution in early mineralization? There are no active 463 

geothermal fluids in the early stages, so the only fluid is meteoric water. The 464 

reconstructed Holocene climate development of Nam Co, central Tibet, shows (1) 465 

high rainfall and meltwater input at 7.2–5.4 ka, (2) drier climate with less monsoonal 466 

precipitation, higher evaporation rates at 5.4–4.0 ka, (3) the driest periods were 467 

recorded at 4.0–1.4 ka, (4) increased precipitation and runoff at 1.4–0.8 ka, and (5) 468 

intense evaporation at 0.8 ka to present (Mügler et al., 2010). In the following section, 469 

one chemical system, meteoric water, was modeled to examine how temperature and 470 

pH affect mineral dissolution and reprecipitation under the following conditions: 471 

temperature of 0 °C–85 °C and pH of 5–9. 472 

A dynamic balance between supply, transport processes (e.g., burial), and 473 

dissolution determines the magnitude of mineral accumulation. 474 

(1) Dissolution process 475 

The Dissolution rates of natural illite (rillite) and amorphous silica (ram) were 476 

calculated using empirical Eq. 1 (Köhler et al., 2003) and Eq. 2 (Rimstidt et al., 2016) 477 

and were impacted by pH, temperature, and ion activity. 478 𝑟 = 𝐴 exp 𝑎 . + 𝐴 exp + 𝐴 exp 𝑎 . , (Eq. 3) 479 

where AH, AH2O, and AOH are pre-exponential factors of 2.2 × 10−4, 2.5 × 10−13, 480 
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and 0.27 mol m−2 s−1, respectively. EAH+, EAH2O, and EA, OH− designate the apparent 481 

activation energies of 46, 14, and 67 kJ mol−1, respectively. 482 𝑟 = 14.62(10 ( . )( )) + 8.95(10 . )( .. ) (Eq. 4) 483 

where mNa+ (mol kg−1) is the sodium (Na) concentration and mH+ is the hydrogen 484 

ion activity (aH+). 485 

Amorphous silica is more soluble than illite under the investigated conditions 486 

(Fig. 8a) because it has a higher dissolution rate than illite, and the lowest illite 487 

dissolution rate was observed at pH 6–9. 488 

(2) Reprecipitation process 489 

Meteoric water–rock interaction modeling involving conventional reaction path 490 

simulations where water of meteoric origin was allowed to react with rock in steps is 491 

described in detail by Kleine et al. (2018). Water was specified as an initial condition 492 

to simulate the infiltration of meteoric water into the rock (Table 2). The solid part of 493 

the model domain is obtained from the rock compositions of amorphous silica opal-A 494 

+ clay (Table 2). As both parameters at the early mineralization stage are unknown, 495 

simulations were run for pH 5 (average pH of meteoric water) to 9 (average pH of 496 

geothermal fluids) and 40 °C (mineralization temperature of stage III) to 85 °C 497 

(mineralization temperature of stage V) (Table 2, Fig. 8b). Amorphous silica was 498 

allowed to precipitate under specific conditions, consistent with findings that 499 

amorphous silica formation can occur over several temperatures and pH values (see 500 

the discussion in Section 5.1). However, illite could precipitate when the water–rock 501 
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interaction reaches a specific degree (at least 10−4 mol rock per kg solution), implying 502 

that illite re-forms only if a specific amount of rock dissolution supplies enough 503 

elements. At low temperatures (<100 °C), an increase in temperature has no or 504 

negligible effect on the mineralization process. However, a pH shift to an alkaline 505 

level can promote amorphous silica accumulation precipitation. Furthermore, illite 506 

formation is challenging because of the necessary element supply for high water–rock 507 

interaction at alkaline pH (Fig. 8b). Compared to geothermal fluids containing high 508 

contents of Na and K (enough supply), the dissolution replenishment elemental 509 

contents are insufficient for illite re-formation in the early stage. 510 

The meteoric water–rock interaction modeling indicates that clay formed at a late 511 

stage and redissolved in meteoric water. Amorphous silica can re-form owing to its 512 

chemical properties, and clay might impede dissolution. 513 

 514 

6. Implications for Geothermal Fluid Mineralization and 515 

Elemental Extraction and Use 516 

Geothermal fluid mineralization is vital for alkaline elements, such as Li 517 

(Benson et al., 2017; Guo et al., 2019) and Cs (Zheng et al., 1995). Hydrothermal 518 

fluids leach alkaline elements from host rocks and are structurally bound in clay and 519 

amorphous silica. These deposits have gained attention due to the high-speed 520 

mineralization compared to pegmatite-type rare metal deposits (Guo et al., 2019). 521 

This study presents an excellent example of a modern ore-forming process in the 522 
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Targejia area to study the alkaline elemental migration–precipitation–enrichment–523 

preservation mechanisms. Detailed petrographic and geochemical studies revealed 524 

two primary ore growth minerals (amorphous silica and clay). The average Cs content 525 

in amorphous silica for low Cs-bearing ore, including Type M1 in opal-A and opal-526 

CT, and low Cs zone in Type M2 in opal-A, is approximately 0.2 wt.%. The highest 527 

enrichment degree of Cs in clay is up to 2.89 wt.%. Two enrichment mechanisms 528 

cause the different enrichment degrees of different minerals. One is that Cs substitutes 529 

−OH of amorphous silica, and the other is that Cs is absorbed by a negative charge 530 

created by A13+ substituting more highly charged cations (Si4+). The mineral 531 

saturation index model and meteoric water–rock interaction model indicate that 532 

mineral formation and disappearance reflect a dynamic physical–chemical condition 533 

in the fluid system. Such a process might have occurred in many geothermal deposits 534 

worldwide. Our observations provide new insights into elemental extraction and use 535 

under geothermal conditions. 536 
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 709 

FIGURE AND TABLE CAPTIONS 710 

Figure 1. (a) Hot-spring deposits distributed globally; (b) A geological map of Tibet; 711 

(c) A geological map of the Targejia deposit (modified by Zheng et al., 1995); (d) A 712 

simplified geological section shows the five mineralization stages in the Targejia 713 
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district (modified by Zhao et al., 2008); (f) A field photo of stage III to V for Targejia. 714 

Figure 2. Photomicrographs of textures (a–d) and SEM images (e–h) of ore samples 715 

from Targejia. (a, e) Type M1 in colloid opal-CT and opal-A; (b, c, f, g) Type M2 of 716 

zones comprising alternating, irregular concentric bands or shells of color in opal-A; 717 

(d, h) Type M3 of quartz cemented by amorphous opal. 718 

Figure 3. Electron probe microanalyzer (EPMA) mapping of Type M1 (from Fig 2a, 719 

e), with distribution maps of Si, Na, Al, K, Ca, and Cs. 720 

Figure 4. Electron probe microanalyzer (EPMA) mapping of Type M2 (from Fig 2b, 721 

c, f, g), with distribution maps of Si, Na, Al, K, Ca, and Cs. 722 

Figure 5. Electron probe microanalyzer (EPMA) mapping of Type M3 (from Fig. 2d, 723 

h), with distribution maps of Si, Na, Al, K, Ca, and Cs. 724 

Figure 6. Correlation diagrams between Cs2O and (a) SiO2, (b) Na2O, (c) K2O, (d) 725 

Al2O3, (e) CaO, (f) H2O. The blue line represents the correlation in low Cs-bearing 726 

ore. The red line represents the correlation in the high Cs zone in high Cs-bearing ore. 727 

The light green area denotes the area of low Cs-bearing ore. 728 

Figure 7. (a) Mineral saturation indices (SI) with different pH values and 729 

temperatures; (b) The relationship between clay input (Fm) and the ratio of the rain 730 

and opal inputs (Fer/Fm). 731 

Figure 8. (a) The dissolution rates of amorphous silica and illite at pH 1–14; (b) 732 

Minerals formed upon meteoric water–rock interaction. 733 

 734 



36 

Table 1. Parameter values applied in the diageneses model. 735 

Table 2. Input values of meteoric water and rock for geochemical meteoric water–736 

rock modeling. 737 

738 



Figure 1. (a) Hot spring deposits distributed in the world; (b) The geological map of 

Tibet; (c) The geological map of Targejia deposit (modified by Zheng et al., 1995); (d) 

Simplified geological section shows the five mineralization stages in the Targejia 

district (modified by Zhao et al., 2008); (f) the field photo of stage III to V for 

Targejia. 
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Figure 2. Photomicrographs of textures (a-d) and SEM characteristics (e-h) present in 

ore samples from the Targejia. (a, e) type M1 in colloid opal-CT and opal-A; (b, c, f, 

g) type M2 of zones consist of alternating, irregular concentric band or shells of color

in opal-A; (d, h) type M3, quartz cemented by amorphous opal. 
2 



Figure 3. EPMA mapping of type M1 (from Fig 3a, e) with distribution map of Si, 

Na, Al, K, Ca and Cs, respectively. 
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Figure 4. EPMA mapping of type M2 (from Fig 3b, c, f, g) with distribution map of 

Si, Na, Al, K, Ca and Cs, respectively. 
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Figure 5. EPMA mapping of type M3 (from Fig. 3d, h) with distribution map of Si, 

Na, Al, K, Ca and Cs, respectively. 
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Figure 6. Correlation diagrams between Cs2O and SiO2 (a), Na2O (b), K2O (c), Al2O3 

(d), CaO (e), H2O (f). Blue line represents correlation in low Cs-bearing ore. Red line 

represents correlation in high Cs zone in high Cs-bearing ore. Light green area 

denotes the area of low Cs-bearing ore. 
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Figure 7. (a) Mineral saturation indices (SI) with different pH and temperature; (b) 

the relationship between clay input (Fm) and ratio of the rain input and opal input 

(Fer/Fm). 

 

7 
 



 

Figure 8. (a) The dissolution rates of amorphous silica and illite at pH of 1-14; (b) 

mineral formed upon meteoric water-rock interaction. 
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Table 1. Parameters values applied in the diageneses model. 

Parameter Symbol Value 

Rate constant for opal 

dissolution 
ks 30 y

-1

Saturation concentration of 

dissolved silica 
Cs 

logCs = -8.476 – 485.24×T
-1

 – 2.268×10
-6

× T
2
 +3.068×logT

Si diffusion coefficient   Ds 100 cm
2
 y

-1

Intrinsic density of opal 𝜌𝑏𝑜𝑝𝑎𝑙 2.1 g cm
-3

Intrinsic density of clay 𝜌𝑚𝑐𝑙𝑎𝑦 2.6 g cm
-3

Porosity φ 0.8 

Input fluxes of opal Fb 1-30

Input fluxes of clay Fm 5-500



Table 2. Input values of meteoric water and rock for geochemical meteoric water-rock 

modelling. 

Parameter Value 
a

Rock parameter Value 

Temperature 5 Temperature 40-85

pH 5 pH 5-9

Major elements (ppm) Major elements (wt.%)
 b

SiO2 0 SiO2 0.86 

Na 15 Al2O3 0.028 

K
+

18 CaO 0.009 

Cl
-

14 Na2O 0.008 

Ca
2+

46 K2O 0.007 

Mg
2+

3 Fe2O3 0.002 

SO4
2-

60 

F
-

3 

a
 is physical and chemical condition of meteoric water from Wu et al. (2014).

 b
 is the

average elements composition of ore at stage V from Table A1. 


	Cover Page
	Article File
	Article File
	Figures
	Table 1
	Table 2



