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ABSTRACT

Cesium (Cs) is a strategic metal used in high-precision timing and advanced electronics
technologies, but current supply comes mainly from a few pegmatites as associated min-
erals. This concentration, together with rising demand, creates clear risks for global supply
chains. In this context, this study reviews the geological setting, enrichment processes
and resource potential of unique geothermal-type Cs resources on the Tibetan Plateau,
and its relevance for critical metal security and the energy transition. Hydrochemical, iso-
topic, petrological and geophysical data show that southern Tibet hosts a distinct geother-
mal Cs province, where high-temperature systems along Yarlung Zangbo Suture and N—
S trending rifts are consistently enriched in Cs in both fluids and siliceous deposits, well
above levels in most other geothermal fields worldwide. The evidence supports a crustal
evolved magmatic—hydrothermal fluid source model: Himalayan crust undergoes partial
melting and magmatic differentiation, releases Cs-rich fluids that rise along fault zones,
and the mixed geothermal waters are then trapped in opal-rich siliceous sinters, ancient
siliceous rocks and sediment-hosted units. Tibetan geothermal systems therefore contain
a dual Cs resource, with both a dissolved flux and a shallow solid inventory in siliceous sin-
ters and sedimentary rocks. Geothermal Cs on the Tibetan Plateau represents a separate
geothermal-type deposit, marked by high enrichment, shallow occurrence and close cou-
pling to geothermal heat. Its dispersed, small- to medium-scale nature makes it best suited
to co-production with geothermal development. It can enhance the diversity and resilience
of Cs supply, while supporting integrated strategies for low-carbon energy deployment and
critical metal security.
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+ Global cesium supply remains narrow, relying on few pegmatite suites and facing rising strategic demand.

» High-temperature geothermal systems in the Tibetan Plateau host unusually cesium-rich waters and

siliceous deposits.

bearing fluids.

ation.

1. Introduction

Earth is now facing a marked energy imbalance driven
by the rapid growth of fossil-fuel use and population [1, 2].
Rising greenhouse-gas emissions have warmed the cli-
mate and intensified extreme events, placing increasing
pressure on the long-term habitability of the planet. In
response, many countries are pushing for a large-scale
shift from fossil fuels to low-carbon and renewable energy
sources such as geothermal, wind, solar and hydrogen [3].
This shift, however, rests on secure access to a broad suite
of critical mineral resources (CMRs) that underpin clean-
energy technologies and advanced electronics [4—6]. Pub-
lic and policy debates have so far focused mainly on lithium
(Li), cobalt (Co) and rare earth elements (REEs), yet alkali
metals such as rubidium (Rb) and especially cesium (Cs)
are also emerging as strategic metals because of their es-
sential roles in traditional industries and advanced tech-
nologies [7, 8].

High grade Cs deposits are concentrated in a handful
of hard-rock lithium—cesium—tantalum (LCT) pegmatites
and highly fractionated granites (Figure 1), and total iden-
tified reserves are only on the order of a few 200,000 t
[9-11]. A small number of deposits in a few regions there-
fore carry a disproportionate share of supply. This strong
geographic concentration heightens supply risk and mo-
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Multiple lines of evidence support a deep crustal origin, with rare-metal melts feeding upward-moving cesium-

Tibetan active springs and shallow siliceous deposits together form substantial cesium resources.

Shallow geothermal cesium is best developed through distributed co-production with heat and power gener-

tivates the search for unconventional Cs sources [12].
Some unique geothermal systems have recently attracted
attention for this reason. Besides providing low-carbon
heat and power, geothermal fluids can be enriched in Li,
B, Rb, Cs and other elements, offering the chance for
co-producing energy and metals [13-21]. The most suc-
cessful examples to date are related to Li, with large-
scale studies and pilot projects conducted in the Salton
Sea (USA) and European geothermal fields for lithium-
rich brines, supplemented by detailed studies on resource
scale, extraction technologies and environmental perfor-
mance [16, 19]. Recent studies show that geothermal sys-
tems can, under favourable geological conditions, sustain
long-term co-extraction of heat and dissolved metals [22].
In contrast, geothermal Cs remains much less explored.
Reports of anomalous Cs in hot-spring waters and hy-
drothermal deposits exist for a few volcanic and continental
settings [8, 23—-25], but systematic assessments are still
rare. This underexploration is somewhat surprising given
the fundamental chemical behaviour of cesium. As the
largest alkali metal cation, Cs* forms highly soluble inor-
ganic compounds and is readily mobilised in aqueous sys-
tems through strong hydration, suggesting that geother-
mal fluids may represent an efficient, yet underappreci-
ated, transport medium for Cs [26].

() )
oAl
4\ Tanco Deposit,
Ae Canada

(]

Yichun Deposit,

China

Tibetan Geothermal
S System, China
(]

Karibib Deposit,
Namibia E
oo

0,6
% e ® o

: ° -
Bikita Deposit, 2 A
Zimbabwe

Sinclair Deposit,

Australia

Salton Sea,
USA

® LCT Pegmatite-type

A Brine-type °
Granite-type

¥¢ Geothermal-type

Figure 1. Galobal Distribution of Rbo—Cs deposits (modified after [8, 10, 27]). The base global map is from the Equal
Earth Physical Map (https://equal-earth.com/physical/) (accessed on 5 November 2025).
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As part of the Mediterranean—Himalayan geothermal
belt, the Tibetan Plateau (TP) hosts hundreds of hot
springs and several high-temperature geothermal fields re-
lated to the India—Asia collision and subsequent crustal
thickening and extension [25, 28, 29]. Abundant hydro-
chemical work have shown that many Tibetan systems
contain unusually high concentrations of Li, Rb, Cs and B
in both spring waters and siliceous sinter, different from
geothermal provinces worldwide [8, 21, 2325, 30-36].
The enrichment of Cs is particularly special: average con-
centrations in Tibetan spring waters reach several mg/L,
with maxima above 70 mg/L, several orders of magni-
tude higher than typical river water, groundwater and non-
orogenic geothermal systems [25].

Our previous work [24, 25] showed that CMR-
enriched hot springs in Tibet are systematically aligned
with the Yarlung Zangbo Suture and major N-S trend-
ing rifts. Elemental and isotopic data point to rare-metal-
rich magmatic—hydrothermal fluids derived from partial
melting of subducted Indian continental crust as a key
source of both heat and metals. Thus, Tibetan geother-
mal springs act as sensitive “fluid probes” of deep mag-
matic processes, supply salt lakes [37—41], and may re-
veal concealed CMR mineralization in the deep. Further-
more, recent work [21] conducted the first systematic esti-
mates of CMR fluxes and reserves in Tibetan geothermal
systems and drew attention to a distinctive Cs deposit
type: cesium-bearing siliceous sinter developed in Tibetan
geothermal fields [42—45]. Detailed work at Chabu further
documents the geochemical and isotopic signatures of Cs
in sinter [46].

These studies indicate that Tibetan geothermal sys-
tems could be regarded as one of the most important non-
traditional Cs mineralization provinces globally, with both
dissolved and solid-phase resources that may be of strate-
gic interest. However, no systematic review has focused
specifically on geothermal Cs in Tibet or elsewhere. Ex-
isting studies either discuss Cs with other alkali or criti-
cal metals [21, 25] or describe individual siliceous sinter
deposits at the local scale [35, 43—45]. As a result, sev-
eral basic questions are still remaining. How unique are
Tibetan Cs concentrations and sinter grades when com-
pared globally? How large is the resource potential in Ti-
betan spring waters and sinters, and how does it compare
with conventional Cs deposits in tonnage, grade and ac-
cessibility? Which geological and geochemical processes
control the source, migration, enrichment and fixation of
Cs? And how might Cs recovery from geothermal sys-
tems be integrated into low-carbon development pathways
in practice?

This review paper brings together geological, geo-
chemical and resource information to address these gaps
and to provide an integrated view of geothermal Cs re-
sources in Tibet. This study outlines the distribution and
characteristics of Cs-rich systems, then display Cs abun-
dances in Tibetan geothermal waters and sinters. Then,
the controlling factors on Tibetan geothermal Cs’s source,
enrichment mechanisms are discussed. The Cs resource
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potentials in both fluids (annual fluxes) and siliceous sin-
ter deposits (reserves) at the regional scale are also eval-
uated. Finally, the meaning of these resources for the
low-carbon energy transition and for long-term Cs supply
are considered. By focusing specifically on Cs, this study
places Tibetan geothermal systems within the broader
context of global Cs geology and highlight their possible
role in a more secure and sustainable Cs supply.

2. Global Status of Cesium Resources
2.1. Properties, Applications, and Economic Significance

Cesium is a rare alkali metal (Figure 2) with an av-
erage crustal abundance of about 2 ppm [47]. lis large
ionic radius (1.67 A), low ionization potential and strong
incompatibility mean that Cs is preferentially concentrated
in residual melts and fluids during magmatic differentia-
tion [9, 48]. Discrete Cs-bearing minerals are rare in na-
ture. More often, Cs substitutes for K and Rb in micas and
feldspars, or for Na in channel-structured zeolites such as
analcime [49]. The main ore mineral is pollucite [48], which
forms almost exclusively in highly fractionated LCT peg-
matites [9, 10].
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Figure 2. Definition, properties, uses, and major com-
pounds of Cesium. The symbols used in this figure are
from Example.com (https://www.examples.com/chemistry/
cesium.html) (accessed on 7 November 2025).

Comparatively, global Cs consumption is small, but its
physical and chemical properties make it indispensable in
several high-value uses (Figure 2). By volume, the largest
single application is still cesium formate brine, used as a
high-density, low-viscosity drilling and completion fluid in
oil and gas wells [50, 51]. Growing strategic interest, how-
ever, comes from high-technology sectors. Cesium is a key
component of atomic clocks and time-frequency standards
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[52], and is also used in magnetohydrodynamic power con-
cepts [53], ion propulsion engines [54] and a range of pho-
toelectric devices [55]. Beyond these, Cs compounds act
as promoters in many catalytic processes [56]. Cesium
carbonate is widely used in organic synthesis [57], and
Cs radioisotopes are used in medical therapy and ster-
ilisation [58]. Recent market analyses indicate that while
traditional uses are likely to level off, demand from high-
tech and low-carbon applications is expected to rise [8].
Such as in America, the high-tech fields have accounted
for 80% of Cs consumption (Figure 3). Comparatively, the
global and Chinese Cs consumption is concentrated on
the traditional industry indicating a shift in the future (Fig-
ure 3).

2.2. Deposit Types and Global Distribution

Cesium occurs in a variety of geological settings, but
economically significant resources are concentrated in a
few deposit types (Figure 1). On the basis of geological as-
sociation and formation mechanism, Cs deposits are com-
monly grouped into four categories: LCT pegmatite-type,
granite-hosted rare-metal type, saline-lake brine-type, and
geotherma type [8, 10].

LCT pegmatites have been the dominant commer-
cial source. Classic examples include the Tanco mine in
Canada and Bikita in Zimbabwe, where large pollucite ore
bodies formed during extreme fractionation of peralumi-
nous granitic melts [10, 49]. Granite-hosted systems can
contain large in-place resources, but grades are typically
lower. In this type of deposit, Cs is dispersed in lithium
micas within elevated granitic domes or cupolas, as illus-
trated by the Yichun district in South China [59]. Saline-
lake brines and geothermal systems are attracting atten-
tion as newer sources of Cs. In several brine basins, Cs
occurs together with Li and other alkalis, although only a
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few are being considered for recovery due to their very low
concentrations. In southern Tibet, active geothermal fields
have deposited unusually Cs-rich siliceous sinters, forming
a distinct, high-grade deposit type [42].

The geographic distribution of known resources is
highly uneven. Most high-grade pollucite is restricted to the
Canadian Shield (Manitoba), the Zimbabwe Craton, and
parts of Western Australia (Sinclair) and Namibia (Karibib)
[11]. China holds substantial Cs resources, but these are
mainly in Yichun granite-type mica deposits [59] and in
siliceous sinter deposits in Tibet [44], rather than in large,
massive pollucite orebodies [8].

2.3. Global Reserves

Estimating global Cs reserves is complicated by lim-
ited public reporting and by the fact that Cs is often pro-
duced as a by-product of Li mining. USGS data sug-
gest that global reserves, excluding potential resources in
China, have long been quoted at around 220,000 t of Cs,0
[11]. Canada accounts for the largest share, mainly at
the Tanco pegmatite, which contains more than 120,000
t Cso0 equivalent [9]. Zimbabwe follows with about 60,000
t Cs20 linked to the Bikita pegmatite field [10]. Namibia
and Australia contribute smaller but still notable amounts,
on the order of 30,000 t and 7000 t, respectively [11].
China uses a different classification system. China iden-
tified Cs reserves are about 25,000 t Cs>O, whereas the
broader resource base is estimated to exceed 400,000
t Cs,0 [8]. An important addition to the global Cs reserves
is the evaluated potential of the Tibetan geothermal belt
which will be discussed in the next section. It is worth
noting that high-grade and easily processed pollucite ores
are being mined, pushing the industry toward lower-grade
lepidolite-bearing granites and new extraction approaches
for geothermal and brine-hosted Cs [8, 60].
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Figure 3. The global, Chinese, and American consumption structures of cesium (modified after [8]).
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3. Geological and Geothermal Background of the Ti-
betan Plateau

The Tibetan Plateau, often referred to as the “Third
Pole”, is the highest (average elevation >4500 m) and
most extensive (>2.5 million km?) plateau on Earth [61,
62]. Its formation reflects a long and complex tectonic his-
tory. Tectonically, the TP lies between the Himalaya to the
south, the Pamir Plateau to the west, the Tarim Craton to
the north and the Yangtze Block to the east, forming the
world’s largest and highest plateau (Figure 4). The growth
of the TP is linked to the evolution of the Tethyan domain
from the Proto—Tethys [63], through the Paleo—Tethys [64],
to the Neo-Tethys [65], and to the successive collision and
accretion of micro-continents along the southern margin of
Asia [66]. Closure of the Neo—Tethys Ocean and the onset
of the India—Asia collision led to the development of the
Banggong—Nujiang Suture and the Yarlung Zangbo Su-
ture, major uplift of the Himalaya and Gangdise Mountains,
and ultimately the rise of the TP as a coherent high plateau
[61, 66]. Separated by several major sutures and faults,
the TP can be divided into five main terranes: the Qaidam
Basin, the Songpan—Ganzi terrane, the Qiangtang terrane,
the Lhasa terrane and the Himalaya terrane (Figure 4). The
Indian plate is still moving northward at a rate of about 50
mm/a. Continued convergence has produced large-scale
crustal shortening and underthrusting of Indian lithosphere
beneath Tibet, resulting in a markedly thickened crust (lo-
cally >60-70 km). At the same time, eastward lateral ex-
trusion and, since the Miocene, widespread east—west ex-
tension have generated a series of north—south-trending
rifts and grabens across the plateau [28, 67, 68].

Climatically, progressive uplift has led to an extreme
continental environment with strong solar radiation, low
atmospheric oxygen and pronounced aridity [62]. These
conditions favour the development of extensive glaciers,

80°E
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with ice reserves of ~4500 km3, and the headwaters of
many major Asian rivers, including the Yangtze, Yellow,
Yarlung Zangbo and Indus. For this reason the TP is of-
ten described as the “Asian Water Tower”, with a ma-
jor influence on regional hydrology and global climate
[62, 69]. Intense tectonic activity on the TP is accompa-
nied by widespread magmatism, mineralization and de-
formation, as well as pronounced geothermal activity. As
a key segment of the Mediterranean—Himalayan geother-
mal belt, the TP hosts abundant geothermal resources,
with more than 1700 geothermal springs identified [70].
In the Xizang (Tibet) region alone, over 600—-700 geother-
mal springs and fields have been documented, including
boiling springs, hot springs, fumaroles and geysers [71].
Recent work has emphasised the “water—heat—mineral”
coupling in these systems, showing that they are impor-
tant not only for geothermal energy utilisation but also
as guides to mineralisation [21, 24, 25, 36]. Their distri-
bution is clearly uneven. Most high-temperature geother-
mal fields lie within the Lhasa and Himalaya terranes,
south of the BNS, whereas the Qiangtang terrane to the
north shows weaker activity (Figure 4). Based on spatial
distribution and temperature, Tibetan geothermal springs
can be grouped into five zones [21, 25] including a low-
temperature zone in northern Tibet, a medium- to high-
temperature zone in central Tibet, a high-temperature
zone in southern Tibet, a medium- to high-temperature
zone in western Tibet, and a low- to medium-temperature
zone in eastern Tibet (Figure 4). Southern Tibet stands out
for its dense and widespread high-temperature geothermal
fields, whereas geothermal intensity decreases markedly
toward the north—west. This distinctive pattern points to
strong tectonic control from deep lithospheric structure, a
theme that is central to understanding both geothermal en-
ergy resources and associated Cs enrichment on the TP.
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Figure 4. Schematic map of tectonics and distribution of geothermal springs in Tibet. The data of the springs are from
[71]. Abbreviations: BNS: Bangonghu—Nujiang Suture; JSS: Jinshajiang Suture; YZS: Yarlung Zangbo Suture; TKR:
Tangra Yum Co—Kong Co rifts; CAR: Cuona Co—Aguo Co rifts; WCR: Woka—Cuona rifts; XDR: Xainza—Dinggye rifts;
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4. Geochemical Characteristics and Distribution of Ti-
betan Geothermal Cesium

The hydrochemical dataset compiled in Thermal
Springs in Tibet [71] allows a view of Tibetan geother-
mal systems. Overall, spring waters have relatively low to-
tal dissolved solids (TDS), with a mean of 0.92 g/L well
below typical brine thresholds, and neutral or even alka-
line water with rarely acid spring water (Figure 5) [31]. In
the Piper diagram (Figure 6), most samples plot toward
the Na*+K* apex of the cation triangle, showing the domi-

Habitable Planet, 2026, 2(1), 128—-148

nance of alkali cations in Tibetan geothermal waters. Only
a small subset shifts toward the Ca?* corner, forming Ca—
HCO3; or mixed Ca—Na—HCOj3; types. In the anion trian-
gle, most points fall along the HCO3~+CO32—CI~ edge,
whereas SO,42 -rich waters are relatively rare. Carbonate—
chloride waters are therefore the main hydrochemical type.
This overall pattern is similar to many well-studied geother-
mal systems worldwide (Figure 7). However, geochemical
data consistently shows that Tibetan geothermal waters
and associated sediments are strongly enriched in several
critical elements, especially Cs.
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Figure 5. Durov diagram of Tibetan geothermal spring water. The data of the Tibetan spring waters are from [71].
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4.1. Spatial Distribution and Geochemistry of Dissolved Cs in
Spring Waters

Dissolved Cs in Tibetan geothermal springs reaches
unusually high levels. The average concentration is 3.58
mg/L, several orders of magnitude above typical river wa-
ter. Comparatively, Cs contents in the upper reaches of
major rivers are usually around 0.18-0.22 ug/L [72], and
values as low as 0.02 ug/L have been reported for the
Rhoéne River [73]. Across the plateau, 126 springs meet
or exceed a commonly used cutoff of 0.5 mg/L Cs, and
6 reach industrial-grade concentration of 20 mg/L [74].
Individual springs can be extreme: Semi contains up to
76.37 mg/L Cs [42], and our work has reported 57.99 mg/L
Cs in Zhumaisha [25]. Compared with other geothermal re-
gions, Tibetan springs consistently show much higher Cs
contents on a global scale (Figure 7).

Habitable Planet, 2026, 2(1), 128—-148

Using our previous compilation [25] together with pub-
lished data, the dissolved Cs concentrations across Ti-
betan geothermal springs are mapped (Figure 8A). Cs-
rich springs are mainly concentrated along the Yarlung
Zangbo suture and within N-S trending rifts, with peak en-
richment near intersections of these major structures. Im-
portant Cs-rich geothermal fields, including Semi, Chatuo-
gang, Gudui, and Zhumaisha all lie in these structurally
favourable areas (Figure 8A). From east to west, the
main rift zones are Woka—Cuona, Yadong—Gulu, Xainza—
Dinggye, Tangra Yum Co—Kong Co and Cuona Co—Aguo
Co. These corridors show high geothermal gradients,
strong fluid circulation and efficient pathways for deep,
metal-bearing fluids to rise and interact with the upper
crust. This structural and thermal setting is likely central
to the strong Cs enrichment [21, 25, 79]. In addition to
Cs, many of the same systems also host elevated Li and
Rb (Figure 8B,C), as shown by a growing set of studies
from the TP [21, 24, 25, 34, 80, 81]. High-temperature flu-
ids combined with long-lived fracture networks appear to
favour multi-element enrichment, a pattern that has only
rarely been found in other geothermal systems.
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Figure 7. The box pattern of chemical composition of Tibetan geothermal springs. Data for these springs are from [71].
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Among these, the Woka—Cuona rift zone is a key
area. It is one of the most active geothermal corridors
on the TP and includes major fields such as Gudui [82],
and Zhumaisha [79]. These fields are marked by high
heat flow, vigorous hydrothermal circulation and repeated
magmatic—hydrothermal pulses, all of which favour long-
term accumulation of dissolved metals [83]. In contrast, the
Banggong—Nujiang suture zone and the northern Qiang-
tang terrane show weaker geothermal activity and host rel-
atively few springs with high Cs (Figure 8A). As a result,
the spatial pattern of Cs indicates a first-order control by
major plate-bounding sutures and active extensional rifts,
underlining the key role of regional tectonics and magma-
tism in creating and sustaining Cs-rich geothermal sys-
tems on TP.

4.2. Cs in Geothermal Deposits and Related Rocks

Cs is also strongly concentrated in solid materials
linked to geothermal activity. In Tibetan geothermal fields,
the main Cs-bearing solids include siliceous sinters, hy-
drothermal alteration products and host rocks that have
undergone intense fluid—rock interaction. Among these,
Cs-rich siliceous sinter is the most distinctive and econom-
ically important. It represents an unconventional ore type
directly related to high-temperature geothermal systems.
This deposit type was first identified and studied in the
1990s [42], marking the beginning of studies on geother-
mal Cs mineralisation in the region. Since then, Cs-rich
siliceous sinter has been reported from several geother-
mal fields (Figure 9). These siliceous sinters are mainly
distributed in the high-temperature belt of southern Tibet
(Figure 9), again pointing to the importance of active ex-
tension and deep fluid circulation for their formation and
preservation.

Previous work has reported average Cs contents of
515 ppm in typical Cs-rich siliceous sinters, with max-
imum Cs,O contents of 1.25% [42]. This is far above
the commonly cited minimum industrial grade for solid
Cs deposits (0.05 wt% Cs,0) [74] and about two orders
of magnitude higher than average upper-crust (2 ppm)
[47]. Later work has reported various Cs contents include
2333 ppm at Tagejia [35], 1728 ppm in the Chabu field
[46], 1078 ppm at Gulu [44], and 1199, 1497 and 1885
ppm at Buxionglanggu, Baburisu and Babudemi, respec-
tively, in the Gudui geothermal field [84]. Our own work
has identified additional Cs-rich sinter in the Chatuogang
area (unpublished data). These results indicate that Ti-
betan siliceous sinters form a coherent, regionally devel-
oped Cs mineralisation system, not just a set of isolated
anomalies.

Evidence for Cs enrichment also extends beyond
modern sinter. In the Gudui field, Jurassic siliceous rocks
also show elevated Cs contents, averaging 384 ppm which
is close to the minimum industrial grade for solid Cs de-
posits and therefore of genuine resource interest [85].
Petrographic and geochemical comparisons reveal strong
similarities between these Jurassic units and present-day
Cs-rich siliceous sinters, including similar REE patterns

Habitable Planet, 2026, 2(1), 128—-148

and elemental ratios [85]. These features support the view
that the Jurassic siliceous rocks formed as ancient sin-
ter from hydrothermal fluids and were later modified dur-
ing diagenesis, alteration and weathering. They can be
regarded as “fossil” equivalents of modern siliceous sin-
ter, preserving records of earlier geothermal activity and
Cs mineralization. These Mesozoic siliceous rocks are
widespread in southern Tibet [86]. Their broad distribution
and Cs enrichment imply that favourable conditions for hy-
drothermal silica and Cs deposition have recurred through
geological time.

Our recent work has also pointed to a further type
of Cs mineralization hosted by sedimentary rocks in the
broader surroundings of geothermal systems (unpublished
data). These sedimentary units, located within or near
thermal aureoles, show clear overprinting by geothermal
fluids and consistently high Cs contents. Both Cs grades
and spatial patterns are relatively uniform, forming laterally
continuous and stable layers. This combination of elevated
but homogeneous Cs concentrations and regular geome-
try points to a newly recognized style of solid Cs deposit
which may offer thicker and more voluminous ore bodies
than surface sinters. Future work will focus on these Cs-
rich sedimentary rocks, including detailed mapping, miner-
alogical and geochemical characteristics, and geochronol-
ogy to clarify their origin, scale and metallogenic signifi-
cance.

In summary, modern siliceous sinters, their ancient
siliceous counterparts and emerging sediment-hosted Cs
deposits together show that the TP contains not only
world-class Cs-rich geothermal waters, but also diverse
and substantial solid-phase Cs resources.

5. Cesium Enrichment Mechanisms in Geothermal
Systems

5.1. Sources of Cs in Tibetan Geothermal Systems

Geothermal springs on the TP form within a fairly
standard hydrological mechanism: meteoric water or
glacial melt infilirates along faults, is heated at depth,
and then rises back to the surface [82]. What is differ-
ent in Tibet is the very high concentrations of Cs and
other highly incompatible elements in many springs. For
more than fifty years, the origin of Li, Cs and other critical
metals in Tibetan geothermal systems has been debated
[23, 25, 87, 88]. Because local precipitation and snowmelt
contain only trace amounts of these elements, they must
be acquired during subsurface circulation.

Water—rock interaction is the first process to consider.
The lithology of the aquifer largely controls the major-ion
chemistry of geothermal waters, and hot fluids can cer-
tainly leach trace elements from reservoir rocks [88, 89].
The close spatial link between Cs-rich springs and Hi-
malayan leucogranites or pegmatites suggests that these
rocks contribute to the system and can locally supply Cs
during deep circulation [35]. Several lines of evidence,
however, point to limits on this mechanism. Cs (and co-
enriched Li, Rb) concentrations in TP springs are much
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higher than in classic high-temperature systems where
water—rock interaction is known to dominate fluid chem-
istry [77]. Many Cs-rich waters have very low Mg?* and
Ca?* and do not show the large positive §'80 shifts ex-
pected from very strong exchange with host rocks, and
their H-O isotopes instead trend toward the magmatic
water field [25, 83]. Mass-balance estimates lead to the
same conclusion that if present-day Cs fluxes were sup-
plied only by leaching average crust, the required rock vol-
umes would be unrealistically large [79]. These points sug-
gest that water—rock interaction mainly redistributes and
buffers Cs within the shallow system, rather than generat-
ing the extreme enrichments.

Mantle-derived fluids are another possible source. In
volcanic geothermal provinces such as Tengchong and
Changbaishan, gas and fluid compositions clearly show a
mantle signature reflecting degassing of basaltic magma
chambers that supply both heat and volatiles [75, 90]. On
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the TP, however, Quaternary volcanism is limited, and re-
cent He isotopic data indicate that a strong mantle com-
ponent is largely restricted to part of the Yangbajing—
Damxung basin [28]. More importantly, Cs is a highly in-
compatible large-ion lithophile element that becomes con-
centrated in evolved felsic melts, not in mantle-derived
basalts [91, 92]. A mainly mantle origin for Cs in southern
Tibet is therefore unlikely.

In contrast, multiple lines of evidence indicate a
crustal magmatic—hydrothermal source. Geophysical sur-
veys beneath southern Tibet reveal extensive high-
conductivity, low-velocity zones in the mid—upper crust,
widely interpreted as regions of partial melt or crystal mush
(Figure 10) [24, 93]. These bodies coincide with major
high-temperature geothermal fields and are comparable to
melt zones beneath the Salton Sea and Andean geother-
mal systems, which act as both heat sources and reser-
voirs of magmatic fluid [94, 95].
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Petrological and geochemical data on Himalayan
leucogranites and pegmatites provide the evidence. These
rocks, abundant in the southern TP crust, contain Li, Rb
and especially Cs at well above crustal levels and host sev-
eral important rare-metal deposits [92, 96, 97]. They are
generally interpreted as products of partial melting of rare-
metal-enriched Indian continental crust, followed by strong
fractional crystallization and late-stage fluid evolution [92].
Thus, Cs is concentrated into the final residual melts and
then into exsolved fluids leading to the enrichment of Cs.

The hydrochemistry of Tibetan geothermal waters
matches this expectation. Many Cs-rich springs have high
B/Cl and Li/Cl ratios and, more importantly, very high
Cs/Rb ratios (Figure 11). Natural surface waters and sim-
ple rock-leach systems usually show Cs/Rb <« 1 [72, 98],
whereas fluids linked to evolved granites and pegmatites
can have Cs/Rb>1 (Figure 11) [99, 100]. Tibetan hot-
spring waters fall into the latter group and define near-
linear trends in Cs—Rb space, which can be interpreted
as mixing between a Cs-rich magmatic—hydrothermal end-
member and dilute meteoric water (Figure 11) [40]. Iso-
topic tracers support the same conclusion. H-O-B—Li iso-
topes in Cs-rich springs overlap with those inferred for
evolved Himalayan crustal magmas and pegmatites, and
waters that plot closer to the magmatic water field tend to
have higher Cs contents [25, 101, 102].

1000 E | @ Tibetan geothermal spring waters

() 2
@ Fluid inclusion of pegmatite “‘ Qp
I 4 )
N4 @)
100 é%‘
g o 7%
7
.. 140
° - PS 130
= 10} ® % '. 8) 120
> f o o &9)‘@ 110
E a e 100
i/ &P,
” Oy =, 90
o F“
.!*J‘ 2 80
1 o 009'g 2
@alfa © 70
o o= =
o o 60
a 9Ny (0
e .6 <l so
g) -4 O [ 40
0.1¢ > 8 30
F ' 20
10
0
0.01 | | 1 1
0.01 0.1 1 10 100
Rb (mg/L)

Figure 11. The relationship between Cs and Rb of Tibetan
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content is mg/kg (ppm). The data of Tibetan geothermal
spring waters are from [71]. The fluid inclusions of peg-
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Because Cs is more incompatible than Li and is
even more strongly concentrated into late magmatic lig-
uids and fluids [100], the observed levels are hard
to explain by shallow processes alone. Therefore, the
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dominant source of Cs in Tibetan geothermal systems is
the highly evolved, crust-derived magmatic—hydrothermal
fluid released from rare-metal-enriched partial melts in the
middle—upper crust.

5.2. Cs Enrichment in Tibetan Geothermal Waters

If crustal partial-melt zones beneath southern Tibet
supply Cs-rich magmatic-hydrothermal fluids, then the Cs-
rich springs are the result of a multi-stage enrichment pro-
cess. At the scale of the plateau, the first requirement
is the unique geochemical background. National-scale
anomaly maps show that southern Tibet, especially the
Gangdese belt and the Himalayan region, has some of the
strongest Li, Be, Rb and Cs anomalies in China, indicat-
ing excellent rare-metal potential [97]. Magmatic rocks in
this region including Himalayan leucogranites, pegmatites,
intermediate—mafic rocks and adakites, commonly contain
Li, Rb and Cs at several to tens of times upper-crust values
[97]. For example, Rb and Cs in leucogranites are about 7—
8 and 12—13 times higher than average upper crust. This
regionally enriched crustal “reservoir” provides the basic
chemical precondition for Cs-rich geothermal systems.

Under the background, partial melting is the first step
that concentrates Cs into partial melts. In typical silicate
systems, Cs behaves as an extremely incompatible el-
ement with Kpmnerakmelt. — 0 01 and an average crustal
abundance of only 2 ppm [47]. Once melting starts, Cs
is among the first elements to leave the residue and enter
the melt. Geochemical modelling of rare-metal pegmatites
shows that melts parental to Li—-Rb—Cs-rich pegmatites
are already enriched in these elements relative to their
metasedimentary sources [103]. B-isotope mass-balance
calculations for Himalayan leucogranites suggest that Li,
Rb and Cs in crust-derived melts can be enriched by
roughly a factor of 4-5 during partial melting of metased-
imentary rocks [104]. As a result, Cs is efficiently focused
into the melt from the outset.

Once generated, these crustal melts rise and pond as
magma bodies that evolve through fractional crystalliza-
tion. As feldspars, micas and other minerals crystallise,
more compatible and moderately incompatible elements
enter the solids, while Li, Rb and especially Cs remain
in the residual melt. With continued differentiation, Cs be-
comes highly concentrated in a small volume of evolved
melt. Studies of granite-related rare-metal systems world-
wide identify this differentiation as a key mechanism for
concentrating alkali metals and forming LCT pegmatites
[9, 92, 96]. The discovery of multiple Li—-Be—Cs-bearing
deposits and occurrences at Cuonadong, Qiongjiagang,
Gabo, Kuqu, Gyirong and elsewhere confirms the strong
rare-metal endowment of these evolved magmatic sys-
tems [92, 96, 105]. Magmatic differentiation is therefore
a second major enrichment step, driving Cs into a small
residual melt fraction.

As crystallisation proceeds, the remaining melt be-
comes progressively richer in H>O, halogens and other
volatiles. Once volatile saturation is reached, a separate
aqueous fluid phase exsolves. Experimental and natural
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studies show that in such evolved systems Cs is strongly
fluid-compatible. During melt—fluid separation, Cs parti-
tions preferentially into the fluid, where its concentration
can exceed that in the coexisting melt by several times
[106, 107]. Because Cs is the most incompatible and
most fluid-loving of the elements considered, the exsolved
magmatic—hydrothermal phase can become extremely Cs-
rich [108]. At this point, a regionally enriched crustal reser-
voir has effectively been transformed into a focused deep
fluid carrying Cs at concentrations orders of magnitude
above background. The structural framework of south-
ern Tibet then provides natural pathways for these fluids
to interact with circulating groundwater. Major faults and
fracture zones along the YZS and the N-S rifts act as
conduits both for downward percolation of meteoric wa-
ter and for upward flow of magmatic—hydrothermal fluids
[24, 25, 79, 83]. Where Cs-rich fluids meet deep ground-
water, mixing produces geothermal waters with very high
Cs contents.

Deep, high-temperature water—rock interaction in the
reservoir adds further complexity but appears secondary
in terms of Cs supply. At Yangbajing, boreholes record
temperatures of 260 °C at 1500 m and 330 °C at 1850 m,
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and at Gudui geothermal field, ~195 °C at 230 m with in-
creasing temperatures at greater depth [109]. Under these
near-supercritical conditions, fluid acidity and mineral dis-
solution capacity are high [110]. Given fluid—rock parti-
tion coefficients for Cs generally <0.1, Cs tends to en-
ter the fluid, so deep geothermal waters can further leach
Cs from reservoir rocks. B-isotope data from TP systems
support some additional rare-metal uptake by such high-
temperature interaction [35]. However, as summarized in
Section 5.1, this process acts on fluids that are already
Cs-rich due to magmatic—hydrothermal input. It boosts Cs
concentrations but does not create them.

Overall, Cs enrichment in Tibetan geothermal wa-
ters reflects a cascade of processes: regionally enriched
crustal sources; partial melting that transfers Cs into melts;
magmatic differentiation that concentrates Cs in resid-
ual melts; exsolution of a Cs-rich magmatic—hydrothermal
fluid; and a final stage of deep water—rock interaction that
can further enhance Cs levels. Because Cs is the most in-
compatible alkali element considered, its extreme surface
concentrations are best viewed as the integrated outcome
of this multi-stage crustal magmatic—hydrothermal evolu-
tion (Figure 12A).
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of mineralisation mechanism of Cs-bearing siliceous sinters
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5.3. Behaviour and Enrichment of Cs in Siliceous Sinter

Once Cs-rich geothermal waters reach the surface,
the focus shifts to near-surface redistribution between fluid
and solid phases. In many geothermal regions, siliceous
sinter and travertine have been used to reconstruct fluid
evolution, trace-element cycling and even hydrothermal
microbiology [111-113]. Work from Yellowstone, Taup0,
El Tatio and Kamchatka shows that siliceous facies (opal-
A/CT, microcrystalline quartz) tend to be the main hosts for
trace metals, whereas carbonate travertines usually con-
tain much lower concentrations [31, 114]. Southern Tibet
follows the same general pattern, but at far higher Cs lev-
els.

New work in the Gudui field [84] clarifies the enrich-
ment mechanism in sinter. At Gudui and nearby systems,
sinter can be grouped into: (1) opal-rich geyserites; (2)
mixed silica—carbonate deposits; and (3) calcitic travertine.
Cs is overwhelmingly concentrated in opal-rich geyserite,
reaching wit%-level Cs,0 in some samples, is moderate in
silica—carbonate sinter, and is only at background levels in
travertine. This hierarchy is consistent with global obser-
vations that amorphous and poorly ordered silica is an ef-
ficient sink for many incompatible elements [84, 85, 114],
but the magnitude of Cs enrichment in Tibetan siliceous
sinters is exceptional.

Element-partitioning behaviour helps explain this pat-
tern. Data from southern Tibet show that Li, B, Rb and
Cs respond very differently once silica starts to precipitate.
During discharge and sinter growth, Li stays mainly in so-
lution, whereas Cs and Rb are efficiently removed from the
fluid and fixed in the solid [35, 115]. Calculated solid—liquid
partition coefficients are highest for Cs [84], in line with ex-
periments on alkali sorption: Cs*, as the largest and least
strongly hydrated cation, is preferentially adsorbed by min-
eral surfaces and gels [116].

Within siliceous sinter, mineral maturity adds a fur-
ther control. Studies of non-Cs-bearing systems show that
opal-A and opal-CT gradually dehydrate and recrystal-
lize to quartz, accompanied by compaction and loss of
pore water [117]. At Gudui, Cs is highest in opal-A/CT
geyserites and declines as quartz becomes dominant,
though it remains above crustal background [84]. Li of-
ten increases toward quartz-rich facies, while Rb tends to
peak at intermediate stages. These contrasting behaviors
underline the strong association of Cs with young, amor-
phous silica and suggest that part of the Cs inventory is
lost during opal—quartz diagenesis. Other phases within
sinter also host Cs. Phase-selective extraction studies in
New Zealand, Yellowstone and Tibet highlight the roles of
Fe—Mn oxides and silicate lattices as trace-element hosts
[114, 115]. At Gudui, Cs in opal-rich geyserites is split
between a relatively stable silicate-bound component and
a more labile pool associated with Fe—Mn oxides and,
to a lesser degree, organic matter [84]. In mixed silica—
carbonate sinters, a larger share of Cs is tied to eas-
ily reducible and mildly acid-soluble phases, reflecting a
greater contribution from clays and fresh Fe—Mn coatings.
In travertine, Cs is scarce and largely confined to minor de-
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trital silicates. Combined with textural and spectroscopic
data, these results point to several coexisting Cs hosts:
amorphous SiO; gels, Fe—Mn oxyhydroxides, clay-mineral
surfaces and structurally bound sites linked to water of
crystallisation in opal [42, 84, 118].

The enrichment mechanism inferred from Gudui is
broadly consistent with insights from other geothermal
provinces. Large, weakly hydrated cations such as Cs*
destabilise silica colloids and promote flocculation, favour-
ing co-precipitation of Cs with amorphous SiO, near vents
[42]. Clay minerals and Fe—Mn oxides, which are abundant
in sinter aprons, provide high-affinity sorption sites and fur-
ther immobilise Cs along flow paths [116, 119, 120]. Mi-
crobial mats and biofilms can nucleate silica and Fe—Mn
oxides and supply functional groups that can temporar-
ily bind metals [121]. Experimental and field work in Ti-
betan hot springs suggests that thermophilic microorgan-
isms can accumulate Cs and locally enhance its fixation
in siliceous sinters, although the bulk Cs budget remains
dominated by inorganic phases [84].

In summary, findings from global sinter systems
provide a framework for understanding Tibetan Cs-rich
siliceous sinters. Deep magmatic—hydrothermal processes
deliver Cs-rich fluids to the surface, and near-surface sil-
ica precipitation, sorption onto clays and Fe—Mn oxides,
and partial incorporation into opal transfer this Cs into
siliceous sinter, especially proximal, opal-dominated gey-
serites (Figure 12B).

6. Resource Potential of Geothermal Cesium in Tibet
6.1. Flux of Geothermal Cesium in Tibetan Springs

Estimating the resource potential of geothermal Cs
first requires a sense of how much Cs reaches the sur-
face each year. For Tibet, this can be approximated by
combining spring discharge with dissolved Cs concentra-
tions, using the large hydrochemical dataset compiled by
[71]. Long-term observations at the Gudui geothermal field
show that both concentrations and flow rates have been
relatively stable over the past ~50 years [71, 82, 87].

In the available data, 185 springs have both reliable
Cs analyses and discharge measurements, and can be
used for flux estimate (Figure 13). Within this group, six
springs reach or exceed the commonly used industrial
threshold for Cs brine deposits (>20 mg/L). Although few,
these vents together release on the order of 23 t Cs per
year, reflecting their combination of high grade and mod-
erate to high flow. If the threshold is lowered to 0.5 mg/L,
roughly 120 springs qualify. Summed over these, the to-
tal Cs output rises to ~202 t/a. When all 185 usable
springs are included, the current best estimate of an-
nual Cs flux from TP geothermal waters is ~233 t. Cs-
rich springs are thus relatively scarce, but the integrated
Cs throughput already reaches a few hundred tonnes per
year. In terms of annual metal movement, this is com-
parable to many small-medium hard-rock Cs operations,
even though the flux is dispersed among numerous sites.
These figures should be regarded as lower bounds. Many
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early flow measurements used simple volumetric or float
methods, and discharge data are missing or highly uncer-
tain [71, 87]. Most springs were also sampled only once
or a few times, so seasonal and interannual variations in
both discharge and Cs concentration remain poorly con-
strained.

Total resource
flux of Cs: 233 t/a

Grade rank Annual resource
(mglL) flux (t/a)
220 23 (n=6)
0.5-20 179 (n=114)
0-0.5 31 (n=65)

179
7/Bw 07~

[\

Figure 13. Donut chart of resource flux of Cs in Tibetan
geothermal springs.

To improve on this, we have recently re-measured the
discharge of nearly 100 representative hot springs across
the main Cs-bearing geothermal belts using modern gaug-
ing techniques (high-precision current meters, calibrated
weirs and, at selected sites, continuous water-level log-
ging). These data provide internally consistent flow esti-
mates that can be coupled directly with updated Cs analy-
ses. For now, the flux values above serve as a conserva-
tive baseline. We expect them to be revised upward and
better constrained once the new discharge measurements
and chemical data are fully integrated.

6.2. Cesium Reserves in Siliceous Sinter and Siliceous Rocks

Where high-temperature fluids discharge at the sur-
face, a considerable share of dissolved Cs is trapped in
siliceous sinter building a solid-phase reservoir that com-
plements the dissolved flux. Early work in southern Tibet
mapped several Cs-bearing sinter bodies and produced
first-order reserve estimates based on exposed area, ap-
proximate thickness and average grade (Figure 9) [42].

Three systems stand out in these early calculations.

(1) Tagejia. The sinter covers ~4.19 x10%° m?, with
thicknesses of ~2—15 m. Reported Cs grades range
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from 0.08 to 0.26 wt%, giving a reserve of 14,459 t
Cs when combined with bulk density estimates.

(2) Gulu. Exposed Cs-bearing siliceous sinter covers
~1.01 x 10° m? and averages ~5 m in thickness.
Cs contents of 0.05-0.10 wt% corresponds to ~969
t Cs in place.

(3) Semi. Along the steep banks of the Yarlung Zangbo
River, siliceous sinter exposures are small (~1020
m?) but relatively thick (~8.3 m) and extremely en-
riched (up to 1.30 wit% Cs,0), adding ~25t Cs.

Taken together, these three systems contain
~15,454 t Cs fixed in siliceous sinters [42]. These early
estimates were necessarily based on coarse 2D mapping
and sparse sampling. To reduce uncertainties in both vol-
ume and grade distribution, we have carried out more de-
tailed work in several key targets including Tagejia, Chabu,
the Gudui geothermal field (Buxionglanggu, Sagalangga,
Riruo, Chaka and Baburisu) and Chatuogang—using UAV-
based high-resolution 3D models, handheld XRF, dense
sampling and tighter resource modelling. Preliminary re-
sults show that once these methods are applied, estimated
Cs reserves in several fields increase markedly relative to
the original calculations. In particular, the total Cs tonnage
in the Gudui, Chabu and Chatuogang sinter complexes
each appears to exceed 10,000 t (unpublished data), and
the revised reserves for Tagejia is likely higher than the
original 14,459 t. Although these upgraded numbers are
still being refined and are not reported in detail here, they
point to a solid-phase Cs endowment in Tibetan siliceous
sinters that is much larger than previously recognised, po-
tentially reaching several x 10* t when all major systems
are included. In addition to siliceous sinters, Cs-enriched
siliceous rocks and Cs-rich sedimentary units also show
significant resource potential. We are currently conducting
more detailed mapping and sampling of these lithologies
to clarify their origins and better constrain their Cs con-
tents.

In summary, it is obtained that the dissolved Cs re-
source flux on the order of a few 102 t/a, and a solid-phase
inventory of at least several x 10* t fixed in siliceous sinter
and related rocks, with additional potential in associated
siliceous and sedimentary rocks.

7. Development Models and Implications for the En-
ergy Transition

7.1. Characteristics and Development Positioning of Geothermal
Cs Resources

The above discussion demonstrates that the Tibetan
Cs resources are hosted in a coupled fluid—solid system
that offers several possible pathways for utilisation. Com-
pared with conventional pegmatite- and brine-type Cs de-
posits, geothermal Cs shows a distinct set of features. At
First, the main Cs-bearing bodies are very shallowly buried
or directly exposed, and can locally reach high grades,
especially in proximal opal-A/CT facies [84]. Secondly, in-
dividual fields are moderate in size, but occurrences are
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highly dispersed. The result is a belt of numerous, small-
to medium-scale, structurally aligned “pockets” rather than
a few very large ore bodies. Thirdly, the dissolved Cs inven-
tory is tied to active hydrothermal circulation and heat ex-
traction. Cs availability is therefore linked to how geother-
mal systems operate and evolve, not only to static solid
reserves. Thus, geothermal Cs is best seen not as a sub-
stitute for large hard-rock deposits, but as a shallow, quasi-
renewable supplementary resource that should be devel-
oped together with geothermal energy. The most realistic
model is to integrate Cs co-recovery from geothermal flu-
ids and nearby siliceous deposits into power generation,
district heating and other geothermal projects, using em-
bedded treatment units rather than stand-alone mines.
Such distributed, small- to medium-scale co-
production units can raise the overall resource output
of individual geothermal projects and add flexibility and
resilience to Cs supply in the wider context of the en-
ergy transition and critical-metal security. In this sense,
geothermal Cs plays a similar role to Li co-production
from geothermal brines, which has already been tested
at pilot or pre-commercial scale in several fields, for ex-
ample the Salton Sea in the USA [19, 122], the Upper
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Rhine Graben [15], and the North German Basin [13, 18].
These projects show that integrating metal recovery with
geothermal power and direct-use schemes is technically
feasible and can improve project economics, and they
provide a useful analogue for future geothermal Cs de-
velopment (Figure 14). However, it is worthy to note the
different features of Li and Cs. Compared with lithium, the
co-production of cesium from geothermal fluids faces sev-
eral distinct technical challenges. Cesium typically occurs
at lower concentrations and must be selectively sepa-
rated from chemically similar alkali ions such as K* and
Rb*, placing stringent demands on sorbent selectivity and
process control [60]. In addition, while a range of direct
lithium extraction technologies have reached pilot or pre-
commercial maturity, equivalent large-scale, geothermal-
specific technologies for Cs recovery remain less devel-
oped and largely confined to ion-exchange or specialty
adsorption approaches [123]. These differences imply that
Cs co-production will likely be site-specific and best im-
plemented as modular add-ons to geothermal facilities,
rather than as standardized, large-throughput extraction
systems.
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Figure 14. Simplified geothermal process schematic combined with Cs extraction process (modified after [122]).
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7.2. Significance of Tibetan Geothermal Cs Resources for China
and Global Supply

Forecasts suggest that China’s Cs use has entered
a sustained growth phase, with demand around the mid-
2020s expected to reach ~1000 t (as Cs,0), increasingly
driven by high-tech and defence applications [8]. Effec-
tive domestic supply, however, still comes mainly from a
few LCT-pegmatite deposits in Jiangxi, while the economic
prospects of large granite-type resources and part of the
salt-lake inventory remain uncertain [8, 27]. Internationally,
primary Cs output is likewise concentrated in a small num-
ber of pegmatite camps such as Tanco and Bikita [10, 11].
Growing demand combined with highly concentrated sup-
ply creates a structurally tight and risk-prone market.

This study support defining the Cs associated with
geothermal activity on the Qinghai-Tibet Plateau as a
separate, geothermal-type Cs resource. Although its total
endowment is probably modest compared with the largest
pegmatite provinces, this belt adds a new deposit type and
a new metallogenic domain to China’s Cs portfolio, with
direct implications for national and global critical-metal
supply.

For China, several points stand out: (1) Greater ge-
ological and spatial diversity. Geothermal Cs increases
both the geological styles and the geographic spread of
the domestic Cs base. Even partial utilisation can reduce
reliance on a single ore type and one main mining region,
and help buffer risks linked to delays or failures in bringing
granite-type projects into production [8, 27]. (2) Alterna-
tive exploration and development paths. The shallow,
structurally controlled nature of these systems calls for a
different exploration strategy and development model from
classic pegmatites. It favours staged, distributed projects
that can be integrated with regional development plans on
the Plateau. (3) Stronger position in the global supply
chain. Demonstrating that China controls not only conven-
tional pegmatites and overseas equity, but also a distinct
geothermal Cs province, strengthens its position in future
negotiations along the global Cs supply chain [21, 25].

At the global scale, recognition of Tibetan geother-
mal Cs broadens the conceptual space for Cs and Rb-Cs
deposits beyond classical LCT pegmatites and salt-lake
brines [11]. Because other high-enthalpy geothermal belts
exist in tectonically active regions worldwide, the TP ex-
amples provide an exploration analogue and methodolog-
ical reference for targeting Cs (and potentially other criti-
cal metals) in geothermal settings elsewhere. In the longer
term, if geothermal Cs resources can be delineated and
brought into production in more than one region, they could
contribute to a more diversified and resilient global Cs sup-
ply network.

As a result, geothermal Cs enrichment on the Tibetan
Plateau does not replace large conventional Cs mines, but
it changes the geometry of both domestic and interna-
tional supply. By adding a new deposit type, a new metal-
logenic province and a potential new production domain, it
strengthens China’s bargaining position in global Cs trade
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and offers the high-tech sector an additional, geologically
distinct source of this critical metal.

7.3. Implications of Geothermal Cs Development for the Energy
Transition

From an energy-transition perspective, the main value
of Tibetan geothermal Cs lies in coupling firm low-carbon
energy with critical metals. As discussed above, Cs in Ti-
betan geothermal systems is hosted in shallow siliceous
deposits and in circulating fluids, and is most realistically
recovered through co-production with geothermal power
or heat. Each step in expanding geothermal use on the
Plateau can simultaneously help decarbonise the energy
system and stabilise Cs supply [8, 20]. In the aspect of
the energy use, geothermal resources provide stable, dis-
patchable output that can complement variable wind and
solar, improving system reliability and reducing total sys-
tem costs in high-renewable power systems [124, 125].
Many studies emphasise that flexible geothermal oper-
ation can lower the need for storage and backup fossil
capacity, and can also supply low-carbon industrial and
district heat [126—128]. Embedding Cs extraction units
into such projects does not change the thermodynamic
role of the plant, but adds an extira revenue stream.
Techno-economic assessments for Li show that mineral
co-production from geothermal brines can significantly im-
prove project economics and expand the range of com-
mercially viable reservoirs [13, 18], providing a strong ana-
logue for Cs.

At the same time, global studies warn that constraints
on critical minerals could slow low-carbon technology de-
ployment and push up costs if supply is not diversified in
time [129, 130]. In China, rapid growth in high-tech and
defence-related uses is pushing Cs demand onto a higher
trajectory [8]. Tibetan geothermal Cs offers a resource op-
tion that is geologically and spatially independent from
Jiangxi pegmatites and salt-lake systems, and that can
lessen reliance on a small number of overseas LCT peg-
matite operations. Its absolute scale is likely moderate, but
its modular and adjustable production profile means it can
act as a flexible buffer within the wider Cs supply portfolio
[21].

Relative to new large open-pit or underground mines,
adding metal recovery to existing or planned geothermal
facilities also has environmental advantages. Life-cycle
and techno-economic studies for geothermal Li recovery
point to substantially lower greenhouse-gas emissions,
land use and, in some cases, water consumption than con-
ventional brine or hard-rock routes, especially when heat
and wells are shared and brine is reinjected [17, 131].
While separation technologies for Cs differ from those
for Li, the basic system characteristics are similar (Fig-
ure 14) [20]. For the ecologically sensitive TP, obtaining
part of the required Cs through such development model,
rather than through entirely new mines, is important for bal-
ancing resource use with strict environmental and ecolog-
ical constraints.
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Policy goals provide an additional layer of motivation.
China’s “dual-carbon” targets and the associated “1+N”
policy framework emphasise both raising the share of non-
fossil energy and safeguarding key mineral supplies [132].
Thus, Tibetan geothermal Cs can support the build-out
of western clean-energy bases while providing a trace-
able, relatively low-carbon domestic Cs source for strate-
gic industries. If engineering and regulatory experience
from geothermal Li projects can be adapted to Cs, the
Tibetan geothermal belts may evolve into demonstration
zones where low-carbon energy and critical metals are
co-produced in an integrated way, improving project eco-
nomics and giving China another tool to coordinate energy
transition, resource security and regional development.

8. Conclusions and Future Research Directions
8.1. Main Conclusions

(1) Globally, Cs supply still comes mainly from a few
LCT pegmatite camps. As demand from high-tech
and defence uses keeps rising, this narrow supply
base makes the market fragile.

(2) The Tibetan Plateau hosts a separate geothermal Cs
province. High-temperature systems along the YZS
and N-S rifts contain very Cs-rich waters and Cs-
bearing siliceous deposits, controlled by deep crustal
melts and major fault zones.

(3) Geochemical, isotopic and geophysical data point
to a crustal magmatic-hydrothermal model. Rare-
metal-rich crust melts and differentiates, releasing
Cs-rich fluids that move upward along sutures and
rifts, and these fluids are then efficiently trapped near
the surface in opal-rich geyserites and related rocks.

(4) Taken across the Plateau, geothermal springs re-
lease a significant ongoing Cs flux, while siliceous
sinters, old siliceous rocks and sediment-hosted
units together store a large solid Cs inventory. This
defines a dual resource made up of moving fluids
and relatively static shallow rocks.

(5) Because it is shallow, moderate in scale and closely
tied to geothermal heat, Tibetan geothermal Cs
is best used through dispersed co-production with
geothermal power and heat, rather than stand-alone
mining. In this way it can provide China and the world
with an extra, lower-carbon Cs source that adds se-
curity without replacing large hard-rock mines.

8.2. Future Research Directions

(1) On the geological and genetic side, deeper work is
needed in key geothermal corridors. Integrated stud-
ies of structure, heat flow and fluid pathways, sup-
ported by drilling and systematic sampling, will help
refine constraints on Cs sources, fluid evolution and
trapping mechanisms. Improved three-dimensional
imaging of reservoirs and siliceous bodies is essen-
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tial for better resource estimates and for resolving
how Cs enrichment is organised in space and time.

(2) The wider applicability of the proposed genetic
model remains to be tested. Assessing geothermal
systems in other active tectonic belts for similar com-
binations of evolved crustal melts, deeply rooted fault
systems and high-enthalpy circulation—such as in
the Andes or the Altiplano—Puna region—will help
evaluate the model’s generality and its value as a
guide for identifying geothermal-type Cs enrichment
elsewhere.

(3) At the process and engineering level, co-production
concepts require field testing. Site-specific, Cs-
selective extraction schemes should be evaluated
alongside operating or pilot-scale geothermal plants
to assess recovery efficiency, operational stability
and costs under realistic conditions.

(4) Environmental and system-level assessment should
proceed in parallel. Comparative life-cycle analy-
ses of geothermal-only projects, geothermal-Cs co-
production and conventional mining are needed to
quantify differences in carbon emissions, land use,
water demand and ecological impacts, and to po-
sition geothermal Cs within broader energy and re-
source strategies.
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