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ABSTRACT

The increase in marine Li isotope composition (87Li, ~9%o) since the Cenozoic is possibly related to
continental chemical weathering associated with tectonic uplift (e.g., the Tibetan Plateau [TP]). However,
the reasons for the spatiotemporal variations of §7Li in the rivers flowing through the TP are still
under debate, hindering the understanding of the changes in seawater 8’Li. Herein, various geological
samples, i.e. river waters, river suspended particulate materials, river sediments, hot springs and silicate
rocks, from the Yarlung Tsangpo River basin, the largest river system in the TP, have been analyzed to
understand the source and isotopic fractionation of dissolved Li in rivers flowing through high-altitude
and tectonic regions. The Yarlung Tsangpo River has an unusually high dissolved Li concentration ([Li]g;s)
(0.5-313 pg/L, mean 58.4 pg/L, n =93) and low §”Lig;s values (+1.0%0-+14.7%o, mean +6.4%o, n = 92)
compared with most river waters. These results can be explained by the input of geothermal water
with extremely high [Li]gis (5.5-34.4 mg/L, mean 15.7 mg/L, n = 9) and low §8”Ligis (—1.7%0-+3.1%o,
mean +1.0%q). Silicate weathering is probably responsible for elevated §7Lig;s in river water compared
to geothermal water, but the binary mixture model results of silicate weathering and geothermal water
do not support this speculation. Ongoing Li isotope fractionation between dissolved loads and secondary
minerals has been suggested to be the main reason for the increased §7Lig;s in river water. Field study
and adsorption experiment results support the view of continuous Li isotope fractionation in rivers.
Physical erosion and chemical weathering processes that provide fresh secondary minerals to rivers as
well as dissolved Li from geothermal water transported in rivers over long residence times promote
Li isotope fractionation. Hence, with the emergence of a continental geothermal system, the tectonic
activity may directly or indirectly induce the simultaneous increase in dissolved Li flux and &’Ligis in
rivers that eventually flow into the ocean. This can partially explain the increase in seawater §’Li in the
Late Cenozoic.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

water provides important clues to silicate weathering during this
period, but this has been challenged by alternative interpretations

The uplift of the Himalayas has been affecting the regulation of
the Earth’s climate since the Cenozoic. This accelerates the chemi-
cal weathering of silicates and sequesters atmospheric CO, through
the deposition of carbonates in the ocean (Raymo and Ruddiman,
1992). Early studies have suggested that the variation in the iso-
topic compositions of Sr (87Sr/%6Sr) and Os (1870s/1860s) in sea-
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such as meta-carbonate and black shale weathering (e.g., Galy et
al., 1999). Lithium (Li) and its isotopes are potentially excellent
tracers of silicate weathering processes because of following rea-
sons. Li is almost exclusively hosted in silicate minerals with low
abundance in carbonates. In addition, Li has remarkable isotopic
fractionation during low-temperature water-rock reactions and its
geochemical behavior and isotopic composition are not directly
affected by redox reactions or biological processes (Penniston-
Dorland et al., 2017 and references therein). Lastly, the increase
in seawater Li isotope ratios (87Li, approximately 9%o) since the
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Cenozoic may be linked to the changes in continental chemical
weathering intensity and secondary mineral formation associated
with the tectonic uplift of the Himalayas (Misra and Froelich, 2012;
Li and West, 2014; Wanner et al., 2014; Pogge von Strandmann and
Henderson, 2015; Caves Rugenstein et al., 2019).

Riverine dissolved Li flux and its isotopic composition (87 Ligis)
regulate the variation in Li isotope composition in seawater (Misra
and Froelich, 2012; Li and West, 2014; Vigier and Goddéris, 2015).
Study results from modern rivers may provide some insights into
the evolution of §”Ligis in seawater and its relationship with chem-
ical weathering (e.g., Pogge von Strandmann and Henderson, 2015;
Dellinger et al., 2015). Thus, numerous studies have focused on
the mechanisms or factors influencing Li isotope fractionation dur-
ing chemical weathering in the catchment (e.g., Huh et al., 1998;
Kisakiirek et al., 2005; Dellinger et al, 2015; Liu et al, 2015;
Wang et al., 2015; Pogge von Strandmann et al.,, 2017; Murphy et
al., 2019; Weynell et al., 2021). The consensus is that dissolved
Li in rivers is predominantly derived from silicate weathering,
and chemical weathering is the main influence on riverine 87 Ligj.
Nonetheless, §”Ligis values in modern rivers globally show signif-
icant variation (from +1.2%0 to +43.7%0) (Penniston-Dorland et
al., 2017) but the factors affecting this variation remain complex
and debatable (e.g., Winnick et al., 2022). It has been proposed
that these factors may be divided into process and source con-
trols (e.g., Gou et al., 2019; Weynell et al., 2021). Process control
emphasizes that lighter 6Li tends to be incorporated into and/or
adsorbed onto secondary minerals during weathering (e.g., Vigier
et al., 2008), principally influenced by the ratio of primary rock
dissolution to secondary mineral formation, water residence time,
river suspended particulate material (SPM) concentration, as well
as ambient pH and temperature (Wanner et al., 2014; Liu et al,,
2015; Pogge von Strandmann et al., 2017; Gou et al., 2019). Source
control mainly refers to some other Li-rich end members (e.g.
evaporites or geothermal water) having a significant influence on
the dissolved Li concentration ([Li]gis) and isotopic composition of
river water (Henchiri et al., 2014; Gou et al,, 2019; Ma et al.,, 2020).
Anthropogenic emissions may also influence the [Li]gis and 8”Ligis
values in modern rivers (Choi et al., 2019), but have no effect on
ancient rivers or seawater millions of years ago. Recently signifi-
cant temporal §”Ligis variations in water have been observed from
the same river sample sites, mainly caused by both changes in
sources and processes associated with seasonality (e.g., Hindshaw
et al,, 2019a; Gou et al., 2019; Zhang et al., 2022).

As the so-called ‘water tower of Asia’, the Tibetan Plateau (TP)
is the source of many large rivers in Asia, namely the Yarlung
Tsangpo River (YTR, the upper reaches of the Brahmaputra River),
and the Ganges, Indus, Yellow, Yangtze, Salween, and Mekong
Rivers, transporting large amounts of dissolved and suspended ma-
terials into the ocean. Previous studies have shown that these
rivers have high [Li]gis compare to other large rivers worldwide
with a mean value of 149 pg/L (Weynell et al.,, 2021). The abnor-
mally high [Li]g;s in the headwaters of the Yangtze River (eastern
TP) is possibly mainly sourced from the dissolution of evaporites
(Wang et al., 2015; Ma et al., 2020). However, Weynell et al. (2017)
suggested that the high [Li]gjs in the headwaters of rivers from the
western TP, such as the YTR and Indus River, was not attributable
to the dissolution of evaporites but to silicate weathering. Some
studies have showed that some rivers with high [Li]gis in the TP re-
gions were fed by Li-rich geothermal water (Kisakiirek et al., 2005;
Bohlin and Bickle, 2019). This is consistent with the recent find-
ing that high levels of trace elements, including As, B, Cs, and Li in
YTR river waters, are predominantly sourced from geothermal wa-
ters in the catchment, and that these element concentrations have
significant seasonal variations (Zhang et al., 2021a). Thus, we sus-
pect that the §7Lig;s value in some TP rivers may be considerably
affected by the source rather than being exclusively controlled by
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silicate weathering processes. Currently, the influence of the source
and process on spatial and seasonal variations in the Li isotope
composition of river water in the TP is unclear (Weynell et al.,
2017, 2021; Ma et al., 2020), which prevents the understanding of
the relationship between chemical weathering in tectonic regions
and their Li isotope compositions.

Geological samples have been collected from river waters in the
YTR basin - the largest river system in the TP. The objective of
this study is to understand the geochemical behavior of Li and its
isotopes during riverine transportation, and determine the factors
affecting the spatiotemporal variations of 8”Lig;s in the YTR. These
results help understand the potential causes of variation in 87 Ligjs
in these rivers and understand the relationship between tectonic
uplift and the evolution of Li isotope composition in seawater over
the Cenozoic.

2. Study area

As mentioned above, the YTR is the largest river system in the
TP that flows through high-altitude mountains at an average ele-
vation of about 4600 m above sea level (a.s.l.). It originates from
the Jima Yangzong glacier at 5200 m a.s.l. in the northern Hi-
malayas and flows eastwards along the Indus-Tsangpo suture with
a relatively flat terrain. Subsequently, it flows southwestwards with
a sharp drop in elevation near Namche Barwa, then into India
(where it is called the Brahmaputra River) and eventually into the
Bay of Bengal. The climate and geological setting of the study area
are described by Zhang et al. (2021a) and briefly described here.

The climate of the YTR catchment is significantly affected by to-
pography, the Indian monsoon and westerly winds; thus it is sub-
ject to obvious spatial and seasonal differences. The climate in the
upper reaches is cold and arid, whereas that in the lower reaches
is relatively warm and wet. In the upper reaches, glacier/snow melt
water and groundwater (e.g. springs) mostly recharge the river wa-
ter, and in the middle and lower reaches precipitation is the main
source. The recharge is affected by increased precipitation and
glacier/snow melt water in summer and increase significantly dur-
ing the July to August monsoon, when it is several times greater
than during the non-monsoon season. Moreover, turbid river wa-
ter is observed during the monsoon (Fig. S1) possibly owing the
large amount of weathered products, soils, and sediments washed
into the river water during that period. Geologically, the YTR basin
extends approximately eastwards along the collisional suture zone
of the Indian and Eurasian tectonic plates. Due to the east-west
extension of the TP, several north-south rifts (the Dingri-Nima,
Dingjie-Xietongmen-Shenzha, Yadong-Dangxiong-Gulu, and Gudui-
Sangri rifts) cut across the YTR basin (Armijo et al., 1986). In the
rift zones, geothermal fields (e.g. Yangbajain) commonly occur and
geothermal water in the form of hot springs is discharged into the
water of the YTR. Herein, direct input from hot springs has been
observed into the YTR mainstream in the Semi geothermal field
(Fig. S2).

3. Materials and methods
3.1. Sampling and field measurement

Samples of silicate rock (e.g., granites), aeolian deposits (sand
dune) and hot spring water were collected from the YTR basin
in June 2017 and July 2021 to investigate the potential source of
dissolved Li in the catchment. Dissolved and SPM samples from
mainstream and major tributaries were collected in June 2017
(before-monsoon, BM) and September 2017 (after-monsoon, AM)
and monthly dissolved samples from four fixed sampling sites
were collected from October 2017 to September 2018 to investi-
gate the possible influences on the spatiotemporal §”Lig;s variation
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Fig. 1. Sampling sites in the Yarlung Tsangpo River (YTR) system. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

(Fig. 1). In addition, geothermal waters, river sediments, and SPM
samples were collected in July 2021 for use in adsorption exper-
iments. More detailed river water sampling information can be
found in Zhang et al. (2021a).

The temperature and pH of each water sample were measured
in situ using a multi-parameter portable meter (MultiLine® IDS
3430, WTW). The pH electrode was pre-calibrated with buffers
before measurement. Alkalinity was determined using the Gran
titration method within 24 h of sampling. Each water sample was
obtained using a peristaltic pump and filtered through a 0.45 pm
cellulose membrane in the field. Each SPM sample was rinsed
from the filter membrane using ultra-pure water and collected in
a pre-cleaned centrifuge tube. The water samples for analyses of
major cations and trace elements were stored in acid-washed 120
mL high-density polyethylene bottles and acidified with double-
distilled HNO3 to pH < 2. For anion analysis, water samples were
stored in ultra-pure water pre-cleaned 15 mL centrifuge tubes
without acidification. For Li isotope analysis, water samples were
collected in acid-washed 1.5 L polyethylene bottles and acidified
with 1 mL of double-distilled HNOs3. All the samples were stored
at 4°C until laboratory analysis.

3.2. Adsorption experiment

The adsorption experiment has been performed to assess Li iso-
tope fractionation during geothermal water dissolved Li adsorption
on the secondary minerals of SPM and river sediment. A filtered
hot spring sample H9 without acidification was diluted with ultra-
pure water to approximately 132 pg/L Li concentration. Three SPM
samples with wet weights of 3.0, 6.8 and 6.2 g and one 15.0 g
river sediment sample were placed in four 150 mL Erlenmeyer
flasks. Afterword, 50 mL of diluted hot spring water sample was
added to each flask. The flasks were placed on a shaker at 180
rpm at 20°C for 7 days. Lastly, centrifugation and subsequent fil-
tration through a 0.45 pm cellulose membrane were performed.
The water sample was retained and acidified for elemental and Li
isotope analyses.

3.3. Analytical methods

Major cation and anion concentrations in the water samples
were analyzed via ICP-OES (Varian Vista-MPX) and ion chro-
matography (Dionex ICS-90), respectively. The solid samples (rocks,
SPM, river sediments and aeolian deposits) were homogenized and
ground in an agate mill (<200 mesh) for elemental and Li iso-
tope analyses. The SPM and river sediment samples were freeze
dried at —40°C before grinding. The major element contents of
the solid samples were analyzed by X-ray fluorescence (Shimadzu
XRF-1800). Trace element concentrations in the water and solid
samples after acid digestion were determined using an ICP-MS
(PerkinElmer NexION 300X). Two Chinese national standard sam-
ples GBWO07103 (granite) and GBWO07105 (basalt) were used to
calibrate the instrument for solid major element determination.
The U.S. Geological Survey rock standards BCR-2 and GSP-2 were
adopted to evaluate the accuracy of the major and trace elemental
analyses. Precision for most major and trace elements in both wa-
ter and solid samples was better than £+ 5% (20 ) and + 10% (20),
respectively. Most analyses were conducted at the State Key Lab-
oratory of Environmental Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences.

Li isotope analysis was described in detail in our recent study
(Zhang et al., 2021b). Each water sample containing about 400 ng
of Li was transferred into a Teflon beaker and dried on a hot plate
at 120°C, followed by successive refluxing with 1 mL of distilled
HNO3 and 1 mlL of distilled HCL. The final dried sample was then
re-dissolved in 1 mL of 0.40 M HCI for column separation. For the
solid samples, about 50 mg of powder was dissolved in a 4 mL
mixture of distilled HF and HNOs3 (3:1, vol/vol) contained in a 7
mL Savillex™ screw-top beaker, subsequently dried on a hot plate
for 48 h at 120°C, followed by successive refluxing with 1 mL of
distilled HNO3 and 1 mL of distilled HCl, and re-dissolved in 1
mL of 0.40 M HCI for column separation. Li was purified using a
cation exchange column loaded with resin (Bio-Rad™ AG 50 W-
X12, 200-400 mesh) and eluted with 0.40 M HCI. The purification
steps for the solid samples were duplicated to ensure complete Li
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separation from its matrices. The eluents also collected before and
after the Li-contained samples were determined to ensure full Li
recovery. The Li-containing samples were dried and re-dissolved in
2% HNOs3 for multi-collector ICP-MS (Thermo Scientific™ Neptune
Plus) analysis. Standard-sample bracketing with the L-SVEC stan-
dard (NIST RM 8545) was used herein. The Li concentrations in
the samples and standard were both about 80 ng/mL. The exter-
nal precision (20) using this technique was better than # 0.7%o
obtained by the repeated dissolution, purification, and determina-
tion of seawater and rock standards. The measured §’Li values of a
seawater sample and rock reference materials of AGV-2 and GSP-2
were +31.2 + 0.7%0 (n =38), +7.1 + 0.5%0 (n =3), and —0.12 +
0.4%o (n = 4), respectively, all of which are consistent with previ-
ous works (e.g., Liu et al., 2015).

4. Results

The major element and Li concentrations and Li isotope com-
positions of all of the samples in this study are listed in Tables
S1-S5.

4.1. Major elements in geothermal water and river water

The geothermal waters are enriched in [Na]gis (286-780 mg/L)
and [Cl]gis (157-621 mg/L) (Table S1), which is in agreement with
the published data for other geothermal waters in the TP (e.g., Ma
et al,, 2020). The [Na]gis and [Cl]gis in river water are in the ranges
of 0.5-21.6 mg/L (mean 8.3 mg/L, n = 97) and 0.1-14.8 mg/L (mean
4.5 mg[L, n = 97), respectively (Tables S2 and S3). These high val-
ues are observed in the mainstream and upstream tributaries (Fig.
S3).

4.2. Li/Na molar ratios

The Li/Na (x1000) molar ratio in the mainstream and upstream
tributaries varies between 9.9 and 62 (mean 22, n = 78) (except for
G3-5). These values are higher than reported for most other rivers
in the world (Weynell et al.,, 2021). Sample Y9 obtained from a
stream near the Yangbajain geothermal field in June 2017 has the
highest Li/Na ratio (~62). Interestingly, the Li/Na values of river
waters are significantly higher than those of silicate rocks in the
TP (e.g., granites (1.2-1.9) (this study); basalts (2.0-5.8) (Ma et al.,
2020), aeolian deposits in the study area (~4.9) and the average
upper continental crust (~4.1) (Rudnick and Gao, 2003)). However,
most Li/Na values are much lower than those of the geothermal
water (53—154, n = 9) herein.

4.3. Lithium concentration and isotope ratios

4.3.1. Solid samples

The solid sample data in Table S4 show variation in the [Li]
and §7Li values of the granite samples between 10.3 and 16.5
mg/kg and between +1.2 and +3.7%o, respectively. They are close
to the statistical means reported by Teng et al. (2009) for world-
wide granites (33 4+ 32 mg/kg (10), 2.0 & 2.3%¢ (10)). The [Li]
and 87Li values of the aeolian deposition sample are 29.2 mg/kg
and +0.7%o, similar to 30.5 + 3.6 mg/kg and +0.6 & 0.6%c in the
upper continental crust (Sauzéat et al., 2015), respectively.

4.3.2. Geothermal water

Extremely high [Li]gis occurs in geothermal waters (5.5-34.4
mg/L, mean 15.7 mg/L, n = 9) (Table S1). The §”Lig;s is low and
varied within a narrow range of —1.7%o-+3.1%¢ (mean +1.0%o).
High levels of [Li]gis with relatively low 8”Ligis have also been re-
ported for other TP geothermal waters (Weynell et al., 2017; Ma et
al,, 2020), as well as in geothermal fields worldwide (Fig. 2).

Earth and Planetary Science Letters 600 (2022) 117875

Geothermal water
This study

New Zealand
France

Tibetan Plateau
Frech West Indies
Mono Basin
Central Andes
Hydrothermal vent

Seawater
30 h (180 ug/L, +31%o)

Major world rivers \V4
(mean value)
(1.49 ug/L, +23%o)

201

&Li (%o)
D>
&
A
vAOL DOO@®

001 01 1 10 100
Li (mg/L)

Fig. 2. Dissolved Li concentration versus of geothermal water in the YTR basin (this
study), New Zealand (Millot et al., 2012; Bernal et al., 2014), France (Millot and
Négrel, 2007), Tibetan Plateau (Weynell et al., 2017; Ma et al., 2020), French West
Indies (Millot et al., 2010), Mono Basin (Tomascak et al., 2003), Central Andes (God-
frey et al.,, 2013), and Hydrothermal vent (Chan et al., 1993; Foustoukos et al., 2004).
Statistical mean values of Li concentration and 87Li for these geothermal waters are
+3.9 + 4.1%0 (10) and 9.5 £ 17.5 mg/L (10) (n = 211), respectively. Seawater and
the mean major world river data are from Misra and Froelich (2012) and Huh et al.
(1998), respectively.

4.3.3. Dissolved load in river water

The [Li]gjs varies greatly (0.5-313 ng/L, Tables S2 and S3), with
a mean concentration of 58.4 pg/L (n = 93), which is about 30
times the worldwide riverine average (1.49 pg/L). Similar to the
[Na]gis and [Cl]gjs in river water, the high [Li]qis values are mainly
distributed in the mainstream and upstream tributaries (Fig. S3).
Spatially, the [Li]gis in the mainstream and tributaries shows a de-
creasing trend towards downstream for both BM and AM samples
(Fig. 3). Seasonally, in most cases, the [Li]gjs in river water from
the same sampling sites before-monsoon is higher than that after-
monsoon (Table S2). The [Li]gis varies significantly at the fixed
sampling sites in each month of a hydrological year. For exam-
ple, [Li]qis values vary between 22.5 and 139 pg/L at site B1 from
October 2017 to September 2018. Moreover, the lower [Li]gis val-
ues are generally observed during the monsoon season (July and
August) (Fig. 4).

The &7Ligis values range from +1.0%0 to +14.7%c (mean
+6.4%0, n = 92), except for the downstream sample Y25 (Table
S2). These values are much lower than most worldwide published
riverine §”Lig;s data, including the mean value of +23.5%0 (Huh et
al., 1998). The lowest 87 Lig;s (+1.0%0) has been observed in sample
Y9 from a stream close to the Yangbajain geothermal field collected
in June 2017. The mainstream & Lig;s value is stable throughout the
river flow before-monsoon season (+3.1%o to +4.8%o). It gradually
increases from +3.1%o to +7.6%0 towards the downstream after-
monsoon season (Fig. 3). Monthly data show that the mainstream
87 Ligis increases significantly during the monsoon season (July and
August) in the range of +8.3%0 to +11.5%o, while relatively low
values are observed in non-monsoon (+3.7%¢ to +7.4%0), except
for sample G3-5 (Fig. 4).

4.3.4. Suspended load in river water

Before-monsoon, the mainstream SPM concentrations vary be-
tween 2.3 and 115 mg/L, except for sample Y29 from the site
farthest downstream herein. After-monsoon, the values increase
to 3.2-339 mg/L (mean 102 mg/L, n = 23) and tend to increase
from upstream to downstream. SPM samples were not collected for
monthly sampling in this study; the three-yearly average monthly
SPM concentration in the mainstream was compiled by Shi et
al. (2018). Suspended Li concentrations (|Li]sys) of 43-168 mg/kg
(mean 82 mg/kg, n = 42) are much higher than those of the
granite and aeolian deposition samples (see above, Table S4). The
87 Ligys values vary from —8.9%, to —0.6%0 (mean —4.6%o, n = 38),
which is much lower than the §”Lig;s in river waters and geother-
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mal waters in the catchment. These data are consistent with the
previously reported indication that the Li isotope composition of
SPM is generally lighter than that of dissolved load in river water
(e.g., Kisakiirek et al., 2005; Pogge von Strandmann et al., 2006;
Dellinger et al., 2015; Wang et al., 2015).

4.3.5. Adsorption experiments

Adsorption experiment results are listed in Table S4. The fi-
nal experimental [Li]g;s values vary between 27.6 and 35.1 pg/L,
which are significantly lower than in the initial solution (132 pg/L).
Between 73% and 79% of dissolved Li in geothermal water was re-
moved by the YTR SPM or river sediment. The final experimental
87Ligis values (4+10.4%0-+18.0%o) are significantly higher than the
initial value of +3.1%o (Fig. 5).

5. Discussion

5.1. Geothermal water inputs cause high levels of dissolved Li in the
Yarlung Tsangpo River

Dissolved Li in most rivers is predominantly sourced from sil-
icate weathering, even in carbonate-dominated catchments (e.g.,
Kisakiirek et al., 2005). However, it does not explain the high [Li]gjs
in the YTR. This is mainly because Li is less conservative than Na
and is preferentially retained in the solid phase during weather-
ing, whereas the dissolved Li/Na ratios in most of the river water

samples are found to be significantly higher than that of silicate
rocks in the TP. These findings suggest that much of the dissolved
Li in the river water may come from a different source with a rel-
atively high Li/Na ratio. Generally, shale has a high Li content and
high Li/Na ratio (Teng et al., 2004), making it a potential end mem-
ber for high [Li]gis and Li/Na ratio in river water. Unexpectedly, a
study from Shale Hills (Appalachian Mountains, USA) showed low
[Li]gis (<1 pg/L) in stream waters draining from the shale weather-
ing area (Steinhoefel et al., 2021), which does not support the fact
that the high [Li]gis observed herein comes from shale weather-
ing. Some studies have suggested that evaporite dissolution is the
major cause of high [Li]gs in the Jinsha River (headwaters of the
Yangtze River) from the eastern TP (Wang et al., 2015; Ma et al,,
2020). However, the reported Li/Na ratios in evaporites (1.7-2.7)
are significantly lower than that in the YTR waters (Wang et al.,
2015). Additionally, we rarely find any evaporite deposits in the
YTR basin. This is consistent with the results from Weynell et al.
(2021), where evaporite dissolution contributes little (<7.5%) to
the dissolved Li in the YTR. Anthropogenic activity may cause el-
evated [Li]gjs in river water (Choi et al., 2019), but the impact on
the YTR catchment should not be significant because of the low
population density in the TP. Lastly, atmospheric precipitation and
glacier melt from the TP generally contain low [Lilgis (Ma et al.,
2020); hence, these are not likely responsible for the high levels of
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dissolved Li in the YTR (see details in the Supplementary Informa-
tion).

Geothermal water is likely to be the main source of high [Li]gis
in the studied river waters. The main evidence is from the high
[Li]gis (at the mg/L level) observed in the geothermal water of the
basin (Table S1). In addition, Li et al. (2022) have shown that the
extremely high [Li]gis in geothermal waters in the southern TP is
mainly sourced from semi-molten state magma degassing rather
than leaching from the surrounding rocks; thus, the Li/Na ratio of
geothermal water is significantly higher than that of silicate rocks
in the study area. The high Li/Na ratio in the geothermal water ex-
plains the observed high Li/Na ratios in the river waters. Affected
by the input of geothermal water, the [Li]gis is as high as 313 pg/L
(sample Y8, June 2017) in the Duilong Qu tributary which flows
through the Yangbajain geothermal field. The [Li]gis in river water
is far lower than that in geothermal water as it is diluted by at-
mospheric precipitation or glacier melt. The conservative element
Cl is also enriched in geothermal water, which reflects the dilu-
tion process. The data points of [Li]gjs vs. [Cl]gis in river water are
almost all distributed near the theoretical (or conservative) dilu-
tion lines of geothermal water, except for the low [Li]gijs content
of tributaries from the lower reaches (Fig. 6). This further confirms
that geothermal water is the predominant source of high levels of
dissolved Li in the YTR. More importantly, our quantitative calcu-
lations show that the contribution of dissolved Li from geothermal
water is >85% (mean 91%, n = 79) in most samples, except in the
tributaries in the lower reaches (detailed calculations in the Sup-
plementary Information).

5.2. Factors affecting the dissolved Li isotope composition in the Yarlung
Tsangpo River

5.2.1. Mixing between geothermal water and silicate weathering

Since most dissolved Li in the YTR is derived from geother-
mal water, the dissolved Li isotope composition in river water
largely inherits the isotopic signature of geothermal water, which
has very low 87Lig;s values (—1.7%o-+3.1%0). This agrees well with
the low 87Lig;s values observed in most of the river water sam-
ples, which are mainly distributed in the middle and upper reaches
where abundant geothermal fields are present. The lowest 87Ligs
(+1.0%0) value is in sample Y9 from the river flowing through the
Yangbajain geothermal field for which geothermal samples H1 and
H2 have §7Li values of —0.1%o and —1.7%o, respectively (Table S1).

Although the geothermal water inputs explain the low §7Ligs
values in the YTR, the river water has higher 8”Ligis than that of
the geothermal water. It has been shown that some other rivers
in the TP were less affected by geothermal water input (e.g.,
Kisakiirek et al., 2005; Bohlin and Bickle, 2019). The dissolved Li
in those rivers is mainly sourced from silicate weathering, which
yields higher 8”Ligis values (mean +17.9%o, n = 62) than that of
the geothermal water (Fig. 7). In this study, most of the tributaries
in the lower reaches have higher §”Ligs values (up to +20.3%0)
(Table S2), which does not seem to be affected by geothermal wa-
ter. This is mainly due to the fractionation of Li isotopes during
Li incorporation into clay minerals formed by silicate weathering,
yielding an elevated 87Lig;s in river water. Therefore, because other
sources of Li contribute little to dissolved Li in the YTR, the ra-
tio of dissolved Li from geothermal water (low 8”Lig;s) and silicate
weathering (high 8”Ligis) may control the variation of 87Lig;s in the
river water.

A mixing model is used to further evaluate the contribution
between the two end members to the dissolved Li isotope com-
position in river water. Herein, a conservative mixing of dissolved
Li from geothermal water and silicate weathering in the river wa-
ter is assumed. Interestingly, almost all of the data points (87 Ligis
vs. Li/Na) do not fall near the theoretical mixing line between
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geothermal water and silicate weathering, but appear above the
line (Fig. 7). In addition, the tributaries in the lower reaches have
relatively high 8”Lig;s values, but their influx does not change the
87Ligis values in the mainstream (BM) (Fig. 3). This is mainly be-
cause the [Li]gis in these tributaries is low and does not signifi-
cantly affect the Li flux and its isotopic composition in the main-
stream. These results suggest that the variations of 87Ligjs in the
YTR cannot be simply explained by the mixing of dissolved Li be-
tween geothermal water and silicate weathering.

5.2.2. Ongoing Li isotope fractionation between dissolved Li and
secondary minerals in river water

Experiments have shown that Li isotope fractionation during Li
partition between solid and liquid phases is mainly due to the fact
that light SLi tends to be incorporated into (or adsorbed onto) sec-
ondary minerals (e.g. clays), affording the preferential enrichment
of heavy ’Li in the liquid phase (e.g., Zhang et al., 1998; Kisakiirek
et al., 2005; Pogge von Strandmann et al., 2006; Vigier et al., 2008;
Dellinger et al., 2015; Wang et al., 2015; Li and Liu, 2020). Gen-

erally, most clay minerals in SPM and bed sediments in rivers
originate from the chemical weathering of silicate rocks. Previous
work has shown that the bed sediments from the YTR contain a
high proportion of clay minerals such as kaolinite, illite, and chlo-
rite (He et al., 2013). Consequently, once geothermal Li has entered
the river water, dissolved Li may be further fractionated during its
incorporation into (or adsorbed onto) the SPM or bed sediments.
This speculation is supported by the observation that the SPM has
a high Li content but low 87Ligis (from —8.9%0 to —0.6%¢) com-
pare to geothermal water (Table S1). Because more SLi enters the
SPM, the dissolved load in the river water is relatively rich in ’Li
and shows a higher 8’Lig;s than that of geothermal water. More-
over, the §”Ligjs increase with decreasing Li/Na ratio in river water
(Fig. 7) confirms that some of the dissolved Li is removed by SPM,
and Li preferentially enters the solid phase (Liu et al., 2015). The
adsorption experiment results here suggest that significant Li iso-
tope fractionation occurs during the geothermal dissolved Li incor-
poration into the SPM or bed sediments and final §7Ligjs increases
from 7.3%c to 14.9%0 (Fig. 5), further confirming that ongoing Li
isotope fractionation occurs as geothermal Li is transported in river
water. This view is consistent with the adsorption experiment re-
sults by Zhang et al. (1998), who found that obvious Li isotope
fractionation during dissolved Li was removed by the Mississippi
River SPM. Importantly, several field studies have also suggested
that ongoing isotopic fractionation when Li is being incorporated
into SPM considerably contributes to the §7Ligis increase in river
water (e.g., Kisakiirek et al., 2005; Pogge von Strandmann et al.,
2006; Wanner et al., 2014; Dellinger et al., 2015; Liu et al., 2015;
Ma et al., 2020).

The spatiotemporal variation of 8’Lig;s also supports that on-
going Li isotope fractionation occurs in waters of the YTR. The
SPM concentration positively correlates with the 8 Lig;s in the river
mainstream (Fig. S4), likely indicating that more SPM preferen-
tially scavenges more SLi from the dissolved load. Monthly data
also show that the §7Ligis value co-varies with SPM concentra-
tion in the mainstream with both peaking the monsoon season
(Fig. 4). This is consistent with a previous study by Wanner et
al. (2014), who suggested that SPM concentration plays an im-
portant role in regulating the variation of §”Ligjs in river water,
and that 87Lig;s increases as the SPM concentration increases. This
view seems inconsistent with the results from the Yellow River
that the seasonal changes in §’Ligis were not correlated with the
SPM concentration. Gou et al. (2019) speculated that the saturation
of Li in SPM (or loess surface) is the major cause of the discrep-
ancy. In the TP, there are more exposed fresh rocks that produced
a large amount of newly formed secondary minerals, which are
washed into river water during the monsoon, supplying additional
fresh clay and/or oxyhydroxide minerals with more cavity lattices
or adsorption sites for Li isotope fractionation. This speculation is
supported by a recent study that the rapidly forming secondary
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mineral (e.g., poorly-crystalline allophane) dominates Li isotope
fractionation over more slowly-forming crystalline clays (Pogge von
Strandmann et al., 2021).

Rayleigh fractionation (Eq. (1)) and batch fractionation (Eq. (2))
are commonly used to quantify Li isotope fractionation during
weathering, calculating the fractionation factor () between solid
and dissolved loads (e.g., Li) during water-rock interactions. The
model equations are described well in some works (e.g., Bagard et
al., 2015), and are shown as follows:

8" Ligis = 8 Lig + (tsecdis — 1) x In(fij) x 1000 (1)
8"Ligis = 8" Lip + (sec-dis — 1) x (1 — f;) x 1000 )
fi; = (Li/Na)gis/(Li/Na)o (3)

where 87Lig and (Li/Na)y are the initial values corresponding to
the mean values of regional silicate rocks or the upper continen-
tal crust, and osec_gis is the Li isotope fractionation factor between
secondary weathering products and the dissolved load.

The dissolved Li is mainly derived from geothermal water in the
study catchment (except for the tributaries in the lower reaches);
therefore, the geothermal water 8’Li and Li/Na ratio as the initial
values are used to model the isotopic fractionation during Li trans-
port in river water. Most of the data points fall on the Rayleigh
fractionation curves rather than the batch fractionation curve us-
ing o values of 0.995-0.998 (Fig. 7), which is consistent with the
continuous isotopic fractionation calculated by Rayleigh fractiona-
tion (Maffre et al., 2020). This range of « is comparable to those of
other rivers originating in the Himalayas, such as the Brahmapu-
tra (low reaches), Ganges, and Yangtze River (headwaters) (Bagard
et al.,, 2015; Pogge von Strandmann et al,, 2017; Ma et al., 2020;
Yoshimura et al., 2021). The variation in « is likely related to the
assemblage of the secondary minerals of the weathering prod-
ucts in rivers (e.g., Ma et al., 2020), because a large variation of
o values (0.971-1.000) for different secondary minerals has been
determined experimentally (Penniston-Dorland et al., 2017; Pogge
von Strandmann et al., 2020; Li and Liu, 2022). However, recent
experimental and field studies have suggested that the fraction-
ation factor imposed by Li incorporation into secondary minerals
is fairly constant, and not dependent on mineralogy (Hindshaw et
al., 2019b; Pogge von Strandmann et al., 2021, 2022). Moreover,
the amount of newly formed clay minerals is the key process in
controlling the degree of Li isotope fractionation during silicate
weathering (Pogge von Strandmann et al,, 2021). Meanwshile, be-
cause the (Li/Na)g ratio is a basic parameter for calculating the «
value (Egs. (1) and (3)), the difference in the (Li/Na)o ratio changes
the Li isotope fractionation factor. For instance, the regional mixed
type of silicate rock and the uptake/desorption of Na into/from
some secondary minerals (e.g. zeolites) may cause a change in the
(Li/Na)o ratio and are an important reason for the variation of «
values in a catchment (Pogge von Strandmann et al., 2017; Murphy
et al., 2019). Herein, the geothermal water Li isotope composition
has relatively stable initial values (i.e., §’Lig), but the (Li/Na)y ra-
tio shows a wide range of variations in different geothermal fields
(Table S1). This may be the main reason for the variation of the
calculated « values in the YTR.

5.2.3. Other potential factors

Other potential factors can also contribute to the observed
87Ligis herein. For example, previous studies have suggested that
temperature may be an important influencing factor in seasonal
variations in dissolved Li isotope composition, where they showed
that temperature was negatively correlated with §”Ligis in river
water (Gou et al., 2019). However, this view does not explain the
finding of the present study that temperature is positively cor-
related with 8”Ligis (Fig. S6). In addition, dilution by rainwater
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with high 87Lig;s values may considerably increase the riverine 87Li
values, especially during the monsoon. However, the calculated
results suggest that precipitation has a negligible effect on the
variation in 8”Ligis (see details in the Supplementary Information).
Moreover, the changes in the contribution of shallow groundwater
with Li isotope composition different from river water may cause
variations in 8”Lig;s in river water in different seasons (Liu et al.,
2015; Manaka et al., 2017; Hindshaw et al., 2019a). Herein, we as-
sume that the dissolution of soil evaporites and/or groundwater
(or other sources) input more Li with high 8Ligs values during
the monsoon season, causing an increase in the riverine 87 Ligjs.
Afterwards, dissolved Li flux in the river might increase signifi-
cantly during this period. However, the Lig;s flux monthly variation
does not seem to support this assumption, especially because the
87 Ligis value exhibits opposite rhythms to the Ligis flux at site G3
from March to September 2018 (Fig. S7). The observation that a
higher 8”Ligis value corresponds to a lower Ligs flux may be due
to the incorporation of more Li into secondary minerals and the
resulting continued fractionation of Li isotopes. Alternatively, soil
evaporites (or soil water) may enrich heavy ’Li during the evapo-
ration process (Xu et al., 2021). The YTR has an arid climate and
strong evaporation, especially in the middle and upper reaches. As
a result, Li in soil evaporites may be washed into the YTR by rain-
fall runoff; this may also contribute to the increase in 8”Ligis in
river water during the monsoon season. This process has been con-
firmed in a study of the seasonal changes of §7Ligis in the Yellow
River (Gou et al., 2019).

5.3. Implications for the relationship between the tectonic uplift and
increase in seawater 8’ Li value

The variation of the seawater §’Li over the Cenozoic is con-
trolled by changes in continental weathering associated with tec-
tonic uplift. For example, Misra and Froelich (2012) suggested that
the tectonic uplift of the Himalayas shifted the continental weath-
ering regime from congruent weathering in the early Cenozoic to
more incongruent weathering in the Late Cenozoic. After incon-
gruent continental weathering occurring in floodplains had formed
more secondary minerals and fractionation of Li isotopes in river
systems, the 8”Ligis values in river estuaries increased and raised
these values in the oceans (Pogge von Strandmann and Hender-
son, 2015). Other factors, such as climate cooling and changes in
aridity, may also have contributed to the rise in river 87Li values
and, in turn, influenced the marine Li isotope composition (Gou
et al., 2019; Xu et al., 2021). Alternatively, other scenarios can ex-
plain the increase in seawater 8’Li value. For example, Vigier and
Goddéris (2015) suggested that the river 8’Ligis remained stable;
however, increasing the continental dissolved Li flux to the ocean
could explain the Cenozoic 8”Li rise. Moreover, increased physical
erosion following mountain uplift may have caused more degraded
continental materials to be delivered into the oceans, which can
increase seawater 8’Li in two ways. First, eroded materials con-
tinuously react with river water and further increase dissolved
87Li in rivers during riverine transportation, delivering high §7Li
in the ocean (Wanner et al., 2014). Second, more degraded conti-
nental materials can increase the amount of marine sedimentary
authigenic clays, which preferentially sequester the light Li into
authigenic clays, producing increased §’Li in the ocean (Li and
West, 2014). In summary, previous studies agree that there is a
relationship between the tectonic uplift and variation of Li flux
and isotopic composition in river water, but have mostly argued
about the details of how tectonic uplift influences Cenozoic seawa-
ter 87Li.

Here, we notice that geothermal waters are often found in ac-
tive tectonic areas and are rich in Li in the TP. The input of geother-
mal water significantly changes the Li flux and isotopic composi-
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Fig. 8. The 8”Lig;s value plotted against (a) dissolved Li concentration and (b) Li/Na molar ratio (x1000) for geothermal waters in the YTR basin and rivers originated from the
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(Liu et al., 2011), Yangtze River headwaters (Ma et al., 2020), Himalayan River (Kisakiirek et al., 2005), Alaknanda River basin (Bohlin and Bickle, 2019), Ganges River (Pogge
von Strandmann et al,, 2017), Yangtze River (Wang et al., 2015), Yellow River (Gou et al., 2019), Brahmaputra River (Bagard et al., 2015; Manaka et al., 2017). Some samples
significantly affected by anthropogenic activities were not collected. The black solid lines and grey dashed lines are Rayleigh fractionation and Batch fractionation relationships,
respectively, and using the geothermal water as the initial 8’Li value and Li/Na ratio (Table S1). The black and grey numbers are fractionation factors for Rayleigh and Batch
equations, respectively. The 87Li value and Li/Na ratios for granites in the Tibetan Plateau are from this study, while evaporite and basalt data in the TP are from Ma et al.

(2020) and references therein, and the UCC values are from Rudnick and Gao (2003).

tion of river water in the areas. Since many large rivers originated
from the TP, the geothermal water Li is partly transported by these
rivers to eventually flow into the ocean. Submarine geothermal wa-
ter is considered to have a relatively stable Li flux and isotopic
composition, which has been directly input into the ocean since
the Cenozoic (Misra and Froelich, 2012). Conversely, the dissolved
Li in continental geothermal water does not directly feed into the
ocean, but is transported by rivers over long distances and thus has
long residence times. For the time that the dissolved Li is carried
by rivers, more SLi is incorporated into the secondary minerals in
the river as SPM or bed sediments, resulting in elevated riverine
87Ligis by the time the river water eventually reaches the ocean.
Studies on rivers originating in the TP suggest that much of the
dissolved Li in the rivers is derived from geothermal water and Li
isotope fractionation during dissolved Li removed from river water
(Fig. 8).

Notably, the §7Ligis value in the Ganges increased by about
10%o for a relatively short flow distance from headwaters, while
the value did not continue to increase and remained a constant of
+21 % 1.6%0 for a long flow distance in the floodplain (Pogge von
Strandmann et al., 2017). This is mainly due to the fact that the
Ganges floodplain is at a steady-state in terms of the primary min-
eral dissolution to secondary mineral formation ratio, referred to
as ‘weathering intensity’ for most of its length. In more extreme
cases, the dissolution of secondary minerals decreased the 87 Ligjs
in rivers from lowland with high weathering intensity in the Ama-
zon River basin (Dellinger et al., 2015). The effect of the floodplain
on the Li isotope composition in river water appears to be incon-
sistent in different regions (e.g., Dellinger et al., 2015; Pogge von
Strandmann and Henderson, 2015; Wang et al., 2015; Pogge von
Strandmann et al., 2017). The role of floodplains in controlling the
87Lig;s of large rivers needs to be deeply studied.

As discussed above, we found that the input of geothermal wa-
ter Li induces a significant increase in riverine dissolved Li flux
and 87Ligis to the ocean, at least in the TP (Fig. 9). However, it
is difficult to quantitatively assess the impact of this continental
geothermal water on the global ocean Li budget and seawater §”Li.
Since Li behaves non-conservatively and much of the dissolved Li
is removed by secondary minerals during riverine transportation,

the residual geothermal water Li flux (Lifux-resiqual) i estuaries is
lower than the initial total geothermal Li flux (Ligux_totai) in head-
waters. It may be possible to estimate the Ligyx-residual by Rayleigh
fractionation (Eq. (1)) (fi = (Liflux-residual)/(Liflux-tota)), assuming
that the §7Ligis is fixed at +23%o, and 8”Lig = +1.0%o (geothermal
water) and o = 0.995 herein. Hence, if Lifgyx-total iS known, then
Liflux-residual can be calculated and the extent of the increase of sea-
water 8’Li induced by geothermal water Li may be evaluated by
the model suggested by Vigier and Goddéris (2015). Currently, few
data are reported on the discharge of hot springs, making it diffi-
cult to calculate Ligyy-totar Future work requires more data on hot
spring discharges and their Li concentrations to estimate Ligyx-total
and how these parameters change over the Cenozoic.

6. Conclusions

The YTR has very high concentrations of dissolved Li ([Li]gjs),
high Li/Na ratios, and low §’Lig;s values, which cannot only be
explained by the chemical weathering of silicates. Geothermal wa-
ter with extremely high [Li]gis (at the mg/L levels) is probably
responsible for high [Li]gjs in river water. Although much of the
dissolved Li in river water is derived from geothermal water, the
dissolved Li isotope composition in the river water does not inherit
the isotopic signature of the geothermal water. The mixing of dis-
solved Li sourced from geothermal water and silicate weathering
cannot fully explain the spatiotemporal variation of §”Ligjs in the
YTR. Ongoing Li isotope fractionation between dissolved loads and
suspended materials occurs during riverine transportation. In addi-
tion, the model results show that this fractionation process follows
Rayleigh fractionation. Geothermal activities occur in tectonic ac-
tive areas and geothermal waters are rich in Li in the TP. Dissolved
Li from continental geothermal water is transported by rivers over
long distances; thus, they have long residence times, producing
high riverine Li with elevated 87Lig;s discharging into the ocean.
Hence, we speculate that tectonic uplift has afforded the forma-
tion of geothermal systems that provide most of the dissolved Li
in river water and increase the riverine dissolved Li flux. In ad-
dition, the fractionation of Li isotopes occurs while the dissolved
Li is transported by rivers over long distances with long residence
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Fig. 9. A conceptual model for the source and fractionation of dissolved Li in rivers originated from the TP.

times. Consequently, the increase in dissolved Li flux and 87 Ligjs
in river water associated with continental geothermal water may
have significantly contributed to the increased seawater 8”Li in the
Late Cenozoic.
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