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Abstract

The Tataleng River (TTR), as an important tributary of the Da Qaidam Salt Lake (DQSL)
and Xiao Qaidam Salt Lake (XQSL) in the Qaidam Basin (QB), has an exceptionally
high B content. However, the solute sources and the provenance of B in the TTR are still
unclear, which significantly hinders a deeper understanding of the source—sink processes
of the boron deposits in the QB. In this study, water samples were collected from tribu-
taries, mainstreams, mud volcanoes, hot springs, and rainwater in the TTR area. Through
hydrochemical analysis, forward modeling, and B isotope geochemistry methods, com-
bined with the previous research results, some findings were obtained. The hydrochemi-
cal type of TTR is Ca—Mg—Cl, and the major mechanism of controlling chemical com-
position is rock weathering. The solute sources in the TTR are mainly from dissolution
of evaporites (75.9%), atmospheric precipitation (20.8%), and a minor contribution
from carbonates (3.1%) and silicates weathering (0.6%). The higher B content (0.89—
4.30 mg/L, mean=2.13 mg/L) and lower 8''B value (0.79%c—4.71%o, mean=4.17%o)
of the TTR indicate that the B sources are mainly from mixture of mud volcanic waters
(56.19-199.98 mg/L, mean=113.51 mg/L, — 1.26%0—2.22%0, mean=0.85%o) in the upper
reaches, and the deep groundwater near the Indosinian granite in the lower reaches. The
significant difference in boron resources between the two lakes may be due to the enrich-
ment of B in the late Pleistocene in the DQSL, which received exceptionally rich soluble
B carried by the ancient TTR during an active tectonic period, while the weakening of tec-
tonic activity and the diversion of the ancient TTR resulted in the supply of B with signifi-
cantly reduced content to the XQSL. These results are helpful for a deeper understanding
of the ore-forming mechanisms of the boron deposits in salt lake.
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1 Introduction

Boron is a quintessential crustal element that is widespread in volcanic, plutonic, sedi-
mentary, and metamorphic environments (Grew 2015), and is widely used in ceramics,
detergents, fertilizers, and glass field (Ali et al. 2020; Dymova et al. 2020). Boron depos-
its are mainly classified into volcanic sedimentary type, sedimentary metamorphic type,
silicate type, and modern salt lake type. The types of boron deposits discovered in China
are mainly sedimentary metamorphic type and modern salt lake type, with their resource
reserves accounting for 38.1% and 52.4% of the national reserves, respectively (Lin et al.
2017). Among them, the modern salt lake-type boron deposits are mainly distributed in the
Qinghai-Tibet Plateau (QTP) region of China, and the solid boron deposits (6.39 million
tons, calculated as B,03) and liquid boron deposits (0.64 million tons, calculated as B,O5)
in salt lakes such as DQSL and XQSL account for about 60% of the explored salt lake-type
boron resources in China (Wei 2002), thus having significant economic and research value.

Systematic research has been conducted on the formation mechanism of boron resources
in the DQSL (with a total boron resource of approximately 6.23 million tons, B,O5) (Yang
1983; Zhang 1987). It is believed that bedrock weathering (including tourmaline granite),
deep boron-rich groundwater replenishment, and dissolution of salt aeolian deposits may
be important sources for boron deposits in the DQSL (Stober et al. 2016; Jiang et al. 2021;
Li 2022). Kong et al. (2021) further constrained the contribution ratios of different boron
sources by using radium isotopes to trace various waters around the DQSL. They found
that deep hot groundwater contributed 60.1% of the B in the DQSL. However, due to the
small flow rate of hot springs, the lack of research on the enrichment and mineralization
processes of hot spring fluids in surface environments, and considering that the formation
age (Early Holocene, 8620 years ago) of boron resources in the DQSL (Gao et al. 2019),
the view that deep hot springs are the main source of boron materials based on the under-
standing of the modern surface water in the Da Qaidam Basin is obviously debatable, and
the role of other sources in the lake evolution process must also be considered (Xiao et al.
1994).

The DQSL and XQSL were once a unified basin before approximately 30,000 years
ago; however, under the intensifying arid climate conditions, they evolved into two sepa-
rate basins (Zheng et al. 1989). The TTR, which currently supplies water to the XQSL,
used to be the main source for the DQSL before the Upper Pleistocene (Yang 1983). The
upstream of the TTR is characterized by numerous mud volcanoes, some of which still
overflow with boron-rich water (Zhang 2015). Additionally, the upper of Tataleng River
contains sedimentary boron deposits such as the Juhongtu ancient hot spring deposit and
several other sedimentary boron mineralization points like Wulanbaomu and Kaotiaozhao-
huo (Zheng et al. 1989). Furthermore, the average B content in rocks within the TTR basin
is more than 10 times higher than the normal rock Clark value (Yang 1983). These findings
indicate the significant role of the TTR in the formation of boron resources in the DQSL
and XQSL. However, despite the significantly higher B concentration in TTR (1.37 mg/L)
compared to major rivers worldwide (0.01 mg/L) (Gaillardet et al. 2014), the lack of com-
prehensive basin-scale studies hampers our understanding of boron sources and transport
processes in this region, which, in turn, constrains our comprehension of boron deposit
formation mechanisms in the DQSL and XQSL.

In arid regions, the accurate identification of the recharge end-members of brine
resources in salt lakes is essential for understanding the origin of brine deposits. The identi-
fication and quantification of sources based on the water chemical composition and isotope
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tracing are typical methods currently used in the study of the origin of resource elements in
salt lakes. Satisfactory results have been achieved in the Guayatayoc Salt Lake in the South
American Puna Plateau (Lopez Steinmebtz 2017), as well as in the QB, Eastern and West-
ern Taijinar Salt Lakes, and DQSL on the QTP (Li et al. 2021; Kong et al. 2021; Zhang
et al. 2022; Miao et al. 2022). The water chemical composition of a watershed records
important information about the typical solutes provided by various input sources and their
proportional relationships. Many studies have used forward or reverse models to calculate
the relative contribution rates of different sources (atmospheric precipitation, rock weath-
ering, etc.) to solutes in river water (Wu et al. 2008; Noh et al. 2009; Zheng et al. 2023).
This information is crucial for quantitatively studying the main sources in the watershed,
rock weathering characteristics, and even estimating CO, consumption during weathering
processes (Gibbs 1970; Gaillardet et al. 1999; Wu et al. 2005; Moon et al. 2007; Wu 2016;
Han et al. 2021).

Additionally, B, as a highly incompatible lithophile element, plays a unique tracing
role in geological processes such as hydrothermal alteration (Jiang 2001, Jiang et al. 2004,
2008), water-rock interactions (Barth 1998; Pennisi et al. 2000), and surface weathering
(Rose et al. 2000; Muttik et al. 2011). It is commonly used to identify element sources (Sun
et al. 1989; Xiao et al. 1992, 2001; Vengosh et al. 1991, 1998) and analyze lake evolution
processes (Liu et al. 2000; Foster 2008). B has two stable isotopes, and due to the large
mass difference, the spatial configuration of borate ions, which determines the distribu-
tion characteristics of isotopes in solution, is controlled by pH value and B concentration
(heavy isotope B is enriched in B(OH);, while light isotope 108 is enriched in B(OH),",
Kakihana et al. 1977). Therefore, many geological processes, including evaporation, ion
exchange, and adsorption, may cause significant B isotope fractionation (—70%o to + 75%o)
(Williams and Hervig 2004), making B isotopes highly potential for tracing provenance
and different geological processes. Recently, significant progress has been made in using
B isotopes to trace the provenance of B in salt lakes (Xiao et al. 1992, 1999; Vengosh et al.
1995; Xiao et al. 2013; Lii et al. 2014; Han et al. 2021).

In this study, we conducted detailed fieldwork and sampling in the DQSL and XQSL
areas within the DaChaidan region, focusing on various water bodies such as rivers, salt
lakes, hot springs, rainfall, and particularly the mud volcano waters in the upper reaches of
the TTR. We present comprehensive results on the hydrochemistry of these waters, includ-
ing major and trace elements. By incorporating B isotope analysis and forward model cal-
culations based on hydrochemical composition, we aim to provide new insights into the
origin and enrichment mechanisms of boron in the DQSL and XQSL. Additionally, we
seek to quantitatively assess the solute sources and controlling factors in the TTR. The
findings of our study are anticipated to enhance understanding of the genetic mechanisms
of boron-rich salt lakes.

2 Geological Setting

The QB is a typical inland arid basin with a total area of 12x 10* km? and an elevation
ranging from 2600 to 3000 m. The Qilian Mountains are located in the northeast of the
basin, trending NW-SE. The southern side of the mountains, including Zongwulong
Mountain, Dakendaban Mountain, Xitie Mountain, and Lvliang Mountain, forms the
central and northern margin of the basin, with elevations ranging from 3500 to 5656 m.
The Altun Mountains are located in the western part of the basin, with elevations ranging
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from 3000 to 5000 m. The Kunlun Mountains are located in the southern margin of the
basin, with elevations of approximately 3500-5500 m (Zhang 1987) (Fig. 1a). The Qil-
ian orogenic belt between the Alxa Block and the Qaidam Block can be divided into the
North Qilian Belt, the Central Qilian Belt, the South Qilian Belt, the Quanji Block (Olong-
buluke), and the North Qaidam Ultra-High-Pressure Metamorphic Belt (Song et al. 2013)
(Fig. 1a). In the northern margin of the QB, strata from the Proterozoic to the Quater-
nary are exposed intermittently. Among them, the Dakendaban Formation developed in
the Lower Proterozoic, the Changcheng Series and Jixian Series developed in the Mid-
dle Proterozoic, the Tanjianshan group developed in the Late Ordovician, the Maoniushan
Formation developed in the Late Devonian, and the Amunike Formation, Chuanshangou
Formation, Chengqianggou Formation, and Huaitoutala Formation developed in the Car-
boniferous. The Jurassic to Early Cretaceous is characterized by the Xiaomeigou Forma-
tion, Huoshaoshan Formation, Yinmagou Formation, and Dameigou Formation. Since the
Cenozoic, the Lulehe Formation, Xiaganchaigou Formation, Shangganchaigou Formation,
Youshanshan Formation, Shizigou Formation, and Qigequan Formation have developed
(Cai et al. 2019).

The DQSL, located in the mountain basin of the North Qaidam Ultra-High-Pressure
Metamorphic Belt, was originally a unified basin. However, during the late Pleistocene, the
new tectonic movement caused the middle section between the two lakes to rise, forming
two independent closed inland basins (Yang 1983). The basin margins are characterized by
small areas of Cretaceous, Jurassic, and Tertiary deposits, while Quaternary deposits are
distributed from the foothills to the lake basin, including alluvial fans, fluvial deposits, and
lacustrine deposits (Yang 1983; Zheng et al. 1989). Various magmatic rocks from different
periods are exposed in the area, with the distribution of Mesozoic pegmatite granite being
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Fig.1 Maps of the geological structure and sampling locations in the study area. a Schematic diagram of
the regional geological structure in the QB (modified from Zhang 1987) and b geological setting and sam-
pling locations in the TTR Basin (modified from QGMB 1960). MW (Meteoric water)

@ Springer



Aquatic Geochemistry

the most extensive. Granite from different periods is widely distributed in the Dakendaban
Mountains, mainly including Indosinian pegmatite granite and Hercynian intrusive gran-
ite (QGMB 1960). At the same time, the region is characterized by the development of
fault structures, with a thrust fault starting from the north of Yuqia and extending south-
east through Da Qaidam, Baligou, Datouyanggou, TTR, and Lvcaoshan, roughly along the
southern edge of the Dakendaban Mountains, and terminating east of Erwenwulan (Pang
et al. 2015).

The lakes of DQSL and XQSL are supplied by a total of 12 rivers, with the main river
being the TTR. This river originates from the Kuerleike Mountains and the southern moun-
tains of Hala Lake, with a catchment area of 4771 km? and a total length of 210 km. The
average annual flow is 3.68 m%s, with an annual runoff of 1.2 10® m® (Zhang 2005). Cur-
rently, the TTR supplies water to XQSL on the surface and to DQSL in the form of under-
ground flow (Dang 2020). The Datouyang River originates from the Kuerleike Mountains,
formed by the convergence of meltwater from ice and snow, as well as groundwater from
bedrock fractures. It has a total length of 230 km and a flow rate of 0.8—1.0 m?/s. The Bali-
gou River has a short distance and infiltrates underground at a distance of 1.0-km north-
east of DQSL. It emerges as a spring after passing through the town of Da Qaidam and
flows into the lake. Wenquangou has multiple bead-like hot springs, which converge into a
river and supply water to DQSL. The bedrock outcrops at the springs are granite. The hot
springs emerge from a major WNW-ESE-trending fault system between Qaidam granite
and Paleozoic sediments. The group of springs occurs in narrow area along the fault. The
setting of the springs suggests that the permeability of the granitic bedrock in the outer
fault zone (damage zone) is enhanced at the localities where the springs ascend, and it
is strongly reduced down-slope of the discharge points (fault core) (Stober et al. 2016).
According to statistics, there are a total of 87 hot springs, with an average water tempera-
ture of 60-70 °C, mainly overflowing along tectonic fractures and fractured zones in the
granite gneiss north of Da Qaidam town (Wang et al. 1998). Currently, XQSL is supplied
by the perennial TTR, and in the middle reaches of the TTR, there are several small active
mud volcanoes (Wulanbaomu, Wubaotu, etc.), mainly emitting jets and carrying some
muddy and boron-rich water (Zhang 2015).

3 Materials and Methods
3.1 Sampling Processing

In June 2023, a total of 37 water samples were collected for analysis. They included
24 samples from the TTR (10 tributary samples (TTRT) and 14 mainstream samples
(TTRM)), five samples from the hot spring of the DQSL (HS), three samples from the
XQSL, four mud volcanic water samples (MVW), and one sample of meteoric water (MW)
(Fig. 1b). Each brine sample was stored in two 500-mL polyethylene bottles. Prior to sam-
pling, all containers were soaked in 10% nitric acid for 48 h, cleaned with deionized water,
and dried in an oven. The containers were then moistened with sample water and filled
up. To maintain the ionic state of the chemical components and prevent precipitation and
adsorption, pure nitric acid (68%) was added to the samples, and the containers were sealed
for transportation. A 0.45-pm cellulose acetate filter membrane was used to filter the sam-
ples immediately in the laboratory for cation testing.
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3.2 Chemical Composition

The concentrations of major and trace cations (K*, Na*, Ca’*, Mg**, SO,>~, and B**) in
all water samples were measured using an inductively coupled plasma optical emission
spectrometer (ICP-OES, ICAP6500 DUO, Thermo Fisher Scientific). The CO;*~ and
HCOj;™ concentrations were immediately determined by potentiometric titration. The con-
centrations of ClI~ were measured using Hg(NO;), potentiometric titration. Each reported
value represents the mean of two different measurements, and the analytical precision for
major cations and anions was better than+2%. The entire analysis was conducted at the
Qinghai Institute of Salt Lakes, Chinese Academy of Sciences, following the procedures
of the institute by the methods for water chemical analysis (ISLCAS 1988). Data on water
samples are initially checked for quality using normalized inorganic charge balance (NICB)
ratio  (TZ* =Na'+2Ca’"+2Mg**+K*, TZ =HCO; +Cl~+2S0,> +NO, +F",
NICB =(TZ"—TZ )/TZ* x 100%). The NICB of various samples is within+9% (mean
value — 3.43%), indicating that the chemical composition testing is ideal (Table S-1).

3.3 Boron Isotope

The chemical purification steps for sample B include the following: Firstly, the sam-
ple solution is adjusted to weak alkaline conditions (pH 7-8) and then injected into an
exchange column containing Amberlite IRA 743 boron-specific resin. The resin is washed
with 10 mL of high-purity water and eluted with 10 mL of 75 °C 0.1 M HCI. The eluate
is collected and placed in a drying oven (60 °C) to concentrate to approximately 0.5 mL.
Thirdly, the concentrated sample solution is injected into a mixed resin column contain-
ing equal volumes of strong acidic cation resin (Dowex 50Wx8, 200-400 mesh) and weak
alkaline anion resin (Ion-exchange II, 60—100 mesh) to remove residual HCl. The column
is then washed with boron-free high-purity water, and the eluate is collected. Finally, the
eluate is mixed with equimolar amounts of mannitol and Cs,COs;, and the mixture is fur-
ther concentrated and evaporated to 0.3 mL at 60 °C. The isotopic values of B in sam-
ple are analyzed using a mass spectrometer (Fan et al. 2015; Wei et al. 2014), installed
at the Salt Lake Chemical Analyzing and Testing Center, Qinghai Institute of Salt Lakes.
All water used in the experiment is deionized water that has undergone two rounds of sub-
boiling distillation and boron-specific resin exchange to obtain low-boron water. To avoid
boron contamination, the experiment is conducted using polytetrafluoroethylene, polyeth-
ylene, or quartz vessels.

The determination of B isotope composition was performed on Triton (Thermo Fisher
Scientific) P-TIMS using the CsBO**-graphite double coating method (Xiao et al. 1988).
Briefly, 2 pL of graphite suspension and 1 pL of the sample solution were separately
coated on a degassed Ta strip and dried for 5 min under 1.2 A conditions. The ion intensi-
ties of mass numbers 308 (133Cs210B1602+) and 309 (133CSZIOB1602+) were obtained using
a custom-made 308 and 309 Faraday cup system. The ratio of ''B to '°B was determined
after oxygen isotope correction. The B isotope composition 8''B is expressed as follows:

5B (%0) = [(“B/IOB)wmple/(“B/IOB)smdard - 1] x 1000

The standard material is NIST 951, having average internal analytical precision and
the external reproducibility of 0.35%0 (2 SE) and 0.04%o (26), respectively. 'B/'*Bg,4ard
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NIST 951 was 4.05537 (n=4), the certified value by NIST. The test work was conducted in
the Qinghai Institute of Salt Lakes, Chinese Academy of Sciences.

3.4 Forward Model

The forward model has been used to calculate the relative contribution rates of differ-
ent solute sources (atmospheric precipitation, rock weathering, etc.) in river water (Wu
et al. 2008; Noh et al. 2009; Zheng et al. 2023). The model assumes that the chemical
composition of dissolved loads in the river is the result of mixing from different sources,
including atmospheric input, silicate and carbonate weathering, and evaporite dissolution
(Galy and France-La-nord 1999; Moon et al. 2007; Wu et al. 2008). Na mainly comes
from silicate and salt rocks, with only a small fraction from carbonate and atmospheric
sources, while Ca, Mg, and K primarily come from the dissolution of these three types
of rocks. Cl mainly comes from atmospheric input and the dissolution of salt rocks, so
in the dissolved load, Cl;,=Cl, +Cl_,,. The mass balance equation for any element Z is
Ziw=Zyt+Z o+ Zg+7Z,,,, where riv, rw, car, sil, and eva represent river water, rainwater,
carbonates, silicates, and evaporates, respectively.

4 Results
4.1 Hydrochemical Characteristics of Different Waters

The pH of samples of TTR, HS, XQSL, MVW, and rainwater (6.7-8.9) indicates weak acid-
ity and alkalinity, similar to the Golmud River (GR), Nalenggele River (NR), and Hong-
shui River (HR) in the southern Kunlun Mountains of the basin (Table S-1 and references
therein). The total dissolved solids (TDS) range of the TTR tributaries is 0.38-0.65 g/L,
with an average of 0.52 g/L, and the main stream TDS range is 0.63-1.33 g/L, with an
average of 0.92 g/L.. The TDS range of HS is 1.07-1.19 g/L, with an average of 1.10 g/L,
and the average TDS of XQSL brine and rainwater are 37.48 g/L and 0.01 g/L, respec-
tively. The TDS of MVW is from 3.41 to 6.05 g/L, with average value of 4.67 g/L. Com-
paring with the GR (0.63 g/L, n=5), NR (0.88 g/L, n=14), and HR (1.66 g/L, n=3) in the
southern basin (Li et al. 2021; Miao et al. 2022; Zhang et al. 2022; Zhu et al.1990), it can
be found that the TDS of river water in the basin is generally similar, while the HR, which
is replenished by hot springs, is significantly higher than other rivers.

The tributaries of the TTR are significantly rich in Ca, accounting for 40-60% of the
total composition. The next most abundant elements are Na+ K, comprising approximately
30%, while Mg has the proportion between 10 and 17%. In the main stream of the TTR, the
proportion of Ca decreases to about 30-40%, which is similar to the proportion of Na+K,
while the proportion of Mg remains relatively stable. The cation characteristics of the TTR
main stream are similar to those of the GR but distinct from the NR and the HR. The
DQSL and XQSL are significantly rich in Na+K, primarily controlled by evaporation,
while the Ca content in rainwater is relatively high at about 80%. The hot spring samples
are predominantly composed of Na+ K, accounting for approximately 80-90%. The cati-
ons of MVW are similar to that of the main stream of TTR (Fig. 2).

In terms of anions, the most significant characteristic is the lowest proportion of
SO, content in all samples. Most of the samples from the TTR tributary are similar
to the main stream samples, dominated by Cl, accounting for about 60—80%. There is
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Fig.2 Piper diagram of hydrochemical composition of different waters in the study area (Modified from
(Piper 1944). TTRT (tributary of the TTR), TTRM (mainstream of the TTR), HS (hot spring), XQSL
(Xiao Qaidam Salt Lake), DQSL (Da Qaidam Salt Lake), GR (Golmud River), NR (Nalenggele River),
HR (Hongshui River), WM (Meteoric water), and MVW (Mud volcanic water)) (Table S-1 and references
therein)

a gradual increase in Cl content from upstream to downstream, while HCO; gradually
decreases. Due to evaporation, the brines of the DQSL and XQSL are predominantly
chloride, indicating that it has evolved to the chloride stage. The HS are also dominated
by Cl, accounting for about 80%, similar to the NR and the HR influenced by the hot
springs. Rainwater is mainly composed of HCO;, combined with Ca as the dominant
cation, indicating a possibility of dissolution of carbonate mineral particles. The MVW
is clearly rich in HCO; and contains virtually no SO,, indicating that the release of CO,
gas during its slow eruption process may be the main reason. According to the Piper
diagram, it can be seen that both the HS and the brine of XQSL are Na-Cl type, rainwa-
ter is Ca-HCOj type, and the TTR is Ca—-Mg—Cl type (Fig. 2).

The average B content in the tributaries and main stream of the TTR is 0.82 mg/L
(n=10) and 1.76 mg/L (n=14), respectively. Rainwater has a B content of 0.01 mg/L,
while the XQSL brine and HS have B contents of 93.31 mg/L (n=3) and 47.31 mg/L
(n=5), respectively. The B content range in MVM is 56.19-199.98 mg/L, with a mean
of 113.51 mg/L (n=4). This indicates that the B content in surface runoff is generally
one order of magnitude lower than that in salt lake brines and hydrothermal waters.
Compared to other rivers in the Qilian Mountains, such as Bayin River (0.33 mg/L,
n=4), Yuqia River (0.52 mg/L), Haerteng River (0.27 mg/L), Alar River in the Altun
Mountains (0.35 mg/L, n=3), and the GR (0.43 mg/L, n=3) and HR (1.90 mg/L) in the
Kunlun Mountains (Jiang et al. 2021; Zhang et al. 2022), it is found that the B content in
the main stream of the TTR is similar to that in the NR and HR, but significantly higher
than other rivers in the basin. Furthermore, the B content in the main stream of the TTR
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is one to two orders of magnitude higher than that in the Amazon River (0.01 mg/L),
Yangtze River (0.01 mg/L), Yellow River (0.15 mg/L), and the global average for rivers
(0.01 mg/L) (Gaillardet et al. 2014; Qu et al. 2019), indicating its anomalous enrich-
ment of B content.

4.2 Blsotopic Compositions

The &''B values of the tributaries of the TTR show a wide range of variation, from —4.75
to 19.87%o (mean=4.53%o, n=6). In contrast, the 8''B values of the main stream decrease
gradually from 16.82%o in the upstream to 0.79%o in the downstream, with a mean of
7.41%0 (n=11). The 5!'B values of the HS (1.34%o, n=2) and the brine of the XQSL
(1.72%o, n=3) are significantly lower than those of the tributaries and main stream of the
TTR in the upstream samples, but similar to those in the downstream. The 8''B values of
mud volcano water range from — 1.26 to 2.22%o, with a mean value of 0.85%o (n=3).

5 Discussion
5.1 Sources of Solute
5.1.1 Atmospheric Inputs

The main sources of solutes in river water include atmospheric input, rock weathering, and
deep water (Gaillardet et al. 1999; Wu 2016). TTR is located far away from densely popu-
lated areas, so it is minimally affected by human activities and can be disregarded.

The main sources of atmospheric input are dust and sea salt. However, since the study
area is located inland and far from the ocean, the influence of sea salt input is minimal. In
contrast, the Golmud, which is located 200-km southwest of the study area, is a typical
inland arid region where frequent dust storms occur in spring and autumn, providing a
significant amount of dust to the atmosphere (Zhu et al. 2008). Recent studies have shown
that the dust storms in the QB are primarily composed of soluble salt minerals such as rock
salt, gypsum, and anhydrite (Geng et al. 2021; Zhang et al. 2020). Therefore, the wind ero-
sion process is likely to contribute salt-containing substances to the atmosphere. In recent
years, researchers have studied the origin of hot springs in the northern part of Da Qaidam
and suggested that the high CI/Br ratio may be closely related to the dissolution of wind-
blown sediments (rock salt, gypsum, or borate minerals) from the Qilian Mountains region
(Stober et al. 2016). All of these findings indicate that atmospheric dust deposition makes a
certain contribution to the solute content in rivers.

5.1.2 Rock Weathering

The Gibbs diagram is an effective analytical method for qualitatively assessing the hydro-
chemical impacts of regional processes such as evaporation-concentration, rock weathering
leaching, and atmospheric precipitation on surface water (Gibbs 1970). In Fig. 3, the tribu-
taries and mainstreams of the TTR are primarily influenced by rock weathering and present
a extend trend to evaporation precipitation (Gibbs 1970). This is similar to the ion sources
of the Heihe River, Shule River, and Buha River in the Qilian Mountains under the same
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Fig.3 Gibbs diagram of different waters in the study area (modified from Gibbs 1970). TTRT (tributary of
the TTR), TTRM (mainstream of the TTR), HS (hot spring), XQSL (Xiao Qaidam Salt Lake), GR (Golmud
River), NR (Nalenggele River), HR (Hongshui River), WM (Meteoric water), BHR (Buha River), HeiR
(Hei River), and SLR (Shule river) (Table S-1)

climatic background (Qu et al. 2019). The XQSL brine is clearly controlled by evaporation,
which is consistent with its high TDS.

The [Na]/[C]] molar ratio is an important indicator of rock salt dissolution in water bod-
ies. In Fig. 4a, the [Na]/[Cl] ratio of atmospheric precipitation is below the line of rock salt
dissolution, indicating the presence of other chloride salt minerals in addition to halite in
the dust fall. Except for sample TTRT-1, all other samples from tributaries and the main
stream are below the line of rock salt dissolution. With the increase in TDS in the water,
there is little overall change in the [Na]/[Cl]] ratio, indicating a similar and stable source of
Na and Cl in the TTR. The dissolution of rock salt in strata or on the surface is the primary
sources.

The Na content of TTRM-3 increased slightly when it passed through the Wulanbaomu
and Wubaotu mud volcanoes, while the Na content of TTRM-13 and TTRM-14 samples
decreased when they passed through the Indosinian granite. The salt crusts around Wulan-
baomu and Wubaotu mud volcanoes mainly consist of calcite, gypsum, halite, and ulex-
ite (Zhang 2014). After hydrochemical simulation, the mineral composition of the MVW
includes halite, ulexite, a small amount of mirabilite, and a large amount of carbonate
(Zhang 2015). Based on this, it can be inferred that the TTRM-3 sample may be influenced
by the dissolution of borate minerals (such as ulexite and borax) in the surrounding forma-
tions of the mud volcano or the mixing of sodium-enriched MVW (Zhang 2015). On the
other hand, the TTRM-13 and TTRM-14 samples may be diluted by groundwater or frac-
ture water in the tectonic zone of canyon of the TTR (Fig. 1). The TTRT-1 is close to the
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Fig.4 Ionic relationships in different waters in the study area. There is strongly positive correlation
between (Ca) and (HCO5;+SO,) which also clusters to 1:1 line, indicating that evaporite is an important
source of the dissolved loads in rivers. TTRT (tributary of the TTR), TTRM (mainstream of the TTR), HS
(hot spring), WM (Meteoric water), and MVW (Mud volcanic water)

rock salt dissolution line, indicating that the strata it passes through are rich in rock salt or
other Na-containing minerals.

In Fig. 4b, the overall evolution trend of Na+ K and Cl in the TTR is consistent. This is
mainly attributed to the dissolution of soluble salt minerals containing Na and K present in
the regional Quaternary strata or atmospheric dust deposition. The molar ratio of Na+K
to Cl further indicates that the dissolution of rock salt cannot provide all the Cl for the
TTR. The high levels of Cl in river water, apart from being attributed to the dissolution of
evaporite minerals, may also be associated with the consumption of Na in strata, such as
the precipitation of Na,CO; and NaHCO; minerals in formations near the mud volcanoes
upstream of the TTR (Zhang 2014). This phenomenon is similar to the low Na—Cl ratios
observed in the Godavari and Mahanadi Rivers in India (Chhabra 1996). In Fig. 4c and d,
there is a good correlation between the molar ratio of HCO5;+ SO, to Ca (1:1) in samples
of the TTR. This suggests that the dissolution of carbonate minerals (calcite or aragonite)
and sulfate minerals (gypsum) may be the main sources of Ca in the TTR. This is consist-
ent with the presence of a certain amount of carbonate minerals in the Upper Quaternary
strata of the upstream TTR (China Geological Survey 2004). Therefore, the major ions of
the hydrochemical composition of TTR are mainly controlled by the dissolution of evapo-
rite (halite and sulfate) and carbonate minerals.
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5.2 Quantification of Input Sources
5.2.1 Atmospheric Input

Cl is an important indicator for assessing atmospheric input, but its concentration in rocks
is very low (Moon et al. 2007). The previous studies have typically assumed that rainwater
has the lowest Cl content in the water system to correct for the composition of water inputs.
However, rivers on the QTP are influenced by high-altitude and arid climates, and evapo-
rite rocks are widely distributed. As a result, the Cl and Na content of dissolved salt rocks
in river water is higher, with lower elemental content only near glaciers and snow lines.
Simply using the minimum CI concentration in river water for correction may introduce
significant uncertainties (Wu et al. 2008, Wu 2016; Zhao et al. 2007). Therefore, the study
evaluates the impact of atmospheric input on river water Cl by considering the product of
rainwater Cl concentration and concentration factor within the watershed.

Based on the analysis of the Qilian Mountain glaciers, snowfall, rainfall, and the sam-
ples collected in the study, the average Cl content in the glaciers and precipitation in the
Qilian Mountain region was 0.041 mmol/L (Table S-2). This is similar to the average Cl
content in rainfall (snow) in the QTP region (0.049 mmol/L) (Zhao et al. 2007). In the Da
Qaidam region, the evaporation rate is much higher than the rainfall, and the evaporation
of rivers can cause the concentration of elements in the water. The concentration factor can
be estimated using the formula FF=W_ /W, (where W, is the rainfall amount, and W, is
the river runoff). In this study, the rainfall and runoff data for June from 2018 to 2022 in
the study area were collected, and the river F value in the study area was found to be 2.52
(Table S-2, references and calculation method therein), which falls within the concentra-
tion factor range of rivers in the QTP region (1.4-5.6) (Zhao et al. 2007). Therefore, the
critical value of Cl content in rainfall in the study area is estimated to be 0.103 mmol/L.

If the Cl content in the river water is below a critical value, the Na contribution from
rainwater in the river water is given by: X(Na),,, =(Cl/Na)/(Cl/Na),,, X 100%. If the ClI
content in the river water exceeds the critical value, the Cl contribution ratio from rainwa-
ter is given by: X(Cl),,,=Cl_,;/Cl,, X 100%. In this case, the Na contribution in rainwater
is given by: X(Na),,, =(Cl/Na);, X X(Cl),,,/(Cl/Na),,, X 100%, where Cl_; is the critical Cl
content. The ratios of other elements in rainwater can be calculated similarly. We found
that the average contribution rates of solutes from rainfall to the TTR tributary and the
main stream are 25.1% (n=10) and 16.6% (n=14), respectively (Table S-3 and Fig. 5),
indicating that atmospheric input has a certain influence on the chemical composition of
rivers in this region, which is consistent with the research findings on the contribution of
rainfall to river water in the inland rivers of the QTP (Wu 2016).

5.2.2 Evaporites Dissolution

Assuming that all residual Cl in the river water after rainfall correction comes from
halite (Cl,=Cl,;, — Cl,, Na,=Cl,), and all SO, comes from gypsum or anhydrite
(SO4.=S04;, — SOy, Ca,=S0,,), the contribution of halite and sulfate dissolution to
cations in the river water can be expressed as follows: Total cations can be calculated as fol-
lows: TZ*=2Ca,;, +2Mg,,, + Na, + K, ; Halite% = CI/TZ", Gypsum/Anhydrite% = SO,/
TZ*, Y Cation,,,=Halite% + (Gypsum/Anhydrite)%. The average contribution of halite to
solutes in the main stream and tributaries of the TTR is 57.1% (n=10) and 69.1% (n=14),
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Fig.5 Solute contribution of precipitation, evaporites, silicates, and carbonates to tributaries and main-
streams of the TTR

respectively, while the average contribution of sulfate is 17.7% (n=10) and 7.9% (n=14)
for the main stream and tributaries, respectively. Therefore, the contribution of evaporite
to the TTR main stream and tributaries is 74.9% and 77.0%, respectively (Table S-3 and
Fig. 5). The high contribution of salt rock dissolution to solutes in the TTR is consistent
with the weathering characteristics of inland rivers in the QTP (Wu 2016).

5.2.3 Silicate and Carbonate Weathering

Assuming that all remaining Na after rainfall and rock salt correction is derived from sili-
cates, and all remaining K after rainfall correction is derived from silicates, the silicate
components of Nag and Kg; can be estimated as follows: Nag=Na;, — Na,, — Na,,,
K=K, — K. Assuming that Ca and Mg are released into the river water from sili-
cates in a fixed ratio relative to Na, it can be expressed as follows: Cag; =Nag, X (Ca/Na),
Mg, =Nag; X (Mg/Na);. Since the range of Ca/Na and Mg/Na ratios from silicate weath-
ering in this region is 0.2-0.5 and 0.12-0.36, respectively (Wu 2016), this study adopts the
general values of (Ca/Na)y=0.35 and (Mg/Na)y;=0.24 (Gaillardet et al. 1999) for sili-
cate weathering in different global basins. The total cations from silicate weathering can be
calculated as follows: TZ; =2Cag +2Mg; + Nag, + K ;. Therefore, the proportion of total
cations contributed by silicates in the river water is: (3 Cat)g =TZ"/TZ".

The calculations are based on the following two assumptions. Firstly, allocating all
sulfate to gypsum/anhydrite instead of NaSO, would result in an overestimation of Nag
and consequently an overestimation of silicate weathering. Secondly, negative values were
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obtained when calculating Nag;, which may be due to the neglect of the contribution of Cl
ions that are not related to Na. However, it was found from the hydrochemical character-
istics that silicate weathering in the basin is relatively weak, so these negative values were
treated as having no contribution in this study. The results show that the average contribu-
tion rate of silicate weathering to the solute in the tributaries of the TTR is 0.6% (n=10),
and the contribution rate to the main stream is 0.5% (n=14). After correcting for rainfall,
evaporite, and silicate, the remaining cations can be attributed to carbonate weathering.
The results show that the average contribution of carbonate weathering to the solute of the
tributaries of the TTR is 4.2% (n=10), while the average contribution to the main stream is
6.1% (n=14) (Table S-3 and Fig. 5).

In summary, it can be concluded that the solute in the TTR mainly originates from the
dissolution of evaporite in the strata or on the surface, followed by atmospheric precipi-
tation. Due to the widespread presence of Quaternary formations in the region, the dis-
solution of carbonate is also essential, while the low rate of silicate weathering, caused
by the dry and cold climate conditions in the study area, contributes the least to the river
solute. The average ratio of C14+SO,:HCO;+COj5: Si for the entire basin in the study area
is 172:53:1 (Table S-1), which also confirms this point.

5.3 Provenance of Bin the TTR

The sources and formation mechanisms of major and trace ions in waters are not entirely
consistent. To further understand the anomalous enrichment mechanisms of B in the TTR,
we conducted a study on the provenance of B. The sources of element B in rivers generally
include anthropogenic factors, atmospheric input, rock weathering (evaporite, carbonate,
and silicate rocks), and deep water mixing (Mao et al. 2019). As mentioned earlier, there is
minimal human activity in the study area, with almost no industrial or agricultural produc-
tion activities. Therefore, the impact of anthropogenic activities on the B content in rivers
can be disregarded.

Atmospheric inputs typically include sea salt aerosols, volcanic emissions, dust deposi-
tion, and emissions from fossil and biomass fuels (Schlesinger and Vengosh 2016). Due to
the long distance from the ocean and limited volcanic and human activities, dust deposition
is the main component of the atmosphere. Dust deposition in this region is dominated by
salt dust storms, primarily consisting of soluble terrestrial salts, gypsum, and borate min-
erals (Geng et al. 2021; Zhang et al. 2020), which have different B content and isotopic
compositions.

The B content and 8''B average values in halite from the DQSL and XQSL are, respec-
tively, 14.50 mg/kg and 2.1%0 (n=2) (Liu et al. 2000), for travertine (calcite, dolomite,
and gypsum) are 486.36 mg/kg and — 18.34%0 (n=4) (Li and Sun 1996), and for borate
minerals (borax and szaibelyite) are — 8.35%0 (n=3) (Xiao et al. 1992). If these soluble
salts are completely dissolved in atmospheric precipitation, rainwater should have lower
8''B values. However, the 8''B value of local rainwater is as high as 16.69%o. The 3''B
average value of mainstream samples (TTRM-1-3), representing the background value of
the basin, is 16.15%o (n=3), indicating limited dissolution of salt minerals in rainwater.
In addition, the B content in the local rainwater was measured to be 0.04 mg/L, which is
significantly higher than the average value in world rivers (0.01 mg/L) (Gaillardet et al.
2014). The previous studies have even reported B content in rainwater in the Da Qaidam
area as high as 0.5 mg/L (Xiao et al. 1992), indicating that seasonal salt dust storms in the
QB have a significant impact on the B content in atmospheric precipitation and indeed
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contribute to the increase in B content in the river water of the basin. However, due to the
research area being located in an arid region with very little precipitation, it is evident that
atmospheric precipitation cannot be the main source of B in the TTR.

Evaporites are typically composed of rock salt and sulfate minerals (such as gypsum),
with B primarily present in fluid inclusions in the rock salt, while sulfate minerals mainly
contain B within their crystal lattice. As a result, the B content in evaporites varies greatly,
with marine evaporites generally having higher B content than continental (Vengosh et al.
1991). The B content in the rock salt in the DQSL and XQSL is only 0.001% (wt.), and
in Qarhan Salt Lake is even lower at 0.0006% (wt.) (n=43) (Fan et al. 2015). Although
the B content in sulfate minerals in the study area has not been reported, Qin et al. (2018)
determined the B content in gypsum from marine evaporite deposits in Laos and found that
the average B content in purified gypsum was 0.0004% (wt.) (n=3). Rudnev et al. (1985)
also confirmed through electron paramagnetic resonance technology that the high boron
content (500-3000 ppm) in sedimentary gypsum is caused by boron in the microstructure
of boron minerals, detritus, clay minerals, and fluid inclusions, while the boron content in
the gypsum mineral structure itself is extremely low (~ 1.0 ppm). In addition, the B content
in the travertine (calcite, gypsum, and dolomite) of the DQSL is 0.03% (wt.) (Li and Sun
1996), indicating a generally low B content in the evaporites of the study area. Combin-
ing Piper diagrams and the contribution of solute sources, it can be inferred that although
solutes in the TTR are primarily derived from the dissolution of evaporites, with chloride
salts being the dominant minerals, the contribution of B from the dissolution of evaporites
is very limited.

The occurrence state of B in carbonates is primarily determined by the B content and
pH of the mother solution during their precipitation period. Generally, marine carbonates
have higher B content than terrestrial ones, so the contribution of terrestrial carbonates
to riverine B is usually negligible (Chetelat and Gailardet 2005). The Ca/B molar ratio of
carbonate rocks can indicate the contribution of boron content from carbonate rock dis-
solution in rivers. Statistical studies have found that the contribution of boron through this
method is consistently less than 5% (Chetelat et al. 2009). Additionally, the exposure of
carbonates in the study area is small, and their contribution to the solute of the TTR is also
minimal (Figs. 1b and 5). Therefore, the dissolution of carbonates in the study area has a
small contribution to B in the TTR.

Silicates typically include igneous rocks, siliceous clastic rocks, and metamorphic rocks
(Hartmann and Moosdorf 2012). Among them, granite is the main reservoir of B in igne-
ous rocks, and shale is the main reservoir of B in siliceous clastic rocks (Diirr et al. 2005).
However, calculations of the contribution of end-members to the solute of the TTR indi-
cate that the weathering contribution of silicates is very small, only about 0.5%. Therefore,
silicates are not the key factor for the high B content in the TTR.

Based on the analysis of B content and 8!'B values in different waters in the study
area (Fig. 6), it can be observed that the atmospheric precipitation, tributary TTRT-
8, and mainstream TTRM-1-3, which represents the background value of the TTR,
exhibit low B content and high §!'B values, while mainstream samples flowing through
Indosinian granite and MVW have high B content and low 8''B values. Specifically, the
average B content of the TTR mainstream (TRM-1-3) is 0.40 mg/L, with an average
5''B value of 16.15%0 (n=3). After passing through the Wulanbaomu and Wubaotu
mud volcanoes, the B content of TTRM-4 significantly increases to 2.19 mg/L, about
five times higher, while the 3''B value decreases to 4.71%o. Since the Wulanbaomu and
Wubaotu mud volcanoes have perennial outflows of spring water, with B contents of
165.66 mg/L and 77.54 mg/L, respectively (Zhang 2015), and 8''B values ranging from
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Fig.6 The B content and 5''B 25
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—1.26%o to+2.22%o, the rapid increase in B content and rapid decrease in 5''B value
of the TTRM-4 sample indicate that river water may be influenced by intermittent sur-
face overflow and underground seepage of mud volcano water.

The B content of the main stream TTRM-6 sample in the TTR does not change sig-
nificantly (1.95 mg/L) after it merges with a tributary flowing through the Juhongtu
boron mine. The 8''B value (4.93%o0) also remains low. Although the B content of the
TTRT-4 sample in this tributary (1.07 mg/L) is significantly higher than other tributary
samples that have not flowed through mud volcanoes or boron mine sites (0.39 mg/L,
n=17), the 8''B value of borate minerals deposited in the boron mine site is significantly
negative (—8.35%0) (Xiao et al. 1992). It is speculated that the dissolution of borate
minerals may not significantly contribute to the B content in the river water during the
process of flowing through the Juhongtu boron mine.

The mainstream of the TTR, specifically samples TTRM-5-9, displayed similar TDS
and 8''B values. The average TDS was 756.58 mg/l (n=>5), with an average &''B value
of 4.44%0 (n=2). In contrast, samples TTRM10-14 showed a significant increase in
TDS, with an average of 1223.35 mg/l (n=35). The B content gradually increased up
to TTRM-14, where it slightly declined due to dilution. However, the overall trend for
8''B was decreasing, with an average value of 3.90%¢ (n=35). This is similar to the §''B
value of HS in the western part of the same tectonic zone (1.34%o, n=2), and it can also
be compared with the HR (1.90 mg/L, —0.88%0) and the NR (1.36 mg/L, —0.80%0)
influenced by hot springs (Zhang et al. 2022). This fully demonstrates the presence of
some hot springs or geothermal springs in the granite, which provide a large amount
of B to the TTR. Furthermore, it is worth noting that the TTRT-10 from the down-
stream tributary passing through the granite body shows a trend toward borate dissolu-
tion (Fig. 6). This may be due to the presence of deep water circulation in the Indosin-
ian granite body, which leaches boron-bearing minerals in the rock, resulting in a more
negative 8''B value for TTRT-10.

In conclusion, the main sources of boron in the TTR are the mud volcano water in the
upper reaches of the river and the possible deep groundwater near the Indosinian granite
in the downstream. Atmospheric input and rock mineral weathering leaching contribute
less to the boron content (Fig. 7).
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5.4 Implication for the Boron Deposit in the Terminal Salt Lake

The diversity of ore-forming materials and ore-forming methods has driven the development
of current ore-forming theories. The genetic mechanism of modern salt lake boron deposits
is closely related to their geological background and climatic environment, and they are the
products of the coupling of tectonics, climate, and provenance. The previous studies have
shown that before the Late Pleistocene (> 30 ka BP), the Da and Xiao Qaidam Basins were
once a unified freshwater lake basin, and the ancient TTR was an important water source for
replenishing the Qaidam ancient lake basin (Yang 1983; Zheng et al. 1989). Until the end of
the Late Pleistocene, with the onset of the Late Tali Glaciation, the climate became arid, the
water supply decreased sharply, and the uplift of local terrain caused by the influence of new
tectonic movements led to the separation of the Da and Xiao Qaidam lakes into their respec-
tive evolutionary stages (Zheng et al. 1989). Chronological studies of lacustrine clay deposits
beneath the halite layer revealed by drilling cores from the DQSL indicate that the Qaidam
ancient lake basin gradually became arid from MIS2 to the Holocene (Madsen et al. 2014).
The regional tectonic movements also significantly influenced the evolution of the DQSL and
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XQSL basins (Zheng et al. 1989). Sedimentary records show that the first period of salt depo-
sition in the late Pleistocene in the DQSL was located in the western part of the lake, while
the second period of salt deposition from the late Pleistocene to the Holocene shifted to the
eastern part of the basin.

At the same time, the salt deposition center in the Holocene of the XQSL was also located
in the southeastern part of the basin, indicating that the migration of the deposition center
was significantly driven by tectonic movements. In addition, the new tectonic movements also
influenced the evolution of the ancient TTR. Geophysical data show that there were uplift
structures at both ends of the Da Qaidam Lake since the Middle Pleistocene, and the con-
tinuous uplift caused the ancient TTR to completely change its course to flow eastward into
the Xiao Qaidam Lake at the end of the Late Pleistocene and the beginning of the Holocene
(Qaidam Geological Team 1969), which also contributed to the final separation and evolution
of the Da and Xiao Qaidam lakes (Zheng et al. 1989).

The TTR is a major B-anomalous surface water system in the northern part of the DQSL
and XQSL. The previous studies have suggested that the anomalous B in the TTR is closely
related to the development of the NWW fault group in the southern Qilian Mountains
upstream of the TTR (Zheng et al. 1989). Although there is a lack of systematic research on
the evolution of neotectonic movements in the study area, the geological facts that the Da
Qaidam hot springs and the mud volcanoes in the upstream area of the TTR are developed
along the NWW fault zone of the southern Qilian Mountains, and the corresponding water
types and trace element contents are similar to typical geothermal waters, as well as the good
consistency between the ancient calcium carbonate age of the Da Qaidam hot springs (C'*
age of 24420+1750 a, Yang 1983) and the mineralization age of the Juhongtu boron deposit
(OSL age of 0.028 +0.002 Ma, Qi et al. 2014), it can be inferred that there may have been a
relatively active period of neotectonic movements in the late Pleistocene. This period of tec-
tonic activity drove the formation of the Da Qaidam hot springs and the activity of the mud
volcanoes in the upstream area of the TTR, providing abundant source materials for the sedi-
mentary boron deposits in the surrounding depression areas (Wulanbaomu, Kaotiaozhaohuo)
and the DQSL.

At the same time, this process also induced the development of small-scale fault structures
in the Indosinian granite bodies in the northern part of the DQSL and XQSL, creating condi-
tions for the migration of deep fluids and driving the formation of the Juhongtu ancient hot
spring water type boron deposit. In addition, to some extent, this can also explain why the
DQSL, which received the abnormally rich soluble boron carried by the ancient TTR during
the active tectonic period at the end of the late Pleistocene, ultimately formed significantly
higher boron mineral resources than the XQSL (the confirmed B,0O; reserves of the XQSL
only account for 13% of those of the DQSL, Wei 2002). With the weakening of tectonic activ-
ity at the beginning of the Holocene and the diversion of the ancient TTR, the Xiao Qaidam
Lake mainly receives the supply of the TTR with significantly reduced boron content (Fig. 7).
However, due to the lack of more evidence in sedimentology and related chronology, this
understanding still needs further verification through additional work.

6 Conclusions
The TTR is an important source for both the DQSL and XQSL. The water chemistry char-

acteristics of the tributaries and mainstreams of TTR and different solute contributions
indicate that the main solute sources in the TTR is the dissolution of evaporite from strata
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or surface (evaporation capillary action, salt dust storms, and atmospheric deposition),
while the contribution from atmospheric precipitation, carbonates, and silicates weathering
is minimal. B content and its isotope compositions suggest that deep groundwater, possibly
present in the upstream mud volcanoes and downstream Indosinian granite bodies, are the
two main contributors of B in the TTR. The significant difference in resources between the
DQSL and XQSL may be attributed to the late Pleistocene period when the DQSL received
an exceptionally rich supply of soluble boron carried by the ancient TTR during an active
tectonic movement. In contrast, during the early Holocene, due to weakened tectonic activ-
ity and the diversion of the ancient TTR, the XQSL mainly received a reduced supply of
B from the TTR. These findings are of important for a deeper understanding of the ore-
forming mechanism of boron deposits in the DQSL and XQSL, and are helpful to study the
origin of salt lake-type boron deposits all around the world.
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