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• High levels of dissolved As are observed
in YTR system.

• Hot springs aremain source of dissolved
As in the upper reaches of YTR.

• Natural attenuation of dissolved As in
main channel is mainly due to dilution.

• Lowest dissolved As is observed in July
and August due to dilution process.

• Weathering of As-containing minerals
inputs much of As in rivers in wet-
season.
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High levels of dissolved arsenic (As) have been reported inmany rivers running though the Tibetan Plateau (TP),
the “Water Tower of Asia”. However, the source, spatiotemporal variations, and geochemical behavior of dis-
solved As in these rivers remain poorly understood. In this study, hot spring, river water, and suspended partic-
ulatematerial samples collected from theYarlung Tsangpo River (YTR) (upper reaches of the Brahmaputra River)
system in 2017 and 2018 were analyzed. Spatial results shown that the upper reaches of YTR (Zone I) have com-
paratively high levels of dissolvedAs ([As]dissolved:mean 31.7 μg/L; 4.7–81.6 μg/L; n=16),while the tributaries of
the lower reaches (Zone II) have relatively low levels (mean 0.54 μg/L; 0.11–1.3 μg/L; n = 7). Seasonal results
shown that the high [As]dissolved (6.1–22.4 μg/L) were found in September to June and low [As]dissolved
(1.4–3.7 μg/L)were observed in July to August. Geothermalwater is suspected as themain source of the elevated
As levels in YTR due to the extremely high [As]dissolved in hot springs (1.13–9.76mg/L) and abundance of geother-
mal systems throughout TP. However, the seasonal results suggested that weathering of As-containing rocks and
minerals is also a key factor affecting the [As]dissolved in the river water in July to August (wet-season). Natural
attenuation of As in main channel is dominated by dilution process due to the lower As concentrations in tribu-
taries, but mostly occurred by both dilution and adsorption (or co-precipitation) processes in tributaries. This
work highlights that the weathering process may have an important contribution to the dissolved As in the
river waters in wet-season, and the geochemical behavior of As is largely transported conservatively in the
main channel and relative non-conservatively in the tributaries in YTR system.
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1. Introduction

As the “Water Tower of Asia”, the Tibetan Plateau (TP) is the source
of many large rivers in Asia, including the Yarlung Tsangpo River (YTR)
(upper reaches of the Brahmaputra River), Indus River, Ganges River,
Salween River, Mekong River, Yangtze River, and Yellow River. These
rivers sustain life and are sources of agricultural and industrial water
supplies for about 40% of the world's population, including China and
India (Xu et al., 2008). The upper reaches of these rivers are generally
considered to be free from contamination due to their relatively pristine
environment (Huang et al., 2008). However, since the increase in an-
thropogenic activities (e.g., agricultural and industrial activities, and ur-
banization) in TP, some rivers have been contaminated by heavymetals,
such as arsenic (As), cadmium (Cd), and lead (Pb) (Qu et al., 2019 and
the references therein). Recently, C. Yu et al. (2019) suggested that cli-
mate warming-enhanced thawing of permafrost may accelerate release
and mobilization of trace elements (e.g., As) into the rivers of TP. Sea-
sonal variations in precipitation and surface run-off strongly affect
river discharge, which in turn affects the concentration of heavy metals
in river water. Although few people live in TP, rivers originating in TP
have a direct (or indirect) effect on water quality of surface water and
groundwater utilized by the densely populated regions located down-
stream. Therefore, there is an urgent need to investigate the spatial
and temporal variations of river water chemistry in TP.

High levels of As have been observed in some head waters of rivers
in TP, such as the Singe Tsangpo (252 μg/L, upper reaches of the Indus
River), Mayum Tsangpo (262 μg/L, head waters of YTR), Naqu
(38.9 μg/L, head waters of the Salween River), Tuotuo River (52.2 μg/L,
head waters of the Yangtze River), and the upper reaches of the Yellow
River (77.1 μg/L) (Guo et al., 2008; Huang et al., 2011; Li et al., 2013; C. Li
et al., 2014; Tian et al., 2016; C. Yu et al., 2019),which far exceed the rec-
ommended level of 10 μg/L in drinking water proposed by the World
Health Organization (WHO), as well as the mean value 0.62 μg/L of
theworld's rivers (Gaillardet et al., 2003;WHO, 2011). Similarly, enrich-
ment of As has also been reported in rivers in other regions of theworld,
such as the northern Rocky Mountains of western Montana (USA)
(10–370 μg/L) and the Altiplano-Puna plateau of Argentina, Bolivia,
Chile, and Perú (8.6–13,000 μg/L) (Nimick et al., 1998; Romero et al.,
2003; Concha et al., 2010; Muñoz et al., 2015; Tapia et al., 2019). Nota-
bly, many of As-enriched rivers (including those in TP) and high As
groundwater are distributed in (or close to) major orogenic belts,
Fig. 1. Sampling sites in YT

2

which are characterized by an abundance of geothermal systems
(Nordstrom et al., 2005, Nordstrom, 2009; Guillot and Charlet, 2007;
Mukherjee et al., 2014).

YTR is the largest river systemdraining theHimalayanMountain and
southern TP, and transports a significant portion ofweatheredmaterials
to downstream (Hren et al., 2007). Hence, high As concentration in YTR
system continues to attractmore andmore attention (Wang et al., 2012;
Li et al., 2013; C. Li et al., 2014; Guo et al., 2015; Tian et al., 2016; Qu
et al., 2019). Significantly elevated As concentrations have been re-
ported in many of the tributaries of YTR, such as the Mayum Tsangpo
(262 μg/L), Dargye Tsangpo (72 μg/L), Dogxung Tsangbo (50 μg/L),
and Duilong Qu (206 μg/L) (Huang et al., 2011; C. Li et al., 2014; Y.
Zhang et al., 2015). Weathering of As-enriched rock and minerals, min-
ing activities, salinity of lakes and As-riched hot springs are considered
as potential sources of As in these rivers (Li et al., 2013; Y. Zhang et al.,
2015; Guo et al., 2015). In TP, As-riched rivers are mainly found in the
upper reaches of YTR, while the downstream usually contain relatively
low levels of As.Moreover, riverwater in the downstream (the Brahma-
putra River) usually contain relatively lowAs concentrations of less than
3 μg/L (Islam et al., 2012).

Adsorption of dissolved As by river sediments and dilution process
are considered to be themain causes for natural attenuation of dissolved
As in ZangbuQunear the Yangbajain geothermal field (Guo et al., 2015).
However, Nimick et al. (1998) suggested that geothermal dissolved As
is transported largely conservative in the larger Madison River system
and the decrease in As concentration along the river is almost exclu-
sively caused by dilution. The dissolved As concentration in river
water is also affected by the seasonal variation in precipitation, river
temperature, and melt water, however, there few studies on the sea-
sonal variation in As concentration in YTR (e.g., Masson et al., 2007;
Zhao et al., 2020). Although the As concentration in YTR tends to de-
crease from upstream to downstream, significantly greater concentra-
tions of As have been widely reported in groundwater of the
downstream floodplains, such as India and Bangladesh (e.g., Nickson
et al., 1998, 2000; Nordstrom, 2002; Smedley and Kinniburgh, 2002;
Fendorf et al., 2010; Wang et al., 2017; Mukherjee, 2018). At present,
the source, temporal and spatial variations, and geochemical behavior
of As throughout YTR system remain poorly understood.

In this study, dissolved As in the river water (including monthly
water samples in a year), suspended particulate material (SPM) and
hot spring samples collected from YTR system were evaluated in order
R system, southern TP.
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to: 1) identify the source and distribution of dissolved As in YTR, 2) elu-
cidate themechanism underlying the temporal and spatial variations of
dissolved As along YTR, and 3) assess the geochemical behavior of As in
river water in YTR basin.

2. Study area

YTR is the largest river system of TP, originated from Jima Yangzong
glacier at Mount Kailash in the northern Himalayas (Fig. 1) (Huang
et al., 2008). It flows eastward for about 1300 km along the Indus-
Tsangpo suture between the Indian and Eurasian tectonic plates (Hren
et al., 2007), then it flows southwest with a sharp drop in elevation
near Namche Barwa and subsequently into India. In India, YTR is
known as the Brahmaputra River and then it joins the Ganges River,
passing through Bangladesh, and finally flows into the Bay of Bengal.
The catchment area and mean annual discharge of YTR basin are
~24 × 104 km2 and ~1395.4 × 108 m3, respectively (Liu et al., 2007).
Mean annual precipitation along YTR is about 495mm,which decreases
from 5000mm in the low reaches to 200mmnear the headwaters, and
themean annual air temperature is about 5.9 °C (Huang et al., 2011, and
the references therein). More than 80% of the annual precipitation is
concentrated in the period of June to September, with the exception of
parts of southeastern Tibet (Fig. 2(a)). In the present study, July and Au-
gust are defined as the wet-season. Mean annual evaporation is
1052 mm in this area (You et al., 2007). The river water is mostly
recharged by glacier/snow melt water and groundwater (e.g., springs)
in the head waters and upper reaches of the basin, and mainly by pre-
cipitation, as well as some melt water and groundwater, in the middle
and lower reaches (Liu, 1999). YTR has a large number of tributaries,
most ofwhich originated from glaciers, including the Dogxung Tsangbo,
Nyang Qu, Lhasa River, Niyang River, and Parlung Tsangbo, both having
a catchment area larger than 1 × 104 km2 (Liu, 1999) (Fig. 1). Due to the
influx of the tributaries, the main channel discharge of YTR is several
folds greater downstream than that of upstream. According to Liu
et al. (2007), the mean annual discharge of main channel from 1956
to 2000 in the Lhatse hydrological station (adjacent to Lhatse county)
Fig. 2. Monthly air temperature and precipitation of Lhasa, and river discharge in
hydrological station of Nuxia, Yangcun, Lhasa, and Lhatse in YTR basin. The location of
the hydrological stations is present in Fig. S1. Data of air temperature and precipitation
in Lhasa are from F. Li et al. (2014). Data of discharge in hydrological stations are from
Gao et al. (2007).
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was ~56.2 × 108 m3, which was significantly increased to
~605.7 × 108m3 in the Nuxia hydrological station (adjacent to Nyingchi
city). The annual discharge ofmain channel ismainly concentrated from
June to October, reaching the maximum in August (Fig. 2(b)).

Geologically, YTR basin is developed along the collisional suture
zone of the Indian and Eurasian tectonic plates (Aitchison et al., 2002).
This narrow basin extends from west to east and turns northeast to
southwest near Namche Barwa in the eastern syntaxis of theHimalayas.
The southern part of the basin is located in the Himalayan Mountains,
while the north part is located in the Gangdise Mountains and
Nyenchen Tanglha Mountains. Generally, the terranes of the southern
TP are dominated by Palaeozoic-Mesozoic carbonate and clastic sedi-
mentary rocks, such as conglomerate and sandstone (Hren et al.,
2007). In parts of the northeastern and northwestern areas, it is domi-
nated by Cretaceous-Tertiary granitic plutons, consisting of gabbroic to
granodioritic rock, and Tertiary volcanics, respectively. The eastern Hi-
malayan syntaxis is a highly metamorphic zone that mainly consists of
migmatitic gneisses and metamorphism granulite facies. Additionally,
rock outcrops of ophiolites and ophiolitic melanges are commonly
found along the entire course of YTR (Huang et al., 2011).

3. Materials and methods

3.1. Sampling and field measurement

A total of 123 river water and SPM samples were collected in YTR
system (Fig. 1). Spatial variations of river water and SPM samples
were collected from YTR basin in June 2017, including, 11 samples
from the main channel and 16 samples from the tributaries, respec-
tively. The tributaries with relatively large catchment area were mainly
selected for sampling. Themain channel sampling sites weremainly set
before or after the inflow of the large tributaries, and were roughly
evenly distributed throughout YTR basin. Seasonal variations of river
water samples were collected monthly from October 2017 to Septem-
ber 2018, with the exception of November 2017, and 77 river water
samples were obtained from seven fixed sampling sites (site A to site
G) distributed in the upper reaches to lower reaches in main channel.
The main channel was usually dispersed into multiple channels in the
upper reaches. Thus, sampling was usually carried out on the riverside
where these channels were merged into one to ensure the representa-
tiveness of the collected samples. Moreover, themain channel sampling
sites are at least 1 km downstream from the inflow of the tributaries to
ensure that thewater from tributaries andmain channel are fullymixed
and homogeneous. The SPMwas filtered from the water samples. Some
SPM from the tributaries were not sampled because the riverwaterwas
clear and had little SPM. In addition, a hot spring sample was collected
from the Yangbajain geothermal field, central TP. The temperature (T),
pH, dissolved oxygen (DO) and electrical conductivity (EC) of each
water sample were measured in situ using a portable multi-parameter
meter after calibration. The pH electrode was calibrated using buffers
with pH 4.01, 7.00, and 10.01. Alkalinity was measured using the Gran
titration method within 24 h. Each water sample was filtered through
a 0.45 μm cellulose membrane immediately in the field. Then, for the
analysis ofmajor cations and trace elements,water sampleswere stored
in acid washed 120 mL high-density polyethylene bottles and acidified
with double-distilled HNO3 to pH < 2. For anions, water samples were
stored in pre-cleaned 15 mL centrifuge tubes without acidification.
SPM was collected on the filter membranes and rinsed into pre-
cleaned 50 mL centrifuge tubes using ultra-pure water. All of the sam-
ples were stored at 4 °C until laboratory analysis.

3.2. Laboratory analysis

Major cations and anions concentrations in water samples were an-
alyzed by inductively coupled plasma optical emission spectrometry
(ICP-OES) and ion chromatography, respectively. After drying, each
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SPM sample was homogenized and then ground in an agate mill and
passed through a 200mesh nylon sieve. After acid digestion, major ele-
ments (e.g., Al, and Fe) and trace elements (e.g., As) in SPMwere deter-
mined by ICP-OES and ICPmass spectrometry, respectively. At the same
time, laboratory standard solutions and blanks were determined to en-
sure the data quality. The precision formost major ions (cations and an-
ions) and trace elements is better than ±5% (2σ) and ±10% (2σ),
respectively. All analyses were conducted at the State Key Laboratory
of Environmental Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences.

4. Results

4.1. Dissolved As in hot springs

The pHof the geothermalwater sampleswas neutral toweakly alka-
line (mean 8.1; 7.30–8.85) (Table 1). Although Eh value of the samples
was not measured this time, it varies from −300 to 0 mv in most geo-
thermal water of TP (Liu, 2018; Liu et al., 2019). Total dissolved concen-
tration of As ([As]dissolved) in the Yangbajain hot spring sample was
3.72 mg/L, which fell within the range of the reported [As]dissolved in
hot springs of the Yangbajain geothermal field (mean 3.22 mg/L;
2.70–3.84 mg/L; n = 19) (Guo, 2012; Li et al., 2013; Liu, 2018). The
hot spring was also enriched with part of major elements (Na:
378 mg/L, Cl: 432 mg/L) and trace elements (Li: 9.50 mg/L, B:
49.4 mg/L, Cs: 4.02 mg/L). These values were consistent with the pub-
lished data from other geothermal fields in TP (Fig. S1), including the
Dagejia, Semi and Yangyi (Table 1) (e.g., Guo, 2012; Yuan et al., 2014;
Y. Zhang et al., 2015; Liu, 2018). According to Guo et al. (2019), these
high As (>1.5 mg/L) geothermal waters are chloride-type, with the ex-
ception of the Yangyi.

4.2. Spatial variations of dissolved As in river waters

Chemical compositions of river water samples are presented in
Table 1. The study area was divided into Zone I and Zone II based on
the variation of chemical composition in river water samples. The con-
centrations of As, B, Cs, and Li and the ratios of As/Cl, B/Cl, and Cs/Cl in
river water had distinct inflection points between the samples Y5-M
and Y6-M along the main channel (Fig. 4). The [As]dissolved in river wa-
ters varied from 0.11 to 81.6 μg/L. Notably, [As]dissolved in 13 (48.1%) of
the 27 river water samples from the upper reaches of YTR basin (Zone
I) exceeded the guideline of 10 μg/L in drinking water recommended
by WHO (Fig. 3(a)). In contrast, [As]dissolved in river waters from the
lower reaches of the river basin (Zone II) was less than 10 μg/L. Addi-
tionally, [As]dissolved in tributaries of Zone I was relatively high (mean
41.2 μg/L; 4.7–81.6 μg/L), while the content of most samples from
Zone II was less than 1 μg/L. The [B]dissolved, [Cs]dissolved, and [Li]dissolved
in most of river water samples were significantly higher than the
mean values of the world's rivers (Table 1) (Gaillardet et al., 2003). In-
terestingly, the distribution of [B]dissolved, [Cs]dissolved, [Li]dissolved, [Na]dis-
solved, and [Cl]dissolved in river waters were similar to that of [As]dissolved
(Fig. S2). That is, these elements are enriched in Zone I, while the con-
centrations in Zone II are relatively low.

Variations in [As]dissolved, [B]dissolved, [Cs]dissolved, [Li]dissolved, [Na]dis-
solved, and EC, as well as the molar ratios of these elements to Cl along
the flow direction are presented in Fig. 4. In main channel, [As]dissolved,
[B]dissolved, [Cs]dissolved, [Li]dissolved, [Na]dissolved, and EC gradually de-
creased along the river flow direction. The [As]dissolved, [B]dissolved and
[Cs]dissolved in river water samples had similar trends along the main
channel, which had significantly decreased from 0 to 900 km (Zone
I) and then decreased slowly afterward (from sample Y5-M). Similarly,
molar ratios of As/Cl, Cs/Cl, and B/Cl in river water samples sharply de-
creased from 0 to 900 km and keeping relatively stable between 900
and 1600 km. In contrast, Na/Cl ratio kept relatively stable along
throughout the river flow (2.32–2.86) (Table 1). As to the tributaries,
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[As]dissolved, [B]dissolved, [Cs]dissolved, [Li]dissolved, [Na]dissolved, and EC in
river waters showed a trend of decrease from the upper reaches (Zone
I) to the lower reaches (Zone II) of studied catchment. In general, the
relatively low concentrations of these elements were observed in tribu-
taries of Zone II. Similarly, the ratios of As/Cl, B/Cl, and Cs/Cl showed a
decreasing tendency from the upper to the lower reaches. In contrast,
the Na/Cl ratio kept relatively stable (1.86–4.55) in tributaries of Zone
I, but was significantly increased in tributaries of Zone II (5.80–34.45)
(Table 1).

4.3. Seasonal variations of dissolved As in river waters

Seasonal variations of [As]dissolved, As/Cl, Na/Cl, and EC values in river
waters from the seven fixed sampling sites are present in Fig. 5. The
higher (6.1–22.4 μg/L) and lower (1.4–3.7 μg/L) values of [As]dissolved
in river waters were observed in September to June and July to August
during the sampling time period, respectively, with the exception of
the site G. Most of As/Cl value decreased gradually fromOctober to Feb-
ruary and showed an increasing tendency afterwards. The Na/Cl value
kept relatively constant fromOctober to June and increased significantly
in July and August, and then decreased sharply afterwards. Most of EC
value kept relatively stable during the sampling period, but declined sig-
nificantly in July and August. However, in July and August, the [As]dis-
solved kept relatively constant while the As/Cl value showed an
increasing trend in river waters from site A to site G.

4.4. Relationship between Cl and As, B, Cs, Li, Na in hot springs and river
waters

[As]dissolved, [B]dissolved, [Cs]dissolved, [Li]dissolved and [Na]dissolved were
positively correlated with [Cl]dissolved in hot springs and river waters
(Fig. 6). The X vs. Cl (X refers to As, B, Cs, or Li) data points tend to be
lower than the theoretical dilution line of hot springs, especially for As
and Cs, while all of the data points of a graph of Na vs. Cl were within
the range of the theoretical dilution line of hot springs, with the excep-
tion of the tributaries of Zone II. It wasworth noting that themain chan-
nel data points of As vs. Cl, B vs. Cl, and Cs vs. Cl showed two different
trends (trend 1 and trend 2) in Zone I and Zone II. The trend 1 was at
an angle to the dilution and was biased in the counterclockwise direc-
tion of the dilution line. However, the trend 2 was almost parallel to
the dilution line.

4.5. Content of As in SPM

SPM concentrations in river water samples varied between 0.76 and
409 mg/L. In main channel, SPM concentrations ranged from 2.3 to
11.5 mg/L (mean 5.7 mg/L), except that the sample of Y29-M
(408.8 mg/L). Contents of Al, Fe, and Mn in SPM ranged from 8.31% to
11.44%, 2.79% to 12.38%, and 0.04% to 0.76%, respectively. Arsenic con-
tents in SPM samples were extremely high (mean 117 mg/kg;
36.6–615 mg/kg). These values were much higher than those of uncon-
solidated sediments (3–10mg/kg, Smedley and Kinniburgh, 2013), and
the upper continental crust (mean 5.7mg/kg, Hu and Gao, 2008). More-
over, there was a strong positive correlation (R2 = 0.97, p < 0.01) be-
tween As and Mn contents in SPM samples (Fig. S3).

5. Discussion

5.1. Enrichment of As in YTR

High levels of [As]dissolved are observed in river waters of the Yarlung
Tsangpo basin, with the exception of the tributaries in Zone II (Fig. 3).
This observation is consistent with the results from previous studies in
the basin (e.g., Li et al., 2013; Y. Zhang et al., 2015; Guo et al., 2015). Gen-
erally, As is enriched in hot springs and has been observed in geother-
mal systems of TP (e.g., Yuan et al., 2014; Y.F. Zhang et al., 2015; Liu



Table 1
Physical parameters and chemical components in river waters and hot springs from YTR.

Sample ID Longitude Latitude Elevation
m

T
°C

DO
mg/L

EC
μS/cm

pH Ca2+

mg/L
K+

mg/L
Mg2+

mg/L
Na+

mg/L
Cl−

mg/L
HCO3

−

mg/L
SO4

2−

mg/L
Li
μg/L

B
μg/L

As
μg/L

Cs
μg/L

Na/Cl
mol/mol

Li/Cl
mol/mol×1000

B/Cl
mol/mol

As/Cl
mol/mol×1000

Cs/Cl
mol/mol×1000

Upper
reaches
(Zone I)
Y11-M 29°19′17″ 85°10′07″ 4457 11.8 6.0 363.0 8.25 42.0 1.7 6.9 19.2 10.4 130.5 57.7 143.8 3497 46.6 67.5 2.86 70.4 1.09 2.13 1.74
Y15-M 29°10′51″ 87°40′29″ 3951 15.8 6.4 352.0 8.56 44.7 1.9 8.6 13.9 9.3 145.2 42.8 128.1 2052 17.6 65.8 2.32 70.1 0.71 0.90 1.90
Y17-M 29°21′56″ 88°07′27″ 3874 16.0 6.3 324.0 8.62 39.3 1.8 7.4 14.8 9.1 123.2 39.4 112.6 1766 20.6 48.4 2.51 62.8 0.63 1.07 1.42
Y19-M 29°20′13″ 89°11′20″ 3812 15.2 6.0 303.0 8.61 36.6 1.7 6.9 13.9 7.7 120.2 35.2 102.4 1464 15.9 35.2 2.78 67.5 0.61 0.98 1.22
Y21-M 29°19′15″ 89°55′57″ 3702 17.5 6.4 307.0 8.65 36.2 1.7 7.2 14.8 9.6 109.2 38.3 122.6 1501 14.9 35.9 2.37 64.6 0.50 0.73 1.00
Y22-M 29°19′35″ 90°40′20″ 3594 19.4 6.7 300.0 8.64 35.6 1.7 7.1 14.4 8.8 119.0 37.3 106.5 1433 13.8 31.8 2.54 61.6 0.53 0.75 0.97
Y6-M 29°16′23″ 91°32′13″ 3555 17.4 6.6 281.0 8.50 33.9 1.6 6.8 11.3 7.0 109.2 38.4 85.7 812 7.6 8.7 2.48 62.0 0.37 0.51 0.33
Y10-T 29°19′46″ 85°09′14″ 4477 11.9 5.8 377.0 8.28 43.0 1.7 6.8 21.6 11.1 131.2 65.2 173.8 4009 56.0 83.5 3.01 79.6 1.17 2.39 2.01
Y12-T 29°30′26″ 86°27′46″ 4626 13.3 6.5 322.0 8.63 36.3 1.7 5.6 19.6 7.2 107.4 60.2 130.3 3070 76.6 31.2 4.21 91.9 1.38 5.04 1.16
Y16-T 29°23′51″ 87°57′16″ 3950 17.3 6.9 264.0 8.67 28.0 1.8 4.8 17.5 9.2 95.8 35.0 90.6 1223 31.9 23.3 2.94 49.8 0.43 1.64 0.67
Y18-T 29°27′09″ 89°05′48″ 3865 10.8 5.8 259.0 8.27 26.9 1.7 5.1 16.4 5.6 101.3 31.5 76.8 827 11.8 17.5 4.49 69.2 0.47 0.99 0.83
Y20-T 29°21′50″ 89°38′04″ 3756 12.5 6.8 293.0 8.48 34.3 1.5 5.2 14.1 4.8 79.9 67.6 63.3 1486 32.0 6.4 4.55 67.0 1.00 3.17 0.36
Y8-T 30°03′09″ 90°35′31″ 4140 13.0 6.5 158.8 8.52 12.1 2.5 0.9 16.5 13.5 51.9 8.7 309.2 1636 81.6 91.3 1.89 116.3 0.39 2.86 1.81
Y9-T 29°42′27″ 90°52′25″ 3829 17.9 6.2 197.9 8.33 17.6 2.7 1.5 17.8 14.7 65.3 14.6 313.2 1764 68.4 82.1 1.86 107.7 0.39 2.20 1.49
Y7-T 29°28′47″ 90°56′08″ 3615 16.2 6.8 249.0 8.47 30.6 1.4 6.3 8.6 5.6 51.9 32.7 75.0 375.2 7.3 11.5 2.38 68.4 0.22 0.62 0.55
Y23-T 29°48′20″ 91°34′45″ 3756 13.7 6.8 207.0 8.48 26.4 1.1 5.5 5.7 3.5 31.1 32.4 44.4 219 4.7 8.4 2.53 64.6 0.20 0.64 0.64

Lower
reaches
(Zone
II)
Y5-M 29°04′00″ 92°55′44″ 3059 19.7 6.8 274.0 8.77 32.9 1.7 6.8 12.4 7.6 104.3 38.1 94.6 1018 9.5 8.5 2.51 63.0 0.43 0.59 0.30
Y3-M 29°06′25″ 93°27′06″ 2985 16.9 7.1 270.0 8.55 32.1 1.5 6.5 10.8 6.8 98.8 39.3 77.5 881 7.3 7.9 2.43 57.6 0.42 0.51 0.31
Y1-M 29°16′39″ 94°18′46″ 2915 14.8 7.6 164.7 8.34 19.8 0.9 3.8 5.6 3.4 60.4 23.9 40.5 455 3.9 3.8 2.56 60.4 0.43 0.54 0.30
Y29-M 29°26′26″ 95°24′30″ 709 16.8 10.0 123.4 8.17 17.2 1.0 2.9 1.9 1.1 51.2 17.6 10.6 80.7 1.3 0.57 2.61 46.9 0.23 0.53 0.13
Y4-T 28°59′56″ 93°19′16″ 3003 11.8 7.5 230.0 7.81 26.9 0.3 8.8 1.9 0.17 32.9 81.9 8.6 14.3 0.11 0.36 16.92 257.9 0.27 0.31 0.57
Y2-T 29°07′18″ 93°52′05″ 2943 8.7 62.0 7.80 8.7 0.3 1.4 0.78 0.18 22.0 10.0 0.88 2.1 0.56 0.01 6.58 24.4 0.04 1.46 0.01
Y24-T 29°30′56″ 94°25′48″ 2913 12.7 7.4 82.0 7.80 11.5 0.6 2.1 1.7 0.45 31.1 12.3 2.7 33.2 0.64 0.75 5.80 30.6 0.24 0.67 0.44
Y25-T 29°59′37″ 94°52′50″ 2362 14.1 7.2 95.3 8.07 14.5 1.5 1.3 1.0 0.05 40.9 10.8 0.53 3.3 0.20 0.02 34.35 58.9 0.23 2.05 0.14
Y26-T 30°05′50″ 95°03′58″ 2018 11.2 8.9 125.5 8.22 7.8 0.4 1.6 0.84 0.10 22.6 8.6 1.7 4.1 0.51 0.08 12.86 87.5 0.13 2.39 0.22
Y27-T 29°54′26″ 95°28′44″ 2603 10.9 8.4 122.2 8.46 17.9 1.0 3.6 1.0 0.13 56.7 13.6 2.0 14.0 1.3 0.09 12.35 77.7 0.35 4.93 0.18
Y28-T 29°42′37″ 95°35′09″ 2746 8.2 8.4 63.2 8.54 10.9 0.5 1.1 0.53 0.05 30.5 7.0 0.48 1.6 0.48 0.03 18.04 54.0 0.11 5.00 0.20

World's
rivers

Mean

1.84 10.2 0.62 0.011

Hot spring Longitude Latitude Elevation
m

EC
μS/cm

pH Ca2+

mg/L
K+

mg/L
Mg2+

mg/L
Na+

mg/L
Cl−

mg/L
Li
mg/L

B
mg/L

As
mg/L

Cs
mg/L

Na/Cl
mol/mol

Li/Cl
mol/mol

B/Cl
mol/mol

As/Cl
mol/mol

Cs/Cl
mol/mol

Yangbajaina 30°04′48″ 90°28′56″ 4289 2100 8.85 378 432 9.50 49.4 3.72 4.02 1.35 0.11 0.37 0.004 0.002
Dagejiab 1867 8.36 21.3 51.0 0.67 432 152 5.25 99.5 8.92 5.97 4.39 0.18 2.11 0.028 0.010
Semib 3440 7.34 165.1 107.0 9.1 599 501 18.0 343.4 9.76 31.7 1.85 0.18 2.21 0.009 0.017
Xietongmenb 7.30 109.7 55.3 7.7 550 816 17.7 275.4 12.1 1.04 0.11 1.09 0.004
Yangyib 1074 8.09 41.3 23.4 8.4 279 97 5.69 21.3 1.13 0.55 4.44 0.30 0.71 0.006 0.002
Yangbajainb 2299 8.76 24.7 59.2 0.78 376 491 8.44 50.7 3.22 4.98 1.18 0.09 0.33 0.003 0.003

a Analyzed in this study.
b Mean values of published data from Dagejia (n= 15), Semi (n= 7), Xietongmen (n= 1), Yangyi (n= 4), Yangbajain (n= 18) geothermal fields (Li, 2002; Guo et al., 2008; Guo, 2012; Li et al., 2013; Liu, 2018). Theworld's rivers mean value of

trace elements from Gaillardet et al. (2003).
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et al., 2019). Coupled with the abundance of geothermal systems in TP
(Kearey and Wei, 1993; Guo, 2012), hot springs could be an important
source of As in rivers of TP (e.g., C. Li et al., 2014). Chlorine is a relatively
conservative element that is also enriched in hot springs of the study
area. Thus, the main evidence for this view is the good positive correla-
tion between As and Cl in all river samples (R2 = 0.57, p < 0.01)
(Fig. S4), and the data points of river water distributed near the theoret-
ical (or conservative) dilution lines of the hot springs (Fig. 6(a)). The [B]
dissolved, [Cs]dissolved, and [Li]dissolved in most of river water samples are
significantly higher than the mean values of the world's rivers
(Table 1) (Gaillardet et al., 2003). Also, since the B, Cs, and Li are
enriched in hot springs in TP, there is a similar relationship between
[Cl]dissolved and [B]dissolved, [Cs]dissolved, and [Li]dissolved (Fig. 6). These re-
sults further confirm that hot springs are the source of the elevated As
levels in YTR. This finding is consistentwith the results of previous stud-
ies in the Madison River that the river water is enriched in As, B, and Li
due to input of hot springs from Yellowstone National Park, which is
mostly located in the state of Wyoming and parts of the states of Mon-
tana and Idaho, USA (Nimick et al., 1998; Ball et al., 2010). Similar re-
sults have also been reported in Rio Loa River (Chile) and Sarouq River
(Iran), which is located near geothermal fields (Romero et al., 2003;
Sharifi et al., 2016).

Certainly, there are other reasons that may also lead to the enrich-
ment of As in river water. Salt lakes and evaporite may be important
sources of As in the study area (Li et al., 2013). However, because the
major chemical compositions of salt lakes are similar to those of hot
springs in this area (Yu et al., 2013), it is difficult to distinguish and
quantify their contributions to the elevated As concentrations in river
water in this study. On the other hand, previous studies have reported
that geothermal water is the primary source of some trace elements
(e.g., As, B, Cs, and Li) in salt lakes of TP (e.g., Zheng and Liu, 2009).

5.2. Spatial variations of dissolved As in river waters

Although the input of hot springs led to the enrichment of As in the
upper reaches, [As]dissolved in river waters is reduced downstream by
several ten-fold. As shown in Fig. 4, [As]dissolved ([B]dissolved, [Cs]dissolved,
and [Li]dissolved) in main channel of YTR gradually decreased further
downstream. Similar results were observed in other rivers contami-
nated by hot springs. Dilution and adsorption processes are considered
to be themain mechanisms underlying the natural attenuation of these
elements in rivers (Nimick et al., 1998; Guo et al., 2015). Moreover, As,
B, and Li are thought to be transported conservatively in the Madison
River, as confirmed by the concentrations of these elements fall along
the theoretical dilution lines of hot springs. In contrast, some concentra-
tion for these elements do not fall within the theoretical dilution line
ranges of hot springs in the present study, especially for As and Cs
(Fig. 6). In addition, there are two distinctly different trends of the
data points from the high concentration to low concentration. The
trend 1 may reflect removal of partial dissolved As from river water,
while the trend 2 reflects the dilution process due to its almost parallel
to the theoretical dilution line (Nimick et al., 1998). Thus, we concluded
that the decrease in [As]dissolved in main channel of YTR is primarily due
to dilution, while in tributaries in Zone I, this decrease is due to both the
dilution and adsorption processes, as discussed below.

5.2.1. Effect of dilution in main channel of YTR
Dilution is the main mechanism underlying the natural attenuation

of As inmain channel, as supported by the significant decrease in [As]dis-
solved in the incoming tributaries from the upper to lower reaches of YTR
basin (Fig. 4(a)). In addition, the decrease in EC value along the main
channel indicates that river water is diluted by melt waters
(e.g., glaciers) (Fig. 4(k)), which have low levels of As (Li et al., 2013).
On the other hand, as there is little precipitation in the upper reaches
of the catchment, the river water quality will reflect the underlying
groundwater (e.g., hot springs). However, as precipitation increased in
6

the lower reaches, the effect of dilution becomes significant in this
area. Certainly, this mechanism cannot rule out the effects of adsorption
process in the natural attenuation of As, and needs further discussion.

Generally, element Cl is considered to be conserved in hydrologic
cycle (e.g., Roy et al., 1999). Accordingly, variation in the ratio of an ele-
ment to Cl can be used to determine if the element has been lost from
the river (decreased ratio), is stable (relatively constant ratio), or has
been added (increased ratio). For example, [Na]dissolved tend to decrease
with increasing flow distance in main channel, although the Na/Cl ratio
keeps mostly constant (Fig. 4). Therefore, dilution is the main cause of
the decrease in [Na]dissolved in main channel. In contrast, [As]dissolved
and As/Cl ratio in main channel decrease with increasing flow distance.
Similar variations of [B]dissolved, [Cs]dissolved, and [Li]dissolved, and B/Cl, Cs/
Cl, and Li/Cl ratios are observed in main channel. Superficially, this ob-
servation can be attributed to the loss of As, B, Cs, and Li inmain channel
river waters via the adsorption process (or other processes). However,
compared with the relatively constant Na/Cl ratio in tributaries (Zone
I), the As/Cl ratio greatly varied and tend to decrease from upper to
lower reaches of the basin, which is similar to the variations of [As]dis-
solved in tributaries (Fig. 4). Thus, the influx into the tributaries with rel-
atively low As/Cl ratios will necessarily decrease the As/Cl ratio in main
channel. Although some tributaries in Zone II have relatively high As/Cl
and Na/Cl ratios, these tributaries do not significantly affect the As/Cl
and Na/Cl ratios of main channel in this region because of very low
[As]dissolved and flux as compared with the main channel. So these trib-
utaries contribute very little to the total content of As (and Cl) in main
channel, as confirmed by the relatively constant As/Cl ratio in main
channel of Zone II (Fig. 4(b)). Accordingly, the decrease in As/Cl ratios
along the main channel is partly caused by the influx of with relatively
lower As/Cl ratios in tributaries.

The limited contribution of adsorption to natural attenuation of As in
main channel is also supported by the low concentration of SPM in river
water. The low SPM concentration in main channel is mainly due to the
gradual decrease in elevation and relatively slow water flow, with the
exception of sample Y29-M (Fig. 4(m)). In contrast, the SPM concentra-
tion is relatively high in sample Y29-M (408.8 mg/L) because of the ac-
celerated flow of rushing water that is mainly caused by the sharp drop
in elevation (fromabout 3000 to 709m). The strong adsorption capacity
for As of SPM is due to high contents of Fe, Al, andMn oxides or hydrox-
ides (or clayminerals) (Table S1). However, based on As concentrations
in the filtered water and SPM, the calculated results (except for sample
Y29-M) suggest that the content of As in the SPM is generally less than
5% of total content As in river water (sum of suspended and dissolved
loads), suggesting that the SPM removes very little As from river
water. On the other hand, there may be insufficient available sorption
sites (saturated) in SPM, which has been exposed to high As concentra-
tions in tributaries (upper reaches) (Nimick et al., 1998), suggesting
that As is largely conserved inmain channel. In otherwords, the dilution
process plays a major role in reducing the [As]dissolved in main channel
of YTR.

5.2.2. Effect of dilution and adsorption in tributaries of Zone I
As mentioned in Section 5.2.1, dilution is the main mechanism of

natural attenuation of As in main channel. Similarly, the flow of water
fromhot springs into the tributaries is also significantly affected by dilu-
tion, resulting in decreased [As]dissolved in tributaries by several fold that
of hot springs. Assuming that dilution is the only mechanism of the nat-
ural attenuation of As in the studied catchment, then all of the concen-
tration data points (As vs. Cl) of tributaries and main channel should be
within the range of the theoretical dilution line of hot springs (Fig. 6).
However, in fact, most of these data points tend to deviate downward
from the theoretical dilution line, indicating that some of [As]dissolved is
lost from river water. Therefore, there must be other factors affecting
the geochemical behavior of As in these tributaries.

Significantly decrease in [As]dissolved andAs/Na ratio in riverwaters is
observed in the Dogxung Tsangbo, indicating that part of dissolved As is



Fig. 3. Distribution of [As]dissolved, [As]SPM, SPM concentration, and As/Cl and Na/Cl ratios in YTR system.
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removed from water (Fig. 7). Since the relatively few tributaries in the
Dogxung Tsangbo, the variation in [As]dissolved and As/Na ratio in river
water mainly reflect the geochemical process of the river itself. Thus, it
can be speculated that adsorption and/or co-precipitation of As with
metal oxides (or hydroxides) and/or other minerals (e.g., clays) may
be themain reasons for the rapid removalofAs fromthe tributaries.Usu-
ally, hot springs in TP have a strong reducing environmentwith reduced
iron,manganese (e.g., Fe2+andMn2+) and arsenite, as confirmedby the
negatively Eh values and the relatively high concentrations of sulfide
(Liu et al., 2018; Guo et al., 2019). After a hot spring is exposed to and
mixed with streamwater, the Fe2+ and Mn2+ will be immediately oxi-
dized along with formation of oxides or hydroxides due to high levels
7

of DO andweakly alkaline environments (Table 1). In addition, the arse-
nite is rapidly oxidized to arsenate, which is the dominant As species in
the oxidizing environment and tends to be adsorbed by Fe and Mn ox-
ides (or hydroxides) (Langner et al., 2001; Campbell and Nordstrom,
2014). Recent studies reported that the As is strongly adsorbed to pri-
marily secondary Fe minerals (e.g., ferrihydrite, goethite, and hematite)
and Mn oxides in river sediments (contaminated by hot springs) of TP
(Zhang et al., 2017; Zhao et al., 2020). On the other hand, travertines,
such as calcite and dolomite, formed near the outlet of hot spring can
also remove some As by co-precipitation. Although the compositions
of these samples are not analyzed in this study, previous studies in TP
have confirmed that the travertine formed near hot springs is very



Fig. 4. Variations of chemical components and elevation along the river flow distance of YTR. The “+” and the circles represent tributary and main channel, respectively. The blue and
orange circles represent the values (or mean values) of main channel samples collected in June 2017 and 2018, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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enriched in As (Feng et al., 2014). River sediments and SPM are good
candidates for the adsorption of As. Previous studies in this area have
also shown that sediments in tributaries polluted by hot springs are
8

enriched in As, indicating that some of dissolved As in river water is re-
moved by sediments (Guo et al., 2015). Likewise, in the present study,
the SPM samples are enriched with As. However, similar to the main



Fig. 5. Seasonal and spatial variations of chemical components ([As]dissolved, As/Cl, and Na/Cl) and EC values in the seven fixed sampling sites (site A to site G) from themain channel of
YTR system. The locations of these fixed sampling sites are present in Fig. 1. The EC value of the sample in September 2018 was not measured.
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channel, low concentration of SPM inmost of the tributaries contributes
little to the loss of As in the tributary water.

Another interesting observation is that themain channel data points
of As vs. Cl (B vs. Cl and Cs vs. Cl) show twodifferent trends in Zone I and
Zone II (Fig. 6).Moreover, similar trends are observed in tributaries. This
result may reflect that the different sources of As characterized by vari-
ations of [As]dissolved and As/Cl ratio from the tributaries. In Zone I, dis-
solved As in main channel directly sources from the influx of
tributaries with high As concentration. Therefore, the trend 1mainly re-
flects the variation in As/Cl ratio in tributaries. In Zone II, the trend 2 re-
flects the dilution process due to its almost parallel to the theoretical
dilution line, which is consistent with the above conclusion (see
Section 5.2.1). In addition, the river water chemical composition of
Y6-M is the result of the elements undergoing all geochemical processes
in Zone I, such as adsorption and/or co-precipitation, dilution, and
mixing. In contrast, the [As]dissolved (andAs/Cl ratio) in Y6-M is the initial
value (or endmember value) of themain channel going downstream in
9

Zone II. Thus, due to the process of dilution, the As vs. Cl (B vs. Cl and Cs
vs. Cl) data points of themain channel in Zone II fall on the new dilution
line which is based on these data in Y6-M as the end member and par-
allel to the theoretical dilution line of hot springs. On the other hand, the
[As]dissolved, [B]dissolved, and [Li]dissolved (As/Cl, B/Cl, and Li/Cl) in main
channel slightly increased from sample Y6-M and Y5-M, suggesting
that more these elements added to the main channel may from the
un-sampled tributaries (or hot springs). Therefore, the variation charac-
teristics of the element concentration and ratio in main channel may
partially inherit that variation in tributary and hot spring (discussed in
Section 5.4).

5.3. Seasonal variations of dissolved As in main channel river waters

The [As]dissolved in main channel river waters varies greatly with the
seasons (1.4–22.4 μg/L), and is characterized by the lowest values
(1.4–3.7 μg/L) in July and August (wet season), with the exception of



Fig. 6. The relationship between Na and Cl, X (X refers to As, B, Cs, Li) and Cl concentrations in river water and hot spring from YTR basin. The “-M”means the main channel and the “-T”
means the tributary. The theoretical dilution lines are based on the assumption that the element concentrations of hot spring input river are only affected by dilution process.
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the site G (Fig. 5(a)). The processes of dilution and adsorption (or co-
precipitation) may decrease the As concentration in river water
(Nimick et al., 1998; Guo et al., 2015). In the present study, the dilution
is considered the main cause of the lowest [As]dissolved in river water in
the two months. Main evidence is that the main channel discharge sig-
nificantly increases in the wet season mainly due to increase of atmo-
spheric precipitation and flux of melt waters from high mountains in
this period (Fig. 2). Thus, these waters with low As concentrations re-
charge and dilute the river waters. The effect of dilution is also sup-
ported by the decrease in EC values in river waters in the two months
(Fig. 5(g)). It is worth noting that the lowest [As]dissolved in river water
collected in the site G is observed in May, because the site G is located
the lower reacheswith low altitude and entered thewet-season slightly
earlier than the upper reaches. Removal of dissolved As through adsorp-
tion and/or co-precipitation process will reduce the As/Cl ratios in river
water. However, most of river water As/Cl ratios increase in the two
months. Therefore, the effect of adsorption and/or co-precipitation of
dissolved As on the decrease in [As]dissolved in river waters is not signif-
icant in the wet season.

Weathering of As-containing rocks and minerals may have an
important contribution to the [As]dissolved in YTR waters in the wet-
10
season.Most of As/Cl ratios showed an increasing tendency from Febru-
ary to August, suggesting more As was added to the river water in this
period. Since the hot springs have relatively stable As/Cl ratios, there
should be other sources of As released into the river water. Arsenic is
relatively enriched in Fe-S minerals (e.g., FeS, FeS2 and FeAsS) and As-
S minerals (e.g., As4S4 and As2S3). Thus, it can be speculated that
weathering of sulfide minerals is an important source of As in river
water (Saunders et al., 2005). In the wet season, increased atmospheric
precipitation (containing O2 and H2O) will accelerate the oxidation of
sulfide minerals (Eqs. (1) to (3)). This speculation is consistent with
previous study results in the upper reaches of Yellow River that the ox-
idation of sulfide minerals increases in the wet-season in TP (Zhang
et al., 2020). From our recent study, enhanced oxidation of sulfide min-
erals in the wet-season has been confirmed by sulfur isotopes in river
water of YTR basin (unpublished data). On the other hand, in July and
August, the increasing trend of As/Cl ratios from site A to site G also sup-
ports this speculation (Fig. 5(b)). Assuming that the hot spring is the
only source of As in river water in the two months, the [As]dissolved in
main channel will be decreased from site A to site G due to the dilution
process, such as the variations of [As]dissolved in river water from the rest
of months. However, the [As]dissolved is relatively stable in river water in



Fig. 7. Variations of [As]dissolved and As/Na ratio along the river flow distance of the
Dogxung Tsangbo.
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the two months. Therefore, significant [As]dissolved from other sources
(e.g., oxidation of sulfide minerals) may be added into river water in
the wet season, which offsets the effect of dilution process.

FeS2 þ O2 þH2O ! Fe OHð Þ3 þ SO4
2− þHþ ð1Þ

FeAsSþ O2 þH2O ! Fe OHð Þ3 þ SO4
2− þH3AsO3=HAsO4

2− þHþ ð2Þ

As2S3 þ O2 þH2O ! SO4
2− þH3AsO3=HAsO4

2− þHþ ð3Þ

5.4. Ratio of As/Cl decreases in tributaries distributed from upper to lower
reaches

It is worth noting that the As/Cl (B/Cl and Cs/Cl) ratio decreases in
tributaries distributed from the upper to lower reaches (east to west)
of YTR basin (Fig. 4). Similar results are observed in hot springs, tribu-
taries, and main channel water samples collected from the east to
west of the basin (Fig. 8). There are few reports of similar observations
in this area, while previous studies suggested that the variation in B/Cl
ratio (or [B]dissolved) in hot springs of TPmay reflect the different sources
of B, such asmagmatic sources and host rocks (Lü et al., 2014;W. Zhang
et al., 2015). The As/Cl ratio (or [As]dissolved) in hot springs may have
temporal or spatial variability. However, the dissolved As concentration
of the hot spring sample is very close to the values that reported from
previous studies at the same geothermal field (e.g., the Yangbajin)
(see details in Section 4.1), suggesting the effect of temporal variability
on As concentration of the hot spring is not significant. From Fig. 8(a),
the As/Cl ratio (or As/Na) in hot springs has significant spatial variability
and show a decrease trend fromwest to east of YTR basin. Accordingly,
since the As (B and Cs) in tributaries mainly sources from hot springs in
YTR basin, the trend of As/Cl ratio in tributaries can be explained in two
ways. First, the hot springs have different sources of As with varying As/
Cl ratio. Second, the As/Cl ratio in hot springs changed significantly dur-
ing the water-rock interactions accompanying the groundwater flow.

We hypothesize that groundwater flow path and residence time
could be significant factors resulting in the decrease in As/Cl (B/Cl and
11
Cs/Cl) ratio in hot springs distributed from the east to west of YTR
basin, which in turn partly causes these ratios decrease in tributaries
and main channel. Drawing the groundwater flow system is helpful to
analyze the link between riverwater and groundwater in this basin. Un-
fortunately, the limited groundwater data in this study cannot accu-
rately delineate the groundwater flow system in the basin. However,
according to previous studies, there could be three major groundwater
flow paths in YTR basin: groundwater flow from two margin areas to-
wards the middle of the basin; and that from west to east along the
Indus-Tsangpo suture (Fig. S5). The characteristics of hydrogen and ox-
ygen isotopes data of geothermal water, river, and lakes water sug-
gested that local atmospheric precipitation (including rainfall, snow,
and glacial melt water) is the main recharge source of geothermal
water in TP (Tan et al., 2014). Groundwater is recharged by precipita-
tion at high altitudes and vertically infiltrated and deeply circulated
(up to ~2 km in depth) along geological fault-fractures or fissures, and
is discharged eventually as springs in basins and valleys (Ge et al.,
2008; Cheng and Jin, 2013). Thus, groundwater flow in TP is usually
driven and sustained topographically (recharged at high elevations
and discharged at low areas) (Ge et al., 2008). Overall, the topography
of YTR basin is characterized by high elevations to the west and low el-
evations to the east. The southern and northern boundaries of the basin
are the Himalayas and Gangdese Mountains, respectively (see
Section 2). The middle of the basin has the lowest elevations and YTR
flows eastward on the plain along the Indus-Tsangpo suture.

Groundwater with different flowpaths and residence times in TP in-
fluence not only hydrological cycle but also chemical compositions of
groundwater and surface water (Tipper et al., 2006; Andermann et al.,
2012; Z. Yu et al., 2019). Generally, groundwater residence time (or
water-rock interaction time) increases with an increase in the ground-
water flow path (Edmunds and Smedley, 2000). Thus, the active ele-
ments (e.g., B, Cs, and Mg) will be partly removed by newly-formed
secondary minerals (e.g., clays, metal oxy-hydroxides, and carbonate)
from groundwater though adsorption and/or co-precipitation along
the groundwater flow path (Edmunds et al., 2003; Zhang et al., 2018).
As a result, the ratio of the active element (As, B, and Cs) to inert (or
non-conservative) elementNa or Cl in groundwater gradually decreases
with an increase in groundwater flow path, and further significant de-
creases in these ratios in tributary and main channel in lower reaches
of the basin (Fig. S5).

6. Conclusion

Enrichment of dissolved As (B, Cs, and Li) is observed in river waters
in upper reaches (Zone I) of the Yarlung Tsangpo River (YTR) as well as
extremely high As concentration (mg/L) in hot springs, while low levels
of As are largely found in tributaries of lower reaches (Zone II). In addi-
tion, the [As]dissolved varies greatly with seasons in main channel during
the sampling time period, and the low [As]dissolved is largely observed in
July and August 2018 (wet-season). Hot springs could be the main
source for the elevated As (B, Cs and Li) in YTR. Although the river
water in the upper reaches are enriched with As, [As]dissolved in main
channel is reduced by several ten-fold in the low reaches. Natural atten-
uation of As in main channel is dominated by dilution process, but
mostly occurred by both dilution and adsorption (or co-precipitation)
processes in tributaries. Results from seasonal variations of [As]dissolved
in main channel suggest that weathering of As-containing rocks and
minerals may have an important contribution to the [As]dissolved in
YTRwaters in thewet-season. The geochemical behavior of As is largely
transported conservatively in the main channel and relative non-
conservatively in the tributaries in YTR system. Groundwater flow
path and residence time could be significant factors resulting in the de-
crease in As/Cl (B/Cl and Cs/Cl) ratio in hot springs distributed from the
east to west of YTR basin, which in turn partly causes these ratios de-
crease in tributaries and main channel in lower reaches. Nonetheless,
future studies are needed to further refine the groundwater flow system



Fig. 8. Variations of As/Na ratio in hot spring, tributary andmain channel distributed from upper to lower reaches of YTR basin. Since there is no [Cl]dissolved data in some references, we
use As/Na ratio instead of As/Cl ratio. Our data shows that the Na/Cl is relatively constant throughout the year, except for July, August and September (Fig. 5). The sampling time of these
references is not in the three months. Therefore, the trend of As/Na ratio here should be similar to that of As/Cl ratio in hot spring, tributary and main channel distributed from upper to
lower reaches of YTR basin.

J.-W. Zhang, Y.-N. Yan, Z.-Q. Zhao et al. Science of the Total Environment xxx (xxxx) xxx
in the study area in order to evaluate the link between river water and
groundwater in YTR basin.
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