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Introduction

As an alkaline earth metal, Barium (Ba) usually occurs in 
nature as minerals, including barite (BaSO4) and carbon-
ates (Ca(Ba)CO3) (Lu et al. 2018). It is typically enriched 
in volcanic products and sedimentary volcanic by-products 
(Cuoco et al. 2013; Kravchenko et al. 2014). Ba and its 
compounds have many industrial and commercial applica-
tions, including in the production of glass, ceramics, paints, 
and rubber (Emsley 2011). However, the potential exposure 
to high levels of Ba can be harmful to human health and has 
caused public concerns (Quiriny et al. 2017).

The Ba in natural waters can be from natural and anthro-
pogenic sources. The natural sources of Ba include soil 
erosion, atmospheric deposition, rock weathering, hydro-
thermal and glacial melting, and permafrost thawing (Dalai 
et al. 2002; Das and Krishnaswami 2006; Paudyal et al. 
2016). The anthropogenic Ba sources include wastewater 
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Abstract
Water safety concerning Barium (Ba) has become a public issue worldwide. As the “Asian water tower”, Tibetan Plateau 
is the birthplace of many rivers. However, the distribution, source, and output flux of Ba are largely unknown. In this 
study, surface water samples were collected from different catchments in the Sanjiangyuan Region (SJY) and the Qilian 
Mountain Region (QLM) in Tibetan Plateau. The concentration of Ba was determined by inductively coupled plasma opti-
cal emission spectroscopy, the source of Ba was discussed by a Gibbs diagram, and the output flux of Ba was estimated 
using the observation data from different hydrological stations. The results showed that the Ba concentrations were less 
than 160 µg/L, which is much lower than the guideline value of 700 µg/L for surface waters. The main sources of Ba 
were rock weathering and evaporation concentration. The total Ba output flux from SJY and QLM to downstream waters 
was 1,240 t/yr, which accounts for about 0.01% of the global freshwater Ba output flux to the ocean. The Ba production 
rate in Tibetan Plateau was comparable with that in the Arctic rivers. Under the scenario of global warming, water safety 
issues concerning Ba will be more serious since the output flux of Ba to downstream waters will be increased by intensi-
fied rock weathering, evaporation concentration, glacial retreat, and permafrost thawing. This study reveals the Ba flux 
and production rate in Tibetan Plateau, which will provide important information for evaluating the environmental impact 
of global warming on public health.
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discharged from industrial activities and agricultural fertil-
izers, etc. (Franciskovic-Bilinski 2006; Sebesta et al. 1981). 
Dissolved Ba mainly comes from runoff erosion and rock 
weathering effect, then participates in the geochemical cycle 
on the surface earth (Taylor et al. 1983). These physical and 
chemical processes play a vital role in controlling the con-
centration of Ba in natural water. In particular, the Ba stored 
in glaciers and permafrost is also a possible source of Ba in 
water (St Pierre et al. 2018). Therefore, understanding the 
sources of Ba in natural waters is important for predicting 
and handling related public health issues.

Tibetan Plateau is called the “Asian water tower” 
because it is the origin of many large rivers, including the 
Indus River, the Brahmaputra River, the Ganges River, the 
Salween River, the Mekong River, the Yangtze River, and 
the Yellow River. Water from Tibetan Plateau is relatively 
clean. Accompanied by global warming (IPCC, 2014), the 
melting of glaciers and permafrost accelerates the water 
cycle in Tibetan Plateau, intensifies the erosion of the crust 
surface, and potentially increases heavy metals including Ba 
in the surface runoff (Jiao et al. 2021). Therefore, knowl-
edge of the concentration of Ba in Tibetan Plateau helps to 
understand the baseline level of Ba in river waters and will 
be informative for heavy metal monitoring and management 
under climate change. However, little information has been 
revealed so far concerning the Ba in the headwater regions 
of Tibetan Plateau.

This work selected the Sanjiangyuan Region (SJY) and 
Qilian Mountain Region (QLM) as study areas because 
they are representative mountainous areas with glaciers in 
Tibetan Plateau. The concentration of Ba and other hydro-
chemical parameters in the surface runoff from SJY and 
QLM were determined, aiming to (1) investigate the spatial 
patterns of Ba in Tibetan Plateau, (2) identify the source of 

Ba in the river waters, and (3) estimate the Ba output flux 
from Tibetan Plateau to the downstream waters.

Materials and Methods

Description of the Study area

The Sanjiangyuan Region (SJY) and Qilian Mountain 
Region (QLM) are located in the central and northern parts 
of Tibetan Plateau, respectively (Fig. 1). SJY is also called 
the Three-River Headwater Region, including the origin 
areas of the Yangtze River, Yellow River, and Lantsang 
River. The average altitude of SJY is above 4,400 m a.s.l., 
and the area is about 302,000 km2 (Xu et al. 2018). The 
QLM is at the northern edge of Tibetan Plateau, with an 
average altitude of 2,298.36 m a.s.l. and an area of 26,500 
km2. It is also a part of the boundary between the Arid zone 
and Semi-Arid zone with a typical continental alpine semi-
humid mountain climate. There are three inland rivers in 
QLM, named Heihe River, the Shule River, and the Shiyang 
River, all of which are less than 1,000 km in length.

Sample Collection

Surface water samples were collected in the SJY and QLM 
from August to October 2019 (Fig. 1). Sampling sites were 
distributed in 5 × 5 grids (less than 50 km × 50 km) from 
the mainstreams to tributaries of the rivers. We collected 
water samples in mainstreams, tributaries, lake inlets, and 
near hydrological stations to best represent the dendro-
gram structures of the waterways. There were 68 sites in 
the SJY, including the origin of the Yangtze River (OYZR), 
the origin of the Yellow River (OYR), and the origin of the 
Lantsang River (OLSR). There were 76 sites in the QLM, 
including the Shule River (SLR), the Heihe River (HHR), 
the Shiyang River (SYR), the Huangshui River (HSR), and 
the rivers flowing into the Qinghai Lake (RQHL). The par-
allel samples were collected as less than 10% of total sam-
pling sites, which were 7 and 8 parallel samples in SJY and 
QLM, respectively.

Sample Analysis

Water quality parameters, including pH, oxidation reduction 
potential (ORP), electrical conductivity (EC), salinity (Sal), 
total dissolved solids (TDS), and dissolved oxygen (DO), 
were measured in situ with a portable water quality instru-
ment (ODEN, PONSEL, France) during field sampling. 
The water samples were filtered by a 0.45 μm membrane 
(MF-Millipore®, Millipore Sigma, USA). The filtered 
samples were then kept in Teflon bottles and transferred to 

Fig. 1 The map of the study area with sampling sites
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the laboratory with cooling systems with a temperature of 
around 4 ℃.

The concentrations of Ba, Na, Ca, and Mg in water 
samples were determined by inductively coupled plasma 
optical emission spectroscopy (ICP-OES, Varian ICP735-
ES) in ALS Minerals-ALS Chemex (Guangzhou). The 
relative standard deviation was less than 4%. The recovery 
of standard material (ALSWAT01) was 102 ± 5% and the 
blank value was less than 20 µg/L. The concentrations of 
major anions (Cl−, F−, NO3

−, SO4
2−) were measured by ion 

chromatograph (ICS-90) with a relative standard deviation 
of less than 0.5% and a spike recovery between 90% and 
110%.

Gibbs Distribution Model of Hydrochemistry

The ions in natural water mainly come from three natural 
sources, including atmospheric deposition, rock weather-
ing, and evaporation concentration (Qu et al. 2019). The 
Gibbs diagram was applied to investigate the sources of Ba 
in natural waters (Gibbs 1970). The Gibbs diagram takes 
TDS as the y-axis and the molar concentration ratio of 
Na+/(Na++Ca2+) or Cl−/(Cl−+ HCO3

−) as the x-axis. The 
ratio diagram of TDS to Na+/(Na++Ca2+) was used to deter-
mine the main sources of ions in the water samples.

Output Fluxes of Ba

The output flux of Ba from the rivers in SJY and QLM to the 
downstream was calculated according to traditional meth-
ods as follows (Samanta and Dalai 2016; Zhang et al. 2013):

W = C × Q × 10−6 (1)

F =
W

S
 (2)

where W indicates the annual Ba output flux (kg/yr), C is the 
concentration of Ba (µg/L), Q is the runoff of the river (m3), 
S is the catchment area, and F is the mass of Ba per unit area 
(kg/km2/yr). The value of F evaluates the Ba yield from the 
different drainage areas (Alexander et al. 2008).

The discharge data in SJY were acquired from three 
hydrological stations, including the Zhimenda Hydrologi-
cal Station, the Tangnaihai Hydrological Station, and the 
Qamdo Hydrological Station in Qinghai Province (Zhang 
et al. 2013). The discharge data in QLM was extracted 
from real-time data released by the Gansu Provincial Water 
Resources Bureau. The discharge data of HSR, HHR, SLR, 
and SYR were acquired from the Liancheng Hydrological 
Station, Yingluoxia Hydrological Station, Changmabao 
Hydrological Station, and Zamusi Hydrological Sation (He 

et al. 2011). The RQHL was calculated as a simple sum of 
the output flux of Ba from the rivers flowing into it. The 
production rate was calculated based on the Ba flux against 
the watershed area to evaluate the potential of the Ba yield 
in the drainage area. When comparing the output flux of Ba 
in Tibetan Plateau with that of the global rivers to the ocean, 
we have deducted the output flux of inland rivers.

Statistical Analysis

One-way ANOVA was applied as the main statistical 
technique to compare the concentrations of Ba in differ-
ent catchments. Principal component analysis was used to 
evaluate the potential sources of trace elements in the catch-
ment. Pearson correlation coefficient was used to determine 
the correlation between Ba and other hydrochemical param-
eters. All statistical analyses were performed by SPSS V26.

Results and Discussion

The Physicochemical Parameters in River Waters

As shown in Table S1 in Supplementary material, the surface 
water in SJY and QLM was alkaline. The salinity in SJY was 
higher than that in QLM. The DO in the QLM was higher than 
that of SJY, which may be due to the lower altitude in QLM 
than that in the SJY. The ORP in the water in SJY was higher 
than the water in QLM. According to the EC and TDS, the ion 
concentration in the samples in YZR was significantly higher 
than the samples in the rest of the regions.

In SJY, the temperature, pH, EC, and DO showed no 
significant difference among OYR, OYZR, and OLSR. 
The ORP in LSR was higher than OYR and OYZR. The 
TDS and Sal in OYZR were higher than OYR and OLSR, 
this may indicate that there exists strong evaporation and 
concentration in OYZR. In QLM, the pH and Sal showed 
no significant difference among the five study regions. The 
ORP in HSR and HHR was relatively low. The EC and TDS 
in HSR and RQHL were lower than SYR, HHR, and SLR, 
which may be influenced by rock weathering.

Ba in River Waters

The mean Ba concentration in the water of SJY and QLM 
were 60.8 ± 29.9 µg/L and 59.8 ± 15.9 µg/L (Fig. 2). Specifi-
cally, the mean Ba concentration in water from OYR, OYZR, 
and the OLSR was 63.8 ± 14.1 µg/L, 61.7 ± 44.8 µg/L, and 
62.5 ± 23.8 µg/L, respectively. As a tributary of the Yellow River, 
HSR showed a mean Ba concentration of 75.0 ± 7.6 µg/L. The 
SLR, HHR, and SYR are three inland rivers with an average 

1 3

Page 3 of 6 7



Bulletin of Environmental Contamination and Toxicology (2023) 111:7

Origins of Ba in River Waters in Tibetan Plateau

The correlation analysis shows that Ba was significantly 
correlated with Ca2+, K+, Na+, and Sr2+ (p＜0.01) (Table 
S2), which indicated that the sources of Ba in the water 
should be the same as the Ca2+, K+, Na+, and Sr2+ in water. 
Principal component analysis was also applied to analyze 
the source of Ba in water (Fig S2) and two components were 
found. PC1 is related to the Ca2+, Na+, and K+, and it can 
explain 71.48% of Ba in water. PC2 is related to Si, and it 
can explain 10.93% of Ba in water. The principal compo-
nent analysis results confirmed that the sources of Ba in the 
water should be the same as the major ions in water.

To further trace the source of ions in the river water, the 
Gibbs diagram was employed. Based on the TDS to Na+/ 
(Na++Ca2+) in the river water of SJY and QLM, the Gibbs 
diagram was plotted as shown in Fig. 3. The results showed 
that the ions in the river water of the two regions mainly fall 
in the region of rock dominance end-member and evapo-
ration and precipitation end-member. It can be inferred 
that rock weathering in the watershed and the evaporation 

Ba concentration of 55.9 ± 14.2 µg/L. The mean Ba concentra-
tion in RQHL was 66.7 ± 17.0 µg/L (Fig. 2).

One-way ANOVA tests indicated that the Ba concen-
tration in SJY and QLM were not significantly different 
(p > 0.05). On the whole, the Ba concentration in the study 
regions was less than 700 µg/L (the guideline value for Ba in 
surface water by World Health Organization (World Health 
Organization 2004) and the government of China (Ministry 
of Environmental Protection of China, 2002)), which indi-
cated the surface water had no direct threat to human health.

The spatial variability of Ba concentration in water sam-
ples can be shown in Fig S1. The largest Ba variation was 
shown in OYZR, with the highest Ba concentration in the 
Tuotuo River and the Tongtian River, and with the lowest Ba 
concentration downstream of the OYZR. In SLR and HHR, 
higher Ba concentration in the downstream was shown than 
in the upstream. There exists spatial variability in the study 
region. In OYZR, the Ba concentration upstream is higher 
than downstream, and that is the opposite in QLM.

Fig. 2 The Ba concentration characteristics in different river water samples from SJY and QLM.
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Ba Output flux

The Ba output flux and production rate were estimated 
according to the flow rate and the Ba concentration in the 
rivers (Table S3). Due to the variance of the flow rate, Ba 
concentration, and the watershed area, the Ba output flux 
in the eight catchments varied from 18 to 399 t/yr. The 
average Ba output flux in inland rivers in Tibetan Plateau 
was significantly lower than that of the global rivers to the 
ocean (p < 0.001). The Ba output flux in SJY was higher 
than QLM. The Ba output flux from the OYR was highest 
to be 399 t/yr. While the two inland rivers (HHR and SYR) 
showed the lowest Ba output flux at 18 t/yr. The total flux of 
riverine Ba in SJY (in OYR, OYZR, and OLSR) and QLM 
(in HSR) downstream was 240 t/yr. It accounted for approx-
imately 0.01% of the output Ba flux of the global rivers to 
the Ocean (Rahman et al. 2022). The Ba fluxes from RQHL 
to the Qinghai Lake were 89 t/yr and will be enriched in the 
lake because of Ba precipitation.

The production rate of Ba in SJY and QLM was much 
lower than that of the large rivers around the world (Table 
S3), possibly because that less water pollution occurred 
in Tibetan Plateau. The average Ba production rate in 
SJY and QLM was 7.38 kg/km2/yr, ranging from 1.69 to 
21.1 kg/km2/yr. The Ba production rates in SJY were lower 
than QLM, which was compliant with the SJY being the 
headwater region. In General, the Ba production rates in the 
large rivers with typical strong human activities were high. 
And the Ba production rates in SJY were comparable with 
the Yenisey River, which is an Arctic river in Siberia with 
the typical low human activity as Tibetan Plateau. Under 
the global warming scenario, high runoff and high erosion 
resulting from the glaciers retreating and permafrost melt-
ing will lead to an increase of the output flux of Ba in the 
river in Tibetan Plateau. The illustration of the Ba flux and 
production rate in Tibetan Plateau will aid to evaluate the 
environmental impact of global warming.

Conclusions

There was generally low and safe Ba concentration in the 
surface water with no significant difference between SJY 
and QLM. A large variation of Ba concentration was in the 
OYZR and the highest Ba concentration was the upstream of 
Tuotuo River and Tongtian River. The sources of Ba in SJY 
and QLM were mainly rock weathering and evaporation. 
The total Ba output flux from SJY and QLM to downstream 
was 1,240 t/yr which accounts for ~ 0.01% of the output Ba 
flux from global rivers to the ocean. The Ba production rates 
in Tibetan Plateau were comparable with that in the Arctic 
River. This study illustrates the Ba flux and production rate 

crystallization process controlled the composition of ions in 
the water of the rivers. The ions in the river water of the 
SJY mainly fall in the rock weathering and the evapora-
tion concentration end-member on an average basis, while 
QLM mostly falls in the rock dominance end-member, 
and just a small part falls in the evaporation concentration 
area. The results are compliant with the significant differ-
ence of annual evaporation in SJY (~ 1400.9 mm) and QLM 
(~ 800.0 mm) (Jia et al. 2009; Qi et al. 2015) In addition, In 
SJY, the ions in OYR are mainly affected by rock weather-
ing and evaporation, LSR is mainly affected by rock weath-
ering, and OYZR is affected by the two mechanisms, rock 
weathering, and evaporating. In QLM, the RQHL, HSR, 
SYR, and HHR are mainly affected by rock weathering in 
basins, while SLR was also affected by evaporation and 
concentration besides rock weathering. Furthermore, based 
on the significant positive correlation between Ba and ions 
in river water, the Ba in the water can be from the same 
sources as the main ions, which are mainly controlled by 
rock weathering and evaporation.

The different compositions of ions in the river are the 
result of the weathering of the combinations of the rocks 
(carbonates, silicates, and evaporites) in the watershed 
(Chen et al. 2002; Hu et al. 1982). Ca2+ and Mg2+ are mainly 
derived from weathering and dissolution of carbonate rocks, 
silicate rocks, and hydrogenic rocks, while Na+ and K+ are 
mainly derived from the weathering of hydrogenic and sili-
cate rocks, Si is mainly derived from silicates (Gaillardet 
et al. 1999). In the OYZR, silicate, and carbonate are the 
main rocks (Wu et al. 2008), which are easy to be weath-
ered. This is consistent with the highest concentration of Ba 
in OYZR. Above all, the river Ba was mainly controlled by 
rock weathering and evaporation in SJY and QLM.

Fig. 3 The Gibbs diagram of the SJY and the QLM.
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