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The water quality of the Golmud River is essential for environmental preservation and
economic growth of Golmud city and Qarhan Salt Lake in China. Thirty-four samples
of surfacewater and sediment from seventeen places in the Golmud River and thirty-
two dustfall samples in the Qaidam Basin were collected. The concentrations of
heavy metals (HMs) were measured; water quality, risk assessment, and multiple
source analysis were applied. Concentrations of HMs in water were Zn > Cu > Ni >
As > Pb > Cd > Hg, and in sediment were Ni > Zn > Pb > As > Cu > Cd > Hg. In water,
the Nemerow pollution index (NP) values indicated that most of the sampling points
seemly were seriously polluted; other water quality assessment results suggested no
pollution. In sediment, the concentrations of 27% HMs exceeded the background
values of soil in Qinghai; 48% exceeded the Earth crust background values, which
were As, Hg, and Cd. The single factor index method (Pi), geological accumulation
index (Igeo), and contamination factor (CF) revealed that As pollution is serious,
followed by Hg and Cd; the pollution load index (PLI) and modified pollution index
(mCd) values indicated that 64% and 57% of samples were polluted. NP values are
shown serious pollution. The ecological risk results demonstrated a low risk in water
and a medium risk in sediment. The average total hazard quotient values in sediment
and water for adults and children revealed low non-carcinogenic risks. Carcinogenic
risk indicated Ni in water and sediment, and As in sedimentmay be involved in cancer
risk. Multivariate statistics showed that theHMsmainly came fromnature, and human
activities will also impact them. The upper continental crust values indicated that As
and Hg have high background values. The saline dust storm was one of the essential
sources of HMs, especially Hg. Various provenances constituted the material cycling
of HMs in the surface environment.
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1 Introduction

In recent years, HM pollution has become an important
environmental hazard and has significantly increased (Ahmed
et al., 2015; Vu et al., 2017; Li et al., 2020a). Moreover, it has
drawn much attention due to its heavy toxicity and endurance
(Zahra et al., 2014; Wei et al., 2016; Lanzerstorfer, 2018; Liu et al.,
2018a; Chen et al., 2019). Under natural environmental conditions,
the content of HMs in rivers is usually very low, but through
unreasonable human actions, such as the emission of agricultural,
industrial, domestic wastewater, waste residue, and exhaust gas,
excessive HMs are supplied to rivers, lakes, and other surface
waters (Tchounwou et al., 2012; Deng et al., 2016; Goher et al.,
2019; Bashir et al., 2020; Gopinathan et al., 2022a; Gopinathan
et al., 2022b); surface and underground runoff, polluted river
sediment, and atmospheric sedimentation can also release HMs,
thus resulting in a grave threat to the aquatic environment (Saleem
et al., 2015; Harikrishnan et al., 2017; Benson et al., 2018; Sun et al.,
2018). In addition, it has been demonstrated that exposure to HM
can result in a variety of health problems (Sharma and Agrawal,
2005; Tchounwou et al., 2012; Jaishankar et al., 2014), including
harm to the kidneys (Tchounwou et al., 2012) and the development
of neuroscience (Jaishankar et al., 2014). Cd, Hg, As, and Pb are
toxic heavy metals (Clemens and Ma, 2016); these HMs tend to
accumulate in different tissues of the human body and are highly
toxic even at low concentrations (Sharafi et al., 2019). Among them,
Cd and As are carcinogenic heavy metals, which are widely
distributed in the crust (Mehdi et al., 2019). Cu and Zn are
essential elements for human metabolism and various biological
molecules (Meghdad et al., 2016). However, if their concentrations
exceed certain limits, they may endanger human health (Ali et al.,
2013).

For the transport and transformation of HMs, water and
sediment are essential transporters and storage mediums (Chen
et al., 2022). Sediments serve as a supply and a sink for HMs (Liu
et al., 2012). Adsorption, hydrolysis, and coprecipitation reactions
can all cause the deposition of HMs in sediment (Singh et al., 2005).
As it continues to increase, the presence of HMs in the surface
sediment is becoming an important issue of global concern. HMs can
harm ecological systems and human health since they are durable in
river silt and are not easily broken down by bacteria (João et al.,
2019). At present, there are many assessment methods for HM
pollution in water bodies and sediment, but they all have certain
limitations. To compensate for the shortcomings of different
methods, a variety of HM pollution assessment methods should
be jointly used for comprehensive analysis and evaluation. In recent
years, a number of indicators, such as Igeo, CF, and PLI, have been
established to determine the level of HM pollution in sediments
(Wang et al., 2018; Withanachchi et al., 2018; Zhang et al., 2018), and
numerous techniques, including multivariate statistical methods
(e.g., principal component analysis, factor analysis, and cluster
analysis) (Bodrud-Doza et al., 2016; Gulgundi and Shetty, 2018),
have been created to assess water quality.

The Qinghai-Tibet Plateau is frequently referred to as the Third
Pole and the Roof of the World (Li D. et al., 2022). It is
distinguished by having the most high-altitude rivers in the
world, a small number of residents, and few anthropogenic
activities (Liu et al., 2021). The main water supply for industrial
production, agricultural irrigation, and routine activities in

Golmud city is the Golmud River, the second-largest inland
river in the Qaidam Basin. At the same time, it is an important
source of salt-forming substances for Qarhan Salt Lake. Therefore,
the water quality of the Golmud River is vital for regional
socioeconomic development and environmental protection.
Unfortunately, there is still a shortage of comprehensive
analyses and studies on water and sediment quality assessments,
ecological-health risk assessments, and source identification of
HMs in the Golmud River. Therefore, carrying out this research
is crucial. Thirty-four surface water and sediment samples from
17 sites in the Golmud River were collected to thoroughly
understand the current distribution of HMs in the surface water
and sediment of the Golmud River; seven HM (As, Hg, Pb, Cd, Cu,
Ni, and Zn) and eight constant ion (CO3

2−, HCO3
−, SO4

2−, Cl−, K+,
Ca2+, Na+, and Mg2+) concentrations were measured. Meanwhile, to
determine the secondary source of HMs, thirty-two dustfall
samples from the Qaidam Basin were collected, and HMs were
also tested. The evaluation of water and sediment quality, the risk
to public health, and the recognition of HM sources in the Golmud
River can all be provided in this research.

2 Materials and methods

2.1 Study area, sampling, and analysis

With a length of 468 km, the Golmud River is located at the
southern edge of the Qaidam Basin in the north of the Qinghai Tibet
Plateau, with a drainage area of 35°49′46″–37°5′19″N and
94°21′13″–95°12′46″E, its main stream length is 325 km and has a
basin area of 18,648 km2 (Wang, 2014a). The terrain in the area is
generally high in the South and low in the North, with the Kunlun
Mountains in the South and Qaidam Basin in the North. The
upstream of the Golmud River is divided into two branches: the
Kunlun River and the Xueshui River. Both branches are mainly
supplied by the melting water of ice and snow and atmospheric
precipitation in the Kunlun Mountains. After converging in the
mountains, the runoff flows from South to North and flows into the
Qaidam Basin through the southern mountain pass. The Golmud
River Basin has a dry climate with little precipitation. The annual
evaporation is high, reaching 3,066 mm/a. According to earlier
research, except for the eastern reach of the alluvial fan sector (a
groundwater recharge river), the entire area is dominated by river
recharge to groundwater. The arid climatic conditions of the inland
basin formed a typical desertification landscape. Considering
Golmud city as the boundary, the southern part is dominated by
desertification, and the northern part is dominated by salinization.
The landforms of the Golmud River Basin can be divided into five
units from South to North: the Gobi, alluvial fans, flood alluvial
plain, lacustrine plain, and salt lake.

Thirty-four samples of surface water (W1–W17) and sediment
(S1–S17) were collected from seventeen sampling stations in
December 2021 (Figure 1). The studied sites were divided into
freshwater (1–14) and saline (15–17) groups. Sampling was
conducted every 20 km from the Golmud River to Dabuxun Salt
Lake. Surface water samples were obtained from the top layer
(0–50 cm) of the river at every sampling location used a plastic
spoon. The samples were then put into 500 ml polypropylene
bottles after being conditioned with nitric acid (HNO3) to a
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pH of under two. With the aid of a shovel, surface sediment samples
were obtained and kept in disposable polypropylene bags. The
obtained water and sediment samples were immediately sent to the
laboratory for additional analysis after being stored in a cooler at
4°C. In addition, thirty-two dustfall samples in the Qaidam Basin
were collected to analyze the source of HMs, and the
collection method of dustfall samples refers to Gen Jun’s paper
(Gen, 2021).

According to previous analysis data (Xiang, 2020), an ICAP QC

inductively coupled plasma mass spectrometer (ICP-MS) was utilized
to identify HM concentrations, and its detection thresholds were as
follows: .015 [Pb] and [As], .001 [Hg], .0160 [Ni], .133 [Cu], .470 [Zn],
and .035 μg/L [Cd]. While measuring HMs in saline using ICP-MS,
the mineralization should be below 2 g/L. Excessively high
mineralization will cause the salt to block the sampling cone (Song
et al., 2014). Using a NexION 2000 inductively coupled plasma optical
emission spectrometer (ICP-OES), Na+, K+, Mg2+, Ca2+, and SO4

2−

were detected, and HCO3
− and Cl− were titrated by chemical titration

(allowable error 3‰). To avoid contamination during testing, all
glassware was soaked in HNO3 at a concentration of 5% for 24 h
before use and then washed and dried. The testing and analysis
employed only the purest reagents. For this quality control
analysis, spiked blanks, duplicate method blanks, and spiked
samples were utilized to test the reliability of the results.

2.2 Pollution level of heavy metals in surface
water and sediment

Various environmental and statistical methods have been used
to analyze the impact of human disturbance and contamination

(Yao et al., 2006; Suresh et al., 2012; Tang et al., 2014; Wang et al.,
2014b; Xiao et al., 2014; Gopal et al., 2016; Iqbal et al., 2016). In this
paper, to quantitatively evaluate HM pollution in the Golmud
River, Pi, CF (Hakanson, 1980), NP (Li et al., 2018), HPI (Qiao
et al., 2020; Karunanidhi et al., 2021a), mCd (Abrahim and Parker,
2008), and HEI (Edet and Offiong, 2002) were chosen to assess
water quality. PLI (Tomlinson et al., 1980), Igeo (Taylor and
McLennan, 1985; Nethaji et al., 2017), Pi, NP, mCd, and CF
were applied to assess the pollution of HMs in sediment.

2.3 Water quality index (WQI) of surface water

A useful instrument for obtaining a complete picture of lake or
river water quality is the water quality index (WQI) (Tiwari and
Mishra, 1985; Carvalho et al., 2021). The index condenses many water
quality parameters from a significant amount of data to a solo value
(Ravindra et al., 2019; Ustaoglu et al., 2020). Supplementary Table S1
displayed the relative weights (wi) for each parameter. The water
quality index (WQI):

WQI � ∑ Wi ×
Ci

Si
( )[ ] × 100

where relative weight Wi � wi/∑wi. Each parameter’s weight, wi,
is determined by its importance for human health and drinking
purposes (Sener et al., 2017). ∑wi is the sum of the wi. In this
study, ∑wi is 24. Ci is the heavy metal concentration of water
samples, and Si is Chinese drinking water standard value (Ministry
of Health, 2006). According to the WQI values, there are five
classifications: WQI< 50 indicates excellent, 50≤WQI< 100
suggests good, 100≤WQI< 200 shows bad, 200≤WQI< 300

FIGURE 1
Location map of the study area and the surfacewater and sediment sampling locations.
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indicates very poor, and 300≤WQI indicates unfit for drinking
(Xiao et al., 2019).

2.4 Risk assessment of surface water and
sediment

2.4.1 Ecological risk
The potential risk of one or more HMs on the ecological impact

value is assessed by the potential ecological risk index (PERI), which
was first presented by the Swedish researcher Hakanson and later
widely used to assess the ecological risk of pollutants in sediment and
soil (Liu et al., 2017). It has been used recently to assess the ecological
risk value of water (Liu et al., 2018b). The PERI was utilized to assess
HM pollution in water and sediment.

PERI � ∑n
i�1
Ti
m ×

Ci
m

Ci
b

Ti
m, which has values of 10, 40, 5, 30, 5, 5, and 1 for As, Hg, Pb,

Cd, Cu, Ni, and Zn, respectively, is the toxic response factor for
heavy metals i (Zhang and Liu, 2014). Using the Class Ⅳ standard
value in the Surface Water Environmental Quality Standard
(GB3838-2002) or UCC values, Ci

b represents the background
value of HMs in the water or sediments, and Ci

m is the
concentration of HMs at the sampling location. PERI< 150, low;
150≤PERI< 300, medium; 300≤ PERI< 600, high; 600≤ PERI, very
high (Azhari et al., 2017).

2.4.2 Health risk
Hazard quotients (HQs) are frequently used to measure the

toxicity produced by HMs (Özgür et al., 2020; Githaiga et al.,
2021; Lu et al., 2021), and the hazard index (HI) is used to
estimate the total possible non-carcinogenic risks deriving from
various approaches (USEPA, 2004). Only HMs with carcinogenic
slope factors (CSFs) are evaluated for carcinogenic risks (CRs)
(Özgür et al., 2020). Surface water and sediment health risks were
calculated independently in this study. The formula is provided in
Supplementary Material S1–S14 for surface water and
Supplementary Material S15–S18 for sediment.

The HI evaluates the total potential non-carcinogenic risks of
each HM. The total hazard index (THI) was computed using
Supplementary Material S19, S20 for water and Supplementary
Material S21 for sediment. Carcinogenic risks (CRs) were used to
compute the total carcinogenic risk (TCR) and were calculated
using Supplementary Material S22, S23. Supplementary Table S2
displayed all specific definitions, units, and relevant
equation values; Supplementary Table S1 provided the figures
for the oral reference dosage (RfDo), oral slope factor (CSFo),
gastrointestinal absorption (GIABS), and dermal permeability
constant (Kp).

2.5 Source identification methods

Surface water contains a variety of HMs, each of which can have
several sources. This study used principal component analysis (PCA)
and pearson correlation analysis (Singh et al., 2014; Lu, et al., 2022a;
Lu, et al., 2022b) to explore the correlations among the seven HMs in
surface water and sediment.

3 Results and discussion

3.1 Heavy metals in surface water and
sediment

Supplementary Table S3 shows the content of HMs in water and
sediment samples from all locations. Figures 2A, B depict the
concentrations of seven HMs in the surface water and sediment of
the different sampling sites. In surface water, the average TDS content
was 1,757 mg/L, with a range of 473–15,042 mg/L. The cation was Na+

(329.87 mg/L), followed by Mg2+ (122.20 mg/L), Ca2+ (59.61 mg/L),
and K+ (17.24 mg/L). The anion was Cl− (801.68 mg/L), followed by
HCO3

− (230.60 mg/L), SO4
2− (161.00 mg/L), and CO3

2− (71.48 mg/L).
In freshwater samples, the average of As was 1.37 μg/L, while
concentration values varied from .40 to 4.67 μg/L, Hg had a
maximum value of .10 and an average of .04 μg/L, Pb varied from
.44 to 2.37 and had an average of 1.47 μg/L, Cd varied from .01 to
.16 and had an average of .05 μg/L, Cu varied from 1.24 to 13.48 and
had an average of 4.52 μg/L, Ni varied from .88 to 24.64 and had an
average of 7.90 μg/L, Zn varied from 3.72 to 23.66 with a mean value of
9.38 μg/L. HMs can be distinguished into two types depending on
concentration, Hg and Cd were <1 μg/L and were categorized as low
abundance elements; As, Pb, Cu, Ni, and Zn ranged from 1 to 100 μg/L
and were deemed moderately abundant elements. Cu, Ni, and Zn were
the main HMs, accounting for 18%, 32%, and 38% of the total HM
elements, respectively. Hg and Cd had the lowest contents at all
sampling locations. The concentration of HMs at site W14 was
higher than that at other locations due to its proximity to Qarhan
Salt Lake, which has a high Cl− concentration, and Cl− can form
soluble complexes with HMs, and these HM complexes have a strong
migration ability (Wang et al., 2013). The concentration of soluble HM
complexes on the shore was high, resulting in a significant
concentration of HMs at the mouth of the Golmud River. In
addition, the hydrodynamic effect was significantly weakened near
the salt lake, resulting in the accumulation of HMs. Combined with the
Surface Water Environmental Quality (GB3838-2002), all the HMs in
freshwater were suitable for Class I Standard. The water was of great
quality and fit for drinking.

In sediments, the HM concentration ranges were as follows:
9.10–16.08 for As, .05–.15 for Hg, 12.84–31.34 for Pb, .09–.21 for
Cd, 7.39–10.72 for Cu, 17.39–24.52 for Ni, and 16.26–23.46 mg/kg for
Zn. Pb, Ni and Zn were generally more abundant than the other
elements. 27% HM concentrations were above the background levels
of the soil in Qinghai, especially Hg and Cd. 48% of HMs exceeded the
Earth’s crustal background values, which were As, Hg, and Cd.
Therefore, Hg and Cd are the primary contaminants, and As has a
high background value in the Qinghai-Tibet Plateau (Yang et al.,
2020). Compared to the results of Xiang, 2020, the current
investigation of Cu and Zn concentrations was much lower, and
other elements were quite similar. Overall, the sediment contained
the highest concentration of HMs, which had higher quantities than
the water. In contrast, the lowest mean values occurred in freshwater.
The concentrations of HMs are often higher in sediment than in water
due to their limited solubility; they can bond to particles and
accumulate in the sediment (Wang et al., 2015). Comparing saline
samples to freshwater samples revealed greater HM content.
Generally, the HM content at each sampling point was basically
consistent. The As, Pb, Cu, Ni, and Zn concentrations in saline
ranged from 1 to 100 μg/L; these were moderately abundant
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FIGURE 2
Heavy metal spatial distributions in the surface water (A) and sediment (B) of the Golmud River (μg/L).

FIGURE 3
Pi (A), mCd (B), CF (C), and NP (D) in the surface water of the Golmud River.
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elements. Low abundance elements Hg and Cd were present at <1 μg/
L. This is consistent with the classification of freshwater. The
concentration of HMs in the freshwater changed little, and in
saline, they were relatively high, which was consistent with Li D.
et al. (2022) conclusion. Due to the enrichment of HMs in the salt lake,
the average levels of HMs were greater.

3.2 Pollution and quality indices

3.2.1 Surface water
Brine is a resource for element obtaining rather than drinking.

Thus, it was impossible to determine the water quality of brine (Li L.
M. et al., 2022). Figure 3 shows the Pi values of surface water and the
mCd, CF and NP values. The average Pi for all HMs was less than .7,
indicating that the studied region was clean (Figure 3A). All sites had
clean levels of mCd, which ranged from .02 to .23; theWQI values had
amean of .11 (Figure 3B). The CFmean values of the sampling were all
less than 1 (Figure 3C), indicating low pollution. Accordingly, 100% of
the sampling sites demonstrated that the surface water of the Golmud
River was not contaminated using the ranking criteria of Pi, mCd, and
CF. The max Pi and CF have the same value of 1.23. However, Pi and
CF evaluated the total pollution degree. These two HM pollution
indices in surface water indicated that most test locations were not
polluted, except for one site where Ni made the most dominant
contribution. The range of NP values in water was 2.72–18.23, with
an average of 7.96 (Figure 3D); there was heavy pollution. NP values
consider the average and maximum values of each HM, and severe
contaminants have a significant influence on them (Li et al., 2018;
Mahmudul et al., 2022). Using NP amplifies the effects of higher
concentrations of HMs such as Ni and Zn.

The HEI values had a mean of .11 and a range of .00–.40
(Supplementary Table S3). The results indicated that the HEI for
each sample was less than 1. All locations had low pollution levels. The
mean HPI value was 10.65, ranged from .45 to 39.52 (Supplementary
Table S3); all sites were at a low pollution level and showed similar

results with HEI. There was moderate pollution (30–100) of HPI with
Ni, which showed similar trends with Pi and CF.

A useful method for keeping track of surface water is the WQI. It
condenses several water quality characteristics from a considerable
amount of data into one number (Tiwari and Mishra, 1985). In the
research area, the WQI value of freshwater samples changed from
13.95 to 46.11, with a mean value of 28.25 (Figure 4). 100% of the water
samples fell into the “good” category.

3.2.2 Sediment
The mean Pi value of As was 8.69, belonged to heavy pollution; the

mean Pi values of Hg and Cd were 1.59 and 1.49, belonged to low
pollution; and the other HMs had clean levels (Figure 5A). PLI was
calculated depending on the measured contamination factors
(Anbazhagan et al., 2022). Figure 5B shows the PLI results. The
PLI values of 36% of the sampling points were below 1, indicated
no contamination, while the others were polluted. The Igeo was
employed to quantitatively measure an individual HM in the
sediment samples (Hong et al., 2020). Figure 5C shows the Igeo
values of the HMs. The averaged Igeo results showed the following
order of contamination: As > Hg > Cd > Ni > Pb > Cu > Zn.
Depending on the criteria of pollution degree, the mean Igeo values of
HMs showed no contamination in surface sediment other than As and
Hg. The Igeo values of As at all sampling locations showed moderate
contamination, and Hg was at different contamination levels. 50% of
the sampling sites indicated no pollution, and the other half indicated
low pollution. The most notable elements were Ni and Zn because
their considerably higher concentrations resulted in the NP values of
all sites reached heavy pollution (Figure 5D). In Figure 5E, the CF
values for Pb, Cu, Ni, and Zn were .81, .35, 1.00, and .28, respectively,
showed low pollution. In contrast, the CF value of As was 8.69, showed
high pollution, and the CF values of Hg and Cd were 1.59 and 1.49,
indicated moderate pollution. The order of As > Hg > Cd > Ni > Pb >
Cu > Zn was the mean CF for all HMs. The mCd values varied from
1.71 to 2.33, with a mean value of 2.03; 43% of sampling sites were low
pollution, and 57% showed moderate pollution (Figure 5F). This
indicated that the accumulation of HM in the sediment was more
severe than in the surface water. As, Hg, and Cd were the major HMs
threatened the sediment.

3.3 Risk assessment

3.3.1 Ecological risk of surface water and sediment
Seven HMs are divided by their respective elemental

concentrations to determine their PERI values in surface water and
sediment (Figure 6). In surface water, the PERI value was 4.18,
indicated a low risk (Figure 6A). The PERI values of As varied
from .04 to .47 with a mean value of .14; the PERI values of Hg
varied from .00 to 4.00 with an average of 1.57; the PERI values of Pb
varied from .04 to .24 with an average of .15; the PERI values of Cd
ranged from .08 to .98 with an average of .31; the PERI values of Cu
varied from .01 to .07 with a mean value .02; Ni varied from .22 to
6.16 with an average of 1.98, and Zn varied from .00 to .01 with an
average of .00. In sediment, the PERI value was 206.01, indicated
medium risk (Figure 6B); the result was the same as that of Yang et al.
(2020). As ranged from 60.64 to 107.19 with an average value of 86.93;
Hg ranged from 32.28 to 98.71 with an average value of 63.43. Pb
ranged from 3.21 to 5.20 with an average value of 4.06; Cd varied from

FIGURE 4
The Radar of water quality index for freshwater samples.
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28.83 to 62.99 with a mean value of 44.55; Cu varied from 1.48 to
2.13 with a mean value of 1.77; Ni had PERI values between 4.35 and
6.05, with a mean value of 5.00; and Zn had PERI values between
.23 and .32, with a mean value of .28. The ecological risk in the water
was below that in sediment, especially As, Hg, and Cd; more attention
should be given.

3.3.2 Non-carcinogenic and carcinogenic risks in
surface water

The USEPA developed the total hazard quotient (THQ) approach,
which is frequently used in risk assessment (USEPA, 2004). The THQs
of HMs for residential adults and children were between .01–.48 and
.04–.93, with an average of .17 and .34, respectively (Figure 7A). The

FIGURE 5
Pi (A), PLI (B), Igeo (C), NP (D), CF (E), and mCd (F) in the sediment of the Golmud River.

FIGURE 6
Heatmaps of the potential ecological risk index for heavy metals in water (A) and sediment (B) samples.
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average THQs for adults and children were below 1.0, indicated that
neither group faced high non-carcinogenic risks. With average values
of .007 and .021, the THQs of HMs for recreational adults and children
were between .002–.021 and .006–.062, respectively (Figure 7B).
Humans are most commonly exposed by ingestion, inhalation, and
dermal absorption (Karunanidhi et al., 2021b; Karunanidhi et al.,
2022). The non-carcinogenic risks for water ingestion were .167 and
.317 for residential adults and children, respectively, and .002 and
.013 for dermal contact in the water of the Golmud River. At the same
time, for recreational adults and children, the non-carcinogenic risks
for water ingestion were .004 and .019, respectively, and for dermal
contact, they were .002 and .003, respectively (Supplementary Table
S4). For residential adults and children, the non-carcinogenic risks in
saline were .0123 and .0689 by dermal contact, respectively. For
dermal contact, the non-carcinogenic risks for recreational adults
and children were .0128 and .017, respectively (Supplementary
Table S4). These findings demonstrated that inhabitants were more
susceptible than recreational receptors to water ingestion. In addition,
the water ingestion way had a more detrimental impact on residents’
health than dermal contact. Notably, the non-carcinogenic risks for
dermal contact and ingestion were lower in residential and
recreational adults than in children. This suggested that adults
were less susceptible than children when subjected to HMs in
water, which was in line with the conclusions of earlier

investigations (Xiao et al., 2019; Li et al., 2020b; Aravinthasamy
et al., 2021; Karunanidhi et al., 2021c; Karunanidhi et al., 2021d; Li
D. et al., 2022). Saline, however, was unfit for drinking, so the health
risk from ingestion was not calculated.

Figures 7C, D depict the total carcinogenic risk (TCR) results for
all sample locations in the research area. As, Pb, Cd, and Ni were used
for CR assessment in this paper because they have carcinogenic slope
factors. For residential and recreational receptors, the TCRs of As, Pb,
Cd, and Ni were 6.61 × 10−6–6.42 × 10–4 (Figure 7C) and 2.03 ×
10−6–5.06 × 10–5 (Figure 7D), respectively. Correspondingly, all
locations pose acceptable hazards to both residential and
recreational people. The CR values of residents for Ni by the
ingestion contact exceeded the threshold risk of 1 × 10–4 in
freshwater. However, the CR values of residents for dermal contact
were lower than that. For residents, the levels of Cd by dermal and
ingestion contact were lower than 1 × 10–4, and the values of Pb were
lower than 1 × 10–6 (Supplementary Table S4). As values of residents
by dermal contact ways were less than 1 × 10–6, and those by ingestion
contact were less than 1 × 10–4. For recreators, the CR values of As and
Pb by ingestion and dermal contact were lower than 1 × 10–6, and the
CR values of Cd by ingestion contact were lower than those in
freshwater. The CR values for Ni by ingestion and dermal contact
for recreators were lower than 1 × 10–4, and the dermal contact value of
Cd for recreators was lower than that in freshwater (Supplementary

FIGURE 7
Total hazard index (THI) and total carcinogenic risk (TCR) for residential (A,C) and recreational (B,D) receptors from heavy metals in surface water.
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Table S4). Residents had lower CR values of As, Pb, Cd, and Ni in
saline for dermal contact than recreationists. As, Pb, Cd, and Ni in
saline had CR values that were less than the target risk. By ingestion
and dermal contact, Ni was the main contributor to the total CR for
residents and recreators. Additionally, all the CR values for Ni in saline
fell between 1 × 10–4 and 1 × 10–6. The findings showed that As, Pb,
and Cd would not present a carcinogenic risk for freshwater
inhabitants and recreators, whereas people may be at risk for
cancer from Ni. All HMs would not put inhabitants and recreators
in saline at carcinogenic risk.

3.3.3 Non-carcinogenic and carcinogenic risk in
sediment

The sediment in the Golmud River has revealed elevated
concentrations of HMs, especially As, Hg, and Cd. Supplementary
Table S5 displayed the THI and TCR values of HMs for sediment
samples taken from the study area. The THI of HMs ranged from
.06–.38 for adults and .07–.87 for children, with averages of .28 and .62,
respectively. The THI mean values for adults and children were less
than 1.0, indicated that neither group faced high non-carcinogenic
hazards. In general, the THI for children and adults followed the order
As > Pb > Ni > Cd > Hg > Cu > Zn. Adults and children had non-
carcinogenic risks of .311 and .727 for sediment ingestion and
.0124 and .0145 for dermal contact, respectively. Adults’ and
children’s non-carcinogenic risks in salt lake sediment were

.0668 and .0779 dermal contacts, respectively. This finding was
consistent with the surface water results, THI values were higher
for children than adults at all sampling locations. Meanwhile, skin
contact had less of a negative impact on health than oral ingestion.

The TCR values of As and Ni for adults and children were above
1 × 10–4 in sediment, whereas Cd was higher than 1 × 10–6. Meanwhile,
Pb values for children exceeded 1 × 10–6, whereas those for adults fell
below 1 × 10–6. The CR values of As and Ni in saline for adults and
children were between 1 × 10–6 and 1 × 10–4. The CR values of Pb and
Cd were below 1 × 10–6). The main contributors to the TCR were As
and Ni. The findings suggested that As and Ni might be carcinogenic
risks in sediment, while Pb and Cd would not. In saline, none of the
HMs would present a carcinogenic risk.

3.4 Sources of heavy metals in the Golmud
River

3.4.1 Surface water
The correlation analysis results indicated that Pb-As (.78), Cd-Pb

(.88), Cu-As (.99), Cu-Pb (.82), Cu-Cd (.63), Ni-Pb (.64), and Ni-Cd
(.73) were significantly positively correlated; Cd-As (.58), Zn-As (.60)
and Zn-Cu (.54) were positively correlated; and Hg and other HMs
revealed insignificantly positive correlations (Figure 8A). The data
were shown to be fit for PCA by the KMO = .653 and Bartlett’s

FIGURE 8
Pearson correlation (A,B) and principal component analysis (PCA) (C,D) of HMs in surface water and sediment samples.
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sphericity tests (<.001). Three major components were identified by
removing eigenvalues >1, accounting for 90.579% of the overall
variability. As, Pb, Cd, Cu, and Ni were the elements that were
grouped into the first principal component (PC1) and contributed
56.7% of the variation, this was further confirmed by the significant
correlation between these elements, which suggested that their sources
were similar; the contribution rate of the second principal component
(PC2) was 18.9%, and the positive load on Zn was relatively high. As
and Cu were weakly correlated with Zn; the contribution rate of the
third principal component (PC3) was 15.1% (Figure 8C). The positive
load on Hg was relatively high, indicated that Hg has an independent
source and was consistent with the results in Figure 8A.

Human activities are important factors that affect natural
processes and the migration and accumulation of HMs: 1) Point-
source pollution of HMs from human activities: Golmud is the major
industrial city in the Qaidam Basin. The typical components of
industry include Ni, As, Pb, Cd, and Cu (Cheng and Hu, 2010;
Pourkhabbaz and Pourkhabbaz, 2012; Yuen et al., 2012; McComb
et al., 2015; Chen et al., 2016). Previous studies revealed that untreated
industrial wastewater and sewage discharge might be the source of Ni,
Cd, Pb, and Cu (Shamuyarira and Gumbo, 2014; Rzetala, 2016;
Gopinathan et al., 2022c). With social and economic development,
wastewater and industrial fuel combustion containing HMs
discharged from human activities in Golmud city and Qarhan Salt
Lake directly impact the Golmud River. Moreover, brine has many
HMs, it is a source of element extraction. 2) Line source pollution of
HMs from human activities: Golmud city is the hub of essential
transportation lines such as the Qinghai-Tibet Highway and Qinghai-
Tibet Railway. These transportation lines parallel the Golmud River
(Xiang, 2020). Pb, Zn, Cu, and As are the main elements in traffic
exhaust and dust (Lough et al., 2005; Cheng and Hu, 2010; Li et al.,
2012; Pourkhabbaz and Pourkhabbaz, 2012; Yuen et al., 2012;
McComb et al., 2015; Zhao et al., 2019). Therefore, transportation
emissions directly caused linear pollution in the Golmud River. 3)
Non-point source pollution of HMs from human activities: Oasis
agriculture has developed in the surrounding areas of Golmud city.
The misuse of phosphate fertilizer in agriculture may cause Zn
contamination (Luo et al., 2007; Ke et al., 2017); essential parts of
insecticides, herbicides, and fertilizers include As (Chen et al., 2020).
The primary source of Cu is typically agriculture, which is frequently
obtained via pesticides and fertilizers. As a result, the
Cu concentration of farmland has significantly increased (Qu et al.,
2018).

Except for the anthropogenic sources mentioned above, the river
water chemistry characteristics are closely related to the regional
bedrock geochemical background and weathering (Karim and
Veizer, 2000). Thus, understanding the geochemical background of
the bedrock distribution areas is vital to determine the sources of HMs.
We used UCC standardized diagrams (Taylor and Mclennan, 1985)
for comparison. That is, the mean value of HMs in the Kunlun River
bedrock was compared with the average UCC value. The analysis
revealed that Hg and As were significantly enriched after UCC
standardization (Supplementary Table S6). This conclusion was in
accordance with the result that the As background of the Qinghai-
Tibet Plateau is high (Yang et al., 2020). This showed that human
activities had a minimal impact on the presence of As and Hg in this
basin and was mainly influenced by the weathering of the local parent
rock. In contrast, the other five elements did not change significantly;
in the bedrock area rocks, the influence of the geochemical

background of HMs, such as As, Hg, and other HMs with high
contents on the river, was unquestionable.

3.4.2 Sediment
A significant source of HM pollution is sediment, and it has more

stable HM concentrations than water (Ustaoglu et al., 2020).When the
river environment changes, HMs may be liberated from sediment,
resulting in secondary contamination. The sediment of the Golmud
River was also polluted with Hg and Cd. The conclusions of
correlation analysis indicated that Cu-As (.70), Ni-Cd (.69), Zn-Pb
(.66), Zn-Cd (.66), Zn-Cu (.67), and Zn-Ni (.64) were significantly
positively correlated; Ni-Pb (.50), Ni-Cu (.54) and Zn-As (.59) were
positively correlated (Figure 8B). The data were shown to be fit for
PCA by the KMO = .686 and Bartlett’s sphericity tests (<.001). Three
principal components were found to account for 83.325% of the
overall variability by extracting eigenvalues >1, as shown in
Figure 8D. A total of 52.0% of the variation was contributed by
PC1. The dominant elements changed to Zn (.92), Ni (.80), Cu
(.78), Pb (.76), As (.67), and Cd (.65), implied a more complicated
source. PC2 demonstrated a positive loading for Cu (.47) and As (.62),
which explained 17.6% of the overall variation. PC3 had a significant
positive loading for Hg (.95) and 13.6% of the total variance. There
were parallels between the sources of HMs in sediment and those in
water. Hg was also the single dominant metal for PC3, while As and Cu
represent PC2.

The Qaidam Basin is one of the vital places of dust storm
disasters in China (Gen, 2021), so saline dust storms are a source
of HMs that cannot be ignored. Sheng (2015) studied the chemical
composition of the Golmud dust storm and revealed that Pb, Zn, Ni,
and Cu were gathered in dust aerosols, which anthropogenic
emissions may have caused. This paper tested the HM
components in atmospheric dustfall (thirty-two samples in total
were gathered) in the Qaidam Basin to understand the enrichment
and impact of salt-laden dustfall on HMs. The results indicated that
the average HMs in dustfall were 15.94 mg/kg for As, .30 mg/kg for
Hg, 43.71 mg/kg for Pb, .92 mg/kg for Cd, 16.35 mg/kg for Cu,
19.94 mg/kg for Ni, and 46.32 mg/kg for Zn (Supplementary
Table S6). The content of the element was in the order of Zn >
Pb >Ni > Cu >As > Cd >Hg. Compared with the background values
of soil in Qinghai, China, and the World (Wei et al., 1990). The
average As, Hg, Pb, and Cd contents were higher, and the Cu, Ni, and
Zn contents were lower. These findings indicated that the content of
these four HMs (As, Hg, Pb, and Cd) in the dustfall was relatively
high, especially the Hg content in the dustfall, which was fifteen
times as much as the background values of the soil in Qinghai.
Therefore, dustfall was one of the essential sources of HMs, especially
Hg. HMs in dustfall are neither different from those due to natural
sources, such as rock weathering, nor human activities, such as
pollutant emissions. It has both natural and artificial sources and is a
secondary mixture source in a unique climatic environment. There is
still a lack of comprehensive research on the impact of heavy-metal-
containing dust on the river environment.

Based on the sources of HMs discussed above, we proposed a new
model: the cycling model of HMs in the surface environment
(Figure 9). The process from source to sink is the primary line of
migration and enrichment of HMs. Undoubtedly, the bedrock area of
the KunlunMountains has a high HM geochemical background and is
the important source of HMs in the Golmud River. After the rock is
weathered and leached, many ions, including HMs, are released into
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the river, which flows downstream to the basin. From the
mountainous watershed of the river to the terminal salt lake, the
arid climate causes the continuous salinization of the river and
constant enrichment of HMs, which are highly enriched in the salt
lake and salt deposits (including playa). In summary, the analysis
above considers common natural processes and human actions;
however, the source of HMs in the Golmud River is
comprehensive and complex. HMs continue to undergo complex
migration, enrichment, and transformation with various carriers in
atmospheric, soil, and water environments. Under the natural
geological and geographical conditions of the Qaidam Basin,
various provenances in different environments constitute the
material cycle of HM elements in the regional surface environment.

4 Conclusion

In this research, the decreasing trends of HM concentrations in
both water and sediment were noted as Zn > Cu > Ni > As > Pb >
Cd >Hg and Ni > Zn > Pb >As >Cu > Cd >Hg. The HM contents in
water were low but relatively high in sediment. Brine is a particular
water type, and existing water quality standards are unsuitable for
measuring whether HMs pollute it. Pi, mCd, CF, HPI, HEI, andWQI
revealed no risk to the water of the Golmud River, and it was clean.
The NP values of HMs in water and sediment were primarily
influenced by high concentrations of Ni and Zn. In sediment, the
concentrations of 27% HMs exceeded the background values of soil
in Qinghai; 48% exceeded the Earth’s crust background values, and
six water quality evaluation methods showed that As, Hg, and Cd
were the major pollutants. The ecological risk values of HMs showed
a low risk in water and a medium risk of Hg in sediment. The average
THQ values for adults and children suggested that the non-
carcinogenic risks were low. According to the carcinogenic risk,
Ni may be carcinogenic in freshwater; As and Ni may be
carcinogenic in sediment. Multivariate statistical analysis showed

that the HMs mainly came from nature, and human activities will
also have a certain impact on them. As and Hg had high background
values, saline dust storms were one of the critical sources of HMs,
especially Hg. The influence of the natural background, human
activities, and various provenances in different environments
constitutes the material cycling of HM elements in the regional
surface environment.
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Cycling model of heavy metals in the surface environment.
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