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China were explored by combined use of total digestion, sequential extraction and the diffusive gradient in thin-films (DGT). Average concentrations of Cr, Ni, Cu, Zn, As, Cd and Pb
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in surface sediments were 31.25, 30.31, 22.00, 45.04, 31.32, 0.13 and 13.39 mg/kg, respectively.

Sequential extraction

Higher levels of metals were found near the inflowing rivers. Residual form was dominant

the Diffusive gradients in thin films

in Cr, Ni, Zn, Cd and Pb, and reducible form was dominant in As and Cd. Metals in surface

(DGT)

sediments showed a low enrichment degree overall, but Cd and As had higher ecological

Mobility

risk levels than the other metals. Furthermore, there was a larger average proportion of ex-

Geochemical baseline

changeable form of As (20.4%) and Cd (9.0%) than the other metals (1.7%-3.3%), implying

Tibet

their higher mobility and release risk. Average DGT-labile concentrations of Cr, Ni, Cu, Zn,
As, Cd and Pb were 0.5, 4.5, 0.7, 25.1, 60.0, 0.22 and 1.0 μg/L, respectively. The DGT-labile As
was significantly correlated with extractable As forms (p< 0.01), suggesting that extractable
As in sediments acts as a “mobile pool” for bioavailable As. These results suggest potential
risks of As and Cd, especially As, deserve further attention in Lake Yamdrok Basin.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
With the rapid development of global industrialization, much
attention has been paid to metals because of their toxicity and
persistence in the environment (Wang et al., 2015). Sediments
are often metal-contaminated because of natural or anthropogenic influences. Metals can be provisionally immobilized in
sediments as a result of adsorption, coprecipitation, and hydrolysis processes, making sediments an important sink for
metal pollutants (Guo et al., 2018; Singh et al., 2005). Mean∗
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while, sedimentary metals can also be released into water in
response to certain environmental changes and then enter the
food chain, causing harm to the ecological environment and
human health (Yi et al., 2011). Therefore, comprehensively understanding the accumulation, mobility and bioavailability of
metals in sediments is important for evaluating regional sediment pollution status and proposing effective measures.
The geochemical baseline of metals is defined as the level
of metals in the surficial environment that are not under direct anthropogenic influence at present or within a certain period (de Paula Filho et al., 2015; Teng et al., 2009). It can be used
to distinguish the natural and anthropogenic origins of metals in the environment, thereby acting as an important reference for evaluating metal contamination in regional sediments
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(Teng et al., 2009; Wang et al., 2019). The comparison of measured total content and baseline value is usually used to determine the metal contamination degree in sediments. However,
this is insufficient to predict potential toxicity of metals in sediments. In fact, total metal content embraces large fractions
that are unavailable to aquatic organisms because of the repletion of binging ligands in sediments, and only a proportion of
metals can be remobilized and released into the water phase,
potentially leading to an ecotoxicological risk (Costello et al.,
2012; Ren et al., 2015). Therefore, characterizing metal mobility
and bioavailability is important to evaluate the potential toxicity risk of the metals.
The mobility and bioavailability of metals in sediments are
highly dependent upon the metal’s chemical form (Xu et al.,
2018). Therefore, a range of ex-situ single or sequential extraction methods have been proposed to determine the chemical
partitioning of metals in solid phases. BCR is a sequential extraction procedure that has been widely used to estimate the
readily bioavailable metal forms (Liang et al., 2017; Peng et al.,
2009; Pueyo et al., 2008). However, this procedure has limitation because of the probable readsorption and redistribution
of metals during the extraction and consequent changes for
the chemical forms (Prica et al., 2010). The diffusive gradient in
thin-films (DGT) technique has recently been developed as an
alternative method for rapidly measuring bioavailable metal in
water, soil and sediment (Fan et al., 2019; Schintu et al., 2008;
Xu et al., 2018). Some previous studies have applied conventional chemical extraction (such as BCR) and DGT synthetically
to evaluate metal bioavailability in soil or sediment and explore the associations and differences between the two methods (Liu et al., 2015; Ren et al., 2015; Roulier et al., 2010; Xu et al.,
2018; Yin et al., 2014).
The Tibetan Plateau contains numerous inland glaciers and
lakes. It is the source of major rivers in Asia and the main water source for approximately one-third of the global population
(Guo et al., 2018). Paying attention to metal accumulation and
toxicity in the aquatic environment of the Tibetan Plateau is
highly important for the stability of the vulnerable highland
ecosystem and human health (Guo et al., 2018). Because it is
a remote area with limited industrial and agricultural activities, the distribution and enrichment of metals in the soil and
sediment of the Tibetan Plateau are generally affected by natural processes, such as water-rock interactions, weathering and
geothermal fluid. Li et al.(2011) identified that the parent rocks
of the Yarlung Tsangbo river basin as the fundamental sources
of metals in the river sediments. However, it is notable that the
Tibetan Plateau is adjacent to Eastern China, Nepal and India,
where population is booming and industries are developed;
meanwhile, tourism-related activities have also increased on
the Tibetan Plateau (Sheng et al., 2012). Guo et al. (2018) proposed that metals in lake sediments on the Tibetan Plateau
mainly originated from natural and traffic sources, and atmospheric transport of metal contaminants from adjacent areas.
Accordingly, the contamination degree and ecological risk of
metals in soil and sediment on the Tibetan Plateau have been
previously studied (Guo et al., 2018; Li et al., 2011; Sheng et al.,
2012; Zhang et al., 2011), however, these researches only studied the total contents, possibly overestimating or underestimating the degree of risk in metals.
Lake Yamdrok Basin located in southern Tibet contains the
largest natural inland lake in the northern foothills of the Himalayas, and is a typical representative of Tibetan Plateau
lakes. Meanwhile, the lake is one of the three sacred lakes
in Tibet. Due to increasing tourism-related activities in recent
years, the lake may have been affected by anthropogenic disturbance. In this study, Lake Yamdrok Basin was selected to
investigate the geochemical characteristics of metals in sediments via synthetic utilization of the geochemical baseline,
BCR sequential extraction and DGT technique. The primary
aims of this study were to (1) determine the distribution and

fraction characteristics of sediment metals, (2) assess the enrichment degree and potential risk of metals in surface sediments, and (3) evaluate the mobility and bioavailability of metals in surface sediments. The results could provide a better understanding of metal contamination information and benefit
effective evaluation of metal ecological hazard in sediments
on the Tibetan Plateau.

1.

Materials and methods

1.1.

Study area

Lake Yamdrok Basin is located in the middle reaches of the
Yarlung Zangbo River, containing four lake zones (Yamdrok
Tso, Chen Co, Kongmo Co, Bajiu Co) and several inflowing
rivers. The lake basin was formed by local subsidence and water accumulation during the uplift of the Himalayas. It was
originally an outflow lake flowing into the Yarlung Zangbo
River, and then about a million years ago, it turned into an
inflow lake as the river became blocked and was gradually
separated into several lake zones because of lake shrinkage
(Sun et al., 2013).

1.2.

Samples collection and pretreatment

Thirty-one sampling sites of surface sediments were set in the
study area (Fig. 1). Surface sediment samples (0–10 cm) were
collected in September 2018 and May 2019. Of the 31 sediment samples collected in May 2019, 19 were selected for DGT
deployment. In addition, one sampling site was set in May
2019 to collect core sediment for observation of metal profile
distributions and establishment of the geochemical baseline.
This sampling site, near the site of core sediment collected by
Guo et al. (2016b), was in the narrow northern bay and far away
from the inflowing rivers, and the sedimentary environment is
relatively stable as a result of weak water exchange.
The core sediment sample (60 cm) was sectioned into 1 cm
intervals from the surface to the bottom, and all surface and
core sediment samples were sealed in polyethylene bags and
immediately transported to the laboratory. The core sediment
sample and a portion of each surface sediment sample were
freeze-dried, ground and sifted through a 100 mesh nylon sieve
to obtain homogenized samples for the analyses of metals and
total organic carbon (TOC) in sediments. Another portion of
fresh surface sediment samples was used for analyses of DGTlabile metals, moisture content (MC) and particle size.

1.3.
Measurement of metal concentrations and sediment
properties
1.3.1.

Total concentrations and chemical forms of metals

The total concentrations of Cr, Ni, Cu, Zn, As, Cd and Pb
in surface and core sediments were extracted using the
HNO3 +H2 O2 digestion method and measured by inductively
coupled plasma mass spectrometry (ICP-MS; Agilent 7500a,
USA). The BCR sequential extraction method (Rauret et al.,
1999) was adopted to obtain the chemical forms of the studied metals in surface sediments collected in May 2019. BCR
method divides metals into four fractions: exchangeable form
(carbonates/exchangeable ions; F1), reducible form (Fe/Mn
(hydr)oxides bound metals; F2), oxidizable form (organic matter and sulfides bound metals; F3), and residual form (remaining, non-silicate bound metals; F4). Concentrations of the four
fractions of metals were measured by ICP-MS.
The internal standard 103 Rh was detected synchronously
using ICP-MS for signal stability. The replicate measurements
of metals were performed for each sample and a standard
for studied metals was analyzedevery 20 samples, to ensure
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Fig. 1 – Sampling sites in the sediments of Lake Yamdrok Basin.

analytical accuracy. Quality control was performed through
the simultaneous measurement of the reference material
GBW07366 (GSD-23). The recoveries ranged from 92% to 103%
for total metals and 93% to 105% for metal fractions ((sum of
fractions / total metals) × 100).

1.3.2.

DGT measurement

ZrO-Chelex DGT probes were purchased from EasySensor
Ltd.(Nanjing, China; www.easysensor.net) and were used to
measure the DGT-labile metals (Cr, Ni, Cu, Zn, As, Cd and Pb)
in surface sediments fromthe 19 selected sites. The assembled DGT device had an exposure window of 3.14 cm2 , a ZrOChelex mixed binding gel and a 0.09 cm diffusion layer (0.08 cm
agarose gel plus a 0.01 cm polyvinylidene fluoride filter membrane) (Wang et al., 2017). The loaded DGTdevices were stored
in 0.01 mol/L NaCl prior to use.
With reference to Yin et al. (2014), the homogenized surface
sediments were distributed inglass beakers (3 cm), and surface
waters fromcorresponding sites were gently introduced into
the beaker (5 cm). The samples were stabilized at 25 °C for one
week. The DGT probes were then gently pushed into the sediment to ensure complete surface contact between the filter
membrane of the device and the sediments. After 24 hr, the
DGT probes were retrieved and rinsed with deionized water.
The metals in the binding gel were eluted based on a two-step
extraction procedure using 1.0 mol/L HNO3 for Ni, Cu, Zn, Cd
and Pb followed by 1.0 mol/L NaOH for Cr and As (Wang et al.,
2017). The metal contents in the eluate were determined by
ICP-MS.
The concentrations of metals measured by DGT (CDGT , μg/L)
were calculated using Eq. (1) as follows:
CDGT = (M × g)/(D × A × t )

(1)

where M (μg) is the accumulation mass of metal in the binding gel calculated according to Eq. (2), g is the thickness of

the diffusive layer (0.09 cm), D (× 106 /(cm2 sec)) is the diffusion
coefficient of the metal, A is the surface area of each gel (3.14
cm2 ), and t (sec) is the deployment time of DGT.
M = Ce (Ve + Vg )/ fe

(2)

where Ce (μg/L) is the concentrations of the analyte in the eluate, Ve is the volume of the eluate (1.8 mL), Vg is the volume
of the binding gel (0.2 mL), and fe is the elution efficiency. The
values offe and D at 25 °C are presented in Appendix A Table S1.

1.3.3.

Physicochemical analysis of surface sediments

The pH value and oxidation reduction potential (ORP) for each
sediment sample were monitored in situ. The MC of the sediments was determined after drying samples for 12 hr at 105 °C.
The TOC content was determined by a TOC analyzer (TOCVcph, Shimadzu, Japan). The distribution of particle size was
determined by a laser particle analyzer (Masterizer-2000, Malven, UK) allowing measurements ranging from 0.02 to 2000 μm.
The relative percentages of particle size were classified as clay
(<4 μm), silt (4–63 μm) and sand (>63 μm).

1.4.

Assessment of metal enrichment and ecological risk

1.4.1.

Geochemical baseline calculation

The normalization procedure (Covelli and Fontolan, 1997) was
used to obtain the geochemical baselines of metals in sediments of Lake Yamdrok Basin. Briefly, Fe was selected as
the normalization element and the normalization procedure
for measured metal concentrations was done through linear regression. According to previous studies (Covelli and
Fontolan, 1997; Teng et al., 2009), the data exceeding the 95%
confidence interval were eliminated, and then a new linear
regression was built with the updated dataset until all the
data were within the 95% confidence interval. The finally obtained dataset, or that following logarithmic transformation,
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conformed to the normal distribution (Kolmogorov-Smirnov
test). The mean of the final dataset was defined as the geochemical baseline for each metal.

1.4.2.

Enrichment factor (EF)

The EF is a contamination index to evaluate the enrichment degrees of metals in sediments. It was calculated using Eq. (3) as
follows:
EF = [Ci /Cn ]sample/[Bi /Bn ]background

(3)

where Ci (mg/kg) and Cn (mg/kg) are the measured concentrations of the metal and the reference element (Fe) in sediments,
respectively; and Bi (mg/kg) and Bn (mg/kg) are the background
concentrations of the metal and Fe in sediments, respectively.
The geochemical baselines of the metals in core sediment were
used as the background concentrations.

1.4.3.

Potential ecological risk factor (ER)

The ER is an index developed by Hakanson (1980) and widely
used to assess the contamination degree and ecological risk of
metals in sediments. The equation for calculating the ER was
as follows:


ERi = Tr i × Cf i = Tr i × Cs i /Cn i
(4)
where ERi is the potential ecological risk factor of a given
metal i; Tr i is the biological toxicity factor of metal i (Cr = 2,
Ni = Cu = Pb = 5, Zn = 1, As = 10, Cd = 30); Cf i is the contamination factor of metal i; and Cs i (mg/kg) and Cn i (mg/kg) are the
measured concentration and the background concentration of
metal i, and the baseline value of metal i in core sediment was
used as the background concentration.
The sum potential toxicity response index (RI) for studied
metals in sediments was calculated using Eq. (5) as follows:

RI =
ERi
(5)

1.4.4.

Risk assessment code (RAC)

The RAC can be used to evaluate the potential release risk of
metals in sediments (Liang et al., 2017). It was calculated using
Eq. (6).
RAC = (CF1 /Ctotal ) × 100%

(6)

where CF1 (mg/kg) is the metal concentration in the fraction F1,
and Ctotal (mg/kg) is the total metal concentration in sediments.

1.5.

Data analysis

The overall spatial patterns of total metals and DGT-labile metals in surface sediments of the study area were mapped by the
inverse distance weighted method using ArcGIS 10.2. Notably,
total metal concentrations sampled twice at each site were averaged for the analysis of metal spatial distribution in surface
sediments. The Kolmogorov-Smirnov test and Pearson’s correlation analysis were performed using SPSS 19.0.

2.

Results and discussion

2.1.

General properties of the surface sediments

usually occurred in the sites near the inflowing rivers. Inhomogeneous TOC contents were observed in surface sediments
ranging between 0.5% and 3.8% with an average of 2.3%, close
to the findings of Zhang et al. (2010) (1.96% on average). The
mineral fractions of particles varied from 0.4% to 19.8% for clay
(8.9% on average), 6.4% to 67.3% for silt (49.4% on average), and
18.3% to 93.2% for sand (41.7% on average). Therefore, the studied surface sediments were mainly composed of silt and sand.

The general properties of the surface sediments in Lake Yamdrok Basin are presented in Appendix A Table S2. The pH values ranged from 7.0 to 8.1 with the average of 7.4, indicating a
near-neutral pH environment. The ORP values varied between
-231.0 mV and 162.7 mV, with an average of -34.9 mV, which
suggests an anoxic-suboxic environment. The MC of the sediments was in the range of 11.0%-59.0%, and relatively low MC

2.2.
Distribution characteristics of metals in the
sediments
2.2.1.

Distribution of metals in surface sediments

The Cr, Ni, Cu, Zn, As, Cd and Pb concentrations in the surface sediments of Lake Yamdrok Basin were in the ranges of
13.55–51.53, 14.66–60.39, 11.27–42.31, 8.61–85.64, 10.72–111.70,
0.06–0.22 and 3.97–24.59 mg/kg, respectively, with average values of 31.25, 30.31, 22.00, 45.04, 31.32, 0.13 and 13.39 mg/kg, respectively. The concentrations of these metals in the present
study were mainly similar to those of corresponding metals in
lake sediments or wetland sediments on the Tibetan Plateau
(Guo et al., 2018; Zhang et al., 2011) (Appendix A Table S3). The
As concentrations in surface sediments in the present study
were 1–2 orders of magnitude higher than the average As concentration in the upper continental crust (Appendix A Table
S3), indicating clear As enrichment in surface sediments of
Lake Yamdrok Basin.
As shown in Fig. 2, relatively high concentrations of metals
were generally distributed in the western and southern parts of
the lake basin, especially at the sites near the inflowing rivers;
the northern parts without inflowing rivers always contained
low levels of metals. As a result of the sparse human populationand minimal industrial activities across most partsof the
Tibetan Plateau, natural processes are likely to be the primary
factors influencing the metal distributions in sediments. Metals in the surface environment can be transported by surface
waters and adsorbed by the slow-moving bed load of rivers, and
were gradually concentrated in alluvial deposits along with the
deposition of river sediments (Saunders et al., 2005), resulting
in the accumulation of metals in the sediments near the inflowing rivers.Besides, Guo et al. (2016a) proposed that some
metal contents in Tibet lake sediments were positively correlated with the percentages of glacier area in the basins. Accordingly, it could be speculated that metals in the studied
sediments were partly came from melting water of snow and
ice, one of the major supply sources for the lake in the study
area (Sun et al., 2013). Previous researches (Beaudon et al., 2017;
Liu et al., 2017) have found a certain degree of metals accumulated in glaciers on the Tibetan Plateau, which were affected by
atmospheric transport and deposition of anthropogenic metal
pollutants originating from adjacent countries. It consequently
implies the contribution of anthropogenic sources to metal
contents in the studied sediments. Moreover, clay minerals
may play an important role in metal enrichment in sediments
(Zhang et al., 2002), which can be confirmed by the positive correlations between clay proportions and Cr, Ni, Cd and Pb concentrations (Appendix A Table S4). Similar findings in the lake
zone Chen Co were reported by Wang and Zhu (2008). The As
distribution is slightly different from the other metals, with the
aberrant high As found in the two lake zones (Chen Co and
Kongmo Co), and this has been reported in our previous study
(Che et al., 2020). Previous studies (Li et al., 2011; Li et al., 2013)
proposed that the wide presence of As-enriched rocks in Tibet
supply considerable amounts of As to the surface environment.
Therefore, the As distribution in sediments might be strongly
affected by the difference of exposedrocks between different
regions.
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Fig. 2 – Distributions of the total concentrations of metals in the surface sediments of Lake Yamdrok Basin.

2.2.2.

Distribution of metals in core sediment

The Cr, Ni, Cu, Zn, As, Cd and Pb concentrations in the profile of the core sediment generally showed a fluctuating increase from top to bottom (Fig. 3). The distribution tendencies
of these metals are similar to the vertical variations of some
elements previously observed in core sediments of Chen Co

(Wang and Zhu, 2008). Furthermore, the profile distributions
of metals in the present study generally match the distribution of fine-grained components (7–10 μm) in a profile of Lake
Yamdrok Basin found by Guo et al. (2016b). Grain size changes
in the profile can reflect the climatic changes in different periods in the past. Therefore, the vertical fluctuations of the metal
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Fig. 3 – Concentration profiles of metals in the sediment core of Lake Yamdrok Basin.

Fig. 4 – Comparison of metal concentrations in surface sediments (n=31) and core sediment (n=60).

concentrations may be in response to regional environmental changes caused by climate characteristics during different
stages.It is notable that average levels of the metals were significantly lower in the core sediment than in the surface sediments (p< 0.01) (Fig. 4). One possibility is that the core sediment
was located in the northern lake zone, which was not susceptible to external metal sources such as runoff inputs. Besides,
increasing expansions of cities and consequent anthropogenic
activities and atmospheric input of pollutants from neighboring regions may have led to gradual metal accumulation in the
surface environment (Sheng et al., 2012), and this could be further supported by increasing trends of metal concentrations
from -5 cm to 0 cm in the profile.

2.2.3.

Chemical forms of metals in surface sediments

Metals in surface sediments were sequentially fractionated
into four chemical forms, with the proportions shown in Fig. 5.
Fraction F4 (residual form) with very weak mobility was the
dominant fraction for Cr, Ni, Zn, Cd and Pb, on average accounting for 78.4%, 63.4%, 72.3%, 45.3% and 75.4% of the total content, respectively. The fraction characteristics of these metals
are largely consistent with those of metals in the middle part of
Yarlung Zangbo sediments (Bo et al., 2014). This suggests less
transformation of most metals after deposition in lake or river
sediments in Tibet. In particular, a higher average proportion
of residual form was observed in Cr than in the other metals.
This is related to the fact that Cr mainly exists in some aluminosilicates and cannot easily be separated from the mineral
crystal lattice (Martin et al., 1998).
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Fig. 5 – Chemical forms of metals in the surface sediments of Lake Yamdrok Basin (n=31).

Table 1 – Geochemical baselines of metals in the studied sediments and comparison with background values of metals in
Tibet soils (mg/kg).

Metal
Fe
Cr
Ni
Cu
Zn
As
Cd
Pb

Baseline value in the core sediment

Baseline value in the surface sediments

Background in Tibet soils
(Cheng and Tian, 1993)

Mean

SD

Mean

SD

Mean

9479.49
8.09
11.56
14.26
19.38
16.51
0.08
5.58

2313.46
2.89
2.59
3.39
4.69
2.02
0.02
1.27

23786.99
26.46
26.08
20.67
43.94
17.86
0.11
12.31

11039.73
12.59
11.17
8.69
24.38
8.57
0.04
5.19

30100
77.4
32.1
21.9
73.7
18.7
0.08
28.9

For As, the major chemical form was fraction F2 (reducible
form), accounting for 22.2%-76.5% of total As contents with
the average proportion of 48.6%. The Cu was mainly present
in fractions F2 (43.9% on average) and F4 (34.3% on average).
Main reducible form for As and Cu showed that these metals are easily co-precipitated with Fe/Mn (hydr)oxides in surface sediments of the study area. The release of these metals from sediments could be expected under the dissolution
of Fe/Mn (hydr)oxides under reductive conditions (Che et al.,
2020; Li et al., 2016; Tang et al., 2019).
Fractions F1 and F3 (exchangeable and oxidizable forms)
generally accounted for small proportions in the total contents of each metal. Notably, metals in fraction F1 are most
easily mobilized and could be absorbed by the biota directly
(Sundaray et al., 2011). A larger average proportion of fraction
F1 was observed in As and Cd (20.4% and 9.0%, respectively)
than in the other metals (1.7%-3.3%), implying stronger mobility and bioavailability of As and Cd.

2.3.
Enrichment and risk assessment of metals in surface
sediments
2.3.1.

Geochemical baseline of metals

As shown in Table 1, the geochemical baseline values of Cr,
Ni, Zn and Pb in the sediments in present study were less
than the metal background values in Tibet soils (Cheng and
Tian, 1993), and the values of Cu, As and Cd were in accordance with the metal background values in Tibet soils. The differences between geochemical baselines in present study and

background values in Tibet soils may be because the geochemical baselines are determined in some specific time and area
(Tack et al., 2005; Teng et al., 2009). Metals in the surface environment in different periods undergo complex migration and
transformation processes affected by environmental factors,
resulting in the spatio-temporal differences in the baselines of
metals (Wang et al., 2019).
Moreover, our results showed that the baseline values of
metals in core sediment are less than those in surface sediments (Table 1). According tothe ages of sediments in Lake
Yamdrok Basin studied by Guo et al. (2016b), the core sediment
at 50 cm in depth corresponds to 100 A.D., which could reflect the pre-industrialized periods. Therefore, the geochemical
baseline values of the core sediment could represent the natural background levels of metals in the study area. In contrast,
the baseline values of surface sediments generally reflect the
immediate values of the metals in the sediments (Wang et al.,
2019), which may be affected by the combined disturbance of
natural factors and increased anthropogenic activities.

2.3.2.

Enrichment levels of metals

The EF was employed to identifyanomalous metal concentrations in surface sediments, to better discern potentialmetal
contamination in Lake Yamdrok Basin. Table 2 shows that the
EFs of metals in sediments varied from 0.18 to 2.70. Each metal
in surface sediments in the study area remained between no
enrichment (EF < 1) and minor enrichment (1 < EF < 3); of
which there were relatively higher enrichment degrees of Cr
and Ni because of their higher average EFs, and the result is
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Table 2 – The enrichment factor values and evaluation results of ecological risk of metals in surface sediments of
Lake Yamdrok Basin (n=31).
Metal

Cr
Ni
Cu
Zn
As
Cd
Pb

Enrichment factor (EF)

Potential ecological risk factor (ER)

Max

Min

Mean

SD

Max

Min

Mean

SD

2.54
2.08
1.18
1.76
2.70
1.13
1.76

0.67
0.51
0.31
0.18
0.26
0.29
0.28

1.54
1.04
0.61
0.93
0.76
0.63
0.96

0.60
0.41
0.23
0.45
0.57
0.21
0.37

12.74
26.12
14.83
4.42
67.65
85.00
22.04

3.35
6.34
3.95
0.44
6.49
22.12
3.55

7.73
13.11
7.71
2.32
18.97
47.07
12.00

3.03
5.09
2.84
1.13
14.20
16.17
4.66

similar to that found by Sheng et al. (2012) in Tibetan top soils.
However, when compared to metal pollution in soils of northeastern Tibetan Plateau caused by industrial sources (Wu et al.,
2018), metals in surface sediments of the study area showed a
low enrichment level overall, which is largely consistent with
previous findings in some Tibet sediments (Guo et al., 2018;
Zhang et al., 2011). Moreover, EF = 1.5 has been proposed by
Zhang and Liu (2002) as an assessment criterion by which to
distinguish the entire natural sources (e.g. crustal materials
or weathering processes) and non-crustal material sources of
metals. In this study, average EF value of each metal was less
than 1.5, suggesting these metals are largely not associated
with pollution issues, although the EF values of Cr, Ni, Zn, As
and Pb were more than 1.5 in a few locations.

2.3.3.

Ecological risk assessment of metals

The ER of each metal in surface sediments of Lake Yamdrok
Basin is also presented in Table 2. Average ERs decreased in
the following order: Cd > As > Ni > Pb > Cr > Cu > Zn. The
potential ecological risk of Cd was at low-considerable level,
with 55% and 6% of the total sampling sites at moderate and
considerable levels, respectively. The As risk was at low (94%
of the sites) to moderate level (6% of the sites). The ERs of the
other metals (Ni, Pb, Cr, Cu and Zn) were in the range of 0.44–
26.12, suggesting low ecological risk.
Similar to our results, relatively higher ER of Cd and As were
found in some lake sediments and soils in Tibet (Guo et al.,
2018; Yan et al., 2013). In particular, the potential risk of As in
some lake sediments located in northwestern Tibet reached
very high levels (Guo et al., 2018), which could be related to
the greater amount of As-enriched rocks distributed in these
regions than in southeastern regions of Tibet (Sheng et al.,
2012). Guo et al. (2018) also proposed that Cd accumulation in
lake sediments of the Tibetan Plateau would be affected by Cd
transport from South Asia by atmospheric circulation.
Overall, the RI of metals in this study in Lake Yamdrok Basin
were mainly low (RI < 150). Only six sites, mainly located near
the inflowing rivers, were at moderate levels (150 < RI < 300).

2.3.4.

Potential release risk of metals

Metals in the sediments are bound with different strengths to
various fractions. Among the four fractions obtained from sequential extraction, the metals in fraction F1 are highly unstable and potentially bioavailable (Liang et al., 2017). Therefore,
the RAC values have proven to be a good indicator for assessing
the mobility and potential release risk of metals (Ke et al., 2017;
Liang et al., 2017). As shown in Fig. 6, the RAC values of Cr, Ni,
Cu, Zn and Pb were mainly between 1% and 10%, corresponding
to low release risk. The RAC values of Cd were in the ranges of
4.4%-16.3%, with 32% of sampling sites in the medium release
risk level (10% < RAC ≤ 30%). In contrast, As showed stronger

Fig. 6 – Box and whisker plots showing the risk assessment
code (RAC) values of metals in surface sediments of Lake
Yamdrok Basin (n=31).
mobility and higher release risk than the other metals in sediments of Lake Yamdrok Basin, because of its relatively high
RAC values (4.3%-35.0%).
The results of risk assessments based on the chemical
forms are not quite consistent with those based on total concentrations, and the latter ignoring the metal fraction characteristics might obtain inaccurate risk evaluation, such as Cd
and As in the present study. Therefore, when assessing the
potential risk of metals, more attention should be paid to the
readily mobile fractions than to the total contents.

2.4.

Bioavailability of metals in surface sediments

2.4.1.

Concentrations of DGT-labile metals

The concentrations of DGT-labile metals in surface sediments
of Lake Yamdrok Basin were 0.5±0.3, 4.5±2.0, 0.7±0.4, 25.2±7.7,
60.0±76.9, 0.22±0.02 and 1.0±0.2 μg/L for Cr, Ni, Cu, Zn, As, Cd
and Pb, respectively (Table 3). The higher average CDGT -As than
the other metals is consistent with the relatively high release
risk of As in the study area. Moreover, the National Recommended Water Quality Criteria (EPA, 2006) were used to compare with the concentrations of DGT-labile metals, to evaluate their toxicities to aquatic organisms. In Table 3, the maximum DGT-labile concentrations of Cr, Ni, Cu, Zn and Pb are
lower than the criteria maximum concentration (CMC, a measure of acute toxicity) and the criteria continuous concentration (CCC, a measure of chronic toxicity) of the corresponding
metals. This indicates that the above metals would not result
in an unacceptable effect on an aquatic community (Yu et al.,
2011). For DGT-Cd and DGT-As, however, their maximum values
exceed the CCC; in particular, the maximum value of DGT-As is
1.62 times higher than the CCC for As. This suggests probable
chronic toxicities of DGT-labile As and Cd in surface sediments
to the aquatic community in Lake Yamdrok Basin.
The spatial patterns of DGT-labile metals are inconsistent
with the distribution of total metals in sediments except As.
According to the spatial distribution of DGT-labile metals in
Fig. 7, CDGT showed minor spatial variation for Cd, medium
variation for Pb, Zn, Ni, Cu and Cr, and large variation for As,
with substantially higher CDGT -As observed in Chen Co. These
findings indicate different fluxes of metals from sediments toward the DGT device, which was affected by sediment properties (Simpson et al., 2012). For instance, CDGT -As was significantly negatively correlated with ORP values (R = -0.746, p<
0.01; Appendix A Table S5), suggesting that reducing conditions would favor As mobilization from sediments accompanied by dissolution of Fe/Mn (hydr)oxides (Ma et al., 2015). CDGT -
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Table 3 – Comparison of concentrations of DGT-labile metals with the US EPA water quality criteria.

Criterion (μg/L)
DGT-labile metal (μg/L)

CMC
CCC
Max
Min
Mean
SD
CV(%)

Cr

Ni

Cu

Zn

As

Cd

Pb

13
9
1.1
0.1
0.5
0.3
57.2

470
52
8.8
1.1
4.5
2.0
44.1

13
9
1.6
0.3
0.7
0.4
56.9

120
120
48.1
15.0
25.1
7.7
30.9

340
150
244.0
1.0
60.0
76.9
128.1

2
0.25
0.26
0.18
0.22
0.02
10.4

65
2.5
1.6
0.8
1.0
0.2
22.1

DGT: the diffusive gradient in thin-films; CMC: criterion maximum concentration-a measure of acute toxicity; CCC: criterion continuous
concentration-a measure of chronic toxicity.

Table 4 – Correlations between DGT-labile metals and total quantity and chemical forms of metals.
Variables

F1

F2

F3

F1+F2

F1+F2+F3

Total metal

DGT-Cr
DGT-Ni
DGT-Cu
DGT-Zn
DGT-As
DGT-Cd
DGT-Pb

-0.308
0.410
0.212
0.184
0.694∗∗
-0.206
-0.134

0.349
-0.407
0.456∗
0.030
0.602∗∗
0.281
0.227

0.211
-0.449
0.390
-0.092
0.698∗∗
0.291
0.382

0.277
-0.391
0.459∗
0.038
0.643∗∗
0.074
0.195

0.320
-0.403
0.473∗
0.007
0.664∗∗
0.219
0.299

0.230
-0.311
0.296
-0.069
0.696∗∗
0.322
0.395

∗
∗∗

p< 0.05;
p< 0.01; Significant correlations are indicated in bold.

Pb and CDGT -Cd showed positive correlations with clay proportions (R = 0.498, p< 0.05, and R = 0.401, p = 0.089, respectively;
Appendix A Table S5), and CDGT -Ni showed a positive correlation with TOC content (R = 0.446, p = 0.056; Appendix A Table S5). This may be attributed to different affinity and adsorption capacity of clay minerals and organic matter to metals
(Ernstberger et al., 2005; Roulier et al., 2010). In contrast, no relationships between CDGT -metals and pH values were observed.
This is similar to the findings of Xu et al. (2018), possibly as a
result of the narrow range of pH in sediments.

whereas the BCR method is rather static and can measure labile metals in both surface and interior of particles, because
of more aggressive extraction than DGT. Overall, BCR results
should be regarded as theoretical, giving an indication of the
maximum amount of metals that could eventually be mobilized over a long period of time (Gao et al., 2010). Among the
metals in present study, the highest correlations were found
between DGT-As and each extractable As fraction; therefore,
the extractable As in surface sediments (a combination of F1,
F2 and F3) could be defined as the “mobile pool” for labile As
measured by DGT.

2.4.2. Relationships between DGT-labile metals and metal
chemical forms
To further understand the mechanism of DGT-measured metals, the correlations between DGT-labile metals and metal
chemical forms were analyzed (Table 4). DGT-As was found to
be significantly correlated to As in fractions F1, F2 and F3 (p<
0.01), and DGT-Cu was significantly correlated to Cu in fraction F2 (p< 0.05). Furthermore, there were positive relationships between DGT-As and DGT-Cu and these metals in extractable fractions (F1+F2+F3) (p< 0.01 and p< 0.05, respectively). According to Ren et al. (2015), these findings suggest
that BCR extractable fractions were likely the main source of
labile As and Cu uptake by DGT. It has been reported that readily exchangeable metals in F1 are weakly bound to sediment
and available for DGT (Liu et al., 2015). In addition, the dissolution of Fe/Mn oxides and decomposition of organic matters
may occur under a reducing environment, possibly resulting
in release of metals adsorbed on or bound to Fe/Mn minerals and organic matter (Ren et al., 2015). However, weak to no
correlations between DGT measurement and metal fractions
were observed for Cr, Ni, Zn, Cd and Pb. In fact, previous studies
(Gao et al., 2010; Xu et al., 2018; Yin et al., 2014) found that DGTlabile metals are not necessarily correlated to extractable metals obtained by sequential extractions. The above studies proposed that DGT only acquires metals in the pore water and on
the surface of particles, reflecting the dynamic supply of labile
metals from sediments during the time of DGT deployment,

3.

Conclusion

The distribution, potential risk and bioavailability of metals in
sediments of Lake Yamdrok Basin in Tibet were studied. The
spatial distribution of Cr, Ni, Cu, Zn, As, Cd and Pb in surface sediments showed similar tendencies, with relatively high
concentrations generally observed near the inflowing rivers.
Furthermore, metals in surface sediments may be influenced
by natural processes and anthropogenic disturbances, resulting in higher average concentrations than those in the core
sediment. Metals in surface sediments were generally at a low
enrichment level when compared with the baseline values;
however, the ER results exhibited relatively higher ecological
risk levels in Cd and As than in the other metals with low risk.
To more accurately evaluate the potential risk of metals in surface sediments, the chemical forms and bioavailability of metals were analyzed. A larger average proportion of exchangeable form was found in As (20.4%) and Cd (9.0%) than in the
other metals (1.7%-3.3%), possibly implying stronger mobility
and higher release risk. The maximum value of bioavailable As
and Cd in surface sediments measured by DGT exceeded the
CCC in water, and may cause chronic toxicities to the aquatic
community. Furthermore, DGT-labile As, with a higher average
value than the other metals, was significantly correlated with
extractable As forms. Therefore, Cd and As in the sediments of
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Fig. 7 – Concentration distributions of the labile metals measured by the diffusive gradient in thin-films (DGT) in the surface
sediments of Lake Yamdrok Basin.

Lake Yamdrok Basin, especially As, should receive increase attention. Our results can help to comprehensively understand
metal contamination data and effectively evaluate the potential metal hazards in the sediments of the study area, thereby
developing tailored pollution control measures.

Appendix A.

Supplementary data

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jes.2020.04.036.
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