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Abstract: Central Asia (CA) is one of the most fragile regions worldwide owing to arid climate
and accumulated human activities, and is a global hotspot due to gradually deteriorating
ecological environment. The Amu Darya Basin (ADB), as the most economically and demo-
graphically important region in CA, is of particular concern. To determine the concentration,
source and pollution status of heavy metals (HMs) in surface sediments of the ADB, 154
samples were collected and analyzed for metals across the basin. Correlation and cluster
analysis, and positive matrix factorization model were implemented to understand metals’
association and apportion their possible sources. Cumulative frequency distribution and
normalization methods were used to determine the geochemical baseline values (GBVs).
Then, various pollution indices and ecological risk index were employed to characterize and
evaluate the pollution levels and associated risks based on the GBVs. Results indicated that
the mean concentrations of HMs showed the following descending order in the surface sed-
iments of ADB: Zn > Cr > Ni > Cu > Pb > Co > Cd. The spatial distribution maps showed that
Cr, Ni, and Cu had relatively high enrichment in the irrigated agricultural area; high abun-
dances of Zn, Pb, and Cd were mainly found in the urban areas. Four source factors were
identified for these metals, namely natural sources, industrial discharge, agricultural activities,
and mixed source of traffic and mining activities, accounting for 33.5%, 11.4%, 34.2%, and
20.9% of the total contribution, respectively. The GBVs of Cd, Zn, Pb, Cu, Ni, Cr, and Co in
the ADB were 0.27, 58.9, 14.6, 20.3, 25.8, 53.4, and 9.80 mg/kg, respectively, which were
similar to the regional background values obtained from lake sediments in the bottom. In
general, the assessment results revealed that surface sediments of the ADB were moderately
polluted and low ecological risk by HMs.
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1 Introduction

Central Asia (CA), located in the hinterland of Eurasian continent, is of geopolitical and
strategic importance. CA countries usually consists of five former Soviet Union countries,
with a population of over 75 million by 2020 (The World Bank, 2021). Large part of CA has
a semi-arid to arid climate, characterized by scarce precipitation and high evaporation,
which is one of the most fragile ecosystems in the world (Jiang et al., 2019; Zhang et al.,
2019). Despite the abundance of mineral resources to meet energy needs, irrigated agricul-
ture remains the main economic backbone of most CA countries (Hamidov et al., 2016).
Water resources are therefore a critical factor limiting economic development in CA
(Mueller et al., 2014; Shen et al., 2021; Zhan et al., 2022). However, the environmental
problems in water and sediments caused by the population growth, industrial and agricultur-
al activity strengthened in this region in recent decades are becoming increasingly prominent
(Awan et al., 2011; Karthe et al., 2015; Hu et al., 2018).

As the most important river in CA, the environmental aspects of the Amu Darya have al-
ways been the focus of research (Ataniyazova, 2003; Crosa et al., 2006; Ma et al., 2020;
Zhan et al., 2022). The Amu Darya Basin (ADB), covering several countries, including most
of Tajikistan, Afghanistan, and Uzbekistan as well as small of Turkmenistan and Kyrgyzstan,
supplies most of their water and other energy resources (Babow and Meisen, 2012). Howev-
er, under the combined effects of arid climate and aggravated human activities caused by
large-scale development of irrigated agriculture and mismanagement of resources, the eco-
logical environment of the ADB has gradually deteriorated and triggered ecological crises
(Micklin, 2007; Sun et al., 2019). Most worryingly, high levels of heavy metals (HMs), or-
ganic pollutants and other toxic substances were detected in the blood of pregnant women
and children in the lower ADB, and a series of health problems such as high infant mortality,
low birth weight, growth retardation, acute respiratory diseases, diarrheal diseases and other
diseases were observed in the area (Ataniyazova et al., 2001; Kaneko et al., 2003). To date,
however, the concentration status and sources of pollutants in the environment throughout
the ADB are not clear, which creates great uncertainty for local pollution control and pre-
vention.

Exploring the properties of HMs in sediments can provide clues of anthropogenic effects
and identify pollutant source (Kodirov et al., 2018; Liao et al., 2019; Ramazanova et al.,
2021; Xiao et al., 2021). Through the analysis of HMs in sediments, Zhang et al. (2021)
concluded that in addition to human activities, natural sources of HMs in the Yarlung
Tsangpo River basin cannot be ignored; Yang et al. (2021) found that HM concentrations in
sediments of karstic environments in Guangxi were primarily influenced by the natural geo-
logical background. Lepeltier (1969) have determined the geological baselines by cumula-
tive frequency distribution (CDF) to distinguish the natural sources of HMs from other pos-
sible sources in the environmental media. Some studies also conducted HM pollution as-
sessment by establishing regional geochemical baseline values (GBVs) to reveal the origins
of pollution and the impact of human activities (Jiang et al., 2021; Magesh et al., 2021). In
this study, we determined GBVs for HMs in surface sediments from the entire ADB via a
combination of CDF method by normalization method. The present study aims (1) to ana-
lyze the concentrations and spatial variation characteristics of HMs in the surface sediments;
(2) to quantitatively identify the potential sources of HMs; (3) to assess the pollution levels
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and potential ecological risk of HMs in surface sediments based on the establishing regional
GBVs. Therefore, this study was designed to provide an insight into the levels and sources
of the HM pollution in surface sediments from the ADB, which could serve as a reference
for subsequent studies.

2 Materials and methods

2.1 Study area

The ADB, located between 34°30'N—-43°45'N and 58°15'E-75°07'E, is an essential region
for the construction of the Belt and Road (Figure 1). It covers a drainage area of 465,000
km?, of which approximately 200,000 km” are in the highest mountainous areas of the Pamir
Mountains (Wang et al., 2016). The basin is critical to the economy and livelihoods of most
of the CA population, housing more than 50 million people (Babow and Meisen, 2012;
Salehie ef al., 2021). The climate changes drastically according to elevation in ADB, and
most of the basin is continental, with dry and hot summer and bitterly cold winter. Average
annual precipitation is over 1000 mm in the high mountain areas. However, in the plain are-
as of the lower ADB, the average annual precipitation is only 100 mm, and evaporation is up
to 1150 mm (Awan et al., 2011; Sun et al., 2019). Due to the diversity of geography and the
uneven distribution of resources, production activities differ greatly among the countries
within the watershed. Countries located in plain areas are rich in arable land resources, and
irrigated agriculture occupies an important role. Uzbekistan, for example, has
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Figure 1 Location of the study area and sample sites (a. Geographical location of the Amu Darya Basin (ADB)
(based on maps from: www.cawater-info.net/infographic/index e.htm); b. sampling locations along the ADB)
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10.7 million ha of cultivated land and is highly developed in irrigated agriculture (Brody et
al., 2020). Whereas, for mountainous countries, cultivated land is very scarce, but rich in
water and mineral resources. Consequently, although agriculture remained the main source
of economy, the contribution of the mining industry could not be ignored, as in Tajikistan,
where it accounted for 30% of the country’s economy (Central Asian Geoportal). In recent
decades, with the exploitation of the mineral resources and the development of industry and
agriculture, the pollutants released into the environment have increased, which has aroused
wide public concern (Skipperud et al., 2013; Shukurov et al., 2014).

2.2 Sample collection and laboratory analyses

A total of 154 surface sediment (0—5 cm) samples were collected from the ADB. Sampling
in the upper watershed in Tajikistan (samples S88—S154) was completed in October 2011
and in the middle and lower watershed within Uzbekistan (samples S1-S87) in August 2019.
Due to the wide extent and topographic complexity of the study area, sample collection was
primarily based on accessibility and ensuring the representation of different types of surface
sediments. So, some samples in high mountainous areas were collected in the city of Du-
shanbe as well as along roads. The locations of the sampling sites were determined using a
portable GPS (Table S1). Each sample was placed in a clean polyethylene bag and marked
with the sample information on the bag. Samples were transported to the laboratory and
immediately dried at —50 'C for 48 hours using a vacuum freeze dryer (Xiao et al., 2021).
The dried samples were then ground using an agate mortar and pestle, and then filtered
through a 200-mesh sieve to obtain a powdered precipitate for each sample (Zhan et al.,
2020).

Inductively coupled plasma mass spectrometry (ICP-MS, Agilent Technologies 7700,
USA) was used to measure the concentrations of the metals. The detection limits for these
metals were Ca (5 mg/kg), Mg (2 mg/kg), Na (20 mg/kg), Al (20 mg/kg), Ti (1 mg/kg), Fe
(5 mg/kg), Zn (2 mg/kg), Pb (0.02 mg /kg), Ni (0.05 mg/kg), Cr (0.1 mg/kg), Cu (0.02
mg/kg), Cd (0.01 mg/kg) and Co (0.01 mg/kg). Reagent blanks were performed alongside
sample analyses to ensure the analytical quality. All the values for tested blanks were below
5% of the sample values. Recoveries between the measured values and standard solution
were in the range of 91.6%-105.3%. The relative standard deviations (RSD) of the replicates
were all within 10%.

2.3 Positive matrix factorization model

Positive matrix factorization model (PMF) is an effective multivariate factor analysis tool
for identifying pollution sources (Paatero and Tapper, 1994; Chai et al., 2021). In this study,
EPA PMF 5.0 was used to quantify the various sources of metals in surface sediment sam-
ples. The model is a decomposition of the original matrix x into three matrices: the factor
scores matrix (g), the factor loading matrix (f) and the residual matrix (e). The equation was
as follows:

P
Xij =Zk=1gikfk/ te (1)
where x;; represents the concentration of HM j in the ith sample; gj represents the source

contribution of k in the ith sample; f;; represents the amount of HM j from source k; and e;; is
residual error obtained by minimizing the objective function Q:
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where the errorfraction represents the RSD, C represents the concentration of HM, and
MDL represents the method detection limit.

2.4 Establishment of regional geochemical baseline

The regional GBVs for HMs in the ADB was established using cumulative frequency curves
and normalization methods. For the cumulative frequency curves method, GBV for each
HMs was determined by plotting CFD curves, where the cumulative frequencies were dis-
played on the X-axis and the metal concentrations or transformed values of concentrations
were displayed on the Y-axis (Lepeltier, 1969). Prior to plotting the CFD curves, a Kolmo-
gorov-Smirnov (K-S) test should be carried out to confirm the normality of the elemental
distribution (Karim et al., 2015). The CFD inflection was identified under a linear regression
model with p < 0.05 and R* > 0.9, and the outliers were excluded until the remaining values
met this criterion (Wei and Wen, 2012). The inflection point split the graph into a front part
(low concentrations) and a back part (high concentrations) (Figure S1); the front part was
supposed to have a geological source, while the back part was considered to have anthropo-
genic sources, or other biological sources (Jiang et al., 2021). Ultimately, the GBV was ob-
tained by averaging the data from the front part of the inflection point. For the normalization
method, the inert element Al was chosen as the normalizer to exclude the effect of grain size
(Zeng et al., 2014). A linear regression equation was firstly built between each HM and Al
as follows:

Cyy =aCy +b )
where Cyy, and Cy represent the concentrations of HM and Al, respectively; a and b are re-
gression constants. In equation (5), natural sediments were determined by points that fell
within the 95% confidence interval, while points falling outside the confidence interval were
considered to reflect anthropogenic inputs (Zhou et al., 2021). The GBV were therefore
calculated by data points that fell within the 95% confidence interval using the following
equation:

GBV, =cCy +d (6)
Here, C ' 1s the mean concentration of Al at selected points; ¢ and d are the redetermined

regression constants between HM and Al
2.5 Pollution assessment

Single-factor pollution index (PI) and pollution load index (PLI) were powerful tools for
assessing HM contamination in sediments. Among them, P/ reflected the contamination lev-
el of an individual HM. The PLI was a combined pollution index calculated from the Pl of
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all HMs. The PI and PLI were defined as follows (Tomlinson et al., 1980):

PI, = i (7)
CGB
PLI =3[P, x P, x PLyx+++--x PI, (8)

where C; represents the measured HM concentration, and Cgp represents the GBV of the
HM. Accordingly, HM pollution can be divided into different classifications, shown in Ta-
ble S2.

The potential ecological risk index (PERI) was first introduced by Hakanson (Hakanson,
1980). This index is widely used to assess the potential ecological risk of HMs in the sedi-
ments. E', reflected the ecological risk coefficient for individual HM. PERI was the com-
prehensive ecological risk factor calculated from the E'. of all HMs. The E', and PERI were
defined as follows:

E =T'xC!/C! )
PERI = ﬂa (10)

Here, T', represents the toxic-response factor (Zn=1,Cd =30, Co=Pb=Cu=5;Cr=Ni=
2) (Hakanson, 1980); C', represents the measured HM concentration; C', represents the ref-
erence values of HM. The corresponding classification criteria were also shown in Table S2.

2.6 Statistical analyses

In this study, descriptive statistics were performed using Microsoft Excel 2016. Statistical
analyses were conducted on the HMs using SPSS 25.0 software. CFD curves, clustering heat
map and cumulative percentage map were plotted using Origin 2018 software. The spatial
distributions of normalized metallic elements were mapped using ArcGIS 10.2. EPA PMF
5.0 was applied to analyze and quantify the main sources of elemental metals.

3 Results and discussion

3.1 Concentration variations of metallic elements

Descriptive statistical results of Ca, Mg, Na, Al, Ti, Fe, Cd, Zn, Pb, Cu, Ni, Cr and Co in
surface sediment samples from the ADB were listed in Table 1. The concentrations of metals
ranged widely and varied significantly between the sampling sites. The coefficients of varia-
tion (CV) for most of the metal concentrations exhibited high values except for Al (21.90%),
Ti (30.34%), Fe (30.62%) and Co (31.77%), which indicated that the sediments in the ADB
probably were affected by discrete inputs associated with anthropogenic activities or natural
processes (Adimalla ef al., 2020). The highest concentrations of Ca, Mg, Na, Al, Ti, Fe, Cd,
Zn, Pb, Cu, Ni, Cr and Co were recorded at sample sites S5, S140, S90, S143, S107, S107,
S94, S115, S20, S115, S95, S108, S115, respectively. The lowest concentration of Ca was
found at S72, Mg, Ti, Fe, Cu, Ni, Cr and Co at S140, Na at S90, Al at S5, Cd at S141, Pb at
S152, Zn at S121. Interestingly, the maximum concentrations of most metallic elements
were observed in the mountainous area, primarily located near the city of Dushanbe (such as
S90 and S94) and the roadside (such as S108), while the minimum concentrations of most
elements were also found in mountainous areas, mainly in remote areas that were less af-
fected by human activities (such as S140, S141 and S152). In addition, the average concen-
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trations of all HMs (Cd, Zn, Pb, Cu, Ni and Cr) exceeded their median values except for Co,
suggesting unusually high HM concentrations at some sample sites in the study area.

Table 1 Statistics of elemental concentrations in the surface sediments of the Amu Darya Basin and data on
metal concentrations from other study areas

Metals ADB' (N=154) CSR? IKLR®  CA* BMV®

Max Min Ave. Median SD CV (%) Ave. Ave. Ave. Median

Ca (mg/g) 1722 10.16  68.00  69.44  32.84 4829 126 — — 15

Mg (mg/g) 4629 1.87 1652 1647 6.20 37.50 104 — — 5

Na (mg/g) 175.3 524 1818 1439 1724 94.86 — — — 5

Al (mg/g) 80.67 19.04 5446  56.07 11.93 21.90 39 — — 71

Ti (mg/g) 8.65 037 2.89 2.96 0.88 30.43 — — — 5

Fe (mg/g) 6145 356 2726  27.77 8.34 30.62 20 31.86 — 40

Cd (mg/kg) 1.81  0.04 0.36 0.27 0.30 82.55 0.1 0.17 043 0.35

Zn (mg/kg) 2104  20.87 6873  65.03  29.12 4236 46.0 7739  67.40 9

Pb (mg/kg) 52.84 3.28 18.61 15.50 8.71 46.83 11.3 2392  19.84 35
Cu (mg/kg) 142.8 1.81 23.78 22.53 15.76 66.27 19.5 16.37  22.87 30
Ni (mg/kg) 228.2 1.46 28.37 27.30 19.19 67.64 29.8  20.23  24.82 50
Cr (mg/kg) 384.1 2.88 59.67 58.14 34.11 57.17 56.1 45.78  58.97 70
Co (mg/kg) 22.56 2.40 10.40 10.62 3.30 31.77 8.8 9.55 10.52 8

! Amu Darya Basin; ? Caspian Sea region (De Mora et al., 2004); * Issyk-Kul Lake region (Ma et al., 2018); * Central
Asia (Wang et al., 2021a); > Worldwide (CNEMC, 1990)

Generally, the average/median concentrations of various metals showed the following
descending order in the surface sediments of ADB: Ca > Al > Fe > Na > Mg > Ti > Zn >
Cr> Ni> Cu > Pb > Co > Cd (Table 1). Among them, the median concentrations of Ca, Mg,
Na, Zn and Co exceeded their corresponding background median values of sediments
worldwide (BMVs), while the median concentrations of other metals were within their
BMVs (CNEMC, 1990). Also, the average concentrations of HMs were compared with pre-
vious relevant studies for other regions in CA (Table 1). It was found that the HM concen-
trations in surface sediments of the ADB were close to those throughout the CA, except for
Zn, Cu and Ni (Wang et al., 2021a). Compared to the surface samples from the Caspian Sea
region (CSR) and Issyk-Kul Lake region (IKLR), however, the sediments in the ADB had
the highest mean concentrations of Cd, Cu and Cr, especially Cd, while the topsoil in IKLR
had the highest average concentrations of Pb and Zn, and the surface samples from the CSR
had the relatively high abundance of Ni (De Mora et al., 2004; Ma et al., 2018). The con-
centration levels of HMs in various regions exhibited large regional differences, which
probably were influenced by human activities and the geological environment (Karim et al.,
2015; Zhou et al., 2021).

3.2 Normalization and spatial distributions of metals

Assessing the spatial distribution of metals in surface sediments can be a good way to de-
termine positions with higher HM contents and provide evidence of anthropogenic impacts
(Chen et al., 2019; Wang et al., 2021a; Yang et al., 2021). To reduce the influence of parti-
cle size, and better understand geochemical characteristics and anthropogenic inputs of met-
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al elements, the spatial distribution of metal concentrations with normalized values were
essential (Zeng et al., 2014; Zhou et al., 2021). In this study, the conservative reference el-
ement, Al was selected as the normalizer, because it had the lowest CV among the metals.
High normalized values of Ca, Na and Mg were observed in the lakeside areas, including the
Aral Sea and Karakul (Figures 2a—2c), suggesting that these metals tended to flocculate or
were susceptible to evaporation (Prabakaran et al., 2019). As for Fe, Ti and Co, they were
evenly distributed throughout the basin, with relative enrichment in the downstream plain
areas as well as in the riparian and lakeshore areas in the mountains (Figures 2d-2f). Gener-
ally, Cu, Ni and Cr were similarly distributed, and relatively enriched in irrigated agricultur-
al areas in addition to urban areas, with lower values recorded around Murghob. High nor-
malized values of Cu, Ni and Cr concentrations were found in sample sites S20 and S119,
S115 as well as S107 and S115, respectively (Figures 2g—2i). Whereas, high normalized
values of Cd were observed at sample sites S93—-S96, S102 and S107, which were mainly lo-
cated near the industrial outfalls and roads in city of Dushanbe (Figure 2j). In addition, high
values of Zn and Pb also occurred in Murghob (such as samples S145, S146, S148 and S149)
and in Nukus (such as S58) (Figure 2k-1), which were significantly influenced by human
activities such as traffic exhaust emissions (Zhan et al., 2020; Ramazanova et al., 2021).
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Figure 2  Spatial distribution of normalized metal concentrations in surface sediments of the Amu Darya Basin
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3.3 Source apportionment

3.3.1 Correlation and cluster analysis

To understand whether the sources of the metals were consistent, correlation and cluster
analysis were carried out on 15 metals in surface sediments of the ADB. As shown in Figure
3, the metals were divided into two groups. Moreover, a negative correlation or weak corre-
lation between the elements in two groups indicates their different sources. Group 1 repre-
sented easily migratory elements, containing Ca, Mg and Na, which were characterized by
having active chemical behavior and could be released from the silicate lattice at the initial
stage of weathering and then taken with the water (Yang et al., 2021; Zhang et al., 2021).
High enrichments of Ca, Mg and Na were observed in sediments from the lower ADB and
lakeshore areas (Figure 2), which suffered from sparse precipitation and strong evaporation
(Awan ef al., 2011). Therefore, group 1 was probably related to the migration and floccula-
tion of chemical elements in sediments as well as the strong evaporation caused by the arid
climate. Group 2 contained elements that were very stable in the crust (Al, Fe and Ti) and
seven HMs (Co, Cr, Ni, Cu, Pb, Zn and Cd). For the group 2 metals, Al, Fe Co and Ti were
strongly correlated with each other, with Fe-Co showing the highest correlation (0.94), indi-
cating that these metals might have the similar origins. In addition, Cr had a highly correla-
tion with Ni (0.93), showing that they probably had the same source. There was also a strong
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Figure 3 Clustering heat map between metallic elements
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positive correlation between Zn and Pb (0.75), which was similar to the results of previous
studies (Hossain et al., 2015). Cu showed moderate positive correlations with Cr and Ni and
Cd with Pb and Zn, respectively, indicating that Cu was of similar origins to Cr and Ni and
Cd to Pb and Zn. Spatially, Cr, Ni, Cu, Pb, Zn and Cd were primarily enriched in urban as
well as agricultural areas and might be heavily influenced by human activities, while Al, Ti,
Co and Fe were evenly distributed in the study area and were possibly derived from natural
sources (Adimalla et al., 2020; Yang et al., 2021).

3.3.2 Quantitative source by PMF

In order to further assess the anthropogenic and natural sources of metal elements in the
sediments, in this study, PMF model was used to quantitatively analyze the sources and con-
tributions of 10 metals in group 2, which were relatively stable in their chemical behavior.
The number of factors was set to 3, 4 and 5, respectively, and the model was run 20 times to
find the minimum and stable Q value. When the number of factors was 4, the difference
between Qopust and Qe Was the smallest, and most of the residual were between —3 and 3,
and the fitting coefficients R* between the observed and predicted values of the HMs ranged
from 0.85 to 0.99, indicating that the results were reliable (Wang et al., 2020). Four factors
were produced by PMF, as presented in Figure 4.

3 Natural source 3 Industrial discharge
[ Agricultural activities 3 Traffic and mining activities
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Figure 4 Source composition profiles of metals obtained using the PMF model (a) and percent contribution of
each source to the metals in surface sediments of the Amu Darya Basin (b)

The first factor (F1) had higher relative contributions for Al (64.0%), Fe (50.5%), Ti
(60.3%) and Co (46.9%) in the sediments of ADB, accounting for 33.5% of the total source
contribution (Figure 4). In most environments, Al, Ti, Fe and Co were fairly stable and rare-
ly occurred migration. These metals were probably from the parent rocks, or secondary en-
richment during weathering (Taylor, 1964; Yang ef al., 2021). In addition, Al, Ti, Fe and Co
in our study also exhibited low CVs and more even spatial distribution, indicating that they
were less influenced by the environment (Table 1 and Figure 2). Thus, F1 could be consid-
ered as a natural source connected to the parent rocks.

The second factor (F2) explained 11.4% of the total variance, which was characterized by
Cd (56.1%). The highest CV (85.15%) was observed for Cd among the HMs, indicating that
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anthropogenic sources were the dominant contribution to Cd contamination. Previous stud-
ies had revealed that Cd might come from electroplating industries, fossil fuel combustion
and petroleum refining (Gunawardena et al., 2014; Jiang et al., 2021). Spatially, high en-
richment of Cd occurred mainly near the industrial sewage outfalls (S94 and S95), roads
(S93, S96), and riverbed sediments (S107) in the city of Dushanbe. Therefore, F2 could be
identified as a possible source from industrial activities.

The third factor (F3) was predominated by Cr (56.2%), Cu (71.2%), Ni (60.9%) and Zn
(41.3%), which accounted for 34.2% of the total contribution. Studies have found that Cu
and its compounds were commonly associated with agricultural activities, which were
usually added to insecticides and fungicides and found in livestock manure (Luo et al.,
2009; Wu et al., 2021). Also, higher concentrations of Cr, Ni and Zn suggested anthropo-
genic sources such as the use of fertilizers and pesticides (Chen et al., 2019; Xiao et al.,
2021). The high accumulation of Cu was exhibited in agricultural areas of the study area,
such as samples S20 and S119 (Figure 2). Thus, F3 could be regarded as an agricultural
source.

For the fourth factor (F4), Pb (68.7%) and Zn (44.9%) were the main loading elements,
accounting for 20.9% of the contribution. It was shown that vehicle exhaust played a major
role in Pb enrichment (Chai et al., 2021). Whereas Zn acted as an antioxidant and detergent
in lubricants, it was released into the environment as vehicle components wear out (Wang et
al., 2020). Their spatial distribution also confirmed that high concentrations of Pb and Zn
were mainly observed in urban and roadside areas (Figure 2). In addition, the ADB is rich in
metallic mineral resources, and Tajikistan leads the CA region in lead- zinc ore reserves
(Central Asian Geoportal; Kodirov et al., 2018). Therefore, F4 could be considered as traffic
and mining activities.

3.4 Regional geochemical baseline of the HMs in surface sediments of the ADB

Geochemical baselines can reflect the change of surface environment, and they play a key
role in managing environmental pollution (Magesh et al., 2021). Studies showed that the
accumulated human activities in the ADB might expose the surface environment to pollution
by HMs and other toxic substances (Kodirov et al., 2018; Zhan et al., 2020). Hence, it is
crucial to distinguish between geochemical and anthropogenic influences in the ADB by
establishing the regional GBVs. The CFD method and normalization method were the most
commonly used methods for determining the regional GBVs of various elements in sedi-
ments (Lepeltier, 1969; Jiang et al., 2021; Magesh et al., 2021). In this study, both CFD
method and normalization method were adopted to calculate the GBVs of the HMs in the
study area and the average of the GBV for each HM calculated by the two methods was used
as the final determined GBV. The CFD curves and the relationship between Al and HM
concentrations were plotted in Figure S1 and Figures S2-S3, respectively. In general, the
results of GBVs of HMs calculated by the CDF method were similar with those calculated
by the normalized method (Table 2). The average GBVs of Cd, Zn, Pb, Cu, Ni, Cr, and Co
in surface sediments of ADB were 0.27, 58.9, 14.6, 20.3, 25.8, 53.4, and 9.80 mg/kg, re-
spectively (Table 2). In addition, the determined GBVs of Cd, Zn, Pb, Cu, Ni, Cr, and Co
were also closed to the regional background values obtained from the bottom sediment cores
of the Caspian Sea, Issyk-Kul and Sayram Lake, and the standard deviations were 0.04,
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15.60, 5.04, 2.65, 1.99, 7.41, and 1.32, respectively. The determined GBVs were then ap-
plied to evaluate the pollution status and ecological risk of HMs.

Table 2 Geochemical baseline values established in the Amu Darya Basin and other background values (mg/kg)

HMs M1 M2? Mae® cst LS’ LIK®
Cd 0.22 0.32 0.27 — 0.19 0.29
Zn 59.63 58.17 58.9 41.6 65.9 79.3
Pb 13.73 15.48 14.6 11.8 15.2 23.7
Cu 19.20 21.39 20.3 143 19.5 17.5
Ni 23.83 27.85 25.8 27.4 — 22.6
Cr 50.02 56.68 53.4 53.0 37.9 44.7
Co 9.61 10.04 9.80 11.5 — 13.0

! GBVs of HMs determined by the CDF method; > GBVs of HMs determined by the normalization method; * average
values calculated by the two methods; * Caspian Sea (De Mora et al., 2004); ° Lake Sayram (Zeng et al., 2014); ¢ Lake
Issyk-Kul (Wang et al., 2021b)

3.5 Pollution assessment of HMs

Pollution indices including PI, PLI, E'. and PERI were employed to evaluate the pollution
degree of HMs in surface sediments of the ADB. The evaluation thresholds are defined by
the corresponding classification criteria, see Table S2. The results showed the average P/
values for the seven HMs in surface sediments of the ADB ranged from 1 to 3, which indi-
cated that the whole study area was generally at a moderate level (Figure 5a). For some
sample sites, however, the PI values of selected HMs exceeded 3, revealing a considerably
even highly contaminated level. Among them, samples S93, S95, S96, S102, S104, S107,
S115 and S119 were recorded as considerably contaminated levels (3 < P/ < 6) for Cd, and
S94 were recorded as highly contaminated levels (P/ > 6) for Cd. Sample S108 and samples
S95 and S14 were observed to be considerably contaminated levels for Zn and Pb, respec-
tively. Sample 20 and samples S115 and S119 were exhibited high and considerable con-
tamination levels of Cu, respectively. Besides, sample S115 was also recorded with highly
contaminated levels of Cr and Ni. Spatially, Cd, Zn and Pb contamination in sediments
mainly occurred near urban factories or along roads, derived from industrial discharges, ve-
hicle exhaust and mining activities (Kodirov et al., 2018; Wang et al., 2020; Chai et al.,
2021). For Cu, Ni and Cr, highly contaminated sediments were recorded in agricultural areas,
primarily from the extensive use of agricultural fertilizers and pesticides (Luo et al., 2009;
Chen et al., 2019; Xiao et al., 2021).The average E'. values for HMs in surface sediments of
the ADB were below 40, indicating that the study area was generally at a low ecological risk
level, but 3.9% samples of E'.-Cd value were higher than 80 or even 160, which were asso-
ciated with considerable or high ecological risk level (Figure 5b).

PLI is a simple and comparative index, and is a useful method for examining the com-
bined pollution levels of HMs (Tomlinson et al., 1980; Ramazanova ef al., 2021). Similarly,
the PLI values also suggested that the surface sediments in ADB were at a moderate pollu-
tion level, with 61.7% of the samples having varying degrees of contamination (1 < PLI)
(Figure 5c¢). Of these samples, 2.6% (4 samples) had PLI values between 2—5, which were
classified as high risk level, and 59.1% were categorized as moderate risk level (1 < PLI<2).
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Overall, 13 samples in the ADB had PERI values in the range of 100-200, indicating a
moderate risk level; 1 sample (S94) were recorded as PERI values >200, showing a consid-
ered risk level; and the remaining 140 samples exhibited a low risk level (PERI < 100) (Fig-
ure 5d).
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Figure 5 Boxplot of PI (a) and E; (b) of each HM in different areas, and cumulative percentage of the sum of
PLI (c) and PERI (d)

According to various indices, surface sediments of the ADB were found to be at an over-
all moderate pollution level of HMs and remained at a low ecological risk level. Relatively
severe pollution and high risk were primarily found near urban and irrigated agricultural
areas, including the municipality of Dushanbe as well as the farmlands in the lower ADB.
This occurrence is in line with the fact that these areas are characterized by intensive human
activities such as mining activities, industrial discharges, transport emissions and agricultur-
al fertilizer and pesticide use (Skipperud ef al., 2013; Zhan et al., 2020; Ramazanova et al.,
2021). Hence, to preserve the ecological environment and economic development, industrial
waste and vehicle emissions should be subjected to priority management in urban areas, and
the use of fertilizers and pesticides in agricultural areas should be rationalized.

In addition to being influenced by human activities, HMs in surface sediments were also
derived from natural sources. Previous studies suggested that high geological background of
HMs may be related to their parent rock inheritance or/and secondary enrichment of HMs in
the sediments (Yang et al., 2021). Certainly, due to its geographical location, the lower ADB
was affected by an arid climate with low precipitation and high evaporation, which also
probably contributed to the elevated concentrations of toxic pollutants in water and sedi-
ments (Crosa et al., 2006; Awan et al., 2011; Sun et al., 2019). However, our results sug-
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gested that HM contamination in surface sediments of the lower ADB was light except for a
few sample sites, which indicated that HM pollution might not be the major contributor to
human health in the area. Therefore, in our follow-up work, we intend to carry out relevant
studies on other pollutants in water and sediments of the watershed that may cause health
problems.

4 Conclusion

Correlation and cluster analysis, PMF model, geostatistics and various pollution indices
were employed to identify HM sources, establish GBVs and evaluate the contamination lev-
els in surface sediments of the ADB. The mean concentrations of HMs suggested the fol-
lowing descending order: Zn > Cr > Ni > Cu > Pb > Co > Cd. Spatially, the accumulation of
HMs was greater in the cities and agricultural area. Four source factors were apportioned by
PMF model. Among them, F1 represented the natural sources (Al, Ti, Fe and Co); F2 repre-
sented industrial discharge (Cd); F3 was an agricultural source (Cu, Ni and Cr); F4 was a
mixed source of traffic and mining activities (Pb and Zn); and F1 to F4 accounted for 33.5%,
11.4%, 34.2% and 20.9% of the total contribution, respectively. GBVs of Cd, Zn, Pb, Cu, Ni,
Cr, and Co in surface sediments of ADB were 0.27, 58.9, 14.6, 20.3, 25.8, 53.4, and 9.80
mg/kg, respectively, closing to the regional background values from the Caspian Sea, Is-
syk-Kul and Sayram Lake. The P/ and PL/ values indicated that the surface sediments of the
ADB were moderately polluted by HMs. Moreover, according to E', and EPRI results, the
ADB remained mostly at a low ecological risk level, with the largest risk being Cd. The re-
search will better understand our cognition of the spatial differences, source, and pollution
levels of HMs and design targeted strategies for HMs contamination in the ADB.
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