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Abstract

The lake systems of the Qinghai-Tibet Plateau, while serving as vital hubs for socioeco-
nomic development, have become critical zones of heavy metal contamination, posing
severe threats to the fragile “Third Pole” ecosystem and regional environmental security.
This study investigated the concentration, distribution, sources, and ecological risks of
eight heavy metals (As, Cd, Co, Cr, Cu, Ni, Pb, and Zn) in lake sediments and riparian soils
of Bangong Co Lake, a remote alpine lake on the Qinghai-Tibet Plateau. Lake sediment and
soil samples were collected and tested from various shoreline types, including natural and
human-affected areas. The Pollution Load Index (PLI) was applied to assess contamination
levels, and source apportionment was performed using principal component analysis
(PCA) combined with the Absolute Principal Component Score-Multiple Linear Regression
(APCS-MLR) receptor model. Results revealed that heavy metal concentrations were gener-
ally higher in soils than in sediments. Compared to regional background values, elevated
levels of most heavy metals were observed in human-affected shores, while natural-type
soils exhibited higher concentrations of Co, Cr, Ni, and As. In sediments, only Cd and
As were notably elevated in human-affected areas. The PLI results indicated that most
sampling sites were either uncontaminated or slightly contaminated, with higher pollu-
tion levels occurring primarily in human-affected shoreline zones. Source apportionment
demonstrated that heavy metals in sediments were predominantly derived from natural
sources such as rock weathering, with anthropogenic contributions being relatively limited.
In contrast, soils exhibited significant anthropogenic influences, with industrial, transporta-
tion, and agricultural activities contributing substantially to Cu (53.27%), Pb (58.64%), Zn
(57.98%), Cd (34.09%), and As (39.87%). The research underscores the differential impacts
of human activities on heavy metal accumulation in sediments and soils of high-altitude
lake systems. It offers valuable baseline data for monitoring and managing heavy metal
pollution in ecologically sensitive alpine regions.
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1. Introduction

Heavy metals, characterized by their persistence and high toxicity, can transfer and
accumulate through various pathways such as soil, sediments, and the atmosphere, ulti-
mately entering the food chain [1,2]. These metals pose significant risks to human health
and represent an irreversible threat to ecological systems [3,4]. The Qinghai-Tibet Plateau,
often referred to as the “Third Pole” of the world, features a distinctive geographic setting
and an ecosystem characterized by high altitude, pronounced topographic relief, numerous
lakes, young soil development, and high ecological vulnerability [5,6]. Once this pristine
ecosystem is disturbed, its restoration presents considerable challenges [7]. Recent studies
indicate that background levels of heavy metals in soils of the Qinghai-Tibet Plateau have
increased significantly compared to those recorded in the 1970s [8]. Elements such as
Pb, Zn, Cu, Hg, and Cd show signs of contamination in soils from urban areas [9,10],
agricultural zones [11], pastoral regions [12], industrial developments [13,14], landfills [15],
and tourist sites [16] across the plateau. In addition to anthropogenic inputs, natural pro-
cesses, including geothermal activity and evaporative concentration of lake water, may also
contribute to the enrichment of heavy metals in soils and sediments [17,18]. For instance,
research in the Shiquan River Basin and the upper reaches of the Yarlung Tsangpo River
has reported arsenic concentrations exceeding standards in certain water bodies, sediments,
and soils [19,20]. These elevated levels are primarily associated with water-rock interac-
tions involving arsenic-bearing minerals, the inflow of high-arsenic geothermal fluids into
rivers, and subsequent precipitation and accumulation processes [21]. Therefore, heavy
metal pollution in the fragile plateau environment constitutes a critical and persistent
environmental challenge that demands immediate and sustained attention.

Lakes on the Qinghai-Tibet Plateau play an important role in maintaining ecological
sustainability [21,22]. Previous studies have shown that although the Qinghai-Tibet Plateau
is one of the least human-impacted regions on Earth, significant and increasing amounts of
heavy metals have been introduced into the environmental compartments of its plateau
lakes through industrial effluents, domestic sewage, and atmospheric deposition associ-
ated with recent socioeconomic development [22-24]. Changes in aquatic conditions or
hydraulic regimes can lead to the remobilization of heavy metals from sediments and soils
into the water column, facilitating their transport to other aquatic systems and resulting
in repeated cross-contamination of both water and land [22,25]. This not only increases
the pollutant load in plateau lake waters but also exacerbates the ecological risks posed
by lake sediments and riparian soils. As a critical transitional zone for the exchange of
materials and information within watersheds, the land use type, vegetation characteristics,
and soil properties of riparian areas play significant roles in governing the migration and
transformation of heavy metals [26,27].

The high-altitude environment and intricate landscape of the Qinghai-Tibet Plateau
pose significant constraints on land availability, especially for agricultural land [28]. The
plateau’s lakes and river systems, which serve as important carriers for agricultural ac-
tivities, livestock farming, urbanization, and industrial processes, represent critical zones
where aquatic sediments and riparian soils are often focal areas of heavy metal contam-
ination [29-31]. Most previous studies on heavy metals in lake sediments and riparian
soils have focused on rivers and lakes in the economically developed eastern and southern
China, with limited attention given to plateau lakes and rivers, except for some tourism-
developed regions such as Qinghai Lake and Ranwu Lake [23,24]. There is a pressing
need to investigate the characteristics, migration mechanisms, and sources of heavy metals
in various environmental compartments, including riparian soils, sediments, and water,
across numerous plateau lakes.
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Located in the remote northwestern Qinghai-Tibet Plateau, Bangong Co Lake is a
narrow, transboundary water body straddling China and India [32]. Its limited freshwater
resources play a vital role in sustaining regional economic development and environmental
sustainability [33,34]. Due to its isolated location and underdeveloped secondary and
tertiary industries, the lake remains relatively unaffected by anthropogenic pollution [35].
In recent years, the advancement of the Western Development Strategy has stimulated
growth in industry, agriculture, animal husbandry, and tourism within the region [36]. This
progress has resulted in significant changes to lakeshore land use patterns. However, the
characteristics and sources of heavy metals across these diverse littoral zones remain poorly
understood. This study collected and analyzed eight heavy metals (As, Cd, Co, Cr, Cu,
Ni, Pb, and Zn) in lake sediments and corresponding riparian soils from various shoreline
types around Bangong Co Lake. Pollution Load Index was employed to evaluate the
current distribution and potential ecological risks of these metals. Furthermore, correlation
analysis, principal component analysis (PCA), and the APCS-MLR (Absolute Principal
Component Score-Multiple Linear Regression) receptor model were applied to identify
and quantify their potential sources. This work aims to provide a scientific basis for soil
management and supporting the ecological sustainability of the Bangong Co Lake basin.

2. Materials and Methods
2.1. Study Area

Bangong Co Lake, a narrow tectonic lake on the Qinghai-Tibet Plateau, is situated
between the Karakoram Mountains to the north and the Gangdise Mountains to the south
within Rutog County of the Tibet Autonomous Region (Figure 1a) [35,37]. It lies at an
elevation of approximately 4240 m above sea level [38]. The lake extends roughly east
to west for about 148 km, with a maximum width of 10 km and a narrowest point of
only 30 m. It exhibits a distinct east-to-west salinity gradient, transitioning from fresh in
the east to saline in the west, and covers a total area of approximately 656 km? [35,37].
Climatically, the region is influenced by the boundary between the mid-latitude westerlies
and the Indian monsoon, resulting in a cold, arid environment characteristic of the plateau
subfrigid zone [38]. The mean annual precipitation is about 87 mm, and the average annual
temperature is 2 °C [39]. Hydrologically, Bangong Co Lake is primarily fed by the Doma
River and the Makazangbu River, which enter from the northeastern and southeastern
shores, respectively (Figure 1b). There is virtually no surface outflow from the lake, and its
water balance is maintained mainly by seasonal precipitation and glacial meltwater.

Geologically, the lake lies along the western segment of the Bangong-Nujiang suture
zone, which separates the Qiangtang Terrane to the north from the Lhasa Terrane to
the south (Figure 1b) [40-42]. The regional lithology is dominated by carbonate rocks,
sandstone, slate, ophiolite, and granitoids, generally trending northwest-southeast across
the study area [39,43]. The elongated shape of Bangong Co Lake is accompanied by
extended but shallow river and gully systems along its banks. Soils in the lakeshore zone
have been relatively less affected by human activity, though growing tourism, grazing, and
mining activities are increasingly influencing the region. In addition, the lake’s proximity
to National Highway G219 and Provincial Highway 5520 exposes it to impacts from rising
traffic volume (Figure 1c). The local economy remains dominated by animal husbandry,
and land use along the lakeshore is relatively homogeneous, consisting largely of unused
land with minor areas of cultivated land, woodland, grassland, and residential zones.

2.2. Sample Collection

A field investigation and sampling campaign were conducted in the Bangong Co
Lake area in May 2025. Based on the survey results, shoreline utilization around Bangong
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Lake is not highly diverse and can be broadly categorized into two dominant types: ex-
tensive natural shores and sporadic, point-distributed human-affected shores. The natural
shores primarily consist of grassland, woodland, and bare land, while the human-affected
shores include areas used for livestock grazing, industrial processing, settlements, tourism,
and cultivation.
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Figure 1. (a) The location of the study area in China; (b) tectonic outline of the Banong Co lake
basin showing the distribution of ophiolites in Bangong-Nujiang Suture Zone (BNSZ) and Shiquan
River-Namtso Mélange Zone (SNMZ) [38,42]; (c) distribution of sampling sites of lake sediments
and riparian soils in Bangong Co lake. “S” stands for soil and “D” for sediment.

In mid-June 2025, a set of 16 lake sediment samples and their corresponding riparian
soil counterparts was obtained from the area, encompassing both the human-utilized and
natural shoreline types of Bangong Co Lake. During sampling, geographic coordinates and
shoreline characteristics were recorded using a handheld GPS device (GARMIN eTrex 10,
Olathe, KS, USA). Lake sediment sampling was conducted with a columnar sediment corer
(KHT0204, 5 cm i.d., Wakbor®, Wenzhou, China). The uppermost 10 cm of sediment from
about 4-5 random casts per site were composited and homogenized as one representative
sample. These sub-samples were thoroughly mixed and stored in sealed polyethylene
bags. Similarly, riparian soils were sampled from areas representative of local land use,
with 4~5 sub-samples from the top 0~15 cm layer combined into a single composite soil
sample. All samples were collected using a gravity corer or polyethylene scoops to avoid
metal contamination. Visible stones and large plant debris were removed during collection.
Both lake sediment and riparian soil samples were processed uniformly following standard
geochemical procedures. All collected samples were air-dried naturally in a shaded, well-
ventilated environment. The preparation protocol adhered to Specification of land quality
geochemical assessment (DZ/T 0295-2016) [44], which is specifically designed for the
pretreatment of soil and sediment samples in environmental geochemical studies. After
drying, the samples were gently disaggregated, homogenized, sieved through a 2 mm nylon
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sieve, and stored in sealed polyethylene bags prior to chemical analysis. The location of
collected samples is presented in Figure 1c. The specific shoreline conditions corresponding
to each sample point are shown in Table 1.

Table 1. The riparian types and descriptions of sampling sites.

Sample Latitude Riparian Surrounding Sample Latitude Riparian Surrounding
ID and Type Environment ID and Type Environment
Longitude yP Longitude M
. Pasture
o Human- Building o Human- .’
S1 D1 79'140’ affected materials S9 D9 79.61 J affected surrgundmg
33.74 33.70 grazing, and
shore products factory shore
settlements
Human- Pasture, Human-
79.19°, surrounding S10 79.70°, surrounding
S2 D2 o affected . ; o affected .
33.75 grazing, soil D10 33.65 grazing,
shore A . shore
slightly saline
Village towns,
o o Human- cultivated areas,
$3D3 79.23°, Natural Natural S11 79.77°, ffocted t d
33.76° shore bare land D11 33.56° atiecte pasture, an
shore residential water
discharge
S4 D4 79.26°, Natural Natural S12 79.91°, Natural Natural
33.75° shore bare land D12 33.57° shore bare land
Human- Pasture and
S5 D5 79.32°, affected upstream of S13 79.92°, Natural Natural
33.73° basic-ultrabasic D13 33.55° shore bare land
shore
rock
Woodland, soil
79.40°, Human- surrounding S14 79.90°, Natural slightly saline,
56 D6 o affected . o and near the
33.74 grazing D14 33.53 shore .
shore national
highway
Woodland, soil
i 79.47°, Natural Natural S15 79.88°, Natural Shggﬂy Saﬁ?e'
33.75° shore bare land D15 33.47° shore and near the
national
highway
Bangong Lake
58 D8 79.55°, Natural Natural s16 79.85°, Hf;m‘tag h"teléscemctﬁrea'
33.75° shore bare land D16 33.41° attecte and near the
shore national
highway

Note: “S” refers to soil samples and “D” to sediment samples.

2.3. Test Analysis and Quality Control

All samples were analyzed at the laboratory of the Research Center of Applied Geol-
ogy of the China Geological Survey. During laboratory operations, a subset of each sample
was taken for pH analysis, which was tested using an ion-selective electrode. Pulverization
of approximately 200 g of each sample was performed using an agate mortar, followed
by sieving through a 0.15 mm nylon mesh. For elemental analysis, soil samples were
digested with a mixture of HCl, HNO3, HCIOy4, and HE, followed by transfer to volumetric
flasks. Concentration of As was measured using atomic fluorescence spectrometry (230E,
Beijing Haiguang Instrument Co., Beijing, China). Co, Cu, Ni, and Zn were analyzed by
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inductively coupled plasma optical emission spectrometry (Agilent 5800, Thermo Fisher
Scientific, Waltham, MA, USA), with the method detection limits of 0.02 mg/kg, 0.2 mg/kg,
0.1 mg/kg, and 0.2 mg/kg, respectively. while Cd and Pb were determined using in-
ductively coupled plasma mass spectrometry (ICAP6300, Thermo Fisher Scientific, USA)
with the method detection limits of 0.02 mg/kg and 0.2 mg/kg. Cr was prepared by the
powder pellet method and analyzed by X-ray fluorescence spectrometry (PHECDA-PRO,
Beijing Anchor Wisdom Technology Co., Ltd., Beijing, China), with the method detection
limits of 0.5 mg/kg. The concentrations of heavy metals were determined following the
Chinese industry standard DT /T 0279-2016 (Analysis Methods for Regional Geochemical
Sample) [45]. To ensure analytical quality, precision, and contamination were monitored
through the routine analysis of duplicate samples and procedural blanks (one each per
10 samples), with results indicating high reproducibility and minimal background inter-
ference. Certified reference materials (GSS-58, GS5-36) [46] were incorporated into the
analytical sequence. The measured values of all elements showed deviations between 0.27%
and 8.91% from certified values, meeting accepted quality control criteria [45].

2.4. Data Processing Methods
2.4.1. Pollution Load Index

The Pollution Load Index (PLI) is a tool used to assess heavy metal pollution in soils
and sediments and to classify contamination levels [47,48]. This index enables not only
the evaluation of cumulative contamination characteristics for individual heavy metals
but also provides an intuitive representation of comprehensive pollution status caused by
multiple metals—at the scale of a single sampling site or an entire region. The method
is employed to investigate heavy metal pollution mechanisms across different lakeshore
types. The single-factor Pollution Load Index (CF) is calculated as follows:

CF;=GCi/S; (1)

where C; is the measured concentration of heavy metal i in the sample, and S; represents
the corresponding local background value for that element. The local background value
is based on the median value from western Tibetan soils [6]. Subsequently, the compre-
hensive Pollution Load Index for a specific sampling site or region is calculated using the

PLI = {/[]_, CF, 2)

k
PLIone = \/[ ], PLL ©)

following equation:

where PLI denotes the comprehensive Pollution Load Index at a single sampling point, 7
refers to the count of evaluated elements, and k represents the sampling point identifier.
PLI, oy, refers to the comprehensive Pollution Load Index for a specific region. The calculated
results for both the single-element indices and the comprehensive PLI, along with their
corresponding pollution grades, are presented in Table 2.

2.4.2. APCS-MLR Source Analysis

The Absolute Principal Component Score-Multiple Linear Regression (APCS-MLR)
is a robust and widely used receptor model in environmental science for quantifying the
contributions of various pollutant sources, such as heavy metals or particulate matter [49].
The fundamental principle of the APCS-MLR model is based on mass balance, assuming
that the measured concentration of a pollutant at a receptor site is a linear combination of
contributions from multiple independent sources.
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Table 2. Pollution levels and categories of Pollution Load Index [27].

CF, PLI Class of Pollution Pollution Level
<1 0 Uncontaminated
1~2 1 Moderate
2~3 2 Heavy
>3 3 Extreme
contaminated

The operation of the model can be divided into four steps. First, Principal Component
Analysis (PCA) is performed on the standardized dataset of pollutant concentrations. PCA
reduces the dimensionality of the data by identifying a smaller number of underlying
factors that explain the majority of the variance in the dataset. These factors are interpreted
as potential pollution sources based on the elements with high loadings on them. Second,
the calculation of Absolute Principal Component Scores (APCSs) is a crucial step that
distinguishes APCS from standard PCA. A “fake” sample with zero concentrations for all
pollutants is created. The APCS for each real sample are then obtained by subtracting the
factor scores of this zero sample from the original factor scores. This transformation sets
the origin of the coordinate system at the background level, making the scores suitable
as independent variables in regression analyses to estimate absolute contributions. The
third step is Multiple Linear Regression (MLR), where the APCS derived in the previous
step are used as independent variables, and the measured concentration of each individual
pollutant serves as the dependent variable [49]. The general form of the equation [50,51] is:

Ci = by + Y _ (byi + APCS,) (4)

where C; denotes the measured concentration of a heavy metal, while by; and b, are the
constant term and regression coefficients from the multiple linear regression, respectively,
and APCS,, represents the absolute principal component score. Finally, the contribution
of each identified source to the total concentration of each pollutant is calculated. The
contribution from source p to pollutant i in a given sample is b,; X APCS,. The percentage
contribution of each source is then determined by normalizing these values against the
sum of all estimated contributions.

SPSS v22.0 (SPSS Inc., Chicago, IL, USA) was utilized for multivariate analyses (PCA
and APCS-MLR). Descriptive statistics (Mean, Max, Min, CV, and PLI) were computed in
Microsoft Excel 2013 (Microsoft Corp., Redmond, WA, USA), while ArcGIS 10.4 (Esri Inc.,
Redlands, CA, USA) and CorelDRAW 18 (Corel Corp., Ottawa, QC, Canada) were applied
for geospatial mapping and graphic refinement, respectively.

3. Results and Discussion

3.1. Heavy Metal Concentrations and Spatial Distribution in the Riparian Soils and
Lake Sediments

3.1.1. Descriptive Statistics

Descriptive statistics of heavy metal concentrations across different shoreline types are
summarized in Table 3. In riparian soils, mean concentrations of Cd (0.19 £ 0.10 mg/kg),
Co (13.58 + 5.45 mg/kg), Cr (87.59 £ 55.17 mg/kg), Cu (27.45 £ 13.09 mg/kg), Ni
(52.69 £ 39.65 mg/kg), Pb (21.81 + 11.43 mg/kg), and Zn (74.68 £ 27.57 mg/kg) were
1.4 to 1.9 times higher in human-affected shores than in natural shores, with their mean
concentrations and coefficients of variation of 0.10 £ 0.03, 10.08 + 3.19, 63.39 + 20.28,
16.78 £ 6.01, 39.04 & 17.49, 14.41 £ 1.95, and 51.58 + 14.52 mg/kg, respectively. These
elements also exhibited higher coefficients of variation in human-affected shores, indi-
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cating considerable spatial heterogeneity linked to localized anthropogenic inputs. In
contrast, As showed the opposite trend, with a higher average level in natural shore soil
(17.65 £+ 10.35 mg/kg) compared to human-affected shore soil (15.70 & 6.81 mg/kg). In
natural shores, Co, Cr, Ni, and As exceeded the background values of western Tibet [6]
by 1.1~1.8 times, while other elements were comparable to or slightly below background.
In contrast, all eight heavy metals in soils from human-affected shores showed higher
concentrations compared to the background values of western Tibet.

In lake sediments, differences between shore types were less pronounced. A marked
exception was Cd, with a 2.1-fold higher mean concentration in human-affected areas. Co,
Zn, and As were only slightly elevated (1.1-1.2 times) in human-affected shores, while other
elements showed negligible or opposite trends. Compared to the average values of Tibetan
lake sediments [52], only Cd in human-affected shores was elevated; all other elements
across both shore types remained at or below background levels. Based on sediment quality
guidelines (SQGs), the average concentrations of As, Ni, and Cr fell within the TEL-PEL
range, indicating a potential for occasional adverse biological effects. Cd levels exceeded the
TEL at a few sampling points. Importantly, the mean concentrations of Co, Zn, and Pb were
only 26.7~41.2% of their respective TEL values, confirming a negligible ecotoxicological
risk from these elements. Compared to the Upper Continental Crust (UCC) [53], Cr, Cu,
Ni, and As were elevated in both media. Elevated Cd, Co, Pb, and Zn were found only
in human-affected shoreline soils, with concentrations in natural settings comparable to
UCC background.

Comprehensive analysis indicates that riparian soils are a more sensitive indicator
of anthropogenic impact than lake sediments, showing higher enrichment and greater
spatial variability for most metals. Lake sediment pollution is generally low, with notable
enrichment primarily linked to natural geogenic processes (e.g., for As, Ni, Cr). The
elevated concentrations and higher variability of metals like Cd, Pb, and Zn in human-
affected shores strongly point to localized anthropogenic sources.

3.1.2. Spatial Distribution

Figure 2 illustrates the spatial distribution characteristics of heavy metals in the
sediments and riparian soils of Bangong Co Lake. The spatial variation trends of most heavy
metals were generally consistent within each respective medium, whether in riparian soils
or lake sediments. However, significant spatial differences were observed for individual
heavy metals between these two environmental compartments. For example, Ni and Cr
displayed similar spatial patterns, peaking in the riparian soils at sites 5, 11, and 16. Zn,
Co, Cu, and Pb exhibited comparable spatial distributions, with exceptionally high values
in soils at sites 1, 2, 5, 11, and 16. The coefficients of variation (CV) for Zn, Cu, and Pb in
the sediments were all below 40% (Table 3), indicating relatively limited spatial variability.
Only Co exhibited a pronounced anomaly at site 11 (Figure 2). In addition, Cd and As
exhibit divergent spatial distribution patterns compared to other heavy metals. Specifically,
anomalously elevated concentrations of Cd in soils were primarily observed at human-
affected sites such as 1, 2, 9, and 11, while in sediments, notable anomalies occurred at sites
9 and 11, where Cd levels were relatively higher than those in soils. Regarding element As,
significantly high values were detected in soils at sites 2, 14, and 15, encompassing both
human-affected and natural shoreline types.

Overall, heavy metal concentrations in most riparian soil samples exceeded those
in the corresponding lake sediments (Figure 2). The finding is fairly consistent with the
characteristics of heavy metals found in the sediments and soils of some plateau lakes and
rivers experiencing relatively intense human activity [23,24]. With the exception of As,
most anomalously high values are associated with human-affected shorelines, suggesting a
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discernible anthropogenic influence on soil heavy metal content. The slightly salinized soil
at site 2 and the shrub-woodland cover at sites 14 and 15 may be a major factor contributing
to As anomalies in Bangong Co Lake riparian soils [19-21]. The maximum concentrations
of most heavy metals generally occur in riparian soils, indicating greater variability in metal
accumulation in soils compared to sediments. In contrast, the corresponding sediments
exhibit a weaker response to human disturbance, which may be attributed to hydrodynamic
equilibrium processes affecting metal dissolution in plateau lake environments or may
reflect the relatively limited spatial extent of anthropogenic impacts.

Table 3. Descriptive statistics of heavy metals in sediments and riparian soils of Bangong Co Lake.

Heavy Metals Cd Co Cr Cu Ni Pb n As Data
Source
Human,  Min 0.11 479  28.60 8.00 1630 460 3040  9.20
o Max 0.41 1920  212.00 4660 14600 3840 10600  29.80
hore Mean 019 1358 8759 2745 5269 2181 7468  15.70
(1=8) SD 0.10 545 5517  13.09  39.65 1143 2757 681
Soil = CV  543%  402%  63.0% 47.7%  752%  52.4%  36.9%  43.3%
Min 0.06 699 3730 1140 2130 1150  36.80 6.50
Natural  Max 0.16 1550  103.00 2600 7600 1740 7470  33.90
shore  Mean  0.10 10.08 6339 1678  39.04 1441 5158  17.65
(n=8)  SD 0.03 319 2028 6.01 17.49 1.95 1452 1035
CV  283% 31.6%  32.0% 359%  44.8%  135% 281%  58.6% this
Human,  Min 0.06 343 2700  5.60 1510 620 2580 530 study
o Max 064 2220 7810 2200 5250  17.80 7510  22.90
aslf(frz Mean 021 1089 5110 1469 3174 1230 5070  14.20
og D 0.23 5.86 17.70 578 13.84 335 1829 587
. - CV  1119% 53.9%  34.6%  394%  43.6%  272%  36.1%  41.3%
Sediment
Min 0.06 553  43.50 8.80 1880 830  32.50 6.30
Natural  Max 0.16 1550  97.00 27.80  63.80 1840 7540  18.70
shore  Mean  0.10 9.53 6330 1623 3464 1343 4936  12.08
m=8)  SD 0.04 3.26 17.41 6.42 1343  4.06 1500 438
CV  37.8% 342% 275%  39.6%  38.8%  302%  304%  36.3%
UCC Mean  0.102 11.6 35 14.3 18.6 17 52 15 [53]
West Tibetan soils Median  0.11 939 5468 2011 2482 2073 5719 1497  [6]
Tibetan lake Mean  0.11 1359 8125 304 6021 2032 641 3373 [52]
sediments
TEL 059 357 37.3 - 18 35 123 5.9 (541
PEL 3.53 197 90 - 36 91.3 315 17

The units for heavy metal concentrations are mg/L.

3.2. Risk Evaluation of Heavy Metals in Riparian Soils and Lake Sediments

Figure 3 presents the spatial distribution of the Pollution Load Index (PLI), which was
evaluated for eight heavy metals at all sampling locations. Refer to the PLI classification
(Table 2), the overall PLI values for Bangong Co Lake sediments and riparian soils were 1.11
and 0.87, respectively, indicating moderate pollution in the sediments and an unpolluted
status in the soils. Among the sampling sites, five (31.25%) lake sediment samples and
nine (56.25%) riparian soil samples were classified as slightly polluted. Similar to the
characteristics of heavy metal content, the PLI values in most riparian soil samples were
higher than those in the corresponding lake surface sediments, suggesting a more extensive
pollution footprint in the riparian zone compared to the lake sediments.
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Based on the classification of lakeshore types, all sampling sites were categorized into

natural shores and human-affected shores. The overall PLI values for riparian soils in these

two zones were ranked as follows: human-affected shores (1.257) > natural shores (0.958).

In contrast, the overall PLI for lake sediments showed a reverse trend: natural shores
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(0.881) > human-affected shores (0.876) (Table 3). These results indicate that riparian soils
in human-affected shores are in a state of moderate pollution; whereas both natural shore
soils and sediments, as well as sediments in human-affected shores, remain unpolluted.

To further elucidate the contamination characteristics of heavy metals in different
shore types, polar plots of the PLI for each metal were constructed (Figure 4). The plots
reveal that, with the exception of As, the average PLI values of heavy metals in natural
shore soils and sediments were generally similar, following the order: Ni > Cr > Co > Cd >
Zn > Cu > Pb. Metals exhibiting moderate pollution levels in this category were mainly
Ni, Cr, Co, and As in natural riparian soils and sediments. In contrast, clear differences
were observed in the average PLI values of heavy metals between soils and sediments
in human-affected shores. The order of PLI values was Ni > Cd > Cr > Co > Zn > Cu
> Pb > As in human-affected soils, and Cd > Ni > Co > As > Cr > Zn > Cu > Pb in the
sediments. Ni in soils from human-affected shores reached moderate pollution levels, while
other heavy metals in the soils were present at moderate pollution levels. In sediments,
only Cd, Co, and Ni were classified as slightly polluted. Comprehensive analysis suggests
that the slight anomalies of Ni, Cr, Co, and As are largely associated with naturally high
background levels, whereas the anomalies of Cd, Cu, Zn, and Pb are likely strongly linked
to anthropogenic inputs in the region.

Lake sediment

Pollution load index (PLI)

Human-affected shore

Pollution load index (PLI)

Natural shore Human-affected shore

0123
Level Range for PLT [ [0

Figure 4. Pollution Load Index (PLI) for each heavy metal in riparian soil and lake sediment of
different shores in Bangong Co Lake.

3.3. Source Analysis of Heavy Metals in Riparian Soils and Lake Sediments
3.3.1. Correlation Analysis

Correlation analysis can serve as a method for inferring common origins among
heavy metal elements, with significance levels aiding in source identification [35,55]. The
correlation matrix for heavy metal concentrations in lake sediments and soils was calculated
to explore the heterogeneous sources of these metals (Table 4). The results show that in
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lake sediments, Co, Cr, Ni, Cu, and Zn exhibited significant pairwise positive correlations
(r=0.721~0.969, p < 0.01). As in the sediments was positively correlated with Cu, Co, Ni,
and Zn (r = 0.567~0.684), suggesting similar sources. In contrast, Cd exhibited significant
negative correlations with Cr, Cu, Ni, and Pb (r = —0.515~—0.554, p < 0.05), suggesting
that Cd may originate from different sources. In the riparian soils, Co, Cu, Pb, and Zn
showed significant pairwise positive correlations (r = 0.720~0.983, p < 0.01). Significant
positive correlations were also found between Cr and Ni (r = 0.975, p < 0.01) and between
Co and Ni (r =0.706, p < 0.01). Additionally, moderate positive correlations (r = 0.517~0.569,
p < 0.05) were observed between Cr and Cu, Zn, as well as between Zn and As.

Table 4. Correlation analysis of heavy metals of lake sediments and riparian soils in Bangong
Co Lake.

Heavy cd Co Cr Cu Ni Pb Zn As
Metals
Cd 1
Co 0.007 1
Cr —0.174 0.764 ** 1
Sediment Cu 0.159 0.903 ** 0.517 * 1
(n=16) Ni —0.200 0.706 ** 0.976 ** 0.421 1
Pb 0.090 0.720 ** 0.320 0.888 ** 0.164 1
Zn 0.118 0.934 ** 0.542 * 0.983 ** 0.455 0.868 ** 1
As —0.164 0.145 0.194 0.180 0.056 0.276 0.136 1
Cd 1
Co 0.091 1
Cr —0.544 * 0.429 1
Soil Cu —0.517* 0.413 0.721 ** 1
(n=16) Ni —0.515* 0.467 0.939 ** 0.767 ** 1
Pb —0.554 % 0.150 0.262 0.321 0.315 1
/n —0.457 0.604 * 0.801 ** 0.834 ** 0.915 ** 0.372 1
As —0.347 0.390 0.494 0.684 ** 0.567 * —0.040 0.569 * 1

Note: ** p < 0.01; * p < 0.05.

The robust positive correlations (r > 0.9, p < 0.01) observed among Co, Cr, and Ni in
both sediments and soils (Table 4) may point to a common source. Previous studies have
shown that this elemental association is characteristic of mafic and ultramafic rock assem-
blages, where the weathering of these parent materials can release large amounts of Co, Cr,
and Ni into the environment [55]. Meanwhile, it was also observed that elements such as
Cu and Zn in the soil and sediments of the study area were correlated with this elemental
association, suggesting a partial overlap in their sources. Although not as characteristically
siderophilic as Co, Cr, and Ni, Cu and Zn are trace constituents of ferromagnesian minerals
found in mafic and ultramafic rocks [40]. Moreover, their subsequent fate is more likely
governed by similar surface processes in the plateau environment. Specifically, their low
mobility under prevailing pH conditions and strong affinity for clay fractions and Fe/Mn
oxides lead to co-transport and co-deposition [14].

Cd and As in the study area exhibited conspicuously weak, absent, or even negative
correlations with other heavy metals, indicating that the possible sources of Cd and As are
decoupled from those of the other elements. Cadmium is often considered an indicator of
anthropogenic pollution, primarily originating from industrial and agricultural activities
such as metal smelting, fertilizer application, and wastewater irrigation [9,10]. The sources
of arsenic are more complex. In addition to well-known contributors like mining activities
and industrial discharges, specific geological settings, such as arsenic-rich mineral deposits
or volcanic activities, as well as groundwater processes, also serve as significant sources of
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arsenic in plateau regions [21]. Their distinct geochemical characteristics, including higher
mobility under redox conditions and high pH in plateau environments [19-21], may have
consequently led to their spatial fractionation within the lake basin.

3.3.2. PCA

Principal component analysis (PCA) was applied to the sediment and soil datasets
from Bangong Co Lake to delineate their principal heavy metal sources. Prior to analysis,
the data were standardized using Z-scores to eliminate the influence of differing units
and scales [55]. Bartlett’s Test of Sphericity and the Kaiser-Meyer-Olkin (KMO) measure
verified the suitability of the data for PCA. KMO values were 0.622 for sediments and 0.560
for soils, both exceeding the 0.5 threshold, and the p-value of Bartlett’s Test of Sphericity was
below 0.01, indicating that the data are suitable for principal component analysis [8]. The
results of the principal component analysis are presented in Table 5. Following Varimax
orthogonal rotation with Kaiser normalization [8,22], two principal components with
eigenvalues greater than 1 were extracted from the sediment samples, with the variance
of 66.65% and 15.23%, respectively, explaining the majority of the variability (81.88%) in
the sediment heavy metal data. For the soil samples, three principal components with
eigenvalues exceeding 1 were identified, explaining 56.15%, 19.54%, and 13.75% of the
total variance, respectively, indicating that these components capture most of the variance
(89.43%) related to heavy metals in the soils.

Table 5. Principal component analysis for heavy metals in the sediment and soil.

Sediment Soil
Heavy Metals
Factor1 Factor2 Factorl Factor2 Factor3
Co 0.933 0.242 0.782 0.596 0.002
Ni 0.900 0.313 0.182 0.968 0.028
Zn 0.887 0.320 0.929 0.320 —0.035
Cu 0.855 0.277 0.949 0.268 —0.017
Cr 0.848 0.312 0.316 0.910 0.126
As 0.794 —0.136 0.266 —0.090 0.846
Pb 0.045 0.933 0.940 0.013 0.142
Cd —0.368 —0.738 0.308 —0.346 —0.648
Eigenvalues 5.33 1.22 4.49 1.56 1.10
Variance % 66.65 15.23 56.15 19.54 13.75
Cumulative variance % 66.65 81.88 56.15 75.68 89.43

As presented in Table 5, the first principal component (F1) for lake sediments shows
strong positive loadings for Co (0.933), Ni (0.900), Zn (0.887), Cu (0.855), Cr (0.848), and
As (0.794). Existing studies demonstrate that ultramafic rocks typically exhibit high con-
centrations of Ni, Cr, and Co [40,55]. The Bangong Co Lake region is situated within the
Bangong-Nujiang suture zone, formed by the collision between the Lhasa and Qiangtang
terranes, where mafic and ultramafic rocks are widely distributed (Figure 1b) [40,42]. These
elements are likely transported as weathering products of exposed basic rocks and de-
posited in river or lake sediments via hydrodynamic processes. Additionally, the high
background level of As in plateau lake sediments has been attributed to volcanic activity
or the evaporative concentration characteristic of saline lakes [20,21]. The As content in
the sediments generally increases from east to west (Figure 2), a spatial pattern that cor-
responds to the salinity gradient of Bangong Co Lake [35], suggesting that evaporative
enrichment may play a significant role in the accumulation of As in the sediments.

Therefore, F1 in sediments is interpreted as a natural source, primarily reflecting rock
weathering and evaporative concentration in saline lakes. The second principal component
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(F2) explains 15.23% of the total variance and is characterized by a strong positive loading
for Pb (0.933) and a strong negative loading for Cd (—0.738). Pb and Cd are often associated
in various mineral deposits and can be transported through atmospheric processes [8]. In
the study area, elevated Cd levels in sediments primarily occur near villages and livestock
areas (Figure 1b), while relatively high Pb concentrations are found in tourist zones and
adjacent to the main highway (Sites13~16). This spatial distribution suggests that Cd and
Pb in the sediments are mainly derived from anthropogenic activities. Consequently, F2
is indicative of anthropogenic sources such as fossil fuel combustion, transportation, and
wastewater discharge from human settlements.

The first principal component (F1) for the riparian soils exhibits strong positive load-
ings for Cu (0.949), Pb (0.940), Zn (0.929), and Co (0.782), which may have a potential
co-association for these heavy metals in the soils. Pb and Zn are primarily released through
incomplete combustion of vehicle fuel, as well as tire wear and abrasion [8,55]. Previ-
ous studies have reported elevated levels of Pb and Zn in topsoils along the northeast—
southwest-oriented Tibetan Highway [56]. Meanwhile, the geogenic association of Pb with
Zn and Co with Cu during mineralization processes, coupled with subsequent mining
and sorting activities, may also contribute to their enrichment in surrounding soils [8,57].
As discussed above, the spatial distributions of Cu, Pb, Zn, and Co in the riparian soils
of the study area are highly consistent, with peak concentrations observed at Site 1 (min-
ing area), Site 11 (village settlement), and Site 16 (tourism zone). This pattern suggests
influences from industrial operations, transportation, and anthropogenic waste discharges,
supporting the interpretation that F1 represents an anthropogenic source. The second
principal component (F2) is dominated by strong loadings from Ni (0.968), Cr (0.910), and
Co (0.596). As previously noted, the anomalously high concentrations of nickel, chromium,
and cobalt in soils are predominantly observed at Site 5. This location not only serves as a
livestock grazing area but also closely aligns with the distribution of ophiolite formations
known to be rich in Ni, Cr, and Co (Figure 1b), reinforcing the interpretation of a dominant
geogenic source for these elements. Therefore, F2 most likely represents a natural source,
primarily dominated by rock weathering. The third principal component (F3) shows strong
loadings for As (0.846) and Cd (—0.648). In the study area, soil Cd peaks are mainly found
in village and grazing areas, while elevated As concentrations occur in forested lands.
Anthropogenic inputs of As and Cd are generally linked to fossil fuel combustion and
non-ferrous metal smelting [9,10]. Combined with the local practice of using coal and dried
dung for heating—whose combustion residues are often applied as fertilizer in woodland
and farmland—these processes may contribute to As and Cd accumulation. Moreover, soils
across the Qinghai-Tibet Plateau are generally enriched in As, which is also commonly
used in fertilizers, pesticides, and insecticides [19,21]. Thus, the third principal component
(F3) likely reflects a mixed influence, though it primarily indicates anthropogenic sources.

3.3.3. APCS-MLR

The source contributions of heavy metals were quantified using the Absolute Prin-
cipal Component Score-Multiple Linear Regression method (APCS-MLR), with results
summarized in Table 6. The comparison between EST (estimated concentration) and OBS
(observed concentration) and the regression R? of the model were used to evaluate the
accuracy of the model. Overall, the EST values of heavy metals in both sediments and
soils closely matched the OBS values, indicating a good model fit [24]. The adjusted R?
values for the heavy metal models ranged from 0.543 to 0.958, most of them exceeding 0.6,
demonstrating high reliability of the APCS-MLR analysis.

Elements including Co, Cr, Cu, Ni, Zn, and As in the sediments are predominantly
associated with natural sources, with natural contributions of 79.27%, 62.86%, 76.41%,
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81.49%, 66.77%, and 82.89%, respectively (Table 6 and Figure 5). Anthropogenic contribu-
tions to these elements in the sediments were all below 10%. In contrast, Cd and Pb in
the sediments are influenced by human activities to varying degrees, with anthropogenic
contributions of 18.47% and 13.74%, respectively. Notably, unknown sources contributed
substantially to both Cd and Pb, warranting further investigation. Combined with the
principal component analysis, the source apportionment results indicate that sediments
in Bangong Co Lake are minimally influenced by anthropogenic activities. It is important
to note that these quantitative estimates are derived from a limited dataset (n = 16) and
that the strong geogenic background in this ophiolite-rich region may lead to some overlap
in elemental signatures between natural weathering and certain anthropogenic processes,
introducing uncertainty into the source separation.

Table 6. Source contributions and fitting degrees of APCS-MLR model.

Heavy Metals Cd Co Cr Cu Ni Pb Zn As
F1 contribution % 3416 7927 6286 7641 8149 250 66.77 82.89
F2 contribution % 1847  5.53 6.21 6.65 761 1374  6.46 3.81
Sedi Unexplained variability % 4737 1520 3093 1694 1090 8375 2676 1331
ediment OBS mg/kg 015 1021 5720 1545 3319 1287 50.03 13.14
EST mg/kg 0.15 9.40 5720 1546 3319 1286 50.03 13.14
R? 0.631 0918 0788 0.778 0.893 0.852 0.872 0.596
F1 contribution % 799 3398 1693 5226 10.04 5041 3831 13.06
F2 contribution % 1274 3712 69.88 21.17 76.46 0.99 18.95 6.34
F3 contribution % 1792 0.11 7.29 1.01 1.65 8.23 156 4492
Soil Unexplained variability % 6135 2880 590 2556 11.85 4037 41.18 35.68
OBS mg/kg 014 1183 7549 2211 4586 1811 63.13 16.67
EST mg/kg 015 11.83 7549 2211 4586 1811 63.12 16.67
R? 0.543 0958 0929 0967 0964 0.881 0958 0.743
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Figure 5. Contribution of pollutant sources to sediment (a) and soil (b) based on the APCA-
MLR model.

The contributions of the three factors obtained from PCA to heavy metals in Bangong
Co Lake soils are illustrated in Figure 5. The results show that the natural source (F2),
primarily from rock weathering, contributed significantly to Ni (76.46%), Cr (69.88%), Co
(37.12%), Cu (21.17%), and Zn (18.95%), while its contributions to other metals were below
15%. Factor 1 and Factor 3 predominantly represent anthropogenic sources. Factor 1,
potentially indicative of industrial activities, transportation, and wastewater discharge,
showed elevated contributions to Cu (52.26%), Pb (50.41%), Zn (38.31%), Co (33.98%),
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and Cr (16.93%), with contributions to other elements below 15%. Factor 3, representing
agricultural and livestock inputs, contributed notably to As (44.92%) and Cd (17.92%), with
contributions to remaining metals below 10%. However, the interpretation of these factors
must be approached with caution. The moderate cumulative variance explained by the
model and the relatively small sample size increase the uncertainty in both the factor identi-
fication and the absolute contribution rates calculated by APCS-MLR. Some elements (e.g.,
Cu, Zn, Co) show meaningful contributions from multiple sources, suggesting overlapping
geochemical signals.

The distribution and sources of heavy metals in Bangong Co Lake are intrinsically
linked to the distinctive environmental setting of the Qinghai-Tibet Plateau. First, the
dominant natural sources of metals such as Cr, Ni, and Co correspond directly to the
widespread weathering of mafic-ultramafic rocks within the Bangong-Nujiang suture
zone, a defining geological feature of the region [40,55]. Second, the notable enrichment
of arsenic in sediments, correlating with the west—east salinity gradient, underscores the
significant role of intense evaporative concentration—a process characteristic of arid and
semi-arid plateau climates [19,35,38]. Third, although overall contamination is currently
low, the clear fingerprint of anthropogenic activities in soils highlights the heightened
vulnerability of this cold, slow-cycling ecosystem to even moderate human pressure [7,8].
Unlike in lowland regions, the combination of slow degradation rates, sparse vegetation,
and sensitive hydrology means that once pollutants are introduced, their ecological impacts
may be more persistent and far-reaching [23,24]. Therefore, our findings are not merely
a site-specific case study but provide critical insights into the geochemical behavior and
environmental risks of heavy metals under the coupled influences of unique plateau
geology, climate, and increasing human footprint. From a management perspective, these
findings may inform the prioritization of lakeshore segments for targeted monitoring
and regulation. Although existing risks are relatively low, the clear linkage between
human activity and metal accumulation highlights the necessity of preventive strategies to
safeguard against increasing pressures from future development.

4. Conclusions

This study identified spatial patterns of eight heavy metals in the lake sediments
and riparian soils of Bangong Co Lake, highlighting the contributions of both natural
processes and human activities to the coastal environmental media. The results indicated
that heavy metal concentrations were generally higher in riparian soils than in sediments.
Compared to background values for western Tibetan soils and regional lake sediment
benchmarks, elevated concentrations of most soil heavy metals were found in human-
impacted shorelines, whereas natural soils exhibited higher levels of Co, Cr, Ni, and As. In
sediments, only Cd and As levels were elevated and need special attention. The Pollution
Load Index (PLI) indicated that heavy metals in both sediments and soils of the Bangong Co
Lake area were either uncontaminated or only slightly contaminated, with contaminated
sites primarily located along shoreline sections affected by human activity.

The differential correlation patterns effectively discriminate between metal sources.
While the cohesive group (Co-Cr-Ni) fingerprints regional bedrock weathering, the isolated
patterns of Cd and As underscore their origins from disparate anthropogenic activities and
unique geochemical mobility in the plateau environment. PCA and APCS-MLR results
revealed that sediment heavy metal concentrations were less influenced by human activities,
with most metals primarily originating from natural sources such as the weathering of mafic
and ultramafic rocks. In contrast, anthropogenic sources, including fossil fuel combustion,
transportation, and wastewater discharge, contributed relatively higher proportions to Cd
(18.47%) and Pb (13.74%) in sediments. Soil heavy metal concentrations, however, were
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significantly affected by human activities, with anthropogenic input rates reaching 53.27%
for Cu, 58.64% for Pb, 57.98% for Zn, 34.09% for Cd, and 39.87% for As. This combination of
factors has created a distinctive distribution pattern of heavy metals along the lakeshores of
Bangong Co Lake, providing valuable insights into heavy metal migration, accumulation,
and soil management in similar environments.
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