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Abstract The ecology of the Qinghai—Tibet Pla-
teau is fragile, and the ecosystems in the region are
difficult to remediate once damaged. Currently, land-
filling is the mainstay of domestic waste disposal in
China, and numerous, widely distributed county land-
fills exist. trace elements (TEs) in waste are gradu-
ally released with waste degradation and cannot be
degraded in nature, affecting environmental quality
and human health. To reduce the chance bias that
exists in studies of individual landfills, we selected
11 representative county landfills in Tibet, total of 76
soil samples were collected, eight TEs (arsenic (As),
mercury (Hg), chromium (Cr), copper (Cu), lead
(Pb), cadmium (Cd), nickel (Ni), and zinc (Zn)) were
determined, and analysed for the current status of
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pollution, risk to human health, and sources of TEs to
explore the impact of the landfills. The results showed
that only a few landfills had individual TEs exceed-
ing the risk screening value of the Soil Environmental
Quality Risk Control Standard for Soil Contamina-
tion (GB 15618-2018) (pH>7.5). Most of the soils
around the landfills had moderate levels of pollu-
tion, but some individual landfills had higher levels,
mainly due to Cd and Hg concentrations. Source anal-
ysis showed that Hg originated mainly from atmos-
pheric transport; the other TEs came mainly from the
weathering of soil parent material and bedrock. The
potential risk from TEs to human health was low,
and the risk to children was greater than the risk to
adults. Among the three exposure routes, oral inges-
tion resulted in the highest carcinogenic risk and non-
carcinogenic risk, with a contribution rate of more
than 95%. Among the TEs, Ni had the highest carci-
nogenic risk, followed by Cr and As, and As had the
highest noncarcinogenic risk.

Keywords Qinghai—Tibet Plateau - Landfill - Trace
elements - Risk assessment - Environmental pollution
Introduction

The Qinghai—Tibet Plateau is considered the third
pole of the world and has an important sheltering

function for China’s ecological security (Wen et al.,
2019). It is also known as the “water tower of Asia”,
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providing drinking water for more than one bil-
lion inhabitants in Asia (Sun et al., 2019). However,
Tibet’s environment is very fragile, and once dam-
aged, it is difficult to repair. As a result, ecological
protection is an important aspect of sustainable devel-
opment and societal stability in the Tibet Autonomous
Region. With the rapid development of the economy
and improvements to people’s standard of living,
the amount of domestic waste produced is expected
to increase. Among waste matter, plastic, electronic
products and other difficult-to-handle and high-pollu-
tion components are generated (Liu & Wu, 2011; Niu
et al., 2023). Therefore, treatment of domestic waste
has become an important part of ecological protection
in the Qinghai—Tibet Plateau. Landfills are simple
and cost-saving treatment methods.

Prior to 2017, China’s domestic waste was mainly
treated via landfilling, which accounted for more than
50% of the country’s total waste disposal (National
Bureau of statistics of the People’s Republic of China
(NBSPRC), 2021). Due to the shortcomings of land-
filling, such as long processing times, large footprint
and adverse impacts on surrounding environments,
incineration has emerged as a form of waste treat-
ment in recent years. However, in 2020, there were
still 644 landfills in use in China, and 77.715 million
tons of domestic waste was treated by these landfills
annually, accounting for 33.14% of the total treat-
ment capacity (NBSPRC, 2021). The land area of the
Tibet Autonomous Region is large, and it has a sparse
population with scattered population distribution.
Domestic waste is characterized by small production
volumes, widespread distribution, and high collection
and transportation costs, making its disposal by incin-
eration difficult. At present, landfills are the main
form of waste treatment, and there are more than 140
landfills in the region, most of which are county land-
fills. In Tibet, village and township domestic waste is
collected by the villages, transferred by townships,
treated by the counties, and disposed of in county
landfills.

Trace elements (TEs) present in waste products are
gradually released with waste degradation, which may
cause TEs pollution of soil and water, affecting envi-
ronmental quality and human health (de Souza et al.,
2023; Wang et al., 2022; Xiao et al., 2005). Trace ele-
ments cannot be degraded in nature and have a reten-
tion time of approximately 150 years in landfills, and
the leaching rate is 400 mm/yr (Adelopo et al., 2018).
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High concentrations of TEs reduce the biomass of
soil microorganisms and affect plant growth (Alves
et al.,, 2016; Zhang et al., 2016). Trace elements in
soil can also negatively affect human health through
soil-crop-human and soil-crop-livestock-human expo-
sure pathways or via direct ingestion (Obiri-Nyarko
et al., 2021; Wang et al., 2023). They can remain in
the body for more than a decade, exerting toxic effects
(Karunanidhi et al., 2022). Prolonged exposure to low
doses of TEs can lead to their accumulation in human
bones, kidneys, nerves, digestion, blood, haemat-
opoietic and cardiovascular systems and the forma-
tion of stable metal complexes with proteins, nucleic
acids, vitamins and hormones, inducing pathological
changes that may cause skin, blood and neurological
disorders in humans (Jaishankar et al., 2014).

Therefore, landfill monitoring is particularly
important for the ecological security of the Tibetan
Plateau and the health of its inhabitants. Previously,
researchers have focused mainly on the impact of
landfills on surrounding environments in various pre-
fectures in Tibet (Dan et al., 2021; Zhou et al., 2022,
2023). The results showed that landfills were poten-
tial ecological hazards, with individual TEs concen-
trations higher than the background values of TEs in
Tibetan soils. Wang et al. (2020b) analysed the TEs
content of soils around six landfills and in geother-
mal water in Tibet, and their results showed that the
concentration of mercury (Hg) was six times greater
than the background values. However, there has been
no relevant research on the county landfills in the
plateau region. To reduce the chance bias that might
occur in studies of individual landfills, in this study,
we selected 10 representative county landfills in Tibet
based on the results of previous studies. The con-
centration of TEs was analysed by sampling the soil
around the landfill site. The sources of TEs in landfill
soils were determined using statistical methods, spe-
cifically, correlation coefficient method and principal
component analysis (PCA). Single factor pollution
index (PI), Nemerow comprehensive pollution index
(NPI), potential ecological risk assessment (RI) and
human health risk assessment were used to evalu-
ate the impact of landfills on the environment and
humans. This study provides a reference for the daily
operation and management of landfills in the Tibetan
Plateau region.
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Materials and methods
Study area

This study focuses on the Tibet Autonomous Region,
which contains four cities, Lhasa, Shigatse, Nyingchi,

and Shannan. This region is a densely populated
area and a major tourist area. The landfills in Damx-
ung, Maizhokunggar, Lhunzhub, Gyantse County in
Lhasa, Bainang, and Dinggyé€; Yadong County in Shi-
gatse; and Bomé, Mainling, Gongbo’gyamda County
in Nyingchi, and Nagarzé€ County in Shannan were
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Fig. 1 Schematic of the study area

Table 1 Basic information

Study area Altitude  Annual rainfall/  Local population ~ Soil utilisation around the
on the study area mm (10,000) landfill site

Damxung 4300 481 4.79 grass

Lhunzhub 3700 491 5.06 grassland, farmland

Maizhokunggar 3836 515 4.95 grassland, farmland

Gyantse 4050 288 6.87 grassland

Bomé 2700 900 3.49 grassland

Mainling 3700 641 2.07 grassland

Gongbo’gyamda 3600 646 3.29 grassland, farmland, road

Bainang 4200 361 4.46 grassland

Yadong 3500 410 1.55 grassland

Dinggyé 4500 236 2.04 grassland

Nagarzé 4500 376 391 grassland
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selected as the study areas. The geographical loca-
tions of these landfills are shown in Fig. 1.

As shown in Table 1, the altitude at the selected
county landfills is between 2500 and 4700 m, and
most of the counties in Tibet are within this range.
Except in Bomi and Yadong, the annual rainfall was
less than 500 mm. The geological structure of the
Qinghai-Tibet Plateau is very complex, including
folded mountain series, metamorphic rock series,
intrusive rock series, and volcanic rock series. In this
study, the soil around 11 landfill sites was mainly
brown soil and Baga soil. Brown soil is mainly
located at an altitude of 2400-3500 m, and its par-
ent material is composed of slope and alluvial depos-
its of rocks such as granite and gneiss. Baga soil is
mainly distributed at an altitude of 4100-4700 m, and
its parent material is composed of residual and aeo-
lian deposits of rocks such as sand shale, slate, and
limestone.

During field research, it was found that most of the
landfills in the Tibetan counties were dry, had low
leachate generation, and could be treated by back-
washing. The soil around each landfill site is mainly
utilized through naturally formed grasslands and
farmland. Farmland mainly grows crops such as bar-
ley and wheat, while the surrounding yaks and vari-
ous wild animals feed on grass.

Soil collection and analytical methods

Due to the vast area and complex geological struc-
ture of Tibet, TEs levels vary greatly in each region
(Cheng & Tian, 1993). To evaluate more accurately
the impact of landfills, background samples were
collected 200 m upwind of the landfills at a depth of
30 cm. Because it was difficult to collect background
samples from Bainang, Gyantse, Dinggyé, Yadong
and Nagarzé counties, the background values of TEs
in the soil in Tibet were used as the background val-
ues for these five counties. Sampling points were
established 50 m, 100 m and 150 m downstream of
the landfill in three directions, and surface (0 cm),
10 cm and 30 cm samples were collected at the sam-
pling points directly downstream. The sampling
points could be adjusted according to the actual con-
ditions. The collected samples were placed in sam-
pling bags, dried naturally in a ventilated sample
room, ground with a grinding apparatus and sieved
through a 200-mesh sieve.
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This paper focused on eight TEs, arsenic (As), mer-
cury (Hg), chromium (Cr), copper (Cu), lead (Pb), cad-
mium (Cd), nickel (Ni), and zinc (Zn), which were also
prioritised as TEs pollutants by the U.S. Environmental
Protection Agency (US EPA, 2012). The detection steps
are as follows: Weigh 0.1 g of soil sample and place
it in a closed digestion tank made of polytetrafluoro-
ethylene. Then add 5 mL of HNO;, 3 mL of HF, and
2 mL of H,0,. Mix well and place it in a microwave
digestion device for digestion. After digestion, cool to
room temperature. Open the digestion tank and drive
the acid at 90 °C. Filter the extraction solution using
slow quantitative filter paper and collect it in a 50 mL
volumetric flask to volume, then use an instrument to
measure the concentration. Copper, Cr, Pb, Zn, Ni and
Cd were determined using an atomic absorption spec-
trophotometer (TAS-990), Hg was determined using an
atomic fluorescence photometer (AFS-2202E), and As
was determined using a UV—visible spectrophotometer.
During the testing process, strict quality control is car-
ried out, with blank samples and three parallel samples
set, and the average value is taken. The recovery rate for
spiking was between 85% -105%.

Environmental impact assessment methods
Single factor pollution index (PI)

The PI method is simple to apply and easy to compare
and is the basis for other environmental evaluation meth-
ods (Xu et al., 2008). The PI is calculated as follows.

P=C/S; (1)

where P, is the PI of a pollutant i in the soil, dimen-
sionless. C; is the measured concentration of pollutant
1 in the soil, mg/kg. S; is the standard or background
value of pollutant i, mg/kg.

Nemerow comprehensive pollution index (NPI)

The NPI is calculated on the basis of the PI and can
highlight the impact of high concentrations of pollut-
ants on the quality of soil (Nemerow, 1974), and the
formula is as follows.

P 4P2
p= /o ©)

max

2
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Table 2 Grading criteria for PI and NPI evaluation

Rank P; P pollution level

1 <1 <0.7 Safe level

2 1~2 0.7~1.0 Alert level

3 2~3 1.0~2.0 Light pollution

4 3~5 2.0~3.0 Moderate pollution
5 >5 >3.0 Heavy pollution

Table 3 Grading standard for potential ecological risk

El RI Level

<40 <150 Minor ecological hazard
40~80 150~300 Moderate ecological hazard
80~160 300~ 600 Strong ecological hazard
160~320 > 600 Severe ecological hazard
>320 Extreme ecological hazard

where E is the average value of the PL. P, is the
highest PI. The grading criteria for the evaluation of
the PI and NPI are shown in Table 2.

Potential ecological risk assessment (RI)

In potential ecological risk assessment, the principle
of sedimentology is applied to quantitatively classify
the magnitude of potential hazards from TEs (Hakan-
son, 1980). The formula is as follows.

RI= ) El 3)

E, =T, xP; @)

where RI is the potential ecological risk. E; is the
potential ecological risk of heavy metal i. Tir is the
toxicity response coefficient of heavy metal i, and
the values for Cd, Hg, As, Cu, Pb, Cr, Zn and Ni are
30, 40, 10, 5, 5, 2, 1 and 5, respectively. The grading

Analysis methods for TEs sources

Many sources of TEs exist in soils, which include
geology, human activities, and atmospheric transport,
which all have an impact on the content of TEs in the
soil (Qiao et al., 2023; Zhang et al., 2023b). To better
determine the impact of landfills on soil TEs in Tibet,
we utilised SPSS 22.0 software to perform Pearson’s
correlation coefficient analysis and principal com-
ponent analysis (PCA) on the sources of soil TEs in
landfills. Pearson’s correlation coefficient analysis
can be used to determine the strength of the correla-
tion between TEs (Huang et al., 2018). A significant
correlation indicates that TEs in soils may originate
from similar places or have similar geochemical ori-
gins (Zhang et al., 2018). Principal component analy-
sis can reduce many complex metrics into a smaller
number of composite metrics and is a commonly used
method for analysing sources of TEs (Fang et al.,
2019).

Assessment methods for health risk

According to the US EPA, the hazards of TEs expo-
sure to human health are mainly categorized into
carcinogenic (CRs) and non-carcinogenic risks
(NCRs). According to behavioural and physiologi-
cal differences, local residents were divided into
two groups: children and adults. According to the
exposure pathways for soil health risk evaluation
mentioned in the Technical Guidelines for Risk
Assessment of Soil Contamination of Land for Con-
struction (HJ 25.3-2019), risk was mainly catego-
rized as oral, dermal or respiratory. The long-term
daily average exposure model formulas for these
pathways are as follows.

C xIngR X EF X ED x CF
Oralingestion : AAD, , = ne
€ BW x AT

&)

Particulateinhalation : ADD;; = € x InhR X EF X ED

standards are shown in Table 3. BW x AT x PEF
(6)
Dermalcontact : ADD,,, = C x SA x SL x ABS x EF X ED x CF @)

BW x AT

All relevant parameters used are listed according to
the Technical Guidelines for Risk Assessment of Con-
taminated Sites in the People’s Republic of China and

related literature (Zhou et al., 2023; He et al., 2016;Li
et al., 2014; Zhou et al., 2020), and the specific rel-
evant parameters are listed in Table 4.

@ Springer



788 Page 6 of 17

Environ Monit Assess (2024) 196:788

Table 4 Parameter
names, units, symbols and

Parameter name and unit

Notation Reference values

reference values Soil TE content C, measured value
Oral route intake rate/(mg-d™") Lifetime IngR 100
Acute 200
Soil inhalation rate/(m*-d~") Lifetime InhR 12.8
Acute 7.63
Exposure frequency/(d-a™") Lifetime EF 350
Acute 320
Exposure duration/a Lifetime ED 24
Acute 6
Weight/kg Lifetime BW 62
Acute 15.9
Average exposure time/d Cancer risk AT 68.2%365=24893
Noncancer risk Chronic 8760
Acute 2190
Body surface area/cm? Lifetime SA 2145
Acute 1150
Skin adhesion coefﬁcient/(mg.(cmz.d)_l) Lifetime SL 0.07
Acute 0.2
skin absorption factor Arsenic (As) ABS 0.03
Other elements 0.001
Particulate emission factor (m? kg‘l) PEF 1.36*10°
conversion factor CF 1x10°

The NCR index is the NCR arising from the vari-
ous exposure pathways of a pollutant and is usually
calculated using the ratio of exposure to a pollutant
and a reference dose. The formula is as follows.

HQ = ADD/RfD 3)

The total NCR formula is as follows.

m n m n
HI = Zi:l Zj:lHQij = Zi:l Zj:l(ADD/RfD)iJ
€))
where ADD is the average daily human exposure
dose, mg—(kg—d)_l; RfD is the noncarcinogenic ref-
erence dose, mg-(kg-d)~!; m is the type of pollutant;
and n is the number of exposure routes. If the NCR
indices HQ and HI are greater than 1, it indicates that
there is a high NCR at the site, and if they are less
than 1, then the site has a low NCR (Guo & Song,
2010). When the CR is <1079, it is generally accepted
that there is no CR; when 10°<CR< 107, the CR is

@ Springer

considered acceptable; and when the CR is> 104 a
potential CR is considered to exist.

The CR was calculated from the lifetime average
daily exposure and the carcinogenicity slope factor.
The formula is as follows.

CR = ADD x SF (10)

The total CR formula is as follows:

TCR = Zi:l Zj:lRij=Zi=l Zj:l(ADD - SB);
(11
According to the classification system of the Inter-
national Agency for Research on Cancer (IARC), the
World Health Organization (WHO) and relevant lit-
erature, the reference dose (RfD) and carcinogenicity
slope factor (SF) are shown in Table 5 (Zhou et al.,
2020; Chang et al., 2009; Wang et al., 2020a; Zhang
et al., 2020; Xu et al., 2023; US EPA, 1992; US EPA,
2000; US EPA, 2002; US EPA, 2011).



Environ Monit Assess (2024) 196:788

Page 70of 17 788

Table 5 'Refert?n.ce doses TEs RfD/me-(kg-d)- 1 SF/[mg-(kg- a-

and carcinogenicity slope

factors RfDing RfDinh RfDdermal SFing SFinh SFdermal
Cu 4%1072 4.02%x1072 1.2%x1072 - - -
Pb 3.5%107 3.52x107 5.25x10™ 8.5x107° - -
Zn 3% 107! 3% 107! 6x1072 - - -
Hg 3x 107 8.57x 107 3%107° - - -
Ni 2% 1072 2.06x1072 5.4x%1073 - 0.84 -
cd 1x1073 1x1073 1%x107° 0.38 6.1 6.1
Cr 3% 1073 2.86x107 6x107 0.501 42 20
As 3x 107 3x 107 3x 107 1.5 3.66 1.5

Results and discussion
TE concentrations

Due to the large number of county landfills and sam-
pling points used in the study, TEs mean (Mean) and
median (Med) concentrations and coefficient of vari-
ation (CV) were calculated and are shown in Table 6.
The soil pH around the landfills was> 7.5, and the risk
screening value (pH>7.5) in the Soil Environmental
Quality Risk Control Standard for Soil Contamination
of Agricultural Land (GB 15618-2018) was used as
the standard values. The Pb and Zn concentrations in
Maizhokunggar County were high, reaching values of
194 mg/kg and 336 mg/kg, respectively, and exceeded
their respective standard values (Table 6). The reason
for this difference was that the background values of
Pb and Zn in the soils of Maizhokunggar County were
high, 193 mg/kg and 261 mg/kg, respectively. The
concentrations of Cr and Ni in Bainang County were
high, 195 and 234 mg/kg, respectively, with the latter
exceeding the standard limit of 190 mg/kg. The TEs
contents of the soils around the other landfills were
much lower than the standard values.

The average concentration of As in Nagarzé
County reached 77.9 mg/kg, which was significantly
greater than that in the other counties, which might
be attributed to the large amount of water in Nagarzé
County. The elevated levels of As in the water bodies
in Tibet were attributed to geological factors, notably
in the Yarlung Zangbo and Sengge Zangbo water-
sheds (Fu et al., 2005; Wang et al., 2012). Arsenic
was adsorbed in the sediments present in the water
and contributed to the heightened levels of As in the
sediments (Che et al., 2020). Meanwhile, as shown
in Table 6, the CV values of Hg and several other

TEs (As, Cd, Cu, Pb and Zn) in Maizhokunggar and
Gyantse are relatively high, indicating that these land-
fills are highly influenced by human activities.

Spatial distribution of TEs

A spatial distribution map of heavy metal concentra-
tions in the soil of Tibet’s landfills was constructed
by using the inverse distance weight interpolation
method in ArcGIS 10.7. There were marked vari-
ations in TE concentrations across the region. As
shown in Fig. 2, the Ni and Hg concentrations
increased from east to west. The reason is that the Hg
content in Dinggyé County and Ni content in Bainang
County are high, while the concentrations of these
two elements in other county landfills are relatively
low. On the contrary, the other TEs exhibited high
concentrations in the middle region and low concen-
trations on the sides. Due to the large population in
Lhasa and surrounding counties, human activities
have increased the TEs content in the soil. In addition
to the impact of landfills, automobile exhaust, indus-
trial emissions, and the use of pesticides all have an
impact on the TEs content in the soil (Aytop, 2023).

Environmental impact assessment
PI and NPI

The results of the PI and NPI assessment are shown in
Table 7. The results showed that most of the TEs found
within landfills were classified at safe or alert levels.
However, the PIs of Cd in Gyantse and Yadong Coun-
ties and of Ni in Bainang County corresponded to heavy
pollution levels, and the PIs of Cd and Hg in Ding-
gy€ County, Hg in Yadong County and As in Nagarzé

@ Springer
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Table 6 TEs concentrations in soils around landfills in Tibetan counties (mg/kg)

sampling Cu Pb Zn Cr Ni Cd As Hg
number
Damxung 12 Mean 18.0 36.6 78.5 56.3 26.0 0.1 23.7 0.04
Med 17.6 36.6 75.5 57.3 26.4 0.1 23.8 0.04
CV(%) 11.3 10.8 14.6 13.2 124 21.5 22.50 29.2
Lhunzhub 14 Mean 24.8 29.2 79.8 56.2 27.2 0.1 8.6 0.03
Med 24.8 27.7 74.9 54.5 27.6 0.1 8.7 0.03
CV(%) 11.7 20.2 18.4 14.8 16.6 21.6 19.7 36.0
Maizhokunggar 8 Mean 54.8 193.6 336.0 49.0 23.2 2.2 38.4 0.06
Med 345 64.6 99.1 49.9 21.2 0.4 18.5 0.04
CV(%) 116 165 185 11.0 254 222 149 80.7
Bomé 4 Mean 13.9 36.1 96.5 40.1 23.1 0.3 10.3 0.06
Med 14.3 37.1 93.9 42.6 235 0.3 11.0 0.07
CV(%) 15.5 20.6 17.2 21.1 27.6 259 17.6 31.2
Mainling 11 Mean 28.9 24.4 84.9 66.8 34.0 0.1 7.6 0.02
Med 28.5 23.4 81.8 68.6 34.1 0.1 7.7 0.02
CV(%) 124 12.1 18.8 11.7 11.6 16.7 12.2 50.8
Gyantse 4 Mean 38.9 94.5 145.9 454 34.0 0.6 18.4 0.07
Med 35.7 19.3 65.7 43.1 36.0 0.1 16.9 0.05
CV(%) 27.8 166.3 120.4 16.7 27.8 170.1 24.1 60.4
Bainang 3 Mean 31.6 26.9 81.5 194.7 233.6 0.1 154 0.02
Med 29.7 25.9 84.6 158.0 149.0 0.1 124 0.02
CV(%) 16.5 19.4 124 47.6 84.4 16.7 40.7 48.7
Gongbo’gyamda 12 Mean 19.0 34.6 89.9 51.7 23.5 0.1 18.0 0.08
Med 18.2 34.5 92.4 51.6 232 0.1 18.2 0.07
CV(%) 154 9.2 12.3 144 14.9 13.9 21.7 48.0
Dinggyé 2 Mean 11.5 28.0 28.0 2.0 33.0 0.3 6.7 0.12
Med 11.5 28.0 28.0 - 33.0 0.3 6.7 0.12
CV(%) 6.2 0.00 60.6 - 38.6 13.7 2.54 1.2
Yadong 2 Mean 20.0 25.5 91.5 2.0 47.0 04 33 0.13
Med 20.0 25.5 91.5 - 47.0 04 33 0.13
CV(%) 424 41.6 45.6 - 57.2 5.0 1.7 7.95
Nagarzé 4 Mean 34.8 324 107 88.7 41.5 0.1 71.9 0.08
Med 36.0 31.8 104 83.4 40.6 0.1 58.5 0.06
CV(%) 19.1 15.2 19.0 17.2 7.1 15.6 78.8 71.7
Standard concentrations 100 170 300 250 190 0.6 25.0 34
Background values 21.9 28.9 73.7 774 32.1 0.1 18.7 0.03

County had moderate pollution levels. As a result,
Gyantse, Bainang, Dinggyé, Yadong and Nagarzé had
heavy pollution levels based on the NPI values.

Potential ecological risk assessment

The results of the potential ecological risk assess-
ment are shown in Table 8. According to our

@ Springer

grading system, Cd in Gyantse County and Hg in
Dinggyé and Yadong Counties posed severe eco-
logical hazards. Mercury in Gyantse and Nagarzé
counties and Cd in Dinggyé County showed strong
ecological hazards. Cadmium and Hg were the pri-
mary pollutants in these regions. The background
values of Hg and Cd on the Tibetan Plateau were
0.03 mg/kg and 0.1 mg/kg, respectively, which were
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Fig. 2 Spatial distribution of soil TEs

much lower than the national averages (Cheng et al.,
2014). For these elements, the RIs of Gyantse and
Yadong counties showed strong ecological hazards,
and Dinggyé and Nagarzé counties had moderate
ecological hazards.

The RIs of the more strongly polluted counties of
Gyantse, Dinggyé, Yadong and Nagarzé were calcu-
lated using the background value of Tibetan soil as the
reference value, while the pollution level of Damxung

County and other counties, for which the soil TEs con-
tent around the landfill was used as the reference value,
was lower. Therefore, it was speculated that the landfills
had a low level of influence on the TEs in the surround-
ing soil and that other factors might have caused the
soil around the landfill to have elevated levels of TEs.
Cadmium and Hg pollution was found in the Lhasa,
Shannan, and Shigatse landfills (Dan et al., 2019; Zhou,
2020b; Zhou, 2020a;). In addition to the landfill areas,
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Table 7 PI and NPI

Study area PI NPI
assessment results
Cu Pb Zn Cr Ni Cd As Hg
Damxung 0.84 1.06 091 0.83 0.89  0.71 0.93 1.29 1.12
Lhunzhub 1.35 0.97 1.08 0.94 1.05 1.48 098 091 1.30
Maizhokunggar 0.59 1.00 1.29 1.07 098 1.50 1.89  0.70 1.56
Bomé 098  0.96 1.11 0.87 093 1.14  0.83 1.10 1.07
Mainling 1.03 1.13 1.14 1.30 1.16 1.04 076  0.96 1.19
Gyantse 1.78 3.27 1.98 0.59 1.06  7.85 098  2.18 5.82
Bainang 144 093 1.11 252  7.28 126 082 0.80 534
Gongbo’gyamda  0.95 0.93 1.01 0.95 0.88 1.25 0.89  0.88 1.12
Dinggyé 0.53 097 038 0.01 1.03 3.88 036 410 3.06
Yadong 0.91 0.88 1.24  0.01 146 531 0.18  4.45 3.97
Nagarzé 1.59 1.12 1.45 1.15 1.29 1.66 416  2.53 3.23
Table .8 Results. of . Study area Ei RI
potential ecological risk r
assessment Cu Pb Zn Cr Ni Cd As Hg
Damxung 4.22 530 091 1.67 4.43 21.28 9.25 51.51 98.57
Lhunzhub 6.74 483 1.08 1.89 526 4454 9381 36.21 110.35
Maizhokunggar ~ 2.95 502 129 213 490 4505 1892 28.19 108.43
Bomé 492 478 1.11 1.73 4.67 34.09 8.25 4399 103.54
Mainling 5.17 564 1.14 2.6l 5.78 31.07 7.62 3852  97.54
Gyantse 888 1635 198 1.17 530 23550 9.84 87.13  366.15
Bainang 7.21 4.65 1.11 503 36.39 37.88 8.24 31.96 132.46
Gongbo’gyamda 4.74 465 1.01 1.89 4.39 37.50 8.95 35.02 98.15
Dinggyé 2.63 4.84 038 0.03 5.14  116.25 3.58 164.00 296.84
Yadong 4.57 441 124 0.03 732 159.38 1.76  178.00 356.71
Nagarzg 794 561 145 229 646  49.69 41.63 101.33 216.40

Cd and Hg pollution has been found to varying degrees
in the soils of the Lhalu and Maidika wetlands, farm-
lands, grasslands, and urban areas (Li et al., 2023; Li
et al., 2022; Liu et al., 2022; Zhong et al., 2021; Li,
2022; Wu et al., 2018). The sources of TEs pollution in
soils around landfills need to be further analysed.

Analysis of TEs sources
Pearson’s correlation coefficient analysis

Figure 3 showed that the Pearson’s correlation coef-
ficient of Cu-Pb—Zn-Cd, Cr-Ni and Cu-As in the
soils around landfills in Tibet exceeded 0.4. These
findings revealed a common source and origin for
these TEs (Obiri-Nyarko et al., 2021). The corre-
lation between Hg and the other TEs was weaker

@ Springer

than that among the other TEs, suggesting that dif-
ferent sources existed for Hg and the other TEs.
In addition to Hg, Cr and Ni showed low correla-
tions with other TEs. This is commonly observed in
other studies that Cr and Ni are strongly correlated,
while they show low correlation with other TEs.
Therefore, principal component analysis was subse-
quently used to further analyze the sources of heavy
metals.

Principal component analysis

Principal component analysis is an important
tool for identifying the sources of soil TEs (Mar-
tin et al.,, 2013). The data were subjected to Kai-
ser-Meyer—Olkin (KMO) and Bartlett’s sphericity
tests using SPSS Statistics software. The KMO value
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Fig. 3 Correlation analysis o
of soil TEs

Table 9 Principal component analysis of soil TEs

Rotated principal component

PC1 PC2 PC3
Cu 0.954 0.136  -0.123
Pb 0.970 0.012 -0.113
Zn 0.986 0.036  -0.83
Cr -0.64 0.971 0.040
Ni -0.82 0.928 0.262
Cd 0.984 0.16 -0.069
As 0.762 0.088 0.085
Hg 0.390 -0.311 0.861
Eigenvalue 4.536 1.930 0.858
Contribution rate 56.7% 24.1% 10.7%

Cumulative contribution rate 56.7% 80.8% 91.5%

was 0.63, and the significance level of Bartlett’s sphe-
ricity test was 0.00, which indicated that the data were
suitable for PCA. The Kaiser normalized maximum
variance method was used for orthogonal rotation of
the extracted component matrices, and the results are
shown in Table 9. The eigenvalues of the first three
principal components were greater than 0.8, and the
cumulative variance contribution rate was 91.5%;
therefore, these three components could represent the
information contained in the original data well.

- 0.2
Cr -0.19 0.25 -0.67

Q‘O /\/Q C} é\ (./b Yj‘: Q&
. 1
. . 0.31 0.12 . 050 028
0.8
Pb ‘ ‘ -0.11 -0.20 ‘ 0.28 -0.024 0.6
Zn ‘ 0.015 0.16 ‘ 0.36 -0.091 0.4

Ni -0.20 -0.064 -0.33
--0.2

The variance contribution of principal component
1 (PC1) was 56.7%, in which Cu, Pb, Zn, Cd, and As
had high loadings of 0.954, 0.970,0.986, 0.984, and
0.762, respectively. The accumulation of TEs in soils
is mainly affected by the joint influence of traffic pol-
lution and soil weathering, which impact Cd and Zn
levels (Wang, 2018). In remote areas far from anthro-
pogenic sources of pollution or in areas with high geo-
logical backgrounds, the natural weathering of soil-
forming parent material and bedrock primarily controls
TEs accumulation (Xie et al., 2008). In nature, As, Cd,
Pb, and Zn are included among the chalcophile element
and are typically found in the form of sulfides in differ-
ent types of deposits (An et al., 2022; Zhang, 2005).
The geological weathering of sulfide ores is thought
to be an important source of As, Cd, Pb, and Zn. The
landfills in the Tibetan counties had small amounts of
waste, low rainfall, and low population density; thus,
PC1 was considered to represent sources related to the
soil-forming parent material.

The variance contribution of principal component 2
(PC2) was 24.1%, in which the loadings of Cr and Ni
were greater than 0.971 and 0.928, respectively. Anal-
ysis of the raw TEs data revealed that only the soils
around the landfills in Bainang County had high con-
centrations of Cr and Ni. It was speculated that Cr and
Ni may be closely related to soil weathering processes.
Mg-Fe-upermagnesian soils are characterized by high
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Cr and Ni contents (Ent & Reeves, 2015; Zhang et al.,
2023a). Mg-Fe-supermagnesian soils are widely dis-
tributed in the Tibetan Plateau region (An et al., 2022;
Zhang et al., 2015). Therefore, it is believed that the
sources of Cr and Ni in the soils were related to weath-
ering of the soil parent material and the bedrock.

The variance contribution of principal component 3
(PC3) was 10.7%, and only Hg had a high loading of
0.861. Moreover, the low correlation between Hg and
the other TEs indicated that the source of Hg was dif-
ferent from the sources of the other TEs. According to
previous studies, TEs are emitted into the atmosphere
from anthropogenic activities in Southeast Asia as well
as in regions of China, such as Yunnan, Guizhou, and
Sichuan, and deposit in the hinterland of the Tibetan
Plateau due to cross-border atmospheric transport
(Bing et al., 2021; Kang et al., 2009; Xiao et al., 2002).
As a consequence, TEs accumulate in the soil. Mer-
cury in the soils of the Tibetan Plateau mainly origi-
nates from atmospheric transport through direct wet
and dry deposition of atmospheric Hg or from apo-
plastic inputs from vegetation uptake of atmospheric
Hg® (Wang et al., 2017). Accordingly, PC3 corre-
sponded to a source related to atmospheric transport.

Health risk assessment
CR

The CR was calculated as shown in Table 10. The
CRs for children ranged from 6.50E-05 to 5.03E-04

Table 10 CR indices for different exposure routes

for oral ingestion, from 2.62E-09 to 2.29E-07 for par-
ticulate inhalation, from 6.50E-05 to 5.03E-04 for
dermal contact, and from 6.69E-05 to 5.03E-04 for
TCR. For adults, the CRs for oral ingestion ranged
from 3.65E-05~2.82E-04, the CRs for particulate
inhalation ranged from 4.92E-09 ~4.32E-07, the CRs
for dermal contact ranged from 1.77E-06~1.19E-
05, and the TCRs ranged from 3.79E-05 ~2.94E-04.
Based on 107 as the evaluation standard, the soils of
the county landfills in Tibet posed a relatively high
potential risk of cancer, with both adults and children
showing risks higher than 107,

As shown in Fig. 4, the contributions of TEs and
exposure routes for cancer risk were similar in both
adults and children. Among the three different expo-
sure routes, oral ingestion had the highest contribu-
tion (more than 95%), followed by dermal contact and
particulate inhalation. Among the five TEs, Ni had the
highest CR, with a contribution of 57%; Cr and As also
contributed more than 20%; and Pb and Cd contributed
less than 1%.

NCR

The NCRs of soils around the county landfills in Tibet
are shown in Table 11, with the NCRs for children
ranging from 2.50E-01 to 3.33E+00 for oral inges-
tion, 1.80E-05 to 1.04E-03 for particulate inhalation,
5.76E-03 to 1.19E-01 for dermal contact, and 2.55E-
01 to 3.45E+00 for HI. For adults, the NCRs from
oral ingestion ranged from 3.50E-02 to 4.67E-0l,

Children Adults

Oral inges- Particulate Dermal TCR Oral inges- Particulate Dermal TCR

tion inhalation contact tion inhalation contact
Damxung 1.05E-04 6.74E-08 1.05E-04 1.09E-04 5.89E-05 1.27E-07 2.69E-06 6.17E-05
Lhunzhub 8.49E-05 6.57E-08 8.49E-05 8.79E-05 4.76E-05 1.24E-07 2.18E-06 4.99E-05
Maizhokunggar  1.20E-04 6.07E-08 1.20E-04 1.25E-04 6.75E-05 1.14E-07 3.03E-06 7.07E-05
Bomé 7.29E-05 4.74E-08 7.30E-05 7.55E-05 4.09E-05 8.92E-08 1.84E-06 4.28E-05
Mainling 9.98E-05 7.78E-08 9.99E-05 1.03E-04 5.60E-05 1.47E-07 2.55E-06 5.87E-05
Gyantse 1.06E-04 5.46E-08 1.06E-04 1.10E-04 5.95E-05 1.03E-07 2.60E-06 6.22E-05
Bainang 5.03E-04 2.29E-07 5.03E-04 5.19E-04 2.82E-04 4.32E-07 1.19E-05 2.94E-04
Gongbo’gyamda  9.04E-05 6.15E-08 9.05E-05 9.37E-05 5.07E-05 1.16E-07 2.32E-06 5.32E-05
Dinggyé 6.50E-05 2.62E-09 6.50E-05 6.69E-05 3.65E-05 4.92E-09 1.41E-06 3.79E-05
Yadong 8.32E-05 2.62E-09 8.32E-05 8.56E-05 4.67E-05 4.93E-09 1.77E-06 4.84E-05
Nagarzg 2.25E-04 1.10E-07 2.25E-04 2.33E-04 1.26E-04 2.07E-07 5.76E-06 1.32E-04
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those from particulate inhalation ranged from 8.48E-
06 to 1.00E-03, those from dermal contact ranged
from 1.05E-03 to 2.17E-02, and the HI ranged from
3.61E-02 to 4.89E-01. There was no significant NCR

for adults, and the six county landfills had some
NCRs for children, but the risk was low. Except in
Nagarzé County, which had an HI of 3.45, the HIs of
the county landfills were less than 2.

-~ [ Pb: 0.28%

Ccr 2062% B Cr: 20.78% [ Oral ingestion:96.72% [ Oral ingestion:95.67%

s e 50‘{: o5 [ |Patticulate inhalation:0.05% [ Particulate inhalation:0.16%

Eas: 2157% I As: 2135% I Dermal contact:3.23% [ Dermal contact:4.17%

TCR- Children TCR - Adults TCR- Children TCR - Adults
Fig. 4 Contribution of different TEs and exposure routes to CR
Table 11 NCRs from different exposure routes
Children Adults
Oral ingestion Particulate Dermal HI Oral ingestion  Particulate Dermal HI
inhalation contact inhalation  contact
Damxung 1.22E+00 6.38E-04 4.31E-02 1.26E4+00 1.71E-01 3.00E-04  7.89E-03 1.79E-01
Lhunzhub 6.41E-01 6.38E-04 2.37E-02 6.65E-01  8.99E-02 2.92E-04  4.35E-03 9.45E-02
Maizhokung-  2.27E+00 5.89E-04 6.68E-02 2.34E+00 3.18E-01 2.77E-04 1.22E-02 3.31E-01
gar
Bomé 6.65E-01 4.48E-04 2.28E-02 6.88E-01  9.33E-02 2.11E-04  4.18E-03 9.77E-02
Mainling 6.33E-01 7.33E-04 2.46E-02 6.59E-01  8.88E-02 345E-04  4.51E-03 9.37E-02
Gyantse 1.19E+00 5.20E-04 3.62E-02 1.22E+00 1.66E-01 245E-04  6.63E-03 1.73E-01
Bainang 1.51E+00 2.13E-03 6.21E-02 1.57E+00 2.12E-01 1.00E-03 1.14E-02 2.24E-01
Gongbo’gyam  9.86E-01 5.82E-04 3.49E-02 1.02E+00 1.38E-01 2.74E-04  6.38E-03 1.45E-01
da

Dinggyé 3.68E-01 2.13E-05 9.91E-03 3.78E-01  5.16E-02 1.00E-05 1.82E-03 5.35E-02
Yadong 2.50E-01 1.80E-05 5.76E-03 2.55E-01 3.50E-02 8.48E-06 1.05E-03 3.61E-02
Nagarzé 3.33E+00 1.04E-03 1.19E-01 3.45E+00 4.67E-01 491E-04  2.17E-02 4.89E-01

a AN

-(‘u
B 7n:
N
-AS:

0.33%

2.24% |
64.23% [l Hg: 02%

0.61% [Pb: 13.2%

| Cr: 18.78%

[ ]cd: 042%

HI- Children

Bl cu: 0.6%
B zn: 0.33%

BN 222% [
[ As: 64.16% I Hg: 0.19%

[T pb: 13.08%

:lc: 19%

|Cd: 0.42%

HI - Adults

[ Particulate inhalation: 0.05%
I Dermal contact: 3.32%

HI- Children

Fig. 5 Contribution of different TEs and exposure pathways to NCR
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[ Oral ingestion: 95.53%
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HI - Adults
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As shown in Fig. 5, the contributions of TEs and
exposure routes to NCR were similar in both adults
and children, and among the three different exposure
routes, oral ingestion had the highest NCR, with a
contribution of more than 95%, followed by dermal
contact and then particulate inhalation, which had
the lowest NCR, with a contribution of less than 1%.
Among the eight TEs, As had the highest NCR con-
tribution of more than 60%, Pb and Cr had contribu-
tions of more than 10%, and the other TEs had contri-
butions less than 3%.

Uncertainty in health risk evaluation

In this study, we evaluated the total amount of soil
TEs around landfills for health reasons, but the TEs
were not fully absorbed into the human body, so the
calculated health risk value was high. The parameters
for health risk and exposure pathways were designed
based on previous studies, but the actual exposure
was lower than the calculated exposure. The Tibet
Autonomous Region is sparsely populated, and there
is no local population around the county landfills. In
addition, we did not consider the antagonistic or syn-
ergistic effects of TEs on the human body or on expo-
sure to TEs through the food chain or other pathways.
The health risks in this article are calculated based on
the total amount of TEs, without exploring the health
risks under different forms of TEs. For example, Cr
(VD) has a carcinogenic risk, while Cr (III) has no car-
cinogenic risk. Therefore, it is possible that the actual
health risks would be different from those determined
in the health risk evaluation in this study.

Conclusions

In this paper, we conducted field research, soil sam-
pling, and TEs analysis in landfills in the counties
of Tibet and evaluated the impact of landfills on the
environment and human health based on TEs con-
tent, pollution risk assessments, human health risks
and sources of TEs. The conclusions reached are as
follows:

(1) The TEs concentrations in the soil around land-
fills in the Tibetan counties are low, and only a
few landfills have individual TEs concentrations
that exceed the risk screening value in the Soil

@ Springer

Environmental Quality Risk Control Standard
for Soil Contamination of Agricultural Land (GB
15618-2018) (PH>17.5).

(2) Most of the landfills are at a moderate level in
terms of soil TEs pollution, but some landfills
have a heavier pollution level. Pollution from Cd
and Hg is severe.

(3) Landfilling has a small impact on TEs in the sur-
rounding soil; the TEs originate mainly from the
weathering of the soil matrix and bedrock, but
Hg originates mainly from atmospheric transport.

(4) The landfill soils in the counties in Tibet may
impact human health. The NCR and CR contri-
butions of TEs and exposure routes were similar
for adults and children. Among the three different
exposure routes, oral ingestion had the highest
CR and NCR, with a contribution of more than
95%. Among the TEs, Ni had the highest CR,
with a contribution of 57%, and Cr and As con-
tributed more than 20%. The highest NCR contri-
bution was more than 60%.

The present study revealed that the TEs in soil
mainly originated from the soil parent material and
atmospheric transport. The landfill sites had a low
impact on TEs in surrounding soil. This may be
because the amount of waste and rainfall in plateau
areas is small, and the landfill year is relatively short.
Therefore, the migration of TEs in waste is limited.
Therefore, in the future research, it is necessary to
strengthen the research on small-scale waste treat-
ment and resource utilization technology in the pla-
teau area, as well as the research on the impact of
soil quality and atmospheric transport on soil TEs in
Tibet. The selection of different background samples
(soil or parent material) can also have a significant
impact on the calculation results (Aytop et al., 2023).
Moreover, the impact of TEs speciation and bio-
effective utilisation rate on human health risks should
be studied.
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