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Abstract

Rural revitalization denotes the gathering of large populations in rural areas and the subsequent gradual urbanization. Rural
environments have been deteriorated by heavy metals (HMs) over the last few years. Without the existence of large-scale
industries, the accumulation of HMs in sediments due to population aggregation in rural environments needs to be scientifi-
cally confirmed. Therefore, in this study we first understand the sediment pollution in rural environments in China and across
the globe, and subsequently investigate HMs in sediments in rural micro water. The study area, Sichuan Province, China,
was divided into two areas, namely, sparsely populated areas (SPA) and densely populated areas (DPA). Eight typical HMs
(As, Zn, Ni, Hg, Cd, Cr, Cu, and Pb) were selected to target in riverine sediments, and the content and spatial distribution
characteristics were analyzed. The results indicate that As, Hg, Cd, and Pb concentrations in sediments were higher than
background values (BVs), with high concentration sample sites located in the DPA. In addition, the geo-accumulation index
(Igeo)> pollution load index (PLI) and potential ecological risk index (RI) were used to quantitatively evaluate the pollution
characteristics of HMs in sediments, revealing that the sediments exhibited high As and Hg pollution in the DPA (PLI=1.09).
In general, mild (RI=48.76) and moderate (RI=154.92) HM pollution was observed in the sediments of the SPA and DPA,
respectively, based on the high PLI (> 1.0) and RI (> 150) values. Correlation analysis and principal component analysis
(PCA) indicate that the Cd in the sediment generally originated from geogenic sources, while the other elements (Zn, As,
Cu, Cr, Hg, Ni and Pb) were primarily linked to anthropogenic sources. Finally, the results demonstrate that population
aggregation will lead to the enrichment of HMs.

Keywords Rural environment - Heavy metals - Population aggregation - Ecological risk assessment - Sediment - Sichuan
province

Introduction

Heavy metals (HMs) are refractive, accumulate easily, and
have strong stability in water and sedimentary environments,
with heavy biological activity and toxic effects (Mirzaei
et al. 2020). In addition, HMs can endanger the health of
organisms through biological enrichment and food chain
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amplification, and have consequently become a key pollut-
ant affecting the environments of rivers and lakes (Zhang
and Karimi-Maleh 2023b). Some studies have mentioned
that metal ions such as Pb>" and Cr(VI) in the water environ-
ment are the main pollutants, which are highly toxic to ani-
mals, plants and humans, have potential carcinogenicity, and
pose a serious threat to the ecological environment (Karimi-
Maleh et al. 2021; Zhang and Karimi-Maleh 2023a). As an
important carrier of pollutants, sediments can indicate the
pollution characteristics of the basin, and reflect the long-
term impact of natural factors and human production activ-
ities on the environment. (Hong et al. 2020). (Tian et al.
2020) assessed the pollution of HMs in sediments and waters
from 119 rivers, estuaries and marine sites in the Bohai Sea
and the Yellow Sea in 2020, and conducted a comparative
assessment between China and South Korea. Although
scholars have evaluated large lakes and rivers in China,
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under the current urbanization background, the impact of
HMs in the surface sediments of rural micro-waters on rural
ecological environments and human health remains unclear.

Following decades of reform, the opening-up of the econ-
omy, and a rise in population, China's urban structure has
undergone tremendous changes. In particular, rural areas
have gradually entered the stage of urbanization. (Xiao et al.
2013) analyzed and compared the spatial distribution, pol-
lution level, toxicity and ecological risk level of Cd, Cr, Cu,
Ni, Pb and Zn in sediment samples of two typical urban and
rural rivers in the Pearl River Delta. The results revealed that
the potential ecological risk index of rural river sediments
was equal to that of urban river sediments, indicating the
urgency to solve the ecological health problems of rural riv-
ers in underdeveloped areas. (Jiang et al. 2017) collected 105
soil samples from a town in southern Jiangsu and detected the
concentrations of 15 metal elements. The authors determined
the accumulation of Cr, Cu, Cd, Pb, Ni and Co in the soil, with
total risk indexes of 3.62 and 6.11, respectively, indicating
mild pollution. The total risk of adults was 9.78 x 10~ and
that of children was 4.03 x 10~*, while the non-carcinogenic
and carcinogenic risks of soil metals were higher than the
acceptable levels. More attention must be focused on chro-
mium and arsenic, since their respective health risks exceed
acceptable levels. The afore mentioned studies clearly demon-
strate the gradual deterioration of the rural water environment,
with data on water environment related indicators presenting
greater pollution levels. Therefore, there is an urgent need to
investigate the status of HM pollution in sediments and water,
and assess the corresponding ecological risks.

As well as evaluating the HMs in the study area, numerous
studies have also investigated the relationship between HMs
and other factors. For example, based on surface soil samples
(0-10 cm) from 238 sampling sites, (Argyraki and Kelep-
ertzis 2014) determined significant correlations between HM
concentrations and urbanization indicators (e.g., traffic, urban
land use, population density and urbanization time). Bo et al.
(2015) divided the Taihu Lake region into three components:
mixed areas (industrial and commercial), residential areas and
agricultural areas and compared the respective HM content
in sediments to reveal the following trend: mixed area > resi-
dential area > agricultural area. (Bo et al. 2015). (Zhang et al.
2017) assessed HM (Cr, Cu, Ni, Pb, and Zn) pollution and
risks in the mountainous urban-belt (MB), mountain—plain
urban-belt (MPB), and plain urban-belt (PB) areas of Haihe
Basin. The authors concluded that the potential risks posed
by the HMs (based on HM chemical fractions) generally
decreased in the order MPB >MB > PB. Most scholars have
evaluated the risk of heavy metal pollution in different func-
tional areas of soil and sediments, or compared their enrich-
ment degrees. However, in surface sediments of water bodies,
what is the relationship between population density and heavy
metals in surface sediments remains to be confirmed.

@ Springer

In the current study, we aim to: (1) investigate the distri-
bution of HMs in the surface sediment of a rural environ-
ment without point source pollution containing HMs (e.g.,
the chemical industry); (2) predict the distribution of HMs in
rural surface sediments in Sichuan under the same conditions;
(3) assess the ecological risk of HMs; and (4) explore the rela-
tionship between population aggregation and HM deposition.
The results provide a scientific basis for rural environments to
control the risk of HMs. They also act as a reference for rural
environmental protection and environmental planning and
management, in response to the “rural revitalization” slogan.

Materials and methods
Description of the study area

Anyue County (104°56'51"—105°45'14" east longitude and
29°40"32"—30°18'53" north latitude), belonging to Ziyang City
of Sichuan Province, is located in the central region of Sichuan
Basin. It is a hilly agricultural county with a high population in
the middle of Sichuan Basin, known as "the hometown of lemon
in China" as it is the main production base of lemon products
in China. Yueyang River is the main river in the territory. The
entire basin of the Yueyang River covers 694.63 km?, including
635.16 km? in Anyue County, with a total length of 108.3 km
and 59.56 km, respectively. As a tributary of the right bank of
the Fujiang River system in Sichuan Province, the basin runs
through Lezhi County, Anyue County of Ziyang City, Tongnan
District of Chongqing, and finally flows into Fujiang. The basin
runs through towns and urban areas, and land uses of surround-
ing land are mainly forestry, agriculture and breeding industries,
which is a typical small-town watershed in Sichuan Province.

Sampling and chemical analysis

A total of 17 surface sediments were collected from 17 uni-
formly distributed sampling sites in 2021 (Fig. 1). Based
on the degree of population aggregation and geographical
characteristics, the study area was divided into two regions.
The first region is the densely populate area (DPA), which
includes seven sampling points (S5, 6, 7, 8, 9, 10, and 15).
The DPA belongs to the urban center with a large popula-
tion, small-scale repair industries, restaurants, etc. The resi-
dents typically use coal heating in winter. The second region
is the sparsely populated area (SPA), which includes seven
sampling points (S1, 2, 3, 4, 15, 16, and 17). The region
is characterized by a small population, numerous fisher-
ies, animal husbandry, and lemon bases. All sampling sites
collected from key pollution sources and river confluences
were geographically located by global positioning system
receivers. A grab type mud picker was employed to remove
as much water as possible, and the mud samples in contact
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Fig.1 Location and sampling point of the study area (SPA: the sparely populated area; DPA: the densely area; s11, s12, s13: upstream, outlet and

downstream of the sewage treatment plant)

with the sampler were removed, as was debris, vegetation
etc. The mud samples were placed into thoroughly cleaned
plastic bags, transported to the laboratory, and stored with
dry ice during the experiment. (Dash et al. 2020; Sunda-
ray et al. 2011). The collected sediment samples were dried
with a freeze dryer (Free Zone 6 Liter, USB, Labconco) and
grinded through a fine 75 pm sieve to obtain the pre-treated
samples. The samples were then packed in sealing bags for
the subsequent analysis.

All sediments were digested with a concentrated acid
mixture [HCI (6 mL)-HNO; (2 mL)-HF (4 mL)] in a pol-
ytetra-fluoroethylene container. The concentrations of Cd,
Cr, Cu, Pb, Zn and Ni in the digestion solution were deter-
mined by inductively coupled plasma-mass spectrometry
(X7 Quadrupole ICP-MS, American Thermo Scientific),
and the contents of As and Hg were determined by atomic
fluorescence spectrometry (AFS, Beijing Jitian Instru-
ments Co., Ltd. production, AFS-8X). (Tian et al. 2020).

Quality assurance and quality control
A strict QA/QC program was adopted for the experiments. The

standard materials for the composition analysis of the stream
sediments (GBW07309) by the Institute of Geophysical and

Geochemical Investigation were used to improve the accu-
racy of the experiment, which were approved by the General
Administration of Quality Supervision, Inspection and Quar-
antine of the People's Government of China. The recovery
rates of Cr, Ni, Cu, As, Cd, Pb, Hg and Zn remained between
80.17% and 105.25%. Furthermore, a blank test was performed
for each batch of experiments with three parallel samples.
More specifically, experimental glassware was soaked in 15%
HNO3 (w/w) for at least 24 h prior to being used and subse-
quently soaked and rinsed with deionized water. All experi-
mental reagents were of analytical grade or higher.

Sediment’s contamination and risk assessment
indices

Geo-accumulation index

The geo-accumulation index (Tunca et al. 2018) not only
reflects the natural variation characteristics of HM distribu-
tion, but can also distinguish the impact of human activities
on the environment. (Guo et al. 2018). In addition, the influ-
ence of background values (BVs) caused by natural geological
processes is considered in order to fully consider the influence
of human activities on HM pollution as follows:
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Igeo = 10g2 [Cn/kCBn] (1)

Where C, is the measured concentration of the metal in
sediment n; Cg,, is the geochemical background value of ele-
ment n and factor; and k is the coefficient variation of the
background data due to lithogenic impacts (k=1.5). Table 1
reports the classification of the HM pollution degree in the
sediments into seven grades by the geo accumulation index.

Pollution load index (PLI)

Igeo and pollution index (PI) are used to evaluate and analyze
pollution levels based on a single HM, while the PLI provides
comprehensive information about the risks caused by the exist-
ence of multiple metals (Ali et al. 2018), and can thus make a
more comprehensive evaluation of HM pollution (Celis-Her-
nandez et al. 2020). PLI is determined as the nth root of the
product of n PI Potential ecological risk index method:

Cn
Pl = —

CB @
PLI = {/PI, X PI, X - X PI, 3

Where Cn is the concentration of the tested HM; CB is the
background concentration of the HM; Cf is the contamina-
tion factor; and n is the number of metals. If PLI> 1, then
pollution is present; otherwise, no metal pollution is detected.

Assessment of potential ecological risk

The potential ecological RI, proposed by (Hakanson 1980), is
used to assess the comprehensive pollution status in the sedi-
ments and environmental effects based on toxicology (Huang
et al. 2020). The relevant equations are described as follows:

El =T X PI, 4)
RI =Y EI Q)
i=1

Table 1 Different pollution risk indexs and their grades

Where T, denotes the toxicity effect coefficient, with values
of Cd=30, As=10, Pb=Cu=Ni=5; Cr=2; and Zn=1;
PI, is the single pollution index of a given metal; and RI is
the ecological hazard risk. Table 1 reports the five EI and
RI grades of the HMs.

Data analyses

The HM concentrations in the sediments were evaluated
using descriptive statistics (e.g., including mean, median,
standard deviation and coefficient of variation). Spatial
analysis and concentration comparisons were carried out
to understand the spatial distribution characteristics of the
HMs, and to determine the significant difference of HM con-
centrations between different regions and land use types.
Multivariate analysis techniques, such as Pearson correla-
tion analysis and principal component analysis (PCA), were
employed to analyze the relationship among HMs in sedi-
ments and to interpret the possible sources of the HMs. The
relationship between HM concentration and population was
described by a waterfall diagram. SPSS Statistics 25 (IBM)
was used to perform the statistical analyses. The spatial dis-
tributions of the HM concentrations and the I, PLI and RI
indexes were visualized with ArcGIS 10.8 (Esri).

Results and discussions

The results are divided into the following four sections: (1)
understanding the distribution characteristics of the total
amount of HMs in the surface sediments of the study area;
(2) evaluating of the ecological risks in the study area; (3)
determining the possible origins of the HMs; and (4) explor-
ing the relationship between HM concentration and popula-
tion concentration.

HM concentrations in sediments

Table 2 reports the HM contents in the surface sediments of
Yueyang River and the corresponding reference standard for

Class Geo-accumulation Pollution status EI Risk level RI Potential

index (Iye,) ecological
hazard

0 oo <0 Unpolluted EI<40 Weak RI< 150 Low

1 0<lye, <1 Mildly 40<EI<80 Medium 150<RI<300 Modetate

2 1 <Iy,<2 Uppolluted to moderately 80<EI<160 Considerable 300 <RI< 600 Considerable

3 2<]ye,<3 Moderately polluted 160<EI <320 Strong RI>600 very high

4 3 <l <4 Moderately to strongly polluted EI>320 Extremely strong / /

5 A<y, <5 Strongly polluted / / / /

6 Toeo>5 Strongly to extremely polluted / / / /
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the whole study area. Sampling point concentrations below
the detection limit were recorded as 0. Due to the lack of
relevant standards for HMs in river sediments in China, the
soil background value of Sichuan was chosen as a reference.
Despite the lack of large-scale industrial pollution sources
close to the study area, compared with the soil background
value in Sichuan, the HMs in the surface sediments of Yuey-
ang River were elevated, with the exception of Cr. As, Cd,
Pb and Hg were elevated by more than 35% of the sampling
points, while this value was less for Ni, Cu and Zn. The mean
concentrations of As and Hg were approximately 36.31%
and 5.24% higher than their BVs, respectively. The maxi-
mum accumulation of As, Cd and Hg in the sediments were
observed as 72.3071, 0.1511 and 0.3882 pg/g, exceeding the
BVs by 595.26%, 385.26, and 151.82%, respectively. The
concentrations of the other elements (Cd, Pb) did not exceed,
or were close to, their BVs. As and Cd exhibited the highest
coefficient of variation (> 140.0%), followed by Zn (>70.0%).

Compared with previous studies, the heavy metal con-
tent of surface sediments in relevant rural waters was
compared (Liu et al. 2009; Xia et al. 2020; Yan et al.
2020). It can be seen from Table 3 that the concentration
of HMs in C was lower than that in other places except
Cu. Since the sampling time in C was in 2009, it can be
further explained that the enrichment of heavy metals in

surface sediments in rural waters is becoming more and
more serious, which may be the result of urbanization. At
the same time, we also found that the enrichment degree
of heavy metals in this study area was almost the same as
that of D and E, because the surrounding environment of
the study area was similar and there was no large indus-
trial industry. However, the concentrations of all heavy
metals except Cu in site B were higher than those in other
places, which may be due to the greater urbanization in
Guangdong.

In order to better understand the distribution of HM
concentrations in the study area, the results were grouped
and compared according to our field records, sampling
locations and spatial distribution of HMs in sediments
and subsequently (Fig. 2). As, Cd, Hg, Ni and Pb were
mainly distributed in the central part of the river. The
sampling points in this section were mainly in the densely
populated areas, and the HMs were generally from anthro-
pogenic emissions. Among them, As, Cd and Hg exhib-
ited the most elevated values, and there were significant
differences in upstream and downstream concentrations.
This may be attributed to population aggregation. The
enrichment of other elements (Cr, Cu and Zn) was moder-
ate, with the corresponding concentrations evenly distrib-
uted across the river and no large differences. Note that in

Table 2 Heavy metal contents

. ‘ . Sampling site ~ AS (png/g) Cd Pb Cr Ni Cu Zn Hg
in sediments of Yueyang River

sl N/A 0.0584 252976 55.4203 24.0161 23.5603 70.8667 0.0018
s2 N/A 0.0051 25.7381 55.8724 244212 28.6722 82.2333 0.0391
s3 N/A 0.0261 20.7454 48.6768 20.6074 18.9534 28.7333 0.0322
s4 N/A 0.0318 29.7146  59.4905 23.6426 27.2548 102.9667  0.0376
s5 72.3071 0.1051 32.3784 78.0401 35.0967 26.0274 70.6333 0.0454
s6 47.6367 0.2252 364722 69.3063 31.0211 28.7194 126.3000  0.0391
s7 23.3452 0.0051 34.6264 47.7370 17.8036 30.7339 85.7333 0.0882
s8 35.0204 0.1730 48.8228 559815 24.8636 24.9184 69.4500 0.0863
s9 11.4566 0.1176 36.6921 54.0234 203136 34.7353 139.5667  0.0942
s10 8.9861 0.0807 37.5890 61.8523 24.0482 29.8081 69.0000 0.0581
sl 0.5687 0.0130 20.7550 58.2722 18.7155 18.1390 18.3000 0.0640
s12 N/A N/A 22.2333 53.5015 24.8616 24.4860 4.7000 0.1511
s13 3.2630 N/A 21.7055 49.7074 20.5887 19.4835 9.2667 0.0438
sl4 384111 0.3882 27.3263 66.7054 29.6801 21.4566 4.2000 0.0804
s15 N/A N/A 20.6610 42.5635 249820 14.6184 56.5667 0.1155
s16 N/A N/A 11.0778 19.5316  8.2686  6.4609 N/A 0.0373
s17 N/A N/A 24.1677 61.5507 26.7439 16.9863 N/A 0.0595
BV 10.4 0.08 30.9 79.0 32.6 31.1 86.5 0.06

Mean 14.1761 0.0723 28.0001 55.1901 23.5102 23.2361 55.2068 0.0631
SD 21.0755 0.1026 8.6930 12.2021 57468  6.7562 43.6658 0.0350
CcvV 148.67% 141.98% 31.05% 22.11% 24.44% 29.08% 79.09% 55.43%
Min 0.5687 0.0051 11.0778 19.5316  8.2686  6.4609 4.2000 0.0018
Max 72.3071 0.3882 48.8228 78.0401 35.0967 34.7353 139.5667  0.1511

"N/A, not detected
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Table 3 Comparison of heavy
metal content in surface
sediments in different rural

rivers

Locations Metal concentrations (mg/kg) References

As Cd Zn Cu Pb
Yueyang river, Sichuan(A) 14.17 0.07 5520 2324 28.00 This study
Rural river Guangdong(B) 2827 195 21228 6820 86.90 (Yan etal.2020)
Luan River, China(C) 749 0.03 2338 92,54 2347 (Liuetal. 2009)
Rural reservoir river, Wuhan(D) 6.53 0.50 105.75 105.45 3259 (Xiaetal.2020)
Rural commercial fishing river, Wuhan(E) 10.04 0.32 95.97 37.37 29.51

the absence of the fishery industry in the upstream (the
source of a large amounts of Cu), the Cu concentration
in the middle reaches of the river may have been quite
different to that in the upstream. (Li et al. 2017; Rod-
riguez Martin et al. 2006) Sampling point 14 exhibited
relatively high and irregular HM concentrations compared
to the other sampling points. This is due to its location
in another intersection river that was seriously polluted
by point sources, and it also belongs to the population
aggregation area. Downstream of the river, all elements
except Hg were less enriched. This is attributed to a sew-
age treatment plant at the sampling points (S11-S13) in
this section, where artificial floating islands and other
water purification equipment were set to reduce the con-
centrations of pollutants.

In general, HM concentrations were higher in the pop-
ulated areas. Moreover, the HMs concentrations varied
greatly, and these differences may not reflect the actual
pollution levels due to the existing spatial heterogeneity in
sediments. Therefore, the HM assessment in the sediments
cannot only be assessed simply with the HM concentra-
tions. Other ecological indicators (Igeo, PI, PLI, RI, etc.)
should be required to account for the BVs in the corre-
sponding riverine sediments.

Assessment of pollution levels and potential
ecological risk in sediments

The average L, values of all HMs were less than zero,
indicating that the accumulation of HMs throughout the
basin was mild. The average Igeo values of the SPA area
was less than 0, denoting an “unpolluted” contamination
level. In contrast, the average Igeo value of As in the DPA
area was 0.62, indicating “high As contamination”. Fig-
ure 3 depicts the spatial distribution of the Igeo values for
the HMs in surface sediments. The peak Igeo values of As,
Cd, Pb, Cr, Ni, Cu, Zn and Hg were determined as 2.21,
1.71, 0.07, -0.60, -0.48, -0.43, 0.11 and 0.72, respectively,
and were located in DPA. This suggests the high HM pol-
lution levels in the DPA. However, the Igeo values of all
HMs were less than O in the SPA, indicating the relatively
low HM risks in the sediments of this area. Compared with
the Igeo values of rural rivers in Guangdong Province, the

@ Springer

Igeo values of heavy metals in rural rivers in Guangdong
Province were greater than those in the study area. More
importantly, the Igeo value of Cd showed “strongly pol-
luted”(4 <Igeo <5) (Yan et al. 2020). This may be related
to industrialization and rapid urbanization, because the
main source of Cd is industry (Yi et al. 2016).

The PI values ranged from 0 to 6.95, 0-4.91, 0.36—1.58,
0.25-0.99, 0.25-1.07,0.21-1.12, 0-1.61 and 0.03-2.47 for
As, Cd, Pb, Cr, Ni, Cu, Zn and Hg, respectively (Fig. 4).
Hg, Cd and As exhibited the largest variation in the PI
among the sediments, with values exceeding 1.0 in some
sediments. The results suggest that sediments in the basin
were polluted by these HMs. The PLI values of most sedi-
ments were greater than 1 in the whole study area, with
the SPA and DPA values of surface sediments ranging
between 0.31-1.11 and 0.72-1.35, respectively. Average
PLI values in SPA and DPA were greater than 1, reveal-
ing the presence of HM pollution. In particular, the mean
PLI values were 0.64 and 1.09, respectively, indicating
that HM contamination existed in the DPA. The highest
PLI value (1.3) was observed in sampling site S6 in DPA
(Fig. 6). PLI values of other sampling sites in the DPA
were all greater than or close to 1, indicating that the sedi-
ments were mildly polluted with the measured HMs.

Figures 5 and 6 reveal the EI values of all measured HMs
in the sediments to exhibit the following trend in concen-
tration: Hg > Cd > As>Pb> Cu>Ni> Cr>Zn in the whole
study area, Hg>Cd>Pb>Ni>Cu>Cr>Zn> As in the
SPA and Cd>Hg > As>Pb> Cu>Ni>Cr>Zn in the DPA.
Furthermore, Hg and Cd posed the highest risks in the DPA,
with average EI values > 40, suggesting “medium risk”. EI
values of Cd in DPA were close to 901% of those in depopu-
lated areas. RI values ranged from 29.05 to 175.46 (mean:
96.41) in the whole study area, 29.05 to 96.97 (mean: 48.76)
in the SPA and 97.68 to 175.46 (mean: 154.92) in the DPA.
the average RI value of the latter exceeded 150, indicating
that all measured metals posed medium ecological risks. The
maximum RI value (251.26) was observed at sampling site
S14, denoting medium ecological risks (Fig. 6). Moreover,
S5, S6 and S8 in the DPA exhibited high RI values (175.46,
173.87 and 156.79), corresponding to relatively high lev-
els of human activities compared to S1, S2 etc. in the SPA
with low RI values. At each sample point, the dominant
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Fig.2 Spatial distribution of
heavy metals in sediments in the
study areas
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Fig.3 Spatial distributions of
Igeo of heavy metals in sedi-
ments in the study areas
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Fig.4 Violin plot and boxplot
of heavy metal pollution index
(PI) and PLI in sediments. 8
Whiskers extend to the most
extreme data point, which is no
more than 1.5 times the inter-
quartile range from the box. The 6 -
white point represents the mean
concentration of heavy metals
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contributing factor of the potential ecological risk index was
Cd. However, in the SPA, Hg was the main contributing fac-
tor. As also had a high contribution rate in the DPA.

Source identification of the HMs in sediments

Similar HM sources leads to a certain correlation between
HMs. Therefore, correlation analysis is an important basis
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in predicting the sources of HMs, and HMs with signifi-
cant correlations may have the same sources. (Barkett and
Akun 2018, Jiang and Guo 2019). Pearson correlation
analysis of the HMs in the surface sediments of Yueyang
River (Table 4) revealed a significant positive correlation
among Ni, Cr and As (p<0.01). This implies that these
three HMs may have the same source and similar migration
and transportation paths. (Jin et al. 2019). Pb was positively
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Fig.6 Spatial distribution of the pollution load index (PLI) and ecological risk index (RI) of heavy metals in sediments in the study areas

correlated with Cr (p<0.05) and As (p <0.05). Due to
their similarity, it was speculated that Pb may have similar
sources to Ni, Cr and As, yet Pb was not significantly cor-
related with Ni, indicating that Pb may have other sources.
Significant positive correlations were observed between Pb,
Zn and Cu (p<0.01), indicating that they may have the same
source and similar migration and transport routes. Cr was
positively correlated with Pb (p<0.05) and Cu (p<0.05).
Again, the similarity between Pb, Zn and Cu suggests that Cr
may have similar sources to these HMs. However, Cr was not
significantly correlated with Zn, indicating distinct sources
for Cr. There was no significant correlation between Cd and
Hg and other HMs, indicating that Pb and Cr had their own
unique sources.

Principal component analysis (PCA) reduces the dimen-
sion based on orthogonal transformation. It combines a set
of possibly correlated variables into a set of linear unre-
lated variables and can be used to analyze whether HMs
come from the same pollution source (Franco-Uria et al.

2009; Islam et al. 2018). The PCA of eight HMs in sur-
face sediments of Yueyang River (Tables 4 and 5) deter-
mines variance contribution rates of PC1, PC2, PC3 and
PC4 as 49.285%, 16.31%, 14.300% and 8.408%, respec-
tively, with the cumulative variance contribution rates of
the four principal components reaching 85.99% (> 85%).
This indicates that the four principal components could suf-
ficiently reflect the vast majority of information provided
by their environmental indicators (Lin et al. 2016). Pb and
Cr of PC1 exhibited large positive loads, both exceeding
0.8, and As and Ni also had large loads (> 0.7), revealing
these four HMs to have the same sources. This was consist-
ent with the correlation analysis. The main source of Pb
was coal combustion, and key sources Cr include the elec-
troplating, metal smelting, mechanical manufacturing and
chemical industries (Wang et al. 2020). However, there was
no large industrial source in this study area, and relatively
high Pb and Cr contents were observed for DPA. This area
has numerous small auto repair businesses and coal is used

Table 4 The relationship among As cd Pb Cr Ni Cu 7n He
the contents of heavy metal
elements As 1

cd 0.328 1

Pb 0.558" 0.228 1

Cr 0.606™ 0.457 0.543" 1

Ni 0.633" 0.438 0.443 0.887" 1

Cu 0.332 0.362 0.758" 0.582" 0.404 1

Zn 0.299 0.297 0.654™ 0.306 0.235 0.768" 1

Hg -0.010 -0.200 0.126 -0.072 0.050 0.100 -0.120 1

*Significant correlation at p <0.05

**Significant correlation at p <0.01
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Table 5 Results of principal Tnitial eigenvalue Load

component analysis of heavy

metals in sediments Eigenvalue Percentage of accumulation PC1 PC2 PC3 PC4

variance

PC1 3.943 49.285% 49.285% As 0.720  -0.280 0.198  -0.369
pPC2 1.305 16.318% 65.603% Cd 0.560  -0.342 -0.366  0.589
PC3 1.144 14.300% 79.903% Pb 0.813  0.390 0.098  -0.192
PC4 0.673 8.408% 88.310% Cr 0852  -0.355 0.120  -0.018
PC5 0.485 6.061% 94.371% Ni 0.782  -0.455 0263  0.013
PC6 0.247 3.086% 97.457% Cu 0.460  0.811 -0.083  0.153
PC7 0.157 1.962% 99.418% Zn 0545  0.674 -0.367  -0.034
PC8 0.047 0.582% 100.000% Hg -0.013 0341 0.858  0.357

for heating, resulting in metal entering the water through
domestic sewage. This suggests that the sources of Pb and
Cr were domestic sewage.

Zn and Cu had large loads in PC2, (0.811 and 0.674,
respectively), while the loads of other HMs were small. PC2
can be considered as an agricultural source due the high con-
tribution of Cu and Zn, as the use of fertilizers is typically
associated with the enrichment of Cu and Zn in the environ-
ment. (Li et al. 2020; Maanan et al. 2015). In summary, it
was speculated that PC2 was an agricultural source.

Hg exhibited a large load in PC3 (0.858), while the
remaining HM loads were small. This is consistent with the
correlation analysis that implies unique Hg sources. The pro-
portion of Hg concentrations greater than BV was low, while
the Igeo suggested no pollution, indicating a low human
influence, and thus a natural source is speculated for Hg
(Chaturvedi et al. 2018; Chen et al. 2019).

In PC4, Although the variance contribution rate of PC4
was only 8.408%, Cd had a large positive load of 0.589,
while other HM loads were small. This further verifies the
unique sources of Cd suggested by the analysis results. The
study region contains many lemon industrial bases. The
HM detection data in the local soil reveals that just a small
amount of Cd was enriched, and the concentration was lower
than the BV. This implies that Cd only originated from HMs
in the soil of lemon bases.

Relationship of HMs and population aggregation

By combining the analysis of the HM concentrations, and the
Igeo, PI, PLL EI, and RI values, we can briefly conclude that: (1)
the concentration of HMs in sediments in the DPA was mark-
edly higher than that in the SPA: and (2) the average values of
PLLI, EI, and RI of HMs in DPA were higher than those in SPA,
particularly for As, Pb, and Hg. Among them, the average EI
value of As in DPA was 901.14% that of SPA. The results indi-
cate the higher potential HM risks of DPA compared to SPA.
In recent years, with the development of urbanization
has been followed by the expansion of heavy industries in
cities. Previous studies have shown that the level of urbani-
zation may lead to more serious Cr and Zn pollution in
urban river sediments (Zhang et al. 2017). Ariadne Argyraki
et al. found a significant indigenous correlation between
concentrations of HMs in soil and urbanization indicators,
including vehicle traffic, urban land use, population density
and urbanization time (Argyraki and Kelepertzis 2014). In
order to gain more insight into the influence of urbanization
on HM pollution in soil, we divided the study area into two
regions (SPA and DPA), both of which were not affected by
heavy industry to discuss the relationship between popula-
tion density and heavy metals in sediments. Figure 7 reveals
the obvious enrichment of As, Cr, Zn, Pb, Cd and Hg in
the DPA, with an inverted V-shaped shape indicating that

Fig.7 The waterfall figure (Represent the concentration trend of each heavy metal)
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the concentration in DPA was higher than that in SPA. The
variations in Ni and Cu concentrations were relatively mod-
erate, with no large differences in concentration. The field
sampling analysis and local land use types reveal the lack of
heavy industry in the study area, while the fishing, animal
husbandry and lemon industries dominate. The feed in the
fishing and animal husbandry industries contain high Cu
levels, which may explain the limited variation in the Cu
concentration (Mendiguchia et al. 2006; Rodriguez Mar-
tin et al. 2006). The key difference between the SPA and
DPA is the degree of population agglomeration. The results
demonstrate the concentration of HMs (As, Cr, Zn, Pb, Cu,
Cd and Hg) in rural water sediments to be significantly cor-
related with population agglomeration.

Conclusions

The present study comprehensively investigated the spatial
distributions and potential ecological risks of HMs in the
rural water sediments of the SPA and DPA. The influence
of population aggregation on HM pollution was then inves-
tigated. The conclusions we draw are as follows:

(1) The spatial distribution of the HMs showed that the
average concentrations of As and Hg exceeded the BVs.
The mean concentrations of As and Hg were approxi-
mately 36.31% and 5.24% higher than their BVs,
respectively. The spatial distribution was observed to
vary across HMs, and with the exception of Cu and Ni,
the HMs were concentrated in the DPA.

(2) Average Igeo values of the HMs were less than zero,
apart from As in the DPA, with a Igeo value of 0.618.
As and Cd accumulation was detected in the DPA.
Average PLI (> 1.0) and RI (> 150) values indicated the
sediments in the study area to be mildly contaminated
with the HMs.

(3) Correlation and principal component analyses showed
that without heavy industry, the following four sources
can be identified for the pollution observed in the rural
surface sediments under the background of urbaniza-
tion: domestic sewage, agricultural source, natural
source and crop farming.

This is confirmed by the positive relationship between popu-
lation aggregation and HM concentration. The results of this
study are a useful reference for environmental agencies or gov-
ernments to monitor and manage HMs in the surface sediments
of rural environments from a long-term perspective.
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