
Science of the Total Environment 831 (2022) 154829

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Record of heavy metals in Huguangyan Maar Lake sediments: Response to
anthropogenic atmospheric pollution in Southern China
Hongchen Wu, Jingfu Wang ⁎, Jianyang Guo, Xinping Hu, Hongyun Bao, Jingan Chen ⁎
State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, PR China
University of Chinese Academy of Sciences, Beijing 100049, PR China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Heavy metals was measured in a well-
dated sediment core from southern China.

• Zn, Cd, Sb, Tl are closely related to
anthropogenic activities after 1980.

• Anthropogenic Pb began to increase since
1850 and reached a peak in 1950.

• Coal combustion is proposed as the main
source of current atmospheric Pb.
⁎ Corresponding authors at: State Key Laboratory of Envir
of Geochemistry, Chinese Academy of Sciences, Guiyang 55

E-mail addresses:wangjingfu@vip.skleg.cn (J. Wang), ch

http://dx.doi.org/10.1016/j.scitotenv.2022.154829
0048-9697/© 2022 Elsevier B.V. All rights reserved.
A B S T R A C T
A R T I C L E I N F O
Article history:
Received 29 December 2021
Received in revised form 18 March 2022
Accepted 22 March 2022
Available online 26 March 2022

Editor: Filip M.G. Tack
The historical atmospheric heavymetal pollution of southern China over the past 200 years was explored by analyzing
radiometric dating, heavymetals, and Pb isotopes from a sediment core in HuguangyanMaar Lake. Zn, Cd, Sb, Tl, and
Pb in the lake are closely related to anthropogenic activities, while Cr and Ni are mainly derived from the weathering
of basalt surrounding the lake. Atmospheric Zn, Cd, Sb, and Tl increased rapidly after 1980, consistent with the local
industrial development. The increase of atmospheric Pb in southern China occurred earlier than in other regions of
China, with the increase after 1850. War and the use of leaded gasoline were the main causes for the rapid increase
in atmospheric Pb during 1910–1950. From 1950 to 2000, the input of Pb from anthropogenic activities decreased
gradually due to the stable social environment. After 2000, atmospheric Pb continued to rise due to continued indus-
trial development. The three-end-member model of Pb isotopes indicates that coal combustion is the main source of
current atmospheric Pb. The proportion of Pb derived from vehicle exhaust emissions reached a peak in the 1960s,
then gradually decreased and further reduced with the ban on leaded gasoline after 2000. These results are important
in identifying the sources of atmospheric heavy metal pollution and in formulating pollution control strategies.
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1. Introduction

Anthropogenic activities have significantly changed the atmospheric
environment. The mining of mineral deposits, energy consumption, indus-
trial production, and other activities, causes a large amount of toxic and
onmental Geochemistry, Institute
0081, PR China.
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hazardous materials to be emitted into the atmosphere (Fayiga and Saha,
2016; Kribek et al., 2018; Lin et al., 2018; Pratte et al., 2018;
Sondergaard et al., 2010; Zhang et al., 2016). Among these, heavy metals
such as Cd and Pb are not required for normal physiological functions but
cause significant harm to the environment and human health, while exces-
sive intake of necessary trace elements such as Zn and Mn can also be toxic
(Hall, 2002; Labonne et al., 2001; Nagajyoti et al., 2010). At present, the
emission of atmospheric heavy metals can mainly be attributed to anthro-
pogenic activities such as ore mining and smelting, vehicle exhaust, and
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industrial activities. These heavy metals can be transported to remote
places through atmospheric circulation, settle onto surface environments
through dry and wet deposition, and be recorded by environmental
media (Huang et al., 2020; Omrani et al., 2017; Sierra-Hernandez et al.,
2018; Wan et al., 2016).

As the world's factory, China has a rapidly developing industry. It ac-
counts for approximately 30% of the total global industrial output, ranking
it first in the world. However, China's rough development strategy has led
to the problem of heavy metal pollution (Chan and Yao, 2008; Luo et al.,
2011; Tian et al., 2015). Guangdong Province, in southern China, is one
of the fastest growing regions, in terms of economic development in
China (Liu et al., 2017; Wang et al., 2012). Atmospheric heavy metal pollu-
tion has a range of negative effects on the local environment, such as reduc-
ing water quality and causing damage to ecosystems. Previous studies on
heavy metal pollution in Guangdong Province have mostly concentrated
on environments such as soil, rivers, and coastal zones. In these environ-
ments, heavy metals have a variety of sources, thus it is difficult to distin-
guish atmospheric pollution source from other sources, while direct
observations of atmospheric heavy metal concentrations usually have a
short time scale (Chan and Yao, 2008; Li et al., 2016; Luo et al., 2011;
Wong et al., 2002). Therefore, it is necessary to find other records to
investigate the long-term historical variation in atmospheric heavy metals
in this region. This is of great significance to understanding the processes
of atmospheric heavy metal pollution, predicting future pollution trends,
and formulating prevention and treatment strategies for atmospheric
pollution.

Long-term studies on historical variation in air pollution usually use gla-
cier ice or sediment cores from remote lakes (Lee et al., 2011; Rhodes et al.,
2011;Wan et al., 2016;Wiklund et al., 2020). However, southern China has
a low latitude and a dense population, so there are no glaciers or remote
lakes. Fortunately, the Leizhou Peninsula in southern China experienced
numerous periods of volcanic activity, which has formed several Maar
lakes. Maar lakes are deep enclosed lakes with a stable sedimentary envi-
ronment, meaning a continuous high-resolution sediment record can be ob-
tained (Ortiz et al., 2013). The annular wall formed by volcanic eruption
isolates the Maar lake from its external water body, so atmospheric deposi-
tion is an important input route for heavy metals. Therefore, sediments in
Maar lakes reliably record the effects of natural processes and anthropo-
genic activities on the temporal trend of atmospheric heavymetal pollution
(Ruiz-Fernandez et al., 2007).

In this study, a sediment core was collected from Huguangyan Maar
Lake and its chronology was determined by 210Pb and 137Cs analysis. The
Fig. 1.Map of the study area and
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concentrations of several heavy metals (Pb, Cd, Zn, etc.) and major ele-
ments (Fe, Ca, Na, etc.) were analyzed, and lead isotopes (208Pb, 207Pb
and 206Pb) were measured. The main purpose of this study was to recon-
struct the historical atmospheric heavy metal pollution in southern China
over the past 200 years, and to distinguish the sources and control factors
of different heavy metals. The sediment quality was also discussed by
using the threshold effect concentration (TEC; below which adverse effects
are not expected to occurr) and the Probable effect concentration (PEC;
above which adverse effects are expected to occur more often than not)
(MacDonald et al., 2000). This study is important in understanding the
long-term evolution and mechanism of atmospheric heavy metal pollution
in southern China, which will provide a scientific basis for formulating rea-
sonable strategies in pollution control.

2. Materials and methods

2.1. Study site and sampling

Huguangyan Maar Lake (21°9′N, 110°17′E) is located in Zhanjiang in
the northern Leizhou peninsula of Guangdong Province in southern
China. The lake was formed by a flat volcanic eruption 160,000 years ago
and enclosed by pyroclastic basalt rock walls (Fig. 1). The lake is approxi-
mately 2.25 km2, with an average depth of 12 m, and a maximum depth
of 22 m. There are no river flows into or out of the lake (Chu et al.,
2002). The vegetation around the lake is mainly semi-evergreen seasonal
forest. The area is strongly affected by the El Niño–Southern Oscillation
(ENSO) and tropical cyclones, as well as the joint effects of East Asian and
Indian monsoons (Jia et al., 2015).

OnAugust 10, 2020, a 78 cm long sediment core was extracted from the
lake center by a gravity sampler, showing a clear sediment–water interface.
The sediment core was sectioned at 1.0-cm intervals, and the samples were
sealed and stored in 50 mL centrifuge tubes and transported to the labora-
tory in a refrigerated and airtight container. The samples were freeze-dried
at−80 °C, and ground to powder smaller than 63 μm, then stored at−4 °C
before chemical analysis.

2.2. Determination of chronology

The activities of 210Pb, 226Ra, and 137Cs were tested using a multi-
channel spectrometer (GX6020, Canberra, USA) at the State Key Laboratory
of Environmental Geochemistry, Institute of Geochemistry, Chinese Acad-
emy of Sciences. The activity of 210Pb was determined by γ-ray at 46.5
location of the sampling site.
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keV, the activity of 137Cswas determined by γ-ray at 662 keV, and the activ-
ity of 226Rawas determined by γ-ray emitted by its progeny isotope 214Pb at
295 keV and 352 keV. The excess activity of 210Pb (210Pbex) was calculated
by subtracting the activity of 226Ra from themeasured activity of 210Pb. The
absolute efficiency of the detector was determined using a calibrated source
and a sediment sample with known activity. The self-absorption effect of
low-energy γ-ray inside the sample has been corrected. The Constant Flux
and Constant Sedimentation Rate (CFCS) model was utilized to evaluate
the chronology, and the dry bulk density was measured by dividing dry
weight by volume. Instead of depth, mass depth was used to calculate the
sediment accumulation rate because the sediment is usually compacted in
the lower part of the sediment core. Mass depth M(x) at depth x is calcu-
lated using the formula:

M xð Þ ¼
Z x

0
ρ sð Þds (1)

where ρ(s) is the dry bulk density at depth s.

2.3. Geochemistry analysis

To determine the concentrations of main and trace elements in the sed-
iment, 50 mg of sample was weighed and then digested in an HNO3 and HF
system at 180 °C for 48 h. After evaporation, the samples were redissolved
in diluted HNO3 and an inductive-coupled plasma optical emission spec-
trometer (ICP-AES, Vista-MPX, Varian, USA) was used to determine the
concentrations of major elements and inductively coupled plasma mass
spectrometry (ICP-MS; 7700×, Agilent, USA) was used to determine the
concentrations of trace elements. Quality control was performed using
blank samples and standard referencematerial (GBW07407). A set of paral-
lel samples for every 10 samples was measured (n= 3). The recovery rate
of all elementswaswithin 90–110%. Repeated analysis showed that the rel-
ative standard deviation (RSD) of most elements was less than 5% except
for Cd (<14%)and Sb (<15%).

The 208Pb/206Pb and 206Pb/207Pb of the samples were determined with
a multi-receiver inductance-coupled plasmamass spectrometer (Nu Plasma
II, Thermo Fisher Scientific, USA). Each ground sample (0.1–0.3 g) was
digested with HCl, HNO3, and HF. Anion exchange resin (Dowex-1 × 8))
was used to extract Pb from the digestion solution and Tl was added before
the measurement to enhance the accuracy (Reuer et al., 2003). All acids
used in the experiment were prepared through a secondary distillation,
except HBr, which was prepared by applying anion exchange resin
(Dowex-1 × 8) to purify. The above steps were all completed in a class
1000 clean room. A parallel sample determination was performed for
every 10 samples, and an international standard reference material (NIST-
SRM981) was used for quality control, inserted before and after the sample
measurement, and for every five samples. The relative deviations of the
measured 208Pb/206Pb and 206Pb/207Pbwith respect to NIST-SRM981 stan-
dard value were all less than 0.1%, and the parallel relative deviations of
208Pb/206Pb and 206Pb/207Pb were less than 0.1% and 0.15%, respectively.

2.4. Data analysis

Principal component analysis (PCA) was used to explore the correlation
between elements, using SPSS 21.0 (SPSS Inc., USA). Through the maxi-
mum variance method for rotation, only the principal component axis
with the eigenvalue greater than 1 is retained. Before analysis, concentra-
tion data was normalized in the form of the centralized logarithmic ratio
to eliminate differences in the concentration magnitudes among the ele-
ments. Theflux of heavymetal was calculated bymultiplying concentration
by sediment accumulation rate. The Enrichment factor (EF) was adopted to
evaluate the degree of pollution from heavy metals, with the following cal-
culation formula (Reimann and de Caritat, 2005):

EF ¼ M=Rð Þs= M=Rð Þb (2)
3

where M denotes the target element concentration; s and b denote the sam-
ple and background, respectively; and R denotes the reference element con-
centration, usually with rock-forming elements such as Al, Fe, and Ti
selected. Fe was selected in this study. The element concentration at the
bottom of the sediment core (> 47 cm) was selected as the background
value.

The three-end-member model was used to calculate the proportions of
Pb contributed by natural sources, coal combustion, and vehicle exhaust
emission, respectively (Li et al., 2011). The calculation formulaswere as fol-
lows:

f1 þ f2 þ f3 ¼ 1 (3)

f1 � Csð Þ=C1 þ f2 � Csð Þ=C2 þ f2 � Csð Þ=C2 ¼ 1 (4)

f1 � R1 þ f2 � R2 þ f3 � R3 ¼ Rs (5)

where, f1, f2, and f3 denote the contribution proportions of natural source,
coal combustion, and vehicle exhaust emission, respectively; C1, C2, C3,
and Cs denote the Pb conenctrations in natural source, coal combustion
dust, vehicle exhaust dust, and the sample, respectively (Chen et al.,
2005; Tan et al., 2006); and R1, R2, R3, and Rs denote the 207Pb/206Pb ratios
of natural source, coal combustion dust, vehicle exhaust dust, and the sam-
ple, respectively (Chen et al., 2005; Tan et al., 2006).

Data analysis was performed using Excel and SPSS 21.0, and graphs
were drawn using ArcGis 10.7 (ESRI, USA) and Origin 18.0 (OriginLab,
USA).

3. Results and discussion

3.1. Radioisotope chronology and sediment rate

Variation trends in the activity of 210Pbex and 137Cs are shown in Fig. 2.
The activity of 210Pbex shows an exponential decay trend (R2 = 0.9539)
with increasing mass depth. Considering relatively greater uncertainties
of 210Pbex in the lower core section, data above 30 cmwas used to calculate
the sediment accumulation rate. Although there is dating uncertainty in the
lower part of the core, it likely has little influence on drawing main conclu-
sions because in the sediment core, the changes in heavy metals occurred
mainly in the upper part. The CFCS model shows that the sediment
accumulation rate in Huguangyan Maar Lake is approximately 0.0576 g/
(cm2·a) (Appleby and Oldfield, 1978). The mass depth of 3.36 g/cm2

(depth of 23 cm) corresponds to the year 1963, which is consistent with
the peak of 137Cs. Since changes in atmospheric heavymetals caused by an-
thropogenic activities mainly occur after the Industrial Revolution, the
heavy metal concentrations at the bottom of the sediment core (> 47 cm)
was selected to reflect natural background information before the Industrial
Revolution.

3.2. Historical trends of metal elements

PCA was used to determine the correlation between hazardous heavy
metals elements and other major elements in the sediment core. Two prin-
cipal componentswith eigenvalue greater than 1were extracted, which can
explain 78.64%of the data variability (Fig. 3). According to the PCA results,
metal elements can be divided into three groups. The first group includes
Zn, Cd, Sb, Tl, and Pb, which have high strong positive correlations with
PC1. These elements are all typical pollution elements caused by anthropo-
genic activities (Cheng et al., 2015; Zhang et al., 2018). The second group
includes alkaline metal elements such as Sr, Na, Ca, Ba, which have strong
positive correlationswith PC2. The precipitation and dissolution of these el-
ements are greatly affected by aquatic environmental conditions and pro-
cesses after the deposition stage. The elements of third group have
negative correlations with PC1 and PC2. In addition to the two heavy
metal elements of Cr and Ni, the third group also includes lithogenic ele-
ments such as Fe, Zr, and Ga (Corella et al., 2021; Li et al., 2017). Therefore,



Fig. 2. 210Pbex, 137Cs activity-mass depth profiles and the chronology in the sediment core of Huguangyan Maar Lake.
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the two heavy metal elements of Cr and Ni may mainly come from debris
particles produced by rock weathering.

The variations in heavy metal fluxes and EF values in the sediment core
are shown in Fig. 4. The variation characteristics of Zn, Cd, Sb, and Tl are
similar, consistent with the PCA analysis results. Before and after the Indus-
trial Revolution (1850), the fluxes of Zn, Cd, Sb, and Tl were relatively sta-
ble and similar to background levels. Compared with before the Industrial
Revolution, the average Zn flux did not increase between 1850 and 1980,
while the Cd flux only increased by 8.5%, Sb increased by 91.6%, and Tl in-
creased by 5.4%. However, the fluxes of Zn, Cd, Sb, and Tl all increased rap-
idly after 1980. During 1980–2019, the fluxes of Zn, Cd, Sb and Tl ranged
from 7.521 to 10.806 μg cm−2 yr−1, 0.012 to 0.051 μg cm−2 yr−1, 0.024
to 0.160 μg cm−2 yr−1 and 0.015 to 0.038 μg cm−2 yr−1, respectively.
After 1980, their average fluxes are increased by 12.1%, 145.9%,
1290.7%, and 113.2%, respectively, comparedwith those before the Indus-
trial Revolution. The EF values of Zn, Sb, Cd, and Tl also increased signifi-
cantly, with maximum values of 2.23, 29.32, 5.0, and 3.5, respectively.
Industrial activities, such as ore smelting and coal combustion, are the
main factors driving the current rise in heavy metal concentrations in envi-
ronments (Laforte et al., 2005; Li et al., 2017; Sonke et al., 2008;Wan et al.,
2016; Xu et al., 2019). Since China implemented the Reform and Opening-
Fig. 3. Loading plots for elements in the sediment core.
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up policy in 1978, the degree of industrialization throughout the country
has rapidly increased. Correspondingly, atmospheric concentrations of
heavy metals also increased rapidly (Fig. 5) (Tian et al., 2015). The tempo-
ral variations of Zn, Sb, Cd, and Tlfluxes in HuguangyanMaar Lake are con-
sistent with the regional industrial development (Fig. 5), indicate that the
rise in atmospheric concentrations of these heavy metals may mainly be at-
tribute to the industrial development.

However, Unlike Zn, Cd, Sb, Tl, the fluxes of Cr, and Ni showed decreas-
ing trends after 1980, inconsistent with the trend of atmospheric emissions
of Cr and Ni in China or local industrial development (Fig. 5). Compared
with the fluxes before the Industrial Revolution, the average fluxes of Fe,
Cr, and Ni have decreased by 12.0%, 15.5%, and 10.6% since 1980, respec-
tively. The EF values of Cr and Ni are close to 1 and also show gradually de-
creasing trends after 1980, indicating that although the concentrations and
fluxes of Cr and Ni in HuguangyanMaar Lake sediments are relatively high
(Fig. S1, Fig. 4), they mainly derived from natural sources, not anthropo-
genic activities. Huguangyan lakes are enclosed by basaltic pyroclastic
rock, and basalt is mainly composed of mafic silicateminerals (feldspar, py-
roxene, olivine, hornblende, and biotite) and glassy matrix, which contain
large amounts of Cr, Ni, Zn, and Pb (Chu et al., 2002; Wu et al., 2021).
Therefore, Cr and Ni in lake sediments should be mainly derived from the
weathering of basalt surrounding the lake.

Atmospheric Pb emissions in China before 1949were generally thought
to be low, and then gradually increased. After 2000, with the complete ban
on leaded gasoline, atmospheric emissions of Pb dropped significantly, but
then increased again due to coal combustion and fuel consumption (Fig. 5)
(Cheng and Hu, 2010; Tian et al., 2015). This trend has been widely re-
corded by remote mountain lakes in central, north, southwest, and north-
east China (Li et al., 2017; Liu et al., 2013a; Pratte et al., 2019; Wan
et al., 2020). However, the variations of Pb in Huguangyan sediments indi-
cate that southern China may have a different history of atmospheric Pb
emissions. Pb flux was relatively stable before 1850, then gradually in-
creased after 1850, and reached amaximumof 3.592 μg cm−2 yr−1 around
1950, showing an increase of 470.7% compared with before the Industrial
Revolution. From 1950 to 2000, Pb flux gradually declined, but was still
higher than before the Industrial Revolution. After 2000, Pb flux rose
again, as did Zn, Cd, Sb, and Tl, and reached a peak again around 2018,
with a flux 4.59 times that of before the Industrial Revolution. The EF
value of Pb has gradually increased since 1850 and reached a maximum
of 6.0 in 1950, then gradually decreased but still was greater than 2.0.
After 2000, the EF value of Pb rose again and peaked at 5.3. The high EF
value indicates that Pb in Huguangyan Maar Lake sediments is strongly



Fig. 4. Temporal variations of metal fluxes (red circle) and EF (blue circle) in the sediment core.

Fig. 5. Estimated atmospheric heavy metal emissions in China (Tian et al., 2015) and gross industrial product (GIP), and industry waste gas (IWG) emissions in Zhanjiang.
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Fig. 7. The proportions of anthropogenic (coal combustion and vehicular emission)
and natural Pb sources to total Pb in the sediment core calculated from the three-
end-member model of Pb isotopes.
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affected by anthropogenic activities (Reimann and de Caritat, 2005), while
its variation is different from Sb, Cd, and Tl, indicating that Pb may have
different anthropogenic activity-affected processes.

Compared with other sedimentary records in China, current fluxes of
heavy metals in Huguangyan Maar Lake are higher than those in remote
lakes (Li et al., 2021; Wan et al., 2019; Wan et al., 2016), and close to
Erhai Lake and Fuxian Lake in Southwest China (Li et al., 2017; Liu et al.,
2013b). The heavy metal concentrations in Huguangyan sediments are rel-
atively higher than other lakes in China (Fig.S1). The concentrations of Zn,
Cd, Cr, Ni, and Pb in the surface sediments (0–10 cm) exceeds 75% of those
in other lakes in China (Cheng et al., 2015; Xu et al., 2017), while the con-
centrations of Sb and Tl are equivalent to lakes located in large industrial
areas such as Taihu Lake and Poyang Lake (Ren et al., 2019; Yu et al.,
2012; Zhang et al., 2018). According to the Sediment Quality Guidelines
for Freshwater Ecosystems (MacDonald et al., 2000), the concentrations
of Zn and Pb in the surface layer of lacustrine sediments exceed the thresh-
old effect concentrations (TEC) but are lower than probable effect concen-
trations (PEC), while the concentrations of Cr and Ni exceed PEC,
indicating these heavy metals may be potentially hazardous to ecosystems.

3.3. Sources of sediment Pb implied by Pb isotopes

Analysis of Pb isotopes indictates that the 206Pb/207Pb shows an oppo-
site variation trend with Pb flux, while the variation in 208Pb/206Pb is con-
sistent with the Pb flux (Fig. 6a). Before 1850, 206Pb/207Pb and 208Pb/206Pb
were relatively stable, with average values of 1.1932 and 2.0831, respec-
tively, which were close to the ratios in natural sources such as loess and
sand dust (Fig. 6b) (Ferrat et al., 2012). These results indicate that Pb in
lake sediments before 1850 was mainly derived from natural sources.
After 1850, 206Pb/207Pb showed a slight decrease while 208Pb/206Pb in-
creased slowly. This variation may be related to the development of
China's industry when Western countries established numerous factories
in China's coastal cities from 1850 to 1910. Within this period, China car-
ried out a series of industrial reforms since 1860, and industries such as tex-
tiles, weapons manufacturing, and food processing emerged. Specifically,
Guangdong Province is the region where these reforms were first carried
out (Lee et al., 2008).

From 1910 to 1950, Pb flux increased rapidly. 206Pb/207Pb and
208Pb/206Pb show that the Pb source was strongly affected by anthropo-
genic activities during this period (Fig. 6b). In this period, frequent wars
in southern Chinamay be themain cause for the increase in Pb of sediments
as it is one of themainmaterials to producefirearms and bullets. Analysis of
soil in a shooting range shows that Pb concentrations are much higher than
Fig. 6. (a) Plot of 206Pb/207Pb ratios (blue circle) and 208Pb/207Pb ratios (green circle) in t
(Chen et al., 2005; Ferrat et al., 2012; Tan et al., 2006) and sediment core.
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other areas (Fayiga and Saha, 2016). Furthermore, the outbreak of war rap-
idly intensifiedmilitary-related industrial manufacturing activities, leading
to a rapid increase in atmospheric Pb concentrations (Lee et al., 2008). In
addition, the extensive use of leaded gasoline was also an important factor
in increasing Pb of sediments during this period (Cheng and Hu, 2010).
Since 1921, tetraethyl lead was widely used as an anti-knocking agent
added to gasoline, and the amount of leaded gasoline in the world has
risen sharply (Nriagu, 1990).

From1950 to 2000, the social environment stabilized after the founding
of the People's Republic of China. The gradual shifts of 206Pb/207Pb and
208Pb/206Pb, indicate that the input of Pb from anthropogenic activities
was gradually decreasing, but still higher than that of natural sources
(Fig. 6b). After 2000, 206Pb/207Pb decreased again while 208Pb/206Pb in-
creased, which reflects the increase in the Pb input from anthropogenic ac-
tivities. Although the Chinese government gradually banned the use of
leaded gasoline since the 1990s and completely banned leaded gasoline
since 2000, the rapid development of industry has continued to increase
the atmospheric Pb in southern China (Cheng and Hu, 2010).

Pb proportions derived from different sources after 1950 were calcu-
lated according to the three-end-member model (Chen et al., 2005; Li
et al., 2011; Tan et al., 2006). The contribution of natural sources to Pb in
Huguangyan sediments is ranged from 17% to 35% (Fig. 7). The proportion
of Pb derived from vehicle exhaust emissions was highest in the 1960s,
reaching more than 50%, and then gradually decreased. Since 2000, as
leaded gasoline has been completely banned, Pb from vehicle exhaust gas
he sediment core and (b) the values of isotopic ratios of possible Pb emission sources
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has further reduced. Contrary to the variation in the contribution of vehicle
exhaust gas emissions, the proportion of Pb derived from coal combustion
has gradually increased. After 1980, coal combustion became the main
source of Pb, and after 2000, Pb contributed by coal combustion increased
rapidly, and accounted for up to 75.4% of the total Pb in 2015 (Fig. 7).

4. Conclusions

Based on isotopic dating using 210Pb and 137Cs, heavy metal concentra-
tions, and Pb isotopes in a sediment core from Huguangyan Maar Lake, the
history of atmospheric heavy metal pollution in southern China was recon-
structed. The results indicate that Zn, Cd, Sb, and Tl fluxes increased rapidly
after 1980, which is consistent with the industrialization process after the Re-
form and Opening Up. Industrial activities are the main driving factor for the
increasing atmospheric concentrations of these heavy metals. The results of
PCA and EF (< 2) indicate that Cr and Ni mainly come from the weathering
of basalt surrounding the lake, not from anthropogenic activities. Affected by
the early modern industrialization in southern China, Pb flux has increased
since 1850. During 1910–1950, Pb flux increased rapidly and peaked in
1950 due to the war and the use of leaded gasoline. From 1950 to 2000,
Pbflux continuously declined due to the gradual stabilization of the social en-
vironment. After 2000, Pb flux rose again with the development of industry.
The results of Pb isotopes three end-member model show that in the 1960s,
vehicle exhaust contributed the highest proportion of Pb. With the increase
in coal consumption and the ban of leaded gasoline, this contribution gradu-
ally decreased,while that of coal combustion gradually increased. Nowadays,
coal combustion has become the main source of atmospheric Pb. The fluxes
of Zn, Cd, Sb, Tl, and Pb of Huguangyan Lake sediments continue to increase
with the economic and industrial development of southern China, and the
concentrations of most hazardous heavy metals in the surface sediments
have exceeded TEC, so monitoring and control measures need to be imple-
mented in this lake. In the aquatic ecosystem, these heavy metals may accu-
mulate or become biomagnified, the subsequent biological effects should be
explored in future studies. Affected by temporal and spatial differences in
human development, historical atmospheric Pb emissions in southern
China are different from those of other regions, Therefore, it is necessary to
undertake further studies on the similarities and differences in heavy metal
pollution history of different regions.
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