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ABSTRACT: Anthropogenic activities release large quantities of heavy metals
into the atmosphere. In China, the input of these heavy metals through local and
trans-boundary atmospheric deposition is poorly understood. To assess this issue,
herein, we use Pb and Zn isotopes to constrain the sources of Pb and Zn in a
210Pb-dated sediment core collected from the enclosed lake in South China. We
observed a progressive shift toward higher 208Pb/206Pb and Pb fluxes (0.79−4.02
μg·cm−2·a−1) from 1850 to 1950 and a consistent decrease in δ66ZnIRMM (as low as
−0.097 ± 0.030‰) coupled with an increase in Pb (1.74−3.36 μg·cm−2·a−1) and
Zn (8.07−10.44 μg·cm−2·a−1) fluxes after 1980. These distinguished isotopic
signals and flux variations reveal the presence of trans-boundary Pb since 1900,
with the addition of local industrial Pb and Zn pollution after 1980. Up to 72.3%
of Pb deposited at our site can be attributed to long-distance transportation from
previously industrialized countries, resulting in a noteworthy legacy of Pb in China
since 1900. Despite the phasing out of leaded gasoline, Chinese gasoline still contributes an average of 20.9%. The contribution of
China’s mining and smelting activities to Pb has increased steadily since 1980 and remained stable at an average of 25.1% since 2000.
KEYWORDS: long-distance transportation, anthropogenic activities, sediment core, atmospheric heavy metals, isotopes

1. INTRODUCTION
Since the Industrial Revolution in the 1800s, growing
anthropogenic activities and industrial development have
accelerated the consumption of fossil fuels and mineral
resources, resulting in a substantial release of associated
pollutants into the environment.1 Among various pollutants
emitted by anthropogenic activities, volatile heavy metals such
as Pb and Zn are the most concerning owing to their long-
range transport in the atmosphere and persistent toxicity to
ecosystems and human health.2−4 Currently, even Earth’s most
remote areas (such as the polar and alpine regions) are facing
risks of Pb and Zn pollution caused by the atmospheric
deposition of these heavy metals.5−7 Historically released Pb
and Zn also have far-reaching impacts on the environment due
to their persistent toxicity. The anthropogenic emissions of Pb
and Zn have been observed to fluctuate over time in different
countries.8−11 In general, the industrial structure and the
economic growth rates of a country determine its category and
intensity of emissions, respectively.12,13 However, the historical
Pb and Zn pollution sources of a country are often hard to
determine because these heavy metals can be transported long
distances from their sources.
The international community has held China accountable

for its coeval emission of heavy metals into the global
atmosphere since its rapid industrialization in the 1980s.14,15

However, this remains debatable because before its industri-

alization, China had experienced trans-boundary atmospheric
heavy metal deposition from other areas.16,17 The impact of
industrial development on Pb and Zn emissions in China can
be solved by investigating the historical records of Pb and Zn
in natural archives. Sediment cores collected from enclosed
lakes can undertake this task, given that these lakes receive
materials mainly via atmospheric deposition with limited
contribution from the ambient surface due to small water-
sheds.18,19 The chronology of sediment cores can be precisely
established via 210Pb dating.20,21 Multiplying metal concen-
trations by their sedimentation rates can yield an influx of
metals into lakes.22 Studies of 210Pb-dated sediment cores
worldwide have observed peaks in Pb or Zn concentrations
and influxes over the past decades, indicative of enhanced
atmospheric deposition resulting from industrialization.4,23−25

Although some researchers have observed long-range cross-
overs, their contributions remain unclear.24,26
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Stable isotopes can offer valuable insights into the origins of
substances and have proven to be effective tools for both
quantitative and qualitative analyses.27,28 However, revealing
the origins of atmospheric deposition of both Pb and Zn solely
on the basis of a single isotope ratio is challenging due to the
asynchrony in emissions. Moreover, using a single isotope
system may not suffice for accurately apportioning multiple
sources, as there could be overlapping isotopic compositions
among different sources.27,28 Multiple isotope analysis offers a
promising multidimensional approach for assessing sources in
complex systems, thereby addressing these obstacles.29 Pb
isotopes have been widely used as a tool to identify Pb sources,
due to their stability during epigenetic geochemical pro-
cesses.30 The Pb isotopes in sediments19,31 and peat bogs32,33

have proven very effective for identifying atmospheric Pb;
however, drawbacks persist due to the presence of overlapping
Pb isotopes originating from diverse sources.2 The use of Zn
isotope compositions, in addition to Pb, is beneficial because
unlike Pb, they can be influenced by a variety of different
processes.34 For example, high-temperature processes like
smelting can induce distinct fractionation of Zn isotopes,
resulting in a lighter isotopic composition of atmospheric
Zn.35,36 The use of Zn isotopes can thus serve as a
complementary method to Pb isotopes for distinguishing
atmospheric sources.28,34 The incorporation of an alternative
isotope system enables improved source discrimination in
cases where isotopic signatures from diverse origins overlap.
Therefore, the two different isotope systems are complemen-
tary and can offer diverse information to discriminate Pb and
Zn inputs from local and trans-boundary atmospheric
deposition pathways.
We extracted a sediment core from a closed Maar Lake in

southern China to reconstruct Pb and Zn deposition histories
and understand their sources since the Industrial Revolution.
Correspondingly, we combined Pb−Zn geochemistry, sedi-
mentary chronology, and Pb−Zn isotopic measurements to
(1) obtain the deposition fluxes of Pb and Zn at various
historical stages, (2) link the deposition trends of Pb and Zn
with emission sources corresponding to the evolution of global
anthropogenic activity, and (3) quantify the contribution of
anthropogenic emissions to Pb and Zn accumulation. The
combined utilization of Pb and Zn isotopes reveals distinct
pollution histories for each metal, thus providing crucial
insights into the extent of historical heavy metal contamination
resulting from both local and trans-boundary atmospheric
deposition. Accordingly, these findings provide the first
assessment of atmospheric Pb and Zn sources in southern
China over the past 2 centuries.

2. MATERIALS AND METHODS
2.1. Geographic Information. Huguangyan Maar Lake is

located in the northern Leizhou Peninsula of Guangdong
Province, China (110°17′06″E, 21°08′40″N; Figure 1), which
is one of the earliest and most developed regions in China. The
lake has a small ratio of catchment area (3.2 km2) to lake area
(2.25 km2), which is surrounded by pyroclastic basalt rock with
no nearby rivers or streams.37 This indicates that the lake
receives Pb and Zn mostly via atmospheric deposition. The
relative flatness of the lake basin and the stability of the body of
water favor the formation and preservation of deposition
records.38 This region is located on the coastline of South
China and in the tropical convergence zone and the
subtropical-tropical transition zone, which is dominated by

the East Asian summer monsoon in summer and the East
Asian winter monsoon in winter.37,39 The atmospheric
deposition of heavy metals from high-latitude West European
or North American regions could be transported to middle-
latitude East Asian regions through the interaction of the
Westerlies with East Asian monsoon.40,41 Thus, the unique
location and geography of the lake provide valuable insights
into the history of the atmospheric deposition of Pb−Zn and
their local and global sources.42−44

2.2. Sample Description. An 82 cm sediment core was
collected from the middle of Huguangyan Maar Lake in August
2020 using a free-fall gravity sampler. The sediment core was
sliced into 1.0 cm intervals in the field and transported to the
laboratory in 50 mL centrifuge tubes. In the laboratory,
samples were freeze-dried and powdered (<63 μm) prior to
chemical analyses. The chronology of our samples is based on
210Pb dating of a 78 cm sediment core collected at the same
site and the same time, which has been reported in detail in
our most recent study.45 The results of the chronology for each
sample depth representation calculated according to the
constant flux and constant sedimentation rate (CFCS) model
are listed in Table S1.
2.3. Metal Concentration Analyses. Before the samples

were analyzed for their metal concentrations, they were
completely digested with concentrated acid (HCl−HNO3−
HF), as detailed in the Supporting Information. Metal
concentrations were determined by inductively coupled plasma
optical emission spectroscopy (PerkinElmer Optima 8000), as
well as inductively coupled plasma-mass spectrometry
(PlasmaQuant-MS Elite, Germany). A multielement standard
solution was used to build the calibration curve. Blank samples
and geological reference material (AGV-2) were used for
quality control. The relative standard deviations (RSDs) of our
measurements were less than 2% for major element analyses
and 10% for trace element concentration measurements.
2.4. Pb Purification and Isotope Analysis. Pure Pb

solution was separated by chromatographic columns in a class-
1000 clean room equipped with class-100 laminar flow hoods
at the Guangdong Institute of Eco-environmental Science &
Technology, Guangzhou, China. HCl, HBr, and HF were
distilled twice by sub-boiling distillation (Savillex), and all
wares used in sample preparation were cleaned following a

Figure 1.Map of the study area and location of the sampling site. East
Asian monsoon systems: The East Asian Summer Monsoon (EASM)
prevails in the summer, while the East Asian Winter Monsoon
(EAWM) prevails in winter.
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strict procedure to ensure that the total Pb procedure blank for
the whole analyses was less than ∼3 pg per analysis. Pb
purification was conducted using anion exchange resin (AG1-
X8, 200−400 mesh, Bio-Rad) (details are available in the
Supporting Information).
Pb isotope ratios of all samples were measured on a Neptune

Plus multicollector inductively coupled plasma-mass spectrom-
eter (MC-ICP-MS, Thermo Scientific) at the Institute of
Geochemistry, Chinese Academy of Sciences, China. NIST
981 solution was diluted to ∼50 ppb in 3% HNO3 (m/m) with
∼10 ppb of thallium standard (Tl; NIST 997) added as an
internal standard for mass fractionation correction (205Tl/203Tl
= 2.3871). The obtained values of NIST 981 were 2.1667 ±
0.0012 (2 times standard deviations (2SD), N = 57) and
1.0934 ± 0.0002 (2SD, N = 57) for 208Pb/206Pb and
206Pb/207Pb, respectively, and agree with other references.30,46

The 208Pb/206Pb and 206Pb/207Pb ratios of the geological
reference material BCR-2 were 2.0644 and 1.1995, respec-
tively, which were similar to previously reported data (2.0620
± 0.0147 and 1.1959 ± 0.0086, respectively).47

2.5. Zn Purification and Isotope Analysis. Pure Zn
solution was separated in the same ultraclean experimental
environment as Pb by chromatographic columns using the
anion exchange resin AG MP-1M (100−200 mesh, Bio-Rad)
according to the procedure of Lv et al. and our previous
studies48,49 given in the Supporting Information. The same
column procedure was repeated to obtain a further purified Zn
solution for isotopic analyses.
Zn isotope analysis was also carried out on the MC-ICP-MS

using wet plasma and the sample-standard bracketing (SSB)
method.50 The Zn isotope compositions of the samples were
reported relative to the standard Institute of Reference
Materials and Measurement (IRMM)-3702 using δ notation
based on the 66Zn/64Zn ratio expressed as δ66ZnIRMM =
[(66Zn/64Zn)sample/(66Zn/64Zn)IRMM − 1] × 1000. The total
procedural blanks (from sample dissolution to mass spectrom-
etry) were routinely measured and had a long-term average of
less than 2% for Zn, which is considered neglected during mass
spectrometry. The geological reference materials BCR-2 and
AGV-2 yielded average δ66ZnIRMM values of −0.039 ± 0.035‰
(2SD, N = 3) and −0.044 ± 0.022‰ (2SD, N = 3),
respectively, which were consistent within uncertainty with
those reported previously.51,52

2.6. Data Calculations. The sediment accumulation rate
calculated based on the CFCS model is approximately 0.0625
g·cm−2·a−1 (Text S4). The results for the fluxes of Zn and Pb,
calculated by multiplying the mass concentration by the
sediment accumulation rate, are given in Table S2. Enrichment
factors (EFs) normalized by Al (aluminum) were used to
assess the enrichment and pollution. The details of the
calculation are provided in Text S4. The MixSIAR Bayesian
isotope mixing model is used to quantify the contribution of
different sources to a mixture, which allows the calculation of
contributions from more than three sources and explicitly
accounts for uncertainties in the isotopic values.53 More details
on calculations are presented in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Temporal Patterns in Pb and Zn. The Pb flux shows

a background value (average 0.72 μg·cm−2·a−1) before 1850,
followed by a rapid increase prior to reaching a peak value of
4.02 μg·cm−2·a−1 in approximately 1920, a gradual decrease
from the 1920s to the 1980s, and a new peak after the 2000s

(Figure 2 and Table S2). The Pb isotope ratios show a revised
trend with Pb fluxes (Figure 2). This Pb record presented here

is consistent with previous observations in southern China.45,54

The similar records of Pb show a highly consistent pattern of
Pb deposition from preindustrial to industrial times, suggesting
a deeply coherent signature of Pb under small- to large-scale
anthropogenic release of Pb into the atmosphere. Zn shows a
distinct distribution pattern from Pb (Figure 2). Zn fluxes
range from 7.88 to 10.44 μg·cm−2·a−1, with slight fluctuations
before 1950, followed by a slow increase from 1950 to 1980, a
rapid increase from 1980 to 2000, and a slow decrease after the
2000s (Figure 2 and Table S2). Notably, Zn isotope ratios also
exhibit a revised trend with respect to Zn fluxes. A similar
vertical distribution of Zn was also observed in the lake
sediments collected from southern China and Mongolia,31,45,55

indicating low Zn deposition before 1980 and a continuous
increase after 1980. By combining the vertical characteristics of
Pb and Zn, the sedimentary core can be divided into four
stages: pre-1850, 1850−1950, 1950−1980, and post-1980
(Figure 2).
3.2. Preindustrial Levels of Pb and Zn before 1850.

Before 1850, the Pb and Zn fluxes were remarkably stable, with
average values of 0.72 and 8.07 μg·cm−2·a−1, respectively
(Figure 2 and Table S2). The consistently low Pb and Zn
fluxes in the pre-1850 samples, with EF values of ∼1 for both
metals (Figure S1), indicate that the pollution levels of these
metals were low before the 1850s. This is consistent with the
fact that production of Pb and Zn before 1850 was low,
resulting in minimal atmospheric pollution.56 Thus, Pb and Zn
in the pre-1850 samples are likely to originate from natural
sources, as indicated by their isotopic signals (Figure 3).
Due to the limited Zn isotope fractionation caused by basalt

weathering,57 the Zn isotope composition of the deepest
sediments (from 0.024 ± 0.047‰ to 0.086 ± 0.026‰) was
comparable to that of the unweathered basalt (0.03 ± 0.02‰)
(Table S2). Correspondingly, the current data demonstrate
that there was no (almost negligible) fractionation of Zn
isotopes in lakes as a result of natural processes and variations
in δ66ZnIRMM may serve as an excellent indicator of possible Zn
sources. Although speculative at best, we propose that the low

Figure 2. Temporal variations in Zn flux, δ66ZnIRMM, Pb flux, and
206Pb/207Pb (error bars reflect ±2SD of NIST 981) in the sediment
core. Four stages were divided according to Pb and Zn temporal
variations: pre-1850, 1850−1950, 1950−1980, and post-1980.
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ionic strength, low perturbation, and high degree of anaerobic
conditions in the deep lake, which reduce the mobility of
diffusing ions, are likely to limit the fractionation of Zn
isotopes.44 This phenomenon has also been reported for the
sediment cores obtained from the United States, where the
authors hypothesized that the transport and biogeochemical
cycling of Zn have little impact on the Zn isotopic signature of
lake sediments.11 Additionally, conservative Zn isotopes were
observed in anaerobic sediments within coastal environments
since Zn isotopic signatures remain nearly unaltered during the
transport associated with suspended particulate matter and by
postdepositional processes.58,59 As biogeochemical processes
typically have minimal impact on the Zn isotope compositions
of sediments, the consistency of Zn isotopes as a conservative
source tracer is supported.60,61

3.3. Pb and Zn Sources from 1850 to 1950. The Pb flux
gradually increased after the 1850s and reached a maximum
(∼4.02 μg·cm−2·a−1) around the 1920s until 1950, showing an
increase of 6 times compared with the pre-1850 period (Figure
2 and Table S2). The rapid increase in Pb levels from 1850 to
1920 and the high Pb peak around 1920 suggest severe Pb
pollution (Figure 2). Given that China did not experience

large-scale industrialization at this time, Pb pollution could be
attributed to the deposition of atmospheric Pb transported
over long distances from other regions. Since ∼1860, the
Second Industrial Revolution has facilitated rapid industrializa-
tion in countries such as the United States, Germany, the
United Kingdom, France, Italy, and Japan. Therefore, Pb was
extensively released into the atmosphere due to fossil fuel
combustion and metal production.13 The rise in Pb pollution
observed in Greenland ice has tracked the rapid expansion of
coal consumption in Europe and North America in the late
19th century.62 Japan released considerable amounts of Pb in
the 1900s due to the use of domestic and imported ores
(Canada and Australia) in Pb smelting, as well as the
consumption of leaded gasoline.4,63,64 Notably, all leaded
gasoline used in Japan was imported from the United States
and the United Kingdom.65 The tetraethyl Pb was added to
90% of gasoline in the United States by 1936,62 and the use of
Pb (mainly tetraethyl Pb) as gasoline additives contributed to
the increase in Pb pollution in Japan since the 1920s. The
reduction in Pb flux observed in our sediment from the 1920s
to 1950 (Figure 2) may be attributed to a 30% decline in coal
consumption in the United States between 1920 and 1935.66

The long-distance atmospheric transport of Pb during this
period has resulted in a coeval change in Pb levels in
Greenland ice core.62 The 206Pb/207Pb values of our samples
during 1850 and 1950 support the origin of Pb from the earlier
industrialized regions (Figure 3a). Based on the above
discussion, we estimated the contribution of these sources
using a Bayesian model. The Pb isotope ratios of the sources
are listed in Table S5, and the details of the model calculations
are presented in Text S4. With the introduction of
anthropogenic activity, the contribution of natural sources
decreased from ∼70 to ∼10% from 1850 to 1950. In addition,
long-distance transportation contributed 26.2% of Pb to
sediments from 1850 to 1900 (from coal and ore), and this
contribution increased by 60.1% between 1900 and 1950 due
to the use of leaded gasoline (Figure 4 and Table S6).
Significant enrichment differences existed between Pb and

Zn, with Pb being 2−6 orders of magnitude more
contaminated than Zn during this period (Figure S1). The

Figure 3. (a) Diagram of 206Pb/207Pb versus 208Pb/206Pb in the
sediment core. Compilation of 206Pb/207Pb versus 208Pb/206Pb in
possible sources of deposition (data obtained from Table S3). (b)
δ66ZnIRMM versus 1/Zn for all lake sediments and possible
anthropogenic sources (data obtained from Table S4).

Figure 4. Contributions calculated using 208Pb/206Pb and 206Pb/207Pb
by the MixSIAR Bayesian isotope mixing model (data presented in
Table S5).
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absence of Zn flux peaks between 1850 and 1950 suggests that
Pb and Zn sources differed during this period (Figure 2). In
addition, the presence of similar δ66ZnIRMM values between
1850 and 1950 and the pre-1850 samples (0.03 ± 0.02‰)
suggests that Zn was sourced from local silicate weathering
during this period (Figure 3b). The combustion of leaded
gasoline during 1850−1950, the primary source of Pb
(accounting for up to 53%; Figure 4 and Table S3), is unlikely
to have resulted in substantial Zn emissions. In addition,
industries closely linked to Zn emissions in the atmosphere
were likely to be in their early stages, as indicated by the
relatively low global annual Zn production (<3 Mt·a−1)
between 1850 and 1950.67

3.4. Low-Intensity Pb and Zn Emissions from China
during 1950−1980. Pb changed slightly during 1950−1980,
with fluxes decreasing from 2.80 to 1.93 μg·cm−2·a−1 and
206Pb/207Pb increasing from 1.1411 to 1.1538, respectively
(Figure 2 and Table S2). Based on our findings, the early stage
of China during 1950−1980 was characterized by low levels of
Pb and Zn contamination (Figure 2), although EF values of Pb
were still almost 2 times higher than those during the
preindustrial period (Figure S1). This could be explained by
the fact that consumption of fossil fuels was low, and
industrialization should have been severely limited during
this period.56 This is further supported by the absence of a Zn
peak from 1950 to 1980 (Figure 2). In addition, δ66ZnIRMM
values during this period support local silicate weathering
rather than local nonferrous metal mining and other industrial
sources (Figure 3b). Notably, Pb emissions in China (<2500 t·
a−1) during this period are considerably lower than the
maximum historical Pb emissions in the USA (∼200,000 t·
a−1), Europe (∼100,000 t·a−1), and Russia (∼50,000 t·a−1),13

implying that industrial recovery in this period is not likely to
have resulted in a comparable environmental Pb burden. Given
the low degrees of industrialization in China, we can, therefore,
conclude that Pb in this period mainly originated from the
long-distance transport of atmospheric Pb from other regions.
A decline in Pb was also observed at numerous sites
worldwide, most likely as a result of the implementation of
cleaner production standards and the elimination of leaded
gasoline in Europe and North America.14,68,69 Based on the
Bayesian model, the contribution of Pb from long-range
transport decreased to 62.9% between 1950 and 1980, with the
addition of Chinese coal contributing 22.1% (Figure 4 and
Table S6).
3.5. Economic Reform Enhanced Industrial Pb and Zn

Emissions from China after 1980. In the early 1980s, China
implemented the “Reform and Opening-up” policy, which led
to a considerable increase in industrial activities and economic
growth.45 We observed a coupled and rapid increase in the flux
of Pb and Zn in our samples, suggesting that considerable
anthropogenic emissions of Zn and Pb occurred during this
period (Figure 2). Benefiting from the Economic Reform
policy, the efficiency and enthusiasm of Chinese society were
largely enhanced.70 During this period, China experienced
substantial economic growth and industrialization associated
with a huge demand for mineral resources.67,71 As one of the
most developed provinces in China, Guangdong Province
experienced economic growth, rapid population growth,
massive construction, and urban sprawl in the post-1980
period, during which both Pb and Zn experienced correspond-
ing bulk growth due to their crucial applications within
industrialization.72 Mining, refining, and exploitation of

mineral resources were highly active in China during this
stage. This could explain the covariation of Pb and Zn in our
samples as these two metals are associated with each other in
many mineral deposits.73 The co-increase in Pb and Zn also
agrees with the rapid growth rate (≥10%) of annual gross
domestic product in China after 1980,70 suggesting that the
economic growth of China might lead to pollution of the
surrounding environment to large degrees.13

After 1980, the Pb flux increased, peaking at 3.36 μg·cm−2·
a−1, while the 206Pb/207Pb ratios decreased slightly from 1980
to 2000 and have remained constant since 2000 (Figure 2 and
Table S2). As observed in Figure 3a, the Pb isotope trace map
indicates the influence of mining/smelting and gasoline.
Furthermore, calculations based on the Bayesian model show
that the long-range transport contribution declined from 62.9
to 34.9% following the phasing out of leaded gasoline in the
United States and Europe in the 1970s. Thus, after the year
2000, atmospheric Pb was characterized by stable contribu-
tions from various sources of pollution, with average
contributions of 9.2, 33.4, 12.7, 20, and 24.0% from natural
sources, long-range transport, Chinese coal consumption,
Chinese gasoline consumption, and Chinese mining/smelting
activities, respectively (Figure 4 and Table S6). The as-
observed relative stability of the sources may be attributable to
the development of environmental protection in China after
the 1980s, such as the overhaul and closure of heavy industry
enterprises and the ban on leaded gasoline in 2000. This is
supported by the fact that 206Pb/207Pb decreased slightly
between 1980 and 2000 and has remained stable since 2000
(Figure 2). However, it is worth noting that even when the Pb
flux was reduced, the EF of Pb in the sediment remained
significantly greater than 1 (Figure S1). In addition, the
monitoring data revealed that the flux of Pb in atmospheric
aerosol samples in Shanghai and Tianjin remained high,
despite a slight downward trend following the phasing out of
leaded gasoline.74,75 This is a cautionary tale for our future
development, and we should find ways to prevent economic
growth based on large metal emissions from becoming a
potential environmental threat.
Zn flux also continued to increase, with an elevated average

value of 9.27 μg·cm−2·a−1 after 1980. There is also a clear
transition of Zn isotopes in which δ66ZnIRMM gradually
decreases upward from 0.073 ± 0.035‰ to values as low as
−0.097 ± 0.030‰ (Figure 2 and Table S2). A recent study
suggests that the enrichment of light Zn isotopes in sediments
is due to the biological uptake and transport of organically
bound light Zn to sediments during biomass mineralization.76

However, the lake investigated in the aforementioned study
experienced a century of intense eutrophication and increased
biological activity. This condition differs from that of our
subtropical oligotrophic lake, where primary production was
low,77,78 most likely decreasing the degree of Zn fractionation
as a result of biological uptake. Previous studies have also
demonstrated that lighter Zn isotopes are preferentially
integrated into atmospheric emissions during high-temperature
processes.27,79 For example, anthropogenic Zn from urban and
industrial atmospheric emissions, primarily released by
smelting and mining,48,80,81 vehicular traffic,8,82,83 and coal
combustion,84 exhibits lighter isotope compositions ranging
from −0.41 to −0.22‰, −0.24 to −0.07‰, and −0.61 to
−0.56‰, respectively (Table S4). Herein, the linear
correlation between the δ66ZnIRMM values and 1/Zn could be
attributed to binary mixing between a natural source with a
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higher δ66ZnIRMM value and an anthropogenic source with a
lower δ66ZnIRMM value (Figure 3b). Consequently, this
observable Zn shift in the uppermost sediments indicates
enhanced anthropogenic contamination since 1980. The
relative contributions of different sources after 1980 were
determined similarly using the Bayesian model based on the
Zn isotopes. The results demonstrate an increasing anthro-
pogenic contribution, ranging from 9.1 to 39.9%, with a mean
value of 21.7% (Figure S3 and Table S7).
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