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ABSTRACT: Fossil fuel (FF) combustion emissions account for a
large, but uncertain, amount of the soot in the atmosphere, play an
important role in climate change, and adversely aﬀect human
health. However, historical estimates of FF contributions to air
pollution are limited by uncertainties in fuel usage and emission
factors. Here, we constrained FF soot emissions from southeastern
China over the past 110 years, based on a novel radiocarbon
method applied to sedimentary soot. The reconstructed soot
accumulations reﬂect the integrated eﬀects of increased FF use
caused by economic development and reductions in emissions due
to pollution controls. A sharp increase in FF soot started in 1950 as
southeastern China industrialized and developed economically, but
decreased FF soot ﬂuxes in recent years suggest that pollution controls reduced soot emissions. We compare FF soot history to
changes in CO2 emissions, industrial and economic activities, and pollution controls and show that FF soot ﬂuxes are more readily
controlled than atmospheric CO2. Our independent FF soot record provides insights into the eﬀects of economic development and
controls on air pollution and the environmental impacts from the changes in soot emissions.
KEYWORDS: fossil fuel usage, black carbon, human emissions, pollution history, lake sediments

1. INTRODUCTION
The burning of biomass (BB) and fossil fuels (FFs) has
aﬀected the ecology, environment, and climate of the Earth in
complex ways. The transition from BB to FF as the main
energy source during onset of the industrial interval (post-1850
CE) was a turning point in the evolution of human society1
that also led to rapid environmental changes, including
increased emissions of air pollutants, both greenhouse gases
and particulate matter. These emissions have caused growing
concerns over their impacts on climate, the environment, and
public health.2 More generally, there have been concerns over
the profound shift in the Earth System from its Holocene
envelope of natural variability to the proposed current epoch,
the Anthropocene, in which human impacts, most notably
through FF combustion, have signiﬁcantly altered Earth
System processes.3,4
Information on the historical variations in the amounts of
BB versus FF in combustion emissions is a key to
understanding anthropogenic impacts on the Earth System.
Assessments of their environmental impacts in the past
decades have mainly focused on reconstructed emission
inventories calculated from documented fuel usage and
assumed emission factors for pollutants such as CO2 and
black carbon (BC).5,6 This approach is fraught with
uncertainties due to strong geographic diﬀerences in degrees
© 2022 American Chemical Society

of industrialization and the eﬃciency of energy usage and
associated emission factors.
Information on the changes in anthropogenic FF emissions
uncovered through analyses of stratigraphic records provides a
new approach for studying historical trends in BB versus FF
emissions; that is, changes in societal structures, population,
and energy usage can be related to their impacts on the
environment through records of pollutant deposition reconstructed from sediment accumulations through time.3 This is
particularly valuable for time periods before which instrumental observations of pollution concentrations are available.
BC is composed of refractory carbonaceous particles
produced by the incomplete combustion of biomass and
FFs.7,8 It can be regarded as a “combustion continuum” that
includes both combustion condensates and residues and
contains a mixture of chemical species.8−10 It can be preserved
in various sedimentary environments for more than a million
years11 and thus can be used to evaluate historical variations in
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Figure 1. Age-depth model for sediment core of the HGY Lake in southern China. (A) Total 210Pb and 226Ra activities versus depth (with
uncertainties), (B) unsupported 210Pb and 137Cs activities versus depth (with uncertainties); the red line shows the logarithmic ﬁtting line of the
unsupported 210Pb; arrows highlight the start of global nuclear testing in 1952 and the peak in global nuclear fallout in 1964, (C) chronology
reconstruction using the piecewise CRS model (red line with uncertainties) and the calculated sedimentation rates (blue line with uncertainties),
and (D) comparison among the diﬀerent chronology models (see the text and Supporting Information part for detailed explanations of the diﬀerent
models). The black dots in (C,D) highlight the constrained points of the years 1952 (at a depth of 27.75 cm) and 1964 (at a depth of 24.25 cm),
respectively. The error bars indicate uncertainties.

sources of carbonaceous aerosols, especially organic carbon
(OC) and BC.13−19 Radiocarbon techniques for the analysis of
BC in geological materials may also help quantify the FF
impacts on the environment and provide a robust marker to
help characterize the mid-20th century onset of the
Anthropocene Epoch. However, these methods have never
been used to determine BC radiocarbon in sediments, and
apart from one ice-core radiocarbon record,20 only emission
inventories have been used to assess FF−BC historical
trends.5,6
BC deposits in the sediments of maar lakes are ideally suited
for studies of environmental change on a regional or broader
scale because accumulations of exogenic materials in these
lakes are almost entirely from atmospheric deposition.21 In this
study, we investigated soot radiocarbon in sediments of
Huguangyan Lake (HGY) in southeastern China (see

combustion emissions. Furthermore, BC can absorb solar
radiation in the atmosphere and so contributes to global
warming.7 BC aerosols also can modify precipitation patterns,
promote glacial melting, and cause severe harmful eﬀects to
human health.8,9 BC is composed of two carbonaceous
subtypes12 (see Supporting Information, for details), soot
(combustion condensates), and char (combustion residues).
Soot particles are mainly submicron in size, and because they
are smaller than char, they are more easily transported over
regional or larger scales.10 It is thus of great environmental
importance to determine the relative amounts of soot
produced during FF or biomass combustion and the extent
to which this has changed over time.
Radiocarbon ( 14C) measurements are a robust and
independent tool for diﬀerentiating BB from FF emissions,
and this method has been widely used for apportioning the
1535
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The radiocarbon values are reported as the “fraction
modern” (F14C) deﬁned by Reimer et al.27

Supporting Information section S1; Figures S1 and S2). The
objectives of the study were (1) to develop an independent,
archive-based approach for diﬀerentiating the FF fractions of
soot (%FF soot) in sediments from the BB fractions (%BB
soot), (2) to reconstruct the records of the relative FF fractions
in soot and of the soot ﬂuxes from FF versus biomass
combustion (BB and FF soot ﬂux), respectively, and (3) to
discuss the impacts of economic development and economic
and environmental policies on the variations of FF soot ﬂuxes
and to highlight the unique insights that can be obtained from
archival records compared with fuel usage-based BC emission
inventories. The study not only provides a historical
perspective on air pollution in southeastern China but also
documents human impacts during the Anthropocene.

F14 C =

(14 C/12 C)sample, [−25]
0.7459 × (14 C/12 C)OXII, [−25]
14

(1)

12

where the C/ C ratio of a sample is reported relative to that
of an oxalic acid standard (OXII) and both ratios are
normalized to δ13C = −25‰. The F14C values were corrected
for memory eﬀects and instrument background,28 and they
were normalized to the average value (memory- and
background-corrected) of gaseous OXII standardsthat
corrected for any contamination introduced during the AMS
measurements. The average soot recovery for radiocarbon
analysis of the samples from HGY Lake was 93 ± 24%
(compared against soot values measured by thermal−optical
analysis). Details for isolation of soot, radiocarbon analyses,
and quality control can be found in Supporting Information
section S4. Finally, uncertainty estimates of compound (BC,
soot, char, FF soot, and BB soot) ﬂuxes were calculated by
propagating the uncertainties of three factors, including
compound concentrations, MARs, and FF fraction calculations
(see Supporting Information section S6 for details).

2. METHODS AND MATERIALS
The HGY Lake (21°8.65′ N, 110°16.81′ E; 23 m asl) is
located near Zhanjiang, Guangdong, in southeastern China
(Figure S1). The endorheic maar lake has a water surface area
of ∼2.3 km2 and a catchment of ∼3.2 km2. The circular lake is
about 22 m deep, and there are no ﬂuvial inlets or outlets. As a
volcanic crater lake, it has a steep outer lava wall, forming a
small lake catchment. Thus, the inputs of pollutants and other
materials to the lake are almost exclusively from atmospheric
deposition, and the local contributions would be very small.
The region is impacted by the East Asia monsoon, and the
precipitation is concentrated during summer, averaging at 1600
mm per year.
Four cores were collected in parallel using a gravity corer in
the depocenter (21 m water depth) of HGY Lake (Figures S1
and S2) in April, 2019 (see Supporting Information section S1
for details). The 210Pb, 137Cs, and 226Ra activities were
measured to establish the sediment chronology. We calculated
three diﬀerent age-depth models (CIC: constant initial
concentration, CRS: constant rate of supply, and SIT:
sediment isotope tomography) with and without missing
inventory correction22 to assess the robustness of the
chronologies (see Supporting Information section S2 for
details). The 137Cs activities were used as an independent
chrono-marker to constrain the chronologies at 24.25 cm
depth to 1964 CE (nuclear weapon test fallout peak) and at
27.75 cm depth to 1952 CE (137Cs-fallout onset) (Figure 1B).
The mass accumulation rates (MAR, g cm−2 yr−1) (Figure 1C)
were derived from the age-depth models and used to calculate
compound ﬂuxes (BC, soot, and char). Additional details
concerning the chronology and age-depth modeling may be
found in Supporting Information section S2.
BC, char, and soot concentrations were measured using a
thermal/optical method following previous publications12,23
(see Supporting Information section S3 for details). In this
study, we developed a method for separating soot from OC
and char that made use of a newly developed automated
aerosol combustion system,24 as explained in detail in
Supporting Information section S4. A series of tests (Figures
S6−S9) were conducted to optimize the method used to
isolate the refractory soot fraction. Several char and soot
standard reference materials (see Supporting Information
section S4 and S5, Figure S10, Table S1) were tested and
showed that only a few percent of the char remained. Then,
radiocarbon analysis of isolated soot was performed using the
gas inlet system25 of the mini carbon dating system accelerator
mass spectrometer (AMS)26 at the Center for Isotope

3. RESULTS AND DISCUSSION
3.1. Chronological Control. The sediment chronology is
based on high-resolution (0.5 cm) radionuclide dating (226Ra,
210
Pb, and 137Cs) (Figure 1). Except for a slight deviation
toward the surface, the unsupported 210Pb (210Pbun.) activities
in the HGY Lake sediments showed an exponential decrease
with depth (Figure 1B). Careful examination of the 137Cs
proﬁle enabled identiﬁcation of the following two speciﬁc
chrono-marker depths (Figure 1B): (i) the onset of the 137Cs
fallout (year 1952 CE) at 27.75 cm sediment depth and (ii)
the nuclear weapon fallout peak (year 1964 CE) at 24.25 cm.
The comparison of diﬀerent age-depth models (CIC, SIT,
and CRS; Figure 1D) shows that the piecewise-constant rate of
the supply model (CRS-pw-MI, Figure 1C; see Supporting
Information section S2), constrained with the independent
137
Cs chrono-markers for 1964 CE and 1952 CE29 and a
missing inventory correction,22 produced the most reliable
results. The CRS-pw-MI results (Figure 1C) are comparable
with those of previous studies,23,30 and thus, this age-depth
model was selected for compound ﬂux calculations (BC, char,
and soot). Constraining the CRS model with the independent
chrono-markers produced very small age uncertainties (red line
with uncertainties in Figure 1C), from maximum values of
±2.9 years (two sigma) for the post-1950 period to the
maximum uncertainties of ±3.7 years (two sigma) for the
period of ∼1950−1887, with the largest uncertainties observed
toward the bottom of the proﬁle (more details in Supporting
Information section S2).
3.2. Rapid Increase in FF Fractions of Soot Since 1950
and Its Causes. The measured F14C values of soot in HGY
Lake sediments were relatively stable from 1910 to the late
1940s, and subsequently, they sharply decreased and began
ﬂuctuating (Figure 2B). The rapid decrease in F14C starting in
∼1950 may have been impacted to a degree by global nuclear
weapon tests. Measurements of BC F14C in ﬁne particulate
matter (PM2.5, aerodynamic diameter ≤2.5 μm) in Hainan
Province, which is very close to the study location, show that
1536
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The %FF soot (Figure 3A) showed low values and a slowly
increasing trend (ranging from 7.5−13.3% and averaging
10.9%) from the 1910s to the 1940s, followed by a rapid
increase starting in 1950. Thereafter, the %FF soot ﬂuctuated
over higher values, between 28.05 and 60.8%, and prominent
peaks were evident in 1953, 1960, and 1981. The highest %FF
soot was in 2005, and after that, there was an overall decrease,
a small peak at 2011, and ﬁnally, a sharp decrease to relatively
stable values from 28.6 to 31.0%.
The relatively low %FF soot before 1950 (Figure 3A) can be
regarded as an indicator of the state of the atmosphere prior to
the pre-modern industrialization of China. The initial
industrialization, which occurred in southern and eastern
China, can be traced back to the Westernization Movement
during the Qing Dynasty in the 1870s. The abrupt increase in
%FF soot in 1950 (Figure 3A) corresponds with the
establishment of the People’s Republic of China (PRC).
This excursion can be considered a marker for the beginning of
the modern industrialization of China, and it reﬂects a major
shift in energy usage, from low eﬃcient BB (with an initial
post-1950 decrease in BB soot ﬂux, Figure 3E) to more
eﬃcient FF (with an initial post-1950 increase in FF soot ﬂux,
Figure 3B).
Previous studies have shown that variations in char/soot
ratios provide insights into the relative contributions of BB
versus FF to the loadings of carbonaceous aerosols.10 A
decrease in the char/soot ratio from >4.0 in the 1940s to <
∼3.0 in the early 1950s and an overall decreasing trend in
char/soot ratios from older to younger sediments (Figure
S4D) support the idea that the proportions of the two BC
subtypes changed when FFs were increasingly used for
industrial and transport purposes. Even so, the char/soot
ratio does not give quantitative information on the
contributions from BB versus FF because combustion
conditions, especially whether the ﬁres are ﬂaming or
smoldering, also aﬀect the relative amounts of char and soot
in the emissions.11
The ﬁrst major peak for the %FF soot (53.9%) was found
during 1960−1961 (Figure 3A) that followed the “three years
of natural disasters” from 1958 to 1960, when China promoted
industrial development (Figure 3C) and de-emphasized
agricultural production (Figure 3F). The ﬁrst national
“economic adjustment” started in 1961, and its objective was
to reduce the focus on industrial activities in favor of
agricultural production.33 The largest %FF soot peak
(60.9%) we observed occurred in 2005, which is when the
national emission standards for coal-ﬁred power plants were
put into place.34 The main intent of this action was to decrease
the quantities of sulfur emitted from coal-ﬁred power plants,
and the regulations did in fact cause a substantial decrease in
atmospheric sulfate after 2006.35 However, coal-ﬁred power
plants are also a well-known source for BC, and we
demonstrate here that the implementation of the regulations
is synchronous with a clear decrease in %FF soot at the rural
HGY receptor site in southeastern China (Figure 3A) despite
an increase in energy usage at the same time (Figure 3D).
Problems with aerosol pollution were an unfortunate
consequence of the rapid industrial and economic development in China. In 2012, national emission standards for coalﬁred power plants34,35 were introduced to reduce the loadings
of PM2.5. These control measures resulted in a reduction of the
national population−weighted annual mean PM2.5 mass
concentrations from 61.8 to 42.0 μg m−3 from 2013 to

Figure 2. Measured fraction modern (F14C, see text) values and the
calculated %FF soot for sediments from HGY Lake. (A) F14C values
in Northern Hemisphere zone 3 used in this study for corrections, (B)
measured F14C values (with uncertainties; gray bars) in HGY Lake,
(C−D) calculated %FF soot for the assumption of crops only and
wood only (we assume 50 yr old wood with exponential growth),
respectively, and (E) %FF soot calculated for the assumption of 80%
wood (50 yr with exponential growth) and 20% crops.32 Note:
uncertainties in (B−E) presented in gray bars only indicate those
from the F14C measurement uncertainties.

F14C values can vary depending on meteorology and air mass
history.31 The average F14C of airborne BC in the study in the
year 2005/06 was 0.69 ± 0.13, which agrees well with the F14C
value of 0.65 of the soot recovered from sediments at the same
time in this study (Figure 2B).
The %FF soot in the sediments is calculated (Figure 2) by
considering four factors: (1) The study location in the
Northern Hemisphere zone 3 (http://calib.org/CALIBomb/
), (2) variability in the relative contributions of BC emissions
from wood versus crop combustion,32 (3) age of the wood
burned, and (4) how the wood that was burned grew. We
assume for the %FF soot calculation that the materials burned
were a mixture of 80% wood and 20% crops and that the wood
was 50 y old and came from trees that had exponential growth
(Supporting Information section S5 explains the reasons for
these assumptions). The overall %FF soot uncertainty was
calculated to be 0.08−21.0% and averaged 7.5%.
1537
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Figure 3. Historical soot ﬂuxes separated into BB and FF sources versus statistical economic data. (A) Calculated FF fractions of soot ﬂuxes under
the assumption of 80% wood (50 yr with exponential growth) and 20% crops, (B) FF soot ﬂuxes, (C) data for GDP, energy usage, coal
consumption, and numbers of motor vehicles in China, (D) annual energy usage rates of increase and detrended energy usage, (E) BB soot ﬂuxes,
and (F) data for population, primary industry production, and food production in China. Economic, industrial, and agricultural data since 1950 are
from National Bureau of Statistics of China (http://data.stats.gov.cn/easyquery.htm?cn=C01&zb=A0G0I&sj=2018). For the data before 1950, the
population is from ref 43, vehicle numbers from ref 44, coal consumption from ref 45 and GDP from ref 46. The shadowed areas in pale turquoise
highlight the post-1950 period. Annual energy usage increasing rates in ﬁgure B are calculated using the amount of energy usage in a speciﬁc year
divided by the previous-year value; the detrended energy usages are calculated using the original energy usage minus the energy usage after the
exponential regression (Figure S5). Note: the shadowed areas in (A,B,E) indicate the uncertainties; uncertainties of FF soot fractions in (A) include
both from F14C measurement and from estimation of the ratio of crop versus tree and the age of the trees that were burned, which are described in
the text and Supporting Information section S4.

2017.35 During this period, the government also introduced
measures to reduce industrial emissions, upgrade industrial
boilers, and so on,35 and the decreases in the %FF soot we
observed after 2011 (Figure 3A) were likely a consequence of
these controls. In addition, in some regions, especially rural
areas of northern China, bans on small combustion boilers

caused a return to the use of biomass for residential heating
with resulting increases in BB soot ﬂuxes (Figure 3E), and that
also may have aﬀected the %FF soot values.
3.3. Changes in BB and FF Contributions to Soot
Fluxes Related to Anthropogenic Emissions. Overall, the
concentrations and ﬂuxes of BC, char, and soot exhibited
1538
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increasing trends from older to younger sediments (Figure S4),
especially after 1990. There were two rapid periods of increase
for all three of these species, one around 1911 and the other in
1950; these correspond with the establishment of the Republic
of China and the People’s Republic of China (PRC),
respectively. The accelerating increase after 1990 has persisted
until today, and high concentrations and ﬂuxes can be seen
from 2000 to present. This post-2000 interval closely
corresponds with the rapid increases in the gross domestic
production (GDP) and energy usage of China (Figure 3C) and
primary industry production (Figure 3F).
We further separated the soot ﬂuxes into FF and BB
contributions (Figure 3B,E) based on the %FF soot and %BB
soot; both showed clearly increasing trends and greater
ﬂuctuations in recent decades. Similar to the variations in %
FF soot, the FF soot ﬂuxes were at relatively low levels before
1950 (0.01−0.04 g m−2 yr−1) but very rapidly (∼2.5-fold)
increased after 1950 (Figure 3B), following the establishment
of PRC. A major peak in FF soot ﬂuxes in 1960 (Figure 3B)
corresponded with a large peak in the FF fraction of soot
(Figure 3A), and then, the FF soot ﬂuxes decreased sharply
due to the ﬁrst national “economic adjustment”.33
The 1960 peak in FF soot ﬂuxes (Figure 3B) was not
evident in the time series graphs of GDP, energy usage, or coal
consumption (Figure 3C) because the exponential growth of
these economic indicators (Figure S5) obscured their
variations over shorter time periods. Thus, we processed the
energy usage data to calculate the annual rates of increase and
detrended energy usage variations (Figure 3D). We observed
that the annual increasing rates of energy usage and the
detrended energy usage both showed major peaks around
1960.
From 1950 to 1990, except for the 1960−1961 peak, the FF
soot ﬂuxes were at relatively stable, moderate levels (Figure
3B), which is in agreement with the relatively low GDP and
low numbers of vehicles in use during this period (Figure 3C).
Furthermore, this period saw the establishment of the People’s
Commune between 1958 and 1983. The People’s Commune
in the Mao years had a policy requiring people in some rural
villages to prepare meals and eat together, and the
implementation of this policy in some regions likely reduced
bulk coal burning in China.33
Similar to the total soot ﬂuxes (Figure 4A), FF soot ﬂuxes
also showed an accelerating increase since 1990, when the
GDP and energy usage, including coal consumption, all
increased abruptly (Figure 3C). The highest peak of FF soot
ﬂuxes was observed in 2010, corresponding to the peak in
detrended energy usage (Figure 3D). However, there were two
dips that occurred from 2006−07 and 2011−15 (Figure 4A),
which corresponded with the implementation of the national
emission standards for coal-ﬁred power plants. The ﬁrst of
these standards was issued in 2005 and the more restrictive
ones in 2012.35
Motor vehicles emit more soot than char,10 but the FF soot
ﬂuxes to the lake sediments (Figure 3B) did not track the
increase in the number of vehicles used in China (Figure 3C).
A rapid increase in motor vehicle numbers began around 2000
and has continued until today, but the FF soot ﬂuxes increased
well before then and have been on a general decreasing trend
since 2011. The implementation of increasingly restrictive
emission standards for motor vehicles in China must have
aﬀected the quantities of soot and other pollutants emitted per
vehicle. From the late 1990s to present, the standards for

Article

Figure 4. Comparison of historical variations of (A) soot ﬂuxes (black
line) and FF soot ﬂuxes (red line) to sediments of the HGY Lake with
(C) BC emissions estimated from energy usage5,6,38,39 and (D) FF
CO2 emissions (data from https://ourworldindata.org/co2-andother-greenhouse-gas-emissions) in China. The shadowed areas in
pale turquoise highlight the post-1950 period.

motor vehicle emissions have evolved from the national
standard I to VIthese correspond to the European standards
I to VI.
Diﬀerences were evident in the reconstructed BB versus FF
soot ﬂuxes to the sediments (Figure 3B,E). For example, the
BB soot ﬂuxes ﬂuctuated between 1910 and 1990, with a no
clear increasing trend, while the FF soot ﬂuxes showed a longterm increase after 1950. From 1945 to 1955, there was a
relatively moderate elevation in BB soot ﬂuxes, but no rapid
increase. At this time, there were no substantial changes in the
production of the primary industries (Figure 3F), which are
the ones that use natural raw materials to produce products or
industrial materials. Firewood and the burning of domestic and
in-ﬁeld agriculture straw waste are the main sources of BC
emissions from BB in China,32 but the BB soot ﬂuxes appear to
have been largely unchanged during the increase in population
of the PRC post-1950 (Figure 3E,F). This diﬀers markedly
from the conclusion made in a previous study BB-associated
BC emissions increased with population.32
Indeed, from 1950 to 1980, there was an overall decrease in
BB soot ﬂuxes, with an especially rapid decrease in the mid- to
late 1950s (Figure 3E). This was during the People’s
Commune period, when BC emissions from cooking might
have decreased. A rapid increase in BB soot ﬂuxes occurred
from the mid-1980s, when primary industrial production
started to rise, and has continued to increase to the present
(Figure 3F). Similar to FF soot ﬂuxes, BB soot ﬂuxes also
exhibited two dips, the ﬁrst from 2005 to 2006 and the second
2012−2015. This implies that the clean air actions, including
those designed to reduce sulfate emissions from coal
combustion,34 also diminished BB emissions.
1539
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The low BB soot ﬂuxes from 2005 to 2006 immediately
followed a short phase of decreased food production from
2000 to 2004. Straw from food crops including rice, corn, and
so on was used for cooking and heating in rural areas. The
highest BB soot ﬂuxes were found from 2015−2016, which was
likely a consequence of the increasingly restrictive air pollution
control measures put in place in 2012.35 These regulations
mainly targeted industrial FF emissions and less attention was
given to BB emissions.35 An upsurge in BB usage in some rural
areas for winter heating, especially in parts of northern China,
may have increased BB soot during this period.
Previous studies reported that emissions from southeastern
and southern Asia forest ﬁres and agricultural burning may also
have inﬂuenced air pollution in coastal areas of southeastern
China.36 However, the impacts of these inﬂuences remain
unknown because there is, to our knowledge, no long-term
record of BB emissions for southeast Asia. In addition,
meteorological factors likely complicate the interpretation of
the BB soot deposition results. It is clear, however, that BB
plumes from southeastern Asia that pass over the South China
Sea would be subject to dispersion and removal processes that
would decrease the amount of soot arriving in the HGY region
and limit the impact compared with sources from southeastern
China (Figure S2). In addition, variations in climate and
weather are other important factors inﬂuencing local air
pollution37 and thus would aﬀect the soot ﬂuxes to HGY Lake.
However, it is beyond the scope of this study to clarify these
impacts.

Article

We note that the variations in previous BC emission
inventories based on fuel usage5,6,38,39 resemble those reported
for the FF CO2 emission inventory (Figure 4C), that is, both
types of emission inventories showed continuous increases
since the mid-1950s but with a pause in the increases in the
late 1990s. As there were no speciﬁc actions that directly
targeted greenhouse gases, the temporal patterns in CO2
emissions were mainly driven by fuel usage (Figures 3C and
4C). From the 1910s to 2019, the FF CO2 emissions increased
>900 times in China (Figure 4C), while the highest FF soot
ﬂuxes (0.665 g m−2 yr−1 at 2010) were only about 37 times
higher than the lowest ﬂuxes (0.012 g m−2 yr−1 at 1925) during
the studied period (Figure 3B).
The large diﬀerence between the FF CO2 emissions and FF
soot ﬂuxes can be attributed, at least in part, to the
eﬀectiveness of the controls on particulate emissions. For
example, closures of small, polluting, and outdated factories
began in 2011 and controls also have been placed on industrial
emissions, including dust reduction, desulfurization, and
denitriﬁcation.34,35 These measures can explain the observed
sharp decrease in PM2.5 and soot in the atmosphere over the
past decade.34
Reducing BC emissions has been suggested as a way to
combat global warming,40 and our results show that FF soot
ﬂuxes have been much more sensitive to pollution controls
than atmospheric CO2. CO2 concentrations have been
relatively stable after 2011, while FF soot decreased sharply
(Figure 4A, C). One of the main reasons for this is that BC has
a relatively short atmospheric lifetime compared with CO2, and
another is that there are quantitative diﬀerences between the
sources for BC and CO2. The practical implication of these
two considerations is that reducing FF emissions will have a
more immediate impact on BC than on CO2 in terms of global
warming.
The FF fraction in soot from the lake sediments clearly
reﬂects changes in anthropogenic activities related to economic
development in southeastern China and provides information
regarding the scale and timing of past air pollution emissions
and the implementation of emission controls. For example, the
clean air actions since 200535 led to lower soot loadings in the
atmosphere and lower FF soot ﬂuxes from 2005−2006 (Figure
3B). However, other economic policies, for example, the
collectivization of meals for the People’s Commune may have
contributed to the decrease in soot loadings during the mid1950s to mid-1980s, even though this would not necessarily be
expected. There was another case of a policy that may have
contributed to the sharp increase in soot and FF soot ﬂuxes
between 1960−1961 (Figure 4A); this was the “Great Leap
Forward” during 1958−1959, when China sought to rapidly
increase its steel production while focusing less on its
agricultural development.33 These relationships demonstrate
that economic and environmental policies targeting air
pollution need to take into account the living and economic
conditions of the local people.
The transition from BB to FF as the dominant energy source
led to technological advances due to the higher energy content
of FF, and this change can be used as an indicator of the onset
of Anthropocene.1,3 The transition to FF usage was a milestone
in human evolution because of its many important
consequences for both human society and the environment.
Our study shows that the %FF soot in sediments of HGY Lake
increased rapidly in 1950 (Figure 3A), and this year also was
the beginning of a “Great Acceleration” in socio-economic and

4. IMPLICATIONS FOR AIR POLLUTION CONTROL
AND THE ANTHROPOCENE
We developed a novel method for radiocarbon analyses of soot
in sediments and applied this method to investigate historical
changes in FF and BB soot ﬂuxes as recorded in sediments
from a maar lake in southeastern China. We found that the
historical soot FF fractions and the FF and BB soot ﬂuxes
varied in ways that can be related to changes in economic
development, especially industrial and agricultural activities, in
China. This suggests that the soot 14C methodology, coupled
with high-resolution chronological techniques, enables an
independent, archive-based approach for measuring the relative
amounts of FF and biomass burned on regional scales.
We note that there are signiﬁcant discrepancies between our
soot and FF soot ﬂuxes compared with the BC emissions
reconstructed from statistical records of fuel usage and
assumed emission factors5,6,38,39 (Figure 4). For example,
from the mid-1950s to the mid-1980s, our soot and FF soot
ﬂuxes showed no pronounced increases but instead were at
relatively constant values (Figure 4A), and this is also true for
the BB soot ﬂuxes (Figure 3E). In addition to potential
impacts from climate and weather, some of the stability in soot
and FF soot ﬂuxes during this period may be explained by
reductions in cooking emissions associated with the collectivization of meals in the People’s Commune from 1958 to 1983.
We note that this factor may have been overlooked in the
reconstruction of BC emission inventories as rapid and
continuous increases in BC emissions were reported for all
previous BC inventory reconstructions from the 1950s to at
least the end of the millennium5,6 (Figure 4B). We suggest that
cross-veriﬁcation of fuel usage-based emission inventories with
archive-based measurements will lead to more robust estimates
of the emissions.
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biophysical systems that transcended climate change.41 Our
results support the mid-20th century as the preferred
beginning of the Anthropocene Epoch,3,42 and we suggest
that %FF soot may be a useful marker for the regional
correlation of the base of the Anthropocene. As a marker for
FF usage, we suggest that our reconstructed record of the FF
soot ﬂuxes provides a unique resource for characterizing the
Anthropocene. Moreover, the sediment FF data have direct
sample-to-sample comparability with environmental and
climate proxies in the geological archives, and therefore, our
FF soot record provides a means for evaluating the extent to
which human FF usage contributed to the expression of the
geological Anthropocene in China.
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