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Abstract: Marine sediments are the ultimate reservoir for black carbon (BC) preservation, and BC
burial in sediment/soils is an efficient method for carbon sequestration to mitigate CO2 emissions.
A portion of soil charcoal and atmospheric BC is dissolved in inland and oceanic water, but the
amount of BC in the ocean remains unclear. We analyzed multi-sediment cores from the northwestern
Pacific Ocean and lakes in China and reconstructed the timeline of BC deposition from 1860 to ~2012.
The lacustrine sediment cores showed an increase in BC deposition by a factor of 4–7 during the
industrialization period in China compared to the years 1860–1950 (reference level). Such increasing
trends in BC have also been reproduced by ten global climate model simulations. However, the
marine sediment cores did not retain these significant increases in BC deposition. Meanwhile, the
model simulations predicted increased trends compared to the observed flat trends of BC deposition
in marine sediments. The discrepancy suggests a large amount of BC, i.e., 65 (±11)%, is missing in
marine sediment sinks. Thus, since more than half of emitted BC has dissolved into oceanic water,
the dissolved BC and carbon cycle should be reconsidered in the global carbon budget.

Keywords: sediment; historical black carbon; climate model simulation; carbon cycle; northwestern
Pacific Ocean

1. Introduction

Black carbon (BC) is one of the most crucial atmospheric pollutants and plays a vital
role in global climate change and biogeochemical cycles [1]. It is predominantly composed
of fine particles (<2.5 µm), which are mainly emitted into the atmosphere through the
incomplete combustion of fossil fuel and biomass [2–6]. Due to its long atmospheric
lifetime (from a few days to weeks), it can travel over a large distance through long-range
transportation from one continent to another before wet/dry deposition [7–10]. It has
recognition as a key global warming pollutant, having the second-largest contribution to
global climate warming after carbon dioxide [1,5]. Marine sediments are unique sinks for
BC via atmospheric deposition and riverine transports. Due to its refractory nature, the
BC in sediments can be used as a proxy for pollution levels, and the dating of temporal
BC becomes a useful diagnostic tool helping us to understand recent and past emission
sources, energy demands and past environmental changes [11–14]. Soil is one of the
major reservoirs of BC, where it can be stored it for up to several centuries before it enters
the ocean through riverine discharges [15]. Earlier studies suggest that riverine exports
and atmospheric deposition are the two major processes through which BC reaches the
ocean [12,16–20]. An earlier study also reported a large portion of BC is exported to the
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ocean in the form of dissolved black carbon (DBC), i.e., ~27 Tg yr−1 [18]. However, Jones
et al. [21] reported a relatively lower contribution of riverine discharge of DBC into the
global ocean, i.e., ~18 ± 4 Tg yr−1, though this is still significantly high in comparison to
the atmospheric deposition of DBC, i.e., 1.8 ± 0.83 Tg yr−1 [22]. An earlier study also
reported that nearly 208 ± 28 Tg yr−1 dissolved organic carbon (DOC) is exported into the
global oceans through riverine discharges [23], and nearly 10% of this DOC is found in the
form of DBC, showing a strong linear relationship between DBC and DOC [14,17,24]. The
positive correlation between DBC and DOC is mainly due to the similar environmental
control factors seen during the mobilization process of soil black carbon and organic
carbon [21]. In another study, Jaffe et al. [24] found that ~26 Tg yr−1 DBC is deposited into
the ocean, which is mainly due to the dissolution of charcoal into the ocean in the form
of soils travelling through rivers. Recently, BC in the marine carbon cycle has received
significant attention among the global scientific community, since a significant amount
(nearly 10% of the total oceanic bulk dissolved organic carbon pool) of BC is found in the
form of DBC [12,17,25]. Earlier studies also show a loss of significant fractions of total
oceanic BC via various processes, such as photo-oxidation, dissolution, and subsequent
transport to the ocean, resulting in a very small fraction of BC that reaches the bottom of
the abyssal zone through lateral transport in the water column and is preserved in the
form of marine sediments [22,24]. Thus, a small fraction of total BC is preserved in marine
sediments due to the loss of a significant portion of atmospheric BC via dissolution and
subsequent transport to the ocean. However, direct estimation of the amount of BC present
in the ocean is very difficult [22,24]. The transportation of BC from the land/atmosphere to
the ocean is an important constraint on the global CO2 cycle because of its residence time
(up to many centuries) in sea sediments. Therefore, the transportation of BC in the form of
DBC and particulate BC (PBC) to inland, coastal, and oceanic waters is associated with large
uncertainty and needs to be addressed more accurately in global geochemical models [17].

During the last century, China has witnessed a large increase in BC emissions (approxi-
mately 25% of the global BC emissions) mainly because of rapid urbanization/industrialization,
economic development, and the associated energy demands [11,26–28], which has lead
to an overall trend of increasing BC [29,30]. North China Plain (NCP) provinces (such as
Beijing, Tianjin, Hebei, and Shandong) have the strongest BC emission intensity, contribut-
ing ~36% to the total BC emissions of China in 2006 [29]. This emitted BC is deposited
on adjacent continental shelves in the ocean through various processes, such as riverine
outflow, atmospheric deposition, etc., and can reach the northwestern Pacific Ocean region
through downwind flow [7,22]. Thus, the northwestern Pacific Ocean region could be a
good reservoir for BC and has vital importance in research attempting to understand the
BC transport pattern along with the global carbon cycle [14,31,32]. The estimation of BC
flux and DBC concentration will be helpful to policymakers for the improvement in envi-
ronmental pollution mitigation strategies [33,34] as well as for accurate parameterization
of global climate models [35].

In the present study, we analyzed BC concentrations along with BC fluxes in multi-
sediment cores from the northwestern Pacific Ocean (including the East China Sea and Sea
of Japan) and lakes spanning from the north to south of China. BC flux was also simulated
using ten models from the Coupled Model Intercomparison Project Phase 5 (CMIP5). We
compared BC flux differences between lacustrine and marine deposition and estimated
the loss of BC in marine sediments, which will be helpful to accurately estimate the global
amount of BC.

2. Materials and Methods
2.1. Sediment Core and Dating

The details of the sampling locations for sediment cores studied in the present study
and other pertinent information are presented in Figure 1a and Table 1. In brief, samples
from three sediment cores in the Sea of Japan (Figure 1a; Table 1) were collected using
gravity corers during a joint research campaign by the First Institute of Oceanography
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Marine Science and Numerical Modeling, Pacific Ocean Institute, Far East Branch, and the
Russian Academy of Sciences in November 2010. The core samples were cut onboard the
research vessels into sections of 1 or 2 cm down the core length with a stainless-steel cutter.
The collected sediment slices were packed in aluminum foil (combusted at 450 ◦C for 4 h
before use) and stored at −20 ◦C until further analysis. Additionally, three other sediment
cores, S4, S5, and S8, were taken from a wild marsh in the south of Tianjin (Table 1). Cores S4
and S5 were sampled at an interval of 1 cm for 1 m deep sediments; however, S8, a parallel
sample of S4, was collected with 0.5 cm interval sampling. These cores represent the major
emission source areas in East Asia and outflow pathways of BC and other air pollutants in
the northwestern Pacific Ocean [22]. The ages of the S4 and S5 samples were determined
via radio isotope dating for 210Pb and 137Cs, which is a widely used and well-accepted
method worldwide [2,13,36,37]. The age of S8 was calibrated from S4’s age profile since
the two cores were parallel samples with very similar sedimentation environments. The
sedimentation rates were estimated based on the excess 210Pb (210Pbexc) and 137Cs in the
sediment [38] using the CIC age model. The values for both 210Pbexc and 137Cs suggested
that there was no sediment mixing layer and no erosion in the upper half of the S4 (S8) and
S5 cores [11]. Apart from these samples, sediment cores from the East China Sea [13] and
two lakes (Lake Chaohu and Lake Huguangyan) in China [37] were also re-analyzed in the
present study (Table 1).
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Figure 1. Sampling sites and BC fluxes of marine and continental sediment cores. (a) Map showing
marine sediment cores in the Bohai Sea, Yellow Sea, East China Sea, and the Sea of Japan. The
shaded pattern represents BC emissions (tones/year/0.5◦ cell) in East Asia [35]. (b) Sediment cores
from Tianjin, Lake Chaohu, and Lake Huguangyan (Huguangyan Maar Lake) in China. Simulated
atmospheric BC concentrations are shaded. Green arrows indicate ocean current in the northwestern
Pacific Ocean. (c) Average BC fluxes of four periods for sediment cores in marginal seas (upper panels)
and across China (lower panels). Error bar is the standard deviation of BC fluxes for each period.
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Table 1. Marine and lake sediment cores used in this work.

Site Longitude, Latitude Sample Setting Source

Marine sediment cores
SJP15 136.49◦ E, 44.10◦ N Sea of Japan, water depth 885 m This study
SJP17 134.69◦ E, 42.85◦ N Sea of Japan, water depth 1164 m This study
SJP19 133.96◦ E, 40.05◦ N Sea of Japan, water depth 732 m This study
NYS 122.48◦ E, 38.16◦ N Northern Yellow Sea, water depth 50 m [13]
SYS 123.50◦ E, 34.99◦ N Southern Yellow Sea, water depth 76 m [13]
Bohai Sea 119.27◦ E, 38.60◦ N Central mud area in the Bohai Sea, water depth 27 m [13]

ECS1 122.50◦ E, 29.00◦ N East China Sea, northern Min Zhe coastal mud area, water
depth 50 m [13]

ECS2 121.66◦ E, 27.64◦ N East China Sea, southern Min Zhe coastal mud area, water
depth 50 m [13]

Sediment cores in China

Tianjin 117.51◦ E, 38.77◦ N Three parallel cores from a wetland/marsh in the south of
Tianjin, north China This study

Lake Chaohu 117.50◦ E, 31.50◦ N One of the famous “five freshwater lakes” in Anhui
Province of eastern China. Average water depth is ~2.7 m [37]

Lake Huguangyan 110.28◦ E, 21.15◦ N A maar lake with a natural sediment trap in southeastern
China. Average water depth is ~20 m [37]

2.2. Quantification of Sedimentary BC

In the present study, we adopted acid pretreatment integrated with the thermal optical
reflectance (TOR) method to quantify BC concentrations (in mg g−1). This method thermally
discriminates between organic carbon (OC) and BC. Before acid pretreatment, the sediment
samples were freeze-dried and finely ground (<63 µm). A 0.1 g sample was digested with
HCl (2 mol) acid for 24 h at room temperature to eliminate carbonates and some metals.
The remaining residues were further digested with HF acid (2 mL) for the next 24 h at room
temperature to remove any superficial carbonaceous materials that may have been trapped
between the silicate sheets. Again, the remaining residues were digested with HCl for 24 h
at room temperature to remove minerals such as fluorite. The remaining residues were
filtered through a 47 mm quartz filter, which had been pre-combusted for 6 h at 600 ◦C.
The carbonate-free filter samples were air-dried for BC analysis. Subsequently, the quartz
filters were analyzed for BC using a Sunset carbon analyzer (Sunset Laboratory, Tigard, OR,
USA) following a high-temperature protocol (Interagency Monitoring of PROtected Visual
Environment: IMPROVE–H). In this protocol, the sample filter was heated in a progressive
manner to 140 ◦C, 280 ◦C, 480 ◦C, and 580 ◦C in a pure helium environment, which
produced four organic fractions (OC1, OC2, OC3, and OC4). After that, the temperature
was further raised to 580 ◦C, 740 ◦C, and 840 ◦C in an oxygen–helium (2:98 v/v) atmosphere,
which provided the three elemental carbon fractions (EC1, EC2, and EC3). Further details
about the analytical procedures are discussed elsewhere [7,11,13,31]. We selected 10%
random samples and performed repeat measurements to ensure reproducibility. The
relative standard deviation (RSD) from duplicate analyses was found to be within 0–10%,
while the average was 4.66%. In addition to this, we also analyzed blanks and seven
National Institute of Standards and Technology standard reference materials (NIST SRM-
1941b, marine sediments collected from Baltimore Harbor, Baltimore, MD, USA). The BC
content in NIST SRM-1941b was found to be 9.66 ± 0.79 mg g−1, which is very close (up to
10% deviation) to the results reported by previous studies [8,13,31,39,40] (Table S1).

2.3. Estimation of BC Fluxes

BC flux is a more reliable measurement than the concentration of sedimentary BC
because fluxes are not affected by the dilution or concentration effect of minerals and
organic matter [11,41,42]. The BC flux was estimated as follows:

FBC = BC (mg g−1) × ω (1)
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where FBC is the burial flux (g m−2 yr−1), BC is the black carbon concentration (mg g−1) in
the sediment sample, andω is the sediment mass accumulation rate (MAR: in g cm−2 yr−1),
which is dependent on sediment properties, including the dry bulk density (DBD: g cm−3)
of the sediment sample, sediment porosity (dimensionless), and sedimentation rate (S: in
cm yr−1). The MAR (ω) of sediment samples was calculated as follows:

ω (g cm−2 yr−1) = DBD (g cm−3) × S (cm yr−1) (2)

The sedimentation rate (S) of the sediment sample was calculated using the CIC model
with a given equation:

S (cm yr−1) = λ D/ln (C0/C) (3)

where D is the depth to z (cm), and C0 and C are the activity of the top layer of sediment
and the activity of sediment at the z layer, respectively. λ is the decay constant (0.031 yr−1)
for 210Pb [37]. Further details about the BC flux calculation are discussed in an earlier
study [11]. To investigate the impact of anthropogenic emissions and industrialization on
BC emissions, the increase factor (IF) of BC fluxes for each period was calculated using the
reference period of 1860–1950 (i.e., the ratio of BC fluxes in each time period to BC fluxes
during the time period of 1860–1950). Higher IF values represent higher BC flux changes
during the particular period of 1860–1950.

2.4. Simulation of Historical BC

The Coupled Model Intercomparison Project Phase 5 (CMIP5) is a series of coordinated
climate model experiments by twenty different climate modeling groups from all around
the world [39], and the simulation results are discussed in the Fifth Assessment Report
(AR5) of the Intergovernmental Panel on Climate Change (IPCC). A majority of CMIP5
models simulate the concentrations of different types of aerosol species, i.e., dust, sea salt,
nitrate, sulfate, particulate organic matter, and black carbon, and are used to examine the
aerosol drivers of climate change [43]. In this study, ten CMIP5 climate models with BC
simulations for the twentieth century and projections for the twenty-first century were
used [44–53] (Table S2). The simulations included interactive chemistry, aerosols, and
dust driven by emissions and have the same emission inventories of anthropogenic BC,
organic carbon (OC), and SO2 [54–56]. A brief description of the climate models used in BC
simulation is discussed in the Supplementary Materials.

2.5. BC Emission Inventory and Global Precipitation

The available BC emission data (1960–2012) from wildfire and agricultural burning for
the summer (JJA: June, July, August) and winter seasons (DJF: December, January, February)
were retrieved from the emission inventory of the Department of Environmental Science,
Peking University (PKU; http://inventory.pku.edu.cn/home.html, accessed on 30 March
2023). The available precipitation data (1979–2012) for the summer and winter seasons were
retrieved from the Global Precipitation Climatology Project (GPCP) version 2.3 (http://
gpcp.umd.edu/, accessed on 30 March 2023). Further details about the emission inventory
and precipitation data are described elsewhere [29,57].

3. Results and Discussion
3.1. Trends of Sedimentary BC Fluxes in Continental and Marine Sediment Cores

BC fluxes were calculated for all the sediment cores, and are given in Tables S3–S6
for the sediment cores from the Sea of Japan, the East China Sea, south Tianjin, and
Lake Chaohu and Lake Huguangyan, respectively. The mean BC flux in the Sea of Japan
ranged between 1.31 and 2.41 g m−2 yr−1, while a relatively higher value of BC fluxes
was found for the sediments from the East China Sea with a wide range from 1.4 to
12.6 g m−2 yr−1. The higher value of BC fluxes over the East China Sea suggests relatively
higher BC deposition through different atmospheric processes. Earlier studies also reported
a higher concentration of BC near the coastal region of the East China Sea [10,13,31,33].

http://inventory.pku.edu.cn/home.html
http://gpcp.umd.edu/
http://gpcp.umd.edu/
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On the other hand, the BC fluxes found for the Tianjin sediment core were in the range of
1.5–2.5 g m−2 yr−1, which is about 2 to 8 times higher than the BC fluxes found for the lake
sediments (0.74 g m−2 yr−1 and 0.32 g m−2 yr−1 for Lake Chaohu and Lake Huguangyan,
respectively). The higher value of BC flux for Tianjin sediments was mainly attributed to the
industrial development and rapid urbanization in this region during the last few decades,
which caused huge amounts of atmospheric pollutant emissions, including BC [11,58]. The
spatial variations in BC emissions and atmospheric BC concentrations also show relatively
higher values in eastern China and the coastal region of the marginal sea, including Tianjin,
Nanjing, and Shanghai, compared to the rest of mainland China (Figure 1a,b).

BC fluxes for all sediment cores showed a large temporal variation with an increasing
trend of different magnitudes (Figure S1) [59–64], mainly because of the technological
developments in energy sources during the last century [13]. The implementation of
various emission control policies from different authorities might also have had a sig-
nificant contribution to the decline in BC emissions and other pollutants for certain in-
tervals (Figure S1) [58]. The BC fluxes along with their standard deviation (SD) and IF
for four different time periods are given in Table 2. In detail, during the pre-industrial
age (1860–1950) in China, all the sediment cores showed nearly constant trends of BC
fluxes. After that, the BC fluxes rapidly increased, which is more prominent for the
continental sediment cores. The observed results were further confirmed with CMIP5
simulations (Figure S2). The average BC flux in the Tianjin cores increased from 0.6 ± 0.4
(1860–1950) to 1.6 ± 0.9 g m−2 yr−1 during 1980–2000 and reached 4.5 ± 2.2 g m−2 yr−1

in 2000–2012 (Figure 1c). Similar increasing trends were also identified from 1860–1950
to 2000–2012 in the Lake Chaohu cores (0.3 ± 0.1, 1.0 ± 0.3, and 1.3 ± 0.2 g m−2 yr−1)
and Lake Huguangyan cores (0.11 ± 0.02, 0.45 ± 0.03, 0.59 ± 0.08 g m−2 yr−1). Compared
to the 1860–1950 levels, the average BC fluxes increased by a factor of 7.7, 4.7, and 5.6
for the sediment cores from Tianjin, Lake Chaohu, and Lake Huguangyan, respectively,
for the time period of 2000–2012 (Table 2). Earlier studies reported a sharp increase in
BC concentrations and other pollutants in the Tianjin region [11,59,60,65]. Recently, Ne-
upane [2] also found an increasing trend of BC fluxes in the four lake sediments of the
Tibetan Plateau, i.e., Ranwu (6.42 ± 2.61 g m−2 yr−1), Qiangyong (1.37 ± 0.26 g m−2 yr−1),
Tangla (0.39 ± 0.10 g m−2 yr−1), and Lingge Co (0.06 ± 0.03 g m−2 yr−1). In another study,
Cong et al. [8] reported a very similar trend of increasing BC flux in the sediment of Nam
Co Lake (average BC flux: 0.26 g m−2 yr−1).

Table 2. BC fluxes and increase factors in four time periods. BC fluxes are shown in average values
along with standard deviation (S.D.). The time interval 1860–1950 is considered the pre-industrial
period due to the almost flat trend of BC fluxes in most cores and all model simulations. The increase
factor of BC fluxes for each period is the ratio of the considered time interval to the 1860–1950 levels.

1860–1950 1950–1980 1980–2000 2000–2012

Average S.D. # Average S.D. # Average S.D. # Average S.D. #

Fluxes (g m−2 yr−1)
Bohai Sea 4.7 0.6 6.0 1.0 5.8 1.5 9.7 2.1
Yellow Sea 1.4 0.3 1.3 0.2 1.5 0.6 2.0 0.4
East China Sea 9.2 2.8 9.4 2.4 13.6 5.2 20.8 4.9
Sea of Japan 1.4 0.4 1.7 0.9 2.0 0.8 1.8 0.6
Tianjin 0.6 0.4 1.6 1.3 1.6 0.9 4.5 2.2
Lake Chaohu 0.3 0.1 0.6 0.1 1.0 0.3 1.3 0.2
Lake Huguangyan 0.11 0.02 0.36 0.10 0.45 0.03 0.59 0.08

Increase Factor
Bohai Sea 1.0 1.3 1.2 2.1
Yellow Sea 1.0 0.9 1.1 1.4
East China Sea 1.0 1.0 1.5 2.3
Sea of Japan 1.0 1.2 1.4 1.3
Tianjin 1.0 2.7 2.8 7.7
Lake Chaohu 1.0 2.3 3.7 4.7
Lake Huguangyan 1.0 3.4 4.2 5.6

# S.D. stands for standard deviation.
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On the other hand, a moderate increase in BC fluxes was recorded in the marine
sediment cores. The average BC fluxes in the marginal sea were found to be between 1.4
and 9.2 g m−2 yr−1 during 1860–1950, demonstrating an increase factor of up to 2.3, and
the fluxes reached between 1.8 and 20.8 g m−2 yr−1 in 2000–2012 (Table 2 and Figure 1c).
Among all the studied marine sediment cores, the East China Sea core had the highest
BC flux. However, the increase in BC flux from 1860–1950 to 2000–2012 was very similar
for both the East China Sea (2.3) and the Bohai Sea (2.1), indicating similar industrial
developments near both regions. Recent studies also reported higher BC concentrations in
the sediment of the Bohai Sea and East China Sea [13,31].

3.2. Sediment Cores and Simulations

To validate the BC trends in sediment cores, simulations of atmospheric BC fluxes
from CMIP5 were retrieved for ten General Circulation Models (GCMs) with historical
BC deposition fluxes (Table S2). These GCMs predict that both marine (Figure 2b) and
continental (Figure 2d) sediment cores will show a comparatively rapid increase in BC
deposition since 1950. For the continental cores from China, the average BC fluxes for
2000–2012 increased nearly 4–7 times compared to the pre-industrial period. This increase
in BC flux suggests an increase in BC emissions and deposition during the industrialization
period, which was further confirmed by the GCM simulations. However, the GCM results
also support a relatively lower increase factor in marginal sea sediment than the continental
sediment (Figure 2b,d), which may be because of the ocean currents, which can impact
BC deposition fluxes and could be one of the possible reasons for the discrepancy in BC
fluxes between marine sediment cores and GCM simulations. Earlier studies also suggest
that a strong ocean current has significant energy and is capable of transporting coastal
sediments to the open ocean [66,67]. However, the impact of ocean currents should be
offset in GCM simulation by using as an increase factor the ratio of BC fluxes between the
two time periods. Compared to the average BC flux for the period of 1860–1950, the BC
fluxes for 1980–2000 were increased by a factor of 1.2, 1.1, 1.5, and 1.4 in the Bohai Sea,
Yellow Sea, East China Sea, and Sea of Japan, respectively (Figure 2a), and the increases
were relatively lower than those for 2000–2012 (2.1, 1.4, 2.3, and 1.3). The increasing trend
of BC was much lower in sea sediments than the continental sediment cores from China
(Figure 2c), which suggests some loss of BC in to the ocean through various processes, such
as photo degradation or water column export to the abyssal zone.

3.3. Spatial Variations and Simulations

The spatial variations in BC concentration and their fluxes provide valuable informa-
tion about the impact of anthropogenic emissions on global as well as regional climate
change [5,68]. Therefore, the spatial variation in BC concentration for the sediment cores
was derived from ten different CMIP5 model simulations (Table S2). The simulated BC
concentration was quite consistent with the observed BC concentration during the summer
season (Figure S3) [69]; however, it was slightly underestimated in urban hotspots during
the winter season (Figure S4). For all ten models, GISS model simulation was very close
to the central estimates of the model ensembles. Since the sediment core profiles were too
sparse to interpolate the spatial variations in BC fluxes, we computed the BC increase factor
(IF) from surface sediment samples used by earlier studies [31,41]. A positive correlation
(R2 = 0.66) between BC increase factors and BC fluxes was found (Figure 3a), which can be
fitted with a linear regression given by

y = 0.048x + 1.1846 (4)

where x is the surface BC flux, and y stands for the BC increase factor. The average spatial
variation in BC increase factors for the 2000–2012 interval was predicted using a model
(GISS) (Figure 3b). Then, the spatial variations in the BC increase factor for the Bohai Sea
and Yellow Sea (Figure 3d) were derived from surface sediment BC fluxes (Figure 3c) in
compliance with the regression. These surface sediment BC increase factors are consistent
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with core results and in the range of 1~2, with higher values in the Bohai Sea and coastal
areas. Although such a spatial trend is compatible with model predictions, the values
are significantly lower than the predictions (Figure 3b). Earlier studies also reported
an increase in BC flux in the sediments of the Bohai Sea and the Yellow Sea during the
last two decades [13,31].
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Figure 2. Increase factor of BC fluxes for a given time compared to the reference period of 1860–1950.
(a) BC increase factors for marine sediment cores, (b) model simulation of BC increase factors
for marine sediment cores; (c) BC increase factors for continental sediment cores in China, and
(d) simulated BC increase factors for continental sediment cores. The model shows the median value
of nine GCM ensembles.

3.4. BC Missing in Marine Sediments

Both marine sediment cores and surface sediment revealed a significant absence of
BC deposition. The modeling of BC increase factors suggests a large fraction of BC, i.e.,
67 (±11)%, 72 (±6)%, 63 (±5)%, and 55 (±17)%, is missing from the marine sediments
of the Bohai Sea, Yellow Sea, East China Sea, and the Sea of Japan, respectively (Table 3).
The average missing fraction of BC was found to be 65 (±11)% in the northwestern Pacific
Ocean. Such a large amount of missing BC might be attributed to the fraction dissolving into
the aquatic system, which is known as DBC or unknown BC/carbon pool in the ocean. The
oxidation of freshly emitted BC from combustion sources enhances its water solubility and
potentially makes it one of the major sources of DBC in the ocean [70]. Riverine discharge
(mostly from the Yellow River) is another way in which BC is dissolved and deposited into
the adjacent ocean of mainland China. A recent study reported that the Yellow River alone
contributed around 37% and 32% of total DBC exports (16.3 and 6.4 Gg yr−1) to the Bohai



Sustainability 2023, 15, 9739 9 of 14

Sea during 2013 and 2014, respectively [14]. The DBC from riverine discharge is mainly
derived from the stocks of charcoal stored in the soils of river catchments [17] and fine
aerosols (soot) deposited from the atmosphere to river catchments [16,71]. It is reported
that the global flux of soluble charcoal accounts for 26.5 ± 1.8 million tons per year, of
which 11~66% may be produced by global biomass burning [24]. Studies have reported
a good correlation between DBC and DOC concentrations, which suggests that they are
exported in a coupled manner in various environmental conditions [12,14,17,24].
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On the other hand, biomass burning is another substantial source of BC (up to 27% of
total BC), and nearly 90% of the global burned area is in the tropics [18,22,72]. The spatial
variation in biomass burning from wildfire and agriculture along with monthly mean total
precipitation for three different time spans, i.e., 1960–1980, 1981–2000, and 2001–2012, is
given in Figure S5 (for summer) and Figure S6 (for winter). The figures reflect a large
increase in biomass burning (from both wildfire and agriculture) from 1960 to 1980 for both
seasons. An increase in BC emissions causes a reduction in precipitation, suggesting that
emission variations play a major role in the changes in the deposition of these fine particles
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into the ocean via wet deposition. A recent study also suggests a significant amount of
water-soluble BC (WSBC), i.e., 0.072 ± 0.042 Ggd−1, is deposited into the Yellow Sea and
the East China Sea through dry deposition [22]. Apart from this, the concentration of
DBC in the ocean also depends on the PBC deposition rate, which influences the DBC
fluxes [16,24,73]. Thus, the transportation of BC from the land to the ocean could be a major
constraint on the global BC budget because this extends the lifetime of BC across several
decades [18,73–75]. The decrease in BC deposition to marine sediment constrains the upper
limit of the soluble fraction, and hence the DBC budget may play a much more important
role in BC emissions and the carbon cycle than previously thought. More than half of
emitted BC may be dissolved into the ocean, which directly/indirectly affects oceanic
productivity through different cycling paths.

Table 3. The percentage of missing BC in marine sediment for core profiles and surface.

Site 1950–1980 1980–2000 2000–2012 Surface Average S.D. #

Bohai Sea 50.6 74.8 69.9 74.0 67.3 11.3
Yellow Sea 62.4 75.4 75.8 73.3 71.7 6.3
East China

Sea 58.9 68.0 62.8 N.A. 63.2 4.6

Sea of Japan 36.5 59.4 68.8 N.A. 54.9 16.6
Total

Average 52.1 69.4 69.3 73.7 65.1 11.1

Total S.D. 11.5 7.4 5.3 0.5 7.1 5.4
# S.D. stands for standard deviation.

4. Conclusions

In the last few decades, rapid urbanization, economic development, and the associated
energy demands have caused intense BC emissions from China (particularly the North
China Plain and coastal region of China) to be deposited into the adjacent ocean through
various processes. Our results suggest that the marginal East China Sea has the highest
BC flux, which is also supported by simulated atmospheric BC concentrations. A large
temporal variation in BC flux for all sediments was found, which could be due to the
implementation of various emission control policies. An overall increasing trend in BC
flux was found for all studied cores and was more prominent for the pre-industrial age
(i.e., 1860–1950).

Interestingly, the increase in BC flux in marine sediment cores from 1860–1950 to
2000–2012 was found to be very similar for the East China Sea (IF: 2.3) and Bohai Sea (2.1),
while for the continental cores from China, it was found to be ~4–7 times higher. These
results were further confirmed with CMIP5 simulations. A large difference in the IF was
found between sea sediments and continental sediment cores, suggesting the loss of black
carbon into the ocean through different pathways, such as photodegradation, water column
export, etc., which need to be studied meticulously. The present study concludes that a
significant amount (i.e., 65 (±11)%) of BC is deposited in marine sediments in the form
of dissolved BC. Thus, the DBC budget may play a vital role in BC emissions and carbon
cycle and must be reconsidered in the global carbon budget.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/su15129739/s1, Table S1: Summary of measurements of marine sediment
standard of NIST SRM-1941b; Table S2: The models for the simulations of BC in Climate Model
Intercomparison Project Phase 5 (CMIP5) along with model description; Table S3: History of BC
fluxes for the three sediment cores from the Sea of Japan (SJP); Table S4: BC fluxes (g m−2 yr−1)
for sediment cores from the Bohai Sea, Yellow Sea (NYS and SYS), and East China Sea (ECS1 and
ECS2); Table S5: BC fluxes for the three sediment cores from south Tianjin; Table S6: The 150-year
history of BC fluxes for sediment cores from Lake Chaohu and Lake Huguangyan (Huguangyan Maar
Lake). Figure S1: Trends of sediment BC fluxes (a–e) and BC emission inventories (f); Figure S2: BC
fluxes of measured sediment cores and simulated atmospheric deposition. The models show the
simulations (1–99 percentile ranges) and median value. (a–d) are marine sediment cores from the
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northwestern Pacific Ocean, while (e,f) are lake sediment cores from China; Figure S3: observations
and simulations of black carbon aerosol emissions in summer. Observations are shown for urban
and rural areas in China. The simulations from ten models of CMIP5 (Table S2) are shown as panels
with shading patterns. Black carbon observations were reviewed from recent publications in China;
Figure S4: Similar to Figure S3 but for the winter season; Figure S5: Spatial variation in Peking
University (PKU) Inventory-derived BC emissions (g, BC/km2 month) from wildfire (upper panel)
and agriculture (middle panel) along with monthly mean precipitation (mm/day) (lowest panel)
obtained from the Global Precipitation Climatology Project (GPCP) version 2.3 during summer (JJA)
for the three different time scales, i.e., 1960–1980, 1981–2000, and 2001–2012 for BC and 1979–1980,
1981–2000, and 2001–2012 for precipitation; Figure S6: Similar to Figure S5 but for the winter (DJF)
season. References [76–81] are cited in Supplementary Materials.
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