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GRAPHICAL ABSTRACT

« 14C and '3C of aerosol samples from the
east coast of China were analyzed.
Fossil carbon was an important compo-
nent of coastal aerosols.

Strong seasonal variations of fossil carbon
contribution were shown at Changdao.
Atmospheric deposition is important for
fossil carbon burial in the CMS.
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Aerosol deposition is an important mechanism for the delivery of terrestrial organic carbon (OC) to marginal seas,
but OC age characteristics of aerosols are not well constrained and their contributions to sediment OC burial have
not been quantified. Total suspended particle samples were collected along the east coast of China at Changdao
(CD), Qingdao (QD) and Huaniao Island (HNI), and were analyzed for total organic carbon (TOC) isotopes (*3C
and *C) in order to bridge this information gap. TOC 6'>C and A'“C values ranged from —23.6 to —30.5%,
and — 153 to —687%., respectively, with the latter corresponding to C ages ranging from 1280 to 9260 yr. Es-
timated contributions of fossil carbon to TOC based on *#C mass balance approach ranged from 26 to 73%, with
strong seasonal variations in fossil carbon observed at CD. Fossil carbon at CD showed the highest proportion
(73%) in winter, reflecting anthropogenic emissions and the lowest proportion (26%) in summer, caused by bio-
mass contribution (annual ave., 52% + 17%). In contrast, the fossil carbon at both QD (57-64%) and HNI (57-67%)
dominated throughout the year, reflecting local anthropogenic influences and long-range transport. Mass bal-
ance estimates indicate that atmospheric deposition and riverine export accounted for 31% and 69% of fossil car-
bon inputs to the China marginal seas (CMS) respectively, with fossil carbon burial efficiencies approaching 100%
in the CMS. On a global scale, an atmospheric fossil carbon deposition flux of 17.2 Tg Cyr~— ! was estimated, equiv-
alent to 40% of the estimated fluvial flux to the ocean, and potentially accounting for 24-41% of fossil OC burial in
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marine sediments. Therefore, the atmospheric deposition constitutes an important source of fossil carbon to ma-
rine sediments, and could play a key role in regional and global scale OC budgets and biogeochemical cycles.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Atmospheric transport represents a significant pathway for the
transfer of natural and anthropogenic materials from land to oceans,
augmenting riverine input. Atmospheric deposition of nutrients, trace
metals and pollutants has influenced coastal and open ocean biogeo-
chemical cycles (Duce et al.,, 1991; Mahowald, 2011). Aerosol deposition
also plays a key role in the global carbon cycle (Jurado et al., 2008;
Willey et al., 2000). A total of 58 Tg C yr— ! of particulate organic carbon
(POC) is delivered to the global ocean through dry and wet deposition
(Jurado et al., 2008), equivalent to almost 30% of the annual river POC
flux (~200 Tg Cyr— 1) (Galy et al., 2015) and also to ~40% of total OC
(TOC) burial (~160 Tg Cyr~') in marine sediments (Burdige, 2005). Be-
sides the riverine inputs, '4C data suggest that carbonaceous aerosols
may also entrain a significant portion of pre-aged and fossil carbon
(Heal, 2014; Matsumoto et al., 2001), and once buried in marine sedi-
ments, both carbon inputs may represent a long-term carbon sink. The
transport and reburial of the non-modern carbon exerts minimal
short-term influence on atmospheric CO, concentrations (Galy et al.,
2008), however its mineralization - both in the terrestrial and marine
environments — would result in an increase atmospheric CO,. Therefore,
it is important to constrain the different sources and fate of OC and their
influence on atmospheric CO, and climate forcing on different time-
scales. Fossil carbon may derive from natural weathering processes of
continental rocks that is then transported oceanwards via riverine or
atmospheric processes (Blair et al., 2003) or may be emitted as carbona-
ceous aerosols from fossil fuel combustion stemming from anthropo-
genic activities (Liu et al., 2013; Huang et al., 2014). Thus, increasing
anthropogenic activity may enhance both the transport and burial of
fossil carbon to the ocean.

Marginal seas are major loci of carbon sequestration, accounting for
up to 90% of sediment OC burial in the global ocean (Hedges and Keil,
1995). The China marginal seas (CMS) in the western Pacific Ocean, in-
cluding the Bohai Sea (BS), Yellow Sea (YS) and East China Sea (ECS),
are important carbon sinks due to large-scale riverine and atmospheric
inputs. With respect to the latter, the CMS are located in the downwind
of the Asian continental outflow in spring and winter when the north-
erly wind prevails, during which atmospheric deposition of nutrients,
heavy metals, toxic organic pollutants derived from anthropogenic ac-
tivity could significantly influence marine ecosystems and biogeo-
chemical processes (Shang et al., 2017; F. Wang et al,, 2016; FJ.
Wang et al., 2017). From a carbon cycle perspective, aerosol deposition
has been also shown to be a significant source of carbon to the CMS, as
indicated by studies of polycyclic aromatic hydrocarbons (PAHSs, Lin et
al.,, 2011; C. Wang et al., 2017) and black carbon (BC, Fang et al., 2015;
Huang et al., 2016). For example, a study of BC budget in the BS sug-
gested that contributions from atmospheric deposition were as impor-
tant as those from riverine transport (Fang et al., 2015); and that
atmospheric deposition contributed nearly 72% of PAHs to the CMS
(C. Wang et al., 2017).

Natural abundance variations in radiocarbon (4C) provide a power-
ful diagnostic for distinguishing fossil and modern (biomass) carbon
sources. '“C-based source apportionment studies have also indicated
that fossil carbon can comprise an important fraction of BC and PAHs
in carbonaceous aerosols and sediments (Hanke et al., 2017; Huang et
al., 2016; Uchida et al., 2010). The deposition of fossil carbon may thus
also influence marine ecosystems, biogeochemical processes and
carbon cycling. However, previous OC budgets for CMS sediments
have primarily focused on riverine inputs. For example, Wu et al.
(2013) estimated that about 2 Tg C yr~ ! of fossil OC was buried in the

ECS inner shelf, exceeding annual inputs from the Yangtze River. Tao
et al. (2016) estimated an unidentified contribution of 0.72 Tg C yr !
of pre-aged OC in the BS and YS. It could be inferred from both of the
studies that atmospheric aerosols could serve as an important source
of non-modern carbon to CMS sediments. Nevertheless, the importance
of aerosol carbon contributions to the ocean carbon cycle remains poor-
ly constrained. It is therefore necessary to characterize the fluxes and
sources of aerosol OC in order to assess contributions to both regional
and global ocean carbon budget.

In this study, aerosol total suspended particle (TSP) samples were
collected along the east coast of China at Changdao (CD), Qingdao
(QD) and Huaniao Island (HNI). There have been numerous prior stud-
ies on the composition, transport and deposition of major ions, trace el-
ements and organic compounds in total suspended particulates and fine
particulates at these sites (Feng et al., 2007, 2012; Guo et al., 2003; F.
Wang et al., 2016), however, there has been no study of seasonal varia-
tions in '2C and '“C isotopic characteristics and no assessments of fossil
carbon contributions to the CMS via atmospheric deposition. Hence, the
main objectives of this study are to identify sources, to quantify radio-
carbon ages of aerosol OC at these sites, and to estimate the contribu-
tions of aerosol-derived fossil carbon to the CMS sediment carbon
budget.

2. Materials and methods
2.1. Study sites and sample collections

Aerosols were collected seasonally as total suspended particle (TSP)
samples at CD, QD and HNI sites along the east coast of China (Fig. 1).
Changdao (area, 56 km?) is near the demarcation line of the BS and YS
and is located ~7 km north of the Shandong Peninsula, with limited
local industrial activities. The sampling site at CD (37.90°N, 120.76°E,
90 m above sea level) was located on the rooftop of a radar station
near the coast. Qingdao is a major coastal city situated in the southern
tip of the Shandong Peninsula and the second largest city in Shandong
province along the Yellow Sea coast with an urban population of ca. 4
million. The sampling site at QD (36.16°N, 120.50°E, 85 m above sea
level) was on the rooftop of a building on the Ocean University of
China campus. Huaniao Island (area, 3.28 km?) is located 66 km to the
east of Shanghai coast, with 1000 inhabitants and no industrial activity.
The sampling site of HNI (30.86°N, 122.67°E, 50 m above sea level) was
located on the roof of a three-storey building, ~2 km from the popula-
tion center. Thus, local anthropogenic inputs at CD and HNI are minor,
while at QD local anthropogenic emissions may be substantial. All
three sites are influenced by East Asian continental outflow toward to
the Pacific Ocean, especially for CD and HNI since they have been classi-
fied as the background sites to monitor continental aerosol transport to
the CMS (Feng et al., 2007; FJ. Wang et al., 2017).

Samples from CD and QD were collected on pre-combusted quartz
filters (Whatman, QM-A, 20 x 25 cm?) by using a high volume sampler
at a flow rate of 1 m® min™! for 24 h. Samples from HNI were collected
on quartz filters (Pall, 2500QAT, 20 x 25 cm?) at a flow rate of
0.3 m*®> min~!' for 23.5 h. All filters and aluminum foil were pre-
combusted at 450 °C for 4 h to remove residual OC. After collection, fil-
ters were stored at — 20 °C until analysis.

2.2. Carbon isotopic analysis

For TOC '3C and !“C analysis, freeze-dried samples were acidified by
using 4 M HCl at room temperature to remove inorganic carbon and
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Fig. 1. The map of sampling sites (CD, QD and HNI) and adjacent CMS setting (modified from Hu et al., 2011). KC: Kuroshio Current; TWW(C: Taiwan Warm Current; ZFCC: Zhejiang-Fujian
Coastal Current; YSCC: Yellow Sea Coastal Current; YSWC: Yellow Sea Warm Current; SCC: Shandong Coast Current; LCC: Liaonan Coast Current.

then dried at 55 °C. The carbonate-free residues were combusted with
CuO and Ag in evacuated, sealed quartz tubes at 850 °C for 2 h
(Druffel et al., 1992; X. Wang et al., 2016). After cryogenic purification
using isopropanol-dry ice mixture and liquid nitrogen, an aliquot of
the purified CO, was analyzed for 6'3C, while the remaining CO, was re-
duced to graphite for '“C measurement by accelerator mass spectrome-
try (AMS). All carbon isotopic measurements were carried out at the
National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) fa-
cility at Woods Hole Oceanographic Institution (WHOI), USA. Radiocar-
bon results are reported as the fraction modern (Fm). The A'C (%)
values and corresponding un-calibrated C ages (years before present,
yr B.P.) were calculated according to Stuiver and Polach (1977). The an-
alytical precision for A'*C measurements was 4-5%. (McNichol et al.,
2000). For CD and QD samples, an aliquot of filter was used for carbon
isotope analyses; however for HNI, several samples collected in the
same season were combined to get enough materials for '“C
measurements.

3. Results
3.1. TOC and TSP concentrations
Table 1 lists properties of the TSP samples at the three sites. During

the sampling period, TSP concentrations at the CD site ranged from
64.2 to 142.0 (avg. = 109.1 + 29.8) ug/m> with the highest value in

2012 autumn and the lowest value in 2014 summer. TOC concentra-
tions ranged between 4.9 and 10.1 (avg. = 7.8 + 2.0) pg/m> with the
highest value in 2014 winter. The TSP and TOC concentrations at the
QD site ranged from 114.8 to 251.9 (avg. = 186.0 & 56.3) pg/m> and
from 5.3 to 19.7 (avg. = 12.3 + 5.9) pg/m°, respectively, with the
highest values in 2014 winter and lowest values in 2014 summer. The
TSP and TOC concentrations at HNI site ranged from 19.0 to 83.4 (avg.
=465 + 29.0) ug/m> and from 0.7 to 7.7 (avg. = 2.7 + 2.8) pg/m>, re-
spectively, with the highest values in 2012 winter and lowest values in
2014 summer. The TOC content (TOC%) values at these three sites ex-
hibited a broadly similar range, with the highest value was found in
winter for the QD and HNI sites, and in summer for the CD site. The
mean TOC% value for CD, QD and HNI was 7.8 + 3.2%, 6.3 + 1.3% and
5.6 4 2.7% respectively.

3.2. Carbon isotopic values (6"C and A'*C)

Temporal variations in the carbon isotopic composition (6'3C and
A™C) of TOC differed between sites (Table 1). The 6'3C values of CD
displayed a wide range from —23.6 to —30.5%. (avg. = —25.6 +
2.9%.), with the lowest value in autumn. A'*C values of CD samples
also varied markedly, ranging from — 153 to —687%. (avg. = —447
+ 195%.), corresponding to '“C ages ranging from 1280 to 9260 yr (an-
nual ave., 4700 'C yr). A™C values also showed strong seasonal
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Table 1
Results of TSP and TOC concentrations, TOC content; TOC &'3C, A™C, 14C age; and f; values.

Site Sampling date Season TSP (ug/m3) TOC? (ug/m>) TOC (%) 513C (%) AYC (%) 14C age (yr) fe
Changdao Oct. 23-24, 2012 AUT 142.0 49 3.5 —240 —490 5340 0.55 4+ 0.04
Jan. 9-10, 2014 WIN 100.7 10.1 10.0 —239 —687 9260 0.73 4+ 0.03
April 20-21, 2014 SPR 128.9 9.4 73 —23.6 —512 5700 0.57 4+ 0.04
Aug. 7-8,2014 SUM 64.2 7.6 11.8 —25.9 —153 1280 0.26 + 0.07
Oct. 16-17, 2014 AUT 109.9 7.0 6.4 —30.5 —393 3950 0.47 4+ 0.05
Average 109.1 7.8 7.8 —25.6 —447 4700 0.52 4+ 0.17
Qingdao Jan. 2-3,2014 WIN 251.9 19.7 7.8 —24.2 —590 7100 0.64 4+ 0.03
April 18-19, 2014 SPR 195.0 12.7 6.5 —253 —544 6240 0.60 + 0.04
Aug. 22-23,2014 SUM 114.8 53 4.6 —25.1 —570 6720 0.62 4+ 0.04
Oct. 23-24, 2014 AUT 182.2 11.7 6.4 —239 —504 5570 0.57 4+ 0.04
Average 186.0 123 6.3 —246 —552 6390 0.61 4+ 0.03
Huaniao Island Jan,, 2012 WIN 83.4 7.7 9.2 —244 —508 5640 0.57 4+ 0.04
Oct., 2012 AUT 283 1.7 6.1 —26.6 —518 5810 0.58 4 0.04
Jan,, 2013 WIN nd. n.d.r n.d.’ —25.1 —594 7180 0.64 + 0.03
April, 2013 SPR 55.3 1.9 34 —25.1 —621 7740 0.67 + 0.03
Aug., 2014 SUM 19.0 0.7 3.7 —27.8 —532 6040 0.59 4+ 0.04
Average 46.5 2.7 5.6 —25.8 —555 6440 0.61 4+ 0.04

2 The TOC concentration and content were calculated by the resulting CO, from combustion. For HNI, several samples collected in the same season were combined to get enough

materials for 'C measurement.
" n.d.: not determined because of one negative sample mass.
¢ fi: contribution of fossil carbon to the bulk OC

variations with lowest values (e.g., oldest '*C ages) in winter and the
highest values (youngest ages) in summer.

The 6'3C values of QD varied from —23.9 to — 25.3%. (avg. = —24.6
+ 0.7%.), with the highest value in autumn. The A'C values of QD
displayed a smaller range from —504 to —590%. (avg. = —552 +
37%o), with corresponding radiocarbon ages ranging from 5570 to
7100 yr (annual ave., 6390 C yr). The oldest and youngest 4C ages
were found in winter and autumn respectively. The &!3C values of HNI
varied from —24.4 to —27.8%. (avg. = — 25.8 + 1.4%.) with the lowest
value in summer. The A'C values of HNI ranged from — 508 to —621%.
(avg. = —555 + 50%.), with corresponding radiocarbon ages ranging
from 5640 to 7740 yr (annual ave., 6440 '“C yr). The oldest and youn-
gest 1“C ages were found in 2013 spring and 2012 winter respectively.
For the average 6'>C values, CD and HNI had comparable values which
were lower than that of QD. For the average A'“C values, QD and HNI
had comparable values which were lower than that of CD. QD samples
showed smaller variations of both §'3C and A'%C values than those of
CD and HNL

4. Discussion
4.1. Spatiotemporal variations of aerosol OC characteristics and sources

Previous studies showed that most air parcels at CD (Feng et al.,
2007) and HNI (F. Wang et al., 2015) derived from the open sea in sum-
mer, but were transported from the northwest, driven by the East Asian
monsoon, in winter. In spring and autumn, air parcels mostly emanated
from the land with wind directions varying between northwest to
north, and southeast or southwest to south (Feng et al., 2007; F. Wang
et al.,, 2015). The backward trajectories in our sites were consistent
with the wind direction during sampling period, as well as with previ-
ous studies which indicated that the atmosphere above these sites
was impacted by regional environment and by continental outflow
from northern China in spring, autumn and winter during our sampling
periods (Figs. S1, S2, S3; Table S1). The CD and QD sites likely receive
pollutants from major cities (e.g., Beijing and Tianjin) and from indus-
tries of the surrounding Bohai Economic Rim, and the HNI site may be
strongly influenced by pollutants from cities and industries in the Yang-
tze River Delta (YRD) region, such as from Shanghai and continental
outflow.

Winter and spring samples from our investigation collected during
prevailing northwesterly winds (Figs. S1-S3) had higher TOC and TSP
concentrations and lower A'“C values (Table 1), indicating emissions

from fossil fuel at all three sites. The higher 6'3C values in winter likely
reflect contributions from coal burning (Fig. 3a), which has been sug-
gested as the major trigger of air pollution in North China during the
“heating season”. In addition, traffic emissions were also found to be
one of the major causes of the heavy haze over China (Q. Wang et al.,
2015). The slightly lower 6'3C values at HNI than those at CD and QD
may reflect greater influence of traffic emissions in southern China com-
pared with northern China. Previous studies also attributed the varia-
tion of 6'3C values of elemental carbon (EC) in Beijing and Shanghai
during the wintertime to different types of energy consumption, with
coal usage more important as a fossil carbon source in northern China
(Chen et al,, 2013). It was also interesting to note the increasing trend
in A™C values from CD to QD and then to HNI with higher TOC and
TSP concentrations in QD and CD than HNI in winter, likely due to the
higher proportional contributions from local fossil-fuel utilization in
northern China. This trend suggests that air pollutants originating in
northern China could be transported by the East Asian winter monsoon
to southern China (F. Wang et al., 2016, Fig. S3).

A'™C values of summer samples from QD and HNI were comparably
low to winter values, also indicating significant contributions from fossil
fuel emissions. Furthermore, summer 6'>C values were generally lower
than winter values, with seasonal differences ranging between 1.0 and
3.4%.. The winter and summer differences for '3Coc and §'>Cgc of
PM, 5 (aerodynamic diameter < 2.5 pm) in Chinese cities likely reflect
variable fossil carbon sources, for example greater coal combustion dur-
ing winter may result in higher 6'C values while increasing petroleum-
related traffic emissions in summer induce lower §'3C values (Cao et al.,
2011, Fig. 3a). These seasonal 6'3C differences were particularly evident
at HNI when air parcels derive mostly from the ocean. Although located
66 km from the mainland coast, HNI may also be influenced by ship
emissions from YRD port cluster (Fan et al., 2016; F. Wang et al.,
2016). In contrast, CD exhibited the highest A'*C value in summer com-
pared with values for other seasons and other sites, indicating a greater
contribution from non-fossil sources. Although traffic emissions may
still have contributed some OC to aerosols, as suggested by the distribu-
tion patterns of hopanes (Feng et al., 2007), this higher A'*C value to-
gether with the lowest TSP concentration in summer likely reflects
clean air parcels emanating from the ocean (Fig. S1) that diluted anthro-
pogenic pollutants or/and regional vegetation emissions. It is also worth
noting that the most depleted 6'3C value (—30.5%.) occurred in 2014
autumn at CD. Compared with 2012 autumn sample, the 2014 autumn
sample had both a lower 6'3C value and a higher A'C value, likely
reflecting OC inputs from Cs plants, as also indicated by highest plant
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wax contributions in autumn (Feng et al., 2007) or regional biomass
burning of wood or agricultural waste (Zhang et al.,, 2017) in autumn.

Our study revealed significantly lower A'C values for aerosol OC in
comparison with modern atmospheric CO, values (Levin et al., 2003),
suggesting that the fossil carbon from anthropogenic activity contrib-
utes an important fraction of OC to carbonaceous aerosols over the
east China coast. A simple isotopic mass balance equation based on
A'™C was applied to quantify the contributions of modern biomass
sources (fyio) and fossil carbon (ff =1 — fy;o) to the bulk OC in TSP sam-
ples (Gustafsson et al., 2009; Mandalakis et al., 2005; Sheesley et al.,
2012; Zencak et al., 2007).

14 14 14
Csample = "Chiomass X foio +  Crossil X (1_fbio)

The end member for fossil carbon ACyssi1 is — 1000%.. For modern
biomass, the end member A'*Cpiomass 1S assumed to be between + 70
and + 225%., which corresponds to contemporary CO, (Levin et al.,
2003) and modern biomass combustion (Klinedinst and Currie, 1999).
These modern biomass end members serve as upper and lower limits
for the fyio, Which in turn determine the corresponding lower and
upper limits for the f; (Table 1). Results indicate that fossil carbon con-
tributed 26-73% to the bulk OC at the three coastal sites (Fig. 2). The fos-
sil carbon contribution at CD exhibited large seasonal variations with
the highest proportions in winter (73%) and the lowest in summer
(26%), with an annual average of 52 £ 17%. In contrast, the fossil carbon
contributions at QD and HNI displayed smaller seasonal variations,
ranging from 57 to 64% (avg. = 61 4+ 3%) and from 57 to 67% (avg. =
61 £ 4%), respectively, both indicating a dominant contribution of fossil
sources to bulk OC throughout the year.

The highest fossil carbon contribution was found in winter at CD,
and was possibly impacted by intense coal combustion activities from
the Bohai Rim and northwestern China during the winter heating sea-
son. The lowest fossil carbon contribution in summer at CD may reflect
arrival of clean air parcels (Fig. S1) or/and biogenic emissions from
widespread growth of vegetation. In contrast to the large seasonal var-
iation at the CD site, the constancy in fossil carbon contribution at the
QD and HNI sites indicates a dominance of fossil sources throughout
the year. Corresponding 6'3C values at HNI suggest a stronger influence
of traffic emissions in summer than those in other northern cities. HNI is
a relatively remote site, but receives higher anthropogenic inputs in
spring and winter than that in summer under the influence of East
Asian monsoon (Shang et al,, 2017; F. Wang et al., 2016). An extremely
persistent and severe haze event occurred in China in January 2013
caused by a combination of anthropogenic emissions and unusual at-
mospheric circulation (Fu and Chen, 2017; Huang et al., 2014). This co-
incides with the higher fossil carbon contribution (64-67%) in January
and April 2013 at HNI site. The wind direction in summer is mostly
from the sea at HNI (Fig. S3), yet fossil carbon contributions in summer
were comparable with those in winter. This suggests that fossil carbon
likely reflects regional emissions (e.g., from ship emissions) rather
than from the long-range land transport. A model study in the YRD
and ECS estimated that 85% of ship emissions occurred within 200 km
of the coastline, potentially influencing the whole YRD region and great-
er eastern China (Fan et al., 2016). HNI is located 66 km to the east of the
Shanghai coast and adjacent to the major shipping routes in the ECS,
and it was under the impact of ship emissions transported from both
the YRD and Yangshan port (one of the largest ports in the world). A
previous study also found that ship emissions contributed significantly
to HNI aerosols in summer (F. Wang et al., 2016), consistent with the
high fossil carbon contribution observed in this study. The 6'3C and
A™C values at QD implied relatively constant fossil carbon sources, sug-
gesting the persistent influence of anthropogenic activities. The Qing-
dao rainwater particulate samples collected during May to July 2014
were more enriched in '“C than POC in airborne TSP samples (Fig. 3b),
suggesting the importance of non-fossil OC in rainwater particulate
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Fig. 2. Contributions of fossil and modern biomass carbon to bulk OC at CD, QD and HNI
(the average value is plotted if two or more samples were collected). The dashed line
represents the average contribution of fossil carbon to the bulk OC.

matter (X. Wang et al., 2016). This is consistent with observations at
sites of Portugal and Switzerland (Zhang et al., 2015a) and implies
that wet deposition in summer may preferentially scavenge the non-
fossil OC, resulting in a corresponding increase in the proportion of fossil
carbon in aerosols.

Average fossil carbon contributions to bulk OC observed in this study
(ranging from 52 to 61%) were higher than that of total carbon (TC) at
some rural or background sites (Zhang et al., 2014). For example, radio-
carbon measurements on different carbon fractions in PM, 5 samples at
aregional background site on Hainan Island (southern China) revealed a
dominance of non-fossil emissions, with fossil source contributions of
only 23%, 38% and 19% to TC, EC and OC respectively (Zhang et al.,
2014). On the other hand, these values were broadly similar with or
slightly lower than those from sites impacted by heavy anthropogenic
fossil-fuel emissions. For example, fossil carbon contribution was 61-
65% at Yufa (Beijing, northern China) (Sun et al., 2012), 51% at Lhasa
(Tibet, southwestern China) (Huang et al., 2010), 60% and 56% at Beijing
and Shanghai during winter haze days (Zhang et al., 2015b). At Ningbo,
the fossil carbon contribution to EC was 88% in winter and 60% in sum-
mer. This seasonal pattern was attributed to fossil fuel emissions from
central and northern China transported by northwest winds in winter,
and a greater contribution from biomass burning activities in southern
and eastern China in summer (Liu et al., 2013). In contrast, at an
urban site in Lhasa city, C analysis of TC revealed a pattern of higher
fossil carbon contribution (56%) in summer and autumn due to the traf-
fic emissions during tourism season, and the lowest fossil carbon contri-
bution (43%) in winter due to local wood burning (Huang et al., 2010).
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Fig. 3. Cross-plot of organic carbon 5'>C values versus A'“C values of (a) seasonal aerosol
TSP samples at CD (square), QD (circle) and HNI (triangle) sites (different colors represent
different seasons); (b) average TSP samples in this study and comparison with other
published typical riverine and CMS sediment samples, including lower Yellow River POC
(Tao et al., 2015; Wang et al., 2012; Xue et al., 2017); Yangtze River POC (Wang et al.,
2012); QD POC from wet deposition (X. Wang et al., 2016); ECS surface sediments (Wu
et al., 2013); BS, northern YS (NYS) and southern Yellow Sea (SYS) surface sediments
(Bao et al., 2016; Xing et al., 2014, 2016). The end-member of modern biomass (C; and
C4 plants, upper green field) and fossil carbon (coal combustion and traffic emission like
motor vehicle exhaust, lower thick black line) sources are also shown (Cao et al., 2011;
Gustafsson et al., 2009; Lamb et al., 2006). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

In summary, fossil carbon contribution in winter at sites CD, QD and
HNI was mainly influenced by local fossil fuel combustion and by the
continental outflow. However, during summer season, site CD was
strongly influenced by marine aerosols and biogenic emissions, while
site HNI may be impacted by ship emissions from the YRD port cluster
and site QD was mainly influenced by local fossil carbon emissions
and inland source. Therefore at these coastal sites, local activities serve
as the main sources of aerosol OC, augmented by inputs from long-
range transport.

4.2. Implications for fossil carbon contributions to China marginal seas

The CMS system has been recognized a significant sink for different
form of carbon, including TOC (Deng et al., 2006; Hu et al., 2016), pre-
aged and fossil OC (Tao et al., 2016), BC (Fang et al., 2015; Huang et
al., 2016), and PAHs (C. Wang et al., 2017). Regional budgets developed
for BC and PAHs suggest that atmospheric deposition could be a signif-
icant source of OC to the CMS in addition to riverine inputs (Fang et al.,
2015; C. Wang et al,, 2017). Similarly, recent constraints on fossil carbon

delivery by the Yellow River and Yangtze River, and its burial in CMS
(Hu et al., 2015; Tao et al., 2015, 2016; Wang et al., 2012; Wu et al.,
2013; Xue et al.,, 2017) have indicated that aerosol deposition could be
an important source for the both pre-aged and fossil carbon in the
CMS. While detailed quantitative information is still lacking on aerosol
fossil carbon fluxes to the CMS, the isotope characteristics of river
POC, sedimentary TOC and aerosol OC can shed some light on this ques-
tion. As shown in Fig. 3b, POC transported by Yellow River is more de-
pleted in '3C and '“C than that of sedimentary OC in adjacent BS and
YS. Assuming the Yellow River represents the dominant source of ter-
restrial OC to BS and YS, the addition of marine OC could explain the
higher 8'3C and A!*C values of sedimentary OC. In contrast, POC
transported by Yangtze River is more enriched in 'C than adjacent
ECS sedimentary OC, suggesting additional sources of OC to the ECS
with older '“C ages than that of the Yangtze River POC. The average
age of aerosol OC at the three sites investigated in the present study
was older than those of sedimentary OC in the CMS, indicating that at-
mospheric deposition may comprise an additional terrestrial source of
old carbon to CMS besides the riverine input. Alternatively, OC aging
may occur during transport processes (Bao et al., 2016) that could result
in more '“C-depleted TOC in ECS sediments. In order to further assess
aerosol fossil carbon contributions to the CMS sedimentary OC we com-
pare fossil OC fluxes associated with atmospheric deposition and river-
ine input with those of sedimentary burial.

Generally, the bulk carbonaceous aerosols (TC) are considered to in-
clude two sub-fractions - namely OC and EC (also termed BC). We as-
sume that the TOC measured in our study is equivalent to the TC
reported in the literature. We then estimate the atmospheric deposition
flux of fossil carbon to CMS by using reported BC deposition data (Table
2) under the following assumptions. The average OC/BC ratio of 4.0 (Cao
et al,, 2007) is used to convert the reported atmospheric BC flux to TOC
flux. A wet/dry deposition ratio of 2.2 for the Bohai Rim (Fang et al.,
2015) is then used to estimate the wet and dry deposition of TOC flux
to CMS. By multiplying the corresponding average f; values of aerosol
TSP, we then derive an estimated aerosol fossil carbon flux. As shown
in Table 2, the average f; value (0.56) of dry deposition from CD and
QD was used for BS and YS estimates, and HNI result (ff = 0.61) was
used for ECS estimates. The average f; value (0.58) of the three sites ex-
amined in this study was used for global-scale estimates. The average f;
value (0.23) of wet deposition was from QD rain POC samples (X. Wang
et al,, 2016). Therefore, based on the estimated atmospheric deposition
of BC flux (0.093 Tg C yr—!) and wet/dry deposition ratio in BS (Fang et
al., 2015), the dry and wet deposition of TOC flux is estimated at 0.15
and 032 Tg C yr—!, respectively. By assuming the YS (area,
380,000 km?) had the similar atmospheric deposition conditions per
unit area to BS (area, 77,000 km?), we determine an overall dry and
wet deposition of TOC flux to the combined BS and YS was 0.86 and
1.90 Tg C yr— !, respectively, and total fossil carbon deposition for the
BS and YS 0f 0.92 Tg C yr~ . Similarly, based on the estimated dry depo-
sition flux of BC (0.067 Tg C yr™ ') in ECS (Huang et al., 2016), dry and
wet deposition of TOC flux was estimated to be 0.34 and
0.74 Tg Cyr~ !, respectively, and atmospheric deposition of fossil carbon
to the ECS was 0.38 Tg C yr—!. Thus, the total aerosol fossil carbon depo-
sition to the CMS is estimated at 1.30 Tg Cyr— .

For the perspective of sources of terrestrial sediment to the eastern
CMS, the Yellow River and Yangtze River are the dominant contributors
(>66%) on a 100-year timescale (Zhou et al., 2014). Thus, for this pre-
liminary estimation of fossil carbon inputs, we draw comparisons be-
tween atmospheric deposition and inputs from these two rivers for
the eastern CMS, and exclude contributions from small rivers and coast-
al erosion. According to the long-term average POC flux of
3.44 Tg Cyr~' (Tao et al,, 2016) and f; (0.41 £ 0.15) of Yellow River
POC (Hu et al., 2015), a fossil OC flux of 1.41 Tg C yr—! is estimated to
be discharged to the BS, with a significant portion being transported
to the YS and possibly the ECS. Similarly, based on a TOC burial flux of
5.6 Tg Cyr—!in the BS and YS (Hu et al., 2016) and f; (0.26 4 0.05) in
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Table 2
Fossil carbon flux (Tg Cyr~') of atmospheric deposition, riverine input and burial in the BS
and YS, ECS and global ocean.

Region TOC flux fr Fossil
carbon flux
BS Dry deposition 0.86% 0.56 0.48
and YS Wet deposition 1.90° 0.23° 0.44
Atmospheric deposition 2.76 0.92
Yellow River 3.44¢ 0.41¢ 141
Sediment burial 5.6° 0.26 1.46
ECS Dry deposition 0.34® 0.61 0.21
Wet deposition 0.74% 0.23* 0.17
Atmospheric deposition 1.08 038
Yangtze River 45" 0.27-034" 15"
Sediment burial 7.4 0.35-045" 3.0
(inner shelf, 5.0)! (inner
shelf, 2.0)"
Global Dry deposition 17 0.58 6.4
Ocean Wet deposition 47 0.23" 10.8
Atmospheric deposition 58’ 17.2
Riverine input 2004 0.20* 43k

Sediment burial 160' 0.26-0.45""  42-72

@ According to Fang et al. (2015) and assumed average OC/BC ratio was 4.0 (Cao et
al,, 2007).

b According to X. Wang et al. (2016).

¢ According to Tao et al. (2016).

4 According to Hu et al. (2015).

€ According to Hu et al. (2016).

f According to Yoon et al. (2016).

& According to Huang et al. (2016) and assumed average OC/BC ratio was 4.0 (Cao et al.,
2007).

" According to Wu et al. (2013).

I According to Deng et al. (2006).

3" According to Jurado et al. (2008).

k" According to Galy et al. (2015).

! According to Burdige (2005).

the YS (Yoon et al., 2016), a corresponding fossil OC burial flux of
1.46 Tg C yr— ! is estimated for the BS and YS. Combined with the fossil
carbon flux delivered by the Yangtze River (1.5 Tg Cyr~ 1), this results in
a total fossil carbon input to the CMS from fluvial and atmospheric
sources of 4.2 Tg Cyr~ . Thus, the riverine input and atmospheric depo-
sition accounted for 69% and 31% of the total input, respectively. These
estimates contrast with the reported PAH budget which indicated that
72% of the total PAHs was from atmospheric deposition (C. Wang et
al., 2017). While these contrasting fluxes imply different sources and
transport pathways depending on carbon type, they nevertheless high-
light the importance of atmospheric deposition as a vector for delivering
fossil carbon to the CMS. The fossil carbon burial in CMS was
45 Tg Cyr~ ! slightly exceeds inputs. These preliminary estimates sug-
gest highly efficient (approaching 100%) burial of fossil carbon in CMS
sediments. Although we did not take into account inputs from other riv-
ers or from coastal erosion processes, these preliminary estimates nev-
ertheless imply that continental shelf sediments serve as a key sink key
sink of fossil carbon, consistent with prior findings for BC in the BS and
PAHs in eastern CMS (Fang et al,, 2015; C. Wang et al., 2017).

In the BS and YS, atmospheric deposition corresponds to almost 65%
of the Yellow River input of fossil OC. This percentage was comparable
with results for black carbon in the BS (Fang et al,, 2015), but differs to
those for PAHs. C. Wang et al. (2017) found that atmospheric deposition
of PAHs was nearly 13 times larger than the Yellow River input, and was
similar to the burial flux in the BS and YS. In comparison for sediment
fossil carbon, the estimates suggest that ~63% of the combined fossil
carbon input (2.33 Tg C yr— ') from the Yellow River and atmospheric
deposition was buried, with the remainder likely translocated or re-ox-
idized. This is broadly consistent with the fossil carbon budget estimat-
ed by Tao et al. (2016), who found that 70% of fossil carbon input was
buried, even without considering atmospheric deposition. In contrast
for the ECS, atmospheric deposition of fossil carbon (0.38 Tg Cyr— 1) is
equivalent to only 25% of Yangtze River input, but may partly explain

the imbalance in fossil carbon fluxes between the Yangtze River input
(~1.5 Tg C yr~!) and the sedimentary burial on the inner shelf
(~2 Tg Cyr~ ') (Wu et al., 2013). However for the whole ECS shelf, ad-
ditional sources of fossil carbon are required to reconcile the budget,
with one plausible source being ocean current-driven transport of ma-
terials derived from Taiwanese rivers or from the BS and YS. Compared
with ECS, the atmospheric deposition in the YS is likely overestimated
given the assumption of uniform atmospheric deposition fluxes per
unit area over the entire BS and YS, yielding higher proportions from at-
mospheric deposition of OC in comparison with riverine inputs to the BS
and YS.

On a global scale, atmospheric deposition of TOC to the ocean
through dry and wet deposition has been estimated at 11 Tg C yr~'
and 47 Tg C yr— ! (Jurado et al., 2008), equivalent to 29% of the riverine
OC inputs. However, global atmospheric fossil carbon deposition to the
ocean was estimated to be 17.2 Tg C yr~!, corresponding to 40% of the
riverine inputs (Table 2). Using the frvalue (0.26-0.45) in CMS sedimen-
tary TOC and using a global OC burial flux in marine sediment of
160 Tg C yr—! (Burdige, 2005), we estimate a global ocean fossil OC
burial flux of 42 to 72 Tg C yr~ . These estimates would imply that at-
mospheric deposition of fossil carbon accounts for 24 to 41% of fossil
OC burial. It should be noted that wet deposition of fossil carbon
accounted for 63% of the total atmospheric deposition. The value of
10.8 Tg C yr~! for fossil OC from wet deposition estimated in this
study is comparable to a prior estimate (12.9 Tg C yr~— ') by Zhang et
al. (2015a), suggesting that the majority (>80%) of the fossil-derived
particulate carbon in wet deposition would be transported to the ocean.

Use of only bulk OC-'*C measurements may overestimate the fossil
carbon contributions from river systems discharging to continental
margins (Blair and Aller, 2012). Recently, a coupled-isotope ternary
mixing model using bulk and compound-specific 5'3C and A*C values
has been used for apportionment of OC sources in the Yellow River
and the BS-YS basin. This approach revealed that pre-aged OC consti-
tutes an important OC component in the Yellow River and BS-YS basin
(Tao et al., 2015, 2016; Xue et al., 2017). Similar to marine sedimentary
0OC, pre-aged OC existing in carbonaceous aerosols (as evidenced by
some biomarker proxies; Feng et al., 2007) may overestimate fossil car-
bon contributions to the CMS. Pre-aged OC in aerosol OC has been indi-
cated by the presence of '“C-depleted plant wax lipids (Eglinton et al.,
2002; Matsumoto et al., 2001). For example, the presence of '“C-deplet-
ed Cy4_26 long-chain fatty acids (—518%., 5860 yr) in a Japan continen-
tal aerosol sample suggests long-distance transport from the Asian
continent such as the Chinese loess plateau (Matsumoto et al., 2001).
Overall, while large uncertainties remain, production and atmospheric
deposition of fossil carbon may represent an important source-to-sink
term as a component of the OC cycle in the CMS. These and previous es-
timations underscore the importance of better constraining and inte-
grating atmospheric processes into regional and global ocean carbon
cycle studies and models.

5. Conclusions

A wide range in OC 8'3C (—23.6 to —30.5%.) and A*C (—153 to
—687%o, 1280 to 9260 '“C age) values of total suspended particles at
three coastal sites (CD, QD and HNI) bordering the China marginal
seas highlight spatial and temporal variations in carbon sources in
terms of biomass and fossil OC contributions. Generally low A'C values
indicate a significant contribution from fossil-fuel emissions to the car-
bonaceous aerosols, and higher 6'3C values in winter samples than in
summer is attributed to increased coal combustion in winter compared
to more petroleum-related emissions in summer.

Quantitative estimates based on '*C mass balance revealed that fos-
sil carbon contributions were high at both the QD (57-64%, ave. = 61%)
and HNI (57-67%, ave. = 61%) sites with smaller seasonal variations,
implying that both sites were heavily influenced by anthropogenic ac-
tivity. On the other hand, fossil carbon contribution was lower (26-
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73%, ave. = 52%) and exhibited larger seasonal variations at the CD site,
reflecting changing contributions from anthropogenic (winter) and bio-
mass (summer) sources.

Fossil carbon input to the CMS through atmospheric deposition
(1.30 Tg Cyr— ') was estimated to account for 31% of total fossil carbon
input to the CMS, augmenting that from the Yellow River and the Yang-
tze River (2.91 Tg Cyr~!). Extrapolating this same approach to the glob-
al-scale data yields estimates of aerosol fossil carbon input to the global
ocean of 17.2 Tg C yr~ !, which is equivalent to ~40% of riverine inputs
and could account for 24 to 41% of fossil OC burial in marine sediments.
Results from both the CMS and global ocean thus suggest that aerosol
fossil carbon constitutes an important OC source, and should be inte-
grated into global ocean carbon cycle models.
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