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ABSTRACT: Vegetated coastal habitats (VCHs) rank among the most intense carbon
sinks in natural ecosystems, playing an important role in the global carbon cycle. A ..
significant part of the organic carbon (OC) they store may be allochthonous OC that has
been sequestered elsewhere. Yet, the compositions of allochthonous OC are largely
unknown. Here, we present concentrations and carbon isotopic (**C and '*C) compositions
and accumulation rates of carbon in the VCHs from major temperate-subtropical deltas of
China: Yellow, Yangtze, and Pearl river deltas. We find that black carbon (BC) amounts to
9—-25% of OC across sites. Temperate VCHs exhibit lower BC contents but higher BC
contributions than subtropical VCHs. This seemingly counterintuitive result can be
explained by increased accumulation of long-term, stable, allochthonous OC in temperate
VCHs. BC in temperate VCHs contains 1.5—2 times more fossil BC than that in subtropical
VCHs in the 1 m depth soil, which is likely influenced by atmospheric input and the aging
effect. We estimate an accumulation rate of BC in China’s VCHs of 33.1 + 14.5 g m™2
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year !, acting as a hotspot for BC burial. These results point to a substantial and hitherto
unquantified contribution of BC components to blue carbon storage, as well as the VCHs to global BC storage. Preservation of this
old-aged, stable OC implies an important ecosystem service of the VCHs for climate change mitigation.

1. INTRODUCTION

Vegetated coastal habitats (VCHs) dominated by saltmarsh,
mangrove, and seagrass sustain the highest rates of carbon
sequestration per area of all natural systems, accounting for
46.9% of the annual organic carbon (OC) buried in the coastal
oceans, contributing to climate change mitigation and
adaptation.' > The OC stored is derived from multiple sources
as the VCHs are located at the interface between terrestrial,
riverine, estuarine, and marine ecosystems. These sources can
be subdivided into (1) autochthonous OC that was derived
from roots, woody tissues, and leaf litter and buried locally and
(2) allochthonous OC that was derived from the terrestrial or
marine ecosystems supplied by river or tide and subsequently
trapped by the VCHs."* The contribution of allochthonous
OC in the VCHs that was dominated by mineral sediment
accretion is more than 50%.""° The deposition of
allochthonous particles may maintain or accelerate the OC
sequestration rate by providing VCH accommodation space
and enhancing its resilience against sea-level rise and may also
stabilize OC against decomposition through the formation of
OC-mineral complexes.””® Despite its importance, differ-
entiating sources between allochthonous and autochthonous
OC remains a challenge.” In particular, the sources of
allochthonous recalcitrant OC are not well defined.

Black carbon (BC), which is formed by incomplete
combustion of fossil fuels and biomass, is increasingly being

© 2021 American Chemical Society

7 ACS Publications

6495

added to soils or sediments as an allochthonous recalcitrant
OC through natural vegetation fires, anthropogenic pollution,
and strategies for C sequestration (“biochar”).'"~" It has been
estimated that the amount of BC accounts for 5—60% of OC in
prairie,13 agricultural,14 peatlandls’16 or forest'” soils, 3—15%
in ocean sediments,'® and up to 50 + 40% in coastal
sediments.'” BC enters the coastal sea and open ocean by
rivers and atmospheric deposition."”°~** Globally, riverine
dissolved and particulate BC can contribute approximately 10
and 15% of riverine dissolved and particulate OC flux."'"**
These dissolved and particulate materials arriving at the coast
from river flows or precipitation can be efficiently preserved in
the VCHs. In a recent study, Chew and Gallagher™ reported
that the BC that likely originated from atmospheric deposition
accounted for 10—25% of the OC preserved in the surface soils
of mangrove and seagrass from Malaysia and Australia.
However, the sources of this large amount of preserved BC,
whether from fossil fuel combustion or recent biomass
burning, are not known. Furthermore, the relationships
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Figure 1. Sampling sites of soil cores and surface soils in the VCHs from the Yellow River Delta (YeRD), Yangtze River Delta (YaRD), and Pearl

River Delta (PRD).

between BC and allochthonous OC and their accumulation
rates are unclear.

The Yellow, Yangtze, and Pearl rivers are three of the world’s
major rivers and three largest rivers in China because of their
high water discharge and sediment load.”* The VCHs are
common features of their deltas and estuaries, forming efficient
carbon sinks by sequestering C0,.**® The annual flux of total
BC in the Yellow and Yangtze rivers accounts for ~12.5% of
total OC flux, and the two rivers transport 12.7% of BC
produced annually in China.”® The China’s river-influenced
marginal seas are undoubtedly important sinks of BC*"*’ of
which 60—80% is derived from fossil fuel.>® However, there
remains no estimate of the sources and accumulation rates of
BC and their contributions to OC of the VCHs, impeding our
ability to quantitatively predict anthropogenic OC impact on
the carbon cycle in coastal wetlands.

Here, we collected surface soil and soil core samples for
isotope analysis in the VCHs of the Yellow, Yangtze, and Pearl
river deltas. The objectives of this study were (1) to reveal the
horizontal and vertical distribution pattern of BC and OC, (2)
to quantitatively determine the contribution of BC originating
from fossil fuel combustion and biomass burning to the
allochthonous OC pool, and (3) to elucidate the accumulation
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rates of BC and OC fractions in the VCHs of these three key
carbon cycle interfaces between land and coastal sea.

2. MATERIALS AND METHODS

2.1. Study Sites and Sample Collection. The Yellow,
Yangtze, and Pearl rivers are the three largest rivers in China,
draining one third of China’s land (~3.1 X 10° km?) and half
of China’s population (~700 million).”” Together, they
provide more than 3, 9, and 7% of world’s total fresh water,
sediment, and dissolved solids to the Bohai Sea, Yellow Sea,
East China Sea, and South China Sea of the western Pacific
Ocean.”* The high sediment flux from the three rivers has
formed three mega-deltas for the last 8 ka, acting as important
sinks of particulate and dissolved materials (e.g, carbon,
nutrients, and pollutants) entering the ocean.””"*”*°

The Yellow, Yangtze, and Pearl river deltas lie between 21°N
and 40°N along the northwest coast of the Pacific Ocean
(Figure 1). The annual average temperature and precipitation
for the YeRD, YaRD, and PRD are 12.9 + 0.2 °C and 45.7 +
1.2 mm, 16.2 + 0.7 °C and 104 + 19 mm, and 22.8 + 0.2 °C
and 162 + 6 mm, respectively.’’ The climate varies from warm
and wet in the PRD to cold and dry in the YeRD. Water
discharge and sediment flux of Yellow and Yangtze rivers are
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sensitive to the impacts of climate oscillations such as El Nifio-
Southern Oscillation events.”” The coastal wetland areas of the
Shandong Provence, Shanghai City, and Zhejiang Provence
and Guangdong Provence, which are administrative regions of
the YeRD, YaRD, and PRD, contribute 40% of the China’s
total coastal wetlands.”® The VCHs are dominated by
saltmarsh and seagrass for the YeRD, saltmarsh for the
YaRD, and mangrove for the PRD. The specific vegetation
types are provided in Table SI.

In this study, 15 surface soil samples and 4 soil cores for the
YeRD, 21 surface soil samples and 3 soil cores for the YaRD,
and $ surface soil samples and 2 soil cores for the PRD were
collected (Table S1) according to the method outlined by the
Blue Carbon Initiative.”” Surface soil samples were collected
with a corer (length 20 cm and diameter 5 cm) from three to
five randomly chosen plots separated by 15 m within the
VCHs. The samples were packed into a polyethylene bag and
transported to the laboratory at —20 °C. Soil cores were
sampled using hand-operated knocking polycarbonate corers
(length 130 or 170 cm and diameter 10 cm). All cores were
sealed at both ends and packaged with black plastic films and
transported to the laboratory. The core samples were sliced at
2 or S cm-thick intervals. Each sliced sample was kept frozen at
—20 °C before further analysis.

2.2. OC and BC Analysis. OC, BC, and total nitrogen of
bulk soil were measured on a Vario MACRO cube elemental
analyzer (Elementar, Germany). For OC measurement, soil
samples were pretreated with 1 M HCI to remove carbonates.
Quality assurance and quality control were performed using
the same procedures for elements. BC was determined using
the chemical oxidation method based on Lim and Cachier
(Text S1).” Briefly, 3 g dried bulk samples were first treated
with 3 M HCl for 24 h to remove carbonates. After rinsing, the
silicate minerals and refractory oxides were sequentially
dissolved in 10 M HF/1 M HCI and 10 M HCI for 24 h to
liberate any superficial carbonaceous material, which may be
trapped between the silicate sheets. After rinsing and drying,
0.3 g acid-treated samples were oxidized with 0.1 M K,Cr,0O,/
2 M H,SO, at 55 °C for 60 h to remove the soluble organic
matter and kerogen. Dichromate-to-carbon ratios of the soil/
oxidant mixture were kept in excess. Higher concentrations of
K,Cr,0, (0.5 M) were used for the PRD soil samples with
high OC contents. The remaining refractory carbon left in the
residue was operationally defined as BC ranging from char to
soot.”* The method has been successfully used for BC
identification in the Yellow and Yangtze river basins and the
Pearl river estuary.” >’ The reproducibility was examined
using seven aliquots from one surface sample of the Yellow,
Yangtze, and Pearl river deltas, respectively. Reproducibility
was within 5%.

The OC- and BC-containing residues were combusted in a
Thermo elemental analyzer (Flash EA 1112) integrated with a
ConFlo III system with a Thermo MAT253 mass spectrom-
eter. 5°C was expressed as relative to the international
standard of PDB. Replication had a standard deviation better
than +0.1%0 based on the repeated measurements of the
international standard IAEA-600. Reproducibility of sample
replicates was generally better than +0.2%o for 5°C. A™C
measurements of BC-containing residues were performed at
the Beta Analytic Inc., USA, using standard Accelerator Mass
Spectrometry delivery analysis. The errors of A'*C measure-
ments ranged from 1 to 3%o.
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The morphology and chemical composition of BC particles
from surface samples of the Yellow, Yangtze, and Pearl river
deltas were investigated by scanning electron microscopy-
energy dispersive spectroscopy (SEM-EDS, Hitachi S-4800,
Japan). The residues after chemical oxidation were put on a
slide and mounted onto a conductive tape holder. The sample
was then gold-coated before being analyzed by SEM-EDS at 15
kV. The element maps were used to examine the carbon
distribution, and then the energy dispersive spectroscopy
(EDS) composition was used to identify the BC particles.

2.3. Carbon Source Identification. The relative con-
tribution of wetland vegetation (plant tissue), terrestrial
particulate organic matter, and marine (phytoplankton and
macroalgae) organic matter sources to the carbon pools in the
VCH soil cores was estimated using Bayesian mixing models in
R (MixSIAR) based on 6"3C and the N/C ratio (Text $2).>*
Bayesian mixing models incorporate both observed data and
uncertainty to quantify the likelihood of a given solution,
which is obtained from the posterior distribution.”® The §'*C
and N/C values of these endmembers were determined from
both our data and the published data and are provided in
Table S2. We chose N/C rather than C/N ratios in the model
because the former was statistically more robust because the
higher number (OC concentration) is the denominator and
behaves linearly in end-member mixtures.”> Because of the
large variation of 88C and N/C among plant tissues, we used
the median values because it was difficult to deduce the
undisputed fractionation factor for wetland vegetation. We
assumed SD = 0.5 or 0.005 to reflect similar variability of the
8"C or N/C values.” The wetland vegetation carbon was
defined as autochthonous OC, and the terrestrial carbon and
marine carbon together were defined as allochthonous OC.

The contributions of fossil fuel combustion sources and
biomass burning sources to the BC pool were determined
using the isotopic mass balance equation (Text S2):

14 14 14
A7C X A Cfossil + (1 _ffossil) X A Cbiomass

(1)

where AHCSMPIe represents the measured A'*C value of BC at
each depth, and A"Cy; and AM™Cy; .. Tepresent the AC
values of BC from fossil fuel combustion and biomass burning,
We assumed that BC derived from fossil fuel combustion had a
“C-free A™C value of —1000 + 0%o, and BC produced from
biomass burning had a postbomb A'*C value of 112 + 60%o.*”

2.4. Carbon Accumulation Rate Calculation. Four soil
cores (DY7, SH4—2, NB4—2, and SZ) sliced at 2 cm-thick
intervals from the deltas were analyzed for *'°Pb activities to
determine last century sediment accumulation rates (SARs).
The *'°Pb results are provided in Figure S1. Determination of
*19Pb activities was conducted using an EG & G Ortec HPGe
GWL gamma-—ray spectrometer (Ametek Inc, UAS). The
total 2'°Pb and 2?°Ra activities were measured at 46.5 and
2952 keV (**Pb), respectively. Excess *'°Pb (*'°Pb,,) was
calculated by subtracting **Ra activity from total *'°Pb
activity. The constant rate of supply model was used for the
determination of the mass accumulation rate (MAR) of each
section.” We used the soil carbon content and SAR to
calculate carbon accumulation rates (CARs) in soils of VCHs.
Soil carbon stocks in VCHs were quantified by multiplying OC
and BC and dry bulk density. Dry bulk density was determined
as a simple dry weight-to-volume ratio. The soil (10 cm®) was
taken from each S cm-thick slice using a syringe and dispensed

sample = ffossil
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Figure 2. Comparison of BC content, OC content, BC/OC ratio, §"*Cpc, and §"*C in (a) VCHs and TF topsoils and in (b) VCH soil cores in
the YeRD, YaRD, and PRD. The error bars correspond to 1 s.d. for samples collected on different ecosystems or soil depths. The mean values of TF

samples in the PRD are based on two replicates.

onto a preweighed container and then oven-dried to constant
weight at 60 °C.

2.5. Statistical Analysis. The data were statistically
analyzed using SPSS Statistics 20.0 for windows (SPSS Inc.,
Chicago, IL, USA). Analysis of variance was employed to test
the differences between vegetated and unvegetated coastal
habitats. Pearson correlation analysis was conducted to detect
relationships among the variables investigated.

3. RESULTS AND DISCUSSION

3.1. Distribution Patterns of BC. The mean BC and OC
concentrations in the VCH topsoils of the YeRD, YaRD, and
PRD were 0.80 + 0.41 g kg™' and 4.66 + 3.3 gkg™!, 1.72 +
0.47 gkg™ and 9.05 + 3.53 gkg™!, and 2.26 + 1.39 g kg™ and
162 + 11.2 g kg™!, respectively (Figure 2a, Table S3). Both
BC and OC concentrations significantly increased from the
YeRD, YaRD, to PRD. The OC values were consistent with
our national estimates, with higher OC storage capacity of tidal
marshes and mangroves occurring in the tropics and south
subtropics.”> BC/OC ratios in the VCH topsoils of the YeRD,
YaRD, and PRD are in the range of 0.09—0.47, 0.15—0.24, and
0.18—0.26. The results are in agreement with those reported
previously in the suspended particles of the Yellow river
(0.09—0.45) and Yangtze river (0.12—0.13) and the sediments

of the Pearl river estuary (0.13—0.29).°”*° This indicates that
terrestrial BC export from land to the coasts is an important
pathway for BC deposition and preservation in the coastal soils
and sediments. However, no significant differences in BC/OC
ratios of the VCH soils were detected among the three river
deltas. This is different from the dissolved and particulate BC
that has higher BC/OC ratios in the Yellow river than the
Yangtze river.”” The BC and OC concentrations in the VCHs
were relatively higher than those in the unvegetated tidal flat
(TF) but showing no significant difference. The TF in the
PRD is largely reclaimed for urban expansion and is dominated
by sandy beach with quite low OC concentration but a high
BC/OC ratio, which may be attributed to the degradation of
ocC ggld the aeolian supply of BC to low OC content sandy
soils.

For the whole soil cores, the mean values of BC and OC
concentrations and stocks were highest in the PRD (BC: 22.1
Mg ha™! and OC: 204 Mg ha™") followed by the YaRD (BC:
15.7 Mg ha™' and OC: 81.6 Mg ha™') and YeRD (BC: 6.15
Mg ha™ and OC: 284 Mg ha™'), respectively (Figure 2b,
Table S4). The specific distribution patterns are provided in
Figure S2. The OC concentrations gradually decreased with
depth in the three deltas. In the YeRD, higher OC and highest
BC concentrations were observed in subsoils at a depth of
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~50—70 cm, which can be attributed to the occurring of the
so-called red clay layer with high element accumulation
capacity because of the highly reactive mineral contents in
this depth range.”' The BC and OC concentrations were well
correlated in the PRD while the BC concentrations fluctuated
more in the soil cores of the YeRD and YaRD. The BC
concentrations were about 1.5 times higher in the top 50 cm
than that in the 50—120 cm of the PRD, and they were
approaching that in the 80—120 cm of the YaRD. The depth
profiles of BC/OC ratios were remarkably different from the
BC and OC concentrations. The BC and OC concentrations
decreased with depth while the BC/OC ratios were increased.
These increases in BC/OC ratios are generally because OC is
more likely degraded by disturbance while BC as a more
refractory fraction will likely be preserved.””” The concen-
trations of BC and OC were highest in the PRD while the BC/
OC ratios were the lowest (Table S4). These patterns suggest
that OC-mineral complex adsorption may be an important
mechanism for BC stabilization in coastal soils because of the
relatively low OC concentrations of the YeRD and YaRD
reflecting the mineral-dominated nature of these two soils."”
3.2. Preservation Mechanisms of BC. In our dataset,
good linear relationships are observed between BC and OC
(Figure S3a) and between BC/OC and allochthonous or
autochthonous OC/OC (Figure 3, Figure S3b). This positive
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Figure 3. Relationships between allochthonous OC/total OC and
BC/OC in the VCH soils of the YeRD, YaRD, and PRD. The data are
mean (+ s.d.) values of soil cores with an interval of S cm.

relationship is also observed in global rivers, grassland soils,
and coastal soils,'"*>** suggesting that OC is an important
environmental intermediate for transfer and storage of BC.
Our results show that the majority of preserved OC in deltaic
VCHs is allochthonous OC that has a terrestrial or marine
origin (Figure 3, Figure S2). The allochthonous OC deposited
in estuarine deltas is likely to be quite stable as it is eroded
from terrestrial ecosystems and transported as cohesive
organo-mineral aggregates through the river system.”* The
average contributions of allochthonous OC were 87.5% (62.2—
96.8%), 68.1% (65.4—75.1%), and 52.9% (29.5—70.2%) in 1 m
depth profiles of the YeRD, YaRD, and PRD, respectively. The
high percentages of allochthonous OC are according to our
previous findings that Chinese VCHs have high terrestrial
sediment inputs but low soil OC stocks.”” Importantly, the
percentages of allochthonous OC significantly decreased from
temperate delta to south subtropical delta. In the YeRD topsoil
(0—20 cm), OC is a mixture between this allochthonous OC
and locally produced biomass (autochthonous OC) (Figure
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$2).”° In the subtropical region, higher temperature and
precipitation enhance primary Eroduction of coastal vegetation
and soil inundation periods,*** resulting in higher autoch-
thonous OC stocks in the YeRD and PRD. Moreover, the
productivity and sediment trap capabilities of mangrove grown
in the south subtropical/tropical estuary are higher than those
of saltmarsh grown in the temperate/north subtropical
estuary.' The results suggest that preservation of short-term,
labile, autochthonous OC is more important in the south
subtropical/tropical estuary compared to the temperate
estuary. In contrast, in temperate/north subtropical salt-
marshes, the majority of preserved OC has not been
sequestered in situ but controlled by the supply of long-
term, stable, allochthonous OC associated with mineral
sediments from terrestrial and marine origin.

According to SEM-EDS observations, the morphology of BC
from the YeRD and YaRD is dominated by irregular polyhedra
and block shape, indicating its origin from oil or coal burning
processes, whereas that from the PRD occurs as flaky and
laminated aggregates, suggesting its possible derivation from
incomplete burning of plant or coal materials (Figure 4).** The
BC grain size is generally in the range of 10—20 ym. The
different morphology and similar grain size indicate different
sources and a thorough mixing process before deposition. It is
worth pointing out that BC from coastal VCHs is always
associated with silicate minerals as indicated by the relatively
high abundance of elemental silicon and aluminum besides
carbon in the EDS (Figure 4). In principal component analysis
(PCA), the variability of BC and OC concentrations can be
largely explained by the heavy metals (Figure S4), suggesting
that the anthropogenic processes driving the release and
transport of OC and BC are related. These results support our
hypothesis that allochthonous particle deposition and mineral
interaction are important for BC preservation over a long
timeframe. The allochthonous inputs and physical protection
are also important mechanisms for OC preservation in regions
with high mineral sediments and/or fine-grained particle
delivery.” However, the stability of early formed oxidized BC
would benefit little from adsorption to minerals because BC
generated at high heating temperatures generally exhibits
highly condensed aromatic structures and very low polarity.”
Therefore, aging of BC during transportation with allochtho-
nous particles seems critical in facilitating its preservation
because the condensed aromatic structures of BC can be
functionalized over time with hydroxyl and carboxylic
groups.*® Moreover, allochthonous OC could be directly
involved in the physical transportation and deposition process
of BC through hydrophobic interactions.

3.3. Sources of BC. The §°C and A™C dual-carbon
isotope compositions and contents of BC are compared for
three delta VCHs in Figure 5a and yield three interesting
findings. First, a good linear correlation exists between §°C
and AM™C in the whole dataset. Second, highest concentrations
of BC at the PRD are characterized by lowest 5"*C and highest
A'™C, while BC at the YeRD shows opposite patterns. Third,
high concentrations of BC at the PRD are associated with
lower A™C ages and higher biomass contributions, while the
A™C ages and fossil contributions are increased in the YaRD
and reach highest levels in the YeRD (Table SS). We note that
the ages of BC (13270—17,620 BP) are 2—100 times older
than those of bulk OC (modern—9830 BP) in the YeRD,"’
indicating that BC in soil OC of the minerogenic VCHs is not
of recent biologic origin; instead, they are preaged before it is
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Figure 4. SEM-EDS results of BC from the VCH topsoils of the YeRD, YaRD, and PRD.

incorporated into the OC pools. There are increasing trends of
5"C and decreasing trends of A'C in both the aerosol BC and
riverine BC from northern China coast to southern China
coast;>*” however, such a good correlation is not observed in
their studies. This suggests that BC preserved in China’s
coastal deltas has similar sources but different relative source
contributions along the latitude gradient.

In Figure Sb, we synthesize a three OC-source (autoch-
thonous, terrestrial-derived, and marine-derived) Bayesian
mixing model and a two BC-source (biomass-derived and
fossil-derived) mass balance model to estimate the contribu-
tion of autochthonous OC, non-BC allochthonous OC, fossil
BC, and biomass BC to the bulk OC pools (Text S2). There is
a clear gradient in the source of these carbon fractions along
the coastal deltas. The relative contribution of autochthonous
OC of the YaRD and PRD is 3—4 times higher than that of the
YeRD, while non-BC allochthonous OC is 1.5 times lower.
The relative contributions of biomass BC gradually increase
from the YeRD to the PRD, but the contributions of fossil BC
greatly decrease toward the PRD. This suggests a dramatic
increase in coal-fired activities for coal-based industries and
household heating in northern China as relative contributions
of liquid fossil combustion are similar between northern and
southern China.”"*’

The relative contributions of non-BC allochthonous OC and
biomass BC are similar for depth layers. The surface soil layer
(0—20 cm) has highest autochthonous OC relative contribu-
tions compared to those at subsoil layers of the YeRD and
YaRD. In the PRD, however, highest autochthonous OC
relative contributions occur at the middle soil layer (30—60
cm). The relative contributions of fossil BC are higher in the
bottom layer (70—100 cm) than those at shallower depths. BC
content is often higher in deeper layers of mineral soils as well
as organic soils when it is drained.'”'® The downward
transport of BC in dissolved and particulate form could be
an important mechanism for larger BC content in deeper
layers.” Alternatively, stronger mineral-BC interactions in
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deeper, more stable layers are less likely to be affected by
disturbances and facilitate long-term stabilization.

Clearly, the relative contributions of BC in the YeRD (16—
21%) and YaRD VCHs (16—25%) are much higher than that
in the PRD VCHs (9-13%). Combining the lower
autochthonous OC and higher allochthonous OC in the
YeRD and YaRD, the results further confirm that the
preservation of BC is mainly controlled by the supply of
allochthonous materials. Another notable result is that the
relative contributions of non-BC allochthonous OC are
remarkably constant between the YaRD and PRD. The
YaRD and PRD as two metropolitan areas are also hotspots
of BC emission in China.*” This stresses the importance of BC
preserved in the VCHs with relatively high primary production
that BC seems to be an important carbon fraction affecting the
contribution of allochthonous OC to total OC storage and the
stability of OC. The *C-based isotope mass balance model
reveals that 88 + 2%, 75 + 6%, and 43 + 21% of BC in the
YeRD, YaRD, and PRD VCHys, respectively, are derived from
fossil fuel combustion, and 12 + 2%, 25 + 6%, and 57 + 21%
of BC are derived from biomass burning (Table SS). The
contributions of fossil fuel combustion for the YeRD and
YaRD VCHs are much higher compared with those for the
Yellow and Yangtze rivers, for which Wang et al.* reported
that 52 and 49% of particulate BC and 22 and 15% of dissolved
BC were from fossil fuel origin, whereas the large contributions
of fossil fuel combustion in the deltaic VCHs are in agreement
with that in the aerosols (~70—80%) at the North China Plain,
YaRD, and PRD.>*”° These results are in accordance with
previous studies, suggesting that aerosol BC plays a significant
role in transsporting BC to the sediments in coastal
regions.21’23’51’ > However, the aerosol derived BC cannot
fully explain the BC sources in VCHs soils because the riverine
OC has been proved to be a dominant OC source in the delta
front estuary,”*° and it is also an important driver for BC
dynamics.'*° An alternative explanation could be an aging
effect that preaged BC can be incorporated into riverine OC
and then accumulation and long-term aging in deltaic
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Figure 5. (a) Plot of A™C vs §*C values for BC and (b) relative
source contributions of carbon in the VCH soils of the YeRD, YaRD,
and PRD. The sizes of the symbols for BC loadings at the different
deltas reflect its contents. The stars and error bars denote AMC
(mean + s.d.) vs 6"*C (mean =+ s.d.) in each delta.

VCHs.'"*” The increased BC ages from the PRD to YeRD
VCHs (Table S5) also suggest that a large portion of BC is
preaged before deposition in the Yellow river basin, where
preaged and fossil OC contribute most (87%) to particulate
OC pools.*

3.4. Accumulation Rates of BC. The Yellow, Yangtze,
and Pearl rivers in East Asia are important contributors of
terrestrial sediment to the western Pacific Ocean, accounting
for nearly 10% of the global sediment flux.”” The abundant
sediment supply from these big rivers has contributed to the
high rate of carbon accumulation, showing a linear relationship
between OC or BC accumulation rates and SARs (Figure SS).

Sediment flux is thus of primary importance in influencing the
changing balance between inputs and losses of China’s VCH
OC fractions in the past three decades (Text S3, Figure S6).
Previous studies have confirmed that carbon is very efficiently
preserved in fluvial systems characterized by rapid sediment
transfer to the ocean, such as Ganges-Brahmaputra and
Mississippi systems.””>> The average SARs of the three delta
VCHs are ~3 to 6 times (Table 1) faster than the sea-level rise
in China (2.9 + 0.8 mm year ' and 1980—2016)° and ~2 to 5
times faster than global VCH average values." In global deltas,
only 18 out of 54 deltas have been gaining area over the last
three decades.”’ Among these, accretion rates of the Yangtze,
Pearl, and Yellow rank first, second, and fifth, respectively.
Therefore, in these deltas, sufficient sediment inputs increase
accommodation space for wetland vegetation, allowing for
long-term maintenance of high CARs and ranking them as one
of the major “hotspots” for BC burial in global coasts (Figure
S7).

The average BC accumulation rates in the YeRD, YaRD, and
PRD account for 11—-18% of total OC accumulation rates and
21—30% of allochthonous (sum of terrestrial and marine) OC
accumulation rates (Table 1). Based on these estimates, the
average BC accumulation rates in China’s VCHs are calculated
tobe 33.1 +145¢g m™~2 year_l. The current total areas of salt
marsh, mangrove, and seagrass are estimated to be 2241.3
km?>>*° The China’s VCHs occupy only ~0.02% of mainland
area burying 3.8% of the 1.96 Tg BC produced annually in
China.*® Although BC does not contribute to active removal of
atmospheric CO,, preservation of this large portion of carbon
in VCH soils implies an important climate change mitigation
mechanism, as well as ecosystem service of the VCHs. That is,
the VCHs not only act as active atmospheric CO, sinks though
autochthonous inputs, but also serve as preservations for
allochthonous carbon that has been sequestered elsewhere. In
addition, our results have indicated that the TF in front of or
among the VCHs is a potential BC burning hotspot because of
the comparable BC contents and BC/OC ratios with the
VCHs (Figure 2a). The area of China’s TF is determined to be
5379.8 km?® annually storing 9.0% of the BC assuming the
same accumulation rates as the VCHs. In total, an estimated
0.25 Tg year ~' of BC is stored within coastal wetlands of
China, accounting for 12.8% of annually produced BC. The
large burial efficiency is reasonable because rivers are dominant
transfer media of BC to marginal seas, with Yellow and Yangtze
rivers transporting 12.7% of the BC produced annually in
China.”® The coastal wetlands thus serve as a significant sink of
anthropogenic carbon. However, an undeniable fact is massive
losses of coastal ecosystems in China over the past decades,
with a 59% overall loss of salt marsh from the 1980s to the
2010s.? Recently, China’s government has initiated a suite of
protective actions to protect and restore coastal ecosystems,58

Table 1. Average MAR, SAR, and CARs in the VCHs of Each River Delta and China

MAR SAR CARyo0c CARrenoc
(kg m™? year™) (mm year ') (gm?year ') (gm7year ')
YeRD 15.5 + 6.7 10.5 + 4.4 3.6 +£28 193 + 7.6
YaRD 132 + 6.1 123 + 5.7 31.8 +21.6 36.6 + 16.3
PRD 114 + 6.6 182 + 9.8 97.8 + 54.0 739 + 194
China“” 18.4 + 16.2 17.0 + 15.0 59.0 + 14.3 79.2 + 18.8

CARypr0¢ CARgc CARyoiipc CARyiomasspe
(gm™year ') (gm?year ') (gm?year * (g m™* year !
7.6 £ 42 5.6 + 1.5 49 + 1.3 0.7 £02
24.6 + 5.0 183 + 34 13.6 + 1.7 48 + 1.8
54.5 + 32.2 269 + 59 11.1 + 3.8 15.8 + 9.6
56.5 + 182 33.1 + 14.5 243 + 6.7 8.8 + 6.6

“The data of MAR, SAR, CAR, .00y CARrenoc, and CARy,oc are from Fu et al;* the data of CARpe, CARgipc, and CARpyomassc are
extrapolated from the average values of BC, fossil BC, and biomass BC in this study.
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such as setting up protected areas, drawing marine ecological
redlines and freezes on new reclamation developments, and
suggesting further potential for maintaining and enhancing the
capacity of the VCHs to act as anthropogenic carbon sinks.

Our study provides the first thorough description of sources
and accumulation rates of BC in VCHs. The average '“C ages
of BC in VCHs significantly decreased from temperate-
temperate/north subtropical deltas (Yellow, 15,907 + 1130
BP; Yangtze, 10,421 + 1935 BP) to south subtropical delta
(Pearl, 4097 + 3247 BP). The results reveal evidence that the
relative contributions of biomass BC gradually increase from
the Yellow to the Pearl river delta, but the contributions of
fossil BC greatly decrease toward the Pearl river delta.
Allochthonous particle deposition and mineral interaction are
important for BC preservation over a long timeframe because
the majority of preserved OC in the temperate VCHs has an
allochthonous origin associated with deposited minerals.
Another interesting finding in our study is that the relative
contributions of non-BC allochthonous OC are similar for
depth layers and remarkably constant between the Yangtze and
Pearl river delta. This indicates that BC is an important carbon
fraction affecting the contribution of allochthonous OC to
total OC storage. Sediment flux is of importance in influencing
CARs. In addition to VCHs, unvegetated TFs are potential BC
burring hotspots because of the comparable BC contents and
BC/OC ratios. We calculated that together the VCHs and
unvegetated TFs stored 12.8% of annually produced BC in
China.
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