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Abstract Tidal flats form around the estuarine and coastal zone by continuous terrigenous sediment
transport and deposition processes. Now a large body of published carbon research work frame within
the vegetated area (mangrove forests, sea grass bed, and salt marshes). Nonvegetated tidal flats, which are
characterized by predominantly silts and clays sediment, were generally impressed with low carbon
stock due to their meager primary productivity. However, these regions may be a potentially important
carbon sink, given their high burial rate, expanding areal coverage, and detrial organic carbon derived from
watershed and adjacent vegetated area. Low carbon densities (<0.01 g cm−3) were found in Chinese
tidal flat sediments by the study, but the carbon sequestration rates ranged from 35 to 361 g C m−2 yr−1,
which were comparable to rates of worldwide vegetated coastal areas. The high rates can be ascribed to rapid
sedimentation rates (1–2 cm yr−1) during the past several decades. The highest areal carbon stocks were
located at tidal flat sites proximal to mangrove forests. The majority of carbon stocks (100 cm) was found in
the unvegetated tidal flats instead of in the vegetated tidal flats. The former occupied 87% of the entire
tidal area, 6.7 times larger than the latter. Tidal flats in coastal China store 78.07 Tg C (100 cm), accounting
for nearly 80% of the C deposited in entire coastal tidal area. The future carbon sequestration rates
of Chinese tidal flats are facing uncertainties under the pressures of reduced fluvial sediment loads from
major rivers.

1. Introduction

Vegetated coastal areas, such as marshes, mangrove forests, and seagrass, cover <2% of the ocean surface but
contribute to about 50% of all the organic carbon burial in the ocean sediments (Duarte et al., 2005). The glo-
bal carbon burial rate of coastal vegetated areas has been reported to range from 114 to 131 Tg C yr−1

(Nellemann et al., 2009). Many factors influence carbon burial rate, including vegetation type and coverage,
allochthonous sediment inputs, sedimentation rates, decomposition rates, bioturbation, and other hydrome-
teorology factors (Perillo et al., 2009). Some studies indicate that about 70% of organic carbon transported by
rivers is oxidized in the continental margin, leaving the overall burial efficiency of organic carbon at 30%,
except in areas with very high sedimentation rates (i.e., the Bengal fan) (Burdige, 2005; Galy et al., 2007).
In general, organic carbon delivered by rivers to deltaic intertidal wetlands is deemed relatively refractory
(i.e., resistant to in situ decomposition) (Dodla et al., 2012), while organic carbon frommarine sources is gen-
erally more readily decomposed (Burdige, 2005). Regardless of carbon source, the sedimentation rate is an
essential determinant of carbon burial rates in the coastal systems (Chmura et al., 2003). Greater organic car-
bon is preserved under high sedimentation rates found in theMississippi River delta, Amazon delta, Yangtze
delta, and Fly delta (Aller, 1998, and references therein). The flooded soil condition and low oxygen status of
coastal area soils lead to greater preservation of buried carbon over time. Coastal wetlands are highly effi-
cient carbon sinks; the mean carbon sequestration rates of salt marshes and mangroves are 2.18 ± 0.24
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and 2.26 ± 0.39 Mg C ha−1 yr−1 (mean ± SE), respectively (Mcleod et al., 2011), much higher than cropland
ecosystems (West & Post, 2002).

Broad tidal flats characterized predominantly with silts and clays can be defined as a muddy coast (Wang
et al., 2002). Previously, mud flats, salt marshes, and mangrove swamps with or without vegetation were
all classified as tidal flats (Flemming, 2002). Here, the study focusses on nonvegetated tidal flats, which
are fringed by marsh and mangroves and also exist as the form of exclusive barren surface. In contrast to
the well‐studied marshes and mangrove systems, the global distribution of tidal flats had not been mapped
until recently (Murray et al., 2019a). However, carbon sequestration rates for these areas remain relatively
unknown (Gorma et al., 2020; Perillo et al., 2009). Meng et al. (2019) reviewed the published data and found
a total of 48.12–123.95 Tg C (100 cm) stock in China's coastal vegetated wetlands. Additionally, Fu
et al. (2020) reported that Chinese mangrove, salt marsh, and seagrass habitats stored 15.4 Tg C (100 cm).
Lack of unified field sampling and lab analysis methods contribute above large gaps of the carbon stock.
Currently, it seems that there is no systematic field research about unvegetated tidal flats at national wide
level. Regional studies have found that an average C density in Gulf of Mexico marshes was 0.052 g cm−3,
an order of magnitude larger than the C density in mudflats of the Wadden Sea (Chmura et al., 2003;
Postma, 1981; Volkman et al., 2000). Rapid sedimentation rates can promote burial of OC in tidal mudflat
associated with a major riverine sediment source (Choi &Wang, 2004). Tidal flats, located in deltaic regions,
receive high concentrations of suspended sediment and also could experience high C sequestration rate due
to rapid burial rate (Roberts et al., 2015).

Tidal flats are one of the dominant habitats along the Chinese coast. This is especially true for northern
China where the alluvial plain has prograded seaward over the past thousands of years due to high sediment
transport of large river systems (Wang, 1983). Currently, the suspended sediment loads of major rivers are
much less than the loads in the twentieth century due to construction of dams and application of soil erosion
control measures (Wang et al., 2007, 2016; Xu &Milliman, 2009; Yang et al., 2007). Decreased river sediment
loads create an uncertain future for C sequestration of associated coastal systems. At the same time, the
Chinese coastal region has experienced large reclamation activities and sea defenses construction
(Ma et al., 2014; Paulson Institute et al., 2015), which may impact carbon stock and sequestration rates in
these wetlands. Many previous studies of Chinese coastal wetlands have focused on the supratidal zones
or adjacent areas proximal to the high spring tidal watermark (Bai et al., 2012; Duan et al., 2008;
Liu et al., 2007; Zhang et al., 2010), perhaps due, in part to accessibility issues related to navigating soft muds.
This research incorporated the organic C content, bulk density, accretion rates, C sequestration rate, and
C stock in the research plan of a number of tidal flats along the Chinese coastline. All these tidal flats are
outside of seawall and experience semidiurnal or diurnal tide.

2. Material and Methods
2.1. Study Sites

Twelve sampling sites were selected, namely, LiaoHe (LH), HanGu (HG), DongYing (DY), QingDao (QD),
YanCheng (YC), DongTan (DT), CiXi (CX), FuZhou (FZ), JiuLong (JL), ZhuJiang (ZJ), DongZhai (DZ),
and YingLuo (YL) (Figure 1). Several essential parameters, including tidal flat type, tidal type and range,
average annual and monthly temperature range, salinity, and mean annual precipitation, were summarized
in Table S1 in the supporting information. All these tidal flats are outside of the constructed seawalls and are
inundated by spring tides. All study sites are under the influence of the East Asian monsoon climate, which
is characterized by warm wet summers and cold dry winters. The sites located south of 31°N are also influ-
enced by the occasional tropical cyclones, which impact the coastline during the summer and autumn sea-
sons. The wetland type of each study site was classified based on the Ramsar classification system (Table S1)
(Ramsar Convention Secretariat, 2013).

2.2. Sediment Collection

The sampling was carried out through two phases, one set of sites was sampled in the winter of 2014 and the
other was sampled in the following summer. At each site, the sampling depth was 15 cm. For the winter sam-
pling, five transects were established at each site, and each transect was divided into high, middle, and low
regions based upon the bathymetry and inundation frequency by spring and neap tides. The summer
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sampling event revisited the five transects previously sampled in the winter and added an additional 10
transects for each site. In total, 720 surficial samples were collected. The samples were stored frozen at
−18°C before analyses.

Twenty‐six sediment cores (10 cm diameter and 110 cm long) were collected by using cylindrical polymethyl
methacrylate tubes at 12 sampling sites from September to the end of 2014. Duplicate cores were taken at
each site, except at LH and YCwhere triplicate cores were collected. The cores were immediately sealed with
rubber stoppers, transported back to the laboratory, and stored at 4°C prior to analysis.

2.3. Sediment Analysis

Sediment cores were sectioned at 2‐cm intervals weighed, and then each section was subdivided to form four
subsamples that were dried at 70°C for 48 h to allow for calculation of dry bulk density and water content.
The samples were subsequently ground for analysis of grain size (Mastersizer 2000, Malvern). Given the
wide distribution of calcareous soils in northern China (Mi et al., 2008), this study employed the heated
dichromate method (tube digestion method), which decomposed organic carbon completely and does not
require a correction factor for inorganic carbon (Nelson & Sommers, 1996). Total C content of sediments
were determined by the elemental analyzer (vario MICRO cube, Elementar GmbH). The results were veri-
fied and calibrated by standard reference materials. The recovery of these standards was 98.5% ± 0.6%.
Inorganic carbon content was the result of subtracting organic carbon from total carbon.

Figure 1. Map of the sampling sites, 12 tidal flats sites on the coast of east China. From the north to the south, they are
the mouth of Liaohe River (LH), Tianjin Hangu (HG), the mouth of Yellow River (DY), Jiaozhou Bay of Qingdao
(QD), Yancheng (YC), Chongming Dongtan (DT), Cixi (CX), the mouth of Minjiang River in Fuzhou (FZ), the mouth of
Jiulong River (JL), the mouth of Pearl River (ZJ), Dongzhai Port (DZ), and Yingluo Bay (YL).
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Activities of 210Pb, 214Pb, and 137Cs were measured simultaneously using four high‐purity Germanium well
γ ray detectors (ORTEC GWL‐120‐15, AMETEK). After a 20‐day equilibrium period, activities of 214Pb and
total 210Pb were quantified using 352‐ and 46.5‐keV photopeaks, respectively (Joshi, 1987), and activity of
137Cs was quantified from counts of 662‐keV photopeaks. Unsupported 210Pb activities were derived from
subtraction of supported 210Pb activities from the total 210Pb activities (Joshi, 1987).

2.4. Calculation of Carbon Stocks, Density, and Sedimentation Rates

Carbon stock (Sc, Mg C ha−1) of each core (100 cm) was calculated as

Sc ¼ ∑n
i¼1cn × ρn × 2 (1)

where ρn (Mg m−3) is bulk density and Cn (mass %) is C concentration of the sample. The value 2 is indi-
cative of the length of sample section, 2 cm.

Carbon density (Dc) of surficial sediment was calculated as

Dc ¼ c × ρ (2)

where ρ (Mg m−3) is mean bulk density and c (mass %) is mean C concentration of the surficial sample.

The constant rate of 210Pb supply (also known as constant flux) model (CF) can been applied to nonsteady
state sedimentation and nonmonotonic profiles of unsupported 210Pb (Appleby & Oldfieldz, 1983). Here the
study used CF model to elucidate the dates and sediment fluxes of the cores (Nriagu, 1978).

The activity of unsupported 210Pb is gained by

Am ¼ f
G tð Þ e

−λt (3)

where Am (Bq kg−1) is the unsupported (excess) activity of 210Pb at depthm. G(t) (kg cm−2 yr−1) is the sedi-
mentation mass during the time t; alternatively, it can convey as G(t) = dm/dt. λ (0.0311 yr−1) is the radioac-
tive decay constant for 210Pb. Variable f (Bq cm−2 yr−1) is the constant supply rate of unsupported 210Pb, so it
can express as

f ¼ λ∫
∞
0 Amdm (4)

Then Equation 3 is transformed as

∫
∞
mAmdm ¼ ∫

∞
t f e−λtdt ¼ f

λ
e−λt ¼ e−λt∫

∞
0 Amdm (5)

Based above equations, the age t can be deduced as

t ¼ 1
λ
ln

R∞
0 AmdmR∞
mAmdm

(6)

And mass flux G(t) is also gained by using Equations 3 and 5 as the form of

G tð Þ ¼ f e−λt

Am
¼ λ

R∞
mAmdm

Am
(7)

Finally, the sequestration rate of soil organic carbon is calculated based above sedimentation rate

Soc ¼ G tð Þ OC mass%ð Þ10 (8)

Among this (Equation 8), Soc (g C m−2 yr−1) is the organic carbon sequestrated per year per square meter.
OC is mass percent of organic carbon. The constant 10 is the adjustment factor for the conversion of units.
Sedimentation flux rates calculated from above CF model were checked using 137Cs data.
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The study also used a CIC (constant initial concentration) model (Equation 9) to calculate the sedimentation
rate (cm yr−1).

Am ¼ A0e
−λt (9)

The A0 in Equation 9 means the initial unsupported activity of 210Pb.

2.5. The Area of Tidal Flats in China and Estimation of Carbon Stock

Since one of the primary goals of this study is to estimate the carbon stock of Chinese tidal flats, the total
areal extent is required. The largest coastline and peritidal zone study was carried out during the 1980s.
The results indicated that there were ~ 22,000 km2 of coastal wetlands in China (Ren, 1996), including
regions above the high tide level and below the low tide level. The example of Shanghai showed this sum
was the merged result based on tidal range and bathymetry (Chen et al., 1988). However, during the past
70 years, nearly 14,200 km2 coastal areas have been reclaimed from the sea (Hou et al., 2016). More than
60% of the coastal wetlands along the Chinese coast are surrounded by seawalls (Ma et al., 2014).

Based on 707,528 Landsat images, digital elevation, and bathymetry models, the distribution of global tidal
flats (no plant coverage) was mapped by Murray et al. (2019a). The accuracy of above result was 82%, and
this provided a reliable estimate on tidal flat coverage, given that multiple validation methods were
employed (Murray et al., 2019a). The study used this open data set (Murray et al., 2019b) to determine the
Chinese tidal flats area in 2016. We divided Chinese tidal flats into 12 sectors, most of which were separated
by the province borders, except for the Yellow River delta and the Jiulong River estuary. The latter two area
were extracted independently, as their sediment attributes were not analogous to adjacent tidal regions. The
study assumed carbon distribution of each sector to be consistent. Each sampling site represents each speci-
fic region except for the Yellow River delta and Jiulong River estuary.

3. Results
3.1. Sediment Deposition Rates of Tidal Flats

The sedimentation rates based on CIC and 137Cs ranged from 0.84 to 2.82 cm yr−1(Table 1). The lowest and
highest sedimentation rates occurred in JL andHG, respectively. Except for the extreme values, the sedimen-
tation rate of most tidal flats in China was about 1–2 cm yr−1. The study found three sites, namely, YC, FZ,
and YL, for which we could not utilize either CIC, CF models or 37Cs dating, owing to irregular activities of
210Pb, 214Pb, and 137Cs, sediment disturbance/reworking, or isotope diffusion (Table 1). The sediments down
to 55 cm have been deposited since 1960, except for LH01 and JL01 (Figure 2). The top 20‐cm deposition of
all the tidal flat cores occurred after the year of 1995 except for LH01 (Figure 2). The rapid sedimentation
rates after 1990 occurred in all tidal flats sites, and the sedimentation rates of HG01, QD02, DTS, and
JL02 were about 2 times larger than the previous sedimentation rates during 1950–1990 (Table 1). The
sediment accretion measurements identified that the sedimentation rates increased abruptly in specified
years (Figure 3). The high sedimentation rates at the estuarine sites were closely linked with recorded
major or record flooding levels in the river drainage basin, for example, at LH site during 1945 and 1960
(Ministry of Water Resources Songliao River Water Resources Commission, 2002). The abrupt
sedimentation rate increments in 1959, 1981, and 1994 at ZJ01 corresponded to the floods in the Pearl
River (Zhujiang) (Ministry of Water Resources Pearl River Water Resources Commission, 1994). However,
not all sharp changes in sedimentation were related to river flood events. The sedimentation increases in
DT and CX were influenced by land reclamation. The sedimentation rate of DT increased dramatically in
1999. The phenomenon was related to large‐scale reclamation project launched in 1998 (Gu, 2004). This
activity led to a rapid accumulation of mud in front of the seawalls, that is, the high tide zone. Since 1962,
a series of land reclamation project initiated at site CX and the most recent seawall was established in
2003 (Zhang, Guo, et al., 2005). All these coastal activities have led to increased sediment accumulation
rates in these areas.

3.2. Carbon Burial in Sediments From the Yellow River and Yangtze River

The study found no significant difference (P > 0.05) between summer and winter samples for sediment
organic carbon (SOC) and sediment inorganic carbon (SIC) from the Yellow River and Yangtze River. The
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Figure 2. The correlation between sedimentation time and core depth based on CF model.

Figure 3. Correlation between sedimentation time and sedimentation rate based on CF model.
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SOC of DY, YC, and DT was generally higher in the high tidal flats than in more seaward positions, denoted
as the low tidal flat (Figure S1). There was no difference in SOC at HG between high tidal and low tidal flats,
but its lowest SOC was about 9 g kg−1. At the high tidal flat of DT, the highest SOC was about 10 g kg−1.
Much lower surficial SOC covered high and low tidal flats at the DY sites. Another low SOC area was
located at YC, but it contrasted to DY with abundant SOC adjacent to the dike. Relative higher SOC
sediment was deposited in the southern tidal flat of CX than in the northern CX, which is proximate to
the Qiantang River. The study also investigated SIC distribution in above areas and found an even
distribution of SIC across most areas (Figure S1). In these areas, the SIC content was in the range of
9–10 g kg−1. The highest and lowest SIC was located at YC and CX, respectively. There was an inverse
trend of SOC and SIC in the southern CX.

Four general types of SOC profile were seen across the coastal region (Figure 4). The first one was a down-
ward decreasing trend of SOC from surface to depth, and this was seen at sites DTS and CX01, which repre-
sents conditions at the surface favorable for carbon sequestration. The texture of surficial sediment gained
from CX belongs to clayed silt (Table 2), and the middle and bottom part are classified as silt; this is a classic
example of fine‐up (upward‐fining) phenomenon (Alongi, 1997). Because hydrodynamic forces promote
tidal flat formation. The original flow regime was strong, and the settled coarse particles conserved less
SOC. As the landward accumulation of tidal flat sediment increases, more and more fine particulates with
greater SOC from adjacent vegetated marsh were deposited. The second type profile was an increasing
SOC trend with depth which occurred at DY02, YC01, and YC02, which may represent sites with historically
high carbon sequestration, but less currently. The SOC profile of the third type had increase SOC with depth
and then at midprofile decreasing SOC with depth which indicates an area that decades ago switched from
favorable conditions for carbon sequestration but recently that has declined. DY01 and YC03 were noted as
this type. The fourth type was a nearly equal trend of SOC distributed in the top, intermediate, and deeper

Figure 4. The SOC and SIC profiles in sites of HG, DY, YC, DT, and CX.
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Table 2
Mean Sand, Silt, Clay Percent, D50, and Texture of the Study Sites

Sitea Clay Silt Sand D50 (μm) Texture (USDA)

LHS 30.08 ± 3.40 65.28 ± 2.07 4.64 ± 1.51 9.74 ± 0.56 Clayey silt
LHC 18.08 ± 8.70 77.44 ± 7.97 4.48 ± 5.42 12.73 ± 5.61 Silt
HGS 19.31 ± 13.05 80.69 ± 14.66 0.00 ± 0.16 8.95 ± 1.32 Silt
HGC 29.04 ± 11.75 69.84 ± 11.03 1.12 ± 1.95 8.51 ± 3.08 Clayey silt
DYS 11.84 ± 0.50 66.18 ± 9.14 21.97 ± 8.64 34.31 ± 7.2 Sandy silt
DYC 9.58 ± 4.48 72.99 ± 14.3 17.43 ± 17.87 34.80 ± 10.40 Sandy silt
QDS 16.69 ± 2.08 82.00 ± 2.73 1.31 ± 0.66 11.20 ± 0.64 Silt
QDC 30.20 ± 9.18 67.05 ± 6.34 2.75 ± 4.79 10.11 ± 5.54 Clayey silt
YCS 14.63 ± 1.26 81.99 ± 3.59 3.38 ± 4.60 14.19 ± 4.35 Silt
YCC 18.98 ± 6.56 74.11 ± 4.78 6.91 ± 5.24 18.01 ± 6.22 Clayey silt
DT 16.83 ± 6.24 75.06 ± 5.47 8.10 ± 7.58 20.95 ± 9.73 Silt
DTC 18.47 ± 4.07 78.78 ± 2.41 2.75 ± 2.74 16.03 ± 4.53 Silt
CXS 27.69 ± 7.50 71.90 ± 7.10 0.41 ± 0.65 10.36 ± 3.83 Clayey silt
CXC 22.14 ± 5.75 76.22 ± 4.46 1.64 ± 1.93 15.15 ± 9.34 Silt
FZS 22.39 ± 10.35 41.77 ± 5.68 35.84 ± 12.08 62.48 ± 17.02 Sand silt clay
FZC 8.14 ± 3.24 16.92 ± 5.89 74.94 ± 12.45 166.54 ± 18.54 Silty sand
JLS 40.48 ± 3.65 55.54 ± 7.66 3.98 ± 9.02 6.68 ± 8.11 Clayey silt
JLC 34.85 ± 4.83 58.72 ± 4.09 6.43 ± 4.92 8.08 ± 1.70 Clayey silt
ZJS 26.08 ± 21.88 37.49 ± 6.01 36.43 ± 27.89 37.80 ± 44.44 Sand silt clay
ZJC 21.12 ± 10.08 36.58 ± 18.55 42.29 ± 27.11 66.19 ± 59.27 Sand silt clay
DZS 6.75 ± 4.51 21.18 ± 17.69 72.07 ± 22.20 92.67 ± 29.72 Silty sand
DZC 7.07 ± 1.75 29.97 ± 8.21 62.96 ± 9.68 82.80 ± 14.62 Silty sand
YLS 6.69 ± 3.51 16.72 ± 10.84 76.68 ± 14.84 105.60 ± 15.95 Sand
YLC 20.00 ± 8.59 29.67 ± 7.37 50.32 ± 13.19 58.42 ± 25.61 Sand silt clay

aC and S represent core and surficial samples, respectively. Data are means ± SD.

Figure 4. (continued)
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sediment intervals, which indicates that conditions for C sequestration have not changed over time. HG01,
HG02, and DT02 belonged to type 4.

Relatively high SOC content came from three cores (HG01, HG02, and DT02). The SOC content from HG01
and HG02 ranged from 7 to 10 g kg−1. By contrast, the SOC from the Yellow River (DY01 and DY02) was in
the range of 1–2 g kg−1, the lowest among cores from two river sources. The SOC contents displayed differ-
ences in YC, as low SOC of YC01 surface (~1.5 g kg−1) and high SOC in the midplace of YC03 (7–8 g kg−1)
coexisted in these places.

There were no easily discernible trends of SIC profiles in all cores except from YC02 and DTS (Figure 4), and
the trend of YC02 is much more significant. The highest SIC content was found at the base of YC02.
Relatively low SIC content was found in HG01, HG02, DT02, CX01, and CX01 ranging between 6 and
8 g kg−1. Slightly higher SIC content existed in DY01, DY02, YC01, YC02, YC03, and DTS; their range
was between 8 and 10 g kg−1.

3.3. Carbon Burial in Sediments From the Northern Rivers

The sediments of LH and QD site originate from Liao River and Dagu River, which flow to Liaodong bay
(north part of Bohai Sea) and Jiaozhou Bay, respectively. The study found that the mouth of Liao River
had higher SOC content (at the northwest of Figure S2 LH), compared with other sites farther away the river
mouth, indicating the particulate organic carbon (POC) of the suspended sediments transported by Liaohe
River. The Dagu River mouth sites had lower SOC (to the west in Figure S2). Higher SOC was located at the
eastern Jiaozhou Bay tidal flat. This result corresponded to high nutrient or pollution level of this area
(Qingdao Municipal Marine Development Bureau, 2015). Also, the suspended sediment load of Dagu
River is much lower, as indicated by low suspended particular matter in the Jiaozhou Bay (Yang et al., 2003).
There was no significant difference of SOC between high tidal zone and low tidal zone in the LH and QD.

The study found the single highest SIC content in the SIC profile of LH01 (Figure 5). The burial of calcareous
shell has likely contributed to the large amount of SIC. Besides the single highest SIC, the SIC content in
other cores of LH did not exceed 2.2 g kg−1, contrasted with the sediments from the Yellow River and
Yangtze River. No appreciable SIC was found in sediments of QD, where the small amount of SICmay relate
to minimal calcareous shell accumulation. Nearly all SOC content in all profiles of QD were larger than
6 g kg−1 (Figure 5). The SOC content below 50 cm did not exceed 5.5 g kg−1 in all cores from LH. The
SOC content of LH02 did not follow the ragged down trend pattern as other cores.

3.4. Carbon Burial in Sediments From the Southern Rivers

The SOC distribution pattern of FZ was similar to LH, where high SOC sediment accumulated in the river
mouth (the west position of Figure S3 FZ). According to field observation, the grain size of FZ sediment
deposited at Min River mouth was finer than its eastern estuary. A large area of Min River estuary is covered
by silty sand with finer sediment scattered sparsely across the river estuary. This sedimentation pattern likely
accounts for the extreme low SOC content in the two cores from FZ (Figure 6). The JL site contained the
highest and stable surficial SOC content in the tidal flats, as its SOC content ranged within 10–15 g kg−1

(Figure S3). The high SOC in JL can likely be attributed to the close proximity of sampling sites to established
mangrove forest. On the other hand, the finest grain size sediment deposited in JL favors the preservation of
SOC (Table 2). There appears to be no regular SOC distribution pattern seen for the ZJ site. This may partly
be ascribed to complicated sand and silt sediment distribution in the Pearl River mouth (Figure S3)
(Zhao, 1990). The cores of ZJ also reflected this complicated depositional history (Figure 6).

3.5. Carbon Burial in Sediments From Mangrove Tidal Flats

Among the two mangrove tidal flats (YL and DZ), the study found high SOC content adjacent to the river
mouth in YL (the north position of Figure S4 YL), where the SOC was approaching 10 g kg−1. The mean
SOC in mangrove systems proximal to river flow is much higher than those regions containing no direct
river input (Breithaupt et al., 2012). The SOC from most areas of the mangrove tidal flats in DZ ranged from
3 to 4 g kg−1, and high SOC occurred in the small south area where the values ranged from 5–6 g kg−1.
Contrasted with low surficial SOC, a large amount of SOC was buried below the depth of 20 cm
(Figure 7). All SOC cores but DZ02 showed SOC fluctuating between 10 and 30 g kg−1. The SOC stocks in
these sites were the largest among all the studied tidal flats.
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3.6. Carbon Stock of Chinese Tidal Flats

The lowest carbon stock in the top 1 m was found in the Yellow River (DY) delta and Minjiang delta (FZ)
(Table 3). The former was attributed to low organic carbon of suspended sediments (Wang et al., 2012),
and the latter was caused by sediment size, as the reflection of extensive deposition of coarse sand in

Figure 5. The SOC and SIC profiles from core samples of LH and QD.
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Minjiang subaqueous delta (Zhen, 2000). The sites adjacent to mangrove forests, including JL, YL, and DZ,
indicated highest carbon stock. Apart from these maximums and minimums, carbon stock of Chinese tidal
flat ranged within 50–90 Mg C ha−1 for the top 1 m of sediment (Table 3).

Based on the remote sensing methods, the study calculated the total area of Chinese tidal flat at
1.1 × 104 km2 (Table 4). The area is one half of previous study result, which was calculated by tidal range

Figure 6. The SOC and SIC profiles from core samples of FZ, JL, and ZJ.
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and bathymetry in 1980s (Chen et al., 1988; Ren, 1996). Though the specific decrease in area over the past
30 years cannot be precisely quantified due to difference in estimation methodology, a trend of
substantive tidal flats loss is certain. By compiling the most recent estimations of Chinese blue carbon
ecosystems, the total area of Chinese tidal area, including both vegetated (blue carbon) and nonvegetated
(tidal flat), was 1.27 × 104 km2 (Table 4). Therefore, 87% (1.1 × 104/1.27 × 104 × 100%) of tidal area is the
nonvegetated tidal flat. The total carbon stock (100 cm) of tidal flat and blue carbon ecosystem (vegetated)
are 78.07 and 20.53 Tg C, respectively. Hence, nearly 80% of the carbon stock is buried in tidal flats.

4. Discussion
4.1. The Sources of Tidal Flat Sediments

Carbon burial efficiency and accumulation of organic carbon are determined by suspended sediment input
and their deposition rates (Galy et al., 2007). Clay mineral composition has long been used to distinguish dif-
ferent sediment sources (Eisma et al., 1995). The content of illite in northern tidal flats, for example, LH, HG,
DY, YC, DT, and CX, was above 55% (Table 5). The ratio of smectite to illite indicated similar sediment origin
of HG and DY, or DT and CX, that is, the Yellow River (HG and DY) and Yangtze River (DT and CX).
Although HG was ~150 km apart from current outlet of the Yellow River delta, the sediment transported

Figure 7. The SOC and SIC profiles from core samples of YL and DZ.
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by the Yellow River can still reach and settle at the HG site, which can be
verified by both the location of chenier ridges and the historical records
(Wang, 1983). The smectite/illite ratio in YC was intermediate between
that in DY and DT. The coast of YC was historically influenced by the
Yellow River and now also accept the sediment deposition from the
Yangtze River, which is carried by the northern direction coastal currents
from the Yangtze River mouth (Ren, 1986). The sediments of LH and QD
originated from different local rivers. The southern tidal flats (in the south
of 30°N) deposited high content of Kaolinite, which reflects the influences
of humid and hot climatic conditions (Melo et al., 2001).

4.2. Biogeochemical Factors Behind Different Carbon Types

The study found distinguishable inorganic carbon content in the tidal flat
sediments from Yellow River (HG, DY, and YC) and Yangtze River (DT
and CX). Comparatively smaller amounts of SIC, about 0.5 times smaller
than the aforementioned two river sediments, was found in the ZJ cores.
Among these six sites, SOC content was significantly related to SIC con-
tent in all the samples with the exception of HGSUR, HG02, and
DYSUR (Figure 8). All the sediments from YC and ZJ and one of the sedi-

ments from DY showed positive relationship between SOC and SIC, while the rest indicated negative rela-
tionship between SOC and SIC (Figure 8).

Three main factors, including physicochemical characteristics of sediments at various erosion/deposition
time periods, dissolution/precipitation of calcite, and growth/burial of specific phytoplankton influenced
the distribution of SOC and SIC across the sites. About 90% of the sediment load of the Yellow River is
derived from the Loess Plateau since 1950 (Ren & Shi, 1986). The sediment of the Yangtze River is influenced
by the upper reaches, which are dominated by Paleozoic carbonate, Mesozoic detrital, and igneous rocks
(Yang et al., 2004). Yang et al. (2004) demonstrated that both rivers were dominated by carbonate weather-
ing instead of silicate weathering, but the Yangtze River experienced more intense carbonate weathering
than the Yellow River. Hence, the SIC in sediments from the Yangtze River is lower than those from the
Yellow River. Precambrian metamorphic rock and Quaternary fluvial sediment are distributed widely in
the Pearl River basin, and 35% of the total basin area is covered by carbonates (Liu et al., 2017). The ZJ site
with low SIC undergoes more intense weathering, as indicated by high kaolinite content in the sediment
(Table 5).

Table 3
The SOC Stocks, Area, and Total SOC Stocks (1‐m Depth) of Chinese
Tidal Flats

Sites
SOC stock

(Mg C ha−1)
Corresponding

regiona
Area
(km2)

Total SOC
stock (Tg C)

LH 69.9 ± 10.6 Liaoning 1,331 9.310 ± 1.417
HG 84.8 ± 1.1 Tianjin and Hebei 732 6.208 ± 0.079
DY 22.4 ± 0.6 Yellow River Delta 825 1.850 ± 0.052
QD 82.0 ± 4.4 Shandong 413 3.386 ± 0.183
YC 59.4 ± 5.2 Jiangsu 2,914 17.312 ± 1.526
DT 73.3 ± 28.9 Shanghai 378 2.769 ± 1.093
CX 67.9 ± 17.5 Zhejiang 1,328 9.014 ± 2.330
FZ 24.6 ± 3.7 Fujian (except

Jiulong River Delta)
1,004 2.469 ± 0.370

JL 124.9 ± 13.1 Jiulong River Delta 219 2.741 ± 0.287
ZJ 75.1 ± 6.5 Guangdong 1,085 8.156 ± 0.710
YL 207.0 ± 26.7 Guangxi 598 12.377 ± 1.598
DZ 125.7 ± 94.8 Hainan 197 2.482 ± 1.872

aAll sites but DY and JL correspond with their provinces; refer to the
method to get the details.

Table 4
The Comparison of Carbon Stock and Area Between Blue Carbon Ecosystem and This Study's Tidal Flats in China (1‐m Depth)

Blue carbon
ecosystem Area (km2)

carbon stock
(Mg C ha−1)

Total carbon
stock (Tg C)

Tidal flats of
this study

Area
(km2)

carbon stock
(Mg C ha−1)

Total carbon
stock (Tg C)

Mangrove forest 228a; 328b; 345c 270.39d 6.165; 8.869;
9.328

The northern
tidal flate

7,921.3 65.6 49.849

Sea grass bed 109.69f,g,h,i,j 48.3k; 139.7l 0.530; 1.532 The southern
tidal flatm

2,309.1 74.9 13.366

Salt marsh 1,206.54n 64.8o,p; 65.2–65.8q,r;
82.0s

9.668t Mangrove tidal
flat

795.3 166.4 14.859

Total (blue carbon)u 1,661.23 — 20.53 Total (tidal flat)u 11,025 — 78.07

aLiao and Zhang (2014). bJia (2014). cDan et al. (2016). dLiu et al. (2014). eThe tidal flats in Liaoning, Tianjin, Hebei, Shandong, Jiangsu, Shanghai and
Zhejiang comprised the northern tidal flats. fZheng et al. (2013). gLiu et al. (2016). hZhou, Zhang, et al. (2016). iJiang et al. (2017). jThe original value
was from footnote f, but newly discovered sea grass bed during 2015–2016 (footnotes g, h, and i) is added. kLi (2018). lFourqurean et al. (2012). mThe
southern tidal flats scattered in Fujian, Guangdong, Guangxi, and Hainan. nZhou, Mao, et al. (2016). oLiu et al. (2007). pThe final value (0–100 cm) was
the calculation result from top 20 cm SOC (l) by assuming the same of the rest 80 cm. qGao et al. (2012). rThe summed result gained from specific layers
of 0‐ to 100‐cm SOC (m). The calculation result gained from top 20‐cm SOC (n) by assuming the same of the rest 80 cm. sShao et al. (2015). tThe area and
stock of salt marsh in Jiangsu Province were 133 km2 and 65 Mg C ha−1, respectively (Liu et al., 2004; Zhang, Shen, et al., 2005). And the stock of remainder
was 82.0 Mg C ha−1. uThe total area of Chinese coastal wetland, including blue carbon ecosystem and tidal flats, was 1.27 × 104 km2. Here the maximum
area and carbon stock of each type of blue carbon ecosystem are chosen, due to the stable growth of the ecosystem and the strong resolution and
implementation of wetland protection from local and central governments.
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The negative and positive relationship between SOC and SIC can be partly
explained by the dissolution/precipitation process of calcite. The study
found comparative high SOC content (>5 g kg−1) among most sites. The
CO2 that originated from decomposition of organic matter dissolved into
water to develop carbonic acid. And carbonic acid is in equilibrium with
the bicarbonate anion and hydrogen ion. This fact may inhibit the preci-
pitation of calcite or promote the dissolution, depending on the amount
of CO2 produced (Müller et al., 2003). The positive relationships with rela-
tive high correlation coefficient (r≥ 0.6) in the YCmay be ascribed to high
Ca2+, high pH, and relatively low SOC. A previous study showed the Ca
elemental content of the Yellow River sediment was 2 times larger than
the sediment from the Yangzte River, which had more dolomite than
the Yellow river (Li et al., 1984). High Ca2+ will promote precipitation
of carbonates under high pH and carbonic acid environment.

Another factors contributing to high inorganic carbon may relate to the
growth and deposition of coccolithophores. The dominant living cocco-
lithophores of the Yellow Sea and the East China Sea are Emiliania hux-

Table 5
Average Clay Mineral Content (%) From Surficial Samplesa

Site Illite Smectite Kaolinite Chlorite S/Ib

LH 58.9 14.5 13.9 12.7 0.246
HG 59.1 8.4 15.3 17.2 0.142
DY 55.3 8.3 16.1 20.3 0.150
QD 61.0 10.8 16.0 12.2 0.177
YC 58.3 7.4 15.2 19.1 0.127
DT 56.1 4.6 18.4 20.9 0.082
CX 58.8 5.1 16.3 19.8 0.087
FZ 32.8 2.2 37.9 27.1 0.067
JL 32.0 3.5 40.0 24.5 0.109
ZJ 39.5 1.3 38.4 20.8 0.033
DZ 32.6 6.4 38.7 22.3 0.196
YL 15.3 2.0 61.3 21.4 0.131

aData provided by Qingdao Institute of Marine Geology (2016). bRatio
of smectite to illite.

Figure 8. The bivariate linear correlation analysis between SOC and SIC from surficial (denoted as SUR behand site name) and core samples (denoted as number
behand site name except DTS) of HG, DY, YC, DT, CX, and ZJ. Note: The several red scatters in plots of HG01 and YCSUR are deemed as extraneous
variances which are eliminated from correlation analysis. There is no statistical significance between SOC and SIC from HGSUR, HG02, and DYSUR by
conducting Pearson and Spearman tests.
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leyi and Gephyrocapsa oceanica, which are also the most prominent bloom formers globally (Sun et al., 2013;
Thierstein & Young, 2004). The highest surface coccoliths per milliliter was found in coastal area of Subei
Shoal (adjacent to YC) in summer, while in winter, it was in the adjacent Yangtze River estuary (Sun
et al., 2013). The location of highest coccolithophores corresponded to the lowest suspended sediment
concentration in summer or in winter (Bian et al., 2013). This phenomenon conforms the principle that cal-
cification of coccolithophores is predominantly a light‐dependent process (Thierstein & Young, 2004).
Another essential factor that controls the growth of coccolithophores is the concentration of Ca2+ and

Figure 8. (continued)
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higher Ca2+ will promote growth (Thierstein & Young, 2004). Much
more calcite is in the sediment from the Yellow River than in the sedi-
ment from the Yangtze River; the latter is enriched by Mg‐containing
dolomite (Li et al., 1984). Given the fact that the Ksp of calcite is two
times larger than dolomite (Ball & Nordstrom, 1991), the environment
of the Yellow River sediment favors the growth of coccolithophores if
the suspended sediment concentration is low enough. As the sampling
site YC is close to the western coastal shoal of the Yellow Sea, it seems
that high surficial SIC of this area is partly impacted by the deposition
of calcite calcium formed by coccolithophores. But it remains unclear
how much the coccolithophores impact the SIC content since the
mechanism of coccolithophores dissolution/precipitation is not fully
understood (Thierstein & Young, 2004).

4.3. Comparison of Carbon Density, Stock, and Sequestration Rate
Between Chinese Tidal Flats and Global Coastal Area

We compiled SOC densities of all the surficial samples (Table 6) and found
that carbon densities in the majority of study sites were below
0.01 g C cm−3. Only two mud tidal flats (HG and JL) had SOC densities

higher than 0.01 g C cm−3. The lowest densities occurred in the Pearl delta (ZJ) and the Yellow River delta
(DY). Except these flats, the range of SOC density of Chinese tidal flats was between 0.0052 and
0.0099 g C cm−3. The average SOC density of global salt marsh was 0.039 ± 0.003 g C cm−3 (Chmura
et al., 2003). The SOC densities of Chinese tidal flats were much lower than the values of most coastal wet-
lands worldwide (Table S2). A recent study found that SOC density ranged from 0.031 to 0.044 g C m−3 in
the top 1 m of sediment in North American and Western European tidal marsh soil (extended data from
Rogers et al., 2019). The region with the lowest SOC density, mainly located in East Asia, ranged from
0.006 to 0.008 g C m−3 (extended data from Rogers et al., 2019). In our research, the SOC of the soil adjacent
to mangrove areas (1–9 g kg−1 in YL and DZ; 10–15 g kg−1 in JL, refer to Figures S3 and S4) was much lower
than SOC from no forested mangrove flats in the United States, Mexico, Australia, Brazil, and Colombia
(average 36.3 g kg−1, further calculated value based on Breithaupt et al., 2012). At Chinese coast, the canopy
height of 69% of Chinesemangrove forests were below 1.9m (Donato et al., 2011; Liu et al., 2014). Sediment of
smaller stature forests had lower carbon content (10–49 g kg−1) (Yang et al., 2014) than the median value of
70 g kg−1 for global mangrove forests (Breithaupt et al., 2012). Apart from above fact, the surficial coarse sedi-
ments influenced the low SOC in the topsoil mangrove flats of YL and DZ, but the latter two had the most
abundant carbon stock (to a 1 m depth) in the Chinese tidal flats (Table 3). If these limited mangrove flats
were excluded, the carbon stock in Chinese tidal flats ranged within 22–85 Mg C ha−1 (Table 3), which
was lower than the mean carbon stock (0‐ to 100‐cm depth) of tidal saline mineral soil wetlands
(172 ± 15 Mg C ha−1) and organic soil wetlands (619 ± 222 Mg C ha−1) in the United States
(supplementary table from Nahlik & Fennessy, 2016). The carbon stock range at Australian tidal marshes
was 91–188 Mg C ha−1 with a mean of 165 Mg C ha−1 (Macreadie et al., 2017).

In our study, the area of Chinese tidal flats is calculated to 1.1 × 104 km2. Total carbon stock in 1‐m depth of
Chinese tidal flats was 78.07 Tg C. The area of tidal saline mineral soil wetland and tidal saline organic soil
wetlands in the United States was 1 × 104 and 0.5 × 104 km2, and their carbon stock (0–100 cm depth) were
170 and 290 Tg C, respectively (Nahlik & Fennessy, 2016). The area and carbon stock (0‐ to 100‐cm depth) of
Australian tidal marshes were 1.38 × 104 km2 and 210. 98 Tg C (Macreadie et al., 2017). Meng et al. (2019)
calculated 48.12–123.95 Tg C stock in the top meter of China's vegetated tidal area. We calculated that
20.53 Tg C stock was found in vegetated tidal area with decreasing salt marsh area, which is comparable
to the data reported by Fu et al. (2020) (15.4 Tg C). High sedimentation rates (>1 cm yr−1, Table 1) induce
high SOC burial capacity, which compensates for the lower C concentration of tidal flat sediment. This study
found that 75% of Chinese tidal flats underwent greater sedimentation rates in 1990–2014 than the previous
period in 1950–1990 (Table 1). This sedimentation rate change was due to rapid reclamation and sea defense
wall construction after 1990, as more rapid accumulation was coincident with the establishment of new sea
wall. Globally, the majority of the sediment rates were below 1 cm yr−1 except for a few rivers with less

Table 6
The SOC Densities of Surficial Samples

Sampling
sitesa

SOC densitiesb

(g C cm−3)
Sampling
sitesa

SOC densitiesb

(g C cm−3)

LH F1 0.0083 ± 0.0012 CX F7 0.0084 ± 0.001
LH S1 0.0091 ± 0.0008 CX S7 0.0085 ± 0.0005
HG F2 0.0119 ± 0.0012 FZ F8 0.0097 ± 0.0045
HG S2 0.0123 ± 0.0006 FZ S8 0.0099 ± 0.0019
DY F3 0.0032 ± 0.0005 JL F9 0.0175 ± 0.0029
DY S3 0.0029 ± 0.0004 JL S9 0.0171 ± 0.0008
QD F4 0.0071 ± 0.0016 ZJ F10 0.0081 ± 0.0015
QD S4 0.0071 ± 0.0008 ZJ S10 0.0011 ± 0.001
YC F5 0.0052 ± 0.0018 DZ F11 0.0081 ± 0.0027
YC S5 0.0054 ± 0.0012 DZ S11 0.0059 ± 0.0005
DT F6 0.0094 ± 0.0029 YL F12 0.0032 ± 0.0008
DT S6 0.0083 ± 0.0013 YL S12 0.0047 ± 0.0011

aThe sign F denotes each dry season sample and S denotes each wet sea-
son sample. For the specific code names, please refer to Figure 1.
bMean ± SE.
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engineering projects, such as the Ganges‐Brahmaputra (Table S2). So even though the SOC densities of
Chinese tidal flats were much lower than planted tidal wetlands globally, the net total carbon sequestration
rates were comparable to the rates of other salt marshes worldwide (Tables 1 and S2). High suspended sedi-
ment load of major rivers results in rapid sediment deposition and limits remineralization due to low oxygen
availability, for example, the highest efficient carbon burial in the Bengal fan (Galy et al., 2007). The high
suspended sediments of Chinese major rivers have largely contributed to the relatively high carbon seques-
tration in the past several decades. However, it is likely that this increasing carbon sequestration trend will
not be sustained over time, given the reduced suspended sediment load and extensive coastal erosion (Cai
et al., 2009; Wang et al., 2007; Yang et al., 2007).

5. Conclusion

Chinese tidal flats have distinct features of carbon content and stock, which are related to characteristic sedi-
ment sources and specific deposition status in the major river estuaries. The major northern tidal flat sedi-
ments, sourced from the Yellow River and the Yangtze River, had high SIC content. A positive
relationship between SIC and SOC could be attributed to high Ca2+ and pH that promote precipitation of
calcite, while high organic carbon content in DT and CX caused dissolution of carbonate, leading to a nega-
tive relationship between SIC and SOC. This study found net higher sedimentation rates in Chinese tidal
flats than global coastal wetlands during the past several decades. The high sedimentation rates favor carbon
sequestration. Despite much lower carbon densities in Chinese tidal flats, carbon sequestration rates are
comparable to the rates of other coastal wetlands in the world. The highest carbon stock (1‐m depth) was
found in tidal flats adjacent to mangrove forests, which suggest trapping and sequestration of transported
detrital material. The majority of Chinese coastal wetland carbon stocks are situated in the tidal flats, in
which nearly 80% of carbon stock was found (78.07 Tg C). Given the reduction in suspended sediments from
Chinese major rivers and increasing coastal erosion due to sea level rise, it is possible that high carbon
sequestration rates will not sustain in the future.

Data Availability Statement

The area of Chinses tidal flats is available from Murray et al. (2019a) and Murray et al. (2019b). The 210Pb
and 137Cs activities are available from the data repository (https://doi.org/10.7910/DVN/QWNLQV). SOC
from surficial and core sediments are available from the data repository (https://doi.org/10.7910/DVN/
BJLKUA, https://doi.org/10.7910/DVN/KIPVT4).
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