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Abstract Estuaries are essential for the ocean's mass balance of terrestrial dissolved organic matter (DOM).
Dissolved black carbon (DBC) constitutes the largest known persistent fraction of DOM in marine
environments. However, the alterations of DBC during its transport through estuaries remain largely unknown.
In this study, we conducted six sampling cruises across three estuaries in China, which varied in size, tidal
patterns, and hydrological conditions. We measured DBC concentrations in both the overlying water and
sediment porewater. Our results indicated that DBC input occurred during flood tides, whereas DBC removal
was observed during ebb tides. Modeling results and laboratory experiments suggest that photodegradation and
photo‐dissolution were not the primary mechanisms influencing these patterns; instead, variations in submarine
groundwater discharge (SGD) of DBC may account for the observed flood‐ebb‐related fluctuations.
Additionally, we found a higher internal accumulation of DBC during the lower runoff period in the three
estuaries, which could be related to the longer flushing time. We estimated that SGD‐derived DBC flux
accounted for ∼12% of DBC discharged from the Jiulong River to the estuary, and represented ∼16–23% of
riverine DBC discharge on a global scale. Our study provides new insights into the flood‐ebb‐tides‐related DBC
transport in estuaries, which should be considered in future studies of other DOM components in the estuarine
region. Furthermore, our study underscores the significance of SGD flux in the transport of terrestrial DOM to
the ocean, highlighting the need for its incorporation into the global budget of terrestrial organic matter.

Plain Language Summary Estuaries play an important role in transferring terrestrial organic matter
from land to the ocean. One key component, dissolved black carbon (DBC), is a long‐lasting organic matter
component in seawater. However, how DBC changes while moving through estuaries is not well understood. In
this study, we collected samples from three different estuaries in China, which varied in size, tides, and river
discharge level. We measured DBC in both the water column and sediment porewater. Our results showed that
DBC concentrations showed an input trend during flood tides (when water flows into the estuary) and a removal
trend during ebb tides (when water flows out). We think this is because the flood tide promotes DBC release
from the submarine groundwater into the water column, while the ebb tide may limit this process. Overall, our
study shows that estuaries are an important source of DBC, contributing ∼20% of the riverine DBC that enters
the ocean each year. This highlights the need to consider estuarine sources when calculating the global dissolved
black carbon balance.

1. Introduction
Incomplete combustion of biomass and fossil fuels generates significant amounts of CO2, meantime, it leads to
the formation of a continuum of thermally altered organic matter. Among these, the condensed aromatics exhibit a
higher resistance to biodegradation (Bostick et al., 2021; Kuzyakov et al., 2014) and persist much longer than
other thermally altered components, such as levoglucosan (Coppola et al., 2019, 2024; Ziolkowski & Druf-
fel, 2010). A portion of condensed aromatics can then dissolve in the water after the modifications by biotic and
abiotic processes, referred to as dissolved black carbon (DBC) (Hockaday et al., 2007; Roebuck et al., 2017).
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DBC represents the largest known stable dissolved organic carbon (DOC) pool in the ocean (Dittmar &
Paeng, 2009) and plays a critical role in the global carbon cycle, being sensitive to both anthropogenic distur-
bances (such as land‐use change and deforestation) and climate change (e.g., increased wildfires) (Coppola
et al., 2022). Understanding the cycling and regulatory factors of DBC within the Earth system is essential for
predicting its future changes in the context of global climate change.

Current estimates suggest that riverine discharge is the primary source of DBC to the ocean (Coppola et al., 2022;
Jones et al., 2020). However, a notable 6‰ discrepancy in the stable carbon isotopes of DBC between river and
sea waters indicates that other unidentified sources and/or extensive processing during transport to the ocean may
be significant (Wagner et al., 2019). Estuaries are the only way for riverine organic matter to the sea, where
complex biogeochemical processing of terrestrial organic matter occurs (Canuel & Hardison, 2016). Under
controlled conditions, ultraviolet (UV) light has been shown to efficiently remove DBC (Stubbins et al., 2012);
however, in natural environments, the presence of particles can scatter a substantial portion of UV light (Cao
et al., 2018), thereby limiting the impact of photodegradation on DBC. Conversely, photodissolution from par-
ticles may increase DBC in the water column (Roebuck et al., 2017). In addition, other sources such as submarine
groundwater discharge (SGD) and porewater exchange are non‐negligible for providing water and DOC to the
ocean (Du et al., 2024; Hong et al., 2017; Reithmaier et al., 2023). The global SGD flux of DOC from coastal salt
marsh and mangroves was estimated to be ∼27 Tg yr− 1, which is more than 10% of global riverine discharge
(Hedges et al., 1997; Reithmaier et al., 2023). Dittmar et al. (2012) also observed the export of DBC from a fire‐
impacted wetland. The net seaward flux of DBC is thus the result of these various processes and sources.

Given the significance of estuaries, several studies have been conducted to elucidate the distribution and influ-
encing factors of DBCwithin these ecosystems (Mannino &Harvey, 2004; Marques et al., 2017; Q. Zhang, Zhou,
et al., 2023; Zhao et al., 2023). A recent study indicated that approximately 20% of DBC was removed in a small
subtropical estuary (Zhao et al., 2023). Similarly, it was suggested that over 50% of DBC was removed in Arctic
river estuaries and coastal regions (Z. Fang, Huang, et al., 2021). In contrast, apparent input of DBCwas observed
in the Delaware and Pearl River estuaries (Mannino & Harvey, 2004; Q. Zhang, Zhou, et al., 2023), suggesting
contributions from internal sources. Furthermore, unidentified sources of DBC, beyond riverine input and at-
mospheric deposition, have been observed in coastal seas (Bao et al., 2023). Globally, the input rate of DBC is
significantly lower than its removal rate (Yamashita et al., 2022). Even considering hydrothermal‐derived DBC
(Yamashita et al., 2023), an imbalance persists, indicating the existence of “missing sources” of DBC that have
yet to be accurately quantified in coastal seas and the open ocean.

The observed differences in input/removal patterns and the lack of understanding regarding the influencing
factors necessitate more comprehensive studies. However, most research has been conducted within individual
estuaries and often lacks sufficient temporal resolution (Y. Fang, Huang, et al., 2021; Z. Fang, Huang, et al., 2021;
Mannino & Harvey, 2004; Q. Zhang, Zhou, et al., 2023). Consequently, it remains unclear how the removal or
input of DBC varies temporally or across different estuaries. The challenges in elucidating the factors influencing
DBC transport across estuaries stem from the complex sources and biogeochemical processes involved. The
transport of chemicals in estuaries is closely related to particle concentration and salinity, both of which are
strongly influenced by tidal dynamics and river discharge (Turner & Millward, 2002). Strong tidal currents
facilitate sediment resuspension and elevate particle concentrations, while also influencing the release of pore-
water from sediments. Tidal patterns can exhibit both temporal variability (such as spring‐neap and flood‐ebb
cycles) and spatial heterogeneity. Consequently, we hypothesize that the transport of DBC across estuaries
will differ under varying hydrological conditions and among regions characterized by distinct tidal regimes.

To investigate the mechanisms governing DBC transport in estuarine environments, we conducted six field
surveys across three different estuaries: the Jiulong River Estuary (JRE), the Changjiang Estuary (CJE), and the
Pearl River Estuary (PRE), each exhibiting unique riverine discharges and tidal ranges. Published data from JRE
and PRE were also collected for further analysis (Q. Zhang, Zhou, et al., 2023; Zhao et al., 2023). Moreover,
laboratory simulation experiments (bio‐degradation, photo‐degradation and flocculation) were performed to
elucidate the impact of different processes on DBC concentration. Furthermore, DBC concentrations in sediment
porewater samples from the JRE and CJE were analyzed, and relevant models were employed to estimate DBC
transport within the estuary. Our objectives are to (a) quantify the spatiotemporal variation in the changes in DBC
concentration across estuaries and (b) elucidate the mechanisms that drive DBC transport across estuaries.
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2. Materials and Methods
2.1. Study Area

The three estuaries are predominantly situated in the subtropical regions along the eastern coast of China. The
principal rivers feeding into the CJE, PRE, and JRE are the Changjiang, Pearl River (Zhujiang) and Jiulong River,
respectively, with a drain basin area of 1.8, 0.45 and 0.014 Mkm2 (sum of the two major tributaries, North Jiulong
River and West Jiulong River). The mean river water discharges to CJE, PRE and JRE are 898, 283 and
∼10 km3 yr− 1, respectively (Ministry of Water Resources of the People's Republic of China) (Figure 1).
Therefore, these estuaries are categorized as major‐, major‐, and medium‐river‐affected estuaries, respectively.

The tidal patterns in these estuaries exhibit significant variability. The CJE experiences a regular semidiurnal tide
with a mean tidal range of 2.0–3.1 m (Yang et al., 2001), while the JRE is predominantly influenced by semi-
diurnal tides, exhibiting an average tidal range of 4.95 m (Wang et al., 2015). In contrast, the PRE is subject to a
relatively weaker irregular semidiurnal tide, with a mean tidal range of 1.0–1.57 m (Table 1). The mean sampling
areas in the CJE, PRE, and JRE were 23,500, 7,100, and 350 km2, respectively.

Figure 1. Sampling locations and surface layer salinity distribution across various estuaries. Panels (a–d) depict stations in the
Jiulong River Estuary, while panels (e) and (f) represent stations in the Pearl River Estuary and Changjiang Estuary (CJE),
respectively. Circles represent water column samples only, diamonds represent both water column and porewater samples,
and triangles represent porewater samples only. The figures were generated using Ocean Data View software
(Schlitzer, 2023).
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2.2. Field Sampling and Sample Preparation

Sampling was conducted in August 2022 (summer) for the CJE, in January (winter), April (spring), June
(summer), and November (autumn) 2022 for the JRE, and in July 2021 (summer) for the PRE (Figure 1). In the
following text, the sampling campaign is marked as the location and sampling cruise, for example, JRE202204
means the April 2022 Jiulong River Estuary sampling (Figure 1). Daily water discharge during the sampling was
recorded from http://xxfb.mwr.cn/hydroSearch/greatRiver, and the tidal range at the outlet location of each es-
tuary was recorded from https://www.chaoxibiao.net.

Water samples were collected using a Conductivity‐Temperature‐Depth (CTD) instrument equipped with Niskin
bottles (Seabird Scientific) for the PRE and CJE, while some surface samples from the JRE were collected using a
polyethylene bucket (pre‐cleaned with acid). Approximately 2 L of water was subsequently filtered through pre‐
weighed, and pre‐combusted (4 hr at 400°C) 47 mm or 142 mm 0.7 μm GF/F filters by using a pump. The filtrates
were then acidified to pH = 2 using HPLC‐grade concentrated hydrochloric acid and stored in clean poly-
carbonate (PC) bottles (which had been soaked in 1N HCl for 12 hr and rinsed with ultrapure water) at 4°C. The
filters were freeze‐dried and re‐weighed to determine the concentration of total suspended matter (TSM). Surface
sediment samples (0–10 cm) from JRE and CJE were collected using a stainless steel grab and stored at − 20°C.

Porewater samples were extracted through centrifugation of the surface sediment collected during the JRE202211
and CJE202208 sampling campaigns (Figure 1). Approximately 40–50 g of sediment samples were centrifuged at
2,500 rpm for 15 min in pre‐cleaned centrifuge tubes, and the liquid supernatant was filtered through a 0.22 μm
polyethersulfone (PES) filter. The filtrates were subsequently acidified to pH = 2 and extracted following the
same protocol as other water samples.

For DBC analysis,∼1 L (containing∼100–200 μmol DOC) filtrate was concentrated using solid‐phase extraction
before DBC quantification (Dittmar et al., 2008). Briefly, the pH= 2 filtrates were passed through PPL cartridges
(Agilent Technologies, 0.5 g/6 ml for JRE and PRE samples, 1 g/6 ml for CJE samples) at a flow rate of∼1 L hr− 1

for estuarine water samples driven by gravity. For porewater samples, since their volume was <20 ml (containing
<200 μmol DOC), they were directly filled into the cartridge (500 mg/6 ml), and extracted in ∼30 min. The
cartridges were then dried with nitrogen gas, and then eluted with ∼8 ml methanol. The eluent was designated as
SPE‐DOM and was stored at − 20°C until further analysis.

The extraction efficiency of estuarine water samples was determined by evaporating the methanol of 100–200 μl
eluent in an oven at 50°C and re‐dissolved in pH = 2 HCl (HPLC‐grade), and then determining the DOC con-
centration. The average extraction efficiency for water samples was 46 ± 12% (n = 44), close to previous reports
for saline waters (Dittmar et al., 2008). The extraction efficiency for porewater samples was not determined.

Table 1
The Sampling Information, Including Hydrological Conditions, Tidal Range, and Mean Total Suspended Matter
Concentration of the Six Sampling Campaigns From This Study and Three Sampling Campaigns From Literatures (Q.
Zhang, Zhou, et al., 2023; Zhao et al., 2023)

Location Sampling Date Q (m3 s− 1) Runoff (mm hr− 1) Tidal range (cm) Mean TSM (mg L− 1)

JRE 2022/1/18 62a 0.016 496 53

JRE 2022/4/19 150 0.039 461 90

JRE 2022/6/18 2,827 0.74 436 76

JRE 2022/11/11 63a 0.016 508 83

JRE 2014/7/22b 297 0.078 326 28

JRE 2015/5/31b 610 0.16 527 41

PRE 2021/07/19∼21 4,700c 0.038 163 25

PRE 2018/6/12–13d 11,140c 0.089 168 N.A.

CJE 2022/8/25 20,000e 0.04 203 22
aThe average value of 5 days before sampling due to the longer flushing time (∼4–5 days) in the low discharge period (Du
et al., 2024). bData from Zhao et al. (2023). cData source: http://xxfb.mwr.cn/hydroSearch/greatRiver. dData from Q. Zhang,
Zhou, et al. (2023). eThe mean water discharge of August 2022 at Datong Station (Yangtze River Water Resources Com-
mission of the Ministry of Water Resources, 2023).
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Nevertheless, the samples loaded into the cartridges were within the recommended water volume and total
amounts of DOC to avoid overload (Dittmar et al., 2008). Therefore, the concentration of DBC would not be
affected.

2.3. Laboratory Incubation

Duplicate filtrates (through 0.7 mm GF/F filter) from the PRE at salinities of 0.3 were preserved in 2 L PC bottles
and wrapped in aluminum foil at room temperature to assess the biodegradation of DBC. The filtrates contained in
situ microbes; therefore, we did not add any extra inoculum. After 7 days, the filtrates were re‐filtered to remove
the influence of large size bacteria and acidified to pH = 2 for further analysis.

The flocculation simulation experiment was adapted from Khoo et al. (2022). Briefly, water samples from the
upstream region of the JRE with a salinity of 0 were collected and filtered through a 142 mm 0.2 μm PC filter
(Millipore). The filtrates were transferred to clean 500 ml PC bottles, and pre‐combusted NaCl was added to
adjust the salinity to 0, 3, 6, 12, and 30. Only NaCl was used to minimize potential contamination from organic
carbon. Experiments were conducted in duplicates. A total of 10 PC bottles were placed on a shaking table for
2 hr, after which the samples were re‐filtered using 47 mm 0.22 μm PES filters (Millipore) and subsequently
acidified to pH = 2 for further analysis.

The photodegradation of the DBC experiment was conducted according to the method described by Stubbins
et al. (2012). In summary, a water sample from Shidou reservoir near JRE (24.686°N, 118.012°E) was collected
and then filtered through 0.22 μm filters (PES). Duplicate filtrates were placed into 2.5 L quartz flasks and treated
with a saturated mercuric chloride solution (v:v, 1.5‰) to inhibit microbial growth. The flasks were then sealed
with polyethylene gloves and carefully positioned under natural sunlight for 16 days, with subsamples collected
on days 1, 3, 5, 9, and 16 during July 2023 at Xiamen University. Running water was employed to maintain the
temperature of the water samples below 38°C. The samples were subsequently transferred to 2L polycarbonate
containers and acidified to a pH of 2. All acidified samples were stored at 4°C for further analysis.

2.4. Chemical Analysis

The concentration of DOC was measured using a total organic carbon (TOC) analyzer (Shimadzu TOC VCPH) at
Xiamen University. To ensure the accuracy of the data, reference samples of deep seawater from the Sargasso Sea
(obtained from Dr. D.A. Hansell's lab at the University of Miami, FL, USA) were used for verification. The
average analytical error based on duplicate measurements was <10%.

DBC quantification was performed using the benzenepolycarboxylic acids (BPCAs) method following Ditt-
mar (2008). Briefly, SPE‐DOM containing 5–10 μmol C was oxidized for 9 hr with concentrated nitric acid at
170°C to release BPCAs. Following cooling, the solution was evaporated under nitrogen gas and then redissolved
in phosphate buffer where it was stored frozen prior to analysis. The quantification of BPCAs was conducted
using ultra‐high performance liquid chromatography (UPLC) at the Third Institute of Oceanography, Ministry of
Natural Resources, China. The concentration of DBC was calculated using a power function based on the two
most robust BPCA monomers of benzenepentacarboxylic acid (B5) and benzenehexacarboxylic acid (B6) by the
following equation (Stubbins et al., 2015):

DBC = 0.0891 × (B5 + B6)0.9175 (1)

The units for DBC, B5, and B6 were in μmol L− 1, nmol L− 1, and nmol L− 1, respectively. Calibration curves were
inserted every 50–80 samples to monitor instrument performance. The standard deviation for duplicate and
replicate analyses averaged less than 10%.

2.5. Models for Quantifying DBC Transport in Estuaries

A two‐end‐member mixing model was employed to evaluate the input and removal trends of DBC at specific
salinities (Bao et al., 2023). The input or removal of DBC at a given location was calculated using the following
formula:

∆DBC = DBCobs. − DBCtheo. (2)
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∆DBC represents the deviation between the observed DBC concentration (DBCobs.) and the theoretical DBC
concentration (DBCtheo.). The theoretical concentration, DBCtheo., is derived from the linear mixing lines between
riverine end‐members (salinity < 1) and seawater end‐members (Data set in Supporting Information S1, Bao
et al., 2025). During two JRE cruises (JRE202201 and JRE202211), we were unable to collect samples with a
salinity of 0 (<1) due to relatively low river discharge levels. Consequently, we utilized a discharge‐weighted
DBC concentration from the main tributaries sampled during a similar timeframe to represent the freshwater
end‐member (Data set 01 in Supporting Information S1, Bao et al., 2025). A positive value in ∆DBC indicates an
input of DBC at a specific salinity, whereas a negative value indicates a removal of DBC.

The internal accumulation of DBC (DBCint., μmol C L− 1) can be estimated using the following equation:

DBCint. = DBCeff. − DBC0 (3)

where DBCeff. represents the effective concentration of DBC, and DBC0 represents the freshwater DBC con-
centration. Two distinct models were employed to estimate DBCeff.: a non‐linear model and a linear model. The
non‐linear model utilized quadratic fitting for the input trend and exponential fitting for the removal trend be-
tween salinity and component concentration (García‐Martín et al., 2021; Raymond & Bauer, 2001). The DBCeff.

Is estimated as the concentration of the constituent where the tangent at the seawater end‐member intersects the y‐
intercept of the fitted equation; DBC0 is calculated using the quadratic/exponential fitting line at salinity 0. In
contrast, the linear model assumes that the component is conservatively well‐mixed in samples with salinity > 15.
Thus, the y‐intercept of the linear regression line represents DBCeff., while DBC0 is the DBC concentration at the
lowest salinity (<1). Both models were employed in this study to highlight differences.

For the non‐linear model, the maximum salinity varied across different sampling campaigns. To maintain con-
sistency, we adopted a fixed salinity of 32 to represent the seawater end‐member, following García‐Martín
et al. (2021) (Figure S1 in Supporting Information S1). Only regression coefficients (R2) greater than 0.5 and
fitting parameters that were statistically significant at p < 0.05 were utilized for further calculations (García‐
Martín et al., 2021). The non‐linear models were further validated by comparing DBC0 with measured freshwater
samples, which showed no statistically significant difference (Student's t‐test, p > 0.05). Moreover, the DBC
concentration at salinity 32 estimated by our models was in close agreement with the measured values for sa-
linities > 30 or slightly lower than the measured values at the highest salinity. For the linear model, only p‐values
less than 0.05 were considered statistically significant.

A positive DBCint. Indicates input, while a negative value signifies removal (Zhao et al., 2023). The fraction of
internal input or removal of DBC relative to riverine discharge was calculated by dividing DBCint. by DBC0

(DBCint./DBC0).

Additionally, the internal flux of DBC was estimated using the following equation:

FDBC int. = DBCint. × Q (4)

Where FDBC_int. Represents the internal flux of DBC (mol C s− 1) and Q denotes the riverine water discharge
(m3 s− 1).

2.6. Statistical Analysis

Linear, exponential and quadratic fittings were performed using R Studio (RCoreTeam, 2022). Student's t‐test
was performed to test the differences between the two groups in Microsoft Excel.

3. Results
3.1. Spatio‐Temporal Variations in Physiochemical Parameters

In the JRE, river discharge rates measured during the sampling periods in January, April, June, and November
were 62.5, 150, 2,827, and 63.2 m3 s− 1, respectively. For the Changjiang and Pearl Rivers, the discharges into the
CJE and PREwere approximately 20,000 and 4,700 m3 s− 1, respectively (see Table 1). The year 2022 was notably
dry in the Changjiang drainage basin, marking it as the most drought‐affected year in the last 60 years. Our

Global Biogeochemical Cycles 10.1029/2025GB008532

ZHAO ET AL. 6 of 19

 19449224, 2025, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

B
008532 by X

iam
en U

niversity, W
iley O

nline L
ibrary on [23/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



sampling in the CJE coincided with this drought event (Duan et al., 2024). In
August, the mean water discharge of approximately 20,000 m3 s− 1 was only
one‐third of the typical discharge for that time of year and was close to the low
discharge level of approximately 12,000 m3 s− 1.

To facilitate comparisons among rivers, runoff was calculated by dividing
water discharge by the basin area. The runoff values for the JRE were∼0.016,
0.039, 1.0, and 0.016 mm hr− 1 for January, April, June, and November,
respectively. In contrast, the runoff for the Changjiang and Pearl Rivers was
0.04 and 0.038 mm hr− 1, respectively. The tidal ranges recorded during the
January, April, June, and November samplings in the JRE were 4.96, 4.61,
4.36, and 5.08 m, respectively, while the tidal ranges for the CJE and PRE
during their respective samplings were 2.03 and 1.63 m (refer to Table 1).

Salinity levels in all three estuaries ranged from 0 to approximately 30 during
the six sampling campaigns, exhibiting an increase in salinity seaward
(Figure 1). TSM concentrations varied from 5 to 60 mg L− 1 in the CJE, from 9
to 377 mg L− 1 in the JRE, and from 8 to 102 mg L− 1 in the PRE (Figure 2). In
the JRE, the highest mean TSM concentrations were recorded in April and
June, whereas TSM concentrations in the CJE and PRE were significantly
lower than those in the JRE (Table 1). Elevated TSM levels (greater than
100 mg L− 1) were primarily observed in the low to mid‐regions of the JRE
(Figure 2).

3.2. Spatio‐Temporal Variations in DOC and DBC Concentrations

DOC concentrations ranged from 62 to 262 μmol L− 1 in the CJE during August 2022, and from 59 to
176 μmol L− 1 in the July 2021 sampling in the PRE. In the JRE, DOC concentrations varied from 100 to
213 μmol L− 1 in January, 83–159 μmol L− 1 in April, 95–130 μmol L− 1 in June, and 77–174 μmol L− 1 in
November. A significant negative correlation between DOC and salinity was observed across all sampling
campaigns (p < 0.05 for all cases) (Figure S2 in Supporting Information S1).

DBC concentrations ranged from 0.86 to 7.4 μmol C L− 1 in the CJE during August and from 1.1 to 9.0 μmol C L− 1

in the PRE during July (Figures 3a and 3f). In the JRE, DBC concentrations varied from 2.5 to 6.3 μmol C L− 1 in
January, 2.1–6.6 μmol C L− 1 in April, 2.7–6.1 μmol C L− 1 in June, and 2.0–6.8 μmol C L− 1 in November
(Figures 3b–3e). Throughout the six sampling campaigns, DBC concentrations were significantly negatively
correlated with salinity. The B6/B5 ratio ranged from 0.22 to 0.28 in January, 0.22 to 0.25 in April, 0.24 to 0.26 in
June, and 0.21 to 0.28 in November for samples from the JRE, while it ranged from 0.23 to 0.32 in the CJE and
0.22 to 0.28 in the PRE (Figure 4). Slightly elevated B6/B5 ratios were observed in the higher salinity regions of
the JRE (Figure 4).

3.3. The Model Results for the Internal Input/Removal of DBC

Based on two end‐member mixing models, DBC exhibited an input trend during all four cruises in the JRE and
CJE, whereas a removal trend was observed in the PRE (Figure 3). The change in DBC (∆DBC) ranged from
− 1.4 to 2.7 μmol C L− 1 across all sampling campaigns in this study (Figure 3 and Data set in Supporting In-
formation S1, Bao et al., 2025). In most sampling campaigns, the input/removal trends were consistent throughout
the estuary (Figure 3). Maximum input/removal rates in all three estuaries predominantly occurred in salinity
regions of less than 15 (Figures 2 and 3).

In the majority of sampling campaigns, the non‐linear model was significant. However, for the JRE202206
sampling, the R2 value was 0.52, and both the quadratic and linear terms had p‐values greater than 0.1, indicating
insignificant regression. Consequently, the DBCeff. and DBCint. were not estimated from the non‐linear model.
The DBCeff. estimated by the non‐linear model was 13.9, 9.9, and 12.6 μmol C L− 1 for JRE202201, JRE202204,
and JRE202211, respectively, while it was 4.5 and 9.6 μmol C L− 1 for PRE202107 and CJE202208, respectively.
The DBCeff. estimated for three previous sampling campaigns was 4.6 μmol C L− 1 for JRE201407 and 5.7 μmol
C L− 1 for JRE201505, and 8.4 μmol C L− 1 for PRE201806. Accordingly, the DBCint. was 8.0, 3.8, and 5.9 μmol

Figure 2. Distribution of total suspended matter and ∆DBC in relation to
varying salinity levels. Different shapes represent distinct sampling
locations, while JRE_ref denotes Jiulong River Estuary data sourced from
the literature (Zhao et al., 2023).
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C L− 1 for JRE202201, JRE202204, and JRE202211, respectively, while it
was − 3.9 μmol C L− 1 for PRE202107 and 2.3 μmol C L− 1 for CJE202208.
Additionally, DBCint. for JRE201407 and JRE201505 was − 1.4 and − 1.9
μmol C L− 1, respectively. The estimation error of DBC0 and DBCeff. was 1%–
13% and 4%–24%, and for DBCint. was 7%–54% (Table 2).

In comparison to the non‐linearmodel, the results from linearmodel revealed a
similar trend but indicated lower DBCeff. and DBCint. values across all cam-
paigns thatmet ourmodel criteria (seeTable S1 in Supporting Information S1).
Specifically, the DBCeff. Ranged from 7.4 to 11 μmol C L− 1, while the DBCint.

Ranged from 1.9 to 4.8 μmol C L− 1 during the three JRE 2022 sampling
campaigns. Similarly, DBCeff. values for the PRE202107 and CJE202208
campaigns were estimated at 7.5 and 9.2 μmol C L− 1, respectively, resulting in
DBCint. values of − 0.86 and 2.1 μmol C L− 1. Due to limited sampling in re-
gions with salinity greater than 15, DBCeff. and DBCint. values for the
JRE201407 and JRE201505 campaigns could not be calculated. However, the
DBCeff. and DBCint. for PRE201806were determined to be 5.3 and 1.1 μmol C
L− 1, respectively (see Table S1 in Supporting Information S1).

The FDBC_int. varied from 0.37 to 46 mol C s− 1 in campaigns exhibiting input
trends, while it ranged from − 18 to − 0.42 mol s− 1 in campaigns characterized
by removal trends, as estimated by the non‐linear model. The FDBC_int. values

Figure 3. Relationship between dissolved black carbon (DBC) concentration and salinity in the studied estuaries. Panel (a) corresponds to the Changjiang Estuary (CJE);
panels (b–e) represent the Jiulong River Estuary; and panel (f) illustrates the Pearl River Estuary. The blue dashed line indicates a quadratic or exponential regression
between salinity and DBC concentration, the solid black line represents the tangent at the seawater end‐member (fixed salinity of 32), and the dashed gray line signifies
the conservative mixing line between freshwater and seawater. DBCeff. and DBC0 refer to the effective and riverine concentrations of DBC, respectively.

Figure 4. Distribution of the B6/B5 ratio in relation to salinity across various
estuaries. The colors of the dots represent the salinity of the samples.
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estimated by the linear model were found to be 20%–100% of those estimated by the non‐linear model (see
Table 2, Table S1 in Supporting Information S1).

3.4. DBC in Estuarine Sediment Porewater

The concentration of DBC in porewater from the JRE ranged from 6.9 to 22 μmol C L− 1 across a salinity range of
bottom water from 4.8 to 31.8 (Figure 1 and Table 3), with higher concentrations observed in the upper reaches of
the JRE. In contrast, porewater concentrations in the CJE ranged from 4.8 to 11 μmol C L− 1, where salinity levels

Table 2
The Estimated Internal Input/Removal of Dissolved Black Carbon for Different Cruises

Sampling campaign DBC0 (μmol C L− 1) DBCeff. (μmol L− 1) DBCint. (μmol C L− 1) DBCint./DBC0 (%) FDBC_0 (mol C s− 1) FDBC_int. (mol C s− 1)

JRE202201 5.9 ± 0.78 13.9 ± 3.4 8.0 ± 3.3 123 0.37 ± 0.049 0.50 ± 0.20

JRE202204 6.2 ± 0.20 9.9 ± 1.1 3.8 ± 1.1 57 0.93 ± 0.030 0.56 ± 0.17

JRE202206 5.2 N.A. N.A. N.A. 14.7 N.A.

JRE202211 6.7 ± 0.21 12.6 ± 0.81 5.9 ± 0.79 91 0.42 ± 0.013 0.37 ± 0.050

JRE201407a 6.0 ± 0.66 4.6 ± 0.88 − 1.4 ± 0.73 − 32 1.8 ± 0.20 − 0.42 ± 0.22

JRE201505a 7.6 ± 0.21 5.7 ± 0.26 − 1.9 ± 0.22 − 25 4.6 ± 0.13 − 1.2 ± 0.13

PRE202107 8.4 ± 0.32 4.5 ± 0.28 − 3.9 ± 0.26 − 49 39 ± 1.5 − 18 ± 1.2

PRE201806b 5.5 ± 0.52 8.4 ± 1.6 2.8 ± 1.5 53 61 ± 5.8 31 ± 17

CJE202208 7.3 ± 0.10 9.6 ± 0.43 2.3 ± 0.42 30 148 ± 2.0 46 ± 8.4

Note. N.A.: Not available. ± represent the propagated error from the quadratic or exponential simulation. aData were calculated from Zhao et al. (2023). bData were
calculated from Zhang, Zhou, et al. (2023).

Table 3
Locations, Concentrations and B6/B5 Ratio of Dissolved Black Carbon in Porewater Samples Collected in Jiulong River
Estuary and Changjiang Estuary

Region Station Latitude (°N) Longitude (°E) Water depth (m) Porewater_DBC (μmol C L− 1) B6/B5

JRE202211 X1 24.56 118.11 4.4 8.5 0.93

X2 24.48 118.05 4.2 6.9 0.63

X3 24.43 118.05 11.5 13 0.78

X4 24.39 118.10 10.4 14 0.69

X7 24.51 118.23 16.9 8.9 0.70

JL1 24.47 117.80 3.9 16 0.77

JL2 24.45 117.82 5.6 15 0.28

JL8 24.42 118.01 12.5 22 0.28

Mean 13 0.63

sda 5.0 0.23

CJE202208 YZ01 30.00 122.83 47 4.8 0.86

YZ02 30.30 122.83 30.4 7.4 0.79

YZ04 30.90 122.83 27.7 8.9 0.86

YZ05 30.96 122.97 47.6 11 1.06

YZ06 31.25 122.98 60.8 11 1.07

YZ08 31.28 122.90 64.9 9.4 0.97

YZ10 30.79 122.63 27.9 5.8 0.80

YZ11 30.50 122.82 42.6 8.1 1.03

Mean 8.3 0.93

sda 2.3 0.12
aStandard deviation.
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exceeded 32. The B6/B5 ratio in the JRE porewater samples varied from 0.28 to 0.93, while in the CJE samples, it
ranged from 0.79 to 1.1. Notably, lower B6/B5 ratios were recorded in the upper estuarine region of the JRE (see
Table 3), although all values were generally higher than those observed in water column samples, which ranged
from 0.20 to 0.35.

3.5. Changes of DBC During Laboratory Simulation

Following the addition of varying proportions of NaCl (0, 1.2, 2.4, 4.8, and 12 g), the DBC concentration
fluctuated between 6.6 ± 0.3 (initial concentration) and 6.3 ± 0.2 μmol C L− 1 (see Figure 5a). The B6/B5 ratio
was observed to range from 0.25 ± 0.005 to 0.26± 0.002 (see Figure 5c). Over a 7‐day bio‐incubation period, the
change in DBC concentration was less than 0.1 μmol L− 1 (<2% of the initial concentration) (Table S2 in Sup-
porting Information S1), while B6/B5 values did not show any change (Table S2 in Supporting Information S1).

During the photodegradation, the DBC concentration decreased continuously from 6.9 ± 0.12 to
2.1 ± 0.05 μmol C L− 1, representing a reduction of 70% from day 0 to day 16 (see Figure 5b). Correspondingly,
the B6/B5 ratio declined from 0.25 ± 0.001 to 0.13 ± 0.002 (see Figure 5d). The degradation rate of DBC was
calculated to be − 0.076 d− 1 (R2 = 0.996, n = 6).

4. Discussion
4.1. Seasonal and Regional Variations in the Transport of DBC Across Estuaries

The significant negative correlations observed between DOC or DBC concentrations and salinity (p < 0.05 for all
comparisons, data not shown) across all sampling campaigns indicate that the physical mixing of saline and
freshwater is the primary factor influencing the distribution of DOC and DBC in the estuary. This finding is
consistent with previous research conducted in coastal seas and other estuarine environments (Bao et al., 2023; Y.

Figure 5. Variation in dissolved black carbon concentration and the B6/B5 ratio during laboratory simulations. Panels (a, c)
depict flocculation; and panels (b, d) represent photodegradation. The x‐axis in panels (a, c) indicates the mass of NaCl added
to 400 mL of Milli‐Q water in a 500 mL polycarbonate bottle. Error bars denote the standard deviation from duplicate
samples, which were smaller than the size of the circles in the flocculation and photodegradation experiments.
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Fang, Huang, et al., 2021; Fang et al., 2017; Q. Zhang, Zhou, et al., 2023). The riverine DBC concentration
(DBC0) exhibited relative stability in the JRE across different sampling campaigns, which aligns with our earlier
annual observations in the lower reach of the Jiulong River (Bao et al., 2019). During the June 2022 sampling
campaign (JRE202206) (Figure 3), the slightly lower concentration coincided with a discharge nearly 10 times the
annual mean. This pattern aligns with our earlier observations from the 2014–2015 extreme rainfall events, which
were attributed to dilution effects (Bao et al., 2019).

Although the effective DBC (DBCeff.) estimated by the two models differed, the trends regarding input or
removal, as well as the absolute values of DBCeff., were generally consistent across most sampling campaigns
(Table 2). This consistency allows for a discussion of the potential mechanisms driving their spatiotemporal
trends. In the non‐linear model, both DBCeff. and DBC0 were determined by regression analysis of the entire data
set, while in the linear model, DBC0 was defined by the samples taken at zero salinity, which may have been
influenced by random effects. Furthermore, in some sampling campaigns, there were insufficient samples with
salinity greater than 15 for accurate estimation of DBCeff. Consequently, we primarily focused on the results
derived from the non‐linear model. Compared to DBC0, DBCeff. exhibited a twofold difference in the JRE,
indicating that estuarine sources and processes played significant roles in the efflux of DBC from estuaries (Bao
et al., 2023; Z. Fang, Huang, et al., 2021; Mannino & Harvey, 2004; Q. Zhang, Zhou, et al., 2023; Zhao
et al., 2023). This is particularly evident given that the magnitude of DBC removal and input may exceed 50% of
riverine discharge (Table 2).

Our findings indicate that both input and removal trends can occur within the same estuary at different times or
across different estuaries. For example, in the JRE, a removal trend was documented in two previous cruises
(Zhao et al., 2023), whereas input trends were observed during the four sampling campaigns conducted in this
study (Figure 3). Similarly, in the PRE, removal of approximately 50% (around 4.0 μmol C L− 1) was noted in our
study (Table 2), contrasting with a documented input trend in another investigation (Q. Zhang, Zhou, et al., 2023).
These results suggest that DBC input and removal are not site‐specific phenomena.

Hydrological conditions are also critical as they influence flushing times and dynamic processes within estuarine
environments. However, the differences in runoff between input and removal trends were found to be statistically
insignificant (t‐test, p > 0.05), irrespective of whether extreme rainfall events were included or excluded. This
suggests that hydrological conditions are not the primary influencing factors. Nevertheless, in the JRE, the
concentration of DBC tends to decrease, and the ratio of DBCint./DBC0 approaches 0 at higher water discharge
levels (Table 2). This observation implies that DBC may bypass the estuarine region. This pattern is analogous to
the behavior of DOC, which, under elevated discharge conditions, tends to be conservatively mixed and is
attributed to shorter flushing times (Raymond & Bauer, 2001).

Tidal dynamics, including the tidal range across estuaries and the spring‐neap and flood‐ebb tidal cycles within a
single estuary, are also critical variables. Both input and removal trends were observed under low (<2 m) and high
(>3 m) tidal range conditions, indicating that tidal range does not serve as a determinant of the observed input/
removal patterns. Additionally, DBC input and removal were recorded in the same estuary (JRE) during both
spring and neap tides (Table 1), ruling out the influence of the spring‐neap tidal cycle. Notably, all removal trends
were observed during ebb tides, while input trends were recorded during flood tides across three different es-
tuaries (Figure 6). These patterns suggest that processes occurring during flood‐ebb cycles significantly influence
the net input and removal of DBC in estuarine environments.

4.2. Potential Mechanisms Driving the Input and Removal of DBC in Different Estuaries

To elucidate the mechanisms underlying the input and removal of DBC, it is essential to understand the processes
and sources that influence DBC transport across estuaries. Flushing time is a critical parameter for assessing the
extent to which various processes affect the cycling of dissolved organic matter (DOM). Flushing time is typically
estimated by considering riverine discharge, tidal influences, and the distribution of saline water (Du et al., 2024;
Liu et al., 2018). Based on previous estimations in the same estuaries (JRE, PRE, CJE), we estimated that flushing
time was less than 1 day in JRE samples from June 2022, approximately 2 days in JRE samples from July 2014,
and May 2015, and around 6 days in JRE samples from January, April, and November 2022. Flushing times were
estimated to be approximately 2–5 days in PRE and ∼5 days in CJE during sampling campaigns from this and
previous studies (see estimation method in Text S1 in Supporting Information S1).
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4.2.1. Processes Removing DBC From Estuaries

DBC removal can occur through various mechanisms, including flocculation, photodegradation, and particle
sorption (Coppola et al., 2014; Z. Fang, Huang, et al., 2021; Stubbins et al., 2012). Biodegradation of DBC
appears to be negligible, as demonstrated by both our bio‐incubation experiment (Table S2 in Supporting In-
formation S1) and a previous study (Bostick et al., 2021). Photochemical degradation was found to be effective in
removing DBC in our experiments (Figure 5) and in a previous study (Stubbins et al., 2012). However,
considering flushing time, water depth, and UV attenuation in the water column (Huovinen et al., 2003) (see Text
S2 in Supporting Information S1 for calculation method), we estimated that photodegradation would account for
less than 2% of DBC removal in all three estuaries, indicating that it is a minor factor. Furthermore, the highest
DBC removal occurred in the bottom layer of PRE, further excluding photodegradation as the primary mechanism
for DBC removal. Photodegradation has been deemed negligible in removing terrestrial phenolic compounds in
fluvial systems due to interference from suspended particles (Ward et al., 2013).

Flocculation is a prevalent process in estuarine environments where freshwater interacts with seawater. Our
laboratory experiments demonstrated that variations in salinity alone could result in a maximum removal of DBC
of 0.3 μmol C L− 1, which corresponds to approximately 5% of the riverine DBC concentration in the JRE within
2 hours. Although this change is within the range of analytical error, the magnitude of DBC removal via floc-
culation is consistent with previous studies reporting bulk DOC removal of approximately 3% and colored dis-
solved organic matter (CDOM) removal averaging around 5% in other regions (Khoo et al., 2022; Uher
et al., 2001). It is important to note that laboratory results may not fully replicate in situ conditions, where factors
such as microbial exudates may enhance flocculation (Eisma, 1986; Manning et al., 2010). Nevertheless, floc-
culation alone could not account for the 10%–50% DBC removal observed in our study (Table 2).

In addition to flocculation, particle sorption is also proposed to be a rapid process that can occur within hours and
is recognized as a significant mechanism in removing DBC and CDOM in the estuarine and open ocean (Coppola
et al., 2014; Uher et al., 2001; Yamashita et al., 2022). The highest removal rates were observed at TSM

Figure 6. Relationship between flood/ebb tides and the input/removal of dissolved black carbon in the studied estuaries. Panel (a) depicts the Changjiang Estuary (CJE);
panels (b–g) represent the Jiulong River Estuary (JRE); and panels (h–k) illustrate the Pearl River Estuary (PRE). The exact time of each station in JRE201407 and
JRE201505 were not available, but were all collected during day time (8:00 to 16:00), as shown in panels (b, c). The sampling time for PRE201806 was from Q. Zhang,
Zhou, et al. (2023).
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concentrations of 10–30 mg L− 1. This may be partly attributed to the tendency of lower particle concentrations to
adsorb DBC while simultaneously promoting its photodegradation.

4.2.2. Potential Processes/Sources Contributing to DBC Input

The positive internal fluxes of DBC observed across all estuaries indicate the presence of additional sources that
are likely common to estuarine regions. Potential sources include atmospheric deposition, photo‐dissolution from
the particulate phase, contributions from coastal wetlands, and SGD (Bao et al., 2023; Roebuck et al., 2017; R.
Zhang, Zhou, et al., 2023). Our previous research estimated that atmospheric deposition could account for
approximately 3% of the annual riverine discharge of DBC to the JRE (Bao et al., 2022; R. Zhang, Zhou,
et al., 2023; Zhao et al., 2023). Due to the influence of the East Asian Monsoon, atmospheric deposition of DBC
was significantly higher during winter and spring when riverine discharge was low (Table 1), making it a more
critical factor for DBC levels in the estuarine region.

Distinguishing between the processes of photo‐dissolution and the desorption of DBC from particles is chal-
lenging as both are associated with the particulate phase. A previous study observed an increase in DBC levels in
the river during the rainy season, which was attributed to desorption from particles (Marques et al., 2017).
However, Roebuck et al. (2017) reported that the dissolution of DBC was enhanced by approximately threefold
under light exposure, suggesting that light‐induced dissolution was a significant mechanism for DBC production.
Like photodegradation, photo‐dissolution occurs primarily in the surface layer. Considering the photo‐dissolution
rates reported by Roebuck et al. (2017), along with flushing times and soil organic carbon content in the estuarine
water column (Huang & Yu, 2017; Qiao et al., 2019; Wu et al., 2015; Yu et al., 2010), we estimated that the input
of DBC due to photo‐dissolution averaged less than 0.05 μmol C L− 1 (Text S3 in Supporting Information S1). In
contrast, desorption can occur throughout the entire water column. Mannino and Harvey (2004) also noted that the
maximum input of DBC occurred in turbid zones, attributing it to desorption from particles. However, quanti-
tative contributions remain unclear and warrant further investigation.

SGD has been recognized as a previously overlooked contributor to the release of substances into the oceans
(Moore, 2010). We adopted a widely accepted definition of SGD, which encompassed all water flow along
continental margins from the seabed to the coastal sea, with scale lengths ranging from meters to kilometers,
irrespective of fluid composition or driving mechanisms (Moore, 2010). Our definition of SGD includes both
freshwater discharge and recirculated seawater. Previous estimates of SGD flux in the three studied estuaries
utilized radioisotopes 226Ra and 228Ra, indicating that recirculated seawater is the predominant source of SGD
(Du et al., 2024; Guo et al., 2020; Liu et al., 2018). Based on these studies, we estimated that the SGD flux
corresponded to approximately 12% of riverine discharge in the JRE, and 15% in both the PRE and CJE under the
freshwater discharge levels observed in our study (Text S4 in Supporting Information S1) (Du et al., 2024; Gu
et al., 2012; Liu et al., 2018; Q. Zhang, Zhou, et al., 2023; Zhao et al., 2023).

Limited information exists regarding the concentration of DBC in recirculated seawater. Sediment porewater may
contribute to SGD. Prior studies measured DBC concentrations in porewater from the intertidal beach of Spie-
keroog Island, which ranged from 7 to 280 μmol C L‐1 (Seidel et al., 2014, 2015), with concentrations increasing
with sediment depth. The DBC concentration in our porewater samples (range: 5–22 μmol L− 1, mean ± standard
deviation: 11 ± 4.4 μmol C L− 1, n = 16, Table 3) was consistent with these earlier measurements and exhibited
enrichment in DBC compared to the overlying water column (2–9 times that of the water column or bottom water,
Table S2 in Supporting Information S1), suggesting that the recirculation process served as a source of DBC to the
estuarine environment. Given that we only sampled the surface sediment (depth < 5 cm), this concentration
should be considered a lower estimate of the DBC concentration in SGD.

The elevated DBC concentrations observed in sediment porewater within estuaries remain enigmatic, particularly
as no direct combustion occurs within porewater. Potential mechanisms for the release of DBC from iron oxides/
hydroxides in sediments under anoxic conditions (Coppola et al., 2014; Kaiser & Guggenberger, 2000; Seidel
et al., 2015) and/or production via Fenton reactions (Chen et al., 2014; Goranov et al., 2024) may account for this
phenomenon. The higher B6/B5 ratio observed in porewater DBC compared to the overlying water may be
attributed to the preferential desorption of more condensed aromatic black carbon (e.g., 0.28–1.1 vs. 0.21–0.27).

The SGD flux of DBC (FDBC_SGD) can be estimated by multiplying the DBC concentration in SGD (DBCSGD,
μmol C L− 1) by the SGD flux (FSGD, in m3 s− 1).
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FDBC SGD = DBCSGD × FSGD (5)

Here, FDBC_SGD represents the mean values during the flushing period, which encompassed 1–6 flood‐ebb tidal
cycles. To avoid overestimating SGD flux, the DBC concentration in the saline SGD end‐member is defined as
the difference between sediment porewater and seawater in each estuary (Cabral et al., 2023). Assuming that the
DBC concentration in recirculated SGD remains consistent across different seasons, we estimated that FDBC_SGD
ranged from 0.06 to 18 mol C s− 1 (Table S3 in Supporting Information S1), accounting for approximately
13%–47% of the observed FDBC_int. during the sampling periods coinciding with flood tides. These findings
indicate that SGD constitutes a significant source of DBC in the estuarine region. Due to the higher B6/B5 ratio in
porewater (Table 3), an increase in this ratio would be expected given the significant contribution of SGD to DBC.
However, such an increase was not clearly observed in our study. This could be attributed to the simultaneous
occurrence of multiple processes that influence the B6/B5 ratio in different ways, thereby complicating its use as a
reliable tracer for identifying DBC sources in the estuarine region.

In addition to SGD from the seabed, coastal wetlands, such as salt marshes and mangroves, also contribute
significant amounts of DBC to estuarine and coastal regions (Ding et al., 2014; Dittmar et al., 2012). However,
this water flux has already been accounted for in the SGD estimates, as the contribution fromwetlands is primarily
driven by the recirculation of seawater, making it indistinguishable from SGD flux when measured using
radioisotopes.

4.2.3. Hypothesis for the Observed Flood‐Ebb‐Related Input‐Removal Pattern of DBC

The observed input and removal of DBC reflect the net effect of biogeochemical processes and sources. The
removal patterns observed during ebb tides suggest enhanced DBC removal, while the input trends during flood
tides may indicate contributions from additional sources. Based on our estimations, the contributions of floc-
culation, photodegradation, and biodegradation to DBC removal appear negligible, suggesting that sorption may
play a significant role. However, the quantitative impact of the sorption process remains to be confirmed in future
studies. Additionally, the input of DBC via photo‐dissolution was minimal, and atmospheric deposition showed
no correlation with tidal patterns, thereby excluding these factors as major contributors to the observed input
patterns.

As previously mentioned, SGD is a significant source of DBC. Du et al. (2024) monitored SGD flux in the JRE at
a fixed site during a flood‐ebb tidal cycle and found that it decreased to less than 20% (and in some instances close
to 0%) of the flux observed during flood tides. It has been suggested that during ebb tides, the lower and more
intense pycnocline acts as a barrier, limiting particle resuspension (Scully & Friedrichs, 2003), and consequently
reducing SGD flux. In contrast, during flood tides, sediments can be resuspended higher in the water column,
facilitating SGD flux and enhancing the mixing of SGD into the upper water column. The mean TSM concen-
tration was approximately three times higher during flood tide sampling campaigns compared to ebb tides under
similar hydrological conditions in the JRE, which may reflect tidal influences (Table 1). Due to its significance,
the differences in SGD flux during the flood‐ebb tidal cycle could potentially affect the observed input and
removal patterns. Furthermore, changes in TSM resulting from flood‐ebb tidal cycles may also influence sorption
and desorption processes in the water column, thereby further affecting DBC input and removal.

4.3. Quantitative Estimation of the Internal Flux of DBC

The varying trends of DBC input and removal observed in this study suggest that, when considering the internal
flux and removal of substances during estuarine transport, it is essential to account for the entire flood‐ebb tidal
cycle. A previous investigation in the York River Estuary found that the internal accumulation of DOC was
negatively correlated with riverine water discharge, a phenomenon attributed to reduced flushing time (accu-
mulation time) during periods of higher discharge (Raymond & Bauer, 2001). In this study, we observed that the
internally derived DBC (DBCint.) from the non‐linear model exhibited an exponential relationship with the
reciprocal of runoff (1/Runoff (hr mm− 1)), reflecting flushing time (Moore et al., 2006)) during campaigns that
recorded input trends (R2= 0.83, n= 5, p < 0.05, Figure S3 in Supporting Information S1), thereby indicating the
influence of flushing time on DBC accumulation. Due to the limited number of sampling campaigns that recorded
removal trends, establishing a robust relationship between DBCint. and runoff proved challenging. Nonetheless,
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the absolute DBCint. values were higher during periods of lower runoff in the PRE campaign compared to those in
the JRE201407 and JRE201505 campaigns, underscoring the impact of flushing time.

Since the JRE sampling encompassed the entire hydrograph, it allowed for further estimation of DBC transport
across the estuary. Although the input and removal trends varied under different hydrological conditions, the
effective DBC (DBCeff.) and initial DBC (DBC0) values remained relatively consistent across both high
(JRE201407 and JRE201505) and low discharge levels (JRE202201, JRE202204, and JRE202211). Based on the
distribution of daily water discharge and assuming similar DBCeff. and DBC0 values under high (greater than
annual mean discharge) and low (less than annual mean discharge) conditions (Table S4 in Supporting Infor-
mation S1), we estimated that the riverine discharge of DBC to the estuary was 0.91 ± 0.11 Gg yr− 1 (Figure 7),
while the DBC exported from the estuary was 1.1± 0.18 Gg yr− 1. The± values for these two fluxes represent the
standard deviations in DBCeff. and DBC0. Additionally, the annual SGD flux was reported to be approximately
10 ± 1.7% of river discharge, which was about 1.1 ± 0.17 km3 yr− 1 (Du et al., 2024). Multiplying this SGD
volume by the DBC concentration in SGD (8.6 ± 0.48 μmol C L− 1), we estimated the DBC flux from SGD
(FDBC_SGD) to be 0.11 ± 0.019 Gg yr− 1. This SGD flux represents a lower estimate, as it pertains only to the SGD
flux in the mixing area (area: 71 km2), while our sampling encompassed a mean estuarine area of approximately
350 km2. The wet and dry atmospheric deposition was estimated to be around 0.024 t km− 2 (Bao et al., 2022; R.
Zhang, Zhou, et al., 2023). By multiplying this deposition rate by the estuary area (350 km2), we calculated the
atmospheric deposition to be 0.008 Gg yr− 1 (Figure 7). Our estimations indicate a mass balance between input and
output, highlighting that the estuarine SGD flux could reach approximately 12% of the riverine DBC flux in the
JRE, representing a previously overlooked source of DBC to the ocean.

4.4. Limitations and Implications

Although three representative temperate and subtropical estuaries were examined in this study, certain limitations
must be acknowledged. The observed patterns should not be generalized to other components ofDOM, particularly
the bio‐labile fraction. Due to its relative resistance to biodegradation, DBC transport across estuaries is pre-
dominantly influenced by physical processes such as flocculation and source inputs. In areas with extended
flushing times, biological processesmay gain significance, further influencingDOM transport within the estuaries.
Moreover, the observed patterns may not apply to regions characterized by strong flocculation, which is frequently
observed in areas with elevated DOC concentrations, such as boreal systems (Z. Fang, Huang, et al., 2021; Khoo
et al., 2022). Nonetheless, to our knowledge, this study encompasses the most sampling campaigns related to DBC
transport across estuaries. Although it remains uncertain whether the identified flood‐ebb pattern applies to other

Figure 7. A conceptual diagram illustrating the transport of dissolved black carbon driven by the flood‐ebb tidal cycle in the
estuarine region. The blue and red arrows denote changes occurring during flood and ebb tides, respectively, while the up and
down arrows indicate enhancement or inhibition of the process. The numbers represent the flux of various terms in the
Jiulong River Estuary.
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estuaries, our findings highlight the necessity of considering the entire tidal cycle when estimating the internal flux
of terrestrial DOM from estuaries.

The current mass balance of DBC indicates the presence of “unknown” sources of DBC in the ocean. Our study
suggests that SGD is a significant yet largely underappreciated source. In our research, the SGD flux of DBC
represented approximately 12% of the riverine discharge of DBC, making it the second‐largest known source of
DBC in the JRE. On a global scale, the recirculated SGD flux of water is estimated to be approximately 125% of the
riverine discharge (around 45× 1012 m3 yr− 1) (Du et al., 2024;Moore et al., 2008; Raymond& Spencer, 2015). By
multiplying the mean SGD end‐member DBC concentration (excluding DBC in the estuarine region, approxi-
mately 8 μmol C L− 1) by the SGD flux, we estimate that SGD could contribute approximately 4.3 Tg yr− 1 of DBC
to the ocean, which corresponds to about 16%–23% of the global riverine discharge (Jaffé et al., 2013; Jones et al.,
2020). During the recirculation of seawater, it remains unclear whether there is fractionation of stable carbon
isotopes in DBC. A recent study utilizing the thermo‐oxidation method to analyze DBC isotopes in sediment
porewater from the East China Sea found a significantly enriched stable carbon isotope signal (Fu et al., 2023),
suggesting the potential of SGD flux as a primary source ofDBC in the ocean. Future research should focusmore on
the SGDofDBC in various regions, including its stable carbon isotopic composition, to enhance our understanding
of DBC cycling in the ocean.

5. Conclusions
To investigate the cycling of DBC in estuarine regions, we conducted six sampling campaigns across three es-
tuaries and supplemented our findings with data from previous studies. Our results indicated that DBC exhibited
both input and removal trends, which varied among different estuaries as well as within the same estuary. These
trends were not correlated with riverine discharge levels, tidal ranges, or geographic locations; rather, they were
associated with flood‐ebb tidal cycles. Specifically, the input of DBC predominantly occurred during flood tides,
while its removal was primarily observed during ebb tides. Considering the influence of various sources and
processes, such as flocculation and photodegradation, we hypothesized that these patterns may be linked to
differences in SGD during flood‐ebb cycles, as well as variations in total suspended matter (TSM) concentrations
that affect the sorption and desorption of DBC.

Despite the significant uncertainty associated with these estimates due to the limited availability of DBC con-
centration data, our preliminary estimations suggest that SGD contributes approximately 12% of the riverine
discharge of DBC to the JRE. This finding helps to close the mass balance between the influx and efflux of DBC
in estuarine environments, underscoring the importance of SGD as a previously overlooked source.

Data Availability Statement
All the data used in this study are provided in Data set in Supporting Information S1, which include the DBC
concentration, B6, B5, ∆DBC and TSM. The data set is deposited in Figshare under the license of Creative
Commons Attribution 4.0 (CC BY 4.0), and can be accessed through the following link: https://doi.org/10.6084/
m9.figshare.27857970.v4 and is cited in the main text (Bao et al., 2025).
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