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• Land-use changes modify the composition

of the organic material transported by riv-
ers from land to the coastal zone.

• Low black carbon content in Amazon
coastal sediments is noted.

• Black carbon in mainly grass-covered

drainage basins exhibit a higher conden-
sation degree.
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This study assessed black carbon (BC) dynamics, concentrations, and the organic matter (OM) isotopic carbon compo-
sition in northeastern South America drainage basin coastal sediments. Paraíba do Sul (PSR; Atlantic Rainforest,

Brazil) coastal sediments displayed more 13C-enriched values (−22.6 ±  1.3 ‰ [n =  13]) than Amazon and
Sinnamary (Amazon Rainforest in French Guiana and Brazil) sediments (−25.0 ±  3.1 ‰ [n =  14] and −  26.1 ±
1.0 ‰ [n =  6], respectively), indicating that local land-use basin changes have altered the OM composition,
i.e., from natural C3 plant to C4 plants contributions. BC contents normalized to total organic carbon (TOC) content
were 0.32 ±  0.24 (n =  8), 0.73 ±  0.67 (n =  6), and 0.95 ±  0.74 (n =  13) mg g − 1  TOC for Amazon, Sinnamary
and PSR samples, respectively, with BC sources appearing to differ according to different drainage basin vegetation
covers. With increasing distance from the river mouths, BC contents exhibited different trends between the coastal
zones, with values increasing for the PSR and decreasing values for the Amazon samples. BC distribution in Sinnamary
coastal sediments did not display specific patterns. Regarding the Amazon coastal zone, BC contents decreased while

the B6CA:B5CA ratios did not show a pattern, which could indicate that BC in the area originates from river transport
(aged BC) and that the hydrophobic component of dissolved BC is removed. The BC content mostly increased in the
PSR coastal zone, while the B6CA:B5CA ratios were not altered for the entire gradient, indicating the BC stability
and possible atmospheric deposition of soot. Our findings indicate that different sources, transformation processes,

and hydrological conditions affect BC contents within coastal zones. Continuous land cover changes in both the
Amazon and Atlantic Rainforests may result in large-scale marine carbon cycling impacts.
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1. Introduction

The conversions of primary forest areas to croplands and agricultural
areas have devastated the Brazilian Atlantic Rainforest, destroying impor-
tant biomes such as the world's largest forest, the Amazon Rainforest
(Ferrante and Fearnside, 2019), modifying organic matter (OM) soil con-
tents (Bernardes et al., 2004). Native forest vegetation conversion has al-
tered the Atlantic Rainforest landscape, with about 28 % of the original
vegetation cover now distributed only in fragments (Rezende et al., 2018;
Solórzano et al., 2021). Such anthropogenic areas currently comprise ap-
proximately 15 % of the entire Amazon biome (Stahl et al., 2016), and
are now on the rise due to the destruction of forest areas. One strategy
applied to forest biomass removal and the management of anthropogenic
regions consists in fire cleaning (Edwards, 1984). Fire is currently consid-
ered the primary Amazon Rainforest biomass removal vector, through for-
est fires caused by drought events (Aragão et al., 2018) or anthropogenic
activities, such as cattle pasture expansion and management and agricul-
tural activities. Wildfires and anthropogenic burning globally emit about
2.2 Pg of carbon per year in the form of greenhouse gases (van der Werf et
al., 2017). Furthermore, fires also produce another carbon-enriched
form displaying higher resistance to degradation than non-thermally-
altered OM, named black carbon (BC) (Forbes et al., 2006; Bird and
Ascough, 2012).

Black carbon is commonly described as the thermally altered and con-
densed aromatic OM fraction produced after incomplete combustion of
plant biomasses or fossil fuels (Goldberg, 1985). Hedges et al. (2000) de-
scribed the broad spectrum of BC compounds as a combustion continuum,
later termed the degradation continuum (Bird et al., 2015), ranging from
levoglucosan to highly condensed aromatic compounds that may display
environmental persistence (Wagner et al., 2021). The global production of
BC derived from plant biomasses has been estimated as ranging between
50 and 300 Tg of BC per year (Forbes et al., 2006; Bird et al., 2015) and
about 80 % of BC initially remains in BC production sites following combus-
tion (Kuhlbusch and Crutzen, 1995). According to Reisser et al. (2016), BC
comprises about 14 % of overall soil OM, with an average residence time of
88 years. This residence time, however, can range from a few years to
millennia, depending on the combination of physical, chemical, and micro-
bial processes (Singh et al., 2012). BC mobilization from soils and its entry
into aquatic systems occurs mainly through the dissolved phase following
solubilization of historical BC (Dittmar, 2008; Dittmar et al., 2012b) and lat-
eral particle transport, mainly due to soil erosion (Major et al., 2010). In ad-
dition, BC inputs into aquatic systems can take place, to a smaller extent, via
atmospheric transport, and its deposition can take place along the entire
continent-ocean gradient (Jurado et al., 2008; Coppola et al., 2018).

Increased erosion due to land-use conversion increases particle trans-
port into the aquatic system, resulting in the global accumulation of 75
Tg sediments per year, mainly in areas below 2000 m altitude (Wilkinson
and McElroy, 2007). These eroded particles travel throughout the water
column and eventually become deposited along the continent-ocean gradi-
ent, mainly in continental areas and transition zones, with only about 20 %
of this suspended particulate matter (SPM) reaching their destination, the
marine sediments (Bird et al., 2015; Coppola et al., 2018). The transport of
SPM and associated OM along the continent gradient is influenced by
river and drainage basin characteristics (Burdige, 2007). Suspended partic-
ulate matter transport is faster in small rivers usually associated with moun-
tains, narrow continental shelves, or active continental margins, resulting
in relatively low OM remineralization rates along the continent-ocean
gradient (Blair et al., 2003). In contrast, SPM is subject to deposition and
resuspension cycles in large rivers, resulting in increased OM remineraliza-
tion due to long residence times (Aller, 1998). Additionally, OM (and BC)
transported alongside particles can be replaced downstream by OM pro-
duced at lower elevations (Aller et al., 1996; Burdige, 2007).

By estimating BC contents associated with SPM and sediments of both
large (e.g., the Amazon, Congo) and small (e.g., the Eel, Santa Clara, Dan-
ube) rivers, Coppola et al. (2018) reported that BC comprised about
15.8 ±  0.9 % of total organic carbon (TOC) content, and the data did not
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indicate associations between BC contents and river size. Furthermore, BC
export dynamics in the rivers were attributed to soil erosion, where BC gen-
erally undergoes constant pre-ageing despite environmental conditions and
settings. However, SPM transport to the ocean is considerably reduced due
to strong physicochemical gradients, favoring certain processes, such as
flocculation, in estuarine zones (Eisma, 1986). Regnier et al. (2013) esti-
mated that about 20 % of the TOC associated with SPM does not reach
the open ocean, due to deposition along continent–coastal gradients. The
global flux of particulate BC to the ocean ranges from 19 to 80 Tg per
year (Bird et al., 2015), assuming that BC comprises between 5 and 15 % of
the TOC content (Cole et al., 2007). Lohmann et al. (2009) reported that
BC accounted for between 3 and 35 % of OC contents in deep-sea sed-
iments from the South Atlantic Ocean. These authors estimated the most re-
calcitrant form obtained by the degradation continuum model by isolating
soot BC through the thermochemical oxidation technique and attributing
its primary source as terrestrial by analyzing the isotopic organic carbon
(δ13C) composition. To evaluate environmental BC sources, δ13C values
are often associated with BC content, as reported by Liu and Han (2021),
who coupled BC content with δ13C results and reported that the main
source of BC associated to SPM in the Xijiang River Basin, in Southeast
China, is fossil fuel combustion, accounting for around 80 % of the total
BC content.

In this context, BC spatial dynamics and concentrations were assessed in
the coastal sediments of three northeastern South American drainage ba-
sins. The Sinnamary (French Guiana) and Amazon River (Brazil) basins
are covered by primary forest vegetation (terrestrial C3 plants), whereas
the Paraíba do Sul River (PSR; Brazil) basin is mainly covered with grasses
(terrestrial C4 plants), due to land-use changes. We further evaluated if the
transition from primary forests to pasture and cultivation areas has altered
the sources and composition of the OM deposited in associated coastal sed-
iments. Black carbon content was analyzed by the benzene-polycarboxylic
acid (BPCA) method, and elemental and isotopic OM compositions of
bulk total organic carbon (TOC and δ13C), as well as nitrogen (N and

δ15N) were determined. Three hypotheses were tested: (1) the OM of the

PSR is 13C-enriched compared to the Amazon River, due to vegetation
basin cover alterations; (2) the BC content in the Amazon River coastal
zone is lower compared to the other evaluated coastal sediments as a result
of OM dilution and floodplain replacement; and (3) BC content is directly
related to land use alterations in the PSR coastal zone and not to historical
Atlantic Rainforest burning, as suggested previously for dissolved BC
(Dittmar et al., 2012a, 2012b; Marques et al., 2017).

2. Material and methods

2.1. Study areas

2.1.1. The Amazon and French Guiana coastal zones
The Amazon Rainforest extends over several countries, including Brazil

and French Guiana. Its surface area represents about 45 % of the world's re-
maining tropical forests (Laurance et al., 2001), which comprises approxi-
mately 4 % of the Earth's surface (about 6,100,000 km2) (Malhi et al.,
2008; Gallo and Vinzon, 2015). The Amazon Rainforest, besides playing
an essential role in storing carbon in its biomass, is responsible for
transporting terrestrial carbon to the Atlantic Ocean via the Amazon River
(Cai et al., 1988; Malhi et al., 2006, 2008). The Amazon River exhibits a sea-

sonal cycle with maximum discharge reaching an average of 209,000 m3 s − 1

from May to July (Latrubesse, 2008). Material discharges to the coastal zone
comprise approximately 20 % of the global input of terrestrial material to the
ocean (Richey et al., 1986; Ward et al., 2015). Due to the basin's climate,
strong erosion and rapid particle deposition processes can lead to rapid sed-
imentation rate changes in the Amazon River plume area (Kuehl et al.,
1986). The plume moves in a northwestern direction, and it has been sug-
gested that a large portion of the OM in the sedimentary compartment of
the Brazilian shelf and adjacent northwestern areas originates from the Am-
azon basin (Wells and Coleman, 1981; Nittrouer et al., 1986). Approximately
20 % of the SPM reaching the coastal zone is carried towards French Guiana,
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due to interactions between the Brazilian North Current, east trade winds,
and semi-diurnal sea currents (Geyer et al., 1996; Aller et al., 2004).

French Guiana vegetation cover comprises 97 % of tropical forest
(Chave et al., 2001), with extensive mangrove forests covering over 80 %
of the coast (Fromard et al., 2004). The Sinnamary River is considered a
small river, and its drainage basin extends over 6565 km2, with seasonal
river discharges (Richard et al., 2000; Ray et al., 2018). The minimum

and maximum discharge averages range between 193 and 700 m3 s − 1  in
November (dry season) and June (wet season) 2015, respectively (Ray et
al., 2018; source: DEAL GUYANE-EDF). According to Oliveira and
Clavier (2000), water discharge variations in this area depends on the an-
thropogenic process of opening an upstream dam and the natural El Niño
event. The Sinnamary River estuary undergoes a macro tidal regime, with
a tidal range of ca. 3 m near the river mouth (Ray et al., 2018). The estuary's
extensive mangrove forests are dominated by Avicennia germinans
(Marchand et al., 2003; Marchand, 2017).

2.1.2. The Paraíba do Sul coastal zone
The Paraíba do Sul River (PSR) basin, comprising 57,000 km2, extends

over the states of São Paulo, Rio de Janeiro, and Minas Gerais in southeast-
ern Brazil (Ovalle et al., 2013). The PSR occupies an area previously en-
tirely covered by Atlantic Rainforest, and about 74 % of its basin is
currently covered by pasture and sugar-cane crop areas (Figueiredo et al.,
2011; Marques et al., 2017). Due to these changes, the basin has suffered
from intense erosion, leading to higher particle inputs to the local aquatic
system. The PSR estuary and the second largest mangrove forest in the
state of Rio de Janeiro are located in São João da Barra, in the Norte
Fluminense region (Bernini and Rezende, 2004). The PSR is a small- to a
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medium-sized river, whose discharges depend on the season. In the dry pe-
riod, between June and September, PSR discharge rates vary between 200
and 500 m3 s − 1 ,  reaching a maximum of 2600 m3 s − 1  during the rainy pe-
riod (Silva et al., 2001). The wet season of 2014 was atypical, due to low
precipitation rates caused by sea level pressure anomalies in Southeastern
Brazil, influenced by the La Niña event, causing extreme rain events.

2.2. Sampling

Surface sediment samples (0–2 cm) were obtained employing different
techniques, totaling 33 samples distributed into six (hand core sampling),
14 (multicore sampler), and 13 (boxcore sampler) samples from the coastal
Sinnamary River (5°21′ - 5°30′N and 52°56′ - 53°3′W), the Amazon River
(2°S - 4°N and 46° - 51°W), and the PSR (21°28′ - 21°40′S and 40°48′ -
41°6′W) area, respectively (Fig. 1; Supplementary Table 1). Samples from
the Sinnamary and PSR coastal zones were obtained near mangroves lo-
cated in the intertidal estuarine zones, while Amazon samples were col-
lected in the subtidal area under the influence of the Amazon plume. The
sample sets were obtained during the wet season in January 2019, April
2018, and February 2014 at the Sinnamary, Amazon, and PSR coastal
zones, respectively. The sediments were immediately frozen (−20  °C)
after sampling until further analyses.

2.3. Elemental and isotopic organic matter compositions

Sediment samples were freeze-dried in the laboratory and homoge-
nized. For the TOC and δ13C determinations, samples (10 mg) were acidi-
fied in silver capsules for carbonate removal using 2 M HCl. For the N

Fig. 1. South America sediment sampling sites: (A) the Sinnamary estuary, in the French Guiana (B), the Paraíba do Sul River estuary, in southeastern Brazil (C) and the Am-
azon plume, in northern Brazil (D).
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and δ15N determinations, samples (10 mg) were weighed into tin capsules.
Elemental and isotopic values were obtained using a Flash 2000 elemental
analyzer coupled to a Delta V mass spectrometer, with an uncertainty of
measurement of 0.05 % for OC, 0.03 % for N, and ±  0.2 ‰ for δ15N and
δ13C.

2.4. Black carbon determination

BC contents were determined according to Glaser et al. (1998) and
Brodowski et al. (2005) with slight adaptations. The samples were pre-
digested with 10 mL trifluoroacetic acid for 4 h in a high-pressure system at
100 ±  5 °C, followed by filtering through GF/F filters (Whatman, pore size
0.7 μm). The filters were then placed in an oven for 2 h at 40 °C. After
drying, 2 mL of nitric acid were added, and the samples were digested at 165
±  5 °C for 8 h to obtain BPCAs from OM oxidation. The samples were
again filtered through cellulose acetate filters (pore size 0.2 μm), and 8
mL of ultrapure water were added to dilute the applied nitric acid. A total
of 50 μL of a surrogate (phthalic acid, 1 mg mL − 1)  were added to 2.5 mL
sample aliquots to correct for losses during the cleaning procedure, where
the recovery was 60 ±  17 %, indicating sample losses during the process.
Sample purification was conducted employing columns containing
cation exchange resins after conditioning (Dowex 50 WX 8, 200–400 mesh,
Fluka, Steinheim, Germany). The obtained sample volumes were separated
into four vials and freeze-dried, resuspended with methanol and, finally,
dried with N2. The last sample cleaning step consisted in adding 4 mL of
pyridine, a centrifugation step, and a new drying step with N2. The samples
were then analyzed by gas chromatography (GC–MS) and ultra-
performance liquid chromatography (UPLC), according to Stubbins et al.
(2015). The samples were derivatized for the GC–MS analysis using
250 μL of pyridine and 250 μL of N,O-bis (trimethylsilyl) trifluoroacetamide
with 1 % trimethylchlorosilane (BSTFA-TMCS, 99:1) followed by heating
for 2 h at 80 °C and then injected into the GC–MS. Biphenyl-2,2′-dicarbox-
ylic acid was added as the internal standard before sample derivatization as
an internal calibration of the GC–MS. Concerning the UPLC analysis, sam-
ples were dried with N2 and resuspended in a phosphate buffer 100 μL
(Na2HPO4 and NaH2PO4 each 5 mM in ultrapure water, pH 7.2).

The correction factor of 1.5 suggested by Schneider et al. (2011) was
used for the samples analyzed via GC–MS to compare the data obtained
by the different approaches since Schneider et al. (2011) reported analyti-
cal variability when comparing gas and liquid chromatography analyses.
Other conversion factors reported for the BPCA method (i.e., Glaser et al.,
1998) were not applied, as also suggested by Schneider et al. (2011). The
standard reference sediment NIST 1941b was used to accurately and pre-
cisely determine BPCA contents. The mean BC content, normalized by the
TOC content, detected by the GC–MS was 2.08 ±  0.17 mg g − 1  TOC (n

=  5), and the UPLC value was 2.97 ±  0.26 mg g − 1  TOC (n =  3). The
other two digestion products, B3CA and B4CA, were not assessed, as
Kappenberg et al. (2016) demonstrated that these groups may be produced
after the oxidation of non-pyrogenic OM, even when employing low sample
weights (< 5 mg TOC). However, to allow for further comparisons, we also
considered B3CA and B4CA with the conversion factor 2.27 from Glaser et
al. (1998). Accordingly, the BC/TOC ratios and the BC contribution for the
dry weight sediment found for NIST 1941b were 1.97 ±  0.48 and 0.05
±  0.30 %, respectively, comparable to previously reported values by
Hammes et al. (2007), with BC accounting for 0.06 ± 0.01 % of the dry sed-
iment weight and BC/TOC ratios between 2.0 and 8.6.

2.5. Organic matter sources

Bayesian mixing models provide a synthesis of source and mixture data
within a model structure that incorporates data variability (e.g., isotopic
fractionation factor) (Parnell et al., 2010; Stock and Semmens, 2016),
while linear mixing models consider that diagenetic changes do not signif-
icantly alter δ13C and δ15N OM values. Thus, the Bayesian MixSIAR mixing
model was used to estimate the source contributions of each sample (Stock
and Semmens, 2016; Stock et al., 2018). The MixSIAR applied Bayesian
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isotopic mixing and fitting models employing Markov chain Monte Carlo
(MCMC) simulations of plausible values consistent with the dataset (n =
1,000,000, 100,000, and 1,000,000 for the Sinnamary, Amazon, and PSR
coastal zones, respectively), with Gelman diagnostic variables lower than
1.05. Isotopic fractionation factors used for the models were calculated
for each area and possible sources (Supplementary Table 2). The prior
was set as “uninformative”, where prior: α =  c(1,1,1).

Two-endmember (Eq. (1)) (Shultz and Calder, 1976) and three-
endmember linear models (Eq. (2)) (Fry, 2013) were used to evaluate the
contributions of common terrestrial sources (terrestrial C3 plants) for each
sample to evaluate BC content associations:

C3 plants ¼
δ13CMarine  δ13CSample 

!  

 100 (1)
Marine Terrestrial

where δ13CSample  is equivalent to the value found for a given sample, and δ-
13CTerrestrial  and δ13CMarine are the isotopic composition values for terrestrial
and marine sources, respectively. The assumed δ13C value for the terrestrial
C3 plant endmember was −31.8 ‰ (Martinelli et al., 2021) versus
−19.9‰ for the marine end-member (Bianchi et al., 2018) for the Amazon
samples. As potential OM sources for the Sinnamary and PSR coastal zones
are different, the model presenting the respective δ13C and δ15N values for
each area was employed through the following Eq. (2):

δ15NC−δ15NB • δ13CSample−δ
13 CB −  δ13CC−δ13 CB • δ15NSample−δ

15NB
3

δ15 NC−δ
15NB •δ13 CA−δ

13 CB−δ
13CC−δ

13CB• δ15NA−δ
15NB

ð2Þ

where δ13CSample  and δ15NSample  comprise the isotopic composition values
of the sediment samples. For the Sinnamary coastal zone, A, B, and C repre-
sent the OM sources originating from terrestrial C3 plants (mangrove),
microphytobenthos (MPB), and marine phytoplankton, respectively. The
δ13C and δ15N values for the assessed mangrove (Avicennia germinans litter)
were assumed to be −30.1 and 2.6 ‰, respectively, versus −20.9 and
4.6 ‰ for MPB (Ray et al., 2018). The marine source values during the
wet season were −  23.9 and 3.4 ‰ for δ13C and δ15N, respectively
(Matos et al., 2020). Concerning the PSR coastal zone, the isotopic compo-
sitions of A, B, and C represent terrestrial C3 plant, marine phytoplankton,
and terrestrial C4 plant sources, respectively. The δ13C and δ15N values
for the terrestrial C3 plant source were −  31.3 and 2.7 ‰, respectively
(Martinelli et al., 2021). Concerning marine phytoplankton, δ13C and
δ15N values were −  19.0 and 7.5 ‰, respectively (Gatts et al., 2020).
The isotopic C and N values for terrestrial C4 plants were −  14.6 ‰
(Ribas, 2012) and 7.1 ‰ (internal unpublished data), respectively.

The endmembers used for Eqs. (1) and (2) were the same as those em-
ployed for the Bayesian Mixing model, chosen based on literature values
for each area, as different environmental settings can affect source isotopic
compositions, such as latitude and altitude. The use of CO2 by phytoplank-
ton (considered as marine source) likely differs between the Sinnamary and
Amazon coastal areas, due to distance from the coast, which could affect the
isotopic compositions of the OM sources. Therefore, marine contributions
for the Sinnamary coastal sediments were also considered, due to mangrove
proximity.

2.6. Burial flux

The BC burial fluxes (Fburial) in coastal sediments were estimated
through Eq. (3) (Sánchez-García et al., 2013):

Fburial ¼  BC∙DBD∙SAR∙ð1  ΦÞ (3)

where BC is the sum of B5CA and B6CA (μg g− 1) ,  DBD is the dry bulk den-

sity (g cm−3),  and SAR is the sedimentation accumulation rate (cm yr−1).
The DBD values were calculated for each sample (Supplementary
Table 3). SAR values were 0.74 (Allison and Lee, 2004) and 0.6
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(Wanderley et al., 2013) for the Sinnamary and PSR coastal zones, respec-
tively. The SAR values differed for the Amazon set sample (Supplementary
Table 3), in agreement with Sobrinho et al. (2021), who grouped four dif-
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3. Results

3.1. Organic matter sources
ferent Amazon continental shelf regions presenting different deposition
rates and sediment structures. Thus, SAR values differed among samples ac-
cording to proximity to regions I, II and III (Supplementary Table 1). The
central porosity value (0.75) commonly applied for global calculations
was applied (Jönsson et al., 2003) to the Amazon and PSR coastal zones,
while 0.5 was applied to the Sinnamary coastal zone, according to
Aschenbroich et al. (2016).

2.7. Statistical analyses

Statistical analyses were performed using the R software (RC Team,
2018). Descriptive statistics comprising medians and interquartile ranges
were employed. Differences in δ13C (‰) values between the evaluated

coastal zones were verified by the Kruskal Wallis test, while BC (mg g − 1

TOC) and B6CA:B5CA contents were evaluated by an ANOVA test (aov,
Base Package, RC Team, 2018) followed by a multiple comparison test
(Tukey HSD, base package, RC Team, 2018) assuming a 95 % confidence
level. Model assumptions (normality, linearity, and residual homoscedas-
ticity) were tested by a maximum likelihood function (boxcox, MASS pack-
age, Venables and Ripley, 2002). If a transformation was indicated by the
function, the correct adjustment was performed. The Pearson correlation
analysis was performed to assess potential correlations between all ana-
lyzed parameters (e.g., distance from river mouths, δ13C, BC, contribution
of terrestrial C3 plant OM).

Furthermore, non-linear regression models were used to evaluate the
associations and behaviors between δ13C, BC and the B6CA:B5CA ratios
and river mouth distances (lm, Base Package, RC Team, 2018). Addition-
ally, a linear model was constructed to assess associations between BC
and the contribution of terrestrial C3 plants to infer BC sources (lm, Base
Package, RC Team, 2018). Model assumptions (normality, linearity, and re-
sidual homoscedasticity) were tested using a maximum likelihood function
(boxcox, MASS package, Venables and Ripley, 2002); when a transforma-
tion was indicated by the function, the correct adjustment was applied.

The δ13C values from the coastal zone PSR OM were more 13C-enriched
(−22.6 ±  1.3 ‰, Kruskal-Wallis test p <  0.01) compared to the Sinnamary
and Amazon River coastal sediments (−25.0 ±  3.1 and −  26.1 ±  1.0 ‰,
respectively) (Fig. 2A; Supplementary Table 2). The δ13C OM values ranged
between −27.7 and −  25.1 ‰, −32.4 and −  20.7 ‰, and −  24.8
and −  20.4 ‰ for the Sinnamary, Amazon, and PSR coastal zones, respec-
tively, with a trend towards 13C enrichment with increasing distances from
the Amazon and PSR river mouths (Fig. 2B).

The contribution of potential OM sources to the investigated sediment
samples were determined by coupling δ13C and δ15N values (Fig. 3A).
Bayesian stable isotope mixing models were used to determine OM sources
(Fig. 3B). The estimated relative percentages of OM-contributing sources
for Sinnamary River coastal sediments averaged 36.7, 26.4, and 37.0 %
for marine sources, MPB, and terrestrial C3 plants, respectively. Marine
sources accounted for 48.7 % of the OM for Amazon coastal sediments,
while terrestrial C3 plants presented a significant contribution of 51.3 %.
Contributions for PSR coastal sediments were 39.5 % marine, 35.6 % terres-
trial C3 plants, and 24.9 % terrestrial C4 plants.

3.2. Black carbon in coastal zones

BC normalized by TOC content differed between the Amazon (0.32 ±
0.24 mg g − 1  TOC) and PSR (0.95 ±  0.74 mg g − 1  TOC) coastal zones
(one-way ANOVA: p =  0.035), both of which exhibited similar concentra-
tions to Sinnamary coastal sediments (0.73 ±  0.67 mg g − 1  TOC; Fig. 4A).
In addition, BC contents were moderately and positively correlated with
TOC in the Sinnamary and Amazon coastal sediments (r =  0.60 and 0.66,
respectively; Supplementary Fig. 1) and moderately and negatively corre-
lated with TOC in PSR coastal sediments (r =  −0.60; Supplementary
Fig. 1). Concerning the PSR coastal zone, BC contents generally increased
with river mouth distance, while a strong drop in BC contents was noted
for both the Amazon and Sinnamary coastal sediments, with BC initially

Fig. 2. Boxplots for δ13C OM values (n =  6, 14 and 13, for Sinnamary, Amazon and PSR coastal zones, respectively) (A) and distribution according to river mouth distance
(log km) (B). Different letters represent statistical significance for the difference in the means (Kruskal-Wallis tests, p < 0.01) and the circles represent outliers (A). Red symbol
values were not used in model construction.
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Fig. 3. Cross-plot of δ13C vs δ15N TOC and TN values. Polygons represent source material and lines represent the discrimination uncertainty (A). Relative contribution of the
different sources for the investigated coastal zones (B). The δ13C source material values were obtained from Ometto et al. (2006), Hamilton and Lewis (1992), Bouillon et al.
(2011), Ray et al. (2018) and Ribas (2012). The δ15N values were obtained from Ometto et al. (2006), Caraballo et al. (2014), Ray et al. (2018), and Ribas (2012).

increasing followed by a rapid drop associated to river mouth distance
(Fig. 4C). The B6CA:B5CA ratios, used to assess BC degree of condensation,
were highest in the PSR coastal zone samples (one-way ANOVA: F = 4.826,
p <  0.05) compared to the other investigated coastal zones (Fig. 4B). The
B6CA:B5CA ratios for the Sinnamary, Amazon, and PSR sediments were
0.28 ±  0.17, 0.29 ±  0.23, and 0.50 ±  0.15, respectively (Fig. 4B). The
trends of the B6CA:B5CA ratios were not significant (Fig. 4D).

Potential BC sources for the investigated coastal zones were inferred
employing the relationship between C3 plant contributions (Eqs. (1) and
(2)) and sedimentary OM and BC contents (Fig. 5). Black carbon contents
increased with increasing C3 plant OM contributions for the Sinnamary
and Amazon coastal sediments, while the opposite was observed for
the PSR.

The estimated BC burial fluxes were 2.19 ±  2.23, 0.13 ±  0.13 and

2.39 ±  1.50 μg cm2 y r − 1  for the Sinnamary, Amazon, and PSR coastal
zones, respectively, with the lowest value observed for Amazon
coastal zone.

4. Discussion

4.1. Organic matter coastal sediment sources reflect land-use changes

The detected 13C enrichment of the PSR coastal sediments represents a
typical signal of terrestrial C3-C4 plant mixtures, reflecting land-use changes
in the PSR drainage basin (Fig. 2A). The enrichment of δ13C values can be
observed after decades of land-cover changes, decreasing from −25.1 to
−20.2 ‰ in 50 years, as described by Vitorello et al. (1989). Ribas
(2012) analyzed vegetation and soil δ13C values in the PSR basin and re-
ported that δ13C soil and vegetation samples differed by around 5 ‰. The
same trend was observed in forest areas, with more 13C enriched soil values.
As reported by Boschker and Middelburg (2002), the difference between
forest vegetation and forest soils can be explained by the preferential use of
12C compared to 13C by microorganisms during OM soil mineralization
(Blagodatskaya et al., 2011; Liu and Han, 2021), while different values
for C4 vegetation and soil can be explained by the land-use change. Con-
cerning the PSR fluvial system, Marques (2017) reported 13C-enriched

values ranging from −2 5  to −2 3  ‰ for SPM, with C4 plant contributions
ranging from 27 to 40 % to particulate organic carbon, even after centuries
of land-use change (Ribeiro et al., 2009). When reaching the aquatic sys-
tem, the particulate organic carbon (POC) receives autochthonous material,
such as from freshwater phytoplankton, with δ13C values according to dis-
solved inorganic carbon in the water column used for photosynthesis
(Vuorio et al., 2006). In the estuarine zone, POC δ13C values observed by

Marques (2017) were more 1 3C depleted, ranging from −25.8 to
−23.7 ‰, indicating mangrove contributions (terrestrial C3 plants) that,
in addition to autochthonous contributions, can dilute terrestrial C4 plant
contributions to coastal sediments. Indeed, according to the MixSIAR
model, the terrestrial C3 plant contribution to TOC content was higher
than that of terrestrial C4 plants (Fig. 3B), while marine production was
the primary source for PSR coastal sediments. The marine source being so
evident in the mixture of the MO can be attributed to low river
discharge during the sampling period, to low precipitation rates, which
were below 50 % of normally expected values due to a La Niña
macroclimatic event (Marques et al., 2017) and to anthropogenic PSR wa-
tershed modifications (Carvalho et al., 2002; Souza et al., 2010).

Sedimentary OM in the Amazon and Sinnamary coastal zones exhibited
a strong C3 plant signal, as expected, since local rainforests are dominated by
these types of plants (Figs. 1 and 2A). Therefore, the 13C enrichment noted
for Amazon coastal sediments highlights the increasing contribution of ma-
rine OM sources with increasing river mouth distances (Fig. 2B, Supplemen-
tary Fig. 1B). The determined sedimentary isotopic C and N composition
indicates that marine sources contributed considerably to several surface
sediment samples (Fig. 3A), in line with previous studies demonstrating
that offshore TOC is mainly derived from marine primary production
(Aller and Blair, 2006; Sobrinho et al., 2021). Ward et al. (2015) reported
that about 50 % of continental OM does not reach the Amazon coastal
zone due to intense OM river remineralization and sedimentation. In addi-
tion, according to Sobrinho et al. (2021), terrestrial OM that reaches the
Amazon River delta comprises the main OM sediment source. Organic matter
is, however, continuously remineralized in the Amazon River plume and ter-
restrial OM is replaced by marine OM, which explains the strong 13C enrich-
ment noted with increasing river mouth distances (Aller and Blair, 2006)
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Fig. 4. Boxplots for BC values normalized to TOC content (A) and B6CA:B5CA ratios (B) (n =  6, 8 and 13, for Sinnamary, Amazon and PSR coastal zones, respectively).
Relationship between BC content (C) and B6CA:B5CA ratios (D) concerning distance from the Sinnamary, Amazon, and PSR River mouths (log km). Letters represent the
statistical significances for the differences in mean values (Tukey's test, p <  0.05), and circles represent outliers (A). Red symbols indicate values that were not used in

model construction.

(Figs. 2B and 3B). This trend has also been reported by Sun et al. (2017), who
detected 13C-enriched isotopic values ranging from −21.4 and −23.0 ‰ in
Amazon fan sediments. Additionally, by analyzing lignin phenols, these au-
thors also demonstrated that terrestrial OM reaching the Amazon plume un-
dergoes extensive diagenetic alterations before being deposited, as previously
suggested by Aller and Blair (2006) and Ward et al. (2015).

Sinnamary coastal sediments exhibited a dominance of C3 vegetation
(e.g., from the extensive surrounding mangrove, river-transported debris,
and autochthonous production) (Fig. 3). When investigating SPM at the
Sinnamary estuary, Ray et al. (2018) reported the same OM source as that
determined in the present study, also reporting significant contributions of
the MPB biofilm to coastal sediments. In addition, a major contribution of
terrestrial C3 plants was noted by applying the equation model to determine
the contribution for each sample, except for the sample collected near the
pioneer mangrove area, where around 55 % of sediment OM originated
from MPB. Conversely, the surface sediment sample from the adult man-
grove area exhibited the lowest MPB contribution (14 %) and the highest
terrestrial C3 plant contribution (75 %). According to Marchand et al.
(2003), the abundance of MPB biofilms decreases with increasing man-
grove age due to decreased light availability caused by an increased canopy
cover, hindering MPB photosynthesis. This ecological relationship explains
the strong negative correlation observed herein between both sources (r =
−0.89; Supplementary Fig. 1A).

4.2. Land use BC drivers in coastal zones

Sedimentary BC contents differed between the investigated coastal
zones, with the Amazon presenting lower values (Fig. 4A). Indeed, no pyro-
genic material was detected in six of the evaluated Amazon samples (Sup-
plementary Table 1). The BPCA method includes the polycondensed
aromatic BC fraction but does not detect labile pyrogenic molecules
(Wagner et al., 2021) or the highly condensed fraction (Hammes et al.,
2007). In addition, river mouth distance and river discharge likely play im-
portant roles in offshore BC transport. Less condensed pyrogenic material
can be degraded in thefluvial portion of the land-ocean continuum, as turn-
over rates may range from days to weeks (Bird et al., 2015; Wagner et al.,
2021). Therefore, the low BC content determined herein can be explained
by dilution due to high river discharges. In addition, the high residence
time of particles in river systems displaying extensive lowlands, such as
the Amazon basin, can result in higher OM remineralization along the
river system (Bianchi et al., 2018). Consequently, BC can be degraded
and replaced by non-thermally modified OM in floodplains before reaching
the coastal zone (Frueh et al., 2014; Cotrufo et al., 2016). This degradation
in the river section of the land-ocean gradient may explain the low BC con-
tent, while the source change of TOC content (terrestrial to marine) ex-
plains the rapid BC content decline with increasing river mouth distance
(Fig. 4A and C). The heterogeneity in the B6CA:B5CA ratios along the
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Fig. 5. Contribution of terrestrial C3 plants to OM vs BC content in Sinnamary,

Amazon, and PSR coastal zone sediments. Data points with red symbols were not
used in model construction.

land-ocean gradient indicates the presence of two mechanisms acting on BC
deposition in Amazon plume sediments, namely the removal of hydropho-
bic components from the dissolved BC fraction by co-precipitation
(Coppola et al., 2014; Coppola et al., 2022), and the remobilization of
aged BC from alluvial sedimentary deposits (Wagner et al., 2018). The
first mechanism has been reported for the North Pacific Ocean, where dis-
solved BC contributes to sediment BC content through the adsorption of
highly condensed structures (Nakane et al., 2017). This would explain
why the sample with the highest BC content was the one obtained at the
greatest distance to the river mouth. The second mechanism may be a con-
sequence of energetic mixing and high particle load of the Amazon River,
where particles are subject to numerous deposition and resuspension cycles
during lateral transport. As a result, BC can be stored in intermediate reser-
voirs before being stored in marine sediments (McKee et al., 2004; Coppola
et al., 2018).

Although the sedimentary BC contents at the Sinnamary River and PSR
coastal zones were comparable, different trends were observed with in-
creasing river mouth distances (Fig. 4A and C). In contrast to BC transport
along the Amazon River land-ocean continuum, BC in small to medium-
sized rivers such as the Sinnamary and PSR reaches the coastal zone faster
due to the relatively short time between aquatic system entry and coastal
sediment deposition (Burdige, 2007). Black carbon content seems to be
heterogenous in the Sinnamary coastal zone, with a high BC contribution
compared to TOC in two samples collected near the adult mangrove chan-
nel and in the middle estuary, where estuarine mixing takes place (Fig. 4C).
Mangroves display a high allochthonous fluvial OM sediment retention ca-
pacity (Chew and Gallagher, 2018). Chew and Gallagher (2018) attributed
the high BC to TOC ratio detected in mangrove sediments to fluvial BC
transport, as mangroves rarely burn. Moreover, it is essential to highlight
the importance of soot-derived BC canopy trapping (Agawin and Duarte,
2002; Chew and Gallagher, 2018). In the estuarine mixing zone, floccula-
tion, and subsequent deposition facilitates the accumulation of fine parti-
cles, resulting in the deposition of thermally and non-thermally modified
OM (Eisma et al., 1994). The removal of hydrophobic structures from dis-
solved BC may also explain the increasing B6CA:B5CA ratios of the sedi-
ment samples with increasing river mouth distance, also observed in the
Amazon coastal sediments. The increasing B6CA:B5CA ratios with increas-
ing distance from the Sinnamary river mouth can also be explained by
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atmospheric soot deposition since soot contains the most aromatic form
of BC (Wolf et al., 2013; Saiz et al., 2015; Jones et al., 2017).

The BC content increased with increasing distance from the PSR mouth
(Fig. 4C and Supplementary Fig. 1C), and the evaluated sediments exhib-
ited higher BC condensation values (Fig. 4B), highlighting the refractory
nature of BC in this coastal region. Saiz et al. (2015) observed a higher pro-
duction of stable and refractory material in landscapes consisting mainly of
grasses. The same trend observed by Wolf et al. (2013), with B6CA:B5CA
ratios for forest and grass produced from immediate natural fires being
0.63 ±  0.12 and 0.99 ±  0.27, respectively. Thus, the current BC produc-
tion in the PSR basin can explain the higher B6CA:B5CA ratios and the sta-
bility trend of thermally-modified OM along the land-ocean gradient. By
applying the relationship between BC and the contribution of terrestrial
C4 plants, Marques et al. (2017) identified historical Atlantic Rainforest
burning as the predominant source of dissolved BC in the PSR, as also sug-
gested by Dittmar et al. (2012a), with B6CA:B5CA ratios ranging between
0.27 and 0.38. As mentioned previously, BC soil solubilization and its sub-
sequent entry into the aquatic system can take decades (Dittmar et al.,
2012b). It is therefore expected that BC originating from historical burning
is mobilized from soils mainly by soil OM solubilization (Dittmar et al.,
2012a). Changes in vegetation cover and current BC production increase
soil erosion (Smith et al., 2011), making the input of particles into the
aquatic system more significant for recently produced BC. When estimating
BC content in SPM and dissolved OM, Wagner et al. (2015) reported an im-
mediate BC contribution to SPM, with a decrease following the burning
event, but increasing again during spring and late summer rain due to
higher runoff. However, land-use fire management in pasture and sugar-
cane areas takes place annually in the PSR basin (Ferreira et al., 2021), con-
tinuously increasing the BC soil pool. Thus, the difference in BC sources and
quality between the sediment compartments in the present study and the
dissolved fraction in Marques et al. (2017) can be explained by differences
in molecular composition modulation for the dissolved and particulate
water fractions (Wagner et al., 2018).

4.3. BC sources and burial fluxes in coastal zones

The thermally modified OM in the sediment compartment of the evalu-
ated coastal zones varied with the current vegetation cover of each basin
(Fig. 5). However, the estimated contribution of C3 plants does not distin-
guish vascular plants from autochthonous production in river waters, lead-
ing to a “mixture” factor in the determination coefficient. Historical
Atlantic Rainforest burning explains the dissolved BC concentrations at
the PSR (Marques et al., 2017), although sedimentary BC contents de-
creased with increasing terrestrial C3 OM source contributions in PSR
coastal sediments (Fig. 5). A high BC content (2.37 mg g − 1  TOC) detected
in one sample without contribution from terrestrial C4 plants with a low
B6CA:B5CA ratios may indicate the presence of old BC originating from his-
torical Atlantic Rainforest burning or even from sugar cane fields that have
been fire-managed for centuries in this area (Marques et al., 2017). Jones
et al. (2017) highlighted the importance of atmospheric soot deposition
for BC content in the PSR, indicating that recently produced soot (e.g.,
from biomass or fossil fuel burning) can be introduced into the water col-
umn after atmospheric deposition, being subsequently transported along
with river SPM to be deposited in the coastal zone. Thus, in addition to riv-
erine BC transport, BC can also originate from atmospheric deposition (Lara
et al., 2005). In contrast, atmospheric transport to the Amazon and
Sinnamary River mouths appears to not be significant concerning sedimen-
tary BC contents. According to Coppola et al. (2019), BC originating from
atmospheric deposition can be rapidly removed or diluted in thefluvial sec-
tor of the Amazon River. In the PSR coastal zone however, a constant BC
supply to the coastal zone is directly linked to the annual fire management
of croplands and pasture areas.

Black carbon burial flux estimates for coastal zones are important to
better understand the role of thermally modified OM in the global
carbon cycle, as burial in coastal sediments is an essential BC sink
(Sánchez-García et al., 2013; Bird et al., 2015). The burial flux observed
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for the Amazon coastal zone was significantly lower compared to the other
investigated coastal zones (one-way ANOVA: p <  0.001) and was strongly
and negatively correlated with increasing river mouth distance (r =
−0.88). Similarly, no differences between the Sinnamary and PSR coastal
zones were observed. Including the B3CA and B4CA markers increased
the burial flux for PSR coastal to values between 2.61 and

306.19 μg cm − 2  y − 1 ,  which is, for example, lower than the burial flux re-
ported by Sánchez-García et al. (2013) in the Gulf of Cádiz, Spain. However,
since different BC determination methods along the combustion continuum
are available (e.g., including B3CA and B4CA in BC content estimates and/
or applying conversion factors [Glaser et al., 1998]), BC data derived from
different analytical techniques should be compared cautiously (Masiello,
2004; Schneider et al., 2011; Kappenberg et al., 2016).

Black carbon contents can also be associated to organic and inorganic
pollutants (Nam et al., 2008; Lian and Xing, 2017). For example, Neupane et
al. (2020) reported a positive correlation between BC contents (mainly
produced by biomass burning) and Hg concentrations (R2 =  0.48, p
<  0.001), suggesting similar sources and/or transport mechanisms in
Selin Co lake surface sediments, located in the central Tibetan Plateau. At
the PSR coastal zone, the constant BC input to the coastal zone is most likely
directly associated to the annual management of croplands and pasture
areas (Ferreira et al., 2021) while Hg is used in the sugar-cane management
against pests (Câmara et al., 1986). Therefore, Hg can be released to the at-
mosphere by soil volatilization during thefire management of croplands and
pasture areas and, alongside BC, is transported to aquatic systems, either by
fluvial or atmospheric transport. Moreover, Nam et al. (2008) reported a
correlation between BC and persistent organic pollutants, although they em-
phasized that this relationship could be masked by the old BC soil stocks.
Consequently, understanding BC transport and burial fluxes will aid in
elucidating carbon sinks and also the fate of contaminants in coastal sedi-
ments, especially considering that BC exhibits environmental persistence.

5. Conclusions

In the present study, δ13C coupled with δ15N analyses and mixing
models were employed to understand the sources, composition, and spatial
dynamics of the organic matter in coastal sediments in northeastern South
American coastal zones in Brazil and French Guiana. Altered vegetation
covers from forests to grasslands were indicated as an OM modification
driver in the investigated coastal sediments. Additionally, we analyzed
the contribution of terrestrial OM (C3 plants) to understand BC sources in
the assessed drainage basins. In PSR coastal sediments, a mixture of 13C-
enriched OM derived from C3 and C4 plants, demonstrated that human-
induced modifications from Atlantic Rainforest to croplands and pasture
areas altered the OM composition transported to the coastal zone. Concern-
ing the BC source for this drainage basin, we suggest that BC produced from
the incomplete burning of terrestrial C4 plant biomass is the main BC source
for PSR coastal sediments (Fig. 5; Supplementary Fig. 1), even though the
δ13C analysis was performed on bulk TOC and not directly on molecular
BC markers (BPCA).

Remineralization and sedimentation processes along the land-ocean
continuum of the Amazon River coupled to high river discharges can ex-
plain the lower BC contents detected in the Amazon coastal zone compared
to the PSR and Sinnamary study sites. However, this could change in the fu-
ture due to the high agricultural expansion noted in the Amazon, which
could exacerbate social and ecological impacts in this biome. Over the
past 14 years, deforestation and forest fire rates in the Amazon have
reached record levels, with anthropogenic activities increasingly removing
Amazon Rainforest biomass, resulting in increased BC contents in soil and
BC transported to the coastal zone. Even though land-use changes display
the potential to produce more stable BC, it is crucial to consider that the
Amazon rainforest accounts for 93 ±  23 Pg C stored aboveground, which
can substantially increase BC production and lead to significant carbon
cycle impacts.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.162917.
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