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Scientific Significance Statement

Carbon sequestration in mangroves is often estimated from their sediment storage capacity. However, lateral transport
(outwelling) of dissolved carbon and alkalinity from intertidal wetlands can also drive long-term storage in the ocean. Here,
we quantified outwelling rates across the groundwater-creek-shelf continuum of the world’s largest continuous mangrove belt
in the Amazon region. Dissolved inorganic carbon (DIC) fluxes exceeded dissolved organic carbon over all spatial scales. Since
90% � 13% of mangrove-derived DIC was bicarbonate, there is potential for long-term carbon storage offshore. Outwelling
seems to exceed sediment burial as a carbon sequestration pathway in this and other mangrove-dominated coastlines.

Abstract
Lateral fluxes (i.e., outwelling) of dissolved organic (DOC) and inorganic (DIC) carbon and total alkalinity
were estimated using radium isotopes at the groundwater, mangrove creek, and continental shelf scales in
the Amazon region. Observations of salinity and radium isotopes in the creek indicated tidally driven
groundwater exchange as the main source of carbon. Radium-derived transport rates indicate that man-
grove carbon is exported out of the continental shelf on timescales of 22 � 7 d. Bicarbonate was the
main form (82% � 11%) of total dissolved carbon in all samples, followed by DOC (13% � 12%) and CO2

(5% � 4%). DIC (18.7 � 15.7 mmol m�2 d�1) exceeded DOC (3.0 � 4.1 mmol m�2 d�1) outwelling at all spa-
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tial scales. The interpretation of outwelling across the mangrove-ocean continuum is related to the spatial
and temporal scales investigated. At all scales, outwelling represented a major coastal carbon pathway driv-
ing bicarbonate storage in the ocean.

Mangroves have one of the highest aerial carbon burial
rates due to high primary production and complex root sys-
tems that allow organic matter deposition and long-term stor-
age in the anoxic soil layers (Alongi 2020; Jennerjahn 2020).
Part of the mangrove soil carbon might be released to the
atmosphere after microbial decomposition and exported to
ocean as particulate and dissolved matter (Bouillon
et al. 2008; Volta et al. 2020). Outwelling is the lateral or hori-
zontal transport of suspended and dissolved material at the
land–ocean interface (Santos et al. 2021). Tidally driven
groundwater exchange or tidal pumping is often the main
pathway releasing carbon and alkalinity from mangrove sedi-
ments to coastal waters (Maher et al. 2018; Saderne
et al. 2021). However, outwelling rates across the mangrove-
ocean continuum and the related carbon storage in the ocean
over the long term remain poorly quantified.

Methods to estimate outwelling include measuring geo-
chemical tracers (e.g., radium and radon) over tidal cycles in
mangrove creeks (Maher et al. 2013) and transects across the
continental shelf (Sippo et al. 2019). Estimates of outwelling
at the tidal creek scale do not capture carbon transformations
by biogeochemical processes before potential storage in the
ocean. In contrast, outwelling estimates at the shelf scale inte-
grate carbon fluxes from multiple sources including rivers and
mangroves (Dittmar et al. 2006). Radium isotopes can reveal
coastal mixing, residence times, outwelling, and groundwater
discharge in coastal regions (Moore 2000b; Dulaiova
et al. 2006). However, there is lack of outwelling estimates
over different spatial scales, making it difficult to fully con-
strain blue carbon budgets.

Here, radium-derived outwelling estimates were performed in
the world’s longest continuous belt of mangroves and on the
continental shelf in the Amazon region. We compare total alka-
linity (TA), dissolved organic carbon (DOC), and dissolved inor-
ganic carbon (DIC) outwelling at multiple scales (groundwater,
mangrove creek, and continental shelf), and discuss if out-
welling can drive long-term carbon sequestration in the ocean.

Methods
Study sites

The study was conducted in the Furo do Meio mangrove
creek, the Caeté Estuary and in the North Brazil continental
shelf about 300 km southeast of the Amazon River mouth
(Fig. 1). Furo do Meio is a 4.5 km long creek draining an inter-
tidal catchment of 2.2 km2 dominated by Rhizophora mangle
(Dittmar et al. 2001). This site has well-developed mangroves
with ~ 30 m high trees, a mature intertidal bank, and a
monsoon-like climate with temperature of 28.6 � 1.3�C

(Nobre et al. 2009). The creek receives no upstream freshwater
inputs other than local precipitation, reaching 3300 mm dur-
ing the wet season (December to May) to negligible amounts
during the dry season (September to November) (Nobre
et al. 2009) when mangrove creek sampling was performed.

The nearby Caeté River estuary receives freshwater dis-
charge at ~ 50 m3 s�1 from a 2061 km2 watershed (Asp
et al. 2018) with an estuary fringed by extensive mangroves
wetlands. The tidal ranges are ~ 2.6 m in the neap tides and
> 5 m in spring tides (Call et al. 2019). The Amazon continen-
tal shelf extends 330 km into the Atlantic. This region is a bio-
geochemical hotspot, receiving inputs from the world’s
longest continuous mangrove belt (542 km) and largest river
basin (Dittmar et al. 2006; Hayashi et al. 2018). Earlier carbon
cycle research in this area has quantified CO2 and CH4 emis-
sions (Call et al. 2019), soil carbon burial (Kauffman
et al. 2018; Matos et al. 2020), and DOC sources (Dittmar
et al. 2001, 2006). Here, we focus on radium isotopes and
inorganic carbon fluxes.

Sampling and analyses
We sampled groundwater (n = 12), the tidal creek (n = 40),

estuary (n = 21), and the continental shelf (n = 13) to esti-
mate fluxes at multiple scales (Fig. 1). The creek was sampled
between 26 and 28 September 2017 during a neap tidal cycle
and between 06 and 07 October 2017 during a spring tidal
cycle. Water samples were collected hourly using a sample-
rinsed polypropylene syringe and 0.7 μm Whatman GF/F fil-
ters. DIC and DOC were collected in precombusted 40 mL
borosilicate vials containing 50–100 μL of saturated HgCl2. TA
was collected in 30 mL polypropylene vials (Mos et al. 2021).
A calibrated Hydrolab DS5 logged temperature, salinity, and
dissolved oxygen (DO) every minute. Depth and current
velocity were logged at 1 min intervals using a Unidata Star-
flow (model 6526).

Surface-water samples for the Caeté estuary were collected
on 10 October 2017 (Fig. 1c). Shelf samples were collected in
two transects between 05 and 06 May 2018 during a
GEOTRACES study (RV Meteor cruise M147, GApr11) (Fig. 1b).
Shelf waters were sampled with Niskin bottles mounted on a
CTD rosette at ~ 5 m depth and filtered with a peristaltic
pump using a Causapure prefilter cartridge (1 μm, polypropyl-
ene, Infiltec) and a Causa-PES filter cartridge (0.1 μm, poly-
ethersulfone, Infiltec). Radium samples were collected using a
WASP-5 underwater pump at 2 m depth.

Groundwater was collected between 07 and 11 October
2017 at low tide from the mangrove forest. Holes were dug to
~ 0.5 m and purged before sampling with a peristaltic pump.
Radium isotopes were sampled by filtering between 16 and
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236 L of water through Mn fibers at < 1 L min�1. The fibers
were rinsed with radium-free water, partially dried, and placed
in a Radium Delayed Coincidence Counter (RaDeCC) to mea-
sure 224Ra and 223Ra (Moore and Arnold 1996).

DOC samples were run through an OI Aurora 1030W or a
Shimadzu TOC-VCPH instrument. DOC precision and true-
ness were tested against deep seawater reference material and
low carbon water (provided by D. A. Hansell, University of

Fig 1. Study site (a) and sampling (b and c) locations at the groundwater-creek-estuary-shelf continuum in northern Brazil. Mangrove and urbanization
cover were acquired from the Brazilian Institute of Environment and Natural Resources (IBAMA) and Brazilian Institute of Geography and Statistics (IBGE).
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Miami) and both were < 5%. TA was measured using Gran
titration with 0.01 mol L�1 HCl in a Metrohm Titrando (Mos
et al. 2021). DIC was measured using a DIC analyzer (Apollo
Scitech). Samples were calibrated using measurements of certi-
fied reference material from the Scripps Institution of Ocean-
ography. HCO3

� and CO2 concentrations were calculated
using CO2calc (Robbins et al. 2010) based on TA and DIC.

Estimating outwelling at different scales
Short-lived isotope (224Ra and 223Ra) time series in the tidal

creek were used to calculate groundwater exchange during
spring and neap tides using a mass balance (Gleeson
et al. 2013) that considers tidal exchange, groundwater inputs,
and decay. Water discharge (m3 h�1) was calculated by the
tidal prism variation in the creek (Maher et al. 2013). Tidal
inputs (flood) and outputs (ebb) were estimated by multiply-
ing the radium concentration (dpm m�3) by discharge for
each time step. These fluxes were integrated over complete
tidal cycles during the neap and spring tides. The volume of
groundwater leaving the creek over each tidal cycle (m3 d�1)
was estimated by dividing the net radium exports (dpm d�1)
by the average groundwater endmember concentration
(dpm m�3).

Concentrations in groundwater minus average concentra-
tions in surface waters during high tide were assumed to repre-
sent the groundwater endmember after seawater recirculation in
the sediments (Call et al. 2019; Santos et al. 2019). Outwelling
at the mangrove creek scale was calculated by multiplying the
water flow by carbon concentrations at each time step and inte-
grating over complete tidal cycles (Sadat-Noori et al. 2015;
Wadnerkar et al. 2021). Groundwater and creek outwelling were
scaled for the mangrove intertidal area (2.2 km2).

In order to estimate outwelling at the shelf scale, offshore
eddy diffusivity mixing coefficients (Kh) were calculated using
the slopes of the log-linear gradient in shelf radium isotope
distributions (Moore 2000a, 2007). Carbon and TA outwelling
across the shelf was calculated by multiplying their linear
slopes by the average mixing coefficients (Kh) and the average
depth of the mixed layer (~ 10 m) (Santos et al. 2009; Sippo
et al. 2019). DIC and TA slopes were calculated using the
excess concentration (ΔDIC and ΔTA) in relation to their con-
servative mixing (Liu et al. 2021) to correct for the effects of
dilution (Supporting Information Fig. S1). A river sample was
used as the freshwater endmember.

Radium ages were determined at two transects < 80 km off-
shore. This approach assumes that the shoreline is the only
source of radium and that mixing and radioactive decay are
the only sinks (Dulaiova and Burnett 2008). The relative dif-
ferences of radium ages across the transects were used to esti-
mate the offshore linear transport rate of radium (Peterson
et al. 2008b). Fluxes of DOC, DIC, and TA from river were esti-
mated by multiplying concentrations of freshwater samples
(Fig. 1c) in the area upstream of mangroves by the discharge
of the Caeté River (Brazilian Water Agency—Station Nova

Mocajuba). Fluxes and outwelling uncertainties were propa-
gated for all systems (Harvard 2015).

Results
Mangrove groundwater

Mangrove groundwater salinity ranged from 26.2 to 39.1. DO
(2.7 � 3.2 mg L�1) was often below saturation, reaching hypoxic
levels (< 2.0 mg L�1) in 40% of samples (Supporting Information
Fig. S3). Groundwater had the highest concentrations of radium
isotopes, carbon, and TA (Supporting Information Table S1,
Figs. S2, S4). Groundwater exchange from the mangrove sedi-
ments to the creek oscillated from 1.5 � 1.2 to 2.2 � 2.0 cm d�1

using 223Ra and 224Ra, respectively, and 2.2 km2 of intertidal
mangrove area (Supporting Information Table S2). Groundwater
fluxes of DOC, DIC, and TA were 4.8 � 4.4, 18.2 � 19.6, and
6.9 � 11.3 mmol m�2 mangrove d�1, respectively (Supporting
Information Table S4).

Tidal creek
The creek depth ranged from 0.8 to 5.6 m and the tidal

amplitude ranged from 2.1 to 4.7 m at neap and spring tides,
respectively (Fig. 2). Creek salinity was higher at low tide
(36.5 � 0.5) than high tide (34.2 � 0.6) due to evapotranspi-
ration in the intertidal zone (Fig. 2). The tidally integrated
water flow was 409 � 372 m3 d�1, which is equivalent to
0.6% � 0.6% of the tidal prism volume. Carbon, TA, and
radium isotopes followed an inverse tidal trend in the creek
(Fig. 2) with concentrations during low tide exceeding high
tide values by a factor of 1.6–3.4. Outwelling of DOC, DIC,
and TA at the creek scale were 0.3 � 10.0, 20.0 � 13.7, and
15.2 � 8.3 mmol m�2 mangrove d�1, respectively.

Caeté River estuary
During the spatial survey in the estuary, salinity fluctuated

between 1.1 (most upstream sample) and 36.9 in the mouth of
the estuary (Supporting Information Fig. S4). Radium isotopes,
DOC, ΔTA, and ΔDIC showed the highest concentrations in
the section of the estuary where most of the mangrove forests
are located (Supporting Information Figs. S4, S6). The river
fluxes of DOC, DIC, and TA were 0.07 � 0.01, 0.63 � 0.03, and
0.55 � 0.06 mmol m�2 catchment d�1, respectively.

Continental shelf
Radium activities (224Ra and 223Ra) in the continental

shelf decreased in the offshore direction (Fig. 3) implying a
nearshore radium source. DOC concentrations also signifi-
cantly (p < 0.05) decreased toward the open ocean, whereas
TA and DIC increased (Fig. 3). Excess of DIC and TA, however,
decreased toward offshore (Supporting Information Fig. S1d).
Radium ages increased from 5.7 d nearshore to 14.3 d in the
most offshore sample (83 km), resulting in an integrated
cross-shore transport of 9.0 � 3.3 cm s�1 or 7.8 � 2.9 km d�1.
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DOC, DIC, and TA outwelling at shelf scale was 7.8 � 3.2 �
105, 9.9 � 3.3 � 106, and 1.2 � 0.9 � 106 mmol m�1 shoreline
d�1, respectively (Supporting Information Table S3).

Normalizing fluxes against areas is challenging because we do
not know the exact spatial scale represented by radium mea-
surements. If we assume 542 km of mangrove shoreline
(Hayashi et al. 2018), outwelling of DOC, DIC, and TA at the
shelf scale would convert to 1.4 � 0.6, 18.2 � 6.1, and
2.3 � 1.7 mmol m2 shelf d�1, respectively. While these cross-
shelf fluxes are likely explained by a combination of river and
mangrove sources, we cannot separate their relative contribu-
tion at the shelf scale because shelf and mangrove observa-
tions were performed at different seasons.

Discussion
Radium isotopes

Carbon outwelling in mangroves is triggered by the exchange
of intertidal groundwater enriched in carbon through crab bur-
rows (Taillardat et al. 2018; Taniguchi et al. 2019). The daily vari-
ability of depth, salinity, and radium isotopes (Fig. 2) indicates
that groundwater exchange in the mangrove creek is driven by
tidal pumping. Similar patterns were observed for nutrients,
CO2, CH4, and

222Rn in the same tidal creek, implying a com-
mon source (Dittmar and Lara 2001; Call et al. 2019). The
groundwater exchange rates derived from 224Ra (2.2 �
2.0 cm d�1) and 223Ra (1.5 � 1.2 cm d�1) were comparable to
other mangroves worldwide ranging between 0.3 and 84 cm d�1

(Chen et al. 2018). Differences among systems occur due to vari-
able tidal ranges, sediment composition, and climatic conditions
(Taillardat et al. 2018).

At the continental shelf, both 224Ra and 223Ra showed a
clear log-linear pattern (Fig. 3), suggesting that conservative
mixing and decay rather than advection drives radium distri-
bution as observed in the South Atlantic Bight (Moore 2000a)
and off mangroves in Australia (Sippo et al. 2019). The
radium-derived transport rates in the shelf (9.0 � 3.3 cm s�1)
were higher than other nearshore systems, such the Yellow
Sea (3.3–4.7 cm s�1, Peterson et al. 2008a) likely due to large
tidal ranges in North Brazil. Considering the continental shelf
width (~ 200 km) in the Amazon mangrove belt region and
radium transport rates, it would take 22.3 � 7.2 d for man-
grove carbon to cross the shelf and reach the open ocean,
where it can be stored over long timescales.

Carbon speciation
In spite of an early focus on DOC (Dittmar et al. 2006;

Rezende et al. 2007; Kristensen et al. 2008), DIC was the dom-
inant form of carbon in all compartments. Mangroves retain
high organic content in sediments. Part of this organic matter
is mineralized via aerobic and anaerobic processes which con-
sume particulate organic carbon (POC) and DOC and produce
DIC (Taillardat et al. 2018). DIC and DOC were significantly
correlated (r2 = 0.65, p < 0.001), especially in the creek sam-
ples, indicating that both carbon species have a similar source
(Supporting Information Fig. S5). Overall, radium-derived DIC
outwelling was 4-65 times higher than DOC, suggesting that

Fig 2. Time series in the mangrove creek during the neap (15 h) spring (25 h)
tide cycles.Depth, salinity, andDOweremeasuredwith1min frequency. Radium
isotopes, DIC, DOC, and TAwere sampledwith 2 h frequency. Positive discharge
indicates flood tidewhile negative discharges indicate ebbflows.
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inorganic carbon is the main form exported to the coastal
ocean as expected for mangrove-dominated coasts
(Alongi 2020; Santos et al. 2021).

The relationship between DIC and TA provides insights
into the pathways of organic matter mineralization (Bouillon
et al. 2007). The DIC : TA slopes were calculated by the devia-
tion of DIC (ΔDIC) and total alkalinity (ΔTA) concentrations
from the conservative mixing (Supporting Information
Fig. S4) to avoid the effects of simple dilution across samples
with different salinities (Liu et al. 2021). The slopes imply that
the production of DIC and TA can be a result of different bio-
geochemical reactions, especially at the estuary and shelf
scales due to sources other than mangroves. Sulfate reduction
seems to represent the main organic carbon mineralization
pathway within the mangrove (groundwater and tidal creek
samples) as observed in other mangrove systems (Sippo
et al. 2016; Twilley et al. 2019; Reithmaier et al. 2020). How-
ever, other processes, such as calcium carbonate dissolution,
might represent an important source of alkalinity in man-
groves and on the shelf (Macreadie et al. 2017; Volta
et al. 2020; Saderne et al. 2021).

Most studies assume that carbon sequestration in man-
groves occurs primarily via sediment burial. However, this
underestimates carbon storage in the ocean following out-
welling of bicarbonate or refractory DOC (Maher et al. 2018;
Santos et al. 2019). Bicarbonate accounted for 82% � 11% of
the total dissolved carbon species, exceeding DOC (13% �
12%) and dissolved CO2 (5% � 4%) at all scales (Fig. 4b). Alka-
linity, mostly as bicarbonate, has a residence time of 100–
1000 ka, allowing long-term storage in the ocean (Renforth
and Henderson 2017).

Carbon and alkalinity outwelling across different spatial
scales

Estimating outwelling is challenging due to multiple physical
and biogeochemical processes across the groundwater-mangrove-
shelf continuum. Biogeochemical processes modifying carbon
speciation as well as hydrological and oceanographic factors influ-
ence exports to the ocean (Gillis et al. 2017; Santos et al. 2021).
Carbon and alkalinity outwelling varied across different spatial
scales (Fig. 5). The highest outwelling fluxes were found at the
groundwater and creek scales, within the range observed in man-
groves worldwide (Alongi 2020). Since there is no freshwater
input to the tidal creek, groundwater exchange was the major
driver of dissolved carbon and alkalinity outwelling.

Studies quantifying carbon outwelling at cross-shore or
continental shelf are scarce. Here, continental shelf outwelling
rates were similar to those found at the mangrove scale, espe-
cially for DIC (Fig. 5), even though fieldwork occurred in dif-
ferent periods. Offshore sampling occurred during the wet
season when rivers are a source of carbon to the shelf, whereas
sampling in the creek was performed during the dry season
when tidal pumping within mangroves is a major source of
carbon (Call et al. 2019).

Using the average discharge for the Caeté river during the
wet season (~ 80 m3 d�1), we found that DIC and TA fluxes
are still higher in the tidal creek than in the river (Supporting
Information Table S4). However, when extrapolating for the

Fig 3. Offshore coastal transects of radium isotopes, salinity, TA, and
DIC and DOC in seawater sampled in May 2018. Water ages were calcu-
lated from 224Ra : 223Ra ratios. ΔTA and ΔDIC were used to estimate shelf
scale outwelling as shown in Fig S1.

Cabral et al. Carbon outwelling off mangroves

374



Amazon mangrove belt (mmol d�1), carbon fluxes were 2–8
times higher in rivers than mangroves during the wet season,
indicating that both temporal and spatial scales should be
considered when comparing outwelling rates.

Previous studies in the same shelf area during the dry season
estimated DOC outwelling of 33.3 mmol m�2 mangrove d�1

(Dittmar et al. 2006). Although the shelf scale integrates out-
welling from multiples sources, this area includes ~ 70% of
Brazil’s mangroves that play an important role delivering car-
bon southeast of the Amazon River (Dittmar et al. 2001).
Carbon outwelling in the mangrove tidal creek was 13-50 times
higher than the Caeté River during the dry season (Fig. 5).

Fig 5. Conceptual model summarizing carbon (DOC and DIC) and TA fluxes, CO2 emissions, and C sediment burial rates in the Amazonian
groundwater-mangrove-shelf continuum. Superscript letters provide references for data based on our study (A); (B) Aller et al. (1996); (C) Lefèvre
et al. (2017); (D) Call et al. (2019); (E) Dittmar and Lara (2001); (F) Matos et al. (2020). Additional outwelling rates in mmol d�1 and
mmol m�1 shoreline d�1 can be found in the Supporting Information Tables S3, S4.

Fig 4. (a) Linear regressions between ΔTA and ΔDIC concentrations derived from their conservative mixing (Supporting Information Fig. S4). Only sig-
nificant (p < 0.05) regressions (r2) are shown. The biogeochemical processes slopes (parenthesis) are derived from Redfield C : N : P stoichiometry
(106 : 16 : 1) (Bouillon et al. 2007; Krumins et al. 2013). The broader C : N : P ratios found in mangrove soil worldwide (282 : 9 : 1 to 2923 : 117 : 1)
might modify the typical DIC : TA slopes (Scharler et al. 2015; Rovai et al. 2018). (b) Relative contribution of DOC, CO2, and bicarbonate (HCO3

�) in
the mangrove-shelf continuum.
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Extrapolating these results to the Amazon mangrove belt and
river watershed area (Supporting Information Table S4), man-
grove outwelling rates (mmol d�1) were 11–92 times higher
than river fluxes in the dry season, showing that mangroves
are the main source of carbon and alkalinity to the regional
continental shelf during this period.

Total dissolved carbon plus litter outwelling was compara-
ble to sediment burial rates (Fig. 5) estimated for nearby man-
groves (Matos et al. 2020). At the shelf scale, total dissolved
carbon outwelling exceeded burial rates (Aller et al. 1996) and
CO2 fluxes seem to represent a minor fraction (4.2%) of the
carbon budget. While these comparisons are constrained by
limited sampling, they highlight that overlooking outwelling
followed by bicarbonate storage in the ocean may underesti-
mate the carbon sequestration capacity of mangroves.

Carbon outwelling is usually estimated in one single com-
partment, that is, mangrove creek (Dittmar and Lara 2001;
Taillardat et al. 2018) or continental shelf (Dittmar et al. 2006;
Sippo et al. 2019). There is limited outwelling data across differ-
ent scales, especially in mangrove-rich regions of South America
and Africa (Santos et al. 2021). Future studies investigating mul-
tiple scales and vertical gradients are needed to provide addi-
tional insight into drivers of outwelling and decrease
uncertainties of global estimates. Carbon isotopes can also
reveal the relative contribution of different sources organic mat-
ter (Taillardat et al. 2018; Volta et al. 2020; Kwon et al. 2021).
Combining radioactive and stable isotopes tracers will help to
build complete carbon budgets for this region and elsewhere.
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