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Abstract
Salt marshes can sequester large amounts of carbon in sediments, but the relation between carbon storage and exportation 
remains poorly understood. Groundwater exchange can flush sediment carbon to surface waters and potentially reduce storage. 
In this study, we estimated groundwater fluxes and associated carbon fluxes using a radon (222Rn) mass balance and sediment 
carbon burial rates using lead (210Pb) in a pristine salt marsh (North Inlet, SC, USA). We used δ13C to trace carbon origins. 
We found that groundwater releases large amounts of carbon to the open ocean. These groundwater fluxes have the potential to 
export 7.2 ± 5.5 g m−2 of dissolved inorganic carbon (DIC), 0.2 ± 0.2 g m−2 of dissolved organic carbon (DOC) and 0.7 ± 0.5 
g m−2 of carbon dioxide (CO2) per day. The fluxes exceed the average surface water CO2 emissions (0.6 ± 0.2 g m−2 day−1) 
and the average sediment carbon burial rates (0.17 ± 0.09 g m−2 day−1). The δ13C results suggest that groundwater carbon 
originated from salt marsh soils, while the sediment carbon source is derived from salt marsh vegetation. We propose that 
the impact of salt marshes in carbon cycling depends not only on their capacity to bury carbon in sediments, but also on their  
high potential to export carbon to the ocean via groundwater pathways.
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Introduction

Salt marshes are considered blue carbon habitats that not 
only provide local ecosystem services but also contribute to 
mitigating global warming (Mcleod et al. 2011; Drake et al.  

2015; Wang et al. 2019). Much of the research done in salt 
marshes has focused on the capacity of their sediment to 
store organic carbon. Globally, salt marshes sequester large 
amounts of organic carbon (53.65 Tg C year−1; Wang et al. 
2021) and accumulate sediments in pace with sea level rise 
(Kirwan and Mudd 2012; Wang et al. 2019), making them 
strategic protection zones (Dargusch and Thomas 2012; 
Kirwan and Mudd 2012). Salt marshes and other blue 
carbon ecosystems can contribute up to 50% of the total 
marine carbon burial on the planet (Chmura et al. 2003; 
Kirwan and Mudd 2012). In the USA alone, tidal wetlands 
can accumulate 4–5 Tg C year−1 (Wang et al. 2019). How-
ever, salt marsh carbon storage capacity may be reduced as 
groundwater flushes through salt marsh sediments. While 
salt marsh carbon burial and submarine groundwater dis-
charge (SGD) estimates have been quantified at several sites 
(Guimond and Tamborski 2021), fluxes of carbon from 
groundwater to surface water are less well known.

Groundwater fluxes are difficult to quantify. When 
groundwater fluxes are on the scale of metres or larger, they 
are referred as submarine groundwater discharge (Bratton 
2010). When the scale of the fluxes is smaller than metres, 
they are often referred to as porewater exchange (Taniguchi 
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et al. 2019). There are multiple methods to quantify SGD or 
porewater exchange in salt marshes and coastal waters. Pie-
zometers, water balances, and numerical models combined 
are part of the traditional hydrogeology methods to estimate 
groundwater fluxes (Anderson and Woessner 1992). Previ-
ous work in salt marshes relied on Darcy’s law estimations 
(Harvey and Odum 1990; Wilson et al. 2015) and release of 
artificial tracers such as Brome (Tobias et al. 2001). In salt 
marshes that are governed by the seasonality of the rainfall, 
and tidal exchange, electrical resistivity measurements have 
been used as a proxy of groundwater dynamics, as it detects 
the variations of the groundwater salinity (Carter et  al. 
2008). These methods can be effective at the creek–bank 
scale but provide limited insight on a ecosystem scale. Natu-
ral isotopic tracers can be used to quantify both SGD and 
porewater exchange by integrating of fluxes that take place 
within a broad area of influence.

Naturally occurring radioisotopes (210Pb and 222Rn) are 
useful in tracing geochemical processes related to sedi-
ment burial and groundwater flow. For example, radon 
(222Rn) has been employed to estimate groundwater fluxes 
in estuaries (Santos et al. 2014; Adyasari et al. 2018), riv-
ers (Ortega et al. 2014), lakes (Burnett and Dimova 2012), 
bays (Correa et al. 2020; Wang et al. 2017; Zhang et al. 
2016), the coastal ocean (Cantarero et al. 2019; Webb 
et al. 2019), and salt marshes (Charette and Buesseler 
2004; Peterson et al. 2019). Furthermore, the radioiso-
topes 210Pb and 226Ra have traditionally been employed 
to study sedimentation rates (Appleby and Oldfield 1992) 
and estimate carbon burial on timescales of several dec-
ades (Alongi 2014; Mitra and Zaman 2015; Sanders 
et al. 2016; Sippo et al. 2020). An ongoing challenge is 
to understand the relative magnitude of carbon fluxes via 
groundwater compared to sediment burial.

Groundwater exchange in tidal ecosystems can affect car-
bon budgets and trigger lateral export (outwelling) to adjacent 
aquatic ecosystems (Santos et al. 2019, 2021). For instance, 
tidally driven groundwater flushing can release large amounts 
of greenhouse gasses as well as dissolved organic (DOC) and 
inorganic (DIC) carbon from intertidal mangrove and salt 
marsh soils (Call et al. 2019; Maher et al. 2015; Santos et al. 
2012a). This process is enhanced by the presence of crab 
borrows (Tait et al. 2016; Xiao et al. 2019; Guimond et al. 
2020) that make soils permeable and enable flushing. Carbon 
budgets that include interactions between soil and water are 
typically estimated from core incubations that focus on dif-
fusive fluxes (Morris and Whiting 1986; Alongi 2014; Drake 
et al. 2015). However, advective groundwater carbon fluxes 
can be orders of magnitude greater than diffusive transport 
(Xiao et al. 2021) and groundwater’s global contribution to 
carbon fluxes in blue carbon ecosystems may be on the scale 
of what has been previously determined for riverine fluxes 
into the coastal ocean (Chen et al. 2018).

Higher CO2 concentrations in seeping groundwater than 
in surface waters (Santos et al. 2015; Sadat-Noori et al. 
2018) can modify seawater carbon chemistry and sur-
rounding ecosystems (Santos et al. 2019). In crab burrows, 
carbon dioxide can be an order of magnitude greater than 
the overlying atmosphere (Xiao et al. 2021). Crab burrows 
function as conduits where CO2 is flushed during ground-
water–surface water interactions (Xiao et al. 2019). In this 
work, we quantify carbon fluxes in water and sediments in a 
salt marsh on the east coast of the USA. We use time series 
measurements of CO2 and a suite of isotope tracers (210Pb, 
222Rn, and δ13C-DIC) to quantify groundwater exchange, 
groundwater-derived carbon fluxes, sediment carbon burial, 
and carbon origins. We hypothesize that groundwater dis-
charge is a significant mechanism for carbon mobilization 
and that part of the groundwater carbon can be traced to the 
soils of the marsh. Our study focuses on poorly understood 
terms of the carbon cycle on the marsh, building on earlier 
regional investigations quantifying several other terms of the 
salt marsh carbon budget.

Carbon fluxes at North Inlet has been analysed from 
the perspective of bare soil outgassing ( Morris and 
Whiting 1986; Wigand et al. 2015), crab borrows outgas-
sing (Xiao et al. 2021), net primary productivity (Morris 
et al. 2013), lateral exports (Morris and Whiting 1986; 
Gardner and Kjerfve 2006), and radium-derived saline 
SGD carbon fluxes (Cai et al. 2003; Goñi and Gardner 
2004). Our study is novel as it estimates new compo-
nents of the carbon cycle, such as radon-derived ground-
water carbon fluxes, carbon burial in soils, and surface 
water outgassing.

Methods

Study Site

Our investigation took place at Oyster Landing, within 
the North Inlet-Winyah Bay National Estuarine Research 
Reserve (NI-WB NERR) in South Carolina, USA. Oyster 
Landing is a gauging station on Crabhaul Creek, a small 
creek within salt marshes of the North Inlet (Fig. 1). Oyster 
Landing captures a drainage of approximately 1.1 km2 of 
the more than 30 km2 of tidal marshes at the NI-WB NERR  
and is monitored by the University of South Carolina Baruch 
Marine Field Laboratory. This salt marsh–estuary system 
has an average tidal range of ~ 1.5 m (Kjerfve 1986; Gardner 
and Kjerfve 2006). Approximately 40% of the water leaves 
the estuary during ebb tide with hydrodynamic residence 
times of about 15 h (Kjerfve 1986; Gardner and Kjerfve 
2006). The complex and meandering creeks can have depths 
of up to 8 m. Upstream areas, including the upper reaches 
of Crabhaul Creek, can drain almost completely during low  
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tide. The estuaries are usually well mixed without vertical 
stratification. Salinities vary tidally and can drop from 30 
to 4 following rainfall at low tides (Gardner and Kjerfve 
2006; Xiao et al. 2019). The marsh is formed by Pleisto-
cene Sand beach sands overlain by forest soils and a mix-
ture of mud and sand. At a depth of approximately 4 m, 
there is an aquitard layer that sets a limit to the unconfined 
aquifer (Gardner and Porter 2001; Carter et al. 2008). A 
hydraulic gradient approach has been used in previous 
studies in the region to estimate fresh SGD (Carter et al.  
2008). 

Radium isotope tracer studies have revealed significant 
groundwater inputs to North Inlet surface waters (Krest 
et al. 2000). Groundwater has also been found to be a sig-
nificant source of carbon to the coastal ocean and drive 
anoxia in the nearby inner continental shelf (Peterson  
et  al. 2019). Crab burrows inf luence groundwater  
flows by increasing the overall hydraulic conductivity of 
the salt marsh sediments(Xiao et al. 2019, 2021; Guimond 
and Tamborski 2021). The density of crab borrows ranges 
from 40 to 308 per square metre (McCraith et al. 2003). 
Previous work relied on radium isotopes to estimate saline 
groundwater fluxes of 30 L m2 day−1 (Krest et al. 2000). 

These saline groundwater fluxes were used subsequently 
to estimate associated dissolved organic carbon (Goñi 
and Gardner 2004) and dissolved inorganic carbon fluxes 
(Cai et al. 2003). Here, we build on these investigations 
by reporting carbon fluxes based on radon-derived ground-
water exchange rates and comparing this to 210Pb-derived 
organic carbon burial. In contrast to previous studies that 
used radium (often a saline groundwater tracer), using radon 
allows us to trace groundwater exchange regardless of its 
salinity (Peterson et al. 2008), and δ13C traces the sources 
of carbon (terrestrial vs. marine). Combining our estimates 
with earlier investigations, we summarize the carbon budget 
of the salt marsh.

Time Series Deployment

Surface water time series data of 222Rn and CO2 were col-
lected in the creek at 30-min intervals from the 20th to the 
23th of August of 2018, covering 5 tidal cycles during a neap 
tide (Fig. 1). Our approach was designed to estimate carbon 
fluxes during tidal cycles similar to previous investigations 
in mangrove tidal creeks (Santos et al. 2012b, 2019; Maher 
et al. 2015; Call et al. 2019). 222Rn and CO2 were measured 

Fig. 1   Location of the sampling 
site Oyster Landing (OL) in 
North Inlet, South Carolina, 
USA, and schematic representa-
tion of the NERR transect A2. 
Time series were collected at 
the red star. Green triangles 
and green letters indicate the 
location of the sediment cores. 
White circles and labels show 
the location of our groundwater 
samples. The A2 NEER transect 
is represented with an orange 
line, and its topographical pro-
file is presented on the bottom 
figure
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using a Rad7™ radon detector and a Los Gatos™ Ultra Port-
able Greenhouse Gas Analyser. Water was pumped from 30 
cm below the surface with a submersible pump (Rule™) 
at 3 L min−1 into a shower head gas exchanger (Durridge 
Rad Aqua®) allowing the air and water to reach equilibrium 
(Santos et al. 2012b, 2015). Ancillary data including pH, 
temperature, salinity, water level and, dissolved oxygen were 
obtained from the long-term monitoring station at Oyster 
Landing (http://​www.​north​inlet.​sc.​edu/).

Groundwater Sampling

Groundwater samples (n = 12) were collected along six tran-
sects maintained by the NERR, which are intended to moni-
tor salt marsh health along different intertidal vegetation and 
sediment types (Kennish 2019). The groundwater samples 
were collected at low tides using a push point piezometer 
(Charette et al. 2006) on 20 August 2018. Samples were col-
lected from a depth of 1–2 m in the creek banks. Once the 
groundwater table was found, the push point piezometer was 
deepened by 10 cm more and water was pumped using a 
peristaltic pump into 250-mL glass bottles. The samples were 
then connected to a coupled RAD7™-LICOR™ system for 
measuring 222Rn and CO2 for at least 100 min. Temperature, 
pH, and salinity were measured in situ with an YSI portable 
metre (YSI, Xylem) and a handheld salinity refractometer 
(Atago, Master). The sediment was a mixture of silt and sand 
allowing the extraction of 250 mL in glass bottles for radon 
and about 200 mL for all other chemical parameters. Radon 
in groundwater was analysed using the RadH2O system (Dur-
ridge Company), while all the other parameters were ana-
lysed following the same methods used for surface waters.

222Rn Mass Balance and Carbon Fluxes

We used a radon mass balance to estimate advective 
groundwater exchange as done by numerous authors 
(Dulaiova and Burnett 2006; Santos et al. 2015, 2019; Call 
et al. 2019; Taniguchi et al. 2019). The radon mass bal-
ance model assumes that the difference between losses of 
radon (radioactive decay, atmospheric evasion, and ebb tide 
exports) and inputs of radon (ingrowth from 226Ra decay, 
diffusion from sediments) to the creek is due to ground-
water inputs (Eq. 1). The missing term is attributed to the 
input of 222Rn from groundwater or porewater sources. 
Radon ingrowth from 226Ra decay was estimated using a 
mean concentration of 226Ra (770 ± 70 dpm 100 L−1) from 
previous studies at North Inlet (Moore 1996; Krest et al. 
2000). We used the highest rate of diffusion from sedi-
ments (0.9 ± 0.2 dpm m−2 min−1) reported for estuaries of 
North Carolina (McCoy et al. 2007). Due to Eq. 1, if diffu-
sion from sediments is low, groundwater fluxes are higher; 

thus, by assuming that the diffusion from sediments is the 
maximum reported (still a minor component of the radon 
mass balance), we minimize the estimated groundwater 
exchange. Diffusion is corrected by water depth when 
building a mass balance. Radioactive decay was calcu-
lated as radon surface water concentrations multiplied by 
the creek volume and the 222Rn decay constant (λ = 0.18 
day−1). Atmospheric evasion was estimated by using the 
equations of Borges et al. (2005). Radon flux to the atmos-
phere depends on the gradient of concentrations between 
air and water (Dulaiova and Burnett 2006). Wind speed and 
direction data were obtained from the station NIWS1 from 
the NOAA (https://​www.​ndbc.​noaa.​gov/​stati​on_​page.​php?​
stati​on=​niws1) located exactly at the point of our surface 
water sampling. Surface water discharge and volume were 
estimated from water level using a discharge-based storage 
curve (Gardner and Kjerfve 2006). Finally, the mass bal-
ance was solved at 1 h time steps (Eq. 1), and then, estima-
tions were integrated per tidal cycle.

where Qgw is the groundwater discharge (m3 h−1) integrated 
per tidal cycle, Rngw is the average concentration of 222Rn in 
groundwater samples (dpm m−3). n is the number of hours 
per tidal cycle. The surface water 222Rn flux depends of 
ΔQsw and Rnsw . ΔQsw is the surface water discharge (m3 
h−1), which varies from positive to negative depending of the 
tidal prism ( ± ); Rnsw is the concentration of 222Rn in surface 
water samples at each time step (dpm m−3). λ is the decay 
constant of 222Rn (0.18 day−1). RnQatm is the atmospheric 
flux of 222Rn (dpm m−2 h−1). A is the wet area of the creek 
at certain time step (m2).RnSedDiff is the rate of 222Rn diffused 
from sediments (dpm m−2 h−1). 226Ra is the average con-
centration of 226Ra in surface waters. And V is the volume.

We estimated groundwater-derived carbon fluxes by sim-
ply multiplying Qgw by carbon endmember concentrations 
as has been done elsewhere (Charette and Buesseler 2004; 
Lee et al. 2008; Hwang et al. 2016; Qu et al. 2017; Cho 
et al. 2018):

where Qgw is the derived groundwater flux, estimated in 
the mass balance (Eq. 1); 

[

Carbongw
]

 is the average car-
bon concentration in the groundwater endmembers (µmol 
L−1). Uncertainties in the estimations of groundwater and 

(1)

QgwRngw
⏟⏞⏟⏞⏟
Groundwater
222Rn influx

= ∫
n

0

±RnswΔQsw
⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
Surface water
222Rn flux

+ Rn�V
⏟⏟⏟

222Rn decay

+ RnQatmA
⏟⏞⏟⏞⏟
Atmospheric
222Rn evasion

− RnSedDiff A
⏟⏞⏞⏟⏞⏞⏟
222Rn diffusion
from sediments

− 226Ra�V
⏟⏞⏞⏟⏞⏞⏟
222Rn ingrowth

from 226Ra

(2)Potential carbon flux = Qgw ×
[

Carbongw
]

http://www.northinlet.sc.edu/
https://www.ndbc.noaa.gov/station_page.php?station=niws1
https://www.ndbc.noaa.gov/station_page.php?station=niws1
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associated carbon fluxes were calculated by using the 
Harvard (2007) method for error propagation. The CO2 
water–atmosphere exchange rates (F, in mmol m2 day−1; 
Eq. 3) were estimated as follows:

where � is the solubility coeffiecient of the respective gas 
(mol kg−1 atm−1), ΔpCO2 is the difference between the par-
tial pressure of the gas between water and air (µatm), and k 
is the gas transfer velocity (cm h−1) estimated using three 
piston velocity models (Wanninkhof 1992; Wanninkhof and 
McGillis 1999; Raymond and Cole 2001):

where Sc is the dimensionless Schmidt number and u is the 
wind speed at 10 m (m s−1). The three different piston veloc-
ity models here use a quadratic, a cubic, and an exponential  
relationship between gas exchange and wind speed. We used 
three equations (Eq. 4, 5 and 6) to build confidence in the esti-
mates and offer a potential range. The solubility of CO2 in water  
was estimated using standard equations (Pierrot et al. 2009).

Laboratory Measurements

We analysed DIC, DOC, δ13C, and total nitrogen (TN) for  
all the groundwater samples and for 12 surface water sam-
ples distributed within three of the five tidal cycles (Sup-
plementary Material). The DIC concentration was analysed  
at the University of South Carolina using a GasBench II and 
a Delta V Plus mass spectrometer (Thermo Fischer Scien-
tific) with a measurement error of ± 0.6% for δ13C and 6% for 
concentrations. Samples were syringe filtered (0.7 µm GF/F) 
and injected into prepared Labco Exetainer® vials that had 
been spiked with 100 µL of phosphoric acid and flushed 
with helium. The isotopic composition of the water samples  
was determined by comparison to two external standards 
of known isotopic composition, potassium bicarbonate 
(− 38.1‰) and lithium carbonate (− 1.1‰), that were pre-
pared in linear standard curve concentrations that bracketed 
the samples. DOC and TN concentrations were measured 
at the Baruch Marine Field Laboratory using a Shimadzu 
TOC-V high-temperature combustion organic carbon ana-
lyser with a furnace temperature of 720 °C. Samples, pro-
cedural blanks, and instrument blanks were run in triplicate  

(3)F = k�ΔpCO2

(4)k = 0.31u2
(

Sc

660

)−0.5

(5)k = 0.0283u3
(

Sc

660

)−0.5

(6)k = 1.910.35×u
(

Sc

660

)−0.5

for each batch of analyses. The precision in most cases 
was < 1% of the measured value, and blanks were at least 
one order of magnitude lower than concentrations observed.

Sediment Collection, Dating, and Carbon 
Accumulation Rates

Three sediment cores were collected from intertidal salt 
marsh sediments along the ‘A2’ NERR transect by inserting 
a 5-cm inner diameter PVC coring device into the substrate 
during low tide, on 22 August 2018 (Fig. 1). Cores were 
sectioned into 2-cm intervals in the field and packed into 
plastic bags for transport. In the lab, sediments were placed 
in an oven to dry at 60 °C for up to 72 h or until reaching a 
constant weight. Dry sediments were weighed, and the dry 
bulk density (DBD) was obtained by dividing the sediment 
dry mass by the core interval volume.

For radionuclide analyses, 5–7 g of dry sediments were 
packed in 10-mL plastic vials to a height of 27 mm. Vials 
were then sealed with epoxy resin for at least 21 days to 
allow 222Rn ingrowth and establish secular equilibrium 
between 226Ra and its granddaughter radionuclide, 214Pb. 
Activity of 210Pb was measured through the 46.5 keV 
gamma peak taken from a Canberra high-purity germanium 
(HPGe) well detector coupled to a DSA-LX multichannel 
analyser. Activity of 226Ra was calculated by averaging 
peak areas from the daughter radionuclides 214Pb and 214Bi 
(295.2, 351.9, 609.3 keV; Moore and Reid 1973). Samples 
were analysed until reaching at least 500 counts, and < 10% 
error was achieved. Activities were adjusted by multiplying 
radionuclide counts per minute by a correction factor which 
includes the gamma ray intensity and detector efficiency. 
‘Supported’ 210Pb activity (i.e. 226Ra activity) was subtracted 
from total 210Pb activity to estimate excess 210Pb (210Pbxs).

To determine C content, sediments were first homoge-
nized with mortar and pestle. Approximately 10–20 mg of 
homogenized sediment from each 2 cm interval was placed 
in tin and silver capsules of which were treated with 15% 
HCl to remove inorganic C. Organic C was calculated from 
the HCl treated pellets. Inorganic C was calculated by tak-
ing the difference of the C content in the tin pellets and the 
HCl-treated (silver) pellets. The organic carbon content 
was then determined with a Thermo Finnigan model Delta 
Plus XP inductively coupled plasma mass-spectrometer 
(ICP-MS) coupled to a Leco Flash Elemental Analyser. 
C content analytical error was ± 0.1%. C accumulation 
rates were estimated by multiplying the DBD, sediment 
accumulation rates (SAR), and C content for each depth 
interval (Sanders et al. 2016; Conrad et al. 2019). Sedi-
ment ages were calculated by subtracting the quotient of 
average sediment depth and SAR from the year of collec-
tion, i.e. 2018.
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Results

Tidal Surface Water Time Series

Depth observations (0.9 ± 0.4 m) and hydrodynamic formu-
las (Gardner and Kjerfve 2006) revealed that the total water  
volume in the creek ranged from 12,728 to 373,729 m3. The 
hourly change of this volume was governed by ocean water 
flow into the creek at flood tide (positive water exchange 
values) and water flow from the creek to the ocean dur-
ing ebb tide (negative values). Temperature remained 

relatively stable during the sampling period (28.0 ± 1.5 °C) 
while salinity varied with the tides (28 ± 8). By assuming 
the maximum salinity (34.4) as a saltwater endmember in 
the creek, we estimated that the percent of saltwater on the 
creek was on average 62 ± 25%. No precipitation was reg-
istered during the sampling days, and only 36 mm was reg-
istered in the 3 weeks before time series observations. pH 
remained relatively constant and close to neutral (7.2 ± 0.3). 
Dissolved oxygen (DO) had higher concentrations during 
high tide (up to 6 mg L−1) and dropped during low tide  
(0.8 mg L−1).

Fig. 2   Time series of surface 
water observations at Oyster 
Landing. Dashed blue lines 
separate each of the five tidal 
cycles analysed
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222Rn activity was on average 2770 ± 956 dpm m−3 with 
a maximum of 5241 dpm m−3 and clear tidal cycles (Fig. 2). 
pCO2 exceeded atmospheric levels throughout the monitor-
ing period, showing that the creek was a source of CO2 to 
the atmosphere. pCO2 trends were almost inverse to the tides 
and had an average of 1747 ± 587 µatm and a maximum of 
3026 µatm at low tide.

Hysteresis loops emerged from the radon versus depth 
and salinity relationships (Fig. 3). At low tide, the steeper 
hydraulic gradient between groundwater and surface water 
drives fresh and saline groundwater towards the creek. The 
flow slows down or reverses during the flood tide, pushing 
creek water into the aquifer, and creating apparent hysteresis 
loops associated with tidal pumping (Fig. 3). Radon exhib-
ited a higher correlation coefficient with salinity (R2 = 0.5) 
than with depth (R2 = 0.3). At the same time, the greatest 
concentrations of radon were found at low tide when salinity 
was lowest, suggesting that groundwater flow can be domi-
nated by fresh groundwater (Table 1).

Groundwater Samples

Groundwater samples usually exhibited a narrow range in 
some of the ancillary parameters (Table 2). Normal sum-
mer temperatures were observed (29.0 ± 1.0 °C), and pH 
was close to 7, with a few samples as low as 5. Most of 
the samples showed high salinity (> 30), but salinity < 16 
was observed in two samples located in the upper inter-
tidal area. Even though the lowest salinity sample was 16, 
no fresh groundwater endmember was sampled. Radon 
in groundwater (75,156 ± 44,829 dpm m−3) was one to 

two orders of magnitude higher than in surface water 
(2770 ± 956 dpm m−3). A marginally significant nega-
tive correlation (R2 = 0.2, p < 0.05) was observed between 
222Rn and salinity in groundwater samples. CO2 and DIC 
were also comparably higher in groundwater samples than 
surface water samples. CO2 was on average 30-fold higher 
than in surface waters, and DIC 16-fold higher. DOC 
(321 ± 127 μmol L−1) in groundwater was slightly higher 
than surface water DOC (162 ± 540 μmol L−1).

Radon Mass Balance

We estimated radon fluxes at 1-h time steps and then 
integrated the results over each of the five tidal cycles to 
solve the mass balance and solve for groundwater inputs 
(Fig. 4). Secondary sources of radon, such as diffusion 
from sediments and decay from 226Ra, were on average 
6.5 × 106 ± 3.1 × 106 dpm h−1 and 7.3 × 106 ± 6.2 × 106 dpm 
h−1. Sinks of radon (atmospheric evasion and 222Rn decay) 
were estimated to be one order of magnitude higher than 
the quantified sources (1.3 × 107 ± 1.1 × 107 dpm h−1 and 
2.2 × 106 ± 1.6 × 106 dpm h−1). The radon flux or inven-
tory changed accordingly to the tides and creek volumes 
ranging from −2.9 × 108 to 3.2 × 108 dpm h−1. Of all the 
terms of the mass balance, the missing term was in average 
higher by at least two orders of magnitude than the other 
sources of radon.

To estimate groundwater fluxes, we divided the miss-
ing radon fluxes by the groundwater radon endmember 
(Table 2). We assumed that the groundwater endmember 
was the average radon concentrations in groundwater 

Fig. 3   Correlation between 
222Rn and depth (left) and 
between 222Rn and salinity 
(right). Both present hysteresis 
loops related to tidal pumping. 
Black lines represent linear 
regressions
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samples. We found that an average of 956 ± 2484 m3 
per tidal cycle of groundwater flow into the creek was 
required to close the mass balance. This is on average 1.2% 
of the total tidal prism volume (23,081 ± 116,370 m3 per 
tidal cycle). The maximum groundwater flow (5383 m3 
per tidal cycle) as well as maximum tidal amplitude (1.3 
m) were observed in the first tidal cycle with an input 
of groundwater that was equivalent to 4% of the tidal 
prism. This small percentage of groundwater inputs has 
also been observed in other tidal creeks (Tait et al. 2016; 
Wadnerkar et al. 2020). The first tidal cycle also had the 
highest values of radon (4026 ± 909 dpm m−3) and the 
lowest salinities (18.8 ± 10.3), providing further evidence 
that fresh groundwater was an important component of the 
groundwater flow into the creek (Table 1; Supplementary 
Material).

Carbon Fluxes from Groundwater 
and to the Atmosphere

We estimated the carbon fluxes from groundwater into sur-
face waters and from surface waters into the atmosphere for 
each tidal cycle (Table 3). Groundwater-derived carbon was 
estimated by multiplying the groundwater discharge cal-
culated from the radon mass balance by the groundwater 
average concentration of each carbon species. We estimated 
groundwater fluxes of 57 ± 43 mmol m−2 day−1 for CO2, 
602 ± 460 mmol m−2 day−1 for DIC and 19 ± 14 mmol m−2 
day−1 for DOC. Atmospheric evasion of CO2 estimated using 
three models was within the same range of groundwater-
derived CO2 fluxes. Some of the groundwater-derived CO2 
can be exported to the coastal ocean where it would eventu-
ally equilibrate with the atmosphere.

Sediment Carbon Burial

Radionuclide profiles in sediment cores A2-1, A2-3, and 
A2-7 showed monotonic exponential decay of 210Pb below 
some apparent mixing in the upper ~10 cm (Fig. 5). As a 
result, we used the constant initial concentration model 
(Appleby and Oldfield 1992) to calculate sedimentation rates. 
The mean sedimentation rate of the three cores was 0.3 ± 0.1 
cm year−1. We obtained the carbon burial rates by multiply-
ing the sedimentation rate, dry bulk density (DBD), and the 
carbon content of each sediment core. The average carbon 
burial rates were 62 ± 32 g C m−2 year−1 which would be 
equivalent to 14 ± 8 mmol m−2 day−1.

The δ13C values in sediments varied between −15 and −22 
which are in the typical range of salt marsh vegetation (Fig. 6). 
Minimal downcore variations of δ13C values were noted in 
the sediment profiles. The A2-7 sediment core contained  
higher values of δ13C in the more recent sediments near the Ta
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surface than in the older deepest sediments. A shift of δ13C 
in core A2-7 indicated a transition to Spartina with higher 
sea levels. The C:N values also indicate a salt marsh vegeta-
tion source, ranging from 10 to 30, only showing a trend in 
the A2-7 sediment core where these values decreased with 
depth. Overall, the δ13C and C:N molar ratios indicate that 
the origin of the organic carbon buried is likely from salt  
marsh vegetation.

Discussion

Uncertainties of SGD Estimates

When estimating SGD associated carbon fluxes, large 
uncertainties are often related to the use of natural tracers 
such as radon (Rodellas et al. 2015), uncaptured temporal 
and spatial variability (Wang et al. 2016; Chu et al. 2018), 
overlooked sources, and endmember selection (Santos et al. 
2009b; Knee and Paytan 2011). Here, we integrated the spa-
tial variability of groundwater fluxes within the intertidal 
area by measuring fluxes at the mouth of the tidal creek over 
5 complete tidal cycles. The natural temporal variability of 
radon-derived SGD fluxes was 2.5 (SD/Avg) over these 5 
tidal cycles. While there are no long-term radon time series 
available in other similar salt marsh systems, the temporal 
variability of SGD over tidal time scales seems to exceed 
seasonal time scales in tidally dominated system (Kim 2002; 
Santos et al. 2009b). For example, seasonal observations in a 
mangrove-dominated creek in Australia revealed a 0.2 vari-
ability in SGD estimates (Sadat-Noori et al. 2015), while a 
90-h time series in Rarotonga (Cook Islands) estimated SGD 
rates with a variability of 2.8 (SD/Avg; Tait et al. 2014).

Our study may  represent average conditions of 
groundwater discharge. Observations in a nearby salt 
marsh in the south-eastern US revealed that groundwater 
discharge is related primarily to the tidal amplitude (Wilson  
et al. 2015). Since the yearly average tidal rage (~ 1.4 m) was 
similar to the tidal range during our observations (~ 1.3 m), 
we likely captured average conditions. Additionally, there 
was no precipitation registered during our sampling. Previous 
studies pointed that groundwater dynamics in the salt marsh 
are not directly influenced by rainfall (Wolaver et al. 1986; 
Carter et al. 2008). Water quality has a defined seasonality at 
North Inlet. Yearly average temperature, salinity, and pH at 
North Inlet are 20 °C, 32, and 7.9 (http://​www.​north​inlet.​sc.​
edu/). A marked increase in temperature in summer increases 
nutrients and lowers DO (Buzzelli et al. 2004).

The groundwater endmember selection is a major chal-
lenge when estimating SGD fluxes (Moore and Arnold 1996; 
Santos et al. 2009a; Sadat-Noori et al. 2017). Natural tracer 
concentrations can have a large spatial variability within 
aquifers (Peterson et al. 2008; Schmidt et al. 2010). One way 
to deal with these uncertainties is to collect a representative 
number of samples. At least 12 groundwater samples have 
been found to be enough to stabilize standard errors (Sadat-
Noori et al. 2015) at around 20%. Here, we collected 11 
groundwater samples with an average and standard devia-
tion of 222Rn of 75,186 ± 44,829 dpm m−3 and negative cor-
relation between radon and salinity (R2 = 0.2, p < 0.005). 
Unfortunately, we could not sample a fresh groundwater 
endmember even though the sample size approaches earlier 
recommendations (Sadat-Noori et al. 2015).

We used average values of carbon concentrations as 
endmembers. The standard deviation of the endmembers 
represented an uncertainty to the estimate SGD fluxes of 

Table 2   Groundwater sample observations

Sample ID pH Redox 
potential 
(mv)

Salinity 
(ppt)

Temperature 
(°C)

222Rn (dpm m−3) CO2 (μatm) DIC (μmol L−1) DOC 
(μmol 
L-1)

d13C-DIC

C-GW-1 7.02 4 35 30 126054 54216 5800 111 −6.1
D-GW-2 6.56 29 34 28.2 - - 14621 361 −11.7
D-GW-1 6.74 23 37 29.3 8532 7624 14554 425 −11.1
E-GW-1 7.06 2 35 28.9 113481 18238 11510 381 −13.5
B-GW-1 6.87 14 32 29.4 99087 56514 13689 388 −20.0
A-GW-1 6.89 11 30 29.1 - - 14940 432 −9.9
A-GW-2 6.26 46 30 29.6 - - 14853 436 −10.2
3-SM-1 5.27 105 16 26.9 113126 97434 4990 334 −21.57
3-SM-2 5.56 87 4 26.3 - - 4250 200 −21.66
AT2-2 6.75 19 35 28.9 31872 5308 7683 62 −7.84
AT5-2 5.25 106 36 28.3 34152 18688 4440 404 −17.82
Average 6.4 40.5 29.5 28.6 75186 36860 10121 321 −13.8
SD 0.7 38.1 9.8 1.1 44829 31360 4450 127 5.3

http://www.northinlet.sc.edu/
http://www.northinlet.sc.edu/
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CO2 = 38%, DIC = 12%, and DOC = 10%. Our carbon con-
centrations in groundwater are similar to previous concen-
trations reported at Oyster Landing. For comparison, DIC 
in groundwater has been found to range on average between 
2 and 6 mmol L−1 with some values as high as 14 mmol 
L−1 (Cai et al. 2003). These averages are slightly lower than 
our measured concentrations (10.1 ± 4 mmol L−1), however 
within the same range. Our groundwater DOC concentra-
tions (321 ± 127 µmol L−1) were also similar to average val-
ues (500 µmol L−1), but not comparable with the maximum 
values previously reported (10000 µmol L−1) (Goñi and 
Gardner 2004). This maximum values were found in the 
regions closer to the forest, indicating that forest soils can 
be an important source of DOC (Goñi and Gardner 2004). 

Further sampling in this system should target fresh ground-
water endmembers.

Groundwater‑Derived Carbon Dioxide

Similar to previous studies, we found that groundwater is 
a major source of CO2, potentially explaining the emitted 
fluxes to the atmosphere. Groundwater derived CO2  
fluxes have been studied in different coastal areas (Cyronak 
et al. 2013; Sadat-Noori et al. 2018; Davis et al. 2020), but 
scarcely in salt marshes. For example, in mangrove creek  
in Australia, an average of 869 mmol m−2 day−1 of CO2 was 
emitted to the atmosphere and about half of it (472 mmol 

Fig. 4   Radon mass balance 
terms including the missing 
term which we attribute to 
groundwater. Sources of radon 
are presented in green, while 
sinks are presented in red. The 
radon flux and the missing term 
are presented in different colours 
because they act as a source or 
sink of radon at different tidal 
stages. The grey-shading bars 
indicate the ebb tide of each of 
the 5 tidal cycles
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m−2 day−1) was contributed via groundwater flows (Sadat- 
Noori et al. 2016). In an urbanized estuary, radon-traced 
groundwater CO2 fluxes (5 mmol m−2 day−1) doubled the  
atmospheric evasion from surface waters (2 mmol m−2 
day−1) (Sadat-Noori et al. 2018). The groundwater-derived  
CO2 fluxes to the salt marsh creek (57 ± 43 mmol m−2 
day−1) are comparable to the average atmospheric evasion 
from surface waters (54 ± 19 mmol m−2 day−1). In the 
first tidal cycle, groundwater CO2 fluxes (135 mmol m−2 
day−1) almost tripled the amount of CO2 emitted to the 

atmosphere (50 mmol m−2 day−1). These higher fluxes 
indicated larger inputs of groundwater (Fig. 2; Table 1).  
Groundwater is a significant source of CO2 at rates com- 
parable to the surface water outgassing from the salt marsh  
surface waters (Table 3) but much lower than the annual 
primary production of Spartina (342 ± 147 mmol m−2 
day−1 or 1499 ± 642 g m−2 year−1; Morris et al. 2013). 
Some of the groundwater CO2 will likely equilibrate with 
the atmosphere in the coastal ocean off the salt marsh 
system.

Table 3   Estimated carbon fluxes from groundwater and surface water 
atmospheric CO2 evasion at each tidal cycle in micromoles per square 
metre per day. Groundwater CO2 exports are of the same magnitude 

of surface water evasion, meaning that groundwater is enough to sup-
ply the outgassed CO2 on the creek. If we assume that groundwater is 
only freshwater, these fluxes reduce by 33%

Tidal cycle Groundwater exports Surface water atmospheric evasion of CO2

CO2 
(mmol m−2 
day−1)

DIC 
(mmol m−2 
day−1)

DOC 
(mmol m−2 
day−1)

Raymond and Cole 
(2001) (mmol m−2 
day−1)

Wanninkhof and 
McGillis (1999) 
(mmol m−2 day−1)

Wanninkhof 
(1992) (mmol m−2 
day−1)

Average atmospheric 
evasion (mmol m−2 
day−1)

1 135.3 1,437.9 45.3 82.5 18.3 47.8 49.5
2 67.5 717.5 22.6 74.2 18.9 48.3 47.1
3 42.8 455.1 14.3 118.7 38.0 84.5 80.4
4 18.3 193.9 6.1 103.9 28.6 71.3 67.9
5 19.3 204.9 6.5 45.1 7.5 21.1 24.6
Average 57 602 19 85 22 55 54
SD 43 460 14 25 10 22 19

Fig. 5   Sedimentary profiles of the three cores taken for this study
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Carbon Burial and Origins of the Exported Carbon

Much of the organic carbon can be produced in situ and 
stored in the sediments of mature salt marsh habitats due 
to the accumulation of detritus and roots. However, the 

deposition of allochthonous sedimentary organic matter 
from rivers, ocean, or adjacent coastal areas may also con-
tribute organic carbon to salt marsh sediments. The isotopic 
values, δ13C, along with the C:N molar ratios in sedimentary 
organic matter may be a useful tool for separating poten-
tial terrestrial and marine sources, and hence identifying 
the sources of organic matter to salt marsh sediment. For 
instance, values of δ13C >  −20‰ suggest a seagrass and/
or salt marsh organic matter source (Sanders et al. 2019). 
However, seagrass is not present in the study area. Therefore, 
these findings are in agreement with previous studies in the 
area, where δ13C signature revealed that the major source 
of organic matter to these soils was from Spartina detritus 
(Goni and Kimberly 2000; Fig. 6). The signature of δ13C and 
its relation with C/N is similar in sediments and groundwa-
ter samples, indicating that groundwater obtains most of its 
carbon from soils, exporting later to the ocean.

Our carbon burial rates (62 ± 32 g m−2 year−1) were 37% 
of the global average for salt marsh ecosystems (168 ± 7 g 
m−2 year−1; Wang et al. 2021) but similar to rates reported 
in other studies in the USA (60 g m−2 year−1; Chmura et al. 
2003; Mctigue et al. 2019; Wang et al. 2019). Compar-
ing carbon burial in the marsh and groundwater exports 
represents a challenge because these processes were 
quantified at different time scales. While carbon burial is 
measured on scales of decades, our groundwater exports 
were estimated on time scale of days. If the groundwater 
flows are representative of longer time scales, and to put 
results in perspective, we transformed our groundwater  

Fig. 6   Carbon fluxes inferred from δ13C and its relation with C/N 
molar ratio. Juncus, Spartina and Forest data was taken from Goni 
and Kimberly (2000). Low salinity groundwater samples corresponds 
to salinity ≤ 16ppt

Fig. 7   Conceptual model of carbon fluxes at North Inlet. Carbon 
fluxes are presented in grams per square metre per year to make them 
comparable. Sources: 1This study, 2Cai et al. (2003), 3Goñi and Gard-

ner (2004), 4Xiao et  al. (2021), 5Morris et  al. (2013), 6Morris and 
Whiting (1986), 7Wigand et al. (2015), 8Gardner and Kjerfve (2006)



Estuaries and Coasts	

1 3

derived carbon fluxes as well as previously reported values 
from literature to an annual scale in units comparable to 
burial. This comparison implies that groundwater-derived 
DIC fluxes can exceed carbon accumulation rate by one 
order of magnitude (Fig. 7).

Several authors have discussed if submarine groundwa-
ter discharge (SGD) is dominated by recirculation of saline 
water or fresh groundwater inputs (Robinson et al. 2018). 
Although we cannot estimate the portion of saline SGD, 
we found evidence of low salinity groundwater discharge in 
agreement with previous studies in North and South Caro-
lina. In the 1980s, it was observed that low salinity water 
flow persisted in small creeks at low tide even in the absence 
of rainfall due to fresh groundwater inputs (Wolaver et al. 
1986). Later on, electrical resistivity surveys confirmed that 
groundwater flow within North Inlet is correlated to salinity, 
but not directly to rainfall patterns (Carter et al. 2008). We 
observed a correlation between salinity and 222Rn (R2 = 0.5) 
with hysteresis loops over tidal cycles implying delayed 
fresh groundwater flows just after the low tide (Fig. 3). The 
radon-derived groundwater discharge rates were also related 
to salinities. The maximum groundwater flow (5383 m3per 
tidal cycle) was estimated in the first tidal cycle when the 
lowest salinity was also observed (18.8 ± 10.3). Finally, a 
salt balance on the surface water of the creek revealed that 
freshwater discharge in the creek can reach 85%. This fresh 
water is largely supplied by groundwater because there was 
no rainfall during our observations and no local riverine 
inputs. Tidal pumping seems to drive fresh groundwater 
flow by enhancing hydraulic gradients at low tide (Carter 
et al. 2008; Wilson 2005; Wilson and Morris 2012) (Fig. 3), 
which subsequently transports large amounts of carbon to 
the coastal ocean (Figs. 3, 6, and 7). Carbon flux estimates 
are often fragmented, and investigations tend to focus on 
individual components of the carbon budget (Webb et al. 
2019). By putting our estimates in perspective with previ-
ous assessments of multiple terms of the carbon budget at  
North Inlet salt marshes, we highlight burial and groundwa-
ter discharge as critical components of the coastal carbon 
cycle (Fig. 7).

Conclusions

We used a 222Rn mass balance to estimate short-term 
groundwater-derived carbon export in contrast to long-
term 210Pb-derived carbon burial in a salt marsh in the 
USA. Our estimated groundwater DIC exports exceeded 
previous estimations based on radium isotopes by 3.5-
fold. The groundwater-derived DIC fluxes were 30-fold 
greater than DOC fluxes, and the CO2 groundwater fluxes 
were comparable to bare soil emissions and were enough 
to explain atmospheric evasion within the creek. These 

high groundwater-derived carbon fluxes constituted an 
important component of the marsh carbon budgets that 
exceeded the carbon burial. Our sediment profiles revealed 
that 62 ± 32 g m−2 year−1 of the salt marsh carbon pro-
duction is being buried. If we scale to a yearly rate our 
groundwater-derived DIC exports, this exceeds burial rates 
by about 35-fold. In salt marshes, carbon burial has been 
considered the most important process that can counter 
global CO2 emissions. If groundwater flushing of carbon 
to the ocean can be higher than burial rates, then it can be 
considered a major component of coastal carbon budgets 
that can also help counter global CO2 emissions.
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