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Abstract
Wetlands play an important role in the global carbon cycle as they can be sources or sinks for greenhouse gases. Groundwater discharge into
wetlands can affect the water chemistry and act as a source of dissolved greenhouse gases, including CO2 and CH4. In this study, surface water
quality parameters and CO2 and CH4 concentrations were evaluated in a tidal wetland (Hunter Wetlands National Park, Australia) using time
series measurements. Radon (222Rn), a natural groundwater tracer, was used to investigate the role of groundwater as a pathway for transporting
dissolved CO2 and CH4 into the wetland. In addition, water-to-air CO2 and CH4 fluxes from the wetland were also estimated. The results showed
a high concentration of radon in wetland surface water, indicating the occurrence of groundwater discharge. Radon concentration had a strong
negative relationship with water depth with a determination coefficient (R2) of 0.7, indicating that tidal pumping was the main driver of
groundwater discharge to the wetland. Radon concentration also showed a positive relationship with CO2 and CH4 concentrations (R

2 ¼ 0.4 and
0.5, respectively), while the time series data revealed that radon, CO2, and CH4 concentrations peaked concurrently during low tides. This
implied that groundwater discharge was a source of CO2 and CH4 to the wetland. The wetland had an average water-to-air CO2 flux of
99.1 mmol/(m2$d), twice higher than the global average CO2 flux from wetlands. The average CH4 flux from the wetland was estimated to be
0.3 mmol/(m2$d), which is at the higher end of the global CH4 flux range for wetlands. The results showed that groundwater discharge could be
an important, yet unaccounted source of CO2 and CH4 to tidal wetlands. This work has implications for tidal wetland carbon budgets and
emphasizes the role of groundwater as a subsurface pathway for carbon transport.
© 2022 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Coastal tidal wetlands contain a large amount of carbon in
their sediments, as they can sequester atmospheric carbon
dioxide (CO2) up to five times faster than terrestrial ecosys-
tems (Wang et al., 2019; Hinson et al., 2017). However,
coastal wetlands can also add CO2 and CH4 to the atmosphere
through sediments and water gas fluxes (Chmura et al., 2003;
Rosentreter et al., 2018; Leopold et al., 2013). Most previous
studies on coastal carbon budgets have focused on CO2 fluxes
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from sediments to the atmosphere. However, hydrology can
also play an important role in transporting dissolved carbon
(Needelman et al., 2018; Davis et al., 2020; Atkins et al.,
2017). Additionally, the water column in coastal wetlands
can release large amounts of CO2 and CH4, counteracting its
sediment burial (Macklin et al., 2014; Ruiz-Halpern et al.,
2015; Kayranli et al., 2010). However, this component of the
coastal carbon cycle is the least studied, and further investi-
gation of the role played by hydrology and water movement in
carbon cycling of coastal wetlands is required.

Coastal wetland hydrology consists of interconnected
groundwater and surface water flows (Sadat-Noori et al.,
2021b). Generally, the difference in pressure (hydraulic
head) drives groundwater movement and can cause surface
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Fig. 1. Map of study site.
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water to infiltrate pore spaces into sediments or cause
groundwater to discharge to surface waters (Bizhanimanzar
et al., 2019; Vidon et al., 2010; Porubsky et al., 2011). The
interaction between groundwater and surface water allows and
enhances geochemical reactions between terrestrial and
aquatic systems because groundwater and surface water have
different chemical compositions (May and Mazlan, 2014).
Hence, groundwater discharge can regulate both surface water
quality and quantity in coastal wetlands (Wang et al., 2018;
Ganju et al., 2013; Sadat-Noori and Glamore, 2019).

CO2 and CH4 can be produced in the sediments of wetlands
due to the mineralization of organic carbon by different mi-
crobes and plant-root respiration (Gudasz et al., 2010;
Needelman et al., 2018). Due to the long residence time and
the chemical interaction between water and sediment mate-
rials, groundwater tends to have higher concentrations of
solutes, including CO2, than surface water (Santos et al., 2009;
Call et al., 2015). As such, even small amounts of groundwater
discharge can transport dissolved carbon from the sediments to
surface waters (Vidon et al., 2010; May and Mazlan, 2014).
Once dissolved in groundwater, and as groundwater discharges
from the sediment, CO2 and CH4 leave the sediment and can
enter the atmosphere and contribute to global warming (Ferr�on
et al., 2007; Jurado et al., 2018). Groundwater exchange be-
tween sediment and surface water can be facilitated through
tidal pumping in coastal wetlands (Gleeson et al., 2013; Call
et al., 2015; Heron and Ridd, 2008). These processes are
important to an ecosystem in terms of CO2 and CH4 emissions.
Hence, groundwateresurface water interactions can substan-
tially constrain coastal carbon budgets. However, this has been
largely overlooked due to the difficulties of assessing
groundwater discharge.

Radon (222Rn) is a noble gas with conservative chemical
behavior, and its concentration is several times higher in
groundwater than in surface water (Burnett and Dimova, 2012;
Atkins et al., 2013). Radon has a short half-life of 3.8 d, which
is on the same time scale as many physical processes in coastal
environments (Sadat-Noori et al., 2021a). This means that any
presence of radon in surface water indicates recent (less than
3.8 d) groundwater discharge (Swarzenski, 2007; Davis et al.,
2020). These properties make radon a useful groundwater
tracer in surface water bodies, allowing for spatial and tem-
poral assessment of the dynamics of groundwater and its
interaction with surface water in coastal environments
(Büyükuslu et al., 2018; Peterson et al., 2019; Burnett et al.,
2010).

This study hypothesized that groundwater discharge drives
water quality and CO2 and CH4 fluxes in tidal wetlands. This
hypothesis was tested with field experiments. Time series data
of water quality parameters (i.e., salinity, pH, and dissolved
oxygen) were collected. Meanwhile, CO2 and CH4 concen-
trations were measured in the tidal wetland. Radon was used
as a groundwater tracer to investigate the role of groundwater
in driving surface water quality and CO2 and CH4 dynamics.
In addition, water-to-air fluxes of CO2 and CH4 were calcu-
lated to assess whether the wetland was a source or a sink for
greenhouse gases.
2. Materials and methods
2.1. Study site
Fieldwork was conducted on November 25e30, 2018 in a
tidal wetland located in the Hunter Wetlands National Park,
Newcastle, Australia (Fig. 1). The low-lying wetland has a
small catchment of about 24 � 104 m2 with an elevation up to
1.5 m (Australian Height Datum). The region is characterized
by a temperate climate with an average annual precipitation of
1139 mm. Air temperature ranges from 17�C to 26�C in
summer (DecembereFebruary) and from 8�C to 18�C in
winter (JuneeAugust). There is no upstream surface water
flowing into this wetland, and the wetland water discharges
into the Hunter River through an estuarine channel (with a
width of 10 m and a length of 80 m) at the mouth of the
wetland. The tidal wetland area is affected by semidiurnal
tides with a tidal range of 1.5 m. The area received 25 mm of
rainfall on the fourth day of sampling.
2.2. Water quality sampling
Physicochemical parameters of surface water were
measured using a calibrated YSI EXO2 water quality multi-
parameter sonde. Variables including pH (with an accuracy of
±0.1), salinity (with an accuracy of 0.1‰), dissolved oxygen
(DO) concentration (with an accuracy of ±0.1 mg/L), tem-
perature (with an accuracy of ±0.01�C), and water depth (with
an accuracy of ±0.004 m) were collected at 15-min intervals.
The concentration of fluorescent dissolved organic matter
(fDOM) was also measured using the same sonde and used as
a proxy for dissolved organic matter in the wetland water
column. Wind speed data (with an accuracy of ±10%) were
collected onsite using a weather station (Model PH1000).
Current velocity and direction were measured in the channel
using a Sontek Argonaut acoustic doppler current profiler at
15-min intervals.

A RAD7 radon-in-air detector was modified and used to
measure the radon concentration in water. An ultraportable
greenhouse gas analyzer (UGGA, Los Gatos Research) was
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used to measure dissolved CO2 and CH4 in situ with data
averaged over 1-min intervals and an uncertainty range less
than 5%. To measure radon and greenhouse gases, these two
systems were coupled, and surface water flow was continu-
ously pumped at a rate of about 2.5 L/min from 30 cm below
the surface into a shower-head gas equilibration device (GED)
(Dulaiova et al., 2005). Dissolved gasses (e.g., radon) and air
reached equilibrium in GED before the equilibrated air passed
through RAD7 and UGGA. A pump was used to transfer the
equilibrated air through drierite before it was returned to GED.
In this setup, equilibrium times of around 5, 20, and 30 min
were required for CO2, CH4, and radon, respectively (Webb
et al., 2016; Santos et al., 2012b). Radon concentrations
were measured every 30 min with uncertainties ranging from
10% at low tide to 60% at high tide. Radon solubility was
calculated as a function of temperature and salinity (Schubert
et al., 2012). Due to an unexpected technical issue with the
UGGA device, some CO2 and CH4 data were lost on the fourth
day of sampling.
2.3. Statistical analysis and flux calculations
Data were analyzed using the JASP (version 0.14.1) sta-
tistical software. Trends in the time series data were deter-
mined using the Descriptive model in JASP, and the Pearson
correlation was used to examine the relationships between
various parameters. According to the formula proposed by
Wanninkhof (1992) based on gas transfer velocity and con-
centration gradient, the greenhouse gas fluxes for CO2 and
CH4 (q) were estimated as follows:

q¼ kaðCwater�CairÞ ð1Þ
where k is the gas transfer velocity at thewatereair interface,a is
the solubility coefficient of the greenhouse gas, and Cwater and
Cair are the partial pressures of CO2 and CH4 in water and air,
respectively. The solubility coefficients for CO2 and CH4 were
estimated using the formulas proposed by Weiss (1974) and
Wiesenburg and Guinasso (1979), respectively, as follows:
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Table 1

Gas transfer velocity and water-to-air fluxes of CO2 and CH4 estimated using vari

Equation Average gas transfer

velocity (m/d)
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where aCO2
and aCH4

are the solubility coefficients for CO2

and CH4, respectively; fG is the molecular fraction in dry air
for CH4 (assumed to be constant at 1.41 � 10�6); T is the
temperature; and S is the salinity. The atmospheric partial
pressure of CO2 and CH4 were assumed to be constant, with
averaged values of 410 � 10�6 and 1.8 � 10�6 standard at-
mosphere pressure (atm), respectively. The gas transfer ve-
locity (k) was estimated according to the five different
empirical equations based on the common features in estuarine
environments (e.g., wind speed, current velocity, and water
depth) and Schmidt number of the gases (Table 1) (Borges
et al., 2004; Ho et al., 2016; Jiang et al., 2008; Raymond
and Cole, 2001; Sippo et al., 2017).

3. Results
3.1. Time series data of surface water
During sampling, the highest water depth was 1.7 m, and
the lowest was 0.1 m (Fig. 2). Water salinity fluctuated
between 33 and 36, indicating typical oceanic salinity
values. However, salinity dropped to around 18 at the
beginning of the fourth day of sampling due to the rainfall
event. Temperature during sampling ranged from 17.2�C to
29.4�C, with an average temperature of 21.0�C. Tempera-
ture usually reached the peak values at about 16:00 to 20:00
and declined to the lowest values at about 6:00 to 9:00
(Fig. 2). pH ranged from 7.2 to 7.8, with a mean value of
7.6. Low pH values appeared during low tides. DO con-
centration was in a range from 46.5% to 110%, with an
average value of 81.9%, and low DO concentration values
occurred during low tides. The average water velocity and
wind speed were 25.7 and 5.1 m/s, respectively. Radon
concentrations ranged from 10 to 793 Bq/m3, with an
average value of 255 Bq/m3 (Fig. 2). Radon concentrations
followed an opposite trend to the tidal pattern and tended to
increase during low tides and decrease during high tides.
ous equations.

O2 flux

mol/(m2$d))

CH4 flux

(mmol/(m2$d))

Reference

6.4 0.4 Borges et al. (2004)

.2 0.2 Ho et al. (2016)

.7 0.2 Jiang et al. (2008)

4.5 0.4 Raymond and Cole (2001)

7.1 0.3 Sippo et al. (2017)

.1 0.3

(m/d), W is the water velocity (cm/s), D is the water depth (m), and U10 is the



Fig. 2. Time series data of physical and chemical water quality parameters in wetland with red lines indicating daily highest high tides.
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fDOM had a similar trend to radon and increased during
low tides, with an average concentration of 10.6 relative
fluorescence units (RFU). Chlorophyll had an average
concentration of 3.4 mg/L and increased during low tides.
CO2 and CH4 concentrations had similar trends to one
another but followed opposite trends to the tidal pattern
with increased concentrations during low tides. CO2 and
CH4 concentrations ranged from 548.2 to 2 798.4 cm3/m3

and from 1.7 to 79.9 cm3/m3, with average concentrations of
980.2 and 21.6 cm3/m3, respectively.
Radon, chlorophyll, CH4, and CO2 concentrations all had
weak negative correlations with salinity, with determination
coefficient (R2) values of 0.3, 0.4, 0.3, and 0.2, respectively. In
contrast, radon, chlorophyll, and fDOM concentrations had
strong negative correlations with water depth (R2 ¼ 0.7) while
CO2 and CH4 concentrations had negative relationships with
water depth (R2 ¼ 0.5) (Fig. 3). Radon concentration nega-
tively correlated with pH (R2 ¼ 0.6) and DO concentration
(R2 ¼ 0.6) and had strong positive correlations with chloro-
phyll (R2 ¼ 0.6) and fDOM concentrations (R2 ¼ 0.7). Radon



Fig. 3. Statistical correlation between water depth, radon, and water quality parameters.
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concentration also had positive correlations with CO2

(R2 ¼ 0.4) and CH4 concentrations (R
2 ¼ 0.5) (Fig. 3).
3.2. Wetland greenhouse gas fluxes to atmosphere
The average piston velocity obtained from the five empir-
ical equations (Table 1) was calculated to be 4.7 m/s. The CO2

flux ranged from 8.5 to 501.9 mmol/(m2$d), with an average
value of 99.1 mmol/(m2$d). In contrast, the CH4 flux had a
range of 0e1.9 mmol/(m2$d), with an average value of
0.3 mmol/(m2$d). The CO2 water-to-air flux was 330 times
higher than the CH4 flux (Table 1). The CO2 and CH4 fluxes
from water to the atmosphere had similar trends across the five
days of sampling and were strongly influenced by tides, with
decreasing trends during high tides and peak values during low
tides.
4. Discussion
4.1. Driving forces of groundwater discharge
High radon concentrations in surface water indicated the
occurrence of groundwater discharge in the wetland. The
observed negative correlation (R2 ¼ 0.7) between radon and
water depth implied that tidal pumping was a driver of
groundwater discharge in the wetland (Fig. 3). Tidal pumping
occurs when estuary surface water infiltrates the permeable
sediments and becomes groundwater during high tides. Af-
terwards, this water discharges from the sediment during low
tides and returns to surface water due to gradient differences
and hydrostatic pressure (Li et al., 2009; Li and Barry, 2000;
Peterson et al., 2019). This recirculation of surface water can
be important to the chemistry of water changes because
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surface water interacts with sediment particles. Thus, the water
that flows back to the surface water contains a new chemical
signature (Taniguchi et al., 2019; Santos et al., 2012a; Burnett
et al., 2006). Coastal wetlands with muddy environments may
have low subsurface flow. However, the existence of numerous
crab burrows creates preferential flow paths and contributes to
the increase in the hydraulic conductivity (capability of
enabling the movement of water) of the sediment, thereby
increasing groundwater discharge (Gleeson et al., 2013; Heron
and Ridd, 2008). The studied wetland contained many crab
burrows, which facilitated local groundwateresurface water
interactions.
4.2. Impact of groundwater discharge on surface water
quality
DO in groundwater is consumed by organic decomposition
of microorganisms in sediments and diffusion of reduced
elements from the deeper layers of the sediment (Salles et al.,
2006). The time series data (low DO during low tides) and the
correlation between radon and DO concentrations (R2 ¼ 0.6)
(Fig. 3) indicated that low oxygenated groundwater dis-
charged into the wetland and reduced surface water DO
during low tides. Groundwater with low DO can cause hyp-
oxic conditions in surface water, reducing the overall water
quality and damaging the ecosystem health (Davis et al.,
2020; Carroll et al., 2021; Sammut et al., 1996). Several
previous studies have reported that groundwater discharge
delivering low DO water was the main source of hypoxia
conditions in estuarine and coastal wetland environments
(Guo et al., 2020; Peterson et al., 2016; McCoy et al., 2011).
The time series data showed that surface water salinity
decreased during low tides, but groundwater salinity was not
sampled. It is speculated that the decrease in salinity was
related to terrestrial groundwater inputs, as reported by other
Table 2

Previous studies on groundwater discharge as a source of greenhouse gases in coa

System Location

Wetland McLeods Creek, New South Wales, Austra

Estuary North Creek, New South Wales, Australia

Estuary Hat Head, New South Wales, Australia

Embayment Sydney Harbour, New South Wales, Austra

Lake Sydney, New South Wales, Australia

Mangrove creek Kangaroo Island, Queensland, Australia

Natural and modified estuary Gold Coast, Queensland, Australia

Natural and modified estuary Bribie Island, Queensland, Australia

Estuary Brisbane, Queensland, Australia

Salt marsh wetland Sapelo Island, Georgia, USA

Mangrove river estuary Everglades National Park, USA

Coastal lake Bethel, Alaska, USA

Estuary (wetland) Squamish, British Columbia, Canada

Central Amazon Basin Rio Negro, Tapaj�os, Madeira, Brazil

Tidal flats Wadden Sea, Germany

Tidal basin Georgetown County, USA

Embayment Chowder Bay, Australia

Coral reef Mabini, Batangas, the Philippines
studies in which experiments were conducted in a similar
environment (Tait et al., 2017).

Groundwater contains higher concentrations of chlorophyll
and fDOM than surface water because microflora in sediments
use abundant nutrients obtained from sediments to produce
chlorophyll through primary production (Nelson et al., 1999;
Null et al., 2012). The mineralization of organic matter in
sediments is an important source of fDOM, which can be
stored in groundwater in high amounts, especially in condi-
tions in which oxygen is low (Burdige et al., 2004; Skoog
et al., 1996). Here, the time series data indicated that the
concentrations of chlorophyll and fDOM in the tidal wetland
increased during low tides when groundwater discharge was
the highest (Fig. 2). Furthermore, the strong positive re-
lationships between radon concentration and both chlorophyll
and fDOM concentrations (Fig. 3) indicated that groundwater
discharge delivered chlorophyll and fDOM into the surface
water. The high concentrations of chlorophyll and fDOM
contribute to high light absorption and eutrophication, leading
to increased amounts of algae and plankton and thereby
causing anoxic events that further increase carbon fluxes
(Nelson and Siegel, 2013; Valiela et al., 1990).
4.3. Groundwater discharge as a driving force for
dissolved carbon in wetlands
Groundwater can contain high amounts of dissolved
greenhouse gases. Thus, groundwater can be an important
factor when determining whether wetlands act as a source of
greenhouse gases to the atmosphere. Table 2 lists relevant
studies on groundwater discharge as a source of greenhouse
gases in coastal wetlands. Most previous studies have mainly
been conducted in Australia and the United States and mostly
in subtropical climate zones. There is a lack of data from the
Middle East and South America and from temperate coastal
stal ecosystems.

Climate Method Reference

lia Subtropical Radon Webb et al. (2016)

Subtropical Radon Maher et al. (2015)

Subtropical Radon Sadat-Noori et al. (2016)

lia Subtropical Radon Reading et al. (2021)

Temperate Radon Sadat-Noori et al. (2021c)

Subtropical Radon Call et al. (2015)

Subtropical Radon Macklin et al. (2014)

Subtropical Radon Davis et al. (2020)

Subtropical Radon Jeffrey et al. (2018)

Subtropical Radium Schutte et al. (2020)

Subtropical Radon Reithmaier et al. (2020)

Subarctic Radon Dabrowski et al. (2020)

Temperate Radon Diggle et al. (2019)

Tropical Radon Call et al. (2018)

Temperate Radon Santos et al. (2015)

Subtropical Radium Cai et al. (2003)

Temperate Radon Sadat-Noori et al. (2017)

Tropical Radon Correa et al. (2021)



Fig. 4. Calculated CO2 and CH4 air-to-water fluxes in wetland.
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wetlands. Groundwater rich in CO2 and CH4 was shown to be
a major source of greenhouse gases in a subtropical estuary in
Australia (Call et al., 2015), and Sadat-Noori et al. (2016)
found that groundwater discharge was an important source
of dissolved carbon and greenhouse gases in a subtropical
wetland in Australia. This study filled a gap by reporting ob-
servations from a temperate coastal wetland.

Coastal wetlands can sequester large quantities of atmo-
spheric carbon and store it in their sediments at a rate of 50%
faster than terrestrial forests (Cui et al., 2018; Mcleod et al.,
2011; Wang et al., 2019). Greenhouse gases such as CO2

and CH4 can be produced by the respiration of plant roots and
microorganism activity in sediments as well as organic matter
decomposition and mineralization (Gudasz et al., 2010;
Needelman et al., 2018; Kaur et al., 2016). When in contact
with groundwater, the sediment-based carbon dissolves in
groundwater, enriching it with carbon. Hence, groundwater
discharging to wetlands contains high concentrations of CO2

and CH4 even if in small quantities (Monger et al., 2015;
Atkins et al., 2013; Akhand et al., 2016). Here, the time series
data supported by the positive correlations of radon concen-
tration with CO2 and CH4 concentrations indicated that
groundwater was a source of CO2 and CH4 in the wetland
(Figs. 2 and 4). Once in surface water, CO2 and CH4 can be
exported to the open ocean or evade to the atmosphere, or both
processes may take place (Santos et al., 2021).
4.4. Greenhouse gas fluxes to atmosphere from wetland
surface water
The measurements showed that the wetland was supersat-
urated with CO2 and CH4. Hence, the wetland was a source of
greenhouse gases in the atmosphere (Fig. 4). Carbon stored in
the wetland's sediments and groundwater discharging into the
wetland can provide CO2 and CH4 to the wetland surface
water. In the study area, groundwater discharge could explain
40% of CO2 variation and 50% of CH4 variation in the wetland
surface water. The concentrations of CO2 and CH4 gases
reached their peaks during low tides in the wetland surface
water, and the CO2 and CH4 peak fluxes also appeared at the
same time due to these high concentrations (Fig. 4). Previous
studies have also indicated that groundwater-derived carbon
and greenhouse gases, especially CH4 and nitrous oxide, can
counteract carbon burial in coastal wetlands. However, this
process is often overlooked in carbon budgets (Webb et al.,
2016; Rosentreter et al., 2018).

Studies on greenhouse gas fluxes from coastal wetlands have
mostly been conducted in tropical and subtropical areas, as
presented in Table 3. Based on data from the literature, water-
to-air CO2 and CH4 fluxes have been observed to decrease
along with latitude and temperature, and tropical areas have
been found to have higher fluxes than subtropical areas
(Table 3). To put the observed estimates described herein in
perspective, fluxes were compared with the global average
available in the literature. The average CO2 flux from the
wetland was 99.1 mmol/(m2$d) (Table 1), which is twice as
high as the global average CO2 emissions in lower estuaries
(19.0e59.0 mmol/(m2$d)) (Cai, 2011; Chen et al., 2013;
Borges and Abril, 2011). The water-to-air flux also depends on
the gas transfer velocity. In this study, this parameter was
calculated using different methods to reduce the error associ-
ated with parameter estimation through empirical equations
(Table 1).

The average CH4 flux in the studied wetland was
0.3 mmol/(m2$d) (Table 1), which is within the flux range
from estuaries worldwide as reported in the literature (Table 3)
and in the higher end of the range of global CH4 fluxes in tidal
estuaries (0.04e0.60 mmol/m2/d) (Borges and Abril, 2011;
Zhang et al., 2008; Ferr�on et al., 2007). Water-to-air CH4

fluxes can be controlled by tidal dynamics and reach their peak
values during mid-to-low tides, when the strongest currents
and the highest gas concentrations in the water column occur
due to groundwater discharge (Rosentreter et al., 2018). In this
study, the observed amount of CO2 released into the atmo-
sphere from the wetland was much larger than that of CH4,
indicating that CO2 emissions dominated carbon gaseous
fluxes. However, CH4 is 34 times more potent as a greenhouse
gas than CO2, and even a small amount of CH4 emission can
have a greater impact on global warming than CO2 (Cheng
et al., 2021; Rosentreter et al., 2018). Hence, both CO2 and
CH4 should be measured and considered when coastal wetland
carbon budgets are developed.

5. Conclusions

Given that the relationship between coastal wetlands,
groundwater, and greenhouse gases have not been widely
understood, this study investigated greenhouse gas emissions
from a tidal wetland and examined the role of groundwater
discharge as a pathway for releasing greenhouse gases from
wetland sediments. A 5-d radon time series dataset revealed
strong groundwateresurface water interactions in the coastal
wetland studied. The coupled measurements of radon, CO2,
and CH4 at high temporal resolutions showed that ground-
water discharge affected surface water chemistry. Radon
concentration had a positive correlation with CO2 and CH4

concentrations. This indicated that groundwater discharge



Table 3

Previous studies on water-to-air greenhouse gas fluxes from coastal tidal wetland ecosystems.

System Location Latitude Climate CO2 flux

(mmol/(m2$d))

CH4 flux

(mmol/(m2$d))

Reference

Mangrove Gazi Bay, Kenya 4�S Tropical 115.9e192.8 Bouillon et al. (2007)

Estuaries Brazil 4�Se5�S Tropical 55 ± 45 Noriega and Araujo (2014)

Estuary Nagada Creek, Papua

New Guinea

5�S Tropical 43.6 ± 33.2 Borges et al. (2003)

Mangrove creeks Mtoni, Tanzania 6�S Tropical 3.0e40.0 70.0e350.0 Kristensen et al. (2008)

Mangrove creeks Ras Dege, Tanzania 6�S Tropical 1.0e80.0 10.0e70.0 Kristensen et al. (2008)

Mangrove creek Kiên V�ang, Viet Nam 8�N Tropical 32.2 ± 39.4 (dry) Kon�e and Borges (2008)

Mangrove creek Kiên V�ang, Viet Nam 8�N Tropical 154.7 ± 159.1 (wet) Kon�e and Borges (2008)

Mangrove creek Tam Giang, Viet Nam 8�N Tropical 141.5 ± 117.8 (dry) Kon�e and Borges (2008)

Mangrove creek Tam Giang, Viet Nam 8�N Tropical 128.5 ± 110.0 (wet) Kon�e and Borges (2008)

Tidal mangrove creek Wright Myo, India 11�N Tropical 552.0e828.0 Barnes et al. (2006)

Estuary Adyar, India 13�N Tropical 3 600.0 Nirmal Rajkumar et al. (2008)

Lake estuary South India 13�N Tropical 54.0e280.0 Shalini et al. (2006)

Estuary Gaderu Creek, India 17�N Tropical 56.0 ± 100.9 Borges et al. (2003)

Rivers Democratic Republic

of the Congo

0� Tropical 86.0e7 110.0 65.0e597 260.0 Borges et al. (2019)

Tidal mangrove creeks Queensland, Australia 17�Se27�S Subtropical 186.0 ± 19.2 4 800.0 ± 70.0 Rosentreter et al. (2017)

Tidal mangrove river Florida, USA 25�N Subtropical 217.7 ± 12.8 Rosentreter et al. (2017)

Tidal mangrove estuary Florida, USA 25�N Subtropical 171.0e232.0 Ho et al. (2014)

Estuary Queensland, Australia 27�S Subtropical 13.0e86.0 Macklin et al. (2014)

Estuary North Creek, Australia 28�S Subtropical 19.0e70.0 7.0e51.0 Maher et al. (2015)

Marsh-dominated estuary Sapelo Island, Gabon 31�N Subtropical 58.5e70.0 Wang and Cai (2004)

Estuary Jiuduansha Island, China 31�N Subtropical 30.0e400.0 Cheng et al. (2010)

Estuary Yangtze, China 31�N Subtropical 61.4 ± 22.6 Zhang et al. (2008)

Estuary Coastal Georgia, USA 31�N Subtropical 69.3 Jiang et al. (2008)

Mangrove bay St. George's, Bermuda 32�N Subtropical 59.8 ± 17.3 Zablocki et al. (2011)

Tidal mangrove creek Kangaroo Island, Australia 35�S Subtropical 201.56 ± 6.25 213.7 ± 10.6 Call et al. (2015)

Tidal estuaries Bay of C�adiz, Spain 36�N Temperate 73.0e177.0 34.0e150.0 Ferr�on et al. (2007)

Estuaries Europe Above 39�N Temperate 170.0 Frankignoulle et al. (1998)

Mud flats Wadden Sea, Germany 53�N Temperate 6.0e57.0 Santos et al. (2015)

Estuary Newcastle, Australia 32�S Subtropical 99.1 300.0 This study
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could be a relevant pathway and a source of greenhouse gases
to the wetland and contribute to the supersaturation of CO2

and CH4 in the wetland. The aquatic part of the wetland was
found to be a source of greenhouse gases in the atmosphere
with average water-to-air fluxes of 99.1 and 0.3 mmol/(m2$d)
for CO2 and CH4, respectively. The sampling supported the
hypothesis that groundwater discharge can regulate surface
water quality in a coastal wetland and be a driver of green-
house gases in the wetland. Although this study did not
quantify the groundwater discharge rate, it provides a basis for
quantitative investigations of the role of groundwater as a
source of greenhouse gases in coastal wetlands. Future carbon
budgets should consider groundwater discharges when devel-
oping regional greenhouse gas budgets, and land managers
should consider groundwater and surface water interactions
when developing land management strategies.
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