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Abstract

Methane is a potent greenhouse gas, and aquatic environments such as wetlands, lakes, rivers, and estuaries are recog-
nized as significant natural sources of methane emissions. However, a major gap in current methane budgets is the limited
understanding of methane contributions from groundwater—surface water interactions. Groundwater discharge has often
been overlooked in methane budgets due to the difficulty of detecting and quantifying both discharge rates and the asso-
ciated methane fluxes. This study addresses this gap by synthesizing global literature to estimate groundwater methane
concentrations and fluxes across various aquatic environments. A systematic review of peer-reviewed literature from 2011
to 2023 was conducted, synthesizing data on groundwater methane concentrations, discharge rates, and environmental
factors across diverse aquatic environments. These data were subsequently integrated with global groundwater discharge
estimates to quantify methane fluxes, thereby advancing current understanding of groundwater contributions to aquatic
methane emissions and their potential role in the global carbon cycle. The main findings are as follows: (1) The average
global groundwater methane concentration was 0.31+0.47 mmol/L. (2) The global average groundwater-driven methane
flux was estimated to be 3.9+£6.2 mmol/m?/day. (3) When extrapolated globally using existing estimates of groundwater
discharge, these fluxes suggest that groundwater may account for up to 70% of methane emissions from surface waters in
aquatic systems. (4) In some environments, groundwater-driven methane fluxes exceed direct surface water—atmosphere
methane emissions by several fold, particularly in subarctic and temperate regions. This significant groundwater contri-
bution has been largely unrecognized in global methane budgets and climate models. Findings indicate a lack of studies
quantifying groundwater-driven methane fluxes (or providing concurrent data on groundwater methane concentrations and
groundwater discharge), particularly in streams. Incorporating groundwater-driven methane into carbon accounting frame-
works is essential for improving the accuracy of methane emission estimates and for better informing climate mitigation
strategies. Further empirical studies are needed to reduce uncertainty and address current data gaps across geographic
regions and aquifer types.
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Methane, a potent greenhouse gas, is emitted directly to the atmosphere from aquatic environments like wetlands, lakes, riv-
ers, and estuaries, yet the contribution from groundwater discharge to these emissions remain poorly understood, a gap this
study addresses. The graphical abstract illustrates the formation of methane in anaerobic groundwater systems, followed by
its discharge into aquatic environments, and release to the atmosphere. Arrows link these hydrogeological and biogeochemi-
cal processes. This study, synthesizing global literature from 2011 to 2023, estimates groundwater methane concentrations
and fluxes, revealing a global average groundwater methane concentration of 0.31+0.47 mmol/L and a global groundwater
driven methane flux of 3.9+ 6.2 mmol/m?/day. A key finding is that groundwater discharge may contribute up to 70% of
methane emissions from aquatic environments, with fluxes exceeding surface water emissions by up to 6 times, especially
in subarctic and temperate regions. The role of groundwater discharge in methane budgets has been largely unrecognized,
while this study clearly shows the need for its integration into carbon accounting frameworks.

Highlights

Groundwater discharge may contribute up to 70% of methane emissions from aquatic environments.

Estimated global groundwater-driven methane flux to coastal environments is 3.9+ 6.2 mmol/m?/day.

Methane flux from groundwater can exceed surface water emissions by up to 6 times.

Sediment type and climate potentially influence groundwater methane flux and concentration.

Data on groundwater-derived methane fluxes in aquatic environments remain scarce, with streams being particularly
underrepresented.

Keywords Greenhouse gases - Carbon cycling - Submarine groundwater discharge - Carbon budget

carbon dioxide, plays a significant role in shaping our
planet’s climate (Montzka et al. 2011; Shindell et al. 2009).
Methane emissions stem from both human-induced activi-
ties and natural processes (Saunois et al. 2020). Burning
fossil fuels emits 9.9+0.5 Gt C yr ! into the atmosphere
(Friedlingstein et al. 2023). Among the natural sources of
methane, aquatic environments such as wetlands, lakes,

1 Introduction

Understanding the sources and processes that lead to green-
house gas emissions is essential for addressing challenges
related climate change. Methane (CH,), the second most
prevalent greenhouse gas in the Earth’s atmosphere after

@ Springer



Groundwater Discharge: A Major Driver of Global Methane Emissions from Aquatic Environments

streams, and estuaries play an important role in the global
methane emissions to the atmosphere (Saunois et al. 2020).
For instance, wetlands and inland waters significantly con-
tribute to the global methane budget releasing approximately
248 Tg CH, yr ' (248 million tonnes CH, yr ") (Saunois et
al. 2020, 2024). The Intergovernmental Panel on Climate
Change recognises methane emissions from wetlands as the
largest global source of methane to the atmosphere (IPCC
2014) and wetland emissions have shown to dominate the
interannual variability of methane sources (Bousquet et al.
2000).

Groundwater discharge represents the connection
between groundwater and surface water and therefore, con-
trols the transport of dissolved solids and gasses, such as
methane. Despite its importance, groundwater discharge
remains an overlooked contributor to global carbon emis-
sions to the atmosphere (Friedlingstein et al. 2023). Many
aquatic environments are sustained, at least in part, by
groundwater discharge (Rohde et al. 2024). This interaction
suggest that groundwater discharge may increase methane
concentrations in surface waters, which are subsequently
released into the atmosphere (Schutte et al. 2020). Estimat-
ing groundwater discharge is therefore essential for reliable
and accurate carbon budgeting and the effective manage-
ment of coastal environments (Alongi 2020; Sanders et al.
2015; Wang et al. 2022).

Methanogenesis, the microbial process of methane pro-
duction, occurs for conditions depleted in terminal electron
acceptors (e.g., dissolved oxygen, nitrate, sulfate, etc.), such
as those found in organic rich groundwater environments
(Torres-Alvarado et al. 2005). Groundwater, a key com-
ponent of wetland environments, exhibits these anaerobic
characteristics as the saturated conditions, high organic
matter content and typically high microbial respiration
effectively eliminates oxygen. However, groundwater dis-
charge has often been overlooked in developing carbon (and
methane) budgets, in aquatic environments due to its hid-
den and complex nature (Sadat-Noori et al. 2021a). Unlike
surface water flows, which are visible and more straight-
forward to quantify, groundwater discharge is challenging
to quantify because it occurs diffusely and is influenced by
heterogeneity in sediment properties and various subsur-
face processes like hydraulic gradient dynamics, perme-
ability variability, geochemical reactions, and tidal effects
(Burnett et al. 2006). This has led to its underrepresenta-
tion in many studies attempting to develop carbon budgets.
This neglect is further exacerbated by the perception that
groundwater inputs are less significant compared to surface
water sources, despite evidence suggesting that they can
play a crucial role in transporting dissolved carbon, includ-
ing methane, and other nutrients to aquatic systems (Luijen-
dijk et al. 2020; Santos et al. 2021). While the volumes of

groundwater discharge can be small compared to surface
water flows for a particular system the higher concentra-
tions of solutes in groundwater compared to surface waters,
means that the contributions can still be significant (Sadat-
Noori et al. 2016b). As a result, carbon fluxes from wet-
lands, estuaries, and coastal waters may be underestimated
and thus potentially misrepresenting the broader environ-
mental and biogeochemical processes.

In this study, available data from the literature is syn-
thesized to develop a first order estimate of the global
groundwater-driven methane flux and assess the contri-
bution of groundwater discharge to the overall methane
emission from surface waters of aquatics environments.
This study explores the global influence of groundwater on
methane emissions, providing insight on the implications of
this overlooked process for methane transport and budget
development and its role in climate change. By determining
where groundwater discharge constitutes a notable source
of atmospheric methane and examining how groundwater
flow influences the carbon cycle through methane fluxes,
this study aims to advance our understating of groundwa-
ters role in shaping the global methane budget. The study is
novel in that it provides the first global synthesis and esti-
mate of groundwater-driven methane fluxes across aquatic
environments, while earlier studies have focused on ground-
water discharge and methane fluxes from localized systems.
This paper therefore, addresses a major gap in methane bud-
gets by quantifying a previously underrepresented source at
a global scale.

2 Methodology
2.1 Literature Synthesis

A systematic literature review was conducted using aca-
demic search engines, with Google Scholar as the primary
focus, to identify relevant scholarly articles published
between the year 2011 to 2023. Keywords including “sub-
marine groundwater discharge”, “groundwater discharge”,
and “methane flux”, were selected and used to retrieve arti-
cles. Some studies refer to groundwater discharge as “pore
water exchange” and “sediment to water exchange” thus
these were also used as a search terms. Critical informa-
tion, including ecosystem type, aquifer or sediment type,
groundwater methane concentration, groundwater-driven
methane flux, and surface water to atmospheric methane
flux, was extracted from the identified research articles. In
addition, supplementary data, such as geographic location,
climate of the region, and surface water methane concen-
trations were retrieved. ArcGIS Pro was utilised for map-
ping. Maps were created to illustrate the concentration of
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groundwater methane across various types of environments,
and the groundwater-driven methane flux variation in dif-
ferent types of environments based on the corresponding
aquifer material or sediment type.

2.2 Estimation of Groundwater-Driven Methane
Flux

Generally, groundwater-driven methane flux is estimated by
multiplying the methane concentration in the discharging
groundwater by the groundwater flow rate, represented by
Eq. 1 below (Sadat-Noori et al. 2015:

F=@Q.C (1

Where F is the groundwater-driven methane flux, (@ is the
groundwater discharge rate, C'is the average methane con-
centration in groundwater. The flux is influenced by several
factors, including hydrogeological conditions and methane
concentrations resulting from sedimentary methane produc-
tion (Paytan et al. 2015). However, uncertainties arise due
to the challenges of measuring discharge and concentration
simultaneously, as these parameters can vary significantly
over time and space. Assumptions made in the synthesis,
such as steady-state flow conditions and uniform methane
distribution, may oversimplify the complex interactions
between hydrological and biogeochemical processes. These
factors should be considered when interpreting the results.
In this study, the result of the synthesised groundwater
driven methane flux from the metadata will be referred to as
the “Complied Groundwater-Driven Methane Flux” and the
average will be referred to as the “Global Average Ground-
water-Driven Methane Flux”.

3 Results and Discussion

3.1 Spatial Distribution of Groundwater Discharge
Data

The studies found in the published literature are summarised
in Table 1. Of the global studies, 43% were carried out in the
USA, 18% in Australia, and the remaining divided among
China, Sweden, Germany, Brazil and India. The studied
environments were estuaries, lakes, lagoons and rivers, with
46% of the studies conducted in estuaries, 34% in rivers,
12% lakes and 8% in lagoons. The majority of the stud-
ies were conducted in subtropical regions, accounting for
42%, while 23% in temperate regions, 19% in subarctic,
followed by 16% in the tropics. With regards to sediment
type, 46% of the studies were in a location with mix sedi-
ments (sandy, muddy and rocky), 35% in sandy and 15% in
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muddy sediments. 4% were in fractured consolidated rocks.
Most of the studies reported concentrations of methane in
adjacent groundwater, while only a small number of stud-
ies reported the groundwater discharge rate and the methane
concentration in this discharging groundwater.

3.2 Groundwater Methane Concentration

The global dataset showed an average groundwater meth-
ane concentration of 0.31+0.47 mmol/L. The dataset also
revealed that the average concentration of methane in
groundwater varied between different environments. The
average groundwater concentration of methane in estuaries
was 0.647+0.568 mmol/L, 0.099+0.119 mmol/L for lakes,
0.00006+01 mmol/L for lagoons and 0.00019+01 mmol/L
for rivers. Groundwater methane concentration adjacent to
rivers was small, ranging from 0.303 nmol/L to 548 nmol/L.
Estuarine environments showed the highest concentration
of methane in groundwater, with concentrations reach-
ing up to 1.7 mmol/L. Studies conducted in the subarctic
Landing Lake in the USA and the Tornetrask catchment
in Sweden show high groundwater methane concentration
with an average of 0.37 mmol/L and 0.16 mmol/L, respec-
tively (Dabrowski et al. 2020a; Olid et al. 2022). However, a
similar subarctic lake, Toolik Lake (Paytan et al. 2015) had
a lower average methane concentration of 0.021 mmol/L.
Lakes in tropical and subtropical places had very low val-
ues of groundwater methane concentrations except for
Tian-E-Zhou, Yangtze River in China (Jiang et al. 2023) in
which the groundwater concentration was 0.098 mmol/L.
Although estuarine environments exhibited the highest aver-
age groundwater methane concentrations in our dataset, sta-
tistical analysis (Table 2; p=0.55) indicates that differences
among ecosystem types are not statistically significant. This
suggests that observed patterns may be influenced by sam-
pling bias or site-specific conditions rather than consistent
ecosystem-level effects. The lack of statistical significance
is also a function of the limited number of studies, and more
studies and data are needed for more robust statistical tests.

Groundwater methane concentrations vary significantly
across climatic regions. Temperate regions exhibit elevated
average concentrations (0.938+0.048 mmol/L), likely due
to favorable conditions for methanogenesis (Lecher et al.
2017). In contrast, tropical regions show notably low con-
centrations (0.0007+0.00008 mmol/L), while subtropi-
cal regions have an intermediate average concentration
(0.116+0.260 mmol/L), consistent with relatively higher
temperatures. Subarctic regions display similar average
concentrations (0.138+0.147 mmol/L) to subtropical areas.
In the Arctic region however, elevated methane concentra-
tions are linked to permafrost thaw and the abundance of
carbon-rich substrates (Dabrowski et al. 2020a; Paytan et al.
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Table 2 Summary of statistical results examining the influence of environment, climate and of aquifer type on groundwater methane concentration

Description Frequency Mean Standard df Mean squares F p
Deviation

Climate 11 0.09 +0.24 3 1.13 13.68 <0.001

Subtropical 6 0.94 +0.48

Temperate 5 0.14 +0.15

Subarctic 4 - -

Tropical

Type of Environment 12 0.54 +0.57 3 0.5 2.96 0.055

Estuary 9 0.1 +0.12

Lake 3 - -

River 2 - -

Lagoon

Type of Aquifer 12 0.21 0.34 - - - -

Mix 9 0.46 0.62

Sandy 4 0.20 0.4

Muddy 1 - Nan

Rocky

2015). These observations suggest that while temperature
influences methane production, it is not a sole predictor, as
local geochemical and climatic factors play critical roles.
Table 2 shows that the p-value for climate type is 0.001,
which is below the significance threshold of 0.05, revealing
that the type of climate has a statistically significant effect
on the groundwater methane concentration.

Sediment type and its content and quality of organic mat-
ter can also influence groundwater methane concentration.
The average groundwater methane concentration in mixed
sedimentary material was 0.2+0.4 mmol/L, while sandy
sediments had 0.585+0.65 mmol/L, and muddy sediments
had an 0.2+0.4 mmol/L. There was only one study for a
consolidated rock aquifer which reported a groundwater
methane concentration of 0.00006 mmol/L. Interestingly,
the sandy aquifers had the highest groundwater methane
concentration amongst the studied environments. The high
methane concentration is likely to be controlled by the
amount of labile organic matter (Gonsalves et al. 2011)
which was not reported for any of the studies.

3.3 Groundwater-Driven Methane Flux

Figure 1 shows a conceptual diagram of groundwater flow
transporting methane to surface waters and, surface water
methane atmospheric emission (Sadat-Noori et al. 2021a).
Groundwater-driven fluxes of methane remain relatively
understudied, with few investigations reporting both meth-
ane concentrations and associated groundwater discharge
rates, i.e., allowing direct methane flux calculations. How-
ever, available studies, mostly from regions such as the
USA and Australia, highlight the substantial contribution
of groundwater-driven methane fluxes to the overall meth-
ane budget of aquatic environments. From the dataset, the
global average groundwater-driven methane flux was deter-
mined to be 3.9+ 6.2 mmol/m?/day.

@ Springer

Figure 2 shows the groundwater-driven methane flux
from the available studies in the literature (average =
3.9+6.2 mol/m?d). Alternatively, we estimated the global
groundwater-driven methane flux by multiplying the global
average groundwater methane concentration (0.31+0.47
mmol/L) taken from the synthesised dataset, by the global
groundwater discharge rate, estimated at 12+6 x 10'
m® yr ! (Kwon et al. 2014). This produced a global annual
groundwater-driven methane flux of 3.7+5.3 x 10'* mol/
yr (or 5.9 £ 9.5 x 10" g/yr). It is important to acknowl-
edge uncertainties in the estimated global groundwater-
driven methane flux, given the large geospatial variation of
both groundwater methane concentration and discharge.

The calculation of methane flux as a product of ground-
water methane concentration and discharge rate is highly
uncertain when the methane concentration used represents
the general groundwater concentration rather than being
directly measured in discharging groundwater. This uncer-
tainty is due to two key reasons: (1) sediments near dis-
charge zones often exhibit steep redox gradients, driven by
an abundance of fresh labile organic matter, which can result
in higher methane concentrations compared to those in aqui-
fer in general, potentially leading to an underestimation of
methane fluxes (Rissanen et al. 2023). (2) In environments
with significant mixing, such as tidal zones, suppression of
methanogenesis by sulfate reduction and substantial meth-
ane reoxidation may occur, potentially causing an overesti-
mation of methane fluxes (Andersen et al. 2005; Huang et
al. 2019).

With respect to regional climate, temperate areas exhib-
ited a groundwater-driven methane flux of 17 mmol/m?/
day which is the highest average groundwater methane-flux
among all the regions, followed by subarctic regions with
an average groundwater methane flux of 4.38+6.75. Dur-
ing thaw periods in artic regions, the snowmelt may lead
to an increase in groundwater recharge which can translate
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Groundwater recharge

1) CH,COOH — CO, + CH,
2) CO, +4H, — CH, + 2H,0
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Fig. 1 Conceptual figure illustrating methanogenesis and groundwater flow as a pathway for transporting CH, to surface waters and ultimately to

the atmosphere through water-air flux

to higher groundwater discharge into surface waters (Jiang
et al. 2023) and hence, increased flux of methane. Subarc-
tic regions also showed a high groundwater methane con-
centration. This may be due to methane produced during
warmer climatic periods and trapped in frozen soil of the
subarctic and subsequently released upon global warming
and increased seasonal thaw (Dean et al. 2018; Walvoord
and Kurylyk 2016).

Although subtropical regions were found to have a
higher groundwater methane concentration compared to
Arctic regions, the groundwater-driven methane flux in sub-
tropical climates was found to be 2.82+4.54 mmol/m?*day,
which is lower than that in Arctic regions. In the subtropics,
biogeochemical processes, particularly groundwater redox
conditions, are influenced by seasonal rainfall (Jiang et al.
2023). Jiang et al. (2023) reported that during wet peri-
ods, increased rainfall led to more oxygenated recharge,
which altered redox conditions by supplying terminal elec-
tron acceptors such as dissolved oxygen and nitrate. The
increased rainfall regulates methanogenesis by increasing
the availability of electron acceptors, such as dissolved oxy-
gen, sulfate or nitrate, which inhibits methane production
and hence, the methane flux (Chapelle 2000; Serrano-Silva
etal. 2014).

Seasonal rainfall also affects groundwater recharge,
which can induce spatial and temporal variability in redox
gradients. These changes influence the mobilization and

dilution of labile organic matter, such as DOC, a key sub-
strate for methanogens (Jasechko et al. 2014; McDonough
et al. 2020a; Sela-Adler et al. 2017). McDonough et al.
(2020b) showed that an increase in precipitation decreased
groundwater dissolved organic carbon probably due to
dilution of soil DOC. We speculate that this together with
an increased influx of electron acceptors may increase the
redox state and lower methanogenesis in wet tropics and
subtropics.

Estuarine environments had the largest groundwater-
driven methane flux of 6.07+4.54 mmol/m?/day, followed
by lakes at 4.36 mmol/m?*day, and lagoons at 0.37 mmol/
m?/day. The higher methane flux observed in estuaries may
be attributed to the disproportionate focus on estuarine envi-
ronments in the literature, with over 50% of studies examin-
ing such environments. The observed lower methane flux
in subtropical regions compared to Arctic regions may also
result from variability in sampling and limited datasets, as
well as natural heterogeneity in methane concentrations and
groundwater discharge rates. In contrast, no studies as of
2024 have reported groundwater-driven methane flux from
tropical regions. Low sample numbers, combined with
high variability in groundwater methane concentration and
groundwater discharge rate, remain a significant limitation
in understanding methane fluxes across these regions.

The average groundwater-driven flux from wet-
lands in mixed aquifer material was 7.23 mmol/m?/day.
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Fig. 2 Global distribution of groundwater-driven methane flux (mmol/
m?/day) across different aquatic environments, based on available
literature. Circle size represents flux magnitude, with colors indicat-
ing ecosystem type: red (estuaries), green (lakes), purple (rivers), and

Groundwater-driven methane flux for rocky aquifer mate-
rial has only been reported from a single study, which was
0.0108 mmol/m*day. Average groundwater-driven meth-
ane flux from muddy aquifer material was 0.8 mmol/m?/
day and the average groundwater-driven methane flux for
sandy aquifer material was 2.04 mmol/m?/day. Methane
emissions from aquatic environments can occur through
a variety of pathways, including diffusion, ebullition, and
plant-mediated transport (Bridgham et al. 2013). While
groundwater-driven flux is recognized as a significant con-
tributor to methane release in aquatic environments (Olid et
al. 2022), understanding the factors influencing this flux is
crucial, given its variability due to groundwater discharge
magnitude and methane concentration.
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blue (lagoons). Panels highlight key regions: USA-Alaska (A), USA-
Southeastern coast (B), and Australia (C). Data points are overlaid on a
world map, with a legend indicating flux ranges ( mmol/m*/day)

3.4 Groundwater Contribution To Global Methane
Emissions

Only a limited number of studies have reported the contri-
bution of groundwater discharge to water-air methane emis-
sions (e.g., reported on both surface water emissions and the
contribution of groundwater). The contribution of ground-
water-driven methane to water-air methane emissions is cal-
culated as the percentage of groundwater-driven methane
flux relative to the surface water-to-atmosphere methane
flux. In some cases, this contribution exceeds 100%, indi-
cating that groundwater delivers more methane to surface
waters than is emitted to the atmosphere. The excess meth-
ane may be oxidized by methanotrophic bacteria, exported
to adjacent environments (e.g., coastal waters), or stored in
surface waters or sediments (Dabrowski et al. 2020b; Sadat-
Noori et al. 2024; Schutte et al. 2020; Segarra et al. 2013;
Sela-Adler et al. 2017).
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Fig. 3 Groundwater driven methane flux contribution to atmospheric methane emissions: USA-Alaska (A); Australia (B)

Based on our synthesized dataset, groundwater-driven
methane contributed between 13% and 667% of the water
to atmosphere methane emissions, with an average of 123%
in mixed aquifer material (calculated as the percentage
of groundwater-driven methane flux to the surface water
methane emission). Based on the single study conducted
in a rocky aquifer (O’Reilly et al. 2015), it was found
that groundwater-driven methane can contribute>100%
of atmospheric emissions, in such systems, indicating the
dominance of groundwater-driven methane to the surface
water emission. Clearly more studies are needed from rocky
aquifers to confirm these findings.

Studies undertaken in subarctic lakes in the United
States, such as Landing Lake and Toolik Lake, have shown
that groundwater-driven methane flux contributes far more
methane than surface water emissions. In these cases,
groundwater-driven methane emissions were found to be 1.5
and 6 times greater than those from surface water, respec-
tively. The subarctic region groundwater-driven methane
contribution to atmospheric emissions ranges from 355 to

667%, with an average of 182%. This implies that ground-
water-driven methane contributes significantly to methane
emissions in subarctic wetlands. Furthermore, groundwater-
driven methane flux contributed significantly to atmospheric
emissions in Subtropical regions, ranging from 13 to 318%
with an average of 106%. There was no data available on
the temperate and tropical regions’ that report groundwater-
driven methane contribution to the atmospheric emissions
(Fig 3). Mix aquifer material in the subarctic appear to have
the greatest groundwater-driven methane to the atmosphere
exceeding 100%. Additionally, groundwater-driven meth-
ane contribution to the emission is less than 100% in sub-
tropical areas but is still significant. Groundwater-driven
methane in rocky and sandy aquifer material appears to
have a significant contribution in the surface water methane
emissions also exceeding 100%.

Multiple studies have emphasized the substantial role
of groundwater driven methane in contributing to surface
water methane emissions. For example, a study in Heron
Island, Australia, found that groundwater methane flux
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were three times higher than those from surface water to
the atmosphere (O’Reilly et al. 2015). Groundwater-driven
methane flux was measured at 0.0108 mmol/m*/day, while
surface water emissions were measured at 0.0034 mmol/m?*/
day. The authors concluded that groundwater was the main
source of methane from the Heron Island Lagoon.

Here, results show that groundwater methane flux can
be much higher than surface water methane atmospheric
fluxes, contributing 1 to 6 times that of the surface water
methane emission. Nevertheless, it is important to consider
that in addition to methane atmospheric fluxes, methane can
be exported by surface waters to neighboring environments.
For example, groundwater contribution to CH, export from
an estuary in Hat Head, Australia, to coastal waters was esti-
mated to be >100% (Sadat-Noori et al. 2016a). Further, it
is important to recognize that not all methane discharged
via groundwater contributes directly to atmospheric emis-
sions. Studies show that methanotrophic bacteria in sedi-
ments and oxic water columns in some cases, can oxidize
between 50 and 90% of dissolved methane before it reaches
the air—water interface (Cabrol et al. 2020; Morana et al.
2020). In addition, lateral hydrological transport from the
waterbody, and sediment burial can also reduce the flux con-
tributing to atmospheric emissions (Abril and Borges 2005;
Sawakuchi et al. 2021; Treude et al. 2005). For example, in
some subarctic lakes where measured groundwater-derived
methane inputs exceeded measured atmospheric fluxes sev-
eral-fold, microbial oxidation and downstream losses would
likely explain these apparent discrepancies (Schenk et al.
2021). Therefore, our estimate of groundwater methane
flux represents a potential maximum input to surface water,
not necessarily the net emission to the atmosphere. Future
efforts combining measurements of surface water methane
oxidation rates, lateral hydrological export, and sediment
sequestration are needed to constrain the actual net methane
emissions originating from groundwater discharge.

Considering the compiled groundwater-driven methane
flux of 3.9+6.2 mmol/m*/day based on the average taken
from the synthesized dataset, and the calculated global aver-
age groundwater-driven methane flux of 6.72+10.88 mmol/
m?/day, these figures imply that groundwater discharge
can be a significant source of methane to the atmosphere,
through aquatic environments. A recent study by Saunois
et al. (2024) examines methane emissions from wetlands
using a bottom-up method. This study estimates global
wetland emissions at 248+25 Tg CHa/year (bottom up),
with a global wetland area of 7.9+1.6 x 10'2> m? This
results in an average areal wetland methane emission rate
of 5.37+1.20 mmol/m*day. When comparing the global
average groundwater-driven methane flux to wetland emis-
sions, it becomes evident that groundwater discharge is
comparable to the emissions from wetland surface waters.
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The average contribution of groundwater-driven methane
to atmospheric emissions is approximately 73% of the total
wetland emission. Considering the estimated global aver-
age groundwater-driven methane flux, groundwater could
contribute as much as 125% of the wetland methane flux in
some areas.

While this study provides a global estimate suggest-
ing that groundwater discharge may contribute up to
70% of methane emissions from aquatic environments,
we acknowledge that this value is subject to considerable
uncertainty. The global average groundwater methane con-
centration (0.31+0.47 mmol/L) and groundwater discharge
rate (12£6 x 10'* m*/year) used in our calculation are drawn
from datasets that reflect broad spatial heterogeneity and
temporal variability. Additionally, our approach assumes
steady-state conditions, which does not take seasonal or
tidal variation into account and uses a generalized methane
distribution, which simplify the complex hydrogeological
and biogeochemical processes governing methane dynam-
ics. These assumptions inherently limit the precision of our
estimate, and the resulting coefficient of variation exceeding
100% highlights the uncertainty.

It is important to note that the global dataset synthesized
in this study exhibits a pronounced geographic bias, with
43% of the included studies originating from the USA and
18% from Australia. In contrast, regions such as Africa,
large parts of Asia, and the tropics remain substantially
underrepresented or entirely absent. This imbalance intro-
duces uncertainty into our global extrapolations, particu-
larly for tropical regions where no direct measurements of
groundwater-driven methane fluxes are currently available.
Nonetheless, these regions were included in our global esti-
mates for a first pass global estimate, to avoid the current
systemic exclusion of groundwater methane sources from
carbon accounting and to emphasize the urgent need for tar-
geted studies in the underrepresented regions.

Providing this high-level estimate is a critical first step
toward recognizing and quantifying the role of groundwater
in global methane budgets. It serves to draw attention to a
generally ignored methane source and highlights the urgent
need for more targeted experimental research, particularly
in understudied regions and systems. Despite its limitations,
this synthesis helps frame future work by identifying key
data gaps and establishing a conceptual and quantitative
foundation for refining methane emission estimates from
groundwater—surface water interactions.
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4 Conclusion

Groundwater was shown to potentially account for a sub-
stantial portion of methane emissions from aquatic envi-
ronments, highlighting the importance of groundwater
discharge as a pathway for transporting dissolved methane
to surface waters and the atmosphere. Although this study
provides insights into the impact of groundwater discharge
on the global methane emissions, large uncertainties and
information gaps remain. A significant restriction is a lack
of studies measuring groundwater-driven methane fluxes,
or studies where groundwater methane concentrations and
groundwater discharge has been measured concurrently.
Most existing research focus on either groundwater carbon
dioxide dynamics or surface water methane emissions. This
highlights the need for further investigations, particularly in
stream and rivers and in regions like Asia and Africa where
data is scarce. Further research is required to accurately
quantify the contribution from groundwater discharge to
atmospheric methane levels and to understand processes in
the discharge zone that may modulate the methane emis-
sions. These findings highlight the need to integrate ground-
water-driven methane fluxes into global carbon budgets,
potentially informing targeted mitigation strategies such as
managing organic carbon inputs to aquifers. Future research
leveraging isotopic tracing or high-resolution sensor net-
works could further refine such estimates, particularly in
data-scarce regions.
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