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Abstract Microbial methane emissions are associated with a wide range of isotopic signatures, providing
information about the sources and sinks of methane. Methods of directly sampling methane from environments
such as wetlands may fail to capture the temporal and spatial variations in emissions at a specific site and time.
The Keeling plot method is commonly used to infer the overarching isotopic signatures of methane sources. In
this study, we have expanded the application of the Keeling plot from conventional stable isotope ratios to
include novel clumped isotopologue compositions of methane. This advancement aims to provide more robust
constraints on regional methane emission signatures. We analyzed methane isotopologue compositions from air
samples collected above wetlands and landfills across Maryland, USA, and determined the end-member
compositions for background air, wetland, and landfill sources. Our findings indicate that the isotopologue
compositions of methane from regional wetland emissions exhibit seasonal variations—3'*C and 8D values
become less positive as winter approaches, reflecting changes in methane oxidation and production rates. The
continuous monitoring of air methane isotopologue signatures will deepen our understanding of the seasonal
patterns in methane emissions and contribute to refining the global methane budget, as valuable insights can be
extracted from these measurements.

Plain Language Summary This study extends the method using air measurement to investigate
methane emission signatures from wetlands and landfills. Our findings reveal seasonal changes in wetland
emission signatures, which are attributed to microbial oxidation.

1. Introduction

Carbon and hydrogen isotopic compositions of methane have proven to be valuable tools for studying microbial
methane emissions. Microbial methane refers to methane associated with microbial activities, involving both
production and oxidation processes, such as methane from wetlands and landfills. Various factors collectively
shape the bulk isotopic signatures of microbial methane emissions, including generation pathways (Hornibrook
etal., 1997; Whiticar, 1999; Whiticar et al., 1986), oxidation processes (Alperin et al., 1988; Coleman et al., 1981;
Happell et al., 1994), and transport mechanisms (Bastviken et al., 2004; Walter et al., 2008). Analyzing the
isotopic signatures of the emitted methane can in turn reveal information about these processes. However,
extracting information from bulk carbon and hydrogen isotopes alone could be challenging, as multiple processes
could lead to overlapping isotopic characteristics (Liu, Treude, et al., 2023; Milkov & Etiope, 2018).

The measurements of doubly substituted isotopologues ('*CH;D and 2CH,D,, hereafter referred to as methane
clumped isotopologues) add independent constraints, allowing further exploration of processes related to methane
emissions. If the intramolecular isotope exchange of methane reaches thermodynamic equilibrium, the clumped
isotopologue signals can be used to constrain the temperatures at which methane formation or equilibration occurs
(Stolper, Lawson, et al., 2014; Stolper, Sessions, et al., 2014; Stolper et al., 2015; Young et al., 2017). However,
the clumped signals of some natural methane samples deviate from thermodynamic equilibrium (Douglas
et al., 2016, 2020; Giunta et al., 2019, 2022; Haghnegahdar et al., 2023, 2024; Liu, Treude, et al., 2023; Wang
et al., 2015; Young et al., 2017). Lab-culture experiments and modeling have demonstrated that different
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methanogenesis pathways could result in different isotope fractionations of clumped isotopologues (Cao
et al., 2019; Giunta et al., 2022; Gropp et al., 2021, 2022; Gruen et al., 2018; Ono et al., 2021, 2022; Rhim &
Ono, 2022; Young et al., 2017). Methane oxidation can further cause fractionations (Haghnegahdar, 2018; Krause
etal., 2022; Ono et al., 2021; Wang et al., 2016), with oxidation pathways and reversibility scenarios controlling
the directions and extents of the fractionation (Giunta et al., 2022; Li, Chiu, et al., 2024; Liu, Harris, et al., 2023).

The diverse control mechanisms on microbial methane emissions pose challenges to using isotopes to investigate
these methane sources, which exhibit substantial spatial and temporal variabilities (Burke et al., 1988; Ganesan
et al., 2018; Johnson et al., 2022; Walter et al., 2008). For example, even within adjacent areas of the same
wetland, or at the same sampling site but sampled at different times, the isotopic signatures of wetland methane
can greatly differ. A single sample collected from a lake surface may not indicate whether it represents methane
from ebullition or coincidently captures a water turnover event, without additional contextual information
(DelSontro et al., 2015; Wik et al., 2016). Point samples can be unrepresentative of overall emissions (DelSontro
et al., 2015; Langenegger et al., 2019; Wik et al., 2016).

To overcome biases stemming from high spatial and temporal variability, studies have analyzed isotopes of
methane in the air above targeted areas, aiming to provide a more representative snapshot of overall source
signatures and their variations (e.g., (Bakkaloglu et al., 2022; Fisher et al., 2011; Sriskantharajah et al., 2012)).
This method relies on the assumption that methane emissions from regional upwind sources mix with the at-
mosphere, with varying degrees of mixing depending mainly on distance. This mixing process is expected to
induce linear changes in both methane concentration and its isotopic composition in the downwind air, reflecting
the integrated signature of the sources. A common analytical approach to disentangle the mixing of source and
background is the Keeling plot method (Bakwin et al., 1998; Keeling, 1958). This technique involves plotting
'2C and/or 8D against the reciprocal of methane concentration (1/[CH,]) in air samples to interpolate the source
8'3C and/or 8D values.

Incorporating clumped isotopologues would enhance our capability to differentiate methane sources through
atmospheric measurements. Haghnegahdar et al. (2023) reported first measurements of air methane clumped
isotopologues and incorporated the results into a global one-box model to delineate the contributions of microbial
and thermogenic methane to the global methane budget. A recent study by Haghnegahdar et al. (2024) analyzed
air samples collected at various heights from a few centimeters to several meters above the stream and
demonstrated that the mixing of wetland methane with air can be traced through clumped isotopologues.
Expanding the ideas of Haghnegahdar et al. (2024), this study applied the Keeling plot method to a series of air
samples from eastern Maryland to derive the unknown isotopologue signatures of landfills and regional wetlands.
The objectives of this study were

1. To explore the variability of methane clumped isotopologue signatures in air influenced by sources, partic-
ularly when the air mixes with methane originating from wetlands or/and landfills,

2. To assess the potential of atmospheric methane clumped isotopologues for inferring source compositions in
the absence of direct source information, and to determine if the variability in source signatures is reflected in
the air measurements, and

3. To conduct atmospheric measurements at a small-scale site to infer methane source signatures, serving as a
proof-of-concept to evaluate whether large-scale (e.g., global) atmospheric monitoring of methane clumped
isotopologues can effectively provide meaningful insights into source compositions.

2. Samples and Methods
2.1. Sampling Area and Campaigns

The study area is the Patuxent River watershed of the Chesapeake Bay, Maryland, USA. Originating in Mary-
land's upland area, the Patuxent River flows through the D.C.-Baltimore urbanized corridor before merging into
the Chesapeake Bay. This watershed is marked by the presence of abundant natural freshwater tidal wetlands,
jousted by agriculture and urbanized areas. Progressing from north to south, there is a gradual increase in salinity
levels, influenced by the proximity to the bay and the ocean (Chesapeake Bay Program, 2019, https://www.
chesapeakebay.net/what/maps/chesapeake-bay-mean-surface-salinity-1985-2018).
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Figure 1. Map of sampling locations. The Jug Bay time series samples are represented by circles with 10 sampling events at
the same location. The Patuxent River series samples are shown by diamonds, and landfill air samples by squares. Wetland
air samples are in varying shades of green, with darker greens indicating higher methane concentrations. Landfill air is filled
with light and dark brown shades. Prevailing wind directions at the time of sampling are indicated by black arrows on the
map. The base map was customized using Mapbox. It was then called with the Python Folium package to overlay the base
map, add a minimap, and plot data points. Annotations were added in Adobe Illustrator.

Our sampling focused on the Jug Bay Wetlands Sanctuary, with additional samples collected upstream and
downstream along the Patuxent River (Figure 1 and Table S1 in Supporting Information S1). The sampling events
can be categorized as follows:

1. Time series sampling at the Jug Bay Car Top Boat Launch (hereafter referred to as the Jug Bay), from 12 June
2022, to 7 May 2023. Sampling intervals varied from two weeks to 4 months, with a major pause in sampling
activities in early winter 2023.

2. A transect of samples taken along the Patuxent River, from upstream (Patuxent Research Refuge, Bowie, MD)
through midstream (Chaneyville Rd, Lower Marlboro, MD) to downstream (Cruise to Patuxent River Station
3), conducted throughout Summer 2023. The Jug Bay is centrally located within this sampling series.
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3. Two air samples collected downwind of the Brown Station landfill in Winter 2022 and 2023, during which
high methane concentration plumes were detected in mobile greenhouse gas surveys.

Each sampling site is further described in the Supporting Information S1 (Note S1). In the following sections,
samples collected above the wetlands from Jug Bay and along the Patuxent River are collectively referred to as
“wetland air.” Meanwhile, samples that are explicitly influenced by emissions from the Brown Station landfill are
referred to as “landfill air.”

2.2. Sampling Methods

Sampling was carried out using portable air mattress pumps to inflate Tedlar bags (CEL Scientific Corp.) (Figure
S1 and S2 in Supporting Information S1). Approximately 800 L of air were collected for each sample, for a
duration of ~30 min. Sampling dates were picked so that the night before sampling had low wind velocities (<5
mph) to minimize possible horizontal mixing between different local sources. Most samples were collected at or
just after sunrise, which provided the greatest likelihood of capturing methane samples before the nocturnal
boundary layer dispersed, minimizing the chance of vertical convective mixing that was established during the
day. The Patuxent River Cruise sample was collected at noon because it was unsafe for the sampling boat to leave
the dock before sunrise. Detailed sampling date, time, and location information can be found in Table S1 in
Supporting Information S1.

2.3. Analytical Methods

The samples went through extraction and purification usually on the same day or the next day of sampling. The
methodology for these procedures is specifically tailored to fully extracting methane from large volumes of air
without causing fractionation (Haghnegahdar et al., 2023). In brief, a cryogenic separation technique is employed
to remove substantial quantities of N, and O, while retaining CH, and Kr. A liquid nitrogen-cooled glass
condenser was added before introducing the sample into the extraction line for humid samples (Sun, Haghne-
gahdar, et al., 2025). The preliminarily concentrated gas is then subjected to further separation via gas chro-
matography (GC) to separate pure methane from other gases. Methane concentrations in each Tedlar Bag were
measured using the Aeris MIRA Ultra Methane/Ethane Analyzer (Aeris302) or a GC (Shimadzu® GC-8AIF)
before extraction.

We measured the abundances of '*CH,, 12CH3D, 3CH,D, and '*CH,D, isotopologues relative to '*CH,, using
the Panorama (Nu Instrument) at the University of Maryland (UMD), College Park, Maryland. Panorama is a
high-sensitivity high-resolution gas source mass spectrometer with a mass-resolving power that can distinguish
between '*CH;D, '*CHj (interference), and '>CH,D,. A comprehensive description of the Panorama instrument
and the analytical procedures at UMD can be found in Young et al. (2016) and Haghnegahdar et al. (2023). The
measured relative abundances are reported in ratio differences as 8 notations:

13
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13
( C/ ! 2C)standurd
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(D/i'l)standard
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The reference standards are Vienna Pee Dee Belemnite (V-PDB) for carbon isotopes and Vienna Standard Mean
Ocean Water (V-SMOW) for hydrogen isotopes (Coplen, 1994). The standard for clumped isotopologues
(**CH;D and '*CH,D,) is a hypothetical methane, which adopts the carbon isotope composition from V-PDB and
the hydrogen isotope composition from V-SMOW, and assumes an intramolecular stochastic distribution—
purely random binding of '>C, '*C, H, and D: (Young et al., 2016)

=4 Xise # Xp # (Xy)? )

X l3CH3 D,stochastic

XIZCHZDZ,stochasﬁc =0 Xug * (XD)2 * (XH)2 (6)

Xisc and Xp, denote the fractions of 13C and H atoms among the total carbon and hydrogen atoms.

We could further calculate the A notations to address the deviations of clumped isotopologue abundances from
the stochastic (purely random) state (Eiler & Schauble, 2004; Young et al., 2016):

1 4+ 63CH;D
ABCH;D = = + > -1 (7
(1+6"CH,) = (1 + 5'*CH;D)
1+ 6'>CH,D
APCH,D, = — 0 &P (8)

(1+5CH;DY’

The equations presented above are approximations that simplify the calculations. The errors introduced by the
approximation are negligible compared to the measurement precision (Haghnegahdar et al., 2023; Sun, Hagh-
negahdar, et al., 2025). The internal uncertainty is related to measurement duration and instrument conditions.
Typically, longer measurement time leads to lower uncertainty, but this requires larger sample volume. The 1SD
internal uncertainties are reported in Table S1 in Supporting Information S1 for each sample, and are typically on
the order of 0.03%o for 8'>C, 0.1%o for 8D, 0.4%. for A"> CH,D, and 1.5%. for A'>CH,D,, with a few exceptions
(Table S1 in Supporting Information S1). The combined uncertainty is more difficult to estimate, but will be
larger than the internal uncertainty as it includes a combination of uncertainty from the instrument and from gas
handling and standardization.

2.4. Wind and Water Data

The wind speed and direction, water table depth, salinity, and dissolved oxygen concentration data were acquired
from nearby monitoring stations operated by the NOAA National Estuarine Research Reserve System (NERRS,
2025). Detailed descriptions can be found in Supporting Information S1 (Note S2). Wind speeds and directions,
and water table depths data are summarized in Table S1 in Supporting Information S1. Salinity and dissolved
oxygen concentration are plotted in Figures S1 and S2 in Supporting Information S1.

3. Results
3.1. Methane Concentrations

Methane concentrations in wetland air samples spanned from 2.21 to 6.50 ppm (Table S1 in Supporting Infor-
mation S1). This range suggests varying degrees of source influence mixing with the air, because background air
methane concentrations typically do not reach 2.2 ppm according to NOAA Global Monitoring Lab (GML) data
(Lan et al., 2025). One sample collected at the Queen Anne Bridge recorded an unusually high methane con-
centration of 6.50 ppm, the reason for which remains unclear but is unlikely to be contamination from the landfill
plume, given the northward wind direction and the isotope data (8'*CH, = —52.4%. and 8'*CH;D = —139.0%o0).
Methane concentrations in other wetland air samples did not exceed 4 ppm and mostly ranged between 2.3 and 2.7
ppm, which reflected mixing from the wetlands (see discussions in Section 4), albeit a minor contribution from the
Brown Station landfill cannot be excluded. Two samples collected downwind of the Brown Station landfill
recorded exceedingly higher methane concentrations of 11.1 and 21.0 ppm, evidently indicating the landfill
plume (Environmental Integrity Project, 2021).
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Figure 2. 6'2CH3D—613 CH, plot of samples, together with deduced end-members, projected source compositions, and mixing
lines and grids. Hexagonal hollow symbols represent the deduced end-members—blue stands for air, green for wetland, and
brown for landfill. The wetland end-member encompasses a broad potential range, approximately shown in transparent green
shade. Within this range, “Wetland 1" and “Wetland 2” are two representative compositions. Square solid symbols are two
landfill air samples. Diamond-shaped solid symbols represent the Patuxent River series of wetland air samples. Circular solid
symbols refer to the Jug Bay time series of wetland air samples. The color gradient of all solid symbols, transitioning from
light green to dark green to brown, signifies methane concentrations ranging from near atmospheric levels of 2.2 ppm to the
highest 20 ppm. Cross-symbols are the projected source composition calculated based on the end-member values and
individual sample values. The small window extends the range of 5'*C and 8D to additionally display two calculated values
with very depleted compositions. Although these values may exceed the typical isotopic range for natural microbial methane
(Liu, 2024), they remain possible (Li, Ash, et al., 2024; Luxem Katja et al., 2020). 1 Standard Deviation (SD) errors for each
measurement are plotted on the figure but are smaller than the size of the symbols. Light brown dashed line is the mixing
trend of air with landfill end-members. Light gray dots present a mixing grid of air and two microbial end-members.

3.2. Carbon and Hydrogen Isotopes

The isotopic values of wetland air exhibit a wide range, extending from —48.6%o to —55.4%o for '*CH,, and
from —98.4%. to —181.4%o for 8'>CH,D (Table S1 in Supporting Information S1 and Figure 2). While the
8'>CH, values of landfill air fall within the same range as those of wetland air, the 8'>CH;D values of landfill air
are notably more negative, recorded at —258.7%o and —286.4%.. Mixing trends for both wetland and landfill are
apparent in the 8'*CH,D-8"2CH, plot (Figure 2), where a higher proportion of source mixing correlates with more
negative 612CH3D and 8'°CH,, values. These mixing scenarios are further discussed in Section 4.

3.3. Methane Clumped Isotopologues

Clumped isotopologue data are presented in Table S1 in Supporting Information S1, Figures 3 and 4. For wetland
air samples, A'>CH,D values ranged between +1.6%o0 and +3.2%o. The two landfill samples exhibit A'>CH,D
values of —0.8%o and —0.4%o, which indicates an anticlumping (negative) A'? CH;D signal of the landfill end-
member. The variability is more pronounced in A'?CH,D,: wetland air A'>CH,D, vary from +41.5%. to
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Figure 3. A'>CH,D,-A">CH,D plot of samples, together with deduced end-members and mixing lines and grids. The
explanation of symbols can be found in Figure 2 caption.
+51.6%0, except for the Queen Anne Bridge sample, which has the highest methane concentration and
A'CH,D, = +33.4%o. The A'>CH,D, values of landfill air samples are +3.8%0 and —23.3%. A greater pro-
portion of wetland and/or landfill mixing leads to more negative A'>CH,D, values in the mixed air.
4. Discussion
4.1. Mixing
The discussion of mixing is framed within an “Air-Landfill-Wetland three-endmember mixing” framework with
five parameters (methane concentration, '>CH,, '>CH;D, A'>CH,D,, and A'*CH,D). The signatures of each
end-member remain elusive, as it is usually challenging to acquire representative isotope and isotopologue
signatures directly from each source. The mixing scenarios are illustrated in Figures 2—4. The compositions of
each end-member are listed in Table 1.
4.1.1. Defining Background Air End-Member Signatures
Defining the concentration and isotopic signatures of background air is the basis for subsequent discussions.
Monitoring data from NOAA GML (Lan et al., 2025) and NIST Northeast Corridor (Karion et al., 2020) stations
in Washington DC (BWD), Baltimore (NWB and NEB), and northern Maryland (TMD) show that air methane
concentrations are not static throughout the year, fluctuating between 1.95 ppm and 2.15 ppm. For our study, we
have set 2.05 ppm as the background air methane concentration. Methane concentrations in our study area are
elevated slightly above the Northern Hemisphere's tropospheric average because of the Washington D.C.-Bal-
timore urban plume (Ren et al., 2018) and the inputs from the Marcellus Shale region (Ren et al., 2019).
SUN ET AL. 7 of 20
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Table 1

The Compositions of Each End-Member That Are Used in the Discussion
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Figure 4. A'2CH2D2—813CH4 plot of samples, together with deduced end-members and mixing lines and grids. The
explanation of symbols can be found in Figure 2 caption.

These urban and natural gas field influences are likely also impacting the isotopic compositions of the background
air within the study area. Data from the NOAA GML station in Mauna Loa, Hawaii (MLO) show that atmosphere
8'2C values are currently transitioning from —47.5%o to —48%o. We can set the lower limit of background air's

8'°C as —48%o, assuming that urban air is a mixture of background air and some anthropogenic sources (such as

natural gas), which typically have more positive isotopic values.

We conducted isotopologue analysis of “background air” at mid-day over 1 year at the UMD campus. Detailed

descriptions of this collection of campus air samples and their compositions are available in Supporting Infor-

mation S1 (Note S3 and Table S2). The averaged compositions from this set of campus air are 8'*CH, = —47.1%o,
8'°CH;D = —90.2%0, A'*CH;D = +1.9%o, and A'>CH,D, = +46.3%o, with concentrations between 2.15 and
2.25 ppm. These campus air samples, while informative, may not be pure enough to represent background air at

End-member

[CH,] 8°C %0 8D %c A"“CH;D %o A'“CH,D, %o

Air
Landfill
Microbial 1
Microbial 2
Microbial
Natural gas

Total source

2.05 ppm —48.0
—54.0
—73.0
—64.4
—68.7
-37.0
—54.2

—89.0 1.5
—303.1 -13
—380.0 2.0
—266.7 2.5
—323.4 0.8
—160.0 2.0
—295.0 1.5

48.0
—38.8
-55.0
-15.0
—24.9

8.0
-20.0

Jug Bay due to potential contamination from local methane sources such as
natural gas leakage on the campus. If we consider that UMD air is contam-
inated by natural gas leakage, 8'°CH, = —47.1%0 and A"> CH;D = +1.9%o
from the averaged UMD campus air can be regarded as the upper limit, while
8'2CH;D = —90.2%0 and A'>CH,D, = +46.3% can be the lower limit of the
background air.

In this study, we set methane concentration at 2.05 ppm, 613CH4 at —48.0%o,
8'CH;D at —89.0%0, A'*CH;D at +1.5%0, and A'>CH,D, at +48.0%o, as
regional background air methane compositions (Table 1). We will proceed by
treating the air compositions as fixed in our subsequent discussions, which is
a simplification that may introduce some errors. Nonetheless, the primary
goal of this study is to develop a methodology that incorporates clumped
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Figure 5. (a) 3'°CH,, (b) 5'"°CH,D, (c) 5"*CH,D, and (d) 8'CH,D, three-point Keeling plots for landfill air samples. The
point in the upper right corner of each panel is the defined background air, and the two points in the lower left corner are
landfill air samples. The gray bands represent the 95% confidence intervals of each linear fit.

isotopologue data to deduce source characteristics from air measurements. Considering the limited precision and
availability of data on air methane clumped isotopologue measurements, which restrict our ability to discern
minor variations in the background air, this simplification is deemed acceptable.

4.1.2. Determining Landfill Emission Signatures

The isotopologue compositions of the Brown Station landfill end-member during winter were derived from the
defined background air compositions and the measured values from landfill air sample values using a three-point
Keeling plot approach (Figure 5). It yields 8'*CH, = —54.0%0, 8'CH;D = —303.1%o, 8'">*CH;D = —341.6%o,
and 8'>)CH,D, = —533.0%.. Subsequently, we can calculate A"> CH,D = —1.3%o and A'>CH,D, = —38.5%0
using the equations in Section 2.3. Two-point inversions for the 21.0 and 11.1 ppm landfill air samples separately
yield similar results. These projected 8'*CH, and 8'2CH,D values align with the range provided by onsite landfill
measurements (Bakkaloglu et al., 2021). However, because we only sampled the plume outside one landfill, and
both two samples were collected during winter, the seasonal and site-specific variabilities of the landfills (Spokas
et al., 2021) are not within the scope of this study.

4.1.3. Determining Wetland Emission Signatures

The Keeling plot method was also applied to wetland air samples (Jug Bay and Patuxent River series) (Figure 6).
Most samples exhibit a positive linear correlation between 53 CH, and 6]2CH3D with 1/[CH,], yielding a derived
wetland methane composition of 8'*CH, = —64.7%0, 8"CH;D = —273.4%0, 8"*CH;D = —321.2%0, and
8'>CH,D, = —480.7%o. These values fall in the mix and transition zone of two primary methanogenesis pathways
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Figure 6. (a) 5'°CH,, (b) 8'*CH,D, (c) '*CH,D, and (d) 8'*CH,D, Keeling plots for all wetland air samples. The one point
in the upper right corner of each panel is the defined background air, and the rest of the points are wetland air samples. Two
outliers (Queen Anne Bridge and the Patuxent River cruise) off the major linear array are each marked with a red cross. The
gray bands represent the 95% confidence intervals of each linear fit.

(hydrogenotrophic and acetotrophic) (Conrad, 2005) as categorized by Whiticar (1999). Methanogenic pathways
other than CO, reduction and acetate fermentation, such as methanogenesis using methanol and methyl amine,
cannot be ruled out. However, these pathways are not predominant under natural freshwater wetland conditions,
and there is no evidence to suggest substantial activity of such pathways in the study area (Haghnegahdar
et al., 2024). We calculated A">CH;D = —1.1%¢ and A'>CH,D, = —16.4%0. The derived A'*CH;D aligns with
typical characteristics of wetland methane. The A'>CH,D, value, while showing less anticlumping than direct
field methane samples from wetlands (Haghnegahdar et al., 2024), is consistent with methane produced in lab
pure cultures using hydrogen and CO, as the substrates (Giunta et al., 2019; Young, 2019). This AIZCHZD2 value
may also reflect the influence of either aerobic or anaerobic oxidation in an open system, where the original
anticlumping signals are erased as oxidation proceeds (Krause et al., 2022; Liu, Harris, et al., 2023; Ono
etal., 2021). Figure 6 also reveals that samples from the Queen Anne Bridge and the Patuxent River cruise deviate
from the main linear array, suggesting the possible contribution of diverse methane sources or additional pro-
cesses affecting the isotopic composition at these specific locations.

However, the application of the Keeling plot across all wetland air samples may be flawed due to the underlying
oversimplification that the isotopic compositions of the wetland end-member are constant. To address this issue,
we explored by applying the two-point Keeling method to each individual wetland sample, treating each as a
unique mixture of the previously determined constant background air and specific methane emissions at the time
of sampling. The derived end-member compositions and associated uncertainties are listed in Table S3 in Sup-
porting Information S1, and the 8'*CH, and §'*CH;D values are projected in Figure 2. A notable limitation of this
method is the amplification of small measurement uncertainties, particularly when methane concentrations and
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isotopic compositions in the sample closely resemble those of the background air. The two-point Keeling plot
method seems to be less reliable when projecting clumped isotopologue signals, a frequently yielding unrealistic
compositions (Table S3 in Supporting Information S1) due to the disproportionate amplification of biases and
uncertainties in concentration, 5'>°CH,, 612CH3D, A13CH3D, and A'2CH,D, values during the inversion.

Although the Keeling plot method can yield unreliable results when applied to wetland air samples, particularly
for clumped isotopologues, we still selected two sets of nominal values (listed in Table 1 and illustrated in
Figures 2-4) to represent the wetland methane isotopic signatures while also reflecting the observed variability.
The first set, labeled “Wetland 1,” has 8'*CH, = —73.0%0, 8'°CH;D = —380.0%¢, A'>CH;D = —2.0%o, and
A'2CH,D, = —55.0%0, referencing studies by Haghnegahdar et al. (2024) and Giunta et al. (2019). We hy-
pothesize that this end-member represents methanogenesis using methyl compounds and acetate as substrates
and/or involves low metabolic reversibility during methanogenesis (Giunta et al., 2019; Gropp et al., 2022; Ono
et al., 2022). The second set, “Wetland 2,” has §'*CH,, = —64.4%0, 8'2CH;D = —266.7%0, A">CH;D = +2.5%o,
and AIZCHZD2 = —15.0%o, cited from Giunta et al. (2022); Haghnegahdar (2018); and Young (2019). This end-
member may reflect methanogenesis using hydrogen and CO, as substrates and/or high metabolic reversibility
during methanogenesis (Giunta et al., 2019; Gropp et al., 2022; Ono et al., 2022). It may also represent microbial
methane that has undergone a higher degree of oxidation (Giunta et al., 2022; Liu, Harris, et al., 2023; Ono
et al., 2021), thus exhibiting less negative 8'>C and 8D, together with a less anticlumping clumped signal. These
values were chosen solely for facilitating discussions and visualizations, while covering the majority of the
derived wetland end-member compositions (Figures 2—4). This suggests that most samples likely represent
different degrees of mixing between air and methane from wetlands, with varying methanogenesis pathways and
reversibility, and/or oxidation levels.

4.1.4. Constraining Bulk Isotopic Compositions With Clumped Isotopologues

In Section 4.1.3, we revealed that using measured wetland air compositions to determine source compositions
could result in significant uncertainties and yield unreasonable outcomes, especially for clumped isotopologues.
These inaccuracies are partly attributed to variability in air composition, where the assigned values may not
accurately represent the actual background air compositions at each sampling event. Another source of error
stems from inaccuracies in concentration measurements. Our sampling protocol involves collecting over 600 L of
air per sample in three or four 200-L Tedlar bags. Filling each bag takes about 15 min, with two bags often being
filled simultaneously. We have noted concentration discrepancies between bags as high as 0.2 ppm, exceeding the
precision of the Aeris gas analyzer (1 SD = 1.6 ppb with 1-s integration). This suggests that the air above the
sampling area might be heterogeneous, or that methane concentrations can fluctuate substantially over sampling
periods. These inaccuracies and uncertainties will be amplified during the inversion processes used to calculate
projected source compositions.

We can use the derived A13CH3D and A'>CH,D, from Section 4.1.3 as a check of the results. These derived
A"CH,;D and A'>CH,D, values were found to be unreasonable for samples: 20220612 Jug Bay, 20220724
Patuxent, 20220828 Jug Bay, 20220903 Jug Bay, 20220903 Patuxent, 20221010 Jug Bay, 20221025Jug Bay, and
20221104 Jug Bay. This underscores the necessity for more precise methane concentration profiles and more
stringent constraints on air isotopologue compositions through more collection of background air samples. The
checks provided by A13CH3D and A'>CH,D, are invaluable for evaluating data quality and the validity of
extracted values.

To address the challenges, we explored a novel approach that leverages the additional constraints provided by
methane clumped isotopologues (A values) to deduce the bulk (carbon and hydrogen) isotopic compositions (&
values) of the source methane, independently of concentration data. This methodology hinges on a critical
assumption, supported by existing literature (Giunta et al., 2019, 2022; Haghnegahdar, 2018; Haghnegahdar
et al., 2023, 2024; Liu, Harris, et al., 2023; Taenzer et al., 2020; Young, 2019; Young et al., 2017) that the
A'>CH,D, signature of microbial methane typically falls within a certain range. We allow a broad range for
A'>CH,D, between —5%o and —55%o to cover most of the A'>CH,D, values reported for natural microbial
methane. With this defined range, we are able to estimate the wetland's (bulk) hydrogen isotope composition
(612CH3DS(MC€) using the following parameters: the presumed background air isotope and isotopologue com-
positions (R,;,) and the measured isotope and isotopologue compositions of wetland air samples (R .c.), Without
concentrations:
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Figure 7. Derived bulk hydrogen and carbon isotope compositions and uncertainties of the source methane (3'*CH;D,;c
and 613CH4’ source) fOr €ach wetland air sample. Source compositions derived from the Jug Bay air samples are in light green
circles, and those derived from the Patuxent air samples are in dark green diamonds.
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R is the normalized ratio of isotopologue abundances. The definitions and mathematical derivations are detailed

in Supporting Information S1(Note S4). This equation provides a way to infer 612CH3D (results listed in

source
Table S5 in Supporting Information S1 and illustrated in Figure 7) by utilizing the constraints imposed by
A">CH,D, e hence offering a new perspective on source characterization without the direct need for con-
centration values. When the A'>CH,D, value approaches its minimum of —55%o, the calculated 8D becomes
more negative, with an average around —316%o. Conversely, when A'>CH,D, nears its maximum of —5%o, the
calculated 8D is less negative, averaging approximately —268%o. The 50%o large variation range of A'’CH,D,
propagates to an uncertainty of about 24%o in 8D, which is smaller than the inferred variation range of the
methane 8D signal in the studied wetland area (approximately 60%o, ranging from —300%c to —240%o, see
Figure 8) and significantly less than the variability of 8D signals for natural microbial methane, which spans

approximately 250%o (from around —400%o to —150%o).

Delving deeper following this idea, we consider that the A'? CH;D and AIZCHZD2 values of microbial methane
are governed by a unified process, including changes in methanogenesis pathways and metabolic reversibility,
and the involvement of microbial oxidation. We suggest that there exists a mathematical relationship between
APCH;D and A”CH,D,, that is, APCH;D, . = f(ACHD; i) » fOr microbial methane. This hy-
pothesis aligns with experimental and modeling research that seeks to elucidate the behavior of microbial
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Figure 8. Calculated bulk hydrogen isotopic composition (§'2CH;Dy,,,..) Versus sampling time. Source compositions
derived from the Jug Bay air samples are in light green circles, and those derived from the Patuxent air samples are in dark
green diamonds.

methane clumped isotopologues (Cao et al., 2019; Gropp et al., 2021; Liu, Harris, et al., 2023; Ono et al., 2021;
Wang et al., 2015). Generally, a more negative A'>CH,D, is associated with a more negative A13CH3D.
Compiling the available natural methane, incubation methane, and lab-culture methanogenesis methane clumped
isotopologue data from Giunta et al. (2019, 2022), Haghnegahdar et al. (2023, 2024), Li, Ash, et al. (2024), Liu,
Harris, et al. (2023), Young (2019), and Young et al. (2017) (see Note S4, Table S4, and Figure S5 in Supporting
Information S1), without accounting for specific physical or biological processes, we establish a simplistic linear
relationship between AI3CH3D and A'>CH,D, values of microbial methane:

ABCH;D

= (5.70 £ 0.26) = A'2CH, —(28.99 + 0.95) (10)

wetland methane D2wetland methane
With this established relationship, we can proceed to estimate the source's bulk carbon isotope composition using
the designated A'?CH,D, range as follows:

RCD,,;, ~RCD,, _
RCD,;, — ( CDua ~RCD ) #RCys

F(APCHDy ) RCD,y;, — RCD,;,
1+ =) ) « RD e, — (RRiEe

RCyource =

(11)

The definitions and mathematical derivations are detailed in Supporting Information S1 (Note S4). This equation
can be used to infer 613CH4, source (results listed in Table S5 in Supporting Information S1 and illustrated in
Figure 7) based on the assumed range of the A'">CH,D, ... and the assumed linear relationship between
ABCH;D, e and A'>CH,D, e With the 50%o variation range of A'2CH,D,, the corresponding uncertainty
in 8'°C, based on the aforementioned assumptions, averages only about 0.8%o. This uncertainty is less than the
inferred variation range of the methane 8'>C signal in the studied wetland area (approximately 5.1%o, ranging
from —53.5%o to —48.4%o0), and is significantly smaller than the variability of 8'>C signals for natural microbial
methane, which spans approximately 40%o (ranging from around —90%o to —50%o).

However, the calculations in Section 4.1.4, constrained by clumped isotopologues, derived wetland methane
carbon and hydrogen isotopic signatures that are significantly less negative (8D approximately —290%o and 8'>C
approximately —51%o) compared to those calculated through the Keeling plot method in Section 4.1.3 (8D
approximately —320%o and &'*C approximately —65%o). The signatures from Section 4.1.4 are more similar to
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those of the landfill end-member calculated in Section 4.1.2 using the Keeling plot method. While the results from
Section 4.1.4 show notably smaller uncertainties and less unreasonable scattering, the method also involves some
assumptions. Future work will require more combined air and direct field sampling, along with high-precision
concentration and isotopologue measurements, to determine which method yields the most reasonable results.

4.2. The Variability of Isotopic Composition of Wetland Methane Emissions

As mentioned in the introduction, multiple factors can influence the isotopic signatures of wetland methane
emissions, including methanogenesis pathways and metabolic reversibility, oxidation processes, and transport
mechanisms. Microbial methane can be generated through several different pathways: hydrogenotrophic, ace-
totrophic, and methylotrophic methanogenesis. Each pathway tends to yield different isotopic signatures
(Hornibrook et al., 1997; Whiticar et al., 1986). For example, methane produced through the hydrogenotrophic
pathway is generally more depleted in '3C (with §'>C values typically ranging from —110%o to —60%0) and less
depleted in D (with 8D values usually ranging from —350%o to —170%o). In contrast, methane generated through
the acetotrophic pathway generally shows 8'°C values ranging from —70%o to —50%o0 and 8D values from
—400%o to —250%0 (Whiticar, 1999).

Microbial methane oxidation complicates the interpretation of carbon and hydrogen isotopic signatures, as it
alters the signals (Alperin et al., 1988; Coleman et al., 1981; Happell et al., 1994). Aerobic oxidation of methane
(AeOM) typically results in both '*C and 8D values becoming less negative in the residue methane (Coleman
etal., 1981; Hornibrook et al., 1997; Wang et al., 2016), while §'3C and 8D values may either increase or decrease
during anaerobic oxidation of methane (AOM), depending on the reversibility of intracellular reactions (Holler
et al.,, 2009; Liu, Harris, et al., 2023; Yoshinaga et al., 2014). In terrestrial and coastal environments, the
reversibility of AOM is typically low due to the high availability of free energy, leading to less negative 8'>C and
dD values (Liu, Harris, et al., 2023). Therefore, oxidation can cause overlapping isotopic signatures between
microbial and thermogenic methane. Landfill, where high levels of AeOM activity frequently occur, exhibit
varying degrees of oxidation depending on seasonal changes and landfill operations (Bakkaloglu et al., 2021;
Chanton & Liptay, 2000; Spokas et al., 2021). The extent of methane oxidation determines how far the residual
methane will fractionate from its original compositions (Chanton et al., 2008).

At least five different methane transport mechanisms have been identified (Bastviken et al., 2004; Johnson
et al., 2022): ebullition, diffusion, the release of stored methane due to water turnover, emissions through aquatic
vegetation (Sebacher et al., 1985), and ice-bubble storage flux (Walter et al., 2006). Each of these mechanisms has
different temporal and spatial characteristics (DelSontro et al., 2011; Greene et al., 2014; Johnson et al., 2022;
Sanches et al., 2019). For example, diffusion flux can be relatively stable at least in summer, while the release of
storage methane can cause a big pulse in spring and autumn (Engle & Melack, 2000). The varying release
mechanisms likely influence the isotopic signatures of the emitted methane (Walter et al., 2008).

The analysis in Section 4.1.4 reveals a seasonal pattern in the derived 8'>CH,D,.. values (Figure 8) from
autumn through winter; the 8'2CH,D values of methane emitted from wetlands in our study area became pro-
gressively less negative, and upon entering spring, these values shift back to more negative 8'CH,D values, with
fluctuations of up to 40%o. Such a directional change is also observed in '°CH,, 8'*CH;D, A"*CH,D, and
A'>CH,D, values of the selected end-members “Wetland 17 and “Wetland 2” in Section 4.1.3. Excluding the
Chaneyville Rd. samples, which display significantly more negative 8'°CH,D values, the remaining samples
from the Patuxent River series have similar isotopic signatures to those from Jug Bay within the same season,
suggesting a consistent seasonal trend across different locations within the study area.

Similar or different seasonal variations in the isotopic signals of wetland methane emissions have been observed
in multiple studies. Happell et al. (1994) noted that during flooding periods, emitted methane had less negative
8'3C and oD, attributing to increased oxidation. Burke et al. (1988, 1992) observed a similar pattern for 3D but an
inverse pattern for 8'°C (i.e., 8"°C is inversely related to 8D), suggesting that these opposing signals reflect
differing contributions from acetotrophic and hydrogenotrophic methanogenesis pathways. Data from Sriskan-
tharajah et al. (2012) and Fisher et al. (2017) might indicate a distinct seasonal pattern, controlled strongly by the
freeze-thaw cycle in high-latitude wetlands. There are diverse factors that can contribute to seasonal variations in
wetland methane emissions (France et al., 2022).
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Figure 9. The (a) isotopic and (b) isotopologue fractionation trends of methane undergoing varying degrees of open-system
AOM (solid circles) and AeOM (hollow circles). The initial composition is set to be Wetland 1. The fractionation factors for
AeOM are adopted from Krause et al. (2022), while those for AOM are taken from Liu, Harris, et al. (2023). ¢ represents the
fraction of methane removed through oxidation (as opposed to transport).

Unlike direct wetland sampling, the compositions we derived from air samples provide regionally integrated
emission signals, which are anticipated to smooth out localized variances. Our analysis still revealed considerable
variability in the derived wetland compositions, suggesting that regional controls rooted in process-based factors
are governing the isotopic signals. We propose one hypothesis as an example to explain the observed variability in
isotopic signals: the variability is caused by differing extents of microbial oxidation. Using the open-system
models presented in Hayes (2001) and Wang et al. (2016), we performed simulations to illustrate how the iso-
topic signals of methane change during AeOM and AOM, starting with the initial compositions of Wetland 1. The
isotopic fractionation coefficient for AeOM were taken from Krause et al. (2022), while those for AOM were
derived from Liu, Harris, et al. (2023). The modeling results (Figure 9) indicate that a combination of AOM and
AeOM to a certain degree can approximately replicate the composition of Wetland 2—at least in terms of the
direction of isotope fractionation.

Quantitative PCR and pyrosequencing results conducted in the Jug Bay wetland area provide evidence that both
aerobic and anaerobic methane-oxidizing microorganisms are present in this region (Haghnegahdar et al., 2024;
Prasse et al., 2015). The water salinity and dissolved oxygen data described in Supporting Information S1 (Note
S2) are not in conflict with this hypothesis. During the summer, dissolved oxygen concentrations in wetland
waters are lower than in winter (Figure S3 in Supporting Information S1). There is also a slight increase in water
salinity upon entering fall, (Figure S4 in Supporting Information S1), suggesting an increased availability of
sulfate to act as an oxidant. Wetland environment is more conducive to microbial oxidation in winter than
summer. This is consistent with our derived wetland end-member isotopic signatures, which are less negative in
§'*C and 8D in the winter, indicating that a higher proportion of the produced methane undergoes oxidation.

However, it is important to acknowledge that variations in methanogenesis pathways and differences in substrate
compositions can influence the initial methane isotopic compositions. Moreover, the isotopic fractionation co-
efficients of AeOM and AOM can vary within a certain range. Many combinations of these factors can be used to
numerically explain the observed variability in isotopic signals. The positive relationship between 8'°CH, and
612CH3D values (Figure 7) may suggest that a transition in methanogenesis pathways is unlikely to be the primary
cause of the derived isotopic signal variations, as such transitions typically result in 8'*C and 8D shifting in
opposite directions (Burke et al., 1988, 1992). But the possibility that transitions in methanogenesis pathways
have some influence on the observed isotopic signals cannot be ruled out. The specific microbial processes
occurring in wetlands causing the observed isotopic signal variability should be further investigated by studies
focusing on wetland methane-related microbiology.
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Figure 10. The zoomed in mixing curves of air with various sources, including landfill, microbial, natural gas, and total
source. The landfill mixing curve is brown with square markers. The microbial curve is green with circular markers. Natural
gas is red with plus signs. The total source is black with star markers. The compositions of each source can be found in
Table 1. The gray mixing grid is the same as the grid in Figure 4. The mixing intervals indicated in this figure are at 10%. The
typical uncertainty for A'>CH,D, measurements (o) is represented in the figure with an error bar.

4.3. Implications for Future Air Clumped Isotopologue Studies

The findings of this study present an exciting prospect: by analyzing air samples collected over emission sources,
it is possible to deduce the source compositions, including clumped isotopologues. Wetland air samples appear to
reveal seasonal variations in the isotopic signatures of regional wetlands (the Jug Bay). Understanding the drivers
behind this variability in future studies will be essential for more precisely constraining methane emissions from
wetlands on a broader scale. To achieve this, more comprehensive field surveys and air samplings are needed. The
efforts should involve collecting detailed meteorological, hydrological, and environmental data, combined with
isotopic and isotopologue measurements of both direct wetland samples and air samples. Furthermore, given that
different wetlands respond differently across seasons, sustained monitoring of multiple wetlands with diverse
ecological settings could be valuable.

Another inference from this study is that the clumped isotopologue signals of air methane are relatively insen-
sitive to low-proportion mixing from sources, and this presents its own opportunities for information about at-
mospheric methane. To demonstrate this, we select four source end-members: landfill, microbial, natural gas, and
total source, with their compositions listed in Table 1. The landfill composition is the Brown Station emission
composition derived in Section 4.1.2. The microbial composition is a 50/50 blend of “Wetland 1" and “Wetland
2” selected in Section 4.1.3. The natural gas composition is the Panorama measurement results of the Marcellus
natural gas sample (Haghnegahdar et al., 2023). The 6'>C and 8D values of the total source follow those defined
by Chung and Arnold (2021), while A'">CH;D and A'>CH,D, are derived from Haghnegahdar et al. (2023). These
end-members were mixed with background air (Figure 10). Although it is challenging to precisely define how low
the mixing ratios are needed to not significantly affect air A'>CH,D, values, it appears that a 5% mix from
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microbial and natural gas sources does not cause changes in air A'>CH,D, beyond the current 1o measurement
uncertainty. For landfill methane, this proportion is 20%, and for the total source, it reaches up to 30%. In many
instances, as long as air samples are collected away from known major methane emission sources, it is highly
likely that these samples will meet the “clean” criteria where the clumped isotopologue signals are not signifi-
cantly disturbed by the source. Based on this working hypothesis, if we leverage the existing global greenhouse
gas monitoring network (such as the NOAA GML monitoring sites), collect regional clean air samples from
remote areas or upwind of cities, preferably from elevated altitudes, and measure their methane clumped iso-
topologue signatures, the observed spatial and/or temporal variations in A'*CH,D, values (if they exist) could be
attributed solely to fluctuations in sink reactions. These variations could be due to spatial and temporal un-
evenness in OH concentrations (Anderson et al., 2021; Lu & Khalil, 1991), or fluctuations in the ratio of OH to CI
concentrations (Gromov et al., 2018; Platt et al., 2004; Solomon et al., 1997), such as during tropospheric
intrusion events (Greenslade et al., 2017; Liang & Mahata, 2015). If we can obtain a sufficient number of high-
precision measurements of methane clumped isotopologues in clean air, it may enable a more detailed investi-
gation of atmospheric methane sink reactions from an isotopic perspective.

5. Summary

In this study, we investigated regional methane emissions, collecting air samples above wetlands and within
landfill plumes to analyze the carbon and hydrogen isotope ratios, and clumped isotopologue compositions of
methane. Employing a three-end-member (background air, landfill, and wetland) mixing framework, we estab-
lished the compositions of the background air and utilized the Keeling plot method to derive the compositions of
landfill and wetland methane. Furthermore, we developed a mathematical approach leveraging methane clumped
isotopologue data to estimate the bulk isotope compositions of wetland methane independently of concentration
data. This method overcomes the amplification of uncertainties associated with concentration data, which is a
major limitation of the Keeling plot method, resulting in lower uncertainties in derived wetland emission isotopic
signatures.

Our findings reveal significant seasonal variations in the isotopic and isotopologue signatures of regionally in-
tegrated methane emissions, which we attribute to different oxidation levels, with a trend toward greater oxidation
signatures in winter. This research advances our understanding of regional wetland methane dynamics and
contributes to refining the global methane budget. Our results advocate for systematic isotopic and isotopologue
monitoring of methane emissions from wetlands, coupled with fieldwork, to uncover seasonal emission patterns
and gain more insights into their driving processes.
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