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The global atmospheric methane concentration continues to rise, exacerbating the
greenhouse effect. This increase results from the rapid growth of methane source
emissions that reflects an imbalance between sources and sinks. The development of
methane clumped isotopologue (doubly-substituted methane molecules, *3CHsD and
12CH,D,) measurements provides new opportunities for methane emission source
apportionment and for distinguishing methane sink intensities and pathways.
However, significant uncertainties remain regarding the intensity and isotopic

characteristics of various methane sources and sinks.

This dissertation provides a detailed introduction to various methane sources—
categorized either by activity (fossil fuel-related, agriculture, waste, biomass burning,

and wetlands) or by formation mechanisms (thermogenic, pyrogenic, and



microbial)—and methane sinks (including OH, CI, O(*D), and soil), along with their
subcategories and spatial and temporal flux variations. It further discusses the bulk
carbon and hydrogen isotope characteristics of these sources and the isotope effects
associated with different methane formation and oxidation pathways. The discussion
then extends from bulk isotopes to clumped isotopologues. My research aims to
enhance our understanding of clumped isotopologue signatures for specific methane
sources and sinks and to develop a global atmospheric methane budget model

incorporating clumped isotopologues.

Chapter 2 introduces this novel measurement technique. Chapter 3 presents vehicle
exhaust methane clumped isotopologue measurements, and provides representative
signatures for abiotic and biomass burning methane. The isotope effects of abiotic
catalyzed methane oxidation are also discussed. Chapter 4 presents the first clumped
isotopologue measurements of atmospheric methane and demonstrates how these data
refine previous estimates of the global total methane source compositions. Chapter 5
explores an attempt to use air measurements to infer methane sources and track
source variations. Chapter 6 reports measurements from Arctic firn-trapped air
samples, allowing the reconstruction of an atmospheric methane clumped
isotopologue signal profile for the past 30 years. These time-resolved clumped
isotopologue data are incorporated into a global model, providing strong constraints
on the source-sink imbalance. Finally, Chapter 7 summarizes the findings and

discusses future research directions.
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Preface

This doctoral dissertation was written during a period of great chaos and upheaval. In February-
April 2025, there has been a drastic cut in funding for research, education, environment, and
climate-related initiatives, accompanied by the indiscriminate layoff of a large number of
government employees. | had originally planned to join the National Oceanic and Atmospheric
Administration (NOAA) after completing my Ph.D. to continue my academic research in top-
down Greenhouse Gas emissions survey. However, with NOAA facing significant budget cuts
and layoffs, this job disappeared. Forced to hastily search for new opportunities in an already
turbulent academic and industrial landscape as a foreigner, while writing this dissertation, I
found myself grappling with the anxiety of suddenly losing control over my future—I no longer

know where | will be six months from now.

This reminded me of the beginning of my Ph.D. journey, which was also an unprecedented time.
In 2020, the COVID-19 pandemic erupted globally, making international travel extremely
difficult. I was stranded in China, completing the first year of my Ph.D. remotely with 12-hour
time difference while waiting for my visa. For an entire year, | was unable to meet my lab
colleagues or advisor in person or conduct any experiments. When 1 finally managed to travel to
the U.S. in the summer of 2021, | faced skyrocketing airfare, surging COVID-19 cases, and the

looming possibility of not being able to return to China for years.



| had visited the U.S. in 2019, when a round-trip flight from Beijing to Boston took just 13 hours
one way and cost only $900 for the round-trip. In 2021, one-way ticket exceeded $1,000, and the
journey required flying in the opposite direction—crossing Eurasia, transiting through Qatar or
Saudi Arabia, and then crossing the Atlantic to reach the U.S., with the entire trip taking over 30
hours. This situation had not improved by 2025. That summer, the U.S. was recording over
130,000 daily COVID-19 infections and approximately 2,000 daily deaths directly caused by the
virus. My suitcase was filled with masks, disinfectant wipes, and even a hazmat suit. The
pandemic changed the way everyone worked, with many stores and government offices closed,

and people shifting to online learning and remote work.

In addition to the chaotic beginning and end, the middle of my Ph.D. journey was also far from
smooth. I have faced most of the challenges a Ph.D. student can encounter, but | have chosen not
to list them—Dbecause they are all behind me now. | had to admit that a speck of dust from the era

can feel like a mountain on the head of an ordinary individual.

Looking back, I don’t think I solved all these problems, but I did manage to endure them and
achieved some results. This was similar to what happened during my undergraduate. I believe the
best thing | did was | did not stop—I didn’t stop doing experiments, didn’t stop thinking, didn’t
stop writing, and didn’t stop solving problems. As long as | kept moving forward, | was not
defeated. Additionally, | protected myself mentally, or rather, | made peace with myself—
adjusting my expectations, changing my career goals, smoothly transitioning my research

direction, and accepting everything with a calmer mindset.



While writing this dissertation, I realized that | am still well-suited for academia and that |
genuinely love it. This dissertation aims to systematically summarize and present my knowledge
and explorations related to methane and methane clumped isotopologues. | found myself unable
to control the growing length of the dissertation—I was excited to compile and share what | had
learned and discovered. | hope this dissertation will be helpful to researchers in the same field,

and | hope that whoever reads it will enjoy it.

Jiayang Sun

Mar 8, 2025
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Chapter 1: Introduction

1.1. Methane and Global Warming

Methane (CHa) is an important greenhouse gas (GHG). It can efficiently absorb ~7.6 pum infrared
radiation. The global warming potential of methane is 81.2 times that of carbon dioxide (CO2) on
a 20-year time scale and 27.9 times on a 100-year time scale (IPCC AR6 WGI SM7, Szopa et al.
(2021)). Although atmospheric methane concentration is about 200 times lower than atmospheric
CO. concentration, the contribution of methane to global radiative forcing is equivalent to about

one-third that of carbon dioxide due to its high warming potential (National Academies of

Sciences Engineering and Medicine, 2018).

The atmospheric concentration of methane has increased dramatically since the industrial
revolution (Figure 1.1). The current global-averaged atmospheric methane concentration
(~1936.64 ppb, NOAA GML, Sept. 2024) has almost tripled compared to what it was in 1750
(around 700 ppm, MacFarling Meure et al. (2006)). Methane concentration stopped increasing
between 2000 and 2007, but the rise has resumed since 2008 and shows an accelerating trend
after 2015. The methane concentration surged in 2020 and 2021, despite pandemic shutdowns
(Figure 1.2). The increase rate set a new record in 2020 (14.81 ppb/year) and was outpaced by

the rate in 2021 (17.63 ppb/year). The growth rate remains high in recent years (Lan et al. ,2025).
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Figure 1.1. Historical atmospheric methane concentration trend. The grey shaded area shows
the range of methane concentrations from the Vostok, Antarctica ice core, 2000 to 400,000 years
before present (Petit et al., 1999). The black points are for methane concentrations in the recent
2000 years obtained from the Law Dome Ice Core (MacFarling Meure et al., 2006). NOAA
observations of global mean methane concentrations from 1983 to 2017 are shown in red.
(Figure taken from National Academies of Sciences Engineering and Medicine (2018), with
permission)
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Figure 1.2. Globally-averaged, monthly mean atmospheric methane concentration in ppb.
Time ranged from Jan. 2020 to July 2024. The red circles are global mean values centered on the
middle of each month. The black line is a smoothed trend by calculating 12-month running
means. (Figure taken from NOAA GML website, updated on Jan. 05, 2025, Lan et al. )

Climate change driven by global warming in turn has the potential to accelerate methane
emissions (Nisbet, 2023a). More frequent extreme weather events and rising temperatures may
lead to increased anthropogenic energy consumption, driving greater demand for methane and
fossil fuels, thereby increase anthropogenic methane emissions (Nisbet, Jones, et al., 2021).
Additionally, increased precipitation and flooding in some area, together with increased
temperature, may create more favorable conditions for methanogens and/or trigger large methane
emission events. Emissions from wetlands, the largest natural source of methane, are likely to

increase (Nisbet, 2023a; Zhang et al., 2017). Increased emissions from tropical and subtropical

wetlands haven been observed (Feng et al., 2022; France et al., 2022; Gloor et al., 2021; Peng et
3



al., 2022; Qu et al., 2022; Shaw et al., 2022) and might be a major reason for atmospheric
methane concentrations increasing since 2007 (Feng et al., 2022; Nisbet et al., 2019; Oh et al.,
2022; Zhang et al., 2023). Permafrost (Sayedi et al., 2020) and seafloor methane hydrates
(Chong et al., 2016) store large amounts of methane and stand to increase their emissions with
rising temperatures. Some studies reported methane emissions in subarctic regions that were
higher than expected (e.g., Lakomiec et al. (2021)). Thawing permafrost might release huge
amounts of methane that has been trapped for a long time, as well as turn permafrost into a
suitable environment for methanogen metabolism. Evidence shows that submarine and terrestrial
permafrost along the East Siberian Arctic Shelf is becoming unstable and releasing methane into
the ocean (Shakhova et al., 2013). The consequence of catastrophic methane release from
extensive destabilization of methane hydrates is unpredictable. While some studies suggested
that methane released from the seafloor is depleted by the water column before reaching the
atmosphere (Berchet et al., 2016; Pisso et al., 2016; Ruppel & Kessler, 2017), the possibility of
methane released into the atmosphere from methane hydrates has not been ruled out (Biastoch et
al., 2011). The mass extinction events (possibly) caused by methane hydrate release at the end of

the Permian should sound an alarm for humans (Brand et al., 2016).

The short atmospheric lifetime of methane makes the reduction of methane emissions a feasible
option for mitigating global warming in the short term. Due to the long lifetime of CO; at the
level of hundreds to thousands of years, the long-term greenhouse effect and climate inertia are
irreversible for centuries to millennia (IPCC, 2021). The steady-state lifetime for troposphere
atmospheric methane is 9.1+0.9 years according to IPCC AR6 WGI SM7 (IPCC, 2021), or

between 9 and 10 years according to Nisbet et al. (2023). The perturbation lifetime is about 12



years, which reflects atmospheric chemistry relaxation times (IPCC, 2013). The ~10-year
lifetime means that about 95% of methane currently present in the atmosphere would be
scavenged within 20 years if all methane emissions ceased. This short lifetime implies that
increasing methane emissions is directly contributing to rising atmospheric methane
concentrations. However, it also means that rapid reductions in methane emissions could
effectively slow and even reverse the current upward trend, helping to slow global warming in
the near term. This could provide humanity with crucial additional time to address broader

climate challenges.

Most policymakers have recognized the need and urgency to reduce methane emissions. Climate
policies at all levels impose direct and indirect requirements on reducing methane emissions. On
the state level, the Greenhouse Gas Reduction Act (GGRA) Plan developed by the Maryland
Department of Environment (MDE) set the goal to reduce statewide GHG emissions by 40%
from 2006 levels by 2030. On the federal level, the Biden administration committed to cutting
total GHG emissions by 50-52% from 2005 levels by 2030. On the global level, more than 110
countries have signed the Global Methane Pledge, which committed to collectively reduce
methane emissions by 30% from 2020 levels by 2030. The IPCC report (IPCC, 2021) pointed
out that without a substantial reduction in methane emissions in the short term, it will be very
difficult to achieve the goal of the Paris Agreement, which is to limit global warming to below 2
degrees Celsius compared to pre-industrial levels. Nevertheless, efforts to reduce methane
emissions face significant challenges. Developing countries struggle with limited financial
resources and the necessity of economic development, making it difficult for them to play a key

role in reducing greenhouse gas emissions. Meanwhile, developed countries face obstacles such



as policy discontinuity and a lack of mutual trust in international cooperation. Although the
prevailing global sentiment leans towards collaborating to reduce greenhouse gas emissions in
response to global warming, dissenting voices have never vanished. The Trump administration’s
announcements in 2017 and 2025 of the U.S. withdrawal from the Paris Agreement (The White

House, Jan. 20, 2025, https://www.whitehouse.qgov/presidential-actions/2025/01/putting-america-

first-in-international-environmental-agreements/) cast a shadow over global efforts to reduce

greenhouse gas emissions. Some major oil-producing countries strongly lobbied at the 28"
United Nations Climate Change Conference (COP28) climate summit, striving to exclude the
phrasing of "phasing out fossil fuels™ from the agreement (Reuters, Dec. 13, 2023,

https://www.reuters.com/business/environment/countries-push-cop28-deal-fossil-fuels-talks-

spill-into-overtime-2023-12-12/).

1.2. Methane Budget

To reduce methane emissions, we need to understand the methane budget, i.e., what are the
sources of methane (methane release) and sinks of methane (methane consumption), and how
much methane each source/sink emits. The methane budget can also be characterized by
temporal and spatial attributes, i.e., how emissions and sinks vary across different regions, and

how they change over time.

There are two approaches to estimate methane emissions. One is bottom-up method, which
estimates source emissions by aggregating and scaling up source-specific measurements, activity

data, and emission factors, often derived from ground-based field studies, inventories, or
6
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process-based models. Another one is top-down method, which estimates and apportions
methane emissions using satellite remote sensing, aircraft and tower in situ measurements, and
atmospheric transport models of the atmosphere. A combination of two methods is often used to
construct a methane budget (Figure 1.3). Readers are referred to National Academies of Sciences
Engineering and Medicine (2018) and references therein for details on the two methods. There
have already been many efforts at global, national, and sectoral levels to create methane
inventories at different scales. Some commonly used inventories include the Global Carbon

Project (https://www.globalcarbonproject.org/) (Saunois et al., 2024) (Figure 1.4); the Emissions

Database for Global Atmospheric Research (EDGAR) (https://edgar.jrc.ec.europa.eu/) (Crippa et
al., 2024), developed by the European Union; the GHG Inventory of the United States (US

GHGI) (USEPA) (https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-

and-sinks-1990-2021), compiled by the U.S. Environmental Protection Agency (EPA); the Oil &

Gas Methane Partnership 2.0 (OGMP 2.0) (OGMP, 2023) (https://ogmpartnership.com/),
initiated by the United Nations Environment Programme (UNEP); and the Global 0.5-degree

Wetland Methane Emissions and Uncertainty (WetCHARTS v1.3.3) (https://daac.ornl.gov/cqi-

bin/dsviewer.pl?ds_id=2346) (Bloom et al., 2024), maintained by Oak Ridge National

Laboratory (ORNL). Most of these inventories follow the IPCC Guidelines for National
Greenhouse Gas Inventories (IPCC, 2006, 2019) and are integrated into the United Nations
Framework Convention on Climate Change (UNFCCC) annual GHG emissions reporting

framework (https://unfccc.int/topics/mitigation/resources/reqistry-and-data/ghg-data-from-

unfccc).
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Figure 1.3. Examples of top-down methods and bottom-up methods. (Figure taken from
National Academies of Sciences Engineering and Medicine (2018), with permission)

Due to the uncertainty in methane emission fluxes from various sources and the strength of
methane sinks over the years, the driving factors behind atmospheric methane concentration
trends since 2000 remain debated, particularly the causes of the stagnation in methane growth
from 2000 to 2007. Some studies suggest that fossil fuel-related methane emissions have
increased rapidly since 2000 (e.g., (Franco et al., 2016; Hausmann et al., 2016; Helmig et al.,
2016)), implying that the stagnation in methane growth from 2000 to 2007 was due to a
significant reduction in microbial emissions counteracting the rise in fossil fuel-related methane
emissions, such as reduced methane emissions from rice agriculture in Asia (Kai et al., 2011).
On the other hand, other studies have reached the opposite conclusion, arguing that fossil fuel

emissions either decreased (e.g., (Nisbet et al., 2016; Schaefer et al., 2016)) or did not increase



(Milkov & Etiope, 2018; Schwietzke et al., 2016), while microbial emissions rose instead.
Worden et al. (2017) further pointed out that the role of reduced biomass burning emissions had
been underestimated. Looking at the issue of rising methane concentrations from another
perspective, McNorton et al. (2016); McNorton et al. (2018) and Rigby et al. (2017); Rigby et al.
(2013) argued that variations in atmospheric OH concentrations could significantly influence the
strength of methane sink reactions (i.e., its lifetime), providing an alternative explanation to the
source-flux-based hypotheses. However, recent modeling studies suggest that OH variations are
negligible (Basu et al., 2022; Oh et al., 2022). An increasing number of observational and
modeling studies now suggest that the rapid rise in atmospheric methane concentrations since
2007 is primarily driven by large-scale microbial methane emissions from tropical and
subtropical regions (Feng et al., 2022; Nisbet, 2023a, 2023b; Nisbet, Jones, et al., 2021; Nisbet et

al., 2019; Zhang et al., 2023).

Local and regional budgets are usually even rougher, if not unavailable, because top-down
methods often lack the spatial resolution needed to accurately capture such fine-scale emissions
and variations, while bottom-up estimations may solely be based on a few field studies. This

issue is particularly pronounced in underdeveloped regions.



GLOBAL METHANE BUDGET 2010-2019 ©®O

TOTAL EMISSIONS PRSIl TOTAL SINKS
36 21*
(19-33)
Bottom-up Top-down 669 575 633 554
view (BU) view (TD) (512-849) (553-586) P4 (507-796) (550-567)
(i Y G N
120 115 211 228 28 27 248 165 63 43 602 521 31 35
(117-125) (100-124) (195231) (213-242) (21-39) (2627) (159-369) (145-214) (24-93)(40-46)  (496-747) (485-532)  (11-49) (35-36)

Sink from

chemical reactions
in the atmosphere

Other natural

Combine;! wetland emissions Sink in soils

S &Inland freshwaters geological,
oceans, termites, wild animals,

pro dtigtsiso“nfgfmld use Agriculture and waste Blomass and blofuel

permafrost, vegetation

Figure 1.4. Global methane budget (fluxes for each source and sink category in Tg CHs4 yr')
for 2010-2019. The numbers on the left are bottom-up estimations. The numbers on the right are
top-down estimations. Natural sources/sinks are in green color and anthropogenic sources are in
orange color. (Figure taken from Saunois et al. (2024), under CC BY 4.0)

1.2.1. Methane Sources

For the decade 2010-2019, global methane emissions were estimated to be 575 (553-586) Tg
CHa yr* (top-down method) or 669 (512-849) Tg CH4 yr* (bottom-up method) (Saunois et al.,
2024). About 60% of emissions were attributed to anthropogenic sources, including fossil fuel-
related emissions, agriculture, waste treatment, and part of biomass burning. The rest were from
natural sources, mainly from wetlands, while inland waters, geological activities, oceans,
termites, wild animals, permafrost, and vegetation were thought to contribute less to global
methane emissions (Figure 1.4) (Saunois et al., 2024). Compare to the report published four
years ago (Saunois et al., 2020), the values estimated using the top-down method remain nearly

unchanged, while the bottom-up estimate has been significantly revised downward from 737 Tg
10



CHa yrtto 669 Tg CH4 yrt. This change is primarily due to more precise estimations of methane
emissions from wetlands and other natural sources. With significant advancements in satellite
measurements (Jacob et al., 2016; Jacob et al., 2022), top-down methane emission inventories
have become increasingly accurate, with improved temporal and spatial resolution. This progress

has also driven improvements in bottom-up inventories.

However, there is still a mismatch between the top-down and bottom-up estimations, especially
when divided into individual sources. Bottom-up methods are challenged by limited spatial
coverage and uneven distribution of scientific resources around the world. Further, the temporal
variability of methane emissions for sources, such as wetlands, can be substantial. Seasonal
fluxes differing by a factor of two to three is common in wetlands (Morin et al., 2014). This
makes it challenging to account for fluctuating emission patterns across different seasons or
specific time periods. Top-down emission estimation has advanced rapidly over the past decade;
however, significant challenges remain. These include limitations in data availability and
coverage due to the number and orbital constraints of satellites, restrictions in instrument spatial
resolution and flux detection thresholds, and uncertainties associated with the inversion
algorithms used to infer emissions (Jacob et al., 2022). The top-down method is still incapable of
detecting low-concentration methane enhancements (about 10 ppb level) caused by diffuse
regional methane emissions, which are common in wetland areas (Galfalk et al., 2016). What’s
more, attributing the fluxes observed through top-down approaches to specific sources still
requires accurate and comprehensive ground-based information (Chen et al., 2024; Sherwin et
al., 2024). The combination of these factors has led to a mismatch between top-down and

bottom-up estimations of emissions.
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The following few sections (Sections 1.2.1.1 to 1.2.1.4) will give further introductions on some

major methane emission sources.

1.2.1.1. Fossil Fuel-related Emissions
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Figure 1.5. Segments of the natural gas industry. It includes production, gathering and
processing, transmission, and distribution. The top methane emission sources for each category
are listed on the right. (Figure taken from National Academies of Sciences Engineering and
Medicine (2018), with permission. Originally from American Gas Association.)

The majority of emissions in the "fossil fuel-related emissions™ category originate from the
exploitation, production, gathering, storage, transportation, processing, and use of oil, natural gas
(Figure 1.5), and coal. Among these, exploitation and production are generally referred to as
upstream, while gathering, storage, transportation, and processing are classified as midstream,
and refining, manufacturing, and distribution fall under downstream. Approximately 80% of

emissions come from the upstream sector, particularly from the production phase (IEA, 2024).

Within the upstream category, emissions are further classified into stationary combustion,

12



flaring, fugitives, and venting. For comprehensive definitions of each category, please refer to

the OGMP Technical Guidance Document ((OGMP, 2023), https://ogmpartnership.com/guidance-

documents-and-templates/) and the American Petroleum Institute Compendium (American

Petroleum Institute, 2021).

For example, flaring refers to the incomplete combustion of waste gases that are intentionally
directed to a flare system. During various upstream operations, such as drilling, well testing, and
oil-gas separation, some gases cannot be fully captured into the production line or are
economically unfeasible to recover. These gases are required to be sent to a flaring system,
where they are combusted and converted into CO- to reduce overall greenhouse gas emissions.
When a flaring system operates in compliance with U.S. EPA regulations, U.S. law assumes that
at least 98% of CHj is destroyed (40 CFR 60.18,"). However, a field study by Plant, Kort,
Brandt, et al. (2022) found that the average Destruction and Removal Efficiency (DRE) in the
U.S. is 91.1%, mainly due to increased emissions from unlit and inefficiently combusted flares.
Continuous monitoring of the flaring system to ensure that the flame remains in an optimal
combustion state can significantly improve the overall DRE. According to World Bank (2023),
flaring burns approximately 139 billion cubic meters (~3% of global gas production) annually,

accounting for 5-10% of the global GHG emissions from the oil and gas industry.

Another example is venting, which refers to the intentional release of methane. In some coal
mines, air must be pumped into ventilation shafts to dilute the associated gas for safety reasons.
This diluted gas is then exchanged with the surface air, and most of it is directly released into the

atmosphere, leading to methane emissions.
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On the other hand, fugitive emissions, also known as leakage, refer to unintentional methane
emissions. For instance, pneumatic valves powered by compressed methane, despite not being
designed to emit methane, have been identified as one of the most significant leakage sources
(Brandt et al., 2016; Frankenberg et al., 2016). Additionally, liquid storage tank hatches and
vents may also represent a major source of fugitive emissions (Alvarez et al., 2018). Persistent
fugitive emissions generally emit methane slowly, while intermittent or accidental fugitive
emissions typically release large amounts of methane over a short period. For example, the Nord
Stream natural gas pipeline sabotage possibly released as much as half a million metric tons of
methane according to NPR news ("The Nord Stream pipelines have stopped leaking. But the
methane emitted broke records,” 2022), which might be the largest single methane release event
ever recorded, roughly equivalent to 1-2 days of daily methane emissions from the fossil fuel
industry. The fugitive leakage percentage during conventional and unconventional oil and gas
exploitation is estimated to be 1-3% of production or 13 (+2.1/-1.6) Tg CH4 yr* (Alvarez et al.,
2018), but some studies suggested that it could be as high as 17% (e.g. (Caulton et al., 2014;

Karion et al., 2013; Peischl et al., 2013; Sargent et al., 2021; Schneising et al., 2014)).

More and more research has revealed that, fossil-fuel related methane emissions from the end
user side might have been underestimated. Methane mappings in multiple cities (e.g., Boston,
MA; Washington D.C.; Indianapolis, IN; London, UK; Paris, France) have detected considerable
leakage from underground natural gas pipelines (e.g., (Defratyka et al., 2021; Jackson et al.,
2014; Lamb et al., 2016; Lowry et al., 2020; Lu et al., 2025; Phillips et al., 2013; Vogel et al.,

2024; von Fischer et al., 2017)). Urban areas with aging cast iron pipelines (e.g., Boston, MA)
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have approximately 25 times the methane leakage than cities with more modern piping materials
(e.g., Indianapolis, IN) (von Fischer et al., 2017). Replacement of aging pipelines with modern
materials has been undertaken to mitigate natural gas leaks; however, Sargent et al. (2021) found
that although many leaking natural gas pipelines have been fixed or replaced in Boston since
2013, the city’s natural gas leak rate has not decreased significantly. They suggested that the
end-use losses might be a large component of emissions that was missing in the inventories. For
example, the gas stove and gas fireplace might not quantitatively burn natural gas. Unburned
methane from U.S. gas stoves is estimated to be about 0.8-1.3% of their natural gas use (Lebel et

al., 2022). The emission factors for these sources have high uncertainties.

The methane emissions from fossil-fuel industry follows a fat-tail distribution, that is, a small
proportion of units or incidents contributes a large proportion of the emissions. The fat-tail
distribution increases the difficulty of determining fossil fuel-related emissions (Zavala-Araiza et
al., 2015). The sampling time interval is not able to capture all the super-emitters, and methane
emissions from the fossil fuel category may be underestimated. The fat-tail distribution also
provides a strategy for reducing fossil fuel-related emissions, which is that we need to better

identify emission sources and prioritize fixing the parts with the highest emissions.

1.2.1.2. Agriculture and Waste

Agriculture and waste, both being anthropogenic emission sources, in total release about the
same amount of methane as the fossil fuel industry. In agriculture, rice cultivation and livestock

enteric fermentation are the primary contributors to methane emissions.
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Rice cultivation, especially the continuous flooding method, requires large amounts of water to
keep rice fields submerged under a shallow layer of water (Chen et al., 2013). This creates an
ideal metabolic environment for methanogens. Under first-order approximation, methane
emissions from rice cultivation are proportional to cultivated area (IPCC, 2006). However, they
are also significantly influenced by factors such as plant productivity, soil temperature, soil type,
fertilization methods, and whether routine drainage and aeration are applied. When the soil is
flooded, it prevents the replenishment of oxygen from the air, thereby entering an anaerobic state
that favors methanogenesis. When the soil is moist but not flooded, the presence of some oxygen
inhibits the activity of methanogens. When the soil is dry, the activity of methanogen is further
suppressed. Thus, continuous flooding generally results in the highest methane emissions,
followed by intermittent flooding. In contrast, alternate wetting and drying (AWD) and upland
rice farming can effectively reduce methane emissions. However, these methods may come at
the cost of increased N2O emissions (another greenhouse gas) and lower rice yields (IPCC,

2006).

According to the Food and Agriculture Organization of the United Nations (FAO), the global
rice cultivation area and yield have been slowly increasing over the past 30 years, with an
average annual growth rate of approximately 0.43% (FAO)

(https://www.fao.org/faostat/en/#data/QCL/visualize). In China, the world's largest rice

producer, rice production has remained relatively stable with fluctuations and has shown signs of
gradual decline since 2020. Methane emissions from rice fields are not expected to change

significantly, as the slow expansion of cultivated areas globally may be offset by the increasing
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adoption of more environmentally friendly agricultural practices (Chen et al., 2013; Shen et al.,

2024).

Domestic ruminants, mainly cattle, sheep, and goats, provide stable temperatures, pH, and
sufficient carbon supplies in their stomachs, creating ideal conditions for methanogen growth.
The IPCC Tier 1 approach assumes a linear relationship between the number of livestock and
methane emissions (IPCC, 2006). According to data from (FAO)

(https://www.fao.org/faostat/en/#data/QCL/visualize), the global ruminant stock has been

steadily increasing over the past 60 years. Taking cattle as an example, the average annual
growth rate on cattle number has been 0.86%, with an apparent acceleration in growth since
2003. The production of beef and dairy has increased at an even faster rate than the growth in
livestock numbers, which may suggest that the average weight per animal has also increased.
Consequently, methane emissions from domestic ruminants have risen accordingly, from
approximately 60 Tg CHa yr? in 1960 to around 130 Tg CH4 yrt in 2020 (Zhang, Tian, et al.,
2022). There are significant differences in methane emission intensity (methane emitted per
kilogram of protein produced) across countries, largely due to variations in farming efficiency. In
low-income countries, emission intensities can be as high as 4 kg CHa per kg of protein, whereas
in high-income countries, they can be as low as 0.5 kg CH4 per kg of protein (Chang et al.,
2021). Generally, more efficient livestock systems have lower methane emission intensities.
High-income countries tend to have dairy and beef cattle with higher productivity, faster weight
gain, younger slaughter ages, and more centralized manure management. This suggests that
improving the efficiency of livestock systems could significantly reduce methane emissions from

the domestic ruminant industry (Chang et al., 2021). Studies have also indicated that methane
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emissions from livestock can be mitigated by modifying feed composition. For example, Roque
et al. (2021) found that adding less than 0.5% red seaweed to cattle feed resulted in over an 80%
reduction in methane emissions. This is because certain types of red seaweed can produce
halogenated methane analogs, which competitively inhibit the methyl transfer reactions essential
for methanogenesis. However, feeding practices and climatic conditions vary across countries,

leading to differences in emission factors (Chang et al., 2019).

Waste management includes agricultural waste (manure management), landfill (solid waste
treatment), and wastewater treatment. The United States is one of the world's largest waste-
producing and landfilling countries. According to data from the Organization for Economic
Cooperation and Development (OECD), the U.S. has one of the highest per capita waste
generation rates, reaching 811 kg per year. Additionally, the recycling rate in the U.S. is
relatively low among developed countries, at only 23.4% (OECD, 2018). A large amount of
waste is sent to landfills, making them a major source of methane emissions (USEPA) (USEPA
GHGI, 2022). Although the U.S. Environmental Protection Agency (EPA) enforces stringent
design, operation, and closure requirements for modern landfills under the Resource
Conservation and Recovery Act (RCRA) (40 CFR Part 258,"), it remains uncertain whether
landfills strictly comply with these regulations. Reports have indicated that high methane
concentrations were detected at the Brown Station Landfill near Washington, D.C., with
estimated annual methane emissions several times higher than those reported to the Maryland
Department of the Environment (MDE) (Environmental Integrity Project, 2021). A recent

nationwide study also suggests that landfill emissions may be higher than reported values

18



(Cusworth et al., 2024). There is a general lack of third-party oversight of landfill emissions, as

accessing landfills for independent verification is challenging.

Landfill gas is produced by the degradation of organic waste. Without effective landfill gas
collection systems, these gases can escape from uncovered operational areas and leak through the
cover soil. A detailed study of landfills in California, using the California Landfill Methane
Inventory Model (CALMIM) (Spokas et al., 2021), found that landfill size was not the
determining factor for methane emissions—contrary to the assumption adopted by the IPCC
guidance (IPCC, 2006). Instead, the study revealed that cover soil can significantly reduce
methane emissions through aerobic methane oxidation. Operational factors such as the thickness
and composition of the cover soil, as well as soil moisture and temperature profiles, play a
crucial role in determining methane emissions (Spokas et al., 2021). The use of biologically
active cover materials can significantly reduce landfill methane emissions (Stern et al., 2007),

but the extent of their adoption remains unclear.

1.2.1.3. Biomass Burning

Although biomass burning and combustion-related methane emissions are relatively small
compared to major sources, they remain important. These emissions release methane along with
co-emitted hydrocarbons and exhibit distinct isotopic signatures (described in Section 1.3.2.2),
making them crucial to account for when developing methane budget models. Biomass burning

can be either anthropogenic or naturally occurring.

19



Different models have slightly different estimation on the global methane emissions from
wildfires. For example, Zhao et al. (2025) estimated a global average annual methane emission
of 24.0 (17.7-30.4) Tg yr'* from 2003 to 2020, while the Global Fire Emissions Database
(GFED) estimated an average of 21 + 2 Tg yr* from 2002 to 2020 (van Wees et al., 2022). The
discrepancy is mainly due to the challenges in quantifying methane emissions from small
wildfires, which remain technically difficult to assess. However, both models and observations
agree that global methane emissions from wildfires have shown a slight decline over the years,
with an annual decrease of approximately 1.1% to 1.6% (van Wees et al., 2022; Worden et al.,
2017; Zhao et al., 2025). This reduction is primarily attributed to a significant decline in
emissions from the latitudinal band of 30°S—15°N, likely driven by population growth and
agricultural expansion, particularly in Africa (Andela et al., 2017; Worden et al., 2017). Biomass
burning emissions were likely higher in the 1990s (Hao & Ward, 1993; Simpson et al., 2006),
with a peak in 1997. The 1997 forest fires in Indonesia caused a detectable spike in atmospheric

methane concentrations (Dlugokencky et al., 2001).

The overall decline in emissions from wildfire does not contradict the statement that climate
change has led to more frequent and intense wildfires in some regions (Goss et al., 2020). This is
because biomass burning emissions exhibit strong seasonal and regional variations, with hotspots
concentrated in tropical and boreal regions, and summer emissions being 2—4 times higher than
those in other seasons (Zhao et al., 2025). It remains unclear whether the intensified wildfires
since 2019 (e.g., 2019 Siberia, 2023 Canada) have led to an overall increase in emissions or

whether they are responsible for the accelerated rise in atmospheric methane concentrations.
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Biofuel burning is a type of controlled biomass combustion used for energy generation. Biofuels
are widely utilized worldwide, primarily in households. Their incomplete combustion can
produce some methane emissions (Vicente et al., 2015). However, the sporadic distribution of
biofuel burning makes it challenging to estimate emissions. One available reference point is the
global production of conventional biofuels, which increased from 92 billion liters in 2009 to
164.9 billion liters in 2023, with an average annual growth rate of 4.3% (IEA). Although
household biofuel burning is more prone to incomplete combustion compared to centralized fuel
burning due to limited ventilation (Vicente et al., 2015), the overall scale of biofuel combustion
remains relatively small, making it unlikely to be a major source of methane emissions. Methane
emissions from the incomplete combustion of household natural gas are generally classified as
fossil fuel-related emissions instead of biofuel burning, as these emissions result from the

leakage of unburned methane rather than being a byproduct of incomplete combustion.

1.2.1.4. Wetlands

Wetlands are the largest natural source of methane, accounting for about 20% to 30% of global
methane emissions. Wetland methane emissions were estimated to be 149 (102-182) Tg CHa yr?
(bottom-up) or 181 (159-200) Tg CH4 yr* (top-down) for the period 2008-2017 (Saunois et al.,
2020). These emissions are expected to increase with ongoing global warming (Zhang et al.,
2017). A more recent inventory (Saunois et al., 2024) groups wetlands and inland freshwater
sources together, estimating their combined methane emissions at 248 (159-369) Tg CHa yr?
based on bottom-up approaches or 165 (145-214) Tg CH4 yr! based on top-down methods for
the period 2010-2019. The uncertainty in wetland methane emission estimates remains high,
which could exceed 30%, largely due to ambiguities in the definition of wetlands and the highly
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variable nature of wetland emissions. These emissions are influenced by multiple environmental
factors and can vary significantly within individual wetlands, across different regions, and on

diel and seasonal scales.

Methane in wetlands is almost entirely of microbial origin. Microbial methane production occurs
through various methanogenesis pathways (see Section 1.3.3). Once methane is produced, it
undergoes different degrees of oxidation. A portion of the methane reaches the soil surface or
water surface and is ultimately released into the atmosphere. Compared to other land and water
systems (e.g., dry grassland, ocean), wetlands are particularly favorable for methane production
and emission. This is due to several factors. First, wetlands are typically covered by a shallow
water layer, which prevents atmospheric oxygen from directly penetrating the soil through pore
spaces, thereby maintaining an oxygen-depleted environment in the sediment. Second, the
surface layer of wetlands is rich in organic matter. During organic matter decomposition,
electron acceptors such as oxygen, sulfate, and nitrate are rapidly consumed, further reinforcing
anaerobic conditions below the surface aerobic layer of the wetland soil where electron acceptors
are still available. Third, many wetlands are freshwater systems with low sulfate concentrations.
Sulfate-reducing bacteria generally outcompete methanogens for electron donors when sulfate is
present (Whiticar, 2020), and sulfate can also be used for anaerobic oxidation of methane. The
low sulfate levels in freshwater wetlands minimize these competitive and oxidative effects,
favoring methanogenesis. Fourth, the methanogenic zone in wetlands is closer to the surface, and
the anaerobic environment facilitates the formation of methane bubbles. This allows methane to
ascend rapidly, reducing the extent of oxidation before reaching the atmosphere. Fifth, the roots

and stems of certain plants like Typha and rice can serve as conduits for both substrate delivery
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and methane transport. This mechanism facilitates the supply of necessary substrates for
methanogens and provides a fast pathway for methane to be directly released into the
atmosphere. Collectively, these factors make wetlands a primary source of natural methane
emissions (Whiticar, 2020). Rice fields share many of these characteristics with wetlands.
Section 1.3.3 will introduce the detailed definitions and controlling factors of these microbial

processes.

Wetland emissions exhibit significant spatial and temporal variability. WetCHARTS is a
parametric and process-based model capable of estimating global wetland emissions on a 0.5-
degree spatial resolution and monthly time resolution (Bloom et al., 2024). There are also more
and more work on evaluating wetland emissions based on satellite observations (e.g., (Jacob et
al., 2016; Parker et al., 2018; Yu et al., 2023). On a global scale, tropical regions are methane
emission hotspots, particularly the Amazon wetlands, the Indonesian archipelago, and Central
Africa, which are estimated to contribute 29%, 13%, and 12% of total global wetland emissions,
respectively (Bloom et al., 2021). Another high-emission region is around 50°N in the Northern
Hemisphere, mainly the Hudson Bay lowlands. In the Northern Hemisphere’s temperate and
boreal regions, methane emissions peak between July and September, whereas the peak emission
timing in tropical regions remains highly debated (Bloom et al., 2021). However, these findings
are primarily based on model simulations or satellite observations (Parker et al., 2018), while
field measurements remain sparse, especially in tropical, Southern Hemisphere, and Arctic
regions (Dlugokencky et al., 2011; France et al., 2022; Song et al., 2020; Xiao et al., 2024),

limiting the accuracy of global wetland emission estimates.
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On a smaller scale, methane fluxes can also vary significantly, making it challenging to identify
consistent patterns. Even within the same wetland or lake, methane fluxes can differ dramatically
due to differences in vegetation patch types (e.g., ~15 mg CH4 Carbon m* h! in sedges/rushes
vs. ~8 mg CH4 Carbon m h'! in submerged aquatic vegetation) (Kim et al., 1998; Stewart et al.,
2024), time of the day (e.g., ~60 nmol CHs m2 s at noon vs. ~40 nmol CHs m2 s at night
during summer) (Baldocchi et al., 2012; Kim et al., 1999; Morin et al., 2014), or just site-specific
microenvironmental conditions (e.g., 4.9 mg CHs m day™ from a drier site vs. 100.0 mg CHs m-
2 day™ from a wetter site) (Sachs et al., 2010). These variations do not necessarily follow
uniform diurnal or seasonal patterns. Overall, methane emissions from wetlands are strongly
influenced by environmental conditions. Figure 1.6 provides a schematic demonstration that
connect the wetland methane emissions with microbial activity, environmental factors, and

measured parameters, which will be discussed in Section 1.3.3 and Section 1.4.3.5.
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Figure 1.6. A schematic diagram connecting wetland methane emissions with microbial
activity, environmental factors, and measured parameters.

1.2.2. Methane Sinks

The estimation and uncertainty of the total methane sink flux are dependent on the total source
flux, which is 663 (507-796) Tg CHa yr based on the bottom-up approach and 553 (550-567)
Tg CHa yr'! from top-down approach (Saunois et al., 2024). This dependency arises because the
total sink strength is strongly constrained by global methane concentrations, meaning it must
satisfy the sink-source mass balance. The global methane concentration is relatively well
recorded (Lan et al.). However, this does not necessarily imply that our understanding of
methane sinks is highly refined. Without constraints from methane sources, the sink reaction

speed, from an atmospheric chemistry perspective, is a function of methane concentration, the
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concentration of methane-oxidizing radicals, and temperature. The primary uncertainty in sink
flux estimates stems from the poorly constrained concentrations of the various oxidants (reactive
species capable of oxidizing methane) involved in different sink pathways. Overall, the

uncertainty in methane sink flux is on the order of 10-40% (Saunois et al., 2024).

The methane sink categories are much simpler than the source. The vast majority of methane
sink reactions occur in the troposphere, while only about 5-7% take place in the stratosphere.
Approximately 90% of atmospheric methane is consumed by hydroxyl radicals (OH):

CH, + OH - = CH; - +H,0 (1.1)
The remaining sinks include the chlorine radicals (Cl) at oceanic boundary layer, atomic Cl in
stratosphere, excited state oxygen atoms O(*D) in troposphere, and soil oxidation by

methanotrophs (IPCC, 2021; Saunois et al., 2024).

1.2.2.1. Troposphere OH

The reaction between methane and OH occurs primarily in the troposphere and depends on OH

concentration, which carries significant uncertainty. In the presence of water vapor, ozone

. . UV light 290-320 nm .
photolysis produces OH radicals (O; + H,0 2 OH * +0,). These OH radicals

react with carbon monoxide (CO), methane (CH4), and non-methane volatile organic compounds
(NMVOCs). Bottom-up estimates of CHs+OH flux are mainly derived from modeling, such as
the Coupled-Model Intercomparison Project 6 (CMIP6) simulations (Collins et al., 2017). The
global mass-weighted mean OH concentration is estimated to be at the level of 13.3 [11.7-18.2]
x 10° molecules/cm?® or 11.5 [7.9-13.5] x 10° molecules/cm? (Collins et al., 2017; Naik et al.,

2013; Plummer et al., 2021; Saunois et al., 2024). Model simulations suggest that OH
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concentrations in the Northern Hemisphere may be higher than in the Southern Hemisphere, or
the difference may be minimal (Naik et al., 2013; Zhao et al., 2019). The average OH
concentration is believed to vary only slightly over a century or remain almost unchanged, with
fluctuations within approximately 1% (Turner et al., 2019; Zhao et al., 2019), except for a
temporary decrease in 1991-1992 caused by the eruption of Mt. Pinatubo (Dlugokencky et al.,
1996). However, model results are highly dependent on chemical mechanisms, prior parameters,
and atmospheric transport models, particularly the 3D distribution of OH (Zhao et al., 2023).

Therefore, further improvements are still needed.

From a top-down perspective, atmospheric OH concentration has been derived from measured
changes in methyl chloroform (CHsCCls) concentrations (Montzka et al., 2011). The use of a
proxy rather than direct measurements is necessary because direct measurement of OH
concentration in ambient air is extremely difficult and has only been implemented under
laboratory conditions (Siese et al., 2001; Winiberg et al., 2016). CH3CCls was primarily used as
a solvent but was banned under the Montreal Protocol (1987) ("Montreal protocol on substances
that deplete the ozone layer," 1987) due to its destructive effects on the ozone layer (Rowland,
1989). Since OH is the main sink of CH3CClg, the rate of decline in atmospheric CH3CCls
concentration has been used to estimate the OH concentrations. The lifetime of CH3CCls is about
5.04 years (Rigby et al., 2013), and its atmospheric concentration has dropped rapidly from about
130 ppt in 1990 to 1.2 ppt in 2022 (NOAA GML) due to the stringent restriction of its emission.
However, today’s low CH3CCls concentrations and uncertainties in annual CH3CCls emission
fluxes add to the uncertainty in estimating OH concentrations using the proxy method.

Additionally, the reaction rate between CH4 and OH is also influenced by temperature (with
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higher temperatures corresponding to higher rate constants), the vertical distribution of methane
and OH (Zhao et al., 2019), and the presence of other atmospheric reactive species such as O3
(Wang, Huang, et al., 2004) and NOx (Fiore et al., 2006). However, this top-down proxy method
can only provide an integrated OH concentration, rather than detailed spatial or temporal

variations.

1.2.2.2. Stratosphere OH

In the stratosphere, the reaction between CH4 and OH is a major source of stratospheric water
vapor, which has significant implications for stratospheric chemistry and climate (le Texier et al.,

1988). Additionally, excited oxygen atoms O(*D) produced through the photolysis of ozone

L UV light 290-320 nm 1
under UV radiation (0O 0( 'D) + 0,) (DeMore & Raper, 1967), as well as

chlorine and fluorine atoms, can also react with CHs. However, our understanding of these sink
reactions remains limited, and the estimated flux carries considerable uncertainty. Model

estimates suggest a flux of 34 [10-51] Tg CHa yr (Saunois et al., 2024).

1.2.2.3. Ocean-Atmosphere Boundary Layer Cl

Cl radicals can also oxidize methane. This mechanism was identified through carbon isotopic
observations (Allan, Lowe, et al., 2001; Allan, Manning, et al., 2001; Allan et al., 2007). It is
believed to occur mainly in the marine boundary layer, where Cl radicals can be formed through
the photolysis of sea-salt-derived compounds, such as Cl> and CINO:. A study also suggests that
in highly polluted terrestrial environments, CINO2 may be produced through reaction N,O5 +

ClI™ = CINO, + NO; ™ (Riedel et al., 2013), which releases Cl radicals upon photolysis.
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Nevertheless, recent modeling studies increasingly suggest that the overall contribution of CI
oxidation to methane removal is low, and that Allan et al. (2007) likely overestimated the Cl sink
flux. Estimates from different studies include 12-13 Tg CH. yr! (Hossaini et al., 2016), 5-6 Tg

CH. yr'! (Gromov et al., 2018), and 3.6 Tg CHa yr't (Wang et al., 2021).

1.2.2.4. Soil Sink

The soil surface is usually methane-unsaturated because methane consumption in surface soil by
methanotrophic bacteria occurs faster than methane production in deeper soil layers by
methanogens. As a result, soil acts as a sink for atmospheric methane, estimated to contribute
approximately 5% of the total sink, with a flux of 32 [18-40] Tg CHa4 yr-1 (Saunois et al., 2024).
This estimation is derived from a series of parameterization models based on methane diffusion
and biological oxidation (Curry, 2007; Ito & Inatomi, 2012; Ridgwell et al., 1999; Tian et al.,
2016). Overall, these models have progressively incorporated more factors and mechanisms
while utilizing higher-resolution and more accurate parameters. However, despite these
improvements, the simulated flux results have remained relatively stable, with large uncertainties

and a strong dependence on assumptions and parameterizations related to various mechanisms.

Since non-OH sink fluxes account for less than 10% of the total methane sink, the uncertainty in
total methane sinks is primarily driven by the OH sink. Only when considering methane isotopic
composition (e.g., (Allan et al., 2007; Rockmann et al., 2011)) and stratosphere-troposphere
interactions do other sink processes become more significant as they have larger kinetic isotope

effects compared to OH sink (see Section 1.4.3.4).
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1.3. Methane Carbon and Hydrogen Isotopes

Isotopes of a given element have the same number of protons but different numbers of neutrons
in each atom. For chemical substances, the substitution of one isotope for another results in a
small change in the mass and energy. As a result, small differences in the proportions of isotopes
are produced by chemical and physical processes. For carbon, we are generally concerned about
stable 12C and 13C atoms. For hydrogen, they are *H and 2H (or D, deuterium) atoms. Isotopes are
reported as the relative deviation of an isotope ratio in a sample compared to a standard reference

material:

13C
13 ( /12C)sample
6" Csample-standard = | T3¢ —1 | *1000%o0 (1.2)

( /12C)standard

(O/w)sampie
6Dsamp1e—standard = (m - 1) * 1000%o0 (1.3)

Where the standard is usually Vienna Pee Dee Belemnite (V-PDB) for carbon isotope, which has
13C/1?2C = 0.0112372, and Vienna Standard Mean Ocean Water (V-SMOW) for hydrogen
isotope, which has D/H = 0.00015576 (Coplen, 1994, 1995). The equation includes a final term
multiplied by one thousand per mil, which does not change the numerical value but makes
comparisons more intuitive, as the 6 ratio difference is usually very small, typically on the order
of per mil to percent. In isotope geochemistry, there are also some other commonly used
notations. Among them, the isotope ratio (R) represents the ratio of a minor isotope to a major

isotope in a given substance, for carbon and hydrogen isotope:

13C

13C
Rsubstance = (ﬁ)substance (1-4)
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D D
Rsubstance = (H)substance (1-5)

The fraction of an isotope is represented by X, where the denominator should include all isotopes

of that element:

13C

13C
Xsubstam(:e ~ (m)substance (1-6)

D D
Xsubstance ~ (m)substance (1-7)

The fractionation factor (a) is the degree of isotopic fractionation between two substances:

13C 13
13C — Rsubstance A __ 8""Csubstance A—standard +1 (1 8)
Xsubstance A-substance B — 13CR .

— 13
substance B 5 Csubstance B—standard +1

D
RsubstanceA — SDsubstance A—standard +1 (1 9)

D —
(substance A—substance B — D ~ sD 1
substance B substance B—standard

The enrichment factor (€) has been used to numerically simplify a:

13Cep g~ 10%In(*Cay_p) = 103(PCay_p — 1) ~8"3C, —8'3C5  (1.20)

Bulk carbon and hydrogen isotopes of methane have long been used to differentiate methane
sources. This is because methane from different sources or subjected to different processes may
exhibit distinct isotopic signatures (i.e., 8*3C and 3D). By directly sampling and measuring the
sources introduced in Section 1.2.1, the isotopic composition of various methane sources can be
determined. Large methane isotopic databases, such as the one shown in Figure 1.7 and Figure
1.8 (Menoud et al., 2022; Sherwood et al., 2017; Sherwood et al., 2021), have been established
through this approach. The summarized isotopic compositions of each source are presented in
Table 1.1. However, certain source categories have considerable overlap in isotopic signatures.
For instance, methane from agriculture, waste, and wetlands predominantly exhibits similar

methane isotopic characteristics, making them difficult to distinguish isotopically (Figure 1.8).
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Therefore, when prior knowledge of methane sources is unavailable and only a set of isotopic
data is available, instead of classifying methane sources based on their origin or emission
activity—such as fossil fuel-related, agriculture, waste, biomass burning, and wetland methane
(see Section 1.2.1)—isotopic signatures are generally only capable of categorizing methane into
thermogenic, pyrogenic/abiotic, and microbial categories. This classification is based on the fact
that these three types of methane typically exhibit distinct isotopic signatures and are generally
distributed in three separate regions on the 8D-8'3C plot (Figure 1.7) (Sherwood et al., 2017;

Whiticar, 2020).
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Figure 1.7. A global compilation of 8D and 8!3C values for fossil fuel-related methane
samples. These methane samples may originate from microbial (M), thermogenic (T), or abiotic
(A) sources, or be a mixture of multiple origins. Conventional: oil and natural gas that have been
extracted using simple technologies like drilling instead of hydraulic fracturing. MCR: microbial
CO2 reduction; MAF: microbial acetate fermentation; ME: microbial in evaporitic environment;
TO: thermogenic with oil; TC: thermogenic with condensate; TD: dry thermogenic; TH:
thermogenic with high-temperature CO2-CH4 equilibration; TLM: thermogenic low maturity;
GV: geothermal-volcanic systems; S: serpentinized ultramafic rocks; PC: Precambrian crystalline
shields. (Figure taken from Sherwood et al. (2017), under CC BY 3.0)
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Figure 1.8. Normalized probability density distribution of '*C and 3D in CH4 for different
source categories. Note that although the peak positions may differ among methane sources,
there is significant overlap between them. (Figure adapted from Menoud et al. (2022), under CC
BY 4.0)
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Table 1.1. Summary of methane source isotopic compositions. Values presented are calculated using data from the Menoud et al.
(2022) database. Notably, there are significant differences between the statistical results of the Menoud et al. (2022) and Sherwood et
al. (2021) databases, particularly in the 6D isotopic composition of methane from rice, ruminants, and waste sources. Due to
ambiguities in the definition of uncertainty across different datasets within the databases, the mean values and uncertainties reported
here are derived as weighted averages based on the number of measurements. The current understanding of the temporal and spatial
distribution of isotopic compositions for each methane source is indicated in separate columns. YES: Sufficient information is
available and corresponding work is published to determine the global distribution or interannual variations of the isotope composition
for this source. SOME: Some geographic or temporal (e.g., interannual or seasonal) variation data exist for this isotope in the given
source, but not enough to make a validated global/annual model. POSSIBLE: There may be some information available, or models
exist that theoretically can simulate the distribution with limited data, but no established model is currently available. NO: There is

essentially no available information on the temporal and spatial distribution of the isotope composition for this source.

Me?‘;m(‘)il?’c Unc;/rotoe;inty Spatial? Temporal? Me(;r:)&D Unci)/ro'ie)\inty Spatial? Temporal?
Fossil-fuel 45.86 0.53 YES YES -188.61 1.63 YES SOME
Wetland 63.07 3.22 YES SOME -319.66 29.3 YES NO
Rice 59.88 3.03 POSSBILE NO 1323.25 9.75 NO NO
Ruminants |  -63.11 1.69 SOME NO 3113 17.2 SOME NO
Termites 65.2 3.2 NO NO 1343 4 NO NO
Waste 54.91 1.71 NO NO 1293.51 10.12 NO NO
Biomass 126.52 1.84 YES SOME 1220 3.8 NO POSSIBLE
Burning
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If source information is unavailable, the origin of methane may be inferred solely from its
isotopic values (Table 1.2). The most negative §3C and 8D (usually §*3C <-60%o, 5D<-250%o)
likely indicate microbial methane. If a set of samples shows 8*3C varying linearly with 8D in a
narrower range (usually 8*3C from -60%o to -30%o and 8D from -250%o to -150%o), thermogenic
methane should be considered. If the 5!3C values are significantly less negative (usually 3C >-
30%o), pyrogenic methane is a likely source, while its 6D values may span the ranges of
microbial and thermogenic or even extend beyond them (Etiope & Whiticar, 2019). This
classification of methane origins based on carbon and hydrogen isotope compositions was first
proposed by (Scholl, 1980), and the corresponding diagram is therefore commonly referred to as
the Scholl plot. This plot has been widely adopted and continuously refined over the years (e.g.,
(Etiope et al., 2019; Etiope & Sherwood Lollar, 2013; Ganesan et al., 2018; Menoud et al., 2022;
Milkov, Faiz, et al., 2020; Sherwood et al., 2017; Whiticar, 1999)). As more data have been
incorporated into the plot, the isotopic boundaries of different methane sources have expanded,
leading to increasing overlap between categories (Figure 1.8) (Menoud et al., 2022). For
example, microbial methane produced under extreme laboratory conditions like very limited
hydrogen supply (Valentine et al., 2004) and abiotic methane synthesized in the lab (McCollom
et al., 2010) have been shown to extend into regions traditionally associated with thermogenic
methane. As a result, relying solely on the Schéll plot to distinguish methane origins has become
increasingly challenging. To improve source identification, additional geochemical diagnostic
indicators are now used alongside methane’s bulk carbon and hydrogen isotopes, such as
methane-to-ethane-and-propane ratios C1/(C2+Cs), hydrogen and carbon isotope compositions of

ethane to butane (8*Cczres, *3Ccans, 8*3Ccanio), and the abundance and isotopic signatures of
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noble gases (e.g., *He/*He). The following sub-sections (Sections 1.3.1 to 1.3.3) will provide a

more detailed discussion of these three types of methane.

Table 1.2. Summary of the characteristic isotopic compositions of thermogenic, pyrogenic,
and microbial methane. There is insufficient information to estimate statistical measures such
as mean and median because the databases are based on bottom-up, activity-based classifications
of methane sources (i.e., fossil-fuel, wetland, and etc.), lacking a database that categorizes
methane sources based on formation pathways (i.e., thermogenic, pyrogenic, and microbial).
Data from Table 1.1 can be referenced to estimate average values and uncertainties. Microbial
methane is likely an average of wetland, rice cultivation, ruminants, and waste sources.
Pyrogenic methane is roughly equivalent to biomass burning. Thermogenic methane tends to be
slightly less negative than fossil-fuel methane because a portion of fossil-fuel methane is of
microbial origin. ((Menoud et al., 2022; Sherwood et al., 2017; Sherwood et al., 2021; Whiticar,
2020) and references therein)

613C (%o) 8D (%o)
Thermogenic -60 to -30 -250to -150
Pyrogenic -30to-10 -400 to -100
Microbial -70 to -50 -400 to -200

1.3.1. Thermogenic Methane

Thermogenic methane is formed by the cleavage of carbon-carbon bonds (a process known as
thermal cracking) of high-carbon-number hydrocarbons (mainly kerogen and subsequent
products) under thermal activation (Hunt, 1995). This process primarily occurs under elevated
temperature and pressure conditions over geological timescales. It mainly takes place in organic-
rich source rock within sedimentary basins, which are also the primary locations for oil and

natural gas formation. Thermogenic methane is sometimes confused with fossil-fuel-related
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methane, which is not accurate. This is because fossil-fuel-related methane (methane collected
from oil, natural gas, and coal wells) could contain both thermogenic- and microbial-origin
methane. The proportion of microbial methane in these reservoirs varies significantly, ranging
from nearly 0% to almost 100%, depending on the specific gas wells. It is estimated that more
than 20% of the world’s discovered gas reserves are of microbial origin (Rice & Claypool,

1981), with shallow coalbed methane serving as a representative example (Strgpoc¢ et al., 2011).

The thermal cracking reaction occurs throughout all stages of petroleum formation. As
temperature increases and maturity progresses (more degradation and gas formation), a sequence
of products is generated, including bitumen, oil, char (carbon-rich solid residue structurally
similar to graphite), and natural gas (pentane, butane, propane, ethane, and methane), at different

stages (Figure 1.9):

heat
Cn(kerogen) =% Bitumen + Oil + Char + Co5+ Cq (1.11)

Stage 1: Bitumen Generation
Kerogen — C,+ C,_s + Bitumen

Stage 2: Oil Generation
Kerogen & Bitumen — C, + C,_s + Oil

Stage 3: Wet gas
Kerogen & Oil = C; + C,_s + Char

Stage 4: Dry gas
Kerogen & C,.s = C; + Char

0.5%Rq 1.2%Rq 2.0%Ro >
Maturity

Figure 1.9. A conceptual scheme for four stages of thermal degradation of kerogen to form
natural gas. The methane proportion increases as maturity increases. (Figure adapted from
Shuai, Douglas, et al. (2018), with permission)
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The maturity refers to the extent of thermal evolution of organic matter in the source rock. It is
usually quantified by the percentage of incident light reflected from vitrinite particles of
sedimentary rock, or, %-vitrinite reflectance (%Ro) (Mukhopadhyay, 1994). At the stage where
%Ro is less than 0.6%, the burial depth is shallow, and the temperature generally does not exceed
50°C. If methane is generated at this stage, it is typically microbial methane. As burial depth
increases and temperature reaches 50-200°C, catagenesis occurs. The stage where %R, ranges
from 0.6% to 1.2% is referred to as the "oil window," during which oil and minor wet gas are
generated. When %Rg is between 1.2% and 2.0%, it is known as the "wet gas window," where a
mixture of C4 to Cy gases is predominantly formed. With further burial and increasing
temperature above 200°C, %R rises above 2.0%, marking the "dry gas window." At this stage,
wet gas undergoes further thermal cracking, converting into predominantly methane-rich gas.
Therefore, the mole ratio of methane to heavier light hydrocarbons, often represented and
calculated as methane/(ethane + propane) or C1/(C2+Cs), serves as an indicator of maturity.
However, this ratio is often influenced by the presence of microbial methane. Generally
speaking, the higher the reservoir temperature, the higher the maturity and the greater the

proportion of methane (Dow, 1977).

Although bond cleavage can cause large isotopic fractionation, thermogenic gas usually reaches
thermal equilibrium after being stored under high temperatures (e.g., >100°C) for millions of
years. 33C and 8D of thermogenic methane usually show a positive trend, with a large portion
being approximately linear (e.g., shale gases in Figure 1.7). 8*3C and 8D generally both become
less negative with increasing maturity (§**Cmethane from -45%o to -35%o with maturity Ro from

0.5% to 2.0%), and may even overlap with the §**C-3D field of pyrogenic methane (8**Cmethane >
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-30%o) (Liu et al., 2019; Shuai, Douglas, et al., 2018). In addition, it is generally considered that
thermogenic methane has more enriched *3C with increasing carbon numbers for the C1-Cy4
alkanes (Sherwood Lollar et al., 2002) (Figure 1.10):

§13c, <8c, <8¢, <8¢, (1.12)

-50

CHa4

O13C (%o)
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Figure 1.10. Typical trends of carbon isotope signals of thermogenic methane, ethane, and
propane changing with the maturity expressed as %Rao. (Figure adapted from Berner and
Faber (1988), with permission)
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In addition to maturity, the composition of the source material influences the carbon and
hydrogen isotopes of oil and gas, which heavily depends on the sedimentary environment (i.e.,
marine vs. terrigenous freshwater) (Liu et al., 2019). Secondary processes can also alter the
isotopic signatures of thermogenic methane, such as thermochemical sulfate reduction (Machel,
2001) and diffusion (Zhang & Krooss, 2001). These processes may produce methane with
isotopic values that exceed the previously defined ranges or even completely reverse the typical
carbon and hydrogen isotopic trends of thermogenic methane. For example, a reversed trend in
the carbon isotopes of C1 to C4 alkanes has been observed, where lighter hydrocarbons are more

enriched in 3C compared to heavier ones (Burruss & Laughrey, 2010).

1.3.2. Pyrogenic Methane

Pyrogenic methane refers to methane produced through high-temperature chemical processes
that do not directly involve microbial activity. A more precise definition is needed to clarify
which methane sources should fall under this category. Geologists, when referring to abiotic
methane, typically focus on geological-origin methane and certain abiotically synthesized
methane in laboratory settings. However, atmospheric scientists, when dealing with the global
methane isotopic budget, often prefer a three-endmember classification—thermogenic,
microbial, and all other sources—ensuring that all methane emissions are accounted for. As a
result, the term "pyrogenic™ is used instead of "abiotic" (e.g., (Basu et al., 2022)). Using
"pyrogenic” is a reasonable approach because methane from geological sources, biomass
burning, and even vehicle exhaust is all generated at relatively high temperatures without direct

microbial involvement and shares similar isotopic compositions.
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1.3.2.1. Abiotic/Geological methane

Etiope and Sherwood Lollar (2013) compiled nine mechanisms proposed in the literature for the
formation of geological methane (Figure 1.11). These mechanisms operate across a wide range
of temperatures, from very high temperatures (>500°C) in the mantle to low-temperature
(<120°C) gas-water-rock reactions. Several important and representative mechanisms are

commonly observed:
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Figure 1.11. Sketch of methane occurrences and mechanisms on Earth, with a specific focus
on geological methane. (Figure taken from Etiope and Sherwood Lollar (2013), with
permission)

The first is methane formation in mantle or extraterrestrial environments under ultra-high

temperature (>500°C) and high-pressure conditions (Gold, 1979; Scott et al., 2004). In this
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process, methane is typically generated through the reaction of metal carbides or metal oxides
with water, such as:
Al,C; + 12 H,0 — 3 CH, + 4 Al(OH), (1.13)

8 FeO + CaCOs3 + 2 H,0 — 4 Fe,0; + CH, + Ca0 (1.14)

The second is equilibration of the C-H-O system in fluid-water-rock reactions at high
temperature (400-600°C) (Kelley & Friih-Green, 1999; Kiyosu et al., 1992):
CO, + 2H,0 - CH, + 20, (1.15)

8 FeO + CO, + 2 H,0 — 4 Fe,05 + CH, (1.16)
This mechanism often occurs in cooling magmatic or hydrothermal systems when fluids interact
with rocks. Under low oxygen fugacity (fO2) conditions, CO> tends to be reduced to methane
while releasing oxygen (Frost, 1979). However, in geological systems, molecular Oz is not a
stable end-product, so mineral equilibria are required to regulate oxygen activity. lron-bearing
minerals, for instance, can act as oxygen carriers and become oxidized. A well-established
reference for determining oxygen fugacity conditions in geochemistry is the Quartz (SiO2)-

Fayalite (Fe2SiO4)-Magnetite (FezO4) (QFM) buffer (O'Neill, 1987).

The third mechanism is Fischer-Tropsch Type (FTT) reactions, which refer to the catalytic
hydrogenation of CO or CO: in the gas or aqueous phase. The most representative reaction in

this category is the Sabatier reaction, a special case of one-step gas-phase FTT:

catalyst

In geological settings, H: is primarily derived from serpentinization, and the catalysts are
typically transition metals (Ni, Fe, Co, Cr, Ru), which are abundant in ultramafic rocks. This
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reaction can occur at relatively low temperatures (<120°C) while still proceeding at a significant
rate, making it one of the most important natural sources of geological methane. The Lost City
hydrothermal field near the Mid-Atlantic Ridge (Kelley et al., 2005) and the Chimaera seep
within the Tekirova ophiolites in Turkey (Etiope et al., 2011) are example methane emission

regions where serpentinization-driven methane production has been extensively studied.

Abiotic/Geological methane generally has the least negative 5!3C, typically greater than -30%o.
However, its 6D values are highly variable, spanning the widest range among methane types,
from -450%o. to -50%o (Figure 1.12). There is no clear systematic isotopic distinction between
different types of abiotic/geological methane; instead, each location tends to have its own unique
isotopic signature. Mantle-derived methane may exhibit isotopic compositions that fall on the
high-maturity side of thermogenic methane (Taran et al., 2010; Tassi et al., 2012). Methane
released from serpentinization of ultramafic rocks can have the most enriched 513C values, as
observed at Lost City (Kelley et al., 2005), Chimaera (Etiope et al., 2011), and Genova
(Boschetti et al., 2013). However, it can also exhibit more depleted §*3C values (which means <-
30%o) and highly negative 6D signals, as seen in Poison Bay (Lyon & Giggenbach, 1994) and
Happo (Suda et al., 2014). Given this variability, detailed investigations of the geological

background are still necessary to accurately determine the origin of geological methane.
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Figure 1.12. A compilation of 8D and 8'3C values for geological methane samples. Please

refer to Etiope and Whiticar (2019) for the geological background of each location. (Figure taken
from Etiope and Whiticar (2019), with permission).

Other indicators can help identify geological methane. A decreasing trend of §*3C with
increasing carbon number (as opposed to thermogenic methane) is a diagnostic tool (Des Marais
et al., 1981; Sherwood Lollar et al., 2002). However, as previously mentioned, thermogenic
methane can sometimes exhibit a reversed trend due to secondary effects (Burruss & Laughrey,
2010). The 3He/*He ratio can indicate whether methane has a mantle origin, as mantle-derived
helium has a high *He/*He ratio (Craig & Lupton, 1976). The C1/(C2+Cs) ratio can be used to
diagnose mixing between different methane sources. Additionally, the carbon isotopes of
associated CO> and the hydrogen isotopes of associated water can, when combined with isotopic
fractionation models, provide further insights—especially in distinguishing microbial methane

contributions when mixing with geological methane (Douglas et al., 2021; Whiticar, 1999).
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1.3.2.2. Biomass Burning Methane

Biomass Burning has already been introduced in Section 1.2.1.3. This methane source is
particularly important in the global isotopic budget because it typically exhibits the least negative

313C and 8D values among all methane sources.

Available measurements are limited, but in general, §*C of biomass burning methane ranges
from -35%o to -9%o0 (Chanton et al., 2000; Nisbet, Allen, et al., 2021). The global average is
estimated to be 813C = -22.3 + 1.9%o (Schwietzke et al., 2016). The isotopic signature of biomass
burning methane is primarily influenced by fuel type (e.g., Cs plant, C4 plants, gasoline, and
diesel) and combustion efficiency (Chanton et al., 2000). The §'3C of methane produced by
combustion is generally similar to that of the fuel or slightly depleted by ~1%o to 6%o (\Vernooij
et al., 2022). A key distinction arises between the combustion of C3 plants (e.g., trees and shrubs)
and C4 plants (e.g., prairie grasses and corn). Cs plants typically have 6*C around -27%o,
whereas C4 plants exhibit a less negative value, around -13%. (Kohn, 2010). At the global scale,
the relative proportions of Cs vs. C4 plant combustion determine the overall §'*C signature of
biomass burning emissions. This C3/C4 combustion ratio is often estimated using the Global Fire
Emissions Database (Chen et al., 2023; van der Werf et al., 2017; van Wees et al., 2022).
Additionally, as combustion temperature increases, leading to higher combustion efficiency,
methane concentrations tend to decrease, while 6!3C becomes more enriched relative to the

original fuel (Chanton et al., 2000; VVernooij et al., 2022).

Hydrogen isotope data for biomass burning methane are even more limited, with reported values

ranging from -262%o to -196%o. (Snover et al., 2000; Yamada et al., 2006). The global average
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has been estimated at 6D = -210 = 16%o (Snover et al., 2000). The D/H fractionation during
combustion is substantial, but research on this topic remains scarce (Snover et al., 2000; Yamada
et al., 2006). The 6D of vegetation varies significantly, primarily due to differences in the
hydrogen isotopic composition of water sources. Cz plants typically have 8D values between -
130%o and -50%o, while C4 plants exhibit a range of -45%o to -5%o (Leaney et al., 1985; Schuler

etal., 2024).

1.3.3. Microbial Methane

Microbial methane refers to methane formed through direct microbial involvement,
encompassing categories such as agriculture, waste, and wetlands, as introduced in Section
1.2.1.2 and Section 1.2.1.4. Given its widespread distribution and diverse sources, microbial
methane exhibits significant variability. The term microbial methane is often used
interchangeably with biogenic methane (e.g., (Schaefer et al., 2016; Stolper, Lawson, et al.,
2014)). However, when applying a three-end member classification, it is advisable to avoid the
abiotic vs. biotic dichotomy, thus using microbial is preferred. Additionally, some researchers
tend to use microbial methane strictly for methane freshly produced by methanogenic archaea
via methanogenesis, while referring to methane that has undergone subsequent processes such as
microbial oxidation as biogenic methane. In Chapter 1 of this dissertation, only the term
microbial methane is used. In Chapters 3 and Chapter 4, the term biogenic appears once each,

equivalent to microbial, but | have not modified it out of respect for the original published text.
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When discussing the isotopic characteristics of thermogenic, microbial, and pyrogenic methane,
microbial methane typically exhibits the most negative §'C values and usually falls within the
most negative range of 6D as well, due to the preferential use of lighter isotopes during
methanogenesis. For the purpose of refining the atmospheric methane budget, the primary
concern is net emissions—that is, the fraction of microbial methane that ultimately reaches the
atmosphere. After microbial methane formation through methanogenesis, microbial methane
must be transported to the surface before being released into the atmosphere. During this process,
a portion of the methane may be consumed by microbial oxidation, which must be accounted for
along with its isotopic effects. Oxidation generally alters the 5'3C and 5D values of microbial
methane, making them less negative and potentially causing the isotopic signature of microbial
methane to become more similar to that of thermogenic methane, thereby increasing the

challenge of distinguishing between the two sources.

1.3.3.1. Methanogenesis

Microbial methane production (i.e., methanogenesis) is conducted by methanogenic archaea
mainly through hydrogenotrophic and acetotrophic pathways (Conrad, 2009; Whiticar, 1999).
The hydrogenotrophic pathway (also called carbon reducing pathway or carbon dioxide reducing

pathway) synthesizes methane with hydrogen and carbon dioxide:

H,0
CO, + 4H, — CH, + 2H,0 (1.18)
while the acetotrophic pathway (also called acetate fermentation pathway, methyl-type
fermentation, or acetoclastic methanogenesis) decomposes acetate into carbon dioxide and

methane through anaerobic fermentation:

H,0
*CH;CO00™ + H* = *CH, + CO, (1.19)
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The carbon in methane is from the methyl group of acetate. Acetotrophic pathway comprises
about 2/3 of microbial methane (Whiticar, 2020), while hydrogenotrophic takes the rest. There
are also some less common methanogenesis pathways, such as the methylotrophic pathway,
which utilizes methylated compounds such as methanol, methylamines, and methyl sulfides as
substrates for methane production (Conrad, 2009). The importance of this pathway increases in
saline environments (Conrad, 2020) and may also be significant in environments with abundant
methylated compounds, such as peatlands, rumens, and wastewater treatment plants. Another
example of less common methanogenesis pathway is the methoxylated pathway, which uses
methoxylated aromatic compounds—such as those found in lignin-derived organic matter—as

substrates. This pathway was first discovered and isolated in coal by Mayumi et al. (2016).

The availability of oxidants (e.g., oxygen, nitrate, ferric iron, or sulfate), substrate composition
and availability, as well as microbial species, population size, and activity, are all key factors
controlling microbial methanogenesis. From a thermodynamic perspective, methanogenesis
becomes energetically favorable only when oxidant concentrations are sufficiently low and
substrate concentrations are high enough. Under these conditions, the Gibbs free energy change
of oxidation reactions becomes less negative than that of methanogenesis. This explains why
methanogenesis strictly requires anaerobic conditions and generally occurs in sediment layers
below the surface (ranging from a few centimeters to a few hundred meters). In these zones,
conditions are strictly anoxic, and the concentrations of competing electron acceptors (e.g., O,
S04%) are significantly reduced. Some methanogenic archaea may survive in oxic environments
(Conrad, 2020; Fetzer et al., 1993), but they do not exhibit methanogenic activity under such

conditions. From a kinetic perspective, the Michaelis-Menten equation for enzyme-catalyzed
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reaction rates and the Monod equation for microbial population growth suggest that
methanogenesis rates increase when both substrate availability and microbial population size are
sufficiently high (Conrad, 2020). Competition exists among different methanogenic microbial
communities, each occupying distinct micro-niches. While the discussion above focuses on a
microbial-scale, microscopic perspective, environmental variables at a broader, macroscopic
level, such as temperature, water table level, soil composition, and soil structure, can influence
microbial activity and substrate availability. These environmental factors ultimately shape

methanogenesis rates and the isotopic signature of the produced methane.

Methane hydrogen and carbon isotope signals were proven to have the ability to distinguish
between microbial methane produced via the two major methanogenesis pathways (Figure 1.13)
(Hornibrook et al., 1997; Scholl, 1988; Whiticar et al., 1986). Whiticar et al. (1986) and Whiticar
(1999) plotted methane 8*3C and 8D values on a single diagram. However, instead of following
the plotting method of his advisor (Scholl, 1980), Whiticar et al. (1986) and Whiticar (1999)
reversed the y-axis, placing 8!3C values with more negative numbers toward the top, while the x-
axis represents 8D values increasing from left to right. Whiticar (2020) explained his reasoning
for this plotting style, stating, and I quote: “My historical rationale for plotting 6*3C-CHa on the
ordinate axis and increasing upward with *2C-enriched values is to help illustrate the typical,
vertically downward depth trend of diagenesis to catagenesis observed in nature, e.g., normally
encountered during drilling of a well.” Within this plot, a triangular-like area is constrained, with
the three corners defining methane of hydrogenotrophic, acetotrophic, and thermogenic origin.
There have been several attempts to improve this diagram, primarily by increasing data points,

refining classifications, and incorporating spatial and temporal distribution information (e.g.,
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(Ganesan et al., 2018; Oh et al., 2022)). However, when databases include thermogenic and
pyrogenic methane, the traditional Scholl plot is generally preferred (Etiope et al., 2019; Menoud
et al., 2022; Milkov & Etiope, 2018; Sherwood et al., 2017). Overall, methane produced via the
hydrogenotrophic pathway tends to be more depleted in 3C (8!3C ranging from -110%o to -60%o)
and less depleted in D (8D ranging from -250%o to -170%o) compared to methane produced via
the acetotrophic pathway (8*3C ranging from -70%o to -50%o and 8D ranging from -400%o to -
250%o). Methane with intermediate $*3C and 8D values was generally interpreted as a mixture

derived from both pathways (Burke et al., 1988).
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Figure 1.13. 8'3C-8D plot for distinguishing thermogenic methane from microbial methane,
as well as distinguishing two methanogenesis pathways. Please note that Figure 1.13 has
switched x and y axes compared to Figure 1.7. (Figure taken from Whiticar (2020), with
permission)

However, distinguishing methanogenesis pathways solely based on the carbon and hydrogen
isotope values is challenging because these isotope signatures are integrated manifestations of
underlying biogeochemical processes, which are modulated by environmental and physiological
factors. Many lab incubation/pure culture studies have been conducted to investigate isotopic
fractionation during methanogenesis under controlled environments, aiming to isolate one or

more specific factors contributing to isotopic effects in methane production (e.g., (Botz et al.,

1996; Kawagucci et al., 2014; Krzycki et al., 1987; Okumura et al., 2016; Penning et al., 2005;
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Valentine et al., 2004; Yoshioka et al., 2008)). One observation is that isotopic fractionation
occurs during the conversion of substrates into methane, meaning that the isotopic composition
of the product is influenced by both the composition of the substrate and the extent of isotope

fractionation (Figure 1.14).
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Figure 1.14. 8'3C-8D plot for demonstrating factors affecting microbial methane isotopic
signatures. The background of this figure is Figure 1.13. The effect from substrate carbon source
composition on acetotrophic pathway is shown in green box. The effect from substrate water
source composition on hydrogenotrophic pathway is shown in light yellow. The effect of
substrate depletion is shown in orange. The effect of microbial methane oxidation is shown in
red. (Figure taken from Whiticar (2020), with permission)
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The influence of substrate composition is most evident in hydrogen isotopes because the 6D of
hydrogen sources can vary significantly. The hydrogen source for methanogenesis (H" and Hy)
are generally in isotopic equilibrium with the surrounding environmental water, which its 6D
have a large variability. The methane produced inherits the hydrogen isotope composition from
surrounding water to a certain extent, resulting in a wide range of variability (Figure 1.14, yellow
area with annotation “8%H,0 shift”). For the hydrogenotrophic pathway, all four hydrogen atoms
in the produced methane are either directly derived from or equilibrated with environmental
water. As a result, the D of methane is strongly influenced by the 6D of surrounding water. We
can say that the water’s hydrogen isotope signature is fully inherited (i.e., a proportionality factor
close to 1). In contrast, in the acetotrophic pathway, only one of the four hydrogen atoms in
methane comes from water, while the other three originate from the methyl group pf acetate.
Consequently , the influence of water’s 6D on the resulting methane is limited, with an effective
inheritance factor of approximately 1/4 (Whiticar, 2020). By examining this relationship, we can
compare the slopes of hydrogen isotope changes in H2O and CHa to identify methane production

processes (Figure 1.15).
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Figure 1.15. Changes in the hydrogen isotope composition of water and methane in relation
to two methanogenesis pathways. In the hydrogenotrophic methanogenesis process, the
hydrogen isotopes of methane and environmental water typically change in a 1:1 ratio, while in
the acetotrophic methanogenesis process, the ratio is generally 1:4. (Figure taken from Whiticar
(2020), with permission)

If the influence of substrate composition can be teased out, then the extent of isotope
fractionation between the substrate and the product can be separated, which is a more
conservative parameter, as it is only related to the processes that have occurred. Taking the CO>
reduction pathway as an example, microbes preferentially utilize the lighter isotopologue, 2CO,,
resulting in methane with a more negative §:3C compared to §3C of 12CO,. There could be a

consistent fractionation between CO> and CHa caused by methanogenesis. However, if CO> is

continuously consumed without replenishment, its 53C of CO, will become progressively less
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negative. This, in turn, will lead to the production of CH4 with a less negative 5'C, provided that
the fractionation between CO2 and CH4 remains unchanged. The fractionation factor, **Cacos-cha
has the relationship of 103 In(**“acoz_cus) & 8"3Cgor — 8*Ceny (see definition in Equation
1.9 and Equation 1.10), which provides a clearer reflection of the carbon isotopic fractionation
process (carbon from CO> to CHy) itself, since it cancels out the effect of the substrate
composition (i.e., 513Ccoz). Generally speaking, o values could offer a more effective means of
distinguishing between different methanogenesis pathways than 8, especially in lab settings. A

summary of fractionation factor (o)) values for methanogenesis reported in the literature is listed

in Table 1.3.

Table 1.3. A summary of a values for methanogenesis.

Min | Max | Representative References

Whiticar et al. (1986)
Valentine et al. (2004) and references
therein
13C
@ coz-cha 1.020 | 1.087 1.05 Okumura et al. (2016) and references
therein
Li, Ash, et al. (2024)

Valentine et al. (2004) and references
13Co cH3cooH-cHa 1.007 | 1.022 1.02 therein
Li, Ash, et al. (2024)

Valentine et al. (2004)
Okumura et al. (2016) and references

P H20-cHa 150 therein
hydrogenotrophic ' Rhim and Ono (2022) and references
therein
1.11 | 1.66 .
Whiticar (2020)
Pa H20-cHa 138 Whiticar (2020)
acetotrophic ' Li, Ash, et al. (2024)
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However, using the fractionation coefficient a to identify methanogenesis processes has a
drawback: it requires that the substrate CO, (or CH3COOH, H-O, or H>) are present
simultaneously with CH4 and that their isotopic compositions are not altered by subsequent
processes. Therefore, this approach is more commonly applied in laboratory experiments,
whereas it may be difficult to achieve in natural environments. Additionally, this a value is not
fixed and can vary for several reasons. First, a is a function of temperature; generally, as
temperature increases, o tends to approach 1. Second, different microbial species, growth stages,
and substrate availability can also affect the o value. These biological factors influence the
degree to which methanogenesis reactions proceed in a reversible manner — a concept commonly
referred to as reversibility. For instance, VValentine et al. (2004) observed that the partial pressure
of Hz is a major factor controlling aHz-cH4 in the hydrogenotrophic pathway. The partial pressure
of Hz gas determines the free energy of the metabolic breakdown, thereby affecting the
reversibility of individual enzymatic steps and, consequently, the extent of isotopic fractionation
expressed at each step. Typically, when substrate availability is high, reactions becomes less
reversible, allowing greater expression of kinetic isotope effects. As a result, the apparent o value

deviates further from 1.

The variable range of the final product methane's §*C and 3D values can far exceeds the
variability seen in o values. This is because the isotopes of the substrate and product will also
change as the reaction progresses. The specific pathways of change depend on whether the
system is a closed (or reversible) system or an open (or closed irreversible) system, which can be
simulated using Rayleigh distillation patterns (Rayleigh, 1902). For more detailed information,

please refer to Hayes (2001b) and Whiticar (2020). As the substrate is consumed without
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replenishment (i.e., a closed system), the §*C of the newly produced methane becomes
progressively less negative (Figure 1.14, orange arrow). This substrate depletion effect is not as
pronounced for the hydrogen isotope because the hydrogen source H2O is typically abundantly

available (Figure 1.14, orange arrow pointing downward but hardly to the right).

1.3.3.2. Microbial Methane Transportation

After methane generation by microbial metabolism, methane needs to go through transportation
and may go through oxidation before reaching the atmosphere. At least five different
mechanisms have been identified for methane emission: ebullition, diffusion, the release of
stored methane due to water turnover, emissions through vegetation (Bastviken et al., 2004;
Strom et al., 2012), and ice-bubble storage flux (Sepulveda-Jauregui et al., 2015). Each
mechanism has different temporal and spatial characteristics. For example, diffusion flux could
be relatively stable at least in summer in some areas, while the release of storage methane may
show a big pulse in spring. A relatively consistent diel emission cycle from lakes was also
observed (the strongest emission from 10 am to 4 pm) (Sieczko et al., 2020), although the reason
for this pattern remains unclear. Rice paddies present a case; as a vascular plant, rice can
transport gases through specialized air spaces known as aerenchyma. Consequently, methane in
rice paddies can have a remarkably high proportion (reported up to 98%) released via the
vegetation pathway (Tyler et al., 1997; Watanabe et al., 1999), suggesting that this methane
likely undergoes less oxidation during its transport to the atmosphere. The different emission
pathways indicate that the released methane may originate from various production zones, may
have undergone different durations of methane oxidation, and therefore may exhibit distinct
isotopic characteristics.
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1.3.3.3. Methanotroph

Just as microbes produce methane, they also consume it, and the balance or imbalance between
methane consumption and production determines the net emissions and the isotopic
compositions of released methane. Microbial methane oxidation (also referred to as
methanotrophy) is mediated by bacteria or archaea and is therefore also interfered with
environmental factors. Anaerobic oxidation of methane (AOM) and aerobic oxidation of
methane (AeOM) are two pathways. AOM is mediated by anaerobic methanotrophic archaea
(ANME) in consortia with sulfate-reducing bacteria (Boetius et al., 2000). AOM typically occurs
in the sulfate-methane transition zone (SMTZ) below the sediment surface, where sulfate and
methane coexist (Alperin Marc & Reeburgh William, 1985; Boetius et al., 2000; Orphan et al.,
2001; Valentine & Reeburgh, 2000):

CH, +S0,*~ = HCO;~ +2H,0+ HS"™ (1.20)
Nitrite (Ettwig et al., 2010), ferric iron, and manganese (Beal et al., 2009) can also act as

oxidizers (i.e., electron acceptors), but they are less common.

Aerobic oxidation of methane (AeOM) typically occurs on surfaces where sediment is exposed
to air or just below the water surface. This process is primarily carried out by aerobic
methanotrophic bacteria, with the key enzyme being methane monooxygenase (MMO), which
converts methane to methanol (Hanson & Hanson, 1996):

CH, + 0,4+ 2H* - CH;0H + H,0 (1.21)
AeOM is the most thermodynamically favorable and has the fastest reaction rate. AOM occurs at

much lower rates and relies on microbial consortia. The rate of methanogenesis likely falls
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between these two processes. The fast speed of AeOM results in the surface layer of soil
typically being methane-unsaturated, as aerobic methanotrophic bacteria in the soil continuously
carrying out AeOM, which makes the soil a sink for atmospheric methane. A significant portion
of methane generated in freshwater wetlands and lake sediments (approximately 22% to 100%)
(Bastviken et al., 2008) is consumed by AeOM before it is released into the atmosphere.
Although the rate of AOM is generally lower, it occurs over vast areas of marine sediments and

may consume 75% to 95% of the methane generated in these sediments (Valentine, 2002).

Like methanogenesis, microbial methane oxidation is also strongly influenced by environmental
factors such as temperature, precipitation, water table depth, salinity, atmospheric pressure, soil
type, nearby urbanization, nearby agriculture, and vegetation cover. Ultimately, it is controlled
by the availability of oxygen and other electron acceptors. However, the rate of methane
production and the speed of its transportation also influence how much methane can be oxidized

before being emitted, thereby influencing the signature of the released methane.

Microbial methane oxidation adds to the complexity of methane carbon and hydrogen isotope
signals by preferentially removing lighter isotopes, thereby shifting the residual methane to less
negative *3C and 5D values. This not only complicates the use of isotopic signals to distinguish
between the hydrogenotrophic and acetotrophic methanogenesis pathways but can also cause the
isotopic signals of microbial methane to overlap with thermogenic signals (e.g., (Alperin et al.,
1988; Whiticar, 1999)). The rate of change for carbon and hydrogen isotopes during methane
oxidation is approximately in the range of 1:5 to 1:10 (Figure 1.14 red arrows, (Whiticar, 2020)).

A summary of fractionation factor (o) values for methane oxidation reported in the literature is
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listed in Table 1.4. Similarly, the expression of isotopic fractionation in AOM and AeOM is also

influenced by reversibility (Liu, Harris, et al., 2023; Timmers et al., 2017).

Table 1.4. A summary of a values for methanotroph.

Min Max References

Happell et al. (1994)
Templeton et al. (2006)
Ol AeOM 1.003 1.060 Feisthauer et al. (2011)

Wang et al. (2016)
Krause et al. (2022)

13C

Whiticar and Faber (1986)
Alperin et al. (1988)

13C
QL aom 1.002 1.038 Holler et al. (2009)
Liu, Harris, et al. (2023)
Happell et al. (1994)
DA acon 1.050 1938 Feisthauer et al. (2011)

Wang et al. (2016)
Krause et al. (2022)

Alperin et al. (1988)
Paaom 1.103 1.274 Holler et al. (2009)
Liu, Harris, et al. (2023)

Stepping back from the microscopic perspective, microbial methane exhibits certain distribution
patterns on a global scale. Methane §*3C values in tropical wetlands are less negative than those
in temperate and boreal wetlands (Figure 1.16), a finding validated through both field studies
(e.g., (Brownlow et al., 2017)) and modeling (e.g., (Ganesan et al., 2018; Oh et al., 2022)). This
phenomenon may be attributed to a greater proportion of the hydrogenotrophic pathway in
tropical regions, or it could simply be that the substrates in the tropics are less negative in §*°C
mainly due to the predominance of C4 plants which has a less negative 5*3C composition.

Oxidation signals provide valuable insights for landfill methane emission studies, where §*°C is
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used to calculate site-specific oxidation efficiency; less negative 8*°C values indicate higher

levels of oxidation (e.g., (Bakkaloglu et al., 2022)).
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Figure 1.16. Global wetland methane 8'3C isotopic signature map. The map is simulated
using a process-based biogeochemical model (isoTEM) that accounts for CH4 production,
oxidation, and transport mechanisms such as diffusion, ebullition, and plant-mediated transport
between soil and the atmosphere. The model outputs are independently validated using field
observation data. Additionally, the model provides information on how wetland §'3C varies over
time. (Figure taken from Oh et al. (2022), under CC BY 4.0).

In summary, based on the distribution of isotopic signatures, three types of methane can be

defined: thermogenic, pyrogenic, and microbial. Influenced by various factors such as production

pathways and substrate composition, each type of methane exhibits a different range of isotopic
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signal variations, but they generally fall within three distinct areas on the §**C-5D plot.
Therefore, statistically, bulk isotopic signals of methane can be used to guide the differentiation
of methane sources. However, as more data points were collected (Figure 1.7 and Figure 1.8), the
boundaries between thermogenic, pyrogenic, and microbial methane have increasingly
overlapped, highlighting the need for additional fingerprinting methods. The concentrations and
isotopic compositions of associated gases and substrates with methane can provide
supplementary information, as can the methane clumped isotopologues that will be introduced
next (Section 1.4). A unique advantage of methane clumped isotopologues is that they do not
require the presence of other gases or substrates. As long as there is enough methane,

measurements can be taken, and two additional independent tracing proxies can be provided.

1.4. Methane Isotopologues

1.4.1. Background

Isotopologues refer to molecules that differ in isotopic composition, while isotopes are on the
atomic level. Clumped isotopologues refer to molecules that have two or more atoms substituted
by their rare isotopes. For methane, the singly-substituted isotopologues are: 2CHa, *CH4, &
12CH3D, and the clumped isotopologues are:**CHsD, 2CH:D,, *CH,D2, *CHD3, *CHDs,
12Cp,, BCDy if only stable isotopes are considered. The commonly measured methane clumped
isotopologues are the doubly-substituted isotopologue, i.e., 3 CH3D, *?*CH2D,. Other multiply-

substituted isotopologues have extremely low natural abundances and currently have few
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applications. Therefore, in this dissertation, as is customary in the literature of this research field,

the term “methane clumped isotopologue” refers to the doubly-(heavy-isotope)-substituted

methane isotopologues. Table 1.5 shows the hypothetical natural abundances of each

isotopologue, assuming a purely random distribution of carbon and hydrogen atoms.

Table 1.5. The hypothetical natural abundances of each methane isotopologue, assuming

carbon and hydrogen atoms are randomly distributed.

12CH, 13CH,4 12CHsD 13CHsD 12CH,D,
98.83% 1.11% 0.59%0 6.7ppm 0.13ppm
13CH,D, 12CHD3 13CHD3 12CDy 13CDy
1.5ppb 13ppt 0.15ppt 50ppq 5.6/10'8

Traditional “bulk” carbon (or hydrogen) isotope analysis measures the abundance of **C (or D)
atoms without distinguishing different isotopologues. The fraction of *3C, X (*3C), is effectively
the sum of the fraction of isotopologues that contain *3C, without differentiating isotopologues,
ie.

X(*3C) = X(*3CH,) + X(*3CH;D) + X(*3CH,D,) + X(**CHD;) + X(*3CD,)  (1.22)
This is also why §*3C and 8D are referred to as “bulk” isotopes of methane. In cases where
extremely high precisions (<1%o of 1% level) are not required, it can be numerically treated that
X(*C) ~ X (*3CH,) because the abundances of the other isotopologues are much lower. Their

low abundances make them hard to be measured.

The concept of clumped isotopologue was put forward by John Eiler (Eiler, 2007; Eiler &
Schauble, 2004), with theoretical and computational studies supporting the enrichment of these
isotopologues (Bigeleisen & Mayer, 1947; Liu & Liu, 2016; Urey, 1947; Wang, Schauble, et al.,

2004; Webb & Miller, 2014). Recent technique breakthroughs have enabled the detection and
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measurement of methane doubly-substituted isotopologues (**CH3D and *2CH,Dy) at natural
abundances. It was not until 2013 that the total abundance of **CHsD plus *?CH2D; (without
differentiation) was measured with a precision of 0.74%o (£1 s.e. in 100s) (Eiler et al., 2013). The
capacity of distinguishing *2CH,D, from *CH3D came a few years later, as instruments
improved (Gonzalez et al., 2019; Young et al., 2016). Methane clumped isotopologue notation is

defined similarly to carbon and hydrogen isotopes:

13CH;D
13 ( /12CH4)sample
6"“CH3Dsample-standard = T3CHLD —1 ]*1000%o0 (1.23)
( /12CH4)standard
12¢cH,D
12 ( 2 2/12CH4)sample
— — [0)
5 CHZDZsample—standard | '2cH,D, 1]+1000%0 (1.24)
( /12CH4)standard

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 (3CHsD and '2CH.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 intra-molecular stochastic distribution - purely random binding of *?C, 3C, H,

and D: (Young et al., 2016)

13CH;3D 3¢ D H 3
substance,stochastic — 4 * Xsubstance * Xsubstance * ( Xsubstance) (1-25)

12 12
CH2D2 _ C D 2 H 2
Xsubstance,stochastic =6 Xsubstance * ( Xsubstance) * ( Xsubstance) (1-26)

The coefficient 4 is derived from the four equivalent positions of hydrogen in methane
molecules, and 6 is derived from 6 different combinations of two deuterium substituting two out

of four hydrogen positions.
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A more commonly adopted notation for clumped isotopologues describes the degree of
enrichment or depletion of *CH3D (**CH2Dy) relative to the pure random (stochastic)

distribution of the sample itself (Eiler & Schauble, 2004; Young et al., 2016):

13CH3DX
13 _ sample,measured
A CH3Dsamp1e - (13CH3D - 1) * 1000%o0 (1.27)
Xsample,stochastic
12CH2D2
AlZCH D — ( Xsample.measured _ 1) » 1000%0 (1 28)
27 25ample 12¢H,D, .

Xsample,stochastic

13CH3D 12¢H,D,

Where Xsample,measured and Xsample,measured are the measured proportions of

13CH3D and ‘?CH2D, molecules in total methane molecules (i.e., all methane isotopologues).
This definition makes methane clumped isotopologue signals independent from the bulk 3C and
D abundances because the reference coordinate is a relative coordinate system that removes the

influence of bulk 3C and D abundances.

In practical applications, we use approximate formulas to calculate ACH3D and A2CH,D>

(Haghnegahdar et al., 2024; Haghnegahdar et al., 2023; Sun, Haghnegahdar, et al., 2025):
13 _(a+ 813CH3D)/ 3 0
A7 CHsDsample = ( (1 + 83CH,) * (1 + 8"2CH;D) 1)+1000%o (1.29)

12
A'2CH,D, _ <(1 + 8 “CH,D

sample

2)/ — 1) « 1000% 1.30
(1 + 6'2CH;D)’ o (139)

The errors introduced by using these approximations are typically less than 0.05%o for A¥*CHsD
and less than 0.1%o for AY?CH2D>. In most cases, the deviations are smaller than these limits.
These approximation-induced errors are generally an order of magnitude smaller than the 1o

measurement uncertainties.
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Due to instrument limitation, many early-stage clumped isotopologue studies can only measure
the total mass-18 intensity, but cannot distinguish *CHsD, ?CH:2D,, and *CHs, so it is common

to see A18 notation in the literature:

18
Al18 = (18Xsamp1e,measured _ 1) * 1000%0 (131)

Xsample,stochastic

Where 18Xsample,measured is the measured proportion of mass-18 molecules (**CHsD, 2CH:D,

and *CHs) in total methane molecules. A18 is numerically close to A¥*CHsD because the

abundances of Y2CH.D; and *3*CHs are two orders of magnitude lower than that of 3CH3D.

1.4.2. Thermodynamic Equilibrium State and Intramolecular Thermometer

Methane clumped isotopologue measurements have been used to indicate the formation or
equilibrium temperature of methane (Stolper, Lawson, et al., 2014; Stolper, Sessions, et al.,
2014). Methane molecules are in constant thermal motion and collide with each other. Collision
may or may not result in isotope exchange. When chemical energy is minimized for the system,
we refer to it as being in an equilibrium state. The isotope effects leading to this state are called
equilibrium isotope effects (EIEs). We take the formation of 3 CHsD during intramolecular
isotope exchange reaction as an example, and the theory can be applied to *>CHzD>:

13CH, + '®CH3D & '?CH, + 3CH3D (1.32)

ce 13CH;D .
The equilibrium constant Keq IS

Kog = 1y~ (1.33)
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13
CH3DKeq is not equal to one. This is because the atoms forming *3C-D bonds are heavier than

atoms forming 2C-D and **C-H bonds. As a result, the vibration frequency of the **C-D bond is
lower than that of the *2C-D bond, and the binding energy of *C-D bond is greater than that of
12C.-D bond. Consequently, the 3 CHsD molecule is more stable than *>*CHsD (and also **CHa)
because breaking the*3C-D bond requires more energy than breaking the *2C-D bond. This leads
to a situation where, if methane is under thermodynamic equilibrium, the abundance of 3 CHzD
will be higher than its stochastic distribution (i.e. A¥*CH3D>0%o) because *CH3D is
thermodynamically preferred. At a given temperature, if methane gas has not reached
intramolecular thermal equilibrium, the isotope exchange reaction described above will tend to

proceed in the forward direction, resulting in a higher proportion of doubly-substituted

3

1
isotopologues (i.e., CH3DKecl > 1), a phenomenon also referred to as clumping. The stochastic
distribution is a theoretical special case of the equilibrium distribution at infinite high
temperatures. As temperature increases, entropy dominates and the distribution of isotopes

among sites is randomized, leading to the reduction in isotopic fractionations and the tendency

13CH;D

for molecules to approach a stochastic limit (i.e. A3 CH3D=0 and KeqatT=+00 = 1).

Keq can be calculated to a high level of certainty using first principles and thermodynamic laws.
The first step is to calculate the potential energy surfaces of each methane isotopologue using the
first principles. With the potential energy surface, the vibrational frequencies can be calculated.
In this case, the standard approach has been to use the Bigeleisen-Mayer/Urey Model to calculate

partition function ratios of an isotopologue pair (PFR) (Bigeleisen & Mayer, 1947; Eldridge et

al., 2019; Urey, 1947). This approach assumes a rigid-rotor and harmonic-oscillator
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approximation, but other methods that relax these constraints yield similar results (Eldridge et
al., 2019):

l—e_hwj/kBT

—hw’ /kgT
1—g hwj/kB

Q (B e ;
PFR =% = Ze G Fo/keT [T, 02 T, 2 (1.34)

Q
where Q is the partition function of the isotopologue, o is the rotational symmetry number, E, is
zero-point energy, kg is the Boltzmann constant, T is the temperature in kelvin, i from 1to N
represents the i atom in a molecule of N atoms, m is the atomic mass,  is the harmonic
vibration frequency given in wavenumber, j from 1 to a is the vibrational modes, # is reduced
Planck’s constant, and the asterisk indicates substituted isotopologue. K4 can be calculated from

Q (or PFR):

12 13
13CH3D Q CH4.Q CH3D

Keq = L (1.35)

13 12
CHy ,Y2CH3D
Q *Q 3

Liu and Liu (2016) calculated the corrected partition function ratio (CPFR), which further

considered six higher-order inharmonic energy terms.

Young, Kohl, Lollar, et al. (2017), for example, reported numerical approximations of K4 as

functions of temperature T in Kelvin (Figure 1.17):

13CH3D 0.0355502 = —433.038 = 1270210.0 . —5.94804+108 = 1.196630%1011 = —9.07230%1012
Keq = 1 + 2 + 3 + 4 + 5 + 6
T T T T T T
(1.36)
8 12CH,D, 0.183798 = —785.483 = 1056280.0 , 9.37307%107 . —8.919480%101° = 9.901730%1012
— % Keq =14+ + + + + +
3 T T2 T3 T4 TS Té
(1.37)
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Figure 1.17. Thermodynamic equilibrium curve in A">’CH:2D:z vs. ABCH:D space. Both axes
are in %o. (Figure taken from Young (2019), under CC-BY-NC-SA 4.0)
The thermodynamic equilibrium curve (Eldridge et al., 2019; Young, Kohl, Lollar, et al., 2017)
facilitates the use of methane clumped isotopologues as intramolecular thermometers. Both
13CH3D and ?CH:D; can serve as independent thermometers, providing two separate
temperature estimations. However, the premise of calculating temperature from clumped
isotopologue signals is that the methane has already reached thermodynamic equilibrium. In
many cases, this assumption does not hold, particularly for microbial methane. Earlier-stage
studies used A18, or AT*CH3D alone to calculate temperature due to the inability of
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differentiating *>*CH2D- from *CHsD or the inability of measuring *CH.D,. For example,
Stolper, Lawson, et al. (2014) used A18 to calculate the formation temperature of thermogenic
and microbial methane in Haynesville Shale, Gulf of Mexico, and Potiguar Basin. \Wang et al.
(2015) used the relationship between A¥*CHsD and 8D to point out that many lab cultures that
produced microbial methane were not thermally equilibrated, so the derived temperature is not
physically real. Figure 1.17 also provides a diagnostic criterion for assessing whether methane
has reached thermodynamic equilibrium—namely, the A¥CH,D2 and A*¥*CHsD values should
fall on the equilibrium curve, indicating that both clumped isotopologue signatures reflect the
same equilibrium temperature. This criterion has been adopted in recent studies (e.g., (Young,
Kohl, Lollar, et al., 2017; Zhang, Snyder, et al., 2021)). However, it is important to note that
even if AYCH,D, and A¥*CH3D values correspond to the same equilibrium temperature, this
does not necessarily confirm that the methane has reached thermodynamic equilibrium or that it
formed at that specific temperature. VVarious processes can alter these parameters, and in some
cases, their values may appear to fall on the equilibrium curve, without necessarily indicating
true equilibrium. These processes will be discussed in Section 1.4.3. Therefore, additional
indicators are required to reliably determine whether methane has attained thermodynamic
equilibrium. Based on current observations, a significant proportion of thermogenic methane, as
well as some microbial methane in deep-sea sediments that has undergone methanogenesis-
methanotrophy equilibrium at geological timescale, appears to meet thermodynamic equilibrium

conditions.
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1.4.3. Non-equilibrium Conditions

A large portion of natural and lab-produced methane samples has been found to deviate from
thermodynamic equilibrium. For these methane samples, their non-equilibrium signals may
convey other information about processes, such as mixing, combinatorial effect, and kinetic
isotope fractionation caused by diffusion, atmospheric sink reactions, and microbial reaction
networks. Some non-equilibrium signals arise from the way that processes like, but not limited
to, mixing produce compositions that are revealed by the mathematical properties of the clumped
A notations, while others result from deviations caused by physical and chemical processes. The
kinetic isotope effect (KIE) is a notation often adopted to describe the Kinetic isotope
fractionation of a reaction/process. For a reaction involving methane isotopologues, KIE is

typically defined as:

12cy,

IKIE =

= (1.38)

where k is the rate constant of the reaction/process with the isotopologue i as the reactant. In
general, isotopologues with rare isotopes are more stable, resulting in a lower reaction rate

constant compared to isotopologues without rare isotopes. Therefore, according to this definition,

the KIE is always greater than or equal to 1.

The definition of KIE has some similarities with the definition of the isotope fractionation factor
(o). However, a emphasizes the differences in isotopic composition between the product and the
reactant, which is the result after the reaction is complete, while KIE focuses on the reaction

rates of different isotopes during the conversion of the reactant to the product. For an irreversible
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reaction in an open system, at each moment of the reaction, there is such a relationship between

o and KIE:

'Oinstantaneous product—reactant = KIE of reaction reactant — product (1.39)

1.4.3.1. Mixing

The A notations are in a non-linear relative coordinate, unlike the 6 notations, which are in a
linear coordinate system. As a result, the mixing process of two different parcels of methane
presents a curve rather than a straight line on the A¥*CH3D-ACH,D> plot. For sample 1 and 2
mixing into a sample “mix” with a mixing ratio f; and f,, the system has the following
relationships:

Apix = A1+ fL + Az * [ (1.40)

fitfz=1 (1.41)
A can be any parameters on the linear coordinate, such as concentration, 3¢X, §*°C, PX, 8D,
13CH3Dy S13CH,D, 12CH2D2Y and §'2CH2D,. But for AB*CH3D and A™CH,D,, according to their
definition:
13cH3D

Xsam e,measure
A"CH3Dample = (g — 1) * 1000%o (1.42)

Xsample,stochastic

12
CH2D»
X

sample (12CH2D2

sample,measured 1) * 1000%o0 (143)

sample,stochastic

A'?CH,D,

both denominators and numerators are being changed by the mixing process, so the ratios
(ABCHsD and A”CH:D;) are no longer changing linearly. As the difference in 83C and 6D
between two mixing end members increases, the ACH3D-A?CH.D, mixing trajectory of the

mixture increasingly diverges from a linear relationship.
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Mixing typically causes methane to deviate from the thermal equilibrium curve—only in very
coincidental cases will the mixing of two parcels of methane result in a thermal equilibrium
signal. The curved relationships observed in isotopologue compositions can serve as diagnostic
indicators of mixing process and can further utilized to estimate mixing ratios. When more than
two endmembers are mixed to cause ambiguity on the linear mixing fields such as the 5!3C-8D
plot, the curve mixing relationship may provide extra information. Figure 1.18 shows a mixing

test done by Young, Kohl, Lollar, et al. (2017).
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Figure 1.18. The behavior of clumped isotopologues during mixing. Black symbols are
measured A'>*CH3D and A'">’CH:,D; in %o of the mixtures. The convex curve is the predicted
mixing curve with small white points marking 10% intervals of mixing. (Figure from Young,
Kohl, Lollar, et al. (2017), with permission)
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1.4.3.2. Combinatorial Effects

While the mixing effect is the nonlinear changing of A¥CH3D and ACH,D, when putting
methane molecules with different isotope signatures together, the combinatorial effect only
causes nonlinear changes in A™?CH,D> values. This effect arises during the assembling of
individual methane molecules with hydrogen atoms derived from multiple hydrogen pools with
different hydrogen isotope ratios. This effect is of particular interest for microbial methane
studies (Labidi et al., 2024; Taenzer et al., 2020; Yeung, 2016) because the acetotrophic pathway
could produce methane by combining the methyl group from the acetate with an external
hydrogen from water. This process creates ideal conditions for the combinatorial effect, as the
oD values of the methyl group in acetate and water are typically different:

*CH;COOH + '™H THO -» *CH; 'H + €O, + H THO (1.44)
If | describe this system in a simplified way, we can assume that two hydrogen atoms combine in
aratio of f; = f, = 0.5, but these hydrogen atoms originate from two distinct hydrogen source

pools, Pool 1 and Pool 2. The fraction of deuterium in Pool 1 is denoted as PX;, while in Pool 2,

it is PX,. If the two pools are not mixed beforehand and the hydrogen atoms from Pool 1 and

Pool 2 remain distinguishable, then the fraction of the (D,D) isotopologue formed is given by:
(D'D)Xmix,real = DXl * DXZ (1.45)

However, if the two pools are mixed beforehand, making hydrogen atoms from Pool 1 and Pool

2 indistinguishable, the overall fraction of deuterium in the mixed pool becomes:

Dy, +Px,

D
Xmix =
mix 2

(1.46)
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In this case, if hydrogen atoms combine randomly within the mixed pool, the fraction of the
(D,D) isotopologue formed is:

Dy, +Px,

D,D
( )Xmix,stochastic = (T)Z (1.47)

(D.D)y

D,D . . . . .
It can be observed that ¢ )Xmix,stochastic is the square of arithmetic mean, while mix real 1S

the square of geometric mean. Since the arithmetic mean is always greater than or equal to the

geometric mean, we have:

Dx,+Px,

D,D D,D
( )X T)Z = DXl * DXZ = ( )Xmix,real (1-4’8)

mix,stochastic = (

Thus, according to definition of the clumped isotopologue A notation:

(D)D)

B (D, D) = (o Imixredl 1y 4 1000%0 < 0 (1.49)

mix ] ]
mix,stochastic

Equality holds only when PX; = PX,. The prime symbol () means that this formulation does
not account the thermodynamic preference of doubly-substituted isotopologue. In other words,
even in the absence of a kinetic isotope effect in the reaction, simply having different bulk
isotopic compositions in the two pools leads to a downward deviation of the resulting

isotopologue A value from its theoretically expected value.

It should be noted that this effect is generally very small. Only when the isotopic composition of
the same element differs significantly between the two pools does the impact become noticeable.
For example, in the case of methane, if the bulk hydrogen isotope composition of the two pools
differs by 100%o, the combinatorial effect results in a deviation of less than 0.1%o in A. If the
difference reaches 1000%o, the combinatorial effect can cause a deviation of up to 5%o in A. For
methane formation, the primary scenario where this effect needs to be considered is acetotrophy.

In natural environments, water can exhibit significant hydrogen isotopic variation. In laboratory
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experiments, if deuterium-doped water is used to culture acetotrophic methanogenesis microbial
communities, the effect becomes more pronounced (Taenzer et al., 2020). Theoretically,
hydrogenotrophy involves the addition of four hydrogen atoms to CO> to form methane, with
these four hydrogen atoms most likely originating from a single hydrogen pool. However, if each
step of the process exhibits different isotopic fractionation, it could result in an effect equivalent
to the combinatorial effect. The same applies to abiotically synthesized methane via the Fischer-

Tropsch-Type pathway (Labidi et al., 2024).

The combinatorial effect will not produce an arithmetic anti-clumping signal in A*CHsD

because the carbon from Pool 1 and the hydrogen from Pool 2 are fully resolved.

1.4.3.3. KIE caused by Diffusion

Heavy isotopes diffuse more slowly than light isotopes. There is typically a relationship as

follows (Richter et aI., 2006):
_ 1p M
M2 MlKIE = ( j)B (1_50)

where D is the diffusion coefficient, M1 and M2 represent isotopologues of the same species with
different molecular masses, with My < M2, and B is the mass-dependent isotopic fractionation
exponent, which is generally considered to be approximately 0.5. This equation applies to a
single ideal gas under conditions where intermolecular forces and collisions can be neglected.
For methane dissolved in water, solvent interactions influence the diffusion process, making the
equation less applicable. However, it can be approximated by reducing 3, meaning the KIE will

be closer to 1. In systems containing multiple gases with similar molecular masses, the molecular
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mass M can be replaced by the reduced mass p, where: u = M1*Ma3/(M1+Ms3), M3 is the

molecular mass of another gas present in the system.

If we use the simplest equation for calculation, we obtain:

120y,

13CH, _ D 13.00335+4%1.007825,95 _
KIE = 13CH4D = ( 17741007825 )P = 1.03082 (1.51)
12
12CH3DKIE _ M _ (12+3¢1.007825+2.0141y05 _ 1 9391 152
- MPcHgp T ( 12+4%1.007825 =1 (1.52)
12
13CH3DKIE _ M _ (13.00335+3+1.00782542.0141 05 _ 4 1£0g3 153
- cHgp = ( 12+4+1.007825 =1 (1.53)
12
12CH,D “p 12+2#1.007825+2+2.0141
272KIE = = )95 = 1.06091 (1.54)

12CH2D2D = ( 12+4%1.007825

The significant figures are intentionally taken to an unrealistically high precision to illustrate the
subtle differences in values at high accuracy. Under these KIEs, we simulate the diffusion-driven
isotope fractionation of pure methane gas with an initial composition typical of thermogenic
methane (from natural gas samples) under ideal conditions. This evolution of the residue
methane isotope composition can be approximated by a closed-system irreversible Rayleigh

fractionation (Hayes, 2004):

. Y ( 'KIE-1)
81residue att — 81residue atto * fresidue (155)

Where i refers to different isotopologues (}CHa, )CHsD, *CH3D, and 2CH2Dy), Siyesique at t
and Siesique at to are the isotopic composition of residue methane at time t and time 0 (initial),
fresidue 1S the remaining fraction of (residue) methane. It should be noted that for clumped

isotopologues, this equation can still only be applied to d notation, not A notation. A must be
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further calculated based on the previously defined formula. The results are presented in Figure

1.19.
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Figure 1.19. Theoretical isotope fractionation caused by ideal pure gas diffusion. f'is the
fraction of remaining methane. The x-axis and y-axis are set to have equal maximum ranges,
with evenly spaced coordinate intervals.

From Figure 1.19, it can be observed that both bulk carbon and hydrogen isotope values become

more positive in the residual methane. Moreover, the isotopic shifts of carbon and hydrogen

120y,

13
occur in an almost 1:1 ratio. This is because * *KIE and PKIE are both greater than 1 and

nearly equal. The same principle applies to 5'3CHsD and §'2CH,D», as their KIEs are also greater
than 1 and nearly identical. Interestingly, A'*CHsD and A?CH:D- also exhibit an approximately
1:1 proportional change. However, the residual methane shifts toward a less clumped

isotopologue composition, yet it still remains above the thermo-equilibrium curve.

The diffusion of methane occurs in various geological and environmental settings, including but

not limited to: methane migration in marine sediments leading to gas hydrate accumulation
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(Ginsburg & Soloviev, 1997); natural gas migration in sedimentary rocks (Zhang & Krooss,
2001); methane transport from sediments into the water column (Reeburgh, 2007); and methane
diffusion across the cell membrane during microbial methanogenesis. Diffusion can also be
artificially introduced in laboratory operations, such as during methane purification, where
methane passes through a MolSieve (a porous polymer adsorbent) column in a Gas
Chromatography (GC) (as described in detail in Section 2.3). Extreme isotopic fractionation
could happen during this process. The nature of diffusion varies significantly across these
processes, with some exhibiting minimal isotope fractionation and some following distinct
mathematical relationships. Taking methane diffusion in porous adsorbent media as an example,
in addition to the controlling factor of molecular mass, if the pore size approaches the molecular
dimensions of methane, Knudsen diffusion or surface diffusion-induced pore effects will
dominate. In such cases, isotopic fractionation does not follow Fick's law of molecular diffusion
(e.g., (Moores & Sapers, 2024; Yeung et al., 2012)). Adsorption-desorption kinetics also play a
role, leading to complex deviations from molecular diffusion (e.g., (Xia & Tang, 2012)).
Nonetheless, the simulation in Figure 1.19 provides a general isotopic fractionation trend

associated with methane diffusion.

1.4.3.4. KIE caused by Atmospheric Sink Reactions

The sink reactions of methane with OH and Cl, as described in Section 1.2.2, have strong
tendencies to preferentially consume lighter methane molecules. As irreversible elementary
reactions, the CH4 + OH and CH4 + Cl reactions are relatively straightforward, likely involving
the formation of a single transition state followed by its decomposition to products. Therefore,

the isotope effects in atmospheric sink reactions can be well described using KIEs.
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Taking the CH4 + OH reaction as an example, consider the following reaction in the atmosphere,

each has a rate constant k:

12
12CH, + OH - > 2CH, - +H,0 %k (1.56)
13 13 13CH,
CH, + OH - - 13CH, - +H,0 k (1.57)
12 12 "2CH3D,
CH,D + OH - — 2CH,D - +H,0 k (1.58)
12 12 2CH;3D
CH,D + OH - - '2CH, - +HDO kP (1.59)
13 13 13CH;3D,
CH,D + OH -  13CH,D - +H,0 k (1.60)
13 13 13CH;D
CH,D + OH -  13CH, - +HDO kP (1.61)
12 12 2CH,Dy, ¢
12 12 2CH,D,
CH,D, + OH - - 2CH,D - +HDO kP (1.63)

The cases that hydroxyl radicals could also have deuterium-substituted isotopologues are not
listed here, to simplify the situation. In included, it would involve similar 8 equations and
reaction rate constants. Among these, when methane isotopologues containing deuterium react
with OH, either C-H bond cleavage or C-D bond cleavage can occur. The cleavage of the C-D
bond leads to a primary isotope effect, where the isotope substitution directly affects the reaction
rate, with the corresponding rate constant k marked with p; the cleavage of the C-H bond results
in a secondary isotope effect, where the substitution indirectly influences the reaction through
changes in the reaction environment, with the corresponding rate constant k marked with s. The
overall rate constant k for the reaction of an isotopologue with OH is the weighted sum of kP and

ks according to the stoichiometric coefficients. Taking *?*CHsD as an example, it is:
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12 12 12
CH3;D 3 "“CH3D 1 "“CH
Th== TkS + ’

D
Z " kP (1.64)
The KIE is the ratio of the rate constant k for the light isotopologue to that of the heavy

isotopologue. Tanking 2CH.D; as an example, the KIE can be expressed as:

12cy,
kcu,+oH

KIEch,+0n = 2555, (1.65)

kcu,+oH

12¢H,D,

Theoretically, these k values can be determined experimentally. However, conducting such
experiments and measuring the parameters during the process is challenging, particularly when it
comes to precisely determining the absolute reaction rates. Measuring the KIE might be
somewhat simpler than measuring k, although it is still technically difficult. Since KIE is a ratio,
the relative error in its measurement is likely to be smaller compared to measuring absolute rates.
These k and KIE values can also be obtained through first-principles calculations. Calculating
KIE can cancel out many computational terms, thereby achieving a more manageable level of

uncertainty.

The KIE for OH with *CHa, Y?CHsD, *CHsD, and *2CH.D; calculated using the second-order
Magller-Plesset (MP2) method based on the cc-pVTZ basis sets are 1.0063, 1.32, 1.33, and 1.92,
respectively at 20 °C (Haghnegahdar et al., 2017). However, the theoretical calculation results
rely heavily on the choice of method that approximate the behavior of electrons in molecules.
Generally, higher-accuracy approximation methods require more computational power.
Nevertheless, the relative relationships of the KIE values are well-established. That is,

12cH,D

13CH, 12cH,

Pr> Py (1.66)

12CH 13CH
k> k> k>
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the OH sink reaction with 12CHa is the fastest, and the OH sink reaction with *2CH.D is the

slowest, being almost half that of 2CHa.

These conclusions also hold true for Cl. The KIEs for CH4+Cl are larger than the corresponding

KIEs for CH4+OH. Table 1.6 summarizes these KIE values.

Table 1.6. Summary of KIEs for methane sink reactions. KIE calculated: KIEs at 20 °C,
calculated using MP2 method with cc-pVTZ basis sets, and interpolated with forth-order
polynomial fittings to 20 °C (Haghnegahdar et al., 2017; Sun, Haghnegahdar, et al., 2025). KIE
experiment: KIEs measured from lab experiments (Haghnegahdar et al. (2017) and references
therein).

KIE calculated KIE experiment y*
13CH4 + OH 1.006 1.0039 to 1.0059
12CHs;D + OH 1.331 1.25,1.30
13CH3D + OH 1.335 1.34 0.997
12CH,D, + OH 1.924 1.81 1.086
13CH4 + Cl 1.028 1.058
12CH3D + Cl 1.419 1.46
13CH3D + Cl 1.460 1.60 1.001
12CH,D, + Cl 2.215 1.40t02.43 1.100

* v for 13CH3D is KIE1scHsp/(KIE1scha*KIE12cH3D), y for 12CH,D3 is KIE12ch2p2/(KIE12cH3D)?.

See more introduction of y in Section 1.4.3.4.

The OH in the atmosphere preferentially reacts with the lighter methane isotopologues, resulting
in an atmospheric methane pool that is enriched in heavier isotopologues compared to the source.
Specifically, >CH,D; shows the greatest enrichment, followed by moderately enrichment in

13CH3D and ?CHsD, and a slight enrichment in 3CHa. As for the exact magnitude of this
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enrichment and the composition of atmospheric methane, it cannot be determined simply through
a closed-system Rayleigh fractionation model. The simulation results of such models depend on
how the atmospheric methane pool is treated—for example, whether it is modeled as a single box
or multiple boxes, whether it is considered in a steady state or non-steady state, and the fluxes
and compositions of each source. Of course, the KIEs of the sink reactions also play a direct role.

These details will be discussed in Section 1.5.

1.4.3.5. Non-equilibrium Signal from Reaction Network

Unlike methane atmospheric sink reactions, microbial and abiotic processes related to methane
production and consumption are not elementary reactions but rather continuous transformations
involving a reaction network consisting of multiple reaction steps. Taking microbial methane
formation and oxidation as an example, the equations presented in Section 1.3.3.1 and Section
1.3.3.3 represent net reactions; however, in reality, these processes consist of a series of
enzymatic (sometimes could be non-enzymatic) reactions. For instance, hydrogenotrophic
methanogenesis involves the stepwise reduction of CO> to methane through seven consecutive
enzymatic reactions, four of which require the addition of electron carriers (Figure 1.20). All
seven steps are reversible, as AOM, the reverse process of hydrogenotrophy, follows the same
reaction steps but in the opposite direction. The degree of reversibility not only determines the
reaction direction (i.e., methane production versus oxidation) but also governs the net expression

of isotopic fractionation.
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Figure 1.20. Schematic diagram of microbial methanogenesis and methane oxidation
metabolic pathways. Metabolites are shown in bold black, electron carriers in gray. Enzymes
that are applicable to hydrogenotrophic, acetoclastic, and methylotrophic pathways, as well as
AOM pathways, are shown in blue. Enzymes unique to the methylotrophic pathway are
highlighted in red, while those unique to the acetoclastic pathway are shown in green. For the
full names of abbreviations, please refer to Gropp et al. (2021). (Figure taken from Gropp et al.
(2021), with permission)

In a reaction network, some steps may not induce isotope fractionation, some steps that exhibit
full reversibility follow equilibrium isotope fractionation (EIE), and some steps may be entirely
unidirectional, leading to purely kinetic fractionation. More commonly, a step can proceed in

both directions but may or may not be able to reach equilibrium or have not reached equilibrium,
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making this step partially reversible. The reversibility (r) of a reaction R—P, ranging from 0 to 1,
is defined as the ratio of the backward and forward mass fluxes of the reaction and is related to

its Gibbs free energy change (Wing & Halevy, 2014):

__ Fluxp,r _

— AGy/RT
Tp R T e (1.67)

Where R is the gas constant, T is the temperature, and AG, is the Gibbs free energy change of the
reaction. As a result, the extent to which KIE and EIE are expressed in a given step depends on
its reversibility, leading to an intermediate fractionation value. Ultimately, the apparent isotope
fractionation of the net reaction is the cumulative effect of all these individual steps. In microbial
methanogenesis, methane often exhibits a non-equilibrium isotopic signature, making

reversibility a key parameter in studying isotope fractionation in these systems.

The reaction pathway of Fischer-Tropsch-Type (FTT) abiotic methane formation is nearly
identical to hydrogenotrophic methanogenesis, except that biological enzymes are replaced by

metal catalysts. Therefore, the same isotopic fractionation considerations apply to both systems.

Several studies (Cao et al., 2019; Gropp et al., 2021; Stolper et al., 2015; Wang et al., 2015) have
modeled isotopologue fractionation during the CO2 reduction pathway (both microbial and
abiotic). Cao et al. (2019) used a model with four rate-determining steps (i.e., steps in Figure
1.20 with electron carriers in gray) to estimate the possible range of A*CHsD and A?CH:D;
signals that the CO> reduction process may generate (Figure 1.21). Cao et al. (2019) proposed
that the apparent A¥*CH3D and ACH,D values are controlled by the reversibility scenarios of
the four rate-determining steps (expressed as a four-digit binary code, e.g., 1100) and the

hydrogen source. Gropp et al. (2021) further refined this model by constraining the EIE values,
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which were left unconstrained in Cao et al. (2019), using first-principles calculations. This
refinement resulted in a narrower predicted range than that presented by Cao et al. (2019) (Figure
1.21). It should be pointed out that while both the Cao et al. (2019) and Gropp et al. (2021)
models appear theoretically and computationally sound, neither model successfully reproduces
the range of observed methane clumped isotopologue compositions measured to date—whether
from natural samples, pure culture incubations, or mixed laboratory incubations (Figure 1.21).
The primary discrepancies between model predictions and empirical data are: 1) overestimation
of AB*CH3D values — The models predict exclusively positive values, whereas most measured
values are negative; and 2) underestimation of AY?CHzD2 values — The models predict values
ranging from -50 to -120%., whereas most measured values fall between -60 and -20%o.. In the
measured datasets, pure culture incubations exclusively reflect the hydrogenotrophic pathway.
While natural and mixed laboratory incubation samples may have been altered by AOM, AOM
itself is the reverse reaction of the hydrogenotrophic pathway. Thus, its isotopic effects should

already be accounted for within the framework of reaction reversibility.
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Figure 1.21. Compiled methanogenesis methane clumped isotopologue signals, real
measurement vs. theoretical calculations. Black points are from real measurements, either
from natural sample, lab pure culture, or lab incubations. Black line is the thermo-equilibrium
curve. Colored boxes are possible A*CH3;D and A'>CHzD; ranges of CO; reduction pathway,
simulated by model presented by Gropp et al. (2021). (1000), (1100), and (1110) stand for
different reversibility scenarios. (Figure adapted from Sun et al. (in revision) and Gropp et al.
(2021), with permission)

Modeling each step in a microbial reaction network using first-principles calculations is
challenging, and experimentally determining the isotope fractionation factors for individual steps
is even more difficult. There are very limited works that reported experimental fractionation
factors of each step. It is more common to measure the net fractionation resulting from the entire
microbial reaction network and infer net fractionation factors (o values) for the overall reaction
(refer to Section 1.3.3.1 and Section 1.3.3.3). This type of effort has recently been expanded to
clumped isotopologues, reporting y values aside from o values. The y value is a parameter that
quantifies the deviation of the clumped isotopologue fractionation factor from the product of
corresponding bulk isotope fractionation factors. Take hydrogenotrophy as an example, it is

defined as:
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13CH3D )
13CH3D Qhydrogenotrphic (1 68)

Yhydrogenotrphic = T3¢

D
X C02-CH4,hydrogenotrphic* ~®H20-CH4,hydrogenotrphic

12CH2D2 i
12CH2D2 Ohydrogenotrphic (1 69)

Yhydrogenotrphic — D

QXH20-CH4,hydrogenotrphic* DO‘HZ0—CH4,hydr0gen0trphic
If microbial methane exhibits A¥*CHsD = 0 or A¥CH,D> = 0, this indicates that no additional
isotopologue clumping or anti-clumping has occurred during fractionation process, and thus, the

13CH3D 12CH2D2

corresponding y or y equals to 0.

While the bulk isotope a values have been summarized in Section 1.3.3.1 and Section 1.3.3.3,

the experimentally measured y values for clumped isotopologues are listed in Table 1.7.

Table 1.7. A summary of y values measured/calculated so far.

13CH3D,, 12CH2D2,, References
Hydrogenotrophy 0.9943 0.9818 Ono et al. (2022)
Acetotrophy 0.9960 0.9990 Li, Ash, et al. (2024)
0.912 Liu, Harris, et al. (2023)
AOM 0.980t0 0.9952 0.935 Ono et al. (2021)
0.9013 Wang et al. (2016)
AeOM 0.9919 to 1.0035 0.7595 Krause et al. (2022)
0.9745 Li, Ash, et al. (2024)
Catalyzed oxidation Sun, Haghnegahdar, et al.
(high-Temperature) 0.9988 0.963 (2025)
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1.4.4. Source Differentiation and Process Identification

Section 1.4.3 has introduced the possible processes that can generate equilibrium and various
non-equilibrium isotope and clumped isotopologue signatures. As a result, clumped
isotopologues serve as a tool for process identification, especially under strictly controlled
laboratory conditions. Methane clumped isotopologues have been applied in observing mixing
processes and combinatorial effects (Labidi et al., 2024; Labidi et al., 2020; Taenzer et al., 2020;
Young, Kohl, Lollar, et al., 2017), investigating microbial methanogenesis (Gropp et al., 2021;
Gropp et al., 2022; Gruen et al., 2018; Li, Ash, et al., 2024; Ono et al., 2022; Rhim & Ono, 2022;
Wang et al., 2015) and microbial methane oxidations (Krause et al., 2022; Li, Chiu, et al., 2024;
Liu, Harris, et al., 2023; Ono et al., 2021; Wang et al., 2016), understanding fossil fuel-related
thermogenic processes (Dong et al., 2021; Shuai, Douglas, et al., 2018; Shual, Etiope, et al.,
2018; Thiagarajan et al., 2020), and studying atmospheric methane sink reactions (Haghnegahdar

et al., 2017; Haghnegahdar et al., 2023; Joelsson et al., 2016; Whitehill et al., 2017).

Similarly, since methane formed through different processes—including thermogenic, abiotic,
and microbial origins—is likely to exhibit distinct clumped isotopologue signatures, these
signatures can also be used for source differentiation. Similar to the Schdéll plot, which is based
on bulk carbon and hydrogen isotopes, a AP CH3D-A?CH.D; plot can be used to distinguish
sources. Since A values are independent of bulk isotope compositions, these two values offers a
completely independent diagnostic framework for source differentiation. One of the applications
of this approach is identifying the contributions of thermogenic methane and microbial methane

in mixed gas samples, commonly seen in natural gas reservoirs and seafloor seeps (Douglas et

90



al., 2016:; Giunta et al., 2019; Lalk et al., 2022 Lalk et al., 2023; Liu, Treude, et al., 2023:

Stolper et al., 2015; Wang et al., 2018; Wang et al., 2024; Young, Kohl, Lollar, et al., 2017).

Methane from different sources tends to be distributed in different regions within the A*CH3D-
AYCH:D; field. When combined with the §3C-8D plot, the distribution in the A**CH3D-
AY2CH,D; plot appears to enhance the ability to determine methane sources, compared to relying

solely on the 83C-5D plot (Marcum et al.; Young, 2019).

Thermogenic methane is typically distributed along the thermo-equilibrium curve, aligning with
its formation/equilibrium temperature. A laboratory experiment by Dong et al. (2021) produced
thermogenic methane with negative A?CH,D; through the thermal cracking of n-octadecane.
This non-equilibrium methane was generated during the early stages of cracking (yield of
methane <5%), possibly reflecting kinetic effects associated with thermal cracking. As
decomposition progresses further, methane may eventually reach equilibrium. Under geological
conditions, methane formed through thermal cracking is typically subjected to geological
timescales of storage and equilibration in reservoirs after its formation. As a result, natural
thermogenic methane is generally expected to exhibit a thermo-equilibrium signal. The boundary
values of (A¥CH;sD %o, AY?CH2D2 %o) pair for thermogenic methane are (5.1, 16.1) for 50°C and

(2.1, 4.5) for 250°C, respectively.

Microbial methane can also have equilibrium characteristics, but at lower equilibrium
temperatures. For instance, thermally equilibrated methane at 20°C has (A¥CH3D %o, A’CH2D-

%o) values of (6.0, 20.1). Thermally equilibrated microbial methane is commonly found in
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seafloor sediments. Laboratory experiments have demonstrated that this equilibrium signature in
microbial methane can result from AOM fractionating fresh methane, a process that typically
occurs in the SMTZ (Liu, Harris, et al., 2023). Additionally, equilibrium signals may arise from
methanogenesis occurring at extremely low rates over geological timescales (Ono et al., 2022) or
from rapid hydrogenotrophic methanogenesis under low hydrogen partial pressure and high

hydrostatic pressure conditions (Mayumi et al., 2024).

However, when assessing the impact of microbial methane on the atmospheric methane budget,
only the portion that is released into the atmosphere needs to be considered. In the context of the
isotopic budget, the overall isotopic composition of the microbial source is represented by a flux-
weighted average of various microbial sources. As a result, sources such as freshwater lakes,
wetlands, rice fields, ruminants, and landfills carry greater weight, since they emit freshly
produced methane that typically undergoes relatively little oxidation and therefore contributes a
larger flux to the atmosphere. Laboratory cultures of methanogens at high Hz pressure serve as a
representative analog. This type of methane typically exhibits a pronounced anti-clumping
characteristic (Gruen et al., 2018; Li, Ash, et al., 2024; Ono et al., 2022; Rhim & Ono, 2022;
Taenzer et al., 2020; Wang et al., 2015; Young, Kohl, Lollar, et al., 2017), particularly with
AY2CH,D; values reaching more negative than -40%.. The anti-clumping feature is associated
with fast production rates and low reversibility (Gruen et al., 2018; Ono et al., 2022; Rhim &
Ono, 2022) as well as the combinatorial effects of hydrogen from water and methyl precursors
(Taenzer et al., 2020). When fresh microbial methane coexists with thermogenic methane, which

is commonly observed in natural gas reservoirs, the differences in clumped isotopologue signals
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and their mixing relationships can aid in distinguishing the contributions of these two methane

sources (Stolper et al., 2015; Thiagarajan et al., 2020; Zhang, Snyder, et al., 2021).

Microbial oxidation is thought to gradually wipe out the anti-clumping signal of microbial
methane (Giunta et al., 2019; Labidi et al., 2020; Li, Chiu, et al., 2024; Ono et al., 2021), and in
some cases, it may even generate very positive A*CHsD and A?CH.D; signals (Krause et al.,
2022; Liu, Harris, et al., 2023). The isotope fractionation effects of AOM and AeOM may
exhibit different directions on the ABCH3D-A'CH:D; field, even though they may overlap on
the 8*3C-8D field. This distinction provides a potential tool for differentiating between these two
oxidation processes (Section 1.3.3.3 and Section 1.4.3.5, Figure 1.22). If a series of microbial
oxidation laboratory cultures were conducted, the shifting pattern in clumped isotopologues
could potentially reveal the degree of oxidation. However, identifying oxidation signals in
natural samples presents challenges due to the lack of information on the presumed initial
composition and the difficulty in modeling the entire system (e.g., closed vs. open system
behavior, source supply dynamics, and transport effects). The key takeaway is that oxidation-
induced secondary alteration must be carefully considered when interpreting clumped

isotopologue signatures.
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Figure 1.22. AOM and AeOM appear to have different direction on the A'*CH3zD-A>2CH:2D:
plot. AOM is shown in orange band, and AeOM is shown in green and cyan lines. Both AOM
and AeOM have the potential to generate extremely positive microbial methane clumped
isotopologue signals. (Figure taken from Liu, Harris, et al. (2023), under CC BY 4.0)
As for pyrogenic methane, available data remain very limited. Labidi et al. (2024) investigated
methane synthesized via laboratory FTT reactions, which exhibited a strong anti-clumping
signature similar to that of hydrogenotrophic methane. This result is expected, as both processes
share the same fundamental reaction network mechanisms (Section 1.4.3.5). Methane from
biomass burning may exhibit a slight depletion in A¥2CH.D relative to the equilibrium line. In
contrast, car exhaust methane (from fossil fuel combustion) displays either a thermal equilibrium

signal or a slight enrichment in AY?CH:D relative to the equilibrium line (Sun, Haghnegahdar, et

al., 2025) (see Chapter 3).
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To summarize Section 1.4.4, the representative clumped isotopologue values for different

methane sources are summarized in Table 1.8 and Table 1.9.

Table 1.8. Summary of methane source isotopologue compositions. The values presented here
will also be available in Sivan and Sun et al. (in prep.) (Chapter 6) (Sivan, Sun, et al., 2024),
calculated from a compilation of published clumped isotopologue data. This table aims to
provide an estimate of the global average. Due to current limitations in uncertainty
quantification, the uncertainties reported here represent the 1SD of all values within the compiled
database for each methane source type. At present, there is very little understanding of the
temporal and spatial distribution of isotopologue compositions for different methane sources.
Therefore, both the spatial and temporal columns in the table are marked as "NO" to indicate the

lack of available information.

Alz;:)aD Uncgza;intv A”(;:;Dz UnCﬁJ/fotji”tV Spatial? | Temporal?
Fossil-fuel 3.57 1.60 7.58 9.51 NO NO
Wetland 1.74 4.06 -36.02 36.51 NO NO
Agriculture -0.16 1.34 -39.78 4.15 NO NO
Waste 2.5 NA -15 NA NO NO
Pyrogenic 1.19 0.85 9.49 18.4 NO NO

Table 1.9. Summary of the characteristic clumped isotopologue compositions of

thermogenic, pyrogenic, and microbial methane.

Thermogenic

(A3CH3D %o, AY2CH2D; %0) = (2.1,4.5) to (5.1, 16.1)

on thermo-equilibrium curve

Pyrogenic

A3CH3D %o from 0 to 4, AY?CH2D; %o from -55 to 1

Microbial

A3CH3D %o from -4 to 20, AY2CH,D2 %o from -65 to 65

Usually around a A>CH2D2%o = 5.86 *A3CH3D %o - 32.5 linear line
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1.5. Atmosphere Methane

Atmospheric methane is a topic that warrants separated discussion. The atmosphere serves as a
methane pool, and when we discuss methane sources and sinks, they are defined relative to this
atmospheric reservoir. Compared to other methane reservoirs, such as natural gas deposits, gas
hydrates, and soil, the atmospheric methane reservoir is relatively small, which is about one-
thousandth of the sizes of other reservoirs (\Whiticar, 2020). What’s more, microbial oxidation in
soil and water columns removes significantly more methane than atmospheric sinks do. Despite
its relative small size and fluxes, atmospheric methane concentration exhibits large fluctuations,
particularly over the past 200 years (Section 1.1), and methane in the atmosphere has a strong
greenhouse effect, making it a critical focus of scientific research. The study of atmospheric
methane primarily revolves around three key questions:

1) What are the characteristics of methane sources? This includes source types, fluxes, isotopic
compositions, spatial distributions, and temporal variability.

2) What are the characteristics of methane sinks? This includes sink types, intensities, isotopic
fractionation effects, spatial distributions, and temporal variability.

3) What modeling approaches are used? This includes whether models are one-box, two-box, or
gridded, whether they are 2D or 3D, whether they incorporate transport and chemical reactions,
and whether they use forward or inverse modeling.

Not every aspect of these questions has a well-defined answer.

For the first question regarding sources, Section 1.2.1 introduces methane sources associated
with fossil fuels, agriculture and waste, biomass burning, and wetlands. Section 1.3 categorizes
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methane into thermogenic, pyrogenic, and microbial sources based on their bulk isotopic
compositions, summarizing the characteristic isotope values in Table 1.1 and Table 1.2. Section
1.4.4 extends this discussion to clumped isotopologues, providing a summary of characteristic
values in Table 1.8 and Table 1.9. However, as discussed in these sections, significant
uncertainties remain in our understanding of methane fluxes and isotopic compositions for each
source. One of the most debated issues is whether fossil fuel-related methane emissions have
been increasing or decreasing since 2000 (Franco et al., 2016; Hausmann et al., 2016; Helmig et
al., 2016; Kai et al., 2011; Nisbet et al., 2016; Schaefer et al., 2016; Schwietzke et al., 2016).
Another controversy concerns whether the current isotopic measurement data are sufficient to
represent the global average isotopic composition of various sources and whether assuming a
constant global average isotopic composition for each source over time is reasonable. This
uncertainty can only be gradually reduced by continuously increasing the number of
measurements and incorporating newly collected data into models. At present, one inference that
can be made is that the isotopic values of fossil fuel-related methane have become less negative
due to changes in the volume and locations of global fossil fuel extraction (e.g., (Schwietzke et
al., 2016)). To be specific, rising coal production in China during 1999-2012 increased coal-
related methane emissions, which is *3C-enriched. Additionally, since around 2002, the rise in
shale gas production in countries such as the US has also contributed, as shale gas methane tends
to be relatively enriched in *3C. In contrast, microbial methane may exhibit greater variability,
and there is insufficient information to determine whether its average isotopic composition will
change with climate variations. These uncertainties also affect estimates of other methane
sources. Additionally, the spatial and temporal resolution of methane sources remains poorly

constrained, limiting the accuracy and resolution of methane models.
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The total source is to the sum of all types of methane sources across all locations, according to
the mass balance equation:

i sFit = Fttotal (1.70)
Here, F represents the flux, t denotes time, and i refers to the methane source category. Sources
can be classified based on emission sectors, such as wetlands, fossil fuels, agriculture, waste,
biomass burning, and other sources, or based on formation mechanisms, such as thermogenic,
pyrogenic, and microbial sources. The variable s represents the spatial distribution of source i,
which can be defined by latitude and longitude, by country, by land type, or by hemispheric

division (Northern and Southern Hemispheres), depending on the available data.

The principle of mass balance also applies to isotopes:

YiXs sFf * %60 = Fiora * “Storar (1.71)
Here, *§ is the isotopologue abundance of isotopologue x, where x for methane can be 12CHa,
13CHy, Y2CH3D, ¥ CHsD, and *2CH.D,. In general, estimates for the total source isotopic
composition are approximately §*3C = -54.5 t0 -52.5%o and 8D = -286 to -270%o (Lan et al.,
2021; Whiticar, 2020), with A¥CH3D = 1 to 3%o and ACH,D; = -25 to -15%. (Haghnegahdar et
al., 2023; Sivan, Sun, et al., 2024), by weighted averaging of the compositions of each source
givenin Tables 1.1, 1.2, 1.8 and 1.9. The specific calculations involve extensive data
compilation, data filtering and processing, assumptions or approximations, and
interpolation/extrapolation based on limited information, which can be referenced in Schwietzke
etal. (2016) and Lan et al. (2021). It is certain that these total source values are significantly

lower than the current atmospheric measurements across all isotopic parameters, particularly for
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3D and ACH;D>. Current atmospheric values are approximately 8°C = -47.5 t0 -47.1%o, 5D = -

92 to -88%o, A*CH3zD ~ 1.5%o, and AY*CH2D2 = 47.5%o.

The inverse problem of the above equation, that is, estimating the F} and &/ of each source i,
given known Ff ., and *8f,.4;, or simply called methane source apportionment, is a more
challenging problem. When the uncertainties of measurements and assigned values are
considered, this becomes a mathematical problem where statistical methods and unmixing
algorithms are necessary. For a system like

Ax=b and AX =D (1.72)
Where A and 4 are the parameter matrices for actual values and assigned values with

uncertainties of each source, x and X are the fraction matrices for actual fractions (of each source

to the total source) and calculated fractions with uncertainties of each source, b and b are the
parameter matrices for actual values and assigned values with uncertainties of the total source.

For example,

13 13 13
6°°C _thermogenic 6°C _pyrogenic 6+°C _microbial

8D _thermogenic &D _pyrogenic &D _microbial
(1.73)

A=

813CH3D_thermogenic 813CH3D_pyrogenic 613CHSD_microbial
8'%CH,D, 8'2CH,D, 8'2CH,D, /

_thermogenic _pyrogenic _microbial

ﬁchermogenic
X = fpyrogenic (1.74)

f microbial
13
6°C _total

8D _total

¢ 13CHSD _total
8'2CH, /

(1.75)

DZ _total

Then,
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(A-A)x+AR-x)=b-b (1.76)
Assuming A is invertible, we have
x—x=A"1(b-b)— (A-A)x) (1.77)
Since we are interested in the relative error, we divide both sides by ||x||, where || || is the
matrix norm which can be calculated by MATLAB function norm(). The relative error is

expressed as

Izl _ [A-aluzn |5l
< k(4)( Al bl ) (1.78)

llxll

Where k(A) is the condition number of A, which can be calculated by MATLAB function
cond(A). Assuming ||A71||||4 — A]| < 1, we have

l|2—x]| K(A) (Ilﬁ—AII ||b- bll)
Ixl = 1=]la-1||[|a-a] * 14l b

(1.79)

The left side of the inequality is the relative error of the fraction matrix. The right side of the
inequality is the sum of the relative error of the parameter matrix for sources and the parameter
matrix for air mixture, times a coefficient. Many inversion problems are based on the above
unmixing mathematical theory. However, when dealing with real-world problems, it is often
implicitly assumed that A = A, meaning that the isotopic compositions assigned to each source

are considered to be accurate

For the second question regarding methane sinks, Section 1.2.2 introduces the major types of
methane sinks and their intensities, while Section 1.4.3.4 discusses the kinetic isotope
fractionation effects of methane sink reactions and summarizes the KIE values in Table 1.6.
However, there are significant uncertainties in these estimates. One of the most prominent issues

is how to determine the concentration of OH radicals to obtain a sink intensity estimate that is
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independent of source emissions. Most models use a fixed methane lifetime, or scale it based on
previous estimates to represent the strength of methane sink reactions (e.g., (Basu et al., 2022;
Lan et al., 2021)). However, the estimation of lifetime is, to some extent, dependent on prior
knowledge of source fluxes. A carefully chosen combination of sink intensity and source flux
can be used to artificially force the model to fit observations. Therefore, if the sink intensity
estimate is derived from the source flux, this parameter is not entirely independent. Another issue
is that most KIE values are derived from first-principles calculations, with limited experimental
validation. A well-crafted combination of sink intensity and KIE values can also force a model to
fit observed isotopic characteristics. However, the uncertainty in KIE values is quite large, yet in
models, KIE is often treated as a constant without uncertainty. Additionally, spatial and temporal
information on methane sinks is extremely limited. Since KIE values are temperature-dependent,
they should vary with altitude, yet a comprehensive 3D model incorporating this effect—along

with altitude-dependent gradients in CH4 and OH concentrations—is still lacking.

In the atmosphere, the rate of CH4 sink reactions is proportional to the product of the reactant
concentrations. In the absence of source replenishment, atmospheric methane concentration

would decay exponentially:

_ d[CHy]
dt

= kcng+on * [OH ] = [CHy] + kenyvcr * [CL] * [CH4] + Ky, 10 1p * [0 'D] * [CH,] +
kCH4+other * [Other] * [CH4] (1.80)

Where k is the corresponding rate constant of each sink reactions. The equation can be simplified

to:

_ d[CHy]
dt

= k'totar * [CH4] (1.81)

By rearranging the equation and integrating, we obtain:
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[CHyle = [CHyJo * e7* rorer”t (1.82)
Defining the methane lifetime 1 as the time it takes for the methane concentration to decrease to

1/e of its initial value, i.e., [CH,]; = @ we derive:

1

Ttotal = !
total

(1.83)

Lifetime 1 is a key parameter in modeling atmospheric methane sinks and is generally assumed
to be constant in models, with an approximate value of 9.1 years commonly adopted (e.g., (Lan
et al., 2021)). This derivation can be extended to different methane isotopologues by treating
each isotopologue as an independent molecule, each with its own corresponding reaction rate

constants k and k' in sink reactions, leading to:

‘T =— (1.84)

where i represents different methane isotopologues, including *2CHa, **CHa, *2*CH3D, **CH3D,
and *2CH,D. Refer to Section 1.4.3.4 for examples of isotopologue-specific reaction equations
and the definition of the KIE. By introducing the KIE, we obtain:

2CH,

iv = IKIE« Mg (1.85)
where i refers to methane isotopologues other than Y2CHa. Since KIE > 1, it follows that the
lifetimes of all other isotopologues are longer than that of 12CHya, as they react more slowly with
atmospheric sinks. Notably, the lifetime of 2CH2D> is more than twice that of *>CHa, reaching

20.2 years.

Current estimates of sink reactions suggest that, under steady-state conditions where sources and
sinks are balanced, the KIEs of sink reactions would enrich atmospheric methane §*3C, 8D,
A13CH3D, and AY?CH:D; by approximately 5%o, 200%o, 0.4%o, and 100%., respectively
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(Haghnegahdar et al., 2017). When sources and sinks are not in steady state, the resulting isotope
fractionation depends on the characteristics of the system (e.qg., closed vs. open system, source
supply dynamics, and transport processes). This leads directly to the third question, which

concerns the choice of modeling approaches to represent these complexities.

For the third question regarding model structure, the simplest approach is to treat the atmosphere

as a single-box with a total methane source and a total sink, represented by the equation:

d[CHy4] ,
= Florar = K rorar” * [CH4 ] (1.86)
Or equivalently,
d[CH [CH4]
e (1.87)

dt T

total
To some extent, this equation does not have an exact solution, as uncertainties exist in [CH4], F,
and k. This transforms the problem into a parameter estimation problem, where relatively well-
constrained parameters are used to infer those with higher uncertainty. Alternatively, it can be
formulated as an inverse problem, where, given observations of [CHa]t (Figure 1.2), we aim to
infer F(t) or k(t). It can also be treated as a Bayesian inference (a combination of forward and
inverse methods), where both prior knowledge (prior) and observational data (likelihood) are
combined to estimate the posterior distributions of F(t) and k(t). These approaches inherently
assume that [CHa]t observations are accurate, but it introduces new choices: should we optimize
k(t) based on F(t), or optimize F(t) based on k(t)? The answer depends on which parameter we

have greater confidence in based on prior knowledge. Typically, k(t), or equivalently, z(z), is

assumed to be relatively well-constrained, and most models even treat k (or 7) as a constant.
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An improved approach to obtaining a more optimal solution is to incorporate spatial information,
transitioning from a single-box model to a two-box model, and eventually to a gridded

atmospheric model, and from 2D to 3D:

d[CH,4] t

t
= F — k’
total
at jatlon,alt totaliat,lon

CH,] + transport (1.88)

lat,lon,alt * [ tiat,lon,alt

Methane in the atmosphere is not well-mixed on both spatial and temporal scales. Atmospheric
methane concentrations are higher in the Northern Hemisphere and lower in the Southern
Hemisphere (NOAA/GML) (Figure 1.23), reflecting higher emissions in the Northern
Hemisphere. Air methane §'°C and 8D have similar latitudinal patterns to the §*C and 6D
patterns of wetlands methane emissions (Figure 1.16). Overprinting the global patterns are
regional patterns such as urban plumes (Ren et al., 2018) (Figure 1.24), natural gas field plumes
like Marcellus Shale (Ren et al., 2019), and permafrost (Lakomiec et al., 2021). The spatial
distribution of air methane concentrations and isotope signals can be used to do source
apportionment through numerical inversions (e.g., (Lowry et al., 2020; Townsend-Small et al.,

2012)).
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Figure 1.23. Global distribution of surface atmosphere methane concentration, from 2016 to
2024. (Figure taken from NOAA GML website)
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Figure 1.24. Regional methane concentration distribution, measured along three downwind
flight transects at various altitudes on February 13, 2015 in DC-Baltimore metropolitan area.
(Figure adapted from Ren et al. (2018), with permission)
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By utilizing high-precision and high-resolution [CHa]t,10c and Fi(t,loc) data with geographic
distribution information in a gridded atmospheric framework, it becomes possible to constrain
the global-scale, lower-resolution estimates of Frotal(t) (Brown, 1993; Hein et al., 1997;
Houweling et al., 1999; Tans et al., 1989). With the increasing availability of satellite
observations (Jacob et al., 2022) and advancements in atmospheric transport modeling (Krol et
al., 2005; Maasakkers et al., 2019; Meirink et al., 2008), the additional value provided by spatial
distribution exceeds additional uncertainties brought by the transport term. This approach has led
to significant progress in optimizing F(t) and k(t), as demonstrated in recent studies (e.g., (Qu et

al., 2021; Saunois et al., 2020)).

Another approach is to incorporate isotopes (as well as other tracers) into the equation in an

attempt to achieve a more optimized solution:

t

d[ 'CH,) '
total

dt

= FLu— 'k «[ 'CH,], (1.89)
where i represents various isotopologues. For each isotopologue i, a similar equation can be
written. However, this introduces a new challenge:

Fiotat = Flotal * ( "Sforar + 1) « 'Const. (1.90)
which necessitates a decision on whether to optimize J(z) based on F(t), or F(t) based on d(7).
Since source o values are generally considered more reliable, isotope information is typically
used to refine the estimation of F(t). What’s more, incorporating isotopes does not inherently
make the numerical solution of the equation more accurate—unless the confidence in isotope

data is higher than that of flux estimates. Several studies illustrate how isotopes have been used

to constrain methane fluxes: Schwietzke et al. (2016) integrated updated 5'C database into a
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one-box model, concluding that fossil-fuel-related emissions remained flat over time. However,
isotope balance led to a substantial upward revision of fossil-fuel-related CH4 flux estimates.

Lan et al. (2021) employed a 3D forward model with geographically resolved flux and 5'3C data,
suggesting that recent atmospheric CH4 growth was driven by increased microbial emissions,
with little change in OH concentration. Basu et al. (2022) incorporated 8*3C into an inversion
model, arguing that [CH4]-only inversions were unlikely to reproduce observed 8*3C trends. Rice
et al. (2016) added 6D into the model. Riddell-Young et al. (2023) expanded on Lan et al. (2021)
by integrating 6D data with geographic resolution, reportedly improving source flux
apportionment. Haghnegahdar et al. (2017); Haghnegahdar et al. (2023) returned to a one-box
model to incorporate the latest clumped isotopologue measurements of contemporary air,
significantly revising the estimated clumped isotopologue signals of the total source. Sivan and
Sun et al. (in prep.) are extending the clumped isotopologue-involved model to a two-box
framework (Sivan, Sun, et al., 2024), and integrating atmospheric methane clumped isotopologue
profile from 1980 to 2020 to further validate the mass balance of clumped isotopologues. Aydin
et al. (2011); Hausmann et al. (2016); Helmig et al. (2016); Simpson et al. (2012); Turner et al.
(2019) leveraged the ethane-to-methane ratio to improve constraints on Frossii. VWorden et al.
(2017) used CO measurements to give better estimations on biomass burning emissions. Rigby et
al. (2017); Rigby et al. (2013) re-evaluated the influence of OH to methane sinks, using CH3CCl3
and major CFCs observations. Figure 1.25 from Turner et al. (2019) provide a nice summary of
most of the available tracers. However, Turner et al. (2019); Turner et al. (2017) and Chung and
Arnold (2021) concluded that the current observations are still insufficient for unambiguous
source attribution. With the incorporation of 6D and clumped isotopologue data, it is promising

to achieve results with higher confidence.

107



1000 Atmospheric perspective (Top-down) Inventory & model perspective (Bottom-up)

L 360
1850 1 Methane Anthropogenic total emissions ’
o — ~— EDGAR v4.2 (excluding Fires) 340 .
S 18004 T SH (+100 ppb) —— EDGAR v4.3 | 300 \;
- 17504 I 300
© 47004 I 280
900 - L 260
— 8004 Ethane Anthropogenic trends per sector 20
= — NH 0
2 7004 = SH(+300 ppt) =
© - Lo O
IN 600 =~ Fugitive Emissions :
O ~ Agriculture +-10
X 500 — Waste
-20
400
47.44 e 20
— 8'°C-CH, Wetland emissions
& — NH WetCHARTs 10 o
L4757 — SH (- —c[e]) S
< SHGOS %) WelCHIMP . | A = Lo ©
o 1 \ <
O 4764 r-10
o -20
4774
> Montzka et al. (2011) Fire emissions 4
8 20 =~ Turner et al. (2017) ~— EDGARv3.2 30
= ~— Rigby et al. (201 7) ’\ =~ GFED v4.1 s
x N =2
s o 20 &
[
I -20 g \/ 2 10
O . .
< stabilization i stabilization
1987 1991 1999 1999 2003 2007 2011 2015 1987 1991 1995 1999 2003 2007 2011 2015

Figure 1.25. Constraints on atmospheric methane over the past 40 years. The left column
from top to bottom is for atmospheric methane concentration, ethane concentration, methane
carbon isotope, and derived OH concentration. The right column from top to bottom is for
anthropogenic total emission fluxes, anthropogenic fluxes trends per sector, wetland emission
fluxes, and fire emission fluxes in Tg CH4 yr'!. (Figure taken from Turner et al. (2019) without
modification, under CC BY-NC-ND 4.0)

Figure 1.26 is a schematic representation of the atmospheric methane budget model structure.
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Figure 1.26. Schematic diagram of the atmospheric methane source-sink model structure.

1.6. Introduction to Chapter 2-7

Chapter 2 provides a detailed description of the novel measurement technique for methane
clumped isotopologues. It covers the entire process, including sample collection, concentration
measurement, methane extraction and purification from large-volume, low-methane-
concentration air samples, as well as the final mass spectrometric analysis and isotope data

calibration.

Chapters 3 to 6 present specific studies | have conducted, all of which have been or will be

published as research articles in academic journals. The overarching goal of these studies is to
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enhance our understanding of the global/regional methane budget. Each of these studies employs
the methane clumped isotopologue measurement and can be placed within the framework of the

atmospheric methane sink-source model introduced in Section 1.5.

Chapter 3 introduces a study on measuring the clumped isotopologue composition of methane in
vehicle exhaust. The motivation for this project was twofold: First, in recent years, studies on
methane clumped isotopologues have not clearly characterized the isotopic composition of the
pyrogenic methane end-member. Most previous research has focused on fossil fuel-related
methane as well as microbial methane from wetlands and laboratory cultures. Methane in vehicle
exhaust is a product of incomplete combustion/oxidation of fossil fuels, originating from an
extreme high-temperature abiotic process. To some extent, it represents the pyrogenic end-
member, but with its own unique characteristics—it shares a formation process similar to
thermogenic methane, an isotopic fractionation process akin to biomass burning, and an abiotic
oxidation process that is the reverse of abiotic methane formation. By analyzing methane from
vehicle exhaust, we aimed to improve the understanding of the isotopic composition of the
pyrogenic end-member. Second, methane emissions from vehicle exhaust are generally
considered a low-flux source and are often overlooked in global methane budget assessments.
However, they may exhibit extreme isotopic signatures, potentially influencing isotope-involved
mass balance calculations in methane budget studies. Therefore, direct measurements of vehicle
methane emissions are necessary. Furthermore, in urban road methane leakage surveys, we
frequently observe small methane peaks that cannot be readily attributed to known sources. We
aimed to investigate whether clumped isotopologue analysis could help identify vehicle exhaust

contributions in ambient air where such emissions may accumulate, and help distinguish vehicle
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exhaust methane from other sources, such as thermogenic and microbial methane, which in

urban areas are most likely associated with residential natural gas leaks and sewer line emissions.

However, the project did not progress as initially envisioned. Although methane concentrations
in some vehicle exhaust samples were higher than expected, reaching >3000 ppb, the average
methane emissions from the on-road vehicle fleet appeared to mix rapidly with ambient air,
resulting in little to no detectable isotopic variation in the environment methane. Consequently,
the study's original second motivation could not be realized. Instead, this study evolved into an
effort to define the isotopic characteristics of vehicle exhaust methane and further incorporated
an investigation into the mechanisms of isotopic fractionation during the methane emissions

process from vehicles.

We deconstructed the methane generation and emission process in vehicles into four key steps:
1) Cracking of fossil fuels at high temperatures, producing methane; 2) Incomplete combustion
of methane when exposed to oxygen at high temperatures; 3) Catalytic oxidation of methane
when exhaust gases pass through the catalytic converter, further reducing methane emissions;
and 4) Rapid mixing of the remaining released methane with ambient atmospheric methane.
Based on these four steps, we developed an isotopic system model and discussed the KIE
associated with high-temperature oxygen combustion of methane and catalytic oxidation of
methane, involving first-principles calculations. The isotopic fractionation factors derived from
these processes could have broader implications for understanding abiotic methane formation,

atmospheric methane sink reactions, and microbial aerobic methane oxidation.
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Chapter 4 presents the first study to analyze clumped isotopologues of methane in low-
concentration atmospheric samples. This project was led by Mojhgan Haghnegahdar, a
postdoctoral researcher in my lab, while I contributed significantly as the second author. Prior to
this study, all research on methane clumped isotopologues focused on high-concentration (nearly
pure) samples, such as natural gas, methane produced by microbial cultures in the lab, or bubbles
emerging from wetlands/waters. This was due to the technical requirement that all instruments
capable of measuring clumped isotopologues demand large volumes of nearly pure methane—
whereas the methane concentration in air is only 2 ppm. Although modeling studies had
predicted the clumped isotopologue composition of atmospheric methane, no direct

measurements had been made.

To enable such measurements, we developed a gas pre-processing system capable of completely
extracting and purifying only ~1.6 mL (approximately 70 umol) of pure methane from 800 L of
air. This process required ensuring no isotopic fractionation occurred, meaning that methane
yield should to be sufficiently high (e.g., >99%), and the extraction workflow had to be
standardized for reproducibility. The most time-consuming and tedious part of the study
involved extensive testing and quality control to achieve this. Each extraction and purification
process took approximately 8 hours, and even minor mistakes—such as failing to fully close a
valve at the correct time—had a high chance of leading to extraction failure. Additionally,

isotopologue measurement took even longer, approximately 40 hours for one sample.

Our final results reported that the atmospheric methane clumped isotopologue compositions were

ACH;3D around 1.8%o0 and AY?CH:2D; around 48%.. The AY?CH.D; values were significantly
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lower than previous model predictions, which generally suggested A2CH2D; values above 80%o.
Given this discrepancy, we revised the atmospheric methane budget model using the newly
obtained measurements, leading to a substantial downward correction of the A2CH,D signature
of the global total methane source. This finding indicates that either our understanding of the
clumped isotopologue compositions of different methane sources is incomplete, i.e., one or more
sources may have a lower A2CHzD2 than previously thought—or that we have underestimated

the proportion of microbial methane in the total global methane flux.

Chapter 5 presents an attempt to use contemporary atmospheric clumped isotopologue
measurements to infer methane sources and track source variations. This effort was inspired by
similar studies that continuously monitor methane concentration and bulk carbon/hydrogen
isotopes on mobile or stationary platforms, using the Keeling plot method to determine the
isotopic composition of methane sources mixing into the background air. Such approaches are
widely employed to identify sources of methane and other pollutants within a given region or
plume. The key question was whether this method could be extended to methane clumped
isotopologues. Several significant challenges arise when applying this approach to clumped
isotopologues. Unlike bulk carbon isotope analysis—where in situ automated measurements at
ambient concentrations are already feasible, achieving 10 Hz-level frequency—measuring
methane clumped isotopologues is highly labor-intensive and time-consuming, with each
measurement requires sampling 800 L of air, transporting the sample to the lab, 8 hours of pre-
processing, and 40 hours of instrumental analysis.

Moreover, limited measurement precision presents a major hurdle. The uncertainty for A¥*CHzD

IS 0.5-0.8%o, yet even with 20% source mixing, the expected signal shift in 2.4 ppm CHa air is
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only about 1%o. For AY?CH:D,, the typical measurement uncertainty is ~1.5%o, but even with
20% source mixing, the expected variation is only 1 to 6%.. This implies that for air with
methane concentrations below ~2.2 to 2.3 ppm, obtaining meaningful source information from

clumped isotopologue data is nearly impossible.

Despite these challenges, we successfully conducted year-round intermittent measurements over
a wetland site at Jug Bay and performed two samplings in a landfill plume. By applying the
Keeling plot method, we successfully inferred the clumped isotopologue composition of methane
emitted from the wetland and landfill sources. Notably, this study provides the first reported
clumped isotopologue values for landfill methane, supplementing our understanding of methane
source compositions. Furthermore, we observed seasonal patterns in wetland methane isotopic
composition, which may reflect variations in methanotroph activity. These findings suggest that
clumped isotopologue analysis of air could still provide information about regional-integrated

methane emissions.

Chapter 6 presents a study on the measurement of methane clumped isotopologues in Arctic firn-
trapped air. This project was inspired by the work in Chapter 4, as the modeling in that study
incorporated historical methane emissions data from various databases to predict the changes in
AY2CH,D; in atmospheric methane from 1985 to 2020. These databases differ in their estimations
of historical methane source fluxes. For example, one dataset suggests that natural gas methane
emissions began to decline from approximately 100 Tg/yr in 1985, while another dataset
estimates that natural gas methane emissions have been increasing since 1985, but from a lower

starting point of around 45 Tg/yr. These different historical estimates are referred to as emission
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scenarios. We found that the predicted evolution of atmospheric A?CH,D> varied significantly
depending on the emission scenario used. If we back-calculate from the 2021 A¥?CH.D; reported
in Chapter 4, the reconstructed atmospheric A>CH,D; values around 1985 show distinguishable
differences under different emission scenarios—the maximum and minimum values differ by
approximately 7%o, which is larger than the =1.5%o typical measurement uncertainty of
AYCH,D;. In contrast, the bulk carbon and hydrogen isotope signatures do not show
distinguishable differences among these emission scenarios. This means that if we can measure
the historical atmospheric methane clumped isotopologue composition, we may be able to

determine which historical emission scenario is more accurate.

Initially, we planned to conduct measurements on archived compressed air samples stored in
cylinders, but we were informed that the remaining sample volumes were insufficient to support
clumped isotopologue analysis. As an alternative, we collaborated with a research group from
the Utrecht University to obtain firn-trapped air from the Arctic. This was a compromise
approach, as firn-trapped air only represents a time-averaged composition over a certain period
and requires additional firn diffusion modeling to determine the timeframe it reflects.

Nevertheless, the availability of these samples provided us with a valuable opportunity.

We performed methane clumped isotopologue analysis on these precious samples, establishing
the first atmospheric methane clumped isotopologue profile spanning from 1993 to 2021. This
profile revealed that the 1993 atmospheric A*?CH2D- (approximately 40%o) was significantly
lower than 2021 values (approximately 48%o), and gradually increased over time. We further

used an atmospheric model to interpret the data. The updated model indicated that, given the

115



current measurement precision and data coverage, we still cannot determine with high
confidence which historical emission scenario is more accurate. Instead, we found that the
methane sink-source imbalance since 1990—where methane sources have increased quickly,
outpacing the growth of sinks and preventing equilibrium—nhas primarily driven the observed
trend. This conclusion holds regardless of which specific source contributed to the total increase
in methane emissions. However, the observed trend in atmospheric A?CH,D> places strict
constraints on the relationship between total source composition A*?CH2D2 tota source and sink
reaction KIE12cH2p2. TO refine these constraints, we compiled existing clumped isotopologue
measurement data, providing a higher-confidence estimate of the total source composition
AYCH2D3 total source. Based on this, we derived a narrow range for the sink KIE12cHzp2 to be
between 1.78 and 1.82. Notably, this range does not align with current experimental
measurements (~1.73) or theoretical calculations (~1.89), but instead falls between the two.
Additionally, we used future methane emission scenarios to predict the future atmospheric
clumped isotopologue signature. Our results suggest that different emission scenarios are likely
to produce distinguishable isotopic trends, providing a potential tool for tracking future changes
in methane sources and sinks if the analysis frequency can be higher and the uncertainty can be

lower than current level.

Chapter 7 will summarize my work and, in addition, | would like to venture to propose some

preliminary perspectives on the future directions of methane clumped isotopologue research. By

doing so, | hope to stimulate further discussions and inspire future investigations in this field.
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Chapter 2: Materials and Methods

The measurement of methane clumped isotopologues is technically challenging. This difficulty
arises from the extremely low abundance of multiply substituted methane isotopologues in
samples. The abundance of *3CHsD is approximately 6.7 x 10, while that of *2CH,D is around
1.3 x 107 in a parcel of methane among all the methane molecules. In comparison, the

abundances of 13CH. and Y2CHsD are approximately 1.11 x 10 and 5.9 x 1073, respectively.

Ma et al. (2008) calculated the vibrational frequencies and corresponding infrared intensities of
13CH3D, followed by the first infrared spectral measurement of 3 CHsD (in artificial **C-D
enriched methane) using Fourier Transform Infrared Spectroscopy (FTIR) at the California
Institute of Technology (Caltech). Later, Tsuji et al. (2012) employed a widely tunable
difference-frequency-generation spectrometer at the Tokyo Institute of Technology (TITECH) to
measure 3CHsD in natural samples, achieving a reported uncertainty of approximately 20%o.
Ono et al. (2014) further advanced the precision of 3CHsD measurements at the Massachusetts
Institute of Technology (MIT) using tunable infrared laser direct absorption spectroscopy
(TILDAS), reporting a precision of 0.2%o (26) for 0.42 mmol of pure methane. The measurement
of 2CH.D; using spectroscopic techniques encountered some challenges and was successfully
demonstrated by Gonzalez et al. (2019) at MIT. More recently, Zhang et al. (2025) at the Swiss
Federal Laboratories for Materials Science and Technology (EMPA) improved spectroscopic
methods, significantly reducing both sample and measurement time requirements. The

challenges associated with spectroscopic measurements of methane clumped isotopologues stem
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not only from their low abundance but also from the inherent difficulty in accurately calculating
their spectral characteristics using theoretical models. Searching for the characteristic
frequencies of doubly-substituted methane isotopologues is nearly impossible without theoretical
predictions. Moreover, the primary spectral peaks of *CHsD and ?CHzD; overlap significantly
with those of other methane isotopologues, while their characteristic absorption lines are weak

and highly susceptible to interference from other molecules.

In contrast, mass spectrometers were introduced relatively late for measuring methane clumped
isotopologues. The first tentative measurements were achieved by (2014) at Caltech using a
prototype Thermo Scientific IRMS-253 Ultra (or "Ultra™). The word "tentative™ is used here
because the prototype Ultra instrument's mass resolving power (MRP) typically ranges between
20,000 and 25,000—sufficient to distinguish methane from interfering ions such as H,O*, OH*,
and NHs" but insufficient to completely separate *CH3D*, 3CHs", 1?)CHzD-", and ?CH4D".
Consequently, early studies from Caltech and University of California, Berkeley (UCB), such as
Stolper, Lawson, et al. (2014), reported the A8 value, which represents a combined signal of
13CH3D and ?CHD, without differentiation. Eldridge et al. (2019) later introduced post-
processing methods to mathematically derive A¥*CH3zD and A>CHzD on commercial Ultra,
which could reach ~45,000 MRP but somehow *2CH.D; is affected by the tail of *CHs. As a
result, additional post-processing (peak stripping) is required to determine the A?CH:D; value.
Zhang, Snyder, et al. (2021) and Sivan, Rockmann, et al. (2024) measured A*CHsD and
AYCH,D; using the commercial Ultra located at the TITECH and Utrecht University,
respectively, adopting this post-processing methods. The challenge posed by the prototype

Ultra's insufficient MRP was theoretically predictable, as the mass-to-charge ratios (m/z) of
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BCH3D*, 13 CHs*, 2CH,D,*, and >)CH4D* are extremely close—18.040927, 18.042475,
18.043854, and 18.045402, respectively. Additionally, the abundance of **CHs" is comparable to
or significantly higher than that of 1>CH.D,*, whereas *CHsD" is far more abundant than both
13CHs* and '2CH,D>*. Depending on their relative abundances, an MRP of approximately
36,000—40,000 (maybe higher) is required to fully resolve these species and achieve interference-
free measurements. Part of the issue with the commercial Ultra may stem from the inability to

adjust the collector slit.

Young et al. (2016) at University of California, Los Angeles (UCLA) was the first to fully
resolve 3CHsD and *2CH.D; using the Nu Instruments Panorama mass spectrometer (or
"Panorama”), which operates with an MRP exceeding 40,000. The third Panorama instrument
(second in the U.S.) is housed at the University of Maryland, College Park (UMD), where we
have followed the analytical approach established by Young et al. (2016) and began analyzing
samples in 2021. Our primary advancement in this technique has been the development of
preprocessing methods for low-methane-concentration samples, enabling the measurement of
methane clumped isotopologues in atmospheric air (~2 ppm CH4) and other low-concentration
methane samples. The third Panorama used for methane clumped isotopologue measurements, as
I know, is reported by Liu et al. (2024) at the Guangzhou Institute of Geochemistry (GIG),

Chinese Academy of Sciences.

The measurement of methane clumped isotopologues is a comprehensive undertaking that
requires far more than a well-calibrated, state-of-the-art mass spectrometer (or spectrometer).

This chapter aims to provide a comprehensive description of the measurement process for
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methane clumped isotopologues, with a particular focus on the additional procedures required for
field sampling and the processing of air samples. These procedures include sample collection,
concentration measurement, methane extraction and purification from large-volume, low-
methane-concentration air samples, mass spectrometric analysis with calibration, and data

quality control.

2.1. Sample Collection

Large sample volumes are required for A®*CHsD and A?CH,D, measurements. We generally
collect samples to have ~ 70 umol (i.e., 1.57 mL at STP) methane (after purification) if possible,
which is the routinely required sample amount for the mass spectrometer to achieve the “desired”
precision. We can technically measure as little as ~20 pmol of methane, but with the compromise
of precision. For samples with a known approximate concentration range, we choose appropriate
sampling methods and volume. For example, background air typically contains approximately 2
ppm of methane. To ensure sufficient sample volume for analysis, we collect air samples using 4
* 200 L Tedlar bags. For samples with unknown methane concentrations, such as vehicle
exhaust, we first collect 5-20 mL samples using syringes to measure the methane concentration.
Based on the measured concentration, we then determine the appropriate sampling volume for
isotopologue analysis. Some samples, such as bubbles from wetland water surfaces, and natural
gas, can generally be assumed to consist almost entirely of methane or contain more than 85%
methane. In these cases, there is usually no difficulty in obtaining a sufficient sample volume for

analysis.
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2.1.1. Syringe Sampling

Syringe sampling is often used for collecting a batch of samples in a certain area for
concentration mapping, or to predetermine concentrations before collecting a large volume
sample for isotope measurement. A 5 ml or 20 ml BD® plastic syringe equipped with a
Swagelok® three-way valve is used for sampling. We flush the syringe three times with the
sample gas at the sampling location, then slowly pull the gas into the syringe until the piston
reaches the maximum scale, and close the valve. An extension tube can be installed in front of
the valve if the sampling location is not reachable by the syringe. The collected samples should
usually be sent to the GC for concentration measurement within a day because the syringes and

valves are not designed to store gas for a long time without leaking.

An example of syringe sampling is mapping the methane emissions of the UMD campus sewer
manholes. Since we did not know the emission status of each sewer manhole, we collected
samples from each available sewer manhole on campus and measured their methane
concentrations. It turned out that a large proportion of the manholes does not have detectable
methane accumulation, but a small proportion has more than 100 times the atmospheric
concentration of methane. Another example is the sampling of vehicle exhaust. Since the
methane concentration in the vehicle exhaust could vary largely (from below 1 ppm, to more
than 3000 ppm), sampling small amount of the exhaust gases of various cars and obtaining their

concentrations, before determining the sampling volumes for isotopologue analyses is necessary.
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2.1.2. Tedlar Bag Sampling

Tedlar bag sampling is the most common sampling method, which is suitable for the vast
majority of samples and is most commonly used for air sampling. We use CEL Scientific
Corporation gas sampling bags made of DuPont’s 2-mil Tedlar® PVF film, with polypropylene
fitting. The required sample volumes are determined based on the sample concentration. For
samples with [CH4] > 50 ppm, we usually use 10-50 L Tedlar bags. For air samples and samples
with similar concentration as air, we use 200 L Tedlar bags. Since the air methane concentration
is generally around 2 ppm, we need 4 * 200 L bags to get about 71 umol methane for clumped
isotopologue analysis. The sample gas is pulled through a portable air mattress pump powered
under 12 V direct current and pumped into the Tedlar bag (Figure 2.1 and Figure 2.2). It usually
takes about 12-15 mins to fill a 200 L bag with the pump. Additional tube connections and

extensions are sometimes necessary, but will slow down the flow rate.
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Figure 2.1. Using two mattress pumps to each fill one 200 L Tedlar bags. Photo taken by
Jiayang Sun on November 4, 2022, at 6:42 AM at Jug Bay Car Boat Launch (38.811565, -
76.710501).
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Figure 2.2. Using one mattress pump to fill 2 * 200L Tedlar bags simultaneously. Photo taken
by Jiayang Sun on September 3, 2022, at 6:53 AM at Jug Bay Car Boat Launch (38.811565, -
76.710501).

Sample extraction (Section 2.3) should be performed as soon as possible after sampling to
extract methane from the collected gas. Tedlar bag is not ideal for long-term storage of gas
samples. Our experience showed that a bulging Tedlar bag full of sample gas was no longer
distended after being stored for 7 days. In addition, storing "dirty" gases (like car exhaust and
sewer gas) for extended periods makes it more difficult to clean the bags. I typically do

extraction right after or one day after the collection.
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The sample bags should be cleaned immediately after the sample has been extracted. For air
samples, no extra step is needed as long as the bag is fully evacuated during extraction. For high-
concentration samples, a postdoc (Julianne Fernandez) in our lab had the experience that high
methane concentration sample could leave some residue methane sticking on the inner surface of
the bag and contaminate the next sample. I usually clean these bags by repeating the following
procedures three times: pumping lab air into the bag, mixing the air well with any residue gas,

and then evacuating the bag.

There is no evidence suggesting that leaving a sample in a sample bag for one day results in a
detectable change in isotopic composition, nor is there evidence indicating that a bag flushed
three times still causes a discernible level of sample contamination. However, similarly, there is
no experimental data or literature explicitly proving that storing a sample in a bag for one day
does not alter its isotopic composition, nor that a bag flushed three times is entirely free of
residual samples. What is certain is that as storage time increases, the concentrations of various
gases in the sample and their isotopic compositions become increasingly likely to undergo
detectable changes—this assumption is based on permeation testing of polymer O-rings in
sampling flasks by Sturm et al. (2004). Therefore, these tests are necessary but have long been

overlooked.

2.1.3. Chamber Sampling

Chamber sampling can collect gas emitted from the soil surface. An aluminum chamber with the

bottom side open can cover a certain area of wetland soil. The chamber is covered with a cap and
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sealed by filling water in the gap (Figure 2.3). Gases released from the soil will accumulate in
the chamber. A small hole drilled in the middle of the cap enables syringe sampling. Since the
chamber has a known volume, it is one of the methods to get an estimation of the methane flux

by checking the change of concentration over time.

Figure 2.3. Photo of a chamber sampling from wetland. Photo taken by Jiayang Sun on
November 05, 2021 at noon, at University of Maryland Golf Course (38.996084, -76.955649).

2.1.4. Bubble Sampling

Bubble sampling can be achieved by floating a foam plastic embedded with an upside-down
plastic bowl on the water surface. A small hole is drilled at the top of the bowl and a syringe was
welded atop this and sealed with a valve, which enables syringe sampling. Bubbles are almost
entirely methane but can include carbon dioxide. So, they usually require a much smaller sample

volume (a few ml) for later isotope measurements.
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2.1.5. Compressor Sampling

The large sample volume requirement poses significant challenges for sample collection and
transportation. To address this, we are developing a method to collect air by compressing it into a
tank using a compressor. The sampling system itself is relatively simple, with the only caveat
being the necessity to use an oil-free compressor rather than any other type of compressor.
However, thorough testing is necessary to ensure that the compression and subsequent
decompression of air do not result in methane loss, contamination, or isotopic fractionation. For
methane clumped isotopologue measurements, given the lengthy sample processing and

measurement times, conducting such tests incurs a substantial time cost.

In fact, even tests that only examine methane concentration and bulk isotope composition are
rarely reported in the literature. The only relevant study found is by Mak and Brenninkmeijer
(1994), which tested gas sample collection using compressed gas cylinders for atmospheric
carbon monoxide isotope analysis. They observed that an unclean pump and seal ring could
introduce significant contamination. Additionally, mixing with ambient air (rather than the
designated sampling source) could reach 1-10% unless a specialized piston was used. They also
noted that when air was stored in a steel cylinder, CO concentrations tended to increase over
time. Bender et al. (1994) discussed whether an aliquot of gas extracted from a larger sample
could accurately represent the bulk sample composition—an issue that could be particularly
significant for an aliquot of gas released from a high-pressure cylinder through a pressure

regulator.
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Although these issues have not been fully resolved, collecting air samples using compressed gas
cylinders appears to be a common practice in the field (e.g., (Quay et al., 1999)) and is generally
believed not to affect methane. This assumption is likely reasonable because methane is a non-
polar molecule, non-sticky, photochemically inactive, present in the atmosphere at ppm levels
rather than ppb or ppt levels, and thermodynamically stable under pressure, making it unlikely to

undergo phase changes.

Between March and April 2022, our laboratory conducted some preliminary tests, although they
were not systematically designed. The first set of tests involved collecting a lab air sample using
the Tedlar bag sampling method, while simultaneously collecting the lab air sample into a gas
cylinder using the compressor sampling method. The two samples were then subjected to
extraction, purification, and measurement. Due to a significant difference in §:3C values between
the two samples, D measurements for the Tedlar bag sample were not performed. The second
set of tests utilized compressed air from the same gas tank. One sample was taken by directly
filling Tedlar bags with the compressed tank air through the regulator, while the other sample
was first stored in Tedlar bags and then further compressed into a cylinder using a compressor.
Both samples then underwent extraction, purification, and measurement. However, discrepancies
were still observed between the two results. Overall, we observed changes in methane
concentration (not recorded) as well as fractionation of methane isotopes (Table 2.1). It remains
uncertain whether the observed fractionation in the March—April 2022 tests was caused by the

compression process, the inherent uncertainty of the sample extraction and purification methods,
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or experimental errors introduced by the operator. Further testing is required to resolve these

uncertainties.

Table 2.1. Preliminary tests for compressor sampling. 2c is the mass spectrometer
instrumental uncertainties, considering the error propagation but without considering the
uncertainties brought by gas extraction and purification processes.

20 20
. e 13 0 0,
Run # Description Sample ID Run Date | 6*°C (%o) (%) 6D (%o) (%)
Test #1
1823- Room Air to 220209-Vent-
1825 compressor | CompressorTank 03/18/2022 | -45.04 0.02 | -113.14 | 0.89
220321/220209
Room Air to air vent bag
1830 bag check with 03/21/2022 | -46.86 0.01 / /
compressor
Test #2
1885- Tank Air to 220330 AirTank
1889 bags (bags) 04/25/2022 | -48.20 0.02 | -108.13 | 0.24
1835 ) Tank Airto | 55053 Acompr | 03/25/2022 | -48.81 | 0.02 | -105.00 | 0.13
1838 compressor
2023- | (new?) Tank .
2024 Air to bags 220512AirTank | 08/31/2022 | -46.89 | 0.04 | -98.03 | 0.33

The use of compressors will greatly facilitate sampling and allow us to deploy sampling

apparatus to more locations under different conditions (e.g., towers and airplanes) if we can

verify the reliability of compressor sampling.

2.2. Concentration Measurement

There are multiple methods | have used to measure methane concentration. One approach is

using a Gas Chromatograph (GC) equipped with a Flame lonization Detector (FID), while
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another involves spectroscopic gas analyzers, with instruments from Picarro and Aeris being the

ones | have used most frequently.

2.2.1. Gas Chromatograph (GC)

Methane concentrations are determined using a Shimadzu® GC-8AIF GC. Samples are injected
from a 1 ml sample loop and carried by N2 (about 60 mi/min) through the 1/8-inch inner diameter
stainless steel GC column packed with 0.5 m Shimalite Q as the stationary phase. The column is
kept at 80 °C. At this setting, different gases elute at different times due to their varying
interactions with the stationary phase, which affects their travel rates through the column.
Oxygen (O») elutes at 1.0 minutes, while methane elutes at 1.8 minutes. The Flame lonization
Detector (FID) records the peak signals. Air and hydrogen (H2) gas flow rates for FID
combustion are set at ~300 ml/min and ~50 ml/min, respectively. FID detects methane by
burning it in a hydrogen flame, generating charged particles (ions and electrons). A high-voltage
electrode captures these charged particles, producing an electrical current that corresponds to the
methane concentration. The area under the methane peak in the chromatogram (which represents
the time-integrated methane signal) is proportional to the average methane concentration in the

sample.

Before measuring the sample, we ran the tank air standard ([CH4] = 1.984+0.010 ppm) three
times to ensure that the instrument is in a stable state. Sometimes a “6 ppm” methane mixture
was run twice after the tank air as a standard. This mixture had [CH4] = 6.253+0.0106 ppm on

July 27, 2022, and had [CH4] = 5.840+£0.016 ppm on Oct 6, 2022, due to leakage of the Tedlar
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bag, and was used up at the end of October 2022. The leak rate is assumed to be constant. We
bracket every four to five samples with a tank air measurement. After all the samples are
measured, the tank air standard is measured three times. The sample methane concentration is
calculated by scaling up/down the tank air assuming the GC responds linearly to methane
concentrations. Sometimes we used a two-point calibration line given by the tank air standard
(1.984 ppm) and “6 ppm” standard. The uncertainty is estimated by checking the standard error

of the tank air runs. We estimate a typical uncertainty of 0.030 ppm (30 ppb) from the GC.

2.2.2. Spectroscopic Gas Analyzers

Methane molecules absorb light at specific wavelengths, a property that enables spectroscopic
instruments to measure methane concentrations with high precision and high-frequency

sampling.

One such instrument is the Mira Ultra LDS Infrared Multi-Pass Laser Gas Analyzer from Aeris
Technologies Inc. (hereafter referred to as “Aeris”). This analyzer can simultaneously measure
methane (CHa) and ethane (C2Hs) concentrations with fast time resolution, low latency, and high
precision. The specific models | have used have serial numbers Aeris 302, 313, and 317. The
manufacturer appears to have made continuous updates to the product based on user feedback,
which may explain why instruments with higher serial numbers exhibit noticeably better
performance and user experience (although this statement is based on personal experience rather

than quantitative data). Improvements are observed in several aspects, including warm-up time,
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data transmission stability, concentration measurement accuracy and precision, zero drift, and

pressure dependence.

Aeris utilizes mid-infrared absorption, which detects the characteristic transition frequencies in
the 3-3.5 um wavelength range, where methane has strong infrared absorption features, although
some overlap with water vapor absorption occurs. The absorption intensity at a fixed
characteristic wavelength is proportional to the methane concentration and the optical path
length. Aeris has an effective absorption path of 13 meters. While temperature and pressure are
partially controlled, pressure in particular is susceptible to external variations. The manufacturer
claims a typical precision of 1 ppb for CH4 and 0.5 ppb for C2He at a 1-second integration time.
However, based on actual use: Serial numbers 313 and 317 achieve ~1.1 ppb precision for CH4
and ~0.3 ppb for CoHe. Serial number 302 has roughly twice the uncertainty for both CH4 and

C2Hs compared to 313 and 317.

All three Aeris instruments have undergone at least one slope calibration at the NOAA Air
Resources Lab. The slope calibration procedure is as follows: a standard sample is directly
introduced into the instrument for 5 minutes, and the average and standard deviation are
calculated using the data from the last 4 minutes of measurements. A different standard sample is
then used, and the same process is repeated. A total of at least three standard samples are used
for one calibration. Following this, a zero air (i.e., air without CHs, CO2, or CO) standard sample
is used to repeat the process and determine the zero point. The NOAA standard samples and zero
air are stored in large compressed air cylinders and contain known reference concentrations of

gases (CHas, CO2, and CO). The methane concentrations of the standard samples | used,
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numbered #14, #18, #19, as well as #1, #2, #3, ranged from 1893.7 ppb to 3090.5 ppb. The
measured values are then compared with the standard values, and a linear regression is
performed to obtain the calibration equation: True Concentration = a * Measured Concentration
+ b. This equation corrects for both zero point offset and slope deviation, though typically only
the slope correction (a) is used, as the zero point offset (b) is usually corrected through more
frequent zero drifting calibrations. Strictly speaking, this calibration equation is valid only for
methane concentrations in the range of 0 to 3.09 ppm, and recalibration is required periodically
to obtain a new calibration equation. For a broader calibration range (e.g., 0 to 100 ppm), a
known concentration of natural gas is used to mix with zero air, at a series of controlled flow rate
controlled by mass flow controllers, to form a series of mixed gas with different mixing ratio and
concentration. Such a calibration is typically performed with ten equally-gradiented

concentrations in the desired concentration range.

In addition to slope calibration, corrections for zero drifting and span drifting are also necessary.
Drifting refers to the gradual deviation of measurements for standard samples with fixed
concentrations of 0 and x (where X is a relatively high value) as the instrument operates over
time. Drifting typically goes in one direction. For the Aeris, drifting is quite noticeable. The
methane drifting could reach 10 ppb in a day and may require zero drifting calibration once a

day, while ethane concentration may require zero drifting calibration every hour.

In addition to various calibrations, close attention must also be paid to the spectrometer's
response to temperature, pressure, absolute water vapor content, and relative humidity—factors

that can cause significant deviations from the true values, and for which calibration is difficult.
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The spectrometer's cavity typically has a strict temperature control system, and temperature
variations during use are generally not significant. However, since the sample gas is directly
sourced from the external environment, both pressure and water vapor content are highly
influenced by external conditions. We observed approximately a 20 ppb CHa drift and a 10 ppb
C2Hs drift with pressure variations from 1013 mbar (ambient pressure) to 500 mbar, on Aeris
317. The drift in the zero and span gases was fairly consistent on Aeris 317. And the drift is more
significant and less consistent on Aeris 313 and Aeris 302. A lack of water in the sample will
cause the Aeris to be unable to detect the spectral peaks for C2Hgs and possibly CHa, rendering
the calculated concentration completely invalid. On the other hand, very high water vapor
content can shift the spectral peak positions for ethane and methane, affecting the calculation
results. More importantly, high water vapor content increases the risk of water condensation on
the instrument's high reflectivity mirrors, and the droplets that form may leave contaminants on
the mirrors after they evaporate. Therefore, it is recommended to flush the instrument's interior

with zero air for one minute before each shutdown.

Picarro Inc. manufactures spectroscopic gas analyzers using a different principle, the cavity ring-
down spectrometer (CRDS). Rather than measuring the intensity of light absorbed by the gas at
specific wavelengths as it passes through an absorption cavity, CRDS measures the time it takes
for an instantaneous laser to decay from its initial intensity to a threshold. The higher the
methane concentration, the stronger the absorption, which causes the decay to occur faster,
resulting in a shorter ring-down time. This mechanism converts the measurement of light
intensity, which can have large uncertainty, into the measurement of time, which have smaller

uncertainty, thereby improving instrument performance, particularly in reducing drifting and
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temperature/pressure dependence. However, this mechanism requires a mirror with extremely
high reflectivity (99.999%) and a powerful instantaneous laser to ensure the laser reflects more
than 100,000 times within the cavity, resulting in an effective path length of around 20 km. As a
result, the instrument is pricier. The Picarro models | have used include the G2301, G2401,
G2401-m, and G2132-i. Among them, the G2401-m has additional pressure and temperature
stabilization features and a design resistant to vibrations, making it suitable for deployment in
moving vehicles and aircraft. The G2132-i can measure the carbon isotopes of methane and
carbon dioxide. Each instrument has slightly different precision, but they can typically achieve
precisions with 5 seconds integration of <15 ppb (typical 3.5 ppb) for CO, <50 ppb (typical 17
ppb) for CO; and <1 ppb (typically 0.1 ppb) for CHs. The maximum drift at STP over 24 hours
is 10 ppb for CO, 100 ppb for CO2, and 1 ppb for CH4, according to the manufacturer’s
specifications. External tests report long-term repeatability of 0.01-0.03 ppm for CO2, 0.14-0.41
ppb for CH4, and 0.3-2.2 ppb for CO (Yver Kwok et al., 2015), or 2-second precisions of 20 ppb

for COz, 4.2 ppb for CO, and 0.2 ppb for CH4 (Ren et al., 2019).

The calibration processes for slope, zero/span drift, and temperature, pressure, and water vapor
dependency for the Picarro are similar to those of the Aeris described earlier. However, the
Picarro G2401 and G2401-m have significantly less zero drift. The zero drift for methane is often
not noticeable for up to a month. They are also significantly less affected by external

temperature, pressure, and water vapor content.

Both Picarro and Aeris are portable and can be deployed in cars or aircraft. The Aeris Ultra is

smaller, lighter, and does not rely on an independent external pump, making it more suitable for
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portable use. They are often used for mapping methane emissions in urban areas or industrial

facilities.

2.3. Extraction and Purification

The first step in the preconcentration of methane involves pumping air samples through a 400 ml
moisture trap filled with dry silica gel, followed by a set of six 0.5-inch diameter liquid nitrogen
cooled U-traps packed with 80-100 mesh Hayesep® DB Porous Polymer Adsorbent (Sigma-
Aldrich®). The pressure is kept below the equilibrium vapor pressure of oxygen (~0.19 bar).
This is to prevent oxygen condensation in the sealed environment, as condensed liquid oxygen is
highly reactive and poses significant safety hazards, including explosion and fire risks. We use a
rotary pump to provide suction, and under this setup, sample is drawn in at a rate of
approximately 4 L/min. These U-traps quantitatively retain methane, krypton, and carbon
dioxide and allow nitrogen and oxygen to partially bleed off. Once the sample has been
transferred, the inlet valve is closed and the line is pumped to a pressure of ~100 torrs and then to
~2 torrs as a first step in removing nitrogen and oxygen while retaining methane and other

condensable gases.

The sample is further concentrated by transferring to a second 3/8-inch diameter liquid nitrogen-
cooled U-trap that is also packed with Hayesep DB. Originally, this step relied on the adsorption
capacity of the second trap at liquid nitrogen temperature and the suction force generated by the
pump positioned after the second U-trap. In February 2023, to further ensure complete transfer of

the sample from the first set of U-traps to the second U-trap, an additional step was introduced,
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using pure N2 to flush both the first and second U-traps. In February 2025, nitrogen was replaced
with helium for this flushing step. Although using N is also feasible, it increases the time
required for the subsequent step. The second trap is then warmed by replacing the liquid nitrogen
trap with an ethanol slush bath at -120°C, while the pump continues to apply suction at one end.
Nitrogen and oxygen are pumped out for 30 minutes (or until the pressure reaches 10 mbar). This
step retains methane, while releasing most of the N2 and O.. The residue gas, after 3 to 5 hours of
the above described extraction process, consists of concentrated methane and krypton, together
with subequal amounts of N2 and Oz. All U-traps in the purification line are heated up to about
80 °C and kept under vacuum overnight to remove any possible residues (especially water).
Figure 2.4 is a schematic diagram of the extraction line. Figure 2.5 is a photo of the extraction

line.
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Figure 2.4. Schematic diagram of the extraction line. Diagram made by James Farquhar,
labeled by Jiayang Sun.
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Sun on November 02, 2021 at 9:30 AM.

Extracting methane from vehicle exhaust requires the removal of substantial amounts of CO. and
H>0, this also applies to other samples with high CO> and water content. Failure to remove CO>
and H20 could result in process inefficiency and possibly cause sample fractionation. Removal
of these gases is done in two steps. Before the sample gas is frozen onto the extraction big U-
trap, it first passes through a dry ice bath to condense the water vapor, and then reacts with high-
concentration (~50%w/v, ~20°C) NaOH aqueous solution by pulling the gas through a gas frit
into the solution. The NaOH solution was aerated with N> for 3 hours before use, to remove CH4
that has been reported to be adsorbed by solid NaOH pellets (Magen et al., 2014). Then a glass
condenser cooled to liquid nitrogen temperature is used to trap any remaining CO and H>O.
Subsequent air pressure monitoring on the purification line confirmed the efficiency of these
added steps in removing COz and H2O. The vehicle exhaust samples also contained other
impurities, which were removed during the bubbling process, as evidenced by the NaOH

solution turning yellow and forming an oily layer. Given the substantial restriction on the gas
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flow rate by the gas frit and NaOH solution, the extraction process could take more than 8 hours,
instead of 5 hours for normal air samples. Hence, we rigorously inspected and reinforced the

extraction line prior to use for optimal airtightness.

Transferring the sample from the extraction line to the purification line required first freezing the
sample within a glass sample vial packed with silica beads under liquid nitrogen temperature on
the extraction line and sealing it by closing the valve. The vial was then connected to the
purification line and opened to release the sample. Final purification is accomplished using
another GC separation. The He carrier gas set at 80 psi (about 80 ml/min) takes the sample in the
injection loop through a 1/8-inch OD 2-mm ID stainless steel GC column packed with 25 feet
(7.62 m) 60-80 mesh MolSieve 5A held at 56 °C. At this setting, the O, peak elutes at around 18
minutes, followed by N> at around 20 minutes, Kr at around 23 minutes, and methane at around
27 minutes. In most cases, the methane peak can be fully resolved from other gas peaks, except
when the methane concentration and/or Kr concentration is too high. The methane peak is
trapped in a liquid nitrogen-cooled collection loop filled with silica gel. The collection loop is
then isolated from the GC, kept at liquid nitrogen temperature while kept pumping to remove
Helium carrier gas. The amount of sample is then determined using a capacitance manometer in
a calibrated volume and transferred to a sample tube containing silica gel that is cooled with
liquid nitrogen. After elution of gas, the GC column is baked and back-flushed with helium flow
at 200 °C for about an hour. All U-traps in the purification line are heated up to about 80 °C and
kept under vacuum overnight to remove any possible residues (especially water). Figure 2.6 is a

schematic diagram of the purification line. Figure 2.7 is a photo of the purification line.
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Figure 2.6. Schematic diagram of the purification line. Diagram made by James Farquhar,
labeled by Jiayang Sun.

Figure 2.7. Photo of the purification line, at the University of Maryland. Photo taken by
Jiayang Sun on November 02, 2021 at 9:30 AM.
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2.4. Isotopoloque Measurement

2.4.1. Introduction of Panorama

Methane isotopologues are measured using the Panorama (Nu Instruments Ltd.). The Panorama
is a double-focusing high-sensitivity high-resolution gas-source mass spectrometer (Figure 2.8
and Figure 2.9) that can reach mass resolving power (MRP, defined as m/Am, where m is the
mass of the ion and Am is the smallest mass difference between two peaks that can be separated)
~55,000, which is sufficient to separate peaks of *CHsD* and 2CHzD-" from adjacent methane
adducts (**CHs" and 2CH4D") on mass 18, as well as 2CH3D* and **CH,4* from ?CHs" adduct
on mass 17. The instrument attains this resolution with high signal strength due to a combination
of factors that include:

(1) An acceleration potential of ~15-16 kV combined with a 1017.6 mm radius electrostatic
analyzer (ESA), which reduces the energy spread (velocities) of ions entering the magnetic
sector;

(2) A continuously variable source slit that allows for the beam to be optimized for mass

resolution and large geometry since MRP = D/(X +5) where D is the total mass dispersion

which is about 630 mm for the Panorama, X is the magnification which is about 0.448, and s is
the source slit width (With an MRP of 40000, the corresponding source slit width is about 35
pm);

(3) A number of quadrupole, hexapole, and octupole lenses, including a large quadrupole lens

equipped between the ESA and the magnet, which allow increased transmission, because they
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can be used to adjust bean shape (i.e., increases D /X), and reduce high-order aberrations. The
Panorama has a D /X=1406 mm, which is comparable to large-geometry Secondary lon Mass
Spectrometry (SIMS) (e.g., CAMECA Instruments Inc. IMS 1280-HR);

(4) An 85° 800 mm radius magnetic sector, which allows for greater separation of ion beams;
(6) High vacuum (lower than 5*1071% mbar) achieved in the instrument along the ion trajectory
reduces scattering;

(7) Faraday collectors and an axial ion counter that are all moveable and with continuously
variable slits, which allow for the collectors to be optimized to allow for fully resolved
measurements; and

(8) The ion counter allows counting particle impacts with very low frequency (tens of
times/second) with a precision close to counting statistics that makes the instrument a high

sensitivity instrument in addition to a high mass resolution instrument.

The instrument is installed in a basement. The instrument has a relatively independent power
supply to minimize interference from fluctuations in current frequency. It is also equipped with
an uninterruptible power supply (UPS) to prevent damage caused by unexpected power outages.
The room is fitted with a temperature control system, which typically maintains the temperature
between 20 and 21 °C. However, the system may become less effective during spring and
autumn, when there are large daily temperature variations in the external environment. The
instrument is covered with a stainless-steel enclosure, which further reduces internal temperature
fluctuations—particularly along the ion flight path and around the collector housing—and also

helps protect the system from dust.
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A detailed description of Panorama can be found in Young et al. (2016). The electrostatic sector

— quadrupole — magnetic sector optical layout is designed by Matsuda (1974).

(R=1017.6 mm)

s 9 Farada i\\ Quad 3
I collectors w ESA
hig
; Source lon counter--\.,// /
Gas inlet (20 kV) ’ é&)
\‘ E. ':,

Figure 2.8. The schematic layout of the Panorama mass spectrometer with major

components labeled. (Figure taken from Young et al. (2016), with permission)
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Figure 2.9. Photo of the Panorama mass spectrometer housed at University of Maryland.
Photo taken by Jiayang Sun. Except for the sample loading section on the far left, the rest part of
the mass spectrometer is covered by metal shields to maintain temperature stability and prevent
dust. Unshielded photos are not shown to avoid any patent disclosure conflicts.

2.4.2. Measurements

Figure 2.10 shows a peak scan of masses 15 (light blue), 16 (blue), 17 (red), and 18 (black)

achieved under single scan mode scanning from magnet setting 17.85 to 17.86 with 200 steps.
Better resolution and peak shape can be reached by careful tuning, higher scan frequency, and
longer integration time. From Figure 2.10, we can distinguish *CH, and CH3D (mass 17), as

well as BCH3D, 2CH,D>, and *CHs" interference (mass 18).
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Figure 2.10. Peak scan under single scan mode, from magnet setting 17.85000 to 17.86000
with 200 steps. Peak heights are not to scale. Peak positions are moved to align and fit into a
figure. Major beams are labeled. Light blue, blue, red, and black are for masses 15, 16, 17, and
18, respectively.

The collectors are set to simultaneously collect 2CH3 (mass 15) & *2CH4 (mass 16) & *CHa
(mass 17) & BCHsD (mass 18), or 2CHs (mass 15) & 2CH4 (mass 16) & 2CHsD (mass 17) &
12CH,D; (mass 18). It means **CHsD and *CH,D; cannot be measured simultaneously. Instead,
we measure them in two separate runs (i.e., dynamic measurements). Mass 18 is counted using

an ion counter. Mass 15, 16, and 17 are counted using Faraday cups. We use 10°% 10%°, and 10

Q amplifiers for masses 15, 16, and 17, respectively.
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Measurements are run at a balanced pressure and intensity between samples and references at
about 10 mbar level in the analyzer housing (higher in the source) and about 101 Amp mass 16
signal intensity. For Y*CHsD, each run usually involves 40 blocks, where a block is 20
comparisons of sample-reference gas pairs. For 12CHzD-, each run usually involves 7 blocks,
where a block is 100 comparisons of sample-reference gas pairs. The counting time for each
single measurement (in a sample-reference pair) is set to be 40 seconds, followed by a delay time
of 20 seconds for flushing the inlet. Peak centering using mass 17 and baseline monitoring on
masses 16, 17, and 18 are performed between every block. Peak centering at a suitable interval is
necessary because the peak position may drift as the sample pressure decreases and room
temperature shifts. However, peak centering and baseline monitoring should not be too frequent
because it can cause the fluctuation of measurement results, usually returning to normal within 1-
2 minutes. This is probably due to the fact that the ionization house reaches a steady state with
species and adducts generated in the ionization process during normal measurements, and when a
peak centering is performed, it is followed by a baseline measurement without gas going into the

ionization house. When the gas flow is restored, the source has to reestablish its steady state.

The instrument reports the intensity of targeted beams and the backgrounds. We calculate the

intensity of the signal by subtracting the background:

Il?,creal = Il?,ctotal - Ii),cbackground (2-1)
Where [ is the intensity, i is the targeted isotopologue, x can be 15, 16, 17, or 18. While I,

will drift as the gas is consumed, the ratio of two masses will be more stable:
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y
RY _ Isample or reference (2 2)
sample or reference — Ji6 .
sample or reference

Where R stands for the ratio, and y can be 15, 17, 18.
By calculating d”, the ratio of the signal strengths of different mass for sample and reference, we

get a more stable constant that mostly cancels out instrument fractionation and drift:

Ig,am
— /I}Sm —
d¥ = 55— = const. (2.3)

y
ITef/16
Iref
d” can be converted to the commonly seen isotopic values format in per mil:
6Y = (d¥ — 1) * 1000%o0 (2.4)

Typical instrument measurement uncertainties (1SD) for d ¢H# (mass 17), d ' €HsP (mass 18),

d ' “CHsD (mass 17), d CHzP2 (mass 18) are 0.005%o, 0.02%o, 0.05%0 and 0.8%s, respectively, for
an 70 pmol sample being measured for about 8 hours for 3CH3D and 24 hours for *>CHzD.. The

instrumental uncertainties are very close to Poisson counting statistics:

1

Relative Standard Deviation (RSD) = T

(2.5)

When calculating the uncertainties of 6%, we also consider the pressure imbalance calibration
(see Section 2.4.3), and error propagation from the reference gas. When calculating the A, we
also propagate the error of §. The final reported isotopic values are usually 2SD propagated
errors. Typical instrumentation internal uncertainties are about 0.01 to 0.04%o. for *3C, 0.05 to
0.16%o for 8D, 0.3 to 0.6%o for A3CH3D, and 1.6 to 2.7%o for A>CH:D,. Uncertainties are
different for each sample. The available amount of the sample is the determining factor for

uncertainty, followed by the instrument condition.
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2.4.3. Calibration

We notice that sample/reference pressure imbalance will shift the measured isotope values
(Figure 2.11). We apply calibration to pressure imbalance and propose that the formation of

CHzs"* byproduct during ionization can account for this phenomenon.
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Figure 2.11. An example of typical data calibration. The definitions of pressure balance and
d17/16 and d18/16 are described in Equations 2.6 and 2.7. The dots are the measured values,
whereas gray represents the values being discarded according to the rules described in the
Section 2.4.3 text. The red line is the linear fit of the black dots and the orange dashed line is the
linear fit of all the dots.

We cannot always make the sample and reference pressure to be the same because 1) sometimes
the sample volume is too small or too large for the reference side to match; 2) the two bellows
compressing the gas on the sample and reference sides have different size and compression rates;

3) there may be hardware or software issues with the two bellows and the software, causing the

volume and pressure controls to not fully functional. Sometimes the imbalance could be more
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than 50%. This pressure imbalance causes the sample and reference to have different signal

intensities during measurements, which are mostly reflected in mass 16. In other words:
116
716 = Sam/ 6 #1 (2.6)
Iref

and 1€ increase or decrease as the measurement goes on. I stands for signal intensity.

Theoretically, although the sample and reference have different signal strengths, the ratio of the
signal strengths ratio of different masses for sample and reference should not change with the

development of the pressure imbalance, i.e.

Lam/
= s = . .

y 1
Iref/ r
116
ref

Where y can be 15, 17, or 18. However, after processing the raw data, we find that most

dv =

measurements show a linear relationship between pressure imbalance ¢ and d”, and most of
them are positive correlations for mass 17 (i.e. d'”) while mass 18 (i.e. d'8) is less sensitive to

pressure imbalance (Figure 2.11).

Panorama’s default software program averages all the measured d” values to get the final values
in the report, which could be affected by this pressure dependency. Take Figure 2.11 as an
example: most d” values were measured under sample-working gas pressure imbalance
conditions, where the sample pressure exceeded the working gas pressure by up to 5%. The
average d” value would be 0.75%o higher than the projected value. When the pressure imbalance
is large, the averaged value can largely deviate from the “true value”. Our approach is to plot all

the measured d” against v1¢ — 1 (which represents pressure imbalance, 0 means sample and
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reference pressure are the same), and perform linear fitting. When pressure imbalance is within
10% (i.e. [r'® — 1| < 0.1), d” generally keeps a good linear relationship with pressure
imbalance. This linearity can even be extended to 80% pressure imbalance or more, while still
staying valid. The intercept, which should be the value when the sample and reference signal
intensities are equal (i.e. r® — 1 = 0), is the value we adopt in the final report. We take the
variance of the intercept that propagated during the linear fitting to be the uncertainty, instead of

the sample variance.

Certain data points are excluded from the regression based on the following criteria:

1. When 716 deviates too far from 1 and d” no longer exhibits a linear relationship with r1¢, the
corresponding data points are removed.

2. When 118, falls below a threshold—typically 5*101! A for large-volume samples and as low
as 2*10° A for small-volume samples—the data points are excluded. This threshold is set
because the uncertainty no longer decreases with the addition of more data once the signal falls
below this limit.

3. Individual d” values that fall outside the £30 range of all d¥ measurements are also excluded.
4. The first measurement of each block is removed, since it was usually largely offset.

These filters usually have minor effects on the final results.

The phenomenon might be caused by the CH3" byproduct produced during the ionization of
methane. Processes that produced CHs* might have different fractionation coefficients than those
that produce CH.*, and the proportion of pathways that produced CHs™ might depend on the gas

pressure. When the pressure of the sample and reference are not balanced, the measured signals
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drift along with the degree of imbalance. After observing this phenomenon, we start to collect
and monitor mass 15 simultaneously with masses 16, 17, and 18. The data may support this
hypothesis to some extent. We notice that the intensity of the CHs*™ peak is generally 0.81 to 0.83
times that of the CH4* peak (which can fluctuate between 0.6-1 depending on the instrument
status). There is a good negative linear relationship between d*> and pressure imbalance (Figure
2.12). A 5% increase in pressure imbalance corresponded to a 1.8%o decrease in d° and a 1.5%o
increase in d1”, which is in line with the mass balance. When the instrumental stability is poor,
we observe a larger fluctuation of d*°, which might be an important contributor to the

measurement uncertainty.

Pressure balance v.s. d15/16
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Figure 2.12. Relationship between pressure balance and d'>/16.

2.5. Quality Control

Multiple quality control measures should be implemented to ensure that the entire measurement
process accurately represents the "true value™ (i.e., accuracy) and that our workflow and

measured values exhibit good reproducibility (i.e., precision). These measures include sample-
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standard bracketing, continuously monitoring lab standards to assess external precision,
conducting inter-laboratory comparisons, and establishing an absolute reference frame. Some of
these measures have been implemented in our lab, while others are still lacking. The following

sections (Sections 2.5.1 to 2.5.4) provide a detailed review.

2.5.1. Sample-Standard Bracketing

In isotope measurements, a commonly used sample sequencing strategy involves inserting
standards with known isotope compositions at fixed intervals within a sample sequence. For
example, when measuring sulfur isotopes using the Thermo Scientific MAT 253 mass
spectrometer, the standard IAEA-S-1 is typically analyzed every 3—4 samples (J. W. Dottin et al.,
2022; Sun & Farquhar, 2024). This sequencing strategy allows for the correction of instrumental
drift (variations in repeated measurements of standard samples), reduction of (contamination)
matrix effects (the presence of other substances affecting the ionization efficiency of the target
substance), and minimization of memory effects (interference from a previous high-abundance

sample on the subsequent sample).

However, this approach has not been routinely applied in our lab when using the Panorama to
measure methane clumped isotopologues. The primary reason is the high time and sample cost
associated with bracketing standards—each measurement takes approximately two days, not
including sample preparation time. We have occasionally conducted zero testing, which partially
serves the function of sample-standard bracketing. These zero tests are generally performed after

major or minor instrument maintenance or after a significant tuning adjustment. During zero
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testing, the working gas is introduced to both the sample and reference sides, rather than just the
reference side, followed by a full measurement. Under these conditions, all measured d¥ values
are expected to be zero within the measurement uncertainty. If the test passes (i.e., d¥=0 within
uncertainties), the instrument is considered to be in good working condition. If not, further

maintenance or tuning is required.

Table 2.2 summarizes all runs identifiable as zero tests (or can be regarded equivalent to zero
tests) conducted between October 2021 and October 2023. The results are listed in Table 2.3 and
illustrated in Figure 2.13. In late April 2022, the Panorama instrument was used for sulfur
isotope measurements. Between June and August 2022, the instrument underwent extended
maintenance due to filament failure and sulfur contamination of the ion source. Notably, not all
zero tests were successfully passed and zero testing criteria was not strictly enforced. In some
cases where results were “close” to passing the zero test, additional adjustments were not
performed. However, the results from runs 2185-2187 and 2188-2189 can serve as an example
and indicate that if the instrument initially fails a zero test (run 2185-2187), it is possible to pass
the zero test through additional tuning or by allowing the instrument to stabilize itself over time

(run 2188-2189).
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Table 2.2. Compiled zero test and equivalent zero test runs and some descriptions. All listed zero tests were performed by Jiayang
Sun (JS) or James Farquhar (JF), sometimes for different purposes.

Run Date I
No. Run # Sample ID MM/DD/YYYY Operator Description
1515- Working gas #B was simultaneously introduced into
1 1516 ref vs ref 10/10/2021 5 bellows A and B and uniformly mixed.
Marcellus run .
) 1643- a5 7610 in A 01/01/2022 e ' Sample Marcellus (natural gas) was 5|rT1uItaneou'st
1644 and B introduced into bellows A and B and uniformly mixed.
ref. gas for
3 1723 calib. 220202b 03/02/2022 JF Not sure.
zero Marcellus Sample Marcellus (natural gas) was simultaneously
4 1831 Avs.B 03/22/2022 IF introduced into bellows A and B and uniformly mixed.
Working gas #B was simultaneously introduced into
bellows A and B and uniformly mixed. Then, gas in bellow
5 1832 silica test A 03/23/2022 s A was froz.en I?ack to a clean sample tube with silica gel
freeze back under liquid nitrogen temperature, and then warmed at
room temperature for a long time to fully re-release gas.
Fractionation might or might not have happened.
Not sure, but very likely working gas #D was
new . . .
6 1856 04/04/2022 JF simultaneously introduced into bellows A and B and
Reference . .
uniformly mixed.
Major repair after running sulfur samples
Not sure, but very likely working gas #D was
1973- | Zero 19731
7 1974 ero 4 ne 08/10/2022 JF simultaneously introduced into bellows A and B and

uniformly mixed.
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Run Sample

versus self Sample X was simultaneously introduced into bellows A
from third and C and uniformly mixed. Then one bellow was
2127 12/15/2022 F
8 capillary with /15/20 J purposely allowed to be contaminated with some air.
airin one Differences were expected.
bellows
Working gas #D was simultaneously introduced into
Il Il A B iformly mixed. Bellow B
9 2167 zero, bellow 01/10/2023 IS bellows A and B and uniformly mixed 'e ow B was
reset replaced by a new bellow B before the testing. The run was
to test if the new bellow was installed correctly or not.
Working gas #D was simultaneously introduced into
zero, bellow bellows A and B and uniformly mixed. Bellow B was
10 2168 reset, 01/11/2023 JS replaced by a new bellow B before the testing. The run was
autobalance to test if the new bellow auto-balancing function works or
not.
2185- Working gas #D was simultaneously introduced into
11 f f 1/23/202
2187 zeroretvsre 01/23/2023 15 bellows A and B and uniformly mixed.
2188- Working gas #D was simultaneously introduced into
12 fvs. ref 1/24/202 . .
2189 zeroretvs.re 01/24/2023 15 bellows A and B and uniformly mixed.
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Table 2.3. Compiled results of zero tests and equivalent zero tests. If '?CH3;D-'>CH,D, were not measured in the given run, it is
marked as “/”. All data processing was performed by Jiayang Sun or James Farquhar, who should have followed the same procedure.
Uncertainties are reported as 1 se during the run, which only reflect the instrumental uncertainties and does not consider error
propagations and human operation-introduced uncertainties. Sample ID labeled with * are expected to have human operation-
introduced uncertainties or fractionations.

RUN # sample ID Run Date d17 3CH, 1se d18 3CHsD 1se d17 >CHsD 1se d18 *?CH,D, 1se
P (%o) (%o) (%0) (%o) (%o) (%o) (%o) (%o)
115;1156 ref vs ref 10/10/2021 0.007 0.009 -0.02 0.283 -0.094 0.066 -0.765 1.091
1643- Marcellus run as
1644 seroin A and B 01/01/2022 -0.161 0.026 -0.196 0.592 -0.103 0.245 -2.917 2.844
ref. gas for calib.

1723 520202 03/02/2022 -0.192 0.006 -0.887 0.251 / / / /
1831 | ™ '\f'/ir;e”us A1 03/22/2022 0.049 | 0.015 0.298 0.714 / / / /

silica test A freeze
1832 back* 03/23/2022 -0.069 0.014 0.490 0.298 / / / /
1856 new Reference 04/04/2022 -0.186 0.008 -0.218 0.119 / / / /

Major repair after running sulfur samples
119977?; Zero 1973 1ne 4 08/10/2022 -0.014 0.005 -0.094 0.138 0.010 0.060 1.428 0.898
Run Sample
versus self from
2127 | third capillary with | 12/15/2022 0.503 0.004 0.902 0.153 / / / /
airin one
bellows*

2167 | zero, bellow reset | 01/10/2023 0.120 0.006 0.260 0.137 / / / /

zero, bellow reset,
2168 autobalance 01/11/2023 0.161 0.008 0.674 0.240 / / / /
2211257 zero ref vs ref 01/23/2023 -0.044 0.010 -0.259 0.451 -0.334 0.190 -3.135 2.052
2188-
5189 zero ref vs. ref 01/24/2023 -0.009 0.004 0.158 0.188 0.007 0.082 -0.233 1.124
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Figure 2.13. Results of zero tests and equivalent zero tests. All d17 and d18 values are

expected to be within the error range of zero if the measurement was truly set for zero test. Test
#12 is a perfect example of a "passed zero test."
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2.5.2. Laboratory Standard Sample Acquisition and External Precision

Laboratories often measure a fixed sample intermittently over a long period (several years) to
establish external precision. The standard used for bracketing in Section 2.5.1 can also be used
for determining the lab external precision. This fixed sample can be an international standard,
though it is typically pricy, or it can be a lab-prepared sample with a sufficiently large quantity.
In a broader sense, external precision should also include the uncertainties stem from lab sample
pretreatment processes. It is expected that, for methane clumped isotopologue measurements
(and possibly methane bulk isotopes as well), the primary source of uncertainty comes from the
sample pretreatment processes. This is because the extraction and purification process (Section
2.3) is time-consuming, involves complex steps, requires significant manual intervention, and
lacks verification at each stage. As a result, determining the external precision of methane
clumped isotopologue measurements remains a challenging issue. Each measurement requires
800 L of air, while a common Airgas Size 300 High Pressure Steel Cylinder can hold
approximately 9,000 L of air, supporting only about ten measurements—even without
considering the potential of isotopic fractionation as the cylinder nears depletion. This severely
limits the ability to monitor external precision over an extended period due to sample availability
constraints. Additionally, considering that each measurement requires approximately 8 hours for
sample extraction and purification, followed by 40 hours of measurement time, the cost of such

monitoring is quite high.
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Table 2.4 compiles several identifiable tank air test runs. There were additional tank air tests conducted before and after those listed,
but they evidently used different tanks, resulting in significant differences in the test results. Notably, among the five tests listed,
Jiayang Sun performed the extraction and purification for two tests, while Cedric Magen handled the remaining three, potentially

introducing different isotopic fractionation effects due to differences in operational details.

Table 2.4. Compiled Tank Air Tests and Results. The two samples labeled with “JS” in the Sample ID were prepared by Jiayang
Sun, while the other three were prepared by Cedric Magen. All samples were measured by Jiayang Sun using the Panorama.

Run # Sample ID Run Date 613C 20 é6D 20 A3CHsD 20 AY2CH,D, 20
P (%0) (%o) (%0) (%o) (%0) (%o) (%0) (%o)
22%22?;- 220512AirTank | 08/31/2022 | -46.89 0.04 -98.03 0.33 1.33 0.72 41.10 3.72
2103- .
2104 TankAir_JS1 11/15/2022 | -47.59 0.01 -99.21 0.16 2.18 0.28 46.17 2.54
2133- .
2135 TankAir_JS2 12/22/2022 | -47.06 0.10 -98.73 0.18 1.59 0.41 48.39 2.40
2137- . .
2139 TankAir_Cedricl | 12/23/2022 | -47.27 0.04 | -99.85 0.18 1.55 0.45 41.70 2.88
2163 TankAir_Cedric2 | 01/07/2023 | -47.02 0.03 -97.93 0.16 2.39 0.61 47.11 2.20
0.24 0.72 0.40 2.94
Average -47.17 (15D) -98.75 (15D) 1.81 (15D) 44.89 (15D)
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2.5.3. Inter-laboratory Comparison

Inter-laboratory comparisons are necessary, especially for this new technique. The working gas
we are using in our lab is a tank of natural gas from the Marcellus shale. The working gas has
well-characterized 5!3C and 8D values, but only has values measured by Young, Kohl, Lollar, et
al. (2017) as references for AT*CHsD and A?CH:D-. Therefore, additional work is needed to
verify our measurement data are on the same scale as those from other labs. It is widely
recognized that bulk hydrogen isotope data exhibit scale differences between different
laboratories, making this a well-known issue in the field. According to the summary by
Umezawa et al. (2018), laboratories capable of measuring hydrogen isotopes in methane across
the globe can roughly be divided into two groups. Within each group, the measurement results
are generally consistent; however, there is a difference of approximately 10%o in the 6DcHa
values for the same methane sample between the two groups. This discrepancy is likely due to
the fact that each group calibrates its measurements using different hydrogen isotope reference

materials.

Before February 2023, we had measured the AL-1 sample only once, on September 1, 2021. AL-
1 is a working gas from Shuhei Ono’s lab at MIT. Ono et al. (2014) have anchored AL-1 to the
stochastic distribution coordinate, allowing us to normalize our values first to AL-1 and then to
the stochastic distribution coordinate. It is important to note that the MIT lab employs TILDAS
to measure methane clumped isotopologues, which operates on a different principle than mass

spectrometry.
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In February 2023, | tested a series of additional working gases, including AL-1 CD and AL-1 D3
(also from MIT), as well as CAL1549, AP613, and Std#3 from Utrecht University. These tests

and their results, along with measurements of these standard samples from other laboratories, are

compiled in Table 2.5.
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Table 2.5. Compiled methane clumped isotopologue measurements of standard working

gases from different laboratories. The measurements from MIT are reported in Ono et al.

(2014) and Gonzalez et al. (2019), while those from UCLA are reported in Young et al. (2016).
The UMD measurements are done in our lab. Some data (starting with AL1) were published in
Haghnegahdar et al. (2023), and some remain unpublished. The Utrecht measurements are from
Utrecht University and are a subset of data reported in Sivan, Rockmann, et al. (2024).

By Sample [ 20 6D 20 ACH;D 20 A’CH,D; 20
(%0) | (%) (%o) (%o) (%o) (%o) (%o) (%o)
ALl -34.50 | 0.02 | -147.70 | 0.06 2.33 0.05 4.40 0.50
AL1-CD -82.44 | 0.72 | -158.00 | 0.18 15.79 0.45 5.50 1.90
MIT AL1-D3 -35.24 | 0.06 | 239.81 | 0.15 1.49 0.14 26.40 0.60
AS2 -38.60 | 0.05 | -153.70 | 0.30 2.33 0.14 5.70 0.50
AS1-DY -44.27 | 0.06 | -403.34 | 0.43 5.06 0.17 324.30 1.10
ALl -34.65 | 0.01 | -147.88 | 0.09 2.41 0.26 5.62 0.87
UCLA AL1-CD -82.01 | 0.03 | -159.72 | 0.03 16.13 0.30 / /
AL1-D3 -34.76 | 0.00 | 242.55 | 0.01 1.55 0.12 / /
ALl -34.49 | 0.01 | -147.64 | 0.05 2.72 0.28 5.00 0.79
AL1-CD -82.14 | 0.01 | -159.30 | 0.06 16.07 0.21 10.98 1.18
AL1-D3 -34.77 | 0.01 | 242.13 | 0.10 1.68 0.22 26.79 1.23
UMD
AP613 -37.11 | 0.01 | -171.64 | 0.09 2.23 0.25 2.35 1.52
CAL1549 -17.73 | 0.01 | -176.30 | 0.08 6.44 0.23 9.17 1.53
Std3 -36.56 | 0.01 | -209.62 | 0.07 2.06 0.25 -1.56 1.41
AP613 -37.50 | 0.10 | -161.80 | 1.00 2.26 0.13 2.74 0.87
Utrecht CAL1549 -18.13 | 0.06 | -171.27 | 0.87 6.37 0.42 7.66 1.49
IMAU-3 -36.50 | 0.10 | -200.10 | 1.00 2.84 0.34 1.25 1.80
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Considering that different laboratories may use different reference scales for bulk carbon and
hydrogen isotopes, we calculated the differences between two working gas standards within the
same laboratory (e.g., the difference between AL1-CD and AL1 for §*3C, 8D, A®CH3D, and

AY2CH,D;) for comparison. The results are presented in Figure 2.14.
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Figure 2.14. Comparison of measurement differences for multiple standard samples across
different laboratories. The first two rows compare MIT, UCLA, and UMD, while the last two
rows compare Utrecht and UMD. Each column, from left to right, represents the differences in
313C, 8D, A'3CH3D, and A'>)CHzD; (i.e., AS"3C, ASD, AA'*CH3D, AA'>CH,D,). Panels with
darker background colors indicate higher inconsistency.

Overall, the measurements of MIT standard samples conducted by UMD and UCLA show good
agreement within the uncertainty range, and both laboratories utilize the Panorama. The

consistency between UMD and MIT is also reasonably good. However, UMD and Utrecht

exhibit slightly poorer consistency. Notably, Utrecht's measured values deviate from the
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theoretically expected values of their standard samples, whereas UMD’s measurements Of

Utrecht’s standard samples got values closer to the corresponding theoretically-estimated values.

2.5.4. Absolute Reference Frame

For clumped isotopologues, an additional quality control method can be applied, which does not
rely on standard samples from other laboratories and, in theory, is independent of bulk isotope
measurements. This method involves anchoring the measurements to the (absolute) stochastic
distribution coordinate, as introduced in Section 1.4.2. Briefly speaking, when methane is in a
thermo-equilibrium state, its clumped isotopologue A values are solely a function of temperature
and can be theoretically calculated (see the curve in Figure 1.17). If a series of thermally
equilibrated samples can be generated at known temperatures and their clumped isotopologue
compositions are measured, we can verify whether the instrument correctly measures clumped
isotopologue compositions. In practice, however, bulk carbon and hydrogen isotope
compositions must still be known. This allows for simultaneous verification of the instrument’s
accuracy in measuring bulk isotope compositions, and since clumped isotopologue compositions

are derived from bulk isotope values, this information remains essential.

To produce thermally equilibrated methane, pure methane of known volume, concentration,
813C, and 8D should be sealed in glass tubes together with activated y-Al2Os, Pt, or Ni as a
catalyst. The sealed tubes containing methane should be kept at various temperatures (e.g., 20°C,
50°C, 200°C, 500°C) for several days (or even tens of days if the temperature is low) to allow

methane to reach thermal equilibrium. The A¥*CH3sD and A'2CH.D, values of these samples can
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be theoretically predicted, and since §**C and 8D are known, their X(**CHzD) and X(*?CH:D,)
can also be calculated. Measuring this series of samples will allow calibration of measurements
and facilitates inter-lab comparisons. This test has been implemented to varying degrees in most
of the previously mentioned labs and reported in literature (Eldridge et al., 2019; Haghnegahdar
etal., 2023; Liu et al., 2024; Ono et al., 2014; Sivan, Réckmann, et al., 2024; Wang et al., 2015;
Wang et al., 2020; Young, Kohl, Lollar, et al., 2017; Zhang et al., 2025; Zhang, Snyder, et al.,
2021). However, current challenges include methane loss or failure to reach equilibrium when

using Pt or Ni for low-temperature heated catalytic intramolecular equilibrium.
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Chapter 3: Controls on Concentrations and Clumped Isotopologues

of Vehicle Exhaust Methane

This chapter has been published in
Controls on concentrations and clumped isotopologues of vehicle exhaust methane. PLoS ONE

20(2): 0315304, (2025). https://doi.org/10.1371/journal.pone.0315304
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3.1. Abstract

Methane emissions from vehicle exhaust, as a source of methane, are often overlooked.
However, in areas with high vehicle activity, the emissions can be substantial. There is a notable
lack of characterization regarding the variable concentrations and isotopic signatures of methane
in vehicle exhaust. This gap in knowledge limits our understanding of the mechanisms of
methane production in vehicles and the factors controlling concentration variations and isotopic
fractionation, which also makes it difficult to identify and reduce methane emissions from

vehicle exhaust.

This study characterized the methane concentration ([CHa]), methane-to-ethane ratio (C2:C1),
methane carbon and hydrogen isotopes (63C and 5D), and methane clumped isotopologues
(ABCHsD and A?CH:D,) of the vehicle exhaust methane endmember. [CH4] varied widely from
below 1 ppm to more than 3000 ppm, potentially influenced by vehicle maintenance and
operational phases. Ethane concentrations ([C2Hs]) correlated with [CH4], yet C,:C; varied

significantly from 0.1% to 18.3%. The 8*3C and 8D values of exhaust methane were less
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negative than those of natural gas. A large portion of samples showed a positive linear
relationship between [CHa], §3C from -22%o t0 -11%o, and 5D values from -170%o to -120%,
while their clumped isotopologues exhibit ~0.8%o clumping in A¥*CH3D and ~-2.4%o anti-
clumping in ACH,D,. A small portion of the samples exhibited distinct isotopic characteristics,
with their 613C and 8D values either becoming significantly more positive or aligning closer to
the composition of ambient air, while their A22CH.D- values showed a marked increase, reaching

between +25%o to +33%e.

These concentration and isotope characteristics show trends that can be explained by a
combination of processes, including 1) methane formation in the engine, 2) methane combustion
in the engine, 3) methane oxidation by the catalytic converter, and 4) mixing with air. The
observed isotopic fractionation can be explained by thermo equilibrium and Rayleigh
fractionations. These processes, elucidated through isotopic and clumped isotopologue analyses,

underscore the intricate dynamics and controls of vehicular methane emissions.

Key words: vehicle exhaust; methane; clumped isotopologues; engine combustion; catalytic

converter

3.2. Introduction

In addition to carbon dioxide (COz), vehicles emit other greenhouse gases (GHGS) such as
methane (CHa4) and ethane (C2Hs). CHa4 is a potent GHG and accounts for approximately 1/3 of

added radiative forcing on climate with its global warming potential 80 times that of CO. over a
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20-year period (IPCC, 2021). However, these short chain alkanes emissions from vehicle
exhausts are not subject to regulation or routinely monitored. Studies on vehicle exhaust have
focused more on pollutants like NOx, SO, CO, and particulate matter (Herndon et al., 2005;
Streets & Waldhoff, 2000; Sun et al., 2018; Winkler et al., 2018), with less attention given to
methane and ethane (Da et al., 2020; Nam et al., 2004; Zhang, Sun, et al., 2021). Engine
combustion models indicated that methane could be produced through pyrolysis of fuel and
radical reactions, under a high-temperature engine environment (Battin-Leclerc, 2008; Mehl et
al., 2011), although combustion with oxygen and subsequent catalytic oxidation at the surface of
the catalytic converter should consume methane (Takigawa et al., 2005). Methane emissions
from vehicle exhaust were often considered negligible and were rarely included in global
methane inventories (Saunois et al., 2020). Previous studies estimated global automobile
methane emissions between 0.45 + 0.12 Tg CH4 yr* (Nam et al., 2004) and 0.5-3.4 Tg CHa4 yr™
(Chanton et al., 2000), representing about 0.06% to 0.6% of estimated global total methane
emissions (Saunois et al., 2020). However, studies have highlighted that in certain urban areas,
vehicular methane emissions can significantly impact the local methane budget. For instance,
isotope data suggested that automobile exhaust contributed up to 30% of the near-surface air
methane in Nagoya, Japan, in 1993 (Nakagawa et al., 2005). Two traffic air samples from the
LAX parking garage and Sepulveda tunnel in Los Angeles, USA, displayed isotopic signals
similar to those of vehicle exhaust methane but only had background methane concentrations
([CH4]), suggesting the sampled areas were saturated with vehicle exhaust (Townsend-Small et

al., 2012).
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Better constraining vehicular methane emissions is necessary for supplementing the methane
budget, especially in urban areas, which have been identified as methane emission hotspots
(Chen et al., 2022; Plant, Kort, Murray, et al., 2022; Ren et al., 2019; Ren et al., 2018). Urban
areas have stationary high-flux point sources like landfills (Bakkaloglu et al., 2021; Spokas et al.,
2011), wastewater treatment plants (Fernandez et al., 2022), and natural gas infrastructure
(McKain et al., 2015), and also prevalent mobile low-flux sources like vehicle exhaust. While an
individual vehicle may contribute minimally, the collective effect of numerous vehicles can
slightly elevate urban background [CHa]. However, the low enhancement level makes it
challenging to identify and quantify the contributions from vehicle sources, if proxies other than

[CH4] were not used.

Methane carbon and hydrogen isotopes (8*3C and 5D) and ethane-to-methane ratio (C:C1) are
frequently used for apportionment of major methane sources such as natural gas leaks, microbial
emissions, and agricultural contributions (Allen, 2016; Townsend-Small et al., 2012; Whiticar,
1999; Yacovitch et al., 2014). These indicators are particularly effective in differentiating
between methane of microbial and thermogenic origin, as these sources usually yield methane
with distinct isotopic signatures (Schwietzke et al., 2016; Whiticar, 1999). Thermogenic
methane, which is formed under high pressure and temperature and is often found in natural gas
reserves, generally exhibits less negative 5!3C and 8D values and higher C2:C1 (Liu et al., 2019;
Townsend-Small et al., 2016). In contrast, microbial methane, such as those from wetlands,
presents more negative 8*C and 5D (Whiticar, 1999), coupled with lower (if not zero) C»:Ci.

Although vehicle exhaust methane originates from fossil fuels, it cannot be simply classified as
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thermogenic methane because the formation and subsequent alteration processes (pyrolysis,

combustion, and catalytic oxidation) can strongly fractionate methane isotopes.

Recent advances in measurement techniques have enabled the measurement of the relative
abundance of methane doubly-substituted isotopologues (i.e. **CHsD and *2CH2D, also referred
to methane clumped isotopologues) (Eiler et al., 2013; Gonzalez et al., 2019; Haghnegahdar et
al., 2023; Ono et al., 2014; Young et al., 2016). The capability of distinguishing methane from
various sources using methane clumped isotopologues have been preliminarily explored (Young,
2019). Thermogenic methane usually exhibits thermodynamic equilibrium clumping signals
(Shuai, Douglas, et al., 2018; Stolper et al., 2015; Thiagarajan et al., 2020; Young, 2019),
whereas microbial methane from surface and lab environments may show strong anti-clumping
signals (Gropp et al., 2022; Rhim & Ono, 2022; Young, 2019). Oxidation processes, including
microbial aerobic oxidation (Giunta et al., 2022; Krause et al., 2022), microbial anaerobic
oxidation (Giunta et al., 2022; Liu, Harris, et al., 2023), and atmospheric sink reactions with OH
and Cl radicals (Haghnegahdar et al., 2017; Haghnegahdar et al., 2023; Joelsson et al., 2016;

Whitehill et al., 2017), tend to cause stronger clumping signals in residual methane.

Existing data is sparse in defining the isotopic composition of the vehicular methane endmember
(Nakagawa et al., 2005). The clumped isotopologue signals of vehicle exhaust methane have not
been measured before. This limits our ability to identify the contributions of vehicle exhaust and
refine global methane isotope budgets (Chung & Arnold, 2021; Haghnegahdar et al., 2023; Rice
etal., 2016). It also restricts our understanding of methane-related reactions that happened in the

engine and catalytic converter environments, where key isotopic fractionation parameters of
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pyrolysis and catalytic oxidation could be obtained. These parameters are crucial for
understanding methane geochemical processes such as thermogenic methane formation (Dong et
al., 2021), microbial methane oxidation (Giunta et al., 2022; Liu, Harris, et al., 2023; Ono et al.,
2021), and atmospheric sink reactions (Haghnegahdar et al., 2017; Haghnegahdar et al., 2023;

Joelsson et al., 2016; Whitehill et al., 2017).

This study will fill this data gap by characterizing the isotopic (6!*C and 8D) and clumped
isotopologue (A*CHsD and A?CH.D,) compositions of vehicle exhaust methane, while also
collecting [CH4] and ethane concentration ([C2Hs]) information. The dataset enables us to define
the isotopic signatures of the vehicular methane endmember, determine if clumped isotopologues
can be used to distinguish vehicular methane from other methane emissions, and explore

processes and controlling factors in vehicular methane production and isotopic fractionation.

3.3. Materials and Methods

3.3.1. Sampling Strategies and Procedures

Although methane emissions from vehicle exhaust are not regulated, studies on other vehicle
exhaust pollutants like CO and NOx suggested that emission profiles can vary substantially
among vehicles (USEPA, 2020), which could also apply to methane. The variation is expected to
be influenced by factors such as vehicle type, engine design, ignition method, fuel type, air-to-

fuel ratio, catalytic converter conditions, and operating conditions (USEPA, 2020). To pinpoint
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endmember signatures, our study involved collecting exhaust samples from a wide array of
vehicles, which included different brands, years of manufacturing, engine configurations, and

fuel types.

Two sampling and measurement campaigns were carried out and summarized in Table 3.1. The
first campaign aimed to delineate a range of isotope and isotopologue signatures for vehicle
exhaust methane. We intentionally collected exhaust gases from some old and poorly maintained
vehicles, with the assumption that these vehicles have different exhaust methane compositions
compared to newer vehicles. The second campaign did not involve gas collection for isotope
measurements but focused on expanding the [CH4] and [C2He] profiles. We employed a Mira
Ultra LDS Infrared multi-pass laser gas analyzer (Aeris#302) from Aeris Technologies Inc. for
direct, real-time exhaust monitoring. VVolunteer vehicles on the University of Maryland (UMD)
campus were randomly sampled, predominantly consisting of common household vehicles aged

between 0 to 15 years.

Figure 3.1 schematically illustrates the sampling and measurement settings. The large-volume
sampling method and real-time monitoring procedures are described in Appendix A Note A.1.
Descriptions of each sampled vehicle can be found in Appendix A Note A.2. In the subsequent
text, we refer to each sampled vehicle and the corresponding sample using the format “year make
model”, followed by a brief description of the state (“cold” or “hot”), sometimes an operation
status (ignition, idling, revving, or post-acceleration), and sometimes a numerical suffix (1 or 2)
when necessary. For example, “1981 BMW 528i cold2” refers to the second sample collected

from the 1981 BMW 528i right after a cold start in the idling state). In the figures, the “year
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make” information is omitted for clarity. Definitions of these vehicle states can be found in

Appendix A Note A.2.

4 foe !
Formation

Combustion
Q{(idation
~ Mixing

Figure 3.1. Schematic diagram of sampling and measurement processes.
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Table 3.1. Compiled information on sampled vehicles. Samples collected or concentrations measured while the vehicles were idling,
revving, after revving, right after a cold start, or after warmed up, were labeled as ‘idle’, ‘accelerate’, ‘post-accelerate’, ‘cold’, or ‘hot’,
respectively. Detailed definitions of these vehicle conditions and operational phases can be found in Appendix A Note A.2.

Model CHq CoHs
Year Brand Model (ppm) (ppb) Collected? Notes
Validation © idle idle
<8 1 d h 2 20785.4° dl No
sampling 970 Dodge Charger 99.3 0785. Yes, Idle catalyst
2017 Chevrolet Sonic 9.8 24.4 Yes, Idle /
Model C2He C>Hs
Year Brand Model CHa4 (ppm) cold (ppb) CHs4 (ppm) hot (ppb) Collected? Notes
cold hot
1970 Dodge Charger 1183.5 41412.5% 443.0 Yes, hot No
catalyst
Yes, Poor
1981 BMW 528i 3101.8 1924.0 667.5 230.0 hot*2&cold* ..
> condition
XT675 No
2013 Kohler (Mower) 204.0 Yes, hot catalyst
First 1999 Vol 570 195.1 112.5 Yes, /
sampling oo ’ ‘ hot&cold
campaign .
1995 Mazda MX-5 Miata 126.4 Yes, hot /
/ Ford F-250 612 No Long
idling
2017 Chevrolet Sonic 2.0 Yes, hot /
2005 Gillig Transit Bus 2.0 Yes, hot Diesel
2013 Gillig Transit Bus 1.4 Yes, hot Diesel
2006 Ford 17720 (Trash 9.2 Yes,hot  Diesel
Truck)
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Model CHy  CuHs CH, CoHs (Clj;) (czl;;
Y Brand Model (ppm) (ppb) (ppm) (ppb) PP PP Collected? Notes
ear . : post- post-
idle idle accelerate  accelerate
accelerate  accelerate
2015 Honda Civic EX 5.22 6.3 36.52 697.9% / / /
2023 Chevrolet  Silverado | 0.1 2.6 / / / / Brand
new
Prius Prime On
2017 Toyota . 2.1 4.0 / / / / electric
Hybrid .
engine
2011 Hyundai Elantra 15.72 188.23% 77.362 11832 21.5° 125.52 /
2016 Toyota Camry 35.92 500.12 154.82 12973.52 73.72 734722 /
Second Wet
sampling 2013 Nissan Altima 28.42 1665.82 217.6° 237392 2.3 72.69* exhaust
campaign
2019 Audi A5 0.6 4.9 44.7 700.32¢2 7.1° 40.5 No /
2012 Honda Civic coupe | 20.32 12712 72.32 5725.3* 1.0 4.8 /
2009 Honda Accord 58.12 68162 116.42 20266.12 4.03? 14.4 V6
2015 Nissan Altima 24.5° 148.73¢% 18.2 107.32 9.3? 26.9 /
2017 Alfa Giulia Q4 258 1460.9% 19.2 847.3? 102 219.32 Turbo
Romeo
2019 Hyundai Kona 1.4 3.0 24.5 794.52 0.1 3.0 /
2023 Lexus GX460 0.3 3.4 5.7 6.3 0.0 3.2 V8, brand
new
2018 Toyota RAV4 180.28  32815.72 0.4 19.5 51.22 4150.22 /

4Concentrations were extrapolated with the assumption that the Aeris responded linearly to the concentration. These concentrations

with label 2 could be considered as semi-quantitative. Concentrations without labels are strictly quantitative. See Section 3.2.2 for

more details.
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3.3.2. Methane and Ethane Concentration Measurements and Calibrations

Most of the methane concentration data, as well as all ethane concentration data, were acquired
using the Aeris MIRA Ultra analyzers (#302). The Aeris employs mid-Infrared laser absorption
spectroscopy, detecting the characteristic transition frequencies of target molecules. According to
our tests, this Aeris #302 has a typical precision (1SD) of 1.6 ppb for CH4 and 0.16 ppb for C2Hs

with a one-second integration time.

The Aeris instrument was calibrated at the NOAA Air Resources Lab, College Park, Maryland.
We used Aeris to measure three tank compressed standard gases with known methane
concentrations (#19 at 1925.19 ppb, #14 at 2204.10 ppb, and #18 at 2528.95 ppb) and zero air for
methane calibration. For ethane calibration, we used a mass flow controller to mix 2 standard
litre per minute zero air with compressed house natural gas (known 4.83 ppm ethane) from 0 to
20 standard cubic centimeters per minute at 2 standard cubic centimeters per minute increments,
to serve as standard gases. Each standard sample was measured for over 5 minutes to ensure
thorough flushing and eliminate instrument delay. We used the average of the last 3 minutes of
each measurement period to calculate the average. The measured averages were linearly fitted
against theoretical concentrations to obtain a correction equation that would be applied to real
measurements. The instrument uncertainty was derived from the 1SD of the last 3 minutes of
zero air measurements. However, these calibration procedures are designed for ambient air
monitoring, but not for direct vehicle exhaust measurements, which often exceed calibration
ranges. For the data measured by Aeris, only methane concentrations between 0-2.53 ppm and

ethane concentrations between 0-51.3 ppb can be considered strictly quantitative. Data beyond
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this calibration range are extrapolated based on the assumption of the instrument's linear
response to concentrations, with the upper limits of this linear response typically being 10,000
ppm for CH4 and 1,000 ppm for C2He, according to the manufacturer's specifications. Direct
measurements of vehicle exhaust using Aeris are discouraged due to potential optical
contamination and the possibility that concentrations may exceed the instrument's linear response
range. In this study, no concentration values exceeded the manufacturer's reported upper limits
for linear response. Thus, concentration measurements in this study are generally reliable. If the
assumption of linear response is deemed invalid, then methane concentration data above 2.53
ppm and ethane concentration data exceeding 51.3 ppb measured by Aeris should be considered

semi-quantitative.

For bag samples collected before we obtained the Aeris, methane concentrations were
determined using a Shimadzu® GC-8AIF Gas Chromatograph (GC). Ethane concentrations were
not measured. Injected from a 1 ml sample loop, samples were carried by N2 carrier gas at
approximately 60 ml/min through a stainless-steel GC column with an inner diameter (ID) of 1/8
inch, packed with 2.5 m of 80/100 pre-conditioned HayeSep Q. Hz, Oz, N2, and CO were eluted,
while CH4 and CO> were retained in the column. Subsequently, N2 carrier gas again carried
residues in the column through another stainless-steel column with an ID of 1/8 inch, packed
with 0.5 m of 100/100 Shimalite Q. The columns’ temperatures were held at 80 °C. CH4 peak
signals were detected using a Flame lonization Detector (FID), with air and H. gas flows set to
approximately 300 ml/min and 50 ml/min, respectively, for combustion in the FID.

Concentrations measured by GC are all quantitative.
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3.3.3. Extraction and Purification of Bag Samples

Before taking measurements, each bag sample underwent extraction and purification processes to
isolate pure methane from other gases, following the procedures outlined in Haghnegahdar et al.
(2023). Briefly speaking, the sample gas was dried using silica gel and directed through a large
U-trap filled with Hayesep DB, which was cooled with liquid nitrogen. This step effectively
trapped almost all sample gas in the large U-trap except partially removing N2 and O2. Upon
thawing the large U-trap, the trapped gas was redirected through a small U-trap filled with
Hayesep DB, also cooled with liquid nitrogen. At this stage, the majority of N2 and O, were
removed, while CH4 and Kr were fully retained. The trapped gas was warmed to -120°C using an
ethanol slush and held at this temperature for 30 minutes to further remove N2 and O,. The
residual gas underwent GC separation for final purification. The GC column was packed with 25

feet of 60-80 mesh MolSieve 5A and maintained at 56°C.

Compared to the method for normal air samples (Haghnegahdar et al., 2023), the extraction of
vehicle exhaust samples requires two additional steps to remove substantial amounts of CO and
H>0. Failure to remove CO> and H-O could result in process inefficiency and possibly cause
sample fractionation. The sample gas was first reacted with a high-concentration (~50%w/v,
~20°C) NaOH aqueous solution by pulling the gas through a gas frit into the solution. The NaOH
solution was aerated with N for 3 hours before use, to remove CHj, that has been reported in
NaOH pellets (Magen et al., 2014). A glass condenser cooled to liquid nitrogen temperature was
utilized subsequently to trap any remaining CO2 and H20. Pressure monitoring on the

purification line confirmed the efficiency of these added steps in removing CO2 and H2O. The

180



vehicle exhaust samples also contained other impurities, which were removed during the
bubbling process, as evidenced by the NaOH solution turning yellow and forming an oily layer.
Given the substantial restriction on the gas flow rate by the gas frit and NaOH solution, the
extraction process could take more than 8 hours, instead of 5 hours for normal air samples.
Hence, we rigorously inspected and reinforced the extraction line prior to use for optimal

airtightness.

3.3.4. Methane Isotopes and Isotopologues Measurement

The pure methane was analyzed using the Panorama mass spectrometer for isotope and
isotopologue measurements. The Panorama is a high-resolution, high-sensitivity, double-
focusing gas-source mass spectrometer with mass resolving power (MRP) that can exceed
50,000. This high MRP allows Panorama to distinguish between isotopologue ion beams with
closely aligned masses such as 3CH3D*, 3CHs*, and 2CH,D,". Detailed specifications of the
Panorama instrument are provided by Young et al. (2016). The methodologies and
configurations used for methane clumped isotopologue measurements in the UMD lab are

detailed in Haghnegahdar et al. (2023).

Bulk carbon and hydrogen isotopes are reported in ratio differences (4 notation):

13
C
( /12C)sample

613Csamp1e—standard(%0) =\ T3¢ —1 [+1000 (3.1)
( /12C)standard
) _ (D/H)sample
5Dsample—standard(/00) = \"D —1)+1000 (3'2)
( /H)standard
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Where the standards are usually Vienna Pee Dee Belemnite (V-PDB) for carbon isotopes and

Vienna Standard Mean Ocean Water (V-SMOW) for hydrogen isotopes (Coplen, 1994, 1995).

Methane clumped isotopologue notations can be defined in a similar manner to carbon and

hydrogen isotopes:

13
( CH3D/12CH )sample
5§3CH3D(%0) = Ererr : —1 | %1000 (3.3)
( : /12CH4)standard
12
12 ( CH2D2/12CH4)sample
§12CH2D(%o0) = | 2, —1 | %1000 (3.4)
( /12CH4)standard

Where the standard could be methane characterized by V-PDB carbon isotope composition and
V-SMOW hydrogen isotope composition, and followed intra-molecular stochastic distribution,
which refers to the state of purely random combinations of 1C, *C, H, and D intramolecularly to
form methane molecules (Young et al., 2016), i.e.:

X13CH3D, stochastic = & * X13¢ * Xp * (XH)3 (3.5)

X12CH2 =6 * X12C * (XD)Z * (XH)Z (3.6)

D,, stochastic

Xa3. and Xp represent the proportions of 3C and 2H atoms in the total carbon and hydrogen

atoms, respectively. The coefficients 4 and 6 are derived from the symmetry of the isotopically-

substituted methane molecules.

A more commonly adopted notation for methane clumped isotopologue describes the level of
enrichment or depletion of *CH3D and *2CH:D: relative to the stochastic distribution within the

sample (Eiler & Schauble, 2004; Young et al., 2016):

182



13 X13cH;p
A7°CH3D(%o0) = ( —1) %1000 (3.7)

X13CH3D, stochastic

A"2CH,D, (%o) = o,
2D (%0) = ( 1) * 1000 (3.8)

X12CH2 D3, stochastic

X13cy,p and X12¢y p, are the proportion of **CHsD and **CHzD. molecules in the total methane

molecules of the sample. Under these definitions, the clumped isotopologue cap-delta signals of
methane are independent from the sample’s bulk *C and D abundances. In practical
applications, we use approximate formulas to calculate A*CHsD and AY?CH,D; (Haghnegahdar

etal., 2023):

( 513CH3D)
A*3CH;3D(%0) = 1000 /<1+ 513CH4>* (1 512CH3D>—1 +1000 (3.9

1000 1000

8§12CH,D,

)
1000 —
( 512@1313)2 1 |+ 1000 (3.10)
1+

1000

(1+
A'CH,D,(%0) =

The errors introduced by using these approximations are much smaller than the measurement

uncertainties.
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3.4. Results and Discussion
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Figure 3.2. Methane concentrations of vehicle exhaust samples. The plotted concentrations are
peak values among the vehicle operational cycle or states; therefore, the heights of the bars are
not fully representative of the total emission fluxes from the corresponding vehicles. Asterisks
(*) in labels mark diesel vehicles. The Y-axis is scaled logarithmically. Detailed information on
individual vehicles can be found in Section 3.3.1, Table 3.1, and Appendix A Note A.2.
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3.4.1. Methane Concentration of VVehicle Exhaust

Our dataset reveals that vehicular exhaust contains significant amounts of methane, contrary to
the conventional assumption that high-temperature combustion in engines should oxidize nearly
all methane. Methane concentrations are reported in Figure 3.2 and Table 3.1, with the highest
exceeding atmospheric levels by a thousand times and the lowest below atmospheric levels.
More discussions for each vehicle can be found in Appendix A Note A.3. While lacking
quantitative parameters to assess vehicle condition, we infer that well-maintained and newer
vehicles tend to have lower [CH4], whereas vehicles in suboptimal conditions (for instance, right
after cold start, with loose plug wires, or with malfunctioning catalytic converters) exhibit

elevated [CH4] in the exhaust.

Continuous monitoring of vehicle exhaust throughout the operation cycles (ignition-idling-
revving-idling) revealed two key observations: 1) vehicles usually have transient [CHa] spikes at
the moment of ignition and the onset of revving (Figure A.2); 2) revving may result in either a
moderate increase (Figure A.2b) or a substantial decrease (Figure A.2c) in [CH4]. This behavior
may reflect combustion dynamics within the engine influenced by fuel delivery systems. As
extra fuel is added for acceleration, contemporary vehicles employ computerized control of fuel
injection and ignition timings, optimizing air-to-fuel ratio and combustion efficiency (Ault et al.,

1994), and may have smaller enhancements compared to older engines with carburetors.

Overall, [CH4] data imply that vehicular exhaust emissions may follow a fat-tail distribution (i.e.,

a minority of events/units contribute most of the emissions), a pattern similar to that of natural
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gas system emissions (Lyon et al., 2015). Even if vehicles in poor condition comprise only a
small fraction of the total fleet, they could still account for a significant proportion of vehicular

methane emissions.

3.4.2. Ethane Concentration of Vehicle Exhaust

A wide range of [C2Hs] was observed in vehicle exhaust (Figure A.3), extending from a few ppb
to more than 30,000 ppb. As can be seen from Figure A.2, [CH4] and [C2Hs] in vehicle exhaust
increased and decreased almost simultaneously, indicating that they were generated and

consumed by the same processes in vehicle engines and catalytic converters.

Despite the concentrations changing simultaneously, the [C2Hs]-[CH4] plot (Figure 3.3) reveals
substantial variability in C>:Cy, ranging from approximately 0.1% to 18.3% across different
vehicles. Although the production mechanisms for CHs and CzHs in vehicles are linked,
preferences for producing CH4 or C2Hs differ based on the vehicle's condition and operational
state. Larger ratios often correlated with higher [C2Hs], suggesting that vehicles in poorer
conditions that produced more CHj also contributed higher amounts of CoHe. Very high [CH4]

and [C2He] in some vehicles could yield spikes during roadside and/or on-road monitoring.
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Figure 3.3. [C2Hs] vs. [CH4] of all sampled vehicle exhausts in the second sampling
campaign. The campaign continuously monitored [CH4] and [C2Hs] of the exhaust during
operation cycles (ignition, idling, acceleration, post-acceleration). Three reference lines indicate
approximate C>:C; for Baltimore natural gas (green), plume air observed in the air over the
Baltimore-Washington Area (blue), and coal emissions (red).
Aircraft monitoring studies reported C»:Cz of 3.3% + 0.35% and 4.31% * 0.63% in the air over
the Baltimore-Washington Area during the winters of 2015 and 2016, respectively (Ren et al.,
2018). They also reported data from natural gas samples provided by the Baltimore Gas &
Electric Company, showing C»:C1 of 8.40% and 7.81% for the same periods. A ratio of 2.3% has
been reported in the air above the Marcellus Shale production region (Ren et al., 2019), with a
ratio of 6.7% from direct Marcellus Shale well samples (Colon-Roman & Ruppert, 2014). Stable
coal vents in the San Juan Basin were reported to have C>:C1 of 1.28% + 0.11% (Meyer et al.,

2022). In general, coal emissions have a lower C:Cy than natural gas, often less than 1 wt-%

(Schwietzke et al., 2014). The highly variable C:Cy in vehicle exhaust overlapped the range
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from coal piles to natural gas wells, thus the ratio alone may not serve as an indicator for
differentiating vehicle exhaust from thermogenic sources, but the variability in C,:Cy as vehicles
transitioned through different operational states on the road might provide a signature for use
during monitoring that distinguishes vehicle emissions from more homogenous sources like

natural gas and coal.
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3.4.3. Carbon and Hydrogen Isotopes of Vehicle Exhaust
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Figure 3.4. 8D-8'3C plot of vehicle exhausts. Red solid circles are for gasoline vehicles. The red
squares are for diesel vehicles. Approximate compositions of air (blue ring), natural gas (yellow
ring), and biomass burning (purple ring) methane are shown in the figure. Three averaged
exhaust compositions derived from Nakagawa et al. (2005) are shown as gray circles. The gray
shaded area marks the estimated range of exhaust carbon isotopes reported by Chanton et al.
(2000). Error bars (2SD) with these measured data points are smaller than the symbols. The gray
dashed line and the yellow dash-dotted line are isotopic compositions of the residue methane
following the Rayleigh fractionation caused by combustion and catalytic converters, from
different initial compositions, with different isotopic fractionation factors. The blue dotted line is
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Table 3.2. Methane concentrations, carbon isotopes, hydrogen isotopes, and clumped isotopologues of vehicle exhaust samples
collected in the first sampling campaign. Uncertainties reported in this table are 2SD.

[CH]  &°C §°CH;D _— §"CHD; ABCH;D ACH,D,
ppm %0 %0 %0 %0 %0
$70 hot 11249 -4.76 460.00 56.06 11341 0.6 5.0
$70 cold 19509 -21.99 [186.14 1169.19 1310.99 1.6 1.8
528 coldl 310178 -11.97 [138.62 [128.33 239.96 0.2 03
528i cold2 1923.95 -12.02 13775 1127.90 238.14 0.7 1.7
528i hotl 667.46  -18.93 17535 1159.06 294.62 04 25
528i hot2 667.46  -19.51 17343 1159.44 29470 2.9 1.8
528i hot3 230.00  -15.91 1154.26 1140.82 1265.26 03 4.7
Charger hotl /1361 113091 11973 22432 0.9 1.0
Charger hot2 443.03  -18.76 1159.99 1144.58 27123 0.8 4.1
Miata hot 12639 -1821 1170.99 1156.40 290.94 0.9 3.7
Sonic hot1 138 181 95.61 90.39 218.78 3.0 25.1
Sonic hot2 196 110 120.96 118.64 285.99 1.0 27.7
XT675 (Mower) hot | 20401 -19.07 1161.69 14591 274.84 0.6 5.9
2003 FransitBus 196 -36.11 1110.05 77.83 1123.96 1.2 30.1
2013 iﬁiSitBus 138  -31.79 -101.85 -74.04 -114.39 1.8 32.9
FRoCrashucl) | g5 L1301 87.93 75.93 [138.32 0.9 9.1
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The §*C and 8D of vehicle exhaust exhibit considerable variability (Figure 3.4 and Table 3.2).
Most vehicle exhaust methane samples are more enriched in *3C than natural gas methane and
biomass burning methane, and more enriched in deuterium (D) relative to biomass burning
methane but similar to natural gas methane. In comparison to the §*C of gasoline, which has
been reported to range from -34%o. to -21%. with an average of approximately -27%. (Smallwood
et al., 2002), methane emissions from vehicle exhaust present different levels of enrichment in
13¢C (8%3C > -22%o for all vehicle samples, with the highest 8:3C reaching 2%o) but show no
significant difference in 6D values compared to the range reported for a global set of gasoline,

which varies between -70% and -145%. (O'Sullivan & Kalin, 2008).

A positive linear correlation between §*3C and 8D values is observed in the majority of exhaust
samples (Figure 3.4). This correlation aligns with a previous work (Nakagawa et al., 2005),
which attributed this relationship to the effect of catalytic converters. A similar trend was
observed with *3C values and [CH4] (Chanton et al., 2000), where higher [CH.4] correlated with
more negative 8:3C values, suggesting this pattern relates to combustion efficiency, which is also
shown in our data (Figure 3.5). Exhaust samples from a few cleaner gasoline vehicles and all
diesel vehicles proved to be exceptions from linear relationships, indicating that methane emitted

from vehicle exhaust is the result of multiple processes that produce and consume it.
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Figure 3.5. [CH4]-86"3C plot of vehicle exhausts. The [CHa] axis is on the log scale. Symbols,
colors, and error bars are the same as in Figure 3.4. The two blue dotted curves are linear mixing
arrays for the trash truck, and two school shuttle buses, with air respectively. The gray dashed
line is plotted by linear fittings of the majority of vehicles, and the yellow dash-dotted line is the
linear fitting of samples from 2017 Chevrolet Sonic hot. The gray band indicates the methane
produced during the high-temperature methane formation with consistent §'*C but different
[CH4]. The formed methane underwent fractionation in the direction indicated by the gray arrow
through combustion with ai3c = 0.9926, resulting in compositions as suggested by the gray area.
The yellow arrow shows the effect of methane oxidation on the catalytic converter with ai3c =
0.9985, resulting in methane compositions represented by the yellow area. The gray and yellow
areas are schematic ranges only.
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We considered four processes to explain the observed trends and outliers, including (1) the
formation of methane under high-temperature burning (Process #1 methane formation), followed
by (2) the combustion of methane while still under high-temperature before expelled from the
cylinder to the exhaust stroke (Process #2 methane combustion), (3) the oxidation of methane in
the exhaust stroke by the catalytic converter (Process #3 catalytic oxidation), and (4) mixing of

exhaust methane with air methane (Process #4 air mixing).

The formation of methane occurs primarily through collisions of methyl radicals with hydrogen
radicals, following radical chain reactions starting from gasoline (Battin-Leclerc, 2008; Mehl et
al., 2011). Although the reaction CH; - + H- + M < CH, + M thermodynamically favors the
formation of methane, methane acts as a catalyst in the decomposition of small carbon-hydrogen-
oxygen compounds such as H-, -OH, HO2:, HCO-, CO-, and CH30- (Mehl et al., 2011), causing
newly formed methane to approach inter- and intramolecular isotope equilibrium, within such a
high temperature closed system. There are no reference values available for the fractionation
coefficient between gasoline and formed methane resulting from this step. If we assume the 53C
of gasoline is -27%o (Smallwood et al., 2002), then the fractionation for this step may be +4-5%..
If assuming minimal fractionation (Chanton et al., 2000), then local gasoline **C composition is

approximately -21%eo.

In the later parts of the combustion process, the production of alkyl radicals slows due to the
consumption of fuel, and the consumption of methane starts by combustion with O2. The
combustion process preferentially consumes *2CH, (Chanton et al., 2000), leading to the

enrichment of 3CH, and *2CH3D in the residual methane. A higher combustion efficiency, and
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possibly higher air-to-fuel ratio, signifies a greater proportion of methane being consumed,
resulting in more pronounced isotopic fractionation in the residual methane. The isotopic effect
of the combustion process can be simulated with Rayleigh fractionation (gray dashed line in
Figure 3.4):

83 Cresiaue (%0) + 1000 = (1000 + 8 3Cipipiar) * f 313622671 (3.11)

8Dresiaue (Y00) + 1000 = (1000 + 8Djpjpiqr) * f*P/H (3.12)

Here, f represents the proportion of residual methane relative to the initial amount of methane
prior to combustion. We take the isotopic compositions of the 1999 Volvo S70 cold sample as
the initial values. a is the kinetic isotope fractionation coefficient, which is the ratio of the rate
constant of the heavy isotope to the light isotope in a reaction from the reactant to the product,
.., kneavy/Kiignt. WWe adopt kinetic isotope fractionation factors of €13c = +7.5%o (013cii2c =
0.9926) and ep = +48%o (ap/H = 0.9542) as reported by Nakagawa et al. (2005). It should be
noted that this set of o values was calculated with the assumption that the observed isotopic
variations were attributed solely to the effect of the catalytic converter, while in this study we use
them to describe the fractionation attributed to the combustion process. The mechanism would be
different, but the approximate magnitude of the Kinetic Isotope Effect (KIE) could be a possible

starting point.

Concentration may not show monotonic shifts as isotopes behave, for different exhaust samples
that follow Rayleigh fractionation, because it is the proportion rather than the concentration of
residual methane that matters. A higher [CH4] in the exhaust does not necessarily imply lower
combustion efficiency or smaller fractionation. Instead, it could be a consequence of substantial

methane production in process #1 methane formation. As shown in Figure 3.5, process #1
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methane formation can generate methane with isotope compositions close to that of gasoline but
with varying [CHa]. This is followed by process #2 methane combustion, which shifts unburnt
methane to more positive §*3C values following the gray arrows with fixed slopes proportional to
1/(a13c, process#1-1). Process #2 combustion results in the gray area in Figure 3.5, with the gray
dashed line depicting a case in which a higher proportion of methane is combusted if higher

[CHa] is produced in process #1, thus exhibiting greater fractionation from equilibrium value.

In process #3 catalytic oxidation, unburned methane is expelled into the exhaust system and is
further oxidized if a catalytic converter is present. The isotopic effect caused by the catalytic
converter might account for the distinct isotope compositions observed in the 1999 Volvo S70
hot sample and two 2017 Chevrolet Sonic hot samples, which have significantly positive §**C
and 8D values but low [CHa4]. This process can also be simulated with Rayleigh fractionation, as
illustrated by the yellow dash-dotted line in Figure 3.4, starting with an initial composition of the
1999 Volvo S70 hot sample, coupled with a1zc = 0.9963 and ap = 0.9009 to reach the
composition of the 2017 Chevrolet Sonic hot when approximately 83% of methane are being
oxidized. However, this is an underdetermined system where any values that meet the slope
given by (op -1)/(azac -1) will fit (Blunier et al., 2002). When considering concentrations, this
Rayleigh fractionation process has a steeper slope proportional to 1/(au3c, process2-1), as shown by
the yellow arrow in Figure 3.5, resulting in the yellow area. The greater proportion of methane
consumed by the catalytic converter, the lower [CH4] and the more positive isotopic composition
it becomes. The yellow dash-dotted linear fitting curve does not have physical meaning but

suggests that the 1999 Volvo S70 hot and 2017 Chevrolet Sonic hot samples likely have different
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initial compositions and o values. Figure 3.4 and Figure 3.5 simplified the scenario by grouping

them under one numerical context.

Diesel vehicles exhibit unique isotope profiles. Diesel engines rely on compression ignition of
diesel fuel, which adiabatically heats and ignites the air-rich fuel-poor mixtures, while gasoline
engines use spark ignition, which directly ignites the air-fuel mixture with sparks. The higher air-
to-fuel ratios in diesel engines result in more complete combustions and notably lower [CH4] in
the exhaust. One time that diesel engines may operate with more fuel supply would be the trash

truck under open throttle acceleration with load (2006 Ford F-750 trash truck hot sample).

Mixing a small amount of fresh air methane into the exhaust could impact the measured isotopic
signatures, especially when the [CH4] from the uncontaminated exhaust gas is low. This
contamination could be the unburnt residue air methane that was sucked into the engine, or fresh
air leaked into the sample bags from the outlet of the exhaust pipe during sampling. This mixing
effect is supported by the linear fitting trend in Figure 3.5 (blue dotted line) between the air
compositions and two diesel vehicle exhaust compositions, extending to possible compositions
of exhaust after significant oxidation by the catalytic converter (yellow area in Figure 3.5). The
isotopic patterns of 3*C-3D in Figure 3.4 also support a mixing trend, with the linear fitting
(blue dotted line) pointing to an isotopically highly-enriched endmember. This potential
interference of fresh air methane could apply to most of the vehicle samples but should have less

impact on higher [CHa4] samples.
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The analysis of isotopic fractionation processes allows us to define several ranges for the isotopic
values of methane in vehicle exhaust based on the methane generation process. However, due to
limitations in sample size and vehicle composition, these samples inevitably cannot represent the
entire US fleet on the road. The methane isotopic signal in vehicle exhaust should not be
assigned a single value; instead, it varies across different stages of formation, combustion, and
catalytic conversion, ultimately influenced by vehicle operation and maintenance conditions.
Generally, exhaust containing moderate concentrations of methane (100 to 1000 ppm) is
predominantly influenced by high-temperature methane formation with low combustion
consumption, tending to exhibit isotopic signals similar to that of gasoline, with §*C around -
21%o and 6D near -170%o. In contrast, high-concentration methane (>1000 ppm) exhaust
typically undergoes a higher proportion of methane combustion, resulting in less negative §*C
and 8D values, where 8*3C can reach -10%o and 3D approximately -120%o. Furthermore, low-
concentration methane (<100 ppm) exhaust, due to the relatively greater contribution of catalytic
oxidation effects, tends to have extreme positive isotopic compositions, with §*3C possibly

reaching 0%o and 8D reaching +100%eo.
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3.4.4. Methane Clumped Isotopologues of Vehicle Exhaust
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Figure 3.6. A2CH2D2-A3CH3D plot of vehicle exhaust samples. Symbols, curves, and colors
are the same as in Figure 3.4. Error bars are showing 2SD uncertainties after propagation. The
black dotted line is the thermo-equilibrium curve for methane clumped isotopologues taken from
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Young, Kohl, Lollar, et al. (2017).

The methane clumped isotopologue compositions in most vehicle exhaust samples are slightly
anti-clumped in *2CHzD,, and slightly clumped in *CHsD (Figure 3.6 and Table 3.2). This
places vehicle exhaust methane clumped isotopologue compositions close to, but distinct from

those of natural gas, and more clumped in Y?CH2D, than biomass burning, pyrolysis (Dong et al.,
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2021), and microbial methanogenesis methane clumped signals (Gropp et al., 2022; Rhim &
Ono, 2022; Young, 2019). Although direct measurements of vehicle exhaust methane yield
distinct clumped isotope signals from other methane sources, it is currently not feasible to
identify the contribution of vehicle emissions in a road survey by measuring clumped isotopes of
methane in ambient air. Unlike nearly pure methane sources such as natural gas leaks and landfill
emissions, vehicle exhaust presents concentrations at the ppm level. Incidents where vehicle
emissions contribute to a 10% (i.e., ~0.2 ppm) enhancement in methane levels in the
environment are quite rare; even when such instances occur, a 10% proportion of vehicle exhaust
methane mixed with ambient methane would likely result in the methane isotopic signals being
almost completely overwhelmed by the highly positive values of atmospheric methane. Even if
we were to observe a slight decrease in A2CH,D,, we cannot rule out the possibility that this is
due to the mixing of natural gas and/or biogenic methane. Therefore, clumped isotopologues
currently cannot be used to distinguish vehicular methane from other methane emissions, and

fundamentally, they are not suitable for this task.

Following on the framework proposed in the previous section, which explains the signals of the
vehicular methane in four processes — methane formation, combustion, and oxidation via the
catalytic converter, and mixing — we can extend this analysis to clumped isotopologues. Methane
formation by proton addition to methyl radicals appears to generate anti-clumped compositions
like that observed with the burning of wood (Haghnegahdar et al., 2023) (biomass burning data
here) and pyrolysis of alkanes (Dong et al., 2021). According to the experimental results of n-
octadecane pyrolysis, the methane production process from alkane pyrolysis could initially

generate negative AY?CH,D; signals without significantly altering A3 CH3D (Dong et al., 2021).
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Once produced, methane will gradually return toward thermal-equilibrium clumped signals as
collision and isotopic exchange happens. The low anti-clumping signals we observed imply the

dominance of exchanging under high temperatures in the engine.

Process #2 methane combustion and process #3 methane oxidation by the catalytic converter can

still be discussed under the framework of the Rayleigh fractionation process, with relationships

given by:
13 13 @13cH3D—1
83 CHsDyesigue(%0) + 1000 = (1000 + 8 *CH;3Dypitiqr) * f 12cHe (3.13)
12 12 @12cH2D2~1
§'2CHyD, . (%0) +1000 = (1000 + §*CHyD, . ) * f ~12cHs (3.14)

If we ignore the compounding additional decrease in zero point energy caused by the second rare
isotope substitution on a singly-substituted isotopologue (AAZPE, as defined in Whitehill et al.
(2017) and similarly described in Eiler (2007)), according to the rule of the geometric mean
(Bigeleisen, 1955), the KIE of doubly-substituted isotopologue equals to the product of KIEs of
the two corresponding singly-substituted isotopologues, i.e. a13cH3p = a13c * op and a12cH2p2 = 0D
* op, given that a=1/KIE. In this scenario, there would be no cap-delta clumping signals, i.e.
ABCH;3D = 0 and ACH,D; = 0. Clumping effects are likely small in the case of process #2
methane combustion, where the high-energy environment overwhelms the AAZPE and thus

limits clumping.

The presence of a catalytic converter which occurs at lower temperatures in process #3 catalytic
oxidation might provide a special surface environment leading to the observed unusual clumping
signals in the 2017 Chevrolet Sonic hot exhaust samples. To explain these signals, an additional

adjustment coefficient y for clumping has been introduced, where ai3cHsp = ausc * ap * y13cH3D
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and o2cHp2 = op * ap * yiocH2p2. The physical basis for adding this y coefficient relates to the
AAZPE. When deuterium (D) replaces hydrogen (H) in a singly-substituted isotopologue, the
energy of the existing 13C-H or >C-D bond is also affected, which further lowers the total energy
of the molecule and makes it more stable, i.e. y < 1. For *?*CH.D,, H-abstraction, which is the
main channel for methane oxidation compared to D-abstraction, its secondary isotope effect (Cao
etal., 2019; Wang et al., 2015; Whitehill et al., 2017) is largely enhanced because of the
existence of two D in the molecule, and is thus expected to cause a stronger clumping effect than
BCH3D, i.e. usually y12cHzp2 < y13chsp < 1. To roughly align the yellow line in Figure 3.6 with
the two 2017 Chevrolet Sonic hot samples, we employed y13cHap = 0.99867 and y12cH2p2 = 0.963.
The y13ch3p value deduced in this study aligns numerically with those observed in aerobic
oxidation of methane (AOM) experiments (Wang et al., 2016) and in anaerobic oxidation of
methane (AeOM) experiments (Ono et al., 2021), yet is slightly smaller than the value calculated
from the KIEs of gas phase CHs+OH reactions (Haghnegahdar et al., 2017). The deduced is
y12cH2p2 larger than the measured values in AOM and AeOM samples (Giunta et al., 2022), as
well as the calculated value from the KIEs of CH4+OH reactions at 25 °C (Haghnegahdar et al.,

2017).

After determining the y values, KIEs for methane oxidation with the presence of a catalytic
converter at high temperature can be calculated: KIE1achsp = 1.1156 and KIE12cHop2 = 1.2794.
These values are significantly lower than those reported for CH4+OH reactions at 25 °C
(Haghnegahdar et al., 2017). Since the catalytic oxidation in vehicle exhaust requires a minimum
operational temperature of about 400°C, it is improper to use the 25 °C values for comparison.

By following established ab initio computational procedures (Haghnegahdar et al., 2017) with
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the Gaussian 09 (EM64L-G09RevD.01) (Frisch et al., 2013) using the second-order Mgller-
Plesset (MP2) method (Mgller & Plesset, 1934) with cc-pVTZ basis sets (Dunning, 1989), we
calculated the KIEs for CH4+OH and CH4+Cl reactions at various temperatures (Table 3.3), and
derived temperature-dependent KIE relationships with fourth-order polynomial fittings (Table
3.4). We interpolated the KIEs to temperatures of 1283 °C and 1116 °C, to match the derived
KIE1schap and KIE12cH2p2 in this study, respectively. These temperatures exceed typical exhaust

gas temperature when reaching the catalytic converter, which is usually about 600 °C.
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Table 3.3. Calculated KIEs of four methane isotopologues ('*CHa, '>*CH3D, 3CH3D, 12)CH:D:) for CH4+OH and CH4+Cl
reactions, at different temperatures.

Temperature (K)

Species
150 200 253 273 293 298 323 373 500 1000

BCH4 1.00217 1.00470 1.00602 1.00625 1.00637 1.00639 1.00642 1.00628 1.00541 1.00253

ol 2CH;D 1.31850 1.34051 1.33588 1.33137 1.32598 1.32452 1.31679 1.30000 1.25761 1.15381
BCH;D 1.32347 1.34765 1.34452 1.34022 1.33490 1.33345 1.32565 1.30848 1.26463 1.15679
2CH2D, 2.02058  2.00236 1.96834 1.94754 1.92421 1.91811 1.88654 1.82188 1.67323 1.35927

BCH4 1.02879 1.02473 1.02209 1.02123 1.02042 1.02022 1.01930 1.01767 1.01460 1.00943

cl 2CH;D 1.58934 1.51341 1.46294 1.44489 1.42741 1.42314 1.40246 1.36479 1.29023 1.15734
BCHsD 1.54460 1.47677 1.43110 1.41460 1.39855 1.39463 1.37558 1.34070 1.27120 1.14605
2CH2D, 2.73024  2.43593 2.25700  2.19441 2.13458  2.12010  2.05073 1.92768 1.69772 1.33611

Table 3.4. Parameters of the derived fourth-order polynomial fittings for calculating KIEs of four methane isotopologues
(*3CHa4, 2CH:D, 3CH3D, '2CH:D2) for CH4+OH and CH4+Cl reactions with temperatures T in Kelvin. KIE=a/T*+b /T + ¢/
T>+d/T+e*T+f

) T T3 T2 T! T 1
Species . b . d . ¢
3CH4 -3174600 152620 -1963.8 8.313 1.1173E-06 0.99491
OH 2CH;D -359920000 7634100 -66793 274.11 0.000035924 0.90329
BCH;D -350160000 7638700 -68436 283.64 0.000037419 0.89688
12CH,D, 120570000 5036100 -107210 649.49 0.00010192 0.70991
3CH4 1.1703E+07 -113520 -186.91 6.8353 9.8809E-07 1.0019
Cl 2CH;D 291190000 -2352300 -12346 196.3 0.000028557 0.94689
BCH;D 254780000 -1878400 -13853 189.78 0.000027486 0.94426
2CH,D; 1920900000 -24939000 75250 307.09 0.000050941 0.92585
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Several approaches could explain the discrepancy in KIE values. One simple explanation is that
the KIE for methane catalytic oxidation in vehicle exhaust does have different KIEs than the gas
phase CH4+OH reaction, similar to how CHs+Cl has different KIEs than CH4+OH. Another
approach might involve adjusting the ai3c and ap values defined in the previous section and used
in calculating KIEs for clumped isotopologues, which could be both increased while still
aligning with measured 8*3C and 8D values, potentially harmonizing the final KIE with those of
the CH4+OH reaction. Additionally, there could be a method to address the inconsistency
without altering the existing values, by considering adsorption-desorption dynamics on the
catalytic converter active Pt alloy coating. Methane in the exhaust stroke first adheres to the
surface of the catalyst alloy, with part desorbing and another part oxidizing. This would yield a

network with two CH4 pools and a product:

CH4(exhaust) <& CH4(adsorbed) = Product (3.15)
At any given moment, assume a fraction f of methane in the exhaust stroke is oxidized, and (1-
f) desorbs. If the methane oxidation on the catalyst surface has KIE, then the net (apparent)
KIE’ for the entire network is modulated by the fraction f:

KIEE=(1—=f)*KIE+f (3.16)

This equation allows the apparent KIE’ to vary within the range of (1, KIE), controlled by the f.
The deduced KIE’ values in this study (KIE’13cHsp = 1.1156 and KIE 12cHep2 = 1.2794) can be
matched by f = 0.36 with interpolated KIE1schsp = 1.1752 at 600 °C and f = 0.32 with
interpolated KIE12cH2p2 = 1.4091 at 600 °C for CH4+OH reaction, respectively. This consistency
in f values across different isotopologues strengthens the reliability of using this approach to

interpret the clumping effect of the catalytic oxidation process in vehicle exhaust.
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If the modified Rayleigh fractionation model incorporating adsorption-desorption processes is
adopted, the fractionation of bulk *3C and D on the catalytic converter discussed in the previous
section should also be explained using the modified model. The previous discussion remains
valid as the model still utilizes the mathematical equations of Rayleigh fractionation but instead

calculates an apparent fractionation coefficient o'

Moving to the clumped isotopologue data for diesel vehicles, we find that the trend provided by
these data is consistent with the hypothesis of air mixing with the exhaust. The mixing process
generates a curve on the A2CH,D,-A¥®CHsD field, depicted by a blue dotted line in Figure 3.6.
The 2006 Ford F-750 trash truck hot sample has a higher contribution from the original exhaust
methane, compared to 2005 and 2013 Gillig transit bus hot samples, and thus the isotopic signals

were less affected by the air mixing, resulting in a smaller increase in A*?CHzD,.

To sum up, the observation from the clumped isotopologue data aligns with the conclusions
drawn from carbon and hydrogen isotope data. That is, the observed isotopic and isotopologue
data can be explained through four processes (formation, combustion, oxidation, and air mixing)

combined with appropriate KIE values.

The clumped isotopic values of vehicular methane endmembers should be defined using the
same process-based approach as traditional bulk isotopes. However, unlike bulk carbon and
hydrogen isotopic data, clumped isotopologue measurements have high uncertainties, while the
range of variation is relatively narrow. We observed that fractionation from Step 3 (catalytic

conversion) and Step 4 (air mixing) caused the AY?CH,D- values of four low-methane
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concentration samples to diverge significantly from others. Exhaust methane could have

AYCH,D; values that become extremely positive, reaching up to +30%o.

Excluding the four outliers, samples clustered near the (0,0) point in Figure 3.6, which happened
to be samples predominantly influenced by Step 1 (formation) and Step 2 (combustion).
Averaging these clustered samples yields values of A¥CH3D = +0.8%o and AY>CH2D2 = -2.4%o.
Considering that these samples generally have higher concentrations and may be more
representative on the road, we recommend using this set of averaged values as the clumped

isotopologue signatures for vehicle exhaust methane endmember.

This set of values is slightly away from the (0,0) point. This minor shift could be attributed to
fractionation possibly caused by cracking during the high-temperature methane formation
reaction. However, significant measurement uncertainties due to technical limitations, with
average 2SD values of +1.1%o and +3.2%o, hinder further quantitative analysis. Given the unique
physical significance of the (0,0) in stochastic distribution, and the considerable measurement
uncertainties, additional measurements are needed to determine whether the clumped

isotopologue signals of vehicle exhaust methane are definitively deviating from (0,0).

To sum up, based on the data from this study, we suggest that the A*CH3D value for vehicle
exhaust methane is primarily around 0.8%o % 1.1%o, while the AY?CHzD- value is approximately -
2.4%o + 3.2%o, If not being largely affected by catalytic oxidation and air mixing. These values

should be used with caution due to their representativeness limitations.
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3.5. Conclusions

This study presents findings consistent with prior studies, showing that exhaust from studied
vehicles exhibits a broad range of [CH4] that vary depending on factors like vehicle age, state of
repair, engine type, and operating conditions. [CHa] in vehicle exhausts measured in this study
ranged from <1 ppm to >1000 ppm. Older and poorly-maintained vehicles tend to emit more
methane. Vehicles with compression-combustion (diesel) engines, allowing higher air/fuel,
emitted lower [CH4] compared to spark-combustion vehicles. Vehicular methane emissions are
likely to follow a fat-tail distribution, meaning that a small portion of vehicles contribute the

majority of emissions.

The C2:C4, 63C and 8D of exhaust methane vary among vehicles, influenced by many of the
same factors that concentrations scale with. C2:Cy varied from 0.1% to 18.3%. Vehicles emitting
greater amounts of methane are generally those with higher C2:C1. §3C and 8D could in
principle be used to identify vehicular contributions, but low levels of [CH4] enhancements on
the road make this a challenging prospect. Vehicular methane typically has *3C values between
-22 and -11%o and 5D values between -170 and -120%o, which are less negative than §*C and 8D
of natural gas. The majority of vehicle samples show a positive linear relationship among [CHa4],

813C, and 8D, although some samples significantly deviate from this trend.

After excluding some outliers, most samples show clumped isotopologue signals clustered near
the (0,0) point, with average values of A'®*CHsD = +0.8 + 1.1%o and A¥CH2D; = -2.4%o % 3.2%o.
More high-precision measurements are needed to determine whether these values consistently
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deviate slightly from stochastic distributions. A small number of outliers can have A?CH,D;
values reaching +30%o. The clumped isotopologue signal of vehicle exhaust methane is
significantly different from those of major methane sources, such as natural gas and microbial

methane.

Despite the isotopic and isotopologue signatures of vehicle exhaust methane being different from
other major methane sources, identifying vehicular methane emissions in urban air based on
isotopes and isotopologues is still challenging due to the low enhancement level and the

variability of isotopic signals from different sources.

The isotopic variations can be explained with four dominant processes: 1) formation of methane
under high temperature during the first part of burning in the engine, 2) combustion of methane
under high temperature in the engine before it is expelled from cylinder to exhaust stroke, 3)
oxidation of methane by catalytic converter, and 4) mixing of exhaust methane with air methane.
Process #1 methane formation aligns the §*3C and 8D values of generated methane with those of
gasoline, while clumped isotopologue signals of generated methane are near-stochastic, or
exhibit slight anti-clumping in ACH,D,. This process may involve considerable intermolecular
exchange of isotopes to yield a near-equilibrium signature. Process #2 methane combustion,
described by the Rayleigh fractionation equation, is thought to produce the positive linear
relationship observed among [CH4], 8*3C, and 8D in the majority of samples. Process #3
methane oxidation by the catalytic converter can also be simulated with a simple Rayleigh
model, but a modified Rayleigh model that incorporates methane adsorption and desorption on

the surface of the catalytic alloy allows better fit with literature values. The catalytic process

208



leads to extremely positive 8*3C and 8D, as well as highly clumped ACH2D signals with low
[CH4]. The exhaust of diesel vehicles typically shows very low [CH4] because compression
combustion is generally under a higher air-to-fuel ratio. This low [CH4] exhaust is then mixed
with ambient air while sampling to yield influenced §'3C, 8D, and clumped isotopologue signals,
which showed mixing trends with air. These processes collectively shape the concentration and
isotope characteristics of vehicular methane, indicating vehicle emissions are primarily
controlled by the operational states of the engine and catalytic converter. This study
demonstrates the capability of isotopes and clumped isotopologues in tracing processes.
Meanwhile, vehicle engines and catalytic converters provide a unique opportunity to obtain key
isotopic fractionation factors for pyrolysis and methane catalytic oxidation. These parameters
could provide a reference for studying other methane geochemical processes, such as microbial

methane oxidation and atmospheric methane sink reactions.
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concentration results for some vehicles (Appendix A Note A.3) are provided in Appendix A.
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4.1. Abstract

We apply a recently developed measurement technique for methane (CH4) isotopologues (isotopic
variants of CHs —13CHs, 2CHsD, *CHsD, and ?CH:D) to identify contributions to the
atmospheric burden from fossil fuel and microbial sources. The aim of this study is to constrain
factors that ultimately control the concentration of this potent greenhouse gas on global, regional,
and local levels. While predictions of atmospheric methane isotopologues have been modeled, we
present direct measurements that point to a different atmospheric methane composition and to a
microbial flux with less clumping (greater deficits relative to stochastic) in both **CHsD and
12CH,D, than had been previously assigned. These differences make atmospheric isotopologue
data sufficiently sensitive to variations in microbial to fossil fuel fluxes to distinguish between
emissions scenarios such as those generated by different versions of EDGAR (the Emissions
Database for Global Atmospheric Research), even when existing constraints on the atmospheric
CHys concentration profile as well as traditional isotopes are kept constant.

4.2. Significance Statement

With an approximately ten-year lifetime and strong infrared absorption, methane is one of the
most important greenhouse gases and a target for mitigation. Here we describe unique
measurements of rare isotopic variants of methane (isotopologues, in particular, 3 CHsD and
12CH,D,) in air, which when used in combination with traditional isotope and concentration
constraints, add valuable new information about the balance of atmospheric CH4 sources.
Importantly, information from these isotopologue analyses distinguishes between different
proposed histories of fossil fuel to microbial methane emissions, even when the traditional

isotope and concentration records are the same. Consideration of these isotopologues also
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supports recent assertions that increases in microbial emissions are driving the most recent rise in

atmospheric methane.

4.3. Introduction

Methane (CHa) is the second most important anthropogenic greenhouse gas in Earth’s
atmosphere with its residence time controlled primarily by loss to reaction with the *OH radical,
and to a lesser extent by reaction with Cle and O(*D) as well as oxidation in soils (Dlugokencky
etal., 2011). These reactions result in a lifetime of ~10 years, meaning that >98% of the methane
in the atmosphere was emitted in the past 40 years. The classification as a short-lived climate
pollutant also means that increases in emission rates have thus supported an increase of >15% in

its globally averaged atmospheric concentration over the same period (Lan et al., 2023).

Methane is a primary target to address climate change, in large part because of its short lifetime
(and potential as a greenhouse gas), which translates to changes we make today will impact what
most of us witness in our lifetimes (Dlugokencky et al., 2011). It has also been highlighted that
methane mitigation may be one of our best opportunities to meet targets such as those outlined in
the Paris Agreement (Nisbet, Jones, et al., 2021; Nisbet et al., 2019). A complicating factor in
mitigating methane is uncertainty in its global budget, especially in sources, illustrated by
disagreement between bottom-up vs. top-down models (Saunois et al., 2020); existing
observations can be explained by different hypotheses relating changes in source fluxes, source
compositions, and/or sink reactions (Lan et al., 2021; Milkov, Schwietzke, et al., 2020; Nisbet et

al., 2023; Rigby et al., 2017; Schaefer et al., 2016; Turner et al., 2017). A need therefore exists
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for the development of additional independent observations that can be used to increase the
number of constraints controlling the processes that govern the rapid rise of methane in the

atmosphere.

The rise in atmospheric methane from pre-industrial levels of ~700 ppb (Saunois et al., 2020) to
~1,900 ppb (Lan et al., 2023) in 2023, has not been monotonic. The buildup accelerated through
most of the 20" century, only to taper off in the 1990’s and then notably to stall between 1999
and 2006 (Lan et al., 2021); the early 21% century plateau was hypothesized to reflect the
stabilization of sources due to a decrease in anthropogenic emissions (Bousquet et al., 2006). In
2007, methane resumed its rapid upward trajectory (~8-10 ppb/yr) indicating renewed
strengthening of CHa sources, a weakening of its sinks, or both (Lan et al., 2021; Milkov,
Schwietzke, et al., 2020; Nisbet et al., 2023; Rigby et al., 2017; Schaefer et al., 2016; Turner et

al., 2017).

One approach used to improve our understanding of these temporal variations in atmospheric
methane concentration, has been to study isotopic forms of CHa4such as the **CHy isotopologue
(isotopic variant described by bulk 8**C composition—also see Appendix B) (Lan et al., 2021;
Milkov, Schwietzke, et al., 2020; Nisbet et al., 2023; Rigby et al., 2017; Schaefer et al., 2016;
Turner et al., 2017). Biogenic sources tend to release less **CHy relative to *>*CH4 compared to
fossil sources (i.e., lighter 8*3C). The proportion of atmospheric 3 CHa to *?CHg increased (more
positive 513C) in the time leading up to the [CH4] plateau between 1999 and 2006. Since that
time, the 5'3C has shifted to more negative values, even as the rise in concentration resumed

(compare Figures B.3 and B.5A). Understanding what drives the fluctuations in both
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concentration and bulk carbon isotopic composition carries important implications for how
society approaches the mitigation of this greenhouse gas—do we focus mitigation efforts on fossil
sources such as natural gas leakage or on microbial sources such as landfills, agriculture, or
wetlands? Other efforts have worked to use the *?CHsD isotopologue (variations recorded by 8D
compositions—see Appendix B) but this record is significantly less complete (Fujita et al., 2020;
Rice et al., 2016). The need for more complete records of 8D as well as for other independent
measures provided by the rare isotopologues of methane has been documented (Rice et al.,

2016).

In this study, we explore the use of two further isotopologues of methane, the doubly substituted
species 3CH3D and ?CH,D; with variations reported as, AZ3CHsD * and A2CH2D> values as
well as 83CH3D and '?CH2D: values ((Fujita et al., 2020), also see Appendix B). The doubly-
substituted isotopologues are colloquially referred to as clumped? because they have two heavy
isotope substitutions and this clumping is associated with stronger bonds and makes them

slightly more stable thermodynamically. Isotopes that are stochastically distributed are

! The A notation describes the enrichment (positive values) or depletion (negative values) in parts per thousand (%o)

of an isotopologue ratio relative to the stochastic ratio. For example, A¥*CHsD (in %o) = 1000 x ((*3CHsD
[*2CHa)sample = (2.CH3D /*2CHa)stochastic)! (*CH3D /*2CHa)stochastic). IN @ stochastic distribution all the stable

isotopes in a given population of molecules are randomly distributed among all possible isotopologues.
2 Gases comprised of different isotopologues are considered clumped when the A*X*Y is positive and anti-clumped

when A*X*Y is negative.
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represented according to their relative abundance as if randomly selected from the entire

population.

Interest in methane clumped isotopologues has developed over the past 15 years, insofar as they
can be used: 1) to document if isotopologue proportions are in equilibrium, and if so, at what
temperature it was set; 2) to evaluate kinetics because these processes leave characteristic
signatures between product and reactant (kinetic effects in both production and removal
fractionate methane); and 3) to trace physical processes related to mixing of clumped
isotopologues from specific sources into the surrounding air. All three of these processes play a
part in the global atmospheric methane cycle, making the measurement of clumped

isotopologues of methane a timely target for atmospheric research.

The use of clumped isotopes of methane in air has been enabled by the recent development of
new instruments that can measure their ultra-low abundance at high mass resolution (Eiler et al.,
2013; Gonzalez et al., 2019; Ono et al., 2014; Young et al., 2016). Also necessary were
separation and purification of sufficient methane for analysis, which requires processing

hundreds of liters of air (described in the materials and methods and also the Appendix B).

Measurements of the abundance of these isotopologues are considered in the context of the
global methane budget to illustrate that the information is not only independent of that provided
by traditional, singly substituted isotopologues given by 5'3C and 8D, but that this information
can test hypotheses relating to the apportionment of fossil fuel and microbial sources on global,

regional, and local scales. This is possible because recent studies (e.g., (Dong et al., 2021,
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Douglas et al., 2017; Stolper, Lawson, et al., 2014; Wang et al., 2015; Young, Kohl, Lollar, et
al., 2017)) have been filling in critical information about clumped isotope compositions of
various CH4 sources and processes, the foundational information for making interpretations

about methane in air.

The data presented here for singly and doubly substituted isotopologues demonstrate the
applicability of this approach, which promises greater resolution of atmospheric CHa sources
than is possible with only traditional bulk isotope techniques. We frame the information captured
by various isotopic measurements using traditional isotope and isotopologue plots (Figure 4.1)

(see also Appendix B Table B.1).
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Figure 4.1. (A) Plot of 8'3C and 8D (%o) of methane samples measured in this study (air-blue
circles; microbial wetland related—green squares; natural gas—brown triangles; biomass burning—
orange diamonds) overlain on the fields of Whiticar (2020). Dashed gray line shows possible
trajectory for mixing of tropospheric air with local sources having microbial signatures. The red
circle in Panel A is the composition of atmospheric methane given by Dong et al. (2021). (B)
Plot of A'>CH:D: vs. ABCH3D (%o) illustrating the uniquely positive A"?CH,D> of air samples
relative to the equilibrium curve (stippled gray curve labeled with temperatures from 0 to

330 °C) and samples equilibrated using with y-alumina at 15 °C, 32 °C, and 150 °C (red
triangles) following (Eldridge et al., 2019). Data for natural gas samples (brown triangles),
(biomass) burning (orange diamonds), microbial methane (light green squares are incubations;
darker green squares are chamber collections). A mixing net with end members broadly matching
air mixed with microbial methane is plotted in dashed gray. Mixing of air with local sources such
as air from wetlands (see Appendix B) is hypothesized to account for the variability that is seen.
The global atmospheric (tropospheric) value is hypothesized to be near the cluster of air data
points but could be slightly shifted since the sampling location is at ground level and within the
urban dome (enhanced methane) of the Washington, DC region.

4.4. Samples

Methane was isolated from a variety of different types of samples for isotopologue
measurements. Studied samples include methane extracted from near-surface air (500 to 1000 L)

collected from urban sites on and near the University of Maryland campus, from compressed air
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samples (commercial Airgas), and from sites located on or near the UMD campus associated
with the local farm, and with wetlands. In addition to these samples, methane was extracted from
smoke from a covered grill (burning wood and charcoal), from chambers deployed at the two
studied wetlands, and from incubation experiments with wetland soils. Finally, methane
collected from natural gas samples (Marcellus and Utica shale gas and natural gas from the
UMD Chemistry Bldg) was analyzed. Additional detail about the sampling locations, collection

procedures, and calibration are presented in the Supporting Information.

4.5. Using Isotopologue Data to Track Local Source Contributions and Mixing

In Figure 4.1A, the traditional isotopic compositions of various sources are illustrated as colored
fields (Douglas et al., 2017); also on this panel is the much more narrowly defined and distinct
composition for atmospheric methane (red circle). Data collected in this study largely falls within
the defined fields, and data collected for ambient air (blue circles) extends from composition
defined for air by Whiticar (2020) along an array that extends towards microbial sources. Air
samples were all collected in the planetary boundary layer within 3 m of ground level. Those
showing mixing (meaning influence of local sources) were generally collected in the early
morning around sunrise near sites of methane emission and contained methane that accumulated
overnight due to low nocturnal boundary layer height. These also have methane mixing ratios
above the ~2,000 ppb (typical for 39°N in 2022). The mixing array is interpreted to reflect local
mixing of microbially sourced methane into background air and a schematic mixing line is

included on this diagram for illustrative purposes.
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On this diagram, the isotopic composition of background tropospheric air (red circle) methane
(8*3C and 3D values) is shifted from its source methane as a result of KIE (Kinetic Isotope
Effects®—see Appendix B) associated with sink reactions for methane (predominantly reaction
with the *OH radical, and to a lesser extent to sinks attributable to Cls, O(*D), and soil oxidation
reactions), and these KIE reflect different sink reaction rates for different isotopologues (Chung
& Arnold, 2021; Haghnegahdar et al., 2017; Whitehill et al., 2017). The KIE for «OH + *CHy is
only about 1.0039, but «OH + 2CHj3D is much slower with a KIE of ~1.3. This leads to different
lifetimes (e.g., ~30% longer for 2CH3D compared to CHa) for the isotopologues in air
(Haghnegahdar et al., 2017). The effect for 5D is more pronounced than for 5!3C, and the
difference in composition makes it possible to see, for instance, the effect of local contributions
to atmospheric methane. Figure 4.1A shows little change in §*3C relative to 5D. There have been
relatively few measurements of the other rate constants (e.g., (Whitehill et al., 2017)) and we
have to calculate (model) KIE for other isotopologues using electronic structure methods;
because this approach yields high-precision frequency shifts, the precision on the relative rates

(KIE) is better than the accuracy (absolute rate constants).

Data for doubly substituted isotopologues (A?CH2D2 and AP*CH3D-Table B.1) for the same
samples are presented in Figure 4.1B. A similar offset for the isotopic compositions of methane
in tropospheric air compared to that of the sources is seen and reflects KIE that produces an

enrichment in heavier isotopologues resulting from the lower rates of sink reactions involving

3 KIE = kuacnalki, where ki is the rate constant of the isotopologue of interest at a specific temperature.
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isotopologues with progressively more heavy-isotope substitutions (e.g., (Chung & Arnold,

2021; Haghnegahdar et al., 2017; Whitehill et al., 2017)).

Evidence of mixing can also be seen with the doubly-substituted isotopologues. Figure 4.1B also
includes a mixing grid for mixing of atmospheric methane with methane from sources with
compositions like those produced by the two predominant microbial pathways that generate
different isotopic signatures ((Whiticar, 2020) - See also Figure B.1 for a different mixing grid
with natural gas and microbial sources). Mixing lines on this grid are curved because of the way
that ACH,D; and A¥CH3D are defined. Straight mixing lines are, however, seen on plots of
812CH,D2 and §*3CH3D (See Figure B.2). Adding clumped isotopes to traditional isotopes and
trace gas measurements will thus provide a way to significantly improve source identification
and apportioning at local and regional levels. Prior to this result, there was no equivalent of the

red circle (a prior measurement of air methane) for the doubly-substituted isotopologues.

While identifying contributions from local sources is a valuable application of isotopologue data,

we first focus on the utility of isotopologue data for studies of the nature of global CH4 sources

and changes in the global methane cycle (sources and sinks) over decadal timescales.
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4.6. Implications of Tropospheric Methane Isotopologue Data for Understanding

Global Fluxes

As noted above, different rates of atmospheric sink reactions for isotopologues (KIE) exert a
significant control over the resulting isotopic composition of methane in air. Enrichments of
12CH,D,, ¥ CH3D, and *2CH3D, leading to more positive §**CHsD, and §*?CH:zD; values on a
global scale (Figure 4.1 and Figure B.1) result from several different kinetic isotope effects. The
combined role of KIE for the sinks with *OH and Cls generates ~5%o increases in 83C, ~130%o
increases for 8D and 8*3CH3D, and ~200%o increases for §?CH:D- for tropospheric methane
relative to its primary sources (Haghnegahdar et al., 2017; Whitehill et al., 2017). KIE also
produces the observed positive A2CH,D; and AB*CHsD values (clumped: A>0) of methane in

ambient (tropospheric) air (Haghnegahdar et al., 2017; Whitehill et al., 2017).

A potential added element for these two reactions is that the KIE for the reaction with the «OH
radical lead to strong positive shifts for A¥2CH,D; (enhanced clumping) but not for AB*CH3D
(Haghnegahdar et al., 2017; Whitehill et al., 2017). The reaction with Cl* however generates
greater effects for the 13C-containing isotopologues (Lan et al., 2021; Rigby et al., 2017; Turner
et al., 2017). This combination raises the possibility that A3CH3D might also provide

information about changes in the proportional contribution of the Cle sink reaction.
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4.7. Insight into Global Microbial Flux from Air Isotopologues

While the measurements of isotopologues in air have strongly positive A2CHzD>, like recent
predictions (Chung & Arnold, 2021; Haghnegahdar, 2018; Haghnegahdar et al., 2017; Whitehill
et al., 2017) using forward, bottom-up isotopologue models, an important difference is revealed.
The predictions overestimated the degree of clumping for both doubly substituted isotopologues,
a feature that can be traced to assignments of the isotopologic mix of methane emitted from

microbial methanogenic sources such as wetlands.

At the time these modeling studies (e.g., (Chung & Arnold, 2021; Haghnegahdar, 2018;
Haghnegahdar et al., 2017; Whitehill et al., 2017)) were undertaken, evidence existed that pure
cultures of methanogens generate strongly anti-clumped methane (negative A>’CH2D, and
ABCH3D values); however, it was also known that pure culture experiments may not capture the
true signature of methanic microbial communities in situ. When cellular-level metabolic rates are
slow, which is relevant in many natural environments, greater clumping is seen (Gropp et al.,
2022; Jautzy et al., 2021). Furthermore, in nature, methanogens coexist with methanotrophs,
microbes that consume (oxidize) methane produced by methanogens. Methanotrophs had been
shown to shift isotopologues to more clumped (less negative) A’CH,D2 and A CHsD values
(Ash et al. (2019); Haghnegahdar (2018); Ono et al. (2021); Wang et al. (2015), but see Giunta et
al. (2022); Krause et al. (2022) for recent exceptions). These two considerations led the modeling
studies (e.g., (Chung & Arnold, 2021; Haghnegahdar, 2018; Haghnegahdar et al., 2017;
Whitehill et al., 2017)) to assign more clumped (less negative) A*?CH2D; and A¥*CH;3D values
than those seen in pure culture to the global microbial source flux(es). In turn, these models
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predicted strongly positive A22CH,D2 and A¥*CHsD values for air, more positive than our direct

measurements (Figure 4.2).
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Figure 4.2. Plot of A*CH2Dz vs. ACH3D (%) illustrating the fundamentally different
structure and results of constraints imposed by modeling measurements of methane in
tropospheric air versus predicting the composition from assumptions about sources. The
vertical line separates the observed measurement and derived source composition which have
lower ACH3D values from the prior model predictions which started with a source composition
having higher A3CH;D values. The square symbol (blue with star) is the composition of
observed ambient air methane (today). The gray square symbol is the derived composition of the
source flux (today). The stippled grey circle (labeled SS) is what would be attained if the
atmosphere and sources were in steady state (source flux = sink flux) for an atmospheric
methane composition like the one observed. On the right side of the plot, at higher A'*CH;3D, are
plotted the assumed composition for the source flux used by (Whiticar (2020)—green), (Whitehill
et al. (2017)—pink), (Chung and Arnold (2021)—tan). The diamond symbols are the derived
(predicted) composition of air methane (same colors) and the stippled triangle symbols are the
composition of air for the same sources when at steady state.
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Using a box model (see Appendix B), we show here that the observed isotopologue composition
of ambient tropospheric air requires a significantly less positive A?CH,D2 value (more anti-
clumped) for the (total) source flux (Figure 4.2). This source flux has negative (anti-clumped)
AYCH,D; indicating that the major microbial sources (e.g., wetlands, landfills, and agriculture)*
have anti-clumping, similar to gases collected in pure culture studies. The A¥*CHsD values are
also lower, but not as low as those seen in pure culture studies. The reason for this less clumped
source composition suggests that the most important pathways for methane emitted to the
atmosphere are those where methanogenesis occurs at more rapid cellular rates and also that the
signature is weighted toward methanogenesis because, in settings where methanotrophy

dominates, emissions are lower.

The fact that the total source is fed by a combination of microbial contributions with strongly
negative A?CH,D; values and fossil fuel contributions with positive A®?CHzD; values amplifies
the signal provided by AY2CH.,D; values to track changes in their relative contributions. The
smaller difference for AT*CH3D values makes this tracer less sensitive to changes in
microbial/fossil fuel flux ratios, but it may provide different constraints because the shifts
generated by sink reactions with *OH radicals are small compared to the larger shifts for the sink
reaction with Cle. Thus, it may be possible to use A¥*CH3D values to track variations the Cle sink

reactions, should the proportional loss to the Cle sink increase significantly above its present

4 It is conceivable, if for instance landfill and or wetland sources are found to have less anti -clumping and

agricultural sources are found to have greater anti-clumping, (or vice versa) that this analysis would point to one or

the other as the primary reason for the observed compositions.
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levels. Furthermore, some sources with similar A¥?CHzD- have different A3 CH3D; for instance,
those associated with microbially sourced methane compared to unequilibrated thermogenic
methane (Dong et al., 2021), leading to the suggestions that on local scales, A*CHsD values may

be a valuable asset for identifying which is most important.

4.8. Isotopoloques Track Apportionment of Methane Fluxes on Decadal

Timescales

The rise of atmospheric methane has been evaluated using bulk isotope measurements of
atmospheric methane (e.g., (Lan et al., 2021; Milkov, Schwietzke, et al., 2020; Nisbet et al.,
2023; Rice et al., 2016; Rigby et al., 2017; Schaefer et al., 2016; Turner et al., 2017)); however,
the conclusions made in these studies differ; Rice et al. (2016) argues on the basis of time series
d0D measurements that fossil fuel sources were flat leading up to the plateau in methane
concentration between 1999 and 2006 and only rose recently; whereas Milkov, Schwietzke, et al.
(2020), Lan et al. (2021), and Basu et al. (2022) argue on the basis of 5'3C variations that recent
enhancements in wetland emissions explain the most recent rise; other studies, Rigby et al.
(2017), Turner et al. (2017) and Chung and Arnold (2021) have argued that other factors related
to the strength of sinks and KIE also could play a role in controlling the recent rise of
atmospheric methane. As argued by Rigby et al. (2017), it would appear clear that additional
constraints and data with models are needed to fully understand the controls in the rapidly

changing understanding of global atmospheric methane in the past, present, and future.
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Here we use a box model to evaluate how much additional data from A?CH,D2 and A®CH3sD
may add to understanding the temporal trend in atmospheric methane, and specifically, whether
they may differentiate the contributions of fossil fuel and microbial sources. EDGAR
(Emissions Database for Global Atmospheric Research (Crippa et al., 2020)) provides high-
quality constraints on methane fluxes from major anthropogenic sources, and different versions
of EDGAR reflect uncertainty in understanding of the apportionment of these fluxes over the
past few decades. We used two versions of EDGAR and also considered another model of fossil
fuel flux (Hoglund-lsaksson, 2017) to build four different scenarios for anthropogenic source
fluxes for our box model. EDGAR does not include wetland emissions and those are calculated
(a free variable) to close the flux balance needed by the model. Each scenario broadly follows
one of four parameterizations® of anthropogenic source fluxes to obtain an estimate of the
composition and evolution of A®CH2D2 and A¥*CHsD through time (Figure 4.3). The aim is to
determine whether the isotopologue data would yield detectable signatures to distinguish among

the four modeled scenarios.

° The parameterization of anthropogenic fluxes is described in more detail in Appendix B and includes the

following: one scenario broadly matches fluxes of EDGAR 6.0, but smoothed to reduce artifacts of short term
change; another broadly matches fluxes of EDGAR 5.0, also smoothed; a third substitutes a smoothed version of
natural gas fluxes proposed by Hoglund-Isaksson into the EDGAR 6.0 scenario; and the fourth substitutes a

smoothed version of natural gas fluxes proposed by Hoglund-Isaksson into EDGAR 5.0 scenario.
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Figure 4.3. Plot of model for variation of A"2CH:2D2 (top) and A'3CHzD (bottom) scaled to
have proportional signal compared to uncertainty (bars on lower right of each plot). Four
model scenarios are explored (see Appendix B for more detail) using different parameterization
of sources, but the same parameterization for evolution of §'*C, 8D, sink, and rise in
concentration. Parameterizations are broadly matched to the EDGAR (Emissions Database for
Global Atmospheric Research) versions 6.0 and 5.0 (Crippa et al., 2020) with and without
substitution of a smoothed version of the natural gas fluxes proposed by Hoglund-Isaksson
(2017). The models are constrained to converge on the present-day composition for atmospheric
methane and solved using an inverse approach. The models show that A'>CH»D; (top) and
ACH3D (bottom) vary in different ways for the different source flux parameterizations even
when they reproduce the same evolution of §'3C, D, sink, and rise in concentration. Solid red
line is for fluxes broadly matched to EDGAR 6.0. Solid gray line is for fluxes broadly matched
to EDGAR 5.0. Dashed lines are for fluxes that substitute the smoothed version of natural gas
fluxes proposed by Hoglund-Isaksson (2017) into the EDGAR 6.0 (red dashed) and EDGAR 5.0
(grey dashed) fluxes.

The temporal model evolution of atmospheric methane for the different scenarios is generally
similar in form, with lower values of A2CH2D and A¥®CH3D in the 1980’s, followed by a rise in
values starting in the 1990’s that levels off in the second decade of this century. This form is
driven by the principles similar to those that drove the irregular rise of methane — the increase in

AYCH,D; and A¥*CH3D values is attributed to an approach to steady state as the rise tapered off.
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As seen in Figure 4.3, both A™CH2D; and A CHsD are sensitive to the chosen test case
scenarios for anthropogenic CHa sources, and since these scenarios are broadly similar to those
that have been proposed by EDGAR, and because other model parameters (sink, concentration
history, bulk isotopes, and KIE) are kept constant (the same), it can be concluded that the
isotopologue approach adds information and improves the ability to refine understanding of the
global methane cycle. Reaching this goal will be a challenge not only because of the difficulty
and time involved in making these measurements, but also because of the scale of this global
problem where methane and its isotopologues vary from pole to pole and on seasonal, annual,
and decadal timescales (Basu et al., 2022; Bousquet et al., 2006; Fujita et al., 2020; Lan et al.,
2021; Lan et al., 2023; Nisbet et al., 2019; Quay et al., 1999; Rice et al., 2016; Zhang et al.,
2023; Zhang, Poulter, et al., 2022). It will therefore be important that more laboratories develop
the instrumentation and capability to extract and analyze the isotopologue composition of
atmospheric methane. Measurement of air from the past will prove more challenging because
existing sample archives are highly precious and only contain small amounts of air. Trapped air
samples from natural settings, like arctic firn (partially compacted granular snow that persists
from prior years) should provide a means to explore methane isotopologue changes in the past,

but these may become increasingly rare as global warming melts these icy archives.

Digging further into the underlying reason for the variation of A¥?CHzD2 among the four
investigated model anthropogenic source flux scenarios, we hypothesize that this is in large part
due to the greater contrast between negative AY2CH.D; for global microbial sources compared to

fossil fuel sources. A critical part of this model exercise and this response to source was that the
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derived composition of the total source would evolve differently, depending on whether fossil
fuel or microbial wetland fluxes drove the rise in atmospheric methane concentration (Figure
B.12). Further to this point, the D/H required of the wetland source must change significantly if
the rise is due to fossil sources, but is stable if wetlands control the rise, which would lend
support to recent findings that attribute the rise to increases in wetland fluxes on the basis of bulk
13C abundances (Fujita et al., 2020; Gropp et al., 2022; Milkov, Schwietzke, et al., 2020; Rigby
etal., 2017), but see Zhang, Poulter, et al. (2022) for arguments that the *C abundances permit

alternate interpretations.

4.9. Conclusions

This study contributes three findings relating isotopologue data to atmospheric methane cycling.
Isotopologue measurements of atmospheric methane provide additional, independent constraints
on contributions from local sources that promise to strengthen source apportionment at regional
and local levels. At a global level, the measurements of atmospheric methane isotopologues
show that microbial CH4 sources have clearly distinct (negative) A¥?CH2D; values compared to
fossil fuel sources, and this makes atmospheric methane isotopologue measurements more
sensitive for source apportionment than previously suggested. In contrast, A*CHsD variations
appear to be less sensitive for source apportionment, except in local source apportionment efforts
where sources have distinctly different A*CHsD. Finally, a model analysis shows that A'?’CHzD;
data and AY®CHsD data will add to understanding of decadal changes in the global methane cycle
(past and future), specifically as it relates to fluxes from fossil fuel and microbial contributions to

global methane burden.
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4.10. Materials and Methods

4.10.1. Sampling

Surface air, chamber, and smoke samples were collected into Tedlar bags (10, 20, or 200 L)
using a Gast (P704) diaphragm pump. Methane from anaerobic incubations was extracted from
the headspace using an air-tight syringe with a valve. Methane from bubbles released from a rice

paddy was collected in a funnel and then into a 50-cc syringe with a valve.

For air samples, we generally use 600 to 800 L of sample, but we have worked with some
samples as small as 200-400 L. For chamber and smoke samples, methane concentrations were
higher and smaller samples were used. Sample size was determined to provide approximately 1.5
to 6 cc of purified methane, which was necessary for the low abundance isotopologue abundance
measurements. For CO»-rich samples, CO, and water were removed using a liquid nitrogen-

cooled trap before introduction to the purification manifold.

4.10.2. Preconcentration and Purification

At the entrance to the purification manifold, the gas passes through a 400 cc canister trap filled

with dehydrated silica gel (preheated to 150°C overnight). The sample is then passed through a
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set of liquid nitrogen-cooled U-traps (6 in total, %2 inch OD, ~40 cm length, packed with 100-120
mesh particle size HayeSep DB porous polymer (Sigma-Aldrich®)) by pumping with a
mechanical vacuum pump on the far end of the manifold. The restriction of the canister trap
holds the gas pressure before the set of HayeSep DB traps at ~200 mbar, thus allowing a 600 L
sample to pass through in about 2 hours. Once the sample has been completely pumped through
this canister trap, the upstream valve is closed, and the sample is pumped until the baseline

stabilizes.

Following this, the sample is warmed to ~150 °C to transfer it to a second (smaller) liquid
nitrogen cooled HayeSep DB filled trap (3/8” od, ~40 cm length), again, by pumping on the
downstream side. For syringe samples, the samples are transferred directly to this second U trap
because the concentration of balance gases (nitrogen and oxygen) is low. Once the transfer is
complete and the pressure has dropped to about 10 mbar, this trap is warmed to ~—117°C using
an ethanol slush to release most of the nitrogen, some oxygen, and possibly some krypton, but to

retain the methane.

After 30 minutes, the trap is isolated and the preconcentrated sample is transferred using a
sample tube with silica gel (freezing onto the silica gel by cooling with liquid nitrogen) to a
purification manifold that is very similar in design to the manifold used at UCLA (Young et al.,
2016). The sample is transferred to an injection loop filled with liquid nitrogen-cooled silica gel,
which is subsequently warmed and injected using a 2-way Valco switching valve into an SRI
310C gas chromatograph. The chromatographic column is 1/8" diameter and 25’ long filled with

5 A mol sieve held at 54°C. The helium carrier gas flow of 35 mL/min separates methane from
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krypton, nitrogen, and oxygen. A thermal conductivity detector is used to identify the start and
end of the CH4 peak, and the flow is manually diverted into a liquid nitrogen-cooled collection
loop filled with silica gel through this interval. Additional details and schematics of our

extraction and purification manifold can be found in Appendix B (Figure B.18 and Figure B.19).

Once the sample is collected, the collection loop contains methane and helium and it is necessary
to remove the carrier gas without loss of methane. At UCLA this is done by slowly pumping the
helium away. At UMD, we use a slightly different strategy by pumping through a second U trap
(filled with silica gel) to trap any methane that might be drawn away as the helium is outgassed.
Once the helium is quantitatively removed, the remaining methane is transferred to this second
loop, which is then warmed and transferred to a sample tube filled with silica gel after the

recovered yield is measured manometrically.

4.10.3. Measurements

The purified methane samples were then analyzed using the Panorama high-resolution mass

spectrometer (Nu Instrument) at UMD. lon currents of >CH4*, 1*CHa*, **CH3D*, **CH3D*, and
12CH,D," were measured using a minimum mass resolving power (MRP) of 36,000 (5%-95%)
for clean separation of 12CH,D, from 3CH3D, corresponding to an approximate entrance slit

width of 35 um (Young et al., 2016). Methane was measured using sample standard bracketing
relative to a working gas (UMD-1). We see a minor dependence of isotopic composition on the
pressure balance between the sample and reference that we hypothesize is related to production

of both CH3z" and CH." in the source. We post process the data to determine the intercept where
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sample and working gas pressures are equal. We also remove the first cycle from each set of
sample standard bracketing pairs and any 3 o outliers during each analytical session, which last
between 24 and 36 hours. Precisions of the mass spectrometric measurements based on internal

reproducibility (counting statistics for rare isotopologues) are reported in Table B.1.

Data are reported in standard notation (definitions and description in Appendix B). Calibrations
reported here are done against AL-1 from MIT and the clumped isotopologues are calibrated by
comparison with three thermal equilibrations using y-alumina catalyst (Wang et al., 2015). We
tested our reproducibility of samples with different A'?’CH2D; and A**CHsD by sharing
composite samples of methane separated from atmospheric air, methane from wetlands, and our
reference gas with the California Institute of Technology, and by comparison of analyses of large
methane samples provided for two other gases previously measured by MIT (Gonzalez et al.,
2019; Ono et al., 2014) and UCLA (Young et al., 2016) (see Appendix B Table B.2 and Table

B.3).
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Chapter 5: Constraining Wetland and Landfill Methane Emission
Signatures Through Atmospheric Methane Clumped Isotopologue

Measurements
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5.1. Key Points

1. Methane clumped isotopologues can fingerprint methane sources, using the Keeling plot
method and a new mathematical method.

2. Methane clumped isotopologue signatures of background air, landfill, and wetland
endmembers are defined and derived.

3. Wetland methane emission isotope signals show seasonal variations attributed to microbial

oxidation.
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5.2. 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 endmember compositions for background air, wetland, and landfill sources.
Our findings indicate that the isotopologue compositions of methane from regional wetland
emissions exhibit seasonal variations — 5'3C and 5D 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.
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5.3. 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.

5.4. 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 et al., 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 (**CHsD and *2CH.D>, hereafter referred

to as methane clumped isotopologues) add independent constraints, allowing further exploration
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of processes related to methane emissions. If the intra-molecular 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 et al., 2015; Stolper, Sessions, et al., 2014; Young, Kohl, Lollar, et al., 2017).
However, the clumped signals of some natural methane samples deviate from thermodynamic
equilibrium (Douglas et al., 2016; Douglas et al., 2020; Giunta et al., 2022; Giunta et al., 2019;
Haghnegahdar et al., 2024; Haghnegahdar et al., 2023; Liu, Treude, et al., 2023; Wang et al.,
2015; Young, Kohl, Lollar, et al., 2017). Lab-culture experiments and modeling have
demonstrated that different methanogenesis pathways could result in different isotope
fractionations of clumped isotopologues (Cao et al., 2019; Giunta et al., 2022; Gropp et al., 2021;
Gropp et al., 2022; Gruen et al., 2018; Ono et al., 2021; Ono et al., 2022; Rhim & Ono, 2022;
Young, Kohl, Lollar, et al., 2017). Methane oxidation can further cause fractionations
(Haghnegahdar, 2018; Krause et al., 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
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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 atmosphere, 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 §*3C and/or 8D against the reciprocal of methane concentration

(1/[CHa4]) in air samples to interpolate the source 5'*C and/or 5D 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
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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, particularly 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 conducted 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.

5.5. Samples and Methods

5.5.1. Sampling Area and Campaigns

The study area is the Patuxent River watershed of the Chesapeake Bay, Maryland, USA.
Originating in Maryland’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
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the proximity to the bay and the ocean (Chesapeake Bay Program,

https://www.chesapeakebay.net/what/maps/chesapeake-bay-mean-surface-salinity-1985-2018).

Our sampling focused on the Jug Bay Wetlands Sanctuary, with additional samples collected
upstream and downstream along the Patuxent River (Figure 5.1 and Table C.1). 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 June 12, 2022, to May 7, 2023. Sampling intervals varied from two weeks to four
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;

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 Appendix C (Note C.1). 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".
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Figure 5.1. 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.
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5.5.2. Sampling Methods

Sampling was carried out using portable air mattress pumps to inflate Tedlar Bags (CEL
Scientific Corp.) (Figure C.1 and Figure C.2). 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.
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, location information can be found

in Table C.1.

5.5.3. 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 N2 and O
while retaining CH4 and Kr. A liquid nitrogen-cooled glass condenser was added before
introducing the sample into the extraction line for humid samples (Sun, Haghnegahdar, et al.,

2025). The preliminarily concentrated gas is then subjected to further separation via gas
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chromatography (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 *3CHa, CHsD, **CHsD, and 2CH,D; isotopologues relative to
12CHy,, 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 *CHsD, **CHs (interference), and 12CH.Ds..
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 6 notations:

13
()
mpl
813Csample—standard = 713¢ = -1 (5.1)
< /12C>standard
®/isample
6Dsample—standard = o isampe g (5.2)

(D/H)standard

13CH;D
13 ( /12CH4)sample
8 CH3Dsamp1e—standard = T3CH,D -1 (5.3)
/12 )standard
CH,

12cH,D,
( /12CH4)sample

§'%CH,D, -1 (5.4)

sample—standard = 12CH,D,
( /12CH4)standard

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 (3CHsD and '2CH.D,) is a hypothetical methane, which adopts the

carbon isotope composition from V-PDB and the hydrogen isotope composition from V-SMOW,
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and assumes an intra-molecular stochastic distribution - purely random binding of *?C, 3C, H,
and D: (Young et al., 2016)

Xiscy, = 4 * X13. * Xp * (Xp)? (5.5)

D, stochastic

X12CHZ =6 * X12C * (XD)Z * (XH)Z (56)

D,, stochastic

X13¢ and Xp denote the fractions of **C and 2H 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):
A'3CH,D = 1+37CHsD ~1 5.7
37 7 (1+613CH,)*(1+812CH;D) G7)
12 _ 1+8"”CH,D, 5

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, Haghnegahdar, 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 C.1 for each sample, and are typically on the order of 0.03%o for **C, 0.1%o
for 8D, 0.4%o for ABCHsD, and 1.5%o for AY?CH2D,, with a few exceptions (Table C.1). 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.
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5.5.4. 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) . Detailed descriptions can be found in Appendix C (Note
C.2). Wind speeds and directions, and water table depths data are summarized in Table C.1.

Salinity and dissolved oxygen concentration are plotted in Figures C.1 and Figure C.2.

5.6. Results

5.6.1. Methane Concentrations

Methane concentrations in wetland air samples spanned from 2.21 to 6.50 ppm (Table C.1). This
range suggests varying degrees of source influence mixing with the air, since background air
methane concentrations typically do not reach 2.2 ppm according to NOAA Global Monitoring
Lab (GML) data (Lan et al.). One sample collected at the Queen Anne Bridge recorded an
unusually high methane concentration 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 (§**CHa = -52.4%o0 and 8'>CH3sD = -139.0%o). Methane concentrations in other

wetland air samples did not exceed 4 ppm and mostly ranged between 2.3 and 2.7 ppm, which
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reflected mixing from the wetlands (see discussions in Section 5.7.1), 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 ppm and

21.0 ppm, evidently indicating the landfill plume.

5.6.2. Carbon and Hydrogen Isotopes

The isotopic values of wetland air exhibit a wide range, extending from -48.6%o to -55.4%o for
8*3CHa, and from -98.4%o to -181.4%o for §*2CH3D (Table C.1 and Figure 5.2). While the §**CHa
values of landfill air fall within the same range as those of wetland air, the §*2CH3D values of
landfill air are notably more negative, recorded at -258.7%o and -286.4%o. Mixing trends for both
wetland and landfill are apparent in the §*?CH3D-5'3CHg plot (Figure 5.2), where a higher
proportion of source mixing correlates with more negative 8*2CH3D and 5'3CHa values. These

mixing scenarios are further discussed in Section 5.7.1.

250



-80 | " Air
Jug Bay 34@59
Patuxent River %%25 207
efuge
-130 | Landfill & 9y
X Projected Source 0528 %10% “
0903
Mixing Air-Microbial ’
-180 | Mixing Air-Landfil @vootens
)
possible ja
S 230 e
Dm Wetland 2 X skandfill Plume 2
I
O -280} x fendfil Plume 1
b .
x .
Landfill
=330 |
Microbial range
2 x
Wetland 1 x
-380 |
X
-430 | )
x
-76 =71 -66 -61 -56 =51 -46

613CHy (%eo)

Figure 5.2. 8'2CH3D-8"3CHj plot of samples, together with deduced endmembers, projected
source compositions, and mixing lines and grids. Hexagonal hollow symbols represent the
deduced endmembers — blue stands for air, green for wetland, and brown for landfill. The
wetland endmember 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 endmember values and individual sample values. Some crosses are
positioned outside the range of the coordinate axis, exceeding the possible isotopic values for
natural microbial methane (Liu, 2024). 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 endmember. Light gray dots present a mixing grid of air and
two microbial endmembers.
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5.6.3. Methane Clumped Isotopologues

Clumped isotopologue data are presented in Table C.1, Figure 5.3, and Figure 5.4. For wetland
air samples, AY®CHsD values ranged between +1.6%o and +3.2%o. The two landfill samples
exhibit ABCH3D values of -0.8%o and -0.4%o, which indicates an anti-clumping (negative)
ABCH3D signal of the landfill endmember. The variability is more pronounced in A¥?CHzD2:
wetland air AY2CH2D; vary from +41.5%o to +51.6%o, except for the Queen Anne Bridge sample
which has the highest methane concentration and A>CHzD; = +33.4%o. The ACH,D; values of
landfill air samples are +3.8%o and -23.3%o.. A greater proportion of wetland and/or landfill

mixing leads to more negative A2CH.D; values in the mixed air.
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Figure 5.3. A2CH2D2-A3CH3D plot of samples, together with deduced endmembers and
mixing lines and grids. The explanation of symbols can be found in Figure 5.2 caption.
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Figure 5.4. A2CH2D2-6'3CHj4 plot of samples, together with deduced endmembers and
mixing lines and grids. The explanation of symbols can be found in Figure 5.2 caption.

5.7. Discussion

5.7.1. Mixing

The discussion of mixing is framed within an "Air-Landfill-Wetland three-endmember mixing

framework with five parameters (methane concentration, §**CHa, §*?°CH3D, A?CH:D>, and
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ABCH3D). The signatures of each endmember 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 5.2-5.4. The compositions of each endmember are listed in

Table 5.1.

Table 5.1. The compositions of each end-member that are used in the discussion.

Endmember [CH4] 313C %o 3D %o ABCH3sD %  A2CH2D2 %o
Air 2.05 ppm -48.0 -89.0 1.5 48.0
Landfill -54.0 -303.1 -1.3 -38.8
Microbial 1 -73.0 -380.0 -2.0 -55.0
Microbial 2 -64.4 -266.7 2.5 -15.0
Microbial -68.7 -323.4 0.8 -24.9
Natural Gas -37.0 -160.0 2.0 8.0
Total Source -54.2 -295.0 1.5 -20.0

5.7.1.1. 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.) 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 to 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.-
Baltimore urban plume (Ren et al., 2018) and the inputs from the Marcellus Shale region (Ren et

al., 2019).
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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) shows that atmosphere 5'C values are currently transitioning from -47.5%o to -
48%o. We can set the lower limit of background air’s §*3C 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 one year at the UMD
campus. Detailed descriptions of this collection of campus air samples and their compositions are
available in Appendix C (Note C.3 and Table C.2). The averaged compositions from this set of
campus air are 83 CHy = -47.1%o, §*?CH3zD = -90.2%o, A*CH3D = +1.9%o, and A>CH2D; =
+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 Jug Bay due to potential
contamination from local methane sources such as natural gas leakage on campus. If we consider
that UMD air is contaminated by natural gas leakage, 8*3CHas = -47.1%o and A¥3CHsD = +1.9%o
from the averaged UMD campus air can be regarded as the upper limit, while *2CH3D = -90.2%o

and A?CHzD; = +46.3%o can be the lower limit of the background air.

In this study, we set methane concentration at 2.05 ppm, §'3CHy at -48.0%o, 812CHsD at -89.0%o,
ABCH3D at +1.5%o, and AY?CH2D> at +48.0%o, as regional background air methane compositions
(Table 5.1). 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
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goal of this study is to develop a methodology that incorporates clumped 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.

5.7.1.2. Determining Landfill Emission Signatures

The isotopologue compositions of the Brown Station landfill endmember during winter were
derived from the defined background air compositions and the measured values from landfill air
sample values using a 3-point Keeling plot approach (Figure 5.5). It yields 8**CHa = -54.0%o,
812CH3D = -303.1%o, 8> CH3sD = -341.6%o, and 52CH2D2 = -533.0%o. Subsequently, we can
calculate A CH3D = -1.3%o and ACH,D; = -38.5%o using the equations in Section 5.5.3. Two-
point inversions for the 21.0 ppm and 11.1 ppm landfill air samples separately yield similar
results. These projected §**CH4 and §'?CHsD values align with the range provided by on-site
landfill measurements (Bakkaloglu et al., 2021). However, since 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.
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Figure 5.5. a) 8'3CHa, b) 6'2CH:D, ¢) 6'3CH3D, d) 6'2CH:D2 3-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.

5.7.1.3. Determining Wetland Emission Signatures

The Keeling plot method was also applied to wetland air samples (Jug Bay and Patuxent River
series) (Figure 5.6). Most samples exhibit a positive linear correlation between §'3CH4 and
812CHsD with 1/[CHa], yielding a derived wetland methane composition of $*3CH4 = -64.7%o,
8*2CH3D = -273.4%o, 3*3CH3D = -321.2%o, and 5'*CH2D; = -480.7%o. These values fall in the
mix and transition zone of two primary methanogenesis pathways (hydrogenotrophic and

acetotrophic) (Conrad, 2005) as categorized by Whiticar (1999). Methanogenic pathways other
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than COz-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®CH3D = -1.1%o and
AYCH,D; = -16.4%o. The derived A¥*CH3D aligns with typical characteristics of wetland
methane. The A™CH,D; value, while showing less anti-clumping compared to 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 A™CH,D; value may also reflect the influence of either aerobic or anaerobic
oxidation in an open system, where the original anti-clumping signals are erased as oxidation
proceeds (Krause et al., 2022; Liu, Harris, et al., 2023; Ono et al., 2021). Figure 5.6 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

processes affecting the isotopic composition at these specific locations.
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Figure 5.6. a) 8'3CHa, b) 6!'2CH:D, ¢) 6'*CH3D, d) 6!2CH: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 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.

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 endmember are
constant. To address this issue, we explored by applying the 2-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

endmember compositions and associated uncertainties are listed in Table C.3, and the §*CHa

and 8*2CHj3D values are projected in Figure 5.2 if within the axis range. A notable limitation of
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this method is the amplification of small measurement uncertainties, particularly when methane
concentrations and isotopic compositions in the sample closely resemble those of the background
air. The 2-point Keeling plot method seems to be less reliable when projecting clumped
isotopologue signals, frequently yielding unrealistic compositions (Table C.3) due to the
disproportionate amplification of biases and uncertainties in concentration, §**CHa, §?CHsD,

ABCH3D, and A¥?CH;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 5.1 and illustrated in Figure 5.2-5.4) to represent the wetland methane isotopic
signatures while also reflecting the observed variability. The first set, labeled “Wetland 17, has
83CHa = -73.0%o, §*2CH3D = -380.0%o0, A™*CH3D = -2.0%o, and A™CH:D2 = -55.0%,
referencing studies by Haghnegahdar et al. (2024) and Giunta et al. (2019). We hypothesize that
this endmember 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 S13CH3 = -64.4%o, 6*2CH3D = -
266.7%o, A¥CH3D = +2.5%o, and AY?CH2D2 = -15.0%o, cited from Giunta et al. (2022);
Haghnegahdar (2018); Young (2019). This endmember 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 §°C and 8D, together with a less anti-

clumping clumped signal. These values were chosen solely for facilitating discussions and
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visualizations, while covering the majority of the derived wetland endmember compositions
(Figure 5.2-5.4). 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.

5.7.1.4. Constraining bulk isotopic compositions with clumped isotopologues

In Section 5.7.1.3, 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 minutes, 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-
second 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 AY¥®*CHsD and A?CH.D;, from Section 5.7.1.3 as a check of the results.
These derived A¥®CHsD and A2CH,D; values were found to be unreasonable for samples:
20220612 Jug Bay, 20220724 Patuxent, 20220828 Jug Bay, 20220903 Jug Bay, 20220903
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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 ABCH3D 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 (6 values) of the source methane, independently of
concentration data. This methodology hinges on a critical assumption, supported by existing
literature (Giunta et al., 2022; Giunta et al., 2019; Haghnegahdar, 2018; Haghnegahdar et al.,
2024; Haghnegahdar et al., 2023; Liu, Harris, et al., 2023; Taenzer et al., 2020; Young, 2019;
Young, Kohl, Lollar, 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¥CH2D- between -5%o and -55%o to
cover most of the AY?CH,D; values reported for natural microbial methane. With this defined
range, we are able to estimate the wetland's (bulk) hydrogen isotope composition (§*2CHzDsource)
using the following parameters: the presumed background air isotope and isotopologue
compositions (Rair), and the measured isotope and isotopologue compositions of wetland air

samples (Rsource), Without concentrations:

12
(1 A CHzDzsource) RDu 2 (RDZmiX — RD2,;,

RD
1000 RD,., — RD,, >* source

RD2mix~RDZair o o
+( RD mix—RDair ) * RDair — RD2,;r = 0 (5.9)
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R is the normalized ratio of isotopologue abundances. The definitions and mathematical
derivations are detailed in Appendix C (Note C.4). This equation provides a way to infer
S1?CH3sDsource (results listed in Table C.5 and illustrated in Figure 5.7) by utilizing the constraints
imposed by A™CH,D2 source, hence offering a new perspective on source characterization without
the direct need for concentration values. When the A?CH2zD; value approaches its minimum of -
55%o, the calculated 6D becomes more negative, with an average around -316%o.. Conversely,
when ACH.D- nears its maximum of -5%o, the calculated 3D is less negative, averaging
approximately -268%o. The 50%o large variation range of AY?CH2D, propagates to an uncertainty
of about 24%o in 6D, which is smaller than the inferred variation range of the methane 6D signal
in the studied wetland area (approximately 60%o, ranging from -300%o to -240%o, see Figure 5.8)
and significantly less than the variability of 8D signals for natural microbial methane, which

spans approximately 250%o (from around -400%o to -150%eo).

Delving deeper following this idea, we consider that the A CH3D and A?CH,D; 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 ABCH3D and A¥CH:2D3, i.e.

A"CH3Dmicrobial = f(A'*CH,D, ), for microbial methane. This hypothesis aligns with

microbial

experimental and modeling research that seeks to elucidate the behavior of microbial 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 A*CH3D. Compiling the available natural methane, incubation methane, and lab-

culture methanogenesis methane clumped isotopologue data from Giunta et al. (2022); Giunta et
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al. (2019); Haghnegahdar et al. (2024); Haghnegahdar et al. (2023); Li, Ash, et al. (2024); Liu,
Harris, et al. (2023); Young (2019); Young, Kohl, Lollar, et al. (2017) (see Note C.4, Table C.4,
and Figure C.5), without accounting for specific physical or biological processes, we establish a
simplistic linear relationship between A¥*CHsD and A2CH,D> values of microbial methane:

A*3CH3D\yetiand methane = (5.70 + 0.26) * AY2CH,D, —(28.99 + 0.95)

wetland methane
(5.10)
With this established relationship, we can proceed to estimate the source's bulk carbon isotope

composition using the designated A2CH,D> range:

RCD
RC

—RCD
—-RC

RCDg (SRR ERain ) Ry,

RCsource =

(5.11)

A'2CH,D
1.f( CHz 2source) *RD _(RCDmix_RCDair)
' 1000 source "\ " RCpix—RCair

The definitions and mathematical derivations are detailed in Appendix C (Note C.4). This
equation can be used to infer '3 CHa, source (results listed in Table C.5 and illustrated in Figure
5.7) based on the assumed range of A*CH2D2 source and the assumed linear relationship between
ABCH3Dsource and A¥?CH2D; source. With 50%o variation range of A2CH,D>, the corresponding
uncertainty in §'C, based on the aforementioned assumptions, averages only about 0.8%o. This
uncertainty is less than the inferred variation range of the methane §*3C signal in the studied
wetland area (approximately 5.1%o, ranging from -53.5%o to -48.4%o), and is significantly
smaller than the variability of 8*3C signals for natural microbial methane, which spans

approximately 40%o (ranging from around -90%eo to -50%o).
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Figure 5.7. Derived bulk hydrogen and carbon isotope compositions and uncertainties of the
source methane (8"2CHzDsource and 8'3CHy, source) for each 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.
However, the calculations in Section 5.7.1.4, constrained by clumped isotopologues, derived
wetland methane carbon and hydrogen isotopic signatures that are significantly less negative (6D
approximately -290%o and 5'3C approximately -51%o) compared to those calculated through the
Keeling plot method in Section 5.7.1.3 (8D approximately -320%o and 8*3C approximately -
65%o). The signatures from Section 5.7.1.4 are more similar to those of the landfill endmember
calculated in Section 5.7.1.2 using the Keeling plot method. While the results from Section

5.7.1.4 show notably smaller uncertainties and less unreasonable scattering, the method also
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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.

5.7.2. 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, acetotrophic, 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 8!3C values typically ranging from -110%o to -60%o) and less depleted
in D (with 6D values usually ranging from -350%o to -170%o). In contrast, methane generated
through the acetotrophic pathway generally shows 5'°C values ranging from -70%o to -50%o and

oD values from -400%o to -250%o (Liu, Treude, et al., 2023; 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 §*3C and 8D values
becoming less negative in the residue methane (Coleman et al., 1981; Hornibrook et al., 1997,
Wang et al., 2016), while §*3C and 5D values may either increase or decrease during anaerobic

oxidation of methane (AOM), depending on the reversibility of intracellular reactions (Holler et
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al., 2009; Liu, Harris, et al., 2023; Yoshinaga et al., 2014). In terrestrial and coastal
environments, the reversibility of AeOM is typically low due to the high availability of free
energy, leading to less negative 'C and 8D 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 5.7.1.4 reveals a seasonal pattern in the derived §*2CH3Dsource Values
(Figure 5.8): from autumn through winter, the §*?CH3D values of methane emitted from wetlands
in our study area became progressively less negative, and upon entering spring, these values shift

back to more negative §*2CH3D values, with fluctuations of up to 40%o. Such a directional
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change is also observed in §**CHa, §*?°CHsD, A¥®CH3D, and A>CH.D; values of the selected
endmembers “Wetland 1” and “Wetland 2” in Section 5.7.1.3. Excluding the Chaneyville Rd.
samples, which display significantly more negative §*>°CHsD 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 8D, attributing to increased oxidation. Burke et al.
(1992); Burke et al. (1988) observed a similar pattern for 3D but an inverse pattern for 8*3C (i.e.
313C is inversely related to D), suggesting that these opposing signals reflect differing
contributions from acetotrophic and hydrogenotrophic methanogenesis pathways. Data from
Sriskantharajah 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 5.8. Calculated bulk hydrogen isotopic composition (8'>*CH3Dsource) Vs. 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.

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 (2001a) and Wang et al. (2016), we performed simulations to
illustrate how the isotopic 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 5.9) indicate that a combination of AOM and AeOM to a certain degree
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can approximately replicate the composition of Wetland 2—at least in terms of the direction of

isotope fractionation.
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Figure 5.9. 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 AOM are adopted
from Krause et al. (2022), while those for AeOM are taken from Liu, Harris, et al. (2023). ¢
represents the fraction of methane removed through oxidation (as opposed to transport).
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 Appendix C (Note C.2) are not in conflict with this hypothesis. During the
summer, dissolved oxygen concentrations in wetland waters are lower than in winter (Figure
C.3). There is also a slight increase in water salinity upon entering fall, (Figure C.4), suggesting

an increased availability of sulfate to act as an oxidant. Wetland environment is more conducive

to microbial oxidation in winter compared to summer. This is consistent with our derived
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wetland endmember isotopic signatures which are less negative in 8*3C 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 coefficients 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 §*CHa4 and §*2CH3D values
(Figure 5.7) 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 §*C
and 8D shifting in opposite directions (Burke et al., 1992; Burke et al., 1988). 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.

5.7.3. 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
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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 insensitive to low-proportion mixing from sources and this presents its own
opportunities for information about atmospheric methane. To demonstrate this, we select four
source endmembers: landfill, microbial, natural gas, and total source, with their compositions
listed in Table 5.1. The landfill composition is the Brown Station emission composition derived
in Section 5.7.1.2. The microbial composition is a 50/50 blend of “Wetland 1” and “Wetland 2”
selected in Section 5.7.1.3. The natural gas composition is the Panorama measurement results of
the Marcellus natural gas sample (Haghnegahdar et al., 2023). The §'3C and 8D values of the
total source follow those defined by Chung and Arnold (2021), while A®*CH3zD and A™CH:D;
are derived from Haghnegahdar et al. (2023). These endmembers were mixed with background
air (Figure 5.10). Although it is challenging to precisely define how low the mixing ratios are
needed to not significantly affect air A¥2CH,D; values, it appears that a 5% mix from microbial
and natural gas sources does not cause changes in air A'?CHzD; 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 significantly disturbed by the source.
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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 isotopologue signatures, the observed spatial and/or temporal variations in A?CHzD;
values (if they exist) could be attributed solely to fluctuations in sink reactions. These variations
could be due to spatial and temporal unevenness 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
etal., 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

investigation of atmospheric methane sink reactions from an isotopic perspective.
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Figure 5.10. 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 5.1. The grey mixing grid is the same as the grid in Figure 5.4. The mixing intervals
indicated in this figure are at 10%. The typical uncertainty for A"?CH>D, measurements (16) is
represented in the figure with an error bar.

5.8. 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-endmember (background air, landfill,
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and wetland) mixing framework, we established 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 integrated methane emissions, which we attribute to different oxidation levels, with a
trend towards 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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6.1. Abstract

The ongoing debate on the temporal evolution of atmospheric methane underscores gaps in our
understanding of its global cycle. Here, we report the first reconstruction of clumped isotopic
composition of atmospheric methane from firn air dating back to the 1990s. A¥?CHzD2 shows
an increase of 10 + 2 %o over the past 25 years. Models reveal that the observed A?CH:D;
trend arises due to the methane source-sink disequilibrium in the past. The Kinetic Isotope
Effect of 2CH,D2 removal by OH needs to be smaller than theoretically calculated. We also
show that atmospheric A?CH,D, measurements will help distinguish possible methane emission

and removal trajectories in the future.
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6.2. Introduction

The increase in methane (CHas) emissions since pre-industrial times is responsible for about half
a degree of global warming. Furthermore, the continuing rising levels of atmospheric CH4 are
exacerbating global warming and climate change today (IPCC, 2021; Lan et al., 2023,
MacFarling Meure et al., 2006). Over the past decades, atmospheric CH4 concentrations were
characterised by a brief stagnation period in the early 2000s, followed by an accelerated growth
phase since 2007 (Lan et al., 2023). Variations in anthropogenic activities, particularly fossil fuel
use and agricultural practices have contributed most significantly to this dynamic evolution,
although climate feedback from natural sources like wetlands and changes in the atmospheric
sink can also have an influence (Nisbet et al., 2023; Rigby et al., 2017; Turner et al., 2017).

The tropospheric CH4 concentration is influenced by the balance between the CH4 sources, which
include natural (e.g., wetlands, forest fires, and geological seeps) and anthropogenic (fossil fuels,
ruminant farming, waste, and biomass burning) emissions, and the CHa sinks (oxidation by OH,
Cl radicals, and uptake by surface soil) (Saunois et al., 2020). Previous studies investigated the
short and long-term temporal and spatial variations in the bulk isotopic composition of CH4
(61C and D) to assess natural variability and potential anthropogenic influences on
atmospheric CH4 concentrations (Basu et al., 2022; Feng et al., 2023; Kirschke et al., 2013;
Nisbet et al., 2016; Schaefer et al., 2016; Thanwerdas et al., 2024; Worden et al., 2017).
Unfortunately, a consensus on the controlling factors of atmospheric CH4 concentration has not

yet been reached (Rice et al., 2016).
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In recent years, the clumped isotope signatures (Eiler, 2007; Young, Kohl, Sherwood Lollar, et
al., 2017) of CHa4 - A'®CH3D and ACH,D; - have been explored as additional tracers to
characterize CH4 sources (Douglas et al., 2017; Giunta et al., 2022; Giunta et al., 2019; Labidi et
al., 2020; Lalk et al., 2022; Liu, Treude, et al., 2023; Shuai, Etiope, et al., 2018; Stolper et al.,
2018; Stolper, Sessions, et al., 2014; Thiagarajan et al., 2020; Wang et al., 2015; Young, 2019;
Young, Kohl, Sherwood Lollar, et al., 2017) and sinks (Haghnegahdar et al., 2017). A¥®*CHsD
and A?CH;D are defined as the deviations of the proportions of the respective doubly-

substituted isotopologues among all the isotopologues compared to the stochastic distribution.

Thermogenic CH4 and microbial CH4 usually have different clumped isotopologue signals,
where microbial CH4 produced in surface environments and lab cultures often have much lower
A2CH,D; than thermogenic values. The clumped isotopologue signals of global total methane
emissions are controlled by the proportions and compositions of each methane source.
Atmospheric sink reactions will relatively enrich the heavier isotopologues of the residual CHa.
However, the Kinetic Isotope Fractionation (KIE) factors of clumped isotopologues in the
removal reactions of CH4 are not well constrained, with only a few theoretical and experimental
studies available (Haghnegahdar et al., 2017; Joelsson et al., 2016; Whitehill et al., 2017). The
first measurements of the atmospheric CH4 clumped isotopic composition (Haghnegahdar et al.,
2023; Sivan, Rockmann, et al., 2024) showed that A*CH:D- values of ambient air CHy are
distinct (around 45 %o) compared to the values of any known CHas sources. This suggests a larger
influence from the atmospheric sinks leading to a measurable signal of A¥?CH2D, which is
sensitive to variations in sink magnitude and/or source-sink imbalance, showing the potential to

be used as tracers to study variations in the atmospheric CH4 budget.
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In this study, we report the first reconstructed profile of the atmospheric A¥*CHsD and A?CH.D;
in air retrieved from Greenland firn dating back to the 1990s. We use a two-box global
atmosphere forward model to optimise key parameters of the CH4 clumped isotope budget to
interpret the measured isotopic signatures. We also investigate the difference in the bulk and
clumped isotopic composition of CH4 using different past emission scenarios, as well as possible
future evolution scenarios assuming different emission trajectories until the end of the 21°

century.

6.3. Reconstruction of Air Methane Clumped Isotopologues Dating Back to

1990s from Firn Air Samples

Figure 6.1 shows the measurements of CH4 mole fraction, bulk and clumped isotope signatures
for firn air samples collected at the East Greenland Ice-core Project site (EastGRIP) in 2018
(sampling and measurement details are provided in Appendix D, values in Table D.2). The CHa
mole fraction increases by about 200 ppb from the lowest firn layer depth (~ 65 m) to the surface
(0 m). The depth profiles show an overall range of 0.8 %o in §*3C and 10 %o in 5D values. The
range in ABCH3D is about 2 + 0.5 %o, and no clear temporal trend can be determined. Whereas
AY2CH,D; shows a clear and highly significant increase of 10 %o in the firn column from the
lowest depth to the surface, much larger than our typical measurement error of 1-1.4 %o (1SD).
For further quantitative analysis, the measurements were corrected for diffusion and gravitational

settling in the firn layers (details in Appendix D).

282



(A)
1950 e . .
519004 ®°TTT T T TTTT=m o -e-al,
£ 1850 ‘5
-
5 1800 \
——- CHg EastGRIP forward model *
1750 i \
@ firn samples 1
1700 +— T T T v : —
0 10 20 30 40 50 60 70
—-47.50 . o .. .. (B) ~80.0 - (C)
e % - -5~ .
— —47754  _am==mTTTTT=m———ges LA -82.5 -
g - LI Yz B =
— 1 - -
O —48.00 l S, -85.0 - .ty e
q \ 8 a7 H
O —48.25 1 ) \
’ -90.0 o
_ ! \
48.50 A D02 o
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
3.0
. (D) (E)
= 254 ~ 50 o - -
X ° = TTTTe T ~o-o0
= . = .,
n20]e . ~ )
N T el o JDE' 4 L)
T 151 ® o o) . z |
p y % 40 »
< 1.0 q‘ < *
\
0.5 \ \
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
depth (m) depth (m)

Figure 6.1. Measured firn methane sample signals with depth. Measurements of (A) CH4
mole fraction, (B) §'°C, (C) 8D, (D) A"*CH3D, and (E) A'>’CHzD; of air collected from firn
layers at the EastGRIP site in 2018. The black dashed lines in (A)-(E) show results from the firn
model driven by the atmospheric histories presented in Figure 6.2.

The mole fraction and isotope depth profiles in the firn layers were converted into temporal
atmospheric scenarios using an inverse mathematical model (Witrant et al., 2012). The firn air
samples have CH4 mean ages covering the period 1993 to 2018 (CHa4 age distributions are shown
in Figure D.1) and thus allow us to derive the first information on temporal changes in the
clumped isotope composition of historical atmospheric CHa. §*C and 6D measured in our study
agree with previously published datasets for these years (Ferretti et al., 2005; Sapart et al., 2013).

The evolution in A¥*CH3D is consistent with previous modelling studies showing little temporal

variability (Chung & Arnold, 2021; Haghnegahdar et al., 2017). The large variation (10 %o) in
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AYCH:D; from 1993 to 2018, however, is unexpected. A recent study (Farquhar et al., 2022)
proposed the possibility that AY>CH2D- changes in the past could be large enough to be discerned
with the current methods, but previous models predicted only about 3 to 4 %o change even over

longer time scales (Chung & Arnold, 2021; Haghnegahdar et al., 2017).

6.4. Improvement of Key Parameters of the Methane Clumped Isotope Budget

We used a two-box atmosphere forward model, clumped-forward-model (see details in Appendix
D), to investigate the factors influencing the reconstructed signals. The model uses optimised
fluxes for five source categories - wetlands, waste, fossil, pyrogenic, and agriculture (see details
in Appendix D) - between 1980 and 2024, which were derived from an inversion of long-time
measurements of CHs4 and its bulk isotopic composition (details of bulk-inverse-model in
Appendix D). Figure 6.2 shows the results of the measurements and the model output for the
mole fraction, bulk, and clumped isotope compositions for the Northern Hemisphere (NH) (red
line) and the existing NH measurements/observations from 1994-2019 (green line) for mole
fraction and the bulk isotopic compositions (details in Appendix D). The corresponding model

output for the Southern Hemisphere (SH) is shown in Figure D.5.
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Figure 6.2. Measurements (black circles) and model output of the two-box forward model
using optimised fluxes (red) for (A) CH4 mole fraction, (B) §*C, (C) 6D, (D) A'3CH:D and
(E) A'*)CH:Dz. The red-shaded areas in (A)-(E) show the error associated with the inverted
fluxes (details in Appendix D). The green lines in (A)-(C) represent the NH averages calculated
from NOAA GML monitoring stations (Lan et al.). The sink reaction KIEs for *CH4 and '>)CH3;D
are given as titles in (B) and (C), respectively. The blue-shaded areas in (D) and (E) show the
sensitivity of the KIEs used (£0.001 for A'*CH;3D and £0.005 for A'>’CH;,D;). The grey-shaded
areas mark the spin-up and spin-down periods for optimising the fluxes.

The two key parameters that largely control the atmospheric bulk and clumped isotope budget
are the source compositions of the individual source categories and the KIEs of the sink
reactions. The hemisphere-specific §*3C and 6D of each source category were well-constrained

based on existing literature, predominately from (Menoud et al., 2021; Sherwood et al., 2017)

and optimised using bulk-inversion model simulations (details in Appendix D), assuming no
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temporal variations. The corresponding KIEs for bulk isotopes are optimised using the forward
model to match the existing NH observations (green line in Figure 6.2) and are found to be
comparable with literature values (Fujita et al., 2020). However, for the clumped isotopologues,

neither the source compositions of each source category nor the sink KIEs are well-constrained.

Figure 6.3A shows that different possible combinations of source compositions and sink reaction
KIE values can produce similar A2CH,D; histories. The source compositions and the sink KIEs
form tight linear relationships for both A CH3D (Figure D.6) and ACH,D; (Figure 6.3B). To
provide constraints from one end, we compiled and categorised the CH4 clumped isotopic
composition measurements published so far (Dong et al., 2021; Douglas et al., 2020; Douglas et
al., 2017; Eldridge et al., 2019; Giunta et al., 2022; Giunta et al., 2019; Gonzalez et al., 2019;
Gruen et al., 2018; Haghnegahdar et al., 2023; Krause et al., 2022; Labidi et al., 2020; Lalk et al.,
2024; Liu, Harris, et al., 2023; Liu, Treude, et al., 2023; Ono et al., 2021; Ono et al., 2014; Rhim
& Ono, 2022; Shuai, Douglas, et al., 2018; Shuai, Etiope, et al., 2018; Stolper, Lawson, et al.,
2014; Stolper et al., 2015; Stolper, Sessions, et al., 2014; Sun et al., 2023; Sun, Haghnegahdar, et
al., 2025; Taenzer et al., 2020; Thiagarajan et al., 2020; Wang et al., 2015; Wang et al., 2018;
Wang et al., 2016; Young, Kohl, Sherwood Lollar, et al., 2017; Young et al., 2016; Zhang,
Snyder, et al., 2021) to estimate the clumped isotopologue compositions of each source category
and the total atmospheric source mixture (details in Appendix D). The yellow shaded area in
Figure 6.3B indicates the plausible range of KIEs is between 1.78 and 1.82, considering the

possible range of A?CH.D, values of the total CH4 source (details in Appendix D).
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The total sink KIE corresponding to the most probable source mixture (red dot in Figure 6.3B
and Figure D.6) required to fit the firn air measurements were calculated to be 1.3039 + 0.001 for
13CH;3D and 1.805 + 0.005 for 12CH.D,. These errors are the sensitivity of the KIEs for a
particular source composition and are shown as blue-shaded areas in Figure 6.2D and Figure
6.2E. These independently constrained sink KIE values (1.805 * 0.005), calculated from the
isotope budget mass balance using our new measurements, differ significantly (for 2CH,D>)
from previously published theoretical values (Chung & Arnold, 2021; Haghnegahdar et al.,

2023) but are close to a published experimental result (Gierczak et al., 1997).

Alternately, the clumped isotope budget can be closed by redistributing global CH4 fluxes to
increase microbial CH4 emissions, which have lower A2CH,D2 values, or strongly revising
AY2CH,D; signatures of CHa sources towards more anti-clumping values, assuming that current
measurements do not accurately represent global sources. However, these possibilities are
considered unlikely. The global CH4 budget is rather well constrained after an extensive
community effort in the past decades, and a major repartitioning towards microbial sources is
unlikely to fit with other constraints on the budget, such as the *C, *3C, and D balances. Instead,
the likely scenario is that the theoretical calculations of the isotopic fractionation in the CHa +
OH reaction may need to be revised. The measurements of the temporal evolution of A¥2CH2D-
in this study better constrain this issue. It is important to note that for the bulk isotopes, the
uncertainty in the sink fractionation has also been reported as one of the key uncertainties in

further constraining the 6*3C budget (Basu et al., 2022).
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Figure 6.3. The mutual constraint between the sink reaction KIE and the total source
AZCH:D:. (A) Model outputs of A'2CH,D; for different combinations of total source A'?CHaD;
signatures and sink KIEs. Each combination is distinguished by a colour, as given in the legend
(source mixture composition, sink KIE). The black dots represent the firn air samples measured
in this study. (B) The strongly linear relationship between the total source A'>CHzD; signatures
(x-axis) and sink KIEs (y-axis). The vertically shaded yellow region highlights the most probable
range of values for A”?’CH,D; deduced from existing datasets, and the horizontal, yellow-shaded
region shows the required range of KIE values to fit the observation data.

6.5. Source and Sink Effects on the Clumped Isotopic Composition of Methane

Having constrained the source and sink characteristics, we further investigated the factors
contributing to the measured temporal evolution of the A*CHsD and AY?CH,D, especially the
10%o change in A?CH,D>. We first evaluated the role of the source fluxes by modelling
scenarios in which one of the source categories was kept constant, and the optimised fluxes for
four other categories were retained. The results (Figure D.7) show that even with these drastic
synthetic source flux changes, which lead to clearly visible mismatches in the CHs mole fractions
and the bulk isotopes, the trend in A™?CH,D stays similar within the measurement precision. We
then conducted simulations by keeping either fossil/wetland fluxes constant over time but
adjusting the other sources to retain a realistic atmospheric CH4 mole fraction (Figure D.8).

These changes again significantly affect the bulk isotopes, while the change in the clumped
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isotopic composition is still within the current measurement uncertainty. These tests show that
changes in emission fluxes from individual source categories in the past 30 years cannot fully

explain the measured evolution of A*?CH,D..

Following this, we investigated whether the large temporal variation observed in A¥?CHzD; is
due to the disequilibrium of atmospheric CH4 sources and sinks. The atmospheric reservoir has
changed rapidly over the past decades, and consequently, the isotopologues of CH4 have not had
sufficient time to adjust to the source-sink equilibrium (Tans, 1997). To qualitatively investigate
this, we simulated a scenario with constant emissions since 1980 (grey line in Figure 6.4). It is
evident that the atmospheric CH4 mole fraction equilibrates quickly (Figure 6.4A), while the
isotopic signatures take considerably longer to come to a steady state as was previously shown in
(Haghnegahdar et al., 2017; Tans, 1997). Nevertheless, a scenario with constant sources already
reproduces the measured temporal trends in 6D, A¥*CH3zD and A¥CH:D- (Figure 6.4C-6.4E),
demonstrating that the source-sink disequilibrium is an important contribution to their temporal
evolution. The reason for the disequilibrium effect being prominent for the signatures, including
the hydrogen isotopes, is the strong sink fractionation of around 300 %o for *2CH3D and **CH3D
and 800 %o for 2CH.D,. The § and A values at isotope stabilization depend on the chosen source

composition and sink fractionation.

6.6. Methane Changes in the Future

Future atmospheric CHg levels are uncertain. On the one hand, unabated emissions from

anthropogenic sources, coupled with potential climate feedback from natural sources, may lead
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to the continuing rise of CH4 levels (Dean et al., 2018). On the other hand, an increasing number
of policies are recognising the importance of limiting CH4 emissions. The Global Methane
Pledge aims to reduce CH4 emissions by 30 % by 2030 relative to 2020 (Global Methane
Pledge), which, while challenging, could slow down or even reverse the increasing trend in CHs
levels. Further sustained emission reductions and/or enhanced removal efforts may be necessary
to achieve the goals of the Paris Agreement (United Nations Environment Programme and
Climate and Clean Air Coalition, 2021). With this in mind, we performed simulations of future

CHa scenarios that reflect different potential future CHs trajectories.

Figure 6.4 shows the model results for six different scenarios, representing “constant sources”,
“unabated increase”, “emission mitigation”, “enhanced CHs removal”, and the IPCC’s (IPCC,
2021) SSP1 and SSP5 scenarios (details in Appendix D). Additional IPCC-SSPx scenarios are
in Figure D.9. Different isotope signatures are sensitive to different CH4 budget parameters. §**C
reacts strongly to source composition changes: in “constant sources”, “increase”, and “removal”
scenarios, the relative shares of source categories remain largely unchanged, resulting in minor
temporal 8*3C changes. The “mitigation ” scenario, however, preferentially removes **C-enriched
sources (fossil and waste), thereby lowering §'3C values. The fossil source is also Deuterium-
enriched, suggesting similar 8D and §*3C trends. However, after an initial decrease, 8D increases
again in ‘emission mitigation” and “removal scenarios ” due to dD’s higher sensitivity to sink
fractionation. Reduced emissions or accelerated removal lead to atmospheric CH4 being
processed more by the sinks, increasing its “photochemical age”. The KIE for 8D is about 300

%o, compared to only 8 %o for 83C. Thus, the §**C temporal evolution is dominated by source
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changes, while the evolution of 3D is influenced by both source changes and the source-sink

imbalance.

Our modelling results demonstrate that the novel isotope tracer A'2CH,Dy is particularly
sensitive to the source-sink imbalance. In the mitigation and removal scenarios, A2CH,D>
largely increases over the coming decades, driven by the strongest KIE of almost 800 %o (details
in Appendix D). Thus, similar to the situation over the past decades reconstructed from our firn
air measurements, A2CH.D, will continue to record and integrate changes in the source-sink
imbalance in the future. Figure D.10 shows that A2CH,Dx is negatively correlated (and time-

shifted) to the annual CH4 growth rate.

With the present measurement precision, A3 CH3sD may not be a useful tracer for atmospheric
budget changes since the predicted variations are close to the measurement precision. The
remaining three tracers will allow us to address the key components of the CH4 budget: the

sources (8'3C), the source-sink imbalance (ACH:D,), and a mixed effect of both (5D).
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Figure 6.4. Results of long-term simulations of various past and future scenarios. (A) CHy

mole fraction, (B) 6'3C, (C) 8D, (D) A'3*CH;D and (E) A'">)CH2D,. The vertical dashed blue line
represents the current year (2024). The black dots represent the firn air samples measured in this
study, and each line corresponds to the results of model scenario tests as given in the legend.
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7. Summary and Outlook

7.1. Summary of current achievements

Over the past decade, the field of methane clumped isotopologues has seen progress.

7.1.1. Measurement Techniques

First, measurement techniques have gradually matured. The number of laboratories capable of
measuring methane clumped isotopologues has increased from two in 2014 (MIT and Caltech) to
five around 2021 (MIT, Caltech, UCLA, UMD, and TITECH), and further expanded to nine (or
maybe more) by 2025 (with the addition of Utrecht University, GIG, EMPA, and the University

of Edinburgh, among others).

However, neither spectroscopic nor mass spectrometric techniques have seen significant
reductions in sample size requirements or improvements in precision. For spectroscopy, Ono et
al. (2014) reported achieving a precision of 0.2%o (26) for A*CH3D with a sample size of 0.42
mmol (10 ml STP), with a minimum sample size of 0.5 ml. Gonzalez et al. (2019) achieved a
precision of 2% (26) for A?CH,D> with a 20 ml STP sample. In Zhang et al. (2025), a precision
of 0.14%o (20) for AY*CHsD and 2.6%o (20) for A¥?CH2D, was achieved with a 0.42 mmol (10 ml
STP) sample. For mass spectrometry, only the Ultra and Panorama instruments are currently

capable of such measurements (introduced in Chapter 2), and their sample requirements and
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analytical precision remain strictly limited by counting statistics and MRPs, with no significant
changes since their commercial deployment. For the Panorama instrument at UMD, a sample
size of ~70 umol (1.57 ml STP) is required to achieve a precision of ~0.4%o (20) for A¥*CH3D
and ~2.0%o (26) for A?’CH;D>, with a minimum sample size of ~20 umol (~0.45 ml STP)
(Haghnegahdar et al., 2023). For the Panorama at UCLA, **CH3D/*2CH, and ?CH,D2/*?CHa
ratios are measured with precision of ~0.1%o and ~0.5%o, respectively, with a bigger beam and
slightly larger sample volume (Young, Kohl, Lollar, et al., 2017). The Ultra instrument requires

larger sample sizes, and its AY?CHzD> values rely on post-processing.

Additionally, for high-concentration methane samples, automated methane purification lines
(e.g., at MIT, the University of Edinburgh, and GIG) have significantly improved sample
processing efficiency. For low-concentration methane samples, such as air, the combination of
extraction and purification lines has made air measurements feasible (Haghnegahdar et al.,
2023), though the extraction is still human labor-intensive. Recent publications have increasingly
focused on the applications of methane clumped isotopologues rather than method development

and validation.

7.1.2. Source Compositions

The clumped isotopologue composition ranges for various methane sources have become clearer,
enabling clumped isotopologues to assist in methane source attribution. A Scholl plot-like
diagram can be constructed for the A'*CH3D - AY2CH.D; pair (Young, Kohl, Lollar, et al., 2017).

On this diagram, thermogenic methane typically lies on the thermo-equilibrium curve,
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representing its equilibrium temperature (usually between 50-250°C). Fresh microbial methane
often exhibits significant anti-clumping signals in AY>CH2D> (typically <-20%o), with A*CH3D
also being less than zero. Methane that has undergone methanogenesis-AOM balances
(commonly found in deep-sea sediments) usually lies on the thermo-equilibrium curve but
corresponds to lower equilibrium temperatures (e.g., lower than 50°C). Pyrogenic methane
shows more variability but may exhibit anti-clumping A?CH,D> and typically positive

ABCH3D.

Field sampling and clumped isotopologue analysis of methane from various sources have
expanded and refined datasets based on activity/location classifications (e.g., wetlands, landfills,
agriculture, biomass burning), particularly for previously unmeasured sources such as landfills
(Sun et al., in revision) and vehicle exhaust methane (as a representative for biomass
burning/pyrogenic sources) (Sun, Haghnegahdar, et al., 2025). Table 1.1 and Table 1.2 in Section
1.3 summarize the bulk carbon and hydrogen isotope characteristics of various methane sources,
while Table 1.8 and Table 1.9 in Section 1.4.4 summarize their clumped isotopologue

characteristics.

Incorporating clumped isotopologue signals with bulk carbon and hydrogen isotopes, as well as

other geochemical proxies (e.g., ethane-to-methane ratios), generally improves confidence in

methane source attribution.
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7.1.3. Intramolecular Thermometer and Fossil-fuel Related Methane

The use of methane clumped isotopologues as an intramolecular thermometer has become more
involved. After the simultaneous measurement of A*CHsD and A?CH,D2 became possible, the
previous practice of calculating equilibrium temperatures based solely on A*CHsD was
corrected (Wang et al., 2015; Young, Kohl, Lollar, et al., 2017). Now, if intramolecular
thermometry is to be applied, the A*CH3D-ACH,D; pair must lie on the thermo-equilibrium
curve, and the possibility of non-equilibrium signals caused by processes described in Section
1.4.3 coincidentally achieving equilibrium must be ruled out. Within this framework, clumped
isotopologue signals have carried information about the origin, migration, and equilibrium

temperatures of fossil fuel-related methane.

7.1.4. Non-equilibrium Processes and Microbial Methane

Through laboratory microbial experiments and abiotic methane experiments, the pathways for
generating non-equilibrium signals in methanogenesis, microbial methane oxidation, abiotic
methane synthesis, and abiotic (catalyzed) methane oxidation have been largely clarified. Several
studies have measured, calculated, and reported fractionation factors for these processes and
explored controlling factors (e.g., (Krause et al., 2022; Labidi et al., 2024, Li, Ash, et al., 2024,
Li, Chiu, et al., 2024; Liu, Harris, et al., 2023; Ono et al., 2022; Rhim & Ono, 2022; Sun,

Haghnegahdar, et al., 2025)).
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For methanogenesis and abiotic methane synthesis, the clumped isotopologue composition of the
final methane product is controlled by the reversibility of each step in the enzymatic (or metal-
catalyzed) reaction network. Under fully reversible conditions, EIE are expressed, while under
fully irreversible conditions, KIE are expressed. The net fractionation is the cumulative effect of
each reaction step. Typically, the reversibility of the final hydrogenation step is relatively low.
Table 1.3 in Section 1.3.3.1 compiles the **“o and Pa values reported in the literature, while
Table 1.7 in Section 1.4.3.5 provides the 13¢H3Dy and 12CH2D2y, yalyes for methanogenesis,
showing a relatively wide range of variation. Factors such as substrate availability (especially
hydrogen sources), temperature, pressure, and the hydrogen isotope composition of water are

critical in controlling reversibility and substrate isotope composition.

Methane oxidation has been found to enrich methane clumped isotopologue signals. AeOM and
AOM may exhibit distinct directions on the A¥*CH3D-AYCH,D; plot (Liu, Harris, et al., 2023)
(Figure 1.22 in Section 1.4.4). AOM can bring methane signals closer to the thermo-equilibrium
line, even producing extremely positive values, while AeOM (also applicable to abiotic catalyzed
oxidation and atmospheric oxidation) can shift methane signals toward the values observed in
air. Compared to AeOM, AOM causes smaller changes in A¥*CHsD. Table 1.4 in Section 1.3.3.3

provides the **¢a and Pa values for microbial oxidation processes, while Table 1.7 in Section

1.4.3.5 gives the 13¢H3Dy and 12€H2D2y, ya)yes for oxidation processes.
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7.1.5. Methane Atmospheric Sink Reactions

New insights have been gained into the isotopologue effects of atmospheric methane sink
reactions—although there is no consensus on the exact KIE values for these reactions, it is
agreed that sink reactions significantly enrich AY?CH,D; and slightly enrich A¥*CH3zD
(Haghnegahdar et al., 2017). Ongoing first-principles calculations are expected to provide
updated KIE equations for CH4+OH and CH4+Cl reactions. And there are several known
ongoing experimental efforts (Thomas R6ckmann and Matthew Johnson at Utrecht University
and University of Copenhagen, as well as Aparajeo Chattopadhyay, Lee Murray, and Vasilii
Petrenko at the University of Rochester) to re-measure the clumped isotopologue KIEs of these

reactions.

The first direct measurements of atmospheric clumped isotopologues (Haghnegahdar et al.,
2023) and firn-trapped air (Sivan, Sun, et al., 2024) (Sivan and Sun et al., in prep) have provided
strong constraints on sink KIEs. In particular, the 30-year trend in atmospheric methane clumped
isotopologues derived from firn-trapped air strictly defines the linear relationship between total
sink KIEs and total source composition, constraining sink KIE values for clumped isotopologues

to lie between existing lab measurement value and theoretical calculation value.
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7.1.6. Air Methane Compositions and Global Methane Budget Model with

Clumped Isotopologues

Actual measurement data for atmospheric methane clumped isotopologues have been obtained
(Haghnegahdar et al., 2023). Based on these real measurements, some previous global
atmospheric methane models (Chung & Arnold, 2021; Haghnegahdar et al., 2017) have been
significantly revised, particularly in their estimates of the total source clumped isotopologue
composition. As estimates of clumped isotopologue compositions for various sources become
more accurate, and with the analysis of firn-trapped air providing nearly 30 years of measured
clumped isotopologue data (Sivan, Sun, et al., 2024) (Sivan and Sun et al., in prep), there have

been attempts to incorporate clumped isotopologues into global box models.

7.2. Difficulties and Disadvantages

The main factors currently limiting the application of methane clumped isotopologues stem from

two aspects.

7.2.1. Technical Difficulties

First, there are technical difficulties. Although Section 7.1 highlighted some technical
advancements, there has been no qualitative leap. What remains unchanged is that, compared to

bulk carbon and hydrogen isotopes, measuring clumped isotopologues requires a much larger
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sample volume. As a result, most research to date has focused on lab cultures, natural gas, lab
abiotic-synthesized samples, wetland bubbles, and sediment-trapped gases, which are almost
pure methane or high-concentration methane. The measurement of atmospheric methane
clumped isotopologues remains a technical challenge. The large sample volume requirements
make sampling and transportation extremely difficult. Furthermore, the measurement process is
still time-consuming, and the uncertainty remains high compared to bulk isotope measurements.
This inevitably limits the number of data points that can be obtained for a given study. A paper
reporting 10 data points likely means that at least 20-30, or even more, samples were collected,
pre-processed, and measured. If all these are air samples, the duration of this project can be
expected to be very long. limited data number and high uncertainty mean that statistical methods
commonly used in environmental science or biochemistry cannot be effectively applied in this

field.

7.2.2. Cost-effectiveness

Second, there is the issue of cost-effectiveness. For a specific scientific question, methane
clumped isotopologues may not always be the best research tool. Take the problem of
distinguishing contributions from thermogenic and microbial methane in a mixed gas as an
example to explain. Clumped isotopologues are statistically useful for improving the confidence
of differentiating thermogenic and microbial methane, if supplementing the clumped
isotopologue information to bulk isotope information. Measuring clumped isotopologues in
addition to bulk carbon and hydrogen isotopes requires several times more sample volume and

significantly more effort, yet the additional parameters may improve source identification by a
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few to tens of percentage points for some samples, while for others, there may be no
improvement (Marcum et al.). And for samples with ambiguous bulk isotope signals (e.qg.,
samples whose isotopic composition falls within the overlapping range typical of microbial
methane and thermogenic methane), the effectiveness of isotopologue tools may also be limited
(i.e., clumped isotopologue signals of this sample also give ambiguous information) (Young,
2019). In contrast, measuring the ethane content of the mixed gas—which requires negligible
additional sample volume and effort—can provide highly confident methane source attribution

and estimates of the proportions of the two sources.

The above statement can be illustrated using the Devonian Antrim Shale natural gas in the
Michigan Basin as an example. The 5'C of methane from this reservoir typically ranges between
-50%o0 and -53%o, falling within the overlapping range of thermogenic and microbial methane,
making it hard to determine its origin based solely on methane bulk isotopes. Martini et al.
(1996); Martini et al. (1998), based on the linear positive correlation between 6D of CH4 and 6D
of H20, concluded that microbial methane is the primary contributor, potentially accounting for
up to 80% of the total. However, they also noted the presence of a thermogenic endmember
based on the low C1/C»4ratios (as low as 8) observed in some samples. Pore water incubation
and molecular biological identification of sulfate-reducing bacteria provided microbiological
evidence supporting the existence of a microbial endmember, and also suggested the influence of
microbial oxidation. Some studies have measured the clumped isotopologues of Antrim Shale
gas (Giunta et al., 2019; Stolper et al., 2015), with some data points lying slightly below the
thermo-equilibrium curve at around 50 °C, while others exhibit A?CH2D, values of

approximately -15%o and A CHsD values of +4 to 5% (see Figure 3¢ of Giunta et al. (2019)). If
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relying solely on clumped isotopologue compositions, it is not possible to as strongly conclude
the existence of a thermogenic endmember as with the C1/C,.4 ratio (note that Stolper et al.
(2015) inferred at least 25% contribution from ~140 °C thermogenic methane endmember based
on the A thermometer, but the A'® thermometer was later found to be unreliable after A*?CH.D>
measurements became possible, as methane may not always be in a thermo-equilibrium state
(Section 1.4.2 and Section 1.4.3)). Only by incorporating the existence of a thermogenic
endmember as a known condition into the analytical framework can the clumped isotopologue
data support the conclusion of thermogenic endmember mixing and indicate that the microbial
endmember has been altered by oxidation. That said, prior to obtaining the measurement results,
we cannot estimate whether clumped isotopologues will provide new or more confident

information. Therefore, such measurements remain necessary.

Similar cost-effectiveness issues apply to current microbial methane experimental research. Does
measuring clumped isotopologue signals in microbial methane samples provide more
information about microbial metabolic processes than bulk isotope measurements alone? Could
other biological measurement techniques, such as DNA and sRNA sequencing (though also time
and labor consuming), provide more straightforward insights? If methane clumped isotopologues
are not the best tool for addressing a specific scientific question, the significance of such research
diminishes (though it remains meaningful). An example that successfully highlights the unique
capabilities of methane clumped isotopologues is their potential application in studying
extraterrestrial methane. Since bulk carbon and hydrogen isotope information for methane on
exoplanets may lack interpretative context, clumped isotopologues, as intramolecular features

independent of bulk isotopes, could provide insights into the origin of extraterrestrial methane
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(Labidi et al., 2024). This idea indeed addresses a problem that other research tools are unlikely
to solve, although direct measurements of clumped isotopologues in extraterrestrial methane are
not feasible in the short term. More targeted laboratory simulations and modeling could be

pursued.

These disadvantages may be mitigated in the future through more advanced, faster, and
automated measurement methods. Higher-precision isotopologue measurement technologies may
enable the differentiation of some clumped isotopologue signals that cannot be distinguished
with the current uncertainty levels. However, the most critical step is to accurately identify areas
where clumped isotopologues have unique advantages and use them to address scientific

questions that cannot be resolved by traditional bulk isotopes or other proxies.

7.3 Future Research Directions

Scientific progress is incremental. The outlook for future research directions in methane clumped
isotopologues presented in this section is largely based on the current achievements in the field,

as outlined in Section 7.1 (and Chapters 1-6), and extends from there.
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7.3.1. Advancing Measurement Technologies for Methane Clumped

Isotopologues

There is still significant room for improvement in measurement technology, but advancements
should be driven by specific needs. For high methane concentration samples, current
measurement techniques already provide sufficient performance for analysis. Sample pre-
processing can also be largely automated. For low methane concentration samples, such as air,
the main challenges are the lengthy pre-processing time and the large sample volume

requirements.

| recommend upgrading existing manual air sample extraction lines to achieve automation,
thereby freeing up researchers' time and energy. Air samples are relatively straightforward to
automate because they are relatively "clean,” lacking significant amounts of CO2 or uncommon
contaminants, and their methane concentration and water vapor content are relatively stable, with
a common range of variation. Therefore, automated systems do not need excessive redundancy

in design steps or capabilities.

Additionally, | suggest conducting systematic and rigorous testing of compressor sampling
to demonstrate that this method can faithfully record methane concentrations and isotopic
compositions in air, followed by standardizing this sampling method. Ideally, compressor
sampling could become portable for single-person use—otherwise, it will likely still rely on

specific compressors and gas cylinders/tanks, which are heavy.
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For more challenging samples, such as those with even lower methane concentrations, limited
total methane availability, or nearly impossible sampling conditions (e.g., methane trapped in ice
cores or methane in the Martian atmosphere), more advanced instruments will need to be
developed to allow for lower sample requirements or even in-situ measurements. Mass
spectrometry may have greater potential for reducing sample volume requirements, while
spectroscopy may be more promising for in-situ measurements. However, in the short term,

neither mass spectrometry nor spectroscopy technology is likely to see significant breakthroughs.

7.3.2. Building a Comprehensive Global Source Isotopologue Database

Continuing to more accurately define the global average clumped isotopologue compositions of
methane sources—and, if possible, increasing spatial and temporal resolution—is essential.
This serves as the foundation for interpreting all other clumped isotopologue data. A parallel can
be drawn with traditional bulk carbon isotopes: even after decades of methane carbon isotope
measurements, there is still debate over the global average §*3C value of fossil-fuel methane,
despite the extensive databases compiled by Sherwood et al. (2017) and subsequent updates, as
well as Menoud et al. (2022), which include thousands of measurements covering over 95% of
oil and gas production regions. These databases themselves yield inconsistent results. Moreover,
it is only in the last five years that studies like Lan et al. (2021) have begun to incorporate
temporal and spatial information into models, as dividing global datasets by time and space
drastically reduces the number of data points in each slice and creates uneven distributions. For
example, there is abundant data from North America, with a long record in time, allowing us to

identify that there are changes in US-averaged fossil-fuel methane 5'3C over time driven by
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increased unconventional shale gas extraction. In contrast, data from South America and Africa,
for example, are significantly scarcer, especially for earlier years, making it necessary to assume
that source isotopic characteristics from these regions around the year 2000 can be represented

by the global average and do not vary over time.

The above discussion pertains to §°C; methane SD measurements are technically more
challenging than 8!3C, resulting in far fewer data points and even less understanding of global

source 0D values and their spatial and temporal variations.

Clumped isotopologue measurements are still in their infancy, with current data only sufficient to
roughly estimate representative clumped compositions for each source. Fossil-fuel-related
methane has the most clumped isotopologue measurements, possibly numbering in the hundreds.
Microbial methane measurements are also numerous, but many are from lab cultures, which may
not represent natural conditions. Field measurements from wetlands are limited, with only
around 20 published data. Data from agriculture are even scarcer, with fewer than 10
measurements. Biomass burning and landfill (waste) methane measurements are essentially
limited to one or two studies with only a few data points. | believe it is premature to perform
statistical analyses with the current data, as the global averages derived from these limited
measurements may not be representative. Expanding source databases by measuring methane
from a broader spatial and temporal range of anthropogenic and natural sources, and
investigating seasonal and regional variations in natural methane sources—particularly wetlands,
landfills, and permafrost—is a long-term task that requires continuous updates and global

collaborations.
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7.3.3. Refining KIEs for Methane Sink Reactions

The values of sink KIEs still require confirmation through both theoretical calculations and
experimental measurements. Current first-principles calculations may need to be revisited to
consider which approximation theory could better describe the electron clouds of methane
isotopologues and their corresponding transition states during the sink reactions. Photochemical
experiments should be reproduced to systematically measure fractionation factors. It would be
better if these lab experiments could include the reactions CH4+OH and CH4+Cl, covering the
five most common methane isotopologues (*CHa, Y*CHa, 2CH3D, *CH3D, and *2CH:D) for
each reaction, and should ideally be conducted at multiple temperatures. If possible, theoretical
calculations and experimental measurements should also be performed for the CH*+O(*D)

reaction.

The ultimate goal is to achieve consistency between theoretical values, experimental
measurements, and values inferred from atmospheric measurements and models. Sink KIEs and
total source isotope (and isotopologue) compositions form a linearly constrained pair. If KIES
can be accurately determined, they will provide stronger constraints on total source
compositions. Currently, even the 1-3%o discrepancy between experimental and theoretical
values for the KIE of *CH4+OH introduces more than 10% uncertainty in the global allocation

of thermogenic and microbial methane sources.
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7.3.4. Exploring Isotopologue Fractionation in Microbial and Abiotic

Processes

Continuing to conduct controlled microbial and abiotic experiments to establish robust
isotopic fractionation factors and explore the factors controlling methane clumped isotopologue
fractionation is essential. The analytical framework for microbial methane is now largely
established: the cumulative isotopic expression of the (seven) enzymatic steps determines the
final apparent isotopic fractionation. Reversibility controls the expression of KIE and EIE for
each step. To bridge laboratory and field studies, it is crucial to clarify how environmental
factors influence reversibility. Isotopic methods should be complemented by approaches from
other disciplines, such as molecular biology and genomics (e.g., (Chadwick et al., 2022; Evans et
al., 2015; Vorobev et al., 2014)), as well as thermodynamic and computational modeling (e.g.,

(Baik et al., 2003; Gherman et al., 2005)).

Additionally, experiments and field sampling for abiotic methane synthesis and oxidation
remain scarce, yet abiotic methane may yield unique values. A significant question is whether
methane clumped isotopologues can serve as a biomarker for life. Given that clumping is
independent of bulk isotopes—whose interpretation relies on a relative reference frame—
clumping may have greater potential than bulk isotopes as a biomarker (or abiomarker) in

unknown environments, such as Mars.

The same logic applies to clumping in methoxy groups and site-specific clumping like **C-3C
clumping in organic molecules.
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7.3.5. Establishing a Global Methane Clumped Isotopologue Observation

Network and a Clumped Isotopologue incorporated Budget Model

Spatially and temporally resolved atmospheric methane clumped isotopologue measurements,
along with improved global atmospheric methane models incorporating clumped isotopologues,

are needed.

Current atmospheric measurements cannot define the ""background' clumped isotopologue
values or global averages because existing air data are limited to the air above the University of
Maryland. We also tried two air samples from a NOAA observation site in Boulder, Colorado,
but the project was not established due to limited funding and time. With the available data, we
cannot determine whether air in different regions exhibits distinct methane clumped isotopologue
signals or not. Drawing parallels to bulk carbon isotope observation networks, air §C varies
across regions. If a similar observation network could be extended to clumped isotopologues,

similar variations might be observed.

Moreover, unlike §*C, which is sensitive to source mixing, A2CH2D is less sensitive to source
mixing; a 10-20% mixing ratio may not result in a discernible change in air A¥?CHzD- (Sun et
al., 2023; Sun et al., in revision). This provides an opportunity to decouple source mixing from
sink effects—if a monitoring station observes a change in 5'3C without a significant change in
AYCH;D,, it may indicate source mixing. If both §**C and A*2CH,D- change significantly, it

could suggest the intrusion of air masses with different sink reaction histories.
309



Additionally, atmospheric models should be updated to predict whether atmospheric methane
clumped isotopologues will continue to change over time. If they do and provide additional
insights, an observation network should be established to regularly measure atmospheric
methane clumped isotopologues. Temporally resolved measurements should begin now, as
reconstructing past atmospheric methane clumped isotopologue profile would be very difficult

(Sivan, Sun, et al., 2024) (Sivan and Sun et al., in prep).
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Appendix A: Supporting Information for Controls on
Concentrations and Clumped Isotopologues of Vehicle Exhaust

Methane (Chapter 3)

This Appendix is the supporting information of a published paper:
Controls on concentrations and clumped isotopologues of vehicle exhaust methane. PLoS ONE

20(2): e0315304, (2025). https://doi.org/10.1371/journal.pone.0315304
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Note A.1l. Description of Sampling Procedures

In the first sampling campaign, methane concentrations in the exhaust were pre-determined
before sampling to estimate the required sample volume for isotopic analysis. This involved
analyzing methane concentration using a gas chromatograph (GC) of a few milliliters of exhaust
gas collected with a syringe. Approximately 800 L of samples are required, if the exhaust is with
air-level (2 ppm) methane concentration, to ensure that the amount of collected methane exceeds
70 umol. Large-volume samplings were achieved using portable pumps to inflate Tedlar bags.
The exhaust gas was pulled through a 1-meter metal tube that was partially inserted into the
exhaust pipe, then a long (~ 2 m) rubber tube to the pump, and was pushed into bags. In this first
sampling campaign, methane and ethane concentrations were measured post-collection. Hence,

information on real-time concentration changes was not available.

During the first sampling campaign, we acquired a Mira Ultra LDS Infrared multi-pass laser gas
analyzer (Aeris#302) from Aeris Technologies Inc. (referred to as Aeris hereafter). The
acquisition of Aeris enabled us to obtain real-time concentration data for both methane and

ethane.
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In the second sampling campaign, a 1-meter metal tube was partially inserted into the vehicle’s
exhaust pipe, with the other end attached to a drying tube filled with 8-mesh desiccant-anhydrous
indicating Drierite and a particle filter before being connected to the Aeris (Figure A.1).
Participants were instructed to start the engine, initially keep the vehicle in an idling state until a
stable concentration signal was recorded. Then they were instructed to rev the engine without
load to reach and maintain 3000 rpm for approximately 20 seconds, before returning to an idling

state.

Note A.2. Description of Sampled Vehicles

During the first sampling campaign, the 1999 Volvo S70 and 1981 BMW 528i exhaust gases
were sampled immediately after a cold start in an idling state, as well as after vehicles warmed
up and were revving at 3000 rpm. The rest of the vehicles were sampled after warming up in an
idling state. Due to its extremely high concentration levels, the 1981 BMW 528i was sampled
again both in cold and hot conditions. The 1970 Dodge Charger and 2017 Chevrolet Sonic
exhausts were previously collected during an early validation experiment before the first major
sampling campaign. The 2013 Kohler XT675 mower has a small single cylinder 4 stroke engine
for domestic use and does not have a catalytic converter. The 1970 Dodge Charger is also not
equipped with a catalytic converter due to its age and is one of two carburetor engines. The 1981
BMW 528i was in notably poor condition, exhibiting misfires in some tests, which was
diagnosed as a result of a loose plug wire. The 1995 Mazda MX-5 Miata had been stored in the

garage for a long term prior to measurement. The Ford F-250 (unknown year) was idling for at
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least 20 minutes before being sampled. The 2005 and 2013 Gillig transit buses on the UMD
campus and a 2006 Ford F-750 trash truck working at University Park, Maryland are diesel-
fueled, and equipped with compression-ignition engines which differ from the other vehicles

with spark-ignition engines running on gasoline.

In the second sampling campaign, the 2017 Prius Prime Hybrid was operating solely on its
battery engine, with no option to switch to the gasoline engine if not moving. The 2013 Nissan
Altima expelled some liquid water from the exhaust pipe at the end of acceleration. The 2017
Alfa Romeo Giulia Q4 has a turbocharged engine. The 2009 Honda Accord features a V6

engine, and the 2023 Lexus GX460 is equipped with a V8 engine. Two 2023-model vehicles
(2023 Lexus GX460 and 2023 Chevrolet Silverado) were being used for less than a month before
joining the test. According to our information, the 2019 Audi A5 had been well-maintained by its
owner, however, the 2013 Nissan Altima, 2016 Toyota Camry, and 2018 Toyota RAV4 had poor

maintenance histories.

All vehicles not specifically mentioned were gasoline-fueled vehicles with 14 cylinders in normal

conditions. We lack data to quantify the conditions of all vehicles.

For multiple samples from the same vehicle under identical conditions, numerical suffixes
indicated sampling sequence (e.g., 1970 Dodge Charger 1 for the first sample from the 1970
Dodge Charger, 1970 Dodge Charger 2 for the second). When sampling the same vehicle under
different conditions, brief descriptors were used (e.g., 1999 Volvo S70 hot and 1999 Volvo S70

cold). The vehicle conditions were qualitatively described: for the bag samples from the first

314



sampling campaign, "cold" referred to samples taken immediately after the vehicle starts and
idles in winter, while "hot" referred to samples taken after at least 10 minutes of driving and then
idling. If not labeled "cold"” or "hot,"” the samples were still "hot™ but lacked a corresponding
"cold" sample. For the second sampling campaign, we measured real-time concentrations during
"ignition, idling, revving, and post-acceleration™ operational states without distinguishing

between "cold" and "hot."

Note A.3. Additional Discussion of Methane Emission from Each Sampled

Vehicle

The highest methane concentration, exceeding atmospheric levels by a factor of a thousand, was
recorded during the cold start and warm up of the 1981 BMW 528i which turned out to have a
loose plug wire and misfire. Some vehicles emitted methane at concentrations below ambient
levels at certain operation phase, such as the 2023 Chevrolet Silverado with a 2.7L Turbo 14
engine and the 2019 Hyundai Kona while idling. The 1981 BMW 528i provides an example of a
vehicle emitting due to age and poor maintenance. In this case, a loose plug wire resulted in an
engine misfire allowed unburnt fuel to bypass the combustion process and be routed directly to
the catalytic converter. Under normal conditions, the catalytic converter facilitates the
conversion of unburned hydrocarbons to CO>. In the presence of substantial unburned gasoline,
catalytic converter still operates, but the process can instead lead to incomplete conversion of
gasoline into CO- and instead produce lower hydrocarbons, such as ethane and methane, thereby

functioning as a methane generator, and this was the case with this 1981 BMW 528i. The 2013
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Kohler XT675 mower and 1970 Dodge Charger, both lack catalytic converters, demonstrated
exhaust methane concentrations representative of post-combustion gases under their respective
operating conditions. Based on our familiarity with poor maintenance histories of the 2013
Nissan Altima, 2016 Toyota Camry, and 2018 Toyota RAV4, we surmise that inadequate
maintenance contributed to elevated emissions. In contrast, the 2023 Chevrolet Silverado and
2023 Lexus GX460, both in pristine condition, have the lowest emissions. The 2019 Audi A5
and 2019 Hyundai Kona were known for having good maintenance, also showed low methane
emissions. Notably, some vehicles manufactured between 2015 and 2018, which make up a
significant part of current urban fleets, have high emission levels. This suggests that vehicle’s
maintenance status, rather than its manufacturing year, plays a more crucial role in determining

emission levels.

Diesel vehicles generally emit exhaust with low methane concentrations, potentially because
they are equipped with compression-ignition engines, which have higher air-to-fuel ratios
compared to spark-ignition gasoline engines, thereby achieving enhanced combustion efficiency.
However, heavy-duty diesel engines, such as the 2006 Ford F-750 trash truck that frequently

operate under loads, have elevated emissions.

However, this dataset should not be used to quantitatively estimate the average exhaust methane

concentration, given that our sampling design was biased on purpose and was constrained to

accessible vehicles.
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Figure A.1. Photo while monitoring the real-time methane and ethane emissions from the
2018 Toyota RAV4 using Aeris, during the second sampling campaign.
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Figure A.2. Continuous monitoring of a) 2017 Alfa Romeo Giulia Q4, b) 2015 Honda Civic
EX, c) 2018 Toyota RAV4 exhaust methane and ethane concentration throughout operation

cycles (ignition, idling, revving, and post-revving).
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Figure A.3. Ethane concentrations of vehicle exhaust samples. The sequence on X-axis is
basically consistent with the sequence in Figure 3.2, except that the vehicles in the first campaign
have no ethane information and are not included. The plotted concentrations are peak values
among the vehicle operational cycles; therefore, the heights of the bars are not fully
representative of the total emission fluxes from the corresponding vehicles. Asterisks (*) in
labels mark diesel vehicles. The Y-axis is scaled logarithmically. Detailed information on
individual vehicles can be found in Section 3.3.1, Table 3.1, and Appendix A Note A.2.
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B.1. Notation

The mass spectrometric measurement gives the following delta values normalized to the working

reference gas using the following equations:
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We use the first two equations to represent 3*3C and 5D. These are approximations because some
13C and D are also in other isotopologues (like **CHsD, *?CHzD>) and are thus not accounted for.
This introduces a shift much smaller than the analytical uncertainty relative to the actual

definitions:
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to represent ABCH3D and A'2CH,D- respectively, and these also approximate to a high degree
(much smaller than analytical uncertainty) the actual definitions:
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The approximations greatly simplify interconversion of A and isotopologue ratios that we use for
the model calculations. In our exploration of the approximation, we have so far not found that the

difference is expressed in the value well below the hundredths of a permil level.®

B.2. Sample Types

B.2.1. Methane from Air

B.2.1.1. Compressed air samples

Two samples of compressed air from a commercial air tank (Airgas) were analyzed (210419,
210421). The Airgas tanks are filled locally before sunrise, we were told by the facility. The
facility is located at (38.92894 (°N), -76.93319 (°E)) which is next to a reconstructed wetland on

the Anacostia river.

B.2.1.2. Urban air

Nine samples (210329, 210408, 21503, 21504, 210506, 211021, 210901, 210511, 210514) were

collected in the UMD chemistry building by directly pumping from the makeup air duct. This air

® We directly compared the two ways of calculating the values for combinations of 83C, 5D, and A2CH,D, between

100%o and -100%o0 and A®CHsD between 5 %o and -5 %o. We found that the difference between approximation and

‘exact’ was less than 0.00000001%o for this range of values.
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is actively blown into the makeup air ducts from an inlet outside the front door of the building
(38.98938 (°N), -76.94021 (°E)). These samples were either connected directly to the
preconcentration manifold or pumped into Tedlar bags that were then extracted. Most samples
were extracted in the late morning after the nocturnal boundary layer had dispersed. One sample
was collected into Tedlar bags from the parking lot behind the College Park Shoppers Food
warehouse (39.01690 (°N), -76.92823 (°E)) close to the freeway in the afternoon during a rush

hour.

B.2.1.3. UMD Campus Farm location

Four samples were collected in the early morning by pumping air through tubes suspended from
the silo at the UMD campus farm (38.99252 (°N), -76.94038 (°E)) at heights of 4 (210803-54,
210720B, 210904s4) and 10 feet: (210803S10). At this time, the nocturnal surface boundary
layer has not dispersed, which allows locally generated methane to accumulate. A fifth sample
(210720S) was collected just across from the silo (38.99259 (°N), -76.93983 (°E)) in the
afternoon. The samples were pumped into 200 L Tedlar bags. In these cases, the samples were
only 200 liters which leads to greater uncertainty on the measurements. In addition, four samples
were collected inside a three sided (open on one side) dairy barn (38.99252 (°N), -76.94062 (°E))
where cattle are kept in pens (210803b3, 210803b2, 210801B1, 210423) in the morning. Due to
limited air circulation and proximity to livestock and manure, these samples had higher
proportions of local added methane. Note that a strong methane leak (from natural gas) was
subsequently identified under the roadway by mobile surveys and the gas company. It is possible
that this local leak could affect the samples, however the isotopologue data point to microbial

sources. These samples were pumped into 200 L Tedlar bags using the Gast diaphragm pump.
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B.2.1.4. Wetland sites

Two samples of air (210429, 210430/29) from a location on campus (38.99437 (°N), -76.94431
(°E)) by a regenerative stormwater conveyance and a third sample from a location at the Jackson
Lane wetland (210418) (39.05744 (°N), -75.75226 (°E)) were collected by pumping air into 200
L Tedlar bags. The bags were returned to the lab and processed in the same way as other air
samples. The samples collected on campus were collected at sunrise (before the nocturnal
boundary layer had dissipated and convection up to cloud layers (planetary boundary layer) had
been established). This allows for the locally sourced methane to accumulate to slightly higher
concentration (a few hundred ppb above ambient). The sample from Jackson Lane was collected
within a zone of flooded reed grass using off of a floating small platform in the late morning,
which reduced mixing with ambient air. The Jackson Lane wetlands is an example of a type of
seasonally-flooded freshwater wetland (a Delmarva Bays wetland) for which thousands are

known across the Delmarva peninsula.

B.2.2. Other Methane Samples

B.2.2.1. Methane from Combustion

Two samples (210515a, 210515b/23) were collected from a covered grill by drawing smoke and
air through a length of metal tube, attached to Tygon tubing using a Gast diaphragm pump and

pushed into 10 L Tedlar bags. The bags were flushed twice with smoke before collecting the
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samples. For one sample, the grill was fed with oak logs and for the second sample, the grill was

fed with charcoal.

B.2.2.2. Methane from chambers (wetlands and rice paddies)

Three samples (210420BC, 210420d/e, 210420H) were collected at the Jackson Lane Delmarva
Bays wetland (39.05744 (°N), -75.75226 (°E)) and a fourth sample was collected in at the UMD
campus (210409) (38.99437 (°N), -76.94431) in two-piece chambers (14 inches wide, 24 inches
long and 10 inches high when assembled that have an inlet and an outlet). The base of the
chamber is pressed into the ground and left to sit before putting the top on. The top was put on
and sealed. After a few hours, air was pulled from the chamber using a pump through the inlet
with the outlet open (we used two pumps — a peristaltic pump and a Gast diaphragm pump. One
sample (210819) was collected in an inverted funnel bubble sample from rice paddies east of
Little Rock Arkansas, near 34.95659 (°N), -91.30682 (°E). For this sample, methane bubbles

were collected in a 50 cc syringe.

B.2.2.3. Incubations

Three samples (210429i, 210430i, 210524i) were collected as incubations. The samples 210429i
and 210430i were collected at the Jackson Lane wetland (39.05744 (°N), -75.75226 (°E)) and
sample 210524 was collected at the campus regenerative stormwater conveyance location
(38.99437 (°N), -76.94431 (°E)). For the first two incubation samples (210429i, 210430i) 100 cc
of homogenized soil was loaded into autoclaved 200 cc serum bottles that were stoppered with
blue silica stoppers. The serum bottles were successively evacuated, shaken, and filled with

helium, and this was repeated three times. Once prepared the samples with helium headspace
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were placed in incubators at 32°C (210429i) or 25°C (210430i). The third incubation sample
(210524i) was prepared by loading approximately 50 cc of mud with an additional 50 cc of water
into an autoclaved 200 cc serum bottle sealed with blue silica stoppers. This sample was kept in
20°C. These three samples were left to incubate until sufficient methane accumulated in the

headspace for analysis.

B.2.2.4. Natural Gas Samples

Three samples of natural gas were analyzed. Two of these were supplied by D. Rumble from the
Marcellus (210516n) and Utica (212211n) shales and a third was collected from the wall of the
lab (210506n) and was natural gas used for glassblowing. Because of their high purity the first
two of these samples were not processed through the purification line but were instead

introduced directly into the Panorama. The third was purified and then analyzed.

B.2.2.5. Thermally-equilibrated samples

Three samples of gas were transferred by expanding at atmospheric pressure from a bag into
sample tubes (with glass O-ring valves) containing 4-8 pellets of activated y-alumina. Activation
was done by heating the y-alumina pellets in the tubes to >550°C. The tubes were then left for
~80 days at temperature to equilibrate. Temperatures of equilibration were 15°C, 32°C and
150°C. A fourth tube was set up at a temperature of 75°C, but the incubator containing the tube

failed during the 80 days, cooling to room temperature.

Measured isotopic compositions of all samples are given in Tables B.1, B.2, and B.3.
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B.3. Standardization of Isotopic and Isotopoloque Data

We standardized our isotopic data through analysis of calibrated samples from MIT (§*3C and
dD) and combined this with three thermal equilibration experiments undertaken using y-alumina.
Using this hybrid calculation, our measurements of the MIT reference gases are within error of
most reported MIT values. The one exception is our measurement of A22CH,D; for AL1-CD
which is outside of the 26 overlap of the respective measurements. We do not have an
explanation for this outlier. We found the thermal equilibration experiments to be challenging
due to small shifts in the §!3C and 8D of our gases for experiments with y-alumina and larger
shifts for experiments we undertook with Pt wire and Ni metal. Our working hypothesis is that
there are reactions between CH4 with (or promoted by) the catalysts that we were unable to
avoid, and this implies that further refinement in our calibrations may occur in our future work.
See Tables B.2, B.3, and B.4 for isotopic data related to standardization and comparison with

other labs.

B.4. Using A and 6 Notation to Reveal Evidence of Mixing

Plotting clumped isotope data using delta notation provides information in a different way than
the plots of A®CH,D; vs. AY¥®*CHsD (compare Figure 4.1 and B.1 with Figure B.2). On the &
12CH,D; vs. 8D plot the offsets for AY>CH,D; are not obvious; however, the residuals (offset
from the mixing line for air samples — which are straight lines on this plot) provide an illustration

of mixing and how some components do not fit. The principle is very similar to that seen for
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plots of 8*3C vs 8D (e.g., main text Figure 4.1), but provides additional information about
mixing endmembers and proportions. In this case, the compositions reflect mixing of methane

from microbial sources into background tropospheric air.

B.5. Atmospheric Model

We used a box model to evaluate whether information from clumped isotopologues has the
potential to provide information about changes in contributions from various (global-scale)
sources. The model used simplified inputs for historical methane concentration data and for
isotope compositions (8*C and 8D). It assigns a single value for the sink by assuming a constant
lifetime of 9.5 years. It also assigns smoothed (over time) values for various anthropogenic CH4
fluxes (sources) that broadly follow those from two versions of EDGAR (Crippa et al., 2020) and
modifies the natural gas fluxes for these two using Hoglund-Isaksson (2017) to explore four
different scenarios. The use of the same major isotope compositions and fluxes in all tests allows
exploration of how changes in the proportion of fossil fuel methane (with positive A2CH,D>) to
microbial methane (with negative A’CH,D;). The use of smoothed 5" order fits for most (8**C
excepted -see below) inputs reduces expression of non-steady-state model response that generate

short term shifts in A¥?CH.D,.
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B.6. Concentration Data used for Atmospheric Model

We fit a 5" order polynomial to the annual global methane concentration data [reference data

found at: https://gml.noaa.gov/webdata/ccga/trends/ch4/ch4 _annmean_gl.txt] that broadly

follows the year resolution NOAA data record (Lan et al., 2023) from 1984 to 2019 and used this

as the starting point for the model. See Figure B.3 for fit.

B.7. Total Source Flux and Flux of Unsubstituted (Major) Isotopologue

We simplify the treatment of isotopic compositions and their relationship to mixing proportions
by assuming that methane concentration and the concentration of *?CHy are identical. This is not
the case, but Lan et al. (2023) have shown that this assumption can be used to calculate
relationships between isotopes with only a small shift relating isotopes and concentration of the

elemental species (e.g., methane in this case).

We solved for the total flux of methane into the atmosphere (E) by solving the equation for a box
model with a first-order sink’ (e.g. controlled only by methane concentration and with a constant

lifetime) in terms of the flux (E) into the box: the following equation:

"The sink assumes that the combined reactions with *OH, Cl-, O(*D), as well as oxidation in soils does not vary with

time. Preliminary exploration of our model shows less sensitivity to changes in the strength of sinks than to changes

in sources. This is an area that warrants future investigation with more complex atmospheric models.
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E == (B.11)
where n is the amount in the box at time (t), nt.1 is the amount in the box at the prior time step (t-
1), and k is the first order rate constant for the sink reactions. For the global atmosphere, to

follow the evolution of concentration seen in Figure B.3, the total flux into the atmosphere

solved using this box model is given by Figure B.4.

B.7. Component Source Fluxes

Four models (scenarios) of anthropogenic source fluxes were used (Figure B.5). Two models
were run with source fluxes that are smoothed versions that broadly fit the flux of anthropogenic
sources as outlined in the Emissions Database for Global Atmospheric Research (EDGAR),
EDGAR 5.0 and 6.0 (Crippa et al., 2020). Another two model runs were run with source fluxes
that broadly fit EDGAR 5.0 and 6.0 but with substituting the natural gas fluxes of Hoglund-
Isaksson (2017) (labeled as HI). Figure B.6. Illustrates the different profiles of the natural gas

fluxes of the E50 and E50HI and the E6 and EGOHI.

The way that the model works, this also means that the part of the fluxes for natural (wetlands)
will be different to make up a different amount of the total flux. The EDGAR component fluxes
were divided into classes that were then assigned their own isotopic compositions (described
later in this section). These yield the same profiles for E60 and E60HI and then also for the E50
and E50HI, but different between the E50 and E60 pairs (Figure B.7). The classification strategy

is described in Table B.5 and while it likely can be improved, provides a way to account for
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different contributions that can be used to evaluate the way the system broadly responds to
changes in model scenarios. The principal assigned difference between the different scenarios is
the natural gas flux. Figure B.6 illustrates the difference in the natural gas flux term between the

four different scenarios.

B.8. Carbon and Hydrogen Isotopes

The atmospheric burden of *3CH, and 2)CHsD are determined by considering records of §3C
(Figure B.8A) and 6D (Figure B.8B) in combination with the atmospheric concentration of total
methane (Figure B.3). The fluxes of **CH4 and >*CH3D are solved by adjusting the lifetime
using information about Kkinetic isotope effects associated with the sink reactions. The carbon
isotope profiles broadly matched that used by Turner et al. (2017) and is not fit to a 5" order
polynomial (smoothed) to illustrate how derived model results such as A¥*CH3D are affected by
short term uncertainties in isotopic composition that arise the calculation of A¥*CHsD for
sources, and its dependence on 8*3C. The hydrogen isotope evolution of atmospheric methane
was fit using the curve in Figure B.8B which broadly matched Rice et al. (2016), but with an
extension for the most recent decade showing no subsequent change. This evolution follows a
smoothed curve from 1984 to 2006 and then a rise to 2010, and constant values thereafter. Like

the evolution of *3C, the assigned evolution of 8D is approximate.
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B.9. Derived 62C and D of Source Methane

Solving for fluxes requires additional information about the kinetics of sink reactions for each
isotopologue, which are used in combination with the constraints on sink for the major
isotopologue (*2CHa) to derive the k for each isotopologue. While this simplification would not
be used in a more sophisticated model, it is valid and allows us to simplify the model. The rate
data (KIE and ratios of rates relative to major isotopologue) used in our calculations are given in
Table B.6. These values assume the major contribution to the KIE is «OH with a small
contribution from Cle. Small changes in these KIE (within the range of the difference from
experimental determinations can have an effect on the model-derived **C-containing
isotopologues because they have values near unity (see Figure B.17), but the effects related to
D- substitutions do not significantly affect the model results because these values differ from

unity.

Constraints on kinetic isotope effects (KIE=ki2cHa/ki, where ki is the rate constant of the
isotopologue of interest) of Haghnegahdar et al. (2017) were used to constrain the rates of these
sink reactions for 3CH, (513C) and 2CHsD (8D) as well as other isotopologues (described in
sections below). These electronic structure calculations are made with the Gaussian 09 software
package (EM64L-G09RevD.01) (Frisch et al., 2013). The calculated values match experiments
reasonably well for the best constrained values when high level Mgller-Plesset theory (MP2) are
coupled with large basis sets. Using these KIE with the model isotopic evolution yields an

evolution of the CHa flux (total methane emissions, integrated or total source) with the 5°C and
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3D of Figure B.9. This isotopic composition reflects the ratio of fluxes for 3CH4 and *2CH3D

relative to 1?CHa. (e.g., 8*3C relates to 3CH4/*2CHa)

B.10. Isotopic Compositions of Anthropogenic Fluxes

The isotopic composition of the anthropogenic flux for the different model scenarios was
calculated by considering the individual component contributions to the flux as listed in tables
from EDGAR and then reassigned to a category with an assigned isotopic composition (Table
B.5). The isotopic compositions for the categories (Table B.7) were assigned based on values
provided in Sherwood et al. (2017) for the 8D and §'3C and Haghnegahdar et al. (2017) for
clumped isotopologues, with the exception that microbial sources clumped isotopologues were
all set to a single model determined value. Using these isotopic compositions, the isotopic

compositional evolution of the anthropogenic sources is given in Figure B.10.

B.11. Isotopes and Isotopologues of Natural (Wetland) Part of Methane Flux

Calculation of the individual isotopologue fluxes of the natural (wetland) part was done in the
same way as for the total flux, but by considering adjustments to the anthropogenic component
fluxes that scale with isotopic compositions of Sherwood et al. (2017) and then by calculating the
needed isotopologue fluxes from the natural (wetland) part to close the mass balance (difference)
relating the total (integrated) flux for each isotopologue. These were then converted into isotopic

compositions using standard definitions. The resulting isotopic compositions for the natural
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(wetland) source are given in Figure B.11 and yields a source with variable isotopic composition
with time. While the clumped isotopologue composition of the natural (wetland) part of the flux
is calculated as a constant value to allow each model scenario to end with the air isotopic
composition matching the assigned valued (Table B.8), the §*C and 8D are allowed to vary with
time (Figure B.11 shows the resulting variation). This is required by the treatment and could in
principle be justified as possible if one considers that there could be changes in the types of

wetlands or proportions of high latitude, mid latitude, and equatorial wetlands.

B.12. Isotopologues of Methane in Air

The remaining part of the model calculation is the clumped isotopologue composition of CHs
fluxes (anthropogenic part, natural (wetland) part, and total) as well as the methane in air. These
are given in Figures B.12, B.13, and text Figure 4.3. The model evolution in Figure B.13,
shows that different scenarios start at different A2 CH,D, and A¥CH3D, with those having a
greater proportion of fossil fuel sources starting at higher values than those with a smaller
proportion of fossil fuel sources. All model scenarios have a steep rise in A¥>’CH,D, and
ABCH3D which is attributed to the weakening of CHa fluxes which allowed a greater expression
of the KIE. The flattening seen in the second decade of this century likely reflects the waning
growth of methane in the 1990’s. The reason for the difference in phasing (delay) for the
flattening of the CH4 concentration profile (Figure B.3) and the flattening of the clumped
isotopologue profiles (Figures B.12 and B.13) reflects the longer lifetimes of the doubly-
substituted isotopologues. The broad conclusion is that the different scenarios with different

histories of emissions (fluxes) from fossil fuels, altered the proportion of fossil/microbial
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methane and can be detected by measuring clumped isotopologues. Such measurements should
be possible either with archived samples or samples of air that are isolated from the atmosphere,

such as in Arctic firn.

B.13. Further Exploration of Clumped Isotopologues and Their Relationship to

Fossil and Microbial Methane

To explore the role of fossil fuels further, a second set of scenarios was examined that starts with
an anthropogenic endmember with proportions broadly similar to those of the smoothed E60
scenario (Black dashed line in Figure B.14A) having a steady rise in the anthropogenic
contributions from 1984 to 2018. Additional scenarios were set up to flatten this profile (colored
lines in Figure B.14A), while maintaining the same total flux by shifting the natural (wetland)
component (Figure B.11B) This second set of models was solved for the isotopic compositions
in the same way as the previous model scenarios were solved and yields the ACH:D; for air
and source in Figure B.15 and for 8D in the total flux (single solution) and the natural(wetland)

part of the flux in Figure B.16.

While these models are very simple, they yield results that suggest the derived A?CH2D, and the
dD of the total sources will be more constant in scenarios that include a rising influence of
microbial CH4 sources. If constancy is a more parsimonious state, it would suggest that the
clumped isotopes and the 6D support a rise in wetland fluxes as the explanation for the most

recent rise in atmospheric methane concentration. This is analogous to the recent proposals (Basu
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et al., 2022; Fujita et al., 2020; Lan et al., 2021; Milkov, Schwietzke, et al., 2020) based on &3C
(and 8D). These test scenarios also show the potential of A?CH,Dy in distinguishing between

different scenarios and the accompanying §'3C and §D.

B.14. Note on KIE and Uncertainty

The main results reported in this study are based on second-order Mgller-Plesset theory (MP2)
(Mgller & Plesset, 1934) determined in Haghnegahdar et al. (2017). The KIE used for the
calculations play a role in the results of the models and determination of KIE at high enough
precision to be used in the calculations experiments has proven to be challenging. For example,
experimental determination of the KIE for the 2CH,D; + *OH and **CH3D + *OH sink reactions
at 298 K are 1.81+ 0.28 (Gierczak et al., 1997) and 1.34+ 0.03 (Joelsson et al., 2016),
respectively. The KIE of the 2CH,D2+Cl- (Boone et al., 2001; Feilberg et al., 2005; Matsumi et
al., 1997; Sauer et al., 2015; Wallington & Hurley, 1992) have been determined to be 1.60+0.03
for 13CH3D+CI- (Joelsson et al., 2014). Whitehill et al. (2017) define a term “yon (Vk*k/(k*Ik) =
'KIEXKIE/MKIE) that can be used to relate the KIE uncertainties to uncertainty on A**CHsD and
A¥CH;D,. Using Monte Carlo techniques, uncertainties for experimental determinations of KIE
propagate to £150%o and £20%o for 2%yon and *2yon (representing A2CH:zD- and A¥*CHsD,

respectively).

Ab Initio techniques offer another way to determine KIE which may be more precise for term
byon (Mk*k/(k*K) = 'KIEXKIE/MKIE) (and A¥CHsD and ACH.D,) because of cancellation of

effects due to frequencies for all isotopologues (and resulting partition functions) are related by a
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single electronic structure model. The uncertainty for the KIE derived using ab initio techniques
are evaluated by comparing results of calculations done at second-order Mgller-Plesset theory
(MP2) (Mgller & Plesset, 1934) and couple cluster single and double excitation (CCSD) (Purvis
& Bartlett, 1982) level of theory, yielding a difference on the order of 10%o and 3%, for 2%yon
and *2yon (respectively A*CHzD2 and A¥*CHsD). Tunnel corrections for the *OH reaction made
in previous studies (e.g., (Sessions & Hayes, 2005)) amount to a smaller difference than the
difference between MP2 and CCSD. Work to refine the KIE will improve the quality of results

that doubly-substituted isotopologue measurements will ultimately have the potential to provide.

We undertook one calculation where we arbitrarily varied the KIE for the *3CH, sink reaction
from 1.005 to 1.010, which is within the range of the experimental and theoretical studies. The
KIE determined from ab initio studies used here is 1.006. What we find (Figure B.17) is that a
small shift in the KIE for the Y3CHya sink reaction has an ~12%o effect on the 3**C generated by
the model for the natural (wetland) part of the source flux. This suggests that further
investigation into the KIE is warranted because it has the potential to significantly reduce

uncertainty associated with models considering 5'°C.

B.15. Description of Apparatus

The manifolds that we used for preconcentration and purification are illustrated in Figure B.18.
These were built as prototypes for air separation and purification. The manifold for
preconcentration is in panel A. It consists of: a part for drying the air and restricting flow

(canister with silica gel); a part for capturing methane (set of 6 %2 inch OD traps filled with
337



HayeSep DB and cooled to liquid nitrogen temperature; a second set of HayeSep DB traps (not
used); a U-trap to reduce CO., immediately before a final 3/8 inch OD Trap filled with HayeSep
DB that is liquid nitrogen cooled for transfer of methane and air and then warmed with a -116°C
ethanol slush while pumping for 30 minutes to finish the preconcentration. The system has been
checked for methane by flow by connecting a bag with a T to an Aeris gas analyzer to ensure no
loss of methane during the preconcentration steps. The biggest issue we have encountered is
incomplete transfer of methane from the HayeSep DB traps due to incomplete warming. The
HayeSep DB is recommended, however, because for some samples with a nitrogen balance
(incubations) we found that we were not able to reproducibly determine the isotopic composition
if the trapping on silica gel resulted in saturation with nitrogen (had a residual pressure). Our
hypothesis is that the competition by nitrogen for locations that would normally trap methane led
to incomplete trapping of methane and fractionation. This was increasingly more important for
low concentration methane samples. This has been addressed by flushing with dry nitrogen (the
large traps) on transfer to the second trap, and by heating the second trap to 250°C when
transferring the sample to the sample tube (panel B illustrates configuration). Panel C illustrates
the purification manifold, which is similar to the manifold used by Young et al. (2016)) with
three modifications. The GC, not pictured, is equipped with a molecular Sieve column that
allows separation of oxygen, nitrogen, and Kr, from methane (Figure B.19), the collection silica
gel trap can be actively pumped when carrier is flowing, and the collection silica gel U-trap can
be pumped through the central silica gel trap because of the rough pump configuration. In
addressing the issue of Kr, we first set up the GC with a composite Mol sieve 5A column
followed by a HayeSep D column and found that for separation of Kr, we needed to cool the

column well below what the GC was designed for. This was done by drawing air and vapors
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from above a standing liquid nitrogen reservoir. We then switched to a longer molecular sieve
5A column because of its properties for separation. The HayeSep DB trap is better for trapping

and separating methane from nitrogen than silica gel.

B.16. Tests of Isotopic Fractionation During Processing

We conducted two recent tests of recovery of methane as follows. We injected 1 cc of methane
(40 micromoles) into a 200 L Tedlar bag filled with dry nitrogen. The contents of the bag were
then drawn through the same procedure used to process air samples. Results are in Table B.9.
The larger uncertainty results from the smaller sample size. This sample size is 500 L of air.

Tests of recovery with the purification line show recovery is better than 99%.
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Figure B.1. Plot of A'>’CH:D; vs. A*CH3D of methane samples measured in this study with a
mixing grid added for mixing air with microbial and natural gas, both from Young, Kohl, Lollar,
et al. (2017). Also plotted on this figure in red are analyses from Young, Kohl, Lollar, et al.
(2017) for microbial cultures and natural gas samples. The air samples labeled wetland with low
A>CH,D; can be used for source composition identification and apportionment.
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Figure B.2. (A) Plot of § '>)CH2D; vs. 8 D with mixing line fit for air samples. Note that data for
natural gas and (biomass) burning lie away from this line. (Mixing is linear when isotopologues
are plotted as delta values versus delta values.) (B) Plot of the residuals relative to the mixing
line to show that the different types of air mixing plot along different arrays. Symbols as in

812CH.D,

Figure B.1.

Figure B.3. Plot of methane concentration vs. time used for the model (5 order polynomial fit
to data from https://gml.noaa.gov/webdata/ccgg/trends/ch4/ch4 _annmean_gl.txt). Model is a
line, data is presented as circles. Size of circles is approximately 3o of the uncertainty on the

data.
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https://gml.noaa.gov/webdata/ccgg/trends/ch4/ch4_annmean_gl.txt
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Figure B.4. Global CH4 flux calculated from the concentration profile in Figure B.3. These
fluxes are assumed as the total for the major methane isotopologue (*?*CHa4). While this is not
strictly valid as the solution for the major methane isotopologue, it introduces only a small
systematic uncertainty.
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Figure B.5. Plot of the anthropogenic component of the flux (Tg/yr) for the four scenarios
explored in the model. ES0 and E60 broadly reproduce smoothed (5™ order) fits to fluxes in
EDGAR 6.0 and 5.0 (Crippa et al., 2020). The lines labeled E60HI and ESOHI use natural gas
flux that broadly reproduces a 5™ order fit to the natural gas flux of Hoglund-Isaksson (2017),
but with other fluxes similar to those in the EDGAR.
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Figure B.6. Flux of methane from natural gas for the four different scenarios explored in the
model. E50 and E60 broadly reproduce smoothed (5 order) fits to fluxes in EDGAR 6.0 and 5.0
(1), and HI broadly reproduces a 5™ order fit to the Natural Gas flux of Crippa et al. (2020);
Hoglund-Isaksson (2017), but with other fluxes similar to those in the EDGAR.
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Figure B.7. Plot of the flux of methane (Tg/yr) for natural sources (treated as wetlands) and
component anthropogenic sources for the four model scenarios (defined as in prior figures and
captions). The flux from natural sources for our different scenarios was determined by
subtracting total anthropogenic flux from the total flux. Where there are no (HI) curves, the flux
profiles are the same. Panel A. is E50 and ESOHI fluxes. Panel B. is E60 and E60HI fluxes.
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Figure B.8. (A) Plot of §!°C for methane in air used as a constraint for the model. The evolution
broadly follows that presented by Turner et al. (2017) and is derived by tracing his curve. (B)
Plot of 6D for methane in air used as a constraint for the model. The evolution broadly follows
that presented by Rice et al. (2016) until 2010 (derived by tracing his curve).
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Figure B.9. (A) Plot of '3C for source CHs to air derived using Equation B.5. (B) Plot of 8D for
source CH4 (methane flux) to air derived using Equation B.5. Shape of each is influenced by
changes in profiles of §'3C and 8D of methane in air (Figure B.8)
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Figure B.10. Isotope profiles for anthropogenic part of total flux of model scenarios (A) Plot of
carbon isotope compositions used in model for anthropogenic endmember. (B) Plot of
deuterium/hydrogen isotope compositions used in models for anthropogenic endmember. These
values are calculated using source apportionment in the four scenarios which are smoothed (5"
order functions) that broadly follow the flux apportionment given in EDGAR 6.0 (E60), EDGAR
5.0 (E50), EDGAR 6.0 with natural gas fluxes of Hoglund-Isaksson (2017) (E60HI) and
EDGAR 5.0 with natural gas fluxes of Hoglund-Isaksson (2017) (ESOHI).
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Figure B.11. Plot of §'C (Panel A.) and 5D (Panel B.) for the natural (wetland) methane part of
the flux generated by the model. The isotopic compositions are those required to make up the
isotopic balance needed to reproduce the isotopic compositions of the total flux (Figure B.4)
after the isotopic composition of the anthropogenic part (Figures B.7) of the flux is accounted
for.
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Figure B.12. Plot of A”? CH:D; (Panel. A) and A"*CH;D (Panel. B) for methane of sources
(fluxes) to air for the four model scenarios from the anthropogenic part, the natural (wetland)
part, and of the total. The total for A'>CH>D, shows small breaks in slope which reflect the fit to
8D because 8D is part of the calculation of A"?CH,D». Likewise, similar variations and a less
smooth relationship shows up for total A'*CH;3D because of the added effect of variability in the
fit for §'°C.

349



49

ESOHI
= = E60HI

35

175

1.25

1.00
2009 2014 2019

1984 1989 1994 1999 2004
YEAR

Figure B.13. Plot of A"? CHzD; (Panel. A) and A'>*CH;D (Panel. B) for methane of air for the

four model scenarios.
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Figure B.14. Plot of fluxes used in the second set of models. Total source is kept constant. A.
Fluxes from anthropogenic components. B. fluxes from the natural (wetland) component.
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Figure B.15. Plot of A'>’CH;D; for model scenarios ranging from rising anthropogenic CHj flux
and stable wetlands CH4 flux (black dashed) to flat anthropogenic methane and rising wetland

CHa4 flux (red curves).
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Figure B.16. Plot of oD for total source (blue line) and for the natural (wetland) portion of the
total source (black and red lines as defined in previous plots). The dashed black line is for a
rising anthropogenic flux and stable natural flux and the red lines progress to a rising natural
(wetland) flux.
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Figure B.17. Plot of model result calculated using different values for the *CHs sink reaction. A
value of 1.006 used in this study based on ab initio methods yields values that are less negative
for the natural (wetland) part of the source flux than the total flux. A KIE value closer to 1.010

would reverse this.
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Figure B.18 Schematic of air preconcentration manifold and purification manifold. Pumps used
during preconcentration are Gast two stage diaphragm pumps, followed by a rotary vane pump
for final pumping. Pumps used on the purification manifold are a rotary vane pump for rough
vacuum and a small turbo pump repurposed from a decommissioned mass spectrometer. The GC
is an SRI with TCD.
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Figure B.19. Sample chromatograms illustrating separation of pre-concentrated gases (N2, 02,
Kr, CH4) using HayeSep D column and Molecular Sieve Column. The HayeSep D column did
not separate the CH4 and Kr when used at temperatures >20°C. The column was cooled by
modifying the inlet fan to the oven with a U shape in ducting that was filled with a small amount
of liquid nitrogen (a kluge for testing and separating/confirming the second peak as Kr). The
lower trace is for a molecular sieve SA column at 55°C and the separation of all permanent gases
is better and more predictable.
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Table B.1. Measured isotopologue data of samples

Sample Sample 83CH,4 82 CH;D 8CHsD 312CH,D; ABCH;D A"”CH,D»
type number | %) | 2| %) | 2% ) | 2| ) | 2% %) | 2% ) |2°
A“te(lﬁlggas 210419 | -47.84 [0.03| -111.64 | 0.13 | -15327 [0.96 | -16851 |1.73| 1.03 |1.15| 5360 |221
A“te(lﬁlggas 210421 4793 10.03| -112.72 | 0.11 | -154.61 | 084 | -17488 |160| 076 |1.00| 4809 |2.05
A“_(g’;fi)mlx 210423 64.16 | 0.02| -321.79 | 0.04 | -364.96 |050| -55134 |074| 055 |079| -2457 |16l
A“_(g;fi)mlx 210803b2 | -53.94 | 0.07 | -210.10 | 0.40 | -250.72 | 1.05| -354.14 |333| 267 |150| 3513 |5.44
A”_(E’;f;)mlx 210803b3 | -57.30 | 0.02| -236.01 |0.08| -278.62 | 047 | -40437 |147| 162 |066| 2047 |2.53
A”_(E’;f;)mlx 210803B1 | -58.24 | 0.02| 242.67 |0.10 | -285.14 | 049 | -416.03 |1.69| 231 |069| 1819 |296
Air (local mix
- campus 2107208 | -47.61 |0.04| -112.11 | 034 | -15329 [0.74 | -17432 |254| 129 |095| 4736 |3.32
Farm)
Air (local mix
- campus 210720B | -45.84 | 0.05| -93.60 |041| -13470 | 0.80| -140.17 |233| 052 |1.03| 4659 |298
Farm)

Air (local mix
- campus 210803S10 | -46.83 | 0.06 | -108.81 | 0.22 | -148.96 | 0.86 | -169.67 |2.43 1.87 1.05 45.48 3.11
Farm)

Air (local mix
- campus 210803-S4 | -47.68 | 0.02 | -133.02 |0.22 | -173.50 | 0.55| -237.46 |242 1.03 0.72 14.49 3.25
Farm)

Air (local mix
- campus 210904s4 -47.35 10.02 | -107.32 | 0.18 | -148.61 |045| -166.12 | 2.02 1.16 0.56 46.44 2.57
Farm)

Air (local mix

210429 -49.17 [ 0.03 | -120.07 | 0.13| -161.89 |0.98 | -186.18 | 1.74 1.74 1.18 51.08 2.28
- wetland)
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Air (local mix
-wetland)

210429

-52.41

0.02

-223.82

0.07

-263.07

0.52

-381.46

1.22

1.95

0.71

26.71

2.03

Air (local mix
-wetland)

210418

-49.31

0.02

-135.94

0.06

-177.48

0.67

-220.24

1.13

1.31

0.82

44.43

1.52

Air (urban -
chemistry
bldg.)

210901

-47.13

0.03

-92.21

0.15

-133.59

0.71

-138.87

1.84

1.63

0.84

44.96

2.26

Air (urban -
chemistry
bldg.)

210329

47.44

0.03

-91.41

0.09

-133.24

0.72

-134.41

1.49

1.48

0.83

48.53

1.81

Air (urban -
chemistry
bldg.)

210408

-47.39

0.04

-89.33

0.12

-131.32

0.92

-132.59

1.66

1.34

1.07

4593

2.02

Air (urban -
chemistry
bldg.)

21503

-47.28

0.03

-91.73

0.10

-132.05

0.67

-138.72

1.45

3.03

0.79

44.04

1.77

Air (urban -
chemistry
bldg.)

21504

-47.58

0.03

-89.01

0.17

-130.88

0.84

-132.42

2.10

1.70

0.98

45.39

2.57

Air (urban -
chemistry
bldg.)

210506

-47.93

0.02

-90.37

0.12

-132.25

0.64

-132.94

1.72

1.99

0.75

4791

2.09

Air (urban -
chemistry
bldg.)

210511

-47.65

0.02

-91.46

0.09

-133.12

0.52

-133.89

1.61

1.88

0.61

49.26

1.96

Air (urban -
chemistry
bldg.)

210514

-48.06

0.02

-90.98

0.10

-132.54

0.65

-134.32

1.60

2.46

0.76

47.64

1.95

Air (urban -
shoppers
parking lot)

210805

-46.56

0.05

-96.32

0.31

-136.81

0.65

-144.31

2.57

1.85

0.83

47.83

3.22

Burning
(charcoal)

210515b

-28.80

0.01

-256.12

0.05

-275.60

0.26

-456.68

0.86

2.69

0.37

-18.12

1.55
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Burning (Oak) | 210515A/23 | -26.54 | 0.02 | 241.04 | 0.04 | -259.97 |026| 43232 |0.83| 163 |036| -1449 |1.45
Chamber
(wetland - rice | 210819 | -62.28 | 0.01 | -334.07 | 0.08 | -376.67 | 043 | 57569 |1.55| -1.80 |0.69| -43.17 |3.50
paddy)
Chamber 210420d/e | -53.56 | 0.05| -306.37 |0.15| -343.47 | 044 | -53380 |124| 007 |071| -31.02 |26l
(wetland)
Chamber 210420BC | -54.91 |0.02| -318.82 | 0.05| -35553 029 | -554.02 |0.77| 1.08 |046| -3885 |1.66
(wetland)
Chamber 210420H | -52.02 | 0.02 | -320.85 | 0.05| -356.09 |046| -55721 |084| 015 |072| -3999 |183
(wetland)
Chamber 210409 | -47.23 | 0.02| -332.88 |0.05| -365.57 | 046 | -58040 |0.71| -1.86 |072| -57.16 |1.61
(wetland)
Incubation 2104291 | -59.43 | 0.07 | -309.97 | 0.18 | -35134 | 096 | -54134 |144| -057 |151| -3672 |3.07
Incubation 210430i | -60.08 |0.02| 32732 |0.06| -368.44 |062| -569.48 |083| -1.11 |098| -4857 |1.85
Incubation 2105241 | -70.48 | 0.04 | 34030 | 024 | -38629 | 064 | -584.16 |1.69| 084 |[1.10| -4449 |3.95
Natural gas 210506n | -35.19 [ 0.02| -163.92 | 0.07 | -190.91 |038| -29356 099 | 301 |048| 1059 |1.42
Natural gas 211218n | -3433 | 0.03 | -157.34 | 0.08 | -185.79 | 029 | -284.09 |092| 059 |037| 823 1.31
Natural gas 211221n | 2279 | 0.03 | -156.66 | 0.13 | -174.59 | 047 | 28370 |148| 157 1059 7.14 |2.11
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Table B.2. Thermal Equilibration data

Sample 513CH4 g 83CH3D e 8'2CH;D e 5'2CH2D» iy ABCH;D iy A"’CH,D; iy
number (%o) (%0) (%0) (%o) (%o) (%o)
Starting
-37.00 -178.24 -149.20 -270.66 2.98 7.58
Methane
230424 150 | -34.29 0.01 -172.86 0.26 -146.14  0.05 -265.35 1.25 3.10 0.32 7.65 1.71
230424 32 -37.00 0.02 -17592 0.31 -14897 0.05 -262.54 1.09 5.54 0.38 18.23 1.51
230424-15 -36.98 0.02 -175.13 0.20 -148.73  0.05 -260.08 0.92 6.20 0.26 21.06 1.28
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Table B.3. Isotopologue values comparison for samples analyzed by UCLA (Young et al., 2016))
and MIT (Gonzalez et al., 2019), and UMD.

Sample 13CH4 o 812CHsD 26 ABCH:D 26 A2CH:2D: 26
(%0) (%) (%0) (%)

ALl -34.50  0.02 -147.70 0.06 2.33 0.05 4.40 0.50

MIT AL1-CD -82.44  0.72 -158.00 0.18 1579 045 5.50 1.90

AL1-D3 -35.24  0.06 23981 0.15 1.49 0.14 26.40 0.60

ALl -34.65 0.01 -147.88 0.09 241 0.26 5.62 0.87
UCLA | ALI-CD -82.01  0.03 -159.72 0.03 16.13  0.30
AL1-D3 -34.76  0.00 24255 0.01 1.55 0.12

AL18 -34.5 0.01 -147.7 0.14 2.62 0.41 5.68 1.56

UMD | AL1-CD -82.14  0.01 -159.30 0.06 16.07  0.21 10.98 1.18

AL1-D3 -34.77  0.01 242.13 0.10 1.68 0.22 26.79 1.23

Table B.4. Isotopologue values comparison for three different composite samples including a

reference gas, wetland sample and air sample analyzed by Caltech and UMD.

Sample 813CH4 26 812CHsD 26 ABCH:D 26 A2CH:2D: 20
(%o0) (%) (%o0) (%)
220202a | -37.01 0.02 -145.04 0.32 3.07 0.96 9.1 3.20
Caltech | 220122a | -49.91 0.04 -325.52 0.34 0.77 1.22 -46.4 4.60
220121a | -46.67 0.02  -91.03  0.54 0.01 1.04 53 4.00
220202a° | -36.95 -149.0 2.98 7.58
220122a | 4930 0.01 -333.30 0.06 -1.85 0.27 -50.74 1.78
UMD -49.28 0.01 -332.80 0.02 -2.69 0.75 -50.66 3.61
220121a | -46.21 0.02 -9392  0.11 2.17 0.57 45.01 2.04
-46.19 0.03 -9385 0.14 0.56 0.37 47.93 2.40
-45.90  0.02  -94.08 0.12 1.23 0.71 47.56 2.26

8 Assigned based on MIT Value and three thermal equilibration experiments because used as basis for

standardization

9 Assigned based on MIT Value and three thermal equilibration experiments because used as basis for

standardization
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Table B.S5. Conversions to transform EDGAR data into isotopic compositions for models.

ipcc_code 2006 for

This study standard report ipcc_code 2006 for standard report name
Combustion 1.A.l.a Main Activity Electricity and Heat Production
Combustion 1.A.l.a Main Activity Electricity and Heat Production
Combustion LA Lbe Petroleum Refining - Manufacture Qf Solid Fuels and

Other Energy Industries
Combustion LA Lbe Petroleum Refining - Manufacture qf Solid Fuels and
Other Energy Industries
Combustion 1.A2 Manufacturing Industries and Construction
Combustion 1.A.2 Manufacturing Industries and Construction
Combustion 1.A3.a Civil Aviation
Vehicles 1.A.3.b_noRES Road Transportation no resuspension
Vehicles 1.A.3.b_noRES Road Transportation no resuspension
Vehicles 1.LA3.c Railways
Vehicles 1.LA3.c Railways
Vehicles 1.A.3.d Water-borne Navigation
Vehicles 1.A.3.d Water-borne Navigation
Vehicles 1.A3.e Other Transportation
Vehicles 1.A3.e Other Transportation
Combustion 1.A4 Other Sectors
Combustion 1.A4 Other Sectors
Combustion 1.A.S Non-Specified
Combustion 1.A.S Non-Specified
COAL 1.B.1 Solid Fuels
Fugitive
COAL 1.B.1 Solid Fuels
Fugitive
Natural gas .
o 1.B.2 Oil and Natural Gas
Fugitive
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Naturg l £as 1.B.2 Oil and Natural Gas
Fugitive
produc!:lf)n and 2.B Chemical Industry
fugitive
Hight-T 2.C Metal Industry
Rumen 3.A.1 Enteric Fermentation
Manure 3.A2 Manure Management
Blomass 3.C.1 Emissions from biomass burning
Burning
Rice 3.C.7 Rice cultivations
biogenic . .
Landfill 4.A Solid Waste Disposal
biogenic ) . )
Landfill 4.B Biological Treatment of Solid Waste
Burning 4.C Incineration and Open Burning of Waste
Burning 4.C Incineration and Open Burning of Waste
Wastewater 4.D Wastewater Treatment and Discharge
treatment
Other 5.B Other

Table B.6. KIE used in model simulations

KIE k'/k

12CH4 1.0000 1.00000
BCH4 1.0060 0.99400
2CH;D 1.3213 0.75683
BCH;D 1.3135 0.76135
12CH,D 1.8613 0.53726
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Table B.7. Isotopic compositions of Category

d3C  8BCHsD 8D §°CH,D2  ACH3;D A">CH,D2

E60
Rice -63.0 -362.7 -320.0 -556.2 0.30 -40.3
Ruminants and wastewater -60.5  -370.3  -330.0 -569.2 0.30 -40.3
Natural gas -39.6  -210.1  -180.0 -322.5 3.00 7.6
Coal -37.0 -1693  -140.0 -254.8 3.00 7.6
Combustion 246 2419  -225.0 -409.0 2.80 -16.0
Vehicles 246 2426  -225.0 -396.4 2.00 5.0
High T 246 2437  -225.0 -398.8 0.50 1.0
Landfills and manure -55.0 -3478 -310.0 -543.1 0.30 -40.3
Biomass burning -41.0 -254.7 -225.0 -409.0 2.80 -16.0
E60HI
Rice -63.0 -362.7 -320.0 -557.0 0.24 -41.9
Ruminants and wastewater -60.5 -370.4  -330.0 -569.9 0.24 -41.9
Natural gas -39.6  -210.1  -180.0 -322.5 3.00 7.6
Coal -37.0  -1693  -140.0 -254.8 3.00 7.6
Combustion 246 2419  -225.0 -409.0 2.80 -16.0
Vehicles 246 2426  -225.0 -396.4 2.00 5.0
High T 246 2437  -225.0 -398.8 0.50 1.0
Landfills and manure -55.0 -347.8 -310.0 -543.9 0.24 -41.9
Biomass burning -41.0 -2547  -225.0 -409.0 2.80 -16.0
E50
Rice -63.0 -362.7 -320.0 -556.5 0.30 -40.8
Ruminants and wastewater -60.5  -370.3 -330.0 -569.4 0.30 -40.8
Natural gas -39.6  -210.1  -180.0 -322.5 3.00 7.6
Coal -37.0  -169.3  -140.0 -254.8 3.00 7.6
Combustion 246 2419  -225.0 -409.0 2.80 -16.0
Vehicles 246 2426  -225.0 -396.4 2.00 5.0
High T 246 2437  -225.0 -398.8 0.50 1.0
Landfills and manure -55.0 -347.8 -310.0 -543.3 0.30 -40.8
Biomass burning -41.0 -2547  -225.0 -409.0 2.80 -16.0
E50HI
Rice -63.0 -362.7 -320.0 -557.2 0.23 -42.5
Ruminants and wastewater -60.5 -370.4  -330.0 -570.2 0.23 -42.5
Natural gas -39.6  -210.1  -180.0 -322.5 3.00 7.6
Coal -37.0  -1693  -140.0 -254.8 3.00 7.6
Combustion 246 2419  -225.0 -409.0 2.80 -16.0
Vehicles 246 2426  -225.0 -396.4 2.00 5.0
High T 246 2437  -225.0 -398.8 0.50 1.0
Landfills and manure -55.0 -347.8 -310.0 -544.1 0.23 -42.5
Biomass burning -41.0 -2547 -225.0 -409.0 2.80 -16.0

Grey fields are determined by model fit for wetlands and assigned to all microbial sources.
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Table B.8. Derived clumped isotopologue compositions for different model scenarios.

ABCH;D A'>CH,D2
E60 0.30 -40.13
E60HI 0.24 -41.96
E50 0.30 -40.77
ES0HI 0.23 -42.49

Table B.9. Tests of recovery of 40 micromole (1cc) methane from 200 L nitrogen

Sample S13CH4 20 8'2CH;D 20 ABCHsD 2 A2CH,D, 20
number (%0) (%0) (%0) (%0)

Starting -37.00 -149.20 2.98 7.58

230330 -36.84 | 0.01 | -148.54 | 0.16 2.76 0.35 8.36 2.66
230221 -36.82 | 0.02 | -148.44 | 022 2.72 0.45 9.24 3.18
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Note C.1. Descriptions of Sampling Sites

The Jug Bay Wetlands Sanctuary is located in southern Anne Arundel County, Maryland. The
Patuxent River traverses through the Jug Bay Wetlands Sanctuary in a north-south direction. The
sampling site, Jug Bay Car Top Boat Launch (coordinates: 38.81158, -76.71055) is located at the
southeast corner of the Patuxent Wetlands Park, right north of Maryland Route 4. The sampling
location is at a small tributary of the Patuxent River, less than 500 feet from its confluence with
the main river. A wooden platform is constructed along the shore, extending over the water
where sampling took place approximately 30 cm above the water surface, one meter away from

the shore (Figure C.1 and Figure C.2).

The Patuxent Research Refuge sampling site (coordinates: 39.04494, -76.78869) is less than 20
miles upstream(north) along the Patuxent River from Jug Bay. Sampling took place on a wooden
trail platform elevated 1-2 meters above the ground, but below the tree canopy. The Queen Anne
Bridge is 6 miles north of Jug Bay. This sampling site (coordinates: 38.88866, -76.67119) is near
the river, surrounded by dead ash trees. The Wootens Landing Trail (coordinates: 38.8563, -
76.6891) is about 3.5 miles north of the Jug Bay in the Wooton’s Landing Wetland Park, with a

similar environment as the Jug Bay.
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Approximately 10 miles downstream from the Jug Bay along the Patuxent River, we sampled at
Chaneyville Rd (coordinates: 38.66245, -76.68256) in Lower Marlboro, MD. At this location,
the Patuxent River takes on a U-shape. Our sampling point is nestled within a forested area on
the riverbank. We traveled further downstream by boat to Patuxent River Station 3 (PAX,
coordinates: 38.41215, -76.58377). The Patuxent River Station 3 sample is a special one as it
was collected in the middle of the Bay directly above the water, while the rest samples were
collected on the shore. The sampling series presents a north-to-south transition from terrestrial to

estuarine environments, with increasing influence from the tidal flows of the Chesapeake Bay.

Located 5.3 miles to the northwest of the Jug Bay is the Brown Station Road Sanitary Landfill.
According to a report released by the Environmental Integrity Project on June 9, 2021
(Environmental Integrity Project, 2021), the Brown Station Landfill is the largest greenhouse gas
emitter among all landfills in Maryland. Its annual emissions in 2017 were recorded as high as
86,066 tons of carbon dioxide and 6,129 tons of methane. We conducted two mobile greenhouse
gas surveys downwind of the Brown Station in the 2022 and 2023 winter. The surveys indicated
that the Brown Station was continuing to release a significant amount of methane, with its plume

extending to the Jug Bay.

368



e ; S ey e
Figure C.1. A general view of the Jug Bay sampling site. The photo was taken on December 7,
2022, at 6:39 AM. The light source in the image is the beam from a car's headlights. Two
sampling bags are being inflated by a portable pump to collect air samples.

1 A s s S SR
Figure C.2. A closer view of the sampling bags and the pump. The photo was taken on
November 4, 2022, at 6:43 AM. Two sampling bags are simultaneously being inflated by two
portable pumps to collect air samples. Dense fog was present.
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Note C.2. Wind and Water Data

The wind speed and direction, water table depth, salinity, and dissolved oxygen concentration
data were acquired from nearby monitoring stations (station code: CBMJBMET, CBMIPWQ,
CBMRRWQ) operated by the NOAA National Estuarine Research Reserve System
(https://cdmo.baruch.sc.edu/) (NOAANERRS). Average wind speeds were calculated from
midnight to 7 am, representing the wind speeds at the time of sampling. Prevailing wind
directions were determined from averages taken 2-3 hours before sampling. Water table depth
readings were taken from the reading at 7 am on each sampling date. Despite the exact locations
not perfectly aligning with our sampling sites, these monitoring sites are very close to our
sampling site at Jug Bay and share the same water flow, the proximity is close enough that the
differences can be considered negligible for the scale of this study. Wind speeds and directions,

and water table depths data are summarized in Table C.1.
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Table C.1. Compiled sample information of the sampling date, time, location, wind and water table depth data, concentration profile, and isotope measurement results.

Type Location  Longitude Latitude St~ End - Wind 0 Wind Tidal | CH, CO: CHs | 8°C 26 8D 26 APBCHD 26 ACH:D; 26
time time Speed Direction

° ° AM AM m/s © m T/ l ppm ppm ppb %o %o %o %o %o %o %o %o
Brown | North of Brown 3¢ ¢095 767903 5:00  5:30 21.0 5351 0.03 -28640 020 -08 04 233 15
Station Station
Jug Bay Cagﬁfw}i"at 388115 -767105  7:00  7:30 | 0.6 242 1.89] | 2.647 5212 007 -153.11 008 2.6 04 460 16
Patuxent Patuxent ) )
River | Wildlife Rofuge  J90%49 767887 800 8:50 0.3 54 163 | 2315 495558 49.64 0.03 -129.11 021 32 05 483 25
Jug Bay Caiﬁﬁi"at 388115  -767105  7:00  7:30 0.3 70 1.89] | 2.695  600.292 5403 001 -152.86 0.02 23 03 474 1.6
Jug Bay Caiﬁﬁi"at 388115  -767105  6:30  7:00 0.3 45 1.871 | 2.602  459.298 5394 001 -156.74 0.02 24 03 448 15
P‘i‘i‘ilv";nt Cha‘ffg“”e 38.6626  -76.6821  7:00  7:40 0.4 49 1931 | 2.069  480.334 4954 001 -10945 002 3.1 04 516 1.7
Patuxent Wootens 38.8558  -76.6906  7:04  8:00 0.1 175 1.571 | 3.566  1250.789 5544 001 -181.44 005 1.6 02 334 14
River Landing Trail
Patuxent | Queen Anne 38.8887  -76.6712  7:00  7:30 0.5 253 1471 | 6497  710.239 5242 002 -139.02 007 22 03 487 14
River Bridge
P‘i‘;‘ilv";nt River Cruise 384121  -76.5838  12:21  12:26 | 0.6 190 3.934 4857 001 9843 007 22 03 477 16
Jug Bay Caﬁﬁf’lc}i"at 388115 -76.7105  6:30  7:00 0.2 51 197 | | 2577 467.025 5222 001 -14497 007 32 04 415 15
Jug Bay Caﬁﬁf’lc}i"at 388115 -76.7105  6:50  7:20 0.3 314 191 | 2236 474208 51.07 001 -12442 008 29 03 428 16
Jug Bay Caﬁﬁf’lc}i"at 388115  -767105  6:30  7:00 0.5 53 1,59 ] | 2207  490.615 4950 0.01 -131.51 002 1.9 03 439 13
Jug Bay Caﬁﬁf’lc}i"at 388115 -76.7105 645  7:15 2.0 230 1.81] | 2357 58 | -49.15 0.02 -11040 0.14 21 03 433 22
SB;‘;X; Road 202 38.8389  -76.7567  7:30  8:00 0.4 50 1,55 | 11.098 153 | -52.87 003 -258.75 0.13 -04 03 38 23
Jug Bay Caﬁﬁf’lc}i"at 388115 -76.7105 720  7:35 0.2 50 1.601 | 3.369 9.0 | -5444 001 -15859 0.17 24 03 408 2.5
Jug Bay Caﬁﬁfw}i‘)at 388115  -76.7105  7:00  7:35 1.4 208 Low | 2487 24 | -5148 001 -12736 0.16 25 04 478 24
Jug Bay Caﬁﬁfw}i‘)at 388115  -76.7105  7:00  7:35 0.4 216 Low | 2851 63 | -5220 0.03 -141.61 023 18 04 473 3.0
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Water salinity and dissolved oxygen concentrations for the period from January 1, 2022, to Dec

31, 2023, are depicted in Figure C.3 and Figure C.4, illustrating the annual cycles over the two

years.
Station: CBMRRWQ, salinity 2022-2023
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Figure C.3. Water salinity during 2022-2023, from NOAA NERRS station CBMRRWQ.

Station: CBMRRWQ, dissolved oxygen 2022-2023
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Figure C.4. Water dissolved oxygen concentration during 2022-2023, from NOAA NERRS
station CBMRRWQ.
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Note C.3. Campus Air Samples

Campus air samples consist of a series of collections at fixed sampling locations within the
University of Maryland (UMD) campus for methane clumped isotopologue analysis. Table C.2
summarizes the sampling information (sample names, sampling dates, and locations), the
measurement information (measurement run number and run dates), and the measured isotopic
signals (88°C, 8D, 83CH3D, §2CH,D2, A¥CH3D, and A>CH.D,, and their respective 2SD

uncertainties).
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Table C.2. Compiled information on campus air samples.

Run  Run Date Sample Sample Date Type 8BC % 20 % S8BCH3;D %o 26 %0 8D % 26 %o 82CHaD2 %o 20 %0  ABCH3D %o 20 %0  ACHaD2 %o 26 %o Note
1227  2021-04-19 210408 air 2021-04-08 CHEM air | -47.39 0.04 -131.32 0.92 -89.33 0.12 -132.59 1.663 1.3 1.1 45.9 2.0
1247  2021-04-27 210329 air 2021-03-29 CHEM air -47.44 0.03 -133.24 0.72 9141 0.09 -134.41 1.488 L.5 0.8 48.5 1.8
1266 20240502 2104029-air 20210429  CHEMair | 4917 663 6459 098 28074 03 8648 745 +7 =2 S+ 23 oD out of 3o
1269  2021-05-07 210503 air 2021-05-03 CHEM air | -47.28 0.03 -132.05 0.67 -91.73 0.10 -138.72 1.451 3.0 0.8 44.0 1.8
1271  2021-05-07 210504 air 2021-05-04 CHEM air -47.58 0.03 -130.88 0.84 -89.01 0.17 -132.42 2.105 1.7 1.0 454 2.6
1274 2021-05-08 210506 air 2021-05-06 CHEM air | -47.93 0.02 -132.25 0.64 -90.37 0.12 -132.94 1.720 2.0 0.8 47.9 2.1
1280  2021-05-09 210402 air 2021-04-02 CHEM-air -47.76 0.02 -132.91 0.53 -91.16 0.07 -133.38 1.269 1.9 0.6 49.2 1.5
291+ 202105145 210507-air 2021-05-07 CHEMair | 4720 605 o040 098 9977 o7 =2 4028 22 2 ere 25 ACH:D; out of 3¢
1301  2021-05-18 210511 air 2021-05-11 CHEM air | -47.65 0.02 -133.12 0.52 -91.46 0.09 -133.89 1.610 1.9 0.6 49.3 2.0
1314 2021-05-22 210514 air 2021-05-14 CHEM air | -48.06 0.02 -132.54 0.65 -90.98 0.10 -134.32 1.597 2.5 0.8 47.6 1.9
1338 2021-06-04 210601/210530 air  2021-05-30 CHEM air -46.30 0.05 -127.79 1.18 -88.83 0.18 -129.82 2.087 3.7 1.4 48.1 2.5
1341  2021-06-06 210602/210530 air  2021-05-30 CHEM air | -45.48 0.04 -121.25 0.91 -81.46 0.17 -119.79 2.153 2.3 1.1 43.2 2.6
1346  2021-06-08 210607/210603 air  2021-06-03 CHEM air | -46.08 0.02 -128.11 0.58 -87.06 0.15 -127.62 1.887 1.2 0.7 46.7 2.3
1351  2021-06-09 210603/210530 air  2021-05-30 CHEM air -47.20 0.11 -131.92 2.52 -91.08 0.30 -132.77 3.229 2.4 2.9 49.7 4.0
1354  2021-06-10 210605/210605 air  2021-06-05 CHEM air -46.16 0.03 -126.82 0.58 -86.38 0.12 -126.88 1.739 2.0 0.7 46.0 2.1
1214 2021-07-14 210712 atl roof 2 2021-07-12 ATL air -48.29 0.02 -129.51 0.41 -87.03 0.23 -128.81 2.033 1.8 0.5 45.2 2.5
1417 2021-07-16 210712 atl roof 1 2021-07-12 ATL air -45.18 0.06 -128.18 0.89 -88.48 0.44 -134.00 3.201 1.7 1.1 42.3 4.0
1435  2021-07-27 210719AtIRoof 2021-07-19 ATL air -45.99 0.03 -130.48 0.58 -89.66 0.29 -133.84 2.639 1.2 0.7 45.2 33
1478  2021-09-13 20210501 2021-09-01 CHEM air -47.13 0.03 -133.59 0.71 -92.21 0.15 -138.87 1.840 1.6 0.8 45.0 2.3
StormIDA
211103 ATL
1649  2022-01-02 BLDG 11:00- 2021-11-13 ATL air -47.78 0.24 -134.86 0.79 -94.37 0.13 -141.66 4.070 3.2 1.0 46.5 5.0
11:15
1652 20226103 M%dgﬂ:gg 145 2021119 AF-air 4997 e I~ S L S 5704 20 03 03 409 22 oD out of 36
17226 2022-02-67 %eef] 0151115 20241217 ATl-air 4636 43543 086 8938 603 13925 1356 45 10 380 22 ABCH;D out of 36
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The CHEM air samples were collected at the ventilation shaft entrance of the UMD Chemistry
Building. This shaft, located at ground level, is responsible for supplying air to the interior of the
Chemistry Building. Positioned at the heart of the campus, the building fronts the main campus
road, Regent Drive, with a semi-enclosed parking garage situated across the street. ATL air
samples were collected from the fourth-floor roof of the UMD Atlantic Building. The Atlantic
Building is also centrally located within the campus, not far from the intersection of two major
campus roads. Surrounding the building are a large sports stadium, a dining hall, a semi-enclosed
parking garage, a campus farm housing cattle, horses, and sheep, along with various academic
buildings and dormitories. Low concentrations of methane plumes are often detected around the
campus farm. High concentrations (but low flux) of methane have been occasionally recorded in

sewer manholes on these two main roads, which some could be attributed to natural gas leakage.

The sampling dates were chosen randomly depending on availability. Sampling times were
primarily concentrated in the midday to early afternoon period. During these hours, the surface
temperature is higher, and the boundary layer is relatively elevated, which is conducive to
collecting well-mixed tropospheric air and minimizing the influence of potential nearby sources.
Throughout the sampling period, atmospheric methane concentrations typically fluctuated within

the range of 2.15 to 2.25 ppm.

The methods for collecting and analyzing these background air samples were consistent with

those described in the main text for wetland air samples.

It is important to note that this set of samples is experimental for several reasons:
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1) Meteorological conditions such as weather, wind direction, and temperature were not
considered during sampling, introducing numerous variable factors. The primary purpose of
collecting these samples was to validate the analytical method and to obtain preliminary data on
the variability of atmospheric methane clumped isotopologue values.

2) The timing of the sampling was not at regular intervals but depended on the availability of
personnel and equipment.

3) Due to limitations in manpower and time, the processes of sampling, extraction, purification,
and Panorama measurement were not always carried out by the same individual. Although all
participants aimed to follow the same standard operating procedures, the introduction of
additional variables was possible. For example, different individuals may use the heat gun
differently while heating for transfer, leading to variations in heating temperatures or durations.
4) Due to constraints on manpower and time, there could be extended intervals between different
processes. For instance, samples might not be extracted immediately after collection but several
days later, potentially allowing for minor mixing with lab air due to Tedlar Bag leakage.

5) The analytical method was continuously optimized. Given the extensive duration covered by
this set of samples, there were changes in our extraction line, purification line, and the way we
operated the Panorama over two years. For example, the pump in the extraction line was

replaced several times, and the method of connecting the pump tubing was modified.

Within this dataset, one record has known issues that happened during the extraction process that
could cause fractionation and warrant its exclusion. It is highlighted in dark gray and marked
with a strikethrough in Table C.2). For the remaining records, although no known issues were

identified, we applied 36 tests to determine potential outliers. If any of the four parameters (5:3C,
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3D, ACH3sD, and ACH:D,) in a data record exceeds the mean of all records by more than +3o,
that entire record is excluded from the dataset used to calculate the UMD campus air average.
These samples, highlighted in light gray and marked with a strikethrough in Table C.2, are:
2104029 air (Run 1260)

210507 air (Run 1291)

211119 Atl Bldg roof 4:00-4:45 pm (Run 1652)

221217 ATL Roof 10:15-11:15 (Run 1726)

After applying these filters, the surviving data records were averaged to determine the UMD

campus air average compositions, which are:

813C = -47.1%o0, 8D = -90.2%0, AL*CH3zD = 1.9%0, and AY>*CH:2D> = 46.3%o
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Table C.3. This table details the derived source compositions and associated uncertainties corresponding to each wetland air
sample, using the 2-point Keeling plot method. The uncertainties of the background air compositions are set to be 268'*C = 0.02%o,
268D = 0.1%o, 268'3CH3D = 0.27%o, and 268'2CH,D> = 1.3%,. Uncertainties on concentrations are not considered in the propagation

of uncertainties.

Date Area Location 8'3CHa4 8'2CHsD ACH;D A"CH;D;
2022-06-12 JugBay  Car Top Boat Launch -66.27 -373.27 1.4 -135.1
2022-07-24  Patuxent Wildlife Refuge -62.33 -439.85 15.9 -309.4
2022-08-28 JugBay  Car Top Boat Launch -73.21 -355.91 2.7 -93.4
2022-09-03 JugBay  Car Top Boat Launch -76.00 -408.47 -5.3 -223.8
2022-09-03  Patuxent Swan Lane -216.63 -2323.60 217.8 -2731.9
2022-09-04 Patuxent Wootons Landing Trail | -65.49 -306.40 -1.7 -59.0
2022-09-05 Patuxent Queen Anne Bridge -54.46 -162.08 2.4 46.6
2022-09-21 Patuxent River Cruise -49.18 -108.69 2.9 47.2
2022-10-10 JugBay  Car Top Boat Launch -68.65 -362.63 5.0 -163.0
2022-10-25 JugBay  Car Top Boat Launch -84.89 -515.05 0.8 -898.5
2022-11-04 JugBay  Car Top Boat Launch -69.16 -687.23 -21.2 -3957.5
2022-12-07 JugBay  Car Top Boat Launch -56.82 -253.39 4.9 -47.9
2022-12-29 JugBay  Car Top Boat Launch -64.45 -266.73 1.6 -13.7
2023-04-15 JugBay  Car Top Boat Launch -67.81 -307.40 3.6 -40.2
2023-05-07 JugBay  Car Top Boat Launch -62.93 -276.21 -0.2 -5.9
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Note C.4. Derivation of the Formula to Estimate dsource from Asource

The first part will derive the formula to calculate §**CH3Doyrce from the assumed
A12CHzDzsource'

Convert hydrogen isotope 6 values to a normalized ratio RD would be:

12cH;D
12CH4 512
RD = sample =(1+ CH3D
(12CH3D) 1000
12
CH, reference
We can have a similar definition for *?*CH2D> to a normalized ratio RD2:
(12CH2D2>
12CH4 12
_ sample _ 87“CH;D,
RD2 '2CH,D; (1 + 000
1zcy,
reference

We can start with two equations describing the mixing relationships:
RDpix = (1 - f) * RD,ir + f * RDgource

RD2nix = (1 - f) * RD2,r + f * RD250yurce

(C.1)

(C.2)

(C.3)

(C.4)

Where f is the mixing ratio of the source. We can solve for f for each of the above equations:

f — RDmix_RDa\ir
RDsource —RDair

f — RD2mix—RDZ,ir
RD25ource~RD2;ir

If we set these equal, we get:

RDmix_RDair — RDzmix_RDZair
RDsource_RDair RDzsource_RDzair

Which we can rearrange to:

380

(C.5)

(C.6)

(C.7)



RD2,ix—RD2,i RD2,ix—RD2,i

RDmix_RDair ) * RDsource + ( RDmix_RDair ) * RDair B RDzair - 0

RDzsource - (

(C.8)
Noting that there is a relationship between the ACH,D; and §'2CH;D, which is numerically
very similar to 8D:

_ (1 + 8%cH,

A'CH,D, = (C.9)

DZ)/ 5 — 1
(1+ 8'*CH;3D)
We can assign a ACH,D; for the source, and then express RD2,,rce in terms of RDgqyrce, W

can write the above equation into:

12
- A2 CH D2 rce (RD. )7 — (anmix - RDZair>
1000 source RDix — RDyi;

* RDSOUI'CE

RD2pmix—RDZ,ir
T (m) * RDyjr — RD245 = 0 (C.10)

This is a quadratic equation of form ax? + bx + ¢ = 0, where a can be calculated based on an

assumed value of A*?CH,D, , b and c are calculated from the measured/assigned A>CH.D;

source
and 6D of the wetland sample and the background air, and x can be solved using the quadratic
equation:

__ —b+vb2—4ac

2a

x (C.11)

RDgoyurce 1S then converted back to 8 2CH3Dggyrce-

We can further calculate 813CH4,Source if we adopt an exploratory assumption. This assumption

suggests that the A**CH;D and A'2CH,D, values of microbial methane are governed by a unified
process, thus there exists a mathematical expression between A*3*CH;D and A2CH, D, for
microbial methane. We compiled the available natural and lab-culture microbial methane
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clumped isotopologue data from Douglas et al. (2020); Giunta et al. (2022); Giunta et al. (2019);
Haghnegahdar et al. (2024); Haghnegahdar et al. (2023); Li, Ash, et al. (2024); Liu, Harris, et al.
(2023); Young (2019); Young, Kohl, Sherwood Lollar, et al. (2017) in Table C.4, and made a

linear regression of all these data shown in Figure C.5.
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Table C.4. Compiled microbial methane (natural sample and lab-culture) isotope (6'3C and 8D) and isotopologue (A'3CH3D
and A'>CH:D:) values and uncertainties from published literature.

References Sample ID/description 313C 26 8D 26 ABCHsD 20 ACH:D, 26 Type

M. “Ce”v‘;gi‘,’g CH3OH | 37768 0007 -328407 0019 -3880 0203 -40.858 0364 culture

Youngetal, T mran GO 39963 0005 328448 0017 3837 0.091 43239 0308 culture
2017 M. thermolithotrophicus

1002 655¢ 49355  0.011 -394368 0.015 2.661  0.098 -19.437 0304 culture

M. barkeri CH30H 30°C | -56.550  0.007 -340.178 0.016 -1.108 0.127  -34.327 0346  culture

M. aeolicus H2+CO2 46°C | -53.221  0.007 -390.902 0.015 2.830 0219  -17.343 0337  culture

M. aeolicus H2+CO2 46°C | -51.451  0.003 -399.598 0.014  3.804 0302  -16.937 0296 culture

Giuntactal., M. maripaludis H2¥CO2 | 55559 (003 372563 0021 2300 0122  -12.108 0387  culture

2019 37°C

M. barkeri CH30H 37°C | -53.703  0.004 -250.103 0.011 2373  0.011  -54.488 0356 culture

M. barkeri CH3OH 37°C | -53.356  0.005 -249.879 0.013 2261 0.013  -55340 0342  culture
Mac B2 M. acetivorans

CH3OH 28°C 29.160  0.005 -343.220 0.108 -4200 0278  -30.000  1.540  culture
Douglas et al., Mac B5 M. acetivorans

5000 CHEOH 28°C 88220 0.005 -372.490 0.087 -6.400 0320  -38.000  2.610 culture
Mac B7 M. acetivorans

CH3OH 28°C 29.170  0.005 -343.030 0.071 -3.800 0277  -35.000  1.690 culture

methanogenesis -47.305 0.005 -393.976 0.017 3.415 0.091 -16.345 0.314  culture

methanogenesis -89.474 0.003  -379.519 0.024  -3452 0.141 -31.291 0.789  culture

Young, 2019 M. mazei MeOH 39°C | -108.639  0.004 -287.120 0.029  -3.510  0.155  -51.847  0.826  culture

M. She”gé’sefé’s MeOH 79.114  0.003 -275.578 0.034 -4.174 0.142  -45796  0.656  culture

M. shengliensis TMB 65°C | -86.652  0.005 -282.044 0.022  0.355 0209 -34288  0.719  culture
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M. Sh?ﬂg’gicdﬂ”ted 98.640  0.006 -298.756 0.020 0420 0223  -35.844  0.724  culture
M. lummyg‘;iics TMATHZ | 64011 0003 -358997 0017 0256 0125 -17858  0.636  culture
M. luminye;;iSCMeomHz 97959  0.004 -271.945 0.014 -2.145 0.152  -44.503  0.580 culture
M-;;‘ggfgggﬁged 99.711  0.003 -272.344 0.017 2255 0.122  -44.482  0.637 culture
M. ?ﬁfzgl;i;‘liémd 69.995  0.003 -361.769 0.020 -0485  0.133  -17.202  0.745 culture
M. Shﬂfgg”g’;‘gluwd 91.980  0.003 285745 0.016 -3.571 0.112  -46.732  0.608 culture
methanogenesis -98.364  0.004 -307.783 0.033 1.332 0.174 -42.919 0.819  culture
methanogenesis -98.097 0.007  -308.642 0.048 0.384 0.203 -50.197 1.390  culture
methanogenesis 79429  0.014 -419.169 0.020 1514  0.082  -18.222  0.281  culture
methanogenesis -76.158  0.017 -408.019 0.078 -0.193  0.172  -29.568  0.253  culture
methanogenesis -61.207 0.011  -380.523 0.019 0.569 0.121 -26.671 0.282  culture
methanogenesis -55.523 0.018 -312.766  0.020 5.160 0.122 18.669 0.350  culture
methanogenesis -62.580  0.003  -379.372 0.023 0.926 0.111 -31.754 0.307  culture
methanogenesis -71.117  0.003  -319.642 0.026 2.225 0.092 -17.290 0.378  culture
methanogenesis -70.882 0.003  -379.880 0.018 0.853 0.086 -27.000 0.289  culture
methanogenesis -77.355 0.003  -397.096 0.016 0.808 0.077 -27.748 0.271 culture
methanogenesis -73.343 0.004 -399.761 0.020 -1.161 0.100 -41.624 0.281 culture
methanogenesis -82.141 0.004 -342.032 0.021 4.235 0.101 -5.905 0.281 culture
methanogenesis -66.374 0.004 -367.781 0.021 2.130 0.086 -17.242 0.336  culture
methanogenesis -70.706 0.006 -346.144 0.017 5.834 0.088 9.369 0.300  culture

384



methanogenesis -83.990  0.016 -452.182 0.019 1.226 0.113 -21.311 0.248  culture

methanogenesis -53.822  0.007 -261.531 0.028 -2.568  0.249 -48.943 0.832  culture

methanogenesis -47.037 0.023  -257.010 0.029 -2.789  0.252 -55.761 0.915  culture

o Cﬁgii;i%igriﬂt 26.091  0.004 -110.323 0.023 7463  0.138  25.185  0.617 natural

Liu etal., HD945-1GT6-VT6 36981 0.004 -101.557 0.020 12.051 0.34 42639 0573 natural
B’ Gl S

Chamorro Seamouat 36.637  0.004 -100.645 0.021 12.550 0.147  40.814  0.602  natural

Black Sea- GC01_S2 75439 0.005 -120.846 0.033 15688 0212  74.626  0.886  natural

Black Sea- GCO1_S3 -74.823  0.003 -227.911 0.028  7.901  0.139  24.668  0.884 natural

Black Sea- GCO1_S4 73335 0010 -229.817 0.033 7514  0.172 19735  1.072  natural

Black Sea- GC02_S3 72052 0.009 -103.856 0.040 14.604 0290  61.142  0.866 natural

Black Sea- GC02_S6 -70.980  0.005 -230.337 0.025  6.795 0.185 14783  0.886  natural

AOM and Black Sea- GC02_S4 71956 0.003 -203.212 0.027  6.768  0.157 18255  0.865 natural

Gh%%%t/[ al., Pa:quﬁ‘z{;ﬁnmgt 2- | 64592 0005 -252320 0024 5007 0180 7222 0782  natural

a"m(lff‘gkhel;lfg'9o'l 66.577  0.005 -304.428 0.029 2.793 0299  -12.321 0937 natural

PaVi“(%‘gkii;g'm'z 61568  0.006 -307.188 0.040 2318 0222  -17.507 1.669  natural

Pavin Lake PV-60-500 60.005  0.005 -310.410 0.018 1.779  0.163  -17.644  0.763  natural

Pavin Lake PV-55-1000 TG | -56.186  0.007 -285.804 0.053  0.738 0243  -20320 1.380 natural

Pavin Lake sed 1 64.143  0.004 -251.668 0.025  5.149 0226 8547  0.860 natural

Haghnegahda 210819 Chamber (wetland - | o5 554 0013 333973 0128 -1.944 0247 43931 1387 natural

retal., 2023 rice paddy)
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210420d/e Chamber

(wetland) 53558 0.048 -306.371 0.155  0.072 0354  -31.016  1.307 natural
21042&2%%;‘““ 54912 0.017 -318.821 0.052  1.075 0232  -38846  0.829  natural
2104?;32&3‘“"“ 52023 0.017 -320.853 0.053  0.146 0361  -39.994 0915 natural
210409 Chamber (wetland) | -47.231  0.021 -332.883 0.051 -1.859 0.362  -57.165  0.806 natural
2104091 Incubation -59.425 0.067 -309.967 0.175 -0.569 0.755 -36.717 1.534 incubation
210430i Incubation 60.083  0.021 -327.323 0.063 -1.112 0492  -48.568  0.923 incubation
210524i Incubation 70484 0.044 -340303 0236  0.837 0.550 -44489  1.977 incubation
210619 bubbles 57330 0.090 -329.550 0.040 -0.430 0.555  -43.750  0.770  natural
210619 bubbles 60.430  0.090 -340.010 0.090 -0.190 0.700  -43.920  1.350  natural
210703 bubbles 57470 0.090 -341.340 0.050 -1.150 0.570  -42.930  0.905  natural
chamber 58390  0.090 -353.010 0.070 -1.620 0.575  -46210  1.145  natural
Haghnegahda chamber 47230  0.090 -332.880 0.050 -2.160 0.615  -56.350  0.965  natural
retal, 2024 chamber 48230  0.100 -332.810 0.040 -1.510 0245  -55920  1.070  natural
incubation -70.480  0.100 -340.300 0.240  0.540 0740  -43.660  2.920 incubation
incubation 67.010  0.100 -317.210 0250 -0.970 0.735  -40.650  2.925 incubation
incubation 63420  0.100 -331.810 0240 -1.780 0.740  -48.680  2.910 incubation
incubation 69270  0.100 -325.790 0250 -2.410 0740  -51.790  2.920 incubation
M. l”m"ﬁyze’;é"ig[eOH 1 97307 0005 271380 0019 -2514 0151 44851  0.622 culture
Iﬁiee;r?i{ M. luminy g’?iSCTMA FHI T 60639 0005 362562 0029 0484 0206 1648 1018  culture
M. luminy g’gsiscTMA TH2Z | 67053 0005 -361.870 0026 0077 0175 -16553 0938  culture
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M. shengliensis MeOH
65 °C

M. shengliensis MeOH
65 °C

M. mazei CO2 + H2 39 °C
M. mazei MeOH 39 °C

M. mazei TMA 39 °C

M. luminyensis dilute
MeOH + H2 37 °C

M. luminyensis dilute TMA
+H2 37 °C

M. shengliensis dilute
MeOH 65 °C

M. barkeri H2+CO2 35 °C
M. barkeri H2+CO2 35 °C
M. barkeri MeOH 35 °C
M. barkeri MeOH 35 °C
M. barkeri MeOH 35 °C
M. barkeri Acetate 35 °C

M. barkeri Acetate 35 °C

-72.148

-65.998

-38.650
-108.734
-89.474

-99.419

-69.351

-93.176

-73.153
-71.834
-103.899
-98.504
-85.930
-47.773
-48.577

0.003

0.005

0.005
0.006
0.003

0.007

0.005

0.003

0.004
0.005
0.005
0.005
0.005
0.003
0.029

-270.375

-269.489

-523.122
-287.000
-379.519

-272.081

-362.229

-286.154

-536.753
-536.883
-295.189
-290.482
-279.402
-318.490
-319.383

0.031

0.028

0.030
0.029
0.024

0.025

0.027

0.029

0.028
0.003
0.022
0.037
0.019
0.022
0.023

-5.509

-3.218

-3.626
-3.951
-3.452

-2.588

0.989

-3.839

-1.975
-2.509
-4.432
-9.235
-5.210
-1.961
-1.906

0.117

0.210

0.184
0.222
0.141

0.131

0.203

0.138

0.215
0.215
0.121
0.193
0.219
0.244
0.238

-47.815

-45.703

-12.982
-48.100
-31.291

-44.982

-16.197

-47.036

-9.876
-9.857
-47.647
-47.879
-49.478
-39.768
-41.240

0.559

0.803

0.969
1.036
0.789

0.751

0.860

0.789

0.981
0.963
0.682
0.873
0.749
0.774
0.728

culture

culture

culture
culture

culture

culture

culture

culture

culture
culture
culture
culture
culture
culture

culture
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Compiled microbial methane clumped isotopologues
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Figure C.5. Compiled microbial methane clumped isotopologue (A'3*CH3D and A'2CH:2D2)
data from published literature, with a linear fitting line in red. Natural samples are in solid
black circle. Lab incubation samples are in solid dark gray square. Lab pure culture samples are
in solid light gray triangle. The gray band represents the 95% confidence interval of the linear fit.

In the derivation, we use this simple linear mapping to represent this relationship:

A13CHSDwetland methane = f(AlZCHZDZWetland methane) = (5-70 + 0-26) *

A'CH,D, —(28.99 + 0.95) (C.12)

wetland methane

Following the derivation in the previous section, we can convert § values to a normalized ratio

RC and RCD:
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13CH4
12CH,

8'3CH
RC = sample (ﬂ ) = (1 + 1000‘*) (C.13)
TACH, reference
()
RCD = ¢/ sample _( 813CH3D) (C.14)
- (13(3&) - 1000 '
"CH, reference

And the mixing relationships, followed by the same rearranging process:

RCpix = (1 - f) * RCair + f * RCsource (C.15)
RCDpix = (1 - f) * RCDyjr + f * RCDsource (C'16)
RCmix_RCair — RCDmix_RCDair (C 17)

Rcsource_RCair RCDsource_RCDair

RCDpijx—RCDgjr RCDpijx—RCDgjr

) * RCair — RCD,p = 0

RCDsource - ( ) * RCsource + (

RCmix—RCair RCmix—RCajr
(C.18)
We can express A**CH3D with 81scyy and Sy p:
at3cH,p = I+ 613CH3D)/ -1 (C19)
3 (14 8"CH,) = (1 + 8'2CH3D) '

The RCDg,,rce Can be substituted, and the equation becomes:

RCDpijx—RCDyjr

(1 A13CH3D source
RCmix—RCajr

1000 ) * RCSOUI‘CG +

) * RCsource * RDsource - (

RCDpyix—RCDyjr
(m) * RCair - RCDair =0 (CZO)

And adopting the relationship to express A¥*CH;Dggyrce With AY2CH,D,

source’

RCDnix—RCD,jr
RCmix‘RCair

5.70«A'2CH, D,
1+

wetland methane_28'99
* RDsource * RCsource - (

1000 ) * RCSOUI"CG +

(RCDmiX—RCDair

ey ) +RCy — RCD 4 = 0 (C.21)

This is a linear equation, where RDg,,ce has been calculated in the previous section. Therefore:
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RCD,;xw—RCD;
RCDalI‘_< mix alr)*Rcair
Rcsource — - RChix—RCajr (C22)
, 5:70*A""CH7 D2 wetland methane ~28.99 RD RCDpyjx—RCD,jr
14 1000 *Rsource™\ "R . “RC,.
mix~RCaijr

Up to this point, by assigning a range for the source's A*2CH,D,, we have calculated the source's
bulk carbon and hydrogen isotope compositions without using concentration data, listed in Table

C.5 and plotted in Figure 5.7 in the main text.
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Table C.5. Derived bulk hydrogen and carbon isotope compositions and uncertainties of the
source methane (8'2CHzsDsource and 8'3CHy, source) for each wetland air sample, with
assumptions described in the text.

Date Area Location 812CH;D 513CH4
20220612  Jug Bay Car Top Boat Launch -299.2 -50.9
20220724  Patuxent Wildlife Refuge -300.5 -49.1
20220828  Jug Bay Car Top Boat Launch -305.7 -52.3
20220903 Jug Bay Car Top Boat Launch -296.0 -52.3
20220903  Patuxent Swan Lane -355.8 -49.0
20220904  Patuxent Wootons Landing Trail -278.0 -53.6
20220905  Patuxent Queen Anne Bridge -306.9 -51.1
20220921  Patuxent River Cruise -276.7 -48.4
20221010  Jug Bay Car Top Boat Launch -271.7 -51.1
20221025  Jug Bay Car Top Boat Launch -255.4 -50.2
20221104  Jug Bay Car Top Boat Launch -271.2 -49.1
20221207  Jug Bay Car Top Boat Launch -233.9 -48.8
20221229  Jug Bay Car Top Boat Launch -281.2 -52.7
20230415 Jug Bay Car Top Boat Launch -295.2 -50.4
20230507 Jug Bay Car Top Boat Launch -299.5 -51.0
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Appendix D: Supplementary Information for Constraining the
Clumped Isotope Budget of Atmospheric Methane using Firn Air

Measurements

This Appendix is the supplementary information for a manuscript titled “Constraining the
clumped isotope budget of atmospheric methane using firn air measurements”, in preparation for

submitting to Science.
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D.1. Isotope Notation and Calculations

The bulk isotopic compositions of CHa, denoted as §'3C and 8D, are defined as:

13¢

R
13 __ 'sample
6 Csample_ R13C -1 (D-l)
VPDB
R ol
_ Bfsample
6Dsample — gD -1 (D-Z)
VSMOW

where, R;>¢, .. and R, are the 13C/*2C and D/H ratios of the sample, Ry35, = 0.011180 is

sample

the ¥C/*2C ratio of the international carbon isotope standard Vienna Pee Dee Belemnite, and
RBsyow = 0.00015576 is the D/H ratio of the international hydrogen isotope standard Vienna

Standard Mean Ocean Water (Gonfiantini, 1978).

The clumped isotopic composition of CHa in a sample is expressed as A'*CHsD and A2CH;D;. It

quantifies the deviation of the measured ratio of clumped isotopologues compared to the ratio
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that would be obtained if the heavy isotopes *3C and D were distributed randomly across all

isotopologues in the same sample:

13cH3D

A13CH3Dsample = N -1 (D.3)

13¢
(4*Rsample*R

D )
sample
12CH2 D2

12 _ sample
A CHZDzsample = W— 1 (D4‘)

R.CH3D ang RI2CH2P2 are the isotopologue ratios of *CH3D/*2CH4 and 2CH,D2/2CHj of the

sample sample

13¢

sample. R e

and Ryy,p1e are isotope ratios of *3C/*2C and D/H of the sample. The

denominators in the above formulae give the expected stochastic distribution of the heavier
isotopes in a sample, where 4 and 6 are symmetry factors (Young, Kohl, Sherwood Lollar, et al.,

2017).

In practice, we use the following approximate equations to simplify the calculation of A*CH3D

and A?CH;D; (Haghnegahdar et al., 2023):

13 _ 1+813CH3D _
ATCHsD = (1+813CH,)*(1+812CH3D) 1 (D-5)
12 __ 1+8'2CH,D, _
A*“CH,D, = (1+512CH,D)? 1 (D.6)

The approximation is done by using the bulk isotopologue ratios, 3 CH4/*2CHg instead of *C/*C
and *2CH3D/*2CHy instead of D/H. The errors introduced by these approximations are much

smaller than the analytical precision.

The Kinetic Isotope Effect (KIE) is the rate coefficient ratio for chemical reactions involving

different isotopologues and can be calculated as
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KIE = ~tight (D.7)

kheavy

Where kj;gp: and kp.qy, are the reaction rate coefficients of the reactions involving lighter and

heavier isotopologues, respectively.

D.2. Sampling and Measurement Methods

D.2.1. Firn Air Sampling

The firn air samples used for this study were collected at the East Greenland Ice-Core Project
(EastGRIP) site in 2018. The firn air camp was located approximately 1 km east (upwind of the
main wind direction) of the main EastGRIP camp to avoid possible contamination from activity
at the camp. The firn air sampling is described in detail in Westhoff et al. (2023). In short, the
firn hole was drilled to a certain depth, then the firn sampling assembly was inserted into the
borehole. The assembly consisted of a 5 m long bladder and a set of three tubes, one to inflate
the bladder and two to pump up air from two different “compartments” below the bladder. The
two compartments are separated by a stainless-steel disc with the same width as the borehole.
First, the bladder is inflated via the fill tube so that it tightly seals the borehole, and the bottom of
the borehole is isolated from the overlying atmosphere. The purge line pulls air from the first
compartment below the bladder to further eliminate possible contamination from the bladder.
The sample line pumps up the sample air from the lower second compartment. Continuous

online CO2 and CH4 concentration measurements were performed to verify that no
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contamination with contemporary air occurred during the extraction procedure. After the
contaminating air had been pumped away, firn air was collected into various containers for
different analyses. The large volume samples required for CH4 clumped isotope analysis were
compressed into 5L volume aluminium cylinders using two compressors in series, a metal
bellows compressor and a piston compressor. The RIX piston compressor can compress the air
into the high-pressure cylinders up to a pressure of 140 bar, yielding up to 560 L of air for

analysis. However, the average volume of these samples are 430 L, with some as low as 250 L.

D.2.2. Measurement Methods for Methane Mole Fraction and Isotope

Analysis

After transport to the laboratory, the CH4 mole fraction in the cylinders was measured using a
G2301 greenhouse gas analyser (Picarro Inc.) at the Institute for Marine and Atmospheric
Research (IMAU), Utrecht. The bulk isotopic composition (§*3C and §D) was measured directly
from the cylinders using a continuous flow isotope ratio mass spectrometry technique at IMAU

(Menoud et al., 2021).

For the clumped isotopic composition measurements, CH4 was extracted and purified by using
up the remaining air in the cylinders. Air was pulled through a water trap with dry silica beads at
room temperature, then into a large 6-loop U-trap filled with silica beads and cooled by liquid
nitrogen, where CHa, Kr, and remaining H20 and CO> were trapped, but most N2 and O2 were
pumped away. The large U-trap was then heated up to 150 °C, and the trapped gases were pulled

through a small U-trap filled with HayeSep DB Porous Polymer Adsorbent cooled to liquid
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nitrogen temperature, further removing N2 and O2 while retaining CHa. Ultra-pure N2 from a
cylinder was used to flush the large U-trap, pushing and pulling the sample gas through the small
U-trap to ensure complete transfer of CHs. The small U-trap was then heated to -120°C using an
ethanol slush bath and kept pumped for about 30 minutes, allowing further release of N2 and O>
without CH4 breaking through the HayeSep DB column. The remaining gases, including CHa,

Kr, and traces of N2, O2, H20, and COz, were transferred to the purification line.

The sample was further purified using Gas Chromatography (GC) separation. Helium carrier gas
was used to transfer the concentrated sample gas into a GC column packed with MolSieve 5A
held at 56 °C. Under this condition, Oz, N2, Kr, and CH4 peaks eluted sequentially, so the CHa
could be trapped selectively. Finally, the purified methane was frozen into a glass sample vial

with silica beads, sealed, and transferred to the Panorama for measurement.

The clumped isotopologue signals were measured using the Nu Panorama mass spectrometer, at
the University of Maryland, College Park. Panorama is a double-focusing, high-sensitivity, high-
resolution gas-source electron-impact isotope-ratio mass spectrometer. It can achieve a mass
resolving power (MRP) of ~55,000, sufficient to separate peaks of **CHsD and *2CH:zD; from
adjacent methane adducts 3CHs and *2CH.D, which are all at mass 18. Each sample
measurement is conducted using two measurement protocols. In the first run, *?CHs is measured
on mass 15, *2CH4 on mass 16, 3CH4 on mass 17, and **CHzD on mass 18. The second run,
12CH3 on mass 15, YCH4 on mass 16, 1?CHsD on mass 17, and 2CH, D2 on mass 18. Masses 15,
16, and 17 are collected by Faraday cups, while mass 18 is counted by an ion counter.

Measurements are performed at balanced pressure and signal intensity between sample and
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reference pairs. The signal intensity of mass 16 is controlled at 10"2° Amps, and signal intensities
of mass 15, 17, and 18 are reported relative to mass 16. The detailed analytical process is

described in Haghnegahdar et al. (2023).

Due to the firn air sample volume (usually around 500L, with some samples around 300L) being
less than the ideal volume for Panorama measurements (800L), the limited sample amount forces
measurements to be completed within a reduced counting time. This results in higher
measurement uncertainties than other samples analyzed on the Panorama. For firn air samples,
the 1SD for A CHsD is between 0.2 - 0.4 %o with about 5 - 7 hours measurement time, and for

ACH,Dy, it is between 1 - 1.5 %o with about 12 - 20 hours measurement time.

D.3. Modelling Trace Gas Transport in Firn

Gas transport in firn is primarily driven by molecular diffusion, with additional mixing
components in the upper layers and possibly deep firn (Battle et al., 1996; Buizert et al., 2012;
Martinerie et al., 2009; Trudinger et al., 2002). Gravity also induces an increased sinking of
heavier molecules, resulting in isotopic fractionation. Forward firn models use atmospheric
trends as an upper boundary condition to simulate trace gas profiles versus depth in firn. Here,
we use a firn model (Witrant et al., 2012), which showed excellent performances in a firn model
inter-comparison study (Buizert et al., 2012). A site-specific tuning is necessary to determine a
firn diffusivity profile based on constraints provided by multiple reference gases for which both

atmospheric trend and depth profile in firn are available (Buizert et al., 2012; Witrant et al.,
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2012). Here, we use CHgs, SFs, CFC-12, CFC-113, CH3CCls, and HFC-134, as in (Westhoff et

al., 2023).

Inverse modelling methods may be used to reconstruct atmospheric trends from depth profiles of
tracers measured in firn air samples, but isotopic ratios require specific model developments as
they are not mass-conservative (Sapart et al., 2013). Such specific development is not yet
available for the clumped isotope A values. In a previous study of A®00 (Yeung et al., 2019),
a simplification based on the absence of atmospheric trend for §'80 allowed the use of an
approximate inverse approach, but this cannot be used for the clumped isotopes of CHa. Thus,
we implemented a forward firn model approach using as input harmonised CH4 mole fraction
and bulk isotope time series from 6 high northern latitude stations covering 3 decades (Dasgupta
et al, in preparation). Emissions from the five main source sectors (fossil, pyrogenic, wetlands,
waste, and agriculture, see definitions in Section D.5) were optimised to reproduce these
measurements in a two-box inverse model (Section D.4, Dasgupta et al, in preparation).
Clumped isotope time series were then generated by assigning clumped isotope source signatures
to the sectors (Section D.5) and adjusting the KIEs so that the model output fits the observed
trends. These time series are used as the surface constraint of the forward firn model, which then
calculates vertical profiles of stable isotope composition in the firn that can be compared to the
measurements (Figure 6.1). Similar approaches were used, for example, in Battle et al. (1996);

Martinerie et al. (2009).

A graphical comparison of atmospheric trends with firn data can also be made by plotting firn

data corrected for the effects of gravitational setting and diffusional fractionation versus mean
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gas age (Trudinger et al., 2002). However, this introduces an additional uncertainty due to the
significant width of the gas age distribution in deep firn (Figure D.1), represented as horizontal

grey lines in Figures 6.2-6.4.

o
=]
o

Age probability

10 20 30 40 50
Time (years)

Figure D.1. Modelled methane age distribution for the air samples collected at the
EastGRIP site. Each line represents the age probability distribution at the sampling depth given
in the legend. The x-axis shows the time (in years) before 2018 (the firn drilling year).

The age distribution of CHj4 in the firn column is evaluated using a Green’s function approach: a
Dirac delta function is used as a surface constraint of the firn model. The resulting matrix versus
time and depth represents the age probability distribution function. Due to the effect of
gravitational settling, the sum of all age probabilities at a given depth is slightly different from
one and a small correction was applied to normalise the sum of probabilities to one at each depth.

Figure D.1 illustrates the wide and asymmetrical CHs4 age distributions in deep firn. For example,

at the last measurement depth (64.2 m), the difference between mode age (age of maximum
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probability) and mean age is 9 years. The age uncertainties are calculated as + 1o equivalent age
width - the ages at which the sum of ages at a given depth reaches 15% and 85% cumulated

probability.

Several firn model tests were performed to evaluate the robustness of our results. The large age
widths shown in Figure D.1 imply that initialising the firn model simulations in 1980 may
produce results that are still dependent on model initialisation in deep firn. Results from firn
model simulations from 1980 are shown as green dashed lines in the left panels of Figure D.2.
The best guess model simulations (black continuous lines in left panels of Figure D.2) were
initialised in 1800 with an atmospheric CH4 trend evaluated as described in (Buizert et al., 2012),
and with constant isotopic ratios before 1980 (black continuous lines in right panels of Figure
D.2). Simulations starting in 1980 (green dashed lines in Figure D.2) only significantly differ
from the best guess model solution (black continuous lines in Figure D.2) and firn data near the
lowest sampling depth and only for CH4 and §*3C. Other isotopic ratios are not affected by the
long-term CHj4 trend. Extrapolating trends also tested the impact of model initialisation in
isotopic ratios with constant slopes before 1980 (black dashed lines in right panels of Figure
D.2). This initial slope is unrealistically steep for A¥*CHsD but still only affects the model results
below 60 m depth. Other isotope ratios are unaffected. A final input scenario test compares the
results obtained with the two-box atmospheric isotope model (described in Section D.4) taking
CHjs trend in recent years and referencing the CHs trend before 1980 (green continuous lines in
Figure D.2) to the best guess CHa trend for Greenland (black continuous lines in Figure D.2).
The best guess trend includes seasonal variations in recent years, whereas the two-box model

trends represent annual and hemispheric means. EGRIP CH4 concentrations in firn (this study)
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are slightly underestimated with the two-box model hemispheric methane trend, whereas only
S13C is affected among isotopologues. Relative to its weak atmospheric variations (a few 0.1 %o),
813C in firn is strongly affected by the steep CHa trend and fractionation in firn. The wiggle in
the top ~40m of the firn for the reference simulation reflects the effect of seasonal variations of

CHa.

On the right panels of Figure D.2, original firn data (open circles) are compared with data
corrected for the effects of gravitational settling and diffusional fractionation. Compared to
atmospheric variations, the effect of firn processes is only important for §*3C. Hydrogen isotope
and clumped isotopologue signals remain largely unaffected. The high sensitivity of 5!3C to firn
processes in recent decades, driven by the strong trend in methane concentration and weak trend

in 8*°C, was a phenomenon already identified by Sapart et al. (2013).

Two additional tests in Figure D.2 were done to evaluate the impact of firn structure parameters
on the behaviour of CHs isotopic ratios. For the first test (red line in left panels of Figure D.2),
only CH4 was used to constrain the firn diffusivity profile instead of six different gases. This
results in a much less reliable diffusivity profile (Buizert et al., 2012; Witrant et al., 2012). Only
S13C, which is highly sensitive to firn processes, is significantly affected (Sapart et al., 2013).
Another important parameter in deep firn is the open/closed porosity ratio, which is poorly
constrained (Westhoff et al., 2023). The blue lines in the left panels of Figure D.2 illustrate the
effect of using the modified Goujon open/closed porosity ratio described in Westhoff et al.
(2023). The results obtained are nearly the same as the reference simulations (black continuous

lines in left panels of Figure D.2).
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Figure D.2. Firn model sensitivity tests. Left panels: comparison of firn model results (lines)
with firn data (symbols) versus depth. Measurements at Utrecht University on the samples
presented in this study data are shown as stars, CH4 concentrations measured at IGE and
published in Westhoff et al. (2024) are shown as open circles with error bars. Reference
simulations with atmospheric trends starting in 1800 shown as continuous black lines. results of
sensitivity tests (described in the SI text) are shown as black dashed lines, green continuous and
dashed lines, red and blue continuous lines. Right panels: comparison of atmospheric trends
(lines) with firn data versus mean age uncorrected (open circles) and corrected (stars) for the
effects of gravitational settling and diffusional fractionation in firn. Reference scenarios (starting
in 1800) are shown as black continuous lines. The two-box model hemispheric annual scenario
for CH4 appears in green. Isotope ratio trends extrapolated with constant slopes before 1980 are
shown as dashed black lines.

D.4. Two-box Model for Atmospheric Methane Isotopoloques
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Figure D.3. Schematic of the two-box atmosphere model used in this study.

The clumped isotope forward model, ‘clumped-forward-model’, developed for this work uses

optimised source fluxes per source category (see model descriptions below, and source category
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definitions in Section D.5) and optimised lifetime from an inverse modelling study (Dasgupta et
al., 2024 (in prep)), hereafter referred to as the ‘bulk-inverse-model’ that was constrained by the
bulk isotopic composition from high latitude sites in both hemispheres over the past 30 years.
The errors associated with the inverted source fluxes and lifetimes from the ‘bulk-inverse-model’
are also incorporated into the ‘clumped-forward-model’ and shown as the red-shaded region in
Figure 6.2. Both the ‘bulk-inverse-model’ and the ‘clumped-forward-model’ have the same

model framework as described below.

A two-box model is a simplified method used to study atmospheric CH4 variability, dividing the
atmosphere into NH and SH and balancing CHa sources and sinks to estimate its residence time
(Figure D.3). It assumes that the CH4 concentration in each hemisphere is well-mixed, with intra-
hemispheric gradients applied to account for the differences between polar and hemispheric
values, and it helps to understand the observed variations in atmospheric CH4 concentrations and
their sources (Sapart et al., 2012; Worden et al., 2017). Using input data for emission rates and
isotopic compositions of different CH4 source sectors, mixing between the hemispheres, and the
removal by the sinks, it simulates the temporal evolution of the different isotopic composition of

atmospheric CH4 in NH and SH separately.

It is important to note that the model simulates individual isotopologue concentrations of *?CHy,
13CHy, Y2CH3D, ¥ CHsD and >CH:D.. Thus, for each source flux, the total flux is separated into
the individual isotopologue fluxes using the isotopic source signatures. Then, isotopologues are
added, transported, and removed (by applying the KIE to simulate isotopologue-specific removal

rate coefficients) in the model. The & and A values are calculated again from the isotopologue
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abundances. The model assumes an interhemispheric exchange time of 0.75 years, constrained
by independent model studies with SFs. The source categories of CHa are fossil, pyrogenic,
wetlands, waste, and agriculture (see Section D.5), while the sinks include chemical reactions

with OH and Cl radicals in the troposphere, stratosphere, and soil sinks.

The model defines the relationship of the observed mole fractions y (of each species) to the state
vector x (emission sources in Tgly) such as y = F(X) + o., where o2 is the observational error

variance, defined as the sum of observations and model errors.

For the ‘bulk-inverse-model’, the prior flux dataset was obtained from a combination of data
from several inventories: Emissions Database for Global Atmospheric Research (EDGAR,
(Janssens-Maenhout et al., 2019)), Atmospheric Chemistry and Climate Model Intercomparison
(ACCMIP)/MACC and CityZen projects (MACCity), Global Fire Assimilation System (GFAS,
(Kaiser et al., 2012)), Lund-Potsdam-Jena Wald Schnee und Landscaft version (LPJ-wsl, (Calle
& Poulter, 2021)) and Trends in Precipitation and its Predictability (TIPP, (Nguyen et al., 2014)).
The state vector x of emission rates was optimised by minimising the cost function:

_ (x- xprior)z (v - Fx)?*
(02)? (0e)?

(D.8)

with x40 the a-priori emission rates in Tg/y, based on bottom-up inventories, and their
variance o22. The inversion was performed to fit the atmospheric CH4 mole fraction and bulk
isotopic composition. This optimised inverted source fluxes and lifetimes output (Figure D.3)
was used as the input for the ‘clumped-forward-model’ to study the evolution of clumped

isotopologues.
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Figure D.4. Prior and posterior emission rates with 3 sigma error bands. Prior estimated
rates from EDGAR, ACCMIP/MACCity, GFAS, LPJ-wsl and TIPP computed from the ‘bulk-
inverse-model’ are plotted in black dots for southern hemisphere and black plus symbols for
northern hemisphere. Posterior emission rates are plotted in blue for northern hemisphere and in
red for southern hemisphere.

D.5. Definition of Source Categories and Source Compositions

For our evaluation, CH4 sources are separated into 5 categories: fossil, pyrogenic, wetlands,
waste, and agriculture. Different inventories and scientific studies classify CH4 emissions
differently, so clarification is necessary. Generally, there are two overlapping classification
methods: process-based and activity-based. The process-based method categorises CH4 as
microbial, thermogenic, or abiotic (pyrogenic). The activity-based method classifies CH4
emissions as anthropogenic or natural and may further specify them by geographic location or
economic activity, such as fossil fuel-related, agriculture, waste, biomass burning, wetlands,

waters, geological sources, oceans, termites, wild animals, and permafrost. Each specific CHs
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source category can be further subdivided. For example, fossil fuel-related emissions may come
from oil, natural gas, and coal and in inventories, they are further categorised into production,
gathering, processing, transmission and storage, local distribution, oil refining, and transportation
(e.g., (Alvarez et al., 2018)). Global CH4 emission inventories typically use this classification
method: the Global Carbon Project (GCP) (Saunois et al., 2020), EDGAR (Crippa et al., 2020),
and the Intergovernmental Panel on Climate Change (IPCC) Assessment Report (IPCC ARG)
(IPCC, 2021). GCP focuses specifically on CH4, whereas IPCC and EDGAR cover all
greenhouse gases, leading to slight differences in classification but generally consistent
categories. Forward models often use a combination of classifications from large databases. For
example, the reference Lan et al. (2021) primarily relied on EDGAR 4.3. whereas references

East et al. (2024); Janssens-Maenhout et al. (2019) are based on the GCP.

We employed a mixed definition approach where fossil, wetlands, waste, and agriculture sources
follow the definitions in GCP (Saunois et al., 2020), while the pyrogenic category represents the
remaining sources. When using EDGAR and IPCC datasets, re-categorisation is necessary. The

following rules were followed:

We classify the IPCC-defined category "1 Energy" as fossil, although "1A Fuel Combustion
Activities" might fit under pyrogenic. IPCC categories "2 Industrial Processes and Product Use,"
"3C1 Biomass Burning,” and "5 Other" are categorised as pyrogenic, although some microbial
emissions (e.g., termites, oceans) are also included in "5 Other". Categories "3B4 Wetlands,"
"3B1 Forest Land," and "3B3 Grassland,” along with any residual fluxes, are categorized under

wetlands. This adjustment is necessary because IPCC and EDGAR focus on anthropogenic
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emissions. "3A2 Manure Management" and "4 Waste" are classified as waste, while "3A1
Enteric Fermentation” and "3B2 Cropland™ (mainly rice) fall under agriculture. For detailed
definitions of specific sources, such as what type of land can be defined as wetlands, we refer to

the IPCC guidelines (IPCC, 2006, 2019), which are beyond our discussion scope.

Based on our current understanding of fossil, pyrogenic, wetlands, waste, and agriculture
sources, we assigned §3C, 6D, A¥®CHsD and A?CH.D; values to each source. §*3C and 6D
values were differentiated between the NH and SH, while a global value was assigned for

ABCH3D and A¥2CH,D..

The isotopic signatures, 6*C and 0D, in CHa4 are specific to the type of emission. The initial
values are assigned to each emission category. Most values are averages derived from the global
isotope database (Menoud et al., 2022; Sherwood et al., 2017) and weighted by emission rates
used as prior in the model. In the case of fossil fuels and biomass burning, the 6'3C values were
taken from Schwietzke et al. (2016). We also used literature values for the 8'*C-CHa from enteric
fermentation, based on Chang et al. (2021). The isotopic signature of wetland and freshwater
CHea is latitude-dependent (Brownlow et al., 2017; Ganesan et al., 2018). Therefore, we used
averaged hemispheric 6'*C and 6D values computed with a global model by Stell et al. (2021),
based on up-to-date observations of CHa isotopic composition from sites at different latitudes.
Several sensitivity tests were run on the ‘bulk-inverse-model’, varying input parameters such as
the source isotope signatures obtained from literature, and evaluating the posterior results

(Dasgupta et al., 2024 (in prep)). Based on these simulations, some of the source signatures were
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revised to optimise the model output, i.e., to match between posterior outputs and atmospheric

observations. The optimised hemisphere-specific source signatures are given in Table D.1.

For the source signatures of the clumped isotopologues, we compiled currently published CH4
clumped isotopologue measurements (Dong et al., 2021; Douglas et al., 2020; Douglas et al.,
2017; Eldridge et al., 2019; Giunta et al., 2022; Giunta et al., 2019; Gonzalez et al., 2019; Gruen
et al., 2018; Haghnegahdar et al., 2024; Haghnegahdar et al., 2023; Krause et al., 2022; Labidi et
al., 2020; Lalk et al., 2024; Liu, Harris, et al., 2023; Liu, Treude, et al., 2023; Ono et al., 2021,
Ono et al., 2014; Rhim & Ono, 2022; Shuai, Douglas, et al., 2018; Shuai, Etiope, et al., 2018;
Stolper, Lawson, et al., 2014; Stolper et al., 2015; Stolper, Sessions, et al., 2014; Sun,
Haghnegahdar, et al., 2025; Sun, Magen, et al., 2025; Taenzer et al., 2020; Thiagarajan et al.,
2020; Wang et al., 2015; Wang et al., 2018; Wang et al., 2016; Young, Kohl, Sherwood Lollar,
etal., 2017; Young et al., 2016; Zhang, Snyder, et al., 2021). Samples from oil and natural gas
well sites, hydrothermal vents, seeps, steam vents, residential natural gas, and gas hydrates are
categorised as fossil-related, regardless of whether clumped isotopologues indicate microbial or
thermogenic origins or microbial alteration. Samples from vehicle exhaust, biomass burning, lab
pyrolysis experiments, and lab coal heating experiments are considered pyrogenic. Natural
samples from ponds, swamps, permafrost, lake and ocean sediments, lake bubble ebullition,
wetlands, and derived values from wetland air plumes, along with lab pure-culture
methanogenesis, aerobic oxidation of methane (AOM), and anaerobic oxidation of CHs (AeOM),
are categorised as wetlands. Samples from cow rumen and rice paddies are categorised as
agriculture. Landfill compositions derived from landfill plume air samples are used for waste.

Measurements for each category were averaged or weighted.
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Due to the disproportionate number of lab synthetic samples in the pyrogenic category, averages
for natural and lab samples were calculated separately and then averaged at an 80:20 ratio. This
method also applies to the wetland category, with a 75:25 ratio for natural to lab samples. Given
the high number of AOM and AeOM samples in the wetland category, which are typically low in
concentration and trapped deep in the sediment in natural conditions, they likely do not represent
the true emission signals from wetlands. Therefore, we adjusted the ratio of methanogenesis-
produced CHa to oxidised CH4 to 85:15. The agriculture and waste categories had few
measurements, possibly lacking representativeness. While these classifications, weightings, and

final values are limited, they represent our best understanding of CH4 clumped isotopologues.

Some studies only measured A1, which is a combination of 2*CHsD and '2CH,D,, due to the
limitations of the mass spectrometer resolution. These A1g values were approximated as
ABCH3D, as ?CH:D; abundance is two orders of magnitude lower than **CHsD. and its
influence should be negligible. Additionally, some studies only measured A*3CHsD using laser
spectrometers, thus lacking A?CH:D- values. Systematic differences may exist between

different labs and instruments, but these variations are not considered in this study.

Table D.4 shows the final average clumped isotope source signatures per category. Fossil CHa
has AY®CH3D = 3.57 %o and ACH,D; = 7.58 %o, slightly below the thermodynamic equilibrium
line. This is because fossil methane includes both thermogenic and microbial methane (e.g.,
(Young, Kohl, Sherwood Lollar, et al., 2017)). Pyrogenic methane is assigned values of

ABCH;3D = 1.19 %o and A¥?CH2D2 = -9.49 %, consistent with biomass burning and lab pyrolysis
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measurements, which have shown slightly anti-clumping signals in A¥?CHzD, (Dong et al., 2021;
Haghnegahdar et al., 2023).Wetland CHy is assigned A¥CH3D = 1.74 %o and A¥?CHzD> = -

36 %o, agriculture CHg is assigned AY¥®*CH3sD = -0.16 %o and A™?CHzD2 = -39.78 %o, and waste
CHa is assigned A CH3sD = 2.26 %o and A¥CH,D; = -27.15 %o. These results align with the
understanding that microbial methanogenesis produces strong anti-clumping in A¥?CHD:
(Gruen et al., 2018; Young, Kohl, Sherwood Lollar, et al., 2017) and that waste CH4, having
undergone more oxidation, shows less anti-clumping (Giunta et al., 2022; Liu, Treude, et al.,
2023; Sun et al., in revision). The A CHsD and A>CH.D; of the total source mixture using the

above signatures is around 2.8 %o for ABCHsD and -12.5 %o for A2 CH,D,.

Table D.1. Isotopic signatures of §'°C, §D, and designated A'*CHzD and A>2CH:D: of the
source categories and the total sink KIEs used as the input for the ‘clumped-forward-model’
for the optimised case. The values of §'*C and 8D corresponding to NH and SH are given
separately.

13 13
Sources/Sinks 6SHC SN HC gﬁ ﬂa Al-”ngD AlZSHZDZ

%) | () | (%) (%) ee) Oee)
Wetlands -58.3 -63.9 -297.0 -339.0 1.8 -36.0
Agriculture -64.0 -63.0 -302.0 -309.0 -0.2 -39.8
Waste -54.5 -54.5 -292.2 -292.2 2.5 -15.0
Fossil -44.0 -44.0 -192.0 -194.0 3.6 7.6
Pyrogenic -22.3 -22.4 -213.0 -183.0 1.2 -9.5
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D.6. Measurement Results and Model Outputs

Table D.2. Sampling depth, measured CH4 mole fraction, §'3C, 6D, ACH:D and A'>2CH:2D2
of the firn samples presented in this study.

sample | Volume CHimole | siac | 6 | M3CHsD | ARCH.D:

D 0 Depth (m) fraction (%) (%) (%) (%)
(ppb)

1 350 0 1910.0 | -47.69 | -79.2 | 2.0(:0.4) | 49.1(x1.1)
3 465 11.78 1931.4 | -47.65 | -83.7 | 16(:02) | 48.6(x11)
6 535 23.25 1930.8 | -47.83 | -83.4 | 1.4(:02) | 48.6(10)
18 280 33.01 1947.0 | -47.79 | -85.8 | 2.7(+03) | 48.6(13)
16 350 43.44 1912.2 | -47.61 | -81.7 | 22(:03) | 49.8(13)
13 560 48.20 1905.8 | -47.66 | -852 | 2.1(:02) | 48.2(12)
12 315 51.80 1907.2 | -47.60 | -85.4 | 1.4(:03) | 48.0(x12)
11 250 54.07 1912.5 | -47.56 | -84.4 | 17(:0.4) | 48.1(15)
14 | 425 55.75 1904.7 | -47.73 | -85.8 | 17(:03) | 49.7(x12)
15 425 57.65 1898.9 | -47.73 | -822 | 1.4(:03) | 47.1(x10)
10 555 59.18 1882.1 | -47.63 | -832 | 2.0(t02) | 453 (10)
9 475 60.86 1851.2 | -47.50 | -853 | 13(:02) | 44.4(x11)
8 525 62.92 18184 | -47.83 | -90.2 | 1.0(:02) | 38.6(x11)
7 500 64.22 1771.4 | -48.32 | -895 | 15(t03) | 40.5(+10)

413




Table D.3. Mean age, age at 15% and 85% of the age distribution, and the diffusion — and
gravitation - corrected isotopic signatures using the CH4 EastGRIP forward model as described

above.
Mean | ageat | age at Corrected | Corrected | Corrected | Corrected
sample | depth | fw §5<y s13C 5D AB3CHsD | A2CH,D;

Y ’ D (%) (%o) (%o) (%o)

49.1

1 0 2018.3 n.a. n.a. -47.69 -79.2 2.0 (£0.4) (+1.1)
48.6

3 11.78 | 2017.8 | 2018.4 | 2017.5 -47.71 -83.7 1.6 (+0.2) (1.1)
48.6

6 23.25 | 2017.1 | 2018.2 | 2016.2 | -47.876 -83.4 1.4 (+0.2) (+1.0)
48.6

18 33.01 | 2016.5 | 2018.1 | 2015.2 -47.813 -85.8 2.7 (£0.3) (+1.3)
49.8

16 43.44 | 2015.6 | 2017.8 2014 -47.629 -81.7 2.2 (£0.3) (1.3)
48.2

13 48.2 | 2015.2 | 2017.6 | 2013.3 -47.68 -85.2 2.1(+0.2) (+1.2)
48.0

12 51.8 | 2014.7 | 2017.4 | 2012.6 -47.619 -85.4 1.4 (+0.3) (+1.2)
48.1

11 54.07 | 2014.3 | 2017.2 2012 -47.574 -84.4 1.7 (x0.4) (+1.5)
49.7

14 55.75 | 2013.8 | 2017.1 | 2011.2 -47.735 -85.8 1.7 (¥0.3) (+1.2)
47.1

15 57.65 2013 2016.8 | 2009.8 -47.715 -82.2 1.4 (+0.3) (+1.0)
45.3

10 59.18 | 2011 | 2016.1 | 2006.4 | -47.566 -83.1 2.0 (x0.2) (£1.0)
44.4

9 60.86 | 2007.4 | 2014.5 | 2000.3 | -47.358 -85.2 1.3 (30.2) (£1.1)
38.6

8 62.92 | 1999.4 | 2010.1 | 1988.3 | -47.449 -89.8 1.0 (+0.2) (£1.1)
7 64.22 | 1993.6 | 2006 | 1980.8 | -47.611 -88.8 1.4 (+0.3) (#1.0)
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Figure D.5. Model output of the two-box forward model. Optimised fluxes are plotted in red
for (A) CHa mole fraction, (B) §'°C, (C) 6D, (D) A'*CH3D, and (E) A'>)CH2Ds. The red-shaded
areas show the errors associated with the inverted fluxes. The green lines in (A)-(C) represent the
SH averages calculated from NOAA GML monitoring stations. The KIEs are given as panel
titles. The grey-shaded areas mark the spin-up and spin-down periods.

D.7. Source-Sink Relationship for the Clumped Isotopoloques

We varied the isotopic signatures of A¥CH3D and A?CH:D for the different source categories
over a relatively wide range and determined the KIE for each corresponding assumed source
signatures, for which the modelled trend in A®CH3D and ACHzD, match best with the
observations. The results show a tight relationship between the clumped isotope source
signatures and the KIEs. The lower limit of the source range assumes the KIEs from ab initio

calculations (Haghnegahdar et al., 2017), which can only be reconciled with the measurements
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when we assume a very depleted A?CH.D; source signature of approximately -50 %o (light blue
dot in Figure 6.3 and Figure D.5). This is virtually impossible to reconcile with the available
observations since individual microbial sources would need to be as low as -85 %o to close the
measured ambient air CH4 clumped isotope budget. As the upper limit, we use the clumped
isotopic composition of sources at thermodynamic equilibrium (4 %o for ACH3D and 20 %o for
AYCH:D>), as predicted in Haghnegahdar et al. (2017) (dark blue dot in Figure D.3 and Figure
D.5). The most probable range for A'?CH2zD- of the source mixture (-21 %o to -4 %o) highlighted
in Figure 6.3B (shaded yellow) is calculated using the most common reported range of
compositions measured for the microbial samples to date, -50 %o to -20 %o for A¥2CH,D;. The
shaded region in Figure D.6B shows the most probable range for the total source A**CHsD (1.8
%o to 3 %o), which is calculated assuming that most of the non-equilibrium signatures measured

for sources are around 0 to 2 %eo.
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Figure D.6. The mutual constraint between the sink reaction KIE and the total source
ABCH3:D. Panel (A): Model outputs of A*CH3D for different combinations of total source
ABCH;D signatures and sink KIEs that fit the observed trends from the firn air measurements
well when used in the two-box model. Each combination is distinguished by a colour, as given in
the legend (source mixture composition, sink KIE). The black circles represent the firn air
samples measured in this study. Panel (B) shows the linear relationship between the simulated
total source A'>*CH3D signatures (x-axis) and sink KIEs (y-axis). The vertically shaded yellow
region highlights the most probable range of values for A'*CH3D deduced from existing datasets,
and the horizontal, yellow-shaded region shows the required range of KIE values to fit the
observation data.

D.8. Sensitivity Analysis: Source Mixture

The sensitivity of the CH4 mole fraction and isotopic composition to the contributions from
individual source categories was investigated by keeping one source flux constant over time (as
in 1980) and keeping the optimised fluxes for others unchanged. This was done for all the five
source categories. The optimised lifetimes were used in all calculations. Figure D.7 shows that
these tests change the CH4 mole fraction in the atmosphere, which is expected if increases in one
source category are excluded. The different scenarios also lead to clear changes in §°C,
especially between constant fossil and other scenarios. The changes in 6D are much smaller, but
still significant and distinguishable with the currently available analytical precision. However,

the difference in AI3CH3D and AY2CH,D; between these different scenarios is small, and within
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the current achievable measurement uncertainty. This test shows that atmospheric methane
clumped isotopologue signals are not sensitive to the change of flux of a specific source, when

the total source flux is optimized.
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Figure D.7. Results of model sensitivity tests to individual source contributions. Outputs of
(A) CH4 mole fraction, (B) §'°C, (C) 6D, (D) A"*CH3D, and (E) A'>)CH;,D; are plotted. The
colours represent the scenarios when one of the sources is kept constant from 1980-2024, as
given in the legend. The green line represents the high northern latitude average values compiled
from 6 high northern latitude stations over the past 30 years (see Section D.4, Dasgupta et al., in
prep). The solid black circles represent the firn samples measured in this study.

We did another sensitivity test on the wetland-fossil fuel sources pair, by keeping one source flux
constant and changing the flux of the other source to still match the measured atmospheric CHa
mole fractions. Figure D.8 shows that §*3C and 6D, react most strongly to these changes.

AY2CH;3D and A™CH;Do, on the other hand, show only minor changes, and the differences are

within the measurement error.
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Both the two sensitivity tests show that the measured 10 %o change in A2CH,D2 cannot be

explained solely by the change in the individual source flux from 1980.
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Figure D.8. Results of model sensitivity tests of wetland-fossil fuel source category fluxes.
Outputs of (A) CHs mole fraction, (B) 6'°C, (C) 6D, (D) A'*CH3D, and (E) A'>)CH,D; are
plotted. The colours represent the scenarios when fossil or wetland emission is kept constant but
the other category emission is adjusted to fit the real atmospheric methane mole fraction. The
green line represents the high northern latitude average values compiled from 6 high northern
latitude stations over the past 30 years (see Section D.4, Dasgupta et al., in prep). The solid black
circles represent the firn samples measured in this study.
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D.9. Future Emission Scenarios

We evaluate the CH4 mole fraction and the isotopic composition for several future emission
scenarios. The constant sources scenario kept flux of each source between 2024 and 2100 at the

2024 levels (solid red line in Figure 6.4).
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The emission mitigation scenario (solid yellow line in Figure 6.4) shows the evolution of CH4
mole fraction and isotope signatures for a 50 % reduction of fossil fuel emissions and 10 % of
agriculture (including ruminants) emissions by 2030, assuming a linear decrease per year from
2024 to 2030. This scenario aligns with what the Global Methane Pledge (Global Methane

Pledge) promotes. In this case, we assume that the fluxes stay constant after 2030.

The removal scenario (dashed red line in Figure 6.4) brings down the mole fraction to 1500 ppb
in 2100 by keeping the source fluxes constant as of 2024, and by decreasing the total lifetime of

atmospheric CHs by 0.5% every year.

The unabated increase scenario (dashed purple line in Figure 6.4) assumes an increase of the
main anthropogenic (fossil and agriculture) sources by 1 % every year from 2024 till 2100. In

this scenario, the CH4 mole fraction reached about 3000 ppb in 2100.

We also used the IPCC-defined Representative Concentration Pathways (RCPs), with future
emission fluxes from the IPCC AR6 Scenarios Database (Byers et al., 2022; Intergovernmental
Panel on Climate, 2023; Riahi et al., 2023). We selected five SSPx-Baseline scenarios run by the
IMAGE3.0.1 (Stehfest et al., 2014) model, which provides methane emissions specific to source
categories. SSP represents Shared Socio-Economic Pathways, with higher numbers indicating
higher target radiative forcing levels by 2100. To align with our model, we reclassified IPCC's
future emission inventories according to our source categories, as explained in Section D.5. The
emission fluxes were scaled to match our model's 2015 emission fluxes for each source, using

cubic interpolation to convert five-year flux estimations to annual values. The emissions were
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then adjusted to match the 2024 emission fluxes in our model. Finally, each category's total
emissions were divided into SH and NH based on the 2015 NH/SH emission ratio. This process
ensures that RCP inputs fit the observational data up to 2024 while retaining the temporal
evolution of the RCP estimates for future emission trends. We keep the wetlands emissions
constant from 2024 to 2100 in all the scenarios. The evolution of CH4 mole fraction, 5'°C, D,
ABCH3D and A?CH:D; resulting from the emission time series of SSP1 and SSP5 are shown in

Figure 6.4, the other scenarios are shown in Figure D.9.
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Figure D.9. Results of model simulation with future emission scenarios. Simulated results of
(A) CH4 mole fraction, (B) §'°C, (C) 6D, (D) A'*CH;D and (E) A>)CH:2D; using the five IPCC
SSPx scenarios as given in the legend as input for the two-box model are plotted.
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