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CH4 isotopic signatures of emissions from oil
and gas extraction sites in Romania

Malika Menoud1,*, Carina van der Veen1, Hossein Maazallahi1,2, Arjan Hensen3,
Ilona Velzeboer3, Pim van den Bulk3, Antonio Delre4, Piotr Korben5,
Stefan Schwietzke6, Magdalena Ardelean7, Andreea Calcan7, Giuseppe Etiope8,9,
Calin Baciu9, Charlotte Scheutz4, Martina Schmidt5, and Thomas Röckmann1

Methane (CH4) emissions to the atmosphere from the oil and gas sector in Romania remain highly uncertain
despite their relevance for the European Union’s goals to reduce greenhouse gas emissions. Measurements of
CH4 isotopic composition can be used for source attribution, which is important in top-down studies of
emissions from extended areas. We performed isotope measurements of CH4 in atmospheric air samples
collected from an aircraft (24 locations) and ground vehicles (83 locations), around oil and gas production
sites in Romania, with focus on the Romanian Plain. Ethane to methane ratios were derived at 412 locations of
the same fossil fuel activity clusters.The resulting isotopic signals (d13C and d2H in CH4) covered a wide range
of values, indicating mainly thermogenic gas sources (associated with oil production) in the Romanian Plain,
mostly in Prahova county (d13C from –67.8 ± 1.2 to –22.4 ± 0.04 ‰ Vienna Pee Dee Belmnite; d2H from –255 ±
12 to –138 ± 11 ‰ Vienna Standard Mean Ocean Water) but also the presence of some natural gas reservoirs
of microbial origin in Dolj, Ialomiţa, Prahova, and likely Teleorman counties.The classification based on ethane
data was generally in agreement with the one based on CH4 isotopic composition and confirmed the
interpretation of the gas origin. In several cases, CH4 enhancements sampled from the aircraft could
directly be linked to the underlying production clusters using wind data. The combination of d13C and d2H
signals in these samples confirms that the oil and gas production sector is the main source of CH4 emissions in
the target areas. We found that average CH4 isotopic signatures in Romania are significantly lower than
commonly used values for the global fossil fuel emissions. Our results emphasize the importance of regional
variations in CH4 isotopes, with implications for global inversion modeling studies.
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1. Introduction
Large reductions of greenhouse gas (GHG) emissions to
the atmosphere are required to mitigate ongoing climate

change. The irreversible impacts of a global warming of
more than 1.5�C above preindustrial levels were high-
lighted in a special report from the Intergovernmental
Panel on Climate Change (IPCC, 2018). Limiting this
increase to 1.5�C with a reasonably high probability
requires not only net-zero emissions of carbon dioxide
(CO2) by 2055 but also a reduction of methane (CH4) and
black carbon emissions by 35% or more by 2050, relative
to 2010 (IPCC, 2018). The European Union (EU) recently
incorporated a net-zero emission objective for all GHGs by
2050 (European Green Deal; European Commission,
2019). In 2018, reported GHG emissions by EU countries
(including the United Kingdom) were more than 4 billion
tons CO2 equivalent, with a contribution of 11% from CH4

(European Environment Agency, 2020).
In 2019, the European Green Deal specially mentioned

the necessity to “address the issue of energy-related meth-
ane emissions” (European Commission, 2019). Reported
fugitive emissions from the extraction and handling of
coal, oil, and natural gas were responsible for 12% of the
EU’s total CH4 emissions in 2018 (Crippa et al., 2019). In
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the United States, fugitive CH4 from the natural gas sup-
ply chain was reported to be equivalent to total CO2 emis-
sions generated by its combustion (Alvarez et al., 2018).
This is due to the global warming potential of CH4 being
86 larger than the one of CO2 over a 20 years-time hori-
zon, including carbon cycle feedbacks (IPCC, 2013). An
increased focus on CH4 fugitive emissions is therefore
particularly interesting for efficiently reducing GHG
emissions.

GHG emissions are reported for each country using
bottom-up approach (data-driven inventories), but top-
down studies (atmospheric measurements and modeling)
help verifying these estimates (Saunois et al., 2020).
Romania is the fourth and third largest producer of crude
oil and natural gas in the EU (including the United King-
dom), respectively (British Petroleum, 2020). It is espe-
cially relevant to investigate the CH4 emissions in
Romania as this region is not as well covered by atmo-
spheric measurements than Western Europe (Integrated
Carbon Observation System Research Infrastructure,
2019). The ROmanian Methane Emissions from Oil & gas
(ROMEO) project (Röckmann, 2020) aims to provide
experimental quantification of methane emissions from
oil and gas extraction activities. In this framework, the
present work reports methane isotopic data of atmo-
spheric air samples collected mainly in the Romanian
Plain, a major oil–gas production region in Romania.

As described in more detail below, the measurements
of CH4 isotopic composition (stable C and H isotope
ratios) are widely used to characterize the sources of meth-
ane in atmospheric air samples (Levin et al., 1993; Tara-
sova et al., 2006; Röckmann et al., 2016; Townsend-Small
et al., 2016; Zazzeri et al., 2016; Hoheisel et al., 2019; Lu
et al., 2021), following genetic (thermogenic vs. microbial)
CH4 isotopic categorization (Schoell, 1980; Milkov and
Etiope, 2018). The ethane (C2H6) to methane (C2:C1) ratio
is also frequently used in atmospheric studies (Lopez et al.,
2017; Mielke-Maday et al., 2019; Maazallahi et al., 2020) as
an additional proxy of the gas origin, since thermogenic
and microbial gas have different molecular compositions:
Ethane (as well as higher hydrocarbons) is abundant in
thermogenic reservoirs, with or without oil, and is practi-
cally absent in microbial gas. We note, however, that also
high maturity thermogenic gas can be “dry,” ethane-free
(Schoell, 1983; Milkov and Etiope, 2018), and this may
confuse the genetic attribution of the gas based only on
the lack of ethane. The CH4 isotopic characterization can
be used as tracer for the different sources in atmospheric
transport models and inversions at different scales (Bous-
quet et al., 2006; Monteil et al., 2011; Houweling et al.,
2017; Bergamaschi et al., 2018; Fujita et al., 2020) and
therefore help improving the methane budget. More mea-
surements of CH4 source isotopic composition reduce the
uncertainties in the signatures assigned to the different
sources and to the resulting emission estimates.

The present study combined CH4 isotopic and C2:C1
measurements in atmospheric air samples collected from
aircraft and ground vehicles in different areas in Romania.
From these measurements, we first determine the isotopic
signature of CH4 emissions from oil and gas production in

Romania. Then, we investigate whether we can attribute
CH4 enhancements from aircraft measurements to the oil
and gas extraction activities. Finally, we aim at providing
further insight into formation processes of the fossil fuel
reservoirs exploited in the Romanian Plain, based on both
our results and previous literature.

2. Materials and methods
2.1. Sampling procedure

The samples were taken during measurement surveys
from an aircraft and from vehicles on the ground. The
locations of all CH4 enhancements that were characterized
regarding isotopic compositions and/or C2:C1 ratio are
presented in Figure 1 and summarized in Table 1. An
enhancement describes a noticeable (usually from 100 ppb)
increase in w(CH4) observed on a mobile analyzer. The
target areas include important oil and gas basins and pro-
duction sites in Romania.

We performed in situ measurements from a BN2 aircraft
from the National Institute of Aerospace Research “ELIE
CARAFOLI” (INCAS). Air samples were collected during 10
research flights on 9 days between October 2 and 17, 2019,
over 7 regions of interest. The target areas were covered
following a raster pattern (ca. 5 km width between the
different legs), orientated perpendicular to the wind direc-
tion, and flying generally upwind. An example raster flight
path is shown in Figure S1 of the supplementary material.
The raster was generally flown at an altitude between 100
and 200 m above ground to be able to detect CH4 enhance-
ments from surface sources. We used a cavity ring-down
spectroscopy (CRDS) analyzer onboard the aircraft (GasS-
couter G4302, Picarro, Santa Clara, CA, USA), to detect
concentration elevations for determining when to collect
samples. Unfortunately, due to an instrument malfunction,
the ethane mode of the G4302 instrument was not oper-
ational during the campaign, therefore the instrument only
measured CH4 mole fractions (w(CH4)), at a measurement
frequency of 1 and only operated at strongly reduced pre-
cision (instrument noise on the w(CH4) reading was approx-
imately 200 ppb). Therefore, the CRDS analyzer was not
used for quantification (another instrument was dedicated),
but only to identify zones of CH4 enhancements and sam-
pling, which was still possible for significant enhancements,
despite the reduced precision.

The instrument drew air through a 1/4” o.d. Teflon line
that was connected to an air inlet at the outside, on the
top-left of the cockpit. A 10-m 1/2” o.d. Dekabon tube was
mounted on the outflow of the G4302 analyzer as a buffer
volume. At a flow rate of 2.2 L/min, this volume is flushed
in 15 s, so after a signal was detected by the instrument,
we had about 15 s to decide whether it was significant
enough to take a sample. If so, we diverted the air in
the buffer volume toward the sample receptacle (2 L
Supel™-Inert Multi-Layer Foil sample bags, Sigma-
Aldrich Co. LLC, Saint Louis, USA). In some cases, the
raster pattern of the flights allowed us to cross a zone of
enhanced w(CH4) several times, and we collected several
samples of the same suspected source. A total of 117
samples were taken from 31 CH4 enhancements. The aver-
age background w(CH4) was 1975 ± 33 ppb, and CH4
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mole fraction enhancements ranged from 30 to 300 ppb
above background. We only retained the samples with
more than 60 ppb CH4 above background and obtained
CH4 isotopic signals for 24 source locations.

Ground-based surveys were performed on 16 days
between September 30 and October 19, 2019, targeted
on 6 regions of interest in the Romanian Plain. The 3
ground teams that collected samples for this study trav-
eled by car or truck, measuring CH4 mole fractions using

mobile analyzers (Ultraportable Greenhouse Gas Analyzer,
Los Gatos Research, San Jose, CA, USA; GasScouter G4302
and G2201-i isotopic analysers, Picarro, Santa Clara, CA,
USA; LI-7810 Trace Gas Analyzer, LI-COR, Lincoln, USA;
Dual Laser Trace Gas Monitor, Aerodyne Research Inc.,
Billerica, USA). Once a CH4 enhancement (ca. >200 ppb
above background) was identified, the vehicle stopped
and ambient air was collected in sample bags (2 L
Supel™_¢-Inert Multi-Layer Foil, Sigma-Aldrich Co. LLC,

Figure 1. Target region and sampling locations during the ROmanian Methane Emissions from Oil & Gas
campaign. (a) Overview of target regions where aerial raster flights were performed: P ¼ Prahova, I ¼ Ialomita, Te ¼
Teleorman, O ¼ Olt, D ¼ Dolj, Tr ¼ Transylvania, and M ¼ Moldavia. The reservoir locations were provided by the
National Agency for Mineral Resources (Georgescu, 2019). (b) Zoom on region P and its division in 9 clusters: P1 (with
subcluster P1.1), P2, P3, P4, P5, P6, P7, P8, and P9. Blue squares: Locations of isotopically characterized w(CH4)
anomalies from aircraft (U: unknown source). Green circles: Locations of isotopically characterized w(CH4)
anomalies from ground vehicles. Red circles: Location of ground-based C2:C1 measurements. Yellow triangles:
Previously sampled gas seeps and mud volcanoes (Baciu et al., 2018). © EuroGeographics for the administrative
boundaries, OpenStreetMap contributors for the map image. DOI: https://doi.org/10.1525/elementa.2021.000092.f1
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St. Louis, MO, USA; 3 L FlexFoil PLUS, SKC Inc., Eighty
Four, PA, USA). One to three samples were taken for each
w(CH4) anomaly, and 1 or 2 background samples were
taken every survey day, in each region. A total of 161
samples were taken during ground surveys from 84 dif-
ferent sites.

Measurements of ethane and methane were performed
in two vehicles during ground surveys. The surveys were
performed on 16 days from October 1 to 18, 2019. In 1 car,
a second G4302 instrument sampled air through a 1/2”
o.d. teflon tube from the roof top of a car and continu-
ously measured CH4 and C2H6 at a frequency of about 1
Hz and a flow rate of 2.2 L/min. The noise was approxi-
mately 100 and 15 ppb around background level for CH4

and C2H6, respectively. The instrument was installed on
the back seat of the vehicle, running either on an internal
battery or an external battery supply. The instrument con-
nected to a tablet via Wi-Fi, on which the measured mole
fractions were displayed with a delay of 5 s.

The second vehicle was equipped with a Dual Laser
Trace Gas Monitor, based on a tunable infrared laser direct

absorption spectroscopy using a combined quantum cas-
cade laser and interband cascade laser (Aerodyne Research
Inc., Billerica, MA, USA). Air was sampled through an RVS
central inlet at the front of the trailer with a diameter of
60 mm at 3-m height, from which a 1/4” polyethylene
tube goes to the instrument. CH4 and C2H6 were mea-
sured continuously at a frequency of 1 Hz, with a flow
rate of 6 L/min and a precision of 2.4 and 0.1 ppb, respec-
tively. Precision is here reported as 3 times the standard
deviation of 6-min constant concentration reading. The
instrument was installed in the trailer, which was facili-
tated with infrastructure for electricity, a battery pack to
run the mobile laboratory for 24 h, a router, and an air
inlet. While driving, the measurements were displayed on
a laptop, connected via Wi-Fi to the instrument with
a delay of 5 s.

2.2. Isotope measurements

All samples were measured for w(CH4), d
13C, and d2H in CH4

at the Institute for Marine and Atmospheric Research
Utrecht (IMAU) between October 8 and December 17,
2019. The analytical system is described in detail in Röck-
mann et al. (2016). The procedure is based on the extraction
of CH4 from the other air components, followed by its con-
version into CO2 or H2 before isotope measurement using
isotopic ratio mass spectrometry (IRMS). Measurements of
d13C or d2H were performed separately, using 10–60 mL of
sample air, depending on the CH4 content. Each isotope
measurement also returns a w(CH4) value, because the signal
intensity is proportional to the amount of extracted CH4.
The system allows to process samples with w(CH4) in the
same order of magnitude as ambient air. Some higher con-
centration samples were diluted with pure N2 prior to mea-
surement. Each sample was measured 2–4 times for both
d13C and d2H, leading to an average uncertainty of 0.069
and 1.4 ‰, respectively, and of 5 ppb for w(CH4).

All reported isotopic values are relative to international
reference materials: Vienna Pee Dee Belmnite (V-PDB) for
d13C and Vienna Standard Mean Ocean Water (V-SMOW)
for d2H. To do so, the sample measurements were alter-
nated with a reference cylinder of ambient air, containing
1970.0 ppb CH4 with d13C¼ –48.072 (±0.0261)‰ V-PDB
and d2H ¼ –88.311 (±0.3371) ‰ V-SMOW. The mole
fractions were determined after measurements with
a G2301 Gas Concentration Analyzer, Picarro, Santa Clara,
CA, USA (precision at 5 min < 0.22 ppb). To calibrate the
reference cylinder against the international scale for iso-
tope ratios, it was measured repetitively (20 times) in the
IMAU lab, against 2 other gases previously measured at
the Max Planck Institute in Jena, Germany (Sperlich et al.,
2016). The calibration of the reference gas was done in
September 2019.

2.3. Data analysis

2.3.1. Calculation of isotopic source signatures

The Keeling (1958) plot method was applied to the isoto-
pic data of each sampled w(CH4) anomaly. It is a mass

Table 1. Overview and nomenclature of the target regions
where methane isotopic signatures and C2:C1 ratios were
determined and the number of source characterizations
per region. DOI: https://doi.org/10.1525/elementa.2021.
000092.t1

CH4 Isotopic
Signatures

C2H6:CH4

Ratios

Region
Name

Region
ID

Raster
Flights

Ground
Surveys

Ground
Surveys

Prahova P1 8 (4 þ 4)a 14 81

P2 13 30

P3 3

P4 2 118

P5 5 29

P6 34

P7 28

P8 33

P9 15

Teleorman Te1 1 4

Te2 5 17

Ialomita I 3 8 39

Dolj D 11

Olt O 6 3

Transylvania Tr 3

Moldavia M 1

Others 2 3

Total 24 83 412

aFrom separate flights in the west and in the east (Figure 1).

1. Standard error of the mean.
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balance approach used to derive the isotopic signature of
an emission source, which is added to a stable back-
ground. This translates to the following expressions:

dm ¼ cbg � ðdbg � dSÞð1=cmÞ þ dS ; ð1Þ

where c is the mole fraction and d is the isotopic signature
(d13C or d2H) of background (bg), source (S), or measured
(m) CH4. Thus, the source isotopic signature (dS) is given
by the y-intercept of the regression line, when plotting dm
against 1/cm.

A prerequisite for this approach is that the background
mole fractions and the isotopic values of background and
source are stable over the sampling time period of each
peak. To account for potential changes in the background
CH4 from 1 day and region to another, a sample of back-
ground air was taken for each measurement day and area.
We assumed a stable background for each location, given
that we used the background sampled on the same day
and in the same region in each of the plots. In order to
confirm that variations in the background do not cause
significant biases, we also evaluated our results using the
Miller–Tans method (Miller and Tans, 2003), which is suit-
able for calculating isotopic source signatures with a vary-
ing background, and found very similar source signatures.

For all linear regressions, the orthogonal distance
regression (Boggs and Rogers, 1990) fitting method was
used.

2.3.2. Calculation of C2:C1 ratios

CH4 and C2H6 data were extracted from the in situ
measurements from two survey vehicles when we
detected significant CH4 enhancements in the vicinity
of oil and gas facility locations reported by the regional
operator. For each of these locations, we determined
C2:C1 ratios from the slope of the linear regression
between w(C2H6) and w(CH4) measured values when
a minimum excess threshold for CH4 of 100 ppb above
background was exceeded. C2:C1 ratios smaller than
0.0004 were set to 0.

2.3.3. Definition and classification of CH4 sources

Methane origin is generally biotic (Hunt, 1996; Clayton,
2005), including (1) thermal degradation of organic mat-
ter in sedimentary rocks (thermogenic gas), (2) metabolic
reactions by certain microorganisms (microbial gas), and
(3) biomass burning (pyrogenic gas). In some geological
environments, methane can also be generated by chemi-
cal reactions in the absence of organic matter (abiotic
gas; Etiope and Sherwood Lollar, 2013; Etiope, 2017).
Microbial gas generated in sedimentary rocks in petro-
leum systems is fossil (radiocarbon-free), so as thermo-
genic gas, and can also be categorized as “geological
methane.” Modern microbial gas is generated in surface
ecosystems (wetlands, marshes, rice paddies, etc.) and by
animal enteric fermentation; this category is mostly
referred to as “biological methane” (Schoell, 1983).
Microbial CH4 generation may follow 2 metabolic path-
ways, methyl-type fermentation (anaerobic enteric fer-
mentation, and to a larger extent in continental

deposits and freshwater) and CO2 reduction (preferred
pathway in marine environments; Whiticar, 1999).

Geological hydrocarbon gases can be “wet” or “dry,”
indicating the presence or absence of C2þ alkanes
(Etiope, 2017). Alkanes are generally present in thermo-
genic systems, with or without oil (liquid phase). Geolog-
ical gas composition and CH4 isotope ratios are generally
used to assess the origin of oil and gas associated meth-
ane. Milkov and Etiope (2018) compiled a global inventory
of molecular and isotopic composition of natural gas from
petroleum source rocks, reservoirs, and surface seeps and
assessed the ranges of several variables corresponding to
the various gas origins.

Natural gas is generally composed of a majority of CH4

(>70%), with C2H6 (1%–10%), along with heavier hydro-
carbons (until C5–C9) in smaller amounts and traces of
inorganic gases (Hunt, 1996; Clayton, 2005; Etiope,
2017). The relative ratios of these compounds in the emit-
ted gas provide information on its origin. The ratio of
methane (C1) over ethane (C2) plus propane (C3) is referred
as Bernard ratio or C1/(C2þC3) (Bernard et al., 1976).
Although we did not measure C3, the C2:C1 ratios already
provide constraints on the Bernard ratio values. In addi-
tion, our new measurements were supplemented by data
provided by the local oil and gas operator or the published
literature. The operator provided hydrocarbon measure-
ments at 14 sites, and Bernard ratios from another 13 sites
were obtained from Filipescu and Huma (1979). Only 5
locations from these data sets are within our target
regions and are compared with our measurements using
figures 7 and 8 in Milkov and Etiope (2018). The operator
also provided a classification of the oil density for the
reservoirs we visited during our study.

It is important to consider that there are no published
data on the CH4 isotopic composition of natural gas from
oil and gas production in Romania; the only available
isotopic data are from gas seeps in the Transylvanian
(microbial gas) and Carpathian (thermogenic gas) basins,
reported by Baciu et al. (2008), Etiope et al. (2009), Etiope
et al. (2009a), and Baciu et al. (2018).We will compare our
results also with these published signatures.

In thermogenic deposits, an increase in d13C and d2H in
CH4 is correlated with the maturity of the source rocks
(degree of degradation of organic matter; Schoell, 1980).
Regarding the hydrocarbon composition, C2þ content ini-
tially increases from low maturity (wet gas, associated with
oil), evolving into a drier gas, with less or no C2þ hydro-
carbons at high maturity. Microbially formed CH4 is also
dry and contains little or no C2þ hydrocarbons, but is
significantly more depleted in 13C, and generally occurs
in shallower deposits (Rice and Claypool, 1981; Whiticar,
1999). While mixing of different gases can change the
isotopic CH4 composition of the original end members,
gas migration among reservoirs and to the surface, being
substantially advective, does not modify the isotopic CH4

ratio. Migration can, however, modify the C1:C2þ ratio,
through molecular fractionation (Etiope et al., 2009). This
hypothesis will be discussed in relation with our results
and interpretation.
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3. Results and interpretation of ground
measurements
3.1. Overview of results

The isotopic source signatures at 83 locations related to
oil and gas production are shown in Figure 2. One addi-
tional location was characterized: CH4 enhancements
from cattle grazing in an open field. The isotopic signals
related to fossil fuel operations range between –67.8 and
–22.4 ‰ V-PDB for d13C and from –259 to –138 ‰ V-
SMOW for d2H. The distinction between geological gas
emissions and modern microbial sources is possible
through the d2H signatures: While d13C values are similar
for modern and fossil microbial gas, the d2H values are
generally lower for modern gas, which derives from fer-
mentation pathway (Figure 2a). Although sampled at dif-
ferent locations (Figure 1), there is a good agreement
between our results and the literature values from Baciu
et al. (2018), who mainly sampled natural gas seeps in
north Buzu, Vrancea, Gorj, and in Transylvania (d13C from
–67.4 to –29.0 ‰ V-PDB and d2H from –228 to –145 ‰
V-SMOW; Figure 2a and b).

C2:C1 ratios were obtained at 412 facilities, including
340 oil and 62 gas production facilities. Results for all
sites are presented in Figures 2c and S2. Commonly used
natural gas classification distinguishes between wet gas
(C2:C1 > 0.1), thermogenic dry gas (C2:C1 < 0.1), and

microbial dry gas (C2:C1 < 0.001; Clayton, 2005; Etiope,
2017). All C2:C1 ratios ranged from 0 to 0.91, therefore
representing different types of natural gas, without a clear
distinction between oil and gas production sites.

In Figure 3, we classified the ground surface d13C iso-
topic signals depending on the exploitation of oil or gas,
as reported by the operator for each site. We compare
them with signatures observed from leaks in the natural
gas distribution network and ruminants that we also sam-
pled during our campaign. The d13C of the natural gas
from the network falls in the range of most sampled gas
extraction facilities (in regions D, I, and P2). The d13C from
the ruminants (–61.6 ± 0.4 ‰) falls in the same range of
values, which are typical of microbial CH4 formation. The
most depleted d13C signals measured at oil wells, with
values < –50 ‰ V-PDB, can occur in the case of very early
mature thermogenic formations, when thermogenic gas is
mixed with adjacent microbial formations or when sec-
ondary microbial CH4 is produced. The distinction shown
in Figure 3 is further discussed below, along with the
analysis of the data from the different regions.

3.2. Analysis per region

We can distinguish the CH4 isotopic signatures from the
different geographical clusters we covered; our results for
each of them are shown in Figure 4. The C2:C1 ratios are
not available for the exact same locations than the CH4

isotopic signatures because they were obtained by differ-
ent survey teams, but we can compare them on the cluster

Figure 2. Dual isotope plots of the isotopic source signatures and C2:C1 ratios. (a) Isotopic signatures from flight
samples (squares, n ¼ 24), including above Transylvania (yellow squares) and ground samples around oil (circles, n ¼
57) and gas (diamonds, n ¼ 17)-related facilities. Additional samples were taken from gas leaks (red diamonds, n ¼ 2)
and ruminants (green triangle, n ¼ 1). Values are compared with isotopic ranges from literature on Romanian
geological sources (dotted black line; Baciu et al., 2018) and from natural gas formation pathways as in Milkov
and Etiope (2018). MC ¼ microbial CO2 reduction; MF ¼ microbial fermentation; MS ¼ secondary microbial; TH
¼ thermogenic; AB ¼ abiotic. The ambient value is an average from the flight samples with w(CH4) < 2000 ppb (n ¼
10). (b) Same data, now overlain with reported source signature ranges from the literature (Sherwood et al., 2017). FF
¼ fossil fuel; BB ¼ biomass burning; WST ¼ waste; AGR ¼ agriculture. (c) C2:C1 ratios per type of source as classified
by the operator (oil productions sites, n ¼ 340; gas production sites, n ¼ 62; other2 sites, n ¼ 82), compared to typical
ranges in CH4 from M ¼ microbial, TD ¼ thermogenic dry, and TW ¼ thermogenic wet gas. DOI: https://doi.org/
10.1525/elementa.2021.000092.f2

2. Includes disposal injection, power generator, and other.
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Figure 3. d13C in CH4 source signatures from surface samples. Histogram of d13C-CH4 source signatures from
samples around oil and gas facilities, compared with other sampled source signatures. Gas leaks (red points) were
sampled from a leaky pipeline along a rural road (area P2, 44.949135� N, 25.77005� E) and in a residential area
(Filipeştii de Târg, area P2, 44.963822� N, 25.794138� E). Ruminants (green point) were sampled in a grass field in
region Te2 (44.362855� N, 25.321468� E). Values specified on the vertical lines are the means of each gas and oil
extraction data and the mean of two modes of the oil extraction data. DOI: https://doi.org/10.1525/
elementa.2021.000092.f3

Figure 4. Distribution of all CH4 isotopic composition results determined from ground samples per cluster.
(a) C2:C1 ratios derived from all CH4 enhancements measured when driving in clusters of oil and gas extraction
activities. (b) d13C-CH4 and (c) d2H-CH4 isotopic source signatures of CH4 enhancements sampled with the survey
vehicles in the targeted clusters. DOI: https://doi.org/10.1525/elementa.2021.000092.f4
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scale. The geographical distribution of the isotopic signa-
tures and C2:C1 ratios is shown in the supplementary
material (Figure S2). We evaluated the clusters with coin-
ciding measurements of isotopic and C2:C1 ratios in Fig-
ure 5. Because we measured only ethane and methane (C2
and C1), we only report maximal values of Bernard ratios.

Additional measurements from the regional operator
and the literature allowed to characterize the CH4 forma-
tion processes in the different oil or gas reservoirs in more
detail. All the complementary data are presented in the
supplementary material (Table S1, Figures S1, S3, and S4).

Most samples were collected in the district of Prahova
(region P). The ranges of isotopic values and C2:C1 ratios in
the clusters P1, P2, and P4 are very wide, which corre-
sponds to a heterogenous thermal maturity of the oil
reservoirs that are being processed there (Figure 4). Sim-
ilar heterogeneity is also found in the clusters P6 and P7,
showing C2:C1 ratios from 0.0021 to 0.61. However, we
identified four clusters with comparatively consistent
results:

� P2: d13C values < –59 ‰ were measured around
two natural gas facilities of the area. Five w(CH4)
enhancements near gas wells were measured in
cluster P2, with C2:C1 < 0.002. Such values pro-
vide evidence for the presence of natural gas of
microbial origin (Figure 5). Nearby oil extraction
facilities in region P2 have higher C2:C1 ratios,

and higher d13C-CH4 values, typical for associated
gas of thermogenic origin (Figure 5). Our mea-
surements support the presence of multiple ori-
gins of the fossil fuel deposits in this cluster.

� P5: The hilly region east of Târgovişte (labelled
P5) hosts a cluster of oil extraction facilities with
well-defined isotopic composition of the emitted
gas: d13C between –50.6 and –37.3‰ V-PDB, d2H
between –251 and –199 ‰ V-SMOW. The rela-
tively high C2:C1, between 0.056 and 0.37, con-
firms the presence of only wet thermogenic gas in
the exploited reservoir.

� P9: This cluster displays the highest CH4

enhancements (w(CH4) > 106 ppb) with particu-
larly enriched and highly consistent isotopic sig-
nals from oil installations (n ¼ 16): average d13C
¼ –36.8 ± 2.2 ‰ and d2H ¼ –160 ± 10 ‰. No
other gas composition measurements was made
in this region.

� P1.1: In this subregion of P1, the isotopic signa-
tures suggest an intermediate maturity thermo-
genic or secondary microbial formation (d13C
from –51.0 to –41.4 ‰ and d2H from –221 to –
185 ‰; Figure S4). We obtained C2:C1 values >
0.02 for most locations in this cluster (41 of 45),
indicating a relatively large ethane proportion
(Bernard ratio < 50). These locations were nearby
oil extraction and production facilities, which
confirm the presence of wet gas of thermogenic
origin (Figure 5). A Bernard ratio of 11.9 was
reported by the operator for an installation 10 km
away from this cluster. Subsurface measurements
within the cluster (Filipescu and Huma, 1979)
show a reservoir of oil with Bernard ratios from 9
to 18 at ca. 2,000-m depth, also consistent with
our surface measurements. Therefore, most
deposits in this region are likely from thermo-
genic CH4 formation, but can also be of secondary
microbial origin.

The CH4 isotopic signatures we measured in the Dolj
and Ialomita districts (regions D and I) are well defined
(Figure 4), with relatively enriched d2H and depleted d13C,
especially in Dolj. In this region, all facilities are associated
with gas and condensed gas extraction plants. The same is
true for the facilities with the lowest d13C values sampled
in Ialomita. The d13C-CH4 signatures we obtained were
< –57 ‰ for 11 of the 12 sampled locations in these two
regions. Values of d13C < –60 ‰ suggest the presence of
dry gas with microbial origin (CO2 reduction pathway), as
it is found in Transylvania (see the results of aircraft sam-
ples). Additional data support the hypothesis of the micro-
bial origin of the extracted natural gas in regions in Dolj
and Ialomita:

� Dolj (D): For a borehole southeast of Craiova,
Filipescu and Huma (1979) mentioned shallow
deposits of dry gas (ca. 30 km from the sampled
sites, 200- to 300-m deep), with Bernard ratios
> 3,000. This would confirm the presence of large

Figure 5. Bernard plot of the measurement results
aggregated per cluster. Maximal Bernard ratio values
with respect to d13C-CH4 source signatures from
measurements in the same clusters, around oil (circles)
and gas (diamonds) facilities. Values are compared with
genetic ranges from Milkov and Etiope (2018). MC ¼
microbial CO2 reduction; MF ¼ microbial fermentation;
MS ¼ secondary microbial; TH ¼ thermogenic; AB ¼
abiotic. The geographical locations of each clusters are
shown in Figures 1 and 4. DOI: https://doi.org/
10.1525/elementa.2021.000092.f5
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microbial gas reservoirs, in this region of major
natural gas production.

� Ialomita (I): Some facilities in Ialomita are related
to oil extraction, from where we sampled CH4

with isotopic signatures showing a thermogenic
origin. The distinction with gas facilities is con-
firmed by the C2:C1 results of this cluster: The
values range from 0 to 0.76, with C2:C1 from 0 to
0.002 only found around gas installations and
the higher ratios found around oil installations
(Figure 5). Filipescu and Huma (1979) reported
a vertical gas composition profile in the vicinity
of the cluster where we carried out measure-
ments, nearby the sampled cluster showing the
presence of dry gas overlying associated gas with
increasing C2 and C3 content (Bernard ratios of
ca. 376 and 76 at –1,200 and –2,000 m, respec-
tively). The gas sampled by the operator likely
corresponds to this deeper layer of associated gas
(Bernard ratio of 47). Thus, we conclude on
microbial dry gas overlying oil deposits from our
measurements in Ialomita; and this hypothesis
matches the gas composition data.

The Teleorman region (Te) can be divided into west and
east subareas (respectively, Te1 and Te2), separated by the
river Teleorman, based on the isotopic signatures:

� Te1: This subcluster is characterized by the
heaviest isotopic signatures found in this study,
sampled around both oil and gas extraction
facilities (n ¼ 4): average d13C ¼ –28.1 ± 4.2 and
d2H ¼ –149 ± 11 ‰ (Figure 4). These values
correspond to very late maturity thermogenic gas
(Figure 2a). The Bernard ratio reported by the
operator for a close-by facility is between the
values reported in Filipescu and Huma (1979),
from associated gas at two different depths. Fili-
pescu and Huma (1979) also reported the pres-
ence of nonassociated gas in the deepest layers
(>2,000 m below surface), with a Bernard ratio of
452. Therefore, the facilities we sampled are
likely to reach the deepest formations of high
maturity deposits, at the stage where dry gas
formation starts to occur.

� Te2: CH4 from oil wells (n ¼ 5) was more isoto-
pically depleted, especially in 13C: average d13C ¼
–54.6 ± 4.4 ‰ and d2H ¼ –199 ± 6 ‰
(Figure 4). This suggests an intermediate maturity
thermogenic, secondary microbial, or mixed (with
primary microbial gas) origin of the CH4. The ori-
gin cannot be further constrained by the large
range of measured C2:C1 ratios (Figure 5). Low
d13C values (–58 ‰ and lower) usually indicate
microbial CH4 and were measured at two oil wells.
C2:C1 ratios from our surface measurements indi-
cate relatively low ethane amounts (values from
0 to 0.08, n ¼ 17), in agreement with Bernard
ratios between 10 and 300 reported for one
facility in the region by Filipescu and Huma

(1979). However, the values reflect a certain het-
erogeneity, confirmed by the variations in d13C by
up to 10 ‰, and the presence of different densi-
ties in the oil deposits: from medium to heavy,
compared to only light deposits in Te1. Here, the
hypothesis of mixed gas origins is the most likely,
including the presence of microbial dry CH4

reservoirs alongside wet gas reservoirs.

4. Results and interpretation of aircraft
measurements
4.1. Isotopic signals from aircraft samples

Although the w(CH4) excess above background was much
lower than what was observed by the surface vehicles, we
could characterize the isotopic source signals of 24 loca-
tions. The Keeling plots were rejected if:

� (1) the excess w(CH4) above background was
<60 ppb (based on IRMS measurements), and

� (2) the r2 of the regression fit was <0.5 for d13C
and d2H.

All accepted Keeling plots are available in the Supple-
mentary Material (Figure S5), as well as the resulting
source signals (Table S2).

The map in Figure 6 shows the resulting isotopic sig-
natures of the w(CH4) anomalies sampled from the air-
craft. They are compared with typical ranges of CH4

isotopic source signatures in Figure 4. d13C ranged from
–64.6 to –35.8 ‰ V-PDB, and d2H from –404 to –127 ‰
V-SMOW, and the majority of them correspond to the
emissions from fossil fuel extraction (Figure 2b). Based
on the wind direction for each flight day and of the
recorded altitudes, we could link 18 CH4 enhancements
to underlying oil and gas extraction facilities and 6 to
“unknown sources” (Figures 2 and 6). The CH4 enhance-
ments of unknown origin sampled in the aircraft had the
most depleted isotopic values: d13C between –64.6 and –
54.9 ‰ and d2H between –404 and –239 ‰ and were
generally observed at higher altitudes (up to 2,000 m
above ground, Table S2) and outside the oil and gas pro-
duction clusters. These isotope ranges correspond to CH4

from microbial fermentation processes (Figure 2), there-
fore likely coming from agriculture activities, waste man-
agement, or natural wetlands. The CH4 enhancements
could, for example, be advected from densely populated
areas (urban) or large agriculture facilities. Waste and
agriculture emissions of biogenic origin account for
33% and 40%, respectively, of the 2015 CH4 anthropo-
genic emissions in Romania (Crippa et al., 2019). In com-
parison, fossil fuels fugitive emissions were estimated at
21%. Measurements carried out in the city of Bucharest
(Fernandez et al., 2022) showed that biogenic emissions,
especially from urban wastewater, were surprisingly
widespread, much more than in other European cities.

Most other isotopic signals determined on samples col-
lected from the aircraft were in the range of signatures
sampled from the oil and gas extraction facilities on the
ground (Figure 2). Without considering the CH4 enhance-
ments of unknown origins, the average d2H signal was
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–196 ‰ V-SMOW. Most of the emissions from oil and gas
facilities we characterized from ground sampling are in
the Prahova region. It is also the area where most samples
were taken from the aircraft, because of the location of the
airfield. However, the wind often advected emissions from
region O (Figure 7), where very few ground measure-
ments were made. The relative enrichment in deuterium

isotopes in the samples from the aircraft confirms the
fossil fuel origin of the responsible CH4 emissions.

The three w(CH4) anomalies observed above Transylva-
nia show relatively low d13C values ( –63.2 ± 0.1, –62.3 ±
1.3, and –58.2 ± 1.3 ‰), typical of microbial CH4 gas
(Figure 2a), and d2H of –273 ± 26, –223 ± 20 and –
188 ± 13‰. d2H values >–250‰ are typical for the CO2

Figure 6. Isotopic signals derived from aircraft samples. Results of CH4 isotopic source signals for all
enhancements sampled from the aircraft, related to oil and gas extraction activities or from unknown sources (U).
(a) d2H in CH4. (b) d

13C in CH4. DOI: https://doi.org/10.1525/elementa.2021.000092.f6

Figure 7. Isotopic signals from the aircraft linked with the ones from the ground surface. Isotopic source
signatures determined from aircraft samples (squares) and the suspected emission sources sampled from the ground
(circles), when the wind directions (arrows) were matching: in west of Teleorman (Te, dark blue), north of Prahova (P,
red), and Ialomita (I, green). No clear agreement was found in north of Prahova (P9, yellow), Olt and east of Teleorman
(O and Te, wite). Note that the wind direction is irrelevant in Ialomita because the aircraft circled around the facility
cluster during the sampling. The reservoir locations were provided by the National Agency for Mineral Resources
(Georgescu, 2019). The isotopic signals are shown on a dual isotope plot (bottom-right) with isotopic ranges of
geological formation pathways from Milkov and Etiope (2018). DOI: https://doi.org/10.1525/
elementa.2021.000092.f7
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reduction pathway rather than fermentation (Milkov and
Etiope, 2018) and are consistent with the isotopic data
reported for gas seeps in the same basin (Baciu et al.,
2018). Therefore, we likely sampled CH4 sources of micro-
bially formed natural gas reservoirs at the two locations
with d2H > –250 ‰. This is confirmed by the relatively
depleted d13C values that we also found in natural gas leaks
sampled on the ground. The presence of microbial gas
reservoirs in Transylvania has been documented, for exam-
ple, by Filipescu and Huma (1979), Pawlewicz (2005), and
Baciu et al. (2018). The CH4 source of the third enhance-
ment intercepted by the aircraft is more likely to be from
agriculture or waste from urban settlements in the area.

Figure 7 shows the CH4 enhancements sampled from
the aircraft that we could link to emissions sampled from
the ground based on the wind directions. In Te1 and
I regions, the isotopic signal from the aircraft compares
well with signatures from the oil installations below, and
we can confidently identify the oil and gas activities in the
underlying clusters as the source of the CH4 enhance-
ments observed from the aircraft. The distinct isotopic
signatures measured in region Te1 (relatively enriched in
heavy isotopes; see results from ground surface samples)
are also found in the aircraft samples (Figure 7). In Pra-
hova, we show the results of 2 of 8 CH4 enhancements
observed from the aircraft, where the wind clearly came
from clusters of oil and gas installations where we also
sampled on the ground. Also here, the isotopic signals
derived from the aircraft samples agree fall in the range
of the ones observed at the ground, although this is
a region with heterogenous isotopic signatures, which
makes it difficult to precisely link a specific cluster to the
isotopic signals from the aircraft (Figure 7).

The largest w(CH4) anomalies observed from the air-
craft were when flying above Ialomita, with values of
300 and 400 ppb above background. The underlying oil
and gas cluster was visited several times by ground vehi-
cles. The two locations with the lowest d13C (–60.9 ±
0.032 and –67.8 ± 1.18‰) correspond to gas installations
and the others are oil wells or processing plants. The CH4

enhancements observed from the aircraft likely originate
from a specific processing plant (oil deposit, gas compres-
sion, and others) that was circled at low altitude. This
facility was sampled two times from the ground with
d13C values of –48.5 ± 0.45 and –56.5 ± 0.13 ‰. The
d13C signals from the aircraft are in a similar range: –57.0
± 0.22 and –51.4 ± 0.17 ‰. The range of isotopic values
from this particular site suggests the presence of several
CH4 sources, reflecting the different activities (storage,
extraction, and gas recovery) and potential temporal var-
iability (discussed in Section 5).

4.2. Implications of the aircraft results

CH4 enhancements were observed during each raster
flight above the target areas (Figure 1), which include
dense clusters of oil and gas installations. The isotopic
signatures confirmed that the sampled emissions origi-
nate from the underlying oil and gas extraction activities.
The total emissions from fossil fuel extraction clusters can
be estimated from aircraft measurements, for example,

using a mass balance approach (Hiller et al., 2014; Karion
et al., 2015; Peischl et al., 2016; Schwietzke et al., 2017;
Fiehn et al., 2020). Top-down approaches often rely on the
use of regional-scale transport models in order to evaluate
reported emission inventories (Xiao et al., 2008; Henne et
al., 2016). Information on the CH4 isotopic signatures of
the observed enhancements from the aircraft can be used
for source attribution (Fisher et al., 2017), to constrain the
measurement-based quantifications, and to verify model
simulations on the origin of the emissions.

Previous studies used CH4 isotopic source signatures to
constrain the CH4 budget globally (Schaefer et al., 2016;
Schwietzke et al., 2016; Worden et al., 2017) and regionally
(Röckmann et al., 2016; Bergamaschi et al., 2018; Menoud
et al., 2020a). Mean isotopic values assigned to fossil fuel
related emissions in the literature range between –37 and
–44 ‰ for d13C-CH4 (Schaefer et al., 2016; Schwietzke et
al., 2016; Worden et al., 2017; Menoud et al., 2020b), and
around –175‰ for d2H-CH4 (Lu et al., 2021; Menoud et al.,
2021), the latter being based on a substantially smaller
sample size. For the specific case of the Romanian Plain,
we suggest the use of average values from aircraft measure-
ments made in this study: d13C ¼ –49.7 ± 6.4 ‰ and d2H
¼ –189 ± 38 ‰, from identified, mainly oil-related, fossil
fuel activities. The average values from ground measure-
ments around fossil fuel production sites in this study are
d13C ¼ –46.0 ± 11.2 ‰ and d2H ¼ –188 ± 28 ‰, and
within the range of uncertainty of the aircraft values.

The average isotopic signatures from our study do not
take into account emissions from the production of nat-
ural gas in Transylvania and the distribution network.
From the flight covering part of Transylvania, we found
more depleted d13C signatures than in the Romanian
Plain, but we didn’t collect data on CH4 emissions samples
on the ground. Regarding the gas network, Fernandez
et al. (2022) measured significant emissions in Bucharest
and with also a relatively depleted d13C isotopic signature
(confirmed by our measurements of two gas leaks;
Figure 3). Therefore, the d13C value for CH4 emissions
from all fossil fuel activities in Romania is likely to be
lower than the –49.7 ‰ suggested above and further
different to the global values commonly assigned.

The w(CH4) anomalies we observed from the aircraft
were not all related to emissions from the oil and gas
sector. The samples of “unknown” origin we collected from
the aircraft, and 1 sample above Transylvania, had a dis-
tinct isotopic signal, with d2H < –250 ‰, that corre-
sponds to CH4 of microbial fermentation origin (Figure
2). Indeed, there are many other sources of CH4 emissions
in Romania. According to the EDGAR v5.0 inventory
(Crippa et al., 2019), the main anthropogenic CH4 sources
in Romania in 2015 were the agriculture sector (40% of
total emissions, including manure management) and
waste management (33% of total emissions). Microbial
fermentation can also occur in stagnant freshwater; there-
fore, lakes, swamps, and bogs are potential natural
sources, in addition to the well-established natural gas
seeps and mud volcanoes (Etiope et al., 2011). Future
measurements could be targeted at constraining emis-
sions from nonfossil fuel sources.
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5. Uncertainties and limitations
Schwietzke et al. (2017) emphasized the influence of epi-
sodic release from fossil fuel extraction or processing sites
on atmospheric measurements. In this study, this was illus-
trated by the 2 flights performed over Ialomita (region I; on
October 11 and 14, 2019), where the emissions very likely
originated from the same facility that was circled by the
aircraft (Figure 7). The isotopic signatures were d13C ¼ –
57.0 ± 0.22‰ and d2H ¼ –131 ± 15‰ on the 11th, and
d13C ¼ –51.4 ± 0.17 ‰ and d2H ¼ –176 ± 14 ‰ on the
14th. The results are statistically different, which reflects the
diversity of releases, even from 1 localized facility. To eval-
uate the emissions from our target regions more precisely,
it is necessary to combine data from several flights per-
formed on several days and at different seasons.

The ground surface results show that we can determine
the origin of emitted natural gas based on CH4 isotopic
measurements at the surface. Whereas the signatures in
some clusters show consistent signatures, results from
other regions were very heterogenous (P1, P2, and P4;
Figure 4). The C2:C1 ratios we measured are generally in
agreement with the CH4 isotopic signatures. To support
our conclusions, further measurements at the extraction
and processing facilities would be beneficial, not only for
gathering more data on the hydrocarbon composition but
also to account for the different types of emissions that
come from one facility. Cardoso-Saldaña et al. (2021)
showed that the C2:C1 ratios are generally higher in stor-
age tank emissions. There are also variations in the CH4

emissions of a facility because of the presence of different
sources, for example, storage tanks do not emit continu-
ously. Our approach of measuring the CH4 enhancements
downwind of the facilities is sensitive to the variations in
sources and their composition.

The analysis of other variables, especially total hydro-
carbon contents, CO2 contents, and the isotopic composi-
tion of CO2 and C2H6 (Milkov, 2011; Milkov and Etiope,
2018), could help to further reduce the uncertainties in
the origin of the gas emissions we investigated here. Nev-
ertheless, we showed that atmospheric measurements
allowed to draw conclusions on the geological origin of
exploited gas reservoirs in the subsurface.

6. Conclusion
As part of the ROMEO project, we characterized CH4 emis-
sions from 83 oil and gas production sites for source
isotopic signatures and 412 for C2:C1 ratios. The d13C and
d2H isotopic signatures were also determined at 24 loca-
tions sampled from an aircraft. Our data show that over
the target areas, most CH4 significant enhancements that
were encountered originated from the underlying oil and
gas production activities. Thus, CH4 emissions from oil and
gas extraction activities are the main emission source for
such large point sources within our target areas. The CH4

isotopic composition over a certain area can sometimes be
heterogeneous, but the distinction from other source cate-
gories than from oil and gas was still possible. This possi-
bility of source attribution will support the quantitative
interpretation of top-down emission estimates based on

high-precision methane measurements that were also car-
ried out on these and other flights in the same region.

Our results allow to characterize the origin of natural
gas in several regions from atmospheric measurements.
Both isotopic signatures and C2:C1 ratios indicated that
most visited sites, related to oil production, emitted ther-
mogenic gas.We also identified some microbial reservoirs,
especially around gas production sites. New findings
include the presence of microbial gas in at least four
production areas of the Romanian Plain, located in the
counties of Prahova, Ialomita, Dolj, and Teleorman. We
also confirmed the presence of microbial, CH4 emissions
due to the production of natural gas in Transylvania.

The average isotopic signatures for CH4 emissions from
fossil fuel production over the Romanian Plain were –49.7
± 6.4 ‰ V-PDB for d13C and –189 ± 38 ‰ V-SMOW for
d2H, based on the measurements from the aircraft. The d13C
value possibly overestimates the average d13C from fossil
fuel activities in the whole country of Romania because it
does not include emissions from natural gas production in
Transylvania but is already lower than commonly used
values for global fossil fuel emissions (Schwietzke et al.,
2016). The global database of gas composition data made
by Sherwood et al. (2017) did not include measurements
made in Romania. Yet it is not the only place with relatively
depleted d13C-CH4 values in geological deposits: The data-
base as well as recently published studies (Zazzeri et al.,
2016; Lu et al., 2021) reported d13C values < –60 ‰ V-
PDB in emitted CH4 from coal or conventional gas exploi-
tation in the United States, Australia, Poland, Japan, and
other countries. Therefore, it is crucial to take into account
the geographical variability of isotopic signatures when they
are used to constrain the global or regional CH4 budget.
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H, Schmidt, M, Korbeń, P. 2020. Estimating CH4,
CO2, and CO emissions from coal mining and indus-
trial activities in the upper Silesian Coal Basin using
an aircraft-based mass balance approach. Atmo-
spheric Chemistry and Physics Discussions. DOI:
http://dx.doi.org/10.5194/acp-2020-282.

Filipescu, M, Huma, I. 1979. Geochemistry of natural
gases. Bucharest, Romania: Academiei R.S. Romania.

Fisher, RE, France, JL, Lowry, D, Lanoisellé, M, Brown-
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2017. Reduced biomass burning emissions reconcile
conflicting estimates of the post-2006 atmospheric
methane budget. Nature Communications 8(1):
2227. DOI: http://dx.doi.org/10.1038/s41467-017-
02246-0.

Xiao, Y, Logan, JA, Jacob, DJ, Hudman, RC,Yantosca, R,
Blake, DR. 2008. Global budget of ethane and
regional constraints on U.S. sources. Journal of Geo-
physical Research 113(D21): D21306. DOI: http://
dx.doi.org/10.1029/2007JD009415.

Zazzeri, G, Lowry, D, Fisher, RE, France, JL, Lanoisellé,
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