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Natural gas is an important fossil energy source that has historically been produced
from conventional hydrocarbon reservoirs. It has been interpreted to be of microbial,
thermogenic, or, in specific contexts, abiotic origin. Since the beginning of the 21st cen-
tury, natural gas has been increasingly produced from unconventional hydrocarbon res-
ervoirs including organic-rich shales. Here, we show, based on a careful interpretation
of natural gas samples from numerous unconventional hydrocarbon reservoirs and
results from recent irradiation experiments, that there is a previously overlooked source
of natural gas that is generated by radiolysis of organic matter in shales. We demon-
strate that radiolytic gas containing methane, ethane, and propane constitutes a signifi-
cant end-member that can account for >25% of natural gas mixtures in major shale gas
plays worldwide that have high organic matter and uranium contents. The consider-
ation of radiolytic gas in natural gas mixtures provides alternative explanations for
so-called carbon isotope reversals and suggests revised interpretations of some natural
gas origins. We submit that considering natural gas of radiolytic origin as an additional
component in uranium-bearing shale gas formations will lead to a more accurate deter-
mination of the origins of natural gas.

natural gas j radiolysis j hydrocarbons j carbon isotopes j shale

Natural gas is extracted from conventional and unconventional hydrocarbon reservoirs
to satisfy current energy demands. Three different origins of natural gas have been dis-
tinguished in previous literature including microbial, thermogenic, and abiotic (1).
Some researchers also advocate for a low-temperature geocatalytic origin of some natu-
ral gases (ref. 2 and references therein). Microbial, thermogenic, and geocatalytic gases
are derived from organic matter either by the action of microorganisms or due to ele-
vated temperatures during burial of organic-rich sediments or through geocatalytic gen-
eration of nonmicrobial gases at low temperatures. Abiotic processes (3) do not involve
organic matter but produce gases through gas–water–mineral interactions in the
subsurface by reaction of native H2 with CO2 (4). The composition and isotopic signa-
tures of natural gas components are frequently used to determine the origin and matu-
rity of the natural gas (Fig. 1). Natural gases of microbial origin consist mostly of
methane that is depleted in 13C (δ13C ranging between less than �90 and �50&) (5).
In contrast, thermogenic gases from shale gas reservoirs typically contain methane, eth-
ane, propane, and higher n-alkanes with δ13C of methane varying between �75 and
�20& (5) dependent on maturity. Geocatalytic gases mostly consist of methane with
δ13C between �58 and �41& (14). Abiotic gases have a wide range of molecular
compositions, and their methane is frequently enriched in 13C (δ13C ranging between
�50 and +10&) (5).
With the onset of the shale gas revolution early in the 21st century facilitated by

horizontal drilling technologies combined with high-volume hydraulic fracturing, natu-
ral gas has been increasingly produced in recent years from unconventional hydrocar-
bon reservoirs such as shales with high organic matter content. Such shales are often
associated with high contents of radioactive elements (15–17), and hence, the organic
matter they contain is exposed to significant radiation doses over geologic time spans.
Naturally occurring radioactive isotopes such as 238U, 235U, 232Th, 230Th, and 40K
and their radioactive daughter products emit α- and β-particles and γ-rays that have
penetration depths into the organic matter ranging from <100 μm for α-particles (18)
and 1 to 5 mm for β-particles to >50 m for γ-rays (19). Potassium (K) and thorium
(Th) are usually associated with detrital minerals. The concentration of radioactive 40K
is too low in shales to produce significant irradiation of surrounding matter since 40K
constitutes only 0.012% of all K isotopes (20), while concentrations of radioactive tho-
rium can reach 20 ppm (e.g., refs. 21–23) and uranium (U) up to 2,600 ppm (24).
Uranium is typically directly associated with organic matter in black shales (25–28),
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which will absorb most of the energy released during the U
decay. For example, organic carbon in the Alum Shale in
Europe with, on average, 100 ppm of U absorbed a 108- to
109-Gy radiation dose over the 500 Ma since its deposition
(18, 29, 30).
High radiation doses can cause changes in the structure and

properties of organic matter (31–35). For the fossil organic
matter, kerogen, the most notable changes are an increase of
aromaticity, of degree of condensation, and of vitrinite reflec-
tance and a decrease in bitumen content (29, 36–42). Ionizing
radiation causes polymerization, cross-linking, dealkylation, and
aromatization of organic matter (29, 30, 43, 44) and has been
shown to produce short-chain alkanes such as methane, ethane,
and propane (8). Additionally, experimental irradiation of
organic matter showed the importance of mineral surface area
and a presence of clay minerals (44) in disintegration of organic
matter and formation of radiolytic products including gases.
Furthermore, during irradiation, �H� radicals form in large
quantities (45), which might facilitate radiolytic formation of
alkanes.
Laboratory-based irradiation experiments (8, 18) with

organic matter and crude oils have revealed the formation of
radiolytic gas that is mainly composed of H2 (56 to 96 vol. %),
while around 2% of the newly formed gas is composed of
methane, ethane, and propane with a linear positive relation-
ship between the radiation dosage and the amount of radiolytic
H2 and alkanes produced (19). These radiolytic hydrocarbons
are derived from organic matter but neither through microbial
nor through temperature-driven reactions, and they have been

found to be depleted in 13C (δ13C of methane less than
�65&, δ13C of ethane less than �45&, and δ13C of propane
less than �37&) (8).

We note that previous laboratory-based irradiation experi-
ments using shales and fossil organic matter have not used
α-particle irradiation, which mostly occurs in U-rich rocks.
Thus, the findings and conclusions presented in this paper are
based on the assumption that isotopic signatures of radiolytic
gases produced during gamma-ray irradiation in laboratory
experiments are equivalent to those resulting from alpha radia-
tion in the geosphere. This is supported by similarities observed
between irradiated organic matter in laboratory experiments
and in nature. Experiments that used gamma rays from a 60Co
source (18) demonstrated that irradiated organic matter in
shales became slightly enriched in 13C requiring that the radio-
lytic gaseous products are depleted in 13C. The slight 13C
enrichment of irradiated organic matter is also observed in nat-
ural U-rich rocks (37, 46–48), and thus, radiolytic hydrocar-
bons formed in such rocks are also expected to be depleted in
13C. This indirectly supports the notion that α-radiation in
nature causes formation of 13C-depleted radiolytic gases in a
very similar fashion to that of gamma radiation in laboratory
experiments. However, laboratory data are currently scarce, and
future experiments with α-particle irradiation of organic shales
as well as controlled temperature parameters within the reaction
chamber are needed.

This study investigates whether radiolytic methane, ethane,
and propane (also referred to as “light alkanes” in the subse-
quent text) constitute a previously overlooked component of

Fig. 1. Revised Bernard plot after Milkov and Etiope (5). Dark blue line indicates a thermogenic maturation line according to ref. 6 with % Ro increasing
from 0.6 to 3. Black dashed lines indicate mixing of radiolytic (R) and thermogenic (T) gas components; the green dashed line indicates the mixing of radio-
lytic gas with a mixture of primary biogenic gas (e.g., methyl type fermentation) and/or secondary microbial gas (both marked as B in the legend). The brown
dashed line indicates mixing of radiogenic (R) and microbial gas derived by CO2 reduction. CR, CO2 reduction; F, methyl-type fermentation; SM, secondary
microbial; OA, oil-associated (midmature) thermogenic gas; LMT, late mature thermogenic gas after Milkov et al. (1). (Inset) Data points from the Woodford
Shale with maturities (7) increasing toward lower dryness values. Data are from radiolytic gases (8) and Barnett and Fayetteville (9), Antrim (10), New Albany
(11), Woodford (7), Colorado Group (12), and Alum (13) shales.

2 of 6 https://doi.org/10.1073/pnas.2114720119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
93

.5
6.

4.
66

 o
n 

Ju
ly

 1
8,

 2
02

2 
fr

om
 I

P 
ad

dr
es

s 
19

3.
56

.4
.6

6.



natural gas, especially in organic-rich shale gas plays. We dem-
onstrate that light alkanes derived from the irradiation of kero-
gen and oil make a nonnegligible contribution to natural gas
mixtures from unconventional hydrocarbon reservoirs. By using
an isotopic maturation-mixing model on a large set of natural
gas data, we quantify the effect of the admixture of light alka-
nes of radiolytic origin to gases of thermogenic and microbial
origin. We also demonstrate that the resulting isotope signa-
tures can lead to misinterpretation of gas origin and maturation
levels, and we provide an alternative explanation of the
so-called isotope reversals in natural gas from unconventional
hydrocarbon reservoirs. We conclude that radiolytic gas derived
from organic matter constitutes a previously not recognized
type of natural gas that needs to be considered especially in
organic-rich unconventional hydrocarbon reservoirs that fre-
quently contain uranium (U) in substantial quantities (15, 16).

Research Approach

A recent irradiation laboratory experiment conducted by Silva
et al. (8) exposed crude oils from the Western Canadian Sedi-
mentary Basin (Alberta heavy oil) and a Norwegian North Sea
marine black oil (North Sea oil) initially containing no solution
gas to gamma radiation doses (104 to 106 Gy at room tempera-
ture) resulting in the production of measurable quantities of
radiolytic gases including methane, ethane, and propane with
δ13C values of �71.7 ± 2.7&, �49.1 ± 2.2&, and �39.4 ±
1.9&, respectively (8). We tested the hypothesis that radiolytic
gas with such low δ13C values may constitute a significant end-
member of natural gas mixtures from unconventional hydrocar-
bon reservoirs. To achieve this goal, we set up an isotopic
mixing model that enabled us to quantify the isotope effects of
admixture of variable amounts of radiolytic gases to thermo-
genic or microbial gases. The thermogenic gas component was
calculated for various maturities with a model based on Faber
et al. (6), as further explained in Materials and Methods. To
compare our model calculations with data from natural gas
samples, we used a large dataset of molecular and isotopic com-
positions of light hydrocarbons from selected organic-rich
shales published by Sherwood et al. (49) supplemented by data
from more recent publications (7, 13). The original samples
and associated data were derived from Barnett and Fayetteville
(9), Antrim (10), New Albany (11), Alum (13) (only sorbed
gas data because free gas in the shallow parts of Alum Shale
investigated in ref. 13 has microbial signatures), Colorado
Group (12), and the Woodford shales (7). Most of the selected
shale gas plays are characterized by low maturity and high
radioactivity, with the Barnett and Fayetteville constituting
examples of higher-maturity shales.

Results and Discussion

Identifying Radiolytic Gas Contributions in Natural Gas
Sources. Sources of natural gas have historically been identified
by plots of carbon isotope ratios of methane versus gas dryness,
which is the ratio of the concentrations of methane over the
concentrations of the sum of higher n-alkanes such as ethane,
propane, etc. [e.g., C1/(C2 + C3)] (50, 51). Fig. 1 shows such a
plot according to refs. 1, 5 with the data for gas samples from
all unconventional hydrocarbon reservoirs investigated in this
study. In this diagram, microbial gas plots in the top left corner
since δ13C values are typically low and negligible contents of
ethane and propane result in a high gas dryness. In contrast,
natural gases of thermogenic origin plot on the right side of the

diagram along a trend of increasing maturity (see dark blue line
in Fig. 1). Early mature thermogenic gases have δ13C values
around �50& (5) and a low gas dryness, whereas an increase
in the maturity of thermogenic gas reservoirs (as indicated by
increasing vitrinite reflectance values Ro) results in a trend of
increasing δ13C values and elevated gas dryness values. In
Fig. 1, we have also plotted radiolytic gases from Silva et al. (8)
with low δ13C values of methane similar to those of microbial
gas but a markedly lower gas dryness parameter around 1.
Hence, these gases occupy a unique position in Fig. 1 that is
distinct from the composition of other sources of natural gas in
the geosphere (5).

Using our model, we have calculated two and three end-
member mixing trend lines between the radiolytic gas end-
member and 1) thermogenic gas (black dashed line in Fig. 1),
2) microbial gas derived by CO2 reduction (brown dashed
line), and 3) a mixture of primary biogenic gas (e.g., methyl
type fermentation) and/or secondary microbial gas (52) (with
some addition of low-maturity thermogenic gas) (green dashed
line). For clarity, green and brown mixing lines marked on Fig.
1 represent a mixture of radiolytic (R) and microbial (B) gases.
However, for Antrim shales we tested three–end-member mix-
ing of secondary microbial gas by adding small proportions
(<10%) of low mature thermogenic gas (0.8% Ro) and
obtained mixing lines very close to the green two–end-member
(SM-R) line on Fig. 1 (see also Dataset S1).

Inspection of Fig. 1 reveals that most of the plotted data
points for natural gases from unconventional hydrocarbon res-
ervoirs plot along these three mixing lines. This is an indication
that radiolytic gas contributes to variable extents to the natural
gas mixtures. For example, the Antrim Shale is a Devonian
radioactive shale in North America, and the isotopic composi-
tion of its natural gas has been attributed to secondary micro-
bial origin with some admixture of early mature thermogenic
gases (11). The fact that the isotopic composition of natural gas
samples plots near the mixing line between radiolytic and sec-
ondary microbial gases [with a small addition (<10%) of a
thermogenic component] (green dashed line in Fig. 1) suggests
that radiolytic gas is likely an additional third component of
natural gas from the Antrim Shale. Also, gas samples from the
low-maturity Colorado Group (Ro = 0.25%) (12) in AB,
Canada, containing an abundance of radioactive elements (53)
can be explained as a mixture of microbial gas derived from
CO2 reduction and radiolytic gas that contains methane,
ethane, and propane (brown dashed line in Fig. 1) rather than
requiring a thermogenic gas component to explain the occur-
rence of ethane and propane (12).

We also found evidence of mixtures between radiolytic gas
and low maturity thermogenic gas: samples from the low-
maturity part of the Alum Shale (0.49% Ro) (13) and the low-
maturity to mid-maturity Woodford Shale (0.8 to 1.67% Ro)
(7, 54) are characterized by δ13C values of methane between
�50 and �62& and gas dryness <5 (black dashed line in Fig.
1), which can only be explained by admixture of considerable
proportions of radiolytic gas. Data for the Woodford Shale are
of particular interest since they display a trend toward lower
dryness with increasing maturity, while usually the dryness
increases with increasing maturity (52, 55). Samples from this
shale plot along a mixing line between radiolytic and thermo-
genic components, and more mature samples appear to be
more affected by radiolytic gas components than less mature
samples (Fig. 1, Inset). This is caused by the comparatively high
abundances of ethane, propane, and butane in radiolytic gas,
whereas in mature and highly mature thermogenic gases,
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methane is predominant. Hence, the admixture of even small
amounts of radiolytic gases has a significant impact on the dry-
ness of these gas mixtures and is readily detectable in Fig. 1.
Using Fig. 1 to identify radiolytic gas contributions to high-

maturity thermogenic gases based on mixing calculations is
challenging. Due to variability in natural gas maturity (solid
dark blue line in Fig. 1), mixing of thermogenic gases of differ-
ent maturities plots along a pattern that is rather similar to that
of the mixing of thermogenic gases of higher maturities with
radiolytic gases (black dashed line in Fig. 1 in OA area) as indi-
cated for samples from the Barnett Shale. While this suggests
that more refined approaches are required to quantify radiolytic
contributions to natural gas mixtures with thermogenic compo-
nents, the data shown in Fig. 1 strongly suggest the existence of
previously overlooked natural gas contributions from radiolytic
sources having a distinct chemical and isotopic composition in
low-permeability hydrocarbon reservoirs.

Quantifying Contributions of Radiolytic Gas Contributions.
To quantify contributions of radiolytic gas we used a two-
source mixing model between radiolytic and thermogenic gas
of different maturities based on δ13C values of methane and
ethane shown in Fig. 2. The thick red arrow represents a hypo-
thetical case where a conservative estimate of 2% radiolytic gas
is mixed with thermogenic gases of different maturities. At the
early stages of maturation, the admixture of a small amount of
radiolytic gas to thermogenic gas of low maturity (<1% Ro)
will be almost indistinguishable from a normal maturation
trend for thermogenic gas occurrences. For gases with maturity
>1.8% Ro, an admixture of small amounts of radiolytic gases
results in marked shifts of the isotopic composition away from
the maturation trend in the region of isotope reversal (gray area
in Fig. 2). High-maturity thermogenic gases are increasingly
dry (e.g., predominantly composed of methane), and hence,
even small contributions of 13C-depleted ethane-rich radiolytic

gas will decrease the δ13C of ethane in the gas mixture com-
pared to the more 13C-enriched thermogenic ethane. In conse-
quence, δ13C values of ethane (δ13C2) may be lower than those
of methane (δ13C1), resulting in so-called “isotope reversals”
(δ13C1 > δ13C2) frequently observed in high-maturity shale gas
plays. Some high-maturity natural gas samples from Alum and
Woodford shales plotting in the region of isotope reversal are
likely explained by admixture of a radiolytic gas component.
This reveals that isotope signatures of methane and especially
ethane are highly sensitive to the admixture of small contribu-
tions of radiolytic gas to thermogenic natural gas occurrences,
while providing a complementary explanation of so-called iso-
tope reversals (δ13C1 > δ13C2) in high-maturity unconven-
tional hydrocarbon reservoirs.

Similarly, samples from the Woodford Shale and from the
deep sections (>500 m) of the New Albany Shale can be inter-
preted as a mixture of radiolytic and thermogenic gases. Natural
gas samples from the low- to medium-maturity Woodford Shale
(0.6 to 1.8% Ro) (7, 56) plot on two mixing lines: early thermo-
genic gas mixed with 20 to 30% of radiolytic gas and thermo-
genic gas of medium maturity mixed with ∼10% of radiolytic gas
(Fig. 2). The occurrence of a considerable contribution of radio-
lytic gas in samples from the Woodford Shale explains previous
contradictory observations of gas compositions consistent with
low-maturity shales coupled with higher n-alkanes (e.g., pentane
and hexane) and biomarkers suggesting a thermogenic gas end-
member with medium to high maturity [see Abrams and Thomas
(56) and references therein]. The New Albany Shale has low to
medium maturity (0.5 to 1.5% Ro), and its U concentration asso-
ciated with amorphous organic matter is ca. 550 ppm (27). Natu-
ral gas produced from the New Albany Shale plots on the mixing
line between thermogenic and radiolytic gas in Fig. 2, indicating
a considerable (>25%) contribution of radiolytic gases.

It is important to note that admixture of radiolytic gases con-
taining methane, ethane, and propane with low δ13C values

Fig. 2. Two–end-member mixing model of radiolytic gas and thermogenic gases of different maturities. The dark blue line represents the maturation trend
of kerogen II with numbers showing the maturation % Ro index after the model of Faber et al. (6). Black lines with dots are isotopic compositions of mixtures
between radiolytic gas [produced from North Sea oil (8)] and thermogenic gases of different maturation stages. Numbers from 0 to 100 represent the frac-
tion of radiolytic gas. The red arrow labeled 2% shows an admixture of a constant amount of radiolytic gas (arbitrary value of 2%) to thermogenic gas of dif-
ferent maturities. The gray region is the isotope reversal region (δ13C1 > δ13C2). Pink circles, Barnett Shale (9); blue circles, Fayetteville Shale (9); green circles,
New Albany shale (11); violet triangles, Woodford Shale (7); red and dark red circles, Alum Shale (13).
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will decrease the δ13C values of light alkanes in gas mixtures
between radiolytic and thermogenic gas. Not considering this
radiolytic gas contribution can result in misinterpretations of
the gas mixture as thermogenic gas of lower maturity or even as
microbial gas. Furthermore, 13C-depleted radiolytic ethane con-
stitutes a previously not considered explanation of the compara-
tively high abundance of ethane in some biogenic gases and in
shallow aquifers overlying thick sedimentary shale units (57).
So far, only one experiment (18) measured the amount of

radiolytic gases produced during irradiation of shale and
reported production of up to 4 μmol of methane per gram of
organic carbon in shales at an irradiation dose of 8.85 × 106

Gy. The experimental dose was three orders of magnitude
lower than estimates for the Cambrian (>500 Ma) Alum Shales
throughout the Phanerozoic. Four μmol/g of methane is only
three times lower than the measured production of thermo-
genic hydrocarbons at a maturation of <1% Ro (58). There-
fore, it is plausible that at least 25% of methane in geologically
old early mature shales is of radiolytic origin. Judging from the
presented mixing model and available data for natural gas sam-
ples from the Antrim, New Albany, Alum, and Woodford
shales, radiolytic hydrocarbons appear to constitute a significant
portion (>20%) of gas mixtures, consistent with the above-
mentioned experimental data (18, 58). For mature shales, the
admixture of radiolytic methane is, however, comparatively
small compared to the predominantly thermogenic gas contri-
bution. For gas samples from highly mature reservoir rocks,
detection of small radiolytic gas contributions may be possible
using ethane and propane concentrations as demonstrated by
samples from the Woodford Shale. Data shown in Fig. 2 indi-
cate that radiolytic gas has negligible contributions (<2%) in
samples from the Barnett and Fayetteville shale gas reservoirs,
presumably due to their comparatively low U contents.

Conclusions

Uranium-rich and organic-rich shales provide all the ingre-
dients for the generation of radiolytic gases composed of H2,
CO2, and hydrocarbon gases due to their radioactivity (7) and
the presence of clay minerals (9). Our investigation of composi-
tional and isotopic data for natural gas samples from a wide
variety of unconventional hydrocarbon reservoirs strongly
suggests that radiolytic gases containing methane, ethane, and
propane with comparatively low δ13C values constitute a previ-
ously overlooked component of many natural gas mixtures. In
early mature shales, the contribution of radiolytic gases can
exceed 25%, and ignoring its presence can result in misinter-
pretations of the gas origin, including erroneous claims of
microbial gas occurrences or identification of thermogenic gases
of too low maturity. In mature shales the admixture of a small
amount of radiolytic component to high-maturity thermogenic
natural gas represents an alternative mechanism that can
explain carbon isotope reversals. We recommend a reassessment
of previous gas source attributions in cases where radiolytic gas
contributions may be significant as a result of elevated radioac-
tivity associated with organic matter in shales to enable a more
accurate assessment of the origin of natural gas mixtures
required to sustain future energy demands from fossil fuels.
So far, only gas compositions and δ13C values of light radio-

lytic hydrocarbons have been published for laboratory experi-
ments. However, CO2 and H2 are produced in much larger
quantities (up to 96% of all radiolytic gases) than hydrocar-
bons. Future work should also determine the isotopic signa-
tures of these gases including δ13CCO2, δDH2, and δDCH4,

which could provide additional parameters for understanding
the genesis of hydrocarbon gases (3). Clumped isotopes (Δ18
values of methane, Δ47 of CO2, and ΔDD of H2) and
position-specific isotope analyses may be used to calculate for-
mation temperatures (59–62) and might help to elucidate gas
formation mechanisms in future laboratory experiments on
radiolytic hydrocarbons.

Materials and Methods

This study is based on previously published data of molecular and isotopic com-
positions of light hydrocarbons from selected unconventional hydrocarbon plays
derived from the database compiled by Sherwood et al. (49) complemented by
data from more recent publications (7, 13). The original samples were derived
from Barnett and Fayetteville shales (9), Antrim Shale (10), New Albany Shale
(11), Alum Shale (13), Colorado Group Shale (12), and the Woodford Shale (7).
Most of the selected shale gas plays are characterized by low maturity and high
radioactivity, conditions favorable for the generation of radiolytic n-alkanes. Data
for sorbed gas not displaying microbial signatures from the Alum Shale are
included due to high radioactivity of this shale. The well-studied Barnett and
Fayetteville shales are included as representatives of high-maturity hydrocarbon
plays, although the radioactivity of these shales is only moderate.

The composition and carbon isotope ratios of n-alkanes such as methane,
ethane, propane, etc., of gas samples were used in our model that combines a
carbon isotope maturity model (6) and an isotopic mixing model (63). For the
mixing model, we used several gas end-members: radiolytic, thermogenic of
different maturity, microbial gas derived by CO2 reduction, and a mixture of
primary biogenic gas (e.g., methyl type fermentation) and/or secondary micro-
bial gas.

The molecular and isotopic compositions of the radiolytic gases are from Silva
et al. (8). The authors exposed dead crude oils from the Western Canadian Sedi-
mentary Basin (Alberta heavy oil) and a Norwegian North Sea marine black oil
(North Sea oil), which initially contained no solution gas, to gamma radiation
doses from 0.05 to 10 MGy at a dose rate of 13.05 kGy/h at room temperature.
The experiment resulted in the production of measurable quantities of radiolytic
gases including methane, ethane, propane, and n-butane. The average molecu-
lar compositions and δ13C ranges are as follows:

• Alberta heavy oil:

o Methane (C1) 56.5%, from �75.7 to �67.6&;
o Ethane (C2) 23.5%, from �51.9 to �50.2&;
o Propane (C3) 10.7%, from �41.9 to �40.2&;

• North Sea oil:

o Methane (C1) 46.6%, from �72.7 to �66.1&;
o Ethane (C2) 19.9%, from �47.2 to �45.4&;
o Propane (C3) 11.6%, from �38.6 to �33.3&.

For our mixing model calculations we assumed that radiolytic gases produced
from kerogen have similarly low δ13C values to the radiolytic gases described by
Silva et al. (8), which is consistent with earlier studies reporting that irradiated
kerogen became slightly enriched in 13C with increasing radiation doses (36, 43,
46, 47). The molecular and isotopic compositions of thermogenic gas compo-
nents were calculated with a model based on Faber et al. (6), equations 1–6,
and isotopic mixing was calculated following equation 7 of Berner and Faber
(63). Maturation of thermogenic gas was modeled for a marine kerogen II pre-
cursor with initial δ13C1 = �33&, δ13C2 = �30&, and δ13C3 = �26&.
δ13C values were calculated following equations 1–6 in ref. 6 assuming matura-
tion with Ro (vitrinite reflectance) values between 0.6 and 3.0%. For example, for
low maturity of 0.6% Ro, δ

13C values for methane, ethane, and propane were
�47.7, �37.2, and �30.3& with molecular compositions of 79.64, 12.35,
and 5.00%, respectively. For a high maturity of 3.0% Ro, δ

13C values for meth-
ane, ethane, and propane were �37.0, �21.4, and �15.7& with concentra-
tions of 99.98, 0.016, and 0.001% (Dataset S1). The molecular and isotopic
compositions of thermogenic gases derived from the model of Faber et al. (6)
have exponential relationships (thick blue line in Fig. 1 with numbers from 0.6
to 3 referring to % Ro). Isotopic compositions of thermogenic gases depend on
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multiple factors, including the initial C isotope ratio and compositional variations
of kerogen from shale to shale. Thus, we use this model to show a general matu-
ration trend and consider maturity estimations derived from Faber et al. (6) qual-
itatively but not quantitatively. We consider gases from reservoir rocks with
maturity <0.8% Ro as early mature, those from reservoir rocks ranging from 0.8
to 1.5% Ro likely derived from oil-associated sources, and dry gases derived from
reservoir rocks with >2% Ro as mature thermogenic gases (64).

A sample from the Antrim Shale (10) with the highest C1/(C2 + C3) represent-
ing a mixture of primary microbial gas (e.g., methyl type fermentation) and

secondary microbial gas is used as a third end-member with the following com-
position and C isotope ratios: δ13C1 = �49.4&, C1 = 96.56 vol. %, δ13C2 =
�34.3&, C2 = 0.01 vol. %, and C3 absent.

Data Availability. All data used for this work are from previously published
papers (5, 7–13, 49).
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