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Abstract

The chemical composition of sedimentary organic matter is often used to reconstruct Earth’s biogeochemical history. How-
ever, few studies have considered that the long-term effects of subterranean natural radioactivity over geologic time can be
common enough and provide sufficient activation energy to trigger radiolysis and the generation of methane, carbon dioxide,
and other gases. We performed separate a-, -, and y-irradiation experiments at low temperatures on chemically diverse and
pure model organic compounds in evacuated and sealed glass tubes to test the hypothesis that radiolytic C—C bond cleavage
can result in radiolytic methane and carbon dioxide. a-Irradiation utilized uranium oxide powder mixed with organic model
compounds, whereas - and y-irradiation experiments relied on f-radiation from *°Sr (370 MBq or 10 mCi) and on delayed
y-ray energy in a TRIGA nuclear research reactor, either 25 kGy typical for biosafety sterilization or 1 MGy. We report initial
experimental evidence from ongoing experiments after up to three years of irradiation. Widespread observations of meth-
ane in the headspaces of y-irradiated sealed glass tubes identified radiolytic methanogenesis. Carbon dioxide was observed
when organic compounds with carboxyl groups were y-irradiated. For example, 2.2 % of glycine was converted to methane
and carbon dioxide during 1 MGy of y-irradiation. a-Irradiation produced measurable methane only from squalane which
is particularly rich in methyl groups. *°Sr produced insufficiently intense f-irradiation to yield measurable headspace gases.
Our study offers an improved organic-molecular understanding of which functional groups and carbon skeletal configura-
tions lend themselves to radiolytic methanogenesis and generation of carbon dioxide.
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Introduction

The genesis of natural gas components methane and carbon
dioxide from sedimentary organic matter (SOM) is tradition-
ally framed in terms of biodegradation, oxygen availability,
temperature-dependent reaction rates, and sometimes pres-
sure and geo-catalysis. Activation energies needed for the
formation of smaller molecules from SOM can also be sup-
plied by ionizing radiation from radioactive decay. Uranium
and thorium isotopes and their radioactive progeny along
their extended decay series are a primary source of natural,
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subterranean radiation. Relative enrichment of radioactive
uranium is typically observed in organic-rich sediments and
rocks. The concentration of total organic carbon (TOC) in
black shales is generally proportional to the uranium abun-
dance, averaging 8 ppm by weight, because both TOC and U
accumulate syndepositionally (Schmoker 1981) and uranium
is diagenetically concentrated in distinct macerals (Liu et al.
2020). The correlation between U and SOM is strong enough
that radiation is also used empirically as a borehole log-
ging tool during petroleum exploration (Liining and Kolonic
2003). Radiation terms and units employed in the following
text are explained on an EPA website (EPA 2021).

A short review of relevant, poorly cross-referenced ear-
lier studies is appropriate. There is strong empirical evi-
dence for radiation-based chemical changes in SOM over
geologic time (Boreham et al. 2022; Yin et al. 2023). Based
on the unusual geochemistry of SOM in the middle Cam-
brian—Lower Ordovician uranium-rich Alum Shale (Schulz
et al. 2021) with intense internal a-radiation (~100 ppm
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U; radiation dose of 10%-10° Gy over ~500 Ma), Yang
et al. (2018, 2019, 2020) argued that radiation from ura-
nium caused SOM to cross-link and form aromatized and
dealkylated (e.g., demethylated) macromolecules, echoing
an earlier interpretation of organic compositional data by
Dahl et al. (1988a). Dahl et al. (1988b) further observed
a general increase in the atomic O/C ratio of Alum Shale
SOM with increasing uranium concentration, which was
interpreted as radiation-induced oxidation of SOM. Yang
et al. (2018, 2020) explain the inverse proportionality
between kerogen atomic H/C ratios in Alum Shale SOM
and the natural logarithm of the uranium concentration to
be a result of progressive dealkylation, aromatization, and
cross-linking. Similar conclusions were reached by Jaraula
et al. (2015) based on radiolytic alteration of biopolymers in
the Mulga Rock uranium deposit in Australia with > 5300
ppm U closely associated with SOM. Dealkylation in par-
ticular would result in the liberation of short-chain hydro-
carbon radicals that require additional hydrogen to quench.
For example, the radiolytic loss of a methyl group can
yield methane if a hydrogen atom is either abstracted from
organic matter or supplied by water radiolysis (Sauvage et al.
2021)—an important source of reactive hydrogen in geologi-
cal systems, where water is ubiquitous and most subsurface
chemical reactions occur in or near aqueous environments.
The radiolytic origin of some hydrocarbons in natural gas
has been proposed by Silva et al. (2019) and Naumenko-
Dézes et al. (2022).

Several experimental irradiation studies reporting the
generation of gases from SOM face shortcomings in terms of
(i) variable presence of water during irradiation, since irra-
diation of H,O can open up new reaction pathways involv-
ing H atoms and OH radicals, which are diffusible and can
reach surface-adsorbed organics; (ii) failure to rigorously
exclude atmospheric O, and thus choosing experimental
conditions that are far different from typically anoxic sedi-
mentary environments of organic-rich rocks; irradiation of
O, can strongly accelerate radical reactions of hydrocarbons;
(iii) most studies have focused on high dose rates of - and
y-radiations, rather than the a particles more common in sed-
imentary rocks. Experimental f-irradiation of Green River
Shale “in an evacuated Pyrex® tube using an electron beam
from a linear accelerator” with an absorbed radiation dose
of 1 MGy (the scant experimental description leaves open
whether the significant attenuation of f-radiation through
Pyrex® glass was accounted for) by Dahl et al. (1988b)
generated a “wet” hydrocarbon gas mixture (i.e., methane
and higher homologous hydrocarbons). Silva et al. (2019)
sealed gas-free crude oils under argon in glass ampoules and
exposed them to y-radiation from a ®*Co source at a dose
rate of 13.05 kGy h'! (Larter et al. 2019), which yielded
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mixtures of C,—Cs hydrocarbon gases. The authors proposed
that contributions of radiolytically generated hydrocarbon
gases may be significant in some natural gas plays. Lewan
et al. (1991) y-irradiated thermally immature samples of
Phosphoria Retort Shale and its isolated kerogen at absorbed
radiation doses from 0.81 to 8.85 MGy from a %°Co source.
They measured the yields of methane and ethane (along with
CO,, CO, H,, and N,) that were produced radiolytically and
reported up to 4.7 pmol of methane and 0.6 pmol of ethane
per gram of organic carbon in shale or kerogen. Gulieva
et al. (2020) applied 200 kGy of y irradiation from ®’Co to
waterproofing asphalt and noted the liberation of gases (H,,
CO, CH,, C,H,, C,H,, and higher homologues) as well as
chemical structural changes. Wang et al. (2022) irradiated
immature kerogen and bitumen with y-rays, and decane was
irradiated using an electron beam. The experiments did not
rigorously exclude atmospheric oxygen. Ruptures of C—H
and R—CH; bonds liberated H, and CH, with concomitant
structural alterations of kerogens and bitumen involving
cracking, cross-linking, and oxidation reactions. Oxygen-
containing group cleavage liberated carbon dioxide. Water
radiolysis provided oxygen for the oxidation of organic mat-
ter and promoted H, generation. Radiolysis decreased H/C
and increased O/C elemental ratios. Observed dealkylation,
aromatization and unsaturation reactions were similar to
thermal effects. The authors concluded that “U irradiation
could also promote conventional gas and immature gas gen-
eration and could provide exogenous H for hydrocarbon gen-
eration of OM, especially for OM in an over mature stage.
It is essential to consider the effects of U irradiation on the
evolution, hydrocarbon generation, and resources assess-
ment of U-rich shales."

Various kinds of experimental irradiation in combina-
tion with numerous types of non-SOM organic substrates
were reported to (i) widely liberate hydrogen, methane,
ethane, and other short-chain hydrocarbons, (ii) cause
hydrogen loss and aromatization, and (iii) lead to complex
polycondensation/polymerization. A few representative
examples are cited here. Irradiation of pure methane with
a particles from radon at 25 °C (or by 100 eV p-radiation)
resulted in 7.5 to 18 % conversion and produced mixtures
containing H,, C,H¢, C;Hg, and C,H,, (see review by
Swallow 1960, p. 62). Absorbed doses of y-irradiation in
the range of 29.7-237.6 kGy liberated gaseous products
H,, CH,, C,H,, and higher homologues from transformer
oil (Iskenderova and Kurbanov 2019). y-Irradiation of up
to 200 kGy of vacuum oils liberated H, (up to 30 umol
per gram of oil after 100 kGy) and a host of other vola-
tile and oily radiolysis products (Shostenko et al. 2006).
y-Irradiation of mixtures of water and n-hexane produced
more molecular hydrogen compared to the radiolysis of
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Table 1 Pure organic model compounds, their structure, the rationale for their use in irradiation experiments, their mixing ratios with diatoma-
ceous earth or uranium oxide, as well as their commercial sources and purities

Chemical name Chemical structure

Rationale for selection

Mixing ratios with dia-
tomaceous earth (DE) or
uranium oxide (UO)

Source and purity

Sa-Cholestane C,;H,g4 HsC

Glycine C,H;ONO, 0

chemistry

n-Icosane (n-eicosane)

Representative steroidal
biomarker, naphthenic
component of petroleum

Common amino acid, to
study amine and carboxyl

Similar to plant wax

1:1 DE (wt: wt)
1:3 UO (wt: wt)

Sigma-Aldrich
#C8003, > 97 wt%

1:2 DE (wt: wt) USGS65

1:3 UO (wt: wt) (Schimmelmann et al. 2016),
99 wt%

1:1.95 DE (wt: wt) Sigma-Aldrich

1:3UO (wt: wt) #44818, 99.8 wt%

C,oHy, biomarkers, aliphatic
(unbranched) component
of petroleum

Phytol C,;H,,O Mo et Side chain of chlorophyll a,

CHy  CHy  CHy  CHy

Pyrene C ¢H,, ‘O

CH; CH, Gl
Squalane C;,Hg, 5 "
HE

key biomarker for environ- 1:3 UO (wt: wt)
mental records

CH,

CHy CH, CH;

Representative poly-aro-
matic, aromatic compo-
nent of petroleum

Common biomarker,
aliphatic (branched) com-

1:2 DE (wt: wt) Sigma-Aldrich

#W502200, > 97 wt%

1:1 DE (wt: wt)
1:3 UO (wt: wt)

Sigma-Aldrich
#48570, 98.5 wt%

1:2 DE (wt: wt)
1:3 UO (wt: wt)

Sigma-Aldrich
#234311, 99 wt%

ponent of petroleum

L-Valine CsH;NO, Common amino acid, to 1:1 DE (wt: wt) USGS73
Mk o) study amine and carboxyl 1:3 UO (wt: wt) (Schimmelmann et al. 2016),
2 i chemistry 99 wt%

water or n-hexane alone (Garibov et al. 2004). Direct
scaling from relatively short-term laboratory to long-
term geological timescales carries uncertainty due to dose
rate effects and potential mechanistic differences. While
studies of uranium-rich rocks, SOM, oils, and individual
hydrocarbons are highly suggestive that natural radiation
can and does alter organic matter, they are not well suited
to understanding the reaction mechanisms or resulting
changes in chemical composition because they are mostly
based on complex organic matter, whose starting compo-
sition is poorly constrained. The results are also difficult
to extrapolate to the lower uranium contents that consti-
tute most of the sedimentary rocks on Earth. Moreover,
they confound the effects of different types of ionizing
radiation, which are not all equally effective in trigger-
ing chemical reactions due to their different energies and
linear energy transfer, LET (Burns and Sims 1981; Bux-
ton 2008). y- and p-radiations are low-LET types with
~0.2-1 keV/um, while a-radiation has a much higher
LET of ~100-150 keV/um, leading to more localized
energy deposition and increased radical recombination.
Reductionist laboratory experiments using single model
compounds and independently varied radiation doses and
types can help us resolve these uncertainties.

Materials and methods
Materials

Seven chemically pure organic model compounds were cho-
sen for irradiation experiments. In contrast to previous stud-
ies that irradiated chemically complex sedimentary organic
matter (SOM), biological tissue, or food matrix samples, our
choice of compounds expresses specific chemical function-
alities, reactivities, radiolytic stability, and physical proper-
ties (Table 1) representative of those found in natural SOM.
Sa-Cholestane, icosane, squalane, phytol, and pyrene are
representative of the 4 major classes of hydrocarbon (linear
and branched aliphatic, naphthenic, and aromatic) biomark-
ers studied by biogeochemists and found in petroleum. Gly-
cine and L-valine are included as representative amino acids
to study both the chemistry of ionic molecules (i.e., zwit-
terions in solution at neutral pH) and the amine functional
groups. However, we acknowledge that thermal alteration
during burial affects the preservation of amino acids and
other labile biomarkers in the sedimentary record, effectively
precluding their survival as discrete compounds in ancient,
mature rocks.
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Experimental Workflow

Sample tube preparation for a irradiation

Mixing of individual compounds with uranium oxide, filling
into glass tubes, addition of water, sealing under vacuum.

Sample tube prep. for B and y irradiation

Mixing of individual compounds with diatomaceous earth, filling
into glass tubes, addition of water, sealing under vacuum.

a-irradiation at4°cfor
~700 days, absorbed dose 77 Gy.

B-irradiation at 4 °c for ~700 days,
absorbed dose 900 Gy.

y-irradiation at~20°cina
TRIGA reactor, absorbed doses

either 25kGy or 1 MGy.

EPR dosimetry Mixing of dry L-alanine with uranium oxide, filling into glass
tubes, evacuation, a-irradiation for 131 days at 4 °C. Sealing of pure dry L-alanine under
vacuum into glass tubes, p-irradiation at 4 °C for 138 days. EPR measurements.

Headspace gas recovery Insertion of individual sample tubes into a tube cracker, attachment to a glass vacuum line,

opening of glass tube, cryogenic separation of gases into “incongensable gases” like CH, and “condensable gases” like CO,,
expansion into calibrated volumes, quantitation with a Baratron , splitting of gas fractions, sealing into pairs of glass capillaries.

Compound-specific quantitation of CH,

by breaking one capillary with incondensable gases into the
closed CH,-free circuit of a SARAD RTM2200 laser system.

Compound-specific quantitation of CO,

by breaking one capillary with condensable gases into the
closed CO,-free circuit of a SARAD RTM2200 laser system.

Calculation of original total amounts of CH, and CO, in headspace gas

Calculation based on (1) concentrations of CH, and CO, measured in the calibrated SARAD circuit, and (2) known volume split
ratios from the vacuum line and capillaries. The % conversion of organic carbon to CH, and CO, in headspace gases was
calculated based on the known amount of organic carbon loading in each sample tube.

Fig. 1 Overall experimental, analytical, and data processing workflow

Sample loading

The overall workflow is shown in Fig. 1. Each organic model
compound was first mixed in an agate mortar with a pestle
with either pre-annealed (500 °C) uranium oxide powder in
a weight ratio of ~3:1 (uranium oxide:organic sample, w/w,
for a-irradiation), or with acid-washed and pre-annealed dia-
tomaceous earth (i.e. opaline SiO,, for - and y-irradiation)
to yield powdery and homogeneous substrates. Waxes
were slightly warmed to melt them and aid diffusion into
the adsorbent, followed by homogenization in a mortar. All
resulting powders could be conveniently weighed and loaded
into the bottom of pre-annealed Pyrex® glass tubes. The
loading of each organic substrate in a Pyrex® tube was 10 or
20 mg. Prior to sealing, between 10 and 50 pL of deionized
water (Table 2) was added to simulate moist subterranean
geological conditions. Loaded glass tubes were attached to
a vacuum line, evacuated (while cryogenically immobilizing
volatile components at —80 °C), and sealed under vacuum
with a glass-blowing torch. Slightly different sizes of Pyrex®
glass tubes were chosen to account for instrumental spatial
restrictions during - and y-irradiation. a-Irradiation experi-
ments at Indiana University utilized 10-cm long, 6-mm o.d.
Pyrex® tubes, whereas $- and y-irradiation occurred in
~4-cm long, 5-mm o.d. Pyrex® tubing.

@ Springer

Microbial growth during long-term irradiation experi-
ments was a concern although the absence of oxygen in the
evacuated glass tubes effectively precludes aerobic microbial
activity. Heat sterilization in an autoclave might introduce
thermal artifacts that cannot be disentangled from radiation
effects. Our irradiation approach uses lower dose rates at
low temperatures over months to years to preclude any local-
ized heating that could induce thermally driven reactions
and contribute thermogenic natural gas components. This
consideration presents a significant limitation of previous
experiments (c.f. Yang et al. 2020). Uranium oxide UO,
is known to inhibit microbial growth (VanEngelen et al.
2011). Evacuated samples were kept refrigerated in the
dark throughout a- and f-irradiation and subsequent storage.
Samples for y-irradiation were express-mailed to the JozZef
Stefan Institute Reactor Center in Slovenia and promptly
received a sterilizing dose of y-irradiation.

a- and B-irradiation of organic compounds
at Indiana University

Loaded and sealed sample tubes for a-irradiation experi-
ments were stored in a 4 °C laboratory refrigerator for
700 days at Indiana University, from December 2021 until
November 2023. >U-depleted uranium oxide powder
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Table 2 Amounts of organic compounds used in individual irradiation experiments, as well as carbon dioxide (CO,) and methane (CH,) yields

from experiments

Organic compound Organic loading Carbon

Conversion of

Methane yield (pmol) Conversion of

Total conversion of

(sample #) (mg); H,O (pL) dioxide yield carbon to CO, carbon to CH,  carbon to CO, and CH,
(pmol) (%) (%) (%)
a-Irradiation experiments
Phytol (#21) 10.2; 10 Not detected 0 Not detected 0 0
Squalane (#1) 10.9; 10 Not detected 0 0.01 0 0
Squalane (#2) 10.6; 10 Not detected 0 0.04 0.01 0.01
L-valine (#90) 9.6; 20 Not detected 0 Not detected 0 0
p-Irradiation experiments
n-Icosane (#61) 12.0; 20 Not detected 0 Not detected 0 0
Phytol (#48) 11.6; 20 <03 <0.03 < 0.01 (trace) 0 < 0.003
Squalane (#41) 10.5; 20 Not detected 0 Not detected 0 0
y-Irradiation experiments
Sa-Cholestane (#101) 21.2; 30 Not detected 0 0.30 0.02 0.02
Glycine (#23) 22.0; 50 14.7 2.51 1.73 0.29 2.80
n-Icosane (#34) 22.5; 30 < 0.1 (trace) < 0.01 0.13 0.01 < 0.04
Phytol (#50) 21.2;40 <0.5 <0.03 0.64 0.04 <0.07
Pyrene (#1) 20.0; 30 Not detected 0 0.01 0 0
L-valine (#17) 31.8; 50 10.4 0.77 0.50 0.04 0.80

Gas yields are used to calculate the carbon conversion (in % of total initial organic carbon contained in the organic loading in the second col-
umn) from the organic compounds to gas species CO, and CH,. Detection limits for CO, and CH, are 0.1 and 0.01 pmol, respectively. For two
individual measurements, the final compound-specific gas signals via laser oscillated between the zero baseline and the accepted detection lim-
its. These data are characterized as “traces” (i.e. values above the detection limit but below quantification, without stated standard deviation or
analytical uncertainty). Similarly, CO, signals from phytol, albeit clearly detectable, were more noisy than those from amino acids

as the source of a-radiation for our experiments retains
~60 % of the radioactivity of natural uranium (McDiarmid
2001). A uranium content of ~88.2 weight % in UO, with
a density of 10.96 g cm™> will be lowered slightly upon
addition of organic compounds. Assuming a mixture with
85 weight % UO,, the resulting specific a activity is 11.5
kBq g~!, approximately 56,000 times larger than in an
average black shale. In other words, one year of lab experi-
ment would simulate the accumulated dose of « particles
from 56,000 years of natural radiation. The slow decay of
depleted uranium produces minuscule amounts of short-
lived radioisotopes that contribute negligible doses of -
and y-radiations.

We employed *’Sr as a source of f-radiation because: (i)
the ?Sr decay cascade to stable *°Zr does not emit either
a- or y-radiation, and (ii) it produces high-energy (2.3
MeV) p particles similar to the U-series decay in rocks.
p-Irradiation was performed over 700 days in sealed glass
tubes positioned next to a commercial, encapsulated *°Sr
source (Fig. 2) in a ~4 °C refrigerator in the laboratory of
Indiana University’s Radiation Safety Officer from Decem-
ber 2021 until November 2023. A *Sr source of 370 MBq
(10 mCi) was deployed at a distance of ~3 cm from a bun-
dle of ~20 sealed samples (Fig. 2).

y-Irradiation of organic compounds at the Jozef
Stefan Institute, Slovenia

A TRIGA nuclear research reactor at the Jozef Stefan
Institute provided y-irradiation (Ambrozi¢ et al. 2017) dur-
ing reactor shut-down state when neutrons emitted from
fuel can be neglected, thus avoiding the complication of
induced radioactivity via neutron activation. During shut-
down state, without sustained chain reactions, only so-
called delayed y-rays are emitted with an energy range
of ca. 0.01 to 7 MeV. The y-ray intensity depends on the
preceding operational history of the reactor (i.e., power
level and operation time). For example, to achieve a dose
of 25 kGy in shut-down state (i.e., without neutron emis-
sion), the samples were irradiated for between 1 and 3
nights. The received y doses were calculated using factors
determined by a calibrated detector that was positioned
in the exact same location as the samples. y-Irradiation
was the most energetic of our experiments. Thus, it repre-
sents a worst-case scenario for possible localized heating
of samples, which we constrain as follows: In the absence
of any heat losses, and taking icosane (heat capacity C,
= 2.132 J/gK) as representative of our organic substrates,

@ Springer
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Fig.2 a a-Irradiation experi-
ments in 6-mm o.d. Pyrex®
tubes. The dark color derives
from uranium oxide; b
y-Irradiation experiments in
5-mm o.d. Pyrex® tubes prior
to irradiation and c after 1 MGy
y-irradiation resulting in brown
discoloration of the glass. d
p-Trradiation setup where *Sr
sources are positioned in the
center to irradiate numerous
sealed Pyrex® glass tubes that
are sewn onto foam at a defined
distance from the source

an absorbed dose of 25 kGy (= 25,000 J/kg) would lead to
a temperature rise of just 11.7 °C. The mass attenuation
coefficients for gasoline, water, and glass are all similar
for 5 MeV photons, so all absorb y-rays at roughly the
same rate. Pyrex® has the lowest heat capacity (0.75 J/gK)
of the three and thus experiences the largest temperature
rise (33 °C) of the 3 materials. However, this heating was
counteracted by thermal conduction to the surrounding air
in the reactor, which was maintained at 20 °C. Thermal
conduction through 0.77 mm glass with a representative
10 °C temperature gradient amounts to 13 mW/cm? (=
47 J/hr/cm?). This can be compared to the total energy
absorbed per unit area of glass wall (4.4 J/cm?) to conclude
with high confidence that the samples remained within a
few degrees of ambient temperature. Radiation damage
from y-rays arises primarily through indirect ionization
mechanisms. High-energy photons interact with atoms in
the sample via processes such as the photoelectric effect,
Compton scattering, and at higher energies, pair produc-
tion. In both the photoelectric and Compton processes,
energetic electrons are ejected from atoms, creating
secondary electrons that deposit energy locally as they
slow down through inelastic collisions. These electrons
can break chemical bonds, ionize molecules, and induce
structural or chemical changes in the material. As a result,
y-ray exposure can cause molecular degradation, cross-
linking, or radiolysis, depending on the sample's composi-
tion and the absorbed dose. y-Irradiation occurred at two
cumulative levels of delayed y-ray energy, either 25 kGy
typical for sterilization in biosafety, or 1 MGy. During
y-irradiation in the TRIGA reactor, a short non-intentional
neutron irradiation occurred in 2022 amounting to an esti-
mated 26 Gy neutron dose associated with a 14 Gy y dose.
We consider this accidental neutron irradiation negligible

@ Springer

in light of the achieved cumulative y doses of 25 kGy and
1 MGy.

Dosimetry of a- and B-irradiation at the University
of Notre Dame

Detailed dosimetry was employed to explain lower gas
yields from a- and f-irradiation experiments relative to
y-irradiation. To compare the effects of different types of
radiation (a, f, and y) on organic solids, we performed
L-alanine dosimetry to estimate the amount of radicals
formed under each radiation exposure. Direct comparisons
of absorbed dose across different radiation types are chal-
lenging due to their distinct energy deposition mechanisms
and penetration depths. L-alanine dosimetry provides a con-
sistent method for quantifying radical yields and thus ena-
bles a meaningful comparison of radiation-induced chemical
changes. It is important to note that radical yields (G values)
in L-alanine dosimetry decrease significantly with increas-
ing linear energy transfer (LET), with the highest yields
observed for y- and f-radiation (G = 0.8-1.0 radicals/100
eV), and substantially lower yields for a-radiation (G =~
0.1-0.2 radicals/100 eV) due to enhanced radical recom-
bination within dense ionization tracks. As a result, the
radical yields from y- and p-irradiation can be directly com-
pared, while a-irradiation requires appropriate corrections
to account for its higher LET and reduced radical formation
efficiency (Hansen et al. 1987).

L-alanine was chosen because its radiation response is
representative of many other organic systems. In addition,
the mass attenuation coefficients of L-alanine for y- and
p-radiation are similar to those of typical organic solids,
especially in the low-to-mid energy range (10 keV to a few
MeV; Hubbell and Seltzer 2004).
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Both a and p particles can be blocked by glass walls
before radiation can interact with the organic target mol-
ecules that are sealed in glass tubing. In the case of
a-irradiation, this problem was circumvented by directly
mixing the a-emitter uranium oxide with the organic
compounds, yet the dose could not be calculated from the
amount of employed uranium oxide. We applied compara-
tive dosimetry to arrive at the actual a- and f-irradiation
doses that were received by organic compounds.

The interaction of ionizing radiation and chemical com-
pounds can generate unpaired electrons that can be quanti-
fied by electron paramagnetic resonance (EPR) spectroscopy
and serve as a proxy for radiation dose over a wide dose
range from 1 Gy to 150 kGy (Regulla and Deffner 1982).
EPR measurements of dry L-alanine (SI Science, Japan)
were performed at the Radiation Laboratory of the Univer-
sity of Notre Dame to evaluate its response to ionizing a-
and p-irradiation for dosimetry purposes (Desrosiers et al.
2008). The response of these L-alanine dosimeters was com-
pared to their response following irradiation with cobalt-60
(%°Co) y-rays. L-alanine samples were irradiated with y-rays
at doses ranging from 38 to 76 Gy using a Shepherd 109-
68R irradiator located at the Notre Dame Radiation Labora-
tory. The dose rate (38 Gy/min) of the irradiator was evalu-
ated using a Fricke chemical dosimeter (Klassen et al. 1999).
The dose rate in L-alanine is approximately 97.5 % of that in
Fricke solution, based on their mass energy-absorption coef-
ficients for ®°Co y-rays. EPR measurements were carried out
using a Bruker EMXplus spectrometer (Bruker Corporation,
Billerica, Maryland) equipped with an ER4119HS standard
resonator operating in the X-band (9.49 GHz). The following
EPR parameters were used: a magnetic field sweep width
of 200 G, a sweep time of 30 s, a modulation amplitude of
1 G at a frequency of 100 kHz, and a microwave power of
0.6352 mW. Each spectrum was averaged over 5 scans. The
resulting EPR intensity is proportional to the total number
of unpaired electron spins in the sample and thus reflects
the absolute concentration of paramagnetic species (i.e.,
radicals).

To quantify the dose from exposure to uranium oxide,
which predominantly produces a-radiation, 190 mg of dry
L-alanine powder was mixed with 1.7 g of pre-annealed ura-
nium oxide powder resulting in about 10 wt% L-alanine in
the mixture, which is similar to weight ratios of mixtures
with other organic compounds. The mixture was sealed
under vacuum into 6-mm o.d. Pyrex® tubing. The sample
was stored in lead foil for 131 days, from January 19th until
May 30th, 2025, and then until October 3rd, 2025 for repeat
EPR measurements. Dosimetry of f-irradiation relied on 8
additional, dry L-alanine samples (143 to 211 mg) that were
sealed under vacuum in multiple 5-mm o.d. Pyrex® glass
tubes. Triplets of tubes were exposed at Indiana University
to either 37 or 370 MBq (1 or 10 mCi) of f-irradiation from

July 31st to December 17th, 2024 (i.e. 138 days) in the same
way as other organic compounds had been exposed.

To determine the absorbed dose from the EPR signal, the
dosimeter system must first be calibrated with a known radi-
ation field—typically ®°Co y-rays or high-energy electrons,
where the dose-to-alanine relationship is well established.
The response of the L-alanine dosimeters in our study was
compared to their response following irradiation with y-rays
from ®’Co. The conversion from signal to dose for a- and
p-radiations follows Eq. (1)

Drad = Srad/ky 'frad (1)

where S,,4 = EPR signal amplitude (a.u.), D,,4 = absorbed
dose in L-alanine (Gy), k, = calibration constant obtained
with y-rays (k, = S,D,), fi,¢ = correction factor account-
ing for different radical yields due to LET effects (f; ~ 1.0
(similar yield to y-rays); f,, =~ 0.6-0.8, depending on particle
energy and stopping power).

The measured EPR signals represented by 4 differently
colored central lines for L-alanine in Fig. 3 are explained
as follows: (i) The dark blue line (peak #2) corresponds to
Sy = 0.51 (arbitrary unit, a.u.) with a known absorbed dose
of y-irradiation of 10 wt. % L-alanine in uranium oxide
delivered during calibration of D, = 76 Gy. The calculated
calibration constant (sensitivity) is k, = S,/D, = 0.51/76
= 0.0067 a.u./Gy (i.e., a 1-Gy absorbed dose produces
0.0067 a.u. of EPR signal under this calibration). (ii) The
red line reflects the measured signal after 37 MBq (1 mCi)
of f-irradiation (Fig. 3, red, peak #2) corresponding to S
= 0.72 a.u. with a relative efficiency for f of f; = 1.0 (f »
v in L-alanine yield) and a calculated dose of Dy = Sk, -
Jp=0.72/(0.0067 - 1) = 107.5 Gy. (iii) The green line rep-
resents the measured EPR signal after y-irradiation (Fig. 3,
peak #2) with S, = 0.22 a.u. and a known absorbed dose
delivered during calibration of D, = 36 Gy and a calculated
calibration constant of k, = S,/D, = 0.22/36 = 0.0061 a.u./
Gy. (i.e., a 1-Gy absorbed dose produces 0.0061 a.u. of EPR
signal under this calibration). (iv) The light blue line shows
the measured signal after a-irradiation (Fig. 3, peak #2)
corresponding to S, = 0.17 a.u. For example, the relative
efficiency for a-irradiation is f,, = 0.70 with reduced radical
yield due to high LET and a calculated dose of D, = S /k, -
f,=0.17/(0.0061 - 0.7) = 19.5 Gy.

The comparative EPR measurements of the exposed
and formerly blank L-alanine samples indicated specific
irradiation doses resulting from the relatively short-term
exposures over 131 and 138 days (i.e. ~14.4 Gy of pre-
dominantly a-radiation over 131 days, and ~100 Gy at
37 MBq (1 mCi) and ~180 Gy at 370 MBq (10 mCi),
respectively, over 138 days of f-irradiation). These doses
need to be extrapolated to the ~5 times longer a- and
p-irradiation of model compounds at Indiana University
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Fig.3 EPR spectra of radicals ] Peak 2
formed in L-alanine samples SB
after exposure to irradiation .0.1 -
with y-rays at the University of SY (76 Gy)
Notre Dame (S, absorbed doses: S, (36 Gy)
green 36 Gy measured on Octo- -0.2 S,

ber 3rd, 2025, and dark blue

76 Gy measured on January
14th, 2025), p-irradiation (S/,y
red), and a-irradiation (S, light
blue). The intensity is expressed
in arbitrary units.
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from December 2021 until November 2023. The estimated
absorbed doses over ~700 days of a- and fS-irradiation of
model compounds are ~77 Gy for a-irradiation, and ~900
Gy for fp-irradiation at 370 MBq (10 mCi).

Recovery and quantification of radiolytic gases
from headspace at Indiana University

Following irradiation, individual glass sample tubes were
inserted into a glass cracker assembly that was attached
to a dedicated vacuum line to extract non-condensable
gases (e.g., H,, N,, and CH,), and condensable gases
(e.g., C,—C, hydrocarbons and CO,) from the head-
space, cryogenically trap water, quantify the gas yields
in calibrated volumes, and collect splits of the fractions
in sealed glass capillaries for subsequent compositional
measurements (see methodology and Fig. 1 in Ma et al.
2021). Methane cannot be quantitatively trapped at the
temperature of liquid nitrogen without an adsorbent. A
‘cold finger appendix’ of the vacuum line and the capil-
laries contain grains of pre-outgassed (in vacuo at ca. 450
°C with a yellow flame from a methane-burning torch)
coconut charcoal for quantitative collection of methane.
Gas yields of bulk condensable and bulk non-condensable
gases were determined with a Baratron® pressure gauge
in calibrated volumes. Compound-specific methane and
carbon dioxide yields were subsequently determined via
lasers in a SARAD RTM?2200 gas detector system (see
methodology and Fig. 2 in Ma et al. 2021).

@ Springer
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Results

Yields of CH, and CO, in headspaces as well as the con-
version of carbon from irradiated compounds to CH, and
CO, in percent are listed in Table 2. Low yields without
clearly discernible traces are indicated as zero. Here we
present preliminary results from only 13 individual experi-
ments out of a total of 212 experiments, most of which are
still undergoing a-irradiation as of December 2025. CH,
and CO, gas yields above a threshold of 0.01 pmol are
additionally plotted logarithmically on Fig. 4.

From the four compounds without organic oxygen
(i.e. Sa-cholestane, n-icosane, pyrene, and squalane),
only y-irradiation of n-icosane generated traces of CO,,
although oxygen was present in all sample tubes in the
form of added water that generated *‘OH radicals. All sig-
nificant, quantifiable yields of CO, were associated with
y-irradiation of oxygen-containing organic compounds,
especially amino acids that can decarboxylate. Glycine
was especially prone to radiation-induced decarboxylation
and methanogenesis, resulting in 2.8 % of its carbon being
converted to CH, and CO,.

Discussion

The radiolysis of solid organic compounds mainly involves
ionization (Eq. 2) and excitation (Eq. 3), producing radical
cations (RH%e) and excited molecules (RH*) (Mozum-
der 1999). The chemical effects arise from how the
excited or ionized molecules behave—often fragmenting,
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Fig.4 Methane and carbon 100 - —
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rearranging, or polymerizing depending on their structure
and energy distribution. In a solid-state environment, radi-
cal movement is limited, with C—H bond rupture releasing
hydrogen atoms as the most likely process (Eq. 4) that sub-
sequently forms molecular hydrogen (H,) by abstracting
another hydrogen from the initial molecule (Eq. 5) or by
recombination of He atoms (Voevodskii and Molin 1962).

RHwRH + - 4+ e— @)
RH~RH* 3
RH* > R-+H: “4)
H-+RH - R - +H, 5)

The type and LET of radiation play a critical role in deter-
mining the chemical effects and product yields in irradiated
organic solids. y-Rays, with low LET, produce sparse ioni-
zations, leading to moderate product yields due to limited
radical migration. @ and f particles, with high LET, deposit
energy densely within a short range, causing localized ioni-
zation, high radical recombination, and structural changes
in the surrounding organic matrix. When adsorbed water is
present in the solid organic material, the radiation chemis-
try becomes more complex. Radiolysis of water generates
reactive species such as hydroxyl radicals (¢OH), hydrogen
atoms (H), and hydrated electrons (e",,), which can diffuse
and react with the surrounding organic matter. This enhances
molecular degradation pathways such as oxidation, hydrogen
abstraction, and radical-driven bond cleavage. Thus, even
in otherwise diffusion-limited solid environments, the pres-
ence of water enables additional radiation-induced pathways,
altering both the type and amount of products formed.

Irradiation dose (Gy)

The types of radiolysis products formed depend on the
molecular structure of the organic compound (Collinson
and Swallow 1956). Use of a variety of pure compounds
with different structures and discrete functional groups
rather than complex organics such as SOM enabled us to
discern underlying chemical mechanisms for the radiolytic
generation of methane and carbon dioxide. Methane can be
radiolytically produced by first splitting a methyl radical
oCH; from the organic parent molecule and then supply-
ing a hydrogen atom from either organic matter or water.
This pathway explains the absence of methane from pyrene
where the condensed aromatic ring structure is devoid of
methyl groups (Table 1). Squalane with its 7 methyl groups
produced measurable amounts of methane even under com-
paratively weak a-irradiation, and phytol with 5 methyl
groups produced traces of methane as a result of very weak
p-irradiation. Among the six y-irradiated compounds, pyr-
ene with no methyl groups produced the least amount of
methane, n-icosane with only two methyl groups produced
slightly more, and 5a-cholestane (5 methyl groups) and phy-
tol (5-methyl groups) generated progressively more meth-
ane. Amino acids are exceptions because their zwitterion
character promotes decarboxylation and deamination, which
generates radicals that can subsequently react with other
molecules to produce methane. This explains that L-valine
with only two methyl groups and even glycine, which has
none, can generate substantial amounts of methane.

Carbon dioxide was either absent or present only in trace
or small amounts after irradiation of compounds that had
no oxygen in their molecular structure (i.e., Sa-cholestane,
n-icosane, pyrene, squalane), regardless of the type of
radiation. In contrast, carbon dioxide was an abundant and
even predominant radiolytic product in the headspace after
y-irradiation of carboxyl-bearing amino acids. The presence
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of oxygen in hydroxy groups in the organic parent molecule
was apparently a precondition for the generation of carbon
dioxide from phytol. It seems that the availability of «OH
radicals from radiolysis of water was insufficient to gen-
erate significant amounts of carbon dioxide from organic
molecules without oxygenated functional groups (Garrett
et al. 2005). The most carbon dioxide was generated from
y-irradiated amino acids glycine and L-valine, which pro-
duced carbon dioxide from 2.51 and 0.77 % of their initial
organic carbon pools, respectively (Table 2). This aligns with
known behaviors in aqueous solution, where amino acids
primarily undergo deamination and decarboxylation under
radiation. While deamination is known to proceed via oxida-
tion and reduction pathways, radiation-induced decarboxyla-
tion is less well understood (e.g., Bonifaci¢ et al. 1998). Our
measured CO, yields are likely an underestimate because
concurrent deamination of glycine and L-valine generated
ammonia that reacted with CO, and H,O to form non-vol-
atile (solid or dissolved) ammonium carbonate (NH,),CO,
and reduced the amount of free CO, in headspace gas. Our
results compare well with earlier observations. For example,
Cherubini and Ursini (2015) reported that decarboxylation
and deamination products were detected using mass spec-
trometry after pure L-valine had been sealed under vacuum
in glass tubes and was y-irradiated at a dose rate of 0.8 kGy/h
for a total dose of 3.2 MGy. Almost 30 % of the irradiated
L-valine had reacted during irradiation, and some products
resulted from L-valine reacting with CO,. Carbon dioxide
was also observed as an unexpected major gas product from
low-temperature y-irradiation experiments of Phosphoria
Retort Shale and its isolated kerogen (Lewan et al. 1991).
Our observation of radiation-induced decarboxylation of
organic matter has biogeochemical relevance for interpret-
ing the limited abundance of carboxyl groups in SOM. The
composition of carboxylic acids in the sedimentary record
is governed by many constraints and competing processes of
generation, alteration, and degradation, which include: (1)
Most carboxyl groups present in SOM originate from bio-
synthetic fatty acids and amino acids, together with humic
substances formed naturally in aquatic environments (Orem
et al. 1986). Attributing the loss of some carboxyl groups
in SOM to long-term natural radiation must acknowledge
that their microbial accessibility in immature sediments
fosters their degradation and incorporation into kerogen.
In addition, ‘free’ fatty acids are more prone to degrada-
tion than ‘bound’ fatty acids that are physically shielded or
occluded within organic matter (Kawamura and Ishiwatari
1985), which plays into the balance between preservation
and degradation (Ravin et al. 2017). Even ‘bound’ fatty acids
are exposed to the effects of long-term natural radiation in
sediments, with an undiminished propensity to undergo
decarboxylation. (2) A variety of natural processes generate
carboxylic acids by oxidation of biolipid precursors, which
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can occur during transport and deposition, during sediment
diagenesis, or by microbial alteration of petroleum. For
example, carboxylic acids are generated from plant wax
alkanes by oxidation during eolian transport and are prom-
inent in aerosols (Anttila et al. 2005) and can be formed
during diagenetic alteration of SOM, such as the genera-
tion of hopanoic acids from bacterial hopanepolyols (Saito
and Suzuki 2007). Microbial processes associated with
petroleum biodegradation also generate organic acids from
hydrocarbon precursors (Meredith et al. 2000). (3) Several
non-radiative pathways involve decarboxylation processes
during diagenetic alteration, including the conversion of
diterpenoid acids to diterpenoid hydrocarbons (Murae et al.
1996). Decarboxylation of kerogens also occurs at higher
thermal maturity (Ashida et al. 2005). (4) The tendency for
the concentration of carboxylic acids to decrease relative to
hydrocarbons during sediment burial can be attributed to the
effects of progressive diagenesis and the increasing matu-
rity of SOM, as illustrated by results from marine sediment
sequences (Ravin et al. 2017) although acids can survive
in immature shales (Barnes et al. 1979; Vandegrift et al.
1980) prior to de-functionalization (Farrimond et al. 2002).
The accepted paradigm is that the presence of a carboxyl
group facilitates microbial degradation of SOM, perhaps
because of solubility considerations. (5) The emphasis on
examination of hydrocarbons in more mature rocks means
that the persistence of carboxylic acids with increasing ther-
mal maturity is poorly constrained, in part because of con-
cerns for contamination. Recognition of carboxylic acids in
ancient rocks in the 1960s (Abelson et al. 1962) is now sus-
pected to represent non-indigenous compounds, a concern
that has prompted meticulous care in assessing the potential
for contamination from younger strata and mobile hydro-
carbons (Hallman et al. 2011; French et al. 2015). Available
radiolytic energy from the decay of radioactive isotopes has
varied throughout Earth’s history (Karam and Leslie 2005).
Hence, the importance of radiolytic overprinting was greater
in the past, likely peaking about ~2.5 Ga at the end of the
Archaean, potentially significant for providing substrates
suitable for utilization by bacteria and Archaea. Hence, the
importance of radiolytic overprinting was greater in the past,
likely peaking about ~2.5 Ga at the end of the Archaean,
as illustrated by the natural fission reactor at Oklo, Gabon
(Jensen and Ewing 2001). This energy was potentially sig-
nificant for providing substrates suitable for utilization by
bacteria and Archaea in early Earth history. In addition,
organic materials delivered to the Earth from space, which
was a prevalent source of organic matter during the Archean
(Martins and Pasek 2024), experience exposure to cosmic
radiation from X-rays and y-irradiation.

At the onset of our multi-year irradiation experiments,
we underestimated the attenuation of S-irradiation from *°Sr
when passing through a thin layer of borosilicate glass that
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rendered our f-irradiation setup suboptimal due to glass
shielding. The unexpectedly low-dose delivery is likely
responsible for low gas yields rather than due to intrinsic
inefficiency of f-irradiation. The p-irradiation dose rate
was insufficient to allow firm conclusions. The same com-
plication was avoided for a-irradiation by directly mixing
235U-depleted uranium oxide powder with organics, yet we
discovered that even 700 days of irradiation were insuffi-
cient to confidently quantify headspace gases. We roughly
estimate that the concentration of uranium in direct contact
with organic matter in our sample tubes is approximately
56,000 times greater than in an average black shale with ca.
8 ppm by weight uranium. In other words, one year of lab
experiment simulates the accumulated dose of a particles
from 56 kyr of natural radiation. We still have dozens of
parallel a-irradiation experiments running in sealed glass
tubes in a refrigerator at Indiana University and hope to
make more measurements in the future. As a side note, many
of the added waters in our experiments had used heavy water
(*H,0, deuterium oxide) and a future compound-specific
study on the original and the irradiated organic compounds
will be expected to yield valuable insight about radiation-
induced hydrogen stable isotope exchange between hydrogen
in organics and that in water in contact with SOM. With
a low natural abundance of deuterium (*H) in total hydro-
gen on Earth of approximately 0.016 % and our analytical
precision being able to detect differences of only 1 permil,
even a small transfer of water-derived *H into organic hydro-
gen should be detectable. Future experiments will vary the
presence of water and will thus more systematically explore
water’s role in radiolysis.

Our results are relevant for (i) long-term biogeochemi-
cal transformations of fossil organic matter and the likely
radiolytic generation of hydrocarbons, (ii) radioecology of
subterranean life (e.g., in the deep biosphere) and in con-
taminated areas, (iii) chemical changes affecting organics in
nuclear depositories, (iv) the susceptibility of various types
of organic compounds to elevated ionizing radiation on Mars
and in space.

Conclusions

(1) ~77 Gy of a-irradiation produced no measurable carbon
dioxide and only little methane.

(2) ~900 Gy of g particles were least effective in our exper-
iments to cause methanogenesis (or generation of CO,)
owing to shielding of beta particles by the 5-mm o.d.
glass tubes.

(3) y-irradiation of only 25 kGy did not generate any
measurable radiolytic gases. y-Irradiation of 1 MGy
routinely generated measurable quantities of radiolytic
methane and in most cases carbon dioxide.

(4) Only compounds with carboxyl groups generated abun-
dant CO, upon y-irradiation. Decarboxylation via irra-
diation may be a contributing factor for low abundances
of carboxyl groups in old sedimentary organic matter.
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