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ABSTRACT: Although the eﬀect of ionizing radiation on prebiotic chemistry is often overlooked,
primordial natural radioactivity might have been an important source of energy for various
chemical transformations. Estimates of the abundances of short-lived radionuclides on early Earth
suggest that the primordial intensity of endogenous terrestrial radioactivity was up to 4 × 103 times
higher than it is today. Therefore, we assume that chemical substances in contact with radioactive
rocks should therefore undergo radiolysis. The calculations are followed by research investigating
the inﬂuence of ionizing γ radiation on basic prebiotic substances, including formamide mixed with
various clays, which might have played the role of a catalyst and an agent that partially blocked
radiation that was potentially destructive for the products. Our explorations of this eﬀect have
shown that the irradiation of formamide−clay mixtures at doses of ∼6 kGy produces signiﬁcant
amounts of urea (up to the maximal concentration of approximately 250 mg L−1), which plays a
role in HCN-based prebiotic chemistry.

■

volcanic activity,23 radioactivity, and plasma reprocessing of
atmospheric mixtures (CH4, NH3, H2O, H2, CO, CO2, N2,
NH3, H2, H2O,39 or HCHO and their various combinations)7,40,41 have been identiﬁed as potential endogenous
sources of formamide in planetary chemistry. Formamide is
simultaneously a suﬃciently stable compound, and therefore, it
has been postulated that accumulation in the planetary
environment is very likely.42
Ionizing radiation also represents a ubiquitous source of
energy for the prebiotic inventory in interplanetary (e.g., in the
form of a solar wind)10,43 and interstellar space (e.g., in the
form of heavy particles)44 as well as on early Earth (e.g., by
exposure to radioactive minerals).45 However, the role of an
enhanced radioactive background in mechanisms of terrestrial
prebiotic synthesis, the origin of life, and the ﬁrst metabolic
processes is not yet completely understood. The eﬀect might
not have been negligible, as it is described in Garzón et al.,46
which is considered to be one of the ﬁrst publications about
the inﬂuence of ionizing radiation on prebiotic chemistry.
Adam et al. recently published a study about the possible
production rate of formamide inﬂuenced by terrestrial
radioactivity derived from radioactive minerals on the prebiotic
Earth.45 Adam et al. estimated the production rate of
formamide up to 0.1−0.8 mol km−2 yr−1. In special cases of

INTRODUCTION
The last 70 years have witnessed signiﬁcant progress in
research on the evolution of the chemical complexity on early
Earth. In 1953, Stanley Miller and Harold Urey pioneered the
spark−discharge−powered synthesis of aspartic acid, glycine,
α- and β-alanine, and α-aminobutyric acid from a simple
mixture of reducing molecular gases (CH4, NH3, H2O, and
H2).1 Since then, it has been demonstrated that various
mixtures of simple substances can produce organic or prebiotic
molecules including solutions2,3 that are subjected to electric
discharges under various conditions,4−8 illuminated by UV
radiation,9 heated in the presence of several catalysts,10−16 or
exposed to shock plasma and high pressures during asteroid or
cometary impacts.17−20 There have also been attempts to
model such reaction pathways by mathematical and kinetic
calculations.21
Recent investigations of plausible mechanisms involved in
prebiotic synthesis have highlighted two important one-carbon
parent molecules: formamide22−27 and HCN.28−30 The
chemistries of both are likely very closely interconnected.
One-carbon compounds were ﬁrst predicted to be possible
precursors of biogenic molecules in 1938 by Oparin.31
Currently, it is known that molecules such as HCN, CO,
CO2, and CH4 result32 in plasma to formamide, formaldehyde,
HCN, formic acid, glycolaldehyde, NH4CN, among other
molecules. Formamide is a particularly interesting one-carbon
compound. Its structure represents the simplest amide, which
contains all of the essential biogenic elements (CNOH, but
excluding sulfur and phosphorus). It is suﬃciently reactive and
ubiquitous in the star-forming regions of dense interstellar
clouds,33 in young stellar objects34,35 or in comets.36,37 In
terrestrial environments, hydrolysis of HCN,38 together with
© 2020 American Chemical Society
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radiation eﬀect on mixtures of clays with this crucial parent
compound in prebiotic chemistry.
Calculation of Early Earth’s Radioactive Background.
Our calculations are based on a new evaluation of geochemical
and cosmochemical data,68 which show estimates of the initial
(i.e., 4.57 Ga) isotopic ratios of short-lived, now extinct
radionuclides. These isotopic ratios are combined with
elemental abundance estimates for the Archean tonalite−
trondhjemite−granodiorite (TTG) crust69 taken as the best
proxy for the earliest continental crustal composition. The
resulting radioactive decay curves for all relevant radionuclides
are shown in Figure 1.

highly concentrated radioactive mineral deposits (e.g., the
Oklo natural reactor in Africa), the production rate could have
been approximately 0.1−1 mol m−2 yr−1, which is 6 orders of
magnitude higher, thus providing a possible answer to a longlasting question about the plausible mechanisms of the
formamide concentration in the early environment (see also
Adam et al.47 and Ebisuzaki et al.).48
In aqueous solutions, it is necessary to mention the
radiolysis of water. Due to ionizing radiation, water
decomposes into several products, such as hydrated electrons,
H atoms, •OH radicals, H3O+ ions, and also stable molecules
like H2 molecules and hydrogen peroxide. The mechanism of
radiolysis of water is well-known and can be generalized by a
simple chemical equation49 below.
IR

H 2O → e−aq + HO• + H• + HO2• + H3O+ + OH−
+ H 2O2 + H 2

where IR above the reaction arrow stands for ionizing
radiation.
Upon UV radiation (λ < 254 nm),9 heating (T > 160
°C),50−52 and after exposure to a plasma shockwave,53−57
formamide decomposes and reacts with HCN or unstable
radicals such as CN•, −NH2, or •H. In subsequent reaction
chains, nucleobases,7,17 sugars and glycine,58,59 or formic acid60
and other prebiotic compounds are formed. Upon γ radiation61
(100 kGy), dry formamide is decomposed to hydrogen, CO2,
urea dimer (CONH2)2, gyromitrine, and traces of HCN.
However, the persistence of absolutely dry formamide is very
unlikely under early Earth conditions. It has been demonstrated that formamide reacts with thermalized electrons more
readily than with hydrated ones formed by γ irradiation in an
aqueous solution of formamide. Pure formamide does not yield
solvated electrons existing longer than ∼10−11 s,62 which
simply means that electrons in water−formamide mixtures
surround themselves only with water molecules and not with
formamide. The yield of free ions in the radiolysis of
formamide was investigated by Head and Walker in 1970.63
These experiments involved nitrous oxide (N2O) and many
other scavengers to obtain exact numbers of free ions
generated in irradiated formamide. It has been observed that
a very high dielectric constant (εr ∼ 84) of formamide leads to
large yields of relatively long-lived (>10−7 s) reducing ions
together with rather small yields of hydrogen atoms, as well as
simple molecular decomposition products.
Zagórski et al.64 discussed the role of early Earth’s
radioactive background in the chemical evolution of life and
noted that nuclear chemistry’s approach to such a multidisciplinary scientiﬁc problem is often overlooked.65 Our
current research follows this idea and is also motivated by a
lack of knowledge about the early Earth radioactive background and the speciﬁc inﬂuence of γ radiation on formamidebased synthesis. We also take into account the results of recent
investigations demonstrating the potentially crucial role of
catalysts in prebiotic synthesis (e.g., the synthesis of all ﬁve
nucleobases38 in one pot and their selective inﬂuence; for
instance, cytosine and uracil are formed when clays are used,
thymine is the main product of synthesis if TiO2 is used, onepot synthesis upon UV light or by simple heating to 110−160
°C in the presence of metal oxides and minerals).14,50,66,67
Therefore, in this study, we combine a new estimation of early
Earth’s radioactive background68 with an investigation of the γ

Figure 1. Overall and partial terrestrial activities in Bq kg−1 over time.

The red solid line in Figure 1 demonstrates the overall total
radioactivity of 1 kg of Earth’s crust coming exclusively from
naturally occurring radionuclides. The partial activities were
calculated using the TTG composition and short-lived
radionuclide initial ratios according to the well-known decay
law
A = A 0 exp( −λt )

(1)

where A is the activity, λ is the decay constant, and t is the
time.
A wide range of short-lived radionuclides are currently
extinct and therefore contribute to the overall radioactive
background solely on early Earth. Conversely, long-lived
radionuclides (relative to the age of the Earth, i.e., 238U,
232
Th, and 40K) did not lose much of their activity since Earth
was formed until now because only a small amount of their
nuclei has decayed. Radionuclides, which contributed signiﬁcantly to the overall activity, are depicted as dashed lines in
Figure 1. Other, mostly extinct, radionuclides are depicted in
Figure 1 as a single dash-dotted line, summing up all other
radionuclides with smaller contributions. All relevant activities
include the activity of all daughter nuclides for each decay
chain.
Our calculations show that terrestrial radioactivity was
approximately 6 times higher (∼4900 Bq kg−1) at 4 Ga than at
present (∼820 Bq kg−1). On the geological time scale, many
crucial events occurred at approximately 4 Ga, such as the
origin of the ﬁrst living structures on Earth. This event is
estimated to take place from 3.8−3.95 Ga,70,71 but it is possible
that ﬁrst living structures emerged even more than 4.1−4.28
Ga,72,73 when a transition from a reduced to a neutral
atmosphere took place.74 The end of early heavy bombardment and possible late heavy bombardment eras occurred from
4.5 to 3.85 ± 0.05 Ga.75,76 Nevertheless, the eﬀect of terrestrial
radiation is not the only one to consider, cosmic radiation must
also be taken into account.
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signiﬁcant substitution of aluminum with magnesium. Table S1
also shows that there was very little change in the proportion of
Mg, Al, Si, and Fe after treatment of Na-clay with hydrochloric
acid, indicating that the gentle reaction conditions did not
attack the aluminosilicate layer and resulted in an essentially
proton-exchanged clay. The diﬀerence in the composition of
the ferruginous smectite (Fe-clay) and sodium montmorillonite was obvious, mainly because of the high content of
structural iron incorporated in the octahedral sheet.
In the Supporting Information, it is possible to observe the
X-ray powder diﬀraction ﬁgures of each clay mineral (Figure
S1). The diﬀractograms were obtained using a Cu Kα X-ray
diﬀractometer Rigaku (1 kV, 0.6 kW, goniometer MiniFlex
GON0070).
Arrangement and Setup. All experiments were performed with the radionuclide 60Co irradiator Gammacell 220
(Atomic Energy of Canada, Ltd.). As a result of the circular
geometry of irradiating cylinders containing 60Co, it was
possible to achieve a relatively homogeneous dose in the whole
irradiated volume.
All samples were placed inside SiAl glass vials with a 10 mL
volume and sealed by a ﬂame. After cooling the glass, the
samples were irradiated for 7 days (for most cases, if not
otherwise indicated) under a constant temperature of 25 °C.
For an analysis of the liquid phase, the suspension was
macerated in methanol (CAS 67-56-1) for 2 h. Then, the
mixture was ﬁltered with ﬁltering paper, and 100 μL of the
extract was evaporated under a vacuum for approximately 2
days. The evaporate was then silylated by mixing with 150 μL
of pyridine (Sigma-Aldrich, CAS 110-86-1) and 50 μL of
MTBSTFA (N-tertbutyldimethylsilyl-N-methyltriﬂuoroacetamide, Sigma-Aldrich, CAS 77377-52-7) and heating at 110
°C for 2 h. After cooling down, 1 μL of the silylated sample
was injected into a gas chromatograph Thermo Scientiﬁc Trace
1300 (nonpolar capillary column TraceGOLD TG-5MS,
length 30 m, 95% dimethylpolysiloxane, and 5% fenylmethylpolysiloxane) and analyzed for 14 min in the 180−280 °C
temperature region. The analysis was performed using a TS
MS 1100 mass spectrometer with an ion trap system. During
multiple analyses on the GC/MS device, each measurement
was followed by a column clearing burning at 310 °C, which
prevents any impurities to stay in the column and thus
inﬂuence further measurements. Samples were always measured from lower to higher concentrations of an expected
product to prevent concentration residuals. Blank samples with
nonirradiated mixtures were used to prove that the separation
column in the GC/MS device was not contaminated.
Dose and dose rate measurements were performed using a
Fricke chemical dosimeter with a density ρ = 1.024 g cm−3 and
a radiation-chemical yield of Fe3+ ions G(Fe3+) = 1.62 μmol
J−1.

The Moon-forming impact event, as highlighted in Figure 1
around 4.5 Ga, probably inﬂuenced the crustal composition of
early Earth signiﬁcantly. This would, however, change only the
dose rate (and the absorbed dose) of ionizing radiation of the
crust. Nevertheless, the speciﬁc activity in Figure 1, being an
intense physical quantity, remains the same, regardless of
external conditions.
In this study, we used a 6 kGy dose and 37.28 Gy h−1 dose
rate of γ radiation to simulate long-lasting slow prebiotic
chemical processes in the laboratory environment, which
probably took place under lower dose rate conditions.
Nevertheless, using higher dose rates allows us to investigate
such reactions in a reasonable time scale.

■

EXPERIMENTAL METHODS
Experimental Design. The experiments were designed to
observe the eﬀect of γ ionizing radiation on primordial-like
formamide−clay mixtures. All samples were prepared in heatsterilized glass vials (T > 600 °C), from 2 ml of formamide
(Sigma-Aldrich, CAS 75-12-7) and 0.1 g of speciﬁc clay (see
the characterization of the used clays below). Some experiments also included the use of Ni−Fe meteoritic dust (Campo
del Cielo meteorite containing 92.9% Fe, 6.7% Ni, 0.4% Co,
and trace amounts of 90 ppm of Ga, 392 ppm of Ge, and 3.2
ppm of Ir) to observe the inﬂuence of such addition into the
system.
Characterization of the Used Clays. Natural sodium
montmorillonite (Na-clay) was acquired from Kunimine
Industries (Japan), and ferruginous smectite (Fe-clay) was
obtained from the Source Clay Repository of the Clay Mineral
Society (Grand County, Washington). The ﬁne fractions (less
than 2 μm) were separated by sedimentation and centrifugation after disaggregation in deionized water (18 MΩ cm−1).
The samples were puriﬁed via multiplied sediment fractionation to a particle size of less than 2 μm. The puriﬁed sodium
clay was suspended in deionized (d.i.) water for 24 h while
stirring using a magnetic stir bar and plate to hydrate the clay.
The suspension was obtained by mixing 10 g of clay with 500
ml of deionized water in a 2 L beaker. After suspending the
clay, 500 mL of 2 M hydrochloric acid HCl was added to the
vigorously stirred dispersion of sodium montmorillonite, and
after 1 h of continuous stirring at 20 °C, the reaction mixture
was centrifuged for 10 min at 4000 RPM. The supernatant
liquid was discarded, the pellet was resuspended in 1 L of
deionized water, and the product (H-clay) was retrieved by
repetitive centrifugation and washing with deionized water to
remove excess acid (HCl) and soluble salt (NaCl) created
during the cation-exchange procedure. Ferruginous smectite
(Fe-clay) was obtained from the Source Clay Repository of the
Clay Mineral Society (Grand County, Washington). Fe-clay is
very diﬀerent from both clays mentioned above. It contains a
high percentage of iron incorporated in an octahedral crystal
sheet in the form of Fe2O3. The catalytic activity of this clay is
probably caused by this iron and not because of its pH value
because Fe-clay is generally neutral.
The detailed properties of each clay can be summarized as
follows. From a macroscopic perspective, the clays used in this
study diﬀer in bulk elemental composition. Table S1
(Supporting Information) demonstrates the detailed elemental
composition of the clays used in this study. Elemental analyses
performed with clays of the chemical composition of puriﬁed
Na-clay indicated that the charge of this dioctahedral mineral
was dominantly located in the octahedral sheet due to a

■

RESULTS AND DISCUSSION
Formamide Interaction with γ Radiation. After the
estimation of the early Earth’s radioactive background, we
explored the interaction of γ radiation with formamide. The
experimental setup, designed to compare the eﬀectivity of clays
yielding a possible main product of the interaction of γ
radiation with the samples, is shown in Table 1. The dose was
set at 6 kGy, which indicated 7 days of irradiation in a
Gammacell at a dose rate of 37.28 Gy h−1. The samples always
consisted of 2 ml of formamide and 0.1 g of the various clays.
The results (gas chromatogram) are shown in Figure 2.
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very remarkable for almost every nucleobase and purine. As a
result, we decided to test whether such a dependency also
existed for radiolysis. The experiment was conducted with 2
mL of formamide, 0.1 g of clay, and a 6 kGy dose of γ
radiation. The results are presented in Figure 3.

Table 1. Experimental List for Determination of the Type of
Clay Eﬀectivity
sample number

clay type

dose (kGy)

1
2
3

Fe-clay
Na-clay
H-clay

6.26
6.26
6.26

Article

Figure 3. Eﬀect of NiFe meteoric powder on the urea yield.

As evident in Figure 3, the eﬀect of NiFe powder ﬂuctuates,
the pure clay with formamide is always described in the left
column, while the mixture enriched with the meteoric powder
is on the right. There is no trend similar to thermolysis because
the system reacts diﬀerently, which is in accordance with
predictions.
As mentioned above, the main product of the radiolysis of
formamide−clay mixtures is urea. The urea yield diﬀers with
the absorbed dose, as shown in Figure 4.
D is the dose in Gy, c is the molar concentration, and G is
the radiation-chemical yield in μmol J−1. The radiationchemical yield was calculated according to eq 2.

Figure 2. Comparison of the eﬀectivity of clays used during radiolysis.
R denotes the retention time in minutes, and peaks marked with
numbers denote silylation byproducts.

As shown in Figure 2, the main product was urea, an
important biogenic molecule. Nevertheless, no nucleobases
were found under such experimental conditions. The highest
yield of urea was observed in the presence of H-clay. H-clay
has the highest amount of SiO2 in its structure, and it should
be noted that H-clay is the only one that was produced in the
laboratory by additional chemical procedures (from Na-clay).
The second highest yield was observed in the presence of Naclay and the lowest in the presence of Fe-clay. It is, however,
important to highlight that Fe-clay yielded nucleobases in the
highest amounts of all other clays during the thermolytic
experiments (no γ involved), which were performed for 24 h at
160 °C under Dimroth coolers. These results have been
published in Pastorek et al.11 and can be observed in Table 2
compared with new results from radiolysis.
In Table 2, FA stands for formamide, A for adenine, G for
guanine, C for cytosine, T for thymine, U for uracil, P for
purine, and UR for urea. It can be seen that Fe-clay has the
overall best yield of nucleobases during thermolysis. Because of
these data and the results obtained from Figure 2, we decided
to investigate formamide−Fe-clay suspensions ﬁrst, despite its
low urea yield during radiolysis.
The next experiment was performed to investigate the eﬀect
of NiFe meteoritic powder. Its presence in comparative
thermolytic samples caused a signiﬁcant decrease in all
concentrations of nucleobases. The decrease was steep and

G=

|c 0 − c |
D×ρ

(2)

where c0 is the initial concentration of urea in μmol L−1 (0
μmol L−1) and ρ is the density of the mixture in kg m−3 (ρ =
0.9945 kg m−3). This kinetic experiment was conducted with 2
mL of formamide and 0.1 g of Fe-clay only, as we decided to
study this clay exclusively according to the thermolysis results.
The concentration of urea increased nonmonotonously with
the dose. According to the density of formamide at 25 °C (ρ =
1.134 g cm−3) and molar weight M = 45.04 g mol−1, the
starting amount of formamide was nf = 0.0504 mol. If we
theoretically assume that 2 molecules of formamide produce 1
molecule of urea according to the stoichiometry, then the
maximum amount of urea produced from formamide should
be nmax = 1/2, nf = 0.0252 mol. From Figure 6, we can derive
that the molar concentration of urea for the highest dose
applied (6 kGy) was c = 0.00261 mol L−1, which equals
156.941 mg L−1 (M (urea) = 60.06 g mol−1). In a 2 mL

Table 2. Biomolecules Found in Speciﬁc Mixtures during Thermolysis11 and Radiolysis in mg L−1
experiment
thermal

γ

FA
FA
FA
FA
FA
FA

+
+
+
+
+
+

Fe-clay
Na-clay
H-clay
Fe-clay
Na-clay
H-clay

A

G

C

T

U

P

UR

433
30
67

11
17
10

0.2
16
5

45
50
51

8
9.5
28

4582
1930
3416

517
2380
4100
21.7
88.0
249.5
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Figure 4. (A) Urea formation dependent on the dose absorbed (lower dose rate). (B) Radiation-chemical yield of urea calculated from the kinetics
(lower dose rate).

Figure 5. (A) Urea formation dependent on the dose absorbed (higher dose rate). (B) Radiation-chemical yield of urea calculated from the kinetics
(higher dose rate).

volume of the sample, it is equal to 5.22 × 10−6 mol. Thus,
only 0.021% of urea was formed by 6 kGy. As a result of these
data, we decided to apply a higher dose to test whether the
molar concentration rose or whether some plateau would
emerge.
To test the possible existence of a plateau in the
aforementioned dependence at higher doses, another experiment was performed under similar conditions, except for the
dose range and rate. The results of a high-dose experiment are
shown in Figure 5. This experiment was carried out under the
same experimental conditions as described above, changing
only the Gammacell to a larger type with a higher dose rate.
From Figure 5, it is obvious that no plateau was observed.
Additionally, the kinetics were very similar to the kinetics
measured with a lower dose rate and lower dose absorbed.
This phenomenon was in accordance with our predictions, as
the dose needed to deplete all molecules of formamide was not
achieved. Additionally, the radiation-chemical yield of urea
formation ﬂuctuated with the dose due to the varying dose rate
during irradiation. The urea concentration clearly reached
approximately the same level with a higher dose (Figure 5) like
compared with a lower one (Figure 4). This phenomenon was
most likely caused by a higher radical recombination
probability. With a higher dose rate, more spurs, containing
localized radiolysis products, in unit volume were created, and
therefore products could more likely recombine back together
rather than stabilize in a new chemical form.
Even though no plateau or decrease can be observed in
Figure 5, we decided to investigate a presumed decrease in the
concentration of urea with the dose absorbed. This experiment
was performed with a solution of urea (Sigma-Aldrich, CAS
57-13-6) in formamide of a ﬁxed concentration (c = 1000 mg
L−1). The volume of the solution in a glass vial was 4 ml, and

the dose absorbed varied from 0 to approximately 5 kGy. The
results are presented in Figure 6.

Figure 6. Decrease in urea concentration with the dose absorbed.

Figure 6 clearly shows that the urea concentration dropped
with the dose absorbed, in accordance with the prediction.
These results show that pure urea was decomposed by γ
radiation.
In summary, urea was shown to be the main and almost the
only product when a formamide−clay mixture was exposed to
γ radiation. Urea is an intermediate in many prebiotic synthetic
pathways (Figure 7).
According to Figure 7, urea is an intermediate in the
synthesis of cytosine and, subsequently, uracil. It should be
noted that this schematic depicts the formation of nucleobases
from HCN, but ionizing radiation could undoubtedly have
produced urea, subsequently leading to kinetically inﬂuenced
nucleobase synthesis with higher nucleobase yields.
Exclusive urea production can be related to a phenomenon
called the reaction radical cage (also known as the “cage
8955
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Figure 7. Schematic of the nucleobase synthesis of A, G, C, U, and glycine.77

eﬀect”). The cage eﬀect was ﬁrst noticed in 1934 in radical
chemistry and photochemistry because it could inﬂuence the
product spectrum of reactions.78,79 Speciﬁcally, γ radiation
reacts with the target matter by producing spurs, heterogenic
ellipsoidal structures with a high local concentration of the
product. The γ photon carries high energy of on average
1.2529 MeV. When this γ photon collides with an electron of
target matter, the whole energy of the photon is usually
transferred to this electron. With such energy, the electron
becomes a highly ionizing particle and, therefore, ionizes
everything in its path, creating many spurs and other secondary
electrons with lower energies. Therefore, the product is located
in these small regions, which are separated from each other and
massively surrounded by the reactant. This geometric arrangement does not allow a high variety of reactions and supports
radical recombination.

■

Figure 8. Suggested reaction pathways from NH3.80

where ACN denotes acetonitrile and FA denotes formamide.
The radiolysis of aqueous ACN to FA via HCN is plausible
due to the radiolysis of water, which donates •OH radical,
needed to form FA molecule in the last step of this reaction.45
(See also Buxton et al.81) This hypothesis is supported by our
calculations of the natural radioactive background of early
Earth continents, which show that the background 4.56 Ga
(shortly after Earth’s formation) was approximately 3.6 × 103
times higher than it is today. Later, speciﬁcally after e.g.,
Moon-forming impact event, the terrestrial radioactivity
dropped signiﬁcantly only to be ∼6 times higher than it is
today. This does not, however, mean radioactivity could not
play any role in prebiotic chemistry afterward. When we
consider the action of ionizing radiation in an aqueous
environment, radiolysis is a nonthreshold process and stable
products may be formed practically at any dose and dose rate.
With lower activity and probably dose rate, all of the
aforementioned reactions could still proceed, but with lower
yields through the same time period. Simply explained, with

CONCLUSIONS

The experimental results show that the main product of the
irradiation of a formamide−clay suspension by γ radiation,
widely present in locations on early Earth with radioactive
crust composition, is urea, a biomolecule of high importance
that is also an intermediate in nucleobase synthesis (Figure 7).
Urea, formamide, and formaldehyde are close chemical
relatives. There exist reaction pathways that perform the
conversion of one to another, as depicted in Figure 8.
According to Adam’s calculations45 and our results, a simple
reaction branch of prebiotic synthesis related to formamide can
be deduced
γ

γ

γ

ACN → HCN → FA → urea
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lower activity, more time was needed to concentrate potential
prebiotic products to suﬃcient concentrations.
This publication sheds new light on the role of radiochemistry in the origin of life since ionizing radiation coming
from the silicate crustal rocks most likely inﬂuenced prebiotic
reactions on our planet.
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(49) Le Caër, S. Water Radiolysis: Influence of Oxide Surfaces on
H2 Production under Ionizing Radiation. Water 2011, 3, 235−253.
(50) Saladino, R.; Crestini, C.; Costanzo, G.; DiMauro, E. On the
Prebiotic Synthesis of Nucleobases, Nucleotides, Oligonucleotides,
Pre-RNA and Pre-DNA Molecules, In Prebiotic Chemistry; SpringerVerlag: 2005; Vol. 259, pp 29−68.
(51) Yamada, H.; Okamoto, T. A One-step Synthesis of Purine Ring
from Formamide. Chem. Pharm. Bull.. 1972, 20, 623−624.
(52) Yamada, H.; Hirobe, M.; Higashiyama, K.; Takahashi, H.;
Suzuki, K. T. Detection of carbon-13-nitrogen-15 coupled units in
adenine derived from doubly labeled hydrogen cyanide or formamide.
J. Am. Chem. Soc. 1978, 100, 4617−4618.

Article

(53) Ferus, M.; et al. High-energy chemistry of formamide: A unified
mechanism of nucleobase formation. Proc. Natl. Acad. Sci. U.S.A.
2015, 112, 657−662.
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(77) Civiš, S.; et al. The origin of methane and biomolecules from a
CO2 cycle on terrestrial planets. Nat. Astron. 2017, 1, 721−726.
(78) Franck, J.; Rabinowitsch, E. Some remarks about free radicals
and the photochemistry of solutions. Trans. Faraday Soc. 1934, 30,
120.
(79) Rabinowitch, E.; Wood, W. C. The collison mechanism and the
primary photochemical process in solutions. Trans. Faraday Soc. 1936,
32, 1381.
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