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Introduction:  To look for evidence of life on Mas, 

explorations of organic matters are important. There 
are some possibilities of the formations of organic mat-
ters on Mars; for example, by biological activity and 
by radiolysis and photolysis of mixtures of icy materi-
als. Investigating the reaction products and their quan-
tities by radiolysis and photolysis of the mixtures can 
distinguish organic matters by biological activity from 
ones by radiolysis and photolysis. 

They have been reported that H2O ice and dry ice 
exist on Martian polar caps and below subsurface, and 
the dry ice forms on the surface of polar H2O ice. [e.g. 
1,2]. The production reactions of organic materials will 
less occur in the mixture of H2O ice and dry ice by 
radiolysis and photolysis, because the reactions occur 
only between contact surface of H2O ice and dry ice. 
On the other hand, it is suggested that gas hydrates 
would exist on Martian surface, based on the discus-
sion of temperature and pressure conditions on Mars 
[3]. Gas hydrates are crystalline inclusion-compounds, 
which are composed of hydrogen bonded water mole-
cules encaging gas molecules (e.g. CH4, CO2). Most of 
them are stable at high pressures and/or low tempera-
tures. For example, CO2 hydrate is stable below 220 K 
at 0.1 MP [4]. Average temperature of Martian surface 
is about 210 K, the Martian atmosphere consists of 
about 95% CO2 and the average atmospheric pressure 
is about 0.56 kPa [e.g. 5]. In Martian condition, it is 
suggested that CO2 hydrate is formed in about 5 m 
below the ground and on the polar caps in winter [3,6]. 
Since water ice exists on Martian surface [e.g. 2], the 
environment on the Martian surface should be enough 
to form CO2 hydrate.  

In this case, Martian CO2 hydrate should be irradi-
ated by natural radiation from radioisotopes in sedi-
ments as well as cosmic rays, which may cause radical 
formation in CO2 hydrate. Radiation-induced radicals 
in CH4 hydrate have been investigated by electron spi-
ne resonance measurement [7,8]. Methyl radical 
(CH3·) is mainly formed by gamma-ray irradiation at 
77 K in CH4 hydrate. However, it is not stable above 
180 K at 0.1 MPa. Since natural CH4 hydrate is found 
in deep-sea sediments and permafrost region on the 
Earth, no methyl radical remains and radical reactions 
occur in natural CH4 hydrate. Main products in these 
reactions are ethane, methanol, and formaldehyde 
[9,10]. The results indicate that larger molecules are 

formed from methane and water in methane hydrate by 
irradiation. Radiation-induced radicals in CO2 hydrate 
have been investigated [11]. Carboxyl radical 
(HOCO·), hydrogen atom (H·) and hydroxyl radical 
(OH·) are formed by gamma-ray irradiation at 77 K in 
CO2 hydrate. However, H· and OH· are not stable 
above 120 K at 0.1 MPa, and HOCO· quickly disap-
pears at 180 K. 

In this study, to investigate the reaction products of 
induced radicals in CO2 hydrate, we analyzed the 
aqueous solution after dissociation of CO2 hydrates 
irradiated at 195 K by ion chromatography. 

 
Experimental:  We used a high-pressure vessel 

based on the system by Tani et al. [8]. Totally about 
2.5 MPa of CO2 gas (1.5 × 10–2 mol of CO2) was used 
to form CO2 hydrate. After CO2 gas was supplied up to 
~2.0 MPa, the vessel was stored at ~193 K in a deep 
freezer. 

The synthetic CO2 hydrate samples were irradiated 
through the high-pressure vessel using a 60Co source 
with a 6 kGy dose at 195 K. 

The irradiated CO2 hydrates and unirradiated ones 
were dissociated at room temperature by decreasing 
pressure in the vessel. Samples of the aqueous solution 
after dissociation of irradiated/unirradiated CO2 hy-
drate were analyzed by means of ion chromatography 
(SHIMAZU, Prominence HIC-SP) using the anion-
exchange column (Shim-pack IC-SA3), the eluent (so-
dium carbonate aqueous solution, 3.6 mM), and the 
electric conductance detector (SHIMAZU, CDD-
10ASP).  

 
Results:  Ion chromatograms of the aqueous solu-

tion after dissociation of CO2 hydrate irradiated at 
195 K, unirradiated CO2 hydrate, and standard aqueous 
solution of formic acid (HCOOH, 10 µM) and oxalic 
acid ((COOH)2, 10 µM) are shown in Figure.  

From the comparison of these retention times, for-
mic acid (about 6.8 min) and oxalic acid (about 28.3 
min) are observed in the aqueous solution from the 
irradiated sample, while they are not in the unirradiated 
sample. The peaks at 8.8, 16.3, and 23.6 min are due to 
impurities. From a data book (Shimadzu data book of 
ion chromatograph, 2008.), the intense peak at 10.2 
min is caused by carbonate ion that could not be re-
moved by a deaeration unit.  
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Figure.  Chromatograms of the three aqueous solutions from 
(a) CO2 hydrate irradiated at 195 K, (b) unirradiated CO2 
hydrate, and (c) a standard for formic acid (10 µM, 6.8 min) 
and oxalic acid (10 µM, 28.3 min). 

 
Discussion:  From the previous study [11], HOCO·, 

H· and OH· are formed by in irradiated CO2 hydrate, 
and all the radicals quickly disappear at 195 K and 
0.1 MPa. It suggested that some radical reactions occur 
in CO2 hydrate, because CO2 hydrate is stable below 
220 K at 0.1 MPa. The observed formic acid and oxal-
ic acid will be formed by reactions of these radicals. 
These results suggest that the following radical reac-
tions may occur in irradiated CO2 hydrate, once we 
focus on the decay of HOCO· which may be trapped in 
a water cage. 

 HOCO· + H· → HCOOH   (1) 
 HOCO· + HOCO· → HCOOH + CO2 (2) 
 HOCO· + HOCO· → (COOH)2  (3) 
The reaction (1) is caused by self-diffusion of H· 

between the cages. The reaction (2) is due to hydrogen 
abstraction reaction from one HOCO· to the other in an 
adjacent cage. Since hydrogen transfer between gas 
hydrate cages was observed in hydrocarbon gas hy-
drates like propane [12], the reaction (2) may occur in 
this system as well. The reaction (3) is a dimerization 
reaction of HOCO·. If the reaction (3) occurs in CO2 
hydrate, oxalic acid might lie astride two cages where 
hydrogen bonds are partially broken, because it cannot 
be trapped in one hydrate cage due to its large molecu-
lar size. The possibility that two HOCO· are simulta-
neously induced in adjacent cages would be very low, 
because there is more CO2 molecules than HOCO· in 
CO2 hydrate. If the reactions (2) and (3) occur in CO2 
hydrate, it is necessary that there are two HOCO· in 
adjacent cages. Based on the study of propane hydrate 
[12], it is speculated that hydrogen atom transfers from 
one HOCO· to CO2 molecule in an adjacent cage. 
Therefore, one HOCO· may adjoin to other, and react. 

In Martian atmosphere, carboxylic acids will be 
hardly formed, because the concentration of H2O is 
very low. If CO2 hydrate is on Mars, the induced radi-
cals were not unstable, and formic acid and oxalic acid 
will be formed in CO2 hydrate and accumulated on 
Martian polar caps and below subsurface.  
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