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Abstract: The coexistence of hydrogen-containing materials and radioactive substances in source rocks is universal. 

However, research about whether the latter can radiate the former to generate hydrogen gas (H2) as well as the factors 

controlling this process remains limited. A series of radiation experiments were conducted to address this issue. Samples were 

placed in sealed Pyrex glass containers and subject to cobalt (60Co) γ irradiation and components and contents of resultant 

gases were analyzed using gas-chromatography. The results show that all the samples released variable amounts of H2 after 

irradiation and that the yield(H2) of decane is lower than that of 3-tetradecylthiophene but higher than that of distilled water, 

which implies that a weaker H-X bond energy (X indicates O, C or other element) in homogeneous materials corresponds 

with increased yield(H2). The yields(H2) of samples decreased with the decreasing solutions concentrations in sequence from 

mixed salts solution, KCl solution, Yellow Sea water, oil field water, gypsum solution to distilled water. The experimental 

results also show that the yield(H2) of distilled water with montmorillonite is higher than that of distilled water with kaolinite 

which may be due to the larger specific surface area, ion exchange capacity and more effective energy transfer effect of 

montmorillonite. Meanwhile, the irradiation of oxygen- and carbon-containing materials also releases O2 and CH4. The 

production of H2 via the irradiation of hydrogen-containing materials makes the involvement of exogenous H2 into 

hydrocarbon generation possible, which can enhance the hydrocarbon volume and optimize crude oil.  

 

Keywords: irradiation; hydrogen-containing materials; exogenous H2; hydrocarbon generation; source rocks 

 

E-mail: nwuzhangdd@163.com (Dongdong Zhang) 

 

1 Introduction 

 

As a renewable and sustainable solution for reducing global fossil fuel consumption and combating global 
warming, hydrogen is a preferred alternative fuel (Celik and Yildiz, 2017;Veras et al., 2017). Most of the current 
uses of H2 are found as processing agent in oil refineries and in chemicals production processes (Dincer, 2012). 
In geology, hydrogen also plays a significant role during hydrocarbon generation in source rocks. The formation 
of hydrocarbons in geological environments involves the addition of H and the removal of O, N, S and other 
heteroatoms (Hunt, 1996), which is similar to the hydro-refining technologies in industrial applications (Zhang 
and Gao, 1996; Matar and Hatch, 2001; Mapiour et al., 2010; Zhang et al., 2012). Although it is traditionally 
thought that the organic matters provide H for hydrocarbon generation by polycondensation reactions (Tissot and 
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Welte, 1978), Seewald (2003) noted that the organic carbon (C) is actually oversaturated in source rocks, and 
provided sufficient exogenous hydrogen (inorganic origin), hydrocarbons can be continuously generated until the 
exhaustion of a reactive carbon source. 

H2 can be generated in many geologic processes, such as water-rock reaction (Kita et al., 1982; Lollar et al., 
2014) and serpentinization (Coveney et al., 1987; Kelley et al., 2001; Charlou et al., 2002; Schrenk et al., 2013). 
H2 also can derive from deep earth (Wakita et al., 1980; Sugisaki and Sugiura, 1986; Chapelle et al., 2002; Potter 
and Konnerup-Madsen, 2003; Li and Chou, 2015; Hu et al., 2017; Mao et al., 2017). It has been proposed that 
formation water can provide exogenous H for hydrocarbon generation (Wang et al., 2005; Wang et al., 2006) and 
radiolysis may be responsible for the high concentrations of H2 found in some fluid inclusions (Dubessy et al., 
1988; Rabiei et al., 2017; Richard, 2017; Chi et al., 2018). Recently, large numbers of water radiolysis 
experiments have been conducted to study the safety issues of the nuclear waste disposal and the production of 
H2 as a clean energy source (Pastina and LaVerne, 1999, 2001; Le et al., 2005; Dincer, 2012; Fourdrin et al., 
2013; Ortiz et al., 2016; Chupin et al., 2017). These experiments confirmed that hydrogen indeed can be 
generated via water radiolysis and different types of irradiation have different effects on the yield of H2. 
Additionally, the additions of some ions or minerals can promote the yield of H2.  

It is worth noting that oil and gas reservoirs, coal fields and uranium (U) deposits often occur within the 
same sedimentary basins worldwide (Li, 2000; Gan et al., 2007; Liu et al., 2007, 2016; Cai et al., 2015), 
especially in the Central-East Asian Multi-Energy Minerals Metallogenetic Domain (C-EAMD). Peripheral 
provenance areas within the C-EAMD contain abundant U-rich felsic rocks of Paleozoic and Mesozoic ages, 
which provide the U sources for the formation of typical sandstone-type U deposits in the adjacent basins (e.g. 
the Dongsheng and the Shihongtan U Deposit) and U-rich sedimentary rocks that served as hydrocarbon source 
rocks (Liu and Wu, 2016; Wang et al., 2018). Taking the Chang 7 Member source rocks of the Triassic Yanchang 
Formation in the Ordos Basin as an example, the average U content in the source rocks is up to 50 ppm (Tan et 
al., 2007; Qiu, 2011). There are large amounts of radioactive U and different kinds of hydrogen-containing 
substances (including free water, lattice water such as in CaSO4.2H2O, organic matters) in the source rocks. 
Numerous radiant energy produced by U decay may act on hydrogen-containing substances to generate 
significant volumes of H2.  

Although large amounts of work have been done on water radiolysis, there are still some unanswered 
questions. For example, it is unclear whether lattice water can release H2 under irradiation. It is also uncertain 
what effects the dissolved materials (mainly sodium, potassium, calcium and magnesium salts) in formation 
waters may have on the yield of H2 in rocks rich in organic matter. In order to solve these problems, a series of 
hydrogen-containing substances were selected for radiolysis experiments in this study, using 

60
Co as the γ 

radiation source. The components and contents of resultant gases after irradiation were analyzed using 
gas-chromatography. The results are used to evaluate the factors that may have controlled the yield(H2) in 
geologic conditions and the significance for hydrocarbon generation in sedimentary basins. 

 

2 Samples and methods 

 

The samples used in our experiment are listed in Table 1. We selected suitable samples by considering the 
form of hydrogen-containing substances within source rocks, and utilized distilled water alongside gypsum 
(CaSO4.2H2O), decane, 3-tetradecylthiophene and pitch as experimental proxies. Distilled water was used as a 
proxy for free water in source rocks, while gypsum represents lattice water and other compounds are typical 
organic matters (i.e. alkanes, heteroatom-containing compounds and solid complex mixtures). In order to capture 
the possible factors that influence yield(H2), we also utilized a range of different salt solutions (NaCl, KCl, CaCl2 
and MgCl2) as well as Yellow Sea water, Weihe River water and a sample of oil field water. Although these latter 
three samples were all field-collected and comprise complex mixtures which may contain some solid impurities, 
they were nevertheless utilized in order to allow us to discuss the effects of salinity on yield(H2) 
semi-quantitatively. Besides, montmorillonite, kaolinite and gypsum were added to distilled water to enable 
discussion of the influence of the addition of the solids on the yield(H2). All samples were mixed with triple 
distilled water apart from samples of 3-tetradecylthiophene, decane, gypsum2, Yellow Sea water and Weihe 
River water. All samples were then placed into sealed Pyrex glass ampules (2 cm by 10 cm for 10 g 
3-tetradecylthiophene, and 6 cm by 10 cm in all other cases). Samples were sufficiently outgassed and 
subsequently filled with approximately 1 bar of high purity He (99.999% purity) and this operation was repeated 
three times before all glass ampules were immediately fusion sealed. The sample of distilled water 1 was filled 
with air.  

Table 1 Compositions of samples and filled gas used in the experiments 

 

 
This article is protected by copyright. All rights reserved. 



Sample 
Filled 

Gas 
Sample Composition Purity 

3-tetradecylthiophene He 10 g 3-tetradecylthiophene 98 

Decane He 100 ml decane 98 

MgCl2 salt solution He 21.6 g Mg + 130 ml DW (14% salinity) 99 

NaCl salt solution He 21.6 g Na + 130 ml DW (14% salinity) 99.8 

KCl salt solution He 21.6 g K + 130 ml DW (14% salinity) ≥99.99 

CaCl2 salt solution He 21.6 g Ca + 130 ml DW (14% salinity) 99.99 

Mixed salt solution He 
0.34 g K + 11.35 g Na + 24.75 g Ca + 5.287 g Mg + 

130 ml DW (24% salinity) 
— 

Pitch He  C: 80.44%;  H: 9.04%; O: 2.36%;   N: 0.97%; — 

Oil field water He about 2.57% salinity 

complex mixture Yellow Sea water He about 3.5% salinity 

Weihe River water He about 0.05% salinity 

Montmorillonite He 10 g montmorillonite + 130 ml DW — 

Kaolinite He 10 g kaolinite + 130 ml DW — 

Gypsum1 He 10 g CaSO4·2H2O + 130 ml DW 

99% 

Gypsum2 He 70 g CaSO4·2H2O 

Distilled water He 130 ml DW 

— 

Distilled water1 Air 130 ml DW+air 

Note: K, Mg, Na, Ca and DW represent KCl, MgCl2, NaCl, CaCl2 and distilled water respectively; mixed salt solution 

is prepared following the chemical characteristics of formation water in the Ordos Basin (Li et al., 2001).  

All of the samples prepared except distilled water 1 were sent to an industrial irradiator equipped with a 
60

Co 
γ source and were subjected to a dose rate about 250Gy/h for 192 hours. The dose rate was calibrated by 
observing the oxidation of ferrous ions in the Fricke dosimeter using the same sample cell and configuration as 
in gas analysis (Pastina et al., 1999). The production of Fe

3+
 was determined spectrophotometrically at 304 nm 

and 25 °C with an extinction coefficient of 219 m
2
/mol and 1.61 × 10

-6 
mol/J for the yield of Fe

3+
. The density of 

0.8N sulfuric acid was taken to be 1.022 g/cm
3
. The absorbed dose for each sample was corrected according to 

its electron density.  

In order to measure the relative concentrations of H2, O2 and CH4 produced during irradiation, the gas 
contained in each ampule was then analyzed via gas chromatography (GC-9560-PDD) using ultra-purity He as 
the carrier gas. In order to quantify the amount of H2 produced by irradiation, internal standard method was 
adopted: after measuring the relative concentration of irradiated gases, every ampule was connected with GC 
again, and then, 2 ml of high-purity H2 was injected into ampules at 1 bar pressure condition. Followed the same 
steps, a new H2 relative concentration was obtained via GC. According to the known content of injected H2, the 
absolute content of H2 produced during irradiation of each sample was calculated. The absolute content of CH4 
or O2 was then obtained based on the rate of relative concentration of produced H2 with that of CH4 or O2. Prior 
to the entry of irradiated gases coming into GC, a cold trap of liquid nitrogen was placed half way to eradicate 
any potentially produced CO2, SO2, C2H6, or C3H8. The detection limit is 10ppb, and the relative standard 
deviation is less than 1%. 

3 Results 

 

3.1 Relative concentrations of produced gas after irradiation 

The gas concentration detected by GC was normalized and then the actual relative concentration of produced 
gas was obtained (Table 2). The results show that the relative concentrations of O2 and N2 in air are 21.8% and 
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78%, respectively. The H2 and CH4 are rare in air which is below the limit of detection,  

Results show that the relative concentration of H2 in distilled water without irradiation (i.e. sample of 
distilled water 2) was 0.054%, which is the relative concentration of H2 in air. In contrast, the H2 relative 
concentrations in samples following 192h of irradiation range between 35.85% and 95.14% (Table 2; Fig. 1); 
these data show that, after irradiation, different amounts of H2 were indeed released from hydrogen-containing 
samples. 

 

Fig. 1 Relative H2 concentrations of samples after irradiation 

S-C14, 3-tetradecylthiophene; M salts, mixed salts solution; KCl, KCl solution; M+W, montmorillonite + water; Y S W, Yellow Sea water; K + W, 

kaolinite+water; P + W, pitch + water; O F W, oil field water; Wh R W, Weihe River water; G + W, gypsum + water; D W: distilled water with 

radiation (Hereinafter inclusive) 

In addition to H2, each sample also contains large amounts of N2 which implies the residual presence of air in 
all cases due to incomplete vacuum-pumping. It is well-known that the ratio between O2 and N2 in air is about 
0.28; this means that based on relative concentration of N2, the O2 relative concentration of residual air in each 
sample can be calculated (Table 2). As expected, the calculated O2 relative concentrations of residual air are 
markedly distinct to the detected O2 by GC; this means that O2 was either produced or absorbed by samples 
during irradiation. The O2 released by irradiation, is therefore defined in this analysis as the difference value 
(D-value) between detected O2 concentration and calculated O2 concentration according to N2 concentration. 
Some D-values are positive meaning additional O2 was produced and others are negative indicating the O2 of air 
was absorbed by samples during irradiation. Meanwhile, the residual air concentration in each sample can be 
calculated by summing N2 and O2 of residual air. Besides, the concentrations of CH4 in irradiated samples are 
higher than or comparable to that in air, implying that in some samples, such as 3-tetradecylthiophene, decane 
and pitch, CH4 was produced. 

 

3.2 H2 yields produced by irradiation 

Absolute yields (in mol) of H2 (yields(H2)) were obtained using the internal standard method mentioned 
above and the absolute yields of O2, CH4 and air can be calculated according to the yield of H2. In order to 
compare the ability of generating H2 and O2 under irradiation, the absolute yield per unit volume of each sample 
was calculated and the ratios between H2 content of each irradiated sample and the H2 content of distilled water 
with or without irradiation (Table 2). 

Figure 2 is the yields(H2) per unit volume samples. The results of this study reveal that yields(H2) for 
different samples successively decrease in sequence from 3-tetradecylthiophene, decane, salt solutions, Yellow 
Sea water, pitch, oil field water, Weihe River water, CaSO4.2H2O to distilled water. The ratios of yields(H2) of 
irradiated samples with the yields(H2) of irradiated distilled water range between 1.8 and 262 (Table 2). Besides,  
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Table 2 Results of produced gases of samples after irradiation 

Samples 
Filled 

gas 

Relative concentration/% Absolute content *10
-5

/mol 

Absolute content of 

per unit volume 

*10
-5

/mol 

Ratio of H2 

content 

O2+Ar N2 H2 CH4 

O2 of 

Residual 

air 

Residual 

air 

O2 

produced 
H2 O2 CH4 Air H2 O2 

S/DW with 

irradiation 

3-tetradecylthiophene He 2.81 35.81 60.83 0.172 10.03 45.84 -7.217 51.4 -6.1 0.145 38.8 4.731 -0.561 262 

Decane He 0.33 11.08 87.8 0.456 3.102 14.18 -2.772 290.8 -9.18 1.51 47 2.908 -0.092 161 

Pitch He 1.9 29.99 65.63 1.953 8.397 38.39 -6.497 39.1 -3.87 1.16 22.9 0.301 -0.030 17 

Mixed salt solution He 1.03 7.13 91.39 0.0017 1.996 9.126 -0.966 98.5 -1.04 1.84*10
-3

 9.84 0.758 -0.008 42 

KCl salt solution He 1.58 6.24 91.77 0.0034 1.747 7.987 -0.167 78.4 -0.143 2.91*10
-3

 6.83 0.604 -0.001 33 

MgCl2 salt solution He 0.66 3.88 95.14 0.0025 1.086 4.966 -0.426 77.8 -0.349 2.11*10
-3

 4.06 0.599 -0.003 33 

NaCl salt solution He 0.86 5.6 92.72 0.0020 1.568 7.168 -0.708 70.6 -0.539 1.55*10
-3

 5.46 0.543 -0.004 30 

CaCl2 salt solution He 3.14 6.5 90.11 0.0018 1.82 8.32 1.32 38.9 0.57 8.12*10
-4

 3.6 0.300 0.004 17 

Yellow Sea water He 14.55 9.37 76.06 0.004 2.624 11.99 11.93 45.8 7.18 2.41*10
-3

 7.22 0.352 0.055 19 

Oil field water He 9.44 5.91 84.51 0.008 1.655 7.565 7.785 29.9 2.76 2.83*10
-3

 2.68 0.230 0.021 13 

Weihe River water He 10.74 10.17 79.05 0.008 2.848 13.02 7.892 20.7 2.07 2.1*10
-3

 3.42 0.160 0.016 9 

Montmorillonite He 0.6 10.65 88.67 0.013 2.982 13.63 -2.382 53.5 -1.44 7.85*10
-3

 8.23 0.412 -0.011 23 

Kaolinite He 0.57 11.2 88.17 0.012 3.136 14.34 -2.566 41.5 -1.21 5.65*10
-3

 6.75 0.319 -0.009 18 

Gypsum1 He 8.51 38.44 53.02 0.023 10.76 49.2 -2.253 9.185 -0.39 3.98*10
-3

 8.52 0.071 -0.003 4 

Gypsum2 He 5.52 51.73 42.03 0.191 14.48 66.21 -8.964 2.301 -0.491 1.05*10
-2

 3.62 0.033 -0.007 1.8 

Distilled water He 19.58 44.53 35.85 0.029 12.47 57 7.112 2.351 0.466 1.9*10
-3

 3.74 0.018 0.004 1 

Air Air 21.84 78.04 - - - - - - - - - - - - 

Note: S/DW represents the rate of sample/distilled water 
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yields(H2) for different kinds of salt solutions are significantly enhanced compared to distilled water; with the 
yields(H2) gradually decreasing in sequence from mixed salts solution through KCl, MgCl2, NaCl to CaCl2 (Fig. 
3a). The results also show that the yield(H2) increases with the addition of gypsum, kaolinite and 
montmorillonite, with the latter two being the most effective (Fig. 3b).  

 

Fig. 2 Yields(H2) per unit volume samples under irradiation 

 

Fig. 3 Yield(H2) as a function of (a) different kinds of salt solutions and (b) with the addition of different minerals 

 

3.3 O2 Yields produced by irradiation 

Based on the yield of H2, the yield of N2 and O2 of residual air can be calculated, so is the residual air. Figure 
4 shows the contents of residual air that remained in each sample. It reveals that a large volume of air remained 
in 3-tetradecylthiophene, decane and pitch samples; this is because the vacuum degrees were controlled at lower 
level in these three cases considering that the Pyrex glass ampule used in the first case measured 2 cm by 10 cm 
and was therefore more fragile than those used for other samples and decane is easily volatile and powered pitch 
can be sucked back at high vacuum degree; except for these three samples, the vacuum degrees of all other cases 
were higher (Fig.4). 

 

Fig. 4 The absolute residual air content of each sample 

The D-value between detected O2 content and O2 content of residual air is the yield of O2 produced by 
sample under irradiation (Table 2). Figure 5 is the O2 produced per unit volume sample under irradiation. The 
results show that the yields(O2) of samples including 3-tetradecylthiophene, decane and pitch are significantly 
negative, while the yields(O2) of Yellow Sea water, oil field water and Weihe River water are significantly 
positive. At the same time, yields(O2) of CaCl2 solution and distilled water are weakly positive while the 
yields(O2) of other samples are weakly negative (Fig.5). Organic matters containing C atoms (including 
3-tetradecylthiophene, decane and pitch) all release abundant CH4 (Table 2). 
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Fig. 5 Yields(O2) per unit volume samples after irradiation 

 

4 Discussions 

 

4.1 Factors controlling yields(H2) of samples under irradiation 

4.1.1 Difference in H-X (X represents O or C atom) bond energy 

    It is well-known that the longer the straight-chain paraffin is, the weaker its C-H bond energy; at the 
same time, C-C bond energy is also weaker than C-H bond energy for the same organic molecule and with the 
breakage of C-C and C-H bonds, the C-H bonds of CH3·, CH2· and CH· are easier to break (Luo, 2005; Miao 
and Pang, 2012). Thus, in the case of decane, an organic molecular that comprises ten carbons, the C-H bond 
energy is lower than 414 KJ/mol (the C-H bond energy of heptane) and the C5-C5 bond energy is 360kJ/mol 
which are much less than the H-O bond energy of H2O (497 kJ/mol). Similarly, 3-tetradecylthiophene comprises 
a 14 carbons branch chain and a sulfur heteroatomic ring; in this case, the C-H bond energy of the carbon branch 
chain is lower than that of decane and the double bond in sulfur heteroatomic ring makes the C-H in carbon 
branch chain easier to break. Above all, in the same irradiation environment, 3-tetradecylthiophene will therefore 
release more H2 than decane, while H2O will release the least which correspond to the experimental results. Pitch 
mainly comprises a series of aromatic rings and is the most complex mixture found within oil (Miao and Pang, 
2012). The C-H bond energy of aromatic ring is 472 kJ/mol (Luo, 2005); this means that the yield(H2) of pitch is 
lower than that of decane and 3-tetradecylthiophene but higher than that of H2O. The results show that the 
yield(H2) of CaSO4.2H2O (2.301 × 10

-5
 mol) is comparable to that of H2O (2.351 × 10

-5
 mol) (Table 2). However, 

the yield(H2) per unit mass CaSO4.2H2O is higher than that of H2O which may be because there are new bonds 
formed between CaSO4 and H2O weakening the H-O bond energy of lattice water (Li et al., 2002) (Table 2; Fig. 
6). 

 

Fig. 6 Per unit mass yield(H2) plotted as a function of decreasing H-X bond energy 

 

4.1.2 The addition of salts and the salt types 

The results show that the yields(H2) of salt solutions considered here (i.e. MgCl2, KCl, NaCl and CaCl2 
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solutions) are much more than that of distilled water; this implies that the addition of some salts can increase the 
yields(H2)(Fig. 3a). As salts dissolve in water, new covalent bonds will form between cations and O and between 
anions and H. For example, when NaCl dissolves in water, both O and H in water will combine with Na and Cl 
respectively (Olleta et al., 2006) and when MgCl2 dissolves in water, O and H in water will connect with Mg and 
Cl respectively (Feng et al., 2017). The formation of new covalent bonds will weaken the H-O bond energy in 
water (Li et al., 2002), and reduce the energy required to rupture this bond and contribute to the generation of 
additional H2 under irradiation.  

Four salt solutions were irradiated in our experiment including KCl, MgCl2, NaCl and CaCl2 solutions. The 
yields(H2) of KCl, MgCl2 and NaCl in this case are almost the same, close to double yield(H2) of CaCl2 (Fig.3a) 
which implies that different salt types have different effects on the yield(H2). In this experiment, we therefore 
hypothesize that Ca

2+
 ions exert an inhibitory or a weak stimulating effect on H2 generation under irradiation. 

 

4.1.3 Salt solubility 

The results show that the yield(H2) of CaCl2 solution is much more than that of CaSO4·2H2O solution. The 
discrepancy might be due to differences between CaCl2 and CaSO4 in anion types and solubility. According to 
Feng et al. (2015), the new covalent bonds will form between O atoms in SO4

2-
 and H atoms in H2O as well as 

between Ca and O atoms in H2O, which is similar to CaCl2 dissolving in water. Above all the yields(H2) will 
mainly be affected by the solubility of CaCl2 and CaSO4·2H2O. The solubility of CaSO4·2H2O is 0.25 g, while 
the solubility of CaCl2 is 74.5 g. The concentration of CaCl2 in this experiment is 14%, while the concentration 
of CaSO4·2H2O is 0.25%. This means that more new covalent bonds formed in the CaCl2 solution than that in 
the CaSO4·2H2O solution. Besides, yields(H2) of mixed salts solution, KCl solution, Yellow Sea water, oil field 
water as well as CaSO4·2H2O solution decrease successively in correspondence with the main ions (i.e. K

+
, 

Ca
2+

,Na
+
, Mg

2+
) content variations in sequence from mixed salts solution (24.3%), KCl solution (14%), Yellow 

Sea water (3.5%), oil field water (2.57%) and CaSO4·2H2O (0.25%) (Fig. 7). It is worth mentioning that, the 
yield(H2) of Weihe River water (0.05%) is more than that of CaSO4·2H2O; this might be due to the presence of 
some solid impurities, which may enhance the yield(H2), as discussed below. 

 

Fig. 7 Yield(H2) plotted as a function of the salt concentration 

The Na-Cl bond will break when a NaCl molecular dissolves in nine H2O molecules (i.e. the molar ratio 
between H2O and NaCl is 9:1) corresponding to NaCl salinity of 26.4%, the saturation of NaCl solution in room 
temperature. The Na-Cl bond breaks more easily with the lower salinity. That is, when the concentration of NaCl 
is less than saturation solubility, favorable conditions for Na-Cl breaking will be generated (Hou et al., 2017). 
Previous experimental work has shown that when the Na-Cl bond breaks, there will be more H2O molecules 
combining with Na

+
 and Cl

- 
(Olleta et al., 2006). It can be inferred that when the content of NaCl reaches the 

saturation solubility, there will be the most covalent bonds forming corresponding to the most yield of H2, which 
is consistent with our experiment results. Overall, according to our experimental results, the higher the 
concentration is, the more H2 will be generated under γ irradiation. 

 

4.1.4 The addition of solid minerals and their properties 

Although montmorillonite and kaolinite are insoluble in water, yields(H2) of both clays are much more than 
that for distilled water (Fig. 3b). Previous studies have shown that this is because of the energy transfer effect 
of solids. That is, the additions of some solids (e.g. montmorillonite, zeolite, silica gel) will multiply the 
yield(H2) of distilled water. The mechanism is that, firstly, the ionization of the irradiated solid matters leads to 
the production of a positive hole and an electron (Nakashima and Masaki, 1996) which can either recombine 
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with one another or remain trapped in the matrix. Secondly, electrons which are not trapped in solid matters can 
be transferred from the ionized surface to bulk water where they are hydrated via the reaction of e

- 
+ H2O → e

-
aq 

(Musat et al., 2012; Fourdrin et al., 2013). These hydrated electrons then cause H2 production via the reaction of 
e

-
aq + e

-
aq + 2H2O → H2 + 2OH

-
 (Pastina et al., 1999, 2001). At the same time, water molecules will interact with 

the positive holes (h
+
) because of their electron-donating properties, and so H2 will be formed via the reactions of 

H2O + h
+
 → H

+
 + OH and H

+ 
+ e

-
 → 1/2H2. However, it has also shown that, at a given absorbed energy, 

hydrogen yield in the silica gel-water system is higher than that in the molecular sieve 5 A-water system; this 
phenomenon indicates that the effectiveness of energy transfer will be strongly influenced by the nature of the 
solid (Nakashima and Masaki, 1996). 

In an early study, Chupin et al. (2017) proved that when specific surface area increased and mean pore size 
decreased, G(H2) (the H2 yield per Joule (mol/J)) values increased linearly. The influence of specific surface area 
of geopolymers on yield(H2) might be explained by energy transfer between solid and the pore solution. The 
larger of the specific surface area, the more energy is transferred from a geopolymer surface to the pore solution 
(Frances et al., 2015). In terms of the effects of pore size on G(H2), when mean pore size decreases, a 
confinement effect occurs that favors the dimerization of H radicals and of hydrated electrons produced in the 
same pore resulting in yield(H2) increase (Le et al., 2005). The recombination probability for primary radical 
species formed within the pore solution will also be larger for smaller pores because this dimension is related to 
the mean free path of their diffusion, and the hydrogen formation could thus be promoted. Indeed, the specific 
surface area of montmorillonite in our experiment is larger than that of kaolinite, so the yield(H2) of 
montmorillonite is more than that of kaolinite. 

The ion exchange capacity of montmorillonite is also stronger than that of kaolinite; in other words, more 
Al

3+
 and Si

4+
 will be replaced by divalent and trivalent ions respectively, rendering montmorillonite 

electronegative (Liu, 2009). Then, new covalent bonds will form between electronegative montmorillonite and H 
atoms in H2O weakening the H-O bond energy and lowering the activation energy required for H-O bond rupture 
in water which contributes to the generation of additional H2 in a similar way to salt solutions. Besides, 
according to the recent research of Truche et al. (2018), some H2 can be adsorbed by minerals and the adsorption 
ability of kaolinite is higher than montmorillonite. That is to say, the detected radiolytic H2 of kaolinite might be 
far lower than that of montmorillonite sample which needs further research. We all know that CaSO4·2H2O is 
sparingly soluble, and the solubility of CaSO4·2H2O is 0.25g at room temperature. The yield(H2) of the sample 
consisting of 10g CaSO4·2H2O and 130ml distilled water is controlled by dissolved 0.325 g CaSO4·2H2O in 
130ml distilled water and 9.675 g of solid CaSO4·2H2O. However, the yield(H2) of CaSO4·2H2O is still lower 
than that of montmorillonite and kaolinite which implies that the stimulative effect of solid CaSO4·2H2O on the 
yield(H2) is much lower than that of montmorillonite or kaolinite (Fig. 3b). 

 

4.2 The characteristics of yields(O2) and yields(CH4) under irradiation  

It is also easy to understand the negative yields(O2) of 3-tetradecylthiophene and decane because of their lack 
of oxygen atoms and strong reducing properties. Figure 4 shows that the proportions of residual air in 
3-tetradecylthiophene and decane samples are very high, while the yields(O2) of them are extremely negative; 
these results confirm that these two samples indeed consume large amounts of O2. Additionally, although the 
yield(O2) of distilled water is positive (Fig.5), the yield(O2) of pitch with distilled water is negative implying that 
the reducing pitch consumed the O2 of residual air as well as the O2 produced by water irradiation. Meanwhile, it 
is well-known that oil field water contains some reduced liquid hydrocarbons which will consume O2; in this 
case, however, the yield(O2) of oil field water remains obviously positive, meaning that the consumption of O2 
by reduced hydrocarbons remains much less than the generation of O2 from oil field water.  

Figure 8 shows the yields(O2) variation of samples as a function of yields(H2); these data show that the 
yields(O2) of organic matters (i.e. 3-tetradecylthiophene, decane and pitch) are all negative and decrease with 
increasing yields(H2). Meanwhile, the yields(O2) of complex mixtures (i.e. Weihe River water, oil field water and 
Yellow Sea water) are all undoubtedly positive and increase in concert with yields(H2). However, the yields(O2) 
of other samples (including distilled water with salts or solid minerals) range between -1 × 10

-5
 mol and 1 × 10

-5
 

mol and the relationships of yields(O2) and yield(H2) for these samples are unclear and thus further research is 
needed. 
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Fig. 8 Yield(O2) as a function of yield(H2) 

The results also show that the organic matters release lots of CH4 under irradiation (Table 1) and that the 
yields of CH4 from 3-tetradecylthiophene and decane are more than that from pitch, perhaps because the C-C 
bond energy in the latter is higher than in either of the former compounds (Luo, 2005). The high bond energy 
makes the C-C bond rupture difficultly, thus suppressing the production of CH4. 

 

4.3 Geological implications 

The experimental data reported here demonstrate that the hydrogen-containing materials can release H2 under 
irradiation and the additions of salts or solid minerals into distilled water can multiply the amount of yields(H2). 
Taking the source rocks of Chang 7 member in the Ordos Basin as an example, according to the burial history of 
the Ordos Basin, Chang 7 member came into oil generation window in the Mid-Jurassic (170 Ma), and until now, 
the temperature of this member remains over 60

o
C (Liu and Wu, 2016). This suggests that the high-content U 

(about 50 ppm on average) in this member may have been providing effective radiation energy (during 
hydrocarbon generation period) for the source rocks in Chang 7 member since Mid-Jurassic. Calculations show 
that 50 ppm U within the Chang 7 member makes the source rocks to be exposed to a dose rate as high as 0.3 × 
10

-6
 Gy/h (Rong, 2002) since Mid-Jurassic, and so the total radiation dose in this case could be as high as 4.2 × 

10
5
 Gy (1 Gy = 1 J/kg). In other words, since 170Ma, 1 kg source rocks would have been irradiated by 4.2 × 10

5
 

J of radiation energy. The coexistence of abundant U as well as numerous kinds of hydrogen-containing 
substances in source rocks provides the energy and material basis for water radiolysis in the Ordos Basin.  

From Chang 10 Member to Chang 7 Member, the Ordos Basin was in lake invasion period and in Chang 7 
Member, the lake invasion reached the largest region (Zhang et al., 2008) and so source rocks developed in this 
period are rich in clay minerals such as interstratified illite/ montmorillonite, illite, montmorillonite and kaolinite 
(Feng et al., 2018). These minerals comprise between 18% and 37% total mass (Zhang et al., 2008) and can 
enhance yield(H2) as revealed by our experiments. Pores within Chang 7 member source rocks are microporous 
(10%, less than 2 nm) as well as mesoporous (77%, between 2 nm and 50 nm). Indeed, most pores are smaller 
than 4 nm in size (Feng et al., 2018), similar to those in Geo Cs (Chupin et al., 2017), which correspond to a 
relatively large specific surface areas and are thus favorable for H2 generation under irradiation. The 
characteristics of trace elements within Chang 7 member source rocks reveal that during sedimentation and 
diagenetic periods, the environment was anaerobic-reducing and thus conducive for the preservation of H2 from 
the irradiation of hydrogen-containing materials.  

Provided large amounts of radiant energy, water with different ions and solids and favorable conditions 
provided by source rocks, abundant H2 would have been released in the Chang 7 source rocks. There is a strong 
possibility that large amounts of exogenous H2 from water radiolysis could be involved in hydrocarbon 
generation in actual geological environments (Seewald, 2003). The exogenous H2 can react with unsaturated, 
long-chain hydrocarbons and sulfur or nitrogen compounds in certain temperature and pressure to produce 
saturated and short-chain hydrocarbons, as shown by the reactions below, which not only can optimize crude oil 
but also increase the quantity of oil and gas (equations 8-10; Zhang and Gao, 1996; Matar and Hatch, 2001; 
Mapiour et al., 2010; Dincer, 2012; Zhang et al., 2012).  

 R’CH=CH2 + H2 (catalyst) → R’CH2CH3 (8) 

 RCH2CH2CH2R’ + H2 → RCH2CH3 + R’CH3 (9) 

 R-SH + H2 → RH + H2S (10) 
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 CO2 + 3H2 (with microbial processes) → CH4 + H2O (11) 

Shale oil source rocks can generate hydrocarbons as well as store oil and gas. Provided elevated U 
concentrations in this kind of oil shale, continuous radiant energy will enable macromolecular to become 
micromolecular and the unsaturated hydrocarbons to become saturated hydrocarbons by reactions including 
hydrogenation and hydrocracking (Matar and Hatch, 2001). Furthermore, as crude oil migrates into a sandstone 
reservoir which is rich in U, the oil quality may be improved through the addition of exogenous H2 from water 
radiolysis. In this context, our experiments have provided preliminary results that will stimulate new 
hydrocarbon generation theories. 

 

5 Conclusions 

(1) hydrogen-containing materials including all kinds of water and organic matters can generate large 
volumes of H2 under γ irradiation. 

(2) Generally speaking, in terms of pure materials, the smaller the H-X bond energy, the more H2 can be 
produced.  

(3) The addition of some salts can promote yield(H2) of water greatly and the higher the salt solution 
concentration is , the more H2 will be generated. 

(4) The presence of solid minerals in distilled water can also multiply yield(H2). The yield(H2) is proved to 
be affected greatly by the nature of the solids.  

(5) There is a strong probability that the source rocks of Chang 7 member have released abundant H2 from 
hydrogen-containing materials due to natural radioactive irradiation, promoting the production of hydrocarbons 
and optimizing the petroleum in the Ordos Basin.  
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