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Abstract—Data obtained on the distribution patterns of biomarker hydrocarbons (#-alkanes, isoprenanes,
steranes, and terpanes) in oils, organic matter in rocks, prokaryotes, and thermolysis products of the insoluble
part of prokaryotic biomass indicate that the relatively high concentration of diasteranes (rearranged steranes)
in the organic matter of rocks and in oils generated by clay strata is caused by characteristics of the original
organic matter but not by the process of isomerization of regular steranes, as has been previously thought.
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INTRODUCTION

Hydrocarbons of the oil series are a source of valu-
able information for resolving many problems of oil
and gas exploration and reservoir geochemistry
(Waples and Machihara, 1990, 1991; Peters et al.,
2005; Gordadze, 2015). Repeatedly identified patterns
in the distribution of hydrocarbons, first of foremost,
hydrocarbon biomarkers provide an insight into the
degree of organic matter (OM) or oil transformation,
its age, lithological-facies conditions of its origin, the
degree of its biodegradation, migration, etc.

One of the principal concepts of oil geochemistry is
the maturity of OM (oil), which is used to draw cor-
relations in systems oil—oil, 0il—OM in rocks, etc.
Biomarkers themselves and, particularly, their struc-
tures are the most sensitive indicators of dia- and cat-
agenetic changes (maturation) of organic matter. It is
currently believed that the characteristics of the distri-
bution of sterioisomers of polycyclic HC biomarkers is
the most informative when OM maturity has to be
evaluated. It is known that ratios of HC concentra-
tions in the original OM are principally different from
the equilibrium ones. As OM matures, these ratios
approach their equilibrium values (Petrov, 1984;
Waples and Machihara, 1990, 1991; Peters et al., 2005;
Gordadze, 2015; Peters and Moldowan, 2017). Ratios
of concentrations of stereoisomers (enantiomers and
epimers) usually reach thermodynamically equilib-

! The Editorial Board of Geochemistry International considers the
publication of this paper as an invitation to discuss the interest-
ing and important problems of organic geochemistry touched
upon in this paper.
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rium values much more rapidly than geometric iso-
mers do and even more so than structural isomers,
because the latter situation is characterized by the
opening of C—C bonds, which is a process requiring
much more energy (Petrov, 1971, 1984; Waples and
Machihara, 1991). For example, it is known that equi-
librium ratios are first reached by homohopanes of the
composition C;;—C;5, which are characterized by fast
epimerization reactions of the C,, chiral center in the
aliphatic part of the molecule (C;, maturity coeffi-
cient). The maximum value of this coefficient C;, =
225/(22S + 22R) is 60% (Petrov, 1984; Peters et al.,
2005; Gordadze, 2015; Peters and Moldowan, 2017).
This parameters is convenient to apply at initial cata-
genetic stages.

After the epimers of C;,—C;5 hopanes reach equi-
librium ratios, equilibria ratios are reached by the epi-
meric forms (20R and 20S) of auat steranes C,;—Cyg. As
is well know, the high stereospecificity of biosynthesis
results in that the structure of the original biosteranes
is Sa(H), 14o(H), 170(H), and 20R, but an progress
in the maturation is associated with an increase in the
fraction of the 20S epimer because the 20R mole-
cules change their configuration (Fig. 1). The ratio of

these epimers is described by the coefficient K. =
aS/(aS + aR), which can reach a maximum value of
0.55. After this, the original ccol20R and oocioi20S
steranes are transformed into off3-isosteranes 20R

and 20S. This process is described by the maturation

coefficient K., = apB/(apP + oR), which reaches a
maximum value of 0.78 (Seifert and Moldowan, 1981;
Petrov, 1984; Peters et al., 2005; Gordadze, 2015).
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Fig. 1. Transformation of 20R and 20S steranes (epimers), 50.(H),140(H),170.(H), and Sou(H),14B(H),17B(H) steranes (diaste-
reomers). Dashed lines indicate the orientation of the hydrogen atom away from the observer relative to the page plane, and tri-
angles show an orientation toward the observer relative to the page plane.

Another important geochemical parameter that
reflects the lithological-facies conditions under which
OM is formed is the ratio of the regrouped steranes
(diasteranes) to the regular ones (the dia/reg parame-
ter). It has been thought until recently that regular

R = H, CH3, C2H5

Aluminosilicate

R= H, CH3, C2H5

Fig. 2. Structural isomerization of regular steranes. Wavy
lines indicate the orientation of the hydrogen atoms toward
the observer relative to the page plane, triangles indicate
the orientation of the methyl groups in the molecule
toward the observer relative to the page plane.
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steranes are structurally isomerized in nature into
diasteranes under the effect of acid catalysts, such as
clay rocks (Fig. 2) (Rubinstein et al., 1975; Connan
et al., 1986; Van Kaam-Peters et al., 1998; Waples and
Machihara, 1990, 1991). It is thus believed that the
dia/reg ratio > 0.3 corresponds to sedimentation in
clay sequences, whereas this ratio <0.2 corresponds to
sedimentation in carbonate rocks, which do not act as
catalysts. However, it should be pointed out that this
can hardly explain why diasteranes occur (although in
smaller amounts) in oils and OM in rocks generated by
carbonate units (Gordadze, 2015).

EXPERIMENTAL

This study was carried out on sample of oils and
rocks from various oil and gas provinces of different
age across Russia, of marine (samples 1—8 in Table 1)
and terrestrial (samples 9, 10, and 16 in Table 1) gene-
sis, both mature and immature, and generated under
different lithological-facies conditions.

In addition, we have selected individual strains of the
bacterium Halomonas titanicae TAT1 (VKM B-3500D),
which had been obtained from the Romashinskoe oil
field, the bacterium Shewanella putrefaciens M-8m-1,
which was obtained from the Condian hydrocarbon
accumulation at the Dagan oil field in China, archaea
Thermoplasma sp., cyanobacterium Spirulina platen-
sis, relics of cyanobacterial mats (CBM) obtained
from the Lower Cambrian reservoir (Osinskii horizon)

Vol. 61 No.7 2023
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Table 1. Identified oil steranes in the thermolysis products of bacteria

Peak number Stereochemical indication Number of carbon atoms in the molecule
1 100, 13B, 170 (H)-diaholestane 20S 27
2 100, 13B, 170 (H)-diacholestane 20R 27
3 50, 140, 17a(H)-cholestane 20S 27
4 Sa., 14P, 17B(H)-cholestane 20R 27
5 5, 148, 17B(H)-cholestane 20S 27
6 5o, 140, 170(H)-cholestane 20R 27
7 S0, 14, 17B(H)-24-methylcholestane 20R 28
8 50, 14, 17B(H)-24-methylcholestane 20S 28
9 5o, 140, 170u(H)-24-ethylcholestane 20S 29

10 Sa., 14, 17B(H)-24-ethylcholestane 20R 29
11 50, 14, 17B(H)-24-ethylcholestane 20S 29
12 50, 140, 17a(H)-24-ethylcholestane 20R 29

of eastern Siberia, and procaryotic communities sam-
pled in a spring at the Neftyanaya area of the Uzon
caldera.

The biomass of the studied bacteria and prokary-
otic communities lyophilize at a temperature of 25°C
and pressure of 10 x 10~7 MPa for 1 day. The soluble
part of the lyophilize biomass of the studied bacteria
was extracted by rectified n-hexane at room tempera-
ture in a weighing bottle on a magnetic stirrer until the
soluble part was completely removed (zero line in the
chromatogram).

The insoluble part of the bacterium and archaea
biomass, which can be considered to be an analogue of
kerogen, and CBM relics were dried (to get rid of the
solvent) and thermolyzed at 330°C for 6 h in sealed
borosilicate-glass ampoules.

Hydrocarbons in the oils, OM in rocks, soluble
part and thermolysis products of the insoluble part of
the procaryote biomass and CBM relics were analyzed
by methods of capillary gas—liquid chromatography
(GLC) and chromatography—mass spectrometry on a
Bruker 430-GC with a flame-ionization detector. The
temperature was programmed for the range of 80 to
320°C, with an increase rate of 4°C/min. The carrier
gas was hydrogen. Hydrocarbons were separated in
capillary columns HP-1 25 m x 0.25 mm X% 0.5 um.

The chromatographic—mass spectroscopic studies
in electron ionization regime were conducted on an
Agilent 6890N/5975C. All spectra were recorded at an
ionization energy of 70 eV and accelerating voltage of
3500 V. The temperature of the ionization chamber
was 250°C. The selected ion monitoring (SIM) regime
was applied, with the following characteristics of ions
recorded: m/z 71 for m-alkanes and isoprenanes,
m/z 217 and 218 for steranes, and m/z 191 and 177 for
terpanes. The temperature was programmed for the
range of 70 to 290°C at an increase rate of 4°C/min.
Hydrocarbons were separated in capillary columns

GEOCHEMISTRY INTERNATIONAL Vol. 61 No.7

with a stationary phase HP-1MS (25 m X 0.25 mm X
0.5 wm). The carrier gas was He.

Compounds were identified by adding the sur-
mised standard compounds to the studied samples,
based on literature data, and using the NIST mass-
spectrometric library.

Figures 3 and 4 show, as an illustrating example,
the typical mass chromatograms of oil steranes from
the Romashinskoe and Untygei fields and the mass
chromatograms of the thermolysis products of the
insoluble part of the bacteria Halomonas titanicae and
Shewanella putrefaciens. Table 1 presents the identifi-
cation of the peaks of oil steranes marked in the mass
chromatograms in Figs. 3 and 4.

RESULTS AND DISCUSSION

Table 2 presents our data on numerous samples of
oils and OM of rocks from various oil and gas prov-
inces across Russia. These data display inconsistencies
between the values of the aforementioned geochemi-
cal parameters. For example, low sterane parameters
of maturity (i.e., ratios of sterane epimers significantly
different from equilibrium values, with the equilib-

rium values being K, = 0.54, Kfm = 0.84) are fairly
often associated with high ratios of diasterane to regu-
lar steranes (samples 9—11, 13, 14, and 16 in Table 1),
although, as has been pointed out above, epimeriza-
tion proceeds faster than structural isomerization

(Petrov, 1971, 1984; Waples, 1991).

As illustrative examples, Fig. 5 displays the afore-
mentioned parameters of oils from the Anastasievsko—
Troitskoe (horizon 1V), Salym, and Romashinskoe
fields. The oil from the Anastasievsko—Troitskoe field
shows a very low C,y sterane maturity parameters:

K} . =0.33and Kfm = (.52, as compared to the equi-
librium values of 0.55 and 0.78, respectively. However,

it is readily seen that the dia/reg sterane ratio is 0.33.
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Fig. 3. Typical mass chromatograms of steranes: (a) from oil of Romashinskoe field, Well 302, depth 493—515 m, (b) insoluble
part and (c) thermolysis products of the bacterium Halomonas titanicae.

Oil from the Salym field is mature according to the C,q

sterane index: K., = 0.55 and K, = 0.84. This oil is
a typical one of the Bazhenovo Formation, which is
generated by clay rocks, and its dia/reg = 0.65 and is
consistent with classic understanding of mechanisms
forming diasteranes in clay rocks. At the same time, oil
from the Romashinskoe field has high maturity

indexes (K, = 0.55, Kiat = 0.86), but its dia/reg is
relatively as low as 0.20. It is known that the oil of the
Romashinskoe field was generated by carbonate rocks,
which do not act as catalysts. Nevertheless, this oil also
contains diasteranes, although in lower concentra-

tions.

Table 2 presents geochemical parameters (corre-
sponding to hydrocarbon biomarkers) of OM in rocks
of the Western Siberian and Volga—Ural oil and gas
provinces. As is evident from this table, a high cata-
genic maturity according to maturity coefficients,

K' =0.49-0.53 and K> = 0.77—0.80, is associated

mat mat

in this oil with ratios of diasteranes to regular steranes
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of 0.06 to 0.52. Therewith, in the situation with clay
OM with K, = 0.12—0.31

mat

and K;m =(0.22—0.45, the dia/reg ratio is elevated and
varies from 0.33 to 1.02. It should be mentioned that
maturity evaluated from data on regular steranes is
confirmed by another commonly utilized maturity
indicator: the moretane/hopane (M;,/H;,) ratio
(Table 2). As known, the biological 173(H), 21B(H)-
configuration of hopanoid compounds is highly insta-
ble and is atypical of oils, and BB-hopanes are readily
transformed into Po-moretanes and af3-hopanes at
diagenesis. At catagenesis, relative contents of more
labile moretanes decreases more rapidly than those of
of-hopanes, and hence, the moretane/hopane ratio
decreases with increasing thermal maturity from 0.8 in
immature OM to >0.15 in mature source rocks and oils
and reaches a minimum of 0.05 (MacKenzie et al.,
1983; Seifert et al., 1979).

rocks and low-maturity

Thus, similar to oils, the OM of the same rock sam-
ple may sometimes simultaneously contain propor-
Vol. 61

No. 7 2023
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Fig. 4. Typical mass chromatograms of steranes: (a) from oil of Untygei field, Well 625, depth 3070—3083 m, (b) insoluble part
and (c) thermolysis products of the bacterium Shewanella putrefaciens.

tions of hydrocarbons typical very insignificantly and
very significantly mature organic matter. Inasmuch as
catalysts accelerate all isomerization reactions, it may
hardly be probable that structural isomerization pro-
ceeds and stereo isomerization does not (Petrov, 1984).

To test the hypothesis about the role of the original
OM in the origin of diasteranes, we have studied the
soluble constituent and the thermolysis products of
the insoluble components of various prokaryotic
organisms. We have previously demonstrated that the
soluble parts of prokaryotes and the thermolysis prod-
ucts of the insoluble constituent of their biomass (ker-
ogen) are sources of oil hydrocarbon biomarkers
(Gordadze et al., 2018, 2018a; Yusupova et al., 2020,
2021, 2022).

In the situation with prokaryotes, the distribution
patterns of regular and regrouped steranes are analogous
to those found in oils and the OM of rocks (Table 3). In
both the soluble part and the thermolysis products of
the insoluble part of the bacteria biomass at a low OM

mat and Kim are
0.29—-0.43 and 0.59-0.69, respectively), the dia/reg

maturity (the maturity coefficients K, !

GEOCHEMISTRY INTERNATIONAL Vol. 61 No.7

ratio also broadly varies: 0.20—0.58. The ratio of dias-
teranes to regular steranes also lies within roughly the
same range (0.14—0.64) at a high degree of maturity

2
K are

mat

inferred from regular steranes (Krlnat and
0.45—0.51 and 0.62—0.79, respectively).
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Fig. 5. Comparative characteristics of biomarker indicators
in oils from the Anastasievsko—Troitskoe (horizon IV),
Salym, and Romashinskoe fields.
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Table 2. Geochemical characteristics of the OM of rocks: alkanes and steranes

S supingana L AR A
Carbonate rocks

1 | Lapinskoe, W. Siberian province | C;mal 1905.0 0.44 |0.53 |0.78 [0.06 | 0.05 | 0.16 | 0.31

2 |Same D;zv 2007.5 0.49 (0.52 {0.77 |0.09 | 0.06 | 0.31 | 0.21

3 | Svobodnoe, W. Siberian province | C,b 1065.0 0.51 [0.54 |0.79 [0.07 | 0.06 | 0.30 | 0.23

4 | Menzelino—Aktanysh, Volga— D;sml 1662.2 0.70 {0.49 |{0.80 |0.08 | 0.05 | 0.53 | 0.15
Ural province

5 |Same Ds;sml 1662.8 0.60 |0.51 |[0.80 [0.12 | 0.03 | 0.40 | 0.10

6 | Tlyanchi—Tamak, Volga—Ural Cit 1081.2 0.40 {0.49 |0.80 [0.10 | 0.06 | 0.24 | 0.13
province

7 |Same D;sml 1654.0 0.60 {0.50 {0.80 [0.08 | 0.06 | 0.50 | 0.10

Clay rocks

Untygei, W. Siberian province YuS2 + 3 + 4| 2736.7 2.4 0.12 10.25 {0.33 | 0.25 | 0.04 | 1.00

9 |Same YuS1(2) 2967.5 13.3 0.15 |0.38 [0.81 | 0.45 | 0.04 | 2.00

10 |Same YuS2 + 3 + 4| 3018.0 14.0 0.22 |10.31 (0.45 | 0.47 | 0.02 | 2.50

11 | Same YuS2 + 3 + 4| 3057.5 2.7 0.26 [0.43 |0.54 | 0.34 | 0.11 | 1.00

12 | W. Malobalyk, W. Siberian prov- | Ach 2790.5 1.8 0.31 [{0.45 |0.45 | 0.24 | 0.06 | 0.60
ince

13 | Vereyagskoe, W. Siberian province | AS9 2226.0 3.4 0.12 10.30 {0.51 | 0.22 | 0.03 | 1.33

14 | Verkh-Tarskoe, W. Siberian prov- | Yul/1 2507.5 2.3 0.21 |0.28 |0.52 | 0.23 | 0.06 | 0.83
ince

15 |Same Yul/1 2512.7 1.8 0.21 |0.32 (043 | 0.18 | 0.04 | 1.25

16 | Maloichskoe, W. Siberian province| Yul/1 2540.5 10.4 0.26 [0.36 |1.02 | 0.31 | 0.03 | 1.00

17 | Menzelino—Aktanysh, C,v>oks 1226.9 2.2 0.17 |0.43 (0.43 | 0.30 | 0.10 | 0.70
Volga—Ural province

18 |Same D;'pash 1735.1 2.6 0.10 |0.22 [0.40 | 0.40 | 0.03 | 0.70

19 | Tlyanchi—Tamak, C vl 1197.1 1.5 0.10 {0.30 |0.42 | 0.36 | 0.06 | 0.80
Volga—Ural province

The pristane/phytane ratio characterizes the OM type and sedimentation conditions (reducing or oxidizing), the values <1 are indica-
tive of a dominantly reducing environment of sedimentation and a marine OM type, and values >4 are indicative of a dominantly oxi-
dizing environment and a terrestrial OM type. Intermediate values point to a mixed (littoral) OM genesis.

Ko = 0S/(0S + aR), Krzna[ = ofB/(afp + oR), regular steranes C,7—C,q; dia—diacholestanes 100t133170 20S and 20R, Cy7; Hyg—
hopane, Cs (17a1,21B3); M3p—moretane, Csq (178, 21ar); tri—tricyclic terpane Cyz (13f,140); tetra—tetracyclic terpane Coy (13B,1401);

penta—hopane Cs,.

We are not aware of any literature data that biolog-
ically synthesized matter contains regrouped stertols,
but own our results allowed us to conclude that they do
occur in this matter. The original OM, which con-
tained elevated contents of diasteroles, was likely
related to clay rocks. In other words, elevated values of
the dia/reg geochemical indicator, which reflects the
lithology of the rocks, was controlled not by the isom-
erization reaction of steranes into regrouped ones but

GEOCHEMISTRY INTERNATIONAL

by living organisms the produced oil hydrocarbons in
the clay rocks.

With regard to the aforementioned discrepancies in
the distribution patterns of epimers and structural iso-
mers of the composition C,,—C,4 in oils, the OM of
rocks, the soluble part and the thermolysis products of
the insoluble constituents of prokaryotes, it is reason-
able to suggest that no conditions favorable for the
structural isomerization of hydrocarbons occur in the

Vol. 61 No.7 2023
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Table 3. Geochemical characteristics of the soluble part and thermolysis products of the insoluble part of bacteria: alkanes

and hopanes

Sample Pristane/phytane Krlnat Kéat Dia/reg | M3y/Hj
CBM relics, E. Siberia, Extract 0.75 0.51 0.79 0.14 0.22
Osinskii horizon Thermolyzate 0.81 0.48 0.76 0.22 0.28
Oil area, Uzon caldera Extract 0.53 0.32 0.27 0.15 0.22
Thermolyzate 0.59 0.30 0.27 0.16 0.21
Thermoplasma sp. Extract 0.71 0.43 0.69 0.20 0.20
Thermolyzate 0.82 0.30 0.59 0.25 0.21
Halomonas titanicae Extract 1.00 0.43 0.69 0.38 0.60
Thermolyzate 1.22 0.29 0.48 0.42 0.79
Spirulina platensis Extract 1.10 0.51 0.62 0.50 -
Thermolyzate 0.38 0.49 0.65 0.46 0.12
Shewanella putrefaciens Extract 0.92 0.45 0.72 0.64 0.18
Thermolyzate 0.94 0.40 0.68 0.62 0.21
The ratio of all of the samples are within the range of 0.38—1.2, which corresponds to only marine OM type.
Earth’s interiors. The leading processes proceeding in REFERENCES

nature seem to be those of geometric isomerization
and thermal cracking of high-molecular compounds,
which reflect the maturity of the organic matter.

CONCLUSIONS

The distribution patterns of hydrocarbon biomark-
ers (n-alkanes, isoprenanes, steranes, and terpanes) in
oils, organic matter in rocks, prokaryotes, and the
thermolysis products of the insoluble part of the pro-
karyote biomass lead to the conclusion that the relative
contents of diasteranes in oils and organic matter in
rocks depend on the original organic matter. With ref-
erence to steranes, this means that organic matter or
oil generated by bacterial communities associated with
clay rocks produce much more steranes that bacterial
communities in carbonate rocks.

It is also reasonable to hypothesize that the leading
processes occurring when oil hydrocarbons are gener-
ated in nature are geometric isomerization and ther-
mal cracking of high-molecular compounds. No
structural isomerization of hydrocarbons likely pro-
ceeds in the Earth’s interiors.
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