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The 22S5/(22S + 22R) ratios for C3;-C35 homohopanes and the 20S/(20S + 20R) ratio for Cyg
steranes were measured by gas chromatography-mass spectrometry (GC-MS) on six Oli-
gocene saline lacustrine rock samples from a borehole located in the western Qaidam
Basin, northwest China. These ratios vary significantly and irregularly with burial depth
from 2831 m to 3054 m around the threshold of the oil generation window. In addition,
225/(22S + 22R) ratios also vary substantially among different homologs within the same
sample, generally decreasing from Csz; to C35 homohopanes. The distribution patterns of
homohopanes for the six samples are unusual, such as, C3;<C3; > C33>C34<C3s, O
C31>C33>C33<C34<C35, or C31<C33>C33<C34 < C3s. All of these observations can be
mainly ascribed to the release of bound hopanes and steranes from kerogen and other mac-
romolecules.
The 22S/(22S + 22R) ratios of Cs;, C3; and C33 homohopanes decreased, while that of Cz4
homohopanes increased for two samples, YHS1 and YHS6, after pyrolysis at low tempera-
tures (180-270 °C). A major reversal of 20S/(20S + 20R) ratio for C,g steranes was observed
at 240 °C for sample YHS1, but at 270 °C for sample YHS6. The distributions of homoho-
panes for these two samples after pyrolysis changed from their original patterns toward
the normal pattern C3; > C3; > C33 > C34 > C35. These results reflect the influences of thermal
degradation and direct isomerization of the free biomarkers and the release of bound bio-
markers from kerogen and other macromolecules during pyrolysis.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

proposed thermodynamic equilibrium mixture is in the
range of 0.57-0.62 (Seifert and Moldowan, 1980; van Duin

[somerization ratios of 22S/(22S+22R) for homoho-
panes and 20S/(20S + 20R) for C,g steranes are among the
most frequently used biomarker thermal maturity param-
eters (e.g., Ensminger et al., 1974, 1977; Mackenzie et al.,
1980; Seifert and Moldowan, 1980, 1986; Peters and
Moldowan, 1993). The 22S/(22S+22R) ratio is usually
measured on the C3; or C3; homohopanes and rises from
0 to about 0.6 during maturation (Peters et al., 2005). The
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et al.,, 1997). This equilibrium value is attained at a rela-
tively early stage of oil generation in petroleum source
rocks. The 20S/(20S + 20R) ratio of C,g steranes rises from
0 to about 0.50 (Mackenzie et al., 1980; Mackenzie,
1984; Seifert and Moldowan, 1986).

Previous pyrolysis studies have documented the rever-
sal of isomerization ratios of hopanes and steranes with in-
creased temperature or heating time (e.g., Lewan et al.,
1986; Lu et al., 1989; Peters et al., 1990). This reversal phe-
nomenon was also observed for biomarker maturation in
sediments heated by an igneous intrusion (Bishop and


mailto:cpan@gig.ac.cn
http://www.sciencedirect.com/science/journal/01466380
http://www.elsevier.com/locate/orggeochem

C. Pan et al./Organic Geochemistry 39 (2008) 646-657 647

Abbott, 1993; Farrimond et al., 1996). In these previous
studies, it was proposed that the release of the kerogen
bound biomarkers could be the primary factor for the ob-
served reversal (e.g., Lu et al., 1989; Peters et al., 1990; Far-
rimond et al, 1996). Numerous recent studies have
demonstrated clearly that the hopanes and steranes re-
leased from kerogen by catalytic hydropyrolysis have low
maturities compared with their free counterparts in bitu-
men (Love et al.,, 1995, 1996, 1997, 1998; Bishop et al.,
1998; Murray et al., 1998). The reversal of isomerization
ratios of homohopanes and steranes was also reported in
natural sediments with burial. For example, Curiale and
Odermatt (1989) observed a trend away from equilibrium
with increasing depth in Monterey Formation rocks from
the Santa Maria Basin, USA. Strachan et al. (1989) observed
a reversal in the C,9 sterane 20S/(20S + 20R) ratio with
depth in the Cape Range No. 2 well, Australia, and ascribed
it to the effect of sediment matrix variation.

There are three end member processes that may control
the isomerization ratios of homohopanes and steranes: (1)
direct isomerization of isomer A to isomer B, (2) differ-
ences in the relative rates of generation of these two iso-
mers from kerogen or another non-hydrocarbon fraction,
and (3) differences in the relative rates of cracking of these
two isomers to one or more products other than the iso-
mers (Farrimond et al., 1998). The 22S/(22S + 22R) ratios
measured among C31-C35 homohopanes are usually simi-
lar, within a variation range less than 0.05. This result im-
plies that the rates of these three processes among C31-Css
homohopanes are similar for a given sample.

The 22S/(22S + 22R) ratios for the C3;-C35 17a-homoho-
panes may differ slightly, or even significantly in some
cases. Zumberge (1987) determined average 22S/
(22S + 22R) ratios for the C3;-C35 homohopanes of 27 hea-
vy crude oils. The averaged values at C3q, C32, C33, C34, and
Css for 225/(22S + 22R) ratios are 0.55, 0.58, 0.60, 0.62, and
0.59, respectively. The author suggested that the equilib-
rium ratios increase with carbon number for C3;-Cs4
homologs (Zumberge, 1987). Koster et al. (1997) found
that the 22S/(22S +22R) ratios vary substantially from
C31 to C35 homohopanes in some immature organic sulfur
rich samples from carbonate/marlstone sequences. These
ratios regularly increase from Cs; to C3s homologs, e.g., val-
ues as low as 0.18 for the C3; homologs to 0.54 for the C35
homologs in one of their samples. This result is explained
by steric hindrance of the isomerization at C-22 of con-
densed type hopanoid sulphides and sulphoxides having
22R stereochemistry. Upon maturation these skeletons
are released as hydrocarbons, which can lead to low 225/
(22S + 22R) ratios (Koster et al., 1997).

Homohopanes (C3,-Css) are generally believed to origi-
nate from bacteriohopanepolyols, which are synthesized as
membrane lipids by bacteria of diverse taxonomic groups
(Ourisson et al., 1979, 1984; Farrimond et al., 2003). The
relative distribution of homohopanes has been used as an
indicator of the redox potential (Eh) during deposition of
source rocks (Peters and Moldowan, 1991; Moldowan
et al., 1992). The “Css-homohopane index” is the ratio of
C35/(C31-C3s5). High C35-homohopane indices are typical of
marine, low Eh environments of deposition (Peters and
Moldowan, 1991). Sinninghe Damsté et al. (1995) have

shown that selective preservation of the Css skeleton by
sulfur incorporation is the most likely mechanism for the
relative enrichment of C3s homohopanes under anoxic
conditions. However, homohopane distributions can be al-
tered by secondary processes. Peters and Moldowan (1991)
demonstrated that: (1) the Css-homohopane index de-
creases with increasing API gravity and thermal maturity
of related oils from the Monterey Formation, offshore Cal-
ifornia; and (2) biodegradation can result in selective loss
of high or low molecular weight homologs, depending on
the microbial population in the reservoir.

In the present study, we document the 22S/(22S + 22R)
ratios of homohopanes, 20S/(20S + 20R) ratios of Cyg regu-
lar steranes, and the distributions of C3;-C35 homohopanes
for six rocks within a 220 m interval of Oligocene strata
(lower Ganchaigou Formation, E3) from YH-103 well in
the western Qaidam Basin. The ratios of 225/(22S + 22R)
homohopanes and 20S/(20S + 20R) C,9 regular steranes
vary significantly and irregularly with burial depth for
these six samples. The 22S/(22S + 22R) ratios also vary
substantially from Cs3; to C3s homohopanes within the
same sample with a variation trend opposite to those re-
ported previously by Zumberge (1987) and Koster et al.
(1997). In order to investigate the variations of the distri-
bution and isomerization of homohopanes and steranes
with increasing temperature and thermal maturity, pyroly-
sis experiments on two of these six rock samples were per-
formed in a confined system (Au capsules). We hope that
our results can extend understanding of the mechanisms
that control biomarker maturity parameters. In addition,
oil samples from the major oil fields in this region, includ-
ing the largest one, the Yuejin oil field, were believed to be
low maturity based on biomarker maturity parameters
(Huang et al., 1989, 1991, 1994, 1999; Hanson et al,
2001; Peng, 2005; Zhu et al., 2005). Our results may also
improve understanding of the origin of these low maturity
oils.

2. Samples and experimental
2.1. Samples

Six samples of calcareous mudstones and limestones
were collected from Oligocene strata (lower Ganchaigou
Formation, E3; burial depths of 2831-3054 m) from the
YH-103 well in the western Qaidam Basin, northwest Chi-
na. The lower Ganchaigou Formation contains the principal
source rocks for the oil fields found in this region and was
deposited in a saline lacustrine environment (e.g., Hanson
et al.,, 2001; Zhu et al., 2005). Among these six samples,
YHS1 to YHS6, the shallowest sample YHS1 with relatively
high total organic carbon content (TOC) and low content of
carbonate minerals, and the deepest sample YHS6 with the
lowest TOC and highest content of carbonate minerals
were selected for pyrolysis experiments (Table 1). These
two samples lack vitrinite. To evaluate the maturities of
these samples after pyrolysis at various temperatures, a
coal sample having a vitrinite reflectance (Ro) of 0.42%
from the Jurassic coal measures of Tuha basin, northwest
China, was selected for the pyrolysis experiments.
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Table 1
The gross geochemical parameters of rock samples
Depth (m) Carbonate (%) TOC (%) S1(mg/g) S2(mg/g) HI Tmax (°C)  PI Bit Sat (%) Aro (%) Res(%) Asp (%)

YHS1 28316 25.56 1.03 0.61 5.19 504 423 011 244 493 12.8 24.7 13.2
YHS2  2845.1 43.73 1.12 0.46 6.67 596 419 006 302 29.0 203 36.2 145
YHS3  3018.1 26.71 0.84 0.41 2.82 336 427 013 250 586 10.4 23.2 7.7
YHS4  3022.1 24.83 0.86 0.30 2.94 342 427 0.09 308 536 12.7 27.0 6.7
YHS5  3043.8 37.02 0.78 0.29 4.04 518 430 0.07 254 342 171 38.7 10.1
YHS6  3053.9 55.57 0.48 0.09 1.42 296 431 006 210 413 115 33.7 135

HI: hydrogen index (mg HC/g TOC) = 100xS2/TOC; PI = S1/(S1 + S2); bit: bitumen (mg/g TOC); sat: saturates; aro: aromatics; res: resins; asp: asphaltenes.

2.2. Analyses of the content of carbonate minerals and total
organic carbon content (TOC)

The six samples were first ground into powder (about
200 mesh). About 2 g of powder from each sample was trea-
ted with 6N HCI at 80 °C for 8 h and then washed with dis-
tilled water to pH 6. The amount of carbonate minerals
was obtained by the gravimetric method. After HCl treat-
ment, the total organic carbon content (TOC) of the remain-
ing sample was measured using an Elementar vario ELIII, an
advanced model of elemental analyzer (C, H, N and O) for
kerogen. TOC of the original sample was calculated based
on the measured TOC and the amount of carbonate minerals.

2.3. Bitumen extraction and fractionation

The powdered samples (about 80 g each) were Soxhlet
extracted with azeotropic dichloromethane:methanol
(93:7, v/v) for 72 h to obtain bitumen. The solvent free bitu-
men was diluted with about 1 ml dichloromethane, and
then deasphaltened using about 50 ml hexane. These sam-
ples were fractionated on a silica-alumina column using
hexane, benzene and methanol as eluants to yield saturated,
aromatic, and resin fractions, respectively. The saturated
fractions were further analyzed by GC-FID and GC-MS.

2.4. GC and GC-MS analyses

Gas chromatographic (GC) analysis of the saturated
fractions was performed on an HP6890 GC fitted with a
30m x 0.32 mm i.d. HP-5 column with a film thickness
of 0.25 um and using nitrogen carrier gas. The GC oven
temperature was held initially at 70 °C for 5 min, ramped
from 80 to 290 °C at 4 °C/min, and then held at 290 °C for
30 min. Gas chromatographic-mass spectrometric (GC-
MS) analysis of the saturated fractions was carried out
using a Micromass Platform II interfaced to an HP5890
GC fitted with a 30 m x 0.25 mm i.d. HP-5 ms column with
a film thickness of 0.25 pum and using helium carrier gas.
The GC oven temperature was initially held at 80 °C for 5
min, ramped from 80 to 120 °C at 8 °C/min, from 120 to
290 °C at 2 °C/min, and then held at 290 °C for 30 min.

2.5. Pyrolysis in a confined system

The approach of pyrolysis in a confined system was first
applied on hydrocarbon source rocks by Monthioux et al.
(1985, 1986). In the present studies, pyrolysis experiments
on two rock samples (YHS1 and YHS6) and a coal were
performed in a confined system (Au capsules) at a fixed

pressure of 50 MPa and temperatures of 180, 210, 240,
270, 300, and 320 °C. For each run, about 5 g of powdered
sample YHS1 (unextracted) mixed with 3 wt% water was
placed into two Au capsules (6 mm outside diameter,
0.25 mm wall thickness, and 80 mm length) while about
7.5 g powdered sample YHS6 (unextracted) with 3 wt%
water was placed into three Au capsules. In addition, about
100 mg powdered coal sample with 3% water was placed
into a Au capsule. The pyrolysis results among the dupli-
cate Au capsules have excellent repeatability (e.g., Pan
et al., 2006). The 3% water was added with the consider-
ation that these rocks have porosity of about 6%. The cap-
sules were welded at one end before loading samples.
Once loaded, the open end of each capsule was purged
with argon before being squeezed in a vise to create an ini-
tial seal, which was subsequently welded in the presence
of argon. During welding, the previously welded end was
submerged in cold water to prevent heating of reactants.

Each loaded capsule containing the rock or coal sample
was placed into a pressure vessel. Our experimental sys-
tem permits 14 pressure vessels to be placed in a single
large furnace. A fan at the bottom of the furnace main-
tained uniform temperature in the vessels during the
experiment. The vessels were previously filled with water.
The internal pressure of the vessels, which were connected
to each other with tubing, was adjusted to 50 MPa by
pumping water into the vessels before heating. Pressure
was maintained automatically by pumping water into or
out of the vessels during the pyrolysis experiments. The
vessels were heated to the desired temperature during
2 h, and then, heated isothermally for 72 h. A thermocou-
ple is placed in the furnace attached to one of these vessels.
After heating, the vessels were quenched to room temper-
ature in cold water within 10 min. During quenching, the
pressure was held at 50 MPa to prevent the capsules from
leaking. After cooling, the pressure inside the vessel was
gradually reduced to atmosphere pressure.

After heating, the samples were Soxhlet extracted and
fractionated. The saturated fractions obtained were ana-
lyzed by GC and GC-MS. These methods were the same
as for the six rocks described above.

3. Results and discussion
3.1. Gross geochemical properties

The gross geochemical data for the six samples are shown
in Table 1. The amounts of carbonate minerals in the six
samples range from 24.83% to 55.57%. The total organic car-
bon contents (TOC) range from 0.48% to 1.12%. Rock-Eval
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pyrolysis hydrogen index (HI) values range from 293 to
595 mg/g TOC (Table 1). Rock-Eval pyrolysis Tmax ranges
from 419 to 430 °C. The amount of extracted bitumen ranges
from 210 to 308 mg/g TOC. The amount of saturated fraction
of the extracted bitumen ranges from 29.0% to 58.6%. Vitri-
nite reflectance values for these rock samples were not ob-
tained because they lack vitrinite. The amounts of bitumen
and saturated fractions suggest that these rock samples
are near or have reached the oil generation threshold.

3.2. Molecular compositions

3.2.1. n-Alkanes and acyclic isoprenoids

The gas chromatograms of the saturate fractions of ex-
tracts from the six rock samples are shown in Fig. 1 and
the related parameters are listed in Table 2. All six samples
show a strong even over odd predominance of normal al-
kanes with OEP values ranging from 0.65 to 0.86. They also
contain a relatively high abundance of phytane, with ratios
of Pr/n-Cy7, Ph/n-Cys, and Pr/Ph ranging from 0.45 to 1.05,
1.40 to 3.78 and 0.18 to 0.36, respectively.

3.2.2. Hopanes and steranes

M/z 191 and m/z 217 mass chromatograms of the six
samples are shown in Fig. 2, and hopane and sterane
parameters are listed in Table 2. All six samples contain
very little Ts, but abundant gammacerane with the gam-
macerane/Cso hopane ratio ranging from 0.64 to 1.24.

All samples contain very low amounts of diasteranes
compared with regular steranes. Samples YHS1 and YHS2
contain low amounts of Cyg and Cy,9 steranes relative to
C,7 steranes compared with the other samples.

The 22S/(22S + 22R) ratios for C3;-C35 homohopanes
generally decrease in the order Cs;>C3; > C33>C34>Css
for all the six samples, except for sample YHS2
(C31 > (35 <C33>C34<C3s, Flg 3a,Table 2) AlthOUgh the ra-
tios of all C3;-C35 homohopanes vary significantly and irreg-
ularly among the six samples with burial depth, their
variation trends are consistent with each other, except for
the C33 and C35 homohopanes in sample YHS2 (Fig. 3a).

The proportions of C3;-C35 homohopanes change sub-
stantially and irregularly among the six samples with burial
depth. The distribution patterns of C3;-C35 homohopanes
are C3q < C3y > C33 > C34 < C35 for samples YHS1, YHS2 and
YHS6, C31 > C32 > C33 < C34 < C35 for Sample YHS3, and
C31 < C33 > C33 < C34 < C35 for samples YHS4 and YHS5 (Table
2, Figs. 2 and 3b). All of these patterns are unusual to source
rock and oil samples (e.g., Peters et al., 2005).

The Cyg sterane 20S/(20S + 20R) ratio for the six samples
ranges from 0.111 to 0.250. It varies irregularly with burial
depth, but the variation trend is roughly consistent with
that of the 22S/(22S + 22R) ratios for homohopanes, espe-
cially Cz1, C3; and C34 homohopanes (Table 2, Fig. 3a).

3.3. Variations of hopanes and steranes during pyrolysis
experiments

3.3.1. Variation of vitrinite reflectance Ro% of the coal sample
during pyrolysis

As listed in Table 3, the vitrinite reflectance value of the
coal sample increases slowly during pyrolysis at low tem-
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Fig. 1. Gas chromatograms of the saturated fractions of samples YHS1-
YHS6.
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Table 2
Molecular parameters of the initial bitumen of the six rock samples

OEP  Pr/n-Cy; Ph/n-C;g  Pr/Ph 1 2 3 4 5 6 7 8 9 10 11 12
YHS1 0.75 0.61 1.85 0.32 086 0563 0.512 0489 0442 0430 0250 0.282 0315 0.130 0.119 0.154
YHS2 0.63 045 1.40 0.31 121 0532 0476 0500 0405 0422 0168 0220 0372 0.119 0.101 0.188
YHS3 0.86 0.61 1.59 0.36 094 0576 0.507 0453 0413 0344 0.168 0.259 0245 0.127 0.153 0.216
YHS4 0.78 0.65 2.56 0.26 064 0511 0424 0374 0330 0293 0.111 0.190 0228 0.097 0214 0.271
YHS5 0.66 0.64 3.44 0.18 124 0515 0433 0411 0359 0357 0160 0.155 0228 0.108 0.160 0.351
YHS6 0.65 1.05 3.78 0.21 0.73 0512 0417 0417 0341 0336 0180 0.198 0.280 0.097 0.096 0.328

OEP: odd-even predominance for n-alkanes in the range from Cy; to Cys; 1: gammacerane/hopane; 2-6: 225/(22S + 22R) ratios for Csy, C33, C33, C34, and C3s
homohopanes, respectively; 7: 20S/(20S + 20R) Cyg steranes; 8: C31/(C31-C3s5) homohopanes; 9: C3,/(C31-C3s5) homohopanes; 10: C33/(C3;-C3s) homoho-

panes; 11: C34/(C3;-C35) homohopanes; 12: C35/(C3;-C3s5) homohopanes.

peratures, from the initial value 0.42 to 0.53 at 270 °C. It in-
creases rapidly to 0.74 at 300 °C and 0.86 at 320 °C.

3.3.2. Sample YHS1

As demonstrated in Table 3 and Fig. 4a, the 22S/
(22S +22R) ratio for C3; homohopanes decreased from
the initial value of 0.563-0.512 at 180 °C. It varied slightly
between 0.498 and 0.512 at temperatures 210-300 °C, and
finally increased to 0.535 at 320 °C. The ratios for Cs, and
C33 homohopanes varied similarly to that for C3; homoho-
panes with temperature. However, the ratio for Cs34 homo-
hopanes increased significantly at 180 °C, contrary to that
for C3;-C33 homohopanes. The ratio for C35 homohopanes
also increased at 180 °C, but had a major reversal at
270°C. The 20S/(20S +20R) ratio for Cpg9 steranes de-
creased from 180 to 240 °C, and then increased rapidly at
higher temperatures.

The proportions of C3;-C35 homohopanes are listed in
Table 3 and shown in Fig. 4b. The proportions of homoho-
panes varied substantially during pyrolysis. The distribu-
tion of C3;-C35 homohopanes changed from the initial
pattern C31 < C32 > C33 > C34 < C35 into C31 > C32 > C33 >
C34 > C35 at 180 °C, which is observed frequently in source
rocks and oils (e.g., Peters et al., 2005). At 210-320 °C, the
proportions of C3;-C3s homohopanes varied slightly, but
the distribution pattern remained unchanged.

3.3.3. Sample YHS6

The variation trends for 22S5/(22S + 22R) ratios of C3;-
C3s homohopanes, 20S/(20S + 20R) ratio of Cy9 steranes,
and proportions of C3;-C3s homohopanes for sample
YHS6 are generally similar to those of sample YHS1 (Table
3 and Fig. 4c and d). However, some minor differences can
be observed in hopane and sterane maturation behavior
between YHS1 and YHS6 during pyrolysis. The 22S/
(22S + 22R) ratios for C3; and C33 homohopanes in YHS6
decreased to a greater extent than in YHS1 after pyrolysis
at 180 °C (Fig. 4a and c). The 20S/(20S + 20R) ratio for Cyg
steranes in YHS6 was lowest at 270 °C, rather than 240 °C
as observed for YHS1 (Fig. 4b and d).

The distribution of C3;-C35 homohopanes changed from
the original pattern Csz; < C33 > C33 > C34 < C35 towards the
normal pattern C3; > C3, > C33 > C34 > C35 with temperature
increasing during pyrolysis. During this process, the ratios
of C31/Z(C31-C35) and C3/%(C31-C35) homohopanes in-
creased while the ratio of C35/%(C3;-C35) homohopanes de-
creased. Because the distribution of homohopanes remains

C31 > C3y > C33 > C34 < C35 at 320 °C, the transformation to
the normal pattern is not yet completed (Table 3,
Fig. 4d). According to our analytical data for 38 oil samples
collected from western Qaidam Basin, 26 relatively high
maturity samples have the normal distribution pattern,
11 moderate maturity samples have the pattern
C31>C33>C33>C34<C35, and one low maturity sample
has the pattern C31<C33>C33>C34<C3s.

3.4. Mechanisms controlling homohopane and sterane
distributions and isomerization ratios

Variations in the 22S/(22S+22R) ratio for C3;-Css
homohopanes and the 20S/(20S + 20R) ratio for C,g ster-
anes are related to the isomerization rate between the free
R and S isomers, the decomposition rates of both free iso-
mers, and the release rates of both bound isomers from
kerogen and other macromolecules (Lu et al., 1989; Peters
et al., 1990; Farrimond et al., 1998). Both the isomerization
and decomposition of free homohopanes and steranes in
bitumen or oil lead to the increase in isomerization ratios.
Several studies have demonstrated that increasing isomer-
ization ratios of hopanes and steranes are due mainly to
the decomposition (thermal degradation) rather than the
direct isomerization (Larcher et al., 1988; Requejo, 1994;
Dzou et al., 1995; Farrimond et al., 1998). In contrast, re-
lease of bound homohopanes and steranes from kerogen
and other macromolecules leads to decreasing isomeriza-
tion ratios (e.g. Lu et al., 1989; Peters et al., 1990; Bishop
et al.,, 1998).

For both samples YHS1 and YHS6, variations in the pro-
portions of C3;-C3s homohopanes during pyrolysis can be
interpreted to result from increasing decomposition rate
of the free homohopanes with greater carbon number, or
decreasing release rate of bound homohopanes from kero-
gen and the other macromolecules (resin and asphaltene)
with greater carbon number, or both (Table 3, Fig. 4b and
d). For YHS1, the variations in 22S/(22S + 22R) ratios be-
tween the original bitumen and the pyrolysate at 180 °C
for Cs31, C3p, C33, C34 and C35 homohopanes are —0.045,
—0.017, —0.014, 0.060, and 0.007, respectively, and the
variations in the ratios of C31/Z(C31-C35), C32/Z(C31-Css5),
C33/Z(C31-C35), C34/%(C31-C35) and Css5/%(C31-C35) are
0.087, 0.050, —0.025, —0.035, and —0.076, respectively. It
appears that the release of bound homohopanes containing
R isomers from kerogen and the other macromolecules
could be the dominant factor influencing 225/(22S + 22R)
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ratios of C3;-C33 homohopanes at this temperature. How-
ever, the increase of 22S/(22S + 22R) ratios of C34 and C3s
homohopanes demonstrates that decomposition and direct
isomerization were important for C3; and C3s homoho-
panes at this temperature.

The greater decrease of C35/Z(C3;-C3s) ratio than Csz4/
¥(C3;-C35) ratio implies that C3s homohopanes were
decomposed to a greater extent than Cs; homohopanes.
However, the smaller increase in the 225/(22S + 22R) ratio
for C35 homohopanes than the C3, homohopanes indicates
that larger amounts of bound C3s5 homohopanes were re-
leased from kerogen and other macromolecules than those
of bound C34 homohopanes.

A major reversal can be observed for 225/(22S + 22R)
ratios of C33 and C35 homohopanes at 270 °C (Table 3,
Fig. 4a). This result suggests that peak generation of Cs;3
and C3s homohopanes from the cracking of kerogen and

other macromolecules occurred at this temperature. At
higher temperatures (300-320 °C), we speculate that the
release of C33 and C35 homohopanes was outpaced by
decomposition and direct isomerization rates became
higher than those at 270°C. As a result, the 22S/
(22S + 22R) ratios for C33 and C35 homohopanes increased
at 300 and 320°C. A similar reversal occurred for the
20S/(20S + 20R) ratio of Cyg steranes at 240 °C, and can
be interpreted in the same manner.

For YHS6, the variations in the 22S/(22S + 22R) ratios for
Cs1, C33, C33, C34 and C35 homohopanes are —0.072, —0.010,
—0.054, 0.058, and 0.006, respectively, and the variations in
the ratios of C31/2(C31-Css), C32/Z(C31-Css), C33/Z(C31-C35),
C34/Z(C31—C35) and C35/2(C31—C35) are 0.084, 0.057, 0.000,
—0.017, and -0.122, respectively during pyrolysis at
180 °C. The major decrease of 22S/(22S + 22R) ratios for
C31 and C33 homohopanes demonstrates that the release
of bound homohopanes strongly affected these ratios. In
contrast, the major increase of 22S/(22S + 22R) ratio for
C34 homohopanes suggests that decomposition and isomer-
ization played dominant roles in controlling this ratio. The
22S/(22S + 22R) ratios for C3; and C35 homohopanes indi-
cate that the effects of the decomposition and isomerization
of free homohopanes and the release of bound homoho-
panes appear roughly balanced. A small reversal of 22S/
(22S + 22R) ratio for C35 homohopanes at 240 °C suggests
a minor peak generation stage of these homohopanes from
the cracking of kerogen and other macromolecules (Fig. 4c).
The substantial increase of 22S/(22S + 22R) ratios for all
C31-C35 homohopanes from 300 to 320 °C can be inter-
preted to indicate that all bound homohopanes were re-
leased within the first few hours of heating, and then,
decomposition and isomerization prevailed within the
remaining heating time at 320 °C.

A reversal of 20S/(20S + 20R) C,9 steranes for YHS6 oc-
curred at 270 °C, rather than 240 °C as for YHS1 (Fig. 4a
and c). This suggests that there could be different release
kinetics for these compounds from kerogen and macromol-
ecules between these two samples.

The distribution of C,;, C,5 and C,g regular steranes for
sample YHS6 varied significantly during pyrolysis: the rel-
ative abundances of Cpg and Cyg regular steranes increased
at low temperatures (180-240 °C), and decreased at high
temperatures (270-320 °C) (Fig. 5). Although the absolute
amounts of steranes were not quantified in our study the
substantial variation in the distribution of C,7-C,9 steranes
can be mainly ascribed to the release of the bound homo-
logs from kerogen at 270 °C and the lower temperatures. If
this variation were mainly due to the thermal degradation
of free homologs, the 20S/(20S + 20R) ratio of Cp9 steranes
would have significantly increased, rather than decreased,
as observed at 270 °C.

It is noteworthy that the 22S/(22S + 22R) ratio for Cz4
homohopanes is higher than that of the other homoho-
panes for both samples YHS1 and YHS6 at 320 °C (Fig. 4a
and c), consistent with the results for 27 heavy crude oils
reported by Zumberge (1987).

Farrimond et al. (2003) reported the amounts and dis-
tributions of hopanoids bound to the insoluble organic
matter in recent sediments from a freshwater lake (Priest
Pot) and an anoxic sulphidic fjord (Framvaren) based on
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Table 3
Molecular parameters of the pyrolysates of rock samples YHS1 and YHS6

Ro OEP  Pr/n-C;; Ph/n-C;s Pr/Ph 1 2 3 4 5 6 7 8 9 10 11 12

YHS1
original 042 0.75 0.61 1.85 032 086 0.563 0.512 0489 0442 0430 0.250 0.282 0315 0.130 0.119 0.154
180°C 044 0.72 2.11 0.23 078 062 0.518 0495 0475 0502 0437 0245 0369 0364 0.105 0.084 0.078
210°C 047 070 2.04 0.23 076 058 0.512 0.500 0.482 0495 0455 0236 0373 0.360 0.102 0.087 0.078
240°C 050 070 2.14 0.21 073 050 0.507 0.496 0464 0517 0437 0201 0392 0.343 0.099 0.080 0.086
270°C 053 071 1.95 0.27 075 063 0.512 0493 0457 0500 0414 0.258 0.367 0366 0.109 0.084 0.074
300°C 074 0.79 1.58 0.39 080 065 0498 0.507 0494 0514 0438 0294 0386 0.338 0.114 0.083 0.079
320°C 086 0.77 1.22 0.51 079 068 0.535 0.534 0.518 0.567 0524 0476 0407 0335 0.114 0.076 0.068
YHS6
original 042 065 1.05 3.78 0.21 0.73 0.512 0417 0417 0341 0336 0.180 0.198 0.280 0.097 0.096 0.328
180°C 044 064 1.04 3.82 0.16 058 0440 0.407 0363 0399 0342 0.189 0.282 0337 0.097 0.079 0.206
210°C 047 065 1.05 3.72 0.16 053 0425 0408 0.387 0393 0364 0.185 0300 0.324 0.095 0.082 0.200
240°C 050 066 1.01 3.61 0.16 058 0437 0407 0.380 0.398 0345 0.199 0.296 0.332 0.096 0.077 0.200
270°C 053 067 1.00 3.36 020 045 0436 0432 0387 0408 0362 0.174 0321 0306 0.094 0.080 0.199
300°C 074 072 1.22 2.65 033 056 0453 0.440 0408 0427 0421 0254 0324 0321 0.095 0082 0.178
320°C 0.86 0.79 1.05 1.80 047 061 0.530 0.526 0.503 0.540 0524 0436 0345 0.317 0.103 0.077 0.157

Ro: measured on a coal from the Jurassic coal measures in Tuha Basin, northwestern China; original: initial bitumen; 1-12: see Table 2.

catalytic hydropyrolysis analysis, and demonstrated that
the bound hopanoids represent 22-30% of the total bound
and solvent soluble hopanoids for sediments from Priest
Pot, and 50-86% of the total for sediments from Framvaren.
Those authors further demonstrated that hopanoids in a
sediment from Priest Pot are almost entirely bound by
strong covalent ether bonds, while the Framvaren sedi-
ment contains hopanoids that are bound by a mixture of
weak disulphide and polysulphide linkages and stronger
ether bonds (Farrimond et al.,, 2003). On this basis, we
speculate that the release of the bound biomarkers could
strongly influence the isomerization ratios, and the rever-
sal of these ratios could be more likely observed during
burial maturation of anoxic sulphidic sediments than
freshwater lacustrine and suboxic marine shelf sediments,
just as observed in the present study and by Curiale and
Odermatt (1989) on phosphate/carbonate rocks from the
Miocene Monterey Formation. In addition, Farrimond
et al. (2003) revealed that for both the Priest Pot and Fram-
varen Fjord samples, the distribution patterns are
C31<C33>C33>C34<C35 for the bound hOmOhOpaHES re-
leased by hydropyrolysis from kerogen, but the abundance
of C3s homohopanes is much higher for samples from
Framvaren Fjord than from Priest Pot. The free homoho-
panes for the six samples in the present study appear
somewhat similar to the bound homohopanes in distribu-
tion patterns described by Farrimond et al. (2003).
Although the free homohopanes in our samples are domi-
nantly of isomers, while the bound homohopanes are
mainly BB isomers (Farrimond et al.,, 2003), this result
may imply that the release of the bound homohopanes
from kerogen has strongly affected the composition of
the free homohopanes in our samples.

The oil generation threshold has been suggested to be
about 2800 m or 3000 m in the west Qaidam Basin in the
previous studies (Hanson et al., 2001; Peng, 2005). The
six samples YHS1-YHS6 are near the oil generation thresh-
old with burial depths from 2831 to 3054 m. Farrimond
et al. (1998) demonstrated that the absolute concentra-
tions (in ppm TOC) of the free hopanes and steranes ap-
proach or exceed the maximum stage for samples around

the oil generation threshold in a well in the Barents Sea.
Murray et al. (1998) also demonstrated that the bound ho-
panes and steranes were released substantially around the
oil generation threshold for Kimmeridge Clay samples (Ro%
0.45-0.55). We speculate that most bound homohopanes
and steranes have been released during burial thermal
maturation of the six samples YHS1 to YHS6. The varia-
tions of isomerization ratios for homohopanes and ster-
anes with depth may result from different initial
amounts and bond strengths of the bound biomarkers
among these samples. Because the trend of 22§/
(22S + 22R) ratios from C3; to C35 homohopanes within a
sample in the present study is the opposite to that ob-
served by Koster et al. (1997), it cannot be explained by
steric hindrance of isomerization at C-22 of condensed
type hopanoid sulphides and sulphoxides possessing the
22R stereochemistry, as suggested by Koster et al. (1997).
This phenomenon observed in our study may be caused
by different relative amounts of homohopanes released
from kerogen with increasing the carbon number, or be-
cause homohopanes of high carbon number were released
very recently compared with those of low carbon number,
or both (Figs. 2 and 3).

3.5. Origin of low mature oils

Up to 90% of the oils found in this region have low
molecular maturities (Huang et al., 1999). We analyzed
16 oil samples from the Yuejin oilfield, the largest in this
area. Cy9 sterane 20S/(20S + 20R) and BB/(ao + BB) ratios
of these oils are low, generally less than 0.35. However,
the amounts of saturated fractions in these oils are high
(62.5-80.8%) while the total amounts of resins and
asphaltenes are low (7.3-20.4%, Table 4). In addition, oils
in this region have medium gravity (45.4-25.7° API) and
moderate to low amounts of sulfur (0.12-0.60%, Zhu
et al,, 2005). Previous studies suggested that these oils
were generated from source rocks at low maturity (e.g.,
Huang et al., 1989, 1991, 1999; Hanson et al., 2001). Based
on the results of the present study and those of Farrimond
et al. (2003), we present an alternative or additional mech-
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Fig. 4. Isomerization ratios and distribution of homohopanes and steranes in samples YHS1 and YHS6 after pyrolysis. (a and b) Sample YHS1; (c and d)

sample YHS6.

anism for the origins of these low maturity oils. High
amounts of bound relative to free biomarkers led to the
reversal of the biomarker maturity parameters of the
source rocks with burial, and resulted in relatively low bio-
marker maturities for the source rocks and related oils,
which actually have higher thermal maturities.

Low maturity oils occur widely in China and are gener-
ally derived from anoxic, saline to brackish lacustrine
source rocks containing relatively abundant carbonate
minerals (e.g., Huang et al., 1999). Pang et al. (2003) sug-
gested that immature oils in the Bamianhe oilfield of Bohai
Bay Basin, eastern China, are mixtures of major amounts of
mature oils with minor amounts of immature oils. Pan
et al. (2007) presented a similar oil mixing mechanism
for the origin of low mature oils in the Daerqi oilfield, Baiy-
inchagan Depression, northern China. The mechanism pre-
sented in the present study may be also applied to

interpret the origins of low mature oils in the other areas
of China.

4. Summary

The 22S/(22S +22R) ratios for C3;-C3s homohopanes
and the 20S/(20S + 20R) ratio for C,g9 steranes among six
rock samples, which were deposited under saline lacus-
trine environments, vary significantly and irregularly with
burial depth from 2831 m to 3054 m. In addition, 22S/
(22S + 22R) ratios also vary substantially among C3;-Css
homohopanes within the same sample. The ratio generally
decreases from Cz; to C35 homohopanes, a trend opposite
to that reported previously by Zumberge (1987) and Koster
et al. (1997). The distribution patterns of homohopanes for
the six samples are unusual, e.g., C3; < C33 > C33 > C34 < Czs,
or C31>C32>C33<C34<C3s5, Or C31<C33>C33<C34<Css.
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Fig. 5. Sterane mass chromatograms (m/z 217) for samples YHS6 after pyrolysis.
Table 4
Gross compositions and Cpg sterane isomerization ratios of oil samples from Yuejin oilfield
Oils Well Depth (m) Sat (%) Aro (%) Res (%) Asp (%) Ca9 S/R Cag at/BB
Qx10 Yuecan 1 2254.0-2447.2 72.2 13.9 7.6 6.3 0.32 0.25
Qx38 Yuecan 1 2254-2447.2 80.8 11.9 4.2 3.1 0.37 0.30
Qx14 Yue 355 1540.6-1770.3 62.5 22.0 10.1 5.4 0.36 0.32
Qx15 Yue 59 1613.4-1848.8 68.8 20.6 7.1 3.5 0.35 0.31
Qx16 Yue 655 1840.7-1981.4 743 12.4 5.7 7.6 0.31 0.27
Qx17 Yue 105 1394.4-1579.4 69.3 12.5 4.5 13.6 0.32 0.29
Qx18 Yue 2-2 3471.8-3528.8 82.1 6.3 53 6.3 0.33 0.28
Qx19 Yuexin 3-5 3448.4-3474.0 72.8 16.0 49 6.2 0.33 0.27
Qx20 Yue 19 -9 3552.4-3555.6 72.6 11.6 2.7 13.0 0.41 0.30
Qx21 Yue 7- 4 3395.4-3605.7 64.4 153 15.3 5.1 0.38 0.31
Qx24 Yue 7-38 3539.2-3626.0 715 12.3 3.8 123 0.42 0.31
Qx25 Yue 673 1608.2-1693.4 734 16.1 6.5 4.0 0.31 0.27
Qx26 Yue 573 1762.6-1814.0 74.7 16.4 6.2 2.7 0.31 0.28
Qx35 Yue 17 3368.2-3414.0 76.6 10.9 4.4 8.1 0.32 0.28
Qx32 Yue 10-10 3491-3622.4 73.0 124 2.2 124 0.40 0.30
Qx34 Yuedi 1 1366.4-1386.4 70.8 19.1 6.8 34 0.45 0.37

Sat: saturates; aro: aromatics; res: resins; asp: asphaltenes; Co9 S/R: 20S/(20S + 20R) of Cyg steranes; Cyg aot/BB: aor/(a + BB) of Cog steranes.
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All of these phenomena can be mainly ascribed to the re-
lease of bound hopanes and steranes from kerogen and
other macromolecules.

The 22S/(22S + 22R) ratios for C31, C3; and C33 homoho-
panes and the 20S/(20S + 20R) ratio for C,¢ steranes de-
creased, while the 22S/(22S+22R) ratio for Cs4
homohopanes increased for samples YHS1 and YHS6 after
pyrolysis at low temperatures (180-270 °C). The distribu-
tions of homohopanes for these two samples after pyroly-
sis changed from their original patterns towards the
pattern Csz; > C3p > C33 > C34 > C35, which is common in
source rock and oil samples. In addition, the abundance
of C,g and C,g steranes relative to C,7 steranes increased
at 180-240 °C, but decreased at 270-320 °C. These results
reflect the combined influences of thermal degradation
and isomerization of the free biomarkers and the release
of the bound biomarkers from kerogen and the other mac-
romolecules during pyrolysis.

The results of the present study combined with the re-
sults of Farrimond et al. (2003), provide an alternative or
additional mechanism for the origin of low mature oils in
this region: the high amounts of bound relative to free bio-
markers led to the reversal of the biomarker maturity
parameters of the source rocks with burial, and resulted
in relatively low biomarker maturities for the source rocks
and related oils, which actually have higher thermal
maturities.
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