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a b s t r a c t

This paper documents the distribution and maturation behavior of hopanoids and steranes released from
kerogen (Estonian Kukersite) during pyrolysis experiments, performed in confined system (gold capsule)
in presence and absence of water and various minerals, kaolinite, montmorillonite, calcite and dolomite
respectively, at a fixed pressure of 50 MPa and temperature ranging from 240–320 �C. The abundances of
hopenes and 17b(H)21b(H)-hopanes relative to stable 17a(H)21b(H)-hopanes, as well as calculated
maturity parameters obtained from steranes and homohopanes are significantly different for the studied
kerogen mixed with different minerals, and the presence or absence of water. The results of our exper-
iments show that the maturation rates of hopanoids and steranes increase with mineral acidity but
decrease with the addition of water. Furthermore, the stabilities of hopenes relative to 17b(H)21b(H)-
hopanes also vary significantly at a same temperature among the six runs. Hopenes are more sensitive
to the addition of excessive amount of water and pH value of minerals than are 17b(H)21b(H)-hopanes.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Biomarkers are complex molecular fossils derived from bio-
chemicals, particularly lipids, in once-living organisms [1]. The ori-
gins and maturation of these molecules, especially steroids and
terpanoids, have been extensively studied and the results have
been widely applied in petroleum geochemistry [1–9]. Previous
studies have revealed that steroids and hopanoids which are bound
to kerogen via heteroatomic cross-links have low maturities com-
pared with their free counterparts [10–15]. The overall maturity of
biomarkers for a source rock depends on the release behavior of
kerogen-bound compounds and the maturation of the free ones.
Previous experimental studies have demonstrated that the genera-
tion and maturation of biomarker compounds can be significantly
affected by water and minerals [11,16–21]. For instance, Koop-
mans et al. noticed that anhydrous pyrolysis of a claystone con-
taining II-S kerogen did not generate biomarkers, strikingly
different from hydrous pyrolysis. In contrast, only slight difference
was observed in biomarker generation between hydrous and anhy-
drous pyrolysis on a limestone containing II-S kerogen. These
authors believed that both water and mineral matrix play an
important role in biomarker generation [20]. Sieskind et al. found
that the anhydrous transformation of cholestanol into steranes
ll rights reserved.

: +86 20 85290706.
and sterenes was catalyzed by superacid sites present in kaolinite
and montmorillonite [16]. Alexander et al. proposed a clay-cata-
lyzed reaction mechanism for alkyl hydrogen exchange based on
the result of anhydrous heating experiments (160 �C) on tritium-
labelled cumenes plus homoionic montmorillonite [17]. Tannen-
baum et al. and Lu et al. observed that the isomerization rates of
terpanes and steranes increase in the presence of montmorillonite
during anhydrous kerogen pyrolysis [18,19]. Peters et al. per-
formed a hydrous pyrolysis study on two immature Monterey
source rocks, i.e. phosphatic and siliceous, and found that these
two source rocks can show different sterane or hopane isomeriza-
tion ratios when heated under the same time/temperature condi-
tion, and therefore, believed that rock mineralogy could influence
the biomarker maturation [11]. Lewan demonstrated that the mat-
uration rates of biomarkers (terpanes, steranes, monoaromatic and
triaromatic steranes) were retarded under hydrous conditions in
comparison with anhydrous conditions [21]. Hopane and sterane
distributions are widely used as the source and maturity parame-
ters, and for oil-source correlations [1,4–6]. An extensive under-
standing of how, and to what extent, the mineral matrix and
water influence the generation and maturation of these biomarkers
is vital for the proper application of the biomarker parameters for
thermal maturity. In this paper, we document the release and mat-
uration behavior of terpanoids and steranes during our pryolysis
experiments on kerogen in the absence and presence of water
and minerals.

http://dx.doi.org/10.1016/j.fuel.2009.06.032
mailto:cpan@gig.ac.cn
http://www.sciencedirect.com/science/journal/00162361
http://www.elsevier.com/locate/fuel
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2. Experimental

2.1. Samples

The kerogen used for this study was separated from the Esto-
nian Ordovician immature oil shale (Kukersite). After Soxhlet
extraction of the powdered sample (about 200 mesh) of the oil
shale with an azeotropic mixture of dichloromethane:methanol
(93:7 vol/vol) for 72 h, the sample was treated with HCl (6 N)
and HF:HCl (1:1) to remove carbonate and silicate minerals. The
detailed procedure for the kerogen preparation was given else-
where [22,23]. This Kukersite oil shale sample is rich in organic
matter with the total organic carbon content (TOC) 47.4%, and con-
tains 16.7% carbonate minerals and 13.0% silicate and other miner-
als. TOC of the kerogen obtained was 67.40%.

Four minerals were used in this study, i.e. kaolinite, montmoril-
lonite (Ca/Na mixed), calcite and dolomite. The pH values for these
four minerals measured in mud (mineral:de-ionized water 1:5 wt.)
at 25 �C were kaolinite 4.99, montmorillonite 9.88, calcite 9.11 and
dolomite 8.84. About 1.5 g dry Kukersite kerogen was mixed with
about 24 g of each of the above four minerals given four mixtures
with TOC of about 4 wt.%. The detailed procedure for the prepara-
tion of mineral–kerogen mixtures was given in our previous papers
[22,23].

2.2. Pyrolysis experiments

All pyrolysis experiments were conducted in flexible gold cap-
sules (4 mm outside diameter, 0.25 mm wall thickness and 4 cm
or 6 cm length) contained within steel pressure vessels. The short-
er capsules (4 cm length) were used for loading kerogen alone
(about 60 mg) or kerogen (about 60 mg) plus the same amount
of de-ionized water, while the longer ones (6 cm length) were used
for loading kerogen plus mineral and de-ionized water (470.90–
673.12 mg solid and 200 mg of de-ionized water).

The vessels were previously filled with water. Two capsules
were placed into each vessel. The internal pressure of the vessels,
which were connected to each other with pipelines, was adjusted
to 50 MPa by pumping water into the vessels before heating. It
maintained automatically by pumping water into or out of the ves-
sels during pyrolysis experiments. Five series of pyrolysis experi-
ments were conducted at temperatures of 240, 280, 320, 360,
and 400 �C, respectively. For each of the runs, 12 capsules (240–
360 �C) or 15 capsules (400 �C) loaded with six types of samples
and duplicates were placed into six or eight pressure vessels. The
vessels were heated to the desired temperature within 2 h, and
then held isothermally for 72 h.

2.3. GC–MS analysis

After pyrolysis experiments, 24 capsules were used for gaseous
hydrocarbon analysis. The remaining 36 capsules were used for li-
quid hydrocarbon analysis. The analytical results of the gaseous
and liquid products have been reported elsewhere [22,23]. After
both analyses, samples within the 60 capsules were Soxhlet ex-
tracted with azeotrope of dichloromethane:methanol (93:7 vol/
vol) for 72 h.

The Soxhlet extracts, obtained from the initial oil shale prior to
heating and samples within the capsules after heating were deas-
phaltened by the addition of about 40-fold n-hexane. The maltenes
were fractionated on a silica-alumina column using hexane and
benzene as eluants to yield the aliphatic and aromatic fractions
respectively. Solvents were recovered using a rotary vacuum evap-
orator and fractions were transferred into vials and dried thor-
oughly in a stream of nitrogen.
The GC–MS analyses of the 36 saturate fractions of Soxhlet ex-
tracts from the initial oil shale and samples within the capsules
heated at the temperatures of 240–320 �C were at first carried
out using a Micromass Plateform II interfaced to an HP5890 GC fit-
ted with a 30 m � 0.25 mm.i.d. HP-5 column with a 0.25 lm film
thickness. Helium was used as the carrier gas. The GC oven temper-
ature was initially held at 60 �C for 5 min, ramped from 60 to
120 �C at 8 �C/min, from 120 to 290 �C at 2 �C/min, and then held
isothermally at 290 �C for 30 min. A full scan (m/z 50 to m/z 600)
detection approach was used. The runs were repeated in multi-
ple-ion detection (MID) mode under the same analytical conditions
but using a 30 m � 0.25 mm.i.d. DB-5 ms column with a 0.25 lm
film thickness. This enhances the peak intensities of m/z 191 and
m/z 217 mass chromatograms by about ten folds.

3. Results

3.1. Terpenoids and steranes from the solvent extract of the initial
Kukersite oil shale

The m/z 191 and m/z 217 mass chromatograms of the solvent
extract from the initial oil shale and samples pyrolysed at
240, 280, and 320 �C, obtained in the MID mode, are shown in
Figs. 1–3. The peak assignments on these figures are given in Table 1.
Thirteen molecular parameters obtained from these GC–MS
analyses are listed in Table 2. Among them, four ratios demonstrat-
ing the concentrations of hopenes, and 17b(H)21b(H)-hopanes
relative to 17a(H)21b(H)-hopanes, are plotted in Fig. 4. Other four
ratios of C3122S/(22R + 22S) homohopanes, C2920S/(20R + 20S)
steranes, C29abb/(aaa + abb) steranes, and 17b(H),21a(H)-hopane/
17a(H),21b(H)-hopane are plotted in Fig. 5.

As shown in Fig. 1, for the original bitumen, the abundance of
22,29,30-trisnorneohop-13(18)-ene is considerably high, nearly
one half of 17aH,22,29,30-trisnorhopane while the abundance of
22,29,30-trisnorhop-17(21)-ene is substantially low.

The amount of 30-norneohop-13(18)-ene is also very high, and
the (30-norneohop-13(18)-ene + 30-norhop-17(21)-ene)/17a(H),
21b(H)-30-norhopane ratio is 2.032. Although 30-norhop-17(21)-
ene co-elutes with 17a(H),21b(H)-30-norhopane, the amount of
30-norhop-17(21)-ene relative to 30-norneohop-13(18)-ene and
17a(H),21b(H)-30-norhopane is extremely too low for detection
as verified using m/z 396 and m/z 398.

Both hop-17(21)-ene and neohop-13(18)-ene, especially the
latter, are significantly high, and the ratios of hop-17(21)-ene/
17a(H),21b(H)-hopane and neohop-13(18)-ene/17a(H),21b(H)-
hopane are 0.14 and 0.60 respectively (Table 2 and Fig. 1).

The ratios of 17b(H),22,29,30-trisnorhopane/17a(H),22,29,30-
trisnorhopane and 17b(H)21b(H)-hopane/17a(H),21b(H)-hopane
are considerably high, 0.86 and 0.21 respectively. However, the
amount of 17b(H)21b(H)-30-norhopane is almost below the detec-
tion limit in m/z 191 mass chromatogram (Fig. 1). The presence of
triterpenes and 17b(H)21b(H)-hopane in significant amounts in
the original bitumen indicates that the initial oil shale is appar-
ently immature [1–6].

The ratio of C3122S/(22R + 22S) homohopanes is 0.36, which is
lower than the equilibrium value of 0.60 [5,22]. Both the ratios of
C2920S/(20R + 20S) and C29abb/(aaa + abb) steranes are also very
low, 0.12 and 0.25 respectively (Table 2 and Fig. 1). These ratios
also demonstrate the low maturity of the initial oil shale [6,22].

3.2. Terpenoids and steranes of pyrolysates at 240 �C

The distributions of terpenoids and steranes are significantly
different among the six experiments (Fig. 1). The six experiments
can be classified into two groups based on the terpenoid and ster-



Fig. 1. m/z 191 and m/z 217 mass chromatograms of solvent extract from the initial oil shale prior to heating and pyrolysates produced at temperature 240 �C. Original
bitumen: extract from the initial oil shale; Ker-1, Kw-12, Kao-1, Mon-1, Cal-2 and Dol-3 see Table 2; Peak assignments are given in Table 1.
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ane distributions. The group 1 includes the three experiments for
kerogen alone, using de-ionized water only and using kaolinite.
Group 2 includes the other three experiments using montmorillon-
ite, calcite and dolomite, respectively.

In group 1, the concentrations of 22,29,30-trisnorneohop-
13(18)-ene, 22,29,30-trisnorhop-17(21)-ene and hop-17(21)-ene
are very low, some even below detection limit as in sample pyrol-
ysed in presence of kaolinite. In contrast, to group 2, the concentra-
tions of these terpenes are very high with the ratios of
trisnorhopenes/trisnorhopanes and hop-17(21)-ene/17a(H),21b(H)-
hopane ranging from 0.70 to 0.83 and from 0.32 to 0.45, respec-
tively (Table 2, Fig. 4a and b).

30-Norhop-17(21)-ene is below detection limit in group 1,
while in group 2, it is highly abundant. The ratio (30-norneohop-
13(18)-ene + 30-norhop-17(21)-ene)/17a(H),21b(H)-30-norhopane
starts from 1.22 to 1.59, as determined from m/z 396 and m/z 398



Fig. 2. m/z 191 and m/z 217 mass chromatograms of pyrolysates produced at temperature 280 �C. Ker-5, Kw-16, Kao-4, Mon-3, Cal-3 and Dol-4 see Table 2; Peak assignments
are given in Table 1.

C. Pan et al. / Fuel 89 (2010) 336–345 339
mass chromatograms (Table 2). However, the concentration of 30-
norneohop-13(18)-ene in the presence of de-ionized water (group
1) appears exceptional, higher than in group 2 (Fig. 1).

In group 2, an unknown trisnorhopene is detected in trace
amount while it is absent in group 1 and in the original bitumen
prior to heating (Fig. 1).

In both groups, the abundances of 17b(H), 22,29,30-trisnorho-
pane, 17b(H)21b(H)-30-norhopane and 17b(H)21b(H)-hopane rel-
ative to their stable counterparts 17a(H), 22,29,30-trisnorhopane,
17a(H)21b(H)-30-norhopane and 17a(H)21b(H)-hopane are sig-
nificantly high. However, they appear to be relatively lower in
the experiment for kerogen alone than in the other experiments
(Table 2, Figs. 1 and 4c and d).

The ratio of C3122S/(22R + 22S) homohopanes ranges 0.36–0.45,
and the ratios of C2920S/(20R + 20S) and C29abb/(aaa + abb) ster-
anes range 0.25–0.40 and 0.31–0.42, respectively, among the six
experiments. These ratios are generally higher in the group 1 than
group 2 except that the ratios of C3122S/(22R + 22S) homohopanes
is lower in the presence of de-ionized water only (group 1) than in
the other experiments (Table 2 and Fig. 5a–c).

3.3. Terpenoids and steranes of pyrolysates at 280 �C

All C27, C29 and C30 triterpenes are undetectable in the group 1,
however, they are present in the group 2 (Table 2 and Fig. 2).
Although 22,29,30-trisnorhop-17(21)-ene is only present in
trace amount, 22,29,30-trisnorneohop-13(18)-ene, 30-norneohop-
13(18)-ene, 30-norhop-17(21)-ene and hop-17(21)-ene remain in
significant amount in the group 2 (Table 2, Figs. 2 and 4a and b).

In both groups, 17b(H)21b(H)-30-norhopane and 17b(H)21b(H)-
hopane are undetectable, or are only in trace amount (Table 2 and
Figs. 2 and 4c and d). However, the concentration of 17b(H),



Fig. 3. m/z 191 and m/z 217 mass chromatograms of pyrolysates produced at temperature 320 �C. Ker-6, Kw-18, Kao-5, Mon-7, Cal-6 and Dol-7 see Table 2; Peak assignments
are given in Table 1.
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22,29,30-trisnorhopane relative to 17a(H),22,29,30-trisnorhopane
is significantly high in both groups, and relatively lower in group
1 than in group 2 (Figs. 2 and 4c).

The ratios of C3122S/(22R + 22S) homohopanes, C2920S/
(20R + 20S) and C29abb/(aaa + abb) steranes range from 0.29–
0.46, 0.21–0.36 and 0.26–0.43 respectively in the six experiments
(Table 2). All the three ratios are higher in the group 1 than in
the group 2 (Table 2 and Fig. 5a–c).

3.4. Terpenoids and steranes of pyrolysates at 320�C

All C27, C29 and C30 triterpenes are undetectable in group 1. Only
trace amounts of 22,29,30-trisnorneohop-13(18)-ene, 30-norneo-
hop-13(18)-ene and hop-17(21)-ene are present in group 2 (Table
2, Figs. 3 and 4).

In both groups, 17b(H)21b(H)-30-norhopane and
17b(H)21b(H)-hopane are in trace amount. However, 17b(H),
22,29,30-trisnorhopane is present in considerable amounts in both
groups (Figs. 3 and 4c and d).

The abundances of 17a(H), 22,29,30-trisnorhopane and
17a(H)21b(H)-30-norhopane relative to 17a(H)21b(H)-hopane,
and the abundances of 17b(H)21a(H)-30-norhopane and
17b(H)21a(H)-hopane relative to 17a(H)21b(H)-30-norhopane
and 17a(H)21b(H)-hopane are relatively lower in the two experi-
ments for kerogen alone and in the presence of de-ionized water
only than in the other four experiments (Figs. 3 and 5d).

The ratio of C3122S/(22R + 22S) homohopanes ranges from 0.48
to 0.62 among the six experiments and is higher in group 1 than in
group 2 (Table 2, Fig. 5a). Steranes are only present in the four
experiments in the presence of minerals (Fig. 3). The ratios of
C2920S/(20R + 20S) and C29abb/(aaa + abb) steranes range 0.29–
0.41 and 0.30–0.44 respectively in the four experiments and both
are significantly higher in the experiments using kaolinite (group
1) than in group 2 (Table 2 and Fig. 5b and c).



Table 1
Terpane and sterane identifications in Figs. 1–3.

Peak Identification Carbon number

m/z 191
1 22,29,30-trisnorneohop-13(18)-ene 27
2 18a(H),22,29,30-trisnorhopane–Ts 27
3 22,29,30-trisnorhop-17(21)-ene 27
4 17a(H),22,29,30-trisnorhopane–Tm 27
5 unknown trisnorhopene 27
6 17b(H),22,29,30-trisnorhopane 27
7 30-norneohop-13(18)-ene 29
8 17a(H),21b(H)-30-norhopane 29
9 30-norhop-17(21)-ene 29
10 hop-17(21)-ene 30
11 17b(H)21a(H)-30-norhopane 29
12 17a(H),21b(H)-hopane 30
13 neohop-13(18)-ene 30
14 17b(H)21b(H)-30-norhopane 29
15 17b(H),21a(H)-hopane 30
16 17a(H),21b(H)-homohopane (22S) 31
17 17a(H),21b(H)-homohopane (22R) 31
18 17b(H)21b(H)-hopane 30
19 17b(H),21a(H)-homohopane 31
20 17a(H),21b(H)-bishomohopane (22S) 32
21 17a(H),21b(H)-bishomohopane (22R) 32

m/z 217
1 13b(H), 17a(H)-diacholestane (20S) 27
2 13b(H), 17a(H)-diacholestane (20R) 27
3 5a(H), 14a(H), 17a(H)-cholestane (20S) 27
4 5a(H), 14b(H), 17b(H)-cholestane (20R) 27
5 5a(H), 14b(H), 17b(H)-cholestane (20S) 27
6 5a(H), 14a(H), 17a(H)-cholestane (20R) 27
7 24-methyl-5a(H), 14a(H), 17a(H)-cholestane (20S) 28
8 24-methyl-5a(H), 14b(H), 17b(H)-cholestane (20R) 28
9 24-methyl-5a(H), 14b(H), 17b(H)-cholestane (20S) 28
10 24-methyl-5a(H), 14a(H), 17a(H)-cholestane (20R) 28
11 24-ethyl-5a(H), 14a(H), 17a(H)-cholestane (20S) 29
12 24-ethyl-5a(H), 14b(H), 17b(H)-cholestane (20R) 29
13 24-ethyl-5a(H), 14b(H), 17b(H)-cholestane (20S) 29
14 24-ethyl-5a(H), 14a(H), 17a(H)-cholestane (20R) 29
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4. Discussion

4.1. Stabilities of hopenes and 17b(H)21b(H)-hopanes

Hopenes and 17b(H)21b(H)-hopanes are found in recent sedi-
ments or/and in immature sediments. During diagenesis, a process
through which the loose sediment normally becomes consolidated,
these compounds are unstable and can be converted to stable ho-
panes or decompose to yield other products [1,5,6,24–29]. It has
been proposed that hop-17(21)-enes can be converted to neo-
hop-13(18)-enes by isomerization [24–26]. Therefore, the latter
are more stable than the former during diagenesis. Shi et al. indi-
cated that in immature sediments, with increasing burial or ther-
mal stress, 17b(H)21b(H)-hopanes tend to be more stable than
hopenes [29].

The solvent extract from the initial oil shale prior to heating
contains relatively more neohop-13(18)-enes and less hop-
17(21)-enes than do the pyrolysates produced in the group 2 at
240 �C. One possible explanation for this phenomenon is that most
hop-17(21)-enes in the original bitumen, especially 22,29,30-tri-
snorhop-17(21)-ene and 30-norhop-17(21)-ene, have been con-
verted to neohop-13(18)-enes [24–26], or have decomposed into
other products during diagenesis.

30-Norneohop-13(18)-ene is observed to transform in a manner
that is different from other hopenes. The relative abundance of
30-norneohop-13(18)-ene is higher in the experiment using de-
ionized water only than in the other experiment at 240 �C and it
increases slightly from 240 �C to 280 �C in group 2 (Figs. 1 and
2). This result also indicates that some 30-norneohop-13(18)-ene
was converted from 30-norhop-17(21)-ene during pyrolysis exper-
iments as suggested in the previous studies [24–26].

The high abundance of hop-17(21)-enes compared to neohop-
13(18)-enes indicates that the kerogen primarily released
hop-17(21)-enes during pyrolysis in group 2 at 240 �C (Fig. 1).
The substantially higher abundance of hopenes in group 2 than
in group 1 demonstrates that hopenes are peculiarly stable in
group 2 during pyrolysis at 240 �C to 280 �C.

In contrast to hopenes, 17b(H)21b(H)-hopanes are present in a
relatively similar amount at 240 �C and have almost disappeared at
280 �C in both groups. This result suggests that the stabilities of
17b(H)21b(H)-hopanes relative to hopenes is significantly different
between the groups 1 and 2. In the two experiments for kerogen
alone and in the presence of kaolinite (group 1), 17b(H)21b(H)-ho-
panes are obviously more stable than are all hopenes. In contrast, it
is exactly opposite in the group 2. As to the experiment in the pres-
ence of de-ionized water (group 1), 17b(H)21b(H)-hopanes are
more stable than are hop-17(18)-enes while the same stable as
30-norneohop-13(18)-ene. This result indicates that hopenes are
more sensitive to the addition of excessive amount of water and
pH value of minerals than are 17b(H)21b(H)-hopanes during our
pyrolysis experiments.

4.2. Variation trend of the ratios of C3122S/(22R+22S) homohopanes
and C2920S/(20R+20S) and C29abb/(aaa+abb) steranes

According to the results of our experiments (Table 2 and
Fig. 5a–c), it can be generalized that, (1) these three ratios are high-
er in group 1 than in group 2 except that the ratio of C3122S/
(22R + 22S) homohopanes is relatively low in the experiments for
kerogen alone and using de-ionized water only at 240 �C; (2) these
three ratios at first decrease from 240 �C to 280 �C, and then, in-
crease from 280 �C to 320 �C for all experiments except that the ra-
tios of C3122S/(22R + 22S) homohopanes and C29abb/(aaa + abb)
steranes increase in the experiments for kerogen alone and using
de-ionized water only from 240 �C to 280 �C.

These three ratios are widely used as thermal maturity indica-
tors for both source rocks and oils [1,4–6]. However, they do not
increase consistently with temperature in our experiments. Lu
et al. found that these three ratios decrease with heating time at
200 �C while increase with heating time at 300 �C in their anhy-
drous pyrolysis experiments and interpreted this phenomenon as
that the rate of generation of these compounds from kerogen is fas-
ter than the rate of isomerization reactions in the bitumen at
200 �C in hydrous pyrolysis [19]. Lewan et al. [10] and Peters
et al. [11] observed the reversal phenomenon of isomerization ra-
tio of terpanes and steranes with temperature in the hydrous pyro-
lysis experiments on source rocks and ascribed it to the differential
isomerization level between the kerogen-bound and free com-
pounds. Several earlier studies have documented that the isomer-
ization rates of extractable hopanes and steranes are higher than
those bound to kerogen [12–15]. According to these previous stud-
ies, the reasonable explanation on the common variation trend of
these three ratios with temperature in our experiments could be
as following: (1) at 240 �C, the hopanes and steranes which are
weakly bound to kerogen, were easily released at the first few
hours while those which are strongly bound to kerogen, were
rarely released due to the low temperature during the remaining
heating time; (2) at 280 �C, in addition to the weakly bound com-
pounds which were released during the first few hours, the
strongly bound ones were also released at a considerable rate dur-
ing the later heating time; (3) at 320 �C, both the weakly and
strongly bound compounds were released at the first few hours
due to the high temperature. The critical point for this interpreta-
tion is that both hopanes and steranes are attached to kerogen via
different types of bonds with different activation energy. Previous



Table 2
Molecular parameters for original extract and pyrolysates produced at various experimental conditions.

1 2 3 4 5 6 7 8 9 10 11 12 13

Original 0.29 0.86 2.03 1.50 0.00 0.14 0.60 0.21 0.73 0.36 0.12 0.25 0.04
240 �C
Ker-1 0.04 0.44 0.17 0.13 0.07 0.00 0.04 0.13 0.37 0.43 0.40 0.42 0.27
Ker-2 0.07 0.34 0.17 0.18 0.12 0.00 0.10 0.12 0.44 0.41 0.38 0.40 0.25
Kw-12 0.14 0.57 0.53 0.31 0.14 0.03 0.06 0.23 0.47 0.36 0.35 0.36 0.23
Kw-14 0.15 0.55 0.53 0.31 0.14 0.03 0.05 0.24 0.45 0.37 0.35 0.35 0.24
Kao-1 0.00 0.68 0.11 0.07 0.20 0.00 0.03 0.14 0.36 0.45 0.38 0.38 0.27
Kao-2 0.00 0.64 0.10 0.06 0.21 0.00 0.03 0.13 0.36 0.44 0.38 0.39 0.26
Mon-1 0.70 0.62 1.52 0.11 0.13 0.33 0.05 0.19 0.38 0.43 0.30 0.33 0.39
Mon-2 0.74 0.64 1.56 0.10 0.12 0.40 0.05 0.21 0.47 0.37 0.26 0.31 0.36
Cal-1 0.80 0.58 1.26 0.09 0.15 0.32 0.09 0.23 0.40 0.40 0.29 0.34 0.30
Cal-2 0.82 0.59 1.22 0.10 0.12 0.30 0.06 0.23 0.37 0.40 0.29 0.33 0.34
Dol-2 0.83 0.66 1.59 0.09 0.10 0.45 0.05 0.23 0.45 0.40 0.26 0.32 0.29
Dol-3 0.78 0.62 1.53 0.09 0.12 0.40 0.05 0.24 0.44 0.40 0.25 0.32 0.24
280 �C
Ker-3* 0.00 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.51 0.46 0.36 0.40 0.15
Ker-5 0.00 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.48 0.45 0.35 0.43 0.13
Kw-15* 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.01 0.53 0.41 0.30 0.40 0.16
Kw-16 0.00 0.16 0.00 0.00 0.00 0.00 0.00 0.02 0.57 0.40 0.28 0.40 0.20
Kao-3* 0.00 0.26 0.00 0.00 0.00 0.00 0.00 0.02 0.55 0.38 0.29 0.33 0.15
Kao-4 0.00 0.25 0.00 0.00 0.00 0.00 0.00 0.02 0.55 0.36 0.28 0.32 0.15
Mon-3* 0.19 0.39 0.84 0.09 0.00 0.26 0.02 0.04 0.59 0.34 0.24 0.28 0.17
Mon-4 0.16 0.39 0.75 0.09 0.00 0.19 0.02 0.04 0.62 0.34 0.22 0.28 0.18
Cal-3* 0.24 0.37 1.00 0.17 0.00 0.35 0.04 0.04 0.61 0.30 0.21 0.26 0.24
Cal-4 0.22 0.38 0.98 0.15 0.00 0.20 0.03 0.04 0.59 0.31 0.23 0.28 0.22
Dol-4* 0.23 0.48 0.92 0.17 0.04 0.29 0.04 0.08 0.64 0.29 0.23 0.26 0.22
Dol-5 0.25 0.48 0.90 0.17 0.04 0.28 0.05 0.14 0.61 0.32 0.21 0.28 0.22
320 �C
Ker-6* 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.29 0.51 nd nd 0.00
Ker-7 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.57 nd nd 0.00
Kw-17* 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.62 nd nd 0.00
Kw-18 0.00 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.28 0.58 nd nd 0.00
Kao-5* 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.42 0.56 0.41 0.42 0.13
Kao-7 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.42 0.57 0.41 0.44 0.14
Mon-7* 0.07 0.10 0.00 0.03 0.00 0.03 0.02 0.00 0.47 0.54 0.36 0.34 0.11
Cal-5* 0.06 0.11 0.00 0.03 0.00 0.02 0.05 0.01 0.51 0.54 0.36 0.33 0.13
Cal-6 0.04 0.09 0.00 0.01 0.00 0.02 0.01 0.01 0.49 0.53 0.34 0.32 0.14
Dol-6* 0.06 0.12 0.00 0.03 0.00 0.02 0.23 0.01 0.58 0.50 0.29 0.30 0.11
Dol-7 0.06 0.14 0.00 0.01 0.00 0.03 0.01 0.02 0.60 0.48 0.33 0.31 0.18

1: trisnorhopenes/trisnorhopanes=(22,29,30-trisnorneohop-13(18)-ene + 22,29,30-trisnorhop-17(21)-ene + unknown trisnorhopene)/ (18a(H),22,29,30- trisnorho-
pane + 17a(H),22,29,30-trisnorhopane + 17b(H),22,29,30-trisnorhopane); 2: 17b(H),22,29,30-trisnorhopane/17a(H),22,29,30-trisnorhopane; 3: (30-norneohop-13(18)-
ene + 30-norhop-17(21)-ene)/17a(H),21b(H)-30-norhopane measured from m/z 396 and m/z 398 mass chromatograms; 4: 30-norneohop-13(18)-ene/(17a(H)21b(H)-30-
norhopane + 30-norhop-17(21)-ene); 5: 17b(H)21b(H)-30-norhopane/(17a(H),21b(H)-30-norhopane + 30-norneohop-17(21)-ene); 6: hop-17(21)-ene/17a(H),21b(H)-
hopane; 7: neohop-13(18)-ene/17a(H),21b(H)-hopane; 8: 17b(H)21b(H)-hopane/17a(H),21b(H)-hopane; 9: 17b(H)(21)a(H)-hopane/17a(H),21b(H)-hopane; 10: C3122S/
(22R + 22S) homohopanes; 11: C2920S/(20R + 20S) steranes; 12: C29abb/(aaa + abb) steranes; 13: RC29steranes/17a(H),21b(H)-hopane; nd: not determined due to low
abundances; Original: original extract from the initial shale; Ker-: kerogen alone; Kw-: kerogen plus de-ionized water (OC:water = 1:1.5 Wt.); Kao-: kerogen plus kaolinite
and de-ionized water (OC:kaolinite:water = 1:24:7–10 Wt.); Mon-: kerogen plus montmorillonite and de-ionized water (OC:montmorillonite:water = 1:24:7–10 Wt.); Cal-:
kerogen plus calcite and de-inonized water (OC:calcite:water = 1:24:7–10 Wt.); Dol-: kerogen plus dolomite and de-ionized water (OC:dolomite:water = 1:24:7–10 Wt.).
* For the samples within these capsules that Soxhlet extractions were performed subsequently after gas (C1–C5) hydrocarbon analyses, for the samples within the other
capsules that Soxhlet extractions were performed subsequently after liquid (C8–C18) hydrocarbon analyses.
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studies have revealed that terpenoids and steroids can be linked to
kerogen by carbon–carbon bonds [30], ester and ether linkages
[31–35], or sulphur bridges [33,36,37].

The few exceptions to the variation trend may be credited to the
differential maturation rates for these compounds among the six
experiments. Biomarker maturation could precede a step earlier
in the experiments for kerogen alone and in the presence of de-ion-
ized water only than the others. We can expect that the ratio of
C3122S/(22R + 22S) homohopanes in the experiments for kerogen
alone and in the presence of de-ionized water only may be higher
at <240 �C than at 240 �C while lower at <280 �C than at 280 �C
(Fig. 5a).

Previous studies have documented that the ratio of
17b(H),21a(H)-hopane/17a(H),21b(H)-hopane decreases with the
thermal maturity or temperature [6]. In our experiments, this ratio
increases from 240 �C to 280 �C, and then, decreases from 280 �C to
320 �C (Fig. 5d), inconsistent with the temperature. The explana-
tion on this phenomenon could be the same as for the three ratios
of C3122S/(22R + 22S) homohopanes and C2920S/(20R + 20S) and
C29abb/(aaa + abb) steranes. The ratio of RC29steranes/
17a(H),21b(H)-hopane decreases with temperature (Table 2),
demonstrating that hopanes are more stable than steranes in our
experiments in the temperature range from 240 �C to 320 �C.
4.3. Water effects

The abundances of hopenes and 17b(H)21b(H)-hopanes relative
to the stable counterparts of 17a(H)21b(H)-hopanes and the ratios
of C3122S/(22R + 22S) homohopanes, C2920S/(20R + 20S) steranes
and C29abb/(aaa + abb) steranes all demonstrate that the matura-
tion rates of hopanoids and steranes are substantially higher in
group 1 than in group 2 (Table 2, Figs. 1–5), which is consistent
to the result of bitumen analysis [23]. Although the two experi-
ments for kerogen alone and in the presence of de-ionized water
only (OC:water 1:1.5) belong to the group 1, several significant dif-
ferences can be observed in the distributions of hopanoids and
steranes between these two experiments:



Fig. 4. Diagrams of the ratios of trisnorhopenes/trisnorhopanes, hop-17(21)-ene/17a(H),21b(H)-hopane, 17b(H),22,29,30-trisnorhopane/17a(H),22,29,30-trisnorhopane, and
17b(H)21b(H)-hopane/ 17a(H),21b(H)-hopane vs. temperature. Ker-, Kw-, Kao-, Mon-, Cal- and Dol- see Table 2.

C. Pan et al. / Fuel 89 (2010) 336–345 343
(1) Trisnorhopenes/trisnorhopanes ratio is relatively lower
in the experiment for kerogen alone than in the pres-
ence of de-ionized water only at 240 �C (Table 2, Figs.
1 and 4a).

(2) 17b(H),22,29,30-Trisnorhopane/17a(H),22,29,30-trisnorho-
pane ratio is much lower in the experiment for kerogen
alone than in the presence of de-ionized water only at
240 �C (Table 2, Figs. 1 and 4c).

(3) 17b(H)21b(H)-Hopane/17a(H),21b(H)-hopane ratio is sig-
nificantly lower in the experiment for kerogen alone than
in the presence of de-ionized water only at 240 and 280 �C
(Table 2, Figs. 1, 2 and 4d).

(4) (30-Norneohop-13(18)-ene + 30-norhop-17(21)-ene)/17a(H),
21b(H)-30- norhopane ratio is substantially lower in the
experiment for kerogen alone than in the presence of de-ion-
ized water only at 240 �C (Table 2, Fig. 1).

(5) All the three ratios of C3122S/(22R + 22S) homohopanes,
C2920S/(20R + 20S) and C29abb/(aaa + abb) steranes are rel-
atively higher in the experiment for kerogen alone than in
the presence of de-ionized water only at 240�C and 280�C
(Table 2, Figs. 1, 2 and 5a–c).

These results demonstrate that the maturation rates of hopa-
noids and steranes are higher in the experiment for kerogen
alone than in the presence of de-ionized water only. Therefore,
water clearly retarded the maturation of these biomarker com-
pounds during our experiments, consistent to the study by Le-
wan [21].
4.4. Mineral effects

Differences in the distributions of hopanoids and steranes are
substantial between the experiment in the presence of kolinite
(group 1) with low pH value (OC:kaolinite:water = 1:24:7–10, pH
4.99) and the group 2 in the presence of montmorillonite, calcite
and dolomite with high pH value (OC:mineral:water 1:24:7–10,
pH 8.84–9.88): the amounts of unstable hopenes and
17b(H)21b(H)-hopanes relative to stable 17a(H),21b(H)-hopanes
are significantly lower while the ratios of C3122S/(22R + 22S)
homohopanes, C2920S/(20R + 20S) steranes and C29abb/
(aaa + abb) steranes are significantly high in the former than lat-
ter (Table 2, Figs. 1–5). These results demonstrate that the matura-
tion rates of these biomarker compounds are higher in the former
than latter. As a similar amount of de-ionized water was added in
all these four experiments (OC:mineral:water 1:24:7–10), the
maturity differences can be only ascribed to the mineral acidity.
The maturation rates of hopanoids and steranes were substantially
accelerated under acidic condition while prohibited under alkaline
condition in our experiments. This observation is consistent with
many previous studies [11,16–20].

The maturation rates of hopanoids and steranes in the experi-
ment in the presence of kaolinite (OC:kaolinite:water = 1:24:7–
10) are similar to or slightly lower than that for kerogen alone
while slightly higher than that in the presence of de-ionized water
only (OC:water 1:1.5) based on the molecular parameters (Table 2,
Figs. 4 and 5). We believe that the high amount of water could re-
duce the maturation rates, and therefore, counterbalance the acidic



Fig. 5. Diagrams of the ratios of C3122S/(22R + 22S) homohopanes, C2920S/(20R + 20S) steranes, C29abb/(aaa + abb) steranes, and 17b(H),21a(H)-hopane/17a(H),21b(H)-
hopane vs. temperature. Ker-, Kw-, Kao-, Mon-, Cal- and Dol- see Table 2.
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catalytic effect in the experiment in the presence of kaolinite, in
comparison with the experiment for kerogen alone. In contrast,
the maturation rates of hopanoids and steranes are substantially
lower in the experiments in the presence of montmorillonite, cal-
cite and dolomite than in the experiment for kerogen alone based
on the molecular parameters (Table 2, Figs. 4 and 5). This result can
be ascribed to the joint effects of water and mineral alkalinity
(pH = 8.84–9.88). Both factors clearly retarded the maturation of
hopanoids and steranes in our experiments.

5. Conclusions

(1) The maturation rates of hopanoids and steranes were accel-
erated with mineral acidity, but prohibited with the addition
of water in our experiments.

(2) The concentrations of hopenes vary substantially among the
six experiments at 240–28 �C. In contrast, 17b(H)21b(H)-
hopanes are present in a relatively similar amount at
240 �C and have almost disappeared at 280 �C in all the six
experiments. This result indicates that hopenes are more
sensitive to the addition of excessive amount of water and
pH value of minerals than are 17b(H)21b(H)-hopanes during
our pyrolysis experiments.

(3) The reversal of the three ratios of C3122S/(22R + 22S) homo-
hopanes and C2920S/(20R + 20S) and C29abb/(aaa + abb)
steranes at 280 �C implies that both hopanes and steranes
are attached to kerogen via different types of bonds with dif-
ferent activation energy.
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