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Abstract. In the Qiangtang Basin, northern Tibet, the most complete and
extensive marine sedimentary strata outcropped in the Shuanghu-Sewa-Amdo
area during the Jurassic, especially the Early Jurassic. The organic-rich
marine sediments — commonly referred to as black shales — were deposited in
the Early Jurassic, therefore, many petroleum geologists have been focusing
on them for many years. Although achievements in geological investigations
and petroleum resource assessments during recent years have been remark-
able, the environmental conditions, mechanics, and process that resulted in
the deposition of high-organic sediments during the Early Toarcian (183—
176.5 Ma, Early Jurassic) Oceanic Anoxic Event are still a matter of dis-
cussions. In this paper, we deal with the biomarker distributions of Lower
Jurassic oil shales in the Biluo Co section, Shuanghu area of northern Tibet.
The oil shales are characterized by a marked predominance of short chain n-
alkanes with a maxiumun at Cis or C;7, nC;#/nCjs; ratio values between 9.4
and 17.8, and low Pr/Ph ratios. Furthermore, a series of Cy; and Ci9-Cjs
hopanes with minor amounts of gammacerane are present in all samples, as
indicated by gammacerane/Csp-17a-hopane values from 0.06 to 0.12 and the
steranes Cy7/Cyg ratios higher than 1 in the three samples. The above-
mentioned parameters indicate that the organic matter source is attributed to
an algal/bacterial contribution. According to maturity parameters, all the
homohopane 225/(228+22R) values in this study are > 0.58 and the sterane
208/(20S+20R) values are all between 0.48 and 0.59, which is consistent
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with a higher level of thermal maturity. Widespread anoxia led to the
deposition of organic-rich sediments that removed isotopically light carbon
from the oceans and drove carbon-isotope ratios to higher values with a
positive excursion close to 2.17%o. From biomarker distributions, the
differences in 513Ckemge,, are related to the difference in sc of CO; in the
photic zone rather than the organic matter compositions.

Keywords: Early Jurassic oil shales, biomarkers, Toarcian Oceanic Anoxic
Event, northern Tibet.

1. Introduction

The Early Toarcian Oceanic Anoxic Event (OAE), as defined by both
relatively high total organic carbon (TOC) values and ammonite and
nannofossil biostratigraphy, is clearly synchronous across Europe and will
undoubtedly prove to be so in global context [1]. Generally speaking, the
most organic carbon-rich Toarcian shales have a good to excellent oil-
generation potential [2]. Therefore, petroleum geologists have been focusing
on these shales in the Tethyan sea as important petroleum source rocks [3].
Organic-rich shales certainly appear from literature sources to be common in
the Toarcian, but it is not clear whether this is because they have been
reported on assiduously because of their intrinsic interest, or because they
really do represent a high proportion of all Toarcian strata, or because the
definition of black shale is stretch beyond breaking point [4-5].
Nevertheless, a negative carbon-isotope excursion between —5%o and —7%o
(PDB) has been reported from the Boreal (NW European) falciferum Zone
[6-9]. This carbon-isotope excursion has been ascribed to the release, in
discrete stepwise pulses, of isotopically light carbon into the ocean-
atmosphere system [9]. In contrast, the positive carbon-isotope excursion
associated with the Early Toarcian OAE has been attributed to an increased
sequestration of isotopically light marine organic matter in ocean sediments
under oxygen-depleted conditions, leading to the corresponding ‘heavy’
signal preserved in bulk rock, belemnite calcite, marine organic matter, and
wood [6-7, 10-14]. This interpretation is supported by the widespread
occurrence of organic-rich black shales, and from biomarker evidence for
photic-zone sulphate reduction in horizons that show this organic enrichment
[2, 15-16]. However, what is still poorly known about this event is its
manifestation in non-marine and marginal marine environments.

As mentioned above, several studies focusing on the carbon-isotope
excursions and possible causative mechanisms have been undertaken in NW
Europe and western Tethyan areas. However, a detailed research is not
available for the Toarcian black shales of the eastern Tethyan area in the
literature, especially the Qiangtang Basin, northern Tibet (China). The Biluo
Co section in the Qiangtang Basin was characterized by grey to dark-colored
alternating oil shales, marls and mudstones with a positive excursion close to
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2.17%o [17], which have been associated with other Early Toarcian Oceanic
Anoxic Events (OAEs) in Europe. Therefore, the objective of this study was
to test if the positive carbon isotope excursion of the organic carbon of the
Biluo Co shales can be attributed to heavy CO, recycled into the marine
organic matter from stagnate waters. To test this explanation, this paper
chooses biomarker evidence that shows this organic enrichment and an
effect on Toarcian OAE.

2. Geological background

The Qiangtang Basin lies in between the Jinshajiang suture zone (JSS) and
the Banggong-Nujiang suture zone (BNS), in the central Qinghai-Tibet
Plateau (Fig. 1a). Structurally, the basin is characterized by one uplift and
two depressions. From north to south, they are the northern Qiangtang
depression, central uplift and southern Qiangtang depression, respectively
[18-19] (Fig. 1b). Jurassic strata are the most complete and extensive marine
deposits in the basin. We carried out detailed field investigations of the
Shuanghu oil shales section in the southeastern Biluo Co area, which is
about 45 km away from the Shuanghu special district (Fig. 1b). The Biluo
Co section crops out on the margin of the central uplift. The whole suc-
cession has been described in detail previously by Chen et al. (2005, 2012)
[17, 20] with oil shales, shales, marls, and mudstones (Fig. 1c). In 1994,
2003 and 2011, our research teams surveyed this section again and again,
and found abundant Jurassic bivalves and ammonites as well as basalts in the
lower parts. Abundant ammonites at the top of the section include a speci-
men identified as an Early Toarcian Harpoceras sp., which is related to the
global oceanic anoxic event during the peak of transgression in the Early
Jurassic [17].

3. Samples and methods

All 4 samples are oil shales which were collected from the Biluo Co section
and used for biomarkers. From lower to upper, the samples are marked as
BL-1, BL-2, BL-3 and BL-4 (Fig. 1c). Bulk parameters determined at
regular intervals over the section reveal that TOC contents in the black
shales are generally high, between 1.86% and 26.1% [17]. The samples were
first washed thoroughly with dichloromethane (DCM) to remove possible
contamination from the surface and ground to < 200 mesh. All experiments
were carried out in Yangtze University, China.

Each sample was reacted with DCM for 72 h in a Soxhlet apparatus. The
solvent was removed by rotary evaporation and the residue dissolved in
cyclohexane. Asphaltenes were removed by centrifugal precipitation with
chilled n-heptane (at least 40 x v/v). Aliquots of maltenes were separated by
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Fig. 1. Tectonic sketch map of the Qinghai-Tibet plateau (a) showing the tectonic
units of Qiangtang Basin and location of Biluo Co area (b); (c) is the lithological
column with sampling locations.

silica gel chromatography using hexane to elute the saturated hydrocarbons,
4:1 hexeane:DCM for the aromatic hydrocarbons and 1:2 DCM:MeOH for
the polar fraction. Activated Cu was added to the saturate fraction to remove
elemental sulfur and the fraction was further separated into straight chain
and branched/cyclic hydrocarbons using the 5A molecular sieve (Merck,
Germany).

Gas chromatography-mass spectrometry (GC-MS) was performed using a
Micromass Platform LC mass spectrometer equipped with an HP 6890 gas
chromatograph. For the saturated hydrocarbons, a 30 m HP-5 fused silica
column (0.25 mm i.d., 0.25 um film thickness) was used with He as the
carrier gas. The oven temperature programme was: 65 °C (1 min) to 290 °C
(held 30 min) at 3 °C/min. The transfer line temperature was 250 °C and the
ion source temperature 200 °C. The ion source was operated in the electron
impact mode at 70 eV.
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4. Results

Several biomarkers, including n-alkanes, acyclic isoprenoids, terpenoids and
steroids, were detected in all samples (Figs. 2, 3, 4 and Table).

4. 1. n-alkanes and acyclic isoprenoids

The samples are generally dominated by C,, to C;s n-alkanes maximizing at
Cy6 or Cy7 (Fig. 2). There is a marked presence of short chain n-alkanes with
essentially no odd/even predominance (OEP; 0.91 to 1.06) and a carbon
preference index (CPI) of 1.05 (Table 1). In addition, the stratigraphic varia-
tion in nC;7/nCjsy, nCy;/nCyp, " and nCyp+1nC,o/nCag+nCye alkanes is shown in
Table 1, indicating the predominance of light hydrocarbons.

The acyclic isoprenoids dominated by pristane (Pr) and phytane (Ph)
were detected in all samples (Fig. 2). Pr/Ph values range from 0.67 to 1.31,
Pr/nC,; from 0.3 to 0.53, and Ph/nC g from 0.32 to 0.56 (Table).

4. 2. Terpenoids

The m/z 191 chromatograms are shown in Figure 3. The most abundant
hopanes were Cy and Cs, through the whole strata, but C,; hopanes (Ts,
180-22,29,30-trinorneohopane and Tm, 17a-22,29,30-trinorhopane) were
subordinate. C;; to C;5 homohopanes were also detected, although in low
abundance. Gammacerane occurred in lower abundance, and oleanane and
lupane were detected in none of the samples. In contrast, tricyclic terpanes
were represented by a series from C,9—Cs, and only C,4 was present in tetra-
cyclic terpanes. No methyl hopanoids, which originate from cyanobacteria,
were detected in m/z 205 chromatograms, although shales from offshore
West Africa (upper two panels), and Green River (U.S.A), and Serpiano
(Switzerland) shales show the 20- and 3B-methylhopanes derived [22-24]
from distinct bacterial sources: cyanobacteria (2-methyl) and methanotrophic
bacteria (3-methyl). The 25-norhopanoids, however, occurred in m/z 177
mass chromatograms. Without exception, some classic 25-norhopanes
were recognized, such as 170,21B-25,30-dinorhopane, 17f3,21a-25,30-
dinormoretane, 170, 21B-25-norhopane, and 17p, 21a-25-normoretane.
Blanc and Connan [25] considered the 25-norhopanes as a palaeo-
biodegradation indicator in oil apparently non-biodegraded oil. Furthermore,
25-norhopanes appear to be diagnostic of specific environmental conditions
(marine and lacustrine source rocks, dysoxic and not highly hypersaline).

4. 3. Steroids

Besides the regular steranes (C,—C,y) and diasteranes (C,7—Cy), a series of
4-methyl steranes (Cy3—Cs30) and abundant pregnanes (C,—C,,) were detected
in the m/z 217 chromatograms (Fig. 4). Furthermore, the regular steranes
show a V-type distribution with variable values from 0.92 to 1.33 for the
2C,7/2Cyy ratio, and 0.53 to 0.60 for the C,s/2Cy9 ratio through the section.
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Fig. 2. Total ion chromatograms (TIC) showing the relative abundance of n-alkanes,
regular isoprenoids, hopanes and steranes of the black shales from the studied
section. Numbers above the symbols denote carbon number.
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Table. Biomarker parameters based on n-alkanes, acyclic isoprenoids,
terpenoids and steroids of oil shales from Biluo Co section, Shuanghu area of
northern Tibet

Sample n-alkanes Isoprenoids Steranes Hopanes
@]
% AN 5
A1 2|9 | Q| A
» 1, O | 2 % .
S = S © 5 S T
= Ik AR IR IR
ElE|e| S| SIE|B|I2| 2|20 58Sl
S|0|C|R|B|&|&£|E|£|a|L|J|J|&] =
BL-4 |nC7]/1.06|1.04| 9.4 {2.93]0.53({0.51]1.31{0.20|0.71|1.11|0.59|0.58(1.04|0.06
BL-3 |nC4|0.92| Nd | Nd |5.87|0.32(0.54|0.67{0.31|0.40{0.92|0.480.59|1.42(0.12
BL-2 |nCy4|0.91(1.05| Nd |8.68| 0 [0.32| 0 |0.70|0.45(1.33]0.53|0.59|1.12(0.09
BL-1 [nC4|0.94|1.05]17.8]4.05] 0.3 |0.56] 0.7 |0.32]/0.48|1.11]0.50|0.59]1.86|0.11

z (Co1+6C3+Cos5)/(4Cx+4C0y);
[2(C31Cp51CortCag) /[ Cont2(CoytCrgtCag)+Cagl;
¢y, gammacerane; Nd: no data.

5. Discussion
5.1. Organic richness

The Lower Toarcian oil shales from the Shuanghu area have organic carbon
contents of 1.8 to 26.1% with an average of about 8.7% [17, 21]. Generally,
the Lower Toarcian oil shales have a good quality organic matter and an
excellent oil-generation potential in the study area. In Europe, the TOC
patterns show a striking polarity between 5 and 20 wt% [6—7, 15, 26]. The
early Toarcian oceanic anoxic event, as defined by both relatively high TOC
values and ammonite and nannofossil biostratigraphy, is clearly synchronous
across Europe and undoubtedly prove to be so in global context, given its
recent investigation in Argentina [12, 26-28]. These observations of elevated
organic richness at the Biluo Co section infer increased primary productivity
and/or redox conditions in the water column.

5.2. Biological sources

All the oil shales appear to be dominated by marine-derived (mix
algal/bacterial) organic matter. n-Alkanes occur widely in crude oils and
sediments and the distributions often provide information relating to OM
origin [29-30]. Accordingly, the short chain n-alkanes may indicate an
algal/bacterial contribution and the long chain ones could derive from land
plants [29]. The oil shales are characterized by a marked predominance of
short chain n-alkanes with a maximum at C;¢ or C,7, and the nC;7/nCjs; ratio
values between 9.4 and 17.8 (Table), representing the algal/bacterial input,
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which is similar to the Toarcian black shales in Europe [23]. Based on OEP
(1.04-1.05) and CPI (0.91-1.06) close to 1.0, all the samples showed no
distinct odd/even predominance. Wang [31] suggested that the n-alkanes
without an odd/even predominance indicated two origins for the OM, one
bacterial/ microbial waxes, the other land plant waxes through significant
biodegradation. So we may conclude that algae/bacteria were the pre-
dominant primary producers during deposition of the Toarcian.

A series of C,; and C,9—Css hopanes, maximizing at C;y and Cj;, are
present in all samples which contained minor amounts of gammacerane
(Fig. 3), as indicated by gammacerane/C;,-17a-hopane values from 0.06 to
0.12 (Table 1). Furthermore, high concentrations of tricyclic terpanes with
Cy9 to C; carbons were present, but we detected no components indicating
cyanobacteria, such as methyl hopanoids [32]. It is noteworthy that not all
cyanobacteria biosynthesize methylhopanoids [33]. However, the steroid
mixtures indicate the presence of both regular and rearranged C,,—C;
desmethyl- and desmethyl/4-methyl steranes and distribution of desmethyl-
(Cy77Cp>Cp>C50) and 4-methyl steranes exhibit no major differences
among the samples, and the C,7/Cy ratios are higher than 1.1, except for
0.92 in sample BL-2, which probably reflects a significant algal contribution.

5.3. Organic matter maturity

The maturity of the sedimentary organic matter is illustrated in this paper
by the extent of hopane and sterane side-chain isomerization reactions.
Thus, ratios of isomers give an insight into the level of maturity [34].
Ts/(Ts+Tm) values are commonly used to evaluate maturity, with higher
values indicating higher maturity [35]. Table 1 shows Ts/(Ts+Tm) values
fluctuating between 1.04 and 1.86. Further biomarker maturity parameters
are 22S/(22S+22R) Cjap-homohopane, 20S/(20S+20R) aao and 20R
afp/(aaatafp) Cye steranes [29, 35]. The homohopane 22S/(22S+22R)
values in this study are all > 0.58 and the sterane 20S/(20S+20R) values are
all between 0.48 and 0.59 (Table 1), being consistent with a higher level of
thermal maturity.

5.4. Depositional conditions

The environmental conditions that led to the deposition of Toarcian black
shales are still being debated. Traditionally, these shales have been inter-
preted as the product of pelagic settling of organic and inorganic particulate
material in anoxic, stagnant bottom waters of silled basins similar to the
present-day Black Sea [4, 13, 36-38], but compare Tyson [39] for a dis-
cussion on why the Black Sea is a poor analogue. However, evidence for
benthic colonization events at certain horizons within these shales [40—42]
and for high-energy events in the water column and benthic zone [43] has
led to a considerable debate about whether the water column was anoxic at
all and, if so, on whether anoxia was ever persistent. Trabucho-Alexandre et
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al. [5] thought the lower Toarcian black shales in the Dutch Central Graben
exhibit a variety of depositional fabrics, sedimentary structures, and textures
that indicate dynamic energetic conditions at the time of their deposition and
appear to have been deposited mostly by bottom currents rather than settling
from pelagic suspension.

The geochemical parameters indicate the depositional conditions such as
Pr/Ph, gammacerane, and steranes. The low Pr/Ph ratio values suggest an
origin from sediments deposited under anoxic conditions and, likely, under
stratified water columns [44]. Empirical evidence suggests that the Pr/Ph
value < 0.8 is diagnostic for anoxic environments, as commonly encountered
in strongly stratified water columns [29]. The samples in the lower part have
low Pr/Ph values from 0.67 to 0.7, in the upper part 1.31, which indicates
from lower to upper of this section, bottom water conditions changed from
anoxic to slightly more oxygenated environments.

In addition, the significant abundance of gammacerane, a series of
17(21)-homohopanes extending to C;s with complete isomerization at the
C-22 site, and the presence of Sa(H), 14B(H),17B(H)-steranes indicate hyper-
saline conditions [44]. However, all samples show low abundance of the
above-mentioned molecular gammacerane, a series of 17(21)-homohopanes,
and the gammacerane/hopane values were around 0.06 to 0.12, which would
be consistent with black shale deposition at normal marine salinity.

5.5. The mechanisms of carbon isotope excursion

Much attention has focused on the events surrounding the Early Toarcian
Oceanic Anoxic Event (OAE: c. 183—-175.6 Ma) in the Early Jurassic [5, 10].
The relative enrichment with organic matter of certain Lower Toarcian
strata, together with the marine and terrestrial carbon-isotope record,
indicates that a large perturbation in the carbon cycle took place at that time
[8]. The Toarcian black shales are associated with a pronounced (c. 7%)
negative (organic) carbon isotope excursion (CIE) which is thought to be the
result of a major perturbation in the global carbon cycle [2, 13, 36, 45].
Indeed, black shale deposition, while favored by global mechanisms, is
ultimately dependent on local processes and conditions (e.g., Trabucho-
Alexandre et al. 2011) [46].

The Lower Toarcian oil shales from the Shuanghu area are characterized
by the 513Ckemgen fluctuating from —26.22 to —23.53%0 PDB with a positive
excursion close to 2.17%o. According to the C/N ratios, the present studies
indicate that the carbon-isotope excursion has been ascribed to the sea level
and palaeoproductivity [17]. Through this study, we show that biomarker
distributions differ only slightly among the samples, which strongly suggests
that differences in 513Ckemgen are related to the difference in 6"°C of CO, in
the photic zone. Therefore, in the Toarcian, the ocean-atmosphere system
was subject to one of the largest perturbations of the carbon cycle in the last
250 Myr known as the Toarcian Oceanic Anoxic Event (TOAE) [9]. Wide-
spread anoxia led to the deposition of organic-rich sediments that removed
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isotopically light carbon from the oceans and drove carbon-isotope ratios to
higher values.

6. Conclusions

All Biluo Co oil shale samples are characterized by the presence of n-
alkanes, isoprenoids, terpanes and steranes. The biomarker distributions and
some important parameters show that all the oil shales appear to be
dominated by marine-derived (mix algal/bacterial) organic matter with a
higher level of thermal maturity. The Early Toarcian Oceanic Anoxic Event
(T-OAE) was a global event of environmental and carbon cycle perturba-
tions which were deeply affected by sea-level fluctuation, palaeoproductivity
and the difference in 6"°C of CO, in the photic zone.
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