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Abstract. The organic-rich black shale in the Qiangtang Basin, northern
Tibet, has long been the focus of petroleum geologists. This paper discusses
the characteristics and maturity parameters of such biomarkers of the shale
as n-alkanes, acyclic isoprenoids, terpenoids and steranes, using gas
chromatographic (GS) and mass spectrometric (MS) techniques. n-Alkanes
are characterized by a typical unimodal distribution, with dominant low
carbon numbers of nC;s—nCe which suggests that the organic matter
sources are mainly algae and planktonic organisms along with terrestrial
higher plants. Furthermore, acyclic isoprenoid alkanes pristane (Pr) and
phytane (Ph) are the most abundant, the Pr/Ph ratio being 0.06—0.70. The
phytane dominance indicates that organic matter deposited in a reducing
environment. In addition, the C3;225/(22S + 22R) hopanes ratio is 0.58—
0.59, that of C10208/(20S + 20R) regular steranes 0.43—0.59, and off/(0ff +
oaa) 0.39-0.65. These maturity parameters show that organic matter is in
the maturity stage, while it is slightly more mature in the Biluocuo (BLC)
section of the Qiangtang Basin than in the Ganbeixiama (GB) section. As
indicated by the biomarkers values, the Jurassic source rocks in the two
researched sections have a certain hydrocarbon potential.

Keywords: Jurassic, black shale, biomarker, Qiangtang Basin, northern
Tibet.
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1. Introduction

The Qiangtang Basin in northern Tibet deposits the most complete and
widely-spread Mesozoic marine sediment, which is characterized by certain
oil seepages. Therefore, petroleum geologists have been paying much atten-
tion to the potential oil-gas exploration in this area [1, 2]. The researchers
have established that there are five major source rocks in the basin: the
Xiaochaka Formation (Tsx), the Quse Formation (J,¢,), the Buqu Formation
(J2b), the Xiali Formation (Jox) and the Suowa Formation (J3s), and two
minor ones — the Quemocuo Formation (J,¢) and the Xueshan Formation
(Jsx) [1, 2]. Characterized by the abundance of organic-rich black shale, the
Quse Formation in the Shuanghu-Sewa area and the Biluocuo oil shale
(maximum total organic carbon (TOC) content 26.12%) in particular have
received more attention [3—8]. At the same time, other black oil shales with
low TOC content have been investigated less, especially in terms of
biomarkers. This paper studies two typical sections of the Qiangtang Basin —
Biluocuo (BLC) and Ganbeixiama (GB), and examines in detail the
biomarkers of both low- and high-TOC black shale for the abundance, type
and maturity of organic matter, and sedimentary environment. The aim is to
provide target regions for further oil-gas exploration in the Qiangtang Basin
in northern Tibet.

2. Geological background

The Qiangtang Basin is located in the eastern Tethys between the Hoh Xil-
Jinshajiang Suture Zone and the Bangong-Nujiang Suture Zone [1, 2, 9]. It is
about 250 km wide (south-north) and 640 km long (east-west) with an area
of about 18 x 10* km® [1, 10, 11]. The basin includes one uplift and two
depressions: the Southern Qiangtang Depression, the Central Uplift and the
Northern Qiangtang Depression, from south to north [2, 9, 12—-14].

The two research sections, Biluocou and Ganbeixiama, are located in the
Southern Qiangtang Depression where Jurassic strata have mainly developed,
along with a small number of Upper Triassic and Cenozoic strata. The Jurassic
stratum consists of the Quse Formation (J,g), the Sewa Formation (J»s), the
Shagiaomu Formation (J,Sq), the Buqu Formation (J,), the Xiali Formation
(Jox), and the Suowa Formation (J;s), from lower to upper. The stratum
roughly spreads from east to west in zones from south to north, i.e. shallow
water carbonate deposits are mainly developed in the Northern Qiangtang
Depression next to the Central Uplift Belt, including the Buqu Formation, the
Xiali Formation and the Suowa Formation, while the southern area lacks
platform carbonate rocks. The shelf or basin facies black shales are primarily
distributed in the Quse and Sewa Formations, with the boundaries running
roughly along Geluguanna-Deruri-Quruiqianai-Ganbeixiama (Fig. 1).
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The samples for biomarker determination were collected from the
Biluocuo and Ganbeixiama sections of the Qiangtang Basin (Fig. 1). The
samples were labelled as indicated in Table 1. The BLC section is situated in
the Jiasaisaosha area southeast of Lake Biluocuo, and the GB section is
located in the south of the Angdaercuo area. In both sections, the Quse
Formation is dominated by black shale interbedded with thin-layered silt-
stone, and argillaceous limestone containing rich ammonites and bivalves.
The sediment facies is characterized by a shelf sea deposit. The ammonites
include a specimen identified as an Early Toarcian Harpoceras sp., as such,
the black shale strata can be defined as Lower Jurassic [3, 15-19].

Table 1. Geochemical data for Lower Jurassic black shale in the Qiangtang
Basin

Chloroform bitumen A component,

wt%
g
g B '
o A ” o ) 2
o = = = @ 3
< & s<| 8| 2| 2. 5 |88| 3.,
=2 S o = = < = = RE|l = g
° = = s < < S =
=2 [S) s = g T O = 5 g = 2
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11.11 | 29.63 | 40.74 18.52

—
[o)}
—_
—_

GBO05S Shale

037 | 40.74
GB09S Marl 16.88 24 16 40 20 1.50 40
GB10S Shale 1491 | 16.67 | 833 45.83 29.17 | 2.00 25
GB11S Marl 14.03 | 31.82 | 9.09 9.09 50 3.50 | 4091
BLCO1S1 |Oil Shale 428.57 | 33.79 | 15.52 18.62 22776 | 2.18 | 49.31
BLCO02S1 | Shale 387.55 | 45.11 | 23.32 | 20.15 11.42 1.93 | 68.43
BLCO02S2 | Shale 653.22 | 32.00 | 20.12 18.17 29.71 1.59 | 52.12
BLCO03S1 | Mudstone 729.2 | 10.74 | 21.03 18.12 40.49 | 0.51 | 31.77
BLCO03S2 | Mudstone 554.62 | 34.55 | 17.11 21.30 27.04 | 2.02 | 51.66
BLCO07S1 | Mudstone 565.6 | 34.54 | 21.65 | 21.13 19.07 1.60 | 56.19

BLCO08S1 | Mudstone 507.33 | 35.05 | 20.16 | 21.69 23.10 | 1.74 | 55.21

3. Samples and methods

Eleven samples were taken for this study, including seven samples from the
BLC section and four from the GB section (Fig. 2), the lithology was mud-
stone, shale, oil shale and marl. Before crushing, the samples were pretreated
to remove any pollutants from their surface, washing the samples first with
organic solvents and then rinsing with water to eliminate any solvent
residues.

The samples were ground to 100 mesh, then reacted with dichloro-
methane (DCM) for 72 h in a Soxhlet apparatus to extract soluble organic
fractions, before being separated. Generally, n-hexane was added to the
soluble organic fractions, shaken up and deposited overnight for asphaltene
precipitation. Next, n-hexane was used to rinse the saturated hydrocarbons,
benzene was employed to rinse the aromatic hydrocarbons and benzene-
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Fig. 2. Lithological columns of the research sections and sample locations.
(Abbreviations used: BLC — Biluocou, GB — Ganbeixiama, Fr. — Formation).

absolute ethyl alcohol (volume ratio 1:1) was used to rinse the non-hydro-
carbons. 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 pm film thickness) was used with He as
the carrier gas. The oven temperature was programmed from 60 °C (held for
5 min) to 290 °C (held for 20 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. All sample analyses were
carried out at Yangtze University, China.

The test results are given in Table 1. As seen from the table, in the
samples from the GB section, the content of chloroform bitumen A varies
from 14.03 to 16.88 ppm, while this value is significantly higher in the
samples from the BLC section, ranging from 387.55 to 729.2 ppm. The
content of chloroform bitumen A is mostly higher than 500 ppm. Of the
chloroform bitumen A components, the content of saturates in BLC samples
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is relatively high, varying from 32 to 45.11% (except for sample BLC03S1
whose saturates content is 10.74%). On the contrary, the content of saturates
in GB samples is relatively low, ranging from 11.11 to 24% (except for
sample GB11S whose saturates content is 31.82%), and the content of
aromatics is relatively high, exceeding 40% (except for sample GB11S, the
aromatics content of which is 9.09%). The saturates/aromatics ratio in most
samples is similar, between 1 and 3, and the total hydrocarbon content varies
from 25 to 68.43 ppm.

4. Results and discussion
4.1. n-Alkanes and acyclic isoprenoids

A series of n-alkanes and acyclic isoprenoids can be detected in the total ion
chromatograms (TICs) of selected samples from the GB and BLC sections of
the Qiangtang Basin (Fig. 3). As is clear from the figure, the dominant
carbon numbers are nC;c—nCjy, and the Y C,;—/Y Cyy+ ratio changes from 0.5
to 0.99 in GB samples (except for sample GB0OSS whose Y Cy1—/> Cot is
1.39), and from 1.5 to 8.68 in BLC samples (except for sample BLC01S1,
the respective ratio of which is 0.5) (Table 2). The values of odd-to-even
predominance (OEP) and carbon preference index (CPI) are slightly
different in the two sections. In GB, the OEP and CPI vary between 2.28 and
2.82 (except for sample GBI11S with 1.05) and from 1.28 to 1.43,
respectively, while in BLC, the OEP and CPI of the samples range from 0.83
to 1.13 and between 0.88 and 1.10, respectively, indicating the presence of a
heavier carbon in the GB section compared with the BLC section. n-Alkanes
with dominant carbon numbers of nC15-nC19 show the organic matter to
originate from algae and planktonic organisms, while the prevailing
nC,s—nCs; indicate its origin from terrigenous higher plants [20-23]. The
black shales in the researched sections are characterized by the presence of
low-carbon-number n-alkanes, which gives evidence of that the organic
matter sources are algae and planktonic organisms.

The acyclic isoprenoids, especially pristane (Pr) and phytane (Ph), are
abundant in all samples. The Pr/Ph ratio varies between 0.06 and 0.70 in
most samples, except for samples BLCO8S1 and BLC0O7S1 whose respective
figures are 1.31 and 1.44 (Table 2). The Pr/Ph ratio was used to infer
depositional redox conditions: the Pr/Ph ratio < 1 is characteristic of reduc-
ing and stratified conditions [24], while Pr/Ph > 1 is typical of oxidizing
conditions [25, 26]. Furthermore, the high values of Pr/Ph (> 3.0) reflect a
higher degree of oxidization and the origin of organic matter from
terrigenous higher plants, while the low Pr/Ph values (< 0.6) suggest an
oxygen-deficient hypersaline environment. The Pr/Ph < 0.7 of the studied
samples implies a reducing environment. In addition, in BLC samples, the
ratio of Ph/nC;g ranges from 0.32 to 0.56 and Pr/nC,; between 0.20 and 0.55.
In GB samples, Ph/nC,g varies from 1.18 to 1.55 and Pr/nC,; between 0.64
and 0.92.
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Table 2. Parameters of n-alkanes and acyclic isoprenoids of Lower Jurassic
black shale in the Qiangtang Basin

(nCy; + nCy)/(nCyg + nCyo)

2
g Ta
o v =] N
> O
o © o = = Q
£ £ 2 & 5| = ol &| 5| £
o 3 = o o O WA ~ 9
GBO05S Shale nCyg | nCyynCsg | 2.34 | 1.28 | 4.05 | 1.39 | 0.14| 1.22 | 0.75
GB09S Marl nCyg | nCyynCsg | 2.82 [ 1.32| 1.52 | 0.72 | 0.16| 1.47 | 0.92
GB10S Shale nCiy | nCyonCsg | 2.28 | 1.37| 2.48 | 0.99 [0.07| 1.18 | 0.64
GBI11S Marl nCiy | nCjonCsg | 1.05 | 1.43| 1.37 | 0.50 [0.06| 1.55 | 0.70
BLO1S1 Oil Shale | nCjg | nCi4nCsg | 0.83 [0.88| 1.43 | 0.50 |[0.46| 0.40 | 0.23
BLCO02S1 |Shale nCis | nCjonCsg | 0.94 | 1.05| 4.16 | 4.05 [0.70| 0.56 | 0.30
BLC02S2 | Shale nCy; | nCy5.nCy; | 0.92 - - 8.68 | — 0.32 -

BLCO03S1 |Mudstone | nCy; | nC;, nCsg | 1.13 | 0.93 | 2.25 | 3.55 [0.65| 0.49 | 0.20
BLCO03S2 |Mudstone | nCys | nCy3.nCyg | 0.91 | 1.05 | 12.15| 5.87 [ 0.67 | 0.54 | 0.32
BLCO07S1 |Mudstone | nCy; | nCy3.nCs; | 1.13 | 1.10 | 1.55 | 1.50 | 1.44| 0.47 | 0.55
BLCO08S1 |Mudstone | nCys | nCj, nCsq | 1.06 | 1.04] 3.04 | 293 | 1.31] 0.51 | 0.53

4.2. Terpenoids

The m/z 191 chromatograms of terpenoids are shown in Figure 4. The
abundance of terpenoids, including pentacyclic triterpanes, tricyclic and
tetracyclic terpanes, and gammacerane, can be recognized in all samples.
The carbon numbers of pentacyclic triterpanes range between C,; and Css,
with C;¢ hopance as the dominant number. The C;;0p22S/(22S + 22R)
homohopane ratio is 0.58-0.59 in most samples (except for sample
BLCO1S1 whose respective value is 0.61), while the ratios of BLC samples
are slightly higher than those of GB samples, which indicates that shale
and/or oil shale are in the maturity stage (Table 3). Additionally, oleanane,
lupine or other non-hopanoids, which suggest land to be the organic matter
source, were not detected. At the same time, gammacerane was detected in
the m/z 191 chromatograms, although in low abundance. Gammacerane may
originate from protist, which is a tetrahymena and also a reliable index for
indicating sedimentary environment salinity and water body stratification
[27-29]. The gammacerane/aBCs hopane ratio is less than 0.23 in the BLC
section, being lower than that in the GB section, implying that water body
salinity during sedimentation in the studied areas was normal. This finding is
consistent with OEP values and phytane dominance.
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Table 3. Parameters of terpenoids of Lower Jurassic black shale in the
Qiangtang Basin

C19—Cy9 tricyclic terpanes —~

Z &
o S| & | & | 55| 5| & | E5
z 2 < < < o 3 & g 8 &
E s | d 99| %El 2| 8 |t
& £ A 8 L | 8| 5 | @ | E3
3 35 ) ) ) ESH| O S |od
GB05S Shale 237 | 292 | 027 | 556 | 020 | 058 | 0.23
GB09S Marl 202 | 333 | 034 | 569 | 020 | 058 | 0.17
GB10S Shale 199 | 285 | 027 | 512 | 020 | 058 | 0.23
GBI11S Marl 125 | 299 | 039 | 463 | 021 | 058 | 0.15
BLCO1S1 | Oil Shale 033 | 065 | 029 | 127 | 022 | 061 | 0.11
BLC02S1 | Shale 034 | 074 | 028 | 135 | 031 | 059 | 0.11
BLC02S2 | Shale 045 | 062 | 017 | 124 | 024 | 059 | 0.09
BLC03S1 | Mudstone | 026 | 057 | 0.19 | 1.02 | 028 | 059 | 0.12
BLC03S2 | Mudstone | 020 | 039 | 0.6 | 0.74 | 026 | 0.59 | 0.12
BLCO7S1 | Mudstone | 0.10 | 0.14 | 0.09 | 033 | 0.18 | 0.59 | 0.08
BLC08S! | Mudstone | 0.08 | 0.15 | 009 | 032 | 0.19 | 058 | 0.06

Tricyclic terpanes are also found in the m/z 191 chromatograms, with
carbon numbers ranging from Ci9 to Cyy and the main peak of Cy;. In
general, tricyclic terpanes are more abundant than hopane. In GB samples,
the ratio of tricyclic terpanes/gammacerane is in the range of 4.63-5.69,
being 1.02-1.35 in BLC samples (except for samples BLC03S2, BL07S1
and BLCO08S1 whose respective values are 0.74, 0.33 and 0.32) (Table 3),
suggesting that the generative kerogen of long-chain tricyclic terpanes comes
from bacteria as well as certain algae [30]. In addition, Cy4 tetracyclic and
Cy tricyclic terpanes of bacterial source are highly abundant.

4.3. Steranes

Regular steranes (Cy;—Cy), diasteranes (C,—Cyy), 4-methyl steranes
(C15—Cs0) and pregnanes (C,,—Cy,) are present in the m/z 217 chromatograms
(Fig. 5). Furthermore, the regular steranes show a V-type distribution in all
samples. In GB samples, the relative contents of C,;, Cps and Cyy regular
steranes are respectively 34-36, 28-31 and 35-35%, the XC,,/ZCyy ratio
fluctuates from 0.99 to 1.11 (Table 4). At the same time, in BLC samples,
the abundances of C,;, C,3 and Cyy regular steranes are respectively 27—41,
24-32 and 35-44%, and the XC,,/XCy ratio is in the range of 0.65-0.93
(except for sample BLC02S2 whose £C,7/2Cy is 1.2, see Table 4). The
source of C,; sterane is lower hydrobionts such as algae, while the main
source of Cyy sterane is terrigenous higher plants [31, 32]. Therefore, the
organic matter source of the Lower Jurassic black shale in the Qiangtang
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Table 4. Parameters of steranes of Lower Jurassic black shale in the Qiangtang
Basin

Regular steranes
0,

aaa-20R, % § g g g

£ % N =}

S| 9| 2| =

] Q ~ (=} [s=N

2 % I G B I S

2 = § g‘) T 2 &

£ £ = % o < 2 ] Q g

& 3 | O | O &) ) S ) &)
GBO05S Shale 36 30 34 1.05 1.76 2.46 0.45 | 041
GBO09S Marl 38 28 34 1.11 1.40 2.03 0.44 0.39
GBI10S Shale 36 | 29 35 1.03 1.63 2.35 0.46 | 0.39
GBI11S Marl 34 31 35 0.99 | 0.90 1.38 0.43 | 0.40
BLCO01S1 |Oil Shale | 27 32 41 0.65 0.20 0.25 0.57 | 0.65
BLCO02S1 | Shale 35 27 38 0.93 0.25 0.36 0.50 | 0.57
BLC02S2 | Shale 41 24 35 1.20 | 0.44 0.63 0.53 | 0.57
BLCO03S1 |Mudstone | 32 25 43 0.76 | 0.33 0.50 0.50 | 0.55
BLC03S2 |Mudstone | 30 27 44 0.68 0.28 0.43 0.48 0.53
BLCO07S1 |Mudstone | 33 25 42 0.77 0.11 0.15 0.53 0.48
BLC08S1 |Mudstone | 32 29 39 0.82 0.13 0.18 0.59 | 0.53

Basin of northern Tibet is mainly algae with some contribution of land-based
higher plants.

Based on thermodynamic activity, steranes generally undergo the follow-
ing three changes in terms of organic matter maturity and evolution: con-
figurational isomerization, aromatization and low-molecular-weight com-
ponent accumulation [6, 33-35]. The ratios of C,y regular steranes
a0a20S/(20S + 20R) and afp/(afp + aaa) are often used to assess maturity.
In GB samples, the Cy00020S/(20S + 20R) steranes ratio varies from 0.43
to 0.46, and Cyapp/(app + aoa) from 0.39 to 0.41. At the same time, in
BLC samples, Cy00020S/(20S + 20R) ranges from 0.50 to 0.59 (except for
sample BLC03S2 whose respective value is 0.48), and CyaBp/(apf + aoa)
between 0.53 and 0.65 (except for sample BLCO07S12 whose
CooafB/(afpp + aaa) is 0.48) (Table 4). These values demonstrate that the
organic matter of BLC samples is in the stage of maturity, while its degree is
higher than that of GB samples.

5. Conclusions

This paper discusses in detail the chacateristics of biomarkers of black shale
from the Lower Jurassic Quse Formation in the Southern Qiangtang
Depression of northern Tibet, including n-alkanes, acyclic isoprenoids,
terpenoids and steranes. n-Alkanes are characterized by a typical unimodal
distribution, with dominant low carbon numbers of nC;s—nC;y, which shows
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that the organic matter sources are mainly algae and planktonic organisms
along with terrestrial higher plants. Furthermore, such acyclic isoprenoid
alkanes as pristane and phytane are detected as being the most abundant,
while the phytane dominance suggests that organic matter deposited in a
reducing environment. In addition, the maturity parameters show that the
organic matter is in the maturity stage. So, it is concluded that the Lower
Jurassic black shale resource system in the Qiangtang Basin of northern
Tibet has a certain hydrocarbon potential.
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