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Abstract

The Northern Tibetan Plateau Basin is the most extensive and least explored Mesozoic
marine basin in China and shows considerable potential for oil and gas exploration. This
study systematically analyzed the abundance, type, hydrocarbon generation potential, and
conversion rate of organic matter within three Jurassic drill core samples from the Biloucuo
area of the Northern Tibetan Plateau Basin. The total organic carbon (TOC) content of these
Jurassic source rocks was >4%, on average, permitting their classification as excellent source
rocks. The average contents of sapropelinite, exinite, vitrinite, and inertinite in kerogen
were 74%, 4%, 18%, and 4%, respectively. The H/C and O/C ratios of the kerogen mainly
ranged from 0.8 to 1.3 and 0.06 to 0.11, respectively, indicative of type II; kerogen. The
average S1 + S, content was 15.0 mg/g rock, indicating a high hydrocarbon generation
potential. On the basis of the relationship between the quantity of soluble hydrocarbons
remaining in the strata and the S; and TOC contents, it can be inferred that the hydrocarbon
generation conversion rate of these Jurassic source rocks was between 25% and 50%, and
partial hydrocarbon expulsion has taken place. It is estimated that the maximum oil
generation potential of the formation will reach 20 kg/t rock at a greater depth, which
equates to good exploration potential.

Keywords: The Northern Tibetan Plateau Basin; Jurassic; source rock; type and abundance
of organic matter

1. Introduction

According to the 73rd statistical review of World Energy [1], oil and gas resources are
currently our largest global energy sources, and their consumption continues to increase.
However, as oil and gas exploration become increasingly complicated, there is increasing
pressure on production in better-explored fields and a need to discover new exploration
areas to satisfy the increasing demand for oil and gas. The Northern Tibetan Plateau Basin
is a large marine basin with relatively complete Mesozoic marine strata [2—4]. It shows
excellent oil and gas resource potential [5,6], but has currently experienced a low degree
of onshore oil and gas exploration. The Northern Tibetan Plateau Basin is located within
the eastern section of the Tethys-Himalaya tectonic domain, which is known to contain
substantial oil and gas resources; the domain comprises 17% of the world by area, but its
oil and gas reserves account for two-thirds of the total global proven reserves [7,8]. The
geological conditions of the Northern Tibetan Plateau Basin are similar to those of the
adjacent western Middle East oil and gas area, and the southeast part of the Northern
Tibetan Plateau Basin is Southeast Asia oil and gas. This particular tectonic setting and
favorable geological conditions mean that petroleum investigation and exploration in
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the Northern Tibetan Plateau Basin warrants further attention [3]. The Northern Tibetan
Plateau Basin also has relatively complete Jurassic marine strata, including several sets
of organic-rich shales. According to the overall situation of hydrocarbon source rocks
in petroliferous basins, marine source rocks tend to have large distribution areas, a high
abundance of organic matter, and high hydrocarbon generation potential. Hence, petroleum
geologists have closely examined the characteristics of marine source rocks in the Northern
Tibetan Plateau Basin.

In the late 1990s, a large-scale oil and gas survey was carried out in the Northern
Tibetan Plateau Basin. More than 150 oil and gas sites were discovered, including one oil
shale site [9-11]. Subsequently, several rounds of strategic selection, investigation, and
evaluation of oil and gas resources have been carried out in the Tibetan exploration area,
and a further three oil shale sites and several oil and gas sites have been discovered; this
proves that the Northern Tibetan Plateau Basin possesses the primary conditions for oil
and gas accumulation and has the potential for the development of commercial oil and gas
fields. Although considerable investigation of the Northern Tibetan Plateau Basin has been
carried out in recent years, the progress of exploration has been hampered by the harsh
climate and topography of the Tibetan Plateau [12].

Oil and gas exploration best practices have shown that high-quality source rocks are a
prerequisite for discovering medium- and large-scale oil and gas reservoirs in marine or
continental basins. The material basis of oil and gas accumulation is high-quality source
rocks with abundant organic matter, good type, and maturity in the oil generation window.
However, previous research on source rocks in the Northern Tibetan Plateau Basin has
mostly been based on outcrop samples and analysis over relatively scattered locations. The
Tibetan Plateau experiences extreme weathering, which has a substantial impact on the geo-
chemical characteristics of source rocks, especially the organic geochemical characteristics;
this, in turn, has a substantial effect on the identification of source rocks and calculation
of resource potential in the Northern Tibetan Plateau Basin [13-15]. Although previous
studies have identified the presence of limestone-type source rocks in this area [16], research
on the geochemical characteristics and hydrocarbon generation potential of these source
rocks remains relatively underdeveloped. Therefore, it is vitally important to conduct
geochemical analyses of drill core samples from the Northern Tibetan Plateau Basin to
more accurately evaluate source rock characteristics and hydrocarbon generation potential.
Taking three drill core samples from the Biloucuo area of the Northern Tibetan Plateau
Basin as representative examples, this study systematically analyzes the geochemical char-
acteristics of Jurassic source rocks and assesses their hydrocarbon generation potential. The
data reported herein provide a reference for determining oil and gas resources and further
exploration in the Northern Tibetan Plateau Basin.

2. Geological Setting

The Northern Tibetan Plateau Basin is a large Late Paleozoic-Mesozoic marine sedi-
mentary basin [17]. Tectonically, the Northern Tibetan Plateau Basin is an important part
of the large Tethys-Himalaya tectonic domain [16]. As shown in Figure 1, the Northern
Tibetan Plateau Basin is bounded to the north by the Hoh Xil-Jinshajiang suture belt and to
the south by the Bangong Hu-Nujiang suture belt [18-20] and can be divided into three
structural units from north to south: north depression, central uplift belt, and south de-
pression [19,20]. The Biloucuo area studied herein is located in the Shuanghu area of the
south depression.
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Figure 1. Geographical location and structural characteristics of the Northern Tibetan Plateau Basin
(Modified according to Reference [6]).

The present emergent strata in the Northern Tibetan Plateau Basin are of the Triassic,
Jurassic, and Cretaceous age. The Jurassic marine strata are (from bottom to top): Lower
Jurassic Quse Formation (J1q), Lower-Middle Jurassic Quemoco Formation (J1-,q), Middle
Jurassic Buqu (Jpb) and Xiali (J,x) Formations, Upper Jurassic Sowa Formation (J3s), and
Upper Jurassic-Lower Cretaceous Bailongice Formation (J3s) [12,16]. Among these, the
Middle and Upper Jurassic is characterized by the mutual association of different strata,
including the Jiabuqu clastic rocks and Sowa limestone of the Quemoco, Xiali, and Xueshan
formations. Overall, the thickness of the Jurassic strata is >3000 m, and the thickness of
the Lower Jurassic Quse Formation shale is >100 m (Figure 2). Among them, the Xiali (Jox)
of the Middle Jurassic was formed as a reservoir, and its lithological characteristics were
mainly lithic quartz sandstone.

The Baqu formation was formed as the basin underwent large-scale marine transgres-
sion, during which great thicknesses of marine platform carbonates were deposited. These
carbonates include micrite, organic limestone, bioclastic limestone, and marl [16].
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Figure 2. Development characteristics of strata and lithology in the Northern Tibetan Plateau
Basin [12].

3. Samples and Methods
3.1. Samples

Source rock samples in this study were mainly retrieved from wells BK1, BK2, and
BK3 in the Biloucuo area of the Northern Tibetan Plateau Basin. The drill cores were
from shallow wells with drilling depths of <200 m, and the lithology was mainly marly
limestone. A total of 88 source rocks were collected, including 29 from BK1, 22 from BK2,
and 37 from BK3. The depths of drill core samples ranged from 2.6 m to 116.7 m, 2.4 m to
127.9 m, and 3.7 m to 117.1 m in wells BK1, BK2, and BK3, respectively, with an average
interval of approximately 4 m. Total organic carbon (TOC) content, rock pyrolysis, and
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chloroform asphalt “A” analyses were performed on all samples. Kerogen separation,
maceral identification, and elemental composition analysis of source rock samples were
also carried out.

3.2. Methods

The collected drill core source rock samples were first cleaned to remove surface dust
or paint. The samples were then crushed to 100 mesh; approximately 100 mg of each
sample was placed in a crucible, and 3% hydrochloric acid was slowly added (drop by
drop) to remove the carbonate. When the sample was no longer bubbling, the crucible
was filled with diluted hydrochloric acid and boiled at 80 °C for 4 h. Finally, the chloride
ions in the sample and crucible were removed using deionized water, and the sample was
dried. The TOC content was measured using a CSI analyzer, and pyrolytic analysis was
performed using a Rock-eval 6 pyrolysis analyzer.

The analysis method for soluble hydrocarbons in the source rock samples was as
follows: each drill core sample was crushed to 100 mesh and extracted via the Soxhlet
method using a mixture of methylene chloride:methanol (93:7, v:v) for 72 h to obtain
chloroform asphalt “A”. After the asphaltene in asphalt “A” of chloroform was precipitated
with n-hexane, column chromatography was used to separate the saturated hydrocarbons,
aromatic hydrocarbons, and non-hydrocarbons using n-hexane, n-hexane:dichloromethane
(1:2, v:v), and methanol, respectively. The saturated hydrocarbon fractions were analyzed
and identified by gas chromatography-mass spectrometry (GC-MS) using an Agilent
Technologies Inc. instrument. The parameters were as follows: MS of 5973N, ion source
temperature of 250 °C, and ionizing voltage of 70 eV. GC was 6890N, the chromatographic
column was HP-5MS (30 m x 0.25 mm), the film thickness of the fixed phase was 0.25 pm,
the carrier gas was high-purity helium, the initial temperature was 80 °C, the temperature
was increased to 290 °C at 4 °C/min, and then the temperature was maintained at a constant
for 30 min.

The samples selected in this study were mainly oil shales and marlstone. To separate
kerogen from each drill core sample, the sample was first roughed to approximately 0.5 mm,
fully leached with hydrochloric and hydrofluoric acid, and then heated with 10% HCl
for approximately 2 h (at 80 °C). After cessation of the reaction, the acid solution was
centrifuged, drained away, and then washed to neutral with deionized water to thoroughly
remove calcium ions in the sample. Subsequently, HCI (10%) and HF (10%) of twice the
volume were added, heated at 80 °C, and stirred continuously for 2 h to remove silicates
from the sample. Finally, the acid solution was emptied and washed in deionized water
until neutral. The acid-treated kerogen was subjected to flotation with a 2.0 g/mL specific
gravity solution (HI + KI + Zn), and the flotation products were prepared as slides. The
organic matter components and types of microfossils were identified and counted using
transmitted light and fluorescence under a binocular biological microscope. After the
remaining sample was dried, the elemental content (C, H, O, N, and S) of the kerogen was
detected using an EA1110 elemental analyzer.

4. Results and Discussion
4.1. Organic Matter Abundance and Soluble Hydrocarbon Composition of Source Rocks

The TOC contents of the Jurassic drill core samples from wells BK1, BK2, and BK3
in the Biloucuo area ranged from 0.48% to 17.40%, 0.49% to 16.60%, and 0.40% to 20.70%,
respectively, with average values of 4.42%, 4.80%, and 4.04%, respectively (Figures 3-5).
These very high organic matter abundances indicate that the Jurassic rocks in this area
are good source rocks with a high exploration potential. Mud shale with a TOC content
>0.5% is considered an effective source rock, while a TOC content >2% is regarded as a
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very high-quality source rock [21,22]. Nearly all the samples analyzed from this study area
had TOC contents >0.5%. Samples with TOC contents >2% accounted for 48.3% (14/29),
54.5% (12/22), and 70.3% (26/37) of the selected BK1, BK2, and BK3 samples, respectively.
These data indicate that each drill core comprised >100 m of potential source rocks, and
over half of the samples could be classified as high-quality source rocks.

The soluble hydrocarbon content (chloroform asphalt “A”) in present-day geological
samples is another critical parameter for evaluating the abundance of organic matter in
source rocks. The content of bitumen “A” in Jurassic drill core samples from wells BK1,
BK2, and BK3 ranged from 0.2 t0 9.8, 0.1 to 7.0, and 0.2 to 17.6 mg/g of rock, respectively,
with average values of 2.9, 2.8, and 3.4 mg/g of rock, respectively. In terms of the soluble
hydrocarbon group composition, the average content of saturated hydrocarbons in bitumen
“A” of wells BK1, BK2, and BK3 was 27.6%, 31.7%, and 44.5%, respectively, and the average
content of aromatic hydrocarbons was 14.2%, 15.7%, and 16.0%, respectively. The combined
proportion of saturated and aromatic hydrocarbons was between 40% and 60%, and the
total hydrocarbon content accounted for approximately half of the total chloroform asphalt
“A” content. Previous studies have proposed that shale with a total hydrocarbon content
>200 ppm (0.2 mg/g of rock) can be regarded as an effective source rock, and shale with a
total hydrocarbon content >1000 ppm (1.0 mg/g of rock) can be considered a very high-
quality source rock [22]. In our study, 51.7% (15/29), 45.5% (10/22), and 62% (23/37)
of the samples from wells BK1, BK2, and BK3, respectively, had chloroform asphalt “A”
contents >2.0 mg/g of rock.

From the above results, the proportions of effective source rocks and high-quality
source rocks according to their chloroform asphalt “A” or total hydrocarbon contents
is slightly lower than those according to their TOC contents. This may be explained in
two ways. First, although shallow drill core samples were used in this study, chloroform
asphalt “A” may have suffered slight losses, while TOC, mainly comprising the carbon
content of solid kerogen, was less affected. Second, the Jurassic source rocks in this study
have a high TOC content, and such organic-rich source rocks tend to have a higher oil
discharge efficiency. Hence, some soluble hydrocarbons may have been discharged from
the source rocks with the passing of geological time. The chloroform asphalt “A” and total
hydrocarbon contents measured at present represent the number of residual hydrocarbons,
so their contents may be somewhat reduced.

Chioroform bitumenA/(mg/g.rock) S./{mgig) $.J(mglg) §,+8.J(mglg) Hli{mg/g.TOC)

5 10 15 0 2 4 0 61218243036424854 0 6 121824303642485460 0 100200300400500600

Figure 3. Composite profiles of well BK1.
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4.2. Types of Organic Matter in the Jurassic Source Rocks

20
40
60
a0
100

The type of organic matter usually reflects the hydrocarbon generation characteristics
of a source rock [23]. Standard methods used to classify types of organic matter in source
rocks include rock pyrolysis, kerogen microscopy, and atomic ratios. Previous studies have

shown that the organic matter in source rocks of the Northern Tibetan Basin is complex, and
includes type I, type II, and type III; for Jurassic source rocks, types I and II; are dominant,
with small amounts of type II, [24,25]. The results of the sample pyrolysis herein showed
that the hydrogen index (HI) of Jurassic source rocks in the Biloucuo area of the Northern
Tibetan Basin was mainly between 100 and 500 mg/g TOC, and the organic matter was
mainly of the type II variety, with >60% of samples being of type II; (Figure 6a). The
elemental analysis of kerogen showed that the H/C and O/C ratios of samples mainly
ranged from 0.8 to 1.3 and 0.06 to 0.11, respectively (Figure 6b). According to kerogen
atomic ratio classification, both of these ranges of ratios equate to type II; organic matter

(Figure 6b), giving somewhat different results to those using the HI division.
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Figure 6. Classification maps of Jurassic source rock organic matter in the Biloucuo area of the
Northern Tibetan Basin ((a): The intersection graph between Tmax and IH. (b): The intersection graph
between O/C and H/C.).

Microscopic examination of kerogen macerals is regarded as the most direct method
for classifying types of organic matter [26]. The average contents of sapropelinite, exi-
nite, vitrinite, and inertinite in kerogen samples in this study were 74%, 4%, 18%, and
4% (Figure 7), respectively. Therefore, the maceral components of Jurassic source rocks
in the Biloucuo area are evidently mainly sapropelinite with a small amount of vitrinite,
while the contents of exinite and inertinite are relatively minor. It is generally believed
that the sapropel group is mainly formed by the remains of lower aquatic plants, phy-
toplankton, algae and some zooplankton through sapropelization, which is formed in a
stagnant anaerobic environment. The kerogen type index (TI) values calculated according
to the maceral content indicate that all analyzed samples belong to type II; organic matter
(Table 1), consistent with the results obtained using kerogen atomic ratios. It shows that the
organic matter type of the sample is better.

Figure 7. Micrographs of kerogen of Jurassic source rock organic matter in the Biloucuo area of the
Northern Tibetan Basin.
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Table 1. Kerogen maceral composition for the BK1, BK2, and BK3 source rock samples from the

Biloucuo area of the Northern Tibetan Basin.

Well Depth Sapropelic Exinite Vitrinite Inertinite TI Kerogen Type
(m) (%) (%) (%) (%)
BK1 2.6 52.50 5.00 37.50 5.00 21.88 12
BK1 6.94 49.53 3.74 43.30 343 15.50 2
BK1 7.78 65.56 5.30 22.85 6.29 44.78 m
BK1 9.98 70.07 3.62 23.03 3.29 51.32 111
BK1 12.17 74.36 321 18.91 3.53 58.25 I
BK1 13.86 69.06 3.75 22.19 5.00 49.30 m
BK1 15.21 85.48 1.65 9.57 3.30 75.83 m
BK1 17.87 84.49 3.30 8.58 3.63 76.07 1
BK1 21.58 83.12 2.55 10.51 3.82 72.69 111
BK1 24.5 76.40 4.97 12.73 5.90 63.43 I
BK1 29.3 77.22 3.48 16.14 3.16 63.69 1
BK1 38.8 55.78 4.29 33.66 6.27 26.40 m2
BK1 489 64.41 4.71 26.18 4.71 4243 11
BK1 58.6 69.06 5.63 21.56 3.75 51.95 m
BK1 60 69.75 3.82 2293 3.50 50.96 I
BK1 718 71.79 3.13 20.06 5.02 53.29 1
BK2 24 72.93 5.10 18.79 3.18 58.20 I
BK2 3.77 75.74 3.61 14.43 6.23 60.49 I
BK2 5.98 75.66 2.96 16.12 5.26 59.79 I
BK2 121 82.84 4.95 8.58 3.63 75.25 1
BK2 17.6 74.37 4.11 15.51 6.01 58.78 m
BK2 23.75 71.43 3.25 19.16 6.17 52.52 m
BK2 25.3 65.71 5.13 22.76 6.41 44.79 111
BK2 28.6 76.80 5.33 12.85 5.02 64.81 I
BK2 31.56 79.10 2.89 12.22 5.79 65.59 1
BK2 35.6 76.87 5.21 14.66 3.26 65.23 m
BK2 375 77.04 5.35 12.26 5.35 65.17 111
BK2 39.86 76.60 6.41 12.82 4.17 66.03 m
BK2 427 65.47 3.58 25.73 5.21 42.75 I
BK2 49 82.32 2.57 10.93 418 71.22 m
BK2 50.25 64.72 5.18 23.95 6.15 43.20 m
BK2 53.7 73.86 3.27 16.01 6.86 56.62 1
BK2 58.1 81.96 411 9.81 411 72.55 I
BK3 3.7 78.10 5.23 13.07 3.59 67.32 m
BK3 7.8 81.37 6.54 8.50 3.59 74.67 1
BK3 14.7 75.39 5.68 15.46 3.47 63.17 m
BK3 19.3 77.33 5.90 12.11 4.66 66.54 111
BK3 233 80.92 3.95 11.84 3.29 70.72 m
BK3 27.1 78.39 2.90 16.13 2.58 65.16 1
BK3 30.5 67.54 2.62 24.59 5.25 45.16 m
BK3 343 71.80 6.23 16.72 5.25 57.13 111
BK3 38 72.67 5.79 17.36 4.18 58.36 m
BK3 434 73.33 4.76 19.37 2.54 58.65 m
BK3 53.5 83.60 3.15 11.36 1.89 74.76 1
BK3 58.6 85.29 1.96 9.80 2.94 75.98 1
BK3 61.1 41.80 5.14 51.13 1.93 4.10 12
BK3 65.8 76.03 4.73 16.09 3.15 63.17 I
BK3 68.3 83.12 191 12.42 2.55 7221 I
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Some samples were classified as type II, organic matter in the Tpax-HI chart; in
contrast, using kerogen atomic ratios or microscopic examination, these samples were
classified as type II; organic matter. This difference may be caused by the calculation of
HI being dependent on the potential of S in rock pyrolysis analysis, which contains a
fraction of the components of chloroform asphalt “A”. Compared with kerogen, these
soluble hydrocarbons are more susceptible to late modification [27]. Therefore, when the
soluble hydrocarbon content is affected, the content of pyrolysis parameter S, will also be
affected, ultimately resulting in a lower rock HI.

4.3. Characteristics of Organic Matter Sedimentary Environment and Biomarker Compounds from
Biological Sources

(1) Organic matter sedimentary environment

The ratio of Pr/Ph in the Biloucuo area of the Northern Tibetan Basin ranges from
0.47 to 0.71, with a mean value of 0.56 (Figure 8). The distribution of Pr/Ph in the crude
oil samples is concentrated, showing a strong phytane advantage [286-30]. The Pr/nC;7
and Ph/nC;g values of the samples in the study area are mainly distributed between
0.12~1.80 and 0.21~3.75, respectively. The Pr/nC;7 and Ph/nC;g values of the source
samples are narrowly distributed (Figure 9), indicating their origin from a similar biological
source. The samples are mainly distributed in the strongly reducing marine environment
with type I and type II organic matter as the parent material.

Ph
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Figure 8. Total ion current, m/z85, m/z191, and m/z217 fragmentograms of saturated fractions of
source rock in the Biloucuo area of the Northern Tibetan Basin.
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Figure 9. Plots of Pr/nCy7 vs. Ph/nCig ratios of source rock in the Biloucuo area of the Northern
Tibetan Basin.

The relative content of gammacerane is positively correlated with paleosalinity [31,32],
which is an important indicator of water salinity. The relative content of C34 + Cs5 ho-
mohopane ranges from 2% to 10%, and the average is 4%, and a distinct, not obvious
tail-warping phenomenon is visible in the high carbon number region of hopane. The
gammcerane/ «xf3-Csp hopane in the study’s source samples ranges from 0.06 to 0.14 (av-
erage 0.08); the value is lower than the ratio of gammcerane/ a3-C3y hopane in source
rocks of salt lake origins, such as the gammcerane/ «[3-Csy hopane ratio of 0.27~1.0 in
source rocks of salt lake origins in the western Qaidam Basin, and higher than that of
freshwater origin, such as the gammecerane/«f3-C3p hopane ratio of 0.04~0.06 in source
rocks of freshwater origins in Xifeng Olifield, Ordos.

All of the above indicators justify that the crude oil was formed in a low-salt sedimen-
tary environment [33], and others have detected a certain content of gammacerane in crude
oil samples from various oil seeps in the Tibetan Basin. However, its abundance is relatively
low. The study suggests that the crude oil originated from a bay estuary environment with
significant freshwater input or an open sea environment. This further proves that this set
of low-salinity source rocks are the hydrocarbon-supplying source rocks for the Northern
Tibetan Basin.

(2) Organic matter biological sources

The distribution characteristics of n-alkanes in source rocks can be used to identify
the parental material of crude oil formation [23,32]. The source rocks of the Biloucuo area
in the Northern Tibetan Basin possess similar n-alkane distribution characteristics. The
carbon number distribution ranges from Cy; to Cs7. The distribution is a bimodal peak,
where the forward peak carbon number is C17 and post peak carbon number is Cp;. Mixed
carbon number n-alkanes are the dominant fraction, reflecting that the input of the source
rocks’ parent material is mainly composed of aquatic organisms but is also contributed to
by terrestrial higher plants.

In general, Cyg sterols are the main cholesterol type in higher plants, whereas aquatic
algae contain comparatively high Cy7 sterol levels. Sterane originates from sterols [34,35],
and, therefore, the relative abundance of Coyxaxax(20R) sterane, Cogxaxx(20R) steranes, and
Cooaexx(20R) steranes in samples can be used to reflect the source of the organic matter of
the parent material. The Cy7xocx(20R) sterane content in the source rocks in the study area
ranges from 36% to 75%, with an average of 45%, while the Cygxoxx(20R) sterane content
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ranges from 16% to 46%, with an average of 39% (Figure 10, Table 2). The samples indicate
the predominance of Cpyxxt(20R), which shows that the parent material of the samples is
mainly derived from aquatic algae but also contributed to by terrestrial higher plants.

C,,aaa(20R)sterane

80

-fPIanktonfa’ga
60

100_ ; il

I ' | ' I ' I : I ' |

0 20 40 60 80 100
C,o0a(20R)sterane C,,000(20R)sterane

Figure 10. Ternary plot of Coyxoex(20R), Cogaxxoe(20R), and Cpgxxoe(20R) sterane of source rock in
the Biloucuo area of the Northern Tibetan Basin (according to reference [33]).

Table 2. Selected sterane indices for the oil samples and source rock samples.

D(‘:E)th 1 2 3 4 5 6 7 8

5.6 38 22 39 045 063 038 016 103

7.9 £ 16 42 045 062 039 015 099

10.1 43 15 41 045 063 040 014 095

153 £ 15 43 045 063 038 015 102

195 39 15 46 046 062 035 017 118

25.1 40 16 43 045 061 038 018 108

Source rock 276 38 17 45 045 062 033 018 119
samples 33.0 40 16 44 046 060 035 018 111
from BK3 352 40 16 44 047 062 033 016 1.09
532 4 17 39 048 060 038 014 088

57.4 70 5 25 047 068 098 011 036

60.0 £ 17 41 046 061 040 016 098

65.5 3 28 37 049 061 028 015 1.02

69.8 £ 20 38 039 064 040 014 092

73.1 75 9 16 053 062 081 006 022

1: The relative content of C7 xxc(20R) sterane; 2: the relative content of Cog xxc(20R) sterane; 3: the relative content
of Cyoxxct(20R) sterane; 4: Cogxxcx(20S)/(20S + 20R) sterane; 5: Coo3R /(PP + acx) sterane; 6: Coyxaxt(20R) / Cog
sterane; 7: Cogxaxct(20R)/Cy7 sterane; and 8: Cpg xoxax(20R) / Co7 axxoe(20R) sterane.
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4.4. Evaluation of Hydrocarbon Generation Potential of Jurassic Source Rocks

The most common parameters used to evaluate the hydrocarbon generation potential
of source rocks are S; and Sy; Sy is associated with the soluble hydrocarbon content, and
S, represents hydrocarbons generated via pyrolysis [20,36]. The results of the pyrolysis
analysis in this study showed that the S; + S, contents of Jurassic drill core samples from
wells BK1, BK2, and BK3 ranged from 0.6 to 52.8, 0.3 to 49.2, and 0.2 to 64.4 mg/g of
rock, respectively, with average values of 13.7, 15.9, and 15.3 mg/g of rock, respectively.
This indicates that the hydrocarbon generation potential of Jurassic source rocks in this
area is very high. As can be seen from Figure 11a, in well BK1, there was no apparent
relationship between the TOC content and hydrocarbon generation potential (S; + Sy),
while these parameters showed good linear relationships in wells BK2 and BK3. Generally,
when organic matter is evenly distributed and no large-scale hydrocarbon migration occurs,
S1 + S; correlate well with the TOC content. If there is no significant correlation between
these parameters in a well, this indicates that some differentiation of organic matter type
or hydrocarbon migration has occurred (affecting the value of S1). There was no apparent
correlation between the soluble hydrocarbon and TOC contents in well BK1, while good
linear relationships occurred between these parameters in wells BK2 and BK3 (Figure 11b).
As can be seen from Figure 6, the HI and H/C of well BK1 were lower than those of wells
BK2 and BK3. One possible explanation for this is that the organic matter type within
well BK1 is worse than that within wells BK2 and BK3. Alternatively, the maturity of well
BK1 may be slightly higher than that of wells BK2 and BK3, reducing the hydrocarbon
generation potential of the former. An increase in maturity leads to the light component of
the product, which is more likely to result in hydrocarbon migration.
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Figure 11. Relationships between (a) TOC content and hydrocarbon generation potential and (b) TOC
content and soluble hydrocarbon content of source rocks.

Figure 12 shows the correlations between S, and soluble hydrocarbons under the
conditions of a 25%, 50%, and 100% hydrocarbon generation conversion rate of typical
type II; source rocks (initial HI value is 600 mg/g TOC), without considering hydrocarbon
expulsion. It can be seen that S, substantially decreases, while soluble hydrocarbons
gradually increase with an increase in the hydrocarbon generation conversion rate. The
soluble hydrocarbon contents of drill core samples in the Biloucuo area have a good
correlation with S, (Figure 12a). From this perspective, there is no noticeable difference
in the organic matter properties of BK1, BK2, and BK3; hence, the differences observed in
Figure 7 may be a result of hydrocarbon expulsion. In addition, Figure 11 also indicates
that the hydrocarbon generation conversion rate in the Jurassic source rocks of the Biloucuo
area is approximately 25%. However, it should be noted that this does not consider the
condition of hydrocarbon expulsion.
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Figure 12. Hydrocarbon generation conversion rate and soluble hydrocarbon content per unit TOC of
Jurassic source rocks in the Biloucuo area of the Northern Tibetan Basin ((a): The intersection graph
of parameters S, and liquid HC. (b): The intersection graph of parameters TOC and liquid HC.).

All the soluble hydrocarbons present in the source rocks today are residual after
hydrocarbon expulsion. In other words, 25% is the minimum conversion rate of the Jurassic
source rocks in the Biloucuo area. If half of the generated hydrocarbons have subsequently
been discharged, the conversion rate is 50%. Notably, when source rocks have similar types
of organic matter and a similar maturity, the amount of soluble hydrocarbons (mg/gTOC)
under a given TOC condition should be similar. As shown in Figure 12b, the amount of
soluble hydrocarbons per unit TOC differs and gradually decreases with an increase in
TOC content. This also indicates that a partial hydrocarbon expulsion has occurred in the
Jurassic source rocks of the Biloucuo area, which is consistent with the fact that several oil
shoots have been discovered.

Overall, no matter the oil discharge efficiency of the source rocks, the conclusion that
Jurassic source rocks in the Biloucuo area have a high hydrocarbon generation potential is
beyond doubt. It is estimated that the average TOC content of Jurassic source rocks in the
Biloucuo area at a depth of approximately 110 m is 4% based on the oil generation capacity
of typical type II; marine source rocks of approximately 500 mg/gTOC; this indicates
that the maximum oil generation capacity of the source rocks may reach 20 kg/t of rock.
Previous studies have shown that the maximum burial depth of Jurassic source rocks in
the Northern Tibetan Basin is 5000-6000 m, and the corresponding thermal maturity is
1.1%-1.3% [37]; this indicates that in the depositional center, or in areas with a greater
burial depth, the Biloucuo source rocks have reached the peak of oil generation and have
particularly high potential soluble hydrocarbon and oil discharge efficiency, and, therefore,

good exploration potential.

5. Conclusions

The Jurassic strata in the Biloucuo area of the Northern Tibetan Basin have developed
multiple sets of marine carbonate source rocks primarily composed of marly limestones.
These are source rocks with hydrocarbon generation potential, and the limestone is a more
favorable source rock than the mudstone.

The average TOC content of Jurassic source rocks in the Biloucuo area of the Northern
Tibetan Basin was >4%, which equates to an excellent-quality source rock. In kerogen, the
average contents of sapropelinite, exinite, vitrinite, and inertinite were 74%, 4%, 18%, and
4%, respectively. The H/C and O/C ratios of kerogen mainly ranged from 0.8 to 1.3 and
0.06 to 0.11, respectively, indicating that the kerogen of Jurassic source rocks in the Biloucuo
area is type 1.

The average level of S; + S, within Jurassic source rock samples in the Biloucuo area
was 15.0 mg/g of rock, indicating a very high hydrocarbon generation potential. On the
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basis of the relationships between the quantity of soluble hydrocarbons in the present
strata and the contents of S; and TOC, it can be inferred that the hydrocarbon generation
conversion rate of these Jurassic source rocks was between 25% and 50%, and a partial
hydrocarbon expulsion has taken place. At a greater depth within the study area, the strata
of the most significant potential source will reach 20 kg /t of rock, exhibiting particularly
good exploration potential.
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