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The Cambrian Yuertus Formation and Ordovician Saergan and Yingan formation
source rocks, which TOC contents of 0.38%—4.30%, are well developed in the Keping
area of the Tarim Basin. Reservoir bitumen had been found in the Cambrian
Wusongger Formation and Shayilike Formation. In this study, the geochemical
characteristics of the bitumen and source rocks were analyzed through
biomarkers for oil-source correlation. The results show that the characteristics of
the bitumen and Yuertus Formation source rocks are similar. Comparatively, the
Yuertus Formation source rocks and bitumen have lower Pr/Ph values and higher Cpg/
Cyo regular steranes values. The maturity characteristics and depositional
environment of the Cambrian source rocks in the Keping area and the platform
basin areas are similar. Plots of Ph/n-Cyg versus Pr/n-Ci7, Ts/(Ts+Tm) versus 4-/1-
MDBT (methyl dibenzothiophene), and DBT/P (dibenzothiophene/phenanthrene)
versus Pr/Ph distinguish the bitumen and source rocks well. As an original plot, we
found that the Fla/Py (fluoranthene/pyrene) versus MP/P (methyl-phenanthrene/
phenanthrene) intersection plot can be used to identify the possible sources of
polycyclic aromatic hydrocarbons (PAHs) to a certain extent and can distinguish
between the Cambrian and Ordovician source rocks in this study. Comprehensive
analysis revealed that the bitumen samples most likely originated from the Yuertus
Formation source rocks. It was also found that the biomarker characteristics such as
the shape type of the C,,-Cy5-Cog regular steranes, triarylosteranes, and
triarylosteroids are not applicable to distinguishing the Cambrian and Ordovician
source rocks in the Keping area. These research findings provide references for
studying the Lower Paleozoic oil-source correlation in the platform in the Tarim Basin.
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Tarim Basin, Keping area, Cambrian-Ordovician source rocks, bitumen, biomarker
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1 Introduction

The Lower Paleozoic strata in the Tarim Basin are one of the main areas of deep oil and
gas exploration in China. On 2 September 1984, well SC2 in the Yakela structure in the Shaya
uplift in the northeastern part of the Tarim Basin produced a prolific reservoir in the
Ordovician strata, which was a prelude to Paleozoic oil and gas exploration in the Tarim

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/feart.2023.1323705/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1323705/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1323705/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1323705/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1323705/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2023.1323705&domain=pdf&date_stamp=2023-12-28
mailto:wangjian2017@yangtzeu.edu.cn
mailto:wangjian2017@yangtzeu.edu.cn
https://doi.org/10.3389/feart.2023.1323705
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2023.1323705

Xu et al.

Basin (Kang and Jia, 1984). In January 2020, well LT1 obtained a
high yield of light crude oil from the Cambrian carbonate strata
below 8,200 m, which is the deepest buried Paleozoic oil reservoir
found in the world and also represents a major strategic discovery in
the new domain and new stratum in the Tarim Basin (Yang et al.,
20205 Zhu et al,, 2022). It is generally believed that there are two
main sets of source rocks in the Lower Paleozoic strata in the Tarim
Basin, the Cambrian Yuertus Formation and the Middle-Upper
Ordovician source rocks (Zhang et al., 2000a; 2002; Wang and Xiao,
2004; Huang et al., 2016; Jin et al., 2017; Yang et al., 2020; Li et al.,
2021). However, the consensus on the main Lower Paleozoic source
rock has not been reached by the explorers. At present, scholars have
also conducted abundant research based on biomarkers (Zhang
et al., 2000a; 2002; 2012; Wang and Xiao, 2004; Hu et al., 2016;
Huang et al., 2016; Jin et al,, 2017; Li et al., 2021).

Li et al. (1999) characterized the Cambrian-Lower Ordovician
source rocks as having six high aspects and one low aspect (high
abundances of dinosterane, 4-methyl sterane, 24-norcholestane, 24-
nordiacholestane, gammacerane, and Cy,g regular steranes and a low
abundance of diasteranes). By contrast, the Middle-Upper
Ordovician source rocks are characterized by six low aspects and
one high aspect. Based on this understanding, many scholars have
concluded that the main source rocks in the platform basin area are
the Middle-Upper Ordovician source rocks according to the
biomarker characteristics of the crude oils from different oilfields,
and the oil in only a few sites (such as oil from well TD2) is derived
from the Cambrian-Lower Ordovician source rocks (Zhang et al.,
2000b; 2002; Hanson et al., 2000; Zhu et al., 2012).

Zhang et al. (2000a, 2000b) took the biomarkers of the
Xishanbulake Formation in well TD2 as the representative
biomarkers of the Cambrian source rocks and concluded that the
relative contents of C,;, Cy4, and Cyo regular steranes of the oil from
the Cambrian source rocks have an incremental relationship,
namely, C,,<C,3<Cy9. Moreover, the existence of this type of
crude oil has indeed been reported in exploration research, such
as the crude oil produced from wells TZ168, TZ30, and TZ16 and the
inclusion of hydrocarbons in wells TZ11, TZ12, and TZ47 (Hanson
et al., 2000; Cai et al., 2009a; Cai et al., 2009b; Cheng et al., 2016; Li
et al., 2018), indicating that the oil in the northern and central
Tazhong areas does have some contributions from the Cambrian
source rocks. The peak heights of the regular steranes of the oil from
the Ordovician source rocks are characterized by the order
C,7>C,3<Cy9 (V-shaped), and most of the crude oil produced in
the Lower Paleozoic strata is this type (Zhang et al, 2000a).
However, with the increase in available geological data and the
deepening of research, Wang et al. (2014) found that the regular
sterane characteristics of the Cambrian oil from well ZS1 are similar
to those of the Ordovician in the Tabei and Tazhong areas, both of
which exhibit V-shaped patterns, such as wells XH1, KT1, and LT1.
Therefore, the discovery of well ZS1 indicates that the Cambrian
source rocks can generate not only crude oil characterized by six
high aspects and one low aspect but also Ordovician-type crude oil
characterized by six low aspects and one high aspect (Wang et al.,
2014). In addition, the existing research results show that the
Cambrian light oil in well LT1 has a good affinity with the
2021).
Regarding the relative sterane contents, Zhang et al. (2015)

Cambrian Yuertusi Formation source rocks (Deng,

confirmed that the relative abundance of C,g sterane in the
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and Czs/
(Cy7+Cy5+Cy9) > 0.25, while the upper Ordovician source rocks

Cambrian source rocks is significantly higher,
have the opposite characteristics.

Jin et al. (2017) analyzed the differences between the Cambrian
and Ordovician source rocks using the Cambrian mudstone in well
XHI and the gray mudstone in the Upper Ordovician Lianglitage
Formation in well LN46 as representatives. They found that the most
noticeable difference between Cambrian and Ordovician source
rocks is the relative abundance of C,; and C,; tricyclic terpenes:
the ratio of C,,/Cy; tricyclic terpenes in Cambrian source rocks
is >1.0 in the Cambrian source rocks, while the ratio of C,;/Csys
tricyclic terpenes in Ordovician source rocks is <1.0. Zhang et al.
(2015) considered that the oil in the Tazhong and Tabei areas as a
typical representative of the Ordovician source rocks. This type of
crude oil has a relatively low C,,4 tricyclic terpane content and
pristane/phytane (Pr/Ph) ratio and a higher C,; tricyclic terpane
content and dibenzothiophene/phenanthrene (DBT/P) ratio.
According to Cai et al. (2009a), the crude oil from well TD2 has
a higher gammacerane index, and the C;oap hopane content is
higher than the C,9ap hopane content.

In addition, it has been found that the crude oil derived from
Cambrian source rocks in the Lunnan area of the Tarim Basin has
higher contents of C,4-20S, Cys-20R+C,,-20S, and C,,-20R
triaromatic steroids (TAS), while the crude oil derived from
Ordovician source rocks has higher contents of C,320S and
C,520R TAS (Li et al, 2006; Mi et al, 2007). Zhang et al.
(2000a), Zhang et al. (2002) found that the TAS contents of the
Cambrian source rocks from well He4, the crude oil from well TD2,
and the Cambrian source rocks are high, while these compounds
cannot be detected in the Middle-Upper Ordovician source rocks in
wells TZ6 and LG9.

Although great progress has been made in the study of the main
oil source of the Lower Paleozoic strata in the Tarim Basin, no
consensus has been reached at present. In fact, the existing disputes
reflect the complexity of the hydrocarbon genesis and sources in the
Tarim Basin. Due to limited coring data, the deep burial of the
source rocks, the high degree of thermal evolution, and the lack of
effective source rock samples, direct evidence is lacking. Due to the
basin’s size, hydrocarbon generation biomarkers for the source rocks
in different zones of the same stratum may exhibit some differences,
and/or the biomarkers of the hydrocarbon generated by different
strata may show similarities. Thus, convincing direct and effective
evidence supporting a Cambrian or Ordovician source has not been
obtained.

In this study, we conducted multiple visits to the Keping area of
the Tarim Basin many times to investigate the outcrops of Cambrian
and Ordovician strata, and we found abundant reservoir bitumen in
the Cambrian strata. The geochemical characteristics of the bitumen
and the Cambrian and Ordovician source rock outcrop samples
from this area were analyzed and compared to determine their
sources. In addition, published data for the Cambrian source rocks
and crude oil produced inside the basin were used for comparison.
Several widely used parameters mentioned above were verified and
different conclusions were reached. It should be noted that some
commonly used plates are cited in this paper, and some new
application opinions are proposed. The results of this study serve
as a reference for research on the oil and gas sources in the Tarim
Basin.
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FIGURE 1

(A) Simplified tectonic map of the Tarim Basin, (B) geological sketch of Keping area (modified from Turner, 2010) and (C) the generalized

stratigraphic column for Keping area (after Gao et al., 2012).

2 Geologic settings

The Tarim Basin is located in northwestern China. It is the
largest oil-bearing basin in China with an area of approximately
56x10* km? and is a superimposed basin developed on the pre-
Sinian basement (Lin et al., 2012; Shi et al., 2017). The interior of the
basin consists of multiple tectonic units (Figure 1B; modified from
Yang et al., 2017a).

The study area is located in the Keping uplift, about 30 km from
Aksu City. The Keping uplift is adjacent to the Wushi sag and the Wensu
uplift to the north, the Bachu Uplift to the south, and the Awati
depression to the east (Figure 1B). In the Early Cambrian, a large-
scale rapid transgression occurred in the Keping uplift (Yang et al,
2017b). Phosphorous mudstone was developed in the Yuertus
Formation (€,y), and thick gypsum-salt rock and dolomite were
deposited during the Middle-Upper Cambrian. The Lower-Middle
Ordovician stratum is mainly composed of carbonate and mudstone,
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and deep-sea siliciclastic sedimentary rocks were deposited throughout
the entire basin in the Upper Ordovician (Lin et al, 2012). The
stratigraphic division of the Cambrian and Ordovician in the Keping
area is shown in Figure 1C (Gao et al,, 2012). The Cambrian Yuertus
Formation and Ordovician Yingan (Osy) and Sargan (O, 3s) formations
are relatively good source rocks.

3 Samples and methods
3.1 Samples

In this study, a total of 134 samples were collected from profiles
in the Keping area. The sample information is presented in Table 1.
Typical sample photographs are presented in Figure 2.

Total organic carbon (TOC) and Rock-Eval Pyrolysis analyses
were applied on 40 mudstone samples (Table 2). Sixteen mudstone
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TABLE 1 Information of outcrop samples in Keping area.

Sample type Stratum  Outcrop Sample lithology
amount
Mudstone (source €y Linkuanggou 15 black mudstone at the bottom of the Yuertus Formation and gray black mud shale in the
rock) middle
Sugetbulak 21
Shihuiyao 13
Shiarike 15
0,38 Sishichang 13 gray-black mudstone and carbonaceous mudstone
Dawangou 17
Osy Dawangou 12 gray-black calcareous mudstone
bitumen €, Shihuiyao 16 -
€w Shihuiyao 12 -

FIGURE 2

The typical sample characteristics of the source rocks and bitumen in Keping area. (A) black mudstones in the €,y, Sugetbulak profile; (B) mudstone

in the €.y, Linkuanggou profile; (C) black shale in the €,y, Shiairike profile; (D) mudstone in the €,y, Shihuiyao profile; (E) black mudstones in the O,_ss,
Dawangou profile; (F) black mudstones in the O5_ss, Sishichang profile; (G) black mudstones in the Ozy, Dawangou profile; (H-J) bitumen in the €5s,
Shihuiyao profile; (K, L) bitumen in the €;,w, Shihuiyao profile.

samples (nine Cambrian samples and seven Ordovician samples) To ensure the accuracy of the test results, more attention should
and nine bitumen samples were prepared for Soxhlet extraction. Gas  be paid during the sampling. The external surfaces of the outcrops
chromatography-mass spectrometry (GC-MS) analysis was  should be removed. Weathered and fresh samples can be
conducted on 25 extracts (Tables 3, 4). distinguished according to their colors. Thus, the collection of a

Frontiers in Earth Science 04 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1323705

Xu et al.

TABLE 2 TOC contents, maturity and Kerogen types of selected source rocks.

10.3389/feart.2023.1323705

Outcrop Stratum Lithology TOC(%) Ro (%)
SGT €y black mudstone 0.44 1.24
SGT €y black mudstone 223 1.40
SGT €y black mudstone 0.49 1.28
SGT €y black mudstone 0.43 1.23
SGT €y black mudstone 1.03 1.25
SGT €y black mudstone 0.53 1.24
SGT €y black mudstone 1.43 1.37
SGT €y black mudstone 3.04 1.35
SGT €y black mudstone 2.32 1.43
SGT €y black mudstone 0.66 1.38
SGT €y black mudstone 0.96 1.42
LKG €y black shale 0.50 1.25
LKG €y black shale 0.71 1.26
LKG €y black shale 0.85 1.21
LKG €y black shale 1.06 1.26
LKG €y black shale 0.38 1.22
LKG €y black shale 0.45 1.23
LKG [53%% black shale 1.15 1.25
LKG €y black shale 0.87 1.28
LKG €y black shale 1.09 1.22
SHY €y black mudstone 1.13 1.27
SHY €y black mudstone 0.95 1.28
SHY €y black mudstone 1.20 1.24
SAK €y black shale 4.30 1.14
SAK €y black shale 3.57 1.23
SCH 0,38 black mudstone 243 1.28
SCH 0,38 black mudstone 1.81 1.15
SCH 0,38 black mudstone 0.44 1.16
SCH 0,38 black mudstone 1.95 1.23
SCH 0,38 black mudstone 2.03 1.18

DWG 0,38 black mudstone 2.37 1.25
DWG 0,38 black mudstone 2.57 1.21
DWG Oy.38 black mudstone 2.19 1.22
DWG 0,38 black mudstone 3.35 1.26
DWG 0,38 black mudstone 348 1.25
DWG Oy black mudstone 0.89 1.22
DWG Ozy black mudstone 1.19 1.17
DWG Osy black mudstone 1.23 1.16
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TABLE 2 (Continued) TOC contents, maturity and Kerogen types of selected source rocks.

Outcrop Stratum Lithology TOC(%)
DWG Osy black mudstone 0.61 1.20
DWG ‘ Oy ‘ black mudstone ‘ 1.10 ‘ 1.18

Note: SGT, Sugaitebulake; LKG, Linkuanggou; SAK, Shiairike; SCH, Sishichang; DWG, Dawangou; SHY, Shihuiyao.

TABLE 3 Partial geochemical parameters of the source rock and bitumen samples.

Sample Stratum Outcrop A B C D E F (€] H | J
BSH €y LKG 171 0.92 041 0.77 1.32 0.63 0.59 0.22 0.16 0.51
BSH €y LKG 1.16 0.97 0.34 0.82 1.36 0.68 0.66 0.22 0.16 0.49
BSH €y LKG 1.29 0.87 041 091 1.49 0.66 0.61 0.21 0.18 047
BSH €y SGT 1.19 0.83 0.33 0.82 1.42 0.63 0.60 0.24 0.19 045
BSH €y SGT 1.01 1.46 0.40 0.89 1.51 0.72 0.57 0.26 0.21 0.49
BM €y SHY 115 0.88 0.46 0.86 1.53 0.62 0.63 0.24 0.17 0.52
BM €y SHY 117 0.92 0.50 0.58 0.86 0.49 0.59 0.37 0.16 0.50
BSH €y SAK 1.64 1.01 0.19 0.53 0.85 0.59 0.54 0.16 0.20 0.46
BSH €y SAK 1.38 0.96 039 0.57 0.75 0.52 0.44 0.16 0.18 0.59
BM 0,35 SCH 1.01 1.10 1.86 0.18 0.12 0.65 047 0.35 0.23 0.54
BM 0,38 SCH 1.05 1.17 1.96 0.28 0.16 0.89 0.52 0.32 0.23 0.52
BM Osy DWG 1.00 1.02 221 0.36 0.18 0.72 0.67 0.33 0.22 0.46
BM Osy DWG 1.06 1.04 226 0.39 0.19 091 0.48 0.40 0.38 0.53
BM O3y DWG 1.01 1.02 222 0.39 0.19 0.68 0.54 0.27 0.25 052
BM Osy DWG 1.06 1.03 225 0.40 0.20 0.51 0.39 0.16 0.15 0.48
BM Osy DWG 1.06 1.01 237 0.46 0.22 073 0.37 0.39 0.32 047

BS €55 SHY 1.26 093 0.28 0.80 1.66 0.52 0.50 0.22 0.18 0.48
BS €55 SHY 1.25 0.88 0.40 0.64 113 0.60 0.53 0.30 0.17 0.50
BS €,s SHY 117 1.06 0.23 0.72 1.62 0.48 0.47 0.22 0.18 0.49
BS €5 SHY 1.32 0.89 0.40 0.76 131 0.62 0.55 0.32 0.17 0.46
BS €55 SHY 1.89 1.00 0.54 0.81 113 0.49 0.42 0.20 0.17 0.56
BS €5 SHY 1.36 0.93 0.48 0.72 1.24 0.64 0.57 031 0.18 0.46
BS €5 SHY 127 0.96 047 0.76 131 0.64 0.56 0.25 0.18 047
BS Ew SHY 262 1.17 0.62 0.87 1.40 0.58 0.60 031 0.17 045
BS €w SHY 1.28 147 0.51 0.89 1.59 051 0.61 0.15 0.21 0.60

Note: BSH, black shale; BM, black mudstone; BS, bitumen sample; LKG, Linkuanggou; SGT, Sugaitebulake; SHY, Shihuiyao; SAK, Shiairike; SCH, Sishichang; DWG, Dawangou. A: CPI; B: OEP;
C: Pr/Ph; D: Pr/n-Cy7; E: Ph/n-Cyg; F: Cy1/Co3TT; G: Cr0/Cyy TT; H: G/C3oH; It C5;HH22R/C30H; J: Ts/(Ts+Tm). TT, tricyclic terpane; H = hopane; G = gammacerane; HH: homohopane.

weathered sample can be easily avoided during the sampling  carbon content (TOC) was determined following the elimination
of carbonates with HCl. Approximately 100 mg sample was heated
to 550°C, and then held for 600 s to measure TOC.

Rock-Eval analysis was performed using a Rock-Eval

process.

3.2 Analytical methods instrument. The quantity of pyrolysis products (S;, S,, mg, HC/g)
produced by kerogen during gradual heating in a helium flow were

3.2.1 Bulk measurements measured. The samples were heated to 300 °C and hold for 5 min to

Samples were thoroughly cleaned and ground into powder
(<200 mesh) before conducting analysis. The total organic

Frontiers in Earth Science

release the S, fraction, followed by a 25°C/min heating process until
650°C to release S, fraction.
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TABLE 4 Sterane and aromatic parameters of the source rock and bitumen samples used in this study.

Sample Stratum Outcrop
BSH €y LKG 36.07 34.11 29.82 047 0.53 0.31 027 2.10 113 0.83 0.06
BSH €y LKG 34.58 3225 33.18 0.46 0.50 0.54 0.21 1.80 1.52 1.34 0.02
BSH €y LKG 40.15 29.89 29.96 0.42 0.47 0.24 0.12 2.15 2.58 1.26 0.07
BSH €y SGT 38.10 3234 29.56 047 0.50 0.46 0.16 2.06 1.26 1.36 0.06
BSH €y SGT 34.86 3226 32.88 047 0.51 0.48 0.21 2.90 2.81 0.82 0.04
BM €y SHY 37.50 3222 3028 0.44 0.48 0.28 0.17 3.01 0.90 0.30 0.05
BM €y SHY 37.01 34.65 2835 0.49 0.53 0.27 0.18 3.29 1.28 0.24 0.16
BSH €y SAK 38.10 29.44 32.46 047 0.53 0.47 0.25 2.04 1.44 1.45 0.17
BSH €y SAK 39.67 28.72 31.61 0.50 0.56 0.17 0.24 3.99 0.99 1.07 0.09
BM 0,38 SCH 3297 36.64 3039 0.48 0.46 1.71 0.87 2243 337 5.03 0.02
BM 0,38 SCH 39.50 30.14 30.36 0.55 045 1.52 0.67 3421 341 534 0.01
BM Oy DWG 46.48 23.89 29.63 0.56 0.47 0.89 0.90 8.20 533 3.10 0.01
BM Osy DWG 57.59 18.59 23.81 0.60 0.42 1.23 1.21 11.57 5.90 4.82 0.02
BM Osy DWG 41.03 24.16 34.81 0.58 0.52 0.69 1.28 8.36 458 4.68 0.01
BM Osy DWG 37.07 3281 30.12 0.46 0.53 1.02 1.20 10.36 434 4.82 0.02
BM O3y DWG 49.21 16.80 33.99 0.64 0.46 0.88 172 16.69 6.54 291 0.03
BS €5 SHY 34.86 33.17 31.98 0.45 0.50 047 0.28 2.65 2.54 0.54 0.06
BS €55 SHY 37.86 34.56 27.57 0.48 0.54 041 0.38 2.06 2.72 1.01 0.05
BS €5 SHY 36.06 3220 31.73 0.44 0.49 041 0.21 1.71 3.49 0.76 0.04
BS €,s SHY 41.51 32.14 26.34 0.48 0.52 0.32 0.17 2.14 1.97 0.54 0.05
BS €5 SHY 42.55 29.50 27.95 0.44 0.50 0.53 0.28 2.95 1.00 0.74 0.06
BS €55 SHY 33.62 35.97 3041 047 0.52 0.34 0.21 2.52 121 0.81 0.06
BS €55 SHY 35.40 32.87 31.73 0.45 0.50 048 0.23 243 0.97 1.02 0.06
BS €w SHY 32.94 36.00 31.06 047 0.52 0.29 0.19 2.92 0.87 1.69 0.06
BS €w SHY 38.17 3222 29.60 0.50 0.56 0.19 0.40 2.82 0.95 0.69 0.09

Note: BSH, black shale; BM, black mudstone; BS, bitumen sample; LKG, Linkuanggou; SGT, Sugaitebulake; SHY, Shihuiyao; SAK, Shiairike; SCH, Sishichang; DWG, Dawangou. A: C,,% RS; B:
C15% RS; C: C29% RS; D: Cog-aPp/(app+aaa); E: Cro-aaa 208/(20S+20R); F: Cy; .5, pregnanes/Cuy o9 RS; G: Cy7 DS/Cyz.co0 RS; H: 4-MDBT/1-MDBT; I: MP/P; J: Fla/Py; K: DBT/P. RS: regular
steranes; DS: diasteranes; MP: methylphenanthrene; P: phenanthrene; Fla: fluoranthene; Py: pyrene.

3.2.2 Vitrinite reflectance (Ro)

The mean vitrinite reflectance (Ro, %) was measured by polarized
light immersion method. Reflected light microscope is a computerized
MPVSP for reflectance measurement using MPV-Geor software.

The equivalent vitrinite reflectance is calculated based on the
conversion relationship between bitumen reflectance (R,, ;) and
vitrinite reflectance (Ro) proposed by Feng and Chen, (1988): Ro =
0.6569R,, 1, + 0.3364.

3.2.3 Gas chromatography—mass spectrometry
(GC-MS)

All samples were analyzed by gas chromatography (GC) and gas
chromatography-mass spectrometry (GC-MS) (Table 3). Use the
Trace GC Ultra system coupled with DSQ mass spectrometer to
analysis saturated and aromatic hydrocarbon fractions. GC was
equipped with a PTV injection system and a fused silica capillary
column (SGE BPX5; 50 m, inner diameter = 0.22 mm, film thickness =

Frontiers in Earth Science

0.25 pm). Helium was used as carrier gas with a flow rate of 1 mL/min,
and the temperature of the GC oven was programmed from 50°C
(1 min isothermal) to 310°C with a flow rate of 3°C/min, followed by a
30 min isothermal phase. The injector temperature was programmed
from 50°C to 300°C at a rate of 10°C/s and maintained for 10 min. Full
scan mass spectra were recorded from m/z 50 to 330 at a scan rate of
2.5 scans/s. The quantification of aromatic fractions was carried out
using 1-ethylpyrene as internal standard.

4 Results
4.1 Organic matter contents
4.1.1 Cambrian source rocks

The €,y source rocks are mainly composed of dark
carbonaceous shale. The TOC contents are 0.38%-4.30%, with an
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Gas chromatograms of selected source rock and bitumen samples.

average of 1.34%. The equivalent Ro is 1.14%-1.43%. The TOC
contents of the €,y source rocks in well LT1 are higher than those of
the outcrops in the Keping area (0.14%-29.8%; average of 5.65%)
(Zhu et al., 2022).

4.1.2 Middle-Upper Ordovician source rocks

The Middle-Upper Ordovician source rocks mainly include O,
3s and O3y. The O, 35 source rocks mainly consist of gray-black and
black carbonaceous mudstone mixed with a small amount of dark
gray calcareous mudstone and micrite. The TOC contents are
0.44%-3.48%, with an average value of 2.33%, and the equivalent
Ro values are 1.15%-1.28%. The lithology of the O3y source rock is
composed of gray-black calcareous mudstone intercalated with dark
gray banded argillaceous limestone. The TOC contents are 0.61%-
1.23%, with an average of 0.98%; and the equivalent Ro values are
1.16%-1.20%.

4.2 n-Alkanes and isoprenoids

The distribution and relative contents of the n-alkanes can
usually provide geochemical information such as the kerogen
type and depositional environment. As shown in Figure 3, the
distribution of the n-alkanes in the O, 3s and Osy source rocks is
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n-Cy, to n-Cs,, exhibiting a unimodal distribution, and the
dominant peak carbon number is n-Cis to n-C;¢ (Figure 3).
The relative content of n-alkane compounds with carbon
numbers of n-Cj, to n-C,s accounts for the majority
(Figure 4A). An unresolved complex mixture (UCM) was
observed during the gas chromatography (GC) analysis of the
€,y source rocks and Cambrian bitumen samples, indicating that
biodegradation had occurred (Ross et al., 2010). The distribution
of the m-alkanes in the €,y source rocks is #n-Cj-n-Cs,,
exhibiting a unimodal distribution, and the dominant peak
carbon number is n-Ci3 to n-C,; (Figure 3). The relative
content of n-alkane compounds with carbon numbers of n-Ciq
to n-Cys accounts for the majority (Figure 4B). The distribution
of the n-alkanes in the €,w and €,s bitumen is n-C,4-n-Cs,,
exhibiting a bimodal distribution, and the dominant peak carbon
number is n-C;g to n-Cyg (Figure 3). The relative content of the
n-alkane compounds with carbon numbers of n-C;s to n-Cyg
accounts for the majority (Figure 4C). Compared with the
Cambrian source rocks, the Ordovician source rocks have a
higher content of low carbon number (<17) n-alkanes. The
high carbon number n-alkane (n-C,5 to n-Cj5) contents of the
bitumen samples and source rocks are low, indicating the input of
marine algae organic matter (Ebukanson and Kingh, 1986;
Murray and Boreham, 1992).
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FIGURE 4

Distributions of n-alkanes in the source rocks and bitumen
samples. (A) Ordovician source rocks; (B) €1y source rocks; (C)
bitumen samples.

The Pr/Ph ratio has been widely used as an indicator of the source
of organic matter and the redox conditions of the sedimentary
environment (Large and Gize, 1996). Pr/Ph ratio of >3.0 indicates
that the main source of the organic matter is terrestrial plants (oxidizing
conditions) (Peters et al., 2005). The extremely high Pr/Ph ratio may
result from contamination. As another possibility, the contribution of
particular biological precursors in shallow marine environments may be
also responsible for the higher Pr/Ph ratio. Under anoxic conditions, the
Pr/Ph values are low (<1.0) (Zhang and Huang, 2005), while under
suboxic conditions, the values range from 1.0 to 3.0 (Waseda and
Nishita, 1998). As shown in Table 3, the Pr/Ph ratios of the Osy and O,
38 source rocks are 2.21-2.37 and 1.86-1.96, respectively. The Cambrian
source rock and bitumen samples exhibit a low Pr/Ph ratio (<0.6). The
results indicate that the sedimentary environment of the source rock
samples and the bitumen-producing source rocks was anoxic. The
results show that the source rock samples and the bitumen-producing
source rocks were deposited in an anoxic environment.

The low Pr/n-C,; and Pr/Ph ratios indicate that the source rocks
of bitumen and the €,y source rocks mainly involved the input of
marine organic matter, while the Ordovician source rock samples
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were different (Figure 5A). The higher Pr/Ph values of Ordovician
source rocks may be related to the contribution of particular
biological precursors. The plot of Pr/n-C;; versus Ph/n-C;g can
be used to assess the sedimentary environment and the organic
matter type of source rocks (Shanmungam, 1985; Hanson et al,
2000). As shown in Figure 5B, the bitumen and €,y source rock
samples were deposited in a reducing environment, and the organic
matter mainly came from algae. The characteristics of the bitumen
and the €,y source rocks are similar (Figure 5).

4.3 Tricyclic terpanes and pentacyclic
terpanes

Some of the tricyclic terpenoids (TTs) and hopanes are shown in
Figure 6. TTs with carbon numbers of C;o to Cs; were detected in
most of the samples (Figure 6). A high abundance of TTs is an
obvious feature of marine source rocks and marine-derived oils
(Philp and Gilbert, 1986), and these compounds may be originated
from prasinophycean algae such as Tasmanite (Simoneit et al., 1990;
Greenwood et al., 2000) or Leiosphaeridia (Dutta et al., 2006).

Although short-chain tricyclic terpenoids are easily generated in the
high maturity stage, terpanes are more resistant to thermal maturity
than hopanes (Peters, 2000; Alberdi et al., 2001). Since the proportion of
the C,3 component in tricyclic terpenoids decreases with increasing
maturity, it can be used to evaluate maturity (Peters and Moldowan,
1993; Farrimond et al., 1999). The distribution of tricyclic terpanes in all
source rock and bitumen samples is as follows: C,5>C,;>Cyg (Cyy/
Cy3<1, Cy0/Cyi<1) (Figures 6, 7A; Table 3).

Extended hopanes (C;; hopane to Css hopane) are usually
influenced by the oxidative capacity of the sedimentary
environment (Peters et al, 2005). The homohopanes (HH) are
generally thought to be considered to originate from C;s
hopanoids (Waples and Machihara, 1991; Peters et al., 2005). In
this study, the homohopane distribution exhibits a decreasing trend
from Cj; to Cs5 (Figure 6). The plot of Pr/Ph versus Cs; hopane 22R/
C30-af hopane (C5,H/C;0H) is usually used to distinguish between
the source rocks of different strata. As shown in Figure 10B, the
bitumen and €,y source rock results plot within a relatively
concentrated area (Figure 7B).

Gammacerane (G) was originally identified in the bitumen of the
Green River shale (hypersaline environment) (Henderson and Steel,
1971). A high content of gammacerane can indicate a saline-
hypersaline environment (Hanson et al., 2000; Holba et al., 2003;
Summons et al., 2008). The dominance of C;yH is associated with
clay-rich source rocks (Peters et al., 2005). The salinity of the
sedimentary water can be effectively reflected by the gammacerane
index (G/C;0H). As shown in Figure 7C, the paleosalinity of the
depositional environments of the Ordovician and Cambrian source
rocks was similar, and the bitumen and €,y source rock samples were
deposited in an anoxic marine environment (Tao et al., 2015).

4.4 Steranes
The C,,-C,y regular steranes and C,;, C,, steranes (m/z = 217) are

recognized on the key ion (m/z = 217) chromatograms (Figure 8). The
C,; regular steranes are generally believed to originate from algae and
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aquatic organisms (Huang and Meinschein, 1979), and the C,g steranes
may be related to the input of organic matter from phytoplankton
(Moldowan and Talyzina, 1998), while the C,y regular steranes are
typical steroids related to terrestrial plants (Volkman, 1986; Moldowan
and Talyzina, 1998). The relative abundance of the regular C,;—Cy3-Csy
steranes is usually used to predict the sedimentary environment and the
main source of organic matter (Moldowan et al., 1985). Moreover, even
under strong thermal evolution, the relative peak heights of C;;—Cyg—Cyg
steranes are still effective in oil-source correlation. As shown in Figure 8,
the peak heights of the regular steranes in the Cambrian and Ordovician
source rock and bitumen samples exhibit the following characteristics
order: Cy;>C,3<Cyy (Figure 8), resulting in a V-shaped pattern. This
indicates that the organic matter in both the source rock and bitumen
samples came from marine sediments (ten Haven et al., 1988).

As shown in Figure 9A, the relative abundances of the regular
C,7, Cy, and C,g steranes in the Ordovician source rocks exhibit the
order of Cy;>Cy3<Cyo, while the order of most of the €,y source
rock and bitumen samples is C,,>C,5>Cyo (Figure 9A; Table 4). The
ternary diagram shows the relative contents of the Cy;—~Cys—Cyg
regular steranes (Figure 9B). The relative contents of the C,; regular
steranes in the Osy, O,3s, and €,y source rocks and bitumen
samples are 37.07%-57.59%, 32.97%-39.50%, 34.58%-40.15%,
and 32.94%-42.55% (Table 4), respectively, which also indicates
that the parent source of the two sets of source rocks and bitumen
was mainly marine sediments (Li et al., 2017).

The C,9 00a20S/(20S+20R) and Cyg affB/(app+aaa) parameters
are usually used to predict the maturity of source rocks and oil
(Mackenzie and McKenzie, 1983; Mackenzie et al., 1984; Peters et al.,
1999). As depicted in Figure 9C, the distribution of the €,y source
rocks is consistent with that of the bitumen, both of which are quite
different from that of the Ordovician source rocks.

C,; and C,, steranes are highly resistant to biodegradation due
to the absence of an alkyl side chain (Dutta et al, 2013). It is
generally believed that diasteranes originated from steroids
catalyzed by clay minerals (Rubinstein et al., 1975; Giirgey,
1999). An oxic environment is conducive to the formation of
diasteranes (Peters and Moldowan, 1993), and the contents of
diasteranes increase with increasing maturity (Zumberge, 1987).
The C,; diasteranes/C,; ,q regular sterane ratios of the Ordovician
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source rocks are 0.67-1.72, while those of the €,y source rocks and
bitumen are relatively low, ranging from 0.12 to 0.40 (Figure 9C;
Table 4). The above evidence indicates that there are differences in
the clay content, sedimentary environment, and/or thermal
evolution of the Cambrian and Ordovician source rocks.

4.5 Polycyclic aromatic hydrocarbons

TAS, MP, and DBT are aromatic hydrocarbon compounds that
have been widely used in assessing thermal maturity (Radke, 1988;
Chakhmalkhchev et al, 1997; Kruge, 2000) and defining the
depositional environment (Hughes et al, 1995; Radke et al,
2000). Triaromatic dinosteroids (TDS) have specific biogenic
significance (Zhang et al, 2000a). Dinosterol, the precursor of
dinosteroids (dinosterane and triaromatic dinosteroids), is
derived almost entirely from dinoflagellates (Volkman et al,
1990; Volkman, 1998), so dinosterane can almost be considered
to be molecular biological fossils of dinoflagellates (Zhang et al.,
2000b).

It has been concluded that the C,4-TAS 20S, C,4-TAS 20R + C,5-
TAS 20S, C,,-TAS 20R, and TDS contents of the Cambrian source
rocks in the Tarim Basin are very high. By contrast, the crude oil
derived from the Ordovician source rocks contains high contents of
C,5-TAS 20S and C,5-TAS 20R but almost no TDS (Mi et al., 2007).
However, the analysis of the Cambrian and Ordovician outcrop
source rock samples from the Keping area shows that the contents of
these compounds are relatively high in both types of source rocks
(Figure 10). Therefore, such compounds cannot be used to
distinguish between the Cambrian and Ordovician source rocks
in the Keping area.

The plot of dibenzothiophene/phenanthrene (DBT/P) versus Pr/
Ph (Figure 11A) can be used to discriminate between different
source rock lithologies and sedimentary environments (Hughes
et al, 1995). As shown in Figure 11A, the O, 3s and Osy source
rock samples cluster fairly close together in zone 3, corresponding to
a source from marine or lacustrine shales (Figure 11A), while the
€,y source rock and bitumen samples cluster fairly close together in
zone 2.
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The plot of Fla/Py versus MP/P can also be used to distinguish
between the €,y and Ordovician source rocks, and the bitumen
samples have a good correlation with the €;y source rocks
(Figure 11B).

5 Discussion
5.1 Maturity of organic matter

In the epigenetic stage, the C,;18a (H)-trisnorhopane (Ts) is
more resistant to degradation than the C,;17a (H)-trisnorhopane

(Tm) (Seifert and Moldowan, 1978). Although the Ts/(Ts+Tm) ratio
is usually affected by the sedimentary facies of the organic matter
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and is especially sensitive to clay minerals (Moldowan et al., 1986), it
is still widely used as a maturity parameter, and the ratio increases
with increasing maturity. The of
dibenzothiophene have become effective

maturity ~ parameters
series compounds
indexes for evaluating the molecular maturity of marine
carbonate rocks and their hydrocarbon molecules in the high to
over-mature stage. 4, 6-DMDBT/1, 4-DMDBT, 2, 4-DMDBT/1, 4-
DMDBT, and 4-MDBT/1-MDBT (DMDBT:  dimethyl
dibenzothiophene; MDBT: methyl dibenzothiophene) and other
maturity parameters had been proposed by researchers (Schou
and Myhr, 1988; Chakhmakhchev et al., 1997; Luo et al., 2011).
The plot of Ts/(Ts+Tm) versus 4-/1-MDBT can also be used to
distinguish between the Cambrian and Ordovician source rocks.
The Ts/(Ts+Tm) ratios of the €,y and Middle-Upper Ordovician
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source rock and bitumen samples are 0.45-0.59, 0.46-0.54, and
0.46-0.60, respectively (Figure 7D; Table 3). The distributions of the
data points for the bitumen and €,y source rocks are consistent
(Figure 7D).

In this study, the Ts/(Ts+Tm) ratios of the €,y and Ordovician
source rocks are similar, but their 4-/1-MDBT ratios are quite
different, ranging from 1.80 to 34.21. In addition, the €,y source
rocks in well LT1, which have ratios of 2.5-13.83, also exhibit similar
characteristics (Yang et al., 2020). It is speculated that the reason for
this phenomenon is that the source rock samples from the Keping
area were collected from different profiles, especially €,s, and the
samples were collected from the Sishichang and Dawangou profiles.
These two profiles are geographically far away from each other and
may have experienced different weathering environments and
different thermal evolution processes. Hence, this parameter may
be not properly used as a maturity parameter (at least not proper for
Cambrian source rocks).

The isomerization values of diasteranes and regular steranes are
usually used to measure the maturity and the degree of degradation
of organic matter. The regular sterane isomerization parameters, C,g
aaa20S/(20S+20R) and C,y app/(app+aaa), increase as the degree
of thermal evolution of the organic matter increases. During
diagenetic evolution, the C,y aaa20S/(20S+20R) and C,y afp/
(app+aaa) ratios can reach the equilibrium endpoints of
0.52-0.55 and 0.67-0.71, respectively (Seilfert and Moldowan,
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1986). For the samples in this study, the C,9 aaa 20S/(20S+20R)
ratios of the bitumen and the €,y and Ordovician source rocks are
0.49-0.56, 0.47-0.56, and 0.42-0.53, respectively; and their C,o afp/
(app+aaa) ratios are 0.44-0.50, 0.42-0.50, and 0.46-0.64,
respectively (Figure 12B; Table 4). These Cy app/(app+aaa)
ratios are not within the equilibrium range of 0.67-0.71, which is
inconsistent with the medium-high maturity revealed by the
equivalent Ro values of 1.03%-1.42%.

The biomarker characteristics of some of the drilled source rocks
in the basin are shown in Figure 12. The Cy9 0ca20S/(20S+20R) and
C,9 afp/(afp+aaa) ratios of the drilling samples shown in the plot are
0.34-0.51 and 0.33-0.49, respectively, which do not reach the
equilibrium endpoint. They are also inconsistent with the actual
maturity of the samples. For example, the €,y (€,xd) source rocks
in wells LT1, XH1, and YLI in the northern Tarim Basin are in the
high maturity stage with equivalent Ro values of 1.4%-1.7% (Zhu
etal, 2022),1.39%-1.71% (Yang et al., 2016), and 1.73%-1.99% (Yang
etal, 2016), respectively, which are higher than those of the Cambrian
and Ordovician source rocks in the Keping area. However, the
corresponding presumed maturity on the plot is 0.6%-0.8%. The
€,xd source rocks from well TD2, which are in the high maturity stage
and have equivalent Ro values of 2.63%-2.95%, exhibit the same
characteristics (Ma et al., 2005). The C,9 aaa20S/(20S+20R) ratios of
the Ordovician source rocks in wells LN46, TD2, and TD12 are close
to the equilibrium endpoint. However, only the maturity of the Ol
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source rocks in wells LN46 and TZ12 is consistent with the chart for
Justwan (1.10% (Yang et al., 2016) and 0.81%-1.30% (Zhou, 2019),
respectively). The O;h source rock in well TD2 is currently in the
over-mature stage, with equivalent Ro values of 2.44%-2.65% (Ma
et al,, 2005), and is no longer in the peak stage of oil generation.

Huang and Li (2018) suggested that this is because the evolution
trend of the steranes may be reversed in the high maturity stage, and
isomerization may exhibit immature configurations. Thus, it can be
inferred that the maturity of the bitumen-producing source rock was
lower than that of the current €;y source rocks during the
hydrocarbon generation period, which may be in the medium
maturity stage.
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5.2 Sedimentary environment

5.2.1 Saturated hydrocarbons

The Pr/Ph, Pr/n-C;;, and Ph/n-Cig ratios are commonly used to
analyze depositional environments and oil origins (Peters and
Moldowan, 1993). Low values of these ratios (<1.0) have been
recognized to be indicative of anoxic conditions (Peters et al.,
2005). The Pr/Ph ratios of the €,y source rocks and bitumen
samples from the Keping area are less than 1.0, and the Pr/n-C,;
and Ph/n-Cg ratios are 0.53-0.89 and 0.75-1.66, respectively. The
plots of Pr/n-C,; versus Pr/Ph and Pr/n-C,, versus Ph/n-C,g indicate
that the bitumens originated from marine source rocks deposited in
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a reducing environment with algal microbial input (Figure 5A; 5B).
It is obvious that the Cambrian reservoir bitumen and the source
rock of the Yurtusi Formation have a good relationship. The
relatively low Pr/Ph, Pr/n-Cy;, and Ph/n-Cg ratios indicate a
strongly anoxic sedimentary environment with a large amount of
marine organic matter input for the €,y source rocks and the source
rocks of these bitumens (Peters et al., 2005). This is also confirmed
by the ternary diagram of the regular steranes (Figure 9B).

The biomarker data for the Ph/n-C;g and Pr/n-C,, ratios and
regular steranes C,;—Cy3—Cy 0f some drilled Cambrian source rocks
and crude oil from the Cambrian strata in the platform basin area
are compared here (Figure 13). As shown in Figure 13, the
sedimentary backgrounds of the Cambrian source rocks in the
Keping area, Tadong area (well TD2), and Tabei area (wells LT1,
XH1, YL1, and TS1) are similar, and all of these rocks were deposited
in a reducing marine environment with algae organic matter input.
Moreover, the crude oil samples from the Cambrian strata in wells
TD2, XH1, and TS1 are well correlated with the Cambrian source
rocks (Figure 13A). Therefore, it can be inferred that the €,y
mudstones might have contributed significantly for crude oil
accumulation in the basin.

5.2.2 Aromatic compounds

P) and DBT are formed during diagenesis and in the early stages
of maturation. Reducing conditions are more favorable to the
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formation of DBT and lead to an increase in the DBT/P ratio (Li
et al,, 2017). It should be noted that all of the data points for the
bitumen and €,y source rocks plot in zone 2. Hughes et al. (1995)
initially defined Zone 2 on the DBT/P versus Pr/Ph plot as the
lacustrine sulfate-poor environment (Figure 11A). Since there is no
evidence to prove the existence of lacustrine deposition in the study
area, it is speculated that not only the lacustrine reducing conditions
but also marine environments may produce sulfur-poor conditions,
resulting in low DBT/P ratios.

Isomer ratios such as MP/P and Fla/Py have been widely used to
distinguish between PAHs with diagenetic and combustion/
pyrogenic origins (Prahl and Carpenter, 1983; Soclo et al., 2000;
Yunker et al.,, 2002; Zakir Hossain et al., 2013). The high abundances
of four-, five-, and six-ring PAHs are usually produced by
combustion/pyrogenic processes (Oros and Simoneit, 2001; Oros
etal., 2006; Denis et al., 2012). Fla and Py are usually produced from
petroleum and mature kerogen (Yunker et al., 2002). Prahl and
Carpenter (1983) reported that MP/P values of <1 indicate
combustion or pyrolytic processes. MP/P values of >2 indicate
diagenetics/catagenic sources (Garrigues et al., 1995; Budzinski
et al, 1997). Fla/Py ratios of >1 have been proposed to be
characteristic of pyrolytic origins, and values of <1 indicate
petroleum-sourced PAHs (Sicre et al., 1987; Baumard et al., 1998).

The MP/P and Fla/Py ratios of the €,y source rock and
bitumen samples are 0.87-3.49 and 0.24-1.69, respectively.
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Crossplots among various PAHs biomarker parameters: (A) DBT/P versus Pr/Ph (revised after Hughes et al., 1995), (B) Fla/Py versus MP/P.

Most of the MP/P ratios are >1 (Table 4). However, the MP/P and  can be used to distinguish between the Cambrian and Ordovician
Fla/Py ratios of the Ordovician source rocks are 3.37-6.54 and  source rocks (Figure 11B). Based on Figure 5B; Figure 11B, they
2.91-5.43, respectively (Table 4). The plot of Fla/Py versus MP/P  have similar sedimentary environments and/or organic matter
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Plot of Pr/n-C,; wversus Ph/n-C;g shows that the
of the

(Figure 5B) was a reducing marine environment. Therefore, it is

inputs.
sedimentary environment Cambrian source rocks
possible to define MP/P values of >1 as the interval of diagenesis or
catagenesis (fossil fuel or petroleum sources), and the range of the
Fla/Py ratios indicates that petroleum-sourced PAHs can be
modified to 0-2. Thus, we define MP/P values of >1 and Fla/Py
values of <2 as diagenetically derived PAHs (region 1 in
Figure 11B) and MP/P values of <1 and Fla/Py values of >2 as
combustion/pyrogenic-derived PAHs (region 2 in Figure 11B).
Region 3 in Figure 11B can be defined as reflecting a transitional or

mixed source input area.
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6 Conclusion

A total of 25 samples, including source rocks and bitumen, were
analyzed via gas chromatography-mass spectrometry (GC-MS) to
determine the oil-source correlation between the reservoir bitumen
and the Cambrian-Ordovician source rocks in the Keping area. The
comprehensive evaluation results reveal that the bitumen samples
were most likely derived from the €,y source rocks in the Keping
area, NW Tarim Basin.

The €,y, 0,35, and O3y source rocks, which have high TOC
contents of 0.38%-4.30% and equivalent Ro values of 1.04%-1.43%,
are well developed in this area. Compared with the source rock
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samples drilled in the platform basin area, it can be inferred that the
€,y source rocks are a set of high-quality source rocks that are
widely distributed in the basin and have considerable exploration
prospects.

The carbon number distribution characteristics of the n-alkanes
in the bitumen and €,y source rocks are similar, and n-C,, -1n-Cy¢
n-alkanes are absent, while the characteristics of the Ordovician
source rocks are the opposite. The plots of Pr/n-C,; versus Pr/Ph,
Ph/n-C,g versus Pr/n-C;7, and DBT/P versus Pr/Ph and several
parameters, including G/C;oH and C,;-C,3-Cyo regular steranes,
indicate that the €,y source rocks and the bitumen-producing
source rocks were deposited in a reducing marine sedimentary
environment with considerable algal input. The €,y source rocks
and the bitumen-producing source rocks exhibit a good correlation.
The plot of Ph/n-C,g versus Pr/n-C,; and the ternary diagram of the
regular steranes show that the depositional environment and
organic matter source of the €,y source rocks in the Keping area
are basically the same as those of the Cambrian source rocks and the
related oil inside the basin. The O,_3s and Osy source rocks are more
representative of mixed organic matter sources.

The €,y source rock and bitumen samples have higher C,5/Cyg
regular sterane ratios (>1) than Ordovician source rocks (<1). The
Pr/Ph ratios also exhibit similar features, i.e., the Pr/Ph ratios of the
€,y source rocks and the bitumen samples are 0.19-0.62, while those
of the Ordovician source rocks are 1.86-2.37. Abnormally lower C,o
aaa20S/(20S+20R) and Cyg app/(app+aaa) ratios were observed for
the Cambrian and Ordovician source rocks in the Keping area and in
boreholes inside the basin, which may indicate that the sterane
evolution trend may be reversed in the high maturity stage, and the
isomerization could exhibit immature configurations.

The plots of DBT/P versus Pr/Ph and Fla/Py versus MP/P also
demonstrate that the Cambrian bitumen was produced from the €,y
source rocks. The low DBT/P ratios of the €,y and Ordovician
source rocks may indicate that not only reducing lacustrine
conditions but also marine environments can cause sulfur-poor
conditions. The plot of Fla/Py versus MP/P defines MP/P values
of >1 and Fla/Py values of <2 as diagenetically derived PAHs, and
MP/P values of <1 and Fla/Py values of >2 as combustion/
pyrogenic-derived PAHs and can be used to identify the source
of the PAHs in the strata to a certain extent.

Biomarker parameters that are generally considered to be useful
for distinguishing between Cambrian and Ordovician source rocks,
such as the C,1/Cy; TTs ratio, Cy;—Cy3-Cyg regular sterane peak
shape, TAS, and TDS, are not applicable in the Kepin area. For the
bitumen and Cambrian-Ordovician source rocks in the Kepin area,
these biomarker parameters exhibit the same characteristics,
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