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Light oil is a high-quality crude oil. The formation and chemical composition of

light oil is a matter of great concern to petroleum geologists. Yakela Field and

Shunbei Field, which are located in Yakela and Shunbei regions, respectively, are

the two main light oil fields in the Tabei uplift of the Tarim Basin. In order to

identify the causative mechanism of light oils in these two fields, 17 crude oil

samples were selected and analyzed by gas chromatography (GC) for saturated

hydrocarbons and gas chromatography–mass spectrometry (GCMS) for

saturated and aromatic biomarkers. Then, the compounds were measured

via the mass spectrometry detector after GC separation. The molecular

geochemical characteristics showed that the light oils in the two fields are

sourced from similar marine source rocks deposited under weak oxidative and

reductive environments. The maturity of crude oil in the Shunbei Field is higher

than that in the Yakela Field. Simulation results of hydrocarbon generation

history of source rocks in two fields showed that the formation mechanism of

the two light oils is different. The light oil in the Yakela Field is directly generated

by the source rock in the late oil-generating window. The crude oil in the

Shunbei Field is formed by the deep burial and maturation of the crude oil

generated in the early stage of the source rock.
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1 Introduction

Light oil refers to crude oil with an API higher than 36° (Tissot and Welte, 1978).

Compared to normal crude oil, light oil has a higher economic value (Thompson, 1983).

Therefore, the formation and composition of light oil is a matter of great concern to

petroleum geologists. Previous research suggests that light oils have multiple mechanisms

of formation. The formation of light oil is mainly related to the type of parent material, the

degree of thermal evolution, and the secondary alteration processes within the reservoir.

Humic-type organic matter can produce a small amount of light oil (Snowdon and Powell,

1982; Thompson, 1983; Thompson, 1987). Sapropel-type organic matter can generate a

certain amount of light oil in the high evolution stage. High-temperature thermal cracking
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can break the carbon chain of normal oil to form light oil. Gas

invasion can separate short-chain hydrocarbons from normal

crude oil to form light oil. Light oils formed by different

formation mechanisms are often different (Zhang et al., 2011).

In general, light oils formed by high-temperature thermal

cracking of crude oil are often larger than those formed by

other mechanisms (Zhang et al., 2021). Therefore, the

identification of the genetic type of light oil is of great

significance for the exploration (Thompson, 1983; Zhang

et al., 2011).

The Tarim Basin is the largest petroleum-bearing basin in

China. The Tabei uplift is the most abundant oil and gas zone in

the Tarim Basin (Jia, 1997; He et al., 2016). There are various

types of crude oil in the Tabei uplift, including heavy oil, normal

oil, and light oil. Heavy oil accounts for the vast majority of crude

oil in the uplift and is thought to be due to biodegradation (Yang

et al., 2020; Gu et al., 2020). Light oil mainly exists in the southern

Shunbei region and the northern Yakela region. Although

previous studies have been carried out on the origin of light

oil in the Tarim Basin, most of them are related to secondary

alteration processes, such as gas washing and fractionation

(Zhang et al., 2021). The genetic mechanism of light oil in the

Shunbei and Yakela fields has not been systematically studied. In

this study, the geochemical characteristics of light oil in these two

fields will be systematically investigated in order to identify its

causative mechanism. The study is of great significance for

FIGURE 1
(A)Location of the Tarim Basin in western China and major tectonic domains. (B)Close-up view of the Tabei uplift showing the major faults and
sampled wells.
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FIGURE 2
Generalized chart showing stratigraphy, lithology, tectonic evolution, and petroleum system elements of the Tarim Basin (modified from
Zhu et al., 2019).
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clarifying the genetic mechanism and identifying the source of

light oils in the Tarim Basin and the discovery of new large-scale

oil and gas fields.

2 Geological setting

The Tarim Basin, with an area of approximately 5.6×105 km2, is

the largest petroliferous basin in China (Figure 1A). It is a typical

superimposed basin in western China, consisting of Paleozoic

cratons in the lower part and Mesozoic–Cenozoic foreland

depressions in the upper part (Zhang et al., 2005; Lin et al.,

2012; Liu et al., 2019). The basin is bounded by the Tianshan

Mountains in the north, the Kunlun Mountains in the southwest,

and the Altyn Mountains in the southeast. The first-level tectonic

units in the basin include the Tabei uplift, Tazhong uplift, Kuqa

depression, Northern depression, Southwest depression, and

Southeast fault-uplift belt (Figure 1A) (Zhang et al., 2000; Chang

et al., 2013). The Tarim Basin has a complex history of tectonic

movements, which has experienced three major tectonic events in

the late Caledonian, late Hercynian, and Yanshan–Himalayan

periods (Jia, 1997; He et al., 2016). The sedimentary strata of

Tarim Basin include the Sinian–Devonian marine sedimentary

strata, the Carboniferous–Permian marine-continental transitional

strata, and the Triassic–Quaternary terrestrial sedimentary strata

(Figure 2) (Jia andWei, 2002; Zhu et al., 2019). Organic-rich shale of

the Lower Cambrian Yuertusi Formation (Є1y) was widely

developed in the Tabei uplift, which is the main source rock of

the uplift (Cheng et al., 2020;Wang et al., 2021). The source rockwas

mainly composed of two types of organic facies, namely, planktonic

algae in undercompensated basin and planktonic algae in

evaporative lagoon. The source rock was widely distributed, with

high organic matter abundance and maturity. The organic facies of

source rocks in Shunbei Field and Yakela Field were mainly

planktonic algae in undercompensated basin (Zhang et al., 2004;

Zhu et al., 2018). The middle Ordovician Yijianfang Formation

(O2yj) and the upper Yingshan Formation (O1-2y) are the main

reservoirs in Shunbei Field (Cai and Li, 2008; Lu et al., 2017). The

Lianglitage (O3l) and Sangtamu (O3s) Formations provide excellent

regional cap rocks for the preservation of deep oil and gas

accumulations (Figure 2) (Jiao, 2018). The lower Cretaceous

Yageliemu Formation (K1y) is the main reservoir, and the

Xiaokuzibai Formation (E2k) provide the cap rocks in Yakela

Field (Dai et al., 2009; Li et al., 2016).

After decades of oil and gas exploration and development,

several large deep oil and gas fields such as Tahe, Halahatang, and

Tazhong oil fields have been discovered in Tabei uplift, Tazhong

uplift, and other areas, with total oil and gas reserves of more

than 1×1010 tons (7.3×1010 barrels) (Yang et al., 2020). Tabei

uplift is one of the most enriched areas of oil and gas resources in

Tarim Basin. The oil and gas properties in the Tabei uplift show

regular spatial changes and generally show the characteristics of

heavy in the north and light in the south (Zhu et al., 2019). Light

oil reservoirs in both Shunbei and Yakela oil fields have been

discovered in this area. (Figure 1B) (Gu et al., 2020).

Shunbei Field is located in the south of Tabei uplift and at the

center of Tarim Basin. It is located between Awati Depression

and Manjiaer Depression and is located in the “saddle” of

relatively low structure (Ma et al., 2022). Yakela Field is

located inside the Yakela uplift, which is a successional fault

block uplift formed by Luntai and Yanan faults in the northern

Tarim Basin. It was mainly formed in the late Hercynian period.

Due to long-term uplift, the pre-Mesozoic strata suffered intense

denudation and formed a complex buried-hill system (Dai et al.,

2009; Luo et al., 2012).

3 Samples and methods

3.1 Sample selection and pretreatment

A total of 17 representative crude oil samples were selected

for this study: 6 from Yakela Field and 11 from Shunbei Field in

the Tabei area. (Figure 1B and Table 1). Samples of crude oil were

sealed and refrigerated in dark brown glass bottles to prevent the

loss of light components due to light and temperature increases.

Crude oil samples of about 20 mg were dissolved by adding

n-hexane, thoroughly shaken, and kept for 12 h. Asphaltene was

obtained by filtering using cotton. Saturated hydrocarbon,

aromatic hydrocarbon, and polar hydrocarbon fractions were

obtained by filtration of alumina and silica gel using n-hexane,

dichloromethane/n-hexane (2:1, v/v), and dichloromethane/

methanol (93:7, v/v) as solvents, respectively.

3.2 Gas chromatography and gas
chromatography–mass spectrometry
analysis

Saturated hydrocarbons from the reservoir oils and reservoir

extracts were firstly analyzed via gas chromatography (GC) using an

Agilent 7890A gas chromatographfittedwith a 25 m× 0.20 mm i. d.

DB-5 column with a film thickness of 0.33 μm and using helium as

carrier gas at a constant flow mode. The GC oven temperature was

initially set to 60°C for 1 min, ramped from 60 to 310°C at 7°C/min,

and then held at 310°C for 20 min. Separated n-alkane and

isoprenoid compounds were then analyzed using the Agilent

5977B MSD mass spectrometry detector. Gas

chromatography–mass spectrometry analysis of saturated and

aromatic hydrocarbon biomarkers was performed on an Agilent

gas chromatography–mass spectrometry 8,860 GC-5977B MSD gas

chromatography mass spectrometer. The chromatographic column

model was HP-5 quartz elastic capillary (60 m×0.32 mm×0.25 μm).

Samples were injected in a pulsed splitless mode, the temperature of

the injector was 300°C, the carrier gas was helium, the flow rate was

1 ml/min, the ionization energy was 70 eV, and the detection
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method was full scan (SCAN)/selected ion monitoring (SIM). The

saturated hydrocarbon heating program condition was as follows:

initial temperature of 50°C,maintained for 1min, increased to 120°C

at 20°C/min, increased to 310°C at 3°C/min, and maintained for

25 min. The heating program of aromatic hydrocarbon was as

follows: the initial temperature was 80°C, increased to 310°C at

3°C/min, and held for 25 min. The separation of crude oil

components, gas chromatography, and gas

chromatography–mass spectrometry experiments were performed

in the experimental research center of Wuxi research institute of

petroleum geology of SINOPEC.

3.3 Basin numerical simulation

In this study, the numerical simulation of geological history and

hydrocarbon generation history was mainly carried out using

Petromod software. Prior to the simulation, parameters such as

depth, lithology, deposition and denudation age, denudation

thickness, sedimentary palaeowater depth, geochemical indexes of

source rocks, and hydrocarbon-generation dynamics model were

input. TheTⅡ kerogen kineticmodel byDieckmann et al. (2000) was

adopted for the hydrocarbon generation kinetics model, and other

parameter data such as the stratigraphic, lithologic data, and eroded

thickness were obtained from Northwest Oilfield Branch Company

Ltd., SINOPEC. The terrestrial heat flow data were obtained from Li

et al. (2010), and the thermal conductivity of rocks was obtained

from Li et al. (2019).

4 Results and discussion

4.1 Geochemical characteristics of light
oils

4.1.1 Sedimentary environment and source of
parent material for crude oil

As for isoprenoids, the pristane/phytane (Pr/Ph) ratios of

crude oils in Yakela Field range from 1.00 to 1.24, with an average

of 1.08. The Ph/nC18 ratio ranges from 0.30 to 0.54, with an

TABLE 1 Organic molecular parameters of oil samples from Yakela Field and Shunbei Field.

Well Depth
(m)

Fm A1 A2 A3 A4 A5 A6 A7 A8

Y1 5,278 K1y 0.39 0.68 1.01 0.33 0.29 0.28 0.24 0.48

Y2 5,202 K1y 0.41 0.70 1.16 0.38 0.35 0.33 0.29 0.38

Y3 5,275 K1y 0.35 0.64 1.24 0.30 0.28 0.33 0.22 0.45

Y4 5,240 K1y 0.39 0.71 1.02 0.54 0.47 0.35 0.20 0.45

Y5 5,228 K1y 0.40 0.70 1.06 0.49 0.45 0.36 0.18 0.46

Y6 5,267 K1y 0.39 0.68 1.00 0.52 0.44 0.34 0.23 0.42

S1 7,458 O1-

2y
0.65 0.50 0.98 0.52 0.46 0.32 0.24 0.44

S2 7,469 O1-

2y
0.52 0.53 0.97 0.52 0.47 0.41 0.20 0.39

S3 7,455 O1-

2y
0.58 0.51 0.96 0.52 0.46 0.37 0.23 0.40

S4 7,459 O1-

2y
0.62 0.53 0.94 0.53 0.46 0.38 0.20 0.42

S5 7,474 O1-

2y
0.46 0.52 0.97 0.52 0.46 0.38 0.20 0.42

S6 7,488 O1-

2y
0.50 0.53 0.96 0.53 0.46 0.34 0.22 0.44

S7 7,399 O1-

2y
0.44 0.52 0.94 0.54 0.47 0.37 0.18 0.45

S8 7,448 O1-

2y
0.46 0.57 0.97 0.49 0.45 0.38 0.23 0.39

S9 7,415 O1-

2y
0.72 0.51 0.96 0.52 0.46 0.34 0.24 0.42

S10 7,460 O1-

2y
0.41 0.67 0.95 0.54 0.47 0.38 0.21 0.42

S11 7,465 O1-

2y
0.41 0.65 0.96 0.55 0.49 0.34 0.25 0.41

Y: Yakela; S: Shunbei; Fm.: formation; K1y: Yageliemu Formation; O1-2y: Yingshan Formation; A1=C22TT/C21TT; A2= C24TT/C23TT; A3=Pr/Ph; A4= Ph/nC18; A5= Pr/nC17; A6= C27/

(C27+C28+C29)ααα20R sterane; A7= C28/(C27+C28+C29)ααα20R sterane; A8= C29/(C27+C28+C29)ααα20R sterane.
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average value of 0.43. The Pr/nC17 ratio ranges from 0.28 to 0.47,

with an average value of 0.38. However, the Pr/Ph value of crude

oils in Shunbei Field is 0.94–0.98, with an average of 0.96. The

Ph/nC18 ratio was 0.49–0.55, with an average value of 0.53. The

ratio of Pr/nC17 was 0.45–0.49, with an average of 0.46 (Table 1).

The Pr/Ph of crude oils in Shunbei Field is lower than those in

Yakela Field, but the Ph/nC18 and Pr/nC17 ratios are higher on

the whole.

The most abundant sources of Pr and Ph are chlorophyll A in

photosynthetic organisms and the phytological side chains of

bacterial chlorophyll A and B in purple sulfur bacteria (Brooks

et al., 1969; Powell and McKirdy, 1973). Previous studies show

that Pr/Ph, Ph/nC18 and Pr/nC17 can be used to indicate the

oxidative and reductive environments of source rock deposition,

organic matter types, and oil maturities (Connan and Cassau,

1980; Peters et al., 2005; Hanson et al., 2000). In addition to the

oxidative and reductive environment, the ratio is partly

controlled by thermal maturity and source organic matter

input (Peters et al., 2005). The Pr/Ph ratios of crude oils in

Shunbei Field are less than 1, indicating an anoxic sedimentary

environment. The Pr/Ph ratios of crude oils in Yakela Field are

slightly greater than 1, indicating the sedimentary environment

of weak oxidation (Peters et al., 2005; Didyk et al., 1978). The

cross plot of Pr/nC17 versus Ph/nC18 (Figure 3A) indicates that

both the oils in Yakela Field and Shunbei Field originated from

the type II marine organic kerogen deposited in a weak reductive

environment (Connan and Cassau, 1980).

Representative m/z191 chromatograms of the saturated

fraction are shown in Figure 4. Terpanes such as tricyclic

terpanes (TT), pentacyclic terpanes, and C24 tetracyclic

terpanes can be detected in crude oil samples from both

regions. The C22TT/C21TT ratios of crude oils in Yakela

Field range from 0.35 to 0.41, with an average of 0.39. The

C24TT/C23TT ratio range from 0.64 to 0.71, with an average

value of 0.68. However, the C22TT/C21TT value of crude oils in

Shunbei Field is 0.41–0.72, with an average of 0.52. The

C24TT/C23TT ratio is 0.50–0.67, with an average value of

0.55 (Table 1).

The ratios of C22TT/C21TT and C24TT/C23TT can be used to

identify the type of source rock for crude oils (Peters et al., 2005).

Although terpanes with low carbon numbers tend to be formed

in the high maturity stage of source rocks, previous studies have

shown that these terpanes are more resistant to thermal

maturation than hopanes (Peters, 2000; Alberdi et al., 2001).

All samples showed that C20 and C23 tricyclic terpanes were

dominant, and C19 tricyclic terpanes were low (Figure 4). This is

consistent with the traditional perception that C23TT is

dominant in marine crude oil as well as C21TT/C23TT<1. The
cross plot of C22TT/C21TT vs. C24TT/C23TT (Figure 3B)

indicates that both the oils in Yakela Field and Shunbei Field

mainly originated from marine shales, although a marl and

carbonate source cannot be completely excluded in Shunbei

Field. (Peters et al., 2005).

Representative m/z217 chromatograms of the saturated

fraction are shown in Figure 4. Steranes, such as regular

steranes, can be detected in crude oil samples from both

regions. The relative abundance of C27, C28, and C2C9 regular

steranes is often used to trace source rocks (Moldowan and Gago,

1986; Li et al., 2016). The C27-29ααα-20R regular steranes of both

regions show similar characteristics. Both of them exhibit a

V-shape distribution and with the characteristics of the

C27ααα-20R and C29ααα-20R dominant set (Figures 3C, 4). It

indicated that the organic matter of crude oil in the study area

may be mainly marine algae such as green algae in the early

Paleozoic marine environment, and the crude oils in both fields

were likely from the same set of source rocks (Grantham, 1986;

Volkman, 1986; Volkman et al., 1998).

4.1.2 Maturity of crude oil in Shunbei and Yakela
fields

The ratio of 17α(H)-22,29,30 trisnorhopane (Tm) and

18α(H)-22,29,30 trisnorhopane (Ts) is a commonly used

FIGURE 3
Cross plots of biomarker ratios: (A) Pr/nC17 vs. Ph/nC18; (B) C24TT/C23TT vs. C22TT/C21TT; (C) Triangular plot of the normalized relative
abundances of C27–C29 ααα 20R steranes (modified from Connan and Cassau, 1980; Peters et al., 2005).
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biomarker parameter to reflect the maturity of crude oil (Peters

et al., 2005). Because Ts has greater thermal stability than Tm, the

ratio of Ts/(Ts+Tm) increases with the degree of thermal

evolution (Peters et al., 2005). The studies show that the

parameter has a very reliable effect in evaluating the maturity

of crude oil from the same organic facies and is less affected by

biodegradation in the process of migration, so it can accurately

indicate the maturity change of crude oil from immature to

mature stage (Seifert and Moldowan, 1978; Peters et al., 2005).

Previous studies have also shown that the source rocks of the two

fields have the same organic facies (Zhang et al., 2004; Zhu et al.,

2018). The 18α-30-norhopane (C29Ts) followed by C2917α-
hopane (C29H) on m/z 191 mass chromatogram was

identified using the advanced nuclear magnetic resonance

(NMR) method (Moldowan et al., 1991). Similar to parameter

Ts/(Ts+Tm), C29Ts/(C29Ts+C29H) ratio is often used as a

parameter reflecting the maturity of crude oil from the

immature to mature stage (Fowler and Brooks, 1990). The Ts/

(Ts+Tm) ratios of crude oils in Yakela Field range from

0.37–0.63, with an average of 0.52. The Ts/(Ts+Tm) value of

crude oils in Shunbei Field range from 0.51–0.88, with an average

of 0.67 (Table 2). The C29Ts/(C29Ts+C29H) ratios of crude oils in

Yakela Field range from 0.25–0.36, with an average of 0.31.

However, the C29Ts/(C29Ts+C29H) value of crude oils in

Shunbei Field range from 0.31–0.49, with an average of 0.48

(Table 2). The intersection diagram can effectively classify the

maturity of crude oil when evaluating oils from common source

facies and depositional settings (Peters et al., 2005). Both fields

belong to Tabei uplift, and their source rocks have similar

lithology and organic facies (Zhang et al., 2004; Zhu et al.,

2018). The cross plot of C29Ts/(C29Ts+C29H) versus Ts/

(Ts+Tm) indicates that the maturities of crude oils in both

fields reach the mature stage, but there are differences

between them. The crude oils in Yakela Field are generally in

the mature stage, with Ts/Ts+Tm values between 0.3 and 0.7

(About 0.7%Ro-1.0%Ro) (Peters et al., 2005). The crude oils in

Shunbei Field are in the mature and high mature stages, with the

value of Ts/(Ts+Tm) greater than 0.7 (About 1.0%Ro) in most of

the samples, and the max value reached 0.88 (About 1.3%Ro)

(Peters et al., 2005) (Figure 5A). It indicates that the maturity of

the latter sample is higher than that of the former.

N-alkanes in all crude oil samples in the study area are

completely distributed, without obvious unresolved complex

mixture (UCM) hump. Low carbon number n-alkanes (C6-

C12) were not eliminated (Figure 4). At the same time, no 25-

norhopane could be identified in all crude oil samples; it

indicated that the crude oils from Shunbei Field and Yakela

Field have not been subjected to biodegradation (Reed, 1977;

Peters et al., 2005). The carbon preference index (CPI, the

calculation equation is shown in Table 2) and odd–even

dominance index (OEP, the calculation equation is shown in

Table 2) can be used to make a preliminary assessment of the

thermal maturity of crude oil, although the ratios can be affected

by source and biodegradation. (Bray and Evans, 1961; Scalan and

Smith, 1970). The CPI ratio of crude oils in Yakela Field ranges

from 1.14 to 1.3, with an average of 1.18. The OEP ratio ranges

from 0.97 to 0.99, with an average of 0.98 (Table 2). The CPI and

OEP ratios of crude oils in Shunbei Field range from 1.11 to

FIGURE 4
Representative gas chromatography (GC) andm/z191 andm/z217mass chromatograms of the saturated hydrocarbon fraction for oils samples.
(A)Y1, K1b; (B) S1, O1-2y.
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TABLE 2 Maturity parameters of oil samples from Yakela Field and Shunbei Field.

Well Depth
(m)

Fm B1 B2 B3 B4 B5 B6 B7 B8

Y1 5,278 K1y 1.16 0.97 0.55 0.56 10.72 0.47 0.28 0.95

Y2 5,202 K1y 1.14 0.98 0.55 0.63 14.00 0.50 0.33 1.06

Y3 5,275 K1y 1.15 0.99 0.56 0.62 12.45 0.52 0.33 1.01

Y4 5,240 K1y 1.3 0.98 0.57 0.61 8.64 0.66 0.31 0.87

Y5 5,228 K1y 1.15 0.99 0.58 0.58 14.00 0.63 0.36 1.06

Y6 5,267 K1y 1.19 0.99 0.56 0.59 9.07 0.37 0.25 0.89

S1 7,458 O1-

2y
1.22 0.98 0.58 0.60 25.98 0.74 0.51 1.50

S2 7,469 O1-

2y
1.19 1.00 0.56 0.57 19.57 0.57 0.31 1.26

S3 7,455 O1-

2y
1.23 0.99 0.60 0.57 26.43 0.72 0.68 1.51

S4 7,459 O1-

2y
1.18 1.01 0.60 0.58 26.62 0.56 0.40 1.52

S5 7,474 O1-

2y
1.29 0.98 0.52 0.54 26.94 0.51 0.35 1.53

S6 7,488 O1-

2y
1.11 0.98 0.55 0.56 25.74 0.57 0.38 1.49

S7 7,399 O1-

2y
1.16 0.97 0.60 0.60 26.90 0.62 0.35 1.53

S8 7,448 O1-

2y
1.20 0.97 0.57 0.58 21.28 0.71 0.55 1.33

S9 7,415 O1-

2y
1.18 0.98 0.57 0.57 21.72 0.71 0.49 1.34

S10 7,460 O1-

2y
1.19 0.98 0.59 0.60 18.96 0.88 0.88 1.24

S11 7,465 O1-

2y
1.22 0.97 0.56 0.60 26.51 0.77 0.43 1.51

Y: Yakela; S: Shunbei; Fm.: formation; K1y: Yageliemu Formation; O1-2y: Yijianfang Formation; B1=CPI: 2(C23+C25+C27+C29)/(C22+2(C24+C26+C28) +C30); B2= OEP (C21+6C23+C25)/

(4C22+4C24); B3= C29ααα 20S/(20S+20R) sterane; B4= C29αββ/(ααα+αββ) sterane; B5= MDR (4-/1-MDBT); B6= Ts/(Ts+Tm); B7= C29Ts/(C29Ts+C29H); B8=Rc(0.036×(4-/1-

MDBT)+0.56).

FIGURE 5
Cross plot showing thematurity of the oils in Yakela Field and Shunbei Field, Tarim Basin. (A)Cross plot of C29Ts/(C29Ts+C29H) and Ts/(Ts+Tm);
(B) Cross plot of C29ααα 20S/(20S+20R) sterane and C29αββ/(ααα+αββ) sterane.
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1.29 and from 0.97 to 1.01, with an average of 1.20 and 0.98,

respectively (Table 2). The CPI andOEP values of crude oils from

the two fields are roughly the same. Both are close to 1, suggesting

that they are thermal mature. However, Ts/(Ts+Tm) values

showed that the maturity of crude oils from Shunbei Field is

higher than that from Yakela Field. This result may be due to the

fact that the crude oil maturity of the two fields has reached the

maturity stage, so the values of the two fields are close to 1,

leading to the insignificant difference between the values of CPI

and OEP.

The isomerization of C295α,14α,17α(H)-steranes on C-20

increases the 20S/(20S+20R) ratio from 0 to an equilibrium

value of about 0.5 (0.52–0.55, 0.9%Ro) with increasing

maturity (Seifert and Moldwan., 1986). The parameter is

suitable for the maturity evaluation of samples from the

immature to mature stage (<0.9%Ro) and may be affected by

the difference in organic phase, weathering, and biodegradation

(Moldowan and Figo, 1986; Peters et al., 2005). The

isomerization of 20S and 20RC29 regular steranes at C-14 and

C-17 sites increases the ββ/(αα+ββ) ratio from close to 0 to 0.7

(equilibrium value 0.67 to 0.71, 0.9%Ro) with increasing maturity

(Seifert and Moldowan., 1986). The parameter is suitable for

maturity evaluation from the immature to mature stage (<0.9%
Ro) and is less affected by parent material input (Moldowan and

Figo, 1986; Peters et al., 2005). The C29ααα 20S/(20S+20R) ratios
of crude oils in Yakela Field range from 0.55 to 0.58, with an

average of 0.56. The C29αββ/(ααα+αββ) ratios of crude oils in

Yakela Field range from 0.56 to 0.63, with an average of 0.60

(Table 2). The C29ααα20S/(20S+20R) and C29αββ/(ααα+αββ)

values of crude oils from Shunbei Field range from 0.52 to

0.60 and from 0.54 to 0.60, with the averages of 0.57 and 0.58

(Table 2). As displayed in Figure 5B, all the samples from two

fields have C29ααα20S/(20S+20R) sterane isomerization ratios

reaching equilibrium values (0.52–0.55, 0.9%Ro), suggesting that

the maturities reached 0.9%Ro according to Justwan et al. (2006).

Although the values of all samples reached the equilibrium point,

the values of the crude oils from Shunbei Field were slightly

higher than those from Yakela Feild, indicating that the maturity

of the crude oils from the two fields may be different. According

to Peters et al. (2005), in the mature and high maturity stages

(>1.0%Ro), the Ts/(Ts+Tm) is considered more reliable than

C29ααα20S/(20S+20R) in evaluating the maturity of crude oils

when evaluating oils from a common source with a common

source facies and depositional setting. Therefore, combined with

Ts/(Ts+Tm) values, it is inferred that the maturity of crude oils in

Yakela Field was in the mature stage and in the peak stage of

hydrocarbon generation (About 0.9%Ro - 1.0%Ro), and the

maturity of crude oils in Shunbei Field was in the mature and

high mature stage, the present maturities of partial samples are

greater than that of the peak oil generation stage (About 1.0%Ro -

1.3%Ro).

Alkylated dibenzothiophenes (DBTs), as heterocyclic

compounds, are generally assigned to aromatic sulfur

compounds. It mainly contains DBT and its C1-~ C3-

substituted alkyl derivatives, which usually exist in the

aromatic fractions of crude oil or sediment (Hughes, 1984;

Connan et al., 1986). Previous studies have proved that DBTs

molecular parameters can be used to study the maturity of crude

oil from the mature to high mature stage when evaluating oils

from common source facies and depositional settings (Hughes,

1984; Redke et al., 1986). Especially Methyldibenzothiophene

ratioMDR (4-/1-MDBT) is considered to be an effective maturity

parameter for the maturity evaluation of samples from the

mature to over mature stage (>0.8%Ro) (Connan et al., 1986;

Chakhmakhchev et al., 1997; Radke et al., 1986; Luo et al., 2001).

Alkylated dibenzothiophenes isomers with substituents show

different thermal stability at different carbon sites of benzene

ring. The isomer substituted by C-4(β) alkyl group is the most

stable. C-1(α) alkyl–substituted isomers are the most unstable;

The thermal stability of the isomers substituted at C-2 or C-3 is in

the order between the two. Therefore, the descending sequence of

thermal stability of alkyl DBTs isomers is C-4>C-2>C-3>C-1
(Budzinski et al., 1991). Therefore, as the maturity of crude oils

increases, the value of 4-/1-MDBT will also increase

(Chakhmakhchev et al., 1997; Luo et al., 2001). The 4-/1-

MDBT ratio ranges from 8.64 to 14.00, with an average value

of 11.48 in Yakela Field. However, the 4-/1-MDBT ratio ranges

from 18.96 to 26.94, with an average value of 24.24 in Shunbei

Field (Table 2). It suggested that the maturity of crude oils in

Shunbei Feld and Yakela Feld is different, and the maturity of

crude oils in Shunbei Field is higher than that in Yakela Field.

In this study, the values of 4-/1-MDBT of crude oil samples

from the Shunbei Field are greater than those from the Yakela

Field (Table 2). The equivalent vitrinite reflectance Rc

(Rc=0.036×(4-/1-MDBT)+0.56) (Huo et al., 2008) of crude oil

samples in the study were calculated (Table 2). The Rc values of

crude oils in Yakela Field range from 0.87–1.06, with an average

of 0.97. The Rc value of crude oils in Shunbei Field range from

1.23–1.53, with an average of 1.43. According to the data, the

maturity of the crude oils from Shunbei Field is higher than that

from Yakela Field (Figure 6). The calculated maturity of crude

oils from Yakela Field was consistent with the maturity reflected

by the other abovementioned parameters, while the maturity of

the crude oils from Shunbei Field was slightly higher than that

calculated by the other parameters. It may be caused by the low

concentration of some biomarker compounds due to the high

maturity of crude oil, and some early charging residual crude oil

may have an impact on partially saturated hydrocarbon maturity

parameters in Shunbei Field (Yang et al., 2021). On the other

hand, the maturity calculated by the maturity parameter (4-/1-

MDBT) can only be an approximate value (Peters et al., 2005;

Huo et al., 2008), but on the whole, it can still reflect that the

maturity of the crude oils of Shunbei Field is higher than that of

Yakela Field.

To sum up, the crude oils from both Yakela Field and

Shunbei Field were in the mature stage, but the parameters
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reflected the difference in maturity between them to varying

degrees. The maturity of crude oils in Yakela Field is in the peak

stage of hydrocarbon generation (About 0.9%Ro-1.0%Ro), while

that in Shunbei Field has passed the peak stage of hydrocarbon

generation (About 1.0%Ro-1.3%Ro, may be up to 1.53%Ro). The

maturity of crude oils in Shunbei Field was higher than that in

Yakela Field.

4.2 Formation mechanism of light oils

In this study, an approximately NE-SW profile was selected,

passing Y1, A1, T1, and S1 Wells from north to south, covering

Yakela Field and Shunbei Field (Figure 1). The actual downhole

data show that the Lower Cambrian source rocks in Shunbei

Field have a high degree of thermal evolution with %Ro over

2.5 at present (Figure 7). However, the thermal evolution degree

of the source rocks near Yakela Field in the northern part of the

profile is relatively low, with %Ro about 1.50–1.70 (Figure 7).

The hydrocarbon generation history of Lower Cambrian

Yuertusi Formation source rocks widely distributed in the

study area was simulated. The thermal evolution history of

source rocks and the simulation results of hydrocarbon

generation amount are shown in Figure 8. The hydrocarbon

generation history results show that the source rocks in Shunbei

Field reached the hydrocarbon generation threshold as early as

before the late Caledonian (About 0.5%Ro) and reached the peak

of hydrocarbon generation at the late Caledonian (About 1.0%

Ro). The source rocks were in the main stage of oil generation

from the late Caledonian to the early Hercynian, and from the

late Hercynian to the Himalayan period were in the high

maturity and over-maturity stage (Figure 8A). The simulation

results of hydrocarbon generation amount of source rocks

showed that the source rocks mainly generated hydrocarbon

from before the late Caledonian to the early Hercynian (About

2.5 Mtons), and the amount of hydrocarbon generated from the

late Hercynian to the present is small (About 0.3 Mtons)

(Figure 8C). The source rocks near Yakela Field reached the

threshold of hydrocarbon generation from late Caledonian to the

early Hercynian (About 0.5%Ro) and reached the peak of

hydrocarbon generation at the Himalayan period (About 1.0%

Ro) (Figure 8B). The simulation results of hydrocarbon

generation amount of source rocks showed that the source

rocks mainly generated hydrocarbon at the late Hercynian

(About 1.0 Mtons) and from the Himalayan period to the

present (About 2.5 Mtons). (Figure 8D). These results

indicated that the main hydrocarbon generation period of the

source rocks in Shunbei Field is different from that of Yakela

Field. The former mainly generated hydrocarbons from late

Caledonian to early Hercynian, while the latter mainly

FIGURE 6
Comparison of Rc for the oils in the Yakela Field and Shunbei Field.
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generated hydrocarbons from the late Hercynian and Himalayan

period to the present.

Therefore, the maturity of crude oils in Yakela Field is

consistent with the degree of the thermal evolution of source

rocks since the Himalayan period (Figures 8B and 5). However,

the maturity of crude oils in Shunbei Field is higher than the

degree of the thermal evolution of local source rocks during the

peak of hydrocarbon generation (Figures 8A and 5). It indicates

that the high-maturity crude oils in the two areas have different

genetic models.

FIGURE 7
The tectonic profile of the study area contains the current thermal evolution of the source rocks of the Lower Cambrian Yuertusi Formation.

FIGURE 8
Thermal evolution history of source rocks and the amount of hydrocarbon generation in each period. (A) the history of source rocks in Shunbei
Field; (B) the history of source rocks in Yakela Field; (C) the amount of hydrocarbon generation in Shunbei Field; (D) the amount of hydrocarbon
generation in Yakela Field.
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The genetic model of light oils in Shunbei Field is mainly

through early oil generation, early charging, and then deep burial

in the reservoir, with subsequent maturation cracking. The

maturity of crude oils in the present reservoir (About 1.0%Ro-

1.3%Ro, may be up to 1.53%Ro) is higher than the thermal

evolution of source rocks in the main hydrocarbon generation

stage (About 0.8%Ro-1.0%Ro). When the source rock evolved to

the maturity corresponding to the present crude oils, it was

already in the mature and high mature stage, and the amount of

hydrocarbon generation was very small (About 0.3 Mtons).

Therefore, the existing high-maturity crude oils cannot be

directly generated by source rocks and should be the result of

deep burial and maturation in the reservoirs.

The genetic model of light oils in the Yakela Field is mainly

formed by the direct charging of late source rocks into reservoirs.

The simulation results of hydrocarbon generation history show

that the source rocks are in the window of hydrocarbon

generation, and the amount of hydrocarbon generation has

been high (About 2.5 Mtons) since the Himalayan period.

The maturity of crude oils in the present reservoirs (About

0.9%Ro-1.0%Ro) is also consistent with the thermal evolution

stage of source rocks in the main hydrocarbon generation stage.

It also indicates that hydrocarbons generated from source rocks

in this field were directly charged into the reservoirs during

hydrocarbon generation and maintained the thermal evolution

characteristics of the source rocks without the interference of

subsequent geologic alteration processes such as deep burial and

maturation such as the secondary thermal cracking.

5 Conclusion

1) The molecular geochemical characteristics show that the light

oils in the two areas are sourced from similar marine source

rocks deposited under the weak oxidative and reductive

environment. The maturities of crude oils in Yakela Field and

Shunbei Field were in the mature stage, but the parameters

reflected the difference in maturity between them to varying

degrees. On the whole, the maturity of crude oil in Shunbei Field

was higher than that in Yakela Field.

2) The formation mechanism of the two light oils is different.

The light oil in Yakela Field was directly generated by the

source rock in the oil-generating window. The crude oil in

Shunbei Field was formed by the deep burial and maturation

of the crude oil generated in the early stage of the source rock.

This study is of great significance for further clarifying the

genesis mechanism of light oil and gas in the deep Tarim

Basin, guiding further deep oil and gas exploration and

discovering new large-scale condensate and natural gas fields.
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