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ARTICLE INFO ABSTRACT

Source rocks in the first (J 151) and second (Jlsz) members of the Lower Jurassic Sangonghe Formation (J;s) in the
Taibei Sag, Turpan-Hami Basin, NW China, are shore-shallow lacustrine mudstone and semi-deep to deep
lacustrine mudstone. These two sets of mudstones provide an excellent opportunity for investigating the origin
and expulsion patterns of hydrocarbon from source rocks under different environments. Through systematic
geochemical analysis, including total organic carbon (TOC), Rock-Eval analysis, GC-MS analysis, and major and
trace element analysis, the geochemical characteristics and sedimentary environment of the Sangonghe For-
mation (J;s) source rocks were evaluated. By integrating kerogen kinetics modeling, a more precise assessment of
the hydrocarbon generation and expulsion characteristics of the source rocks from both members of the San-
gonghe Formation is achieved. The fine-grained sediments of the Sangonghe Formation were formed in a weakly
oxidized brackish water body. The J;s! mudstone was deposited in a shore-shallow lacustrine environment. The
repeated river influx increased the input of terrestrial higher plants, which complicated the maceral composition
and diluted the abundance of organic matter. The J;s? source rocks were formed in the semi-deep to deep
lacustrine environment during the maximum transgression period with a large thickness and high TOC values,
the maceral composition was dominated by a mixed source of aquatic organisms and terrestrial plants. Conse-
quently, the source rocks of Jys? exhibit higher initial hydrogen index (HIo), hydrocarbon generation potential
(Qg) and transformation ratio (Tr) compared to those of the J151 source rocks, while the interbedded mudstone
with limited thickness in J;s' exhibits a higher hydrocarbon expulsion efficiency (Re).
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source rocks (Tissot and Welte, 1984; Chen and Jiang, 2015). The
environment in which Chinese shale forms differs significantly from that

1. Introduction

The fundamental purpose of petroleum exploration is to discover
new hydrocarbon-rich reservoirs of commercial value at the lowest cost
by using a rapid, efficient approach (Leila et al., 2022; Prinzhofer and
Battani, 2003; Tissot and Welte, 1984; Wang et al.,, 2022a,b). A
comprehensive system was established to study the source rock, which is
the major factor controlling oil and gas accumulation (Peters and Cassa,
1994; Wu et al., 2022). Further research on hydrocarbon generation and
expulsion is necessary to improve the understanding of the potential of
source rocks and locate high-quality petroleum reservoirs (Kuhn et al.,
2012; Pang et al., 2023).

Total organic carbon (TOC), thermal maturity, and organic matter
type significantly influence hydrocarbon generation and expulsion of

of marine shales in North American basins; notably, the sedimentary
environment of the latter is more stable, rendering the study of the
former considerably more challenging (Stoakes, 1980; Stoakes and
Creaney, 1984; Wu et al., 2022). In addition, terrestrial lacustrine basins
in northwestern China, experienced various changes in the sedimentary
environment during the Jurassic period, resulting in the formation of
source rock with a more complex kerogen composition (Li et al., 2020c).
Therefore, studying the hydrocarbon generation and expulsion charac-
teristics of source rocks formed in different sedimentary backgrounds is
a meaningful endeavor.

The lower Jurassic Sangonghe Formation (J;s) in the Taibei Sag of
the Turpan-Hami Basin has become a new field of tight oil reservoir
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exploration (He et al., 2022). Insufficient in-depth research on the
source rock has substantially hindered the pace of exploration (Dow,
1977; Peters and Cassa, 1994; Jarvie et al., 2007). The Sangonghe
Formation developed two sets of source rocks including shore-shallow
lacustrine mudstone and semi-deep lacustrine-deep lacustrine
mudstone, which provide an excellent example for studying the char-
acteristics of hydrocarbon generation and expulsion of source rocks with
different organic matter origins in different sedimentary environment.
Because of the special charging conditions of unconventional tight
sandstone, the lacustrine mudstone at the top of the Sangonghe For-
mation has always been regarded as a cap layer. The hydrocarbons in J;s
are believed to be mainly contributed by the lower Badaowan Formation
coaly source rock; thus, the hydrocarbon generation potential of the
Sangonghe Formation has been neglected (Liu et al., 2012; He et al.,
2022).

Regarding hydrocarbon generation and expulsion features, kerogen
kinetics experiments and high-temperature pressure thermal simulation
experiments are often used to simulate the whole evolution process
(Freund et al., 1993), and the generated and expelled hydrocarbons can
be quantitatively calculated, accompanied by the analysis of the
experimental products (Eseme et al., 2007; Inan et al., 1998; Lafargue
et al.,, 1990; Mann et al., 1997). However, thermal simulation experi-
ments often require high-quality, low-mature source rock samples, and a
certain number of samples are required to cover the entire group to
increase the reliability of the results and reduce the errors (Chen and
Jiang, 2015; Freund et al., 1993). In addition, restoring the temperature
and pressure conditions of the in situ subsurface sediments under lab-
oratory conditions is challenging, and the impact of pressure on hy-
drocarbon generation should also be considered (Chen and Jiang, 2015;
Freund et al., 1993). Chen and Jiang (2015) proposed a data-driven
model that uses the easily accessible Rock-Eval and TOC datasets to fit
an exponential model based on the relationship between the hydrogen
index (HI) and Tpax values. The initial hydrogen index (HIp) and hy-
drocarbon transform ratio of source rocks were obtained using the
established empirical formula. Li et al., (2020a) improved the model to
fix the overestimated initial hydrocarbon index of low-mature source
rocks. Scholars have achieved reasonable results by applying the
aforementioned model to quantitatively evaluated the hydrocarbon
generation and expulsion characteristics of source rocks from their
specific research areas based on the theory of material balance and
hydrocarbon expulsion threshold (Li et al., 2020a; Pang et al., 2005;
Wang et al., 2020; Wu et al., 2022). The advantage of this approach lies
in its ease of implementation and efficiency, as well as its ability to
incorporate uncertainties arising from sample heterogeneity when
managing large amounts of data (Chen and Jiang, 2015; Wang et al.,
2020; Wu et al., 2022).

As a new petroliferous field for tight oil and gas exploration in
Turpan-Hami Basin, the resource potential of the lacustrine mudstone
under the deltaic system of the Lower Jurassic Sangonghe Formation has
not been accurately quantified thus greatly hindering the exploration
process. This rapid, efficient evaluation method is urgently necessary to
evaluate the J;s source rocks and is a breakthrough in its application to
the study area.

The organic and inorganic analysis were applied, using the J;s in the
Taibei Sag (important target strata for unconventional tight oil and gas
reservoirs) as an example to: (a) systematically evaluate the quality of
source rocks under two distinct sedimentary backgrounds, followed by
the determination and comparison of their sedimentary environments
and organic matter origins; (b) verify the contribution of the J;s source
rocks to the existing tight sandstone reservoir using detailed oil-source
correlation; (c) quantitatively simulate the hydrocarbon generation
and expulsion characteristics of source rocks from different sedimentary
backgrounds to clarify their differences by applying the newly improved
data-driven model. These findings are valuable for objectively assessing
the tight oil potential of J;s source rocks and establishing a theoretical
foundation for exploration in Taibei Sag, and provide implications for
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investigating the kerogen kinetic characteristics of source rock under
similar geological conditions in other terrestrial basins with low explo-
ration degrees.

2. Geological background

The Turpan-Hami Basin is located in eastern Xinjiang province
(Fig. 1a), bounded by the Bogda structural belt and the Kelami-
Mechinola structural belt with an east-west spread of 670 km and a
north—south distance of 60-130 km, covering an area of approximately
5.35 x 10% km?2. It has developed a structural pattern consisting of two
depressions and one uplift. Three first-level structural belts are devel-
oped from west to east: the Turpan Depression, Liaodun Uplift, and
Hami Depression (Ni et al., 2019). The Taibei Sag is one of the main
secondary tectonic units in the Turpan Depression, adjacent to the
Bogda Mountain in the north and bounded by the Huoyanshan-Qiketai
structural belt in the south, and can be further divided into Shengbei,
Qiudong, and Xiaocaohu Sub-sags (Fig. 1b) (Li et al., 2020c; Liu et al.,
2011). The focus areas of this study are Shengbei and Qiudong Sub-sags
(Fig. 1c).

The strong compressive tectonic stress during the Jurassic period
transformed the early basin pattern and formed a depression-subsidence
area near the northern piedmont zone, which made the Turpan-Hami
Basin similar to the foreland basin structure (Gong et al., 2016). The
Jurassic stratum is the main exploration target in the Taibei Sag, and the
source rocks are mainly developed in the Lower Badaowan Formation
(J1b), Sangonghe Formation (J;s), the Middle Jurassic Xishanyao For-
mation (Jox), Qiketai Formation (Joq) (Fig. 1d), the layer that is focused
of this study, can be further divided into two members, J 151 and Jlsz,
from bottom to top (Fig. 1e).

The continental lacustrine-deltaic sedimentary system is developed
in J;s with an upward fining depositional sequence (He et al., 2022). J 1s1
was deposited in a deltaic system, with frequent fluvial activities and
massive sandstone sediments interbedded with inshore-shallow lacus-
trine dark-grey mudstone. The J;s? sediment was composed of medium-
coarse sandstone and pebbly sandstone accompanied by a thick layer of
mudstone at the top. This set of mudstone is grey-black semi-deep to
deep lacustrine mudstone with a thickness of approximately 30-80 m
and is stably distributed, indicating that this set of mudstone was
deposited during the period of maximum flooding (Fig. 1e).

3. Data and methods
3.1. Experimental methods

One hundred and twenty-eight source rock samples from drilled
cores obtained from 15 wells covering the Shengbei and Qiudong Sub-
sags of the Taibei sag were selected for geochemical analyses in this
study. Of the samples, 40 and 77 samples were selected from J;s! and
J1s% of the Sangonghe Formation, respectively, and 11 samples were
selected from the Badaowan Formation for comparison. Fifty samples
were selected for gas chromatography-mass spectrometry (GC-MS)
analysis, nine of which were extracted oil samples (Table 1). Seventeen
samples were selected for major and trace element analyses.

The impurities were removed and all samples were ground into
powder (<200 pm) to conduct the geochemical experiments. The TOC
content was determined using a Leco CS-230 carbon-surfer analyzer
after all inorganic carbon components were removed using dilute hy-
drochloric acid (Madec and Espitalié, 1985). Rock pyrolysis was tested
using a Rock-Eval VI instrument. The pyrolysis products released from
kerogen included the free hydrocarbon content (S;) and cracked hy-
drocarbon content (Sy), with the maximum pyrolysis peak temperature
(Tmax) recorded during the process. Other key parameters were calcu-
lated using the pyrolysis outputs, including hydrogen index (HI=Sy/
TOCx100) and generation potential (S;+S5) (Tissot and Welte, 1984).

The major and trace elements were determined using an ELEMENT
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Fig. 1. Geological map of the Taibei Sag. (a) The location of Turpan-Hami Basin. (b) Geologic map of the Turpan-Hami Basin with tectonic units (modified from Li
etal., (2020c)). (c). Range of the study area with well locations. (d) Lithological characteristics of the Jurassic strata. (e) The lithology and stratification characteristic

of the lower Jurassic strata.

Table 1
Location and numbers of source rock and oil/sand extract samples in the Taibei Sag, Turpan-Hami Basin.

oil/sand extract and numbers

Formation (Fm) Source rock samples and numbers
HQ2 J1l J10 J3 J7H J701H J702H J7-2- P14 PB22 PT1 QT1 J7H J701H J702H J7-2- J10
3H 3H
Sangonghe. Fm st/ /2 / 5 2 2 / / 1 1 2 1 3 2 1
(J19) nst 7/ /o /1 2 / / / / 11 / / / / /
Badaowan. Fm (J;b) 3 1 / 1 / / / / 3 / / / / / / /

XR Plasma Mass Spectrometer. The oxides of major elements were tested
using X-ray fluorescence spectrometry (XRF), and the trace elements
were tested using inductively coupled plasma mass spectrometry (ICP-
MS). The samples were dried, precisely weighted, and dissolved in
concentrated nitric and hydrofluoric acid solutions. After dissolution,
the residue materials were placed in the acid-driven processor and
heated to dry at 160 °C. Five percent diluted nitric acid was added to
dissolve the residuals until 50 ml of the solution was available with an
analytical precision of better than 0.1 % (Li et al., 2020b; Pan et al.,
2020).
The biomarker content in source rock samples was analyzed
following the analytical procedure of Moldowan (1984) and Peters and
Moldowan (1993). Approximately 100-200 g of each sample powder
was extracted with dichloromethane (DCM), and activated copper chips
were added to remove the sulfur content within the samples for 24 h by
Soxhlet extraction. Saturated hydrocarbons, aromatics, non-
hydrocarbons, and asphaltenes were further separated by column
chromatography which was filled by 2 g silica gel followed by 3 g

alumina. The saturated and aromatic fractions were eluted using pe-
troleum ether and mixed DCM: petroleum ether (2:1, v/v), and the polar

fraction was eluted using mixed DCM: methanol (9:1, v/v).

A gas chromatography-mass spectrometry (GC-MS) analysis of
saturated hydrocarbon was conducted using an Agilent 5975i mass
spectrometer coupled with an Agilent 6890 gas chromatography with a
30 m x 0.25 mm i.d HP-5MS silica capillary column. Helium was used as
the carrier gas with a purity of 99.99 % at an average flow rate of 36 cm/
s. The initial oven temperature was set to 50 °C (hold for 1 min) and then

increased to 310 °C (hold for 20 min) at the rate of 3 °C/min. The
ionization energy of electron impact was set as 70 eV.

3.2. A data-driven hydrocarbon generation and expulsion method

The data used in this study to evaluate the quality of source rock,
hydrocarbon generation, and expulsion characteristics were obtained
from Rock-Eval pyrolysis and TOC analysis, and the J;s mudstones were
assumed to be homogeneous (Appendix Table 1). The relationship
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between HI and T,y is simulated to characterize the dynamic properties
of hydrocarbon generation during the thermal evolution of kerogen and
to restore the initial hydrogen index (HIp) (Chen and Jiang, 2015; Li
et al., 2020a). A sufficient amount of pyrolysis data can ensure that the
variation of the Tp,,x and HI of samples covers all characteristics of the
source rock with a certain type of kerogen during the entire thermal
evolution process. Chen and Jiang (2015) established hydrocarbon
generation models for different kerogen types, which have been widely
used and improved in the latest studies (Feng et al., 2021; Li et al.,
2020a; Wang et al., 2020; Wu et al., 2022). Material balance theory was
used to determine the hydrocarbon expulsion threshold, recovering the
hydrocarbon expulsion process (Pang et al., 2005; Wang et al., 2020).
Wang et al. (2020) introduced the mass loss of evaporated hydrocarbon
during the expulsion process; thus, a complete hydrocarbon generation
and expulsion evaluation process has been determined. The conceptual
model is shown in Fig. 2 and the parameters are illustrated in the
following section in detail.

This study applied the improved formula proposed by Li et al.,
(2020a) based on the original version of Chen and Jiang (2015). The
new method fixed the problem that the calculated HI is often greater
than the original HI due to the existence of constant terms within the
immature section (Eq. (1)).

Hl,

— @
1 +exp <0~1n (%) )

where HIj is the initial hydrogen index, p and 0 are parameters char-
acterizing hydrocarbon generation properties. For a particular type of
kerogen, p represents the corresponding Ro when 50 % of organic matter
has been converted into hydrocarbons. Meanwhile, 6 serves as a
parameter that represents the width of the hydrocarbon generation
window, illustrating the steepness of the curve slope (Fig. 2). 0 is
affected by the complexity of the maceral composition and the chemical
structure of kerogen. If the maceral composition of kerogen is complex,
the 6 value tends to be higher, resulting in a wider hydrocarbon gen-
eration window. By optimizing these parameters, a trajectory that

HI(Ro) =

Hydrocarbon
generation threshold

Hydrocarbon Index (mg HC/g rock)

Béginning of
massive hydrocarbon
: generation
v B:

Tmax (°C)
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minimizes the deviation from the measured data is obtained, which was
the closest to the change in HI as a function of the thermal evolution of a
specific type of kerogen in the practical case.

The hydrocarbon generation potential index Qg (mg HC /gTOC) is
the sum of the remaining hydrocarbon generation index Q, (mg HC
/gTOC) and the hydrocarbon expulsion potential index Q. (mg HC
/gTOC) (Eq. (2)).

Qg = Qr + Qe (2)

Tr as transformation ratio (%) signifies the fraction of kerogen that
has been converted to hydrocarbons in source rocks and can be obtained
by Eq. (3) (Chen and Jiang, 2015).

1200 (HI, — HI)
" HI, (1200 — HI)

3)

Theoretically, Qg and HIy are equal when T; reaches 100 %, indi-
cating all effective kerogen has been transformed into hydrocarbons.
Therefore, Qg can also be computed using T, as shown in Eq. (4).

Q,=HIy x T, 4

When the hydrocarbon generated by the source rock reaches the
maximum capacity of kerogen adsorption, the additional hydrocarbon
generated will be expelled. This specific thermal maturity level is termed
as HET (hydrocarbon expulsion threshold), and the transformation ratio
of this point is denoted as Tye (%). Q. (mg HC /gTOC) is calculated using
Eq. (5) from Wang et al. (2020), where x denotes the samples with
specific values of Ro, and Ty represents the corresponding transform
ratio at this point.

0.— 0,x < HET
¢~ \ Hlo(Tx — Tye), x > HET

Qloss (mg HC /gTOC) is calculated by Q; minus Qn, (Eq. (6)), repre-
senting the evaporated hydrocarbon potential index as shown in the
separated part between Q, and Q; curves in Fig. 2.

)

Qioss = Qr — Qm (6)

S,+S,/TOCx100
(mg HC/ ¢gTOC)

Hydrocarbon
generation threshold

o
n

H'

Hydrocarbon
expulsion threshold,

Vitrinite reflectance (%)

Qn'1 r g

':—Qloss —Qc——

Fig. 2. Conceptual model of the hydrocarbon generation and expulsion (modified from Chen & Jiang, 2015; Li et al., 2020a; Wang et al., 2020).
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The ratio of hydrocarbon expulsion to hydrocarbon generation is
expressed as the hydrocarbon expulsion efficiency Re (%) (Eq. (7)). The
increased amount of hydrocarbon expulsion per 0.1 % Ro is defined as
hydrocarbon expulsion rate V. (mg HC /gTOC per 0.1 Ro).

0.

Re = = 7
e 0, @]

V.(Ro) = gg; (8)

After the indices of hydrocarbon generation and expulsion were
determined, the hydrocarbon generation and expulsion intensities (Ig
and I, 104t/km2) were calculated using Eq. (9) and Eq. (10) for evalu-
ating the hydrocarbon resource quantity and predicting promising
exploration area. Notably, the coefficients in the following equations
were modified from those in Wang et al. (2020) to ensure the accuracy of
the magnitude.

Ro

= / 0, (Ro)*H*p*TOC(Ro)*d(Ro)*10"! ©
Ro*
Ro

= / 0.(Ro)*H*p*TOC(Ro)*d(Ro)*10"" 10)

Ro®

where H is the source rock thickness (m) and p is the source rock density
(g/cm®).
The estimated Ro values were determined from Eq. (11), which was
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formulated by fitting the correlation between measured Ro and Tp,ax of
the samples from target formation.

%eRo = 0.00897 .« — 3.0681 (€8))

4. Results
4.1. Source rocks characteristics

4.1.1. Thickness and distribution

The source rock thickness of J1s% varied from 30 to 80 m and covered
most of the Taibei sag (Fig. 3a). For the J 151 source rocks, varying fluvial
activities influenced different areas during the deposition period.
Mudstone deposits exceeding 70 m in thickness were prominent in the
central depression area around QT1 and J7 Wells (Fig. 3b).

4.1.2. Organic matter abundance

The TOC values of J;s source rocks ranged predominantly between
0.04 % and 10.62 % (avg.1.63 %). The S; + Sy values varied between
0.05 and 26.19 (avg. 2.75) mg HC /g Rock. The TOC values of the J;s>
source rocks were higher than that of the Jis! samples (Fig. 4). Fig. 5
shows that 79.2 % of the J;s% source rock samples had a TOC higher than
1 % and 11.7 % had a TOC higher than 4.0 %, and more than 54.8 %of
the samples from J;s! had a TOC lower than 0.5 %.

The TOC distributions of both members of the Sangonghe Formation
exhibited similarities and correlated with the thickness distribution to a
certain extent (Fig. 6). The centers of high TOC values were distributed
around well QT1 and J7 in the Shengbei and Qiudong Sub-sags,
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Fig. 3. Thickness contour map of the J;s2 source rock (a) and the J;s! source rock (b) of the Sangonghe Formation in the Taibei Sag, Turpan-Hami Basin.
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respectively.

4.1.3. Organic matter type

The kerogen type of J;s source rock primarily falls into the range of
type II; and II,. More than half of the points extend beyond the estab-
lished boundary, indicating a higher evolution of thermal maturity
(Fig. 7). The J;s® samples displayed higher HI values compared to those
of J;s'. The difference in the variation trends of HI and Tmax between the
J 131 and J132 samples indicates that the source rocks of these two in-
tervals may have undergone distinct hydrocarbon generation processes.

4.1.4. Thermal maturity

Among the tested samples, the lowest Ro value was 0.94 % and all
other test points were greater than 1.0 % with an average of 1.22 %
(Fig. 8). The Tpax distribution histogram showed that most of the sam-
ples fell within the range between 440 °C and 470 °C, indicating that the
source rocks entered the mature stage, which is the period of hydro-
carbon generation. The Ro contour map is based on the measured Ro
values of source rock samples obtained from drilled cores and the burial-
thermal history reconstruction of uncored wells. Two obvious maturity
centers developed around the well QT1 and the J7, both of which were
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located at the deepest burial depth (Fig. 9). The Ro value of the source
rock at the deepest burial depth exceeded 1.2 %, among which the
source rock maturity at the location of well QT1 was 0.1 % higher than
that of the eastern maturity center because of its larger burial depth.

4.1.5. GC-MS analysis and biomarker parameters

The n-alkanes of the lacustrine source rocks were mainly in the range
from Cp3 to Cgs, displaying unimodal distributions. The n-alkane pat-
terns can be expressed as a single pre-peak with a dominant peak from
nCi to nCyy, represented by samples from J 182 with their nCy;./nCo1 4
ranging from 0.72 to 4.19 (avg. 3.02), or a single mid-peak or post-peak
with the dominant peak from nC;¢ to nCyg, represented by samples from
Jys! with their nCy;./nCy + ranging from 0.44 to 1.90 (avg. 1.05).

Among the regular steranes, source rock extracts from J;s? showed
approximately equal amounts of Cy7 and Cyg 5a(H), 14a(H), 17a(H)-20R
steranes, indicating that it had both aquatic and terrestrial organic
matter input. The aoax20RCy7/Cyg ratio of J; s source rocks ranged from
0.43 to 0.97 (avg. 0.66), higher than that of Jls1 (0.23-0.68, avg. 0.45).
The isoprenoid alkanes Pr/Ph ratio of the J;s? source rock samples
ranged from 1.06 to 3.19 (avg. 1.96), slightly higher than that of the J;s!
source rock samples (0.88-1.95, avg. 1.25) (Fig. 10). The gammacerane
index (GI = gammacerane/CsoH-hopane) of the J;s2 source rock samples
ranged from 0.16 to 0.43 (avg. 0.27), higher than that of the Jls1
(0.10-0.33, avg. 0.23).

4.1.6. Major and trace element analysis

In this study, major and trace element tests were conducted, and the
compositions of the relevant elements are listed in Table 2 and Table 3.
The Sr concentration in the mudstone samples was lower than that in the
upper crust, indicating that lacustrine salinization was relatively low
during that period (Pan et al., 2020). SiO, AlyO3, and FepO3 are the
most abundant oxides, with average values of 58.03 %, 20.54 %, and
5.38 %, respectively. The concentrations of MgO and NayO were rela-
tively lower than those in the upper crust, and the contents of other
elements were similar to those in the upper crust (Table 3). The calcu-
lated Sr/Ba ratio of sediments in J;s> was between 0.16 and 0.29, with
an average of 0.24, higher than that of the Jqs! sediments (0.12-0.22,
avg. 0.16). The Ni/Co ratio of mudstone in J152 is between 1.41 and
4.51, with an average of 2.39, and the ratio in Jqs' is between 1.70 and
2.52, with an average of 2.25. The V/Cr ratio of the J 132 and Js' source
rocks ranges from 0.87 to 2.53 (avg. 1.60) and 1.24-2.37 (avg. 1.86),
respectively. The U/Th ratio of J;s and J;s' source rocks ranges from
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Fig. 5. Histogram of total organic carbon (TOC) of J;s source rock samples with different quality.
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0.24 to 0.46 (avg. 0.31) and 0.25-0.54 (avg. 0.33), respectively. The P/
Ti, Ba/Al, and Mn/Fe ratios of the Sangonghe Formation mudstones
were 0.02-0.18 (avg. 0.06), 36.56-83.23 (avg. 60.27), and
0.002-0.0188 (avg. 0.0996), respectively.

4.2. Biomarker characteristics of oil-sand extract

The predominant biomarkers of Lower Jurassic oil-sand extract
samples were normal alkanes. In the Total ion chromatogram (TIC) mass
chromatogram, the distribution of the n-alkanes series of the crude oil
samples was relatively complete, with the carbon number distribution
range between nC;3 and nCss and the main peak carbon range between
nCig and nCyg (Fig. 11). The n-alkanes are dominated by low molecular
weight homologues with a unimodal distribution and an apex in the
early to moderate range of n-alkanes. The relative content of Pr and Ph
of isoprene alkane in oil/extract samples is low. The Pr/Ph ratio in the
J1s2 crude oil samples ranged from 1.49 to 2.58, with an average value of
1.99, indicating an oxic waterbody during sedimentation.

In the m/2=217 mass chromatogram, the aaa20RCyg regular sterane
contents of the oil samples are relatively dominant, and the distribution
pattern of the regular sterane caa20RCyy7-Cog-Cag in some samples shows
an obvious asymmetric “V” shape, suggesting that the content of regular
sterane aaa20RCyy is equivalent to that of aaax20RCyg. The aaa20RCa7/
Cyg ratio ranged from 0.82 to 0.92 (avg. 0.87), indicating that the source
of crude oil had an obvious contribution from the aquatic organisms.

In the mass chromatogram with m/z=191, Czo hopane and Cyg
norhopane were dominant in most of the tested samples. In the Jis oil/
extract samples, a certain content of gammacerane was observed, with
the GI ranging from 0.22 to 0.28 with an average value of 0.24, indi-
cating its origin was the source rock that formed in a brackish water
column.

4.3. Hydrocarbon generation and expulsion model

4.3.1. The establishment of hydrocarbon generation and expulsion model
The Eq. (1) from Li et al., (2020a) is used for fitting the model of the
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plotted Tpax and HI and their relationship is shown in Fig. 12. HIy was
determined to be 279 and 211 mg HC/g TOC, respectively to best fit the
variation trend of the samples from J1s% and Jis'. The simulated curve
covers the vacancy in the flat segment at both ends of the line to com-
plete the entire thermal evolution process from the immature to mature
stages (Fig. 12). The model of J;s2 samples has a steeper gradient in the
middle part of the curve than that of the J 15! because it possesses a much
larger © value, indicating that the source rock of J;s2 has experienced a
more rapid hydrocarbon transformation than that of Jis!. The specific
Tmax Value that corresponds to a large amount of kerogen transformation
in the J;s% model was lower than that in the J;s' model. Thus the rapid
hydrocarbon generation period of the J;s? source rocks was earlier with
a narrower hydrocarbon generation window than that of the J;s'. The
main factors controlling this phenomenon are discussed in the following
discussion sections.

The models in Fig. 12 can only express the feature of hydrocarbon
generation. To comprehensively analyze the entire kinetic process, the
simulated kinetic models are plotted in Figs. 13 and 14 by applying the
expulsion formulas. The green dashed lines represent the thresholds at
which hydrocarbon generation and expulsion began. The measured Tpax
was converted into Ro using Eq. (11) and is plotted in Fig. 13a to show
the application of the conceptual model (Fig. 2) in a practical situation.
The HET was determined by identifying the point at which the S;+Sy/
TOC value began to decrease as Ro increases, indicating that the source
rocks began to expel hydrocarbons. The HET of the Ro of Jis' and J;s°
source rocks was approximately 0.88 %.

The hydrocarbon generation potential of the source rock is a measure
of the amount of organic matter converted into hydrocarbons. Tie
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determines when the hydrocarbon is discharged from the source rock,
influencing the measurement of Q.. When the degree of thermal evo-
lution increases, the kerogen within the organic matter starts to
decompose and convert into hydrocarbons. This leads to a consistent
upward trend in T, and Qg values, representing a rapid hydrocarbon
generation and transformation period, followed by a stabilization as
thermal maturity continues to rise. For the J;s? samples, when Ro was
approximately 0.88 %, hydrocarbon expulsion began, and T, was
determined as 39.7 %. For the Jls1 samples, T, and Qg increased grad-
ually during thermal evolution, however, within the limited maturity
range, there was no obvious flattening was observed. By applying the
same discrimination method, the Ty of the Js! source rocks was 29.1 %.
The Qg values corresponding to T were 111.20 and 59.94 mg HC/ g
TOC, respectively.

The maturity of source rocks of the Sangonghe Formation in the
Taibei Sag reached up to 1.20 % in the depression area. For the J;s
source rocks, this evolution degree was close to the equilibrium end
point of Qg. If this Ro value (1.2 %) is assumed to be the maximum
thermal evolution degree of the source rock, the maximum of Qg and Q.
are 277.89 and 166.07 mg HC/ TOC, respectively, and the corre-
sponding expulsion efficiency is 57.20 %. The degree of thermal evo-
lution of the J;s! source rocks in the Taibei Sag was similar to that of the
J 152, and the Qg values of the J 131 samples with the Ro of 1.20 % were far
from reaching the climax. In this case, within the current maturity stage,
the maximum of Qg and Q. of J 18! source rocks was 154.87 and 94.03
mg HC/ TOC, respectively, and the maximum expulsion efficiency was
58.90 %.

4.3.2. Hydrocarbon generation and expulsion intensities

The calculation was completed by multiplying the integration results
of Qg or Q. at different evolution stages of the source rock by the
thickness, TOC, and rock density using Eq. (9) and (10). Contour maps of
I; and I, of Jis' and Jis? source rocks are shown in Fig. 15, with two
hydrocarbon generation and expulsion centers developed around wells
QT1 and J7 in both members of the Sangonghe Formation.

The amount of hydrocarbon generated in the two sub-sags is close
(Fig. 15). Source rock in the eastern sub-sag was larger in thickness and
TOC content, resulting in a higher hydrocarbon generation intensity
(maximum I;=1 20><104t/km2), but the distribution area was limited.
Although the range of the hydrocarbon generation center of the Jys!
source rock was similar to that of J;s, the hydrocarbon generation and
expulsion intensity were nearly half lower than that of J;s%, with the
highest value of the I; and I. centers migrating from east to west.

5. Discussion

This section discusses the sedimentary environment and organic
matter input characteristics of both members of the Sangonghe Forma-
tion. A detailed oil-source correlation was used in combination with the
characteristics of hydrocarbon source rocks and crude oil biomarkers to
confirm the effectiveness of the Jis source rocks in the Taibei Sag. In
addition, this section discusses the influence of sedimentary environ-
ments and organic matter origin difference between the J;s' and J;s?
source rocks on their geochemical characteristics, hydrocarbon gener-
ation and expulsion features.

5.1. Depositional environment and source of organic matters

5.1.1. Palaeo-water depth and primary productivity

The J;s2 mudstones were located at the top of the Sangonghe For-
mation and were deposited during a large-scale transgression (Fig. 1e),
which resulted in the formation of continuous mudstone with a large
thickness, characterized by a high gamma-ray logging response.
Generally accepted is that the relative contents of the major elements
Mn and Fe represent the depth of the water column (Liang et al., 2018).
Therefore, the Mn/Fe ratio is larger in sediments formed in deeper water
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bodies (Li et al., 2022). The mean value of the Mn/Fe ratio was higher in
the J132 mudstones (0.0009-0.1675, avg. 0.0241) than in Jls1
(0.0056-0.0336, avg. 0.0134) (Fig. 16a). The ratio of (Al+Fe)/(Ca+Mg)
is controlled by terrigenous materials and usually decreases with
increasing depth of water (Li et al., 2022), and this ratio was lower in the
Jls2 mudstones (2.70-32.07, avg. 18.16) than that in Jis! (14.64-41.80,
avg. 27.79) (Fig. 16b), therefore, the mudstones of J 152 were formed in a
deeper water body than that of Jys'.

Primary productivity is an important index to evaluate the

enrichment of organic matter in fine-grained sediments (Li et al., 2020b;
Li et al., 2022; Pan et al., 2020; Shen et al., 2015). Phosphorus is a
necessary nutrient for biological growth and will settle in sediment after
the organism is dead (Pan et al., 2020). Therefore, the relative P content
in the sediment was strongly correlated with the primary productivity of
the water column (Algeo and Maynard, 2004; Pan et al., 2020; Shen
et al., 2014). The P/Ti of J;s? samples ranged between 0.019 and 0.175
(avg. 0.060), higher than that of the Jis! (0.016-0.020, avg. 0.047),
indicating higher primary productivity during the deposition of J;s?
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Table 2

The concentration of trace element of mudstone samples from the upper and lower members of the Sangonghe Formation in the Taibei Sag (unit in ug/g). Trace element

composition of the upper crust according to Taylor and McLennan (1985).

Sample ID Member Depth Sample type Sc A% Cr Co Ni Cu Ga Rb Sr Ba Zr Th U
(m) (ng/8)

W5 Jys? 5328.68 core sample 26.9 121.0 87.0 14.2 22.4 32.4 17.8 83.7 140.0 502.0 163.0 9.7 2.7
Wil Jis? 5331.90 core sample 16.5 99.5 115.0 15.2 21.5 34.4 19.9 105.0 126.0 542.0 204.0 11.0 3.4
W23 Jis 5149.80 core sample 16.1 99.9 93.9 14.6 22.7 33.7 19.3 123.0 162.0 587.0 176.0 11.8 3.4
W25 Jis 5152.62 core sample 16.4 96.9 84.1 14.4 22.4 337 19.4 92.0 128.0 562.0 173.0 9.2 3.0
W15 Jis? 5314.52 core sample 16.1 191.0 75.6 5.1 23.2 45.2 19.9 121.0 218.0 739.0 177.0 9.7 4.5
W17 Jis 5315.72 core sample 24.1 145.0 77.1 9.0 23.5 52.9 26.0 195.0 216.0 842.0 229.0 12.9 5.1
w18 Jis 5317.22 core sample 22.2 138.0 76.3 17.6 33.8 48.7 23.9 185.0 190.0 773.0 210.0 13.4 3.5
W19 Jis? 5318.02 core sample 21.1 116.0 69.6 19.4 30.0 42.0 21.4 144.0 176.0 664.0 207.0 11.2 31
W76 Jys? 4558.01 core sample 35.2 143.0 66.4 5.5 20.4 75.4 29.9 42.4 125.0 575.0 284.0 12.2 2.9
W77 J;s? 4559.58 core sample 23.4 117.0 51.8 9.8 26.4 49.7 28.3 62.6 125.0 513.0 304.0 7.4 2.5
Wwé1 Jis? 5480.78 core sample 18.8 106.0 91.8 3.4 13.4 32.1 23.2 116.0 101.0 625.0 180.0 14.4 3.4
W62 Jis* 5481.38 core sample 20.1 106.0 81.4 24.7 411 47.5 25.2 88.4 115.0 542.0 225.0 11.4 3.7
W27 Jis! 5308.60 core sample 24.7 133.0 70.3 14.0 32.7 44.5 28.1 188.0 156.0 912.0 232.0 11.5 6.2
W110 Jist 5572.47 core sample 19.0 105.0 69.7 12.4 21.1 42.0 23.3 141.0 147.0 819.0 236.0 9.9 2.8
Wi11 Jis' 5572.88 core sample 20.7 125.0 101.0 16.4 39.4 60.9 25.4 124.0 144.0 669.0 170.0 17.3 5.2
W115 Jys! 5574.61 core sample 23.4 138.0 60.0 6.5 16.4 43.3 33.8 103.0 105.0 875.0 246.0 7.8 2.1
w116 Jist 5575.65 core sample 23.3 144.0 60.7 7.6 17.5 40.0 29.6 102.0 101.0 815.0 231.0 7.5 1.9
Upper crust 13.6 107.0 85.0 17.0 44.0 25.0 17.0 112.0 350.0 550.0 74.0 10.7 2.8

Table 3

The composition of major oxides (unit in wt%) of mudstone samples from the upper and lower members of the Sangonghe Formation in the Taibei Sag. Major oxides

composition of the upper crust according to Taylor and McLennan (1985).

Sample ID Member Depth Sample type SiO, Al,03 Fey03 MgO CaO NayO K20 MnO TiOz P05
(m) (%)
W5 Jps? 5328.68 core sample 53.84 14.85 11.88 1.69 1.02 1.16 2.32 0.246 0.852 0.205
w11 Jys? 5331.90 core sample 62.32 17.44 4.28 1.04 1.14 1.68 2.81 0.074 1.020 0.122
w23 Jps? 5149.80 core sample 61.29 17.96 4.93 1.22 0.55 1.35 3.97 0.074 1.010 0.111
W25 Jps? 5152.62 core sample 59.92 16.55 6.58 1.21 1.07 1.39 2.50 0.105 0.943 0.132
W15 Jys? 5314.52 core sample 47.63 17.59 1.81 0.65 5.73 0.46 3.73 0.274 0.870 0.024
w17 Jps? 5315.72 core sample 59.44 22.43 3.67 1.29 0.09 0.54 5.58 0.021 0.957 0.054
W18 Jys? 5317.22 core sample 59.14 20.23 6.86 1.47 0.12 0.62 4.85 0.067 0.931 0.054
w19 Jps? 5318.02 core sample 58.55 18.82 8.46 1.45 0.19 0.89 4.40 0.102 0.970 0.089
W76 Jys? 4558.01 core sample 53.55 25.58 2.58 0.73 0.13 0.42 1.13 0.002 1.210 0.038
W77 Jys? 4559.58 core sample 57.74 24.54 3.48 0.88 0.13 0.31 1.63 0.007 1.370 0.044
W61 Jps? 5480.78 core sample 64.37 21.56 1.80 0.77 0.11 0.86 3.35 0.005 1.050 0.027
W62 Jps? 5481.38 core sample 60.06 20.48 5.01 1.40 0.17 0.51 2.68 0.037 1.220 0.062
w27 Jis 5308.60 core sample 59.36 21.77 4.94 1.59 0.08 0.63 5.36 0.025 0.887 0.041
W110 Jis 5572.47 core sample 62.81 18.29 5.26 1.35 0.42 0.85 4.16 0.159 1.220 0.202
Wi111 Jis 5572.88 core sample 59.19 20.58 7.74 1.35 0.11 0.58 3.43 0.046 1.050 0.058
W115 Jpst 5574.61 core sample 54.36 25.24 5.48 0.64 0.15 0.36 3.13 0.060 1.120 0.025
w116 Jps? 5575.65 core sample 52.88 25.31 6.71 0.70 0.17 0.32 3.12 0.055 1.150 0.038
Uppercrust 66.00 15.20 - 2.20 4.20 1.60 3.90 0.080 0.410 0.150

10
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Fig. 11. GC-MS chromatograms showing distributions of total ion chromatograms (TIC) of saturated hydrocarbons, hopanes (m/z 191) and steranes (m/z 217) in the

Jps oil-sand extract samples in the Taibei Sag, Turpan-Hami Basin.
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Fig. 12. Simulation model of hydrocarbon generation potential fitted by Rock-Eval data (HI versus Tp,ay) of the J 182 source rocks (a) and the J;s' source rocks (b) in

the Taibei Sag, Turpan-Hami Basin.
(Fig. 16¢).

5.1.2. Redox condition and palaeosalinity

Pristane (Pr) and phytane (Ph) are commonly used for the discrim-
ination of the sedimentary environment of the deposits and are detected
in all source rock and oil/extract samples from the Sangonghe Forma-
tion. Phytanol can be converted into pristane under oxidation condi-
tions, so the ratio of Pr/Ph is widely used as the indicator of the redox
condition in the sedimentary environment. Generally, a low Pr/Ph ratio
(<1) indicates an anoxic environment, and a Pr/Ph ratio > 3 indicates
an oxidizing environment. (Didyk et al., 1978; Peters et al., 2005; Peters
and Moldowan, 1993; Powell and McKirdy, 1973; Ten Haven et al.,
1987). The distribution range of the Pr/Ph ratio of source rocks from
both members was between 0.88 and 3.19, reflecting a weak oxidation
environment (Fig. 17a).

11

Tricyclic terpenes and hopanes are ubiquitous in sediments and
source rock extracts and can be used as important indicators for deter-
mining the biological origins and sedimentary environments (Degrande
et al., 1993; Jin et al., 2019; Peters et al., 2005; Peters and Moldowan,
1993). Sinninghe Damsté et al. (1995) proposed gammacerane as an
indicator of the stratification of water bodies, meanwhile the GI is often
used to indicate the salinity of water bodies. The average GI values of the
J1s% and Jis' source rocks were 0.27 and 0.23, respectively, indicating
that both source rocks were formed in a brackish water column, and the
GI values of the J;s2 samples were slightly higher than that of the J;s!
(Fig. 17a). Previous studies have pointed out that GI and Pr/Ph are
usually negatively correlated, but this phenomenon is not obvious in this
study (Chen and Summons, 2001; Mann et al., 1987; Sun et al., 2016),
therefore, this may indicate that there is no interaction between water
salinity and oxidation-reducibility.
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Fig. 13. Simulation model of hydrocarbon generation and expulsion characteristics of the J;s> source rocks in the Taibei Sag, Turpan-Hami Basin.
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Fig. 14. Simulation model of hydrocarbon generation and expulsion characteristics of the J;s' source rocks in the Taibei Sag, Turpan-Hami Basin.

The contents of trace elements Sr and Ba are commonly used for
restoring the palaeosalinity of the water column (Custodio, 2002; Pan
et al.,, 2020; Rohling, 2000; Zheng et al., 2022). Therefore, salinity
assessment can be effectively accomplished using Sr/Ba ratio (Zhang
et al., 2018). Specifically, a ratio within the following ranges indicates
different water conditions: > 0.5 for saltwater, 0.2-0.5 for brackish
water, and < 0.2 for freshwater (Wei and Algeo, 2020; Zheng et al.,
2022). The distribution range of the Sr/Ba ratio of samples from J;s' and
J 132 reflects a brackish water condition. The Sr/Ba ratio of sediments
from J;s? is higher than that of J;s’. This observation aligns with the
earlier statement regarding the GI, indicating that the salinity of the
water column during the deposition of J;s? was higher than that of J;s!
(Fig. 17b).

The relative contents of trace elements Ni and Co can effectively
reflect the degree of redox conditions in water bodies during sedimen-
tation with a higher Ni/Co ratio indicating a reducing environment
(Elderfield and Greaves, 1982; Wang et al., 2022a). Generally, the Ni/Co
ratios in the ranges of < 5, 5-7, and > 7 represent oxidizing, oxygen-
poor, and anoxic environments, respectively (Elderfield and Greaves,
1982; Wang et al., 2022a). The ratio of U/Th < 0.75 and V/Cr < 2
represent an oxic condition (Jones and Manning, 1994; Pan et al., 2020;
Li et al., 2022). Thus, the redox conditions during the sedimentation of
the source rocks in both members of the Sangonghe Formation were
similar, and both were deposited in an oxidizing environment (Table 2,
Fig. 17b, c).

5.1.3. Source of organic matters
High-carbon n-alkanes after Cy, generally originate from terrestrial
organisms, and low-carbon n-alkanes before Cy; mainly originate from

aquatic organisms and microorganisms, therefore, the normal-alkane
distribution and the ratio of n-alkane Cj;./Cgg are widely used to
determine the origin of organic matter (Peters and Moldowan, 1993).
Steroidal compounds in sediments are commonly found in prokaryotic
microbial organisms, such as plankton, aquatic organisms, terrestrial
plants, higher animals, and bacteria (Philp and Gilbert, 1986). The Cyy-
Cas-Cog steranes are derivatives of sterols that can be used to study the
provenance, maturity, and sedimentary environment of crude oil and
source rocks (Peters and Moldowan, 1993). Studies have shown that Cy7
regular steranes are mainly derived from zooplankton, Cyg from
phytoplankton, and Cyg from terrigenous plants, brown algae, and other
green algae (Huang and Meinschein, 1979; Moldowan et al., 1985). GC-
MS analysis showed a higher ratio of normal alkane Cg;./Co2;and a
higher content of aaax20RCy; regular sterane in samples from J1s? than
that in the J;s!, indicating a higher proportion of aquatic organism
contribution to the source rocks during the deposition of the J;s? source
rocks than that of J;s! (Fig. 18a, b).

5.2. Oil-source correlation of the Sangonghe Formation

The spectrogram from GC-MS analysis of the lower Jurassic crude
oil/extract samples shows very little UCM (Unresolved Complex
Mixture) bulge, and the n-alkane distribution of the J;s oil/extract
sample in the study area was relatively complete. These collectively
suggest that there is a low degree of biodegradation molecular isomer-
ization of organic compounds (Liu et al., 2022). Therefore, the distri-
bution of the biomarker parameters of the oil/extract can effectively
reflect the origin of the organic matter.

Nearly equal contents of regular sterane aoa20RCy7 and aaa20RCag
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with a certain amount of gammacerane in the oil/extract samples reflect
its origin from lacustrine mudstone that formed in a brackish water
sedimentary environment, with a certain contribution from low aquatic
organisms. The specific biomarker parameters of this type of oil were
plotted in the same area as those of the J;s samples as shown in Fig. 19.
Additionally, their spectrogram distribution were highly similar
(Figs. 10, 11), indicating that the oil in the Sangonghe Formation was
sourced from the J;s source rocks, and the contribution of the Jis'
source rocks could not be excluded. Studies have suggested that the
petroleum in the existing reservoirs was contributed by coaly source
rocks from the Badaowan Formation, which is characterized by a high
Pr/Ph ratio and an extremely low GI among biomarkers (He et al.,
2022). The plotted biomarker parameters of the J1b source rocks and J;s
oil samples were separated from each other in Fig. 19, indicating that the
tested J1s oil samples are not relevant to the contribution of the J;b coaly
source rocks.

5.3. Hydrocarbon generation and expulsion comparison and analysis of
controlling factors

The kinetic parameter patterns established based on the existing
hydrocarbon generation model of the Jis' and J;s? samples are dis-
played together to highlight their differences (Fig. 20a-e). The fitting
curve of Jis? source rocks has a higher HIy with a steeper slope repre-
sented by a higher p value and results in a narrower distribution of
hydrocarbon generation window than J;s* source rocks, indicating that
more kerogen has been converted into hydrocarbons in an equal time
interval (Fig. 20a). The relationship between the T, and thermal matu-
rity (Fig. 20b) reflects a more rapid increase of T, and a higher value of
Tmax corresponding to the beginning of hydrocarbon generation of the
J1s2 source rocks, indicating that a higher activating energy for kerogen
decomposition is needed than that of the J;s! samples. The duration of
the hydrocarbon generation window and the energy needed to activate
kerogen decomposition are significantly influenced by the uniformity of
maceral compositions (Chen and Jiang, 2015). It can be concluded that
the maceral composition of J;s! source rock is more complex compared
to that of J;s!. This interpretation is consistent with the GC-MS analysis
results. The higher ratio of normal alkane Cy;./Ca2and aoca20RCa7/Cag
of J;s% source rocks are higher than those of the J 15! source rocks. This
suggests a higher proportion of aquatic organism contribution to the J;s?
source rocks than that of the Jqs!. The sapropelic components in J;s
source rocks minimized the complexity of macerals resulting from the
terrigenous input.

The J1s source rocks have a higher I; than those of Jist, although
their thickness and thermal maturity distributions are similar. The J;s?
source rock exhibited higher TOC and HI than Jis' source rock for
several reasons: Firstly, from the perspective of sedimentation, the J;s?
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mudstones were deposited during the lacustrine flood period, providing
a more stable condition. Conversely, the J 1sl mudstones were deposited
in a shore-shallow lacustrine environment within the intermittent
period of the deltaic system, characterized by a substantial influx of
terrigenous material. The influx significantly diluted the abundance of
organic matter and introduced more higher plant organic input, leading
to lower values of TOC and HI. Secondly, trace element analysis showed
that the J;s? source rock was deposited in a water body with slightly
higher salinity than that of Jis', which favored the preservation of
organic matter in the sediment. The higher HI, can lead to a higher Qg at
the same transformation ratio. Collectively, these factors contribute to a
higher calculated I value of the J 15 source rocks.

Studies have shown that the hydrocarbon expulsion capacity of
source rocks is related to TOC, hydrocarbon generation capacity, and
thermal maturity, and that high-quality source rocks with higher TOC
and better organic matter types usually have a better hydrocarbon
expulsion capacity (Cooles et al., 1986; Eseme et al., 2007; Pepper,
1991; Pepper and Corvi, 1995; Ritter, 2003; Sun et al., 2021; Wilhelms
et al., 1990). Although the J;s2 source rocks have higher TOC and better
organic matter types than the Jis' source rocks do, the hydrocarbon
expulsion efficiency of the former is lower than the latter (Fig. 20e).
When the hydrocarbon expulsion started, the corresponding Ty of
Jlslsource rocks 29.1 %, smaller than that of the Jls2 (Tre=39.7 %)
(Fig. 20d), and the Qg of J1s® source rocks corresponding to T, was
111.2 mg HC/ TOC, twice as large as that of the J;s' source rocks
(Qg=59.94 mg HC/ TOC). These results indicate that a certain amount of
hydrocarbons in the J;s! source rock could have been expelled even if a
relatively small proportion of kerogen had been decomposed. The most
likely explanation for this phenomenon is the difference in the single-
layer thickness and source-reservoir combination types of the two sets
of source rocks.

Studies have reported the differences in hydrocarbon expulsion ef-
ficiency of source rocks with different thicknesses (Leythaeuser et al.,
1988; Leythaeuser et al., 1984). The study of Mackenzie et al. (1988)
indicates that the charging capacity of hydrocarbons would be higher in
the interfaces between the source rocks and interbedded sandstones. The
difference in the sedimentary environment leads to different single-layer
thicknesses of the mudstone of Jls2 and Jlsl. The J152 source rocks
possess large and continuous thickness, effectively acting as a barrier to
the migration of generated hydrocarbons. This impedes the hydrocarbon
expulsion process, ultimately leading to lower R. values. Conversely,
J1s! mudstones with limited thickness created better conditions for the
generated hydrocarbons to discharge from the edge of the mudstones
and resulted in a higher R, compared to the J;s2 mudstones (Fig. 20e).
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Fig. 19. Cross plots of oil-source correlation between J;s oil-sand extracts and Lower Jurassic source rocks in the Taibei Sag, Turpan-Hami Basin. (a) Gammacerane/
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5.4. Influence mechanism of sedimentary backgrounds on hydrocarbon
generation and expulsion

During the deposition of the lower member of the Sangonghe For-
mation (Jlsl), the mudstone was deposited in shore-shallow lacustrine
environment under a deltaic sedimentary system, and the water body
was relatively shallow and easily influenced by repeated river input
(Fig. 21a). As a result, the mudstone was formed in a shallow water body
and was limited in thickness. A large amount of terrigenous input during
this period not only greatly diluted the abundance of organic matter but
also complicated the maceral composition of the kerogens, resulting in a
lower HIy and a wider range of hydrocarbon generation window. The

Lithology of the
Sangonghe Formation N

2

limited thickness of the mudstone was conducive to the hydrocarbon
expulsion process and led to a higher hydrocarbon expulsion efficiency.

During the deposition of the upper member of the Sangonghe For-
mation (J 152), the lake expanded and maximum transgression occurred,
and the depositional environment here evolved into a semi-deep to deep
lacustrine environment which favored the development of thick and
continuous mudstones (Fig. 21b). During this period, the water body is
stable and the salinity is higher than that of the Jis!, which was
conducive to the preservation of organic matter, resulting in a higher
TOC of the mudstones. The semi-deep to deep lacustrine environment
with higher primary productivity promoted the growth of aquatic or-
ganisms, thus enhancing the hydrocarbon generation potential and
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transformation rate. However, thick mudstone can block the migration
of generated hydrocarbons and hinder the hydrocarbon expulsion pro-
cess, resulting in a lower hydrocarbon expulsion efficiency. The calcu-
lated results of the accumulative hydrocarbon generation of the
Sangonghe Formation in Taibei Sag matched the current exploration
status, affirming the method’s suitability for the study area.

6. Conclusions

(1) Oil-source correlation has confirmed that the hydrocarbons
generated from the J;s lacustrine mudstones have contributed to
the existing Lower Jurassic tight oil reservoirs in Taibei Sag,
Turpan-Hami Basin.

During the maximum transgression period of Jis%. The stable
water body with higher salinity and primary productivity leads to
the mudstones containing a higher abundance of organic matter.
There is a significant contribution of aquatic organisms in the
maceral composition, leading to higher values of HIy and T; of the
.]1s2 source rocks.

The J;s! mudstones were deposited in a shore-shallow lacustrine
environment under the deltaic sedimentary system, with rela-
tively shallow waterbody. The frequent fluvial activities intro-
duced a substantial amount of terrigenous input, which greatly
diluted the abundance of organic matter and complicated the
maceral composition of the J;s' mudstones. This further leads to
a wider hydrocarbon generation window (lower T;) and a lower
Qe. The interbedded thin-layer of mudstone exhibited higher
hydrocarbon expulsion efficiency.

2

(3)
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