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Owing to multiple tectonic events after the Late Triassic, the northern segment of the western Sichuan depression (NSWSCD) has a
complex geological history of significant uplift and deeply buried. With abundant oil and gas play in the NSWSCD, the study of
paleo-oil reservoir systems and early hydrocarbon accumulation in this area is of great significance for deep marine
hydrocarbon distribution prediction in complex structural settings. Analysis on the northern section of the Mianyang-
Changning Intracratonic Sag (MY-CN IS) and the Tianjingshan Paleouplift (TJS PU), the two Early Paleozoic tectonic units are
laterally superimposed. Combined the reservoir bitumen of the Sinian Dengying Fm firstly, the biomarker (TT23/tT24, S21/S22,
etc.) and Organic δ13C (lighter than 30‰) characteristics indicate that the Sinian-Jurassic paleo-oil system in the TJS PU area is
the main source of Lower Cambrian organic-rich black shale. This is closely related to the superimposition and combination
effects of the intracratonic sag and paleouplift. Therefore, this study establishes a geological-geochemical accumulation model
through a combination of Ro and fluid inclusion data. The No. 1 fault is an important zoning fault in the NSWSCD, which
significantly controls the division of the oil-gas zone. The process of paleo-oil reservoir destroyed directly only exists in the
frontal deformation zone. The deep marine strata of the eastern No. 1 fault demonstrate the four-center hydrocarbon
accumulation processes, which include oil generation, gas generation, gas storage, and gas preservation. The superdeep
Dengying Fm has long-term exploration potential in the NSWSCD.

1. Introduction

Typical dual thrust belt and foreland basin structures are well
developed in the western Sichuan Basin [1]. The western
Sichuan depression (WSCD) is a foreland depression that
has been influenced by Indosinian, Yanshan, and Himalayan
tectonic events. Since the Indosinian Orogeny, the typical
multistage basin evolution and tectonic movement character-
istics in the WSCD have been largely controlled by the for-
mation and evolution of the Longmenshan Thrust Belt

(LMS TB) on the western margin [2, 3]. Both of these are rel-
atively consistent in the present tectonic pattern [4, 5]. With
the complex tectonic-sedimentary evolutionary process,
researches concentrated on the unconformities between con-
tinental strata, lithofacies records, and paleo-structural pro-
ceeding the Late Triassic [6, 7].

The northern segment of the western Sichuan depression
(NSWSCD) has one of the longest histories of oil and gas
exploration in the Sichuan Basin [8, 9]. Among the petro-
leum geological features, there are abundant oil and gas that
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play in the Tianjingshan area. In addition, the discovery of a
sizeable Anyue gas field in the middle of the Sichuan Basin
and the development of the Early Cambrian Mianyang-
Changning Intracratonic Sag (MY-CN IS) also indicate
advantageous exploration prospects for deeply buried
marine hydrocarbon in the WSCD [10, 11]. However, the oil
and gas exploration of the deeply buried Dengying and Qixia
formation has become increasingly difficult nowadays [12].
Preliminary research indicates that the widespread distribu-
tion of the paleo-oil reservoir system in the NSWSCD closely
relates to the formation and evolution of the MY-CN IS and
the Tianjingshan Paleouplift (TJS PU) in the Early Paleozoic.
The prediction of deep hydrocarbon accumulation under the
suddenly deformed basin-mountain system of the NSWSCD
should also be relevant to paleo-oil reservoirs and deep-
superdeep gas reservoirs in the frontal-deformation zone and
depression areas. Therefore, the paltry amount of data avail-
able on tectonic-sedimentary processes between the Late-
Sinian and the Early-Triassic highlights the lack of research
on the geology of the deep petroleum system.

This study covers a detailed description of tectonic-
sedimentary evolution during the Early Paleozoic in the
NSWSCD. The sources of the paleo-oil reservoirs (oil seeps/-
bitumens) from the Sinian-Jurassic strata in the TJS PU area
were assessed. Additionally, related studies on oil-source cor-
relation, thermal burial history, and deep hydrocarbon accu-
mulation processes were considered. This allows for a better
understanding of the extension-compression transition and
the processes responsible for the formation of the paleo-oil
reservoir system in the northwestern Sichuan Basin. Further-
more, the oil-gas migration model and implications for
deeply buried hydrocarbon predictions were clarified.

2. Geological Setting

2.1. Stratigraphy, Palaeogeography, and Age Constraints.
Owing to the differences in tectonic background and defor-
mation stage, level, and strength, the LMS TB has typical seg-
mentation characteristics of the southern, middle, and
northern sections. The structural deformation of the WSCD
also shows a certain trend of segmentation characteristics.
Combined with oil and gas exploration, the WSCD is
divided into southern, middle, and northern segments
[13, 14]. The 150 km long and 50 km wide northern segment
of the western Sichuan depression (NSWSCD) stretches from
Jiangyou-Tongkou in the south to Guangyuan in the north
(Figure 1). The development of the LMS TB and the WSCD
influences the marine strata that are generally buried at
depths that exceed 7000m. Given the relative ancient geolog-
ical age (>250Ma), this study determines that the deeply bur-
ied marine strata were deposited from the Late Sinian, after
the initial formation of the cratonic basin, to the Middle-
Late Triassic that occurred before the evolution of the intra-
continental foreland basin (Figure 2).

The Sichuan Basin had a complex tectonic history of
supercontinental and multistage extensional events in the
Late Proterozoic (pre-Late Sinian) before the construction
of the craton. The amalgamated North China Block (NCB)
and the Yangtze and Cathaysia blocks (South China Block,

SCB) were a part of the Rodinia supercontinent during the
Late Mesoproterozoic and Early Neoproterozoic (1.0–
0.8Ga, Figure 1(a)). The SCB was separated gradually from
Rodinia during the Late Neoproterozoic (830–720Ma)
through oceanic crust subduction [15–17] and related super-
plume events [18, 19]. The evidence of superplume events
includes a large number of outcrops of Upper Proterozoic
basic-ultrabasic intrusions, pyroliths, and metamorphic
complexes on the western margin of the SCB. The multistage
process of extension and compression in the SCB is named
the Xingkai taphrogenesis and is associated with the breakup
of the Rodinia supercontinent [10, 20].

The Xingkai taphrogenesis started in the Middle-Late
Proterozoic. The western margin of the Yangtze Plate
exhibits typical rift-derived characteristics, with a set of 803
± 12Ma continental volcanic rocks (the Suxiong Fm), conti-
nental conglomerates, and sandstones that were assigned to
the Nanhua Kaijianqiao, Lieguliu, Chengjiang, and Luliang
formations [21, 22]. Tectonic tension was sustained up to
the Early Sinian. When the climate began to warm-up after
the Nanhuan glacial period, the Yangtze block entered a
depositional stage. The deposition of black mudstones and
the rapid transgression of the Yangtze Craton formed the
Doushantuo Fm (Zn2ds) and the clasolite and carbonatite
marine sequences [23, 24]. The development of an overlying
carbonate platform sequence and fine silica-carbon clasolite
led to the deposition of the Dengying Fm (Zn2dn), which
completely shaped the Sichuan Craton before the Late Sinian
[25]. The Upper Sinian Dengying Formation in the Upper
Yangtze area has a preserved thickness of 600–1000m and
can be divided into four categories on the basis of lithology,
structure, and the abundance of cyanobacteria [26].

Paraconformities developed between the second
(Zn2dn

2) and the third (Zn2dn
3) members of the Dengying

Fm and Lower Cambrian-Dengying Fm during the Tongwan
I and II episodes. Paleogeographic differentiation began to
occur in the Upper Yangtze and surrounding areas during
the depositional period of the Zn2dn

2–Zn2dn
3 [27]. The

thickness of Zn2dn
3 is inconsistent in the NSWSCD. The

black shale has only been preserved in certain areas, and peb-
bly sandstones dominate the Hujiaba section in Ningqiang.
Whether or not theWSCDwas still subject to tectonic tension
during the deposition of Zn2dn

3 remains controversial. One
view suggests that the Zn2dn

3 was only deposited in either
the restricted basin [28, 29], interplatform basin, or deep shelf
[30]. Another view is that the initial tectonic tension began
during Zn2dn

3 deposition, which includes the formation of
either the Chengdu-Luzhou Aulacogen [31, 32] or the
Mianzhu-Changning Intracratonic Sag [33]. The most widely
accepted view suggests that large-scale tensile processes began
in the Early Cambrian, which is consistent with the WSCB of
the Upper Yangtze area. This was primarily characterized
using the formation of the MY-CN IS, which was also the
main indicator of the Xingkai taphrogenesis II episode.

The initial extension during the Late Sinian Dengying
period was proceeded by the Sichuan Craton that underwent
a period of weak extension in the Early Cambrian. The thick-
ness of the Lower Cambrian Maidiping and the Qiongzhusi
formations in the NSWSCD shows that the northern
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Figure 1: (a) Simplified map of China that shows the location of the Sichuan Basin (gray). (b) Simplified digital elevation map that shows the
location of the Sichuan Basin on the eastern boundary of the Tibetan Plateau. The northern segment of the western Sichuan depression
(NSWSCD) is at the basin-mountain junction [1] of the Longmenshan Thrust Belt (LMS TB). The blue box represents the main study
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segment of the MY-CN IS also experienced an initial exten-
sion period during the deposition of the Maidiping Fm. This
included extension peaking during the deposition of the
Qiongzhusi Fm [34].

2.2. Paleo-Oil Reservoir Evaluation: Review. Although statis-
tical records are incomplete, more than 200 oil seeps, heavy
oil, tar sands, and solid bitumen veins are identified in this
area [35]. The widespread distribution of paleo-oil reservoirs
in the NSWSCD indicates a large-scale hydrocarbon migra-
tion and accumulation process in this region.

Petroleum geologists have performed numerous studies
on the significance and scale [36–39], oil-to-source correla-
tion [40–49], and petroleum generation timing [50–52] of
paleo-oil reservoirs in the NSWSCD. Additionally, there

exists a lack of effective reconciliation of geologic history,
classification, and level of contribution from Sinian and
Cambrian source rocks [44, 49]. This is caused by the possi-
bility of a mixed Upper Paleozoic source [41, 51] and the tim-
ing controversy of petroleum generation at 550, 440, or
180Ma, which is based on Re-Os isotopic dating [50–52].

3. Oil-Source Correlation of Tianjingshan
Paleo-Petroleum System

3.1. Marine Source Rocks and the Distribution of Paleo-
Oil Reservoirs

3.1.1. Source Rocks. According to detailed geological analysis,
the potential source rocks in the NSWSCD include the upper
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Sinian Doushantuo Fm, the third member of the upper
Sinian Dengying Fm, the Lower Cambrian Qiongzhusi Fm,
the Silurian Longmaxi Fm, the interbedded mudstones of
the Middle Permian Qixia-Maokou Fm, and the Upper
Permian Dalong Fm.

The Lower Cambrian Maidiping Fm-Qiongzhusi Fm
(Є1m–q) source rock that is controlled by the MY-CN IS is
particularly thick and is widely distributed in the NSWSCD
area. In addition to the good outcrops of black shale that
occur in the Mianzhu, Qingchuan, and Nanjiang areas, the
deeply buried Lower Cambrian source rocks have been dis-

covered by the Jiaotan-1 (JT-1), Mashen-1 (MS-1), and
Chuanshen-1 (CS-1) wells (Figures 3(a) and 3(i)).

The organic-rich black shale of the Sinian Doushantuo
Fm mainly developed in the second member, which was
deposited on the shoreland-continental shelf during exten-
sive transgression [53]. The Doushantuo Fm is thicker
toward the edges than in other parts of the Sichuan Basin.
Furthermore, the Doushantuo Fm is more developed in the
northeast and southeast margins than in the other margins
of the Sichuan Basin. The thickness in the northeast Sichuan
Basin is 30–90m. The outcropped mudstone of the Ziyang

Zn2ds

Zn2dn

Phosphorite

(a)

𝜖1m

𝛽𝜇

(b)

P2m

(c)

D1p

S1-2

(d)

P3d

T1f

(e)

Zn2ds

Zn2dn

(f)

Zn2dn

𝜖1m

(g)

Zn2dn
2

Zn2dn
3

(h)

Zn2ds

(i)

Figure 3: Lithofacies photos of source rocks in the Longmenshan-Michangshan area. (a) Paraconformity of the Doushantuo Fm and
Dengying Fm, Qingping, Hanwang. The top of the Doushantuo Fm has interbedded black mudstones and phosphorite. (b) QP–6 is the
Lower Cambrian Maidiping Fm with diabase dyke intrusion, at Qingping, Hanwang. (c) GY–7 is the nodular limestone interbedded with
thin black shale, which has oil intrusion, at Changjianggou, Shangsi. (d) Paraconformity between the Lower-Middle Silurian gray shale
and the Lower Devonian Pingyipu Fm, at Yanmenba, Jiangyou. (e) HY–GYCJG/CJG–11, P/T Boundary, and paraconformity between the
Upper Permian Dalong Fm and the Lower Triassic Feixianguan Fm, at Changjianggou, Shangsi. (f) Suspected paraconformity between the
Doushantuo and Dengying formations, which has bitumen infill at the boundary, at Guanzhuan, Qingchuan. (g) E/C Boundary and
paraconformity between the Dengying and Qingzhusi formations, at Daba, Guangwushan. (h) Conformable contact of the third (clasolite)
and second (dolomite) members of the Dengying Fm, at Hujiaba, Ningqiang. (i) Black shale of the Doushantuo Fm, at Nanping and
Da’an, Ningqiang.
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section is ~96m. However, the thickness in the southeast is
30–60m, with the mudstone of the Songlin section ~65m.
The Doushantuo Fm is particularly thin in the interior of
the Sichuan Basin, which is generally 10–30m. The first, sec-
ond, and third members of the Doushantuo Fm are missing
in most areas and have not been verified using sufficient cores.

The potential source rock for the Tianjingshan paleo-reservoir
prevents the exposure of the Doushantuo Fm in the TJS PU
area. The possible superdeep burial in the NSWSCD has led
to no wells being found in this area. The Qingping section is
located in the transitional area between the middle and north-
ern segments of the WSCD. The Qingping section is a black
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Figure 4: Paleo-oil reservoir distribution of the Tianjingshan Paleouplift area. (a) Bitumen under the Ediacaran-Cambrian unconformity,
located at Dengying Fm, Hujiaba, Ningqiang. (b) CJG-10 is the oil seeps from micrite Feixianguan Fm, located at Changjianggou and
Shangsi. (c) GY-7 is the oil seep in stylolite and fractured limestone, located at Changjianggou, Shangsi. (d) TB-8 is the siltstone with large
bitumen dyke intrusion, located at Changjianggou Fm, the Nianziba structure. (e) CJG-12 is dry oil seep in dolomite, which is located at
Devonian-Permian, Jianfeng. (f) NZB-04 is oil seep in siltstone, which is located at Changjianggou Fm, Jianfeng. (g) TJS-01 is oil seep in
siltstone, which is located at Pingyipu Fm and Tianjingshan. (h) QLK-01 is tar sand and oil sand, which is located at Shaximiao Fm,
Huangjinkou. (i) HB-01 is the oil pool of the Xinjiagou-1 well, which is located at Shaximiao Fm, Qinglinkou.
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siliceous mudstone-shale interbedded phosphorite that over-
lies the Doushantuo Fm (Figure 3(a)). The total organic car-
bon (TOC) value is 5.17, but the lithology is relatively thin
(5m) and is not exposed elsewhere in the WSB.

Thin (2m) black mudstone, which is similar to the Dou-
zantuo Fm, also crops out in the Qingping section. The third
member of the Sinian Dengying Fm is thick in the Ningqiang
(Hujiaba) section. However, the third member contains thick
sets of terrigenous clastic rock (Figure 3(h)). The third mem-
ber of Sinian Dengying Fm, which has thin mudstones and
variable lithofacies, should not be considered an important
hydrocarbon-generating layer in the NSWSCD. Additionally,
the Ordovician and Silurian have variable periods of hiatus in
this study area. When compared with the widely distributed
organic-rich shale of the Wufeng-Longmaxi Fm in the
central and southern Sichuan Basin, the Silurian in the
NSWSCD is dominated by gray shale (Figure 3(d)), and the
lower black shale of the Silurian sequence is absent. The black
mudstones are also developed in the Middle Permian Qixia
and Maokou Fm but are very thin (Figure 3(c)). Therefore,
the formation also cannot represent the main source of rock.
The Upper Permian Longtan Fm (P3l) transforms into the
Wujiaping Fm (P3w) in this area, which has depositional
characteristics suggestive of melanic deep-water silicalite.
Notably, during the Late Permian and Early Triassic, the for-
mation and evolution of the Guangwang, Kaijiang, and
Liangping Intracratonic Sag led to the development of the
Dalong Fm (P3d) source rock in the Guangyuan area of the
NSWSCD (Figure 3(e)). Thick and widely distributed black
siliceous mudstones crop out in the Changjianggou section
(Guangyuan area, northern NSWSCD). These are potentially
important hydrocarbon generation formations for the Tian-
jingshan paleo-oil reservoirs.

3.1.2. Paleo-Oil Reservoirs. The reservoirs of the Dengying
Fm in the NSWSCD are well developed. Furthermore, the
large-scale paleo-oil reservoir of the Dengying Fm is well-
matched with the Lower Cambrian source rocks. Numerous
bitumen fillings can be seen in the pores of the Hujiaba
(Ningqiang) and Yangba (Nanjiang) sections (Figure 4(a)).
The widely distributed bitumen in the Dengying Fm can be
linked to paleo-oil reservoirs in the TJS PU area. The frontal
and deformation zone of the NSWSCD (TJS PU area) has a
highly dense distribution of paleo-oil reservoirs (oil and gas
plays). According to the division of the northern, middle,
and southern segments of the TJS PU, the paleo-reservoir
in the northern segment of the TJS PU contains mainly solid
bitumen veins or oil seeps in the Changjianggou Fm. This is
located at the core of the Nianziba-Kuangshanliang structure
(Figures 4(d) and 4(f)). Additionally, the oil seeps in the
monoclinic Qixia-Maokou-Feixianguan Fm of the Chang-
jianggou (Shangsi) section (Figures 4(b) and 4(e)). There
are Pingyipu Fm oil seeps between the layers of the overly-
ing Middle-Upper Cambrian and in the upside of the
Permian and Triassic, which is located in the middle seg-
ment of the TJS PU (Figure 4(c)). There is also intermedi-
ate Lower Devonian Pingyipu Fm oil seep in the southern
and northern segments. Specific analysis of the time-space
sequence in this area is important. Among the samples

taken from the southern TJS PU were Jurassic oil sands
from the Houba area and heavy oil samples from the
Xinjiagou-1 well (Figures 4(h) and 4(i)). The southeast flank
of the Shuigentou-Wuhuadong structure shows a monoclinic
surface structure. The heavy oil samples from the XJG-1 well
can show variations in the maturity and degree of biodegra-
dation of the surface tar sand samples.

3.2. Materials and Methods. More than 20 samples were col-
lected for the oil-to-source correlation that was based on
TOC, Ro, GC-MS, and δ13C analyses. These include two bitu-
men samples from the Sinian Dengying Fm, bitumen, and
oil-seep sample from the Lower Cambrian Changjianggou
Fm. Furthermore, samples in the upper formations are oil-
seep sample from the Lower Devonian Pingyipu Fm, two
oil-seep samples taken from the Middle Permian Qixia-
Maokou Fm, and two tar sand/oil-seep samples from the
Middle Jurassic Shaximiao Fm. Moreover, included two
source rock samples from the Sinian Doushantuo Fm, three
source rock samples were taken from the Lower Cambrian
Maidiping-Qiongzhusi Fm, the Upper Permian Dalong Fm,
and Lower Triassic Feixianguan Fm (Table 1).

Organic geochemistry experiments on source rock and
paleo-oil reservoir samples were conducted at the Guang-
zhou Institute of Geochemistry, Chinese Academy of Sci-
ence. According to the temperature conversions of
7500m/170°C and 8000m/190°C in the ST-6 and CS-1 wells,
respectively, the TJS PU area has a low geothermal gradient
of 2.0–2.2°C/0.1 km. Additionally, most samples in the NW
Sichuan Basin have suitable maturity for biomarker analysis.
The sample pretreatments mainly use the Soxhlet extraction
(Soxh) method, whereas others use the Hydropyrolysis
(HyPy) method for comparison.

Hydropyrolysis experiments were performed in a fixed
bed reactor using high pressure (15MPa, 4 L/min) hydrogen
gas with a catalyst of ammonium dioxydithiomolybdate
[(NH4)2MoO2S2] [54, 55]. The HyPy method using bio-
marker geochemistry can reduce the thermal maturation
effect on biomarkers (Ro ≤ 2:4%) and migrated hydrocarbons
to a great extent. The covalently bound biomarkers released
by HyPy are useful in the study of biomarker geochemistry
and oil-source correlation on highly overmature source rocks
[56]. The advantages of HyPy and its additional details are
described in Liao et al. and Wu et al. [56, 57]. The saturated
and aromatic hydrocarbon fractions were analyzed using
GC-MS. The stable carbon isotope analysis of kerogen and
extract GC-C-IRMS measured fractions (bulk δ13C values).
The standard deviation of GC-C-IRMS for each compound
was less than 0.3%.

3.3. Oil-to-Source Correlation

3.3.1. Geochemical Characteristics of Potential Source Rocks

(1) Doushantuo Formation. The mudstone of Doushantuo
Fm in the eastern margin of the Sichuan Basin has an average
TOC of 1.51%, which is consistent with sapropel-type kero-
gen and an average carbon isotope value of −30.90‰. The
equivalent Ro of the Doushantuo Fm generally reaches
3.46–3.82%, which indicated the postmature stage [58]. The
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GC-MS results of HyPy for saturates of the Doushantuo Fm
with a high thermal maturity still have an indistinguishable
hump (UCM). Terpanes and regular steranes are also
missing.

(2) Dalong Formation. Controlled by the Guangwang-
Kaijiang-Liangping Intracratonic Sag, the Upper Permian
Dalong Fm (P3d) is marine gray-black siliceous rock inter-
bedded with black shales. The Upper Permian Dalong Fm
is mainly found in the Guangyuan area. The thickness of
the Dalong Fm ranges from 17 to 40m. High TOC values
(4.58–8.75%) in the Changjianggou section indicate that the
Dalong Fm has considerable petroleum potential for the
Permian Qixia-Maokou Fm and Trasssic Feixianguan Fm.

The C23-tricyclic terpane/C24-tetracyclic terpane
(TT23/tT24) ratios of the Dalong Fm range from 1.2 to 1.6
[56]. The values of gammacerane/C30–αβ hopane (Gam/H30)
are only 0.09. The distributions of C27-C29αααR steranes in
the Dalong Fm show similar “V” shapes (C27 > C29 > C28,
Figure 5). The maturity-related parameters such as 20S/ð20
S + 20RÞ and ββ/ðαα + ββÞ for C29-regular steranes
(C29 – ββ/½αα + ββ� and C29 – ββ/½αα + ββ�) are 0.45 and
0.56, respectively. C23-tricyclic terpane/C30–αβ hopane
(TT23/H30) ranges from 0.10 to 0.30. Ts/ðTs + TmÞ range
from 0.17–0.22. The ratios of C27βα(20R)/C27αα(20R)-ster-
anes range from 0.08 to 0.15. These maturity parameters
were consistent with the maturity of the Dalong Fm in the
TJS PU area (Ro 0.58%). This is lower than those in the east-
ern segment of the Kaijiang-Liangping Intracratonic Sag (NE
Sichuan Basin). The uplift of the Longmen Mountains causes
the Dalong Fm in the Guangyuan area to be in the early
stages of oil generation. It may only charge the stratigraphi-
cally adjacent formation (Permian-Triassic) because of the
limited extent and relatively low maturity.

(3) Maidiping-Qiongzhusi Formation. The kerogens of the
Qiongzhusi Fm in the WSB are dominated by micrinite
(more than 95%), with less than 5% content of marine vitri-
nite and intertinite. The Lower Cambrian source rocks in
the NSWSCD generally have high TOC values and maturity.
This creates significant petroleum potential for the Sinian
Dengying Fm and the Upper Paleozoic [59]. The TOC value
of the silicate-mudstone in the CS-1 well (burial depth 8
140m) is 2.56. The thickness of the Qiujiahe Fm (equivalent
to the Madiping Fm) in the Qingping section is 142m. This
was tested using 26 equidistant samples with average TOC
and Ro

b values of 12.95% and 2.31%. The thickness of the
exposed Qingchuan section is 80m, and the average TOC
for 15 equidistant samples was 2.2%. The adjacent north
Sichuan basin shows that the Guojiaba Fm (equivalent to
the Qiongzhusi Fm) of the Yangba and Daba sections also
has high TOC values of 2.87–3.79%.

The GC-MS of two superdeep samples (8140m and
7894m from the CS-1 well) show the complete distribution
of n-alkanes. Steranes originate from the sterols of eukaryotic
organisms [60]. The stable distribution of C27–C29 regular
steranes in the generative windows can effectively distin-
guish oils from the same source rock with different
organic phases [61, 62]. The distributions of C27–C29 steranes
in the CS-1 well have a similar “L–V” shape of C27 ≥ C27 >
C28 (Figure 5). This is similar to the Dalong Fm. The C23-tri-
cyclic terpane/C24-tetracyclic terpane (TT23/tT24) ratios of
the 8140m sample are 2.74. The C29 – 20S/ð20S + 20RÞ and
ββ/ðαα + ββÞ rise from 0 to ~0.5 (0.52–0.55 endpoint) and
from 0 to ~0.7 (0.67–0.71 endpoint), respectively, with the
increase in isomerization [60, 62]. The C29 – 20S/ð20S + 20R
Þ are approximately 0.41–0.42, and C29 – ββ/ðαα + ββÞ is
approximately 0.36 (Table 2), which is significantly similar
to the north Sichuan Basin. The north Sichuan Basin ranges

Table 1: Characteristics of source rock and paleo-oil reservoir samples.

Category Sample Formation Description Sample point Ro TOC Method (Soxh/HyPy)

Source rock

ZYSL-
120

Doushantuo/Zn2ds Mudstone Songlin, Zunyi 3.50 1.20 √/√

QP-6 Maidiping/Є1m Siliceous-mud rock Qingping, Hanwang Rb 1.56 12.95 √/√
CS1-8140 Qiongzhusi/Є1q Siliceous-mud rock CS-1 well Rb 1.52 2.56 √/√
NJ-S-2 Guojiaba/Є1g Mudstone Yangba, Nanjiang 4.05 4.05 √/√
GYCJG Dalong/P3d Mudstone Changjianggou, Shangsi 0.58 8.75 √/√

Paleo-oil reservoir

YB-1 Dengying/Zn2dn Reservoir bitumen Yangba, Nanjiang Rb 3.26 — √/√

NZB-4
Changjianggou/Є1–

2c
Oil-seepage Jianfeng Rb 0.26 — √/×

TB-8
Changjianggou/Є1–

2c
Solid bitumen vein Nianziba 0.51 — √/√

TJS-1 Pingyipu/D1p Oil-seepage Tianjingshan Rb 0.65 — √/√
CJG-12 Qixia/P2q Oil-seepage Jianfeng — — √/×
GY-7 Maokou/P2m Oil-seepage Changjianggou, Shangsi — — √/×
CJG-10 Feixianguan/T1f Oil-seepage Changjianggou, Shangsi 0.94 — √/×
QLK-1 Shaximiao/J2s Tar sand Qinglinkou Rb 0.41 — √/√
HB-1 Shaximiao/J2s Oil Xinjiagou-1 well 1.03 — √/√
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Figure 5: The GC-MS and δ13C characteristic of paleo-oil reservoirs and source rocks in the Tianjingshan Paleouplift area. (a) The GC-MS
shows that the distribution of the C27–C29 regular steranes (C29 > C27 > C28) is similar in both the Sinian Dengying and Jurassic Shaximiao
formations. The paleo-oil reservoirs show that the TT23/tT24 values can also possibly correlate with the source rocks. (b) The distribution
interval of the δ13C correlation shows that the source for the paleo-oil reservoirs is mainly the Lower Cambrian.

Table 2: Biomarker parameters of source rock and paleo-oil reservoir.

Biomarker parameters
Source rock Paleo-oil reservoir

Є1m+q P2d T1f
1 Zn2dn

4 Є1c D1p P2q P2m T1f J2s
CS1-8140 QP-6 GY-S-8 CJG-11 YB-1 TB-8 NZB-4 TJS-1 CJG-12 GY-7 CJG-10 QLK-1 HB-01

TT23/tT24 2.74 / 1.1 2.57 3.37 2.68 2.78 2.73 2.48 3.46 1.9 3.70 3.32

TT23/H30 0.7 0.67 0.28 1.25 0.29 1.96 2.4 1.8 0.14 0.17 0.39 1.53 1.8

H29/H30 0.78 0.74 0.91 1.49 0.79 1.78 1.42 1.45 0.88 0.71 0.75 1.39 1.17

Ts/Ts + Tm 0.5 0.5 0.17 0.29 0.12 0.27 0.23 0.27 0.33 0.41 0.31 0.49 0.48

C29 – 20S/ 20S + 20Rð Þ 0.4 0.42 0.44 0.48 0.46 0.44 0.46 0.46 0.46 0.47 0.37 0.49 0.46

C29 – ββ/ αα + ββð Þ 0.37 0.36 0.52 0.51 0.27–0.44 0.58 0.58 0.56 0.56 0.57 0.3 0.59 0.6

S21/S22 3.75 2.28 1.19 2.46 2.77 2.62 1.99 2.08 2.34 2.49 2.37 2.39 2.63

S21 + S22/C27 + C28 + C29 0.43 0.12 0.33 0.36 0.19 0.96 0.35 0.42 0.13 0.19 0.1 0.33 0.44

C27/ C27 + C28 + C29ð Þ 37 38 39 23 27 29 24 23 29 23 28 28 27

C28/ C27 + C28 + C29ð Þ 31 32 31 25 31 30 27 23 23 21 32 22 22

C29/ C27 + C28 + C29ð Þ 32 30 30 52 42 44 49 54 48 56 40 50 51
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from 0.31 to 0.40 using Soxh and HyPy [48]. These deeply
buried maturity parameters for the CS-1 well samples were
consistent with a relatively low maturity, which is according
to the Ro (1.5%). Therefore, the deeply buried Lower Cam-
brian source rocks in the NSWSCD (CS-1 well) may not have
reached the high-overmature stage owing to overpressure
suppression.

3.3.2. Geochemical Characteristics of Paleo-Oil Reservoirs

(1) Terpanes and Regular Steranes. The Dengying Fm reser-
voir and the Lower Cambrian source rocks are typical hydro-
carbon accumulation units of ancient geological age. The
maturity-related parameters such as the C29 – 20S/ð20S + 20
RÞ and C29 – ββ/ðαα + ββÞ of the Dengying Fm bitumen in
the Yangba section range from ~0.42 to 0.46 and ~0.27 to
0.44, which does not reach the endpoint of isomerization.
The maturity of the Dengying reservoir bitumen is similar
to the Cambrian-Jurassic paleo-oil reservoir (Ro 0.5–1.0%)
in the TJS PU area. Tricyclic terpanes are common in petro-
leum and source rock extracts, possibly originate from pro-
karyotic cell membranes [63], and can be related to
Tasmanites [64–67]. The cell structure observation of Tas-
manite using optical microscopy shows that tricyclic terpanes
first occurred in the Upper Cambrian and were extremely
abundant in some Paleozoic strata [68–70]. Tricyclic ter-
panes are also present in the Upper Permian Dalong Fm in
the Tianjingshan structure. Generally, the C23 member is
the dominant compound in tricyclic terpanes in crude oils,
especially those from marine sources [71]. Moreover, tricy-
clic terpanes are more resistant to biodegradation than
hopanes and can occur in severely biodegraded oil even when
the hopanes have been destroyed [72]. The tetracyclic ter-
panes were derived from the thermal or microbial rupture
of hopanes or precursor hopanoids [60]. Tetracyclic terpanes
are more resistant to biodegradation than the hopanes [68].
These terpanes are present in a few samples from the TJS
PU area. C24 tetracyclic terpane (tT24) is more common than
its homologs. Oils sourced from terrestrial organisms have
relatively high concentrations of tT24 [73].

The TT23/tT24 ratio can indicate the type of organic mat-
ter. Relatively high values for the TT23/tT24 ratio usually
imply a large input from marine organic matter [74, 75].
The TT23/tT24 ratios are in the range of 3.0–3.5 in the
Qiongzhusi Formation [48], whereas they fall to 1.1–1.6 in
the Dalong Formation. However, oils sourced from terrestrial
organic matter have a relatively low TT23/tT24 ratio value.
The NW Sichuan Basin has the Qiongzhusi Formation that
was deposited in the open sea during the Lower Cambrian
[76]. The decreased TT23/tT24 ratio from the Qiongzhusi
Fm to the Dalong Fm is consistent with increased terrestrial
organic matter input, which can be observed in the composi-
tion of macerals. Meanwhile, Wang et al. [41] also identified
the characteristics of gravity current deposition in the Dalong
Fm in the Sichuan Basin [77]. Therefore, the decrease of the
TT23/tT24 ratio shows a sufficient correlation with the varia-
tion in the sedimentary environment. The TT23/tT24 ratios of
the Lower Cambrian paleo-oil reservoir (~2.7–3.2), the

Lower Devonian Pingyipu Fm oil seep (~2.7), the Permian
Qixia-Maokou Fm oil seep (~2.5–3.5), the Jurassic Shaximiao
Fm tar sand and oil (~3.3–3.7), and the Qiongzhusi Forma-
tion (~2.7–3.2) are all approximately similar. However, these
differ from the Dalong Fm (~1.1–1.6). Therefore, it appears
that the Lower Cambrian source rocks most likely correlate
with the Sinian-Cambrian bitumen, Devonian-Permian,
and Jurassic oil seeps.

Pregnane and homopregnane are highly resistant to bio-
degradation [78]. They are derived from the hormones preg-
nanol and pregnanone and the thermal cracking of C27–C29
regular steranes [79]. The pregnane/homopregnane (S21/S22)
ratios of the Sinian Dengying Fm and Jurassic Shaximiao Fm
paleo-oil reservoir are very similar (~2.0–2.7). These ratios
are also similar to that of the Lower Cambrian (~2.3–2.5)
but higher than the Dalong Fm (~1.1–1.2). This provides addi-
tional evidence that the oil seeps and bitumens in the TJS PU
area were derived from the same source rock. The paleo-oil
reservoir was severely biodegraded. Particularly, the absence
of acyclic isoprenoids in the bitumen from the Dengying and
Changjianggou formations indicates that those paleo-oil reser-
voirs rank 5–6 on the PM biodegradation scale [58]. The dis-
tributions of the C27–C29 regular steranes (C29 > C27 > C28) in
extracts are similar, which was also reported by Huang and
Wang (2008) and Rao et al. (2008) [41, 42].

(2) Bulk δ13C Values of Kerogen and Extract Fractions. Stable
carbon isotopic compositions have been widely used for cor-
relating oil with source rocks [61, 80]. The δ13C value of oil
(bitumen) depends on the original organic matter from
which the oil was expelled [81]. A negative shift of bulk
δ13C values between kerogen and oil/bitumen of less than
3% usually suggests a possible correlation [60, 82]. The bulk
δ13C values of the Precambrian Doushantuo Fm in the
Yichang and Zunyi areas range from −27.9‰ to −30.7‰.
The bulk δ13C values of Lower Cambrian kerogen in the
NW Sichuan basin are between −31.0‰ and −34.0‰. How-
ever, the bulk δ13C values of the Middle-Upper Permian and
Lower Triassic kerogen range from −26.0‰ to −28.0‰,
which are much higher than those of the Cambrian kerogen
(Figure 5(b)).

The bulk δ13C values of the Lower Cambrian oil seep and
the solid bitumen veins from the Nianziba anticline are −34‰
to −36.0‰. The bulk δ13C value of the Devonian Pingyipu Fm
paleo-oil reservoir in Tianjingshan (Middle TJS PU area) is
−34.95‰. The δ13C values of the Qixia, Maokou, and Feixian-
guan Fm range from −30‰ to −34‰. The δ13C values of the
saturates, aromatics, resins, and asphaltenes of the Jurassic tar
sands and oil in the Qinglinkou-Huangjinkou area (Southern
TJS PU area) are in the range of −31.5‰–34.0‰. Generally,
oils from Paleozoic marine sources have bulk δ13C values ligh-
ter than −30‰, which gradually became heavier (rich in 13C)
in the following (Permian-Triassic) geologic periods [83]. The
Tianjingshan structure shows that paleo-oil reservoirs in dif-
ferent strata (Sinian, Cambrian, Devonian, Permian, Triassic,
and Jurassic) have very low δ13C values (commonly <
−34.0‰), which confirmed that those oil seeps and bitumen
are mainly from the Lower Cambrian source rocks.
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4. Petroleum System Interpretation
and Discussion

4.1. Tectonic-Controlled (Intracratonic Sag and Paleouplift) of
Early Hydrocarbon Accumulation

4.1.1. Northern Segment of the Mianyang-Changning
Intracratonic Sag. Along with a full analysis of the regional
structural characteristics of China, the formation mechanism
of the North China Rift and the structural background of the
eruption of the Emeishan Basalt in the southwestern margin
of the Sichuan Basin were reported. Therefore, Luo proposed
the taphrogenesis theory and proposed that there had been
three large-scale taphrogeny in the Chinese mainland since
the Late Proterozoic subsequently [84], which include the
Xingkai, Emei, and North China [20]. These were closely
related to the formation and distribution of oil and gas.

The Early Cambrian MY-CN IS has received extensive
attention since being discovered along with the genesis of
the Rodinia and Gondwana supercontinents being proposed
[10]. The MY-CN IS extends from the original Tethys Ocean
into the Sichuan Basin of the Upper Yangtze Craton, which
trends along the NNW-SSE. Both sides of the Weiyuan and
Gaoshiti structure in the middle segment of the MY-CN IS
are used as boundaries. Therefore, intracratonic sag can be
divided into three segments. The southern segment spans
from Dazu, Yibin, and Longchang to Changning, and the
northern segment stretches over Yanting, Langzhong, and
Guangyuan area. Currently, the middle-north segment of
the WSCD coincides with the northern segment of the MY-
CN IS. However, because of the greater burial depth of the
Sinian Dengying Formation and the Lower Paleozoic, the
investigation of the structural features of the northern seg-
ment of the intracratonic sag is difficult.

Based on the preliminary analysis of the two-dimensional
seismic profile in the Shuangyushi-Shejianhe area, the deeply
buried Devonian-Permian structure is located just above the
eastern boundary of theMY-SC IS, and scarp features are dis-
tinct. The Late Sinian-Early Cambrian tectonic and sedimen-
tary characteristics of the NSWSCD are similar to that of the
Gaoshiti-Moxi structure in the central Sichuan Basin. This
study has sufficiently used high-precision contiguous 3D
seismic and some 2D seismic data (from Sinopec and Petro-
China) in addition to drilling and field outcrop data. This was
performed using the thickness description method of the
Lower Cambrian Maidiping and Qiongzhusi formations that
was first discovered in the MY-CN IS (Figure 6(a)).

The boundary on the west side of the northern segment is
approximately perpendicular to the original Tethys Ocean
and is distributed along the Chengdu-Weiyuan area. The
boundary characteristics of the reflected thickness are clear.
The eastern part of the northern segment has great depth,
is widely distributed, and is more prominent owing to the
depositional control of the deep formations in the NSWSCD.
The east side of the northern segment lies along the Shehong-
Santai-Yanting-Langzhong-Jiangyou-Guangyuan line, and
the distance between scarps is wider. The thickness differen-
tiation of the Qiongzhusi Fm decreases gradually after pass-
ing Shehong. The continuous feature of the Dengying Fm is

apparent in the seismic profile below the steeper scarp (I).
Similar to that of the central Sichuan Basin, tension faults
are not well developed in the northern segment of the MY-
CN IS. The clarity of boundary features is relatively reduced.
The NSWSCD is in the center of the northern segment of the
MY-CN IS, where the Lower Cambrian is thick. The Lower
Cambrian marine clasolite is approximately 1000m thick
and is the sedimentary center of the black organic-rich shale
from the Maidiping-Qiongzhusi Fm.

4.1.2. Stratigraphic Context of the Tianjingshan Paleouplift
Area. Paleouplifts are areas of positive structural relief that
form on the Earth’s surface owing to the interaction of inter-
nal and external geodynamic processes through the geologic
time [85]. According to pre-Devonian sedimentary paleo-
morphology, the study states that there is a paleouplift struc-
ture in the northwest of the Sichuan Basin. This was subject
to tectonic evolution in the sag and platform areas, which
was controlled by the Longmenshan deep faults. This struc-
ture was named the TJS PU, with Cambrian-Ordovician
denudation in the core of the area [86]. Paleouplifts can con-
trol early oil and gas accumulation of ancient deep petroleum
systems. The TJS PU is located on the northern side of the
Leshan-Longnvsi paleouplift and has a relatively small area.
Therefore, a few studies consider the TJS PU to be part of
the Caledonian Paleouplift [87].

The TJS PU is poorly constrained in time-space. Out-
cropping strata are scarce in this area and have poor quality
seismic data owing to the complex structural background
and lack of Sinian-Cambrian drilling in the region. This
caused the precise structural boundary of the TJS PU to be
difficult to determine. Controversy also exists regarding the
initial uplift time. A few studies believe that the TJS PU
formed in the Early Cambrian, which is based on observa-
tions of the lithological characteristics of the Lower Cam-
brian Changjianggou Fm [85, 88].

The 1 : 200,000 regional survey report originally divides
the Changjianggou Fm into three members. Revised in
1962, the lower two members still belong to the Changjiang-
gou Fm. However, the upper member belongs to the Mod-
aoya Fm. When the distinct lithologies and lithofacies in
this area are considered, drilling has not revealed the relation-
ship of the contact between the top of the Dengying Fm and
the bottom of the Lower Cambrian. Whether the Yunnan
stratigraphic system should be adopted to correspond the
Changjianggou-Modaoya Fm to the Qiongzhusi-Canglangpu
Fm is still questionable, respectively. Furthermore, this study
corresponds to the Modaoya Fm to the middle-upper part of
the Lower Cambrian such as the Yanwangyan Fm in the
northern Sichuan Basin. Therefore, the initial uplift time of
the TJS PU is slightly different from a few other studies. The
TJS PU is vertically superimposed on the MY-CN IS, which
is roughly on the west side of scarp (I) in the northern segment
of the Early Cambrian MY-CN IS. Based on the stratal rela-
tionships and outcrop chronostratigraphy, the TJS PU can
also be divided into several zones (Figure 7).

The preserved tectonic features of the N. TJS PU are
characterized by two anticlinal structures (the Kuangshan-
liang and Nianziba structures), which can be traced further
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north to Sanliba, Baolun, and Guangyuan area. Finally, the N.
TJS PU gradually transects the southwest limb of the
Michangshan Paleouplift in the Chaotian. The complete out-
crops in the N. TJS PU are found in the current Nianziba
structure, which has paraconformable stratigraphic contacts.
Combined with the middle and upper part of the Chang-
jianggou Fm, the Middle Ordovician Baota Fm overlies on
the third member of the Changjianggou Fm. This includes
an overlap from the Middle Silurian Luoreping Fm. Paracon-
formities also occur in the Lower-Middle Devonian Guan-
wushan Fm and between the Upper Permian and Lower-
Middle Carboniferous in this area. The ages of the missing
strata between the Baota and Changjianggou Fm and the
Luojaping and Baota Fm are 50Ma in the Nianziba structure.
A weakly compressive tectonic regime from the Caledonian
orogeny caused the north segment of the TJS PU to undergo
episodic sedimentation-uplift processes during the Early
Paleozoic. The relatively stable deposition during the Devo-
nian proceeded with the Lower and Middle Carboniferous
strata being developed in a few areas of the northern seg-
ment. The Permian Liangshan Fm directly overlies the Devo-

nian under the Kuangshanliang-Nianziba structure, which
has a hiatus in time of 60Ma (Figure 8).

The present-day topography of the middle segment of the
TJS PU varies slightly. The surface structural features of the
middle segment are characterized by two tightly closed anti-
clinal structures with a linear strike that trends from the
northeast to the southwest. The limbs are oriented at 30°–
60°. The Ordovician-Silurian is not represented in the middle
segment of the TJS PU. The missing strata represent a time
gap of 110Ma. The siliceous conglomerate at the top of the
Changjianggou Fm is an unconformable contact with the
overlying Devonian Pingyipu Fm. The stratigraphic charac-
teristics of the Early Paleozoic sequence indicate that the
middle segment of the TJS PU was uplifted and denuded
without associated deposition during the Caledonian period.
When compared to the northern segment, geological map-
ping has only identified the entire Devonian and Carbonifer-
ous sequence in the middle segment of the TJS PU because of
the limited thickness of the stratigraphy. The section still
indicates stratal development in the Lower andMiddle Devo-
nian near Yanmenba. Similar to the northern segment, the
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Upper Carboniferous strata are missing in this area. Large-
scale transgression of the entire basin in the Early Permian
caused that unconformities occurred between the Middle
Carboniferous and the Middle-Upper Permian in the middle
TJS PU. The Triassic strata were subject to deformation
through folding during the Mesozoic. The conglomerate of
the Lower Jurassic Baitianba Fm overlies the Permian-
Triassic with an angular unconformable contact.

The southern segment is currently located along
Shuigentou-Wuhuadong (Houba-Erlangmiao), which is
north of Jiangyou, and appears as an anticline structure that
gradually slopes in a southwesterly direction. The surface
geology of the southern segment shows a sequence of the
middle member from the bottom to the top of the Chang-
jianggou Fm, Lower-Middle Devonian, Lower Carboniferous
Zongchanggou Fm, and Permian, respectively. The Paleozoic

sequence in the southern segment is also missing the Middle-
Upper Cambrian, Ordovician, and Silurian, which indicates
that deposition had not occurred in the area for some time
owing to uplift and denudation before the Devonian. The dis-
covery of the Devonian during multidrilling at the Shuan-
gyushi structure was followed by the original undivided
Lower-Middle Carboniferous strata in the area that was reas-
signed to the Lower Carboniferous Zongchanggou Fm. The
preserved thickness is only 6m. This indicates that the Car-
boniferous in the southern segment of the TJS PU is missing
15Ma and 32Ma of strata at the top and bottom, respectively.

4.1.3. Early Paleozoic Extension-Compression Transition. The
Yunan movement in the Early Cambrian to Early Ordovician
caused a sequence of marine conglomerates and sandstones
(the Changjianggou Fm) that was deposited on the top of
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the Lower Cambrian black mudstone in the NSWSCD. How-
ever, the Lower Ordovician hiatus may indicate that the
Longmenshan ancient land (the TJS PU and the Longmen-
shan island chain) has been uplifted. The evolution of the
TJS PU entered the episodic stage (I) (Figure 9(b)). There-
fore, the Caledonian TJS PU must have formed before the
Leshan-Longnvsi Paleouplift in central Sichuan.

The Upper Yangtze area reentered a widespread trans-
gressional period at the beginning of the middle Ordovician.
The NSWSCD reaccepted stable sediments from sand-mud
tidal flats. The transgression intensified in the Middle Ordo-
vician and limestone that was deposited in the northwestern
Sichuan Basin. A few studies suggest that during the Late
Ordovician and Early Silurian, the Duyun movement, which
is evident in southern Guizhou [89], was also essential in the
formation of the Caledonian Paleouplift in the Sichuan Basin
[90]. Furthermore, the Duyun movement contributed to the
development of the Baota Fm karst reservoir in the northwest-
ern Sichuan Basin. The NSWSCD inherited the tectonic-
sedimentary framework of the Ordovician during the Early
Silurian. The sedimentary system appears as a gently dipping
homoclinal sequence of carbonate-terrigenous strata [91]. A

detailed investigation of the surface geology showed that a
set of relatively deep-water black shales that belonged to the
shelf facies occurred at the bottom of the Silurian in northern
Wangcang [92]. There is also a thin layer of oolitic limestone
higher up, which has undergone high-energy sorting and
transport [93]. Furthermore, 150m of reef deposits was dis-
covered in the Lower-Middle Silurian in the Chaotian-
Guangyuan area.

The Lower-Middle Silurian is difficult to identify in the
Tianjingshan area with sets of gray-green silt-shale interbed-
ded siltstone, which is located in the middle of the NSWSCD.
The Luoreping Fm depositional environment was a sand-mud
flat to gentle slope or intertidal zone. The Upper Yangtze area
had uplifted significantly owing to the Late Caledonian move-
ment (i.e., Guangxi movement) by the end of the Silurian. The
Leshan-Longnvsi area in the central Sichuan area was the core
of the uplift. Denudation of the Ordovician-Silurian strata
provided a large supply of terrestrial detritus for the Devonian
sedimentary rocks in the western Sichuan area. The Tianjing-
shan area underwent discontinuous uplift (Figure 9(c)) during
this period. The continuous differential uplifting of the TJS PU
area exposed the strata and created unevenly distributed
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unconformities. The current exposure of the Kuangshanliang-
Nianziba structure shows that the nodular limestone of the
Upper Ordovician Baota Fm has unconformable contact with
the lower Changjiangkou Fm and upper Lower Silurian. The
significant uplift in the mid-southern segment of the TJS PU
caused the Middle-Upper Cambrian, Middle-Upper Ordovi-
cian, and Lower Silurian to become nearly absent.

The TJS PU evolved into episode III during the
Devonian-Carboniferous Hercynian orogeny. Furthermore,
the Tianjingshan area has a deeply buried depositional
framework that is consistent with uplift and depression.
Devonian lithologies are poorly represented in the paleoup-

lift area, with the Middle and Lower Carboniferous overlying
the Middle Devonian Guanwushan Fm. A large Devonian
sedimentary basin occurs on the western side of the TJS
PU. The sand-mud flat depositional environment in an
asymmetric NE-oriented rift basin in the Tangwangzhai-
Yangtianwo area represents the center of Devonian subsi-
dence [94]. The NSWSCD transformed into a semienclosed
bay environment in the Carboniferous on the western
margin of the Yangtze Plate. This was dominated by a limited
and semilimited platform to open-platform carbonate
sequence [95]. The Carboniferous in the mid-southern seg-
ment of the TJS PU is also relatively complete, whereas the

Tianjingshan

Nianziba

Kuangshanliang
Changjianggou

Shuigentou

Wuhuadong
Majiaoba

Qinglinkou

Xinjiagou

Yandian Beimiao

Yunji

Jiajiaba

Yanmenba

Luojiaba
Initial stage (є2-3)

𝜖2-3с
2

𝜖2-3с
3 (𝜖2-3m)

Macun

(a)

Yunan movement: episodic stage I (𝜖3-O1)
O1z-x Sanleiba

𝜖2-3с
3(𝜖2-3m)

O2b

𝜖2-3с
3(𝜖2-3m)

D

D
𝜖2-3с

2-3

Tianjingshan

Nianziba

Kuangshanliang
Changjianggou

Shuigentou

Wuhuadong

Majiaoba

Qinglinkou
Xinjiagou

Yandian
BeimiaoM

Y-C
N In

tra
cra

to
ni

c s
ag

Yunji

Jiajiaba

Yanmenba

Luojiaba

Macun

(b)

Duyun movement: episodic stage II (O3-S1)

S2
O2b

S1-2

O2b

Tianjingshan

Nianziba

Kuangshanliang
Changjianggou

Shuigentou

Wuhuadong

Majiaoba

Qinglinkou

Xinjiagou

Yandian
Beimiao

Yunji

Jiajiaba

Yanmenba

Luojiaba

Macun

M
Y-C

N In
tra

cra
to

ni
c s

ag

(c)

Hercynian movement: episodic stage III (D3-C3)

C2
D2g

C1
D3

C1
D3

C1-2
D2g

Tianjingshan

Nianziba

Kuangshanliang
Changjianggou

Shuigentou

Wuhuadong

Majiaoba

Qinglinkou

Xinjiagou

Yandian Beimiao

Yunji

Jiajiaba

Yanmenba

Luojiaba

Macun
M

Y-
CN In

tra
cr

ato
ni

c s
ag

(d)

Figure 9: Relationship between the TJS PU and MY-CN IS in different time periods. (a) The prototype of the TJS PU is thought to have
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northern segment lacks Upper Carboniferous deposition.
Significant regression in cyclical sea-level variations is indi-
cated in the TJS PU area from the Middle Carboniferous
Huanglong Fm to the Upper Carboniferous Chuanshan Fm
(Figure 9(d)).

The Paleozoic stratigraphic contacts indicate that the tec-
tonic core of the TJS PU migrated from south to north. The
early core of the paleouplift was approximately located in
the Shuigentou-Tianjingshan-Bantongyan area of the mid-
southern segment. A later increase in uplift and denudation
amplitude in the northern segment caused that the structural
high moved from the mid-southern to the northern segment.
The TJS PU and the MY-CN IS overlapped laterally. The area
of the TJS PU was relatively larger in the Late Cambrian and
Early Ordovician, and Late Ordovician and Early Silurian of
episodes I and II, respectively. The Nianziba-Kuangshanliang
area in the northern segment overlapped vertically onto the
intracratonic sag. The core of the paleouplift was only
approximately 10–20 km away from scarp I on the eastern
side of the MY-CN IS during multistage sea-level rise and fall
processes (Figure 9). The Changjiangkou and Pingyipu Fm in
the paleouplift area remained on a regional high until the
Middle-Late Triassic. This is the optimal accumulation area
for early generation oil and gas that is derived from high-
quality Cambrian source rocks in the northern segment of
the MY-CN IS. The formation and structural relationship
of the TJS PU with the MY-CN IS led to the development
of the intracratonic sag, paleo-uplift complex, and joint
model that controls the early accumulation of oil and gas in
the NSWSCD. The northern segment of the MY-CN has
controlled the development of high-quality source rocks of
the Lower Cambrian Maidiping and Qiongzhusi Fm. How-
ever, the evolution of the paleouplift coincided spatiotempo-
rally with the superior source rocks. The source rocks and
reservoir characteristics in the NSWSCD provided the opti-
mal conditions for hydrocarbon accumulation in the region.

4.2. The Multistyle and Stage Hydrocarbon Accumulation
Characteristics under Complex Geological Background

4.2.1. Deeply Buried-Strong Uplift Characteristics and Oil-Gas
Zoning. Studies of the Dengying Fm-Longwangmiao Fm gas
reservoirs (i.e., the Gaoshiti-Moxi structure in the middle
Sichuan Basin) have realized the importance of the preserva-
tion conditions, which were concluded as four-center accumu-
lation processes of original gas generation centers (paleo-oil
reservoirs), the transition of gas storage centers, and the cur-
rent gas-holding centers (present gas reservoirs) [96–98].

Two important faults were evolved at the junction of the
NSWSCD and the LMS TB, which are the Majiaoba fault
(MJB F) and the frontal hidden fault (i.e., No. 1 fault), after
the Late Triassic. The Majiaoba fault is a zone that comprises
of several thrust faults and single faults that often have lim-
ited extension. This is the boundary fault between the LMS
TB and the NSWSCD. The Majiaoba fault mainly developed
along the clasolite of the Upper Triassic Xujiahe Fm. The area
to the west of the fault is mainly composed of pre-Jurassic
strata. The oil and gas preservation conditions have been
destroyed completely after undergoing extreme deformation.

The east of the fault is mainly composed of Jurassic and
younger strata, which include minor deformation. The No.
1 fault is predominantly buried and primarily developed
together with the continental clasolite formations from the
Jurassic. The No. 1 fault is also known as the Guangyuan-
Dayi (hidden) Fault. The No. 1 fault developed inside the
Upper Yangtze block, which is the extended result of thrust
movement from the LMS TB to the foreland. The frontal
and deformation zone of the NSWSCD remained involved
in the deformation to varying degrees. The angle of the
dip of the strata decreases rapidly in the easternmost No.
1 fault area.

When the NSWSCD is considered, the No. 1 fault is also
a boundary fault that is characterized by deeply buried and
strong uplift (Figure 10). According to the main structural
events after the Late Triassic, the formation and evolution
of the No. 1 fault have been an important influence on the
early accumulation effect of the paleo-oil reservoir in the
TJS PU. The No. 1 fault also divided the oil-gas zone after
the Late Triassic. The current Middle Permian top structural
map of the NSWSCD shows that the two subzones have
typical burial depth differences owing to the influence of
the thrust belt on extension and deformation. The burial
depth of the Paleozoic (Cambrian-Middle Permian) in the
hanging-wall of the No. 1 fault (i.e., frontal deformation zone
in the NSWSCD) is generally maintained at 2500–4000m
after being affected by the rapid uplift and erosion processes
of the LMS TB after the Late Triassic. Numerous residual
paleo-oil reservoirs dominate the surface. The evolution pro-
cess of the paleo-oil reservoir system in the Tianjingshan
Tectonic Belt (frontal deformation zone) of the NSWSCD
has led to the following formations: first, the Early Tianjing-
shan Paleouplift oil reservoir (Dengying Fm-Changjianggou
Fm-Lower Devonian); second, the adjustment and recon-
struction of the subdamaged secondary oil reservoir (Qixia
Fm-Feixianguan Fm) with multistage and lateral-vertical
migration; third, the complete destruction of the residual
oil reservoirs (Upper Cambrian solid bitumen-Jurassic tar
sand) in the Himalayan period (Figure 11). Therefore, only
the hydrocarbon accumulation process from the paleo-oil
reservoirs has been maintained during the destruction of
the paleo-oil reservoirs in the frontal deformation zone of
NSWSCD.

4.2.2. Multistyle and Stage Characteristics of Deep
Hydrocarbon Accumulation. Based on the inheritance and
innovation of source control theory, which has a multisource
supply of high-quality Cambrian source rock as the core, the
contrasting relationship between cap strength and trap clo-
sure height are the main factors that control oil and gas dis-
tribution. The superimposed basin is an important attribute
of the Sichuan Basin. The oil and gas accumulation process
in the NSWSCD of the Sichuan superimposed basin includes
the following processes. First, the coupling process of paleo-
oil reservoir formation and destruction in the frontal defor-
mation zone, gas reservoir formation, and adjustment pro-
cesses in the target deeply buried Upper Proterozoic Sinian
Dengying Fm. Second, the current exploration and develop-
ment of the Upper Paleozoic Middle Permian Qixia Fm.
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Third, other oil and gas-bearing processes used for reservoir
formation.

(1) Multistyle Characteristics. The deep marine hydrocarbon
accumulation in the NSWSCD can be divided into two cate-
gories. The first is the primary oil-gas reservoir model, which
includes the Lower Cambrian source rocks that are mature
enough for hydrocarbon expulsion. This has the migration
of the side generation to the side of the reservoir (Dengying
Fm), upper generation to the lower reservoir (Dengying
Fm), or lower generation to the upper reservoir (the overly-

ing Longwangmiao Fm, the Qixia-Makou Fm, and other
paleo-oil reservoirs). The paleo-oil reservoirs were cracked
in situ in the later stages. Typical thermally cracked bitumen
allows for the paleo-oil reservoirs that formed the current gas
reservoir. The primary reservoir and primary gas reservoir
model is located near the eastern boundary of the MY-CN
IS and the NSWSCD. This includes scarp (I) of the deeply
buried Shuangyushi-Shejianhe structure and scarp II of the
Langzhong-Jiulongshan-Yuanba area, which has a pivotal
role in oil and gas exploration in the Dengying, Longwang-
miao, and Qixia-Maokou Formations.
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The second category is the secondary reservoir and the
primary gas reservoir model. The weak adjustment and
transformation of local uplift, denudation, and thrusting
causes the primary paleo-oil reservoir to mainly consist of
the Dengying Fm that was partially damaged during the
Indosinian period. The partial paleo-oil reservoirs had
migrated into the upper Guanwushan Fm, Qixia-Makou
Fm, and Feixianguan Fm, which has relatively shallow burial
depths. This was achieved through secondary migration that
uses the fracture-to-fracture system to form the secondary
reservoirs. If later tectonic activity is relatively stable, the sec-
ondary reservoir will not be damaged again. The bitumen in
the reservoir will undergo thermal cracking with oil cracked
in situ to form a primary gas reservoir. The rapid and pro-
nounced uplift and denudation process in the Yanshanian-
Hishanian period caused the secondary oil reservoirs to be
destroyed completely. The crude oil migrated to the shallow

surface to form residual paleo-oil reservoirs such as oil seeps,
oil sands, heavy oil, and solid bitumen veins. The gas reser-
voirs of the Guanwushan and Qixia-Maokou Fm in the
Shuangyushi-Shejianhe structure belt of the NSWSCD (on
the east side of the No. 1 fault) belong to the secondary res-
ervoir and primary gas reservoir model. Notably, the local
Permian and Triassic gas reservoirs in the northern part
of the NSWSCD may also have individual source rocks
within the Dalong Fm source rocks because of the Guang-
wang, Kaijiang, and Liangping intracratonic sag. Therefore,
the Devonian-Permian gas reservoirs in the Hewanchang-
Jiulongshan area can be a combination of either primary
oil and gas reservoirs or secondary oil and primary gas
reservoirs.

(2) Multistage Characteristics. The combination of the multi-
ple unconformities, fault-based migration system, and
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Figure 11: Model of deeply buried hydrocarbon accumulation and oil-gas zoning in the NSWSCD. (a) With a complete thermal cracking
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inclusion homogenization temperature data (Dengying and
Qixia formations) corresponds to structural deformation
and evolution periods. Furthermore, this combination led
to the constraints of thermal burial histories that were used
to establish deep marine hydrocarbon accumulation pro-
cesses in the NSWSCD. Early burial and recrystallization
processes created first-generation dolomicrites with relatively
rare microbial calcic-shell concretions in the Dengying Fm.
The pores of the Dengying Fm microbial dolomite are well
developed and filled with fourth-generation saddle-shaped,
coarse-grained dolomite, and a small amount of mesocrystal-
line dolomite in the two ultradeep samples of the CS-1 well.
According to the observation of the mineral generation rela-

tionship between the pores and bitumen infills in the Dengy-
ing Fm, the filling sequence can be expressed as first-
generation dolomicrite, second-generation mesocrystalline
dolomite, third-generation bitumen, and fourth-generation
saddle-shaped dolomite (Figures 12(b) and 12(e)). The
fourth-generation dolomite of the Dengying Fm in the
NSWSCD is more common, which primarily occurs as
saddle-shaped monocrystalline dolomite. Bitumen is a typi-
cal result of the thermal cracking of oil and is formed in the
gas window during deeply buried. Fluid inclusions in the
saddle-shaped dolomite are relatively abundant, distributed
in the cleavage, and the growth annulus of the crystals. Given
the association with third-generation bitumen, the fourth-

(c)(a)

(e) (f)

(b) (d)

500 𝜇m 6 𝜇m

CH4+CO2

(h)

(j) (k)(i)

(g)

Figure 12: Deeply buried reservoir characteristics of the Dengying and Qixia formations. (a) CS-1 well that is located between 8161.07 and
8161.20m and consists of algal-laminae stromatolite dolomite (Zn2dn

4). (b) CS-1 well that is located between 8162.04 and 8162.15m and
consists of algal-dolarenite and algal irregular nodule dolomite (Zn2dn

4). (c) CS-1 well that is located between 8160.29 and 8160.36m and
consists of karst holes that are formed near the unconformity at the top of the Dengying Fm (Zn2dn

4). (d) CS-1 well that is located
between 8157.96 and 8158.07m and consists of karst holes that are formed by strong paleokarst weathering at the top of the Dengying Fm
(Zn2dn

4). (e) CS-1 well that is located between 8157.18 and 8157.34m and consists of fine crystalline dolomite with bitumen and saddle-
shaped dolomite that fills in super large intercrystalline pores and intercrystalline dissolved pores. The traces of bitumen that are notably
disturbed and broken (Zn2dn

4) into 5 × 10m pieces. (f) ST-3 well, which is located between 7433.72 and 7433.85m, consists of dolomitic
leopard limestone (P2q). (g) ST-12 well that is located between 7065.48 and 7065.63m and consists of the bedrock is micrite. Gray leopard
dolomicrite that is formed after partial dolomitization (P2q). (h) ST-12 well that has characteristics of methane-bearing inclusion in
coarse-grain dolomite of the Qixia Fm. (i) ST-12 well that is located between 7050.24 and 7050.34m and consists of gray micrite with
developed fractures (P2q

2). (j) ST-12 well that is located between 7057.50 and 7057.72m and consists of micrite with corrosion pores and
a large amount of bitumen infill. (k) ST-12 well that is located between 7059.22 and 7059.28m and consists of two-stage dolomitization,
the early stage is dolomicrite and later recrystallized to form gray-white, medium-coarse, and grained dolomite (P2q

2).
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generation dolomite is the primary target for inclusion tem-
perature measurement. The homogenization temperature
recorded by the fluid inclusions in the Dengying Fm is set
at 167–176°C. According to the thermal burial model, the
top of the Dengying Fm is approximately 5200m deep in
the Lower-Middle Triassic. The fluids were consistent over
a cracking period of the previously charged oil in the Sinian
Dengying Fm.

The abundance of inclusions in the deeply buried Qixia
Fm is relatively limited from the ST-12 well in the NSWSCD.
According to the statistical observation of the core, the edge
of the hole in the Qixia Fm contains either first-generation
dolomicrite, second-generation bitumen, third-generation
saddle-shaped dolomite, or third-generation mesocrystalline
dolomite (Figure 12(h)). The second-generation bitumen is a
typical thermally cracked bitumen. The filling order shows
that the saddle-shaped and mesocrystalline dolomite
occurred later than the thermally cracked bitumen, which
indicated that the fluid filling in this period occurred after
the gas generation window. The dolomite reservoirs of the
Qixia Fm have mainly powdered crystal dolomite in the
(pre) oil generation window. The inclusions in this period
are very small, with a lack of tawny oil inclusions. The pri-
mary or secondary oil reservoirs are relatively weakly charged
in the Qixia Fm. The minerals formed after the gas genera-
tion window were mainly either coarse-grained dolomite or
saddle-shaped dolomite.

Raman spectroscopy analysis of fluid inclusions in
coarse-grained dolomite of the Qixia Fm shows that some
gaseous phases of some of the SAH aqueous inclusions have
noticeable characteristic CH4 peaks, which indicates that
these hydrocarbon inclusions should be pure liquid
methane-bearing. The dolomite with coexisting SAH aque-
ous and methane-bearing inclusions was selected to measure
the homogenization temperatures and to obtain density and
salinity values. The ST-12 well (burial depth in the Qixia
Fm ranging 7061.83–7083.50m) has 58 inclusions in the 6
samples (CXB01-CXB06), has homogenization temperatures
ranging 95.4–156.8°C, and has freezing point temperatures
from −9.6 to −5°C. The calculated salinity and the density
range are 7.86%–13.51% and 0.99–1.03 g/cm3, respectively.
The inclusions of the Qixia Fm have two sets of peaks at
115–125°C and 135–145°C (Figure 13). This can represent
the main oil and gas filling process in the Middle-Late Trias-
sic and Late Triassic to Early Jurassic (Figure 13). Subse-
quently, a temperature range of 115–125°C approximately
corresponds to vertical gas charging that originated from
underlying strata (probably the Dengying Fm). Additionally,
135–145°C can represent the gas generation (oil-cracking)
window of the secondary (or protogenic) oil reservoir.

4.2.3. Four-Center Accumulation Processes of Deeply Buried
Dengying and Qixia Fm. Currently, the deep marine hydro-
carbon system in the NSWSCD is controlled by the compos-
ite action of the intracratonic sag, paleouplift, and basin-
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mountain structure. Initial uplift and denudation occurred in
the Tianjingshan area in the middle of the Early Cambrian.
The formation of the TJS PU eventually caused the generated
oil to migrate to the high part of the paleouplift area, which
formed a paleo-oil reservoir under suitable trap conditions.
The TJS PU area controlled early protogenetic hydrocar-
bon migration, accumulation, and distribution in the Den-
gying Fm and Cambrian-Devonian before the Triassic
(Figure 14). The Shuangyushi-Shejianhe area and the east
platform margin of the MY-CN IS (to the east of the
No. 1 fault) were the enrichment zones for the adjusted
paleo-oil reservoirs during the Indosinian period. Further-
more, these represent the best preservation conditions for
the transformation from gas generation to gas storage cen-
ter (Figure 11(a)).

The main body of the WSCD was shaped gradually after
the Early Cretaceous. The rapid settlement of the western
Sichuan foreland basin has increased the burial depth of the
deep marine strata below the Lower Triassic in the footwall
of the No. 1 fault. The construction of the margin-plate and
basin-mountain system created the burial depths of the
Shuangyushi-Shejianhe structure and the eastern platform
margin of the MY-CN IS area (east of the No. 1 fault), which
are greater than 8000m. The paleo-oil reservoirs were
completely cracked to form the paleo-gas reservoir during

deep burial and high-temperature processes. The Dengying,
Canglangpu, Guanwushan, and Qixia Fm have visible bitu-
men infills in the Shuangyushi-Shejianhe structural belt. Fur-
thermore, the east side of the northern segment of the MY-
CN IS is an oil-cracked gas reservoir. This process has facili-
tated the adjustment from gas generation to gas storage cen-
ter (Figure 11(a)). The margin-plate and basin-mountain
boundary of the WSCB has an important influence on the
preservation of deep marine hydrocarbons and the final dis-
tribution of current gas reservoirs. Uplift since the late
Cretaceous-Cenozoic has had negligible impact on the deep
marine strata to the east of the No. 1 fault in the NSWSCD.
The final shape of the Shuangyushi-Shejianhe structure belt
is the resultant gas-rich region, which has a final transition
process from gas storage to a gas preservation center
(Figure 11(c)).

5. Conclusions

(1) This study analyzes the oil-to-source correlation of
Sinian-Jurassic multilayered paleo-oil reservoirs in
the Tianjingshan Tectonic Belt. Notably, the paleo-
oil reservoirs are the main source of Cambrian organic
matter-rich black shale, which established the concept
of the Tianjingshan paleo-oil reservoir system
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(2) The Early Paleozoic Mianyang-Changning intracra-
tonic sag and the Tianjingshan Paleouplift units have
a laterally superimposed relationship. The reservoir-
forming combination of high-quality source rocks
and dominant hydrocarbon charging area developed
in the northern segment of the western Sichuan Basin.
This shows the early accumulation effects of regional
marine petroleum on tectonic-controlled conditions

(3) The northern segment of the western Sichuan
depression that was affected by multistage tectonic
events, recorded a complex tectonic history with
strong uplift and deeply buried since the Late Trias-
sic. The formation and evolution of the No. 1 fault
have been an important criterion for the division of
the oil-gas zonation in the Tianjingshan Paleouplift
area

(4) The preservation conditions of the foreland frontal-
deformation zone (i.e., hanging-wall of the No. 1
fault) have been entirely destroyed. Furthermore,
only a hydrocarbon accumulation process of paleo-
oil reservoir destruction remains. The deeply buried
Dengying and Qixia formations to the east of the
No. 1 fault have the four-center accumulation condi-
tions, which include the hydrocarbon generation
center, gas generation center, gas storage center,
and gas preservation center. The superdeep Dengy-
ing Fm has necessary petroleum geologic conditions
for the discovery of a large-scale gas reservoir in the
NSWSCD
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