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Abstract：Crude oil has been discovered in the Paleogene and Neogene units of the Weixinan Sag in the Beibu Gulf 

Basin. To determine the source and accumulation mode of this crude oil, 12 crude oil samples and 27 source rock 

samples were collected and extensive organic geochemical analysis was conducted on them. Based on the geologic 

conditions and the analytical results, the types, origins, and accumulation patterns of crude oil in the study area were 

elucidated. Except a shallowly buried and biodegraded crude oil deposit in Neogene rocks, the crude oil samples in the 

study area were normal. All of the crude oils were derived from lacustrine source rocks. According to biomarker 

compositions, the crude oils could be divided into two families, A and B, which were reinforced by differences in carbon 

isotope composition and spatial distribution. Oil-source correlation analysis based on biomarkers revealed that Family A 

oils were derived from the mature oil shale at the bottom of the second member of the Liushagang Formation, while the 

Family B oils formed in the mature shale of the Liushagang Formation. The Family A oils, generated by oil shale, mainly 

migrated laterally along sand bodies and were then redistributed in the adjacent reservoirs above and below the oil shale 

layer, as well as shallow layers at high structural positions, occupying a wide distribution range. The Family B oils were 

generated by other shale units before migrating vertically along faults to form reservoirs nearby, resulting in a small 

distribution range. 
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1. Introduction 

 
Oil-bearing layers were first discovered in the Jiaowei Formation (Neogene) and the Liushagang 

Formation (Paleogene) at well Wan 1 in the W11 structural area in 1977. Since then, the Weixinan Sag has 
experienced 38 years of petroleum exploration (Liu X W et al., 1989). Researchers have revealed the 
structure, sediment, source rock, reservoirs, petroleum migration, and other valuable characteristics of the 
Weixinan Sag (Li C R et al., 2012; Li S et al., 2012; Ma W H et al., 2008; Xi M D et al., 2007; Xie R Y et al., 
2014; Xu X D et al., 2012; Zhang Q M et al., 1989; Zhang H et al., 2013). The existing research into the 
features and origins of the crude oil in the Weixinan Sag has been completed from the perspective of the sag 
as a whole; thus, the results of the crude oil family classification are inconsistent with each other (Bao J P et 
al., 2007; Fang J T et al., 1983; Fan R et al., 2014; Xu X D et al., 2012). Existing petroleum accumulation 
research has been based largely on source rocks, migration pathways, and reservoir distributions with little 
consideration of crude oil families and their spatial distribution and oil-source correlation results (Li S et al., 
2012; Song G L et al., 2012; Xiao J et al., 2003; Zhu W L et al., 1998).  

To improve our understanding of the genesis and the migration-accumulation model of crude oil, this study 
characterized the genetic type of the crude oil in the W12-1–W12-8 areas in the Weixinan Sag, as well as its 
relation with the source rock distribution in the petroliferous system based on the organic geochemistry and 
basic geologic conditions of the crude oils and their source rocks. 

 

2. Geologic Setting 

 
Weixinan Sag is a 3800-km

2
 sag that is rich in hydrocarbons and is located in the northwest part of the 

Beibu Gulf Basin. It has been extensively explored and has yielded excellent results (Xu X D et al., 2012). 
The Sag has a pre-Paleogene basement and underwent two stages of tectonic-sedimentary evolution: 
Paleogene intracontinental rifting and Neogene marine sedimentary depression (Dong G N et al., 2010; 
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Zhang Z W et al., 2013). The basement lithology includes a Lower Paleozoic metamorphic rock, an Upper 
Paleozoic limestone, a Mesozoic granite, and a red Cretaceous conglomerate, sandstone, and shale (Ma Y et 
al., 2013; Zhang Q M et al., 1989). The sedimentary formations, from bottom to top, are the Paleocene 
Changliu Formation (Ech); the Eocene Liushagang Formation (El); the Oligocene Weizhou Formation (Ew; 
continental facies during depression period); the Xiayang Formation (Nx), Jiaowei Formation (Nj), and 
Dengloujiao Formation (Nd) of the Miocene; the Wanghailou Formation (Nw) of the Pliocene; and 
Quaternary sediments (Q) (Jiang P et al., 2013; Zhang Q M et al., 1989). 

The Changliu Formation was deposited during the beginning of the rifting period and unconformably 
overlies the basement and mainly comprises brownish-red shales and sandstones, plus conglomerates in 
diluvial fan facies, and it has a maximum thickness approaching 750 m. The Liushagang Formation was 
deposited under a continental lake and has a maximum thickness exceeding 4400 m. It unconformably 
overlays the Changliu Formation and is divided into three members (from top to bottom: El1, El2, and El3) 
according to their lithology. The El1, deposited in a moderate-depth lacustrine environment, comprises 
dark-gray shales with gray sandstone interlayers. The El2 accumulated in a similar environment, has a 
maximum thickness exceeding 1800 m and chiefly comprises very thick strata of dark-gray shales with oil 
shale in the bottom. More sandstone is present at the sag edge because of sedimentary facies variation. The 
El3 formed in a shore and shallow lake sedimentary environment reaches a maximum thickness of roughly 
300 m and chiefly comprises interbedded dark-gray shale, gray sandstone, and pebbly sandstone (Fig. 1.). 
The Liushagang Formation is a superior oil-source rock with its thick and dark-gray shales, particularly the 
oil shale at its bottom, which contains abundant organic matter and oil-prone parent material (Guo F F et 
al.,2009; Xu X D et al., 2012; Zhang Q M et al., 1989; Zhu W L et al., 1998). The Weizhou Formation 
deposited as the lake shrank has a maximum thickness of more than 2000 m and sits unconformably above 
the Liushagang Formation. It comprises gray and mottled shales, mottled sandstones, and grayish-gray-white 
conglomerates and sandstones and is divided into three members based on lithology: Ew1, Ew2, and Ew3, 
from top to bottom. 

 

 
Fig. 1. A generalized columnar section showing the timeline of the formation, sedimentary facies, and tectonic evolution 

in the Weixinan Sag. 
 
The Neogene Xiayang Formation formed during the beginning of the regional depression and sedimented 

chiefly in a shallow marine environment. With a maximum thickness of approximately 1000 m, it sits 
unconformably atop the Weizhou Formation, comprises gray-white sandstones, and conglomerates with thin 
shale interlayers. The Jiaowei Formation, which formed in a shallow marine sedimentary environment, has a 
uniform distribution with a maximum thickness of 450 m. It forms a disconformity with the underlying 
Xiayang Formation and comprises gray shales with both conglomerate and sandstone interlayers, where a 
gray shale is at the top. The Dengloujiao Formation comes from a shallow marine environment and forms a 
disconformity with the Jiaowei Formation. Reaching a thickness of more than 800 m, it comprises 
interbedded grayish-yellow and gray sandstone, conglomerate, and grey sandy clay. Furthermore, the 
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Wanghailou Formation was sedimented in a shallow marine environment and has a maximum thickness over 
270 m. While subject to very weak diagenesis, this formation chiefly comprises interbedded gray clay, 
yellow and gray conglomerate, sandstone, and gray sandy clay. It conformably overlies the Dengloujiao 
Formation. The Quaternary sediments, which were mainly formed under a background of marine-continental 
alternating environments and overlies the Wanghailou Fomation with a discontinuity, comprises unequally 
thick conglomerate, sand, and clay interbeds. 

The Weixinan Fault is a northern boundary fault that controlled the growth of the Beibu Gulf Basin. To the 
south sits the Weixinan Sag, which is a half-graben-like basin with the Fault F2 on its northern edge (Zhu W 
L et al., 1998). The Weixinan Sag is divided into three blocks (subsags A, B, and C) by Fault F2 and Fault F3 
(Fig. 2.). Fault F1 is a growth fault, which was continuously developed and which controlled the growth of 
the Weixinan Sag (Fig. 2.). Fault F2 is a syngenetic transtensional normal fault that grew for a long period, 
along which there are a series of fault traps. Fault F3 is also a long-lived and large-scale normal fault whose 
middle-western portion has a role as a boundary fault, and its eastern portion goes into the interior of the 
Weixinan Sag. These three large faults moved perpetually during the Paleogene and ended at the end of the 
Weizhou period. The W12-1–W12-8 blocks, which include the W12-1, W12-2, W12-11, and W12-8 well 
areas, is located in the middle-southern part of the Weixinan Sag and in the portion of the Qixi Bulge that 
extends into the sag (Fig. 2.). 

 

 
Fig. 2. Map of the study area, including basic tectonic elements, wells, and the distribution of the oil-bearing layer. China 

basemap after China National Bureau of Surveying and Mapping Geographical Information 
 
The burial depth of the basement in the Weixinan Sag gradually decreases from north to south. The 

different Paleogene formations overlap gradually from north to south, while the formations of the Neogene 
are distributed across the whole area. The W12-1, W12-2, and W12-11 areas are located on the south slope of 
the Weixinan Sag to the south of Fault 2 and the east of Fault 3. The study area is home to many small-scale 
normal faults, fault traps, and fault-block pattern traps, and the discovered crude oil is distributed in the 
Liushagang and Weizhou Formations. The W12-8 area, located in the northern sector of the Qixi Bulge as it 
extends into the interior of the Weixinan Sag, contains mainly anticline pattern traps with the crude oil 
chiefly in the Jiaowei and Xiayang Formations. In addition to crude oil reservoirs, there is a gas cap in the 
Jiaowei Formation oil reservoir near well W12-8-A, which indicates superior seal conditions there than near 
the W12-8-B or W12-8-C well areas. 

 

3. Samples and Methods 

 
A total of 12 crude oil samples and 27 shale samples were obtained from the study area. Fraction 

separation and gas chromatography-mass spectrometry (GC-MS) for saturated hydrocarbons were performed 
on the crude oil samples. The shale samples were crushed and sieved with an 80-mesh sieve. The total 
organic carbon (TOC) content and Rock-Eval analyses were performed on the shale samples. Solvent organic 
matter extraction and extract fractionation were performed on 14 shale samples, while saturated hydrocarbon 
GC-MS was performed on 10 shale samples. 

The TOC measurements were made using a Leco CS-230 carbon analyzer. Rock-Eval analysis was 
performed on an OGE-II rock pyrolyzer, which was developed by the Experimental Center of Petroleum 
Geology at the China Petroleum Exploration and Development Research Institute, and it is primarily 
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designed to obtain the S1 (mg HC/g Rock), S2 (mg HC/g Rock), and Tmax (°C) results. Environment 
temperature: 10–30 °C; ambient humidity: 10%–30%; high purity helium pressure: 0.20–0.30 MPa; air 
pressure: 0.30–0.40 MPa; hydrogen pressure: 0.20–0.30 MPa; alternating current: 220±10 V and 50 HZ±3 
HZ. 

Powdered samples of 80–100 g (80–100 mesh) were processed for 72 h using a Soxhlet apparatus and an 
organic chloroform solvent to obtain soluble bitumen. Fraction separation of crude oils and shale extracts was 
performed using conventional column chromatography. The bitumen was kept dissolved in excessive 
petroleum ether for 24 h and then filtered to obtain insoluble asphalt. The soluble remnants were separated on 
an activated silica gel/alumina chromatography column (Activity I, 80–200 mesh) into saturated, aromatic 
hydrocarbon, and–resin fractions by gaseous–solid-phase adsorption chromatography. 

The saturated hydrocarbons from crude oils and shale extracts were subsequently analyzed using an 
Agilent 7890–5975C gas chromatography-mass spectrometer. Helium (99.999%) was used as the carrier gas. 
The temperature of the injection port and transmission line was 300 °C. The gas chromatograph was 
equipped with a 60-m HP-5MS elastic silica capillary column that was 0.25 mm in radius and has 0.25-μm 
film thickness. The column temperature was programmed from the initial 50 °C (held for 1 min) to 200 °C at 
20 °C/min, to 250 °C at 4 °C/min, and then to 300 °C (held for 30 min) at 3 °C/min. The flow rate of the 
carrier gas was 1 mL/min. The mass spectrometer was operated in EI mode at an ionization voltage of 1047 
V. Measurements of δ

13
C on crude oils and their fractions were conducted using a Finnigan MAT-252 mass 

spectrometer, and the isotope values were reported in permil (‰) relative to the common PDB standard. 
 

4. Results and Discussion 

 
4.1 Family and carbon isotopic composition of crude oil 

The fraction composition data for the crude oil samples in this study are provided in Table 1. Except 
the crude oil from well W12-8-C in the Jiaowei Formation, which contains less saturated hydrocarbon 
(38.5%) and more aromatic hydrocarbon (22.6%) and resin (25.3%) owing to its biological history, the 
crude oil samples contained normal fraction contents. The ranges of their contents of saturated, aromatic, 
resin, and asphaltene were 56.2%–69.2%, 8.4%–17.7%, 8.3%–15.5%, and 5.2%–14.1%, respectively, 
with average values of 63.7%, 13.9%, 11.5%, and 10.9% (Table 1). 

Because of biodegradation, the crude oil from well W12-8-C in the Jiaowei Formation contained 
heavier carbon isotope composition (δ

13
C) in its oils and fractions: the δ

13
C value of crude oil was 

−25‰ while the δ
13

C values of saturated, aromatic, resin, and asphaltene were −27.7‰, −25.0‰, 
−25.2‰, and −25.3‰, respectively (Table 1). The other crude oils have δ

13
C values varying from 

−28.3‰ to −26.2‰ (mean: −27.2‰), and the δ
13

C values of saturated, aromatic, resin, and asphaltene 
ranged from −28.7‰ to −27.0‰, −26.7‰ to −24.4‰, −26.9‰ to −24.0‰, and −27.3‰ to −25.2‰, 
respectively, with corresponding average values of −28.1‰, −25.7‰, −26.0‰, and −26.6‰ (Table 1). 
This indicates that the δ

13
C value differences among the crude oil samples and their fractions were 

difficult to identify and could not be applied to improve the crude oil family classification. 
 

Table 1 Compositions and δ13C values of crude oils and their fractions in the study area 

Well No. Depth (m) Formation 
Fraction composition (%) δ

13
C (‰) 

Saturate Aromatic Resin Asphaltene Oil Saturate Aromatic Resin Asphaltene 

W12-1-C 3051.5 Ew3 56.2 10.8 15.3 17.7 -27.8 -28.2 -26.4 -26.7 -26.7 

W12-1-C 3132.5 Ew3 62.2 8.4 12.9 16.5 -28.3 -28.5 -26.4 -26.8 -27.2 

W12-1-D 2695 Ew3 61.9 14.2 15.5 8.4 -27.8 -28.6 -26.2 -26.6 -27.0 

W12-1-E 2459 Ew3 69.2 14.7 10.9 5.2 -27.9 -28.3 -24.9 -26.6 -27.0 

W12-1-E 2888 Ew3 63.8 13.6 14.0 8.6 -28.0 -28.4 -25.3 -26.3 -27.0 

W12-2-A 2725.15 El2 61.5 14.1 10.3 14.1 -27.5 -28.2 -25.5 -25.8 -26.1 

W12-2-A 2613.5 El2 62.3 17.7 8.3 11.7 -27.3 -28.0 -25.4 -25.3 -26.7 

W12-2-A 2681.5 El2 66.9 11.0 11.2 11.0 -27.1     

W12-2-E 2773.25 El2 60.7 16.2 10.1 13.1 -27.5 -28.2 -26.6   

W12-2-F 2740 El2 68.7 15.7 9.7 6.0 -27.6 -28.1 -25.4 -25.6 -26.7 

W12-2-F 2964.5 El3 67.5 16.3 8.4 7.9 -26.3 -27.1 -24.4 -24.0 -26.0 

W12-8-C 940.7 Nj2 38.5 22.6 25.3 13.6 -25.0 -27.7 -25.0 -25.2 -25.3 

Average (Except W12-8-C,940.7, Nj2) 63.7  13.9  11.5  10.9  -27.6  -28.2  -25.7  -26.0  -26.7  

 
4.2 Saturated Hydrocarbon Composition 

The shape of the peak in the total ion current (TIC) diagram of saturated hydrocarbons in crude oil can 
indicate the source of the crude oil parent material (Blumer M et al., 1971; Peters K E et al., 2005). 
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25-Nor-17α, 25β-Hopane is commonly used as a reliable marker compound for the biodegradation of crude 
oil. (Killops S D et al.,1990; Peters K E et al., 2005; Wenger L M et al.,2002). In the TIC plots of the GC-MS 
results for crude oils (Fig. 3.), most normal alkane distributions were integrated in the range of n-C13–n-C33, 
with a unimodal distribution in the n-C15–n-C19 range. The n-C21-/n-C22+ ratios varied from 0.84 to 1.23, and 
the main peak carbon number was n-C17. The (C27+C29+C31)/(C15+C17+C19) normal alkane ratios ranged 
between 0.46 and 1.08, with an average of 0.64 (Table 2). This indicates that the parent material of these 
crude oils included a distinct contribution from aquatic organisms. The odd-over-even predominance (OEP) 
and carbon preference index (CPI) values of crude oil saturated hydrocarbons ranged from 1.01 to 1.08 and 
from 1.06 to 1.12, respectively, with corresponding average values of 1.04 and 1.08. The Pr/n-C17, Ph/n-C18, 
and Pr/Ph ratios ranged from 0.30 to 0.55, 0.16 to 0.40, and 1.48 to 2.2, respectively, with corresponding 
average values of 0.3, 0.49, and 1.73. This indicates that the parent material of these crude oils was formed in 
a weak reduction–oxidation sedimentary environment and that they are currently in their mature 
oil-generating stage. Again, the crude oil from well W12-8-C in the Jiaowei Formation was the notable 
exception. This shallowly buried oil contained few normal alkanes and clear hopanes, contained an obvious 
high- and weak low-carbon number for its unresolved complex materials (Table 1). Meanwhile, there was 
apparent 25-Nor-17α, 25β-Hopane in the m/z 177 mass chromatograms of saturated hydrocarbon for this 
sample but none in the other crude oils (Fig. 4.). This further confirms the biodegradation of the crude oil 
from well W12-8-C. 

 

 
Fig. 3. TIC plot of gas chromatography-mass spectrometer of crude oils in the study area 

 

 
Fig. 4. A m/z 177 fragmentogram correlation of biodegraded and non-biodegraded crude oils in the study area. 

 
Table 2 Composition parameters of chain alkanes in crude oils of the study area 

Well No. Depth(m) Formation 1 2 3 4 5 6 7 8 

W12-1-C 3051.5 Ew3 18 1.03 1.08 0.98 0.78 0.37 0.55 1.48 

W12-1-C 3132.5 Ew3 17 1.03 1.09 1.21 0.56 0.35 0.53 1.51 

W12-1-D 2695 Ew3 18 1.08 1.10 0.92 1.08 0.16 0.30 1.69 

W12-1-E 2459 Ew3 17 1.05 1.12 1.21 0.46 0.24 0.40 1.63 

W12-1-E 2888 Ew3 17 1.06 1.06 1.00 0.59 0.40 0.59 1.55 

W12-2-A 2725.15 El2 17 1.01 1.08 1.12 0.65 0.24 0.41 1.86 

W12-2-A 2613.5 El2 17 1.03 1.10 1.20 0.52 0.31 0.50 1.74 

W12-2-A 2681.5 El2 17 1.04 1.07 1.14 0.57 0.31 0.49 1.70 

W12-2-E 2773.25 El2 17 1.02 1.05 0.84 0.73 0.39 0.69 1.80 

W12-2-F 2740 El2 15 1.08 1.06 1.10 0.56 0.27 0.53 2.20 

W12-2-F 2964.5 El3 15 1.05 1.08 1.19 0.51 0.27 0.44 1.88 

Note:  1: Main peak number; 2: OEP; 3: CPI; 4: C21-/C22+; 5: (C27+C29+C31)/(C15+C17+C19); 6: Ph/n-C1 8; 7: Pr/n-C17; 8: Pr/Ph。
CPI=[(C25+C27+C29+C31+C33)/ (C24+C26 +C28+C30+C32) + (C25+C27+C29+C31+C33)/ (C26+C28+C30+C32+ C34)]/2; OEP= 

(C23+6C25+C27)/(4C24+4C26). 
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4.3 Sterane and Terpane Characteristics 

As shown by the m/z = 191 terpane fragmentograms (Fig. 5.), the crude oils contained relatively low 
tricyclic terpane and high pentacyclic terpane. The tricyclic:pentacyclic terpane ratios of the crude oils 
varied mainly between 0.05 and 0.08 (mean value of 0.07), although the highest value of 0.13 came 
from the crude oil from well W12-8-C in the Jiaowei Formation, with its biodegraded status. 
Comprehensively considering the distributions of the saturated hydrocarbon, terpane, and sterane 
biomarkers, this crude oil should belong to biodegradated oil grade 3–4, according to Moldowan J M et 
al., 1994b. 

Among tricyclic terpanes, C23 tricyclic terpane was most overrepresented, followed by elevated C21 
tricyclic terpane and depressed C24 and C19 tricyclic terpane. The C21:C23 tricyclic terpane, C19:C23 
tricyclic terpane, and C24 tetracyclic terpane:C23 tricyclic terpane ratios ranged between 0.76 and 0.94, 
0.21 and 0.37, and 0.81 and 0.94, respectively, with corresponding average values of 0.82, 0.28, and 
0.89. This indicates that the oil-source rocks were formed in a weakly-reducing environment (Table 3). 

The Ts:Tm ratio and the oleanane/C30 hopane indicate the source of a crude oil parent material 
(Moldowan J M et al., 1994a), and the gammacerane and hopane index can indicate the formation 
environment of the parent material (Hughes W B et al., 1995; Killopas S D et al., 2005; Peters K E et al., 
1993). There were higher Ts contents than Tm contents in our samples, with Ts:Tm ratios ranging from 
1.03 to 2.82, with an average of 1.68. These crude oils contained low amounts of oleanane, with the 
oleanane:C30 hopane ratios varying from 0.06 to 0.11, with a mean of 0.08. This suggests that 
terrigenous angiosperm organic matter made a little contribution. All of the crude oils herein contained 
less gammacerane and had lower hopane index values (C35/C31–C35 hopane) than average oils. The 
gammacerane:C30 hopane ratios and the hopane index varied from 0.02 to 0.05 (average: 0.03) and 0.02 
to 0.04 (average: 0.03), respectively (Table 3). This indicates that the crude oil parent material was 
formed in environment adjacent to fresh water. 

 
Table 3 Terpane parameters of the crude oils in the study area 

Well No. Depth (m) Formation 1 2 3 4 5 6 7 8 9 10 

W12-1-C 3051.5 Ew3 0.07 0.76 0.94 0.26 1.03 0.06 0.03 0.03 0.09  0.32  

W12-1-C 3132.5 Ew3 0.05 0.79 0.92 0.34 1.35 0.06 0.03 0.04 0.11  0.37  

W12-1-D 2695 Ew3 0.08 0.80 0.94 0.27 1.40 0.06 0.03 0.02 0.11  0.35  

W12-1-E 2459 Ew3 0.05 0.84 0.92 0.37 1.19 0.06 0.04 0.02 0.01  0.31  

W12-1-E 2888 Ew3 0.05 0.81 0.88 0.24 1.18 0.06 0.03 0.03 0.11  0.36  

W12-2-A 2725.15 El2 0.06 0.86 0.88 0.29 2.47 0.07 0.03 0.04 0.25  0.56  

W12-2-A 2613.5 El2 0.09 0.79 0.91 0.25 1.41 0.07 0.02 0.03 0.14  0.34  

W12-2-A 2681.5 El2 0.07 0.84 0.91 0.28 2.20 0.07 0.03 0.04 0.26  0.54  

W12-2-E 2773.25 El2 0.06 0.77 0.86 0.21 1.62 0.08 0.03 0.03 0.17  0.40  

W12-2-F 2740 El2 0.06 0.81 0.88 0.26 2.04 0.09 0.03 0.02 0.20  0.49  

W12-2-F 2964.5 El3 0.08 0.94 0.81 0.29 2.82 0.10 0.04 0.03 0.39  0.80  

W12-8-C 940.7 Nj2 0.13 0.85 0.81 0.25 1.51 0.11 0.05 0.04 0.24  0.49  

Note: 1: Triterpane/pentacyclicterpane; 2:C21/C23 tricyclicterpane; 3; C24/C23 tricyclicterpane; 4:C19/C23 tricyclicterpane; 5: Ts/Tm;  

6: Oleacerane/C30 hopane; 7: gammacerane/C30 hopane; 8: C35/(C31-35) hopane; 9: C30 diahopane/C30 hopane; 10: C29Ts/C29 norhopane 

 
The m/z = 217 sterane fragmentograms (Fig. 5.) reveal that the pregnane contents were low and the C21 

pregnane: ααα-20R-C27 sterane ratios ranged between 0.22 and 0.74 (average: 0.47). The C27 diasterane (20S) 
and 20R were elevated and the C27 diasterane(20S):ααα-20R-C27 sterane and C27 
daisterane(20S):ααα-20R-C29 ratios varied from 0.81 to 2.28 (average: 1.59) and from 0.85 to 1.97 (average: 
1.47), respectively. The ααα-20R-C27, -C28, and -C29 steranes exhibit an asymmetrical “V” pattern 
distribution, and the ααα-20R-C27: -C29 sterane and ααα-20R-C27: -C28 sterane ratios spanned from 0.79 to 
1.17 (average: 0.95) and from 1.99 to 3.34 (average: 2.38), respectively (Table 4). These values show that 
the parent materials of oil-source rocks had not only aquatic organism contribution but also terrigenous high 
plant contribution. The 4-methyl-C29 sterane (C30 sterane) had universally elevated contents. In particular, the 
contents of αββ-20R-C30 sterane and αββ-20S-C30 sterane were higher than those of ααα-20S-C30 sterane and 
ααα-20R-C30 sterane. The αββ-20R-C30 sterane:ααα-20R-C29 sterane ratios ranged from 0.8 to 4.3 (average: 
2.13; Table 4). These data indicate that algae were a major contributor to these oil-source rocks. Sterane 
ratios, such as 20S:(20S+20R) C29 sterane and ββ:(ββ＋αα) C29 sterane, are widely used as indicators of 
maturity in oil and sedimentary organic matter (Seifert and Moldowan, 1986; Killops and Killops, 2005; 
Peters et al., 2005). The ααα-20S:(20S+20R)-C29 sterane ratios and the ββ:(ββ+αα)-C29 sterane ratios of the 
oil samples in this study varied between 0.41 and 0.59 (average: 0.50) and between 0.48 and 0.55 (average: 
0.51), respectively (Table 4). These findings imply that the crude oils were chiefly generated from mature 
source rocks within the oil window. 
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Fig. 5. The m/z = 191 (left) and m/z = 217 (right) fragmentograms of gas chromatograph-mass spectrometer for crude 

oils in the W12-1 area. TT = tricyclic terpane; C30* = C30 diahopane; TeT = tetracyclic terpane. 

 
Table 4 Sterane biomarker parameters of crude oil in study area 

Well No. Depth(m) Formation 1 2 3 4 5 6 7 8 

W12-1-C 3051.5 Ew3 0.22 0.81 0.85 1.05 2.51 1.15 0.45 0.43 

W12-1-C 3132.5 Ew3 0.26 1.10 1.26 1.14 2.55 0.99 0.47 0.45 

W12-1-D 2695 Ew3 0.40 1.29 1.37 1.07 1.99 1.64 0.50 0.50 

W12-1-E 2459 Ew3 0.27 0.97 1.13 1.17 3.34 0.80 0.48 0.43 

W12-1-E 2888 Ew3 0.26 1.05 0.99 0.94 2.45 1.06 0.48 0.41 

W12-2-A 2725.15 El2 0.74 2.08 1.83 0.88 2.18 2.59 0.55 0.55 

W12-2-A 2613.5 El2 0.61 1.72 1.44 0.84 2.07 2.82 0.52 0.56 

W12-2-A 2681.5 El2 0.71 2.08 1.81 0.87 2.13 3.14 0.54 0.56 

W12-2-E 2773.25 El2 0.52 1.98 1.56 0.79 2.10 2.21 0.52 0.52 

W12-2-F 2740 El2 0.54 2.12 1.71 0.80 2.23 2.41 0.54 0.52 

W12-2-F 2964.5 El3 0.66 2.28 1.97 0.86 2.16 4.30 0.55 0.55 

W12-8-C 940.7 Nj2 0.71 2.15 1.75 0.81 2.81 2.45 0.49 0.59 

Note: 1:C21-Pregnane/ααα-20R-C27 sterane; 2:C27 diasterane/ααα-20R-C27 sterane; 3:C27 diasterane/ααα-20R-C29 sterane; 4: ααα-20R-C27/C29 

sterane; 5: ααα-20R-C27/C28 sterane; 6: 4-methl-ββ-20R-C29 sterane/ααα-20R-C29 sterane; 7: ββ/(ββ+αα)-C29 sterane; 8: ααα-20S/(20S+20R)-C29 

sterane 

 

4.4 Crude Oil Family 

Different genetic crude oils have different compositions of fractions, carbon isotopes, chain alkanes, 
steranes, and terpanes(Sofer Z, 1984; Moldowan J M et al., 1994a; Peters K E et al., 2005), which form 
the basis of crude oil classifications. However, the parameter differences between oil families vary from 
obvious contrasts to weak contrasts. Therefore, the parameters with the sharpest distinctions should be 
selected to divide crude oil families. 
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In this study area, the sterane biomarker distribution (fingerprint) differences were the most intuitive 
and obvious, while the terpane biomarker distribution differences were weaker. No evident differences 
were observed in fraction contents, carbon isotope composition, and chain alkane distribution. 
Therefore, the crude oils in this region were divided into Family A and Family B, mainly according to 
their sterane fingerprints. On this basis, the differences between Family A and Family B crude oils in 
terms of chain alkanes, carbon isotope compositions, terpanes, and steranes were examined. 

There were no apparent differences in the fraction compositions of Family A and Family B crude oils 
(Table 1). The pristane:phytane (Pr:Ph) ratios of Family A and B oils ranged between 1.70 and 2.20 
(average: 1.86) and between 1.48 and 1.69 (average: 1.57), respectively. The diagram of Pr:n-C17 vs. 
Ph:n-C18 ratios shows that the source rocks were formed in a weak reduction–oxidation sedimentary 
environment (Fig. 6.b), and the parent materials of the source rocks were mainly of mixed Type II/III 
(Fig. 6.a). 

 

 
Fig. 6. Diagrams of Pr:n-C17 vs. Ph:n-C18 (a), Pr:Ph versus crude oil δ13C (b), and relation plots between crude oil 

fraction δ13C values, showing crude oil family, organic matter type (A), and oxidation-reduction condition (A). (a) 

modified after Shanmugam G (1985); (c) modified after Sofer Z (1984) 

 
The δ

13
C values of the saturated fractions for Family A and B crude oils ranged between −28.2‰ and 

−27.1‰ (average: −27.9‰) and between −28.6‰ and −28.2‰ (average: −28.4‰), respectively (Table 1; 
Fig. 6.c). The δ

13
C values of the aromatic fractions for Family A and B were between −26.6‰ and −24.4‰ 

(average: −25.4‰) and between −26.4‰ and −24.9‰ (average: −25.8‰), respectively (Table 1; Fig. 6.c). 
The δ

13
C values of the aromatic fractions were similar and heavier on two families of oils and the δ

13
C values 

of saturated fractions of Family A oils are heavier than that of Family B. This indicates that two oil families 
belong to terrigenous oil. Fig. 6.c shows that the δ

13
C values of resin and asphaltene in the Family A oils 

were between −25.8‰ and −24.0‰ (average: −25.2‰) and between −26.7‰ and −25.3‰ (average: 
−26.1‰), respectively. The δ

13
C values of resin and asphaltene in the Family B oils were between −26.8‰ 

and −26.3‰ (average: −26.6‰) and between −27.2‰ and −26.7‰ (average: −27.0‰), respectively (Table 1; 
Fig. 6.c), showing more terrigenous organic matter contributions in the Family B oils than in the Family A 
oils. 

There were similar terpane biomarker distribution patterns in Family A and B oils (Fig. 5.), but individual 
parameters still revealed differences (Fig. 7.a, b). The Family A oils had relatively high values of Ts:Tm, 
oleanane:C30 hopane, C29Ts:C29 norhopane, and C30 diahopane:C29 norhopane ratios than did the Family B 
oils (Fig. 7.a, b). Fig. 7.a indicates that there was a positive correlation between the oleanane:C30 hopane and 
Ts:Tm ratios. Because the Ts:Tm ratio is an important indicator of maturity, the finding suggests that terpane 
parameters were at least somewhat affected by thermal maturity.  

There were higher contents of pregnanes and diasteranes in the Family A oils than in the Family B oils. 
The C21 pregnane:ααα-20R-C27 sterane ratios for Family A oils were between 0.52 and 0.74 (average: 0.64), 
while the values for Family B oils were between 0.22 and 0.40 (average: 0.28); the 20S-C27 

diasterane:ααα-20R-C27 sterane ratios for Family A and B oils varied from 1.72 to 2.28 (average: 2.06) and 
from 0.81 to 1.29 (average: 1.05), respectively (Table 4). 

Among sterane biomarker parameters, the 20S:(20S+20R) ααα-C29 sterane ratio and the ββ:(ββ+αα) 
20R-C29 sterane ratio are the best maturity indicators, and they have equilibrium end-points of 0.5–0.55 and 
0.55–0.60, respectively. In the study area, the ααα-20S:(20S+20R)-C29 sterane and the ββ/(ββ+αα) -20R-C29 
sterane ratios for Family A oils were between 0.52 and 0.59 and between 0.49 and 0.55, respectively, thereby 
approaching to equilibrium end point. The values for Family B oils were between 0.27 and 0.32 and between 
0.41 and 0.50, respectively, which means they were not near the equilibrium end-point (Fig. 7.c). This means 
that the Family A and B oils are mature, but the maturity level of Family A oils is higher than that of Family 
B oils (Fig. 7.c). 

Fig. 7.d shows that there are relatively low contents of 20R-ααα-C28 sterane in Family A and B oils, 
relatively high contents of 20R-ααα-C29 sterane in Family A oils, and relatively high contents of 
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20R-ααα-C27 sterane in Family B oils. As shown in Fig. 7.e, the parent material of the Family A and B oils 
was formed in an anoxic reducing environment rich in material from aquatic planktic plants, algae, and land 
plants. 

The C30 steranes are generally found in relatively low abundance and can be derived from marine 
organisms and lacustrine precursors (Peters K E et al., 2005). Furthermore, C30 steranes are intensely 
associated with algal matter (Fu J M et al., 1985; Brassell S C et al, 1986; Zan L et al., 2012). The C30 
sterane:C29 sterane ratios (αββ-20S-C30 sterane:ααα-20R-C29 sterane) in Family A and B oils were 
between 2.21 and 3.97 (average: 2.80) and between 0.71 and 1.84 (average: 1.13), respectively (Table 4; 
Fig. 7.f). Fig. 7.f reveals a negative relation between the C30 sterane:C29 sterane ratios and the C27:C29 
sterane ratios (ααα-20R-C27:C29 sterane). Furthermore, there is a positive correlation between the C30 
sterane:C29 sterane ratio and the ααα-20S:(20S+20R) C29 sterane ratio. This indicates that algae 
represent a more important contributor to Family A oils than to Family B oils, and the C30 sterane 
abundance is also associated with the source rock maturity. 

 

 
Fig. 7. Cross-plot of sterane parameters of crude oils in the study area. (c) modified after Peters K E et al. (1993); (d) 

modified after Adegoke A K et al. (2014); (e) modified after Yurewicz D A et al. (1998). 

 

4.5 Source Rock Characteristics 

Based on the TOC and Rock-Eval pyrolysis results, the Liushagang Formation generally has 
higher-than-average organic richness (Table 5). The oil shales have total organic carbon content values 
between 3.40% and 7.71% (average: 5.27%), while the other shales have TOC values between 1.53% and 
2.27% (average: 1.85%). The Rock-Eval S1+S2 values for oil shales and other shales ranged from 7.81 mg 
HC/g rock to 34.28 mg HC/g rock (average: 19.03 mg HC/g rock) and from 3.23 mg HC/g Rock to 8.03 mg 
HC/g rock (average: 5.78 mg HC/g rock), respectively (Table 5; Fig. 8.a). Extract and fraction separation 
results from the source rocks showed that extract abundances were high and saturated hydrocarbon contents 
were the highest of the fractions. The oil shales and other shales had extract contents from 0.51% to 1.45% 
(average: 1.02%) and 0.19% to 0.37% (average: 0.29%), respectively, and the HC contents were between 
0.12% and 0.92% (average: 0.62%) and 0.14 and 0.27% (average: 0.21%), respectively (Table 5). The 
organic matter abundance in the oil shales was higher than that of the other shales, with the oil shales 
containing mainly excellent source rocks, while the other shales contained chiefly good-grade source rocks 
(Fig. 8.a, c). 
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Fig. 8. Cross-plots of TOC versus (S1+S2) value and Tmax versus production index, showing source rock quality in the 

study area. (d) modified after Waples D W (1985) and Peters K E (1986). 

 
Table 5 The geochemistey data of the Liushagang Formation source rocks in the study area 

Well No. Depth(m) Lithology 1 2 3 4 5 6 7 8 9 10 

W11-2-A 3326 Shale 2.22 4.18 0.21 436 0.35 0.31 54.37 13.92 22.65 9.06 

W11-2-A 3344 Oil shale 5.63 7.81 0.63 431 0.29 0.85 54.84 19.35 16.36 9.45 

W11-2-A 3402 Oil shale 4.63 13.97 0.87 435 0.43 1.14 60.9 15.22 17.61 6.27 

W11-2-C 2741 Shale 1.66 8.03 0.27 451 0.18 0.36 55.12 21.63 22.09 1.16 

W11-2-C 2857 Shale 1.83 6.64 0.18 447 0.17 0.23 52.13 26.29 17.31 4.27 

W11-2-C 2907 Oil shale 7.71 30.03 0.66 457 0.17 0.86 51.11 25.43 18.03 5.43 

W11-2-C 2951 Oil shale 4.84 28.25 0.12 455 0.31 1.45 58.33 23.53 14.22 3.92 

W11-8-A 2912 Shale 2.27 7.54 0.27 441 0.19 0.37 57.11 14.21 19.21 9.47 

W11-8-A 3152 Oil shale 3.4 9.37 0.32 440 0.25 0.51 43.42 18.68 21.58 16.32 

W12-2-A 2606.94 Shale 1.56 3.23 0.14 445 0.07 0.19 57.37 17.11 17.37 18.16 

W12-2-A 2813 Oil shale 6.11 34.28 0.92 441 0.26 1.26 60.53 12.11 21.58 5.79 

W12-2-A 2879 Oil shale 4.07 13.84 0.55 444 0.26 0.86 50.79 13.42 26.32 9.47 

W12-2-A 2894 Oil shale 5.79 14.68 0.86 430 0.31 1.25 52.21 16.67 18.87 12.25 

Note: 1:TOC(%); 2: S1+S2(mg HC/g Rock); 3: HC(%); 4: Tmax(℃); 5: S1/(S1+S2); 6: Extract (%); 7: Saturated (%); 8: Aromatic (%); 9: 

Resin (%); 10: Asphaltene (%) 
 
In Fig. 8.b and c, the oil shales and other shales fall mainly in Type II organic matter area, but Fig. 8.c 

shows that the oil shales were obviously richer than the shales. This indicates that the oil shales have stronger 
oil-prone attributes and hydrocarbon-generating potential. The oil shales and other shales had Tmax values 
between 430 °C and 457 °C and between 436 °C and 451 °C, respectively (Table 5), and their Rock-Eval 
production index [S1/(S1+S2)] values were from 0.17 to 0.43 (average: 0.29) and from 0.07 to 0.35 (average: 
0.19), respectively (Table 5; Fig. 8.d). This shows that the collected source rock samples were in the early 
mature stage and within the oil window. Fig. 9.a and b indicate that the maturity of source rocks is associated 
intimately with burial depth and that the oil-generating threshold depth is at about 2500 m. In the W12-2 area, 
the Liushagang Formation source rocks have lower maturation because of their shallower burial depth than, 
for example, the W12-1 area. In the W12-8 area, the Liushagang Formation source rocks are not present. 

 

 
Fig. 9. The burial and maturation history of the source rocks in wells W12-2-A and W12-1-B in the Weixinan Sag. 
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4.6 Oil-source correlation 

The source rocks in the study area include mainly shales and oil shales. In terms of saturated fraction 
composition, the main peak carbon numbers of the oil shales and other shales ran from 17 to 25 and 
from 17 to 27, respectively. The Ph:n-C18, Pr:n-C17, and Pr:Ph ratios of the oil shales were from 0.23 to 
1.06 (average: 0.63), 0.46 to 2.07 (average: 1.13), and 1.31 to 2.01 (average: 1.372), respectively. These 
ratios were different in the other shales, ranging from 0.19 to 0.64 (average: 0.331), 0.30 to 3.82 
(average: 1.06), and 1.06 to 6.37 (average: 3.04), respectively (Table 6). This indicates that the oil 
shales had a relatively stable, weak reduction–oxidation environment, and that the other shales had a 
varied sedimentary environment that spanned from oxidative to reductive. The OEP and CPI values for 
the oil shales were from 1.01 to 1.05 and from 1.08 to 1.12, respectively, while the same metrics for the 
other shales ran from 1.01 to 1.22 and from 1.06 to 1.40 (Table 6), respectively. This shows that the 
maturity of oil shales was higher than that of other shales. 

 

Table 6 Biomarker compound parameters in the Liushagang Formation source rocks 

Well 

 No. 

Depth 

(m) 
Formation Lithology 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

WZ11-2-A 3402 El2 oil shale 1.02 1.08 0.6 0.94 1.31 17.47 0.09 0.15 1.61 0.92 1.64 6.86 0.55 0.59 

WZ12-2-A 2879 El2 oil shale 1.01 1.1 1.01 1.71 1.49 2.25 0.1 0.06 1.34 0.93 2.07 8.62 0.53 0.61 

WZ12-2-A 2813 El2 oil shale 1.05 1.08 1.06 2.07 1.73 20.81 0.06 0.03 0.87 0.93 2.26 8.24 0.52 0.59 

WZ12-2-A 2894 El2 oil shale 1.04 1.12 0.23 0.46 1.53 2.61 0.13 0.08 1.19 0.7 1.78 7.59 0.48 0.6 

WZ11-8-A 3152 El2 oil shale 1.03 1.08 0.24 0.47 2.01 3.59 0.3 0.09 2.02 1.14 2.12 7.86 0.55 0.59 

WZ12-2-A 2466.5 El2 shale 1.22 1.4 0.39 1.2 3.39 0.74 0.08 0.04 0.79 1.7 4.47 0.24 0.29 0.29 

WZ11-2-A 2984 El1 shale 1.06 1.22 0.36 1.15 3.46 0.17 0.05 0.06 0.39 0.73 1.62 0.13 0.46 0.51 

WZ11-2-A 3242 El2 shale 1.07 1.16 0.32 0.55 1.8 5.66 0.17 0.07 1.29 0.79 2.01 1.46 0.55 0.47 

WZ11-2-A 3326 El2 shale 1.07 1.1 0.33 0.53 1.36 9.88 0.27 0.12 1.68 1.02 2.04 1.68 0.58 0.5 

WZ11-2-A 3344 El2 shale 1.02 1.06 0.19 0.3 1.66 21.91 0.19 0.07 0.98 0.88 2.21 2.49 0.56 0.49 

WZ11-8-A 2912 El2 shale 1.16 1.27 0.41 0.63 1.84 2.9 0.09 0.07 1.81 1.02 3.26 1.2 0.54 0.47 

WZ12-2-C 2937.96 El2 shale 1.1 1.19 0.2 1.08 5.06 3.47 0.22 0.05 0.92 1.37 4.63 0.28 0.6 0.41 

WZ12-2-D 3179.91 El2 shale 1.01 1.15 0.2 0.88 4.43 0.6 0.03 0.05 0.75 1.23 0.61 0.2 0.41 0.44 

WZ12-2-A 2606.94 El2 shale 1.14 1.37 0.64 3.82 6.37 1.13 0.2 0.03 0.65 1 3.34 0.7 0.47 0.42 

WZ11-7-A 2901.32 El3 shale 1.03 1.17 0.27 0.44 1.06 2.52 0.3 0.08 1 1.32 1.79 0.3 0.5 0.4 

Note: 1: OEP; 2: CPI; 3: Ph/n-C18;4: Pr/n-C17; 5: Pr/Ph; 6:Ts/Tm; 7:Oleacerane/C30 hopane; 8:gammacerane/C30 hopane; 9: C27 

diasterane/ααα-20R-C29 sterane; 10: ααα-20R-C27/C29 sterane; 11: ααα-20R-C27/C28 sterane; 12: 4-methl-ββ-20R-C29 sterane/ααα-20R-C29 

sterane; 13: ββ/(ββ+αα)-C29 sterane; 14: ααα-20S/(20S+20R)-C29 sterane. 

CPI=[(C25+C27+C29+C31+C33)/(C24+C26+C28+C30+C32) + (C25+C27+C29+C31+C33)/(C26+C28+C30+C32+ C34)]/2; OEP= 

(C23+6C25+C27)/(4C24+4C26). 

 
The terpane distributions in the oil shales and other shales were less distinct (Fig. 10.), with only 

minor distribution differences in the oleanane:C30 hopane and Ts:Tm ratios. For the oil shales and other 
shales, the oleanane:C30 hopane ratios were from 0.06 to 0.3 (average: 0.136) and from 0.03 to 0.30 
(average: 0.16), respectively (Table 6). This indicates that the oil shales had less terrigenous input than 
the other shales. The sterane distributions in the oil shales and other shales were clearly different (Fig. 
10.), but there were more parameter distribution scope overlaps between the oil shales and other shales. 
The ββ:(ββ+αα)-C29 sterane and the ααα-20S:(20S+20R)-C29 sterane ratios for the oil shales ran from 
0.48 to 0.55 (average: 0.53) and from 0.59 to 0.61 (average: 0.60), respectively, while the values for the 
other shales were from 0.29 to 0.61 (average: 0.50) and from 0.29 to 0.51 (average: 0.44), respectively 
(Table 6). This indicates that the oil shale samples were chiefly within the oil window and that the other 
shale samples were in the early mature stage. 

Several methods and indexes can be used for oil-source correlations, but biomarker fingerprints are 
the best and most intuitionistic correlation method. The oil-source correlation in the current study was 
largely based on sterane and terpane fingerprint distributions, which revealed that there are similar 
sterane and terpane fingerprint features between the Family A oils and the oil shale extracts in the El2 
and between the Family B oils and the shale extracts in the Liushagang Formation in the study area (Fig. 
10.). 

In the scattered diagrams, datapoints from type A oils and the oil shales in the El2 bottom fall in the 
close area, while the data of type B oils and the shale in the El2 fall in the other close area (Fig. 11.). 
This clearly indicates that the Family A oils were chiefly derived from the oil shales in the bottom part 
of the El2, and that the Family B oils came chiefly from the Liushagang Formation shales. 
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Fig. 10. The sterane (m/z = 217) and terpane (m/z = 191) fragmentogram correlation of oils and shales in the Liushagang 

Formation. 

 

 
Fig. 11. Cross diagrams of sterane and terpane parameters for oil-source correlation in the study area. (d) modified after 

Peters K E et al. (1993). 

 
4.7 Petroleum Migration and Accumulation 

Within the study area, the oil shales and other shales are the main hydrocarbon source rocks. The oil 
shale is distributed in the bottom of the El2, and the other shales are found throughout the Liushagang 
Formation, although chiefly in the El2 (Fig. 12.). Generally, oil shale has a high natural gamma (GR) 
reading, high sonic time difference (DT), high electrical resistivity (R), and low density (Den) in well 
logs. Oil shales present in this study area were easily identified from single well log plots. Compared to 
other shales, the oil shales had a relatively thin thickness and a high hydrocarbon generation potential, 
so that the hydrocarbons in them are more easily expelled. Other shales have extensive continual 
thickness and a smaller hydrocarbon generation potential than the oil shales; thus, the hydrocarbons in 
them are expelled with greater difficulty. Therefore, Family A oils coming from the oil shales are 
distributed more widely than the Family B oils derived from the other shales. 
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Fig. 12. A column plot of well W12-2-A showing the source rock distribution including oil shale and other shales. 

 
Fig. 13. reveals that the spatial distributions of the two families of oils are different: the Family B oils 

are distributed in the Weizhou Formation (Ew2 and Ew3) in the inner part of the B Subsag. This is above 
the Liushagang Formation source rock, which makes it consistent with vertical migration characteristics. 
The Family A oils, by contrast, are distributed not only in the El2 and El3 members but also in the Qixi 
Bulge. The former area is adjacent to the edge of the B Subsag and indicates a close 
migration-accumulation mode. The latter is outside the B Subsag and exhibits lateral long-range 
migration features. This shows that these two families of crude oils have different sources and have 
migrated and accumulated in different ways. 

 

 

Fig. 13. Map of spatial distributions of Family A and B crude oils in the study area. 
 
The Family A oils in the study area came from the oil shales at the bottom of El2, and oil shales are 

generally in the oil window. Their abundant production was able to migrate along the sand bodies above 
and below the El2, including in the El3. Given the wide lateral distribution of sand bodies, these Family 
A oils were able to migrate for long distances through them. In the course of this migration, the Family 
A oils accumulated not only ineffective traps near migration pathways but also at the edge of the sag 
and the bulge outside the sag (Fig. 14.a and Fig. 15.). Although individual faults connected the upper 
reservoir with the oil shale at the bottom of the El2, the overlying shale is thick and exerts considerable 
overpressure so that the faults have strong vertical seal capability. Therefore, the oils from the oil shale 
were largely unable to migrate upwards in any abundance, although it is possible that a small quantity of 
Family A oils mixed into the upper reservoirs. Because the Family B oils are derived mainly from the 
Liushagang Formation shales, located above the oil shale layer, it accumulated chiefly in the layers 
above the mature shales within the sag, and its movement was controlled by faults. 
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Fig. 14. Tectonic evolution profile and accumulation model. For section locations, see Fig.1. 

 

 
Fig. 15. The section plot of oil migration within wells W6-10-A, W12-2-A, and W12-8-A in the study area. For section 

locations, see Fig. 1. 

 
Fig. 14. shows that at the edge of the El1, the oil shale and other shales were buried only shallowly 

and had not entered the mature stage (Fig. 14.d). At the edge of the Ew3, oil shale and other shales with 
sufficient depth to reach maturity began to produce hydrocarbons, and oil from this oil shale may have 
migrated along the slope to the high structure, while the oils generated by the other shales migrated 
upward along the fault. Because this fault was directly connected to the surface at the time, these oil and 
gas were unlikely to accumulate, and most of it was lost (Fig. 14.c). At the edge of Ew1+2, with further 
burial, the hydrocarbon generation increased, and Family A oils produced by the oil shale migrated 
along the sand body to the high part of the structure, forming pockets of hydrocarbon accumulation in 
favorable areas. The Family B oils produced by the shale were still unable to collect owing to the direct 
communication of the fault with the surface (Fig. 14.b). Finally, the tectonic activity weakened, the fault 
stopped growing, and the oil shale and other shales generally entered a large number of hydrocarbon 
generation stages. Therefore, the Family A oil migrated laterally along the sand body to the slope area, 
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where it was able to move vertically along the fault. Therefore, the distribution range is extensive. 
Meanwhile, the Family B oil was preserved in the adjacent reservoirs vertically along the fault and has a 
small distribution range (Fig. 14.a and Fig. 15.). 

 
5. Conclusion 

 
Within the Weixinan Sag, there are normal crude oils in different formations, as well as biodegraded 

oil in the shallowly buried Jiaowei Formation, located in a high tectonic position. These crude oils were 
divided into two families, A and B, based on their sterane and terpane biomarker fingerprints. All of 
these crude oils came from continental lacustrine source rocks; however, there are obvious differences 
in biomarkers, isotope carbon compositions, and spatial distributions of the two families. According to 
biomarker oil-source correlation results, the Family A oils were chiefly derived from the oil shales at 
the bottom of the El2 unit and exhibited higher maturity. The Family B oils, which came mainly from 
mature shales in the Liushagang Formation, are relatively less mature. The thick shale overlying the oil 
shale vertically sealed the adjacent faults; thus, the Family A oil produced by the oil shale mainly 
migrated along sand bodies to the high structure and was eventually conveyed by the fault in the high 
structure to form a shallower reservoir. The Family B oils mainly migrated vertically along faults and 
accumulated near the reservoir in the upper part of source rocks. Therefore, the Family A oils are 
distributed across a larger range. 
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