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A B S T R A C T   

The crude oils migration and accumulation of the Qionghai (QH) Uplift in the Zhu III Super-depression was 
investigated from the perspective of oil source and migration conduit using gas chromatography-mass spec-
trometry (GC-MS), stable carbon isotope, quantitative grain fluorescence (QGF) analysis and basin simulation 
methods. The results on the oil-source correlation showed that oil origins of the five typical reservoirs were very 
complicated. Crude oils of the eastern and western parts of the QH Uplift were from the Wenchang A sag and the 
Wenchang B sag, respectively, whereas oil sources of the central part of the QH Uplift were from both the 
Wenchang A and B sags. The research on the migration conduit showed that structure ridge, fault and con-
nectivity sand body jointly controlled crude oil migration and accumulation in the study area. Under the control 
of structure ridges and well-connected sand bodies, crude oils accumulated at a low-magnitude folding structure 
forming the WC13-1, WC13-2 and QH18-1 reservoirs, whereas the sealed fault played an important role in 
forming the WC8-3 and WC13-6 reservoirs. Combing the differences in oil origins and crude oils migration 
conduits, we finally identified two types of crude oils migration and accumulation modes from the Wenchang Sag 
to the QH Uplift. One was a gentle-slope long-distance migration and accumulation model, which was developed 
from the Wenchang A sag to the QH Uplift. The other was a steep-slope short-distance migration and accumu-
lation model, which was developed from the Wenchang B sag to the QH Uplift. This study could provide guidance 
for exploring the petroleum potential and prospecting promising zones in the South China Sea.   

1. Introduction 

The Zhu III Super-depression, mainly including six structural di-
visions, is located at the western Pearl River Mouth Basin (PRMB) and 
has experienced more than 30 years of hydrocarbon exploration history 
(Zhang et al., 2011b). The Wenchang A and B sags and the QH Uplift are 
the main objectives of petroleum exploration and development. Crude 
oil reserves and natural gas reserves are over 1.5 × 108 m3 and 400 ×
108 m3, respectively (Zhong et al., 2018; Li et al., 2020). Particularly, it 
has been discovered that the QH Uplift, with oil reservoirs such as the 
WC8-3, the WC13-1, the QH18-1 and so on, is the main hydrocarbon 
exploration and development area in the Zhu III Super-depression (Gong 
et al., 2004). Both of the Oligocene Enping Formation (E3e) and the 
Eocene Wenchang Formation (E2w) are rich in hydrocarbon source 
rocks in the Wenchang A and B sags (Quan et al., 2017). However, the 
QH Uplift lacks the Wenchang Formation and the Enping Formation, 

and thus it does not have the capacity to generate hydrocarbons (Gan 
et al., 2014a). There is controversy about the specific source of crude oil 
in the QH Uplift originating from the Wenchang A or B sags, or both (A 
and B sags) (Gong et al., 2004). Many scholars have also drawn different 
conclusions on the hydrocarbon transmission system of the QH Uplift 
(Jiang and Zhou, 1998; Jiang et al., 2009; Xu et al., 2010). For example, 
Xu et al. (2000) believed that the inherited tectonic ridge is a favourable 
conduit for hydrocarbon migration by analysing the maturity of crude 
oil and nitrogen compounds from the Wenchang A sag. J.L. Li et al. 
(2015) proposed that crude oils from the Wenchang B sag accumulating 
in the QH Uplift anticline trap are dominated by lateral migration along 
the combination of the sandstone skeleton and fault. 

The above views were based on hydrocarbon migration with a single 
oil source, but different opinion is put forward in this paper now. 
Therefore, this paper is based on oil-source correlation and carefully 
discusses crude oil migration and accumulation of the QH Uplift by 
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taking oil reservoir as a unit and breaking the thinking of single source 
controlling oil accumulation. According to analysis of the characteristics 
of oil fields in the QH Uplift, it is suggested that the oil origins of the QH 
Uplift (divided into three parts according to orientation, i.e., east, 
middle and west) may be very complicated and that it is not as simple as 
a mixed oil source. Therefore, analysis of the oil sources is critical to the 
establishment of crude oil migration and accumulation models. With 
hydrocarbon exploration progress and technology advancement, the 

more accurate understanding of the oil source and the transmission 
system can be achieved. 

Gas chromatography-mass spectrometry (GC-MS), quantitative grain 
fluorescence (QGF) and quantitative grain fluorescence on extract (QGF- 
E) analyses, stable carbon isotope analysis and a basin simulation model 
were used to numerically identify the origin of crude oils, to simulate 
hydrocarbon migration paths and to comprehensively analyse the crude 
oil migration and accumulation. We found the key factors controlling 

Fig. 1. (A) Map showing the structural divisions of 
the Pearl River Mouth Basin, China, and location of 
the Zhu III Super-depression (modified from Zhu and 
Mi, 2011). (B) Map showing structural units of Zhu 
III Super-depression: ① Qionghai Sag; ② Qionghai 
Uplift; ③ Wenchang A sag; ④ Wenchang B sag; ⑤ 
Wenchang C sag; ⑥ Shenhu Uplift. Sampled wells, 
important faults (F1~F13), typical sections (aa’ and 
bb’) and hydrocarbon shows (modified from Zhang 
et al., 2014; Quan et al., 2017). SBF=South Bound-
ary Fault.   
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crude oil migration were structure ridge, fault and sand body connec-
tivity. Integrating an accurate crude oil migration and accumulation 
model would be used to predict the favourable area for crude oil accu-
mulation and design the wildcat wells. The main purpose was to gain a 
deep understanding on crude oils accumulation of the QH Uplift and its 

surroundings, and provide an improved understanding of petroleum 
potential of the low-exploration and mature areas in South China Sea. 

Fig. 2. Stratigraphic synthesis column, reservoir-seal assemblage and tectonic evolution stage of Zhu III Super-depression (modified from Jiang et al., 2008; Li and 
Chen et al., 2014). 
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2. Geological setting 

The Pearl River Mouth Basin (Fig. 1A), a Cenozoic continental 
marginal extension basin mainly developed above the pre-Tertiary 
basement, is located at the eastern coastal waters of continental shelf 
in the northern South China Sea (Shi et al., 2015). The Zhu III 
Super-depression is a key area for hydrocarbon exploration and devel-
opment in the western of PRMB and has achieved some major break-
throughs, such as the QH Uplift (He and Liu et al., 2008). The QH Uplift 
(Fig. 1B), with an area of 1420 km2, adjoins the QH sag, Wenchang A sag 
and Wenchang B sag in the north, northeast and southeast, respectively 
(You et al., 2011). Because of the control of stretching and the influence 
of right-lateral strike–slip after Pre-Tertiary, there have been three tec-
tonic evolution stages in the Zhu III Super-depression (Fig. 2): Rifting, 
Faulting-down-warping and Tectonic-reworking, respectively, forming 
six structural divisions in the Zhu III Super-depression, especially the QH 
Uplift and the Wenchang A and B sags (Gan et al., 2014a; Li et al., 2020). 
The long axis direction of the Wenchang A and B sags is roughly NE-SW, 
and Zhu III Super-depression appears as a typical skip-shaped fault 
depression, as does the Wenchang Sag (Li et al., 2010, 2015; H. Li et al., 
2015). 

The QH Uplift, lacking the E2w Formation and the E3e Formation, is 
mainly covered by the Neogene strata (Fig. 2), a littoral–neritic sedi-
mentary environment, and the Miocene Zhujiang Formation (N1z) is a 
good reservoir (Cheng, 2013; Zhang and Zhu et al., 2015). However, 
source rocks, the E3e and E2w Formation, widely developed in the 
Wenchang Sag (A and B sags), can provide enough hydrocarbons for the 
reservoirs of the QH Uplift (Zhang et al., 2009). We also find that the 
slope of the Wenchang A sag to the Uplift is gentler than that of the 
Wenchang B sag to the Uplift. So far, many oil fields or oil-bearing 
structures, such as WC13-1, WC13-2, WC13-6 and QH18-1, have been 
discovered in the QH Uplift (Xie, 2011), resulting in an annual pro-
duction of crude oil of over 200 × 104 m3 (Gan et al., 2014b). 

3. Data and method 

3.1. Data 

About 37 crude oil samples from eighteen (18) wells in the QH Uplift 
were used in GC-MS analysis and stable carbon isotope analysis. 143 

rock samples of 46 wells in the QH Uplift and the Wenchang Sag, with 35 
and 108 samples from the cores and cuttings (including mudstone and 
sandstone cuttings), respectively, were selected for GC-MS, QGF and 
QGF-E analyses. Seventeen (17) wells and eight (8) sections, thermal 
evolution of source rock, were simulated by PetroMod® Software, and 
Trinity® Software was used to simulate the hydrocarbon migration 
pathway of 3D structural surfaces. 

3.2. Methods 

3.2.1. GC-MS analysis 
The oil–source rock correlation would be effectively determined by 

GC-MS analysis. GC retention times and mass spectra (MS) comparison 
could effectively identify compounds, relatively quantified by integral 
areas of their peaks (Li and Xing et al., 2018). Analyses of the saturated 
hydrocarbon fractions were carried out on an Agilent 5975i mass 
spectrometer coupled to an Agilent 6890 gas chromatograph equipped 
with an HP-5MS capillary column (30 m × 0.25 mm × 0.25 μm film 
thickness). The MS was operated in both full-scan and selected ion 
monitoring (SIM) modes with an electron ionization mode at 70 eV. 
Helium was usually selected as carrier gas and its constant flow was set 
to 1 cm3/min in this study (S.M. Li et al., 2010). The GC oven temper-
ature was initially set at 50 ◦C with a holding time of 1min and pro-
grammed to 120 ◦C at 20 ◦C/min, then to 310 ◦C at 3 ◦C/min with a final 
holding time of 10min. 

3.2.2. QGF and QGF-E analyses 
QGF method could be used to determine paleo-oil zones, utilizing 

fluorescence spectrophotometry, as well as would provide some basis for 
identifying hydrocarbon migration, whereas the QGF-E method could be 
mainly used to identify current (residual) oil (Wang and Zeng et al., 
2017; Wang et al., 2018). QGF could measure fluorescence emission 
spectra, with a wavelength of 300 nm and 600 nm, when cleaned 
reservoir grains were exposed to ultraviolet (UV) light. QGF Index was 
defined as the average spectral intensity between 375 nm and 475 nm 
normalized to the spectral intensity at 300 nm and responded to 
paleo-oil saturation. QGF Index values measured from paleo-oil samples 
were usually more than 4, whereas samples would be explained as 
water-bearing zones when QGF Index values were less than 4 (Liu et al., 
2007; Liu and George et al., 2014). QGF-E analysis was based on the 

Fig. 3. The burial history and maturity evolution of Well WC11-2-1 in the Wenchang A sag.  
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Fig. 4. m/z 191, 217 and 369 Mass fragmentograms of typical source rocks (A and B) in the Wenchang Sag and crude oils (C, D and E) from typical reservoirs of the 
QH Uplift, showing different biomarker characteristics. WC A sag: Wenchang A sag; WC B sag: Wenchang B sag; EQH: the east part of the QH Uplift; MQH: the middle 
part of the QH Uplift; WQH: the west part of the QH Uplift; N1z: Zhujiang Formation; E3e: Enping Formation; E2w: Wenchang Formation; Ts: C27-17α(H)-Trisno-
rhopane; Tm: C27-18α(H)-Trisnorhopane; ‘C27’ & ‘C28’ & ‘C29’: regular steranes; ‘W’ & ‘T’: bicadinanes). 
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samples of QGF analysis and then fluorescence intensities of the 
extractive fluid were achieved. 

3.2.3. Stable carbon isotope analysis 
It was performed on a FLASH HT EA-MAT 253 IRMS instrument. N- 

alkanes in the samples were isolated from the saturated hydrocarbon 
fractions with 5 Å molecular sieves (Wang et al., 2018). Helium was 
usually selected as carrier gas and its constant flow was set to 100 
cm3/min in this study. Its reaction furnace temperature was initially set 
to 980 ◦C and then adjusted according to actual situation. The reactor 
packing was generally chromium oxide, cobalt oxide and others (Sun 
et al., 2019). All isotopic values were reported as δ13C (‰) relative to 
Vienna Pee Dee Belemnite standard (V-PDB) and corrected for 17O 
contribution. 

3.2.4. Basin simulation 

The PetroMod® Software was a comprehensive tool in basin simu-
lation, such as hydrocarbon generation and migration, because it could 
carry out seismic, stratigraphic and geological interpretations, and 
consider thermal, fluid-flow data into multidimensional simulations in 
sedimentary basins (He and Graham et al., 2014; Piero et al., 2016). 
Additionally, the Trinity® Software developed by Zetaware (USA) used 
a fast algorithm to calculate the ‘migration path’ based on the geometry 
of the structure; it also considered the effects of pressure and capillary 
forces on the migration path represented by the streamline. The basic 
principle of the algorithm was that the direction of hydrocarbon 
migration was consistent with the direction of the reduction of the 
combined force of buoyancy, pressure and capillary pressure (Pepper 
et al., 1995). 

4. Results and discussion 

4.1. Origin of crude oils 

There are two hydrocarbon-rich depressions, the Wenchang A and B 
sags, and there are two source rocks developed in each depression, 
namely, the Wenchang Formation (E2w) and the Enping Formation 
(E3e), respectively (Fu et al., 2011; Zhu et al., 2013). But main source 
rock in each depression is different (Quan et al., 2017). Previous studies 

Table 1 
Main geochemical parameters in the Wenchang Sag and the QH Uplift.  

Area Well Name Depth, m Strata δ13C‰, 
PDB 

Pr/ 
Ph 

C30-4- 
methyl 
sterane 

WC A Sag WC9-6-1 3776–3784 E3e − 29.16 3.83 0.18 
3818–3822 E3e − 29.13 5.31 0.19 

WC11-2-1 4372–4376 E3e − 28.94 4.13 0.14 
4432 E3e − 28.59 3.89 0.18 
4516–4520 E3e − 29.10 2.56 0.12 
4588–4592 E3e − 28.35 5.05 0.16 

WC B Sag WC19–1N- 
1 

2402–2408 E3e − 26.89 5.90 0.12 
2562–2566 E3e − 27.23 7.99 0.05 

WC19-1M- 
1 

2590–2594 E3e − 26.64 8.62 0.03 
2888–2896 E3e − 26.48 6.79 0.10 
3070–3072 E2w1 − 27.61 3.30 0.23 
3230–3234 E2w1 − 27.16 3.24 0.33 

WC19-1-2 2805–2820 E2w1 − 26.38 3.11 0.29 
3240–3242 E2w1 − 26.02 2.30 0.28 

WC19-1M- 
1 

3256–3258 E2w2 − 23.96 2.01 0.35 
3304–3310 E2w2 − 23.92 1.91 0.56 
3334–3342 E2w2 − 24.21 1.30 0.36 
3368–3376 E2w2 − 23.76 1.80 0.39 
3392–3394 E2w2 − 23.39 1.84 0.58 

East of 
QH 
Uplift 

WC8-3-1 2614–3635 N1z − 29.20 4.79 0.14 
WC8-3E-1 1699–1700 N1z − 29.40 2.60 0.22 
WC8-3E-2 1666–1694 N1z − 29.40 3.24 0.18 
WC13–6N- 
1 

1283–1350 N1z − 29.10 3.40 0.22 

WC13–6N- 
2 

1400–1409 N1z − 29.00 4.30 0.25 

Middle of 
QH 
Uplift 

WC13–1S- 
1 

1247.1 N1z − 28.30 3.35 0.23 

WC13-1-2 1400–1410 N1z − 28.40 4.10 0.26 
WC13-1-1 1385–1402 N1z − 27.50 3.76 0.20 
WC13-2-1 1206–1216 N1z − 27.30 3.03 0.23 
WC13-2-2 1106 N1z − 28.30 3.52 0.25 

1180–1190 N1z − 26.80 3.10 0.21 
West of 

QH 
Uplift 

QH18-1-1 1205.4 N1z − 26.30 2.84 0.27 
QH18-1-2 1292–1302 N1z − 26.50 2.67 0.28  

Fig. 5. Main geochemical parameter cross plot of the QH Uplift crude oil and the Wenchang Sag source rocks (WC A sag: Wenchang A sag; WC B sag: Wenchang B 
sag; N1z: Zhujiang Formation; E3e: Enping Formation; E2w1: Upper part of Wenchang Formation; E2w2: Middle part of Wenchang Formation; SL: Shallow Lacustrine; 
M-dL: Middle-deep Lacustrine). 
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Fig. 6. Simulation of crude oil migration pathway and crude oil accumulation of the N1z Formation under the control of the structure ridge.  
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(Xie et al., 2012) on source rocks of the Wenchang Sag showed that the 
E3e Formation source rocks are mainly shallow lacustrine facies and the 
E2w Formation source rocks are mainly medium-deep lacustrine facies, 
especially upper and middle parts of the E2w Formation (E2w1 and 
E2w2). It is similar with the oil migration of near-source and far-source in 
the Zhu I Super-depression (Shi et al., 2020). 

The E3e Formation source rock is characterised by high-quality in the 
Wenchang A sag. The abundance of organic matter is high, with a TOC 
range of 0.42%–7.35% and an average TOC of 1.61%, the Wenchang A 

sag (TOC: total organic carbon). Additionally, the average vitrinite 
reflectance (Ro) of source rock is 0.99%, showing that source rock has 
basically reached mature stage, and its maximum can reach 1.63%. The 
analytical results showed kerogen type, the E3e Formation source rock, 
is the II2–III. Previous studies showed that the E2w Formation source 
rock in the Wenchang A sag has entered over-mature stage and 
exhausted its generation potential before the time of traps formation, 
and thus, it basically has no effect on the formation of the reservoirs of 
the QH Uplift (Quan et al., 2015; Wang et al., 2016), which is consistent 
with the basin simulation result of Well WC11-2-1 (Fig. 3): the E2w 
Formation source rock in the Wenchang A sag should not be taken into 
consideration. 

The E2w Formation source rock is superior in the Wenchang B sag. 
The range of TOC is between 0.42% and 7.81% and its mean is 3.14%, 
more than that of the E3e Formation source rock in the Wenchang A sag. 
Additionally, the maximum of its Ro value can reach 1.12% and its mean 
is 0.85%, with I–II1 type of kerogen, showing a mature stage charac-
terised by generating oil. 

The types of source rocks in the Wenchang Sag, only involving the 
Wenchang A sag and the Wenchang B sag, are complex, so we can find 
their differences in the distribution characteristics of biomarker com-
pounds (Fig. 4 A and B). C30-4-methyl sterane, which reflects the source 
of lower aquatic organisms, is enriched in the E2w Formation source 
rocks, whereas its content is generally low in the E3e Formation source 
rocks. However, the E3e Formation source rocks are rich in resin com-
pounds, such as ‘W’, ‘T’ and olivine, which are the biomarker com-
pounds reflecting terrestrial high-grade plant sources. Tricyclic terpanes 
are commonly found in crude oil and source rock extracts, and it is often 
used as a reliable indicator of oil–source comparison and maturity (Chen 
and Liu et al., 2017). Under the normal circumstances, the higher 

Table 2 
The main tracer parameters in the QH Uplift and the Wenchang Sag.  

Area Well Name Crude oil density, 
g/cm3 

Ts/ 
Tm 

Total 
concentration 
of N- 
compounds, 
ng/mg 

WC A Sag WC8-3E-1 0.797 2.66 6.769  
WC9-1-1 0.761 2.51 5.805  
WC9-2-1 0.769 3.03 14.319  
WC9-6-1 0.752 2.36 3.739  
WC10-8-2 0.817 3.17 18.701  
WC14-3-1 0.781 2.25 13.109  

WC B Sag WC19-1-2 0.929 2.41 17.301  
WC19-1-6 0.861 2.38 15.432  

East of QH 
Uplift 

WC8-3-1 0.795 2.11 4.583  
WC13–6N- 
1 

0.789 2.03 2.116  

WC13–6S-1 0.755 1.89 2.088  
Middle of QH 

Uplift 
WC13-1-2 0.805 2.05 8.472  
WC13-2-2 0.866 2.19 9.646  

West of QH 
Uplift 

QH18-1-2 0.919 2.56 10.105   

Fig. 7. Oil and gas reservoirs distribution on the plane and tracer parameters of crude oil migration pathways from the Wenchang sag to the QH Uplift. The tracer 
parameters include crude oil density, total concentration of nitrogen-containing compounds and Ts/Tm ratio, which represents the maturity of crude oil. 
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tricyclic terpane content, the higher organic matter maturity will be. The 
Wenchang A sag source rocks are rich in tricyclic terpane, and a 
‘declined’ distribution is shown in the overall distribution. Content of 
C19~C22 tricyclic terpanes is higher than C23~C26 tricyclic terpane 
content. However, the tricyclic terpanes content in the source rocks of 
the Wenchang B sag is very low, and C19~C22 tricyclic terpanes and 
C23~C26 tricyclic terpanes show uniform potential distribution. In the 
similar condition, the Ts/Tm values of the source rocks in the Wenchang 
A sag are higher than those of the source rocks in the Wenchang B sag. 
Therefore, we conclude that the shallow lacustrine source rocks matu-
rity in the Wenchang A sag is higher than that of the Wenchang B sag. 

From the perspective of source rocks maturity, there are some dif-
ferences between the Wenchang A sag and the Wenchang B sag. The E3e 
Formation source rocks are only in mature stage and the E2w Formation 

source rocks are in over-mature stage in the Wenchang A sag, but in the 
Wenchang B sag, the E2w Formation source rocks just achieved the 
hydrocarbon generation threshold (Xu et al., 2000; Cheng et al., 2013), 
which also tell us that it is not necessary for this study to discuss the E2w 
Formation source rocks of the Wenchang A sag and the E3e Formation 
source rocks of the Wenchang B sag. Therefore, we mainly discuss the 
E3e Formation source rocks of the Wenchang A sag and the E2w For-
mation source rocks of the Wenchang B sag. 

The crude oil geochemical characteristics in different locations of the 
QH Uplift are different (Fig. 4 D, E and F). In the eastern part of the QH 
Uplift, the content of resin compounds is slightly high, with a low con-
tent of C30-4-methyl sterane. The C27–C28–C29 regular sterane content is 
high, and tricyclic terpanes are expressed as the main peaks of C19 and 
C20. The C27–C28–C29 regular steranes are found in the anti- ‘L’ form in 

Table 3 
QGF and QGF-E Results for typical wells in the QH Uplift.  

Well Name Depth (m) Strata QGF QGF-E Hydrocarbon Show 

Index (pc/pc) Intensity (pc) λmax (nm) △λ (nm) Imax (pc) λmax (nm) 

WC13-1-1 1192 N1z 8.13 12.3 438.1 145.0 86.5 372.0 Oil 
WC13-1-1 1300 N1z 4.00 4.9 432.1 152.2 24.5 363.0 Oil 
WC13–6S-1 1095 N1z 3.84 4.9 421.1 161.2 12.4 363.0 Dry 
WC13–6S-1 1267 N1z 6.84 11.2 433.3 142.2 94.1 374.0 Oil 
WC8-2-1 1460 N1z 4.52 6.4 439.1 156.8 25.7 362.0 Water 
WC8-2-1 1742 N1z 4.55 6.62 430.5 163.8 20.2 364.0 Water 
WC8-3-1 1516 N1z 4.67 6.7 417.1 164.4 43.1 377.0 Water 
WC8-3-1 1870 N1z 4.23 6.5 431.7 170.0 43.1 379.0 Water 
WC8-3-1 2239 E3z 3.66 4.8 431.3 153.4 13.8 359.0 Dry 

Water: Oil-containing water layer. 

Fig. 8. The distribution characteristics of QGF and QGF-E parameters in the QH Uplift.  
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the western part of the QH Uplift, with moderately low quantities of 
tricyclic terpanes. Moreover, the content of C19–C22 tricyclic terpanes is 
equivalent to that of the C23–C26 content. In the middle part of the QH 
Uplift, the characteristics of the C27–C28–C29 regular steranes are similar 
to those of the western part, the characteristics of tricyclic terpanes are 
also the same as above, but the maturity is higher, similar to the eastern 
part. However, oil origin can’t be clearly judged by GC-MS analysis now, 
so it is very necessary for further study to obtain the geochemical pa-
rameters (Table 1), such as the carbon isotopes, pristane and phytane 
rations (Pr/Ph), and others. 

Analysing the cross plot of the main geochemical parameters from 
crude oils and source rocks (Fig. 5), the E3e Formation and E2w2 For-
mation source rocks in the Wenchang B sag have basically no effect on 
the crude oil accumulation of the QH Uplift. Although crude oils of the 
QH Uplift are mostly from source rocks of the E3e Formation in the 
Wenchang A sag and the E2w1 Formation in the Wenchang A sag, shown 
in Fig. 5, the oil sources of three parts of the QH Uplift (i.e., east, middle 
and west) are different. The parameter values of crude oils in the eastern 
part of the QH Uplift (i.e., WC8-3 Reservoir and WC13-6 Reservoir) are 
close to those of the E3e Formation source rocks in the Wenchang A sag, 
indicating crude oils, the eastern part, are supported by source rocks in 
the Wenchang A sag, and the E2w1 Formation source rocks in the 
Wenchang B sag only support crude oils for the western part (i.e., QH18- 
1 Reservoir). However, the crude oils of the central part, i.e., WC13-1 
Reservoir and WC13-2 Reservoir, are from both the Wenchang A and 
B sags, indicating mixed sources. 

4.2. Crude oils migration conduit 

4.2.1. Structure ridge and significance for oil accumulation 
The basin simulation software Trinity® was used to simulate the 

hydrocarbon migration pathway under the control of paleo-tectonic and 
hydrocarbon source kitchens for the N1z oil reservoirs in the Uplift. The 
simulation results showed that the QH Uplift oil and gas originate from 

two main hydrocarbon-generating sags, the Wenchang A and B sags, 
through two different types of migration pathways (Fig. 6). Under the 
control of the structure ridge from the Wenchang Sag and the QH Uplift, 
the first style of migration pathway is the long-distance lateral migration 
from the north-eastern gentle-angle slope of the Wenchang A sag to the 
QH Uplift, which then forms oil reservoirs; and the second is the short- 
distance lateral migration from the south-eastern steep slope of the 
Wenchang B sag to the QH Uplift. From the top structure contour map, 
N1z Formation (Fig. 6), the primary structure ridge of the QH Uplift 
tends to the northeast, so crude oil can be transported from the Wen-
chang A sag to the WC13-1 and WC13-2 Reservoirs rather than the QH 
18-1 Reservoir of the QH Uplift. The secondary structure ridges of the 
QH Uplift are broom-shaped and converge to the Wenchang B sag, so 
crude oil can be transported from the Wenchang B sag to the QH18-1, 
WC13-2 and WC13-1 Reservoirs of the QH Uplift. 

Although hydrocarbon migration was a complex process in which 
physical and chemical parameters change, all the tracer parameters 
changed regularly along the hydrocarbon migration pathway. Then, 
three parameters, namely, crude oil density, maturity (Ts/Tm) and total 
nitrogen-containing compound concentrations, were used to charac-
terize the direction of crude oil migration (Table 2). For example, the 
crude oil density, which ranged from 0.789 to 0.919 g/cm3, gradually 
increased from east to west in the QH Uplift. The Ts/Tm ratios and total 
nitrogen-containing compound concentrations also changed regularly, 
but there were the anomalous values in the local areas, especially the 
total nitrogen-containing compound concentration, because of the 
mixed sources. 

The detailed data of crude oil density, maturity (Ts/Tm) and total 
nitrogen-containing compound concentration are shown in Fig. 7. From 
the eastern to the western parts of the QH Uplift, the density of crude oil, 
the total concentration of nitrogen-containing compounds and the Ts/ 
Tm ratios gradually decrease and then increase. The density of crude oil 
and the total concentration of nitrogen-containing compounds in the 
Wenchang B sag are higher than those in the Wenchang A sag, and the 

Fig. 9. QGF tracer profile of the Wenchang A sag and the QH Uplift, suggesting the direction of hydrocarbon migration from source rocks (E3e and E2w Formation) to 
reservoir (N1z Formation). N1z1

U: Upper part of the N1z1 Formation; N1z1
L: Lower part of the N1z1 Formation. 
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maturity of crude oil is slightly lower than that of the Wenchang A sag. 
The main source of heavy and highly mature crude oil in the western 
part of the QH Uplift is the Wenchang B sag; the light and highly mature 
crude oil in the eastern part is from the Wenchang A sag, indicating two 
migration pathways for crude oil in the QH Uplift. From the Wenchang A 
sag to the QH Uplift, crude oil is transported along a wide and gentle 
slope under the control of the structure ridge, whereas the crude oil from 
the Wenchang B sag migrates along the steep slope. The three parame-
ters of the 13-6 Reservoir (i.e., WC13–6N-1 and WC13–6S-1), especially 
the total concentration of nitrogen-containing compounds, are obvi-
ously lower than those of other reservoirs. There are two factors 
resulting in the above phenomenon. One is that crude oils are only from 
the Wenchang A sag, which is different from the WC13-1, WC13-2 and 

QH18-1 Reservoirs, and the other is the hydrocarbon fractionation effect 
along the migration pathway. Combined with the simulation results of 
crude oil migration and the change of the above parameters, the real 
migration direction is shown in Fig. 7 and also prove the conclusion of 
oil–source correlation. 

QGF and QGF-E analyses, reflecting the fluorescence features of oil 
inclusions within grains and residual hydrocarbons on grains surface, 
were used to identify hydrocarbon-bearing reservoirs, judge current or 
paleo-oil layers, analyse hydrocarbon properties, and trace hydrocarbon 
migration pathways amongst others (Bourdet et al., 2012; Liu and 
George et al., 2014). Some parameters, QGF Index, QGF Intensity, 
Lambda-Max (λmax) and Delta Lambda (△λ), were used to characterize 
the QGF results. The QGF-E results were characterised using the 

Fig. 10. The distribution characteristics of the fracture combination patterns on the profiles and the main secondary faults. (A): aa’, Wenchang A sag and QH Uplift, 
F1–F7 are the main secondary faults; (B): bb’, Wenchang B sag and QH Uplift, F8–F13 are the main secondary faults. 
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Maximum Intensity (Imax) and Lambda-Max (λmax) parameters, as 
described by Liu et al. (2007). Previous studies have told us that QGF 
Index more than 4.0 indicates hydrocarbon migration occurring during 
the structure’s geologic history (Liu et al., 2016). QGF and QGF-E ana-
lyses on the typical profile were also carried out to achieve some key 
parameters in the QH Uplift (Table 3). Taking the hydrocarbon shows 
into consideration, we found that the QGF Index was 4.0, and thus it was 
used as a criterion for judging the direction of crude oil migration from 
the Wenchang Sag to the QH Uplift (Fig. 8). Additionally, we believed 
that the sandstone may play an important role in crude oil migration 
pathway when the Imax value of QGF-E was generally greater than 20 pc. 
Therefore, the crude oil migration direction was determined by using 
QGF Index and QGF-E Imax. 

The QGF tracer profile (Fig. 9) showed that the value of the QGF 
Index of the sand layer around the No. 2 Fault was over 4 and that it 
gradually increased from the bottom to the top, indicating that crude oil 
moved upward along No. 2 Fault from source rocks in the Wenchang A 
sag. Additionally, the QGF Index was between 3.66 and 8.13, the N1z 
Formation in the QH Uplift. Thus, the sand bodies of the N1z Formation 

Fig. 11. The average fault activity rate curve of the ZF2 fault in the 
geologic epoch. 

Fig. 12. The growth index histogram of the main secondary faults (F1–F13) at different geologic epochs. (A) The secondary faults distributed from the Wenchang A 
sag to the QH Uplift (F1–F7); (B) The secondary faults distributed from the Wenchang B sag to the QH Uplift (F8–F13). 
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could be used as hydrocarbon migration conduits except for the N1z1
U 

Formation. Therefore, crude oil migrated vertically along the No. 2 
Fault; then crude oil would migrate laterally and accumulate along high- 
quality sand bodies forming the WC13-1, WC13-2 and QH18-1 Reser-
voirs under the control of the structure ridges. 

Fig. 13. Cartoon map showing mudstone smear quantitative calculation and 
the calculation formula (modified from Yielding et al., 1997). L is vertical fault 
distance and its unit is meter; hi is the i-th mudstone layer thickness broken by 
one fault and its unit is meter; n is the number of mudstone layers broken by 
one fault, dimensionless. 

Table 4 
Calculated SGR values of the Zhu III No. 2 Fault (ZF2) in the QH Uplift.  

Well WC13-2- 
1 

WC13-1- 
1 

WC13–6S- 
1 

WC7-2- 
1 

WC8-2- 
1 

WC8-3- 
1 

N1z1
U 0.55 0.32 0.36 0.64 0.88 0.83 

N1z1
L 0.56 0.52 0.46 0.19 0.29 0.54 

N1z2 0.57 0.27 0.53 0.45 0.36 0.19 
E1z1 – – – 0.41 0.27 0.39 
E1z2 – – – 0.26 0.22 0.16 
E1z3 – – – – 0.21 0.31  

Fig. 14. The lateral closure evaluation of the main faults on the profile distributed from the Wenchang A sag to the QH Uplift (SGR) involving three reservoirs except 
WC13-2 and QH18-1. 

Table 5 
The NTG ratios of the N1z and E3z Formation in the Wenchang Sag and the QH 
Uplift.  

Strata Min (%) Max (%) Average (%) Well Count 

N1z1
U 0.7 68.4 22.7 46 

N1z1
L 13.7 93.7 55.0 46 

N1z2 10.7 92.6 60.5 43 
E3z1 7.4 80.9 46.6 33 
E3z2 25.8 77.4 54.3 30 
E3z3 43.9 92.3 65.0 26  

Fig. 15. The average NTG histogram of the N1z and E3z Formations. The lower 
limit of the NTG ratio is 50%, meaning that sand bodies are completely con-
nected when the NTG ratio is more than 50%. 
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4.2.2. Fault activity and significance for oil accumulation 
The development of the fault in the Zhu III Super-depression is very 

complicated, and faults have strong controlling effects on the migration 
and accumulation of crude oil (Chen et al., 2008). According to the 
development of the fault in the Zhu I Super-depression, the oil accu-
mulation is divided into two types: favourable for shallow (N1z and 
above) and deep (E3e and E2w) accumulations (Liu et al., 2017). Addi-
tionally, the fault combination pattern is a result of the complex tectonic 
stresses in the region. Different fault combination patterns have different 
geological significance for hydrocarbon accumulation (Fu et al., 2000; 
Nie and Jiang et al., 2011). Therefore, studying the impact of faults on 
hydrocarbon accumulation is inseparable from the study of the hori-
zontal plane and the vertical section combinations of faults. 

Extensional faults mainly developed in the Wenchang Sag, followed 
by localised torsional reverse faults due to stratigraphic reversing. These 
faults exhibit a variety of deformation patterns and combinations on the 
vertical section (Fig. 10). Single-fault patterns mainly include single- 
inclined, sloping-type, shovel-type, etc. The fault combination patterns 
mainly include Y-shaped, Horst–Graben type, stepped-type, etc. Among 
them, the combination of Y-shaped and stepped-type fractures account 
for the majority (Fig. 10 A and B). 

The fault activity, which was divided into three stages, namely, the 
early extensional fault development period, the medium sliding exten-
sion fault development period, and the late strike–slip extension fault 
development period, played a vital role in effecting crude oil migration, 
accumulation and trap formation in this area (Fu et al., 2000; Cui et al., 
2009; Li and Zhang et al., 2012; Zhang and Gan et al., 2013). 

The early extensional fault development period, Late Cretaceous－ 
Early Oligocene, was main source rock sedimentation period in the 
Wenchang Sag (Cui et al., 2009). The medium sliding extension fault 
development period, Late Oligocene－Early Miocene, was formation 
period of main traps in the Wenchang Sag and the QH Uplift (Gan and 
Zhang et al., 2009), i.e., the N1z Formation and the E3z Formation, thus 
providing a place for hydrocarbon generation and accumulation. The 
late strike–slip extension fault development period, middle Miocene－ 
Holocene, was the regional cap rock deposition period (Ru, 1988). It 
efficiently transported oil and gas into the trap, forming the shallow 
anticline or stratigraphic lithologic oil reservoirs (Fu et al., 2000; Nie 
et al., 2011). For example, medium- or long-term inherited activity fault, 
like the Zhu III No. 2 Fault (abbreviated fault ZF2), is the main hydro-
carbon migration pathway, which is beneficial to hydrocarbon migra-
tion from the Wenchang A and B sags to the QH Uplift. 

The ZF2 fault (the hanging wall is the QH Sag and the footwall is the 
QH Uplift) is located at the QH Uplift, its northern end, and tends to-
wards the northwest. The average fault activity rate initially increased 
and then decreased after 30 Ma (E3z3), but the rate finally stabilised 
(Fig. 10). The maximum value of the fault activity rate was 153.41 m/ 
Ma and the minimum value was 11.41 m/Ma. The massive hydrocarbon 
generation time of source rocks in the Wenchang A sag, mainly the E3e 
Formation, was early Miocene (Gan and Xie et al., 2014), and the hy-
drocarbon accumulation time was middle Miocene and beyond (Zhang 
et al., 2011a), which coincide with the fault activity period. Therefore, 
the ZF2 fault is a potential crude oil migration conduit. 

The thickness of secondary faults measured from the seismic profiles 
(Fig. 10) is an important parameter for the growth index to evaluate the 
fault activity and to determine the fault activity period. Analysing the 
histogram of the fault growth index of the typical seismic profiles 
(Fig. 11), two important conclusions were reached: (1) The main active 
time of secondary faults in the Wenchang A sag close to the QH Uplift 
was from late Oligocene to middle Miocene (Fig. 12A), which is from the 
E3z3 Age to the N1h Age. (2) The main active time of the secondary faults 
in the Wenchang B sag close to the QH Uplift was also from the end of 
late Oligocene to middle Miocene (Fig. 12B) but slightly later than the 
former. Combining the massive hydrocarbon generation time, the sec-
ondary faults could be excellent crude oil migration conduits. 

Three main parameters could be used to quantitatively research the 
sealing ability of faults, namely, the shale smear factor (SSF: ratio of 
fault and mudstone thickness), clay smear potential (CSP: ratio of 
squared mudstone thickness and mudstone smearing distance) and the 
ratio of fault and mud (SGR: ratio of mudstone thickness and vertical 
fault) (Yielding, 1997; Cui et al., 2008; Wang et al., 2020). Considering 
the geologic factors of stratigraphic lithology and break distance, which 
have important computational significance for mudstone smearing, the 
SGR parameter was used to reflect the influence of the mudstone smear 
on the fault closure in this paper. The SGR parameter is the ratio of the 
mudstone thickness to the vertical fault distance of the faulted stratum. 
The mudstone thickness was obtained by analysing the natural potential 
curve of the well near the fault, and the vertical fault distance was 
measured by the seismic section. 

The mudstone particles, immersed in the sandstone on the hanging 
wall and the footwall of fault, and sandstone physical properties are 
obviously reduced to have a high displacement pressure and lateral 
sealing effect on hydrocarbon. Yielding et al. (1997) proposed using the 
mudstone smear factor, SGR, to quantitatively evaluate the lateral 
sealing of faults (Fig. 13). The higher the content of fault shale, the 
better the fault closure will be. 

Taking the ZF2 fault as an example, the SGR values were calculated 
by the above formula. The SGR values of six layers were between 0.19 
and 0.88 (Table 4). The fault sealing of the N1z Formation is better than 
that of the E1z Formation. Considering the significance for crude oil 
migration and accumulation, we believe that crude oil will accumulate 
when SGR value is within a certain range. The E1z2 Formation acts as the 
hydrocarbon migration conduit when the SGR value is lower than the 
specific value. The upper part of the N1z1 Formation (N1z1

U) near the 
WC8-2-1 and WC8-3-1 wells acts as a seal when the SGR value reaches 
its high value of 0.83–0.88 and crude oils are also difficult to migrate 
laterally. 

Through the calculation and statistical analysis of the SGR around 
the five wells (WC8-3-1, WC8-2-1, WC13–6N-1, WC13–6S-1 and WC13- 
1-1) on the key profile distributed from the Wenchang A sag to the QH 
Uplift (Fig. 14), combined with the hydrocarbon show and the distri-
bution characteristics of oil reservoirs, the lower limit of the mudstone 
smear factor could be determined. The value of 0.37 could be the suit-
able key point of the SGR; when the in-situ value of SGR is higher than 
this value, the lateral sealing of the fault in the study area is better, 
which is conducive to the preservation of hydrocarbons. However, the 
fault closure is poor, and thus oil and gas cannot accumulate. However, 
this method has a drawback in that the profile without the well cannot 

Fig. 16. The geometric connectivity assessing model of sand bodies in the 
carrier formation represented by the red curve, and the calibration of the 
relationship between the connected probability of sand bodies and the NTG 
ratio in the study area. When C was 0.5 (P > 0.95) and C0 was 0.2, the 
mathematical model of sand body connectivity was consistent with the analysis 
of sand body connectivity in the Wenchang sag (A and B) and the QH Uplift. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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be analysed this way. According to the seismic inversion profile, the 
qualitative analysis of the fault properties (such as tensional fault and so 
on) and the distribution of oil reservoirs, including hydrocarbon oc-
currences, the poor sealing ability of the faults is beneficial to hydro-
carbon migration for the profile distributed from the Wenchang A sag, 
such as Fault F3 and Fault F4 in Fig. 14. On the contrary, Fault F1 and 
Fault F5 resulted in forming the WC8-3 and WC13-6 reservoirs respec-
tively. Although faults act as crude oil migration conduits, the fault- 
sealing characteristics of the Wenchang B sag to the QH Uplift are 
different from those of the Wenchang A sag to the QH Uplift. 

Based on the above results, the main faults in the Wenchang Sag 
could connect source rocks, including the E3e Formation and the E2w 
Formation, with shallow marine sandstones mainly involving in the E3z 
Formation and the N1z Formation. The transmission system is favour-
able for crude oil migration from the Wenchang Sag to the QH Uplift. 
The hydrocarbons generated in the Wenchang Sag migrate vertically 
along the fault under buoyancy conditions and then migrate along the 

structure ridge or sand body to the draped anticline of the QH Uplift and 
finally accumulate, especially forming the WC8-3 and WC13-6 
Reservoirs. 

4.2.3. Sand body connectivity and significance for oil accumulation 
With the development of hydrocarbon exploration, research on 

transmission systems has gradually deepened. Hydrocarbon migration is 
not equivalent to migration throughout 3D space because it is restricted 
to certain paths for migration and accumulation (Bekele et al., 2002; 
Gibson et al., 2002). The sand body connectivity plays an important role 
in crude oil migration and accumulation, too (Ma and Zeng et al., 2012). 
Strengthening the research of sand body connectivity is of great signif-
icance for clarifying the configuration of transmission systems and for 
predicting migration path or conduit and accumulation position of crude 
oil. 

In order to accurately describe the connectivity of sand bodies, many 
scholars have proposed the concept of sandstone percolation threshold 

Fig. 17. The distribution characteristics of the connectivity of N1z2 sand bodies on the plane. (A) Sedimentary facies; (B) Sandstone thickness; (C) The NTG ratio 
distribution; (D) The connected probability of the N1z2 sand bodies. The sand bodies marked by blue solid lines are completely connected and the others are partially 
connected. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

G. Xie et al.                                                                                                                                                                                                                                      



Journal of Petroleum Science and Engineering 205 (2021) 108943

16

and complete connectivity coefficient. Allen (1978) considered that 
when the net-to-gross (NTG) ratio is greater than 50%, the sandstone is 
completely connected. King (1990) used percolation theory to deter-
mine the connectivity of two-dimensional and three-dimensional sand 
bodies, and the percolation thresholds are 0.688 and 0.276, respectively. 
Based on research of the characteristics of China’s continental sedi-
mentary basins, Qiu (1990) considered that when the NTG ratio is in the 
range of 30%–50%, sand bodies are semi-connected; when the NTG ratio 
is greater than 50%, they are completely connected. Luo et al. (2012) 
applied the method of reservoir description to construct the connecting 
probability formula of sand bodies and suggested that the critical value 
of the NTG ratio of the delta front sand bodies is 20% and that sand 
bodies are completely connected when the NTG ratio reaches 50%. 
Considering the characteristics of the study area and the above research, 
we adopted the connected probability of sand bodies to discuss the 
connectivity of sand bodies and their significance for hydrocarbon 
accumulation. 

According to the lithological characteristics of 46 wells in the study 
area, the NTG ratio of the N1z Formation (N1z1

U, N1z1
L and N1z2) and the 

E3z Formation (E3z1, E3z2 and E3z3) was calculated (Table 5). The 
calculation results showed that the NTG ratios of these six layers varied 
widely (Fig. 15). The average value of the upper part of the N1z1 For-
mation was 22.7%, whereas the values of the other layers (the E3z 
Formation, the lower part of the N1z1 Formation and the N1z2 Forma-
tion) were between 46.6% and 65%. The NTG ratios of the N1z1 For-
mation were slightly lower, and the connectivity of the sand bodies was 
poor in the study area. The NTG ratios of the other layers were some-
what higher, so the sand bodies had good transport capacity for crude oil 
and provided a potential migration conduit for oil reservoirs in the QH 
Uplift. 

According to the probability model which describes the spatial dis-
tribution of sand bodies, the relationship between the connected prob-
ability of sand bodies and the NTG ratio can be determined to describe 
the connectivity between sand bodies (King, 1990; Luo et al., 2012). 

The formula is as follows:  

P=

⎧
⎪⎨

⎪⎩

0 (h ≤ C0)

1 − e

[

−
(h− C0)

2

b2

]

(h > C0)

where P is the connected probability of sand bodies, h is the NTG ratio, 
C₀ is the percolation threshold, C is the completely connectivity coeffi-
cient and b = (C–C₀)/

̅̅̅
3

√
, which is the connectivity index. 

According to the above analysis of crude oil migration and oil res-
ervoirs distribution, we calculated the connected probability of sand 
bodies (P), determined by the NTG ratio, by using the above formula. 
The geometric connectivity assessing model of sand body connectivity 
was also established (Fig. 16). Therefore, we determined that C was 0.5 
and C0 was 0.2 in the study area. 

Plane connectivity, sedimentary facies, the thickness of sandstone 
and the NTG ratio are important for analysing the connected probability 
of sand bodies. In this paper, taking the characteristics of the N1z2 
Formation as an example, we found that the delta facies mainly devel-
oped at the edge of the Wenchang B sag and in the QH Uplift, whereas 
the subtidal zone mainly developed in the Wenchang A sag and the 
Wenchang B sag (Fig. 17A). According to the distribution of the sand-
stone thickness and the NTG ratio on the plane (Fig. 17 B and C), the 
sandstone thickness was generally more than 100 m, with this maximum 
value reaching 400 m in the east of the QH Uplift. The NTG ratio was 
generally more than 0.5 in the QH Uplift, and it varied slightly. The 
distribution of the connected probability of sand bodies was calculated, 
and the distribution area of the completely connected sand bodies is 
shown in Fig. 17D. Therefore, the sand bodies have strong connectivity 
on the plane in the QH Uplift. The completely connected sand bodies are 
beneficial to crude oils migration from the Wenchang sag to the QH 
Uplift. 

The vertical connectivity of sand bodies refers to the ratio of number 
of sand bodies connected vertically to total number of sand layers 
(Zhang and Luo et al., 2011a; Ma, 2015). Based on the connectivity of 

Fig. 18. The vertical distribution characteristics of the connectivity of sand bodies (represented by the NTG ratio) in the Wenchang A sag and the QH Uplift. Purple 
numbers indicate hydrocarbon shows, red numbers indicate dry layers and blue numbers indicate oil reservoirs. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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sand bodies on the plane and the lithologic distribution of the above five 
layers, the vertical distribution characteristics of sand bodies are shown 
in Fig. 18. Sand bodies of the N1z Formation and E3z Formation have 
good connectivity in the QH Uplift and are well lateral migration con-
duits for crude oils, especially the lower part of the N1z Formation 
(N1z2). The NTG ratios of seven wells from left to right are 0.52, 0.51, 
0.68, 0.62, 0.51, 0.80 and 0.71. Therefore, crude oils can migrate from 
the northeast to the southwest and accumulate in structural traps and 
lithological traps. Additionally, the hydrocarbon show is more active 
along the variation zone close to hydrocarbon migration pathways, 
where the connectivity of sand bodies obviously decreases and NTG 
ratio is less than 0.50, which is conducive to crude oil accumulation, so 
the lower part of the N1z Formation is taken as an example, especially 
near WC8-2-1 and WC8-3-1. Because of the presence of the variation 
zone, hydrocarbons accumulated close Well WC8-3-1 instead of near 

Well WC8-2-1. Generally, the larger the NTG ratio, the more active the 
hydrocarbon show along the crude oil migration pathways in this study 
area. 

4.3. Crude oils migration model 

With the support of the qualitative and quantitative research of oil 
sources, crude oils migration pathways and transmission systems, the 
crude oils accumulation mode of the QH Uplift is summarized as the 
following two types, namely, the gentle-slope long-distance migration 
and accumulation mode, and the steep-slope short-distance migration 
and accumulation mode. 

First, the gentle-slope long-distance migration and accumulation 
mode (Fig. 19A) is characterised by the composite transport of faults and 
sand bodies under the control of structure ridges. Because of the uniform 

Fig. 19. The hydrocarbon migration and accumulation mode of the QH Uplift. (A) The hydrocarbon migrates from the Wenchang A sag to the QH Uplift; (B) The 
hydrocarbon migrates from the Wenchang B sag to the QH Uplift. 
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or uneven differential settlement of the basement, a flexible slope and 
sedimentary slope are formed. Firstly, crude oils are longitudinally 
displaced along stepped faults. Then, crude oils will migrate along sand 
bodies, gathering at the place where the connected probability of sand 
bodies decreases, for example, the sealing of fault, and at the low- 
magnitude folding structure. This model is fundamentally developed 
from the Wenchang A sag to the QH Uplift. 

Second, the steep-slope short-distance migration and accumulation 
mode (Fig. 19B) is characterised by the composite transport of a Y- 
shaped fault and high-connectivity sand body. Because of the uneven 
settlement of the basement, the fault activity results in the formation of 
slope folding. The crude oils first move longitudinally along the Y-sha-
ped fault. Then, they migrate laterally along the well-connected prob-
ability of sand bodies and accumulate in places where the structural 
reservoirs and stratigraphic-unconformity reservoirs are developed. This 
model is fundamentally developed from the Wenchang B sag to the QH 
Uplift. 

5. Conclusion 

Based on the above detailed research on the characteristics of the 
crude oil of five typical reservoirs in the QH Uplift and the source rocks 
in the Wenchang Sag, several conclusions were drawn as follows:  

(1) The oil–source correlation analysis reveals that the origins of 
crude oils are complex, characterised by a single oil source on 
both sides of the QH Uplift and a mixed source in the central part. 
Crude oils of the eastern, the QH Uplift, are from the Wenchang A 
sag, and crude oils of western part are from the Wenchang B sag, 
whereas the oil sources of the central part are the Wenchang A 
and B sags.  

(2) Structure ridges, faults and sand bodies constitute a complex 
hydrocarbon transmission system from the Wenchang Sag to the 
QH Uplift. Under the control of structure ridges, crude oils first 
migrate along the well-connected sand bodies and the open 
faults. Crude oils accumulate at a low-magnitude folding struc-
ture in the western and central parts of the QH Uplift, and gather 
at the sealed faults in the eastern part.  

(3) Two types of crude oil migration and accumulation modes are 
summarized for oil reservoirs of the QH Uplift. The gentle-slope 
long-distance migration and accumulation mode is fundamen-
tally developed from the Wenchang A sag to the QH Uplift. 
Whereas the steep-slope short-distance migration and accumu-
lation mode is fundamentally developed from the Wenchang B 
sag to the QH Uplift. 
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