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Abstract
A series of natural gas fields have been discovered in the deepwater area of the Qiongdongnan Basin (QDNB) of China. 
However, the natural gas generation process and mechanism still exist controversy. Hence, two semi-open systematic pyroly-
sis experiments were conducted on a modified apparatus to study the natural gas generation process and mechanism in the 
deepwater area of the QDNB in this study, including pressured experiments and non-pressure experiments. In the pressured 
experiments, a stress pressure ranges from 37.6 to 188.2 MPa and fluid pressure ranges from 14.4 to 96.0 MPa based on the 
thermal evolution model of the QDNB. In non-pressured experiments, only fluid pressure from 2.0 to 5.0 MPa for a hydrous 
condition was compared with pressured experiments. The experiment results indicate that the pressured experiments could 
decrease the generated yields, expulsion efficiencies and expulsion process of the liquid hydrocarbons. Moreover, the sup-
pression effect appears to be stronger under high evolution than that of low-maturity stage. Additionally, liptinite preservation 
exists during the liquid hydrocarbons and natural gas generation at temperature over 420 °C, whereas the liquid hydrocarbon 
is cracking to gas at temperature over 500 °C as a function of lithostatic stress, fluid pressure, temperature and time. Hence, 
pressure plays an important role in influencing expulsion efficiencies and expulsion process of the liquid hydrocarbons and 
natural gas generation in the high maturity stage.

Keywords Source rocks · Hydrocarbon generation · Natural gas · Yacheng formation · Pressured experiments · The 
Qiongdongnan Basin

Introduction

The Qiongdongnan Basin (QDNB) is located in the western 
part of northern passive continental margin of the South 
China Sea, which was well accepted as an inner belt of 
hydrocarbon accumulation zone (Wang et al. 2021; Zhang 
et al. 2014; Xie et al. 2008). It is well accepted that the 
QDNB is one of the Cenozoic basins (Fig. 1) with the stretch 
of northeast in the basin (Zhang et al. 2007; Zhu et al. 2008). 
In general, the QDNB is one of the four major hydrocar-
bon-bearing basins on the continental shelf in the northern 
South China Sea, and with an area of about 6,500  km2. The 
QDNB is now all covered by the ocean, and the seawater 
from northwest to southeast becomes deeper. The variation 
in depth of the shelf area ranges from 90m to 200 m at pre-
sent. However, the depth from the slope to the ocean varies 
from 200 m to about 2000 m with a rapid depth alteration, 
leading to the fact that the QDNB is a sedimentary basin 
across the shallow-water and deepwater areas.
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Recently, a series of natural gas fields have been discov-
ered in the deepwater area of the QDNB, which is char-
acterized by high pressure and high temperature of the 
strata (He et al. 2001; Shi et al. 2003; Wang et al. 2021). 
It has been acknowledged that the geothermal field in the 
deepwater area of the QDNB has been reported in previ-
ous studies (Zhang et al. 2010, 2014; Wu et al. 2013). The 

deepwater area of the QDNB is characterized by high heat 
flow (He et al. 2001), high maturity (Su et al. 2012a, b) and 
high geothermal gradient (Yuan et al. 2009; Hu et al. 2022), 
which has been widely developed in the southern area of the 
Chinese continent and was contributed from the subsidence 
movement since 5.3 Ma (Hu et al. 2013; Zhao et al. 2015; Su 
et al. 2018). Moreover, previous studies reveal that several 

Fig. 1  Map showing: a the locations of the South China Sea; b the sedimentary basins distribution in the northern South China Sea; c the tec-
tonic units and locations of the sampling wells in The QDNB (after Yuan et al. 2009, Zhang et al. 2010 and Su et al. 2018)
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influencing factors, including volcanic activity, the depth of 
Moho, faulting, rock properties and the active thermal event 
after cracking or superposition, can also affect the basin geo-
thermal field (Huang et al. 1999, 2012). The adjustment of 
the stress field in South China Sea, as well as lithospheric 
thinning during Cenozoic can determine terrestrial heat flow 
(Zhan et al. 2006), thus may also lead to the fact that the 
geothermal field in the northern continental margin basin 
of the northern South China Sea is relatively high compared 
with other basins in China.

However, hydrocarbon generation and expulsion process 
in the deepwater area of the QDNB, which was characterized 
by high heat flow, high maturity and high geothermal gradi-
ent, were still unclear, and hydrocarbon generation mecha-
nism in the high-pressure strata of the Qiongdongnan Basin 
was not fully investigated in previous studies. Previous stud-
ies mainly investigated the influence of high-pressure strata 
on hydrocarbon generation (Carr 2000; Hao et al. 2004; Wei 
et al. 2009). However, results of the previous studies exist 
controversy, the high pressure in the deepwater area of the 
QDNB can enhance or obstruct hydrocarbon generation was 
not clear at present.

Hence, a comparative pyrolysis experiment of mudstone 
from deepwater area of the QDNB, including pressured 
experiments and non-pressured experiments, were con-
ducted on a modified pyrolysis device with semi-open sys-
tem. The modified experimental apparatus is characterized 
by continuous pressurized and/or depressurized, which can 
better simulate the natural condition in a hydrous and semi-
open system. The pyrolysis facility can simulate the hydro-
carbon generation and expulsion, which can better simulate 
the hydrocarbon generation under geological condition. Gas 
composition, yields of generated hydrocarbon gases, yields 
of expelled oil, yields of eluted oil and residual oil were 
measured both in pressured experiments and non-pressured 
experiments. The results were detailed analysis and explana-
tion to study the influence of high pressure and temperature 
on hydrocarbon generation in deepwater area of the QDNB. 
Based on this, the natural gas generation process and mecha-
nism in the deepwater area of the QDNB were investigated.

Experiments

Samples

In this study, two mudstone samples were collected from 
the Yacheng Formation in the QDNB. Two dark mudstone 
samples were from two boreholes of well, including YC13-
1-3 and YC13-1-A2. The total organic carbon (TOC) con-
tents and the pyrolysis data of the rocks were determined 
by a Rock–Eval VI instrument. The results of organic 
geochemical characteristics of the samples are listed in 
Table 1, and the hydrogen index and Tmax relationship 
diagram of mudstone samples from the Yacheng Forma-
tion in the deepwater area of the Qiongdongnan Basin are 
shown in Fig. 2. The data indicate that the type of organic 
matter from the source rocks of Yacheng Formation is type 
 II2-III.

Table 1  The analysis results of 
geochemical parameters derived 
from the samples of mudstone

Samples Well depth (m) TOC (%) Tmax(°C) S1-peak (mg/g) S2-peak IH IO

1 YC13-1–3 3842–3889 1.24 455 0.3 0.82 66 248
2 YC13-1-A2 4016–4054 2.66 459 0.49 2.06 77 78

Fig. 2  Hydrogen index and Tmax relationship diagram of mudstone 
samples from the Yacheng Formation in the deepwater area of the 
Qiongdongnan Basin
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Pressure condition simulations

The mudstone samples from Yacheng Formation were char-
acterized by typical type  II2-III kerogen. The mudstone in 
Yacheng Formation can be utilized in simulating the hydro-
carbon generation process in deepwater area of the QDNB. 
The burial history of selected drilling wells can be utilized to 
obtain the data of increasing for formation temperature. The 
temperature increasing program was following the burial 
history of selected drilling wells, which can better simu-
late the geological condition. The lithostatic stress (LS) and 
hydrostatic pressure (HP) of the source rocks at different 
burial depths can be calculated by the following equations:

where Pi is the LS of the source rocks, Pj is the HP of the 
source rocks. ρrock is the density of the rock (the value for 
2.4 g/cm3 in this paper) and ρwater is 1.0 g/cm3, g is gravity 
about 10.0 m/s2, h is the burial depth for the rock (m). Fluid 
pressure (FP) of the source rocks at different depths can be 
calculated by the hydrostatic pressure (HP) with the pressure 
coefficient for the normal pressure system ranging from 0.9 
to 1.2 in the QDNB (Shi et al. 2013).

In this study, two hydrous experimental systems, includ-
ing pressured experimental system and non-pressured 
experimental system, were conducted in order to compare 
the process and mechanism generated hydrocarbon gases. In 
pressured experimental system, the LS and the HP (Su et al. 
2020) at different experimental points can be calculated by 
Eqs. (1)(2). Additionally, the minimum and the maximum 

(1)Pi = �rockgh

(2)Pj = �watergh

values of FP are 0.9 and 1.2 times for the hydrostatic pres-
sure corresponding to the same buried depth, respectively, 
which can be obtained from the pressure coefficient ranging 
from 0.9 to 1.2. The value of the LS in no-pressured experi-
mental system, the maximum and the minimum value of the 
FP, are 6.0 MPa, 5.0 MPa and 2.0 MPa, respectively. The 
applied FP was only aimed to simulate the hydrous con-
ditions, which is called no-pressured experimental system. 
The calculated results for pressured experimental system and 
non-pressured experimental system are presented in Table 2.

Experimental procedures

WYMN-3 is a high-temperature and high-pressure 
(HTHP) simulation apparatus with semi-open experimen-
tal system (Fig. 3). In this study, the hydrous pyrolysis 
experiments were finished by a HTHP simulator in order 
to conduct programmed pressure of LS and FP under the 
same temperature, heating rate and duration times. The 
apparatus includes a software control system and a hard-
ware performance system. The former was controlled by 
a computer through corresponding to the transmission 
lines and recorded the data per minute for FP, LS, tem-
perature and time. The control of the FP and LS is domi-
nated to the subprime systems, which are consists of the 
fluid supplement system and the hydraulic control system. 
Temperature is monitored by thermocouples (XMT–131) 
installed at the different part, which are next with the 
outer wall of the reactor. Moreover, the simulator designs 
a vertical cylindrical reactor with internal hollow for the 
cylindrical sample cell, which outer diameter is almost 
the same internal diameter of the reactor. The effluent 
for generated oil and gas is withdrawn from the top of the 

Table 2  The experiment 
conditions in two series of 
the pressured experiments 
(P–T–t) and the non-pressured 
experiments (T–t) based on the 
thermal evolution model in the 
deepwater area of the QDNB

* HR: Heating rate; Ct: Cumulative time; LS: lithostatic stress; FP: fluid pressure; 
HP*: hydrostatic pressure; I: pressured experiments (P–T–t); II: non-pressured experiments (T–t)

HR*(°C/h) Ct* (h) T(°C) Depth ( m) LS* (MPa) I*:FP* (MPa) LS (MPa) II*:FP 
(MPa)

HP * Min Max Min Max

3.0 200
2.0 53.0 300 1600 37.6 16.0 14.4 19.2 6.0 2.0 5.0
2.0 63.0 320 2400 56.4 24.0 21.6 28.8 6.0 2.0 5.0
2.0 73.0 340 3200 75.3 32.0 28.8 38.4 6.0 2.0 5.0
5.0 77.0 360 4000 94.1 40.0 36.0 48.0 6.0 2.0 5.0
5.0 81.0 380 4200 98.8 42.0 37.8 50.4 6.0 2.0 5.0
5.0 85.0 400 4600 108.2 46.0 41.4 55.2 6.0 2.0 5.0
5.0 89.0 420 5200 122.3 52.0 46.8 62.4 6.0 2.0 5.0
5.0 95.0 450 6000 141.1 60.0 54.0 72.0 6.0 2.0 5.0
5.0 105.0 500 6500 152.9 65.0 58.5 78.0 6.0 2.0 5.0
5.0 109.0 520 7200 169.3 72.0 64.8 86.4 6.0 2.0 5.0
5.0 113.0 540 8000 188.2 80.0 72.0 96.0 6.0 2.0 5.0
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reactor by a valve and fine pipe (diameter for 0.3 mm) as 
well as deep open faults served as vertical hydraulic con-
duits and channeled the deep high pressure into shallow 
permeable formations. Hence, the generated hydrocar-
bons could be occurred, discharged and controlled by the 
values in the HTHP simulator, which could be controlled 
by the electrical properties via software settings.

The cylindrical sample cell was encased by the cylin-
drical reactors and was filled with about rock samples 
at designed temperatures. The reactor was purged with 
helium of 2–15  MPa before sealing. The reactor was 
repeatedly filled with de-ionized water of 80.0  MPa 
by a high-pressure electric pump in order to simulate a 
hydrous environment. The programmed heating tempera-
ture can be described as follows: programmed at 1 °C/
min to 200 °C and then to setting temperature of 300, 
320, 340, 360, 380, 400, 420, 450, 500, 520 and 540 °C 
by controlling the oven temperature during the experi-
ments, which combined with variable linear heating rates 
of 2.0 °C/h for 300–340 °C and 5.0 °C/h for 340–540 °C, 
respectively. In pressured experiments, the FP and LS 
altered with increasing temperature (Table 2). After the 
oven temperature was programmed increased from room 
temperature to 200 °C at 1  °C/min. The FP begins to 
increase at about 100 °C and reach 6 MPa at 200 °C. 
And the pressure was increased. While the FP is over 
the maximum value in the HTHP simulator, the valve 
opened automatically and expulses the vapor, gaseous 
and liquid hydrocarbons. The valve closes automatically 
and continues to heat by the designed temperature. The 
above processes, including samples loading, sealing and 
heating, were repeated for each designed temperatures 
until the end of the experiments, whereas the LS in non-
pressured experiment and FP maintained are 6 MPa and 
2–5 MPa, respectively.

Pyrolysis products collection

The valve and vent were opened after finishing the pyrol-
ysis experiment and reducing the oven temperature to 
150 °C. Hence, the pyrolysis products can be transferred 
to the gas–liquid separators. In this study, the generated 
hydrocarbon gases were collected by draining water. How-
ever, the generated liquid hydrocarbons, including expelled 
oil, eluted oil and residual oil, were characterized by var-
ied occurrences and collected by different approaches. 
The expelled oil was collected by dichloromethane from 
the gas–liquid collector in the cold trap and instrument 
piping. The eluted oil was collected by dichloromethane 
from the sample surface. Moreover, the residual oil is to be 
extracted using a Soxhlet apparatus from the sample after 
the pyrolysis experiments.

Pyrolysis products analysis

The chemical compositions of the gas products at differ-
ent temperatures were determined.  C1–C3 and the non-
hydrocarbons were measured by a MAT 271 mass-spec-
trometer.  C3 + was measured by an Agilent 6890 N gas 
chromatograph (GC) equipped with a capillary column 
(PLOT  Al2O3 50 m × 0.53 mm i.d.). A flame ionization 
detector (FID) and a thermal conductivity detector (TCD) 
were connected to the column using Helium as the carrier 
gas. The GC oven temperature was initially set to 30 °C 
for 10 min, and then increased to 180 °C at 10 °C/min 
and held at this temperature for 20–30 min. Moreover, the 
liquid hydrocarbon was quantified by gravimetric method.

Fig. 3  Schematic diagram of the WYMN-3 HTHP instrument
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Results and discussion

The yields of pyrolysis products in different 
experimental systems

Liquid hydrocarbons can be divided into expelled oil, 
eluted oil and residual oil, and the gaseous hydrocarbons 
produced can be divided into four groups, including meth-
ane, ethane, propane and heavy gaseous hydrocarbons 
 (C4–6). The yields of expelled oil, eluted oil and residual 
oil are presented in Table 3. The yields of methane, ethane, 
propane and heavy gaseous hydrocarbons  (C4–6) are pre-
sented in Table 4.

In the results of non-pressured experiments, the yields of 
oil alter with increasing of temperatures. The expelled oil in 
sample 1 increases from 0.007 to 0.036 mg/g.TOC and then 
decreases, and the eluted oil in sample 1 increases at first 
and then decreases. The liquid oil in sample 1 increases from 
0.010 to 0.039 mg/g.TOC, whereas the residual oil in sam-
ple 1 increases at first and then decreases. However, in the 
results of pressured experiments, the yields of oil also alter 
with increasing of temperatures. The expelled oil in sam-
ple 1 increases at first and then decreases, and the eluted 
oil in sample 1 increases at first and then decreases. The 
liquid oil in sample 1 increases from 0.006 to 0.025 mg/g.
TOC and then decreases, whereas the residual oil in sam-
ple 1 increases at first and then decreases. The alteration of 

Table 3  The Sample weight (g), 
Ro (%), the cumulative yields 
(mg/g.TOC) and expulsion 
efficiencies (%) of the liquid 
hydrocarbons derived from 
organic-rich mudstone in 
two series of the pressured 
experiments (P–T–t) and the 
non-pressured experiments 
(T–t)

a Exp.: Experiments
b T: Temperature
c t: Heating time
d I: the sample 1 and 
e II: the sample 2

aExp bT (°C) Sample weight (g) Ro (%) Yields of oil (mg/g.TOC) Expulsion 
Efficiencies 
(%)Expelled Eluted liquid Residual

dI: T–t 380 93.83 1.016 0.007 0.003 0.010 0.003 68.72
400 94.56 1.151 0.014 0.006 0.020 0.005 69.08
420 99.16 1.443 0.020 0.008 0.028 0.007 70.95
450 65.778 1.796 0.030 0.003 0.032 0.006 91.62
500 50.612 2.452 0.036 0.003 0.039 0.008 92.53
520 47.904 2.742 0.036 0.002 0.038 0.007 93.80
540 48.664 3.085 0.033 0.002 0.035 0.001 94.49

I: P–T–t
eII: T–t

380 49.85 1.034 0.004 0.002 0.006 0.003 58.98
400 49.36 1.146 0.007 0.005 0.012 0.006 59.07
420 48.308 1.468 0.011 0.007 0.018 0.008 59.54
450 44.424 1.805 0.019 0.005 0.024 0.010 79.87
500 50.172 2.469 0.020 0.005 0.025 0.010 81.79
520 43.142 2.766 0.019 0.004 0.023 0.008 82.88
540 41.18 3.076 0.012 0.001 0.013 0.004 90.35
380 37.374 1.061 0.017 0.005 0.022 0.002 76.61
400 37.224 1.135 0.035 0.010 0.045 0.005 78.42
420 38.268 1.328 0.038 0.010 0.048 0.007 79.75
450 36.819 1.530 0.042 0.004 0.046 0.013 91.69
500 37.677 1.746 0.046 0.004 0.050 0.017 91.76
520 38.931 2.139 0.070 0.006 0.076 0.032 92.07
540 39.303 2.822 0.120 0.007 0.127 0.025 94.43

II: P–T–t 380 26.286 3.093 0.095 0.005 0.100 0.013 94.94
400 37.047 3.358 0.044 0.001 0.045 0.001 96.80
420 38.283 1.056 0.011 0.006 0.017 0.002 63.37
450 36.976 1.132 0.027 0.015 0.042 0.006 63.88
500 35.125 1.334 0.032 0.018 0.050 0.009 64.04
520 34.687 1.546 0.035 0.007 0.042 0.018 82.58
540 34.283 1.791 0.037 0.007 0.044 0.030 83.98
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pyrolysis products in pressured and non-pressured experi-
mental systems is of same characteristics with sample 2.

The yields of  C1 and  C2
+ gas fractions generation derived 

from organic-rich mudstone in two series of the pressured 
experiments (P–T–t) and the non-pressured experiments 
(T–t) reveal that the yields of methane increase with increas-
ing temperatures, whereas the yields of ethane, propane and 
 C4-6 increase at first and then decrease with increasing of 
temperatures may due to the secondary cracking of gener-
ated gas hydrocarbons at relatively high temperatures.

The process of liquid hydrocarbon generation 
in deepwater area of QDNB

Liquid hydrocarbon products generated during the simula-
tion, including the expelled oil, the eluted oil and the residual 
oil. The yields of expelled oil, eluted oil and residual oil in 
pressured and non-pressured experiments of two samples are 
presented in Fig. 4. In general, the expelled oil and the liquid 
hydrocarbon show a trend of decrease after an initial increase 
with the yield peak at 500 °C. The expelled oil yields in non-
pressured experiments are higher than the yield of pressured 
experimental system at the same duration time and tempera-
tures. Moreover, the expelled oil yield of the mudstone sample 
of YC13-1–3 well is much lower than that of the mudstone 
sample from YC13-1-A2 well. Detailed data show that the 
amount of the expelled oil is greater than that of the eluted oil 
in the liquid hydrocarbon products of the generation, so the 
trend of the liquid hydrocarbon yield is more similar to the 

trend of the expelled oil yield. The residual oil yield shows a 
trend of increasing firstly and then decreased with the yield 
peak at 450 °C at the temperature from 340 to 540 °C. Gen-
erally, the residual oil yields in non-pressured experimental 
system are lower than that of pressured experimental system 
(Fig. 4). 

Suppression expulsion during the low–medium-maturity 
stage leads to the expulsion efficiency up to 80% in high-
over mature stage (Fig. 4 g, h). The characteristics of expul-
sion efficiency in pressured and non-pressured experimental 
systems are described as follows: (1) Mid-stationary stage 
(1.0% < Ro < 1.5%), the pressure inhibition enhances, as well 
as oil cracking gas and adsorption effects can also contribute 
to the burden of hydrocarbon expulsion. Hydrocarbon expul-
sion efficiency steadily increases with the increase in liquid 
hydrocarbon. (2) Late-efficient stage (Ro > 1.5%), the effect of 
stranded liquid hydrocarbon cracking gas enhances and expul-
sion efficiency increases up to 80% rapidly. (3) The expulsion 
efficiency under pressurized (fluid pressure plus lithostatic 
stress) mode is 10–15% lower than non-pressurized mode. 
The joint control of the fluid pressure and the lithostatic stress 
significantly inhibit the efficiency of liquid hydrocarbon expul-
sion and discharge process.

Table 4  The experimental data 
are yields of  C1 and  C2

+ gas 
fractions generation derived 
from organic-rich mudstone 
in two series of the pressured 
experiments (P–T–t) and the 
non-pressured experiments 
(T–t)

a Exp.: Experiments
b T: Temperature
C1: Methane,  C2: Ethane,  C3: Propane,  C4-6: Heavy gaseous hydrocarbons

aExp bT (°C) Yields of T–t (g/g.TOC) Sample 1 Yields of P–T–t (g/g.TOC)Sample 2

C1 C2 C3 C4-6 C1 C2 C3 C4-6

I 380 1.05 0.03 0.00 0.03 0.25 0.02 0.00 0.02
400 2.17 0.08 0.01 0.09 0.75 0.06 0.01 0.06
420 4.51 2.50 1.14 3.63 6.48 3.94 0.02 4.95
450 9.13 2.33 1.06 3.40 12.27 3.74 0.40 3.66
500 36.67 1.77 0.81 3.40 64.18 3.48 0.08 3.80
520 48.64 1.08 0.36 1.54 85.68 2.92 0.09 3.06
540 51.01 0.24 0.03 0.34 96.91 1.48 0.04 1.57

II 380 2.20 0.19 0.01 0.29 0.76 0.16 0.22 0.79
400 4.86 0.66 0.02 0.91 3.00 0.34 0.38 1.27
420 6.07 1.17 0.04 1.42 5.51 1.48 0.86 2.92
450 10.18 2.29 0.10 2.71 13.17 3.99 2.40 7.21
500 16.96 4.75 6.47 12.41 26.19 8.18 7.60 17.97
520 53.68 6.04 9.36 15.47 90.90 8.13 5.77 17.24
540 125.99 6.14 7.36 21.54 191.93 7.58 4.93 14.16
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The process of gas hydrocarbon generation 
in deepwater area of QDNB

The generated hydrocarbon gases of the pressured and 
non-pressured pyrolysis experiment are presented in 
Fig. 5. The yield of the total gas and methane show an 

upward trend in the same duration time and temperature. 
The yield of the total gases and methane for pressured 
experimental systems is higher than that of non-pressured 
experimental system on the overall trend in the same 
duration time and temperature over 420 °C. However, 
the yields of the hydrocarbon gases, including ethane, 

Fig. 4  The yield of liquid 
hydrocarbon from mudstone of 
a sample 1 and b sample 2; that 
of expelled oil from mudstone 
of c sample 1 and d sample 
2; that of residual oil from 
mudstone of e sample 1 and 
f sample 2; and the expulsion 
efficiency from mudstone of g 
sample 1 and h sample 2
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Fig. 5  The yield of the total gas 
from sample 1 (a) and sample 2 
(b); that of the hydrocarbon gas 
from sample 1 (c) and sample 2 
(d); that of methane from sam-
ple 1 (e) and sample 2 (f); and 
the expelled oil stage yield from 
sample 1 (g) and sample 2 (h)
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propane and heavy gaseous hydrocarbons  (C4–6), show 
a trend of increasing first and then decreasing with the 
yield peak at 420 °C.

The influence of pressure on hydrocarbon 
generation and expulsion in deepwater area 
of QDNB

The hydrocarbon generation in previous studies was mainly 
conducted in a closed system or in an open system during 
the evolutionary process of hydrocarbon source rocks burial 
and compaction. However, the thermal fluid activity shows 
characteristics of semi-open system, indicating that the epi-
sodic-fluid fracturing and episodic-hydrocarbon expulsion 
will occur when fluid pressure over the critical value. The 
episodic-compaction and episodic-hydrocarbon expulsion 
has been confirmed in overpressure environment of Yingge-
hai Basin (Xie et al. 2004). As an adjacent area of Yinggehai 
Basin, the QDNB has characteristics of rapid sedimentation 
since neotectonic period (5.3 Ma), especially in the west 
area of the QDNB (Fig. 6). This led to a rapid evolution 
of the source rock of Yacheng Formation and the maturity 
of the source rocks can reach high-over maturity, where 
Ro is 2.1% at 5500 m of the burial depth for Well YA26-
1-1 in the QDNB (Su et al. 2012a, b), which is higher than 
that of 1.2–1.6%Ro in the Vøring and Møre Basins (Aidos 
Kazankapov 2019). Therefore, the hydrocarbon expulsion 

has a close relationship with episodic-thermal fluid activity 
in this area.

The generation and expulsion process of the hydrocarbon 
in deepwater area of the QDNB indicates that the pressured 
experiments decrease the generated yields, expulsion effi-
ciencies and expulsion process of the liquid hydrocarbons 
during kerogens cracking. The suppression effect appears to 
be stronger under high evolution than that of low–medium 
evolution. Additionally, pressured experiments favor lipt-
inite preservation of the liquid hydrocarbons and natural gas 
generation at temperatures over 420 °C, whereas the liquid 
hydrocarbon is cracking to gas at temperatures over 500 °C, 
which was acted as a function of lithostatic stress and fluid 
pressure, temperature and time.

At the same temperature, the coupling effects of fluid 
pressure and lithostatic stress accelerate generation pro-
cess of natural gas obviously. Similar to the deep depres-
sion with sustained, rapid and huge late settlement buried, 
the rapid heating pressurized condition at medium–high-
maturity stage at medium–high-maturity stage results in a 
sharp increase in the yield rate of the generated hydrocar-
bon gases. On the one hand, the yield rate of expelled oil 
sharply declines during the medium–high-maturity evolu-
tion, which significantly promote the conversion of expelled 
oil and residual oil at medium–high-maturity stage. Rapid 
increase in expelled oil and residual oil yields accelerate 
the generation of natural gas. On the other hand, the yield 
of ethane, propane and heavier hydrocarbons decreases as 
they cracking into methane in the medium–high-maturity 
evolution, which also accelerate the generation of natural 
gas at the later stage.

Conclusions

In this study, two hydrous experimental systems, including 
pressured experimental system and non-pressured experi-
mental system, were conducted in order to compare the 
process and mechanism generated hydrocarbon gases. Gas 
composition, yields of generated hydrocarbon gases, yields 
of expelled oil, yields of eluted oil and residual oil were 
measured both in pressured experiments and non-pressured 
experiments. The results were detailed analysis and explana-
tion to study the influence of high pressure and temperature 
on hydrocarbon generation in deepwater area of the QDNB. 
Based on this, the natural gas generation process and mecha-
nism in the deepwater area of the QDNB were deeply inves-
tigated. The main conclusion is as following:

(1) Compared with the hydrocarbon generation process 
and characteristics for different experiment systems, 
the pressured experimental system significantly inhib-

Fig. 6  Map showing the burial history curves for Yacheng Formation 
of the Qiongdongnan basin based on Ya13-1 gas field and parameter 
well YC13-1-4 (revised after Su et al. 2018)
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ited the generated yields, expulsion efficiencies and 
expulsion process of the liquid hydrocarbons, includ-
ing expelled oil eluted oil and residual oil.

(2) The influence of pressure on expulsion efficiency 
can be divided into: (i) Mid-stationary stage 
(1.0% < Ro < 1.5%), Hydrocarbon expulsion efficiency 
steadily increases with the increase in liquid hydrocar-
bon. (ii) Late-efficient stage (Ro > 1.5%), the effect of 
stranded liquid hydrocarbon cracking gas enhances and 
expulsion efficiency increases up to 80% rapidly. (iii) 
The expulsion efficiency under pressurized (fluid pres-
sure plus lithostatic stress) mode is 10 ~ 15% lower than 
non-pressurized mode.

(3) The results reveal that an obvious promotion of natu-
ral gas yield mainly exists in the high-maturity stage. 
Meanwhile, the expelled oil and residual oil decreased, 
suggesting that the source rocks in the deepwater area 
of the QDNB can generate natural gas at high pressure 
at relative high-maturity level. Hence, the existed pres-
sured condition of the deepwater area of the QDNB 
acts as the leading factor for influencing the natural gas 
generation process.
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