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Abstract: To thoroughly understand the dynamic mechanism of hydrocarbon expulsion from deep
source rocks, in this study, five types of hydrocarbon expulsion dynamics (thermal expansion,
hydrocarbon diffusion, compaction, product volume expansion, and capillary pressure difference
(CPD)) are studied. A model is proposed herein to evaluate the relative contribution of different
dynamics for hydrocarbon expulsion using the principle of mass balance, and the model has been
applied to the Cambrian source rocks in the Tarim Basin. The evaluation results show that during
hydrocarbon expulsion from the source rocks, the relative contribution of CPD is the largest (>50%),
followed by compaction (10%-40%), product volume expansion (5%—-30%), and thermal expansion
(2%-20%). The relative contribution of diffusion to hydrocarbon expulsion is minimal (<10%).
These results demonstrate that CPD plays an important role in the hydrocarbon expulsion process
of deep source rocks. The hydrocarbon expulsion process of source rocks can be categorized into
three stages based on the contribution of different dynamics to the process: the first stage is
dominated by compaction and diffusion to expel hydrocarbons, the second stage is dominated by
product volume expansion and CPD, and the third stage is dominated by product volume expansion

and CPD. This research offers new insights into hydrocarbon exploration in tight oil and gas
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reservoirs.
Keywords: Driving force; Dynamic mechanism; Hydrocarbon expulsion; Deep oil and gas

exploration; Tarim Basin

1. Introduction

Tight oil and gas reservoirs are widely distributed in the deep tight reservoirs, accounting for
more than 85% of the total unconventional oil/gas resources (Zou 2014; Jia 2017; Tong et al. 2018).
Their great resource potential has attracted considerable attention from petroleum geologists and
explorers for a long time (SPE et al. 2007; Jarvie 2012; Jia 2017; Zheng et al. 2019)&rror* Reference
source not found. - Tight oil and gas reservoirs have completely different dynamics from those of
conventional oil and gas reservoirs; therefore, the distribution of tight oil and gas reservoirs is
mainly controlled by source rocks (Zou 2014; Pang et al. 2021b). Considering that deep oil and gas
reservoirs are widely distributed in tight reservoirs, most scholars believe that the hydrocarbon
migration and accumulation in tight reservoir layers (Fig. 1) is driven by nonbuoyancy forces (Zou
et al. 2012; Song et al. 2019; Jia et al. 2027 )Frror Reference source not found. - Ha\wever, there are various
types of nonbuoyancy forces and their effects on hydrocarbon expulsion are different.

Previous studies assumed that overpressure was the main driving force for hydrocarbon
expulsion from source rocks (Dickinson 1953; Hunt 1990; Osborne and Swarbrick 1997; Hao 2005;
Jiang et al. 2016). However, there are several formation mechanisms of overpressure, including
product volume expansion, thermal expansion, and compaction (Hao 2005; Jiang et al. 2016). For
evaluating the effect of different dynamics on hydrocarbon expulsion more accurately, the
hydrocarbon expulsion dynamics are summarized based on Pang’s (2000; 2001; 2021b) research.
According to Pang’s research, there were five types of dynamics and nine driving forces, i.e.,
compaction due to overlying strata (Lee et al. 2018), product volume expansion due to organic
matter transformation (Espitalie et al. 1980) and clay mineral dehydration (Lindgreen 1985),
thermal expansion of minerals and fluids (water, oil, and gas) in source rocks (Magara 1975a, 1975b;
Baker 1984; Olgaard et al. 1997), diffusion caused by the hydrocarbon concentration gradient
(Leythaeuser 1982), and capillary pressure difference (CPD) between surrounding source rocks and
inner reservoirs (Magara 1979; Stainforth and Reinders 1990). The importance of these forces in

hydrocarbon expulsion has been verified by several scholars (Chen and Tian 1989; Pittman 1992;



Li 2004; Qiao et al. 2019). However, the most important driving force among these nonbuoyancy
forces in the process of hydrocarbon expulsion remains unclear. Currently, how to determine the
dominant driving force in the process of hydrocarbon expulsion from source rocks is the most
crucial problem for geologists.

Numerous studies have evaluated the importance of different hydrocarbon expulsion dynamics
(Magara 1979; Espitalie et al. 1980; Leythaeuser 1982; Rose 2001) and mainly focused on a single
driving force (Lindgreen 1985; Stainforth and Reinders 1990). However, the study of single driving
force cannot effectively reflect the effect of the driving force in the entire hydrocarbon expulsion
process, resulting in incomplete understanding of the dynamics in the hydrocarbon expulsion
process. Therefore, revealing dominant driving forces and quantitatively evaluating their
contributions to hydrocarbon expulsion in deep areas is of practical significance for understanding
the main controlling factors of hydrocarbon expulsion. This benefits explorations in tight reservoirs.
Based on the abovementioned research purposes, herein, we focus on the differences and
correlations of these driving forces in oil/gas expulsion from source rocks to quantify their relative

contributions in a tight reservoir formation with increasing depth.

Fig.1. Distribution of deep and tight reservoirs and their relation to buoyancy-driven hydrocarbon accumulation
depth (BHAD) (quoted from Pang et al. 2021b). A. Driving force of hydrocarbon migration is changed from
buoyancy to nonbuoyancy with increasing depth. B. Distribution of conventional and unconventional oil and gas
resources and their relation to BHAD. C. Decreases in the maximum pore throat radius in the target layer result in
the transformation of hydrocarbon accumulation dynamic mechanisms from shallow reservoirs to deep and tight
reservoirs. BHAD is defined as the critical condition corresponding to the change in the hydrocarbon driving force

(Pang et al. 2021b).

2. Geological setting

The Tarim Basin is rich in deep-seated oil and gas resources. Oil and gas are mainly
concentrated in Paleozoic marine strata (Han et al. 2012; Zhu et al. 2012; Lan et al. 2015). The
lithology of the target strata mainly presents carbonate rocks, including limestone and dolomite (Hu
et al. 2015; Liu et al. 2015). The maximum depth of the oil and gas reservoirs is more than 8800 m,

and their formation and distribution are mainly related to fault zones, unconformities, and



reconstructed reservoirs (Fig. 2; Yu et al. 2012; Huang et al. 2015, 2016; Shen et al. 2018). These
oil and gas reservoirs are mainly reformed as unconventional tight oil and gas reservoirs distributed
near the source rocks (Shen et al. 2018). Therefore, the Tarim Basin is selected as the research object
in our study to provide some suggestions for its deep exploration. The Paleozoic Middle—Lower
Cambrian and Middle—Upper Ordovician source rocks are realized as the main source rocks in the
deep area of the Tarim Basin (Li et al. 2010, 2015; Huang et al. 2015, 2016). The source rocks are
mainly developed marine carbonate rocks and mudstones (Shen et al. 2018). In our study, the

Cambrian source rocks are the main research objects.

Fig.2. Distribution characteristics of Paleozoic marine crude oil and its correlation with the Ordovician and Cambrian
source rocks in the Tazhong Uplift, Tarim Basin. A. Plane distribution characteristics of the oil and gas reservoirs.
B. Oil and gas reservoirs section (northwest to southeast). C. Conceptual model of the oil and gas accumulation in

the reservoirs of the trending section.

3. Method and parameters

3.1 Classification of driving forces

Previous research works (Pang et al. 2001; Pang et al. 2021b) have studied the five types of
dynamics (T1-T5) and nine driving forces (F1-F9) of hydrocarbon expulsion, and sufficient
evidence of each driving force has been proposed (Magara 1974; Berg 1975; Magara 1979; Espitalie
et al. 1980; Leythaeuser 1982; Lindgreen 1985; Stainforth and Reinders 1990; Rose 2001). Fig.3
presents the differences between these driving forces in the burial process of the source rocks.

Hydrocarbon diffusion (T1) is regarded as a type of dynamics for hydrocarbon expulsion
from source rocks (Leythaeuser 1982; Rose 2001; Qiao et al. 2019), expressed as F1. However, the
total amount of expelled hydrocarbon is limited because the diffusion coefficient of hydrocarbons
through rock media is very small (Leythaeuser 1982).

The thermal expansion (T2) of minerals and fluids is another type of dynamics for
hydrocarbon expulsion from source rocks (Olgaard et al. 1997). This type of dynamics can be
subdivided into the thermal expansion of mineral skeleton (F2), water (F3), liquid oil (F4), and
natural gas (F5) (Magara 1975a, 1975b; Baker 1984). The amounts of the expelled fluid or

hydrocarbon are mainly related to the total amount of minerals, water, oil, and gas in the source



rocks and their thermal expansion coefficients (Magara 1975a, 1975b; Baker 1984). The driving
force increases with increasing burial depth and temperature. However, it may be mainly confined
to the early and middle stages because the residual pore fluids (water, oil, and gas) in the source
rocks are very little in deep strata (Magara 1975a). In addition, the amount of hydrocarbon expelled
due to mineral expansion is very limited because the thermal expansion coefficients of minerals are
quite small (Baker 1984).

The compaction of source rocks (T3) by overlying strata is also regarded as a type of
dynamics for hydrocarbon migration (Magara 1979; Lee et al. 2018), expressed as F6. As the
porosity decreases because of compaction, the residual hydrocarbon saturation in the pores increases
and free phase hydrocarbon is discharged in large quantities (Chen et al. 1989). The compaction
may be mainly confined to the early stage of hydrocarbon expulsion in argillaceous source rocks
and may not be as important in the middle and late stages with greater burial depth (Lee et al. 2018).
In addition, its significance for hydrocarbon expulsion in the water-soluble phase may be greater
than that in the other phase states. However, the amount of hydrocarbons expelled via compaction
is very limited because the solubility of oil and gas in water is small (Price 1976).

Product volume expansion (T4) through organic-parent-material pyrolysis transformation
(Espitalie et al. 1980) and clay mineral dehydration (Magara 1975a; Lindgreen 1985) is regarded as
the fourth type of dynamics for hydrocarbon expulsion, expressed as kerogen transformation to
oil/gas (F7) and clay dehydration (F8). During the burial of source rocks, several material
transformations result in an increase in volume, generating energy for discharging oil and gas
(England et al. 1987). These transformations mainly occur in the middle stage of hydrocarbon
expulsion from source rocks. However, their contribution to hydrocarbon expulsion in source rocks
may be very limited owing to the small expansion coefficient (Espitalie et al. 1980; Lindgreen 1985).

The CPD (T5) between the source rocks and the adjacent reservoirs is regarded as the fifth
type of dynamics for hydrocarbon expulsion from source rocks (Berg 1975), expressed as F9.
Capillary forces have been considered as the resistance to hydrocarbon migration for a long time
(Hubbert 1953; Pittman 1992). In 1987, England put forward the concept of interfacial potential
(England et al. 1987), and scholars began to consider the CPD between source rocks and the
surrounding rocks as the driving force for hydrocarbon migration (Berg RR 1975; Dickey 1975; Du

1981; Pang et al. 2021b). However, the contribution of CPD remains controversial (Rouchet 1981;



Stainforth and Reinders 1990)Error! Reference source not found. 'Some researchers believe that the effect of
CPD on hydrocarbon migration and accumulation is very limited and should be neglected because
of its small value (Dickey 1975; Du 1981; Li 2004; Bao et al. 2017)&rror Reference source not found. ' Gome
believe that although CPD plays a very important role, it is limited to certain geological conditions
in the evolution of source rocks when massive hydrocarbons are generated and organic networks
are formed in a source rock (McAulife 1979; England et al. 1987; Jia et al. 2020)&rror Reference source
not found. - Eyrther, the contribution of CPD is considered to be confined in reservoirs with highly
uneven pore structure characteristics, where oil and gas constantly migrate from small capillary
pores to larger pores, leading to gradual oil and gas enrichment (Zou et al. 2012; Jiang et al. 2017;

Pang et al. 2021a; Jia et al. 2021).

Fig.3. Driving forces for hydrocarbon expulsion from the source rocks and variation characteristics of the
hydrocarbon expulsion amount under the action of each type of force with increasing depth.
3.2 Simulation method

Previous studies have proven that each of the aforementioned five types of dynamics and nine
driving forces (Pang et al. 2001; Pang et al. 2021) can lead to hydrocarbon expulsion from source
rocks. However, various complicated phenomena can be involved in the process of hydrocarbon
expulsion (Magara 1974; Berg 1975; Magara 1979; Espitalie et al. 1980; Leythaeuser 1982;
Lindgreen 1985; Stainforth and Reinders 1990; Rose 2001), implying that the five types of dynamics
and nine driving forces of hydrocarbon expulsion can all simultaneously exist but make different
contributions at different stages. On the basis of the principle of material balance, the relative
contributions of the nine forces are determined via numerical simulations using the following five
steps (Fig.4).

The first step is to study the evolution history of petroliferous basins and calculate the amount
of hydrocarbon generation, retention, and expulsion from source rocks (Pang et al. 2016)Err
Reference source not found.

The second step is to estimate the amount of hydrocarbon expulsion from the following four
phases of source rocks and their changing histories (Johnson 1912). The oil/gas amounts expelled
(Qe) from source rocks in the water-soluble phase (Qew) (Price 1977)Errort Reference source not found.

diffusion phase (Qed) (Leythaeuser et al. 1982; Thomas and Clouse 1990)Error! Reference source not found.



oil-soluble phase (Qeog) (Neglia 1979),Errort Reference source not found. gngd free phase (Qes) (Dickey
1975)Error! Reference source not found. gre hereby studied.

The third step is to study the oil/gas expulsion mechanisms of the nine driving forces and
calculate the fluid volume (AQy, f=1, 2,...,9) expelled from the source rocks by each driving force.

The fourth step is to calculate the amount of hydrocarbon (Qer, f=1, 2,..., 9) expelled via the
nine driving forces according to their expelled fluid volumes and relationships to oil/gas amounts
expelled from the four phases. The amount of hydrocarbon expelled in the diffusion phase (Qeq) Was
only related to F1 and that involved in the water-soluble phase (Qew) was associated with F2—F8.
The amounts of hydrocarbons in the oil-solution phase (Qeo) and the free phase (Qes) are contributed
by F2-F9. The total expelled hydrocarbon quantity (Qe) for all driving forces is the sum of the
oil/gas amount expelled in the four phases, which could be denoted as Qef = Qedr + Qewt + Qeot +
Qest, T=1,2,3, ..., 9.

The fifth step is to evaluate the relative contribution (Kf) of each driving force (f) to all the
oil/gas amounts expelled from source rocks in different phases during a certain depth interval,
denoted as Kf = Qef/ (Qeif), f=1, 2, ...9. The value of Y (Qei) refers to the sum of the cumulative
hydrocarbon amounts expelled by the nine driving forces in the four phases. The variations in Qef

and Kf with the increasing burial depth of source rocks were calculated at 250-m depth intervals.

Fig.4. Technologies for evaluating the contributions of nine driving forces to oil/gas expulsion from source rocks
and their workflow.
F1 is the diffusion force for hydrocarbon expulsion from source rocks. F2—F5 are the thermal expansion forces of
mineral skeleton, water, liquid oil, and natural gas. F6 is the compaction stress from overlying strata. F7 and F8
occur due to pressures from increasing fluid volumes caused by clay dehydrates and kerogen transformation to
oil/gas. F9 is the CPD between the source rocks and the surrounding rocks. AQr—AQrs are the fluid volumes expelled
by driving forces F2—F8. Qer1—Qefo are the oil/gas amounts expelled by driving forces F1-F9. K; is the relative
contributions of each driving force Fj, j=1, 2, ..., 9.
3.2.1 Simulation of hydrocarbon expulsion amounts from source rocks

The following numerical simulation is based on the recovery of the burial history and thermal
evolution of the source rocks, and relevant methods can be found in previous studies (Lerche 1990;

Pang et al. 1993; Pang et al. 2001).



The generated hydrocarbon’s amount depends on the quality and maturity of the source rocks.
According to the principle of mass balance, the generated hydrocarbon amount (Qp) per cubic meter
of source rock (Pang et al., 1993, 2001) is denoted as follows:

Qp=Rp(R,, KTI)-D(z)- TOC(R,, KTI)/100, @)
where Qp is the total amount of hydrocarbon generated per cubic meter of source rock (in kg/m? for
oil and m3/m? for gas), Rp(Ro, KTI) refers to the hydrocarbon amount generated per unit weight of
organic matter (in kg/t for oil and in m3/t for gas), whose quantitative relationship has already been
established (Tissot and Welte 1978; Hunt 1979), D(Z) is the source-rock density (tm?), which varies
with depth (Z) (Magara et al. 1981), and TOC is the original total organic carbon content (%). The
generated hydrocarbon components are divided into three groups: liquid oil (Cs, n = 6), heavy
hydrocarbon gas (C2-s), and methane gas (Cs).

The calculation model of the total residual oil amount is modified based on the report by Pang
(2001) and expressed as Equ. (2):

Qs =0, (9,+80) (Ao A1 {TOCH+A, TOC)) - - €5 &, @
where Qy, refers to the total amount of residual oil per cubic meter of source rock (kg/m?), ¢n is the
porosity of source rocks with normal compaction (%), and Ag is the extra porosity of source rocks
with abnormal compaction (%). R, refers to the critical vitrinite reflectance corresponding to the
maximum value of the residual hydrocarbon peak (%). p, denotes the crude oil density (t/md). Ao,
A1, A2, and D denote the constant values determined through statistical analysis (Behar et al. 2001)
with the best fitness between the actual data “S;” or “A” with the calculation model (Pang et al.
2001). B is the light-hydrocarbon compensation factor (Chen et al. 2018), which is quantitatively
related to major factors established before (Pang et al. 1993).

The total residual gas amount in the source rocks can be divided into three types and calculated
using Equ. (3):

Q= (Qugp™ Qo Qug Qs ®)
where Qg is the total amount of residual gas per cubic meter of source rock (m*m?), including the
adsorbed gas amount of Qrg (Qu et al. 2020), oil-dissolved gas amount of Qg (He et al. 2020),
water-dissolved gas amount of Qrgw (Li et al. 2018), and free gas amount of Q,. (Rexer etal. 2013).

Similarly, according to the principle of material balance, the amount of hydrocarbon expulsion



from source rocks in different phases can be calculated (Pang et al. 2001) using Equ. (4):
Q,=Re(Ro,, KT1):D(z)- TOC(R,, KTI)/100, @)
where Qe is the total hydrocarbon expulsion amount per cubic meter of source rock (in kg/m? for oil
and in m%m? for gas) and Re(Ro, KTI) is the amount of hydrocarbon expelled per unit weight of
organic matter (in kg/t for oil and in m3/t for gas), which changes with KT1 and R, (Pang et al. 2005;
Jiang et al. 2016).
The hydrocarbon expulsion threshold (HET) of the source rocks can be determined using Equ.
(5), which corresponds to the critical conditions (Pang et al. 2020; Pang et al. 2021a) where the
generated hydrocarbon amount (Qp) is equal to the residual hydrocarbon amount (Qrm):
Q)2 Q= Qu+Qy (5)
3.2.2 Simulation of hydrocarbon expulsion from source rocks in different phases
The phase states of the oil and gas expelled from source rocks can be mainly divided into four
phases: the diffusion phase (Price 1977), water-soluble phase (Leythaeuser et al. 1982), oil-soluble
phase (Neglia 1979), and free phase (Dickey 1975).
The amount of hydrocarbon expelled from source rocks in the water-soluble phase can be
calculated (Leythaeuser et al. 1982) using Equ. (6):

Q= Vew X1 0, (1), (6)
where Q,, is the amount of hydrocarbon expelled as a water-soluble (in kg/m? for oil and in m3/m3
for gas), changing with the water volume expelled from source rocks (Vew), hydrocarbon component
(i), and hydrocarbon solubility in water (gew). Qew is controlled by the oil/gas component (i),
temperature (T), pressure (P), and water mineralization (Xk), and their relationships can be
confirmed (Price et al. 1977).

The amount of hydrocarbon expelled from source rocks in the diffusion phase can be calculated
(Price 1977) using Equ. (7):

Q=21 [DIT.A)-E-d, ™

where Qeq refers to the amount of hydrocarbon expelled as the diffusion phase (in kg/m? for oil) and

in m3/m? for gas), changing with the source-rock distribution areas (S), diffusion time (t), inside

hydrocarbon composition (i), concentration gradient (dc/dz), and diffusion coefficient D (i, T, ®).

The relationships of the diffusion coefficient with hydrocarbon components (i), temperature (T), and



medium porosity (@) are determined (Leythaeuser et al. 1982).

The amount of hydrocarbon expelled from source rocks as an oil-solution phase can be
calculated (Neglia 1979) using Equ. (8).

Quog=u0' 240, (1), ®)
where Qeoq denotes the amount of gas expelled from source rocks as an oil-solution phase (in kg/m?
for oil and in m3m? for gas), changing with the amount of expelled oil and the solubility of the gas
in the oil (go). The relationships of g, and the gas component (i), temperature (T), pressure (P), and
oil density (p,) were determined by Bruce (1984).

The amount of hydrocarbon expelled from source rocks in the free phase can be calculated
(Dickey 1975) using Equ. (9):

Qus=Q; — Quy ~ Qe — Quog ©
where Qs is the amount of hydrocarbon expelled in the free phase (in kg/m? for oil and in m3/m3
for gas), changing with the total hydrocarbon expulsion amount from the source rocks (Qp—Qrm).
The hydrocarbon expulsion amount from the source rocks in the free phase is most significant for
oil/gas accumulation (Magara et al. 1978).

Further, the characteristics of hydrocarbon expulsion from source rocks during the evolution
of source rock can be analyzed. These characteristics can be expressed as the following parameters:
velocity (Ve), rate (Se), and efficiency (Re) of hydrocarbon expulsion and the source-rock index (SRI).
These key parameters for hydrocarbon expulsion at different depth intervals are calculated using

Equ. (10)—(13):

Ve: E’ (10)
AQ,
.= (11)
H
Re=-2 and (12)
Q
=
SRI= 2% (13)

where Ve is the hydrocarbon expulsion velocity, changing with AQ. and depth, Se is the hydrocarbon
expulsion rate, changing with V. and the thickness of the source rocks (H), and Re is the hydrocarbon
expulsion efficiency, changing with different depths of the source rocks. SRI changes with the total

oil/gas amount expelled from source rocks in the free phase (Qes) and the total oil/gas amount



expelled in different phases (Qe).
3.2.3 Simulation of the relative contribution of different dynamics to hydrocarbon expulsion
The amount of hydrocarbon expelled in the diffusion phase (Qed) is controlled by the driving
force F1. The hydrocarbon amount expelled from source rocks in the water-soluble phase (Qew) is
controlled by the combination of seven driving forces (Fi, i = 2-8). Furthermore, the oil/gas amounts
expelled in the oil-solution (Qeog) and free (Qes) phases are related to these eight driving forces (Fi,
i = 2-9). The volumes of the liquid expelled from the source rocks due to different dynamics were
calculated first to compare the relative magnitudes of various hydrocarbon expulsion dynamics.
The liquid volume expelled from source rocks owing to different driving forces can be
calculated as follows (Pang et al. 2001). The volumes of the fluids expelled by seven driving forces
are denoted as AV, i =2, 3,..., 8.
The volumes of the liquid expelled by thermal expansion can be calculated using Equ. (14)-

(17) (Pang et al. 2001; 2003).

Vie=(Ksrz — Ksr1)-(1-®0), (14)
Vis=(Knwz = Kinor) (2 =152, (15)
Vie=(Knoa - Knor) (15,2 = J52) S, and (16),
Vis=(Kngz - Kng1) (5% = 152 Se (17),

where AV, is the volume of liquid expelled via the thermal expansion of mineral skeleton. K is
related to the expansion coefficient of the skeleton content (1 — ®¢) (David et al. 1997). AVss is the
volume of liquid expelled via the thermal expansion of water, which is related to the source-rock
porosity (®) and water expansion coefficient (Knw) (Barker 1980). AVy is the volume of liquid
expelled via the thermal expansion of oil, which is related to the source-rock porosity (®), oil
expansion coefficient (Kno), and oil saturation (So) in source rocks (Magara 1976). AVss is the
volume of liquid expelled via the thermal expansion of gas, which is related to the variation of the
source-rock porosity (®) and the gas-expansion coefficient (Kng) (Magara 1976).

The volumes of liquid expelled via compaction can be calculated using Equ. (18) (Pang et al.
2001; 2003).

9= P~
V=, — s (18)



where AV is the volume of liquid expelled via compaction and is related to porosity (®) and
thickness of source rock (H) (Lee et al. 2018).
The volumes of liquid expelled via product volume expansion can be calculated using
Equations (19) and (20) (Pang et al. 2001; 2003).
Vi;=(D; — D,)-(TOC, — TOC;)-K, and (19)
Vg=0.245:(Cjay2 — Ciay1)-(Imz = Im1)-(D2 — D), (20)
where AVy is the volume of liquid expelled via kerogen transformation, which is related to TOC,
the density of source rocks (D), and the volume-increase coefficient (Ky) (Vernik and Landis 1996).
AVsg is the volume of liquid expelled via clay dehydration, which is associated with the total content
of clay minerals (Ciay) and secondary illites (Im) formed via clay diagenesis and the volume-increase
coefficient (England et al. 1987).
According to the volume of liquid expelled from source rocks owing to different dynamics, the
relative magnitude of various hydrocarbon expulsion dynamics can be calculated using the modified

Darcy’s law (Germann 2018) using Equ. (21).

uH dVi
KS 'dt

F=[ | 102 (i=23......8), 1)
where F; is the relative magnitude of different hydrocarbon expulsion dynamics, p; is the fluid
viscosity, which is replaced by water viscosity because the water volume is the highest among the
expelled fluid volume, accounting for 70% (Zheng et al. 2020), and H, K, and S represent the
thickness, permeability, and area of the source rocks, respectively.

The relative magnitude of the ninth driving force (F9) can be calculated (McAulife 1979;

England et al. 1987) using Equ. (22) and (23).

Foo=PCw/0=2-3w0" COS 6 '(% - é) and (22)

1 1
Fgg:PCW/GZZ'éw/G' cos 6 (F - E)’ (23)

where Pc is the CPD between the source and surrounding rocks, r is the throat radius of surrounding
rocks, R is the throat radius of reservoirs, and 6 is the wetting angle of hydrocarbon/water. The
capillary pressure differences between oil (Fg) and gas (Fgg) are calculated separately.

According to the relationship between the hydrocarbon expulsion dynamics and the phase state
of hydrocarbon expulsion, combined with the relative magnitude of the hydrocarbon expulsion

dynamics, the relative contribution of different hydrocarbon expulsion dynamics to the amount of



hydrocarbon expulsion was calculated.

The hydrocarbon amount of Qeq expelled via F1 is denoted as Q.1 and calculated (Leythaeuser
1982) using Equ. (24).

Q,,=D- j—z : 1—$§ 59, (24)
where D is the diffusion coefficient, dc/d;z is the hydrocarbon concentration gradient, S is the
diffusion area, ¢ is the porosity of the source rocks, and t is the diffusion period.

The amount of hydrocarbon expelled (Q.i) via each of the other eight driving forces is
calculated using Equ. (25). Qew is expelled owing to the combination of Y F;, i = 2, 3,..., 8, whereas
Qeog and Qes are expelled because of the combination of YFi, i=2,3, ..., 9.

Qui =(Qus+Quop)Fi*+Qq /Fj (1=23,......8;1=23,....9). (25)

Finally, the relative contributions of each driving force are obtained using Equ. 26.

—_ Qei
RI B Z?:l Qei

i=23,.....,8). (26)
3.3 Model parameters

The basic parameters of the Cambrian source rocks in the Tarim Basin must be obtained to
accurately simulate their hydrocarbon expulsion processes. The source-rock parameters required in
the abovementioned simulations mainly include the following five types of data: the thickness of
the source rocks (H), total organic carbon (TOC) of the source rocks, kerogen type index (KTI),
thermal evolution degree (Ro) or burial depth (Z), and thermal gradient. The characteristics of these
parameters are illustrated in Fig. 5 and Table 1. Under the given geological conditions, H ranges
from 0 to 450 m, with an average of ~200 m, TOC changes from 0.2% to 3.3%, with an average of
1.5%, KTI changes from 50 to 100, with an average of 85, the equivalent R, changes from 0.8% to
4.1%, with an average of 1.8%, and the thermal gradient changes from 2.3 to 2.7°C/100 m, with an
average of 2.5°C/100 m.

In addition to considering actual geological conditions, studying the amounts of hydrocarbon
expulsion under various dynamic effects of source rocks involves a series of calculation parameters.
These include the rock heat-expansion coefficient (Magara et al. 1975b), hydrocarbon heat-
expansion coefficient (Magara 1975a), hydrocarbon diffusion coefficient (Leythaeuser 1987),

natural gas—adsorption coefficient (Danial and Bustin 2007), dissolution coefficient of hydrocarbon

in water (Price 1976), dissolution coefficient of gas in oil (Neglia et al. 1979), volume expansion



coefficient of kerogen products (Espitalie et al. 1980), and clay mineral dehydration (Dickinson et
al. 1953). These parameters used in the abovementioned equations are obtained from previous
studies and listed in Table 2. Using the obtained geological condition data and parameters, the

hydrocarbon expulsion model of the Cambrian source rocks in the Tarim Basin can be established

accurately.
Table 1. Geological parameters of the Cambrian source rocks in the Tarim Basin.
. Source-rock Total organic ~ Kerogen type . Thermal
Geological i . Maturity (Ro) .
Data thickness carbon (TOC) index %) gradient
(m) (%) (KTI) (°C/100 m)
Maximum 450 0.2 50 0.8 2.7
Minimum 0 3.3 97 4.1 2.3
Mean 200 15 85 1.8 25
Lietal., 2010, Lietal., 2010, Pang et al., Lietal.,, 2010, Hanetal., 2012;
Source 2015; Shenet  2015; Shenet  1992; Lietal., 2015; Shenet Huetal., 2015;
al., 2018 al., 2018 2010, 2015 al., 2018 Liuetal., 2015
Table 2. Sources of the driving force parameters.
Driving force parameters Sources
Diffusion coefficient Leythaeuser et al., 1982
Rock Magara et al., 1975b
Thermal expansion Water Barker, 1980
coefficients Liquid oil Magara, 1975a
Natural gas Magara, 1975a
Volume expansion Kerogen products Espitalie et al., 1980
coefficient Clay mineral dehydration Dickinson et al., 1953
Natural gas—adsorption coefficient Danial et al., 2007
Hydrocarbon dissolution coefficient in water Price, 1976
Gas dissolution coefficient in oil Neglia et al., 1979

Fig.5. Distribution characteristics of the geochemical and geological parameters of the Cambrian source rocks in the
Tarim Basin. A. Total organic carbon (%). B. Organic-parent-material type (KTI). C. Organic maturity degree of the

equivalent vitrinite reflectance (%). D. Thickness of source rocks (m).

4. Results

4.1 Hydrocarbon expulsion in four phases from source rocks
Fig.6 illustrates the case study results of hydrocarbon expulsion from the source rocks of the

Tarim Basin in four different phases. Fig.6A shows the variation characteristics of hydrocarbon



generation, retention, and expulsion with increasing depth for methane (A1); heavy gas (A2); liquid
hydrocarbons (A3); and SRI (A4), clarifying the relationship of the generated, retained, and expelled
oil/gas amounts per cubic meter in the evolution of source rocks. Fig.6B shows the variation
characteristics of hydrocarbon expulsion per cubic meter of source rocks with increasing depth. The
oil/gas expulsion is characterized by four parameters: the accumulatively expelled hydrocarbon
amount (B1), hydrocarbon expulsion velocity (B2), hydrocarbon expulsion rate per 100-m-depth-
interval increase (B3), and oil/gas expulsion efficiency (B4). Fig.6C shows the variation of relative
amounts (%) of hydrocarbon expelled from source rocks in the four phases at the same depth

intervals, including those for methane gas, heavy hydrocarbon gas, and liquid hydrocarbon.

Fig.6. Case study of the numerical simulation results on hydrocarbon generation, retention, and expulsion in four
different phases for the source rocks in the Tarim Basin with the following essential parameters: TOC = 1.5%, KTI
=85, Ro = 1.8%, H =200 m, GT = 2.5°C/100 m. A. Variations of hydrocarbon generation, retention, and expulsion
per cubic meter of source rocks with increasing depth for methane (A1), heavy hydrocarbon gas (A2), liquid (A3),
and source-rock index (SRI). B. Variation of the hydrocarbon expulsion characteristics of the hydrocarbon expulsion
amount (B1), hydrocarbon expulsion velocity rate (B2), hydrocarbon expulsion rate (B3), and hydrocarbon
expulsion efficiency (B4). C. Variations of the relative oil/gas amounts expelled in four different phases from source
rocks, including methane (C1), heavy gas (C2), and liquid hydrocarbons (C3). W, D, O, and F represent the relative
amounts of hydrocarbons expelled from the source rocks in the water-soluble, diffusion, oil-solution, and free phases,
respectively.
4.2 Relative contributions of the nine driving forces to oil/gas expulsion

Fig.7 presents the variation characteristics of the total water, natural gas (methane and heavy
gas), and liquid oil expelled per cubic meter of source rocks by the nine driving forces with
increasing depth. Fig.7A shows the variation characteristics of the expelled water amount, expressed
as instantaneous amounts per 100-m-depth intervals (A1), relative amounts (A2), and cumulative
amounts (A3). Fig.7B shows the variation characteristics of the expelled gas amount, expressed as
instantaneous amounts per 100-m-depth intervals (B1), relative amounts (B2), and cumulative
amounts (B3). Fig.7C shows the variation characteristics of the expelled liquid-oil amounts
expressed as instantaneous amounts (C1), relative amounts (C2), and cumulative amounts (C3).

The total amount of water expelled from the source rocks is mainly related to compaction (50%),



clay dehydration (35%), the thermal expansion of rock skeleton and fluids (9%), and kerogen
transformation (6%). Compaction (F6) made the largest contribution to water expulsion, whereas
CPD made the largest contribution to gas expulsion (>80%). Meanwhile, the contribution of
diffusion was ~5%, while those of clay dehydration and kerogen transformation was 5% in total,
and the compaction (4%) and thermal expansion of rock skeleton and fluids (<5%) had the smallest
contributions. The contributions of the nine driving forces to the expelled oil amount were almost
the same as the contributions to the expelled gas amount, which was mainly dominated by CPD
(>85%), compaction (7%), clay and kerogen transformation (5%), and the thermal expansion of
rock skeleton and fluids (<3%). As shown by the numerous simulation results obtained using various
geological parameters, the contribution of CPD to the total expelled oil/gas amount was more than
50% with TOC > 0.5% and R, > 0.5%, and its relative contribution increased with increasing depth.
This implies CPD’s dominant role in the formation and distribution of deep and tight oil/gas

reservoirs.

Fig.7. Numerical simulation results for the fluid expulsion of water, oil, and gas due to the nine driving forces from
the source rocks and their relative contributions with increasing burial depth. A. Variation characteristics of the
expelled liquid amounts from the source rocks, including instantaneous expelled liquid amounts (Al), relative
expelled liquid amounts (A2), and accumulative expelled liquid amounts (A3). B. Variation characteristics of the
expelled gas amount, including instantaneous expelled gas amounts (B1), relative expelled gas amounts (B2), and
accumulative expelled gas amounts (B3). C. Variation characteristics of the expelled oil amount, including
instantaneous expelled oil amounts (C1), relative expelled oil amounts (C2), and accumulative expelled oil amounts
(C3). F1 denotes the diffusion of hydrocarbons. F2—F5 denote the thermal volume expansions of mineral skeleton,
water, liquid oil, and natural gas. F6 denotes the compaction caused by overlying strata. F7 and F8 denote the product
volume expansions induced via clay dehydration and kerogen transformation to oil/gas. F9 denotes the capillary
pressure difference (CPD).
4.3 Dynamic model for oil/gas expulsion from source rocks with increasing depth
The dynamic process of hydrocarbon expulsion from source rocks is divided into four stages
with increasing depth, showing that different forces expel hydrocarbons from source rocks in
different phases at different stages and make different contributions to oil and gas accumulations in

deep and tight reservoirs (Fig.8).



Fig.8. Dynamic model for hydrocarbon expulsion in four phases from source rocks and the stage division based on
the variation characteristics of the driving forces’ contributions with increasing depth. The Fs definitions are the
same as those presented in Fig.7.

The first stage is from the deposition of source rocks at the beginning to the HET underground,
dominated by the compaction of overburdened strata. Most of the oil and gas were expelled in water-
soluble and diffusion phases, and the relative contributions of compaction (F6), diffusion (F1),
thermal expansion (F2—F5), and product volume expansion (F7—F8) are approximately 40%, 25%,
20%, and 15%, respectively. This is unfavorable for oil/gas migration and accumulation in reservoir
layers because the generated oil/gas amounts are insufficient to accomplish the retention of oil and
gas in source rocks and oil/gas could not be expelled massively in the free phase. The accumulative
expelled oil/gas amounts in this stage is less than 10% of the total amount, primarily because of the
low solubility of oil/gas in water, the small diffusion coefficient of oil/gas through the rocks, and
the very limited oil and gas amounts generated by the source rocks.

The second stage is from HET to the liquid hydrocarbon expulsion depth (LHED), where both
oil and gas were expelled from the source rocks in four phases. Most (65%—-85%) oil and gas were
expelled in the free phase (with some gas migrating in the oil-solution phase), dominated by
multidriving forces, i.e., CPD, thermal expansion, and product volume expansion, and others. Their
relative contributions to oil/gas expulsion are 40%, 30%, 20%, and 10%, respectively. The source-
rock distribution area with developed sapropel-type organic parent material is conducive to the
formation of pure oil reservoirs where natural gas is dissolved. The source-rock distribution area
with developed humic-type organic parent material is favorable for the formation of pure gas
reservoirs. Meanwhile, the distribution of source rocks with transitional-type organic parent material
is favorable for the formation of oil and gas reservoirs.

The third stage begins with source rocks entering LHED and lasts to the active source-rock
depth limit, indicating the end of hydrocarbon generation and expulsion (Pang et al. 2020). Natural
gas with little liquid oil is expelled from the source rocks in the free phase. More than 50% of the
natural gas is expelled in this stage via CPD, and the relative hydrocarbon amounts expelled through
diffusion, thermal expansion of rocks and fluids, and compaction of overlying strata are less than

5%, 10%, and 15%, respectively.



In summary, CPD is the most important driving force for hydrocarbon expulsion from effective
source rocks. Its relative contribution is more than 50% with a porosity of <10% + 2%, which
increases with increasing depth. Meanwhile, the other eight driving forces are important for
hydrocarbon expulsion but are limited by the evolution stage of source rocks and the phases of the
expelled hydrocarbons. Their total contributions to hydrocarbon expulsion are less than 50%. These
results imply that the deeper the source rocks, the more important CPD becomes for tight

hydrocarbon reservoir accumulation.

5. Discussion

For a long time, overpressure has been considered the main driving force for hydrocarbon
expulsion from source rocks (Dickinson 1953; Hunt 1990; Osborne and Swarbrick 1997; Hao 2005;
Jiang YL et al. 2016). During the formation and evolution of sedimentary basins, many physical
and chemical processes can produce overpressure (Holbrook et al. 1995; Tingay et al. 2009). It is
generally believed that the main reasons for large-scale overpressure in sedimentary basins are
compaction, fluid expansion and kerogen conversion (Hao 2005; Jiang YL et al. 2016). However,
the hydrocarbon expulsion of source rocks is controlled by complicated geological factors, and their
contributions to hydrocarbon expulsion at different stages vary greatly. Therefore, it is necessary to
establish a unified model to study the dynamics of hydrocarbon expulsion in the process of
hydrocarbon expulsion from source rocks. In this study, a model for evaluating the contribution of
multiple dynamics to hydrocarbon expulsion was established and applied to the Cambrian source
rocks in the Tarim Basin. The results demonstrate that CPD is the most important contributor to
hydrocarbon expulsion in tight reservoirs, especially in the deep formation. This may be related to
the four characteristics of CPD: (1) always coexists between source rocks and surrounding reservoir
layers due to the difference in their pore throat (Pang et al. 2021a); (2) is continuously and
uninterruptedly active (Jia et al. 2021); (3) irreversible migration direction from smaller to larger
throats (England 1987); and (4) irreplaceable role in the accumulation of oil/gas in deep and tight
reservoirs where the effects of other driving forces greatly weaken and almost disappear (Magara
1987)Error! Reference source not found.

It should be noted that the result of the model changes due to different geological conditions.

Most hydrocarbons are generated in source rocks and primarily accumulate in source rocks to form



shale oil or gas resources (Liu et al. 2017). However, in the Tarim Basin, fractures and secondary
pores generated by tectonic movement improve the quality of the reservoirs, increasing the pore
throat radius in the reservoirs and generating large CPD (Pang et al 2016). And the exploration
results in the Tarim Basin demonstrate that 92% of the proven reserves are distributed in the deep
tight reservoirs developed with fractures and secondary pores (Fig.9; Shen et al. 2018), where there
exists large CPD between the source rocks and surrounding rocks. The exploration results confirm
the reliability of this model. However, when source rocks are in contact with reservoirs with low
porosity and permeability, the CPD makes a relatively small contribution to hydrocarbon expulsion.
Therefore, in order to better understand the dynamic mechanism of hydrocarbon expulsion of source
rocks in different basins, it is necessary to establish models for different source rocks. In addition,
some parameters in this model are obtained from laboratory conditions, which may have slight

errors compared with the parameters in the geological conditions.

Fig.9. Distribution characteristics of the proven reserves of oil and gas in the Tarim Basin. A. The vertical distribution
indicates that 92% of the proven oil and gas reserves are in deep and tight reservoirs with depths of >4500 m. B.
Favorable exploration areas include three types: complex structures in the foreland basin, deep carbonate rocks, and
lithologic and stratigraphic reservoirs in the platform basin. All the discovered oil and gas reservoirs and 95% of the

proven reserves are distributed in the favorable exploration area.

6. Conclusions

1. Continuous tight oil/gas reservoirs are widely developed in deep petroliferous basins, and
the main dynamics associated with the oil/gas expulsion from source rocks can be divided into five
types (and nine driving forces). Under the combined action of various dynamics, hydrocarbons are
expelled from the source rocks in four phases. Based on the principle of material balance, a
numerical model is proposed in this study to evaluate the relative contribution of different dynamics
for hydrocarbon expulsion from the source rocks. The model can obtain the relative contribution of
each dynamic on hydrocarbon expulsion in the geological history.

2. This numerical model is applied to the Cambrian source rocks in the Tarim Basin. Among
the driving forces, the simulation results demonstrate that the CPD is the most important driving

force for hydrocarbon expulsion in the Cambrian source rocks, expelling a large amount of



hydrocarbons in the free phase. The contributions of compaction, product volume expansion, and
thermal expansion to hydrocarbon expulsion are relatively small. The relative contribution of
diffusion to the expulsion of hydrocarbons is the smallest, mainly expelling hydrocarbons in the
diffusion phase.

3. The process of hydrocarbon expulsion can be divided into three stages. The first stage is
when hydrocarbons are expelled via compaction and diffusion in the water-soluble and diffusion
phases, which is not beneficial for oil and gas accumulation. The second stage features a large
amount of hydrocarbon expulsion, and it expels hydrocarbons in various phases via CPD and
product volume expansion. The third stage is when gas is expelled in the free phase due to volume
thermal expansion and CPD. The second and third stages are the most important stages of

hydrocarbon expulsion from the source rocks.
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Driving forces for hydrocarbon expulsion from source rocks
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