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ABSTRACT

The ability of faults to transport oil and gas is affected by multiple geological factors, and the effects of
various factors on oil and gas migration and accumulation are complex. In this study, based on the
drilling and three-dimensional seismic data in the No. 4 structural zone of the Nanpu Sag and by
considering the effects of fault throw, caprock thickness, shale content, fluid pressure, stress normal to
the fault plane, and brittleness, we employed fault transport index (FTI) to quantitatively characterize
the vertical transport ability of regional faults. Through statistical analysis, fault transport probability
(Np) was used to characterize the relationship between FTI and the vertical hydrocarbon content in the
formations. The results show that the faults with FTI less than 0.75 cannot transport oil and gas, while
those with FTI greater than 2.5 are able to transport oil and gas. Specifically, when FTI is between 0.75
and 2.5, there is a functional relationship between the probability of faults transporting hydrocarbons
and FTI. The current oil and water distribution and paleo oil reservoir test results indicate that there are
oil layers or paleo oil reservoirs in horizons with large Np. Therefore, FTI can be used as an effective
coefficient to indicate the vertical migration paths and accumulation spots of hydrocarbons moving
along faults, providing an essential reference for further oil and gas exploration and development.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

when a fault acts as a barrier, the fault can prevent oil and gas from
migrating or escaping to shallow formations along the fault

The role faults play in oil and gas migration and accumulation
has always been a hot topic in almost all petroliferous basins
(Knipe, 1997; Fu et al., 2021, Jin et al., 2023). Numerous studies
have demonstrated that faults act as channels for fluid migration
or barriers hindering fluid migration (Hooper, 1991; Lv et al., 2007;
Ryan et al,, 2017). When a fault functions as a channel, they can not
only connect with source rocks and reservoir rocks, forming
preferential hydrocarbon migration channels, but can also destroy
early-formed reservoirs and adjust the oil and gas inside
(Gudmundsson, 2001; Song et al., 2022). The latter process may
result in oil and gas moving toward shallower formations along
faults, subsequently forming reservoirs or leaking. By contrast,
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(Sibson et al., 1975; Haney et al., 2005; Lv et al., 2007). In addition,
investigations have shown that fault activity is periodic, charac-
terized by intermittent opening and closing activities. Faults are
often open during active periods and can serve as pathways for oil
and gas migration, while they are basically closed during stable
periods, preventing oil and gas from further movement (Anders
and Schlische, 1994; Xu et al., 2019a; Fan et al. al, 2023). With
the periodic activity of faults, pressure change in overburden
rocks, and the influence of diagenesis and cementation during
fluid flow, the permeability of the fault zone is in a dynamic evo-
lution process. During different fault evolution stages, the
permeability of fault nucleus and rupture zone varies significantly.
Thus, faults can act as channels or blocking barriers at different
stages (Bruhn et al., 1990; Caine et al., 1996; Berg and Skar, 2005;
Jiang et al., 2023, 2024).

Due to the essential role that faults play in hydrocarbon
migration and accumulation, numerous researchers have investi-
gated the hydrocarbon transport ability of faults from different
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aspects (Jiang et al., 2022; Smeraglia et al., 2022; Allgaier et al.,
2023; Evans et al., 2024). The active period of faults and fault
morphology are two common focuses in the analysis of faults'
transport ability. It was suggested that faults formed during hy-
drocarbon accumulation period and reactivated faults in the
source area can serve as excellent channels transporting oil and
gas (Imetal., 2018; Xu et al., 2019b; Smeraglia et al., 2022), and the
change in fault curvature can alter stress distribution, thereby
controlling oil and gas migration (Foschi and Van, 2022; Allgaier
et al., 2023). By analyzing the scale and occurrence of regional
faults and the effective thickness distribution, Wang et al. (2021)
proposed an oil and gas migration mode controlled by both faults
and the reservoir. Considering the influence of regional structure
deformation on hydrocarbon migration, Lv et al. (2022) employed
released and involved volumes to characterize faults' migration
ability. Despite the fruitful results obtained, many qualitative hy-
drocarbon migration models, as well as fault-controlled hydro-
carbon accumulation mechanisms proposed based on a single
geological factor can no longer meet the increasingly accurate
exploration requirements. Thus, quantitative analyses with the
consideration of multiple geological factors are urgently needed.
After years of oil and gas exploration, seismic and drilling data
collected in the No. 4 structural zone of Nanpu Sag have become
completed, irrespective of the coverage or volume, and a number
of significant investigations in this region have been conducted (e.
g. Tong et al.,, 2013; Lv et al., 2015; Liu et al.,, 2022). Some studies
suggested that the hydrocarbon distribution in the No. 4 structural
zone is influenced by caprocks, and the ability of regional faults to
transport oil and gas is strongly associated with fault activity rate
and fault concentration (Tong et al., 2013; Lv et al., 2015). However,
most relevant studies only focused on the migration ability of fault
segment in the caprock layer, which limited the in-depth explo-
ration and development in the No. 4 structural zone. In this study,
based on an unprecedented number of seismic, paleo-reservoir,
and drilling data, we comprehensively analyzed the influence of
various geological factors on oil and gas migration, and probed the
hydrocarbon transport ability of regional faults throughout mul-
tiple layers. Compared to previous research, this study conducts
reliable quantitative predictions of long-fault hydrocarbon
migration pathways by referring to a series of significant geolog-
ical parameters (e.g. brittleness index, shale smear factor, pore-
fluid pressure, etc.). This innovative method offers an essential
guidance on further oil and gas exploration in the Nanpu Sag.

2. Geological setting

The Nanpu Sag is a small oil-generating sag developed in the
Mesozoic and Cenozoic in the northeastern Huanghua Depression
in the Bohai Bay Basin. The sag covers an area of about 1932 km?,
exhibiting a dustpan-shaped fault-depression structure with
faulting in the north and onlap in the south (Fig. 1). The entire sag
is composed of 7 secondary structural zones (i.e. Gaoliu structural
zone, Laoyemiao structural zone, and Nanpu No. 1-5 structural
zone) and 4 sub-sags (i.e. the Shichang, Linque, Caofeidian and
Liunan sub-sags) (Pang et al., 2019). During the Cenozoic, the
Nanpu Sag has experienced the Paleogene extensional fault
depression stage and the Neogene subsidence stage, and the
regional faults are highly developed (Tong et al., 2013; Lv et al,,
2015). The strata inside the sag include the pre-Tertiary base-
ment and Paleogene and Neogene formations. Compared with
other sags in the Bohai Bay Basin, the Paleogene strata of the
Nanpu Sag lack the Kongdian Formation and the fourth member of
Shahejie Formation (Fig. 2). Specifically, the Paleogene strata
include the Shahejie Formation (Es) and Dongying Formation (Ed),
and the Neogene strata include the Guantao Formation (Ng),
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Minghuazhen (Nm) and Quaternary strata (Wang et al., 2008; Jiang
et al., 2018). Totally three sets of source rocks, namely the third
member of Shahejie Formation (Es3), the first member of Shahejie
Formation (Es{) and the third member of Dongying Formation
(Ed3), are developed in the Nanpu Sag. The comparison results of
biomarkers and monomeric hydrocarbon carbon isotopes indicate
that the shallow oil and gas in the No. 4 structural zone are
genetically associated with the source rocks of the first member of
Shahejie Formation and the third member of Dongying Formation,
which are thus considered the main source rocks (Li et al., 2011;
Gao et al., 2021). Notably, oil and gas are vertically active in the
No. 4 structural zone, with hydrocarbon show observed from the
third member of Shahejie Formation to the Minghuazhen Forma-
tion. Fluid inclusion data show that the hydrocarbon charging
period of the No. 4 structural zone is late, mainly from the late
Minghuazhen period to Quaternary (3-0.5 Ma) (Zhu et al., 2011;
Wan et al,, 2013). Previous studies have shown that there are
three periods of strong fault activity in Nanpu Depression, namely,
the extensional deformation period in the deposition period of the
third member of Shahejie Formation, the strike-slip extensional
deformation period in the deposition period of the first member of
Dongying Formation and the tension-torsion deformation period
in the deposition period of Minghuazhen Formation-Quaternary
System (Lv et al., 2015). Liu et al. (2024) suggested that the fault
activity rate during the sedimentary period (accumulation period)
of Minghuazhen Formation in Nanpu Sag is 1.6-31.3 m/Ma, with an
average of 11.2 m/Ma, while the fault activity rate of the No. 4
structural zone is 3.1-18.8 m/Ma, with an average of 11 m/Ma.
Active faults play an important role in vertical migration of oil and
gas during accumulation period, and oil and gas are mostly
distributed near these faults (Zhang et al., 2011; Liu et al., 2022).
The main object of this paper is the faults (F1-16) that were active
during the accumulation period.

3. Methods

3.1. Factors affecting along-fault migration of hydrocarbons and
the corresponding quantitative characterization method

3.1.1. Degree of shale smear

Shale smear refers to all the processes that transform shale in
surrounding rocks into shaly materials in fault zones. Due to the
competence difference in sand-shale formations, shale is often
involved in fault zones through grinding, shearing, and injection,
etc. (Vrolijk et al., 2016). Factors that control shale smear include
the thickness of the shale layer, fault throw, and the number of
shale layers (Berg and Avery, 1995; Yielding et al., 2002). Experi-
mental studies have confirmed that the degree of shale smear will
change with different shale content under the same conditions.
The greater the shale content, the wider the range of shale smear
and the better the continuity (Giger et al., 2013). Based on the
generalized shale smear factor simplified by Yielding et al. (1997),
this study proposed a smear factor (SF) that considers the influ-
ence of shale content on shale smear. The factor was used to
characterize the proportion of shale or clay that may be carried by
various mechanisms in the fault zone (Eq. (1)):

B Vg, AZ;
SF47§: ( 5

where SF refers to smear factor (dimensionless); Vs, denotes the
shale content, %; AZ;is the shale thickness of the ith layer, m; and D
is the fault throw, m. The shale content and thickness can be ac-
quired from the drilling data, while the fault throw can be obtained
from the seismic interpretation data.

n
i=1
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Fig. 1. (a) Location of the Nanpu Sag in Bohai Bay Basin. (b) Structural units in the Nanpu Sag. (c) Bottom surface structural map of the second member of Dongying Formation of

the No. 4 Structure, the green arrow line is the track of Figs. 3 and 7.
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Fig. 2. Feature map of stratigraphic and tectonic evolution as well as the source-reservoir-seal combination of Nanpu Sag (modified according to Jiang et al., 2018).

3.1.2. The normal stress acting on the fault plane

The normal stress acting on the fault plane (also called normal
stress in this study) is closely related to the vertical sealing ability
of faults (Jones and Hillis, 2003; Wang and Dai, 2012) and directly

affects the degree of tightness of the fault plane. If the fault plane is
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tightly closed, the vertical sealing of the fault is good, and it is
difficult for oil and gas to move vertically; otherwise, the fault can
act as a channel for oil and gas migration (Lv et al., 1996).
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Additionally, large normal stress often leads to plastic deformation
of rocks in the fault zone, thus reducing the porosity and perme-
ability of the fault zone and even leading to the closure of cracks
inside (Harding and Tuminas, 1989). Annular shear experiments
also indicated that with the increase of normal stress, the possi-
bility of forming a continuous shale smear increase, the continuity
of the shale smear and the shale-covered area increase, and the
possibility of vertical fault sealing ability increases (Sperrevik
et al,, 2000; Clausen and Gabrielsen, 2002).

The stress normal to the fault plane can be calculated based on
the location and direction of the fault, as well as the information of
the underground stress field (Jaeger et al., 2009). The hydrocarbon
charging period in the No. 4 structural zone is late (Zhu et al., 2011;
Wan et al., 2013), and thus this study used the current stress
magnitude and direction to approximately represent those in the
reservoir formation period. The vertical stress is mainly caused by
the self-weight of the overburden rock and can be obtained by
integrating the density log data (Eq. (2)):
ou=puh+ [ bo(h)gdn 2)

The horizontal principal stress was calculated using the
Huang’s model considering that the horizontal in-situ stress in
underground rock formations is mainly generated by the over-
burden rock pressure and the horizontal tectonic stress. The hor-
izontal tectonic stress is directly proportional to the pressure
caused by the overburden rock (Huang, 1984) (Egs. (3) and (4)).
Then, the relationship between the principal stress and the normal
angle of the fault plane and the occurrence of the fault was
established. The normal stress of the fault can be calculated
through the effective normal stress calculation formula (Eq. (5)):

OH = (]#Tﬂ“‘ﬁ1)(0'v—app) +aPp (3)
on= (l’ufﬂJrﬁz) (ov —aPp) + aPp (4)
oN = (Sin 67 sin 6,)26y + (cos 61 sin 6,)20y, + €OS 0y (5)

where oy, o and oy, represent the horizontal maximum, minimum
in-situ stress and vertical in-situ stress, MPa; oy is the stress
normal to the fault plane, MPa; respectively, 6; is the Angle be-
tween the section strike and the maximum horizontal principal
stress, °; 6 is the section inclination Angle, °; p; and s, are the
tectonic stress coefficients in the directions of the maximum and
minimum horizontal in-situ stress (dimensionless), respectively, u
is the Poisson’s ratio of rock (dimensionless); « is the Biot coeffi-
cient (dimensionless), and Py, is the pore fluid pressure, MPa.

3.1.3. Pore-fluid pressure

The mechanical effects of fluids have long been an issue of in-
terest to researchers studying earthquakes and faults (Zoback and
Harjes, 1997; Kim, 2013). High pore pressure is a critical factor
causing hydraulic fracturing and sliding of pre-existing faults (Luo
and Vasseur, 2016). Theoretically, the effective stress acting on a
fault mainly depends on the difference between the external stress
(fault normal stress) and the pore fluid pressure of the fault rock
(Gudehus, 2021). The increase in fluid pressure causes the
decrease of rock mechanical strength. Normally, the releasing
speed of abnormal shale pressure is much lower than the speed of
fault closure process, that is, a fault often re-closes before the shale
pressure is significantly reduced. Therefore, the possibility of a
fault opening during activity has a positive correlation with the
fluid pressure within the shale on both sides of the fault (Wiprut
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and Zoback, 2000; Zhang et al., 2011). In 1969, Eaton proposed to
predict formation pressure using the sonic time difference and the
pressure gradient of overburden rock (Eaton, 1969). This method is
mature and can acquire formation pressure at different depths
using well logging data. It is also commonly used in practical en-
gineering (Eq. (6)).

where P, is the formation pressure, MPa; oy is the vertical principal
stress, MPa; Py, is the hydro-static pressure at point h, MPa; Atporm
is the acoustic time difference at point h with the change of depth,
ps/ft; and At is the actual sonic time difference at point h, ps/ft.

(6)

At
Pp=ov — (ov —Ph)( Zot““

3.1.4. Rock brittleness

As the burial depth increases, the physical properties, diagen-
esis degree, and temperature and pressure environment of the
formation change accordingly. As a result, the mechanical prop-
erties of shale also change significantly, and there are obvious
differences in the degree of brittleness (Fu et al., 2018). Numerous
researchers have used sandbox physical simulation and numerical
simulation to acquire the fault deformation process of shale layers
with different brittleness degrees and the internal structure of
fault zones (Vrolijk et al., 2016). The results show that the smear
structures caused by different shale brittleness degrees are
distinctly different. Under the same degree of fault deformation,
ductile shale is susceptible to be distributed along fault zones
through smearing. By contrast, brittle shale is prone to fracture,
resulting in discontinuous smearing. This kind of shale does not
possess the sealing ability (Schmatz et al., 2010; Noorsalehi-
Garakani et al., 2013; Kettermann et al., 2017).

At present, there are two pervasively used quantitative evalu-
ation methods for brittleness index. The first one measures the
content of brittle minerals, and the second one is the elastic
parameter method. For single wells that have undergone array
acoustic logging, Young’s modulus and Poisson’s ratio obtained
through rock sonic characteristics are employed to comprehen-
sively characterize the brittleness index. The elastic parameter
method can obtain the brittleness index of vertically continuous
strata, which is favorable for studying multi-layer systems (Lai
et al., 2015). The brittleness index commonly varies between
0 and 1. The closer the value is to 1, the higher the degree of
relative brittleness (Richman et al., 2008) (Egs. (7)-(9)).

E— Emin

Bl = 7

e . (7)

BI, = _H#~ Hmin (8)
Hmax — Hmin

BI — Blg —5 BI, 9)

where Bl is the brittleness index (dimensionless); E is the Young'’s
modulus of the rock, GPa; u is the Poisson’s ratio of the rock
(dimensionless); the subscripts min and max represent the
maximum and minimum values of the corresponding parameter
within a formation, respectively. Bl and BI, are the brittleness
index calculated from Young’s modulus and Poisson’s ratio, %;
respectively.

3.2. Definition of fault transportation index

In summary, the degree of shale smear, stress normal to the
fault plane, fluid pressure, and rock brittleness have an important
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impact on the vertical transport ability of faults. However, studies
that comprehensively considered multiple factors are rare. By
analyzing the above influencing factors, we proposed the fault
transport index (FTI) to quantitatively characterize the
hydrocarbon-transport ability of faults. FTI is defined as the ratio of
factors that are beneficial for fault transport to factors hindering
fault transport (Eq. (10)).

PIJ
FTl = SF-(1 — B

(10)
where P, is the fluid pressure, MPa; oy is the stress normal to the
fault plane, MPa; SF is the smear factor (dimensionless) (shale
thickness, fault throw, and shale content are considered in SF), Bl is
the brittleness index (dimensionless).

In this study, the oil and gas content of the deep and shallow
strata near the fault was used to determine whether the fault has
transported oil and gas. Taking the F8 fault in Fig. 3 as an example,
the strata from the first member of Shahejie Formation to the third
member of Dongying Formation are the main source rock of the
No. 4 structural zone of the Nanpu Sag. Oil and gas are generated
from the source rock and then migrate vertically along the F8 fault.
Thus, it can be concluded that the fault segment from the source
rock to the shallowest oil and gas layer (points A-E in Fig. 3) is
dominated by vertical hydrocarbon transport; otherwise, the
cross-layer oil and gas transport cannot be realized. Meanwhile,
the fault segment above the shallowest oil and gas layer (point F in
Fig. 3) should be vertically closed, preventing the oil and gas from
further migration along the fault. Therefore, in Fig. 3, point F is the
stop point of oil and gas migration, and point A-E is the oil and gas
transport node, which are both effective nodes, while point G
cannot reflect whether the fault is connected through the oil and
gas show. The above method was used to identify the fault
transport ability in the hydrocarbon-source region of the study
area, and to perform parameter calculations of fault vertical
connectivity.

The vertical transport of oil and gas along faults is affected by a
variety of potential factors, and not all fault segments connecting
source rocks and oil and gas layers have experienced oil and gas
migration. Instead, the actual migration pathways are often com-
plex. Therefore, the FTI obtained only from drilling and profile-
interpretation data cannot ensure that each data point is on the
hydrocarbon migration path. In the calculation formula of FTI
established in this study, we put the factors that promote oil and
gas migration along the fault in the denominator and the factors
that hinder the transport of oil and gas along the fault in the
numerator. We divided the FTI into smaller intervals for statistics
to establish the relationship between the FTI and fault vertical
transport probability (Np). Np, is defined as the ratio of the number
of oil and gas transport nodes n to the total number of effective
nodes N (Eq. (11)):

Np=n/N (11)

4. Results
4.1. Direction and magnitude of stress

Previous studies have shown that the horizontal tensile stress
direction in the study area is mainly north-south (Feng et al., 2019;
Xu et al.,, 2019a). In this study, by integrating Eq. (2) with the
density logging data, the vertical principal stress magnitude near
the PG1 well was obtained (Fig. 4(a) and Eq. (12)). The vertical
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stress gradient increases from 20.6 to 22.6 Mpa/km as the depth
increases. Substituting multiple measured horizontal stress values
into Egs. (3) and (4), p1 and B, were obtained, which show an
average value of 0.45 and 0.2, respectively. The horizontal stress
interpretation results are described by the sawtooth-shaped line in
Fig. 4(a).

oy = (0.0501 -h2+2053.6-h)~10*6 (12)

4.2. Characteristics of formation pressure

The fluid pressure calculated using density and acoustic logging
data was calibrated by the measured pressure in this study,
obtaining a vertically continuous fluid pressure distribution (Fig. 4
(b)). The pressure coefficient (Pc) obtained using the ratio of the
formation pressure to hydrostatic pressure at the same depth can
reflect whether there is abnormal pressure in the formation. Hao
et al. (2005) proposed a pressure classification scheme: strong
negative pressure (Pc < 0.8), negative pressure (0.8<Pc < 0.96),
normal pressure (0.96<Pc < 1.06), weak overpressure
(1.06<Pc < 1.27), overpressure (1.27<Pc < 1.73) and strong over-
pressure (Pc > 1.73). Taking well PG1 as an example, the strata
from the Minghuazhen Formation to the third member of Shahejie
Formation is 9.46-58.7 MPa, and the pressure coefficient range is
0.85-1.26, indicative of negative pressure to weak overpressure.
The weak overpressure region is mainly distributed in the third
member of Dongying Formation and the third member of Shahejie
Formation.

4.3. Brittleness index based on elastic parameters

Acoustic logging data and bulk density logs were used to
calculate and analyze the rock brittleness index in the study area.
Taking Well PG1 as an example, the rock brittleness index at
2900-2970 m is distributed between 0.23 and 0.47 (Fig. 5). In this
study, Young’s modulus and Poisson’s ratio are directly compared
with the brittleness index. According to Fig. 5, the higher the
Young’s modulus and the lower the Poisson’s ratio, the larger the
rock brittleness.

4.4. Relationship between FTI and fault transportation probability

By determining the layer of vertical fault transport of hydro-
carbon and calculating the fault transport index in the No. 4
structural zone, a total of 450 data were obtained. Empirically, the
selection of the FTI interval should follow two principles. First, the
division range should be small enough. Second, there are enough
valid data points in each interval (i.e. n > 10). The two principles
not only ensure the accuracy of the fitted relationship between the
Np and FTI but also guarantee the statistical sample size of each
interval (Zhang et al., 2010, 2011). In this study, according to the
two principles, the FTI was divided into 12 intervals, with an
increment of 0.25. Based on the statistical analysis of data in each
interval (Fig. 6), it is found that when FTI<0.75, the valid data
points counted in this interval do not show oil and gas, so N,
equals 0. When FTI>2.5, the data points counted in this interval all
have oil and gas displays or oil and gas formations, so N, equals 1,
and when FTI ranges from 0.75 to 2.5, there is a functional rela-
tionship between FTI and Np,, with the correlation coefficient being
0.97. Overall, the quantitative relationship between FTI and N;, can
be expressed as Eq. (13):
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zone in the Nanpu Sag. The location is shown in Fig. 1(b).
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5. Discussion
5.1. Fault transport probability and hydrocarbon distribution

The oil and gas distribution in the study area was analyzed
based on the fault transport probability. Taking the F4 fault as an
example (Fig. 7), the FTI range from the source rock to the shal-
lowest along-fault reservoir is 1.43-1.78, and the corresponding N,
ranges from 0.69 to 0.88. By contrast, the FTI and N, above the
shallowest reservoir is 0.94 and 0.31, respectively. In statistics,
events with a probability greater than 0.5 are called “high proba-
bility events”. Specifically, for the F4 fault, the N, of most of the
hydrocarbon-bearing layers is larger than 0.5, but that of the
shallowest hydrocarbon without hydrocarbon is less than 0.5. In
addition, when calculating the Nj, for a single cross-fault profile,
we found that some fault segments may not be the effective ver-
tical migration pathways for hydrocarbons. For example, the Nm,
Ed;, and Esq formations near the F5 fault (Fig. 7) all have prominent
hydrocarbon show, but the Nj, in point B of the profile is only 0.41.
We further quantitatively characterized of the connection
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probability along the F5 fault (Fig. 8). The N scale indicates the
fault transport capacity at different parts of the fault, and the
redder the color is, the closer it is to 1, the higher probability the oil
and gas will be transported along the fault. It is clear that the N,
changes both horizontally and vertically, demonstrating that oil
and gas do not always migrate vertically on the fault plane. When
encountering segments with low Np, oil and gas may migrate
laterally over a certain distance and continue to migrate upward at
the segments with higher Nj,.

Taking the first member of Dongying Formation as an example
(Fig. 9(c)), oil and gas are commonly distributed near faults with a
high probability of vertical connectivity, which is confirmed by
wells NP4-51, NP4-1, NP4-2, etc. Faults that have some segments
with a high N;, can also lead to effective hydrocarbon accumula-
tion, such as the locations of wells NP2-53 and NP4-66. However, if
the N, along the entire fault is small, expected hydrocarbon
accumulation can hardly occur, such as the location of Well NP2-
52. Overall (Fig. 9), F4, F5 and F7 faults have large N, segments
or continuous N, segments from deep to shallow layers, and oil
and gas are enriched in deep and shallow layers. On the north side
of the No. 4 structural zone, such as F8, F12 deep layers (bottom
interface of the third member of Dongying Formation and the
second member of Dongying Formation) have larger Nj, while the
Np near the bottom interface of the first member of Dongying
Formation is smaller, preventing oil and gas from migrating to
shallow layers. Although the bottom interface of shallow Guantao
and Minghuazhen formation have larger Np, no oil and gas has
been found. It should be noted that Fig. 9 only reflects the planar
fault transport probability on an interface, and cannot reflect the
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Fig. 8. Fault transport probability (N,) diagram of the F5 fault plane (Note: The gray shading is the part of the fault plane without N, data).

entire vertical transport probability along the fault. If the planar
fault transport probability is large, the entire vertical transport
probability may not be large. However, if the planar Np is small, oil
and gas can hardly migrate along the correspond fault.

We conducted paleo-reservoir testing on water layers with a
high Np, aiming to prove that oil and gas indeed migrate along
areas with a higher fault transport probability. Quantitative grain
fluorescence (QGF) of reservoirs is an effective means to identify
the paleo and current oil-water interfaces, restore the evolution
history of oil and gas reservoirs, and determine the migration
pathways of oil and gas. The QGF index of paleo oil layers are
generally greater than 4, while that of paleo water layers is
generally less than 4; the quantitative grain fluorescence intensity
of reservoir extracts of current oil layers is basically greater than 40
pc, while that of water layer samples is generally less than 20 pc
(Liu et al., 2007). Taking wells NP4-19 and NP4-51 as examples, it
was found that oil and gas are enriched near the top of Ng. How-
ever, although the FTI in the middle part of Ng is large, this region
is currently a water layer. Performing paleo oil reservoir testing on
the water layer samples from the middle part of Ng, we found that
the QGF indexes of the samples at depths of 2318 m and 2343 min
Well NP4-19 and the samples at depths of 1862 m and 1905 m in
Well NP4-51 are greater than 4 (Table 1). In addition, the QGF
spectrum has obvious peaks at 350-400 nm (Fig. 10), indicating a
paleo oil reservoir at this depth, and oil and gas have vertically
migrated in the region with a high N, along the fault.

5.2. Reservoir formation mode controlled by the vertical fault
transport ability

Highly developed faults are important vertical hydrocarbon
transport channels and are also the critical prerequisite for the
enrichment of multi-layered oil and gas in the Nanpu Sag. Influ-
enced by the inherited development of structural zones, strong
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tectonic movements in the late period produced numerous faults
connecting the source rocks, creating favorable conditions for oil
and gas to migrate toward shallower layers. However, not all faults
connecting with the source rocks are able to transport oil and gas
to shallow layers. Whether a fault can transport oil and gas and
which layers can the oil and gas reach depend on the vertical fault
transport ability, which can be quantitatively characterized by Ny,
In locations with an Ny, greater than 0.5, oil and gas are more likely
to migrate vertically along the fault. By investigating the shallow
hydrocarbon migration and accumulation process in the No. 4
structural zone of the Nanpu Sag, it was found that the oil and gas
generated from the main source rocks, which were determined to
be the first member of Shahejie Formation and the third member
of Dongying Formation (Gao et al., 2021), have extensively
migrated along faults and accumulated in shallow layers since the
late Minghuazhen period. Affected by the vertical transport ca-
pacity of faults, the layers that oil and gas can reach along different
faults are different. For example, the Es; and Eds formations near
the F12 fault have a higher Nj, and thus the oil and gas can migrate
vertically to the lower part of Ed; (Fig. 11). However, the N, in the
upper part of Ed; is small, preventing the further migration of oil
and gas (Fig. 11). Although the Ny becomes higher again the fault
segment within the Ng layer, the upper parts of Ed; and Ed, for-
mations (with a small Np) act as barriers. Thus, oil and gas cannot
migrate to Ng through the F12 fault. By comparison, the F4 and F5
faults have vertical transport probabilities greater than 0.5 from
Esq to the bottom of Nm, and are thus considered as effective faults
that can transport deep hydrocarbons to the shallow layers. As a
result, oil and gas reservoirs are discovered in multiple formations
near the fault F4 and F5 (Fig. 10). In addition, the paleo-reservoir
test has shown that the oil and gas migration and accumulation
along faults are multi-episodic. For example, there are paleo-
reservoirs in Ng of well NP4-19, Ng and Ed; of well NP4-51, and
Eds of well NP4-66 (Table 1), and oil and gas accumulations exist in



X.-E Fu, M.-X. Fan, H.-X. Wang et al. Petroleum Science 22 (2025) 4412-4427

(a)

OONP403x2
NP4-66

d

Qil wells

=z
g

Hydrocarbon show wells

)

Water wells
0.5
Traps
0

Faults

. o
= g

Countour line, m

Fig. 9. Fault transport probability (N;) of major faults and hydrocarbon display. (a) Bottom interface of Minghuazhen Formation. (b) Bottom interface of Guantao Formation. (c)
Bottom interface of the first member of Dongying Formation. (d) Bottom interface of the second member of Dongying Formation. (e) Bottom interface of the third member of
Dongying Formation.

4423



X.-E Fu, M.-X. Fan, H.-X. Wang et al.

Table 1
Quantitative fluorescene test results of the reservoir grains in the Nanpu Sag.

Petroleum Science 22 (2025) 4412-4427

the shallow layers above these paleo reservoirs (Figs. 3 and 11).
Such a phenomenon shows that during the geological process, oil

Well number Depth, m Layer QGF index QGF-E intensity, pc and gas have accumulated or stayed shortly in paleo oil reservoirs,
NP4-19 2318 Ng 73 332 and the later fault activity rmgrated oil and gas to shallow layers.
NP4-19 2343 Ng 4 96.8 Based on the above evaluation results and fault transport proba-
NP4-19 2381 Ng 3.6 7518.3 bility, we suggest that F4, F5, F6, F7, F9, F15 in the No. 4 structural
NP4-51 1862 Ng 5.2 2084 zone have high probability to transport hydrocarbons continu-
NP4-51 1905 Ne 49 238.5 ously from deep layers to shallow layers.
NP4-51 2632 Ed, 33 244.1 . ] .
NP4-66 3695 Eds 53 12823 .Mo:?t previous studies regarding fault—contljolled hydrocarbon
NP4-66 3760 Eds 4.7 2514.1 migration focused on the hydrocarbon enrichment near the
NP4-66 3815 Eds 5.2 2492.8 caprock layer and often ignored hydrocarbon migration and
Egi‘gg ;ggg 533 g-g gégi accumulation in other formations (e.g. Yielding et al., 1997; Lv
3 . et al., 2007; Fu et al., 2018), and some studies considered only a
single geological factor or few factors (Xu et al., 2019b; Foschi and
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Fig. 11. Reservoir formation mode of the No. 4 structural zone in the Nanpu Sag.

Van, 2022; Allgaier et al., 2023). Compared to these studies, this
study investigated multiple geological factors in the study area,
quantitatively characterized faults' transport ability by establish-
ing significant parameters such as FTI and Np, and successfully
predicted the along-fault hydrocarbon transport pathways and
enrichment layers. In addition to the factors mentioned in this
article, there are many other possible influencing factors, such as
the properties of hydrocarbons (e.g. density, viscosity, phase state,
etc.), temperature, mineralization degree, etc. In this study, we
considered all the factors that have a clear correlation with the
vertical hydrocarbon migration in our quantitative fault evaluation
system. How to decipher the contribution of each factor may be
the key to further investigating the process of vertical migration of
oil and gas along faults.

6. Conclusions

Faults are highly developed in the No. 4 structural zone of the
Nanpu Sag, serving as essential channels for vertical oil and gas
migration, which is the significant prerequisite for the multi-layer
hydrocarbon enrichment in this region. Hydrocarbons migration
and accumulation along faults are multi-episodic. Whether hy-
drocarbons can migrate from source rock to shallow layers de-
pends on faults’ transport ability. In this study, fault transport
index (FTI) was proposed to quantify the vertical transport ability
of faults in the No. 4 structural zone. When FT1<0.75, faults are not
able to transport oil and gas; when FTI>2.5, faults can transport oil
and gas; when 0.75<FTI<2.5, there is a functional relationship
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between FTI and vertical fault transport probability (Np), with a
correlation coefficient of 0.97. In regions with an N, greater than
0.5, hydrocarbons are more likely to migrate vertically along faults,
and some faults (F4, F5, F6, F7, F9, F15) in the No. 4 structural zone
have high probability to transport hydrocarbons continuously
from deep layers to shallow layers.
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