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Tight oil is usually accumulated near source rocks after short-distance migration. For the
Chang 8 member tight oil reservoir in the Longdong area of the Ordos Basin, however, the
tight oil accumulation does not completely follow the source control theory, which states
that richer tight oil is found in zones closer to the source rock. The causes behind such
differential accumulation need to be investigated. On the basis of previous studies, this
paper accurately restores the oil migration dynamics in the main reservoir-forming period
by using the latest paleo-hydrodynamic restoration technology through mudstone
compaction analysis. The oil migration dynamics are then compared with the start-up
pressure gradient of the transport layer along the potential oil migration path during the
main reservoir-forming period. Finally, combined with the paleo-structural characteristics
during the main reservoir-forming period, the causes for the differential accumulation of
tight oil in the Chang 8 member of the Longdong area are analyzed. The results show that:
1) during the main reservoir-forming period, tight oil in the Chang 8 member tended to and
could migrate from the north and northeast to the southwest and has accumulated in the
nose-like paleo-structure in the southwest; and 2) following the main reservoir-forming
period, as the reservoir formation was compacted and the fluid pressure and hydrocarbon
generation capacity reduced, oil accumulated nearer the source rock, and to a lesser
extent than it did during the reservoir-forming period. In these two stages, changes in the
intensity of oil migration dynamics dominated the differential accumulation of tight oil. This
study provides a new perspective for similar efforts.

Keywords: tight oil, oil migration dynamics, start-up pressure gradient, Longdong area, Ordos Basin

INTRODUCTION

Tight oil is diversely defined (Clarkson et al., 2011; Zhao, et al., 2012; Zou et al., 2015; Du et al., 2016;
Zhao et al., 2017). It is commonly recognized that tight oil is crude oil that was expelled from the
source rock and accumulated in tight sandstone or carbonate rock near or within the source rocks,
and that cannot flow naturally out of a well, but can only be produced with the support of stimulation
techniques (e.g., horizontal well drilling and hydraulic fracturing). Tight oil accumulation can be
classified into two types: continuous (Gautier et al., 1995; Schmoker, 1995; Zou et al., 2009) or
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FIGURE 1 | (A) Geographic location of the Ordos Basin (B) Geographic location of the Longdong area in the Ordos Basin (C) distribution of Chang 7 high-quality

quasi-continuous (Zhao et al., 2012). Reservoir compaction and
oil accumulation are often related to one another in three cases:
compaction before accumulation (e.g., the Chang 8 reservoir in
the Ordos Basin; Fu et al, 2017), accumulation before
compaction (e.g., Yanchang Formation in the Zhenjing area of
the Ordos Basin; Liu et al., 2012), and simultaneous compaction
and accumulation (e.g., the Chang 7 Member in southwestern
Ordos Basin; Zhao et al., 2018).

The Longdong area in southwestern Ordos Basin (Figure 1A)

stretches over the Yi-Shaan Slope and Tianhuan Depression. The
study area, a region of approximately 30,000 km?, is bounded by
Miaogou in the north, Taichang in the south, Guoyuan in the
west, and Taibai in the east. The Yanchang Formation belongs to
the Upper Triassic of the Mesozoic and can be divided into five
members and 10 oil groups (Figure 2). Among the oil groups, the
Chang 7 Oil Group belongs to the third member of the Yanchang
Formation (T3y3), which comprises lacustrine sedimentary facies
and a lithology of mainly dark-colored mudstone, carbonaceous
mudstone, and fine sandstone and siltstone intercalated with oil
shale, with a thickness of 80-100 m. Chang 7 serves as the main
source rocks of the Yanchang Formation. The Chang 8 Oil
Group, which belongs to the second member (T3y2) and is
underlying Chang 7, comprises sandstones and shales of
lacustrine-delta sedimentary facies, with a thickness of
170-185 m, and with the sandstones having formed the main
oil reservoirs of Chang 8 (Figure 2). The commercial
hydrocarbon reservoirs of Chang 8 were discovered in the
Longdong area. Chang 8 can be subdivided into two thin
layers: the Chang 8' and Chang 8> members (Figure 2).

Oil exploration practices have revealed the presence of oil
zones in Chang 8 in the southwest part of the Longdong area,
forming the Xifeng, Zhenbei, Heshui, and other oilfields with
higher oil enrichment (Figure 1B). Further, the alternation of oil

and water zones in Chang 8 has also been identified in the north
of Longdong area, forming the Huachi, Huanxian, and other
oilfields with lower oil enrichment. According to the distribution
of Chang 7 high-quality source rocks (Zhang et al., 2009; Li et al.,
2017; Li et al., 2019; Li J. et al., 2020) and the Chang 8 oilfields
(Figure 1B), within the high-quality source rocks, the Hushui
Oilfield with rich oil reserves and the Huachi Oilfield with less-
rich oil reserves have been discovered. Moreover, at the edge of
the high-quality source rocks, the Xifeng Oilfield with rich oil
reserves and Huanxian Oilfield with less-rich oil reserves are well
developed. What caused such differential accumulation of tight
oil? What are the oil migration dynamics? Many related studies
have been carried out on the tight reservoirs of the Yanchang
Formation to understand the other characteristics of this area. For
example, the diagenesis of tight reservoirs (Xi et al., 2019a), the
influence of clastic composition on the formation of tight
reservoirs (Wang et al, 2020), and the genesis of calcite in
tight reservoirs (Xi et al., 2019b) have all been study targets.
Additional previous studies on Chang 8 in the Longdong area
have suggested three stages of oil accumulation and the Late
Jurassic sand bodies with good physical properties and lipophilic
pores in sandstones that have developed since the Early
Cretaceous as oil migration paths (Luo et al, 2010). In terms
of tight oil migration and accumulation dynamics in the
Longdong area, previous studies have mainly focused only the
relationships between longitudinal overpressure distribution and
oil production and horizontal fluid potential and oil distribution
(Ying et al., 2011). There is a lack of analysis on the variation of
accumulation dynamics and its coupling relationship with
resistance, as well as the relationship between differential
accumulation.
In this study, we restored the oil migration dynamics in the
main reservoir-forming period by using the latest paleo-
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FIGURE 2| Structural contour map of the top of the Chang 8 Oil Group of the Yanchang Formation (Upper Triassic), along with the regional distribution of Triassic oil
production areas and the location of the study area in the Ordos Basin (after Zhang et al., 2009).

hydrodynamic restoration technology (the loading-unloading  of petroleum migration and accumulation in the tight reservoir.
curve method) through a compaction analysis of mudstone. ~ Then, we compared the oil migration dynamics with the start-up
Start-up pressure gradient was introduced as the micro scale  pressure gradient of the transport layer along the potential oil
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FIGURE 3 | Comprehensive compaction curve of mudstone in Well L in the Longdong area.

migration path in the main reservoir-forming period. Finally,
combined with the paleo-structural characteristics in the main
reservoir-forming period, we analyzed the causes for the
differential accumulation of tight oil in the Chang 8 member
of the Longdong area. This study is expected to provide a new
perspective for similar efforts.

MUDSTONE COMPACTION ANALYSIS

Mudstone is widely used in formation compaction analysis, since it is
less vulnerable to non-compaction diagenesis processes (e.g.,
cementation, dissolution, and metasomatism) than sandstone
(Athy, 1930; Magara, 1968; Chen and Tang, 1981; Wang et al,
2003; Li et al, 2017; Fan and Wang, 2021). Further, because
mudstone is more capable of overpressure retention than
adjacent sandstone, mudstone overpressure can be transmitted to
adjacent sandstone via multiple channels (e.g., hydraulic fracture),
which leads to the synchronous change of pressure between the
mudstone and the adjacent sandstone (Wang et al., 2005). If there is
no long-distance migration path (e.g., a fracture or unconformity),
the abnormal pressure in permeable sandstone generally comes from
the pressure transfer of adjacent abnormally high-pressure
argillaceous strata (Fertl, 1976; Magara, 1978; Osborne and
Swarbrick, 1997). Therefore, mudstone is usually used to study
the formation fluid pressure caused by compaction.

Data Acquisition

Acoustic travel time is subject to the effects of many factors (e.g., the
borehole diameter, fractures, gas-bearing potential, and tight-zone
characteristics); thus, it does not typically have a linear relationship
with porosity. By comparing the acoustic qualities, as well as the
resistivity, density, compensated neutrons, and other logging data
from the same lithology, it can be generally confirmed to what extent

the acoustic travel time reflects the corresponding change in porosity.
This method is known as the comprehensive compaction curve
comparison method (Wang et al, 2003). In this study, from a
pure mudstone interval, we acquired the acoustic and resistivity
logging data, which reflect the rock conduction effect, as well as the
density and neutron logging data, which reflect the rock volume
property. These four conventional logging sequences were combined
for compaction analysis.

Segmentation of Mudstone Compaction

The comprehensive compaction curve (Figure 3) plotted for all 10
members in the study area (Chang 1-10), shows a trend that, from
Chang 1 to Chang 4 + 5, the acoustic travel time decreases, while the
deep lateral resistivity increases, the formation density increases, and
the neutron porosity decreases; below Chang 4 + 5, from Chang 6 to
Chang 8, the acoustic travel time, resistivity, density, and neutron
porosity show reverse behavior and are synchronized. Only when
this synchronization occurs can the segmented compaction of
mudstone be confirmed (Fertl and Timko, 1972; Hermanrud
et al, 1998). Thus, it can be confirmed that Chang 1 to Chang
4 + 5 is a normal compaction segment, and Chang 6 to Chang 8 is an
under-compaction segment. The normal compaction segment is
usually characterized by the following equation (Eq. 1):

At = Atge™? (1)

where z is the buried depth, At is the acoustic travel time at the
buried depth z, Aty is the surface acoustic travel time, and c is the
compaction slope.

Key Controlling Factors for Mudstone

Compaction
The compaction process of mudstone is predominantly affected
by the formation deposition rate. Generally, if the deposition rate
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FIGURE 4 | Correlation between compaction slope and deposition rate
for normal compaction segments in the Longdong area.

is low, the mudstone particles experience a sufficient time for
achieving better (horizontal) arrangement, such that the porosity
may decrease rapidly with the buried depth, resulting in a larger
compaction slope. In contrast, if the deposition rate is high, the
mudstone particles do not have enough time to arrange
horizontally, resulting in a higher porosity at the given depth,
and thereby a smaller compaction slope. As shown in Figure 4;
Table 1, the deposition rate in the study area is apparently
negatively correlated with the compaction slope for the normal
compaction segment, that is, the higher the deposition rate, the
smaller the compaction slope. In other words, for the study area, a
higher deposition rate has caused unfavorable conditions for
mudstone compaction. In addition, the lithologic combination,
argillaceous content, and sediment source can also affect the slope
of mudstone compaction.

OIL MIGRATION DYNAMICS DURING THE
MAIN RESERVOIR-FORMING PERIOD

Determination of the Main

Reservoir-Forming Period

Microscopic diagenetic fluid information (e.g., authigenic illite
dating, carbon/oxygen isotope analysis of authigenic calcite, and
fluid inclusion temperature measurement) show that the oil of
Chang 8 in the Longdong area extensively accumulated mainly at
the end of the Early Cretaceous, when the buried depth reached
its maximum (Fan et al., 2013). The high-quality Chang 7 source
rocks are considered the main source rocks of the Mesozoic in the
Ordos Basin, and the study area is located within those high-
quality source rocks (Zhang et al., 2009). Under the action of
source-reservoir pressure differences and capillary pressure, oil
first migrated from Chang 7 source rocks to the Chang 8 member.
After entering the Chang 8 tight reservoir, the oil experienced a

Tight Oil Reservoir Forming Dynamics

secondary migration under the overpressure caused by under-
compaction in Chang 8, in addition to the residual pressure
carried from the source rock.

Method to Restore Oil Migration Dynamics

During the Main Reservoir-Forming Period
The equivalent depth method (Magara, 1968) is widely used in
the calculation of overpressure caused by under-compaction. For
this method, essentially, an equation is established assuming that
the effective stress at a point in the under-compacted interval is
equal to the effective stress in the normal compaction segment
with the same porosity. Then, Terzaghi’s equation (Terzaghi,
1943) is used to calculate the fluid pressure and overpressure in
the under-compacted interval. At the same time, based on the
assumption of compaction as an irreversible process, it is
considered that the current compaction curve can reflect the
compaction in the period with the maximum buried depth, and
thus the equivalent depth method can be used to calculate the
overpressure in such a period. In fact, however, the current
compaction curve can reflect the compaction pattern, but its
application for abnormal pressure restoration in the period with
the maximum buried depth may involve significant uncertainties.
Accordingly, the occurrences of demonstrated formation
resilience after intense uplifting, denudation, and unloading in
the later stage need to be better determined by experiments. Many
studies have reported the formation resilience after structural
uplifting (Ren and Sun, 2005; Li D. et al., 2020).

Rock mechanics experiments with surface mudstone cores are
difficult to implement due to the strong elasticity of such cores.
We measured the porosity of seven shale samples taken at
different buried depths of Chang 7 in the study area. The
results show that the pore volume of shale increases with the
decline of effective stress, indicating that the mudstone of the
study area exhibited resilience to a certain extent during the
process of structural uplifting. Also, according to the correlation
between pore volume and effective stress (Figure 5A), the
resilience of shale pores conformed to a good logarithmic
relationship, with a correlation coefficient of more than 0.9.
The curve was morphologically consistent with the Bowers
unloading curve (Bowers, 1995). Using the slope (Eq. 2)
obtained by fitting these data according to the linear
relationship (Figure 5B), the pore resilience coefficient during
structural uplifting could be determined as follows:

c o

v 2)

where C, is the pore resilience coefficient, AQ is the change in pore
volume, and Ao is the change in effective stress. It was indicated in
the experiment that the faster the pressure dropped, the more the

TABLE 1 | Sedimentation rate and slope in the normal compaction section of some wells in the study area.

Well A B Cc D
Compaction slope (m-1) 3.00 3.41 2.89 2.67
Deposition rate (m/Ma) 7.50 8.04 8.17 8.42

E F G H I J
2.34 3.16 3.58 3.35 3.26 1.738
9.27 9.66 10.45 10.36 1217 13.41
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shale pores swelled, owing to the speed of structural uplifting, which
has a significant impact on shale resilience. Through the statistical
analysis, the denudation rate was found to have a certain positive
correlation with the resilience coefficient (Figure 6), with the square
of correlation coefficient reaching up to 0.84. Accordingly, the
resilience coefficient of Chang 8 mudstone in the untested
portions of the study area could be calculated.

By using the resilience coefficient and the present-day shale
porosity, the shale porosity in the period with the maximum

buried depth could be restored. According to the exponential
relationship between effective stress and porosity (the loading
curve) of the Bowles method (Bowers, 1995), the loading curve
(Eq. 3; Han, 2020) was plotted using the restored mudstone
porosity and effective stress for the normal compaction segment
in the period with the maximum buried depth. Moreover, the
unloading curve (Eq. 4; Han, 2020) could be plotted using the
resilience coefficient and the measured present-day pressure
(Figures 7A,B):
Loading curve:

¢, = aeb (3)
Unloading curve:
Cr _ ¢p - ¢b (4)
Oy —0p

It should be noted that the porosity at the intersection of the
loading curve and the unloading curve is equal (Han, 2020).

ae’® = gbp - C,(ah - 01,) (5)

Next, the effective paleo-stress could be obtained by using the
iterative method, and then, the overpressure caused by under-
compaction in the period with the maximum buried depth could
be calculated (Eq. 6; Han, 2020):

APy =S, — 0, — Py (6)

where @p and @, are the porosity in the present day and the
porosity in the period with the maximum buried depth,
respectively; op is the present-day effective stress; a and b are
fitting constants of loading curves; C, is the pore resilience
coefficient; A is the resilience of porosity; Ao is the effective
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stress reduction during porosity resilience; and APy is the
overpressure caused by under-compaction in the period with
the maximum buried depth (see Figure 6A for relevant
parameters).

Restoration Results of Oil Migration
Dynamics During the Main

Reservoir-Forming Period

The overpressure of the Chang 8 member in the study area at the
end of the Early Cretaceous, when the buried depth reached its
maximum, was restored using the method described above, and
the overpressure gradient was plotted (Figure 8). It was found
that the overpressure gradient ranged from <0.5 MPa/m (in the
southwest part of the study area) to >7.5 MPa/m (in the northeast
part of the study area). Specifically, the overpressure gradient was
higher in the Baibao Oil Field as well as areas further south
(3.0-4.5 MPa/m), and smaller in the area surrounded by the
Huachi, Yuele, Qingcheng, and Gucheng oil fields, which is
conducive to the stagnation and accumulation of oil
Southward, in the Qingyang, Heshui, and Gucheng oil fields,
the overpressure gradient increases and peaks, which is conducive
to oil migration and accumulation in ideal traps.

START-UP PRESSURE FOR OIL
MIGRATION DURING THE MAIN
RESERVOIR-FORMING PERIOD
Relationship Between Start-Up Pressure
and Permeability

Research spanning 20 years confirms that tight oil flow in a
reservoir typically follows the low-velocity non-Darcy flow

pattern, that is, oil starts to flow at a certain start-up pressure
gradient (Zeng et al, 2014). In addition, multiple core flow
experiments for tight reservoirs in the Ordos Basin have also
suggested that oil could migrate only when the start-up pressure
gradient reaches a certain level (Zeng et al., 2014). Based on this,
the start-up pressure gradient shows obvious characteristics as the
dynamic driver for oil migration in tight reservoirs.

The start-up pressure gradient at which oil enters the transport
layer and corresponding permeability data obtained from flow
experiments for the Mesozoic tight oil reservoirs in the Ordos
Basin were fitted (Figure 9) (Wu et al., 2013; Xue and Tian, 2014),
and it was found that the start-up pressure has a good correlation
with the permeability of samples. The two parameters conform to
the power function, with the correlation coefficient of 0.99,
expressed as Eq. 7:

Gp = 0.071K"*" ™)

where Gp is the start-up pressure gradient, MPa/m; and K is the
permeability, mD. Using this correlation, the start-up pressure
gradient for the formation with permeability data but without
flow experiment data could be obtained.

Start-Up Pressure Gradient for Oil Migration

During the Main Reservoir-Forming Period
As described above, the start-up pressure gradient was obtained
using permeability data and Eq. 7. Accordingly, the paleo start-up
pressure during tight oil accumulation could also be calculated using
the paleo-permeability in the reservoir-forming period. Some
scholars have performed diagenesis analyses and determined
diagenetic sequence divisions on the basis of sedimentary setting,
core observation, and logging data interpretation. They indicated
that after the hydrocarbon expulsion peak at the end of the Early
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Cretaceous, three types of diagenesis occurred: 1) the replacement of
intergranular materials and grain margins by crystalline-connected
calcite, 2) the dissolution of matrix and grain margin by highly acidic
fluid, and 3) also that by feldspar dissolution. Then, through physical
property inversion, they restored the paleo-porosity and paleo-
permeability at the maximum buried depth at the end of the
Early Cretaceous (Bowers, 1995). From the restored paleo-
permeability recovery (Bowers, 1995) and Eq. 7, the paleo start-
up pressure in this study was determined to be 0.01-0.31 MPa/m.
The low start-up pressure gradient (<0.06 MPa/m) was distributed

mainly in N-S orientated segments, located in the central part of the
area surrounded by the Zhenyuan, Heshui, and Qingcheng oil fields,
as well as in the southern part (especially the center of the
distributary channel sand body). Finally, the start-up pressure
gradient was high in the eastern part and lowest in the western
part (Figure 10).

Oil Accumulation Process and Distribution
Fluid potential is an important parameter to determine the
potential migration and accumulation direction of oil and gas.
Using the restored paleo-structure during the main reservoir-
forming period from previous studies (Fan et al., 2013) and the
restored paleo-fluid pressure determined in this study, the paleo-
fluid potential in the main reservoir-forming period could be
calculated from Eq. 8, followed by outlining the stream lines with
PetroMod software:

hy =2z + L (8)
where h,, is the oil potential; p,, is the oil density; z is the height; P
is the fluid pressure; and g is the gravitational acceleration.
According to the distribution of oil potential stream lines at the
end of the Early Cretaceous (Figure 11), it can be concluded that the
oil potential is generally higher in the northeast and lower in the
southwest. The highest oil potential is located in the northeast of the
study area, while the lowest oil potential is located in the Heshui Oil
Field in the south and the Zhenyuan Oil Field in the southwest,
reflecting a trend of oil migration from northeast to southwest and
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FIGURE 11 | Oil potential and streamlines for the Chang 8 member during the main reservoir-forming period in the Longdong area.
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an accumulation in the southwest and south. The stream lines
(Figure 9) show that oil has migrated from the northeast to the
southwest along dominant pathways in the Baibao, Huachi, and
Yuele oil fields before accumulating within favorable traps of the
Qingcheng, Qingyang, and Heshui oil fields.

Comparison (Figure 8 and Figure 10) indicates that the
overpressure gradient in the study area is basically higher than

the start-up pressure gradient during the main reservoir-forming
period, and the large difference between the overpressure
gradient and start-up pressure gradient falls basically on the
dominant migration pathways indicated by the oil potential
stream lines (Figure 10). Additionally, the reservoir became
weakly lipophilic at the end of Early Cretaceous!*, allowing
oil to more easily migrate laterally along these areas. The coupling
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of migration dynamics and pathway height suggests that oil in the
study area mainly migrated from the northeast to the southwest
along these areas at the end of the Early Cretaceous and finally
accumulated in the large nose-like uplift structure highlighted by
the paleo-structure in the southwest (Fan et al.,, 2013), forming
the present Qingcheng, Heshui, and other large oilfields.

After the end of the Early Cretaceous, the Chang 8 member in the
north of the Longdong area saw a depleting oil migration for five
reasons. First, the subsequent Late Yanshanian structure began to
weaken the oil generation capacity of Chang 7 source rocks, which is
now very low. Second, the structure rotated counterclockwise and
gradually changed from a north-dipping monocline with higher
south end and lower north end to a west-dipping monocline with
higher east end and lower west end (Fan et al., 2013). Third, the
distribution direction of the sand bodies is inconsistent with the
trend of monocline. In some areas, sand bodies are distributed
almost along the monoclinic trend, with minor structural fluctuation
(Fan et al., 2013). Fourth, the physical properties of the reservoir are
far inferior to those in the hydrocarbon charging period at the end of
the Early Cretaceous (Chen et al,, 2006). Fifth, as the abnormal
overpressures basically disappeared, the reservoir tended to normal
or negative pressure. Therefore, the Huachi Oil Field and other lower
abundance reservoirs developed in the oil migration areas in the
northeast. In these two stages, the change in intensity of migration
dynamics dominated the accumulation and enrichment of tight oil.

CONCLUSION

1) Both the fluid potential and stream lines show that tight oil
in the Chang 8 member of the Longdong area tended to
migrate from the northeast to the southwest during the
main reservoir-forming period, and the overpressure
gradient was basically higher than the start-up pressure
gradient. According to the potential migration pathways,
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