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Abstract: Wave velocity under different pressure and temperature (PT) conditions plays an important
role in the exploration of oil and gas reservoirs. We obtained the mineral composition and porosity
of 20 underground sandstone and mudstone samples in Yinggehai Basin via X-ray diffraction and
porosity measurements. Using high-frequency ultrasound, the P- and S-wave velocities of four
samples under high temperature and overpressure conditions were found to vary significantly, owing
to the material composition and porosity. According to the comparison between the experimental
conclusion and the well-logging data, the genesis of false bright spot and dark spot gas reservoirs
in the study area was analyzed. The variation in P-wave velocity under different temperature and
pressure conditions was explained with the PT coefficient. The traditional pressure-velocity and
temperature—velocity prediction methods were improved and applied to well-logging data. Herein,
the velocity of P- or S-waves of sand and mudstone under high temperature and overpressure via
rock physics experiments and the genesis of false bright spot and dark spot gas reservoirs in the
Yinggehai Basin was observed. Overall, the results serve as a theoretical basis for seismic exploration
in the study area.

Keywords: seismic rock physics; sandstone and mudstone; P-wave and S-wave velocity;
pressure; temperature

1. Introduction

The Yinggehai Basin is a typical high-temperature and overpressure basin located in
the northern sea area of the South China Sea. Since the 1990s, many normal pressure and
temperature (PT) gas fields have been found in the shallow layer of the central diapir belt
using conventional bright spot technology [1]. However, as the exploration involved high
temperature and overpressure, the bright spot technology adopted for the middle and deep
layers of Dongfang and Ledong areas failed in the late 1990s [2]. Relevant research data
indicate that the physical properties and seismic response of middle and deep reservoirs in
this area are highly complex owing to the influence of high temperature and overpressure.
Further, abnormal changes in P-wave velocity and impedance have been found, resulting
in false bright or dark spots in seismic data (Figure 1) [3,4]. Owing to this phenomenon,
traditional reservoir prediction techniques, such as conventional bright spots and pre-stack
wave impedance inversion, were challenging to employ in the study area. At present, there
is no consensus on the rock wave velocity anomaly and the influencing factors under high
temperature and overpressure in this area. Accordingly, a comprehensive rock physics
investigation is needed.

The PT of the rock had a significant impact on the wave velocity. The relationship
between PT and velocity is caused by continuous pore closure and phase transformation of
minerals in rocks [5,6]. Based on laboratory results, P- and S-wave velocity are usually loga-
rithmically positively correlated with confining pressure and linearly negatively correlated
with temperature and pore pressure [7-9]. Laboratory measurement results also enabled
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some scholars to establish a comprehensive fitting formula between P-wave velocity and
PT [10,11]. However, P- and S-wave velocity has different rates of change for similar rocks
under different PT conditions [8,9]. As the factors influencing the PT coefficient in the
fitting formula established in previous studies have not been discussed, the difference in
P- and S-wave velocity variation of the rock cannot be explained. Combined with labo-
ratory measurement results, this study sought to connect the influencing factors with the
correlation coefficient, establish velocity—temperature and velocity—pressure relations for
sandstone and mudstone, and applied these relations to the logging data.
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Figure 1. Seismic profile through the DF1-X6 well.

The controlling and influencing factors of wave velocity at high temperatures and
overpressure formation in the Yinggehai Basin remain ambiguous. In this study, the differ-
ences in P- and S-wave velocity under high temperature and overpressure of sandstone and
mudstone core samples in the Yingqgiong Basin were analyzed by systematic experiments
from the perspectives of minerals and pores. The following specific experimental work-
flow was employed: (1) the mineral composition of the samples was obtained by X-ray
diffraction measurement; (2) the porosity of samples under different confining pressure
was obtained by the helium method, (3) the relevant sample sections were observed; (4) the
ultrasonic velocities of four samples were measured under different PT and analyzed, and
(5) the fitting relationship between P-wave velocity and PT was established to predict the
actual formation data.

2. Experimental Conditions and Basic Petrophysical Characteristics

Samples were collected from 20 downhole cores (2000-4000 m) in Dongfang and
Ledong districts of the Yinggiong Basin, South China Sea. The mineral composition and
porosity were obtained using X-ray diffraction analysis and helium experiments. The cores
were processed by instrument to a diameter of 25.4 mm and a height of 40-60 mm plugs.
The two end faces of the plug were finely polished to a degree less than 0.1 mm. Due to
the softening effect of clay dehydration on the rock skeleton, we referred to the previous
drying methods, stored the cores in an 80 °C oven for 72 h, and placed the samples indoors
for 48 h to obtain samples containing 2-3% water to eliminate the softening effect of water
on the rock skeleton [12,13]. The samples were analyzed by changing alone the confining
pressure, temperature, or pore pressure to avoid any interference from different influencing
factors on the analysis results. Autolab2000c equipment in CNOOC Research Institute
produced by NER Company (Yantai, China) was used to measure the high-frequency P- and
S-wave velocity. Figure 2 shows the AutoLab system and scheme of preparation for wave
velocity measurements in samples. P-wave and S-wave velocity according to the direction
of vibration and propagation were evaluated, namely Vp_po and Vs_go (sample cut normal
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Figure 2. (a) AutoLab system and (b) scheme of preparation and P- and S-wave velocity measure-
ments in samples [14].

According to some studies, porosity has important influence on the wave velocity
of rocks [15-18]. The data depicted in Figure 3 aligns with the notion that the increase of
porosity can significantly reduce P- and S-wave velocity, indicating that porosity directly
determines wave velocity. Wave velocity is also related to mineral composition [19-21].
The research shows (Table 1) that quartz and feldspar have higher density and elastic
parameters, with more “stiffer” elastic properties, while clay minerals have more “soft”
elastic properties. The differences in mineral elasticity also lead to different velocities.
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Figure 3. Porosity versus (a) P- and (b) S-wave velocity.
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Table 1. Elastic parameters and density of common minerals [12].
Mineral Tvoe Bulk Modulus  Shear Modulus Vp Vs Density
yP (GPa) (GPa) (km/s) (km/s) (g/cc)
Clay (kaolinite) 1.5 14 1.44 0.93 1.58
Feldspar 37.5 15 4.68 2.39 2.62
Quartz 37 44 6.05 4.09 2.65

In order to understand the comprehensive influence of pores and minerals on elastic
properties, we regarded the rock as composed of quartz, feldspar, clay, and pores. Then,
the dry rock was constructed by four elastic boundary theory, with Voight for upper limit
(black line), Reuss for lower limit (red line), Hashin-Shtrikman for upper and lower limit
(blue and pink line), and V-R-H for average of equivalent elastic modulus of the medium.
The equations and details of each model are shown in the Appendix A. The processes were
as follows: (1) clay and pores as soft materials mixed with the V-R-H model, (2) quartz
and feldspar as stiffer minerals mixed with the V-R-H model, (3) soft and stiffer substances
were mixed through Voight, Reuss, and Hashin—Shtrikman boundary theory to obtain the
elastic modulus boundary of dry rocks.

As shown in Figure 4, except for single-phase minerals, isotropic mixtures of HS model
could never reach the stiffness of Voight limit [12]. When the stiffer minerals increased,
the elastic parameters showed a little positive trend along the model line. The elastic
parameters also showed a little downward trend with an increase in soft materials. For
high-temperature and overpressure reservoir, due to the difference in elastic properties
between stiffer minerals and soft materials, the rock skeletons of different components
that resisted PT also differed. Further, differences in the deformation of the skeleton were
found, which led to different P- and S-wave velocities and impedance relationships. Thus,
the study area had false bright spots in the seismic data or formed a dark spot gas reservoir.
We proceeded to analyze the rock P- and S-wave velocity difference and its causes under
the high temperature and high pressure to provide a theoretical basis for reservoir oil and
gas prediction in the study area.

In order to prevent too many influencing factors (mineral, porosity, pressure, and
temperature) from affecting the velocity, single-physical-parameter differences of four
samples were selected (samples with similar porosity and large difference in mineral
content or similar mineral and large difference in porosity), and single changes in the
confining pressure, temperature, and pore pressure were analyzed to avoid any interference
from different influencing factors on the analysis results. Table 2 shows the porosity and
mineral composition of the four selected samples.
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Figure 4. Effects of stiffer and soft materials on the elastic properties of samples, cross-plot of (a) bulk
modulus and stiffer minerals, (b) shear modulus and stiffer minerals, (c) bulk modulus and soft
materials, and (d) shear modulus and soft materials. The solid lines in the figure are the boundary of
simulation (the black line is the Voight boundary, the red line is the Reuss boundary, the blue line is the
upper limit of Hashin-Shtrikman model, and the pink line is the lower limit of Hashin-Shtrikman).

Table 2. Mineral content and porosity of the four samples.

Potash Feldspar ~ Plagioclase Calcite Dolomite Clay Porosity
o,
Number Quartz (%) %) (%) (%) (%) (%) (%)
1 64.78 8.68 9.79 10.97 0.66 5.12 24.1
2 60.39 10.62 14.34 9.91 6.84 11.9 12.21
3 40.07 7.51 15.83 7.22 3.52 25.85 16.15
4 37.31 13.62 28.86 5.92 3.68 10.61 16.43

3. Influence of Pore

Porosity directly affects P- and S-wave velocity, and the resistance of different rock
pores to pressure differs under high pressure. The porosity of some samples was measured
by the helium method at 60 MPa (step 10 MPa). For ease of distinction, the samples were
simply classified according to the porosity. As shown in Figure 5, the porosity of samples
decreased with increasing pressure. However, the pore resistance of samples and the
downward trend were different. Such results also led to a difference in the samples’ P- and
S-wave velocity under high pressure (Figure 6).

Two samples with small differences in mineral content and big differences in porosity
were selected for a single pressure transformation experiment to avoid the influence of
temperature and minerals on the rock. The specific parameters of these two samples are
listed in Table 2. Figure 6 shows the cross-plot of P- and S-wave velocity and confining
pressure under dry and completely saturated conditions (test step of 5 MPa under room
temperature). The P-wave and S-wave velocities of the samples increased with the confining
pressure, showing a logarithmic trend. Although the P-wave was more sensitive to pressure,
all increasing trends showed two obvious differences: the P- and S-wave velocities of the
high-porosity sample increased greatly with the confining pressure under low pressure
(060 MPa) and increased slowly under high confining pressure (60-120 MPa). The P-wave
velocity increased by more than 70%. Further, the wave velocity of the low-porosity sample
under low confining pressure was similar to that of the high-porosity sample but hardly
increased under high pressure. The P-wave velocity generally increased by <50%.
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Figure 6. Relationship between P- and S-wave velocity and confining pressure, (a,b) are the rela-
tionship between wave velocity and pressure under dry conditions, and (c,d) are the relationship
between wave velocity and pressure under saturated conditions.

(b)

Figure 7. The thin section images of (a) Sample 1 and (b) Sample 2.

Generally, the change in elasticity of rock under confining pressure is related to
the closure of pores and plastic deformation of the mineral with different degrees of
alteration [22-25]. Figure 7 shows a 200 pm cast slice. Notably, the pore structure of Sample
1 was identified to be complex. In fact, the pores with large aspect ratio and small aspect
ratio were found to coexist in the rock. Several pores with small aspect ratio were also close
to the increase in pressure under low confining pressure, resulting in a significant increase
in P- and S-wave velocity. When the confining pressure increased, only pores with large
aspect ratio constantly resisted the pressure. As a result, the relationship between P- and
S-wave velocity and pressure was related to the resistance of pores with large aspect ratio
to pressure, which indicated that the wave velocity increased slowly with the pressure.
In contrast, Sample 2 had a lower porosity and only contained pores with a low aspect
ratio. After the pressure increased to 60 MPa, the pores were completely closed, and only
the rock skeleton resisted the pressure. As the P- and S-wave velocity no longer increased
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with pressure, this highlighted the compactness of the rock. The two trends of porosity and
pressure revealed that the difference in pore structure and porosity caused a change in the
relationship between P- and S-wave velocity and pressure. The P- and S-wave velocity of
the higher porosity sample increased slowly with confining pressure under high conditions.
However, no increase was observed for the lower porosity sample. This phenomenon may
be related to the genesis of the dark point gas reservoir, that is, the P- and S-wave velocity
of high-porosity gas sand stratum increased abnormally under higher pressure and caused
an increase in impedance, which was similar to that of the overlying background mudstone,
ultimately forming a dark point gas reservoir.

The relationship between temperature and P- and S-wave velocity of the two samples
was evaluated, and a cross-plot of the wave velocity and temperature of dry samples
is shown in Figure 8. The wave velocities of two samples showed a downward trend
with the increase of temperature, but the trend was subtly different. The P-wave velocity
of the high-porosity sample decreased by more than 7%, while that of the low-porosity
sample decreased by 4%. The difference in the temperature—velocity trend reflected the
degree of pore expansion during the heating process of samples. Owing to the difference
in porosity, the thermal expansion of the pores of high-porosity sample was greater than
that of the low-porosity sample [26,27], resulting in a greater trend of P- and S-wave
velocity reduction. This phenomenon showed that the high-porosity formation had the
characteristics of velocity reduction under high-temperature conditions. If there are big
differences in porosity and temperature between the upper and lower mudstone formations,
this may lead to the difference of wave impedance and form a dark spot gas reservoir.
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Figure 8. Cross-plot of temperature and P- and S-wave velocity.

4. Influence of Mineral Composition

The composition of the rock skeleton also influences the relationship between velocity
and pressure. Sample 3 and Sample 4 with small difference in porosity and pore structure
but big differences in clay mineral content were selected for the analysis. The specific
parameters of these two samples are provided in Table 2. Figure 9 shows the cross-plot of
the P- and S-wave velocity and confining pressure under dry and completely saturated
conditions (test step of 5 MPa under room temperature). The trends of the two samples
were identified to be similar under a low confining pressure, showing that the P- and
S-wave velocity increased greatly with pressure. However, an obvious difference was
found when pressure rose to 40-60 MPa. The P- and S-wave velocity of Sample 4 with
low clay content gradually slowed down with the increase in pressure after the pressure
exceeded 40-60 MPa, following which P-wave velocity increased by 16%. Sample 3 with
a high clay content maintained a large range of increase, in which the P-wave velocity
increased by more than 20%.
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Figure 9. Relationship between P- and S-wave velocity and confining pressure, (a,b) are the rela-
tionship between wave velocity and pressure under dry conditions, and (c,d) are the relationship
between wave velocity and pressure under completely saturated conditions.

We speculate that this was related to the elastic properties of the clay and its related
pores. Under a low confining pressure, the velocities of both samples had a positive
correlation with confining pressure due to the closure of plastic pores. When the pressure
was greater than 40-60 MPa and the plastic pores were completely closed, the resistance
of the rigid pores and skeleton to the pressure was found to affect the wave velocity. The
resistance of rigid pores in mineral particles to pressure was also related to the hardness
of minerals. The sample with low clay content had higher contents of stiffer quartz
and feldspar minerals, and the resistance of rigid pores and skeleton to pressure was
significantly higher than that of the high-clay sample. Therefore, the P- and S-wave velocity
of the low-clay-content sample was significantly lower than that of samples with higher
clay content under high pressure. It should be noted that the P- and S-wave velocity with
the high-clay-content sample was higher than those with the low-content sample under
0 MPa confining pressure. This may be related to the mineral morphology. That is, the
morphology of mineral and pore in rock have a great influence on the wave velocity [28].
In conclusion, the content of clay, quartz, and feldspar minerals in the rock has a secondary
influence on the relationship between wave velocity and confining pressure. If the content
of quartz and feldspar minerals are higher, the P- and S-wave velocity increases slowly
with confining pressure under high conditions. On the contrary, if the clay content is higher,
the P- and S-wave velocity increases greatly with confining pressure under certain high
conditions. The phenomenon of false bright spot may be related to the change of clay
content in a high-pressure formation.
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The variable temperature experiment was carried out on two samples. The cross-plot
of temperature and P- and S-wave velocity of two dry samples from 0 to 150 °C under
10 MPa confining pressure is shown in Figure 10. The P- and S-wave velocity of the two
samples exhibited similar trends with temperature. However, the velocity reduction of the
high-clay sample was greater than that of the low-clay sample (21% vs. 19%). Due to the
expansion of clay itself and internal pores during the heating process, the expansion rate of
clay increases with temperature [26,27]. As the range of softening of rock elastic properties
increased, the decrease in the P- and S-wave velocity sample with high clay content became
greater. Thus, for a high-temperature formation, the change of clay content may lead to
impedance difference and a false bright spot.
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Figure 10. Cross-plot of temperature and (a) P- and (b) S-wave velocity.

5. Pore Pressure

We used the samples with large differences in porosity and minerals for analysis, and
the experimental conditions were completely saturated by pressurized vacuum pumping.
Figure 11 shows the relationship between P- and S-wave velocity and pore pressure of the
two samples with large porosity differences under room temperature (confining pressure
remained unchanged at 60 Mpa). Both samples had a negative correlation between wave
velocity and pore pressure, but the P-wave velocity decrease of the high-porosity sample
was greater than that of the low-porosity sample (8.5% vs. 6%).
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Figure 11. Cross-plot of pore pressure and (a) P- and (b) S-wave velocity.
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Similarly, two samples with large differences in clay minerals and small differences in
pores were analyzed. As shown in Figure 12, the P- and S-wave velocities of the samples
decreased with the increase of pore pressure, but the decrease value was different and
the Vs for the high clay content showed an even larger drop compared to that of Vp. The
P-wave velocity of the high clay-content sample decreased by more than 7%, and that of
the low-clay-content sample decreased by less than 4.5%. In the process of increasing pore
pressure, due to the tight skeleton of the low-clay-content sample, the resistance of pores in
the skeleton to pore pressure was higher than high-clay sample, which made the degree
of pore expansion smaller and finally led to the reduction of their velocities in varying
degrees. Combined with all the experimental results, we could draw a conclusion: Under
the comprehensive influence of porosity and mineral composition, PT and P- and S-wave
velocity differences appeared in the samples. The formation with high porosity, high clay
content, high temperature, and overpressure was prone to an abnormal reduction of wave
velocity, velocity and impedance difference with the compacted high-velocity mudstone
layer or background mudstone layer, resulting in false bright spots. Similarly, the abnormal
reduction of velocity of this formation may have also led to the reduction of impedance
difference with gas-bearing formation, resulting in a dark point gas reservoir.
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Figure 12. Cross-plot of pore pressure and (a) P- and (b) S-wave velocity.

6. Case Analysis and Theoretical Simulation

Figure 13 shows the DF1-X6 well-logging data of Meishan first segment team in
Dongfang district. The drilling results showed that there was no effective reservoir in
the target layer. The cable measure formation pressure and logging interpretation results
showed that the mudstone layer at 3470 m had the characteristics of overpressure and
high temperature, its pore pressure (4143.1 psi), temperature (141.33 °C), porosity (10.8%),
and clay content (29.2%) were higher than those of the overlying silty mudstone (pore
pressure 2077.34 psi, temperature 138.25, clay content 10.6%, porosity 6.7%), resulting in
a low P-wave velocity characteristic. The impedance difference between the upper and
lower layers appeared due to the same density and different velocity which led the false
bright spot in the seismic profile. This phenomenon also confirmed our conclusion that
high porosity, clay content, temperature, and overpressure formation could easily cause
abnormal velocity reduction.

Figure 14 shows the LD23-X1 well-logging data of Yinggehai first segment team in
Ledong district. The actual drilling results also revealed no effective reservoir. The cable and
logging interpretation results showed that an abnormal overpressure point (pore pressure
6120.64 psi) in the high-porosity (20.7%) sandy mudstone (clay content 15.3%) appeared at
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2316 m and presented a low P-wave velocity characteristic. The mudstone at the 2327 m
overlying strata presented (porosity 11%) high clay content characteristics (33.1%). Due
to the drainage and compaction of low-velocity mudstone, high-velocity mudstone was
formed. The impedance difference between them caused the abnormal reflection of seismic
response. This phenomenon also confirmed our view that high porosity and pore pressure
samples easily reduced the P-wave velocity, and high-clay-content samples easily increased
the wave velocity greatly under high pressure.
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Figure 13. Logging curve of well DF1-X6.

Figure 15 shows the DF1-X12 well-logging data of Huangliu first segment team in
Dongfang district. The cable formation pressure test results showed that 20 data points
within the depth of 2633-2719 m had high temperature characteristics (greater than 113 °C).
The mudstone interval at 2660-2673 m had higher clay content (19.6%) than other depth
sections, resulting in a significant decrease in velocity under high-temperature conditions.
The underlying sand layer (porosity 14.8%) showed higher porosity than the overlying
sand layer (porosity 9.5%), and the velocity decreased slightly under high-temperature con-
ditions. Low-velocity mudstone showed the characteristics of high density and low velocity,
and sandstone showed the characteristics of high velocity and low density, resulting in the
reduction of their impedance difference and the formation of a dark point gas reservoir.
Generally, the mudstone near the reservoir cannot show low-velocity characteristics due to
the reservoir compaction [4]. However, the results showed that dark point gas reservoirs
may also occur between the reservoir and mudstone due to the influence of temperature,
clay content, and porosity. This phenomenon was also confirmed by the experimental data.
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Figure 14. Logging curve of well LD23-X1.
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Figure 15. Logging curve of well DF1-X12.

We used the experimental results to predict the formation’s P-wave velocity data
through the fitting formula. For P-wave prediction of the logging data, the fitting relation-
ship between velocity and PT was established according to the experimentally measured
values. Moreover, in order to avoid the dispersion problem of saturated samples under
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high-frequency conditions [29-31], the relationship between effective stress and velocity
was constructed, and the effective stress was equal to the difference between the confining
pressure and pore pressure when the rock was completely saturated. The formula was
as follows:

V =Vo+AxIn(p/po) +B* (T —T) 1)

In the formula, V represents the fitting velocity, Vj represents the initial velocity of the
sample, pg and Ty are the initial effective stress and initial temperature, respectively, and P
and T are the actual stress and actual temperature, respectively.

The fitting results R? of the four samples were greater than 0.8, and the fitting coeffi-
cients are shown in Table 3.

Table 3. Fitting coefficients of four samples.

Sample Number 1 2 3 4
A (Effective pressure coefficient) 445.79 215.30 266.85 210.19
B (Temperature coefficient) —0.89 —0.36 —0.46 —-0.27

The coefficient reflects the differences in the sensitivity of pores and mineral compo-
nents to PT. Compared with that of the low-porosity sample, the high-porosity sample
had higher PT coefficients. The high coefficient reflected that the P- and S-wave veloc-
ity increased more with the confining pressure and decreased more with the increase of
temperature and pore pressure. Compared with that of the low-clay-content sample, the
high effective PT coefficient of the high-clay-content sample also reflected this feature. The
fitting coefficient results also confirmed our experimental view that the velocity could vary
significantly in high temperature and overpressure formation due to the influence of rock
pores and minerals. Therefore, the traditional fitting formula could not accurately predict
the P-wave data of the high confining pressure and temperature formation. We used a
multiple linear regression method to establish the relationship between the PT coefficient
and PC (porosity and clay content):

A =20.74 x ¢+ 0.05 x Voay — 73.36 @)

lay
B = 0.35— 0.048 x ¢ — 0.003 X Vy )

where A and B represent pressure and temperature coefficient, respectively, and ¢ and Vijay
represent porosity and clay content, respectively.

Many studies have simulated carbonate or shale through the DEM model [32-35].
We also used this model to predict the P-wave velocity combined with cable formation
pressure and debris XRD or logging interpretation data points. See Appendix A for the
model formula. The main modeling processes were as follows: (1) Mixing clay and pores
with water by the V-R-H model, (2) the remaining minerals were mixed by the V-R-H
model, (3) the clay pores mixture as an inclusion was added into the mineral mixture by
the DEM model, (4) the P-wave velocity was calculated according to the improved fitting
formula. The clay and pore morphology were controlled by pore aspect ratio for velocity of
initial pressure, which was obtained by exhaustive inversion. Figure 16 shows the P-wave
velocity of the three wells, and the bluepoints are the prediction data. As shown in the
figure, we have achieved reliable prediction results.
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Figure 16. P-wave velocity prediction of the three wells (blue dots are the prediction data).

7. Conclusions

In this paper, the factors influencing P- and S-wave velocity differences under high PT

conditions were analyzed from the perspectives of porosity, pore structure, and mineral
composition. Combined with the experimental results, the causes of false “bright spot” and
dark spot gas reservoirs in the seismic data in the study area were summarized. The main
conclusions are as follows:

1.

Porosity had important influence on the relationship between P- and S-wave velocity
and PT. The P- and S-wave velocity of the high-porosity sample increased greatly
with confining pressure under the condition of 0-60 MPa and increased slowly under
60-120 MPa. The P-wave velocity increased more than 70%. The velocity trend of
the low-porosity sample under low pressure was similar to that of the high-porosity
sample, but the velocity hardly increased under high pressure, and the P-wave velocity
generally increased less than 50%. When the pore pressure increased to 60 MPa, the P-
and S-wave velocity decrease of the high-porosity sample was significantly greater
than that of the low-porosity sample. The P-wave velocity decreased by more than
8.5%, and by less than 6% for the low-porosity sample. Under high temperature
(150 °C), the P-wave velocity of the high-porosity sample decreased by more than 7%,
and that of the low-porosity sample decreased by 4%.

Mineral composition also had certain influence. Under the high confining pressure
of 60-120 MPa, the P- and S-wave velocity of the low-clay-content sample gradu-
ally slowed down with the increase of pressure, and P-wave velocity increased by



Energies 2022, 15, 2615

16 of 18

16%, while the velocity of the high-clay-content sample still maintained a large in-
crease range, and P-wave velocity increased by more than 20%. When pore pressure
increased to 60 MPa, the P- and S-wave velocity of the high-clay-content sample de-
creased more than that of the low-clay-content sample, the P-wave velocity decreased
more than 7%, and the P-wave velocity of the low-clay-content sample decreased less
than 4.5%. Under high temperature (150 °C), the P- and S-wave velocity decrease
of the high-clay-content sample was significantly higher than that of the low-clay-
content sample. The P-wave velocity of the high-clay-content sample decreased by
more than 21%, and that of the low-clay-content sample decreased by 14%.

3. The false bright spot and dark spot gas reservoirs of seismic data in Yinggehai basin
were related to the differences of pores, clay content, pressure, and temperature of the
upper and lower formations. High porosity and clay content formation easily caused
abnormal P- and S-wave velocity reduction under high-temperature and overpressure
conditions and easily caused a velocity rise under high confining pressure conditions.
The velocity difference caused the change of impedance to form the phenomenon of a
false bright spot or dark spot gas reservoir.

4. The coefficient of PT reflected the sensitivity of pores and skeleton to pressure and
temperature. According to the change of PT coefficient, a modified P-wave velocity
prediction method was proposed in this paper.
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Appendix A.
Appendix A.1. Voight/Reuss and the V-R-H Model

The Voigt and Reuss model [36] provides the upper and lower limit of the elastic
modulus of the equivalent medium. The formulae are as follows:

N 1_ Yo
Ky =Y KixVi Ko =Y K"V,
i=1 i=1 (Al)
N 1 &
Uy = Y Ui V; Vi =Y u *V
i=1 i=1
Hill [37] regarded the arithmetic average of the above two models as the equivalent

elastic modulus of the medium:
K = K\/;KR

(A2)
+
§= By 5 KR
where K; and u; represent the bulk modulus and shear modulus of each component, V;
represents the volume content of each component, K, and u, represent the upper limit of
bulk modulus and shear modulus of medium, K and V}, represent the lower limit of bulk
modulus and shear modulus of medium, and K and u represent the bulk modulus and

shear modulus of medium.
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Appendix A.2. Hashin—Shtrikman Averaging

The upper and lower limits of equivalent modulus by defining stiffer pore shape and
soft pore shape are given as [38]:

KHS+ — Kl + — f2 7 —
(K2—Ky) " +f1(Ki+3m) (A3)
VHS+ =p1+ - f22 K12
(H2—p1) 1y 2hK ),

Sup(Ky+5 1)

where f1 and f, represent the volume content of each component, K; and K, represent bulk
modulus of each component, and y; and yy represent shear modulus of each component.
The formula determines the upper and lower limits by determining the stiffer and soft of
the two components.

Appendix A.3. Different Effective Medium

The different effective medium (DEM) model assumes that the background matrix is a
solid phase, continuing to add the containing phase into the background matrix until the
component content reaches the theoretical value. The formula is given by Berryman [39]:

(1= H K W) = (K~ KIPE ) »
(1 =) g5 1 )] = (p2 = ) Q" (y)

where y represents volume content of inclusion, K* represents bulk modulus of mixture,
u* represents shear modulus of inclusion, K; represents bulk modulus of inclusion, y»
represents shear modulus of inclusion, and P(*2) and Q(*z) represent the influence factor of
changing the shape of inclusion.
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