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a b s t r a c t

The carbonate reservoirs in the Ordovician Majiagou Formation of the Ordos Basin have undergone
complex geological evolution, resulting in high-quality dolomite reservoirs that exhibit strong hetero-
geneity. Neglecting the fundamental factor of reservoir genetic mode, conventional rock physics ex-
periments cannot accurately determine the seismic elastic responses of the target rock. Here, a set of
carbonate samples from different sedimentary environments were selected elaborately based on
geological and logging data. Subsequently, systematic petrological and rock physics measurements were
conducted to investigate the variation of rock physics properties from both macro-geological and micro-
structural perspectives. The measurement results illustrate that the microstructures in carbonate rocks
are influenced by tectonic-sedimentary patterns and sea level fluctuation. Various rock types are
observed: pore type dolomitic gypsum, argillaceous dolomite, and microcrystal dolomite in restricted-
evaporative lagoon environments; dissolved pore type and crack-dissolved pore type dolomite in
mound-shoal environments; and dissolved pore type gypsum dolomite in platform flat environments.
Furthermore, the mineral components as the load-bearing frame and the pore structure jointly control
the elastic properties. Samples with the same lithology exhibit similar load-bearing frames, leading to a
strong statistical relationship between VP and VS. Concerning the pore structure, dissolved pores formed
by atmospheric freshwater dissolution during the penecontemporaneous period have high stiffness,
minimally affecting the elastic properties of reservoirs. Conversely, the lower stiffness of microcracks
resulting from tectonic rupture significantly decreases the P-wave impedance and Poisson's ratio of dry
samples, while increasing the Poisson's ratio of water-saturated samples. These findings enable the ac-
curate recognition of the seismic elastic characteristics of high-quality dolomite reservoirs in mound-
shoal environments, thus providing a rock physics experimental basis for improving the precision of
seismic reservoir prediction in the study area.
© 2024 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Abundant hydrocarbon resources are distributed in onshore
marine carbonate rocks in western China. Large or super large oil
and gas fields such as Anyue, Tahe, and Jingbian have been found in
marine carbonate strata of the Sichuan Basin, Tarim Basin, and
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Ordos Basin, respectively (Ma et al., 2017; Zou et al., 2023). None-
theless, challenges of increasing oil and gas reserves and stabilizing
production remain key issues restricting the development of
China's petroleum industry, necessitating a new round of hydro-
carbon exploration technology revolution. As a crucial stratum in
natural gas exploration, the fifth member of the Ordovician
Majiagou Formation (M5) in the Ordos Basin, characterized by a
carbonate-gypsum salt rock combination sedimentary system, has
garnered significant attention over time. Previously, the primary
exploration target was considered to be the weathered crust res-
ervoirs in the upper part of M5 (Fang et al., 2009; He et al., 2013; Li
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et al., 2022), while the exploration in M5 beneath the gypsum salt
layer (M5 subsalt) was relatively limited (Yang et al., 2014). How-
ever, recent exploration wells in the JingbianeYan'an area of the
Ordos Basin have obtained industrial gas flow in dolomite of the M5
subsalt interval, demonstrating the significant natural gas explo-
ration potential and promising exploration prospects of the marine
carbonate reservoirs within the M5 subsalt (Yu et al., 2018). This
highlights the M5 subsalt as a crucial target for finding new favor-
able exploration zones and natural gas enrichment areas.

The M5 subsalt in the Ordos Basin comprises dolomite and
gypsum salt, with the gypsum salt layers playing a crucial role in
the formation of reservoirs and oil and gas traps. Thus, geologists
have progressively investigated the tectonic-sedimentary features,
formation conditions, and reservoir formation mechanisms
(Ehrenberg, 2006; Chen et al., 2019). Studies have revealed that the
carbonate reservoirs of Majiagou Formation underwent a long and
intricate geological process, with the tectonic-sedimentary pat-
terns and subsequent diagenetic types determining the develop-
ment of the carbonate reservoirs. During the Ordovician Majiagou
age, the tectonic-sedimentary patterns of the Ordos Basin featured
large uplifts and depressions, with high-energy grain shoals in the
low uplift zone. In the subsequent diagenetic stage, high-quality
dolomite reservoirs formed through constructive diagenesis, such
as dolomitization, supergene dissolution, and tectonic activities
(Yao et al., 2015, 2016; Fu et al., 2019; Xiong et al., 2019). Clearly,
rock properties such as texture, mineral compositions, porosity,
pore types, and organic contents are controlled by these complex
geological processes, and then affect the elastic properties of car-
bonate reservoirs (Kenter et al., 1997; Brigaud et al., 2010; Zhao
et al., 2013; Abdlmutalib et al., 2019; Teillet et al., 2021; Sharifi,
2022). As an essential tool for predicting hydrocarbon distribu-
tion in carbonate reservoirs using seismic attributes, seismic rock
physics study can provide critical physical mechanism under-
standing and constraints for quantitative seismic interpretation of
reservoirs. These findings have been successfully applied to seismic
exploration. However, systematic rock physics experiments on the
carbonates of the M5 subsalt in the Ordos Basin are deficient, and
existing studies focus on the microscopic rock structures without
effectively integrating the concept of macro-geological processes
controlling rock characteristics. As a result, variations of seismic
elastic properties in the region cannot be accurately demonstrated,
since rock physics characteristics are summarized through simple
experiments without considering the overall control of sedimen-
tary differentiation on rock properties.

On this basis, a set of the M5 subsalt samples from different
sedimentary environments in the Ordos Basin were selected. Then,
the ultrasonic velocities (VP and VS) of samples were measured
under simulated reservoir pressure conditions, and differences of
petrological characteristics caused by the tectonic-sedimentary
pattern were determined. Next, the controlling effects of geolog-
ical factors on rock physics properties were discussed. An evolution
relationship among sedimentary environment, rock characteristics,
and seismic elastic response characteristics is established through
velocity response comparisons, providing more accurate geological
indications of seismic rock physics properties. This work positively
impacts the expansion of seismic rock physics research and im-
proves the accuracy of seismic and logging evaluations.

2. Geological background

The Ordos Basin is a rectangular multi-cycle superposed basin
with an area of about 3.7 � 105 km2 (Fig. 1(a)). During the Ordo-
vician Majiagou age, a large 'L' shaped uplift in the southwestern
part of the basin was formed by the subsidence and spreading of
the Helan Rift Valley and the shoulder warping, i.e., the Central
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paleouplift. To the east of the basin, the North Shaanxi depression,
with Mizhi-Yan'an as the subsidence center, was formed due to
equilibrium adjustment (He et al., 2009; Xi et al., 2023). The
Yimeng uplift and Weibei uplift bound the northern and southern
parts respectively, establishing a paleotectonic pattern character-
ized by alternating uplifts and depressions. The study area is situ-
ated in the transition zone between the North Shaanxi depression
and the Central paleouplift, featuring relatively flat sedimentary
paleogeomorphology. Furthermore, the arid climate during the
Majiagou period, combined with the barrier effect of paleoland and
peripheral uplifts, led to a rhythmic interbedded sedimentary
model comprising carbonate (predominantly dolomite) and gyp-
sum salt rock. Vertically, theM5 is divided into 10 submembers, and
M5 subsalt reservoirs usually refer to the sixth submember of M5
(M5

6) to the tenth submember of M5 (M5
10), as shown in Fig. 1(c).

Additionally, controlled by multi-stage secondary sea-level fluctu-
ation and salinity oscillation of sedimentary water, the lithology
and sedimentary characteristics of each M5 subsalt submember
exhibit obvious different. During the sedimentary period of M5

6, M5
8,

and M5
10, sea levels decreased, leading to the predominant devel-

opment of evaporite rocks, particularly thick gypsum salt rock,
interspersed with argillaceous carbonate rock (Xia et al., 2007;
Huang et al., 2014). These formations serve as important source
rocks and cap rocks for subsalt reservoirs. Conversely, sea levels
rose during the sedimentary periods of M5

7 and M5
9, resulting in

widespread development of carbonate rocks alongside evaporative
rock sequences, which also represent target areas for high-quality
natural gas reservoirs (Xi et al., 2017).

3. Sample description and rock physics measurements

Samples used in all experiments were drilled from target
exploration strata in the central Ordos Basin (Fig. 1(b)). To ensure
the experimental results are representative, a sufficient number of
samples were taken from well of T58, Jt1, J5, and Sh473 (detailed
coring well distribution is shown in Section 4.1), covering the main
rock types developed in each sedimentary environment of the
study area. A total of 101 one-inch (25.4 mm) plugs were drilled. All
plugs were cut to an average length of 50 mm, and the end faces
were ground to a tilt of less than 0.01 mm. Additionally, parts of
each plug were used to make thin sections for mineral composition
analysis, ensuring quality and thickness according to experimental
standards. The porosity was measured with a helium porosimeter,
with a measurement range of 0.01%e40%. Here, a plot of porosity
for the M5 subsalt carbonate as a function of confining pressure is
provided (Fig. 2). The porosity decreases slightly with the increase
of confining pressure (a decrease of about 5%), likely due to the
rigidity of the carbonate rock skeleton. Therefore, when measuring
the porosity of all samples, the influence of confining pressure on
the porosity was ignored in order to simplify the experimental
procedure, and the confining pressure was set to 40 MPa.
Furthermore, the mineralogical characteristics (mineral composi-
tion) were quantitatively identified using X-ray diffraction tech-
niques. Polarized optical microscopy was used to observe polished
thin sections of typical samples to analyze rock structure charac-
teristics. Finally, the VP and VS of samples were measured by ul-
trasonic pulse transmission technique. The peak frequencies of the
compressional wave (P-wave) transducer are 800 kHz and 350 kHz
for the shear wave (S-wave) transducer. Velocities were calculated
by using the ratio of sample length and travel time. For measuring
the acoustic velocities of dry and saturated samples in the labora-
tory, all samples were placed in an oven (70 �C) for more than 72 h
and then exposed to humid air (50%e60% humidity) for about 48 h,
reaching dry condition (about 2%e3% moisture content) required
for the experiment. Subsequently, samples were placed in a
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container with 3% NaCl solution (to avoid potential chemical re-
actions) and stored under vacuum conditions for at least 24 h to
ensure saturation. During themeasurement, the confining pressure
was gradually increased (0, 2, 5, 10, 20, 30, 40, and 50 MPa) to the
pressure value corresponding to the average depth of the M5 sub-
salt. Each sample was measured after reaching the preset confining
pressure value for 30 min to ensure uniform pressure distribution.
According to the error analysis method proposed by Yin (1992) and
Hornby (1998) for ultrasonic pulse transmission experiments, the
maximum absolute error in the measurement is

DV ¼ DL
tM � tT

þ 2L
Dt

ðtM � tTÞ2
(1)

where L is sample length, tM is the measured travel time through
the sample, tT is a reference travel time from the head-to-head
measurement, Dt is the error in the travel time picks, and DL is
the magnitude of the error in the sample length measurement.
Fig. 3 shows representative waveforms for the compressional wave
(P-wave) and shear wave (S-wave), with first zero-crossing arrival
times chosen. To estimate errors, a typical sample length of 50 mm
was considered, with a precision of sample length measurement of
0.2% or 0.1 mm. For P-wave propagation, a typical value for (tM � tT)
is 8 ms, with a precision of travel time picking equal to the sampling
rate of 0.02 ms. Consequently, the absolute error of the velocity
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Fig. 3. Representative ultrasonic waveforms for (a) the compressional wave and (b) the shea
on the waveforms (crosses).
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measurement was estimated 47 m/s, and the relative error in the
velocity estimation of approximately 0.8 percent for a P-wave
propagating at a velocity of 6200m/s. Similarly, the relative error in
VS estimation is approximately 1.2%. Based on the above experi-
ments, we analyzed the variation of rock physics properties of
carbonate reservoirs in the M5 subsalt within the geological
framework.
4. Results and analysis

4.1. Petrological characteristics

The restricted-evaporative epicontinental sea carbonate plat-
form developed widely during the M5 sedimentary period under
the backdrop of large-scale regression (Fu et al., 2019). Based on
differences in mineral composition, lithology, and texture of car-
bonate samples, and referencing the lithofacies paleogeography of
the Majiagou age in the Ordos Basin (Feng and Bao, 1999) and the
sedimentary model of each submember in M5 (Xi et al., 2017), the
sedimentary environments of the M5 subsalt carbonate rocks in the
study area are divided into four types: restricted-evaporative
lagoon, intra-platform shoal, microbial mound, and platform flat
(Fig. 4).

1 Restricted-evaporative lagoon: This type is located in the un-
derwater low-lying area within the platform and is widely
distributed in the study area. It is mainly found in M5

6, M5
8, and

M5
10 (with a small amount of development in M5

7 and M5
9), and

develops dolomitic gypsum and microcrystal dolomite
(Fig. 5(a)e(d)). The anhydrite content of the dolomite gypsum is
about 50%e80%, and light gray-gray white rhythm stripes are
visible in most samples. The anhydrites (with a size of about
0.02 mm � 0.15 mm) are mostly distributed in a plate-like or
needle-like radial patterns under the microscope. The micro-
crystal dolomite is mostly beneath the dolomitic gypsum, which
is light gray-dark gray dense massive in macroscopic view. The
dolomite content is high, and the anhydrite content is very low
(less than 5%). Moreover, the grain diameter of dolomite is
usually less than 5 mm, and grains are densely embedded in
contact. In addition, the rocks developed in this sedimentary
type often contain a certain amount of clay, and dark horizontal
argillaceous stripes can be seen locally under the microscope.

2 Intra-platform shoal: This type is located in the underwater
positive landform uplift areas within the platform and
frequently occurs in the target zone. It is mainly found in M5

7 and
M5

9 and develops sparry sand-debris dolomite and crystalline
dolomite (Fig. 5(e), (f)). The sand debris content is 60%e75%,
with better sorting and rounding, and most particles are sub-
rounded to rounded. The sand debris is mostly in point-line
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contact, filled with bright crystalline dolomite or asphalt. The
dolomite content of crystalline dolomite is usually more than
90%, and powder crystal or fine crystal dolomite is idiomorphic-
hypidiomorphic and closely inlaid.

3 Microbial mound: This type is mostly on the grain shoal or
associated with the grain shoal, and a large number of micro-
bials were developed. Drilling results show that this type is
widely developed in M5

7 and M5
9. It mainly develops clotted

dolomite, composed of reticular or clustered dark condensates
and sparry dolomite cements (Fig. 5(g)). More precisely, the
compositions of clots are microcrystal dolomite, and a small
amount of anhydrite is distributed in the clot. The cementing
materials between clots are mainly the bright crystal dolomite.
Owing to the distribution and hydrodynamic conditions of mi-
crobial mounds and intra-platform shoals are similar, we
collectively refer to these two types as the mound-shoal envi-
ronment in the subsequent rock physics analysis.

4 Platform flat: This type is mostly above the grain shoal or mi-
crobial mound in the vertical direction and is frequently
developed in the study area. Stromatolite dolomite and gypsum
karst breccia are the most common rock types in the platform
flat (Fig. 5(h) and (i)). Stromatolite dolomite is characterized by
the repeated alternation of dark algae-rich layers and bright
algae-poor layers, mostly horizontal and microwave-like in
3969
morphology. The dark layers are composed of algae-rich micrite
dolomite, with high organic matter content. The bright layers
are composed of mud powder crystal dolomite and anhydrite
crystal, with a thickness of 1e5 mm. The main component of
gypsum karst breccia is anhydrite, and milky white breccias
with various shapes (square, triangle, or irregular diamond) can
be observed. Most of the breccias are filled with gray-brown
calcite or black clay related to leaching and infiltration.
4.2. Pore spaces and physical properties

The pore types of the M5 subsalt carbonate samples in the study
area are extremely complex. Main types include inter-crystalline
pores, inter-crystalline dissolved pores, inter-granular dissolved
pore, intra-granular dissolved pore, gypsum mould pore, filling
residual vug, and micro crack, as summarized in Fig. 6.

1 The inter-crystalline pore and inter-crystalline dissolved pore:
The inter-crystalline pores are mainly developed in the crys-
talline dolomite with higher euhedral degree, and pores are
formed by point contact or lap contact between grains. Most of
them are irregularly serrated and have good connectivity. The
pore size ranges from 0.05 mm to 0.5 mm.Moreover, affected by
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the later burial dissolution, the areas with better physical
properties can further form inter-crystalline dissolved pores,
and the pore edge is harbor-shaped. They are an important
nature gas reservoir space in the M5 subsalt, which are often
developed in the powder-fine crystal dolomite (Fig. 6(a)).

2 The inter-granular and intra-granular dissolved pore: These
types are the product of the penecontemporaneous atmospheric
freshwater dissolution, mostly irregular and often developed in
the sand-debris dolomite. Affected by the late diagenesis, some
pores are filled or semi-filled with anhydrite, authigenic quartz,
or fine-medium crystal dolomite cements (Fig. 6(b)).

3 Gypsummould pore: These pores can be divided into two types.
The first type was formed by the penecontemporaneous disso-
lution. The pores still retain the original anhydrite morphology
because the anhydrite columnar crystals associated with the
crystalline dolomite were only dissolved early (Fig. 6(c)). The
second type was formed by the metasomatism of calcite in the
burial period, and pyrite was developed around pores.
3970
4 Filling residual vug: This type results from strong pene-
contemporaneous exposure and dissolution of sediments in
high-energy mound-shoal environments, and bedding-
distributed vugs with a diameter of 2e10 mm can be seen on
cores (Fig. 6(d)). Most of vugs are disorderly filled by various
types of collapsed breccia.

5 Micro crack: The Ordos Basin experienced multi-stage tectonic
activities after the Majiagou age. Although tectonic ruptures
should form a fracture system to improve reservoir seepage
capacity, the frequency and scale of tectonic fractures in the
study area are small, andmost are filled with deposits (Fig. 6(e)).
This phenomenon may relate to the suspension uplift and
decompression effect caused by the symbiotic combination of
gypsum-salt and carbonate (Xia et al., 2009). The fracture types
here are mainly small irregular dissolved cracks (core-scale
microcracks), which have little reservoir significance and only
slightly increase local permeability (Fig. 6(f)).
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The pore type trends are also considerably correlated with the
sedimentary environment. Four pore type combination are classi-
fied in accordance with the differences in the development char-
acteristics of rock reservoir space, namely, crack-dissolved pore
type, dissolved pore type, crack-pore type, and pore type. The
crack-dissolved pore type and dissolved pore type are mainly
developed in the samples come from the mound-shoal and the
platform environment, and the dissolved pores are connected by
straight or curved microcracks of different scales. While the crack-
pore type and pore type are mainly developed in samples come
from the restricted-evaporative lagoon environment, and the con-
nectivity between pores is relatively poor.

The porosity measurement result shows that the porosity of the
M5 subsalt samples is 0.7%e8.9%, but a simple positive or negative
correlation between the porosity and the mineral components
content is not acquired. However, when displaying the sedimentary
environment and lithological variations, we observe a clear clus-
tering of the data (Fig. 7). This correlation reflects the control of the
tectonic-sedimentary pattern on the primary pores and then the
positive effect of dolomitization on the pore space preservation.
After the accumulation of grain shoal, original pores were formed
between the grains, and the porosity was generally as high as 40%e
60% (Zhou et al., 2015). Subsequently, the porosity decreased
rapidly by cementation, but it still provided an essential basis for
the formation of high-quality reservoirs. Compared with calcite,
dolomitewith higher hardness can effectively resist themechanical
compaction caused by the overlying sediments. Thus, the sedi-
ments were dolomitized and the pores were largely protected
under the penecontemporaneous Sabkha dolomitization and
seepage-reflux dolomitization. These geological factors eventually
result in relatively higher porosity of dolomite samples in high-
energy environments. On the contrary, some samples developed
in the lagoon environment show a data feature of low porosity and
high dolomite content, which reflects that the low water energy
resulted in low deposition rate, small granular size, and relatively
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low original porosity. Although early dolomitization was also
widespread in these sediments, the anti-compaction ability was
limited and the pore was obviously destroyed. Moreover, original
sediments were not exposed to the atmospheric freshwater, and
dissolution transformationwas veryweak. Different from dolomite,
a weaker correlation between the porosity and dolomite/anhydrite
content of gypsum rock samples can be observed (Fig. 7(b)).
However, the porosity of samples developed in the platform flat is
significantly greater than that in the lagoon, which also reflects the
crucial role of atmospheric freshwater dissolution transformation
on reservoir quality under the control of tectonic-sedimentary
pattern. As mentioned above, the gypsum rocks deposited in the
low-energy lagoon (lower part of the landform) lack the stage of
exposure to freshwater, the pores are not developed, and the
porosity is generally low. While the gypsum rocks developed in the
platform flat were located in the high part of the landform during
the sedimentary and early diagenetic stages. The gypsum sub-
stances (solubility is much greater than dolomite) in the sediments
were dissolved in the short-term exposure process to form gypsum
mould pores, owing to the multi-period transgression-regression
cycles (sub-level) in the penecontemporaneous stage (Xi et al.,
2017). Although partially filled in the late stage, those gypsum
mould pores are still the unique reservoir space of the M5 subsalt
reservoirs.

4.3. Density characteristics

The bulk density of theM5 subsalt samples displays awide range
of values from 2.58 g/cm3 to 2.97 g/cm3, and density and anhydrite
content present a strong correlation. The fundamental reason for a
positive correlation between density and anhydrite is that the main
minerals (anhydrite: 2.98 g/cm3, dolomite: 2.87 g/cm3, clay: 2.60 g/
cm3; according to Mavko et al. (2009) of the M5 subsalt samples,
especially anhydrite crystals. A negative correlation between den-
sity and porosity is also clearly observed, which is consistent with
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the existing understanding that density is a decreasing function of
porosity. Fig. 8 also shows the evolution of density is marked by
several trends along with the depositional environment. According
to the described results in Sections 4.1 and 4.2, the samples
developed in the lagoon are mainly affected by the mineral
composition because the penecontemporaneous dissolution is
extremely weak (porosity is mostly below 2%). In view of this, we
can observe that the porosity has almost no substantial effect on
the density value. The data of these samples are distributed in two
different regions with the rapid change of anhydrite content.
Conversely, the samples come from the platform flat environment
and mound-shoal environment were affected by strong dissolution
during the penecontemporaneous period, and secondary pores
were developed, as a result, the density decreases with the increase
of porosity. Moreover, the samples developed in the platform flat
tend to have the higher density for a given porosity, since gypsum
materials were mostly deposited in the platform environment with
high-salinity seawater.
2.5 2.6 2.7 2.8 2.9 3.0
0

15

30

45

60

75

90

Dolomitic gypsum (lagoon)
Gypsum dolomite (paltform flat)
Dolomite (mound shoal)
Dolomite (platform flat)
Dolomite (lagoon)

An
hy

dr
ite

, %

Density, g/cm3

0

1

3

4

5

6

8

9

10
Porosity, %

Dissolution incr.

An
hy

dr
ite

 in
cr.

Fig. 8. Density response for the M5 subsalt samples with change of anhydrite and
porosity.

3972
4.4. Seismic elastic characteristics

According to the mineralogy and pore characteristics of samples
developed in different sedimentary environments, the samples
collected in this experimental study are divided into six types: pore
type dolomitic gypsum rock, dissolved pore type gypsum dolomite,
pore type argillaceous dolomite, pore type dolomite, dissolved pore
type dolomite and crack-dissolved pore type dolomite. In this
section, the variation laws and controlling factors of elastic prop-
erty response of the M5 subsalt carbonate reservoir are analyzed by
applying these classifications.

4.4.1. Velocities versus confining pressure
The response of measured P- and S-wave velocities to confining

pressure is controlled by the combination type of pore structure.
Two variation pathways of the P- and S-wave velocities of dry
carbonate rock samples increase with increasing pressure are
observed in Fig. 9: (1) the P- and S-wave velocities increase
significantly in the low-pressure interval and slowly in the high-
pressure interval, (2) the P- and S-wave velocities increase gradu-
ally at a stable rate. A suitable explanation is the high-pressure
sensitivity of microcracks or intergranular cracks. The crack-
dissolved pore type samples mostly correspond to pathway (1).
During the progressive loading process, the flat cracks with smaller
stiffness tend to be closed, resulting in a significant increase in
velocity. Then the microcracks are completely closed in the high-
pressure range (the equiaxed or ellipsoidal pores are less sensi-
tive to pressure), and the velocities increase steadily. The pore
elastic properties of the pore type sample or the dissolved pore type
sample are relatively uniform, so the velocity response mode cor-
responds to pathway (2), which is similar to the change after the
critical pressure (approximately 30 MPa) of pathway (1). In the
water-saturated samples, the compressibility of microcracks can be
decreased by filling fluid, resulting in a weakening of the velocity
pressure effect. Thus, a trend consistent with that of the dry sample
can be observed in Fig. 9(c), (b), but the rangeability is relatively
narrow. In contrast, the obvious change in the velocity pathway of
the pore type argillaceous dolomite is not observed, except for the
overall decrease in the velocity value. This indicates that the min-
eral composition has little effect on pressure.

4.4.2. VP and VS relationship
Fig. 10 shows the VP and VS relationship of the M5 subsalt

samples under the reservoir pressure condition. For comparative
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purposes, the ultrasonic velocities (VP & VS) data of M5
5 limestone

and VP and VS relationships of the saturated limestone and dolomite
(hereafter referred to as “limestone line” and “dolomite line”;
Pickett, 1963) are drawn in Fig. 10. Obviously, when samples are
discriminated by their lithology on the crossplot of VP and VS, the
data distribution displays a good correlation. This clear clustering
appears can be explained by load-bearing frame. The elastic prop-
erties of same lithology samples are highly similar, because their
similar load-bearing frame. On the contrary, the obvious change in
load-bearing frame type of different lithology samples contributes
to the downward or upward migration of VP and VS relationship
(Fig. 10(a)). Moreover, when displaying pore structure, crack-
dissolved pore type dolomite samples deviate from the dolomite
line. For the pore type, dissolved pore and crack-dissolved pore type
dolomite samples, the load-bearing frame are basically dolomite
grains. At this point, velocities of rock medium are less affected by
other minerals, and the VP and VS relationship is close to the
dolomite line. Under the dry condition (gas-saturated), the micro-
cracks with minimal stiffness have a dramatic decrease in VP,
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resulting in a downward deviation of the data from the dolomite
line. Instead, the VP and VS relationship of pore type and dissolved
pore type dolomite samples has not changed significantly because
the effects of pores or dissolved pores on the VP and VS are similar.
Under the water-saturated condition, the stiffness of soft pores
increases significantly, and the dispersion effect caused by squirt
flow is superimposed. And that is why the increase of VP is signif-
icantly greater, and the distribution of crack-dissolved pore type
samples to deviate upward from the dolomite line.
4.4.3. The change in P-wave impedance and Poisson's ratio
The change in P-wave impedance and Poisson's ratio of the M5

subsalt samples are also controlled by mineral composition, pore
structure and pore fluid. Fig. 11(a) shows that the P-wave imped-
ance of argillaceous dolomite, gypsum dolomite, limestone and
dolomite with the same pore structure type increases gradually,
and the Poisson's ratio of gypsum dolomite, dolomite, limestone
and argillaceous dolomite increases gradually, which is consistent
with the change trend of mineral elastic properties. In detail, the
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major minerals as load-bearing frame exhibit specific regularity in
their elastic properties. According to the rock physics handbook
(compiled by Mavko et al., 2009), the P-wave velocity: clay
(3400 m/s) < anhydrite (6010 m/s) < calcite (6640 m/s) < dolomite
(7340 m/s), velocity ratios (VP divided by VS): anhydrite
(1.80) < dolomite (1.85) < calcite (1.93) < clay (2.09). Generally,
multiple load-bearing frame types may be developed in one sam-
ple, and hence the contribution of each type is difficult to be
quantitatively analyzed. However, a positive correlation exists be-
tween the development ratio of load-bearing frame and the min-
eral content. It is appropriate to approximate the effect of the type
of load-bearing frame on the elastic properties to that of the
3974
mineral composition. One interesting observation is that the P-
wave impedance and Poisson's ratio of partial dry crack-dissolved
pore type samples are even lower than those of dolomitic gyp-
sum rocks, indicating that the effects of microcracks on elastic
properties are possibly principal. Furthermore, as mentioned in
Section 4.4.1, soft pores have different effects on VP and VS with the
change of fluid properties. Affected by increase of microcracks, the
P-wave impedance and Poisson's ratio of dry samples gradually
decrease, and the P-wave impedance of water-saturated samples
decreases while Poisson's ratio increases (Fig. 11(b)). Overall, from
the perspective of reservoir seismic prediction, the change in P-
wave impedance and Poisson's ratio can be utilized to identify gas-
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bearing crack-dissolved pore type dolomite, dissolved pore type
dolomite and dissolved pore type gypsum dolomite. The com-
monality of these types of reservoirs is that they were transformed
by atmospheric freshwater dissolution during the pene-
contemporaneous period.

4.4.4. The change in porosity and ultrasonic velocity
Fig. 12 displays that the ultrasonic velocities (VP& VS) of samples

decrease with the increase of porosity as awhole, but also the trend
of each type is obviously different. Owing to the porosity of pore
type samples is extremely low, and the pore types are relatively
single, the elastic properties of minerals are the primary factor
causing a significant change in the ultrasonic velocities. Alterna-
tively, the ultrasonic velocities of dolomite samples with relatively
single composition also show great variation under the same
porosity. The maximum differences between crack-dissolved pore
type and dissolved pore type dolomite (the lowest red circle to the
highest yellow triangle in Fig. 12) are close to 1300 m/s (VP) and
550 m/s (VS), respectively. Here the ultrasonic velocities change of
samples can be considered to be mainly determined by pore
structure, rather than porosity. In order to quantitatively analyze
the effects of mineral composition and pore structure on P- and S-
wave velocities, the differential equivalent medium (DEM) model
(Berryman, 1992) is used to calculate the porosity-velocity change
relationship under different schemes of composite minerals and
pore aspect ratios as shown in Fig. 12. According to this method, the
equivalent bulk modulus K* and shear modulus m* of rock can be
calculated by the following formula:

8>><
>>:

ð1� 4Þ d
d4

½K*ð4Þ� ¼ 1
3
ðKi � K*ÞT1ð4Þ

ð1� 4Þ d
d4

½m*ð4Þ� ¼ 1
5
ðmi � m*ÞT2ð4Þ

(2)

The initial conditions are K*(0) ¼ K0 and m*(0) ¼ m0, which
represent the bulk modulus and shear modulus of the mineral
matrix. Here, K0 and m0 are obtained by mixing minerals with
different volume fractions using the Reuss-Voigt-Hill average
model (Mavko et al., 2009). 4 is the total porosity of samples, and a

is the pore aspect ratio. Ki and mi are the bulk and shear modulus of
the inclusions (dry cracks and pores), respectively, which can be
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simulated by setting them to zero. T1 and T2 are the geometric
factors of inclusions, which are related to the aspect ratio (a) of
inclusions. The setting schemes of composite minerals and pore
aspect ratios for model lines in Fig. 12 are given in the following.

Black dotted line: 90% dolomite and 10% calcite with a ¼ 0.01,
0.05, 0.1, 0.2, and 0.8, respectively.
Red solid line: 15% clay and 85% dolomite with a ¼ 0.2 (inter-
granular pores).
Blue solid line: 75% anhydrite and 25% dolomite with a ¼ 0.8
(dissolved pores).

After the elastic modulus is obtained, the VP and VS of dry con-
dition can be further calculated:

8>>><
>>>:

VP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K* þ ð4=3Þm

r

s

VS ¼
ffiffiffi
m

r

r (3)

where, r is the density of rock. The pore type and dissolved pore
type dolomite samples are mostly distributed above the black
dotted line of a ¼ 0.1. While the crack-pore type dolomite samples
are mainly distributed below the black dotted line of a ¼ 0.1, and
gradually move closer to the black dotted line of a ¼ 0.01 with the
increase of microcracks. Affected by the elastic properties of min-
erals, pore-type dolomite and dissolved pore-type dolomite sam-
ples are mainly concentrated near the blue solid line of a¼ 0.8, and
pore-type argillaceous dolomite is mainly concentrated near the
red solid line with a ¼ 0.2. According to the matching relationship
between the experimental data and model lines, the lithology and
pore characteristics of rocks can be determined, and the analysis
results are supported by rock mineralogy and pore structure char-
acteristics in Sections 4.1 and 4.2. In summary, the mineral
composition of rock load-bearing frame and pore structure control
the seismic elastic characteristics of the M5 subsalt samples, with
porosity playing a secondary role. In the seismic prediction, the
effects of lithology and pore structure on velocities should be
distinguished, so as to improve the accuracy and precision of gas-
bearing carbonate reservoir prediction.
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5. Discussion

5.1. Response of rock microscopic characteristics for geological
factor

Following a thorough analysis of all properties available, the
microscopic characteristics closely related to the sedimentary-
diagenetic environment control macroscopic rock physics proper-
ties of rock medium. Therefore, for purpose of further establishing
the relationship between geological factors and rock physics
properties, we analyzed the rock load-bearing frame characteristics
of samples under different sedimentary environment from the
geological process. This both gives geological significance to the
rock physics properties and reflects changes in reservoir charac-
teristics in the region. Typically, the sedimentary differentiation
caused by tectonic-sedimentary pattern controlled the original
sediment types and affected the subsequent diagenetic evolution
process.

1 Restricted-evaporative lagoon: The hydrodynamic conditions of
this type were relatively weak and the seawater salinity was
high because the water circulation was restricted. The lower
part developed microcrystal dolomite (Fig. 12(a)), and the upper
part developed dolomitic gypsum (Fig. 13(g), (h)). The unique
layered component stripes were formed under the influence of
frequent transgression and regression, and micrometer-scale
argillaceous stripes are distributed in the microcrystal dolo-
mite samples under the microscope. The argillaceous stripes are
dark, and the thickness of a single stripe is 0.05e1mm. Themain
minerals of the stripes are clay and microcrystal dolomite,
which are horizontally laminar or intermittent, with few cracks.
The mechanical properties of argillaceous stripes are controlled
by the elastic modulus of clay and dolomite minerals. While the
anhydrite layer and gypsum-rich stripes in dolomitic gypsum
rocks are frequently distributed interactively, with black argil-
laceous stripes locally. The mechanical properties of gypsum-
rich stripes are controlled by the mechanical properties of
anhydrite and microcrystal dolomite (major minerals). In addi-
tion, because the sediments were in a deep-water environment
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and were almost not exposed, dissolved pores and cracks were
not developed.

2 Mound-shoal: This type is characterized by relatively open
water environment, and the hydrodynamic conditions andwave
disturbances were strong, resulting in the vertical superposition
of granular shoals or microbial mounds. With the continuous
evaporation and sedimentation of gypsum salt rocks, high-
salinity brine rich in Mg2þ, driven by salinity differences,
passed through the early sediment areawith better porosity and
permeability. Microcrystal dolomite was formed under the
seepage-reflux dolomitization during this period. Moreover, the
mound-shoal was previously exposed several times, resulting in
the development of dissolved pores and cracks by atmospheric
freshwater leaching transformation. Subsequently, the subsalt
strata entered the burial stage, and the temperature and pres-
sure increased. The Mg2þ-rich fluid in the overlying Carbonif-
erous clastic rock was released, which provided conditions for
burial dolomitization, forming powder or fine-grained dolomite.
From the late Indosinian period to the early Yanshanian period,
the Upper Paleozoic coal-bearing source rocks entered a peak
period of hydrocarbon generation (Yang et al., 2014). The subsalt
strata directly contacted with source rocks laterally received
hydrocarbon acid fluids, and reservoirs with better porosity and
permeability were eroded by fluid flowing along fractures
(cracks) and connected pores. As a result, the fractures (cracks)
were expanded, and dissolved pores were developed along both
sides of the fractures (cracks). The dolomite crystals of reservoir
rocks developed in this sedimentary environment are tightly
inlaid with each other, and other minerals are basically not load-
bearing framework due to their low volume fraction. For this
reason, the mechanical properties of samples in the mound-
shoal environment are mainly controlled by pore structure
(Fig. 13(b), (c)).

3 Platform flat: This type also has a strong evaporation environ-
ment, and stromatolite dolomite were developed under the
control of microbial vital activities. The compositions of dark
layers are mainly microcrystal dolomite, and their mechanical
properties are similar to dolomite. While the compositions of
bright layers are composed of powder crystal dolomite and
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rbedded, locally intercalated with muddy stripe; (e) gypsum dolomite in platform flat,
ples; (f) gypsum dolomite in platform flat, intermittent gypsum dolomite layer; (g)
us dolomite in restricted-evaporate lagoon, intermittent muddy stripe.
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Fig. 14. Variation of VP and VS in different types of the M5 subsalt samples. (a), (b) showed effect of dolomite and porosity on VP and VS; (c), (d) showed effect of dolomite and
anhydrite on VP and VS; (e), (f) showed effect of dolomite and clay on VP and VS.
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anhydrite (as load-bearing frame), and their mechanical prop-
erties are controlled by the elastic moduli of anhydrite crystal
and dolomite crystal. Different from the gypsum-rich stripes in
the evaporative lagoon, the content of dolomite in bright layers
is higher and thus the mechanical properties of bright layers are
closer to the elastic modulus of dolomite crystal. Alternatively,
there is a greater probability that the platform flat located in the
3977
high part of landform was transformed by penecontempora-
neous atmospheric fresh water leaching. Many dissolved pores
are generated in stromatolite dolomite (Fig. 13(e), (f)), and
gypsum karst breccia also indicates that the rocks developed in
the platform environment experienced strong atmospheric
freshwater leaching and dissolution.



J.-Q. Wang, J.-X. Deng, Z.-H. Xu et al. Petroleum Science 21 (2024) 3965e3980
5.2. Links between rock types and rock physics properties

Fig. 14 displays the complex variation trend of VP and VS with
changes in dolomite content in different types of M5 subsalt sam-
ples. When the dolomite content of samples is less than 55%, the VP
and VS of pore type dolomitic gypsum and dissolved pore type
gypsum dolomite samples increase with increasing dolomite con-
tent. Conversely, when dolomite content is higher than 55%, pore-
type argillaceous dolomite shows a positive correlation between
elastic wave velocities and dolomite content. However, this linear
relationship is not found in pore type dolomite, dissolved pore type
dolomite, and crack-dissolved pore type dolomite.

To comprehend the variation characteristics of rock acoustic
properties, we simplify dolomitic gypsum rock, gypsum dolomite,
and argillaceous dolomite into a binary structure unit voxel
composed of overlapping stripes of different mineral components
(Fig. 15). In the samples with dolomite content less than 55%, li-
thology transitions from dolomitic gypsum to gypsum dolomite
with increasing dolomite content, while anhydrite decreases in
strong evaporation environments. The corresponding stripe char-
acteristics primarily show the evolution of anhydrite stripes from
continuous to intermittent (Fig. 15(d)). For the elastic wave prop-
agating in the vertical direction, the unit volume element of binary
structure is in an equal stress state. Consequently, the equivalent
Gypsum dolomite
(Platform flat)

Continuous stripes

Dolomite
load-bearing frame

Dolomite+anhydrite
load-bearing frame Intermittent stripes

Dolomite
(Restricted-evaporate lagoon)

Dolomite
(Mound sh

Pore type

Homogeneous
load-bearing frame

Homogeneous
load-bearing frame

Powder-fine
crystal dolomite
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+anhydrite

Powder-fine crystal
dolomite+anhydrite

Micrite dolomite

Fig. 15. Schematic diagram of rock characteristics of the M5 subsalt samples in different se
mound-shoal; (c) dolomitic gypsum in evaporate lagoon; (d) gypsum dolomite in platform
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elastic modulus can be simply regarded as the geometric average of
the volume ratio of the constituent stripes and their corresponding
equivalent elastic modulus, controlled by softer stripes (lower
elastic modulus). With continued increase in dolomite content, the
continuity of anhydrite stripes diminishes, transitioning from fully
stressed continuous stripes to partially stressed intermittent stripes
mixed with dolomite. A substantially equal strain state forms in
intermittent anhydrite stripes, allowing the equivalent elastic
modulus to be considered as the arithmetic average of the corre-
sponding elastic moduli of anhydrite and dolomite. Therefore, the
VP and VS of samples show an overall trend of increasing with the
increase in dolomite. For samples with similar composite minerals,
differences in the elastic characteristics of the rock load-bearing
frame are minor, and the VP and VS are mainly related to porosity.
Samples with high porosity (e.g., dissolved pore gypsum dolomite)
exhibit lower ultrasonic velocities, resulting in a layered distribu-
tion of VP and VS based on porosity (as indicated by the red dashed
box in Fig. 14(a)). In samples with dolomite content exceeding 55%,
lithologies are mostly argillaceous dolomite and dolomite. For
argillaceous dolomite, with the increase in dolomite, clay stripes in
the corresponding unit volume element evolve from fully stressed
continuous stripes to partially stressed intermittent stripes mixed
with dolomite stripes. As clay-rich stripes disappear, clays pre-
dominantly adhere to dolomite grain boundaries, constituting the
Argillaceous dolomite
(Restricted-evaporate lagoon)

Continuous stripes Intermittent stripes

Dolomite
load-bearing frame

Clay
load-bearing frame

oal)
Dolomitic gypsum
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Dolomite+anhydrite
load-bearing frameContinuous stripes

Anhydrite
load-bearing frame

Dissolved
pore type

Crack-dissolved
poretype

ClayAnhydrite Pore Crack

dimentary environments. (a) Dolomite in restricted-evaporate lagoon; (b) dolomite in
flat; (e) argillaceous dolomite in restricted-evaporate lagoon.
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rock load-bearing frame along with dolomite. However, the effect
of clay on the equivalent elastic properties is gradually weakened,
becoming closer to the elastic properties of dolomite. As a result,
the VP and VS of argillaceous dolomite samples show an overall
increasing trend with the increase in dolomite. Due to the notably
lower elastic modulus of clay compared to anhydrite, the ultrasonic
velocities of argillaceous dolomite samples are lower than those of
gypsum dolomite samples with similar pore structures. Addition-
ally, differences in elastic properties among component stripes
(especially continuous stripes) may induce higher velocity
anisotropy.

In contrast to dolomitic gypsum, gypsum dolomite, and argil-
laceous dolomite, the mineral compositions of dolomite samples
developed in the mound-shoal environment mainly consist of
dolomite, which is no longer the primary factor affecting ultrasonic
velocities. Differential changes in VP and VS of samples are
controlled by the intricate pore structure. Pore types in pore type
dolomite samples are singular, predominantly composed of resid-
ual inter-crystalline and inter-granular pores with high stiffness
(Fig. 15(a)). Furthermore, the equivalent elastic moduli of these
samples are less influenced by porosity since their porosity is
typically low. Crack-dissolved pore dolomite samples comprise
microcracks with lower stiffness and dissolved pores with higher
stiffness (Fig. 15(b)). Microcracks with lower stiffness significantly
decrease the equivalent elastic modulus of the rock medium,
causing a rapid decrease in VP and VS with increasing microcracks
(as indicated by the blue dashed box in Fig. 14(a)). Dissolved pores
have higher stiffness, exerting a lesser effect on the equivalent
elastic modulus of rock media compared to microcracks. None-
theless, the equivalent elastic modulus of mound-shoal dolomite
samples also decreases because of the significant development of
dissolved pores. Overall, the VP and VS of dolomite samples follow
the trend: pore type dolomite > dissolved pore type
dolomite > crack-dissolved pore type dolomite.

6. Conclusions

The rock characteristics of the M5 subsalt carbonate in the
central Ordos Basin are controlled by various complex geological
factors, leading to significant sedimentary differentiation. (1)
Argillaceous dolomite and dolomitic gypsum rock predominantly
originate from a restricted-evaporative lagoon environment, char-
acterized by small mineral grain sizes and underdeveloped pores.
Frequent changes in seawater conditions result in the formation of
clay-rich and gypsum-rich stripes. (2) The mound-shoal environ-
ment typically features sand-debris dolomite and crystalline
dolomite. Affected by intense dissolution and dolomitization, these
rocks exhibit high dolomite content and significant development of
dissolved pores and cracks. (3) The platform flat areas, situated in
higher elevations of the landform, witness the development of
stromatolite dolomite and gypsum karst breccia. Mineral compo-
nents here primarily consist of dolomite and anhydrite. Notably,
high salinity seawater and frequent exposure lead to the formation
of gypsum-rich stripes and gypsum pores.

The seismic elastic properties of the M5 subsalt samples are
jointly determined by its mineral composition (acting as a load-
bearing frame) and pore structure, with porosity playing a sec-
ondary role. When clay (clay-rich stripe or clay-type grain bound-
ary), anhydrite (anhydrite-rich stripe or anhydrite crystal tight
contact), or dolomite (dolomite crystal dense contact) serve as the
load-bearing frame, the ultrasonic velocities (VP & VS) of samples
with similar pore structure type gradually decrease with increasing
clay or anhydrite, and increase with the increasing dolomite.
Samples with the same lithology (exhibiting similar grain bound-
aries or mineral composition stripes) typically show a linear trend
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in VP and VS. Other elastic properties, such as P-wave impedance
and Poisson's ratio, are also influenced by microstructure. Specif-
ically, microcracks with lower stiffness significantly reduce the P-
wave impedance and Poisson's ratio of dry samples. Upon satura-
tion with brine, microcracks cause a significant increase in Pois-
son's ratio, while high-stiffness pores or dissolved pores have
minimal effect on Poisson's ratio.
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