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Abstract

Carbonate reservoirs in the S area of the Tarim Basin (China) are ultradeep hydrocarbon resources, with low
porosity, complex fracture systems, and dissolved pores. Microfracturing is a key factor of reservoir connec-
tivity and storage space. We have performed measurements on limestone samples, under different confining
pressures, and we used the self-consistent approximation model and the Biot-Rayleigh theory of double porosity
to study the microfractures. We have computed the fluid properties (mainly oil) as a function of temperature and
pressure. Using the dependence of seismic Q on the microfractures, a multiscale 3D rock-physics template
(RPT) is built, based on the attenuation, P-wave impedance, and phase velocity ratio. We estimate the ultrasonic
and seismic attenuation with the spectral-ratio method and the improved frequency-shift method, respectively.
Then, calibration of the RPTs is performed at ultrasonic and seismic frequencies. We use the RPTs to estimate
the total and microfracture porosities. The results indicate that the total porosity is low and the microfracture
porosity is relatively high, which is consistent with the well log data and actual oil production reports. This work
presents a method for identification of deep carbonate reservoirs by using the microfracture porosity estimated
from the 3D RPT, which could be exploited in oil and gas exploration.

Introduction
With the advancement of petroleum exploration tech-

niques, developments have been extended to the field of
deep and ultradeep oil-gas resources (Zou et al., 2014),
such as carbonate reservoirs below 7 km depth in the
S area of the Tarim Basin, Xinjiang, China. These reser-
voirs develop faults, dissolved pores, and complex frac-
ture systems (Lan et al., 2015). Faults and microfractures
develop under compression and are related to karst chan-
nels, where water infiltration results in a dissolved system
(Zhang and Wang, 2004; Ni et al., 2017; Li et al., 2019b).

Seismic waves carry information about the subsur-
face characteristics. For interpretation purposes, an ac-
curate rock-physics model is essential (Zhang et al.,
2019a). Based on the Biot and Biot/squirt (BISQ) theo-
ries, Tang (2011) proposes a theoretical model of wave
propagation in complex structures including the inter-
action between pores and microcracks. Ba et al. (2011)
introduce the Biot-Rayleigh (BR) equations, which are
based on the classic Biot theory and are appropriate to
describe propagation in a double-porosity rock contain-
ing local fabric heterogeneities.

Rock-physics templates (RPTs) based on theoretical
models can relate the seismic properties to the reservoir
characteristics (Dvorkin and Mavko, 2006; Carcione and
Avseth, 2015; Picotti et al., 2018). Classic 2D RPTs use
the acoustic impedance and phase velocity ratio (the ra-
tio of P- and S-wave velocities VP∕VS) to establish a
quantitative relationship between the wave response
and lithology, porosity, and saturation (Odegaard and
Avseth, 2004; Chi and Han, 2009; Ba et al., 2013a, 2013b;
Hao et al., 2016). Gupta et al. (2012) establish an RPT by
using the Kuster-Toksöz model to detect thin sandstone
reservoirs in the Cambay Basin and obtained an isobath
map of the oil layer. Ba et al. (2013a, 2013b) use the BR
equations to build multiscale RPTs for detecting hydro-
carbons in limestone reservoirs.

Experiments and theories show that microfractures
are the dominant cause for wave dispersion and attenu-
ation (Crampin and Bamford, 1977; Hudson, 1981; Chap-
man, 2003; Gurevich et al., 2009; Vernik and Kachanov,
2010; Carcione et al. 2013; Tillotson et al., 2014; Ba et al.,
2017; Bouchaala et al., 2019; Cheng et al., 2019). Ali and
Jakobsen (2011) detect microfractures from velocity and
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attenuation as a function of frequency and azimuth. Com-
paring experiment with theory, Guo et al. (2018) find that
the microfracture density affects the scattering, disper-
sion, and attenuation of the P waves, especially at low
frequencies. Cao et al. (2018) obtain the same conclusion
by analyzing the geology and well-log data of carbonate
reservoirs in the Tarim Basin. When the 2D RPTs are ap-
plied to deep carbonate reservoirs, the effects of complex
pore structures (with microfractures) are likely to be in-
correctly attributed to porosity or fluid type (Li et al.,
2019a). Hence, the effect of microfractures on seismic
waves becomes an important issue and has to be con-
sidered.

To characterize the effects of dissolved pores and mi-
crofractures in carbonates, we apply the self-consistent
approximation (Berryman, 1980, SCA) and the BR equa-
tions to build RPTs, including temperature and pressure
effects (Batzle and Wang, 1992). Then, the templates are
calibrated based on ultrasonic experiments and seismic
data, to predict the microfracture porosity.

3D RPTs
Rock-physics model of carbonate rocks

The area under study is located in the Shuntuoguole
uplift, formed in the Caledonian-Hercynian orogeny,
when multiphase faulting, fracturing, and fluid reforma-
tion occurred, resulting in a diversity of reservoir rocks
(Ni et al., 2017). In this uplift, there is a complete
source-reservoir-caprock assemblage in the Lower Pa-
leozoic Formations, suggesting potential hydrocarbon
accumulations. The main reservoir sections of the Or-
dovician carbonate rocks are the upper members from
the Yijianfang to the Yingshan Formation (Wang et al.,
2019). The reservoir thickness is approximately 110 m,
and the lithology is mainly limestone.

The in situ reservoirs are characterized by their
high temperature (>150°C) and confining pressure
(>160 MPa). The caves, dissolved pores, microfractures,
and vugs are formed by multistage strike-slip faulting as
well as dissolution and alteration. Figure 1 displays a thin
section of the limestone sample, showing dissolved
pores in the matrix and several microfractures with dif-
ferent apertures. The surface porosities are extremely
low (<1%). In Figure 1, the mineral percentage of rock
sample is calcite 97% and dolomite 3%.

Figure 2 shows the modeling procedure. First, the
mineral composition of the rocks is analyzed. The target
reservoir rocks are mainly limestones with high-calcite
content and a small amount of dolomite and clay. The
bulk and shear moduli of calcite, dolomite, and clay
are 63.7 and 31.7 GPa, 76.4 and 49.7 GPa, 25 and
9 GPa, respectively. The Voigt-Reuss-Hill (Voigt, 1910;
Reuss, 1929; Hill, 1952, VRH) equation is used to esti-
mate the elastic moduli of the mineral mixture.

The dissolved pores and microfractures are consid-
ered stiff and soft, which are of spherical and oblate
shapes, whose aspect ratios are assumed to be 1 and
0.0003, respectively. The microfracture porosity is
ϕC ¼ ϕ20 • v2, where ϕ20 ¼ 0.012 and v2 are the porosity
and the volume content of the inclusions, respectively.
The dry-rock moduli are obtained by mixing the host
matrix and inclusions, based on the SCA equation
(Berryman, 1980),

X
xiðKi − K�

SCÞP�i ¼ 0; (1a)

X
xiðμi − μ�SCÞQ�i ¼ 0; (1b)

where K�
SC and μ�SC are the bulk and

shear moduli of the dry rock, respec-
tively, i indicates the mineral phase or
pore space with a corresponding volume
fraction xi and bulk and shear moduli
Ki and μi, and P�i and Q�i are the corre-
sponding geometry factors of the ith
component.

The bulk modulus and density of the
fluid are estimated by using the equation

Figure 1. Thin section of a carbonate sample, collected at
7363 m in depth.

Figure 2. Flowchart of the rock-physics modeling.
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proposed by Batzle and Wang (1992), at the in-situ con-
dition (temperature: 180°C and pore pressure: 80 MPa).
The BR theory is used for fluid substitution (Ba et al.,
2011), whose differential equations of motion are

N∇2uþðAþNÞ∇εþQ1∇ðζð1Þ þϕCςÞþQ2∇ðζð2Þ−ϕ1ςÞ
¼ρ11üþρ12Ü

ð1Þ þρ13Ü
ð2Þ þb1ð˙u− ˙Uð1ÞÞþb2ð˙u− ˙Uð2ÞÞ

(2a)

Q1∇εþR1∇ðζð1Þ þϕCςÞ¼ρ12üþρ22Ü
ð1Þ−b1ð˙u− ˙Uð1ÞÞ

(2b)

Q2∇εþR2∇ðζð2Þ−ϕ1ςÞ¼ρ13üþρ33Ü
ð2Þ−b2ð˙u− ˙Uð2ÞÞ

(2c)

ϕCðQ1εþ R1ðζð1Þ þ ϕCςÞÞ − ϕ1ðQ2εþ R2ðζð2Þ − ϕ1ςÞÞ

¼ 1
3
ρf ς̈R2

0
ϕ2
1ϕCϕ20

ϕ10
þ 1

3
ηϕ2

1ϕCϕ20

κ1
˙ςR2

0; (2d)

where u, Uð1Þ, andUð2Þ are the average particle displace-
ments of the solid skeleton, fluid phase 1 (the fluid in
the host), and fluid phase 2 (the fluid in the inclusions
containing microfractures), respectively, whereas ε,
ζð1Þ, and ζð2Þ are the corresponding displacement diver-
gence fields of the three phases. The scalar ς represents
the fluid variation in the local fluid flow; ϕ10 and ϕ1 are
the porosities of the host medium and the stiff pore
phase, respectively; κ1 is the permeability of the host
medium; η and ρf are the fluid viscosity and density
of the host, respectively; A, N , Q1, Q2, R1, and R2 are
stiffnesses; ρ11, ρ12, ρ13, ρ22; and ρ33 are density coeffi-
cients;R0 is the inclusion radius; and b1 and b2 are Biot’s
dissipation coefficients.

By substituting a plane P-wave kernel into equa-
tion 2a–2d to compute the complex wave number k,
the phase velocity and quality factor are (Carcione,
2014)

VP ¼ ½Reðv−1Þ�−1; (3a)

Q ¼ Reðv2Þ
Imðv2Þ ; (3b)

where v ¼ ω∕k is the complex velocity.

Wave responses and microfracture porosity
The porosity is 3%; the proportion of calcite, dolomite,

and clay is 91.3%, 5.2%, and 3.5%, respectively; the inclu-
sion radius is 50 μm; the porosity of the inclusions is
0.012; and the aspect ratio of the microfractures is
0.0003. The properties of oil and water are as follows:
the bulk moduli = 0.79 and 2.23 GPa, the densities = 0.698

and 0.927 g∕cm3, and the viscosities = 0.002289 and
0.00065 Pa s. The properties of the mineral mixture
and rock skeleton are computed with the VRH average
and SCA equations, respectively. Assuming full oil satu-
ration, the effects of the microfracture porosity on the P-
wave attributes are analyzed by assuming differentmicro-
fracture porosities. Figure 3 shows the P-wave velocity
dispersion and attenuation as a function of frequency.
The dispersion and attenuation increase with the micro-
fracture porosity, with a slight shift of the relaxation
peaks to the high frequencies. Figure 4 shows the same
properties as a function of the microfracture porosity
and different total porosities. The velocity gradually de-
creases and the attenuation increases with increasing mi-
crofracture porosity and total porosity. Figure 5 shows
that the S-wave velocity decreases and the phase velocity
ratio increases with increasing microfracture porosity,
with the trend being the same at different total porosities.

Multiscale 3D RPTs of carbonate rocks
Three-dimensional RPTs are built by using the

dependence of the seismic properties on total porosity

Figure 3. Effects of microfracture porosity on (a) P-wave
velocity dispersion and (b) attenuation as a function of fre-
quency.
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and microfracture porosity. At 1 MHz, the inclusion
radius is assumed to be 50 μm, and we consider full
water and oil saturations. The 3D templates are given
in Figure 6, where the results show that the P-wave
attenuation is sensitive to microfracture porosity. The at-
tenuation and VP∕VS increase with increasing total
porosity and microfracture porosity, whereas the imped-
ance (Ip) decreases. The sensitivity is similar for water
and oil, and the difference increases when the two types
of porosity increase.

If we consider an inclusion radius of 50 mm, attenu-
ation has a peak at seismic frequencies. Figure 7 shows
the 3D RPTs at 35 Hz. This template is used to estimate
the total porosity and microfracture porosity from seis-
mic data.

Multiscale calibrations of the RPTs
Ultrasonic laboratory experiment and attenuation
analysis

The microfractures tend to close gradually with in-
creasing confining pressure (Wei et al., 2019; Pang et al.,

Figure 4. (a) P-wave velocity and (b) attenuation as a func-
tion of the microfracture porosity at 1 MHz. Results at differ-
ent total porosities are given.

Figure 5. (a) S-wave velocity and (b) phase velocity ratio as a
function of microfracture porosity. Results at different total
porosities are given.

Figure 6. Three-dimensional RPTs at 1 MHz.
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2019b). To investigate the effects of the microfractures,
ultrasonic experiments at 1 MHz are performed at dif-
ferent confining pressures for two limestone samples.
The porosity of samples A and B (collected from the
Ordovician Formations of the basin) is 2.5% and 0.71%,
respectively, the permeabilities are 0.023 and 1.559 mD,
and the measured dry-rock densities are 2.66 and
2.67 g∕cm3, respectively. The experiments were per-
formed at a pore pressure of 10 MPa and a temperature
of 140°C. The experimental setup of Guo et al. (2009) is
used to obtain the wave velocity.

The samples are first fully saturated with oil and then
jacketed and put in a sealed vessel, and kerosene (oil) is
injected into the samples up to a given pore pressure.
The waveforms are recorded at confining pressures of
20, 25, 30, 35, 40, 45, 50, 60, and 70 MPa, and the veloc-
ities are obtained by picking the first arrivals of the wave-
forms. On the basis of the confining pressure, pore
pressure, and P- and S-wave velocities of the samples,
the microfracture porosity ϕC is estimated by using an
inversion method (see equation A-1 in Appendix A).
The quality factorQ is determined with the spectral-ratio
method by using a reference standard material with a
very high quality factor (see equation A-2 in Appendix A).

Figure 8a shows the microfracture porosity, which
decreases as the confining pressure increases. The P-
and S-wave velocities show the same trend (Figure 8b).
Figure 9 shows that the attenuation of the P wave in-
creases with the microfracture porosity. The attenua-
tion of sample B is higher than that of sample A at
the same microfracture porosity.

Calibration of the RPT at ultrasonic frequencies
Before the RPTs are applied, it is necessary to cali-

brate the templates. Figure 10 shows the ultrasonic data
of the two samples (scatters), compared with the RPT
after calibration at 1 MHz, where the black curves indi-
cate isolines of total porosity and the red curves indi-
cate isolines of microfracture porosity. The color bar
of the scatters indicates microfracture porosity, which

Figure 7. Three-dimensional RPTs at 35 Hz.

Figure 8. (a) Microfracture porosity as a function of confin-
ing pressure. (b) P- and S-wave velocities as a function of mi-
crofracture porosity.

Figure 9. P-wave attenuation as a function of microfracture
porosity.
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agree well with the red curves. The same trend can be
observed between the data and template for the rela-
tions between attenuation, impedance and VP∕VS and
microfracture porosity.

Estimation of attenuation of the reservoirs
Recently, seismic attenuation has been used to evalu-

ate unconventional fractured reservoirs (Li et al., 2015a,
2015b, 2016). The improved frequency-shift method is
used to estimate the attenuation of the seismic data
(equation A-3 in Appendix A). Figure 11 shows a 2D seis-
mic line, where the dotted lines indicate the positions of
three oil wells. Figure 11a and 11b shows the seismic am-
plitude and attenuation of the target Yijianfang Forma-
tion, respectively, where the red zone indicates strong
attenuation and the blue zone indicates weak attenuation
(Figure 11b). The results show that there are attenuation
anomalies in the three oil wells.

Calibration of RPT at seismic frequency
Due to the complex pore structures, the P-wave

velocities at different frequencies for the same rock
are different, which is reflected in the wave dispersion
on multiscale data. The P-wave attenuation varies with
frequency correspondingly. By using the BR equation,
the P-wave velocity and dispersion at each frequency
of multiscale waveform data can be modeled (Ba et al.,
2013b). The ultrasonic band focuses on the microscopic
scale, whereas the seismic dissipation is associated with
mesoscopic-scale heterogeneity (Ba et al., 2008). By ap-

plying the method from ultrasonic band
to seismic band, the angular frequency
in the theoretical equations changes cor-
respondingly. However, the mesoscopic
heterogeneity (which dominates wave
responses in the seismic band) is consid-
ered instead of microscopic hetero-
geneity; that is, the inclusion radius
and microfractures’ aspect ratio are con-
sidered to calibrate the seismic data. The
effects of the pore structure can be ana-
lyzed by building an RPT at the seismic
band. By using the actual field data in
the comparison with the RPT in seismic
frequency band, the availability of the
method can be verified.

The RPT is calibrated at 35 Hz. The
phase velocity ratio and the P-wave
impedance are obtained by 3D pre-stack
inversion (shown in Figure 12), and to-
gether with attenuation, we extract the
above quantities at the borehole location
(well B) and from the Yijianfang Forma-
tion to calibrate the template. Figure 13
shows a comparison between the seismic
data (scatters) and the corresponding
template. The color bar indicates the
log interpretation porosity, which is in
agreement with the template. According
to the seismic scatters, the porosity is
generally low, consistent with the geo-
logic characteristics of the target forma-
tion. Rocks with relatively high porosity
(>3%)may be considered for potential oil

Figure 10. Three-dimensional RPT at 1 MHz and experimen-
tal data.

Figure 11. (a) Seismic amplitude and (b) attenuation profiles.

Figure 12. Two-dimensional seismic lines of (a) P-wave impedance and
(b) VP∕VS of the formation.
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production. Because the P-wave impedance, attenuation
and VP∕VS can be obtained from seismic data, a quanti-
tative prediction of reservoir microfracture porosity
can be achieved by overlaying the data points on the
template.

Prediction of reservoir porosity and microfracture
porosity

A quantitative prediction of reservoir porosity and mi-
crofracture porosity is performed for the Yijianfang For-
mation in the 2D survey line crossing wells A, B, and C.
The P-wave impedance, attenuation, and VP∕VS are over-
lapped onto the RPT, and the porosities are estimated
accordingly.

Figure 14a shows the 2D profile of reservoir porosity,
where the results indicate values less than 10%, and they
also indicate that, mostly, the target formation rocks are
tight layers with extremely low porosity. Some areas of
relatively high porosity can be observed at wells A, B,
and C. The porosity obtained from well log B is com-
pared to the seismic profile, showing good agreement.

Figure 14b shows that the microfracture porosity is
high, in agreement with the actual geologic characteris-
tics of the carbonate formation. The development of res-
ervoir microfractures at the borehole location of wells A
and C is less pronounced with well B showing a better
connectivity and storage capacity. The oil production re-
port of well B indicates 90.26 tons per day, whereas wells
A and C yield 49.72 and 50.31 tons per day, respectively.
The results agree with the actual production of the three
wells. The total porosity and microfracture porosity ef-
fectively serve to identify high-quality reservoirs.

Conclusions
The rock-physics characteristics of deep carbonate

reservoirs are analyzed based on the SCA and BR theory,
which constitute a rock-physics model including micro-
fractures. Then, the wave attenuation, impedance, and
phase-velocity ratio are used to build multiscale 3D
RPTs. Ultrasonic experiments are performed on lime-
stone samples, and the spectral-ratio method is used
to estimate the P-wave attenuation, showing that this
is sensitive to the microfracture porosity. On the other
hand, the seismic properties are estimated by using
the improved frequency-shift method and pre-stack in-
version. The laboratory and seismic data are then used
to calibrate the RPTs, which are applied to the prediction
of hydrocarbon saturation in deep carbonate reservoirs.

The results show that the total porosity is generally
low but the microfracture porosity is relatively high,
which is consistent with the actual geologic features
of ultradeep carbonate reservoirs in the target forma-
tion. The porosity prediction based on seismic data at
the location of well B is consistent with the log profile,
and the microfracture inversion results effectively re-
flect the oil production state of the wells. The study
shows that besides total porosity, microfracture poros-
ity is a critical factor for identifying high-quality reser-
voirs in deep carbonate formations. Different from the
traditional prediction methods, the 3D RPTs in this pa-
per make use of phase velocities and P-wave attenua-
tion simultaneously for 3D intersection analysis of

multiscale data. Because three attrib-
utes can be adopted to establish the tem-
plate based onmultiscale wave data, it is
helpful in solving the interpretation
problems for deep reservoirs with com-
plex microstructures, where the issue of
multisolution exists in geophysical in-
version.
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Figure 13. Three-dimensional RPT at 35 Hz and the field
data.

Figure 14. (a) Total porosity and (b) microfracture porosity of the reservoirs.
The log porosity of well B is shown.
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Appendix A
The microfracture porosity inversion method is

(David and Zimmerman, 2012; Zhang et al., 2019b)

ϕcðpÞ ¼
4παp
3

Γp; (A-1)

where p is the effective pressure, Γp is the microfracture
density, and αp is the aspect ratio of the microfractures.

The spectral-ratio method is (Toksöz et al., 1979; Ba
et al., 2019)

ln

�
A1ðf Þ
A2ðf Þ

�
¼ −

πx
QV

f þ ln

�
G1ðxÞ
G2ðxÞ

�
; (A-2)

where f is the frequency, A1ðf Þ and A2ðf Þ are the am-
plitude spectra of the rock sample and standard
material, respectively, x is the wave propagation dis-
tance, V is the wave velocity, and G1ðxÞ∕G2ðxÞ is the
sample/standard geometric factor.

The improved frequency-shift method is (Pang et al.,
2019a, 2019b)

Q ¼
ffiffiffiffiffi
π5

p
tf C1f 2C0

16ðf 2C0 − f 2C1Þ
; (A-3)

where t is the propagation time, and f C0 and f C1 are the
centroid frequencies of the signal before and after
propagation, respectively.
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