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Rock physics modeling of heterogeneous carbonate
reservoirs: porosity estimation and hydrocarbon detection®
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Abstract: In heterogeneous natural gas reservoirs, gas is generally present as small patch-
like pockets embedded in the water-saturated host matrix. This type of heterogeneity, also
called “patchy saturation”, causes significant seismic velocity dispersion and attenuation. To
establish the relation between seismic response and type of fluids, we designed a rock physics
model for carbonates. First, we performed CT scanning and analysis of the fluid distribution
in the partially saturated rocks. Then, we predicted the quantitative relation between the wave
response at different frequency ranges and the basic lithological properties and pore fluids.
A rock physics template was constructed based on thin section analysis of pore structures
and seismic inversion. This approach was applied to the limestone gas reservoirs of the right
bank block of the Amu Darya River. Based on poststack wave impedance and prestack elastic
parameter inversions, the seismic data were used to estimate rock porosity and gas saturation.
The model results were in good agreement with the production regime of the wells.
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Introduction

In recent years, because of the requirements for
climate-change mitigation policies and low-carbon
economy, unconventional oil and gas resources, espe-
cially from heterogeneous natural gas reservoirs, are of
particular interest to oil companies worldwide (Roehl
and Choquette, 1985). The use of natural gas resources
is an effective way to relieve the severe pressure on oil
demand as well as to guarantee future energy sources.

Natural gas is mainly found in reservoirs with strong

heterogeneities and complex pore structures. Gas and
water are immiscible and generally form patchy-like
pockets in the rock matrix. Figure 1 shows a CT image
of the fluid distribution in a partially saturated limestone,
the blue and yellow colors denote the water and gas,
respectively. It is clear that a “gas-in-water” distribution
exists in rocks with patchy saturation. The size of a
single gas pocket is larger than the size of the grains
and pores; however, it is much smaller than the seismic
wavelength, defining the mesoscopic heterogeneity.
Owing to the complexity of the fluid distribution
and pore structure in heterogeneous reservoir rocks,
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water and gas are difficult to discriminate. To detect
gas using seismic data, the correct wave response of
partially saturated rocks should be first investigated and
ascertained. Thus, a precise prediction of gas presence in
complex reservoir environments can be possible.

Fig.1 CT scan of the fluid distribution in limestone (porosity
is 6.86% and air saturation is 69.2%).
Blue and yellow colors denote water and air, respectively.

One classical approach is the Biot—Gassmann theory,
which was introduced by Gassmann (1951) and Biot
(1956a, 1956b) when studying wave propagation in
fluid-saturated porous media. However, the Biot—
Gassmann theory is not suitable for real complex media,
owing to the assumption of a single (effective) fluid
saturating the pore space. White (1975) introduced a
new theory by considering porous media saturated with
water and gas, where gas is present as spherical pockets
or patches periodically distributed in the water-saturated
host matrix. Subsequently, Dutta and Seriff (1979a)
reformulated White’s theory so that the predicted P-wave
velocity at low frequencies coincides with that predicted
by the classical Biot theory (Dutta and Odé, 1979Db).
Johnson et al. (1987) introduced the branching function
approach to analyze the seismic wave dispersion and
attenuation at low and high frequencies, making an
approximation at intermediate frequencies. His theory is
not restricted to spherical patches. Over the past decade,
wave propagation has been simulated in 1D and 3D
stochastic patchy-saturated media and compared with
measured data in carbonates and sandstones (Miiller
et al., 2010; Gurevich et al., 1997; Toms et al., 2006).
They concluded that the simulation provides reasonable
characterization and prediction of the wave response in
rocks.

Nie et al. (2004) considered the effect of partial satu-
ration within the framework of the so-called BISQ the-

10

ory (Dvorkin and Nur, 1993). Besides the effect of fluid
mixtures on wave propagation, Nie et al. (2012) also
included the viscoelasticity related to the solid skeleton.
However, these studies consider that water and gas are
mixed as equivalent fluids in the pores, i.e., Gassmann’
s theory, and the mesoscopic heterogeneity is ignored.
Liu et al. (2009, 2010) studied seismic wave propagation
considering spherical mesoscopic patches and alternating
gas- and water-saturated plane layers by using poroelas-
ticity theory. The methods are unsuitable for actual engi-
neering conditions because of the difficulty in modeling
and reproducing the wave features. The mesoscopic loss
theory has been widely used by one of us (e.g., Carcione
et al., 2003; Carcione et al., 2013) and reviews can be
found in Carcione (2007), Carcione et al. (2010), and
Miiller et al. (2010).

Pride et al. (2004) introduced the “double porosity”
theory to analyze the seismic response of patchy
saturated media. In this theory, the two types of pores
are interpreted as gas- and water-saturated. Ba et al.
(2008a, 2008b) and Ba (2010) further studied seismic
waves in double porosity media, showing that waves in
this type of media, for instance, tight sandstones from
southwest China, may exhibit significant dispersion in
the seismic frequency band. For the purpose of deriving
a set of suitable wave propagation equations, which
are based on physically measurable parameters and
concise expressions to satisfy the needs of practical
applications, Ba et al. (2010, 2011) derived the Biot—
Rayleigh equations (BR equations). These equations are
based on the classical Biot theory and are appropriate
for describing wave propagation in partially saturated
rocks with mesoscopic heterogeneities. Ba et al. (2012)
successfully applied the BR theory to gas reservoir
detection. Moreover, by comparing the model results
to experimental data for the Casino sandstone in South
Australia, Sun et al. (2012) showed the validity of the
BR equations to model waves in sandstone reservoirs.

Presently, there is no accepted effective wave propa-
gation theory to characterize the wave responses in natu-
ral inhomogeneous partially saturated reservoirs. One of
the main issues is the difficulty to adapt theory to solve
practical problems. Ba et al. (2013a, 2013b) attempted to
achieve this by using the BR equations to detect hydro-
carbons in limestone reservoirs by means of rock physics
templates. In the present work, CT scanning is used to
analyze the patchy gas features. Moreover, the reservoir
pore structures around each single well are investigated
by thin section analysis and seismic data calibration;
therefore, the lateral heterogeneities in the carbonates
of the target area are considered and a well-calibrated
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seismic inversion of the rock physics parameters is per-
formed.

The following methodology is developed to estimate
the porosity and hydrocarbon saturation in heteroge-
neous limestone gas reservoirs of the right bank block
of the Amu Darya River. First, we perform CT scans
on partially saturated rocks to analyze the fluid distri-
bution. Second, we choose the rock physics modeling
method for application to the actual reservoirs based
on fluid substitution. The rock physics templates are
calibrated using seismic data. Finally, rock porosity
and fluid saturation are estimated by combining rock
physics data and seismic inversion results. The proposed
methodology is validated by comparing the estimates
with well production data.

Gas pockets in partially saturated
limestone: CT scan results

The Metajan area is located on the right bank block of
Amu Darya River and is characterized by a nearly East—
West trending anticline. The target stratum is a Callovian
—Oxfordian limestone and the reservoir is developed in
an open platform with sedimentary facies that include
intraplatform bioclastic grain banks, interbank sea, and
intraplatform reefs.

The limestone reservoirs of the XVm layer is of medi-
um to high porosity and average permeability, consisting
of intraclastic, pelletal, and oolitic limestones. The high-
porosity limestone mainly consists of calcite and clay.
Locally, there are small amounts of dolomite and gyp-
sum. Generally, sparry calcite cement is observed in the
pores. The porosity and permeability of the reservoirs
varies from 0.18 % to 24.1 % and from 0.0006 mD to
389 mD, respectively, with average values of 7.09 % and
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2.18 mD. The model assumes that the mineral mixture is
a composite of calcite and clay, and the lower porosity
limit of the high-quality reservoirs is set at 8 %.

To investigate the pore structure characteristics and
fluid distribution in the Metajan carbonate samples, CT
scans are performed on a sample partially saturated with
water. The advantage of CT scanning is that it obtains
a 3D image of the pore structure and fluid distribution
without damaging the pores.

The limestone sample was collected from a well in
the Metajan district. It is cylinder of 12 mm in diameter
and the size of sample is such that the immiscible
fluids are discernible. The CT scans were performed
with a “NanoTom CT” from GE and a resolution of
1 pm. The sample was immersed in water for 15 h
prior to scanning. The voltage was 85 kV, the current
was 85 mA, and the resolution was 5.4 pm. It took 75
min to obtain 1500 projected 2D images and then 3D
reconstruction was performed. Pores, water, and air
are recognized by using a mathematical morphology
approach and the watershed algorithm. The results are
shown in Figure 1. The immiscible air and water are
clearly distributed in patches of different sizes, and the
air pockets are mostly surrounded by water. Air tends to
occupy the larger pores, whereas most of the small pores
are saturated with water.

Figures 2 and 3 show that there are more water
pockets in the range of 107107 mm?3, whereas air is
present in the mesoscopic range of 10°~10"" mm?® with
a volume exceeding the average grain (pore) size. The
largest air pocket has a volume of 0.288 mm?® with a
spherical radius greater than 0.41 mm, if we consider
the volume of the adjacent mineral grains. Because the
average porosity of the Metajan gas reservoirs is larger
than that of the scanned sample (0.0686), it is inferred
that the in situ size of the gas patches is larger, i.e., in the
mm-—cm range. Moreover, the comparison of Figures 2b
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Fig.2 Histograms of the number of fluid pockets versus pocket size.
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and 3 shows that although less air pockets are observed
as the threshold of the pocket size increases, the volume
ratio of the air pockets increases sharply, which means
that most of the gas is contained in the mesoscopic
patches.
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Fig.3 Histogram of the air volume versus air pocket size.
The volume of air pockets are counted in different ranges of sizes
and then divided by the total pore volume.

Biot-Rayleigh theory for wave
propagation in a patchy saturated
medium

Biot (1956a, 1956b) assumed that the pores are of
the same type. On the other hand, Berryman and Wang
(1995, 2000) derived the wave equations for double
porosity media; however, they did not analyze the wave-
induced relaxation effect between the two kinds of
pores. Consequently, the double-porosity equations can
be regarded as the superposition of two sets of single-
porosity Biot equations. The predicted P-wave velocity
dispersion and attenuation at seismic frequencies remain
weak as in classical Biot theory, which does not agree
with the actual measurements. The same problem exists
in the three-phase (solid, fluid, and gas) wave theory
developed by Santos et al. (1990a, 1990b). Zhao et al.
(2010) introduced viscoelasticity into the latter theory,
attempting to improve its performance in predicting
P-wave attenuation.

Pride et al. (2004) extended the double-porosity wave
equations by introducing local fluid flow oscillations.
Their approach is similar to the branching function
method presented by Johnson (1987, 2001). More
recently, Ba et al. (2008a, 2008b) and Ba (2010)
proposed an extension of the Pride et al. equation.
Nevertheless, there are several drawbacks in the double-
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porosity theory, such as the complexity of the equations,
the undetermined parameters, and the physical behavior
at intermediate frequencies. Ba et al. (2010, 2011)
modeled the fluid oscillations and the relaxation
process owing to wave propagation, assuming spherical
heterogeneities. The oscillations of the local fluid flow
were described by means of the generalized Rayleigh
theory (Rayleigh, 1917) combined with the equations
for fluid-saturated double-porosity medium. The Biot—
Rayleigh (BR) theory describes the local fluid flow in a
double-porosity medium saturated with only one type of
fluid. Fluid flow-induced velocity dispersion and wave
attenuation are then predicted.

Ba et al. (2012, 2013a) and Sun et al. (2012, 2013)
extended the BR theory to single-porosity medium
saturated with two immiscible fluids, typically, gas and
water, where the gas pockets are generally treated as
inclusions in the water-saturated host medium. The BR
equations are
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where u = [u,us,u;], U = [UD, UV, U], and U? =
[UP,U?, U] are the spatial displacement vectors of
three phases (solid, fluid 1, and fluid 2), respectively,
and subscripts 1, 2, and 3 denote the three different
directions in vector space. The quantity ¢ is the fluid
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where x|, x,, and x; are the spatial coordinates, ¢, and
@, are the porosities of the two regions saturated with
different fluids. The total porosity is ¢ = @, + @,, @, and
@, are the local porosities in the two regions, and for the
case of a single skeleton saturated with two fluids ¢,, =
B2 = @. Let ¢, correspond to the water-saturated pores
(the fluid in the host medium) and &, to the gas-saturated
pores (the fluid in the inclusions). Then, ¢,/¢ denotes the
water saturation and @,/¢ the gas saturation. Moreover,
P and 5, are the density and viscosity of the fluid in the
host medium and p,, and #, are the same quantities for
the inclusions. The quantity R, is the radius of the gas
pocket and « is the rock permeability.

Ba et al. (2012) and Sun et al. (2013) verified the
applicability of equation (1) in describing the wave
propagation in partially saturated rocks. The elastic
parameters 4, N, O, R,, O,, and R,, the densities p,;, p;,,
P13> P2, and pi3, and the dissipation coefficients b, and
b, are presented and related to the physical properties
of the minerals, matrix, fluids, and pore structure (see
Appendix A).

Rock physics modeling

1. Dry-rock moduli

Generally, the construction of a rock physics template
for natural reservoirs is a three-step process. First,
the minerals and their proportions are considered to
calculate the elastic parameters and densities of the solid
part (mineral mixture). Second, by using empirical or
theoretical formulas, the elastic parameters and density
of the dry-rock matrix are estimated by taking into
account the mineral composition, the pore structure, and
the degree of consolidation of the rock. Then, the effect
of the pore fluids is modeled in the fluid substitution.

The approaches to obtain the dry-rock moduli are
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mainly based on the Voigt—Reuss—Hill average, the
Hashin—Shtrikman—Hill average, the time average
equation, and self-consistent theories. We use the Voigt—
Reuss—Hill average

M, = 1 ZfM+

2 & ) @

Zf

where M, is the elastic modulus of the mineral mixture,
f; and M, are the volume ratio and elastic modulus of the
ith mineral, and N is the number of minerals. For the
Metajan limestone, only calcite (> 95 %) and clay (< 5 %)
are considered. The properties of calcite are bulk modu-
lus 76.8 GPa, shear modulus 32 GPa, and density 2.71
g/cm?. The properties of clay are bulk modulus 25 GPa,
shear modulus 9 GPa, and density 2.55 g/cm?® (Mavko et
al., 2009).

The bulk modulus K of the dry rock is an essential
input parameter for fluid substitution. The empirical
formula of Pride et al. (2004) for sandstones is used here
to obtain the dry-rock moduli of the limestone

_(1-9K,
b= l+cg (3a)

_1=9u
" l+dg ] (3b)

where y, is the shear modulus of the dry skeleton, and
K, and p, are the bulk and shear moduli of the mineral
mixture. The empirical parameters ¢ and ¢’ are related
to the degree of consolidation or cementation. Pride
et al. (2004) suggested that ¢ is 1.5-20 for sandstones,
whereas c¢/c"is 1.5-3. We assume ¢ = 10 and ¢' = 7 for
the Metajan limestone.

Figure 4 shows the dry-rock moduli of the Metajan
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Fig.4 Bulk modulus (a) and shear modulus (b) for dry limestone as a function of porosity.
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limestone as a function of porosity. As expected, the
moduli decrease with increasing porosity. It can be
shown that they also decrease with increasing ¢ and c¢'.
Generally, the deviations of real data from theoretical
curves are larger for carbonates than sandstone.

2. Fluid substitution using the BR theory

Fluid substitution based on the Gassmann equations
neglects the effect of wave dispersion and attenuation
in partially saturated rocks; therefore, the P-wave
velocities are frequency-independent (Xu and White,
1995). BR theory can be applied to fluid substitution
to build frequency-dependent rock physics models.
Because the effect of velocity dispersion is considered,
fluid substitution using patchy saturation theory has the
potential to relate wave responses at different frequency
bands. As shown by Sams et al. (1997), the dispersion
effect can be extremely significant in reservoir rocks.

By substituting the plane wave solutions into equa-
tion (1), the velocities and attenuation coefficients of the
three compressional waves can be computed (see Appen-

4

(@) 108 1%

BT

- 100Hz d
& 1067 1KHz 4
2 — ~ 10KHz
£ — 100KHz
)
[
2
3
I3
£
(o]
z
5
o

(b) 1.94

VIV,

096 1 1 1
0 0.2 0.4 0.6 0.8 1

Water saturation

dix B). The compressional waves with the highest veloc-
ity correspond to the P-waves of seismic exploration.
The dispersion of the shear waves is neglected in this
study. We obtain the S-wave velocity from Gassmann
theory, assuming that the pore fluid has no effect on the
rock shear modulus. The properties of the limestone
skeleton are porosity 16 %, bulk modulus 24.81 GPa,
shear modulus 11.79 GPa, permeability 30.23 mD, and
average gas-pocket size 1 cm. For the in situ temperature
and pressure, the fluid modulus and density can be esti-
mated from the van der Waals equation (e.g., Carcione
and Picotti, 2006).

Figure 5 shows the P-wave impedance and V/,/V/ ratio
as a function of water saturation for several frequen-
cies. The velocity and ratio both increase with saturation
and the high-frequency velocity is larger than the low-
frequency velocity. Here we use the properties based on
velocity to construct the rock physics template. The rock
physics model will also be frequency-dependent. Exten-
sions to consider attenuation will be proposed in a future
work.
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Fig.5 P-wave impedance (a) and 7/,/7 (b) as a function of water saturation and frequency in the Metajan limestone.

3. Workflow for the rock physics template

We establish quantitatively the relation between
seismic response and lithology and pore fluids. The rock
properties of the in situ gas reservoirs are water bulk
modulus K" = 2.51 GPa, viscosity 7’ = 0.001 Pa-s, and
density p{"’ = 1.04 g/em’*; gas bulk modulus K = 0.081
GPa, viscosity 7 = 0.00015 Pa-s, and density: p{* =
0.17 g/em?; and gas-pocket size R, = 5 mm. The input
variables are gas saturation S,, rock porosity ¢, tortuosity
o (dependent on porosity), and permeability x For the
Metajan limestone, we use the relation x = 0.0012 ¢%3%).

The bulk and shear moduli of the dry-rock matrix K,
and y,, the solid bulk modulus K, and the solid density
p, are calculated according to Section 4.1 using the
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initial input parameters. The initial input parameters are
based on the thin section analysis of the rock samples
from each well. However, the input parameters should
be finally determined by the seismic data calibration at
locations around each well.

Figure 6 illustrates the workflow to build the rock
physics template, and the inversion of the rock porosity
and hydrocarbon saturation. Mineral components and
pore structures are investigated by thin section analysis
around each well so that the lateral heterogeneities are
considered. The template is constructed iteratively by
proper calibration with cross-well seismic data as well as
available production tests. The accuracy of the template
is improved by performing rock physics experiments on
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cores. Based on the template, the P-wave impedance and
V', 1V, ratio obtained from seismic inversion provides the
rock porosity and fluid saturation, and then are input to
the rock physics template.

| Thin section analysis |

!

| Mineral components | | Pore structures |

Input parameters

Mineral mixture

Dry-rock matrix

| BR fluid substitution |

l No

| Initial rock-physics template |

Comparison with Comparison with
experimental data logging results

| Seismic data calibration I

l Yes

| Final rock-physics template

\4

Post-stack inversion

Pre-stack inversion

A
| Porosity & saturation estimation

Fig.6 Workflow for the rock physics template and rock
parameter inversion.

(a) Crinoids in limestone (HA = 2.76 mm). (b) Peduncle in limestone (HA = 2.76 mm). (c) Foraminifera in limestone (HA = 5.52 mm).

Rock physics template and its
application to limestone reservoirs

1. Rock physics template

The rock physics template corresponding to the
Metajan reservoirs is built according to the workflow in
Figure 6. Figure 7 shows thin sections of rock samples
(sparry intraclastic limestone with dissolved pores),
which are collected from the target layer. The reservoir
rocks are mainly intraclast limestone of medium to high
porosity with calcite (> 95 %) and minor clay. Figure 7,
shows biological detritus, such as crinoids (Figure 7a),
peduncle (Figure 7b), and foraminifera (Figure 7c) can
be observed. The pores are mostly intergranular with few
intragranular dissolution pores as well. Several pores are
partially or fully filled with calcite. The cement is gen-
erally calcite. Occasionally, minor authigenic quartz is
observed.

The two thin sections of Metajan limestone in Figure
8 show the lateral heterogeneities in the carbonates.
Different pore structures are observed between the
two wells. It is obvious that some larger grains and
dissolution pores are developed in the sample from Well
Met-22. The surface porosity is about 7 %, which favors
hydrocarbon accumulation. On the other hand, smaller
grains and cracks (flat pores) are observed in calcites
from Well Met-21. The surface porosity is about 2 %.

The templates corresponding to the seismic band are
compared with the seismic inversion data in Figure 9.
The two templates are built according to the different
pore structures of the two wells. The input parameters
(Figure 6) and the calibrated template vary spatially
because of the lateral heterogeneity in the target area.
On each template, the porosity-related variations (3 %—
17 %) correspond to longitude, whereas the saturation-
related variations (0—100 %) correspond to latitude.

Fig.7 Thin sections of the Metajan limestone. Biological detritus can be observed in sparry intraclastic limestone with
intergranular dissolution pores.

15
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(a) Dissolution pores in a sample from Well Met-22
(HA=5.52 mm).
Fig.8 Thin sections of Metajan limestone. Different pore structures are observed between samples from Well
Met-22 and Well Met-21.

The data (Figure 9) are extracted from the inverse
data traces in the depth range of the target stratum and
at the borehole locations. The XVm reservoirs were
qualitatively classified into three categories, namely,
water reservoirs, gas reservoirs, and low-porosity rocks,
which are shown as blue, yellow, and pink, respectively.
Comparisons show that the gas reservoirs are located
close to the latitude curve of full gas saturation, whereas
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percentage in the XVm layer of the Metajan limestone.
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(b) Cracks in a sample from Well Met-21
(HA=5.52 mm).

the water reservoir data are located closer to the full
water saturation curve. The pink triangles (low-porosity
rocks), which are considered the least promising for gas
production, are mainly located on the right-hand side
of the longitude curve for porosity 0.05. According to
the template, the rocks with relatively higher porosity
(> 0.12) and lower gas saturation (< 50 %) may also be
considered gas reservoirs for potential production.
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(b) The calibrated rock physics template around Well Met-21.
Fig.9 The rock physics templates of Met-22 and Met-21, corresponding to Figures 8a and 8b, respectively.

The seismic data (all symbols in Figure 9) and the
template also suggest that most of the reservoir rocks
have porosity of 0.05-0.13 in good agreement with core
data from the target stratum. For example, in Figure 10,
almost 54 % of the reservoir limestone has porosity in
the range 5 %—12.5 %, which contributes to the major
gas production of the whole stratum. Moreover, it is also
evident in Figure 9 that the best quality gas reservoirs
are those with porosity 8 %—13 %.

2. Porosity and gas saturation from seismic data

Based on the former analysis, we established the
appropriate rock physics templates for the seismic
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properties of the partially saturated limestone. The P-wave
impedance and V,/V ratio obtained from the post- and
prestack seismic inversion are used to predict the porosity
and saturation, by using high-porosity data (> 8 %).
Figure 11 shows the cross-sectional porosity (b) and
saturation (c) profiles of wells Met-22 and Met-3 from
the seismic data (a). As can be seen in Figure 11b, the

(ms) Met 22

reservoirs of wells Met-22 and Met-3 are well developed.
The porosity of well Met-22 is higher than that of well
Met-3. In addition, Met-22 and Met-3 exhibit high gas
saturation. According to the well test reports of gas
production, well Met-22 and Met-3 are high-production
industrial gas wells (more than 6.7x10° m* and 7.6x10°
m? gas per day, respectively, for the XVm stratum).

Met 3

1850 -
1900

1950 4---

(a) Poststack seismic data.

(ms)

1850
1900

1950

(ms)

1850
1900

1950

(c) Inversion results for saturation (color bar shows the gas saturation scale).

Fig.11 2D seismic data and inversion results from cross-sectional profiles of wells Met-22 and Met-3:
(a) poststack seismic data, (b) inversion results for porosity, and (c) inversion results for water (gas) saturation.

Figure 12 shows the cross-sectional porosity (b) and
saturation (c) profiles of well Met-21, obtained from the
seismic data (a). In the inversion saturation profile of
Figure 12c, low gas saturation is observed around well
Met-21. According to the well test reports of Met-21,
nearly no gas is produced. The production rates validate
the inversion results from the rock physics template.

Figure 13 shows the well-calibrated inversion results
for 3D seismic data corresponding to the XVm stratum
on an area of approximately 120 km? (the high part of

the structure), where the post- and prestack inversions
provide the impedance and V/,/V ratio, respectively.
From Figure 13a, we see that wells Met-22 and
Met-23 are located in the high-porosity regions, which
are the two high-production industrial gas wells.
Wells Met-1, Met-4, and Met-5, with medium to high
porosities, have lower production rates. In addition,
the three low-porosity wells Met-6, Met-8, and Met-21
produce water or are dry wells with no gas present.
Thus, porosity estimates can be used to identify gas
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Fig.12 2D seismic data and inversion results from the cross-sectional profiles of well Met-21:
(a) Poststack seismic data, (b) Inversion results for porosity, and (c) Inversion results for water (gas) saturation.
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(a) Average porosity of the XVm stratum (color bar is the (b) Average gas saturation of the high-quality reservoirs of the
average porosity scale). XVm stratum (color bar is the average gas saturation scale).
Fig.13 Inversion of average porosity (a) and gas saturation (b) of 3D seismic data corresponding to the XVm stratum
in the Metajan region.
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reservoirs with some confidence. However, there may
be exceptions; for example, well Met-3 with low to
average porosity is a high-production gas well, whereas
well Met-2 that is located in the high-porosity regions
is a dry well. Figure 13b shows the distribution of the
average gas saturation of the high-quality reservoirs
(porosity > 0.08). Wells Met-3, Met-22, and Met-23 are
all located in the high gas saturation regions, which can
be clearly discriminated from the other wells. From well
productions tests, wells Met-3 and Met-22 are highly
gas-saturated and well Met-23 has medium to high gas
saturation. The estimated results are consistent with the
production rates.

Conclusions

The Biot—Rayleigh theory describing wave propagation
in patchy saturated media was used to relate wave
properties to porosity and saturation. A flowchart for
building rock physics templates has been proposed for
carbonates, specifically, for the limestone of the XVm
stratum in the Metajan area on the right bank block of
Amu Darya River, where gas is produced. The lateral
heterogeneities of the carbonate pore structures are
investigated by using thin sections. Based on seismic data
calibrations, the rock physics templates are constructed
for the specific parameter inversions. The porosity and
fluid saturation are then estimated at different locations.
The seismic data inversion is based on post- and prestack
approaches for obtaining the impedance and seismic
velocity. The results are verified by checking the reported
production rates for different wells.
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Appendix A

Biot’s elastic parameters in equation (1) are

A=(1—¢)KS—§N

444K, /KK KD
=4~ —K, | K, +K, /KD (4 +)

$(1-¢-4,-K,/K)K | K

- , (A-1a)
1_¢1_¢2_Kb/Kv+KY/K;'2)(¢I+¢2)
0-- (-g=d—K,JK)BK, gy
_¢1_¢2_Kb/Kx+Ks/Kf (¢1+¢2)
~¢ -0, K,/
0 hBKIKBE (g
4= —K,/ K, +K, /K" (¢ + )
R1 — (¢1 + ¢2 )¢1Ks , (A-ld)
1_¢1_¢2_Kh/Kx+KY/K;'1)(¢1+¢2)
L= (¢1+¢2)¢2Ks S , (A—le)
I-¢—¢-K, /K, +K /KP4 +¢,)
N=pu, (A-1f)

where K and g are the bulk and shear moduli,
respectively. The subscripts s, b, and f denote the grain,

rock skeleton, and fluid. The superscripts (1) and (2)
represent the host medium (typically a water-saturated
matrix) and the inclusions (the gas-saturated region),
respectively.

Biot’s density parameters are

(1_¢1 _¢2)ps =Pu +P12+P13, (A—Za)
¢1p;'1) =Pt Py (A-2b)
¢2p,(f2) =Pzt Psss (A-2¢)

Py =agp;, (A-2d)
=ag,p}’ (A-2e)
Py = AP, P,
a= l(14—1) (A-21)
2°¢

where a is the tortuosity, and p/" and p/* is the
density of the fluid in the host medium and inclusions,
respectively.

Biot’s dissipation parameters are

b =n" Mo 12, (A-3)
K

where #@ is the fluid viscosity and « is the permeability.

Appendix B

Substituting the harmonic plane waves u = u,e % and
Um = Umel@=%x m =1, 2 into the wave propagation
equations, we obtain the matrix equations for the
complex wavenumbers k of the P- and S-waves,

2 2
a,k”+b, a,k”+b,

a21k2 +b,, a22k2+b22 a23k2+b23 v =0, (B-1)

ayk* +by, a,k’ +b, ak’+b, ||U?

2
ak” + b, u

where
a, =A+2N+i(Q,¢ — 0 ¢,)x,
b, =—p,@ +iw(b +b,),
a, =0, +i(Q, —0dh)x,, b,=—p,0" —iwb,
a; =0, +1(0,¢ — O )xs,

— 2 _;
b13 =P _la)bz’
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0 =0 —iRx,, by, =—p,o° —iob,
a,, =R —iR¢,x,, b,=—p, @ +iob,
ayy =—IR ¢ x;, by, =0,
ay =0, +iRPx,, by = _/0136')2 —iwb,,
ay, =iR,$x,, by, =0,
ay, =R, +iR$x;, by = —p33a)2 +iwb,,
and

x, =0 -40,)/ Z, x,=ipR | Z, x, =—iR, | Z,

_ ia”7¢12¢2¢20R02 _ pf’a)zRg¢12¢z¢2o
3K 30,

Z - (¢22R1 + ¢12Rz )

Because the solid and fluid displacements are arbitrary,
the determinant of the matrix must be zero, which yields
the dispersion relation between the angular frequency w
and the scalar wavenumber £.

22

a”k2 +b, a12k2 +b, a13k2 +b,
ayk® +b,, a,k’+b, ajzk’+b, |=0, (B-2)

2 2 2
a, k™ +b,, ank”+b, ajk” +b,

Consequently, the P-wave dispersion and attenuation
can be represented by the complex velocity v = w/k
(Carcione, 2007),

Vp = [Re(v’1 )J_l , 0= ;iix) (B-3)

The largest velocity in the three solutions corresponds
to the P-waves used in seismic exploration.
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