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ABSTRACT

Seismic characterizing of tight gas sandstone (TGS) reservoirs is essential for identifying promising gas-
bearing regions. However, exploring the petrophysical significance of seismic-inverted elastic properties
is challenging due to the complex microstructures in TGSs. Meanwhile, interbedded structures of
sandstone and mudstone intensify the difficulty in accurately extracting the crucial tight sandstone
properties. An integrated rock-physics-based framework is proposed to estimate the reservoir quality of
TGSs from seismic data. TGSs with complex pore structures are modeled using the double-porosity
model, providing a practical tool to compute rock physics templates for reservoir parameter estima-
tion. The Vp/Vs ratio is utilized to predict the cumulative thickness of the TGS reservoirs within the target
range via the threshold value evaluated from wireline logs for lithology discrimination. This approach
also facilitates better capturing the elastic properties of the TGSs for quantitative seismic interpretation.
Total porosity is estimated from P-wave impedance using the correlation obtained based on wireline log
analysis. After that, the three-dimensional rock-physics templates integrated with the estimated total
porosity are constructed to interpret microfracture porosity and gas saturation from velocity ratio and
bulk modulus. The integrated framework can optimally estimate the parameters dominating the reser-
voir quality. The results of the indicator proposed based on the obtained parameters are in good
agreement with the gas productions and can be utilized to predict promising TGS reservoirs. Moreover,
the results suggest that considering microfracture porosity allows a more accurate prediction of high-
quality reservoirs, further validating the applicability of the proposed method in the studied region.
© 2023 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

porosity and extremely low permeability. Well-developed micro-
fractures in TGSs are critical for fluid migration and accumulation

As an unconventional reservoir, tight gas sandstone (TGS) res-
ervoirs of the Ordos Basin, China, have produced large amounts of
hydrocarbons (Zou et al., 2015; Du et al., 2018). As explorations and
developments for TGS reservoirs move toward the margin regions
of the Ordos Basin, where the region investigated in this paper is
located, quantitative reservoir characterization through seismic
methods is increasingly in demand (Li et al.,, 2016; Zheng et al,,
2020). A successful seismic characterization should involve
comprehensive estimations of reservoir properties, including, but
not limited to, the cumulative thickness, gas saturation, and pore
structures for TGS reservoirs (Yin et al., 2019; Guo et al., 2022a and
b). In particular, TGSs in the region under exploration exhibit low
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and act as the primary determinants of high-quality reservoirs (Shu
et al.,, 2021).

Although various prestack seismic inversion methodologies are
capable of producing reliable estimates of elastic properties, the
geological significance of the results obtained for TGS reservoirs
should be explored via rock-physics-based approaches. Meanwhile,
additional challenges arising from the interbedded structure of
tight sandstone and mudstone should be suitably taken into ac-
count in the quantitative characterization of the target reservoir
(Anees et al., 2019). Quantitative interpretation using the rock-
physics templates (RPTs) offers a powerful tool for exploring the
geological significance of seismic-inverted elastic properties
(@degaard and Avseth, 2004). The RPTs could reveal complex cor-
relations between elastic properties and reservoir parameters on
specialized cross-plots, which can be utilized to transform the
elastic properties obtained from seismic data into reservoir
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parameters. The RPTs-based approaches have been successfully
exploited to characterize various hydrocarbon resources with
particular reservoir properties. Some of these applications consist
of lithology and fluid classification (Gupta et al, 2012) and
cementation evaluation (Gial et al., 2021) for sandstones, fluid
detection (Ba et al., 2013; Pang et al., 2019) and pore structure
estimation (Pang et al., 2020) for carbonates, and oil saturation
estimation (Carcione and Avseth, 2015) and sweet spot prediction
(Zhao et al., 2016; Guo et al., 2022c) for shales.

In particular, various rock-physics-based approaches have been
presented to characterize tight oil and gas reservoirs. A model-
based workflow through a sophisticated inclusion model was
proposed to quantitatively predict porosity and lithology in hybrid
tight oil rocks to guide prestack elastic inversion for improved
sweet spot prediction (Lu et al., 2019). A modeling method based on
self-consistent approximation (SCA) and differential effective me-
dium (DEM) theories has been implemented to build RPTs for the
seismic prediction of brittleness in tight oil siltstones (Tan et al.,
2020). The Biot-Rayleigh poroelasticity theory was utilized to
compute templates for microcrack evaluation in TGSs (Ruan et al.,
2021). In addition, the equivalent inclusion-average stress model
was exploited to achieve elastic properties and construct RPTs to
estimate the pore microstructure in TGSs (Cheng et al., 2021).

Despite successful approaches for predicting particular reservoir
parameters via rock-physics-based methodologies, integrated
frameworks for TGS reservoir characterization via RPTs have been
rarely found in the existing literature. Moreover, rational modeling
approaches are vital to performing rock physics modeling, esti-
mating effective reservoir parameters, and constructing RPTs for
tight rocks. As mentioned above, pore structure estimation is crit-
ical to assess the reservoir quality of TGSs in the region under
investigation. So far, various methods for modeling elastic proper-
ties pertinent to pore structures in tight rocks have been explored
by many scholars (David and Zimmerman, 2012; Zhang and Sun,
2018; Zhang et al., 2018). Complex pore structures in tight sand-
stones can be classified into spherical pores and microfractures
(Smith et al., 2009; Ruiz and Cheng, 2010), which are commonly
characterized by the double-porosity model based on the SCA or
DEM theory. Meanwhile, other sophisticated double-porosity
models (Sun et al., 2016; Ba et al.,, 2017) or multiple-porosity
models (Zhang et al., 2020) are capable of describing more com-
plex mechanics of poroelastic behaviors of tight rocks. The appli-
cability of the double-porosity models was also confirmed by
laboratory experiments (Wang, 2017; Yin et al., 2017).

In the present study, an integrated rock-physics-based frame-
work is proposed for the quantitative seismic characterization of
TGS reservoirs. For this purpose, the processes of the proposed
framework are initially explained in some detail, followed by brief
descriptions of the rock-physics models and the method for the
evaluation of the pore structure via suitable models and wireline
logs. In continuing, field data applications of the proposed frame-
work are conducted for TGS reservoirs from the Ordos Basin. The
evaluations pertinent to the pore structure are performed via
wireline logs to confirm the validity of the double-porosity model.
Quantitative seismic characterization on the basis of the wireline
log analysis and constructed RPTs is adopted to capture the pa-
rameters affecting reservoir quality. Finally, the obtained results are
effectively utilized to develop suitable indicators for identifying
high-quality TGS reservoirs. The effectiveness of proposed in-
dicators and the significance of microfractures are also assessed
with the development status of gas-producing wells.
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2. Methodology

2.1. Rock-physics-based framework for characterizing TGS
reservoirs

The flowchart in Fig. 1 illustrates the proposed framework uti-
lized for quantitatively characterizing TGS reservoirs based on
seismic-derived elastic properties and wireline logs. The main
processes of the integrated workflow are itemized in the following:

Step 1: Sufficient cumulative thickness TGS reservoirs (h) is the
basis of gas enrichment. However, due to the low vertical res-
olutions of seismic data, distinguishing individual thin sand-
stone units interbedded with mudstones utilizing the reflection
waveforms is challenging. Herein, we identify TGSs and assess
their cumulative thickness in a target range via the Vp/Vs ratio
from prestack seismic inversion. Particularly, the Vp/Vs threshold
for discriminating tight sandstone and mudstone is determined
from wireline log analysis. In the target range for seismic-
inverted Vp/Vs ratio, the Vp/Vs values less than the threshold
level are taken into account as the indication of TGS reservoirs.
The counted time samples with low Vp/Vs values in the target
range are suitably correlated to h by the calibration with log
interpretation results in existing wells. In this sense, a greater
number of samples with low Vp/Vs values suggest a larger h for
the target range. The actual data applications for h estimation of
the target TGS reservoirs are provided in section 3.3.1, where the
h-map for the target reservoir is illustrated as the output.

Step 2: The total porosity (¢) of TGS reservoirs is essential for gas
accumulation and can be estimated from the P-wave impedance
(Ip) in the studied region. Section 3.2.2 of this paper demon-
strates that there exists an evident correlation between ¢ and Ip
for TGS reservoirs using wireline log analysis. Accordingly, an
appropriate linear regression between ¢ and Ip is established
from the wireline logs and then applied to elastic inversion re-
sults to realize ¢ estimation using seismic data. In field data
applications, the Ip values for TGS reservoirs in the target range
are extracted employing the Vp/Vs threshold determined in step
1. After calibration using wireline logs, this step produces the
p-map for the target reservoir. The estimation of ¢ from Ip is
fairly straightforward; however, it would be a crucial procedure
for constructing three-dimensional (3D) RPTs, as explained in
the next step.

Step 3: Quantitative seismic interpretation based on the 3D-RPTs
is the core of the integrated framework presented in Fig. 1. First,
an appropriate rock-physics model (RPM) is necessary to
compute RPTs. In section 2.2, the feasibility of the double-
porosity model is methodically evaluated. The primary advan-
tage of the employed model is the exploitation of microfracture
porosity (¢f) to describe microstructures of pore spaces.
Microfractures are essential for TGS reservoirs, providing
migration pathways for fluid flow to form gas reservoirs with
sufficient gas saturation (Sg).

In this step, the 3D-RPTs of (¢y, Sg) for varying ¢ are constructed
on the cross-plots of (K, Vp/Vs), where K denotes the bulk modulus
of rock. In this sense, the three dimensions include the reservoir
parameters ¢, ¢f, and Sg. It is worth mentioning that the templates
are computed using K instead of the commonly used Ip, where the
superiority of K for characterizing TGS reservoirs was discussed by
Yang et al. (2017) and Guo et al. (2022c). After calibration using
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Fig. 1. An integrated rock-physics-based framework for quantitative seismic characterization of TGS reservoirs.

wireline logs, the constructed 3D-RPTs are utilized to interpret
reservoir parameters (¢f, Sg) from seismic-obtained elastic prop-
erties (K, Vp/Vs) for varying ¢ estimated at step 2. The values of K
and Vp/Vs for the TGS reservoirs in the target range are obtained
using the Vp/Vs threshold presented in step 1. The construction of
3D-RPTs and the corresponding applications to field data are pre-
sented in section 3.2.3. The outputs include the maps of ¢rand Sg for
the target TGS reservoirs.

Step 4: The rational results of h, ¢, ¢, and Sg allow reliable
evaluation of the TGS reservoirs utilizing the obtained param-
eters that primarily affect reservoir quality. In this step, a novel
indicator is appropriately introduced that comprehensively
takes the estimated reservoir parameters into account. The
effectiveness of the proposed indicator and the significance of
microfractures for reservoir quality are explored by the cali-
bration with the production status of gas wells.

2.2. Rock-physics models for TGS reservoirs

In the framework presented in Fig. 1, establishing appropriate
RPM for TGSs is essential for computing 3D-RPTs. As shown by the
thin-section images of the TGS reservoirs from the studied region
(see Fig. 2), the complex pore space in the solid matrix can be
classified into two primary types, namely, spherical pores (stiff
pores) and microfractures (soft pores) according to Ruiz and Cheng
(2010). Therefore, the double-porosity model is implemented to
describe the TGSs with these pore microstructures.

For comparison, schematic representations of two models for
TGSs have been illustrated in Fig. 3, which includes the single-
porosity model (see Fig. 3a) and the double-porosity model (see
Fig. 3b). The aspect ratio («) is employed in the single-porosity
model to estimate pore geometry with a porosity of ¢. In the
double-porosity model, the total pore space (¢) consists of spher-
ical or stiff pores (¢p) and microfractures (gf).
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In the work of Guo and Li (2015), the SCA method was proved
more applicable than the SCA-Gassmann method for modeling
tight rock such as shale. The reason was attributed to the fact that
the Gassmann theory assumes sufficient hydraulic communication
and pore-pressure equilibrium, which may not apply to tight rock.
Our numerical test results (not displayed in this paper) following
the work of Guo and Li (2015) also suggest that the SCA method is
more applicable than the SCA-Gassmann method for modeling TGS
in the study area.

The modeling workflows for the two models are demonstrated
in Fig. 4a and 4b, respectively. The moduli of the solid matrix are
modeled by employing the Hashin-Shtrikman bounds (HSB)
method (Hashin and Shtrikman, 1963). The equivalent bulk (K) and
shear moduli (1) of the mineral matrix can be obtained as follows:

KMt = A(/‘max)7KH57 = A(Kmin) (1
MHS+ = I'({(Kmax, #max) )7I'LH57 = I'(C(Kmins &min) ) (2)
and
1, 4 VA S U
R O rs i L R L
(9K +8u
"6 ( K+2u )

where the superscripts HS+ and HS- in order are the upper and
lower bounds, Kmax and Kupin correspond to the maximum and
minimum bulk moduli of consisting minerals of the solid matrix,
respectively. Further, umax and pmax represent the maximum and
minimum shear moduli of the minerals, K(r) and u(r) are the bulk
and shear moduli of the r-th minerals in the mineral matrix, and the
symbol ( -) stands for the weighted average of the quantities.

The SCA theory (Berryman, 1980) is employed to describe the
influence of pore geometry through a single aspect ratio (see
Fig. 4a). Meanwhile, the SCA theory is utilized to model the pore
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Fig. 3. Schematic representations of two modes for TGSs: (a) single-porosity model and (b) double-porosity model.
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SCA theory l SCA theory
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Fig. 4. Rock-physics modeling workflows of (a) single-porosity model and (b) double-porosity model.

spaces consisting of spherical pores and microfractures with vary-
ing volume fractions (see Fig. 4b). Since the SCA theory is essen-
tially established based on the high-frequency assumption, it is
suitable for modeling pores and microfractures as inclusions in
tight rocks with low matrix permeability. The effective bulk
modulus (Kg-) and shear modulus (ugc) of a medium composed of
multiple phases are calculated by the SCA theory in the following
forms:

> (K —Ks)PY = 0 (4)

S0 i(w - msc)Qi =0 5)

where f; is the volume fraction of the j-th constituent, K; and y;
represent the corresponding bulk and shear modulus of the j-th
constituent, geometric factors of the j-th constituent in the host
material are denoted by PY and Q¥, and n is the number of
constituents.

For the fluids distributed in pore spaces with poor connectivity,
Jia (2018) suggested that the formula of Domenico (1977) is more
applicable for computing the fluid bulk modulus Kt of TGS:

where Sy, and Sg in order denote the water and gas saturations, and

K and Kg represent the bulk moduli of water and gas, respectively.
The fluid mixture density is obtained by:
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Pr = SwPw + Sgpg (7)

where p,, and p, signify the water and gas density, respectively.

2.3. Pore structure evaluation for TGS reservoirs using wireline logs

Based on the models presented in section 2.2, pore structures
can be quantified using the parameter « in the single-porosity
model (Figs. 3a and 4a) and ¢f in the double-porosity model
(Figs. 3b and 4b). This section deals with an approach to assess the
effectiveness of the two models and the corresponding pore pa-
rameters. The main criterion is to compare the prediction accuracy
of the shear wave velocity (Vs) using wireline logs for the two
models. As a general rule, higher Vs prediction accuracy indicates
better applicability of the model and corresponding pore parame-
ters for the TGS reservoirs. Fig. 5 illustrates Vs prediction and pore
parameter estimation flowcharts based on the single-porosity
model (left) and the double-porosity model (right) using wireline
logs.

Specifically, the pore parameters « and ¢f are treated as the
fitting parameters in the procedure of Vs prediction. The inputs of
the prediction model of Vs include volume fractions of minerals,
porosity, and fluid properties, which can be obtained from wireline
logs. The proposed approach seeks particular values of & and ¢f that
minimize the discrepancy between the P-wave velocity (Vp)
measured in a borehole (Vp-measured) and that calculated via the
model (Vp-calculated) at each logging interval. To this end, the grid-
searching approach can be effectively implemented to achieve this
process for predetermined « and ¢f values. The obtained « and ¢f
could be considered the crucial parameters exploited for the pore
structure evaluation. In addition, the simultaneously obtained Vs(«)
and Vs(¢r) for the estimated « and ¢r are treated as the Vs prediction
results. As mentioned above, the errors in Vs prediction are used to
assess the applicability of the employed models and the corre-
sponding pore parameters for TGS reservoirs in the region under
exploration.

Input:
Aspect ratio o = o,
A< Oty <o <oy
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3. Results
3.1. Datasets

The datasets are taken from the TGS reservoirs of the Ordos
Basin, China (see Fig. 6). The studied region in this paper is posi-
tioned near the edge of the eastern border of the basin. The target
TGS reservoirs have formed several large gas fields with vast
amounts of natural gas. The map of the two-way travel time (see
Fig. 7) and the interpreted horizon on the seismic profile (see Fig. 8)
for the target reservoir reveal that the tectonic relief of the local
region is relatively flat. The TGS reservoirs with well-developed
pores and microfractures are essential for gas accumulation.

Wireline logs of three wells, namely, A, B, and C, are available in
the region of interest (see Fig. 7), allowing rock-physic analysis,
prediction of the pore structure, and calibration of the constructed
3D-RPTs (see Fig. 1). The elastic properties are achieved utilizing
prestack seismic inversion. Fig. 9 illustrates Vp/Vs, Ip, and K profiles
derived from the elastic inversion results. For a better under-
standing of the correlation between wireline logs and seismic re-
sponses, detailed results of the seismic-well tie for the target TGS in
Well B can be found in the work of Guo et al. (2022). Using the
method presented in the framework of Fig. 1, the elastic properties
of the TGS reservoirs in the target range are extracted using the Vp/
Vs threshold (estimated as 1.85 via the wireline logs) and then
averaged to produce the maps of Vp/Vs, Ip, and K, as demonstrated in
Fig. 10. The properties given in Fig. 10 will be exploited as inputs for
estimating reservoir parameters (h, ¢, ¢f, and Sg) based on the
approach displayed in Fig. 1.

3.2. Pore structure estimation and Vs prediction based on RPMs
using wireline logs

We conduct pore structure estimation and Vs prediction on the
basis of the approaches presented in Fig. 5 and wireline logs from
the three wells with locations displayed in Fig. 7. The composition
properties used for modeling are given in Table 1. Aspect ratios of
spherical pores and microfractures are assumed to be 1 and 0.01,
according to Ruiz and Cheng (2010). The computed results based on

Input:
Microfracture porosity ¢; = ¢,
o< b <1 - <P

Single-porosity
model

Input well log data:
Fractions of minerals,
porosity, fluids, etc.

Double-porosity
model

Outputs:
Ve-calculated, Vs-calculated

Objective function:
|Ve-calculated — Vpe-measured|?
— Minimum

Outputs:
Predicted Ve(a), Vs(@), @

Input well log data
Ve-measured

Outputs:
Ve-calculated, Vs-calculated

Objective function:
|Vp-calculated — Ve-measured|?
— Minimum

Outputs:
Predicted Va(g), Vs(¢r), b5

Fig. 5. Flowcharts proposed for predictions of Vs and pore parameters of the TGS reservoirs based on the single-porosity and the double-porosity models.
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the single-porosity and double-porosity models for the three
considered wells in order are illustrated in Figs. 11 and 12. As can be
seen, the computed Vp satisfactorily fit with the measured values by
adjusting the « in the single-porosity model (see Fig. 11) and ¢ in
the double-porosity model (see Fig. 12).

For the three wells, the correlation coefficients between the
predicted Vs values and those measured are 0.88, 0.90, and 0.89
based on « (see Fig. 11), and 0.93, 0.95, and 0.93 based on ¢ (see
Fig. 12). The achieved results reveal the double-porosity model is
capable of providing a more accurate Vs prediction. This fact sug-
gests that this model and the corresponding pore parameter (¢f)
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Fig. 9. Various profiles of the seismic line presented in Fig. 7: (a) Ip, (b) Vp/Vs, and (c) K.

should be more applicable to the target reservoirs in the studied
region. Further, the estimated ¢f in Fig. 12 can be effectively
employed to calibrate the constructed 3D-RPTs in the following

sections.

3.3. Quantitative seismic characterization of TGS reservoirs

3.3.1. Estimating h for TGS reservoirs using Vp/Vs

Based on the method presented in step 1 in section 2.1 (see
Fig. 1), the values of h for TGS reservoirs in the target range is
evaluated. The estimated results are illustrated in Fig. 13, which has

3433
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Fig. 10. Various maps of the TGS reservoirs corresponding to Fig. 9: (a) Ip, (b) Vp/Vs, and

(c) K.
Table 1
Composition properties used in the present paper (Mavko et al., 2009).
Quartz Clay Gas Water
K, GPa 36.60 21.00 0.012 225
u, GPa 45.00 7.00 — —
P, glem? 2.65 2.60 0.078 1.04

been calibrated with the logging interpretation results using
wireline logs from Fig. 12. The values of h are comparable in Well A
and Well B and are higher than that in Well C, which is consistent
with the interpretation of the wireline logs presented in Fig. 12.
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3.3.2. Predicting ¢ for TGS reservoirs using Ip

Based on the wireline logs from the three wells in Fig. 12, the
complementary analysis shows that Ip and ¢ of TGS reservoirs
apparently exhibit linear negative correlation (see Fig. 14). The
established linear regression in Fig. 14 is then employed to trans-
form seismic-inverted Ip into ¢. It can be anticipated that the dis-
tribution of ¢ (see Fig. 15) is similar to Ip (see Fig. 10a) owing to the
evident linear correlations between the two variables. As illustrated
in Fig. 15, the values of ¢ are comparable in the three wells, which is
consistent with the achieved results revealed from the wireline logs
(see Fig. 12). However, the high-porosity TGS reservoirs cover a
wider region, exhibiting a delta sedimentary lithofacies adjacent to
Well A.

According to the geological understanding of the study area,
TGSs usually have a low porosity and those with a porosity of less
than 0.1 can form effective reservoirs in the Ordos Basin. However,
some sandstones may have a porosity of up to 0.15 and form pre-
mium reservoirs, which is a special case as shown in the local area
illustrated in Fig. 15.

3.3.3. Quantitative interpretation of ¢f and Sg based on 3D-RPTs

The 3D-RPTs proposed in the third step of section 2.1 (see Fig. 1)
could be implemented as a critical technique for predicting reser-
voir parameters in TGS reservoirs. This subsection demonstrates
the construction of the 3D-RPTs and the corresponding applications
in the quantitative prediction of ¢f and Sg using seismic data. For
this purpose, the double-porosity model, whose effectiveness for
characterizing TGS reservoirs has been validated in section 3.2, is
employed to compute the 3D-RPTs.

Fig. 16 illustrates the computed 3D-RPTs of (¢f, Sg) on the cross-
plots of (Vp/Vs, K) for varying ¢, where the reservoir parameters
have the ranges of 0—0.05 for ¢f, 0—1.0 for Sg, and 0.02—0.20 for ¢.
In real data applications, these ranges should cover possible vari-
ations of the reservoir parameters, and the size of intervals should
be small enough to ensure rational accuracy in parameter estima-
tions. The composition properties utilized for modeling are given in
Table 1. To this end, the average volume fractions of quartz and clay
for TGS are set as 0.95 and 0.05 according to wireline log inter-
pretation in Fig. 12. Moreover, the templates are color-coded in
terms of E/A, representing the brittleness index (BI) proposed by
Chen et al. (2014). The constructed 3D-RPTs provide insights into
complex correlations among the elastic properties (Vp/Vs, K), the
reservoir properties (¢f, Sg, @), and the brittleness index. The 3D-
RPTs in Fig. 16 can be exploited for the quantitative interpretation of
seismic data after appropriate calibration with wireline logs.

As demonstrated in Fig. 17, the wireline logs of TGS reservoirs
from the three wells (see Fig. 12) are superimposed on the RPT. The
presented template corresponds to the case of ¢ = 0.13 (i.e., the
average porosity of the TGS reservoirs in the three wells). The
relative discrepancies in the ¢f and Sg values, as indicated by the
template for the three wells, are consistent with the corresponding
relationships displayed in Fig. 12. In the calibration of RPTs using
wireline logs, the primary challenge comes from the reservoir
heterogeneity, which is represented by the scatting distribution of
data points.

Fig. 18 illustrates the 3D-RPTs in Fig. 16, along the axis of porosity
for convenience, where the seismic data for the target TGS reser-
voirs from Fig. 10 are superimposed on the templates. As demon-
strated in Fig. 15, the values of ¢ have been estimated from Ip (see
Fig. 10a) for each data point in Fig. 18. The spatial correspondence of
various factors in Figs. 10 and 15 indicate that each pair of Vp/Vs and
K in Fig. 18 corresponds to a specific level of ¢. Therefore, the data
points in Fig. 18 can be color-coded by ¢, as highlighted in Fig. 19.
Most importantly, the plotted results in Fig. 19 indicate the neces-
sity of estimating ¢ before conducting quantitative interpretation
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Fig. 11. Wireline logs, including GR, Vp, Vs, a, S, and volume fractions of minerals for different wells. (note: red lines indicate the target TGS reservoirs. Velocity curves in black
correspond to the measured values, and velocity curves in red are associated with those calculated results on the basis of the single-porosity model).

via RPTs in Fig. 18. Subsequently, according to the given step 3 in
Fig. 1, appropriate templates are chosen for each data point in
Fig. 18. To this end, the depicted results in Figs. 18 and 19 are used to
interpret reservoir parameters (¢r, Sg) from seismic data (Vp/Vs, K)
for each particular ¢. The estimated results of ¢fand S; for the tight
sandstone gas reservoirs are demonstrated in Fig. 20.

3.3.4. Evaluation of BI in TGS

The brittleness of TGS determines its ability to be fracked by
hydraulic fracturing, which affects the ultimate gas production of
reservoirs. As suggested by Chen et al. (2014), Bl determined by E/A
can provide an appropriate evaluation of rock brittleness. In Fig. 21,
we illustrated the Bl which can be derived from elastic properties in
Fig. 10. The result indicates that TGS at Well A and Well B exhibites
higher BI than Well C. In the following section, Bl will be incorpo-
rated into the factors proposed for the comprehensive character-
ization of TGS.

3.3.5. Identification of high-quality TGS reservoirs using estimated
reservoir parameters

Based on the integrated rock-physics-based framework pre-
sented in Fig. 1, we have derived reservoir parameters (see Figs. 13,
15, 20 and 21) that control the reservoir quality of TGSs. Subse-
quently, the estimated reservoir parameters are utilized for
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comprehensively characterizing TGS reservoirs. Certainly, the high-
quality TGS reservoirs could be appropriately characterized by large
cumulative thickness (h), high gas saturation (Sg), sufficient
porosity (¢), well-developed microfractures (¢s), and high BI. To this
end, we define the factors associated with these reservoir factors to
evaluate reservoir quality for TGSs. Specifically, two normalized
factors, Fi=Normalizedlh x 'S¢ x Bl x ¢) and
F,=Normalized(h x Sg x Bl x ¢ x ¢f), are proposed for comparison.
The main goal is to explore the effect of ¢r since microfractures are
considered to be substantial for the effective development of TGS
reservoirs in the studied region.

Fig. 22a and 22b illustrate maps of F; and F,, respectively, where
the primary discrepancy is associated with the anomaly values of Fy
and F, adjacent to Well B. For quantitative comparison, the
normalized values of F; and F, for the TGS reservoirs at the three
wellbore locations are extracted and illustrated in Fig. 23a. The
results reveal that the F, value at Well B is comparable with that at
Well C, and both values are lower than the corresponding value at
Well A. In comparison, the F; value at Well B is comparable to that
of Well A, and both of these values are higher than the corre-
sponding values at Well C.

To examine the effectiveness of the results provided in Fig. 233,
the gas production status for the three wells is illustrated, as pre-
sented in Fig. 23b. The predicted results suggest that Wells B and C
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correspond to the measured values, and velocity curves in blue are associated with those calculated results on the basis of the double-porosity model).
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Fig. 13. Map of the estimated h for the target TGS reservoirs.

produce a similar amount of gas, which is lower than that of Well A.
It indicates that the gas production (see Fig. 23b) exhibits an
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Fig. 14. Cross-plot of ¢ and Ip for the target TGS reservoirs from the three wells. (note:
the yellow line represents the linear fitting relationship of the data).

apparent correlation with the factor F, (see Fig. 23a), confirming
the effectiveness of F» in the identification of high-quality TGS
reservoirs. Most importantly, the above comparison between Fy
and F, reveals the significance of microfractures (¢s) for predicting
gas production in TGS reservoirs.
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Fig. 15. Map of ¢ of the target TGS reservoirs estimated from I based on the linear
regression relationship displayed in Fig. 14.

2.00 ~""Tn'cFe/a§m§ ¢ ‘
195 — .t
1.90
185

180 ——1

1.75 —

Ve /Vs

170
165 — ¥ s | ER
160 — S e 6
155 — ) 4

1.50

Fig. 16. The correlations between the elastic properties (Vp/Vs, K) and the reservoir
properties (¢r, Sg, ¢) based on the 3D-RPTs. (note: the templates are color-coded by E/4,
which represents the brittleness index).
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Fig. 17. Calibration of the RPT using the wireline logs from Fig. 12. (note: the template
is color-coded by E/A, which represents the brittleness index).
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Fig. 18. Two-dimensional display of 3D-RPTs for quantitative interpretation of reser-
voir parameters (¢r, Sg) using seismic-derived elastic properties (Vp/Vs, K). (note: the
templates are color-coded by E/A, which specifies the brittleness index. The seismic
data have been superimposed on the templates).
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Fig.19. The Vp/Vs and K cross-plot superimposed with the seismic-derived data for the
TGS reservoirs from Fig. 10. (note: the data points are color-coded by ¢ estimated in
Fig. 15, such that the arrow indicates the trend of increasing ¢).

4. Discussion

4.1. Advantages of the proposed framework for characterizing TGS
reservoirs

We have proposed an integrated framework for quantitatively
characterizing TGS reservoirs via a rock-physics-based framework
(see Fig. 1). First, the approach of estimating the cumulative
thickness of TGS reservoirs based on the Vp/Vs threshold is suitable
for thin-layered sandstones and mudstones, where the traditional
interpretation methodology vis seismic waveforms could not be
applicable for such an interbedded structure. Moreover, it provides
a practical method to extract seismic-derived elastic properties for
TGS reservoirs in the target ranges, which are essential for rock
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Fig. 20. Maps of the predicted parameters for the TGS reservoirs: (a) ¢, (b) S.

Fig. 21. Map of BI for the TGS reservoirs.

physics analysis and quantitative interpretation in the subsequent
processes. In addition, the obtained linear correlation between Ip
and ¢ is critical for optimizing the reservoir characterization
scheme, making it feasible to estimate (¢f, Sg) based on (K, Vp/Vs) for

F1 = Normalized (h x S, x Bl x ¢)
[} 2km [ 05 1.0

varying ¢ via the constructed 3D-RPTs (see Figs. 18 and 19). This
optimal framework guarantees robust and reliable interpretation of
seismic data, particularly applicable to the case of the multi-
parameter prediction displayed in Fig. 1. The estimated reservoir
parameters (see Figs. 13, 15 and 20) capture the dominant factors
influencing reservoir quality and allow comprehensive character-
ization of TGS reservoirs. The factor determined on the basis of the
estimated reservoir parameters (see Fig. 21b) exhibits an obvious
correlation with gas production (see Fig. 22). This suggests the
proposed factor is an effective indicator for identifying promising
TGS reservoirs. Further, comparisons between the two factors, as
shown in Fig. 21, suggest that microfractures are crucial in affecting
gas production. This issue provides insights for a better under-
standing of tight gas sandstones in the studied region.

4.2. Appropriate modeling methods for TGSs

Rational rock-physics models and appropriate reservoir pa-
rameters are essential for describing microstructures of TGS res-
ervoirs and computing templates for reservoir characterization. The
practicability of the employed double-porosity model and the
corresponding parameter ¢¢ for pore structure description has been
validated by the results of Vs prediction (see Fig. 12). Meanwhile,

F2 = Normalized (h x S, x Bl x ¢ x ¢)
10

Fig. 22. Maps of two factors for comprehensive characterization of the TGS reservoirs:
(a) F;=Normalized(h x Sg x BI x ¢) and (b) F,= Normalized(h x Sg x BI x ¢ x ).
[ F2 = Nomatized (n x 5, % BI x ¢ x )

%JI Il 1

WellA Well B Well C

- F1 = Normalized (h x S, x Bl x ¢)

Factors
°
>

(b) 10

Gas production, m¥/day
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Fig. 23. The target TGS reservoirs in the three wells: (a) values of F; and F,, (b) gas production status.
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the Pore structures quantified by ¢f have been proven critical to gas
production.

Nevertheless, based on the improved understanding of the TGS
microstructures, other sophisticated methods could be included for
modeling elastic and inelastic properties associated with hetero-
geneous fabric and patchy saturation in TGSs (Sun et al., 2016; Ba
et al.,, 2017). Seismic attenuation can also be estimated to provide
valuable information for improved characterization of tight gas
sandstones (Picotti et al., 2018; Pang et al., 2020). In addition, this
paper is aimed to explore pores and microfractures with randomly-
distributed orientations in TGSs, which are described with isotropic
models. In fact, vertical tectonic fractures in the TGS reservoirs are
not taken into account in the present model and could be scruti-
nized using azimuthal seismic anisotropy (Guo et al., 2022; Zhang
et al,, 2022).

4.3. Limitations of RPTs for quantitative seismic interpretation

The primary limitation of RPTs for quantitatively interpreting
seismic data is that they are site-specific. The RPMs applicable to
one region might not be straightforwardly extended to other re-
gions. It is chiefly attributed to the variations in microstructures for
rocks from various regions that make developing universal models
impossible. An improved understanding of TGS characteristics
based on geological and petrophysics properties can also provide
insights for constructing rational models and proposing effective
parameters in reservoir characterization.

Another inherent limitation is that the construction of RPTs
tends to be target-oriented, meaning that estimation of reservoir
parameters via the templates may be suitable for a specific target
layer rather than formations with wide depth ranges. It is the pri-
mary reason that restricts the proposed method from producing
horizontal maps of various reservoir parameters for the target TGS
reservoir.

Finally, the essence of quantitative seismic interpretation in-
volves transforming elastic properties into reservoir parameters via
RPTs. To this end, appropriate procedures should be designed based
on rock physics analysis to lessen the resulting uncertainties in
multiple parameter estimation using elastic properties. As
mentioned, the obtained correlation allows rational predicting ¢
from Ip first, followed by interpreting (¢f, Sg) from (K, Vp/Vs) for
varying ¢ using 3D-RPTs. This integrated scheme ensures the
robustness of multi-parameter estimation using RPTs and could
provide helpful references for optimizing the quantitative charac-
terization process in other hydrocarbon resources.

5. Conclusions

This study has been conducted to explore the quantitative
seismic characterization of TGS reservoirs using an integrated rock-
physics-based framework. The proposed methodology is capable of
optimally capturing the primary reservoir parameters that deter-
mine reservoir quality, including cumulative thickness, total
porosity, microfracture porosity, and gas saturation for TGS reser-
voirs. The cumulative thickness and total porosity of TGS reservoirs
are appropriately predicted using rock-physics analysis and wire-
line logs. These processes result in the integrated estimation of
microfracture porosity and gas saturation, which are interpreted
from Vp/Vs ratio and bulk modulus for varying total porosity via the
constructed 3D-RPTs. The predicted shear wave velocity has proven
that the double-porosity model is capable of effectively character-
izing the microstructures of TGS reservoirs and providing a prac-
tical tool for computing rock-physics templates.

The indicator proposed based on the estimated reservoir pa-
rameters is consistent with the gas production; hence, it could
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effectively identify promising TGS reservoirs. Meanwhile, analysis
indicates that the predicted microfracture porosity exhibits a crit-
ical influence on gas production, indicating the necessity of the
pore structure evaluation as well as the applicability of the pro-
posed scheme for reservoir characterization in the region under
investigation. Finally, the approach developed in the current work
could inspire the development of potentially efficient rock-physics-
based approaches for identifying other hydrocarbon reservoirs.
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