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ABSTRACT

Shear wave splitting (SWS) analysis has been widely employed for fracture characterization in both
global seismology and seismic exploration. Two key SWS attributes—fast shear wave polarization and
the time delay between fast and slow shear waves—can be inverted from four-component seismic data
(two horizontal sources and two horizontal receivers). These SWS attributes enable the characterization
of subsurface fracture parameters, such as fracture strike and density. In this study, a nine-component
vertical seismic profile (VSP) survey was acquired in the Sanhu Depression of the eastern Qaidam Basin,
northwestern China. Preliminary analysis of the shear-wave source VSP data reveals two distinct SWS
signatures at different depths, corresponding to two separate fractured layers. However, characterizing
multiple fractured layers presents significant challenges, as the SWS attributes of deeper fractured
layers are strongly influenced by those of overlying fractured formations. Existing approaches for pre-
dicting multi-layer fracture parameters are predominantly data-driven and are largely limited to
qualitative analysis. To address these challenges, we propose a robust, rock-physics-model-guided
method that enables the quantitative estimation of both the fracture strike and fracture density in
multiple fractured layers. First, the parameters of the shallow fractured layer are directly estimated from
the SWS attributes. Then, synthetic VSP records of the deeper fractured layer are modeled by incor-
porating Hudson's theory and the reflectivity method. The fracture parameters of the deep fractured
layer are inverted by minimizing the difference between the SWS attributes of synthetic records and
those of the actual seismic data. A hierarchical search strategy (coarse-scale + refined-scale) is
employed to accelerate convergence toward the optimal solution. This investigation provides a practical
tool for quantitative characterization of subsurface formations with multiple fractured layers.
© 2025 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

data, four-component surface seismic data, and the PS converted
waves from three-component surface seismic data, and has been

Shear waves propagating through a fractured layer can split
into a fast shear wave and a slow shear wave. The polarization of
the fast shear wave is aligned with the fracture strike, whereas the
polarization of the slow shear wave is oriented perpendicular to
the fracture strike. Shear wave splitting (SWS) analysis can be
performed using the four-component VSP (vertical seismic profile)
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extensively used to characterize fractured formations (e.g.,
Crampin, 1984; Garotta and Granger, 1988; Mueller, 1991;
Yardley and Crampin, 1991; Corrigan et al., 1996; Li, 1998; Guo,
2008; Li, 2011; Ding, 2015; Liu, 2019; Li, 2020; Li et al., 2022; Li,
2024).

Various SWS analysis methods have been investigated (Alford,
1986; Thomsen, 1988; Silver et al., 1991; Bale et al., 2009; Xiao
et al., 2013; Prajapati, 2015; Donati et al., 2016; Gholami et al.,
2016; Wang, 2020; Gong et al, 2022). Maultzsch (2003)
compared different methods and demonstrated that the Linear
Transform Technique (LTT) developed by Li and Crampin (1993) is
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an efficient and flexible method for analyzing the SWS attributes
of four-component seismic shear wave data. However, obtaining
the fracture parameters of deep fractured layers using SWS attri-
butes remains challenging, because the SWS attributes of shallow
fractured formations can significantly affect those of the deep
layers. Thomsen et al. (1999) proposed a layer-stripping SWS
analysis method for characterizing multiple fractured layers.
However, since this method does not incorporate rock physics to
establish a quantitative relationship between fracture parameters
and seismic attributes (Wu, 2023, 2024), it is limited to qualita-
tively characterizing fracture development.

In this paper, we present a rock-physics-based method to
determine fracture parameters for multiple fractured layers. This
method is applied to the S-wave-source four-component VSP ob-
tained from the eastern Qaidam Basin. First, the VSP data are
preprocessed to obtain a high-quality downgoing wavefield, which
is then used for SWS analysis. The SWS analysis results reveal two
distinct characteristics from shallow to deep layers, indicating the
presence of two fractured layers. Next, the thicknesses of these
fractured layers are further determined based on the geological
background model established from logging data. The shallow
fracture parameters can be directly determined from the SWS at-
tributes. However, due to the significant influence of the shallow
fractured layer on the SWS attributes of the deep layer, obtaining
the deep fracture parameters presents challenges. To address this
issue, Hudson's theory and the reflectivity method are used to
model synthetic VSP records of the deep fractured layer. The LTT
method is then applied to perform SWS analysis on the synthetic
seismic records. Finally, the deep fracture parameters are inverted
by minimizing the difference between the SWS attributes of the
synthetic records and the actual seismic data.

2. Geological background and processing of four-component
VSP data

The Quaternary formations in the Sanhu Depression consist of a
series of sand-shale interbeds and contain significant biogas re-
sources (Heggland, 1997; Kang et al., 2009; Huang, 2010; Sun,
2011; Wang et al., 2019). A nine-component zero-offset VSP sur-
vey was acquired in this area to investigate the subsurface struc-
tures (the location of the VSP well is indicated by the red
pentagram in Fig. 1). The acquisition geometry is shown in
Fig. 2(a). The source geometry is defined in the Cartesian coordi-
nate system X, Y, and Z, while the geophone geometry is defined in
the Cartesian coordinate system x, y, and z. The X- and Y-axes align
with the vibration directions of the two horizontal force sources,
respectively. The distance from the sources to the well is 33.31 m.
The geophones are positioned at depths ranging from 10 m to
1600 m. The seismic records obtained from depths between 10 m
and 200 m are significantly contaminated by noise due to the in-
fluence of shallow geological structures and surface noise. Fig. 2(b)
shows the data matrix for the nine-component recording geom-
etry, with the S-wave four-component records used to investigate
the SWS attributes (the hatched area in Fig. 2(b)). Fig. 3 shows the
nine-component seismic records acquired by the VSP acquisition
geometry (displayed with automatic gain control, AGC). The
seismic arrivals exhibit discontinuities, and amplitude anomalies
are observed in certain traces. Preprocessing is required before
performing SWS analysis.

The raw VSP shot gathers are first processed by removing
duplicate traces and correcting amplitude anomalies (Fu, 2025).
Then, multi-component amplitude compensation is applied to
correct amplitude attenuation caused by geometric spreading,

179
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inter-component energy disparity, and other factors, ensuring that
the energy levels of all components are consistent. Since the hor-
izontal geophones are placed in boreholes and their orientations
are inconsistent, the recorded arrivals exhibit discontinuities. To
address this, geophone orientations are corrected using the po-
larization analysis method (Greenhalgh, 1995). The excited P-
wave, which does not exhibit splitting, is used as the reference. The
amplitude of the P-wave received by the horizontal geophones
with an arbitrary rotation angle ¢ can be expressed as

n

Ap=>" [x(t))cos ¢ + y(t;)sin ¢]*

1

(1)

where n is the length of the time window, t is sampling time, and i
is the sample index. x(t;) and y(t;) denote the seismic records

received by the two horizontal components at time t;. Letting %
0, the rotation angle can be solved as

255 X(t)y(6)
S b )
S p(6) — y2(6)]

1

= arctan

?=3

Fig. 4 shows the calculated rotation angle ¢ of the geophones
varied with depth. The seismic records become significantly more
continuous after orientation correction (Fig. 5(a) and (b)). Addi-
tionally, the anomalies observed by geophones No. 80 to No. 180
(500-1600 m) are also effectively removed. The upgoing and
downgoing wavefields are then separated using F-K (frequency-
wavenumber) filtering, as shown in Fig. 5(c) and (d). The down-
going wavefield exhibits higher resolution and signal-to-noise
ratio, making it suitable for subsequent SWS analysis.

3. SWS analysis using the Linear Transform Technique

SWS attributes reflect the characteristics of fractures, making
SWS analysis a common method for estimating fracture parame-
ters. The original four-component data, denoted as Xx, Xy, Yx, and
Yy, as illustrated in Fig. 2, cannot be directly used for SWS analysis
and must first be transformed into the fast and slow shear-wave
coordinate system. The relationship among source coordinate (X,
Y), receiver coordinate (x, y), and natural fracture coordinate (S1,
S2)isillustrated in Fig. 6. S1 is along the fracture strike, while S2 is
perpendicular to the fracture strike. The LTT proposed by Li and
Crampin (1993) enables the conversion of the four-component
shear-wave data from complex motions into linear motions. « is
the angle between X and x, and ¢ is the angle between S1 and x.
and 6 can be estimated during the separation of fast and slow shear
waves.

The four-component data matrix, acquired using two hori-
zontal sources (vibrating along the X and Y) and two orthogonal
receiver components (recorded along x and y), can be expressed as

Xy(t)}

Yy(t)
where t denotes the sampling time. The four-component records
can be further written:

Xx(t) =qS1(t
Xy(t) = qS1(t
Yx(t) = qS1(t
Yy(b) = qS1(t

Xx(t)

yx(t) (3)

D(t) = {

——

cos 0 cos(a + ) + qS2(t)sin 6 sin(a + 6),
sin 6 cos(a + 0) — qS2(t)cos 0 sin(a + ),
cos @ sin(a + 0) — qS2(t)sin 6 cos(a + 6),

( ) (4)
sin 4 sin(a + ) + qS2(t)cos 6 cos(a + 6),
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Fig. 1. Map of the Sanhu area in the Qaidam Basin, China, showing the location of the VSP well.
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Fig. 2. (a) The acquisition geometry of the nine-component VSP. (b) Nine-component
seismic excited by three orthogonal sources (X, Y, Z) and received by three orthogonal
receivers (X, y, z). The hatched area represents two-by-two shear-wave recordings
(two horizontal sources and two horizontal receivers).

where gS1 is the seismic records of the fast shear wave polarized
along the S1, qS2 is the seismic records of the slow shear wave
polarized along S2. « and ¢ need to be determined for the sepa-
ration of qS1 and gS2.

Li and Crampin (1993) applied a set of linear operations to the
four-component data (Xx, Xy, Yx, and Yy), yielding a new set of
transformed components (&, i, £, and y):

N
> (aS1(t) - qS1(0))?
i=1

D(At) = =

1

N
(aS1(t) — qS1(1))(qS2(t) — qS2(t))
=1

N
> (as1(t) - aS1(6)(as2(t) —

N
> (@s2(t) — qS2(0))?
i=1

180

E(t) = Xx(t) — Yy(t) = [qS1(¢t) — qS2(¢) |Jcos(a + 20),
n(t) = Xy(t) + Yx(t) = [[qS1(t) — qS2(t) ] Jsin(a + 26),
¢(t) = Xx(t) + Yy(t) = [[qS1(t) + qS2(t) ] Jcos a,

x(8) = Yx(t) — Xy(t) = [[aS1(t) + qS2(t) ] sin

Consequently, the angles a+26 and « can be estimated through
linear regression as follows:

(5)

a+20=ttan-1 [ 22 Lttt + o) , (6)
20 IS [Bern -2+
1.1 [ 28t ot +7) }
==t , 7
B ST ] @
where z is the scanning time window.
Then the fast and slow shear waves are separated as
aS1(0) = 5 [¢(6)cosa) + n(E)sin(a)
+(¢(t)cos(a + 20) + y(b)sin(a + 26) )], (8)

qS2(¢t) = %{é(t)cos(a) + n(t)sin(a)

—(&(t)cos(a + 20) + y(t)sin(a + 26) )].

The time delay between the fast and slow shear waves is
expressed using the covariance matrix method as

qsS2(t))
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Fig. 3. The original nine-component VSP data: (a) Xx-component,
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Geophone

Fig. 6. Top view of the source coordinate (X, Y), receiver coordinate (x, y), and nature
fracture geometry (S1, S2).

address this, a logistic function is used to fit the estimated SWS
attributes, which can be expressed as (Reed and Berkson, 2002)

AL —Ay

Y=A)+—
2t e pin X nxg)’

(10)

where Y represents the value of polarization or time delay, X' is the
geophone index, and Ay, Ay, p, and Xy are the parameters to be
estimated. A; and A, represent the trend values of Y within
different geophone ranges. p is the slope of the transition of Y’ from
A1 to Ay, and Xq' is the geophone position where Y’ transitions from
A1 to A,. To improve convergence efficiency and ensure the sta-
bility of the fitting process, we select the initial values of A1 and A,
as the maximum and minimum values of the observed Y,
respectively. This strategy is based on the observation that logistic
functions asymptotically approach these extremes. Field data
validation shows that this approach reduces the number of
required iterations by 40% compared to randomized initialization.
For the initial value of the slope-related parameter p, it is typically
set to 3, which corresponds to the average steepness observed in
our data. This setting helps to approximate the general gradient
trend of the data and mitigates the risks of divergence or poor local

Petroleum Science 23 (2026) 178-189

minima caused by an overly steep or flat initial slope. The pa-
rameters Ay, Ay, p, and X' are estimated using the least squares
method, minimizing the error between the fitted curve and the
actual data (Zhang, 2019).

The logistically fitted results are shown in Fig. 7(b) and (c) (red
solid lines). There are two distinct SWS features from shallow to
deep (indicated by @ and @). The logistic-fitted polarization of the
shallow section (geophone numbers from 40 to 120, as indicated in
@) is around 50°, and the corresponding time delay is around 13
ms. For the deeper section (geophone No. from 120 to 180 as
indicated in @), the polarization increases to 54°, while the time
delay decreases to 12 ms. This phenomenon indicates the exis-
tence of two distinct fractured layers. The top of the shallow
fractured layer is located at a depth above 200 m, while the top of
the deep fractured layer is located at approximately 1000 m.

4. Quantitative interpretation of two fractured layers using a
rock-physics-based method

The SWS analysis of the four-component VSP data reveals the
presence of two fractured layers. Characterizing multiple fractured
layers remains challenging; to address this issue, we propose a
rock-physics-based method to invert the fracture parameters of
each layer. The workflow is shown in Fig. 8.

4.1. Constructing the geological model and identifying two
fractured layers

Before estimating the fracture parameters of the two layers, it is
essential to identify their thicknesses. Gamma-ray index (GR) and
acoustic impedance (Al) logs are employed for geological stratifi-
cation, in which the GR log is used to delineate formations by
distinguishing lithology variation, and the Al log is used to identify
impedance contrasts corresponding to potential formation
boundaries. Through the joint analysis of these well logs, we
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Fig. 7. (a) Seismic records of fast and slow shear waves from the field VSP, with red and blue representing the fast and slow shear waves, respectively. (b) The polarization of the
fast shear wave and (c) the time delay between the fast and slow shear waves. The black point represents SWS attributes from the field VSP, while the solid red line represents the

logistic fitting results.
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Fig. 9. Well log data of (a) gamma-ray index (GR) and (b) acoustic impedance (Al). (c) Interpreted geological model.

delineate 14 geological layers bounded by 13 interfaces, reflecting
consistent lithological changes and acoustic contrasts (Fig. 9(a)
and (b)). To validate the reliability of this stratification, we project
interpreted seismic horizons from an adjacent well (e.g., K1, K3,
and K7) onto the well shown in Fig. 9. The projected layer

boundaries exhibit good agreement with the log-derived stratig-
raphy, supporting the consistency of the 14-layer division. The
analysis of SWS attributes indicates that SWS occurs above a depth
of 200 m and near 1000 m, corresponding to layers 2 and 10,
respectively. Consequently, the shallow fractured layer is

184
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identified between reflections T1 and T2, with a thickness of
105 m, while the deep fractured layer is located between re-
flections T9 and T10, with a thickness of 90 m. The resulting
geological model is constructed accordingly, as shown in Fig. 9(c).

4.2. Interpretation of fracture parameters for the shallow fractured
layer

SWS attributes enable direct quantification of fracture param-
eters. Based on the traditional data-driven method, the strike of
the shallow fractures is directly related to the polarization of the
fast shear wave, and the density of shallow fractures can be ob-
tained using a rock-physics empirical relationship between the
time delay and the fracture density. The empirical formula is
expressed as follows (Schoenberg, 1988):

33-2r,)
3(3 - 2r,) — 16e

At

e (11)
where 1, = (Vso/Vpo)?, and Vsg and Vpg are the vertical P-wave
velocity and vertical S-wave velocity of the shallow fractured layer,
respectively. At is the time delay between fast and slow shear
waves, and ts; is the traveltime of the slow shear wave, which can
be obtained from the first arrival of slow shear wave records, and e
denotes the fracture density. The values of Vsy and Vpy obtained
from the VSP first arrivals are 657 m/s and 1723 m/s, tsp is 154 ms,
and the initial fracture density calculated using Eq. (12) is
approximately 0.04.

The accuracy of the shallow fracture parameters is critical for
the reliable estimation of deep fracture parameters. A rock-
physics-based method is proposed to evaluate the accuracy of
the estimated shallow fracture parameters. Firstly, the shallow
fractured layer is modeled using Hudson's theory due to its
mathematical simplicity, clear physical interpretation, and suit-
ability for low-fracture-density conditions (fracture density < 0.1)
(Hudson, 1981). The effective elastic coefficient (C) of a shallow
fractured layer can be expressed as follows:

Ceff _ ciSO + cani ) (1 2)

C's° represents the elastic modulus of the isotropic background
medium, and the form is

42 2 A 000
A A+2« 42 000

iso __ A A A+2u 0 0 O

=10 0 0 .00/ (13)
0 0 0 0 x40
0 0 0 00

where 2 and u are the Lamé parameters of the isotropic medium.
C*™ represents the correction term caused by fracture. If only the
first-order correction is considered, C*™ is expressed as

Cani:
(A+2p)%Us3 2(A+2pu)Us3 A(A+2u)Us3 O 0 0
A(A+2u)Us3 /12U33 /12U33 0 O 0
_€a(A+2uUs3  A2Us3 PUs3 0 0 0
H 0 0 0 0 0 0o |’
0 0 0 02Uy O
0 0 0 0 0 iU

1
(14)

where e is the fracture density. Uj; and Uss are the elastic pa-
rameters related to fracture characteristics.
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C16(A+2u) 1

U“*3(3/1+4,4)1+1v1’

(15)

and

442 1

BT30+p) 1+k (16)

where M and k are parameters related to the fracture character-
istics, and they are expressed as follows:

4+ 2

ETETR (a7

and

_ K+ (4/3)u](+21)

k
myp (4 + p)

(18)

where K' and x' are the bulk modulus and shear modulus of the
filling in the fractures, respectively. y is the aspect ratio (ASP ratio)
of the fractures. The elastic and fracture parameters of the shallow
fractured layer are listed in Table 1.

Then, the effective elastic coefficients calculated by Hudson's
theory is

49941 4.0912 3.8981 0 0 0
4.0912 4.9941 3.8981 0 0 0
ceff _ 3.8981 3.8981 4.5811 0 0 0
o 0 0 0 0.4165 0 0
0 0 0 0 0.4165 0
0 0 0 0 0 0.4489
(19)

Based on the calculated effective elastic parameters of the
shallow fractured layer, the four-component VSP seismic records
of the shallow fractured layer are subsequently simulated using
the reflectivity method (Fuchs and Miiller, 1971). The acquisition
geometry of the forward model is consistent with that of the field
VSP. Using the forward seismic records, SWS analysis is performed
using the LTT. Fig. 10 shows the comparison of fast and slow shear
wave seismic records between the forward model and the field
VSP. It can be seen that when geophone No. < 120, the first arrivals
of the forward model are highly fitted with those of the field VSP
(Fig. 10(a) and (c)), while when geophone No. > 120, there is a
noticeable deviation between the first arrivals of the model and
those of the field VSP (Fig. 10(b) and (d)). Fig. 11 shows the com-
parison of SWS attributes between the model and the field VSP at
each geophone. The modeled polarization and time delay closely
align with the SWS observations from the field VSP in the shallow
section but deviate from those in the deep section.

4.3. Interpretation of fracture parameters for the deep fractured
layer

The SWS attributes (50°, 13 ms) for the shallow fractured layer
are illustrated by @ and the black solid circle in Fig. 12. The esti-
mated shallow fracture parameters are a strike of 50° and a frac-
ture density of 0.04, respectively. For the deep fractured layer, the

Table 1
The elastic parameters and fracture parameters of shallow fractured layer.

Vpo, km/s Vso, km/s p, g/cc Radius, m ASP ratio (y)

0.66 2.12 1 0.001

Fracture density (e)

0.04

1.7
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Fig. 10. Comparison of seismic records between the forward model and field VSP. (a) Fast shear wave for geophone No. < 120, and (b) fast shear wave for geophone No. > 120; (c)
slow shear wave for geophone No. < 120, and (d) slow shear wave for geophone No. > 120. The red seismic records represent the forward model, while the black seismic records

correspond to the field VSP.

SWS attributes derived from the field VSP are 54° and 12 ms,
respectively, as illustrated by @ and the red star in Fig. 12. Using
the traditional data-driven method, the estimated fracture strike
and density are 54° and 0.037 for the deep layer. Incorporating
both the shallow fracture parameters (50° and 0.04) and the deep

186

fracture parameters (54° and 0.037), forward seismic records are
modeled using the proposed method. The analyzed SWS attributes
from the forward seismic records are 52° and 16.7 ms, respectively
(illustrated by @’ and the black star in Fig. 12). A significant de-
viation is observed between @ and @’, highlighting that the deep
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the field VSP, while the blue points correspond to those from the forward model.

Time delay of SWS analysis, ms

8 10 12 14 16 18
L L L L L L
60 4
g,
. P f
eng,, acy,
Sty Clurg
° O,
y 55 4
R Q
g @* %@%
T o ol @ %
(7 o
5 “0,%
o«

50 4
g . 0@ Initial
%) 5 point
— .
o
c 1
5 45
=
©
N
=
Ko}
O 40 4
e 0

.
35 4

Fig. 12. The changes of SWS attributes induced by deep fracture parameters. @
represents the SWS attributes from field VSP corresponding to the shallow fractured
layer, @ represents the SWS attributes from field VSP corresponding to the deep
fractured layer, and @’ represents the SWS attributes from the model corresponding
to the deep fracture parameters (54°, 0.037), considering the influence of shallow
fracture parameters. The red solid circles represent the SWS attributes from forward
models corresponding to the scanning deep fracture parameters. The red broken line
is the contour of fracture density, and the black broken line is the contour of fracture
strike.

fracture parameters directly estimated from the field SWS attri-
butes fail to accurately reflect the true properties of the deep
fractures due to the influence of the shallow fracture layer.

To improve computational efficiency and ensure the reliable
estimation of deep fracture parameters, we adopted a hierarchical
search strategy combining coarse- and fine-scale searches. A
coarse-scale search is first conducted to determine the approxi-
mate range of the deep fracture parameters. The initial values are
guided by shallow fracture parameters (e.g., fracture strike = 54°
and density = 0.04). The fracture strike is searched over the full
0°-360°, and the fracture density is searched over a broad interval
of 0-0.1. Given these fracture parameters, the synthetic seismic
records are forward modeled, and the analyzed SWS attributes
are illustrated by red dashed lines in Fig. 12. A highly non-
monotonic relationship is observed between the fracture strike
and the SWS attributes of the modeled seismic records. For a
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Fig. 13. The changes of SWS attributes induced by deep fracture parameters. ®
represents the SWS attributes from field VSP corresponding to the shallow fractured
layer, and @ represents the SWS attributes from field VSP corresponding to the deep
fractured layer. The blue solid circles represent the SWS attributes from forward
models corresponding to the scanning deep fracture parameters. The red broken line
is the contour of fracture density, and the black broken line is the contour of fracture
strike.

fixed fracture density (e.g., 0.04), as the deep fracture strike in-
creases from 54° through a full rotation, the polarization angle
initially increases, then decreases, and subsequently increases
again, while the time delay initially decreases and then increases,
forming a near-circular trajectory. Additionally, larger deep frac-
ture densities cause the SWS attributes to deviate more signifi-
cantly from those of the shallow fractured layer as represented by
® in Fig. 12. This coarse-scale search reveals that the deep SWS
attributes from the field VSP (as indicated by @ in Fig. 12)
correspond to the fracture parameters within a fracture strike
range of 100°-150° and a fracture density range of 0.01-0.04 (gray
area in Fig. 12).

Once an approximate solution is determined, a fine-scale
search is performed within a narrow window (e.g., fracture
strike: 100°-120°, fracture density: 0.01-0.04, as shown in Fig. 13),
with scan intervals of 10° and 0.01, respectively. Within this
refined range, a quantitative mapping between deep fracture pa-
rameters and SWS attributes is established through forward
modeling. As shown in Fig. 13, the relationship between modeled
SWS attributes and fracture parameters becomes monotonic,
thereby facilitating more robust parameter estimation. The
forward-modeled SWS attributes corresponding to fracture pa-
rameters of 110° for fracture strike and 0.02 for fracture density
match those from the field VSP data. Fig. 14 shows that the pre-
dicted SWS parameters from this result exhibit strong agreement
with the field VSP data. Notably, the traditional data-driven
method overestimates the deep-layer fracture density, reaching
nearly twice the value derived from our method (0.037 vs. 0.02),
demonstrating that it may introduce substantial errors in complex
multi-layered fracture systems (see Fig. 15).

Following the above analysis, we provide a quantitative inter-
pretation of the two fractured layers in the study area (Fig. 16). The
shallow fractured layer is characterized by a thickness of 105 m, a
strike of 50°, and a density of 0.04. The deep fractured layer has a
thickness of 90 m, a strike of 110°, and a density of 0.02.

5. Discussion

In this paper, the proposed method is demonstrated for a for-
mation with two fractured layers. In practical applications, it can
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Fig. 14. Comparison of seismic records between the forward model and field VSP. (a) Fast shear wave for geophone No. > 120, and (b) slow shear wave for geophone No. > 120. The
red seismic records represent the forward model, while the black seismic records correspond to the field VSP.
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Fig. 15. (a) The polarization of the fast shear wave and (b) the time delay between the
fast and slow shear waves. The solid red line represents SWS attributes derived from
the field VSP, while the blue points correspond to those from the forward model.

be extended to characterize multiple fractured layers. The inver-
sion strategy can be applied sequentially from shallow to deep
fractured layers.

Through rock physics modeling and forward modeling analysis,
we demonstrate that deep fracture parameters cannot be directly
calculated from SWS parameters when under the influence of a
shallow fractured layer (Fig. 11). This study quantitatively analyzes
the SWS response of deep fracture parameters to the influence of
the shallow fractured layer, revealing that the influence of the
shallow fractured layer on the behavior of the deep fractured layer
presents a complex nonlinear relationship (Fig. 13).
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Fig. 16. Schematic diagram of the 3D model for fracture interpretation in the VSP
area.

6. Conclusion

In this paper, we characterize the development of subsurface
structures in the VSP area located in the Sanhu Depression of the
Qaidam Basin, China, using four-component shear wave VSP data.
First, the VSP data are processed to obtain a high-quality down-
going wavefield, which is subsequently used for SWS analysis. The
results show that there are two distinct SWS attributes from
shallow to deep, which indicates the presence of two fractured
layers. Characterizing multiple fractured layers, however, presents
significant challenges due to the substantial influence of shallow
fractured layers on the SWS attributes of deep fractured layers. To
overcome these challenges, we propose a rock-physics-based
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method to accurately predict the fracture parameters of two
layers. The results show that the shallow fractured layer develops
with a thickness of 105 m, a strike of 50°, and a density of 0.04. The
deep fractured layer develops with a thickness of 90 m, a strike of
110°, and a density of 0.02. This investigation presents a reliable
approach for the quantitative prediction of multi-layer fracture
parameters. Moreover, the interpreted fracture parameters pro-
vide deeper insights into the migration and accumulation patterns
of biogas reservoirs in the study area, offering valuable guidance
for future exploration and development.
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