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Abstract

Vertical phase slowness and polarization angle are the in situ parameters of P-wave propagation
that can be derived from walkaway vertical seismic profiling (VSP) data. To use these data for
estimating anisotropy parameters, we obtain an explicit equation of vertical slowness as a
function of polarization angle for P-wave propagation in transversely isotropic with vertical
symmetry axis (VTI) media. We use this equation to estimate anisotropy parameters of a target
layer in the South Pars field, Iran. This field is one of the world’s largest gas fields. We show that
the orthorhombic symmetry is a reasonable assumption for this layer, providing some geological
and petrophysical information. Two walkaway VSP lines along the symmetry axes of the
presumed orthorhombic layer are used to estimate its parameters. Seven is the maximum number
of parameters that can be estimated using P-wave data in this acquisition pattern. Of those
estimated parameters are six of the Tsvankin style parameters for orthorhombic media, plus an
approximate combination of two others that define vertical S-wave splitting. We show that a
previous method, which is based on weak anisotropy approximation, leads to considerable errors,
even in models where the magnitude of anisotropy parameters do not exceed 0.1. We design a
numerical experiment to study the reliability of the estimated parameters by the exact approach
and show the importance of acquisition pattern in this regard. To show applicability, these
parameters are used to estimate the in situ fracture properties of the studied layer.
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1. Introduction

Anisotropy is a scale-dependent concept. A material that is heterogeneous on small measurement scales can behave as ho-
mogeneous and anisotropic on larger scales. In seismic terms, this measurement scale is the wavelength. There is a consider-
able difference between the wavelength of surface seismic, log and laboratory measurements. Therefore, seismic anisotropy
parameters should be measured by seismic data.

Walkaway VSP survey produces valuable data for estimating in situ anisotropy parameters around wellbores. In a
typical walkaway VSP acquisition, several receivers are placed in a well at the depth interval of the target layer, and then a
seismic source is used to generate shot records for different locations of that source. Different locations of the source provide
wave propagation measurements at different polar and azimuthal angles. This information is necessary for the estimation of
anisotropy parameters.
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Local anisotropy parameters have been estimated using different methods by several authors (Miller and Spencer 1994;
Miller et al. 1994; Horne and Leaney 2000; Zheng and PSencik 2002; Dewangan and Grechka 2003; Gomes et al. 2004;
Grechka and Mateeva 2007; Grechka et al. 2007; Liu ef al. 2014; Tamimi et al. 2015). They used slowness and polarization
vectors to estimate local anisotropy using P-wave, or P- and SV-waves together. Wang (2011) used cross-hole P-wave data to
estimate elliptical anisotropy parameters. Tsuji et al. 2011 estimated P-wave seismic anisotropy parameters using azimuthal
normal moveout (NMO) velocity analysis and amplitude variation with azimuth, to reveal the stress state within the Kumano
basin. Some methods, such as those of Zheng and P3encik (2002) and Gomes et al. (2004), use weak anisotropy approxima-
tion to make the equations simpler. Wang et al. (2019) develop an algorithm to obtain the fracture parameters from P-wave
wide-azimuth surface seismic data. Their method uses weak anisotropy approximation too. Polarization angle was first con-
sidered as additional information for estimating local anisotropy parameters by Hsu et al. (1991) and de Parscau (1991).
White et al. (1983) and Gaiser (1990) found interval phase velocities from horizontal and vertical phase slowness. Sun et al.
(2009), estimated the anisotropic parameter based on the assumption of a transversely isotropic (TI) medium with vertical
symmetry axis (VTI) or a TI medium with horizontal symmetry axis (HT1), and then confirmed their assumptions.

The reliability of slowness and slowness-polarization methods was assessed by Asgharzadeh et al. (2013) based on numer-
ical experiments. They concluded that the selection of a proper method highly depends on the ability to accurately estimate
horizontal slowness. Wherever laterally heterogeneous overburden layers are present, horizontal slowness cannot be esti-
mated with reasonable accuracy. Grechka et al. (2019) developed a procedure to remove the influence of lateral heterogeneity
on estimated anisotropy parameters when that heterogeneity is weak.

Tamimi et al. (2015) included S-waves in addition to P-waves in the slowness-polarization method for VT1. They showed
that, depending on the data quality and coverage, SV-wave data provide useful information for estimating anisotropy param-
eters, especially near layer boundaries. However, VTT anisotropy assumption is too simplistic in most practical cases where
we see azimuthal dependency of the parameters. Orthorhombic anisotropy can be the simplest realistic assumption for a
symmetry system in many 3D geophysical problems (Bakulin et al. 2000b).

Bakulin et al. (2000a,b,c), studied fracture parameter estimation from surface seismic data and presented it in three parts
based on types of anisotropic media; namely HTI, orthorhombic and monoclinic. They studied two models of fractured
media that produce orthorhombic anisotropy, and derived fracture properties from anisotropy parameters for each model
using weak anisotropy approximation. They also discussed several criteria to distinguish between these models.

The aim of this study is to estimate the in situ anisotropy parameters of a target layer in the South Pars field, Iran. South
Pars field is one of the world’s largest gas fields and is considered a significant source of energy for Iran. However, there are
not many studies about anisotropy in different layers in this field.

In the following sections, we obtain an exact and explicit relation between the measurable P-wave propagation properties
and VTT model properties. We explain how to use the data of two perpendicular walkaway VSP lines to estimate the possible
anisotropy parameters, employing the proposed explicit relation. We design a numerical experiment to study the uncertainty
of the estimated parameters. We present some complementary information to assume an anisotropy symmetry system for the
studied layer. Finally, we use the parameters and the estimated anisotropy symmetry system to estimate presumed fracture
properties.

2. Theory
2.1. Slowness-polarization relation in VTI media

The plane-wave solution of the wave equation in general anisotropic media results in the well-known Christoffel equation,
(G = v*6,] w =0, (1)

where v is the velocity along n (phase direction), u is the polarization vector, p is the density, G, = ¢;1 1y, is the Christoffel
matrix that is dependent on the stiffness coefficients and the direction of the wave propagation, and 6, represents Kronecker’s
delta. This equation is a relation between the medium elastic properties, phase velocity and polarization vectors. For any phase
direction, this equation yields three pairs of phase velocity and polarization vectors, and each corresponds to a wave mode. For
inversion, this equation is used to estimate the medium stiffness properties having different measurements of phase velocity
(or slowness) or polarization. However, by P-wave walkaway VSP data, the in situ measurements in this regard are vertical
slowness and polarization angle. As shown in Appendix A, we obtain an explicit relation between the vertical phase slowness
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(g) and polarization angle (), for gP-wave propagation in VT1 media as follows,
(ass = ;)" tany
(ass —ayy) (a3 +ag) C+ ((“55 - “11)2“55 + “ucz) tan y

where aj; are the stiffness coefficients, normalized by the density of the medium, and

(2)

T (w) =

C= \/(a13 + ags) cot2y + (ags — ay,) (ass — ag;) — (ay; + ass) cot 2. (3)

We assume that the symmetry axis of the VTI medium matches the vertical well, where the g is measured. Using Thomsen
(1986) notation for anisotropy parameters we obtain:

2 ):L (2£+f)2tam// @
i VﬁoC(25+f)\/f2+25f+((1+25)2(1—f)+c2(1+2e))tany/

where 6 and ¢ are anisotropy parameters, f = 1— Vg /V,, Vy, and Vg, are vertical P- and S-wave velocities, and C is
defined as,

C= \/(f2 + 26f) cot?2y + f2 + 2ef — \/f? + 26f cot 2. (5)

Having different measurements of g and y, equation (2) or (4) can be used in any nonlinear inversion procedure for esti-
mating the model parameters. Equations (2) and (4) are derived as a solution of the Christoffel equation without making
any simplifying assumption. These equations have four degrees of freedom but we can reduce them to two by fixing the two
vertical parameters from well data. The new aspect of these exact equations compared to previous methods is their explicit
form of vertical slowness as a function of polarization angle, which makes them more suitable for practical purposes such as
inversion.

2.2. Orthorhombic media

In 3D models where the azimuthal variation of the wave propagation velocity is added to the vertical variations, it is necessary
to decrease the degree of the presumed symmetry system for the medium. An orthorhombic model is characterized by three
mutually orthogonal planes of symmetry. This model is a reasonable assumption for sedimentary environments where a
combination of parallel vertical fractures with a VTI background medium creates an ideal orthorhombic symmetry.

P-wave propagation in elastic orthorhombic media is characterized by nine coefficients if the orientations of symmetry
planes are known. While the estimation of all parameters needs multi-azimuthal measurements, seven coefficients can be de-
termined from different measurements at two azimuths that match the vertical symmetry planes. This is because the Christof-
fel equation in the symmetry planes of orthorhombic media has the same form as in the TI models (Tsvankin 2012). There-
fore, we can use equations (2) or (4) to obtain model parameters that affect P-wave kinematics and polarization at symmetry
planes of an orthorhombic medium.

2.3. Estimation of fracture parameters

Schoenberg and Sayers (1995) studied extraction of fracture parameters from seismic data. In one case of an orthorhombic
medium, the compliance matrix could be written as the sum of a background VTT and a HTI medium, based on linear slip
theory (Schoenberg and Sayers 1995). As Schoenberg and Helbig (1997) explain, a stiffness tensor of a fracture-induced
orthorhombic model can be estimated with eight independent parameters rather than nine. Three of these eight parameters
are the dimensionless weakness of fractures that vary from zero to unity. A, and A, are tangential, and A, denotes the
normal fracture parameters. Based on one set of fractures in a plane parallel to the [x,, x; ] symmetry plane, fracture parameters
are related to anisotropy parameters as follows (Bakulin et al 2000b):

e® — e =27 (f = 1) A, (6)

5@ —sW =2(f—1)[(2f —1) Ay + Ay], (7)

where A is an estimation of fracture density and Ay is an indicator of fluids (Bakulin ef al. 2000a). The only source of
information about A, is 6.
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Figure 1. The acquisition map of the South Pars walkaway VSP lines, after moving the coordinate origin to the well location. Each black dot is a shot
location. The star marks the well location. Two triangles indicate the left side in figures 2 and 3. In all figures, red indicates line A, and green indicates
line B.

3. Anisotropy parameter estimation from field data

Data in this study belong to a walkaway VSP survey of a vertical well in the South Pars field, Iran. Shots were fired along two
perpendicular acquisition lines (A and B), approximately crossing at the location of the well. Azimuthal directions of lines A
and B are 160 and 70° respectively. Each line is about 8 km long. The shot spacing on each line is about 25 m, and a three-
component array seismic imager (ASI) receiver string with 15-m receiver interval is set up in the reservoir at the depth of the
target layer. The middle geophone is at a depth of 2639 m.

Figure 1 shows the acquisition plan for both lines. Each black dot marks a shot location. The blue star marks the well
location. The left to right direction of each line in figures 2 and 3 is also indicated in figure 1. Here and in all following figures,
we indicate line A in red and line B in green.

Figure 2 shows the stacked sections of a surface seismic data under the acquisition lines (the stacked sections do not
cover the entire VSP lines). This figure demonstrates that the assumption of a flat layer that is orthogonal to the receiver array
(within the well) is reasonable. These assumptions are necessary for the application of the proposed q(y) equations. Figure 3
shows two common receiver gather samples from both lines belonging to the first receiver in the five-receiver array. To use
these data to invert for anisotropy parameters by equations (2) or (4), we need to obtain vertical slowness and polarization
angles for each source-receiver pair.

One of the main advantages of the P-wave inversion in a walkaway VSP data is that only the first breaks are needed as
input for the inversion procedure. The P-wave first arrivals are easily recognized; they have strong amplitudes and mainly no
interference. We need traveltime to obtain the slowness, and the amplitudes of three component receivers to obtain the polar-
ization angles. Figure 3 shows two examples of the travel times for P-wave direct arrivals obtained by an automatic tracking,
interpolation and a slight smoothing. To convert the picked traveltimes to slowness, we use a three-point central difference
method. Therefore, the five-receiver array allows us to perform the inversion at three consecutive depths. Figure 4 shows
the converted vertical and horizontal slowness. By processing each VSP line separately, three distinct slowness surfaces are
formed at corresponding depths.

To determine the P-wave polarization angle from vertical for each source to receiver pair, a Hodogram analysis is used.
The input data of the Hodogram are amplitudes of three component receivers for a predefined window around the picked
first arrivals. Figure 5 shows two Hodograms, one for horizontal components, and another for the vertical component versus
the rotated horizontal component that is obtained from the first Hodogram.

After obtaining the q — y data, we can use a q(y) equation to estimate Thomsen’s (1986) parameters for a VTI
medium along each line. If the acquisition lines match the vertical symmetry planes of an orthorhombic medium, the es-
timated VTI parameters can be converted to Tsvankin’s (1997) style orthorhombic parameters. Equation (4) is used in a
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Figure 2. Stack sections of a surface seismic data along lines A and B. This shows that the studied area is not tectonically active and the target layer is
mostly flat. The dotted white lines denote the well, and the arrows show the approximate location of the ASI tool.
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Figure 3. Two common receiver gather samples from Line A and Line B. P-wave first arrivals are plotted as the colored dashed lines.

trust-region-reflective least-squares inversion method to estimate anisotropy parameters along each line. This method is one
of the optimization methods for solving nonlinear problems (More and Sorensen 1983; Byrd et al. 1988). Using the lin-
ear method of Miller and Spencer (1994) for the data in figure 4, the initial guess for the trust-region-reflective method is
found. The scan ranges of parameters are determined ase € [—0.2,0.4],6 € [—0.3,0.3], V},, € [2, 5] km/s. In this method,
the optimum parameters are estimated in a way that the sum of square of differences between the estimated and observed
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Figure 4. Vertical slowness versus horizontal slowness along both lines, converted from P-wave first breaks using a three point central difference at three
consecutive depths.
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Figure S. Hodogram analysis for estimation of polarization angle. The left-hand Hodogram represents horizontal components, while the right-hand
one shows the vertical versus the rotated horizontal component. The dots show the sample amplitudes in a window around the picked first breaks.

slowness data is minimized. In figure 6, the slowness-polarization (q — y) data points and the best fit of equation (4) are
plotted and the inversion is illustrated. Here, the velocity ratio (Vy,/Vy,) is computed using the Dipole Sonic Imager (DSI)
log. The estimated anisotropy coeflicients and model parameters are shown in figure 6. As figure 6 indicates, the anisotropy
parameters are close and non-zero along each acquisition line, indicating that the studied area is anisotropic in both directions.
As both anisotropy parameters vary along two directions, the target layer can be characterized as an orthorhombic medium.

For comparison, a weak anisotropy approximation of Grechka and Mateeva (2007) is also plotted in each part of figure 6
using the estimated model parameters. In figure 6a and b, the weak anisotropy approximation is significantly erroneous, while
it still has noticeable errors in figure 6¢ and d where the magnitude of anisotropy parameters is less than 0.1.

Next, all of the receivers are included in a single group and the average anisotropy parameters are determined over the entire
depth interval of the ASI tool. We use a five-point stencil finite difference to obtain g from all five receivers, and average the
polarization angles at three depths. The parameter fis also estimated using a limited range around the DSIlog result. Figure 7
shows the converted q — ydata and the estimated VTI parameters along both lines. The weak anisotropy approximation of
Grechka and Mateeva (2007) is also plotted for comparison.
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Figure 6. Slowness-polarization data (black dots) and the best fit of the presented equation (the red and green lines). The left column shows three
consecutive depths along line A, and the right column shows the same depths along line B, respectively. The estimated model parameters using equation
(4) are presented in each part. Using the estimated parameters, the approximation of Grechka and Mateeva (2007) is also plotted as the dashed lines.

3.1. Reliability of the estimated parameters

We design a numerical experiment to study the uncertainty of the estimated parameters by the aforementioned approach, and
show the effect of an ideal acquisition pattern on that reliability. We calculate phase direction vectors for each ray traveling
along each source to receiver path. We calculate n, and n5, the horizontal and vertical components of phase direction, using
n

—- = £ where p and q are horizontal and vertical components of the slowness (figure 4). Note that n, =

1- nf. We can
3
calculate g at the receiver location in depth, but p is calculated at surface; therefore, to estimate the phase directions in this
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Figure 7. Estimation of anisotropy coefficients, using a five-point central difference stencil to obtain slowness and equation (4) to invert for model
parameters. The weak anisotropy approximation is also plotted.

Figure 8. (a) Estimated phase directions at the location of the second receiver in line A; they are distributed unevenly while the maximum phase angle
is 50°. (b) Ideal phase directions coverage, by the same number of arrows in part a (every second direction is plotted).

experiment, we assume that ray-parameter remains constant for each ray. Figure 8a shows the estimated phase directions for
the second receiver in line A. The 319 arrows are distributed unevenly while the maximum coverage angle is 50°. Figure 8b
shows an evenly distributed phase coverage for the same model.

We use the calculated phase directions (figure 8a), and the estimated parameters in the previous section (figure 7a), to
model polarization and slowness vectors, shown as red dots in figure 9a. From figure 9a, the polarization angles are from 0 to
75°, while the slowness range is from 0.64/V, to 1/Vp,. Therefore, our real data have unevenly covered 83% of y/, and 36%
of q range. Then we add different levels of normally distributed random noise to each data point and use the contaminated
result in a least-squares inversion for estimation of the anisotropy parameters. Figure 9 shows the error bars for 10% of noise.
Figure 10 shows the absolute value of relative average errors and relative standard deviation of the estimated € and § param-
eters, after repeating the experiment for 150 realizations of random noise. Horizontal and vertical axes show the standard
deviation of the added random noise to each parameter as a percentage. It can be seen that a noisy polarization angle has a
more destructive effect on the result than a noisy vertical slowness.
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Figure 9. Modeled g-y data at phase direction in each part of figure 8. Error bars show the standard deviation of added random noise to both parameters.
Every fifth data point is plotted for better illustration.
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Figure 11. Reliability of estimated anisotropy parameters when using the ideal acquisition pattern that results in the full coverage in figure 10b. Upper
row, average of relative errors in estimated 6 and € as a function of different levels of a normal random noise added to the modeled polarization and
slowness vectors, in percent. Lower row, relative standard deviation (STD) of the estimated parameters from noisy data, in percent.

Next, we study the effect of acquisition pattern on the robustness of anisotropy parameter estimation. An ideal acquisition
pattern would result in a uniform coverage of phase directions, from vertical to horizontal (figure 8b). Using the phase di-
rection in figure 8b, we repeat the previous experiment keeping any other affecting parameters unchanged. Average values of
data points in figure 9b are used to define the relative standard deviation of the added noise for both experiments. Figure 11
shows that a more suitable acquisition will increase the reliability of anisotropic parameters inversion for both parameters
€ and 6. The improvement is more pronounced for higher degrees of noise in the polarization angle.

3.2. Orthorhombic medium and fracture parameter calculation

We have estimated and tested the VTI parameters along both lines. However, to relate these data to an orthorhombic envi-
ronment and to use them for the fracture properties estimation, we have to show that these lines are properly aligned with the
symmetry axis of an orthorhombic system. Therefore, the Formation Micro Imager (FMI) and DSI logs are used to validate
the main direction of stress. Figure 12a illustrates the direction of the maximum horizontal stress, which is determined us-
ing the DSI log. We use this because of the independence of the detection method to breakout locations. Breakouts and the
resulting directions of the maximum and minimum horizontal stresses around the wellbore are illustrated in figure 12. The
breakouts on the FMI logs are shown about the depth of the tool position (figure 12d).

Both DSI and FMI logs show the same direction for the maximum horizontal stress. The dominant direction of the min-
imum horizontal stress in the adjacent area is similar to figure 12. Additionally, based on the geological map of the area
(figure 13), the dip of the target layer is almost zero within the studied area, which denotes mild regional tectonics in the
South Pars field.
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IMAGE_DYNAMIC

(a) (b)

Figure 12. (a) The dominant direction of the maximum horizontal stress (SH) based on the DSI log. (b and c) The direction of the maximum and
minimum horizontal stresses using the direction of breakouts. (d) Recognized breakouts in the image log (FMI). SH and Sh are the maximum and
minimum horizontal stresses, respectively. The recognized breakouts are detected within the depth of receivers. These directions confirm the dominant
direction of anisotropy in the studied area.
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Figure 13. The dip map of the reservoir (field report). The white star shows the location of the studied well.

The evidence shows that the dominant direction of the regional fractures is in the NW-SE azimuthal direction. The dif-
ferences between the anisotropy parameters along the VSP lines can be considered to be a result of the dominant direction
of fractures, which is almost aligned with the acquisition line A.

Therefore, a flat orthorhombic assumption is reasonable for the target layer as a result of one system of vertical fractures
in a VTTbackground. As the direction of the maximum and minimum stresses are aligned with the direction of the walkaway
VSP lines, the estimated VTI parameters from these lines (figure 7) can be converted to orthorhombic parameters. We can
estimate six of the Tsvankin (1997) style parameters for orthorhombic media, plus a combination of two other parameters
that defines vertical S-wave splitting. The estimated orthorhombic parameters are: Vy, = 3.7km/s, Vg, = 3.27km/s, (V) =
0.059,e® = 0.054, 5" = —0.09, 6 = —0.089, y*) ~ 0.013.
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Now we use the estimated orthorhombic parameters in equations (6) to (7) to estimate the in situ fracture properties
of the target layer. Taking line B direction labeled as (1) and line A labeled as (2), the tangential (A ;) and normal (Ay)
fracture parameters are calculated to be 0.008 and 0.015, respectively. Since the parameter §3) cannot be calculated from the
two perpendicular walkaway VSP lines, and as no inclined reflector was detected in our case, we assume that fractures are
rotationally invariant (A, = A};), and as a result, only one tangential weakness was determined.

The results demonstrate that by the slowness-polarization method it is possible to estimate anisotropy parameters that
can be used to estimate intensity and fluid contents of mid-scale fractures. As any fracture parameter lies between zero and
one, and based on our calculation of fracture parameters, crack density is not considerable in the studied area and the fluid
content is insignificant.

4. Conclusion

Seismic anisotropy is a scale-dependent concept and its corresponding parameters should be estimated using seismic data.
Walkaway VSP is a valuable acquisition pattern for anisotropy parameter estimation because it gives us information about
vertical phase slowness and polarization angle at the depth of the target layer. To use the P-wave direct arrivals of such data
for anisotropy parameter estimation, we obtained an explicit and exact q(y) equation, dependent on model properties. We
used the walkaway VSP data of two perpendicular lines in the South Pars field to estimate the anisotropy parameters of a
target layer. We selected the trust-region-reflective inversion optimization methods, and designed a numerical experiment to
study the validity of estimated anisotropy parameters. A study on the effect of proper coverage of slowness and polarization
angles within their full range showed that a more suitable acquisition pattern will increase the reliability of anisotropic pa-
rameters inversion, for £ and 6 anisotropy parameters. The complementary geological and petrophysical data of the studied
area provide evidence for an orthorhombic symmetry assumption. Therefore, we estimated seven of the Tsvankin style pa-
rameters that govern P-wave propagation and shear wave splitting in orthorhombic media, and used them to estimate fracture
properties.
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Appendix A. Christoffel equation in the slowness domain

Another form of the Christoffel equation (equation (1)) is written in the slowness domain. For VTI media it is written,

app’ +assq’ — 1 0 (a5 +ass) pq u
0 agep® + assq” — 1 0 u, | =0, (A1)
(a3 +a55) pq 0 assp® +ayq’ — 1)\

where p and g are the horizontal and vertical components of the phase slowness, and u;, u,, u; are the components of the
polarization vector. For P-wave propagation, equation (A1) results in,

(aupz +aiq" — 1) siny + (a;53 + ass) pgcosy =0
(a55p2 + a33q2 - 1) cosy + (a3 + ag) pqsiny =0, (A2)

where yis the vertical polarization angle. Dropping the parameter p in equations (A2), vertical slowness can be expressed as
a function of polarization angle and stiffness coefficients (equation (2)), or Thomsen parameters (equation (4)).
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