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Introduction

Schoenberg (1980) proposed the linear slip boundary condition to model a non-welded interface.
In this model it is assumed that the discontinuity of particle velogitycan be related to the
interface tractiorr; as:

[U] = iw Z Ts; Q)

1 denoting the imaginary unit andthe angular frequency. In a 2-D configuration, interface
compliance matrix can be written as:
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Z being the normal compliance au@- the tangential compliance; cross-coupled compli-
anceZ¢ was supplemented by Nakagaetal. (2000). Hudson and Liu (1999) interpreted a
fault as a planar distribution of cracks; thus relating the slip to physical properties. Alternatively
we can represent a fault zone as a thin layer of cracked material. We show how fault properties
such as crack density, crack infill, fault thickness and fault roughness are related to the complex-
valued seismic reflection coefficients at the fault surface and how some of these properties can
be estimated from these reflection coefficients.

Fault model
We model a fault as a thin layer of cracked material with crack demsjtgrack radius: and
fault thicknessh, being small compared to the seismic wavelength. We define crack inténsity

as:
Czeh<1+4§<26>2>. 3)

Note that( ~ e h , corrected by a term that accounts for crack interactions. We follow
Hudson and Liu (1999) to relate the tangential compliance to the crack intensity:
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a, # andp being the P-wave velocity, S-wave velocity and density, respectively, of upper and

lower media averaged. It is assumed that the normal compliance relates to the infill of the cracks

and the cross-coupled compliance to the presence of micro-corrugations at the fault plane. We

define fluid indicatorx as the ratioc = Zx/Zp, relating to the fluid saturations = 0 for

100% fluid saturated cracks, whereas- 1 — v/2 (v being the Poisson’s ratio) for 100% gas

saturated cracks (Shaw and Sen, 2006). Similarly, we define roughness indiaattire ratio

¢ = Zc/Zr. The compliance matrix can thus be formulated for a 2-D configuration as:

( Zr Zo ) B 16a2 < ¢ <¢ ) 5)
Reflection model

We perform Fourier transformation of time and the lateral coordinates and formulate an ordinary
differential equation for general anisotropic media (Woodhouse, 1974):

(5)-4 (1)

An eigenvalue decomposition is applied:

Zr
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A=LALL (7)
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A holds the eigenvalues that can be related to the vertical wavenumbers of the individual
wave modes; composition matrix consists of the eigenvectors, relating to the polarizations.
Because of this procedurg and7; decompose into the down- (indicated with plus sign super-
scripts) and upgoing (indicated with minus sign superscrips) wave vagtors

()-(2)

We scale the system such that the componenigfofepresent the particle velocities of the
individual wave modes. Consider a downgoing wavefield reflecting at the interface between
upper medium | and lower medium Il. We distinguish an incident wave ﬁ§1da transmitted
wavefieldw;; and a reflected wave fietd; . We define areflection matrR asw; = R} and
a transmission matriX asw,; = T ;. As the components of the wave vectors correspond to
the individual wave mode& andT host the reflections and transmissions of the different modes
at their diagonals and the converted modes off-diagonal. The non-welded boundary condition
can now be formulated as:

WD) e

L; andL ;; being the composition matrices of media | and Il, respectively. The reflection
coefficients of all modes and their conversions can be found by solving this equatién for
Assuming that the interface compliances are small with respect to the medium’s background
compliance, the reflection coefficient can be approximated as:

R~ Ry + iRy; (20)

Ry being the reflection coefficient at the welded equivalent of the interfac&anioking
induced by the imperfect interface coupling. Note that both amplitude and phase of a reflecting
wavelet are modified. The phase shift of the PP reflection coeffigiéfitcan be computed
through:sin ¢©’* = RET/|RPF|. If REY << |RPF|, this can be approximated ag?? ~
REP /|RPP|. Similar expressions hold for the other wave modes and their conversions.
Inversion at normal incidence
At normal incidence the reflection coefficient matRxis defined as the reflection intercept

matrix A, with A =~ Ay + i{Ag (as in equation 10). The componentsAf can be related
directly to the interface compliances. For P-waves in a 2-D configuration we find:

1 1 -1
APP — _ 1— AEPY wZy. 11
v <p1041+/3110411> ( W)w N ( )

Similarly for S-waves:

1 1 -1
ASS:—( + ) 1— AS?) wZyp; 12
v p1 Br  prr B ( W) wZr (12)

and for P-to-S converted waves:

1 1 \!
AP = — ( + ) 1— APy wZe. 13
v pr Br  pir Brr ( W) 13)

These equations can also be interpreted as approximations of the reflection coefficients of
Chaisri and Krebes (2000), evaluated at normal incidence. The compliances can thus be obtained
from complex-valued reflection coefficients, that can be retrieved from magnitude and phase of
a reflecting wavelet. The compliances can then be related to fault properties through equation 5.
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Figure 1: (left panel) Amplitude Variations with Angle (AVA) for brine and gas saturated mod-
els, evaluated with either a welded or a non-welded interface at 30 Hz frequency.

Figure 2: (right panel) Change of magnitude, real part and imaginary part of the PP reflection
intercept with respect to the PP reflection intercept at the welded equivalent of the interface
and the linear relation 11 that we derived for the imaginary part; evaluated with varying fluid
indicatorx for ¢ = 0.3 without micro-corrugations at 30 Hz frequency; the dotted line represents
the gas saturated state, where we neglected crack interaction effects.

The complex-valued PP reflection coefficient can be related to the normal compliance, being
an indicator for the fluid saturation. The complex-valued SS reflection coefficient can be related
to the tangential compliance, being an indicator for the crack intensity. P-to-S conversion can
be used as an indicator for micro-corrugations at the fault plané;&s= 0, the cross coupled
compliance can be retrieved directly from the magnitude of any P-to-S converted wave at normal
incidence.

Example

We compute seismic reflection coefficients at a fault that cuts through tight sands with a 30
degrees dip. Both upper and lower media are transverse isotropic with a vertical axis of sym-
metry (VTI); the contrast being small (samples G13 and G14 of Wang (2002)). We rotate the
coordinate system over 30 degrees, such that the fault is placed horizontally in a TTI (transverse
isotropic with a tilted axis of symmetry) background. The crack intensity is takén-a8.3 and

the fluid indicator is computed through a formulation of Shaw and Sen (2006), where the average
crack aspect ratio is assumed tope= 0.05, yielding kBN E ~ 0.32 andx4% ~ 0.91. We
compute the Amplitude Variations with Angle (AVA) of the PP reflection upon solving boundary
condition 9 for both the brine and gas saturated states (Figure 1). We also show the real part and
the response of an equivalent welded interface. The effects of imperfect interface coupling are
best exposed at normal incidence. As they are mostly related to the normal compliance, the gas
saturated state, witly being large, is more sensitive than the brine saturated state Awith

being small. We focus on reflections at normal incidence, where we keep the background con-
stant, with elastic coefficients as in the gas saturated state. In Figure 2 we show the changes in
magnitude, real part and imaginary part of the PP reflection intercept with respect to the reflec-
tion intercept of an equivalent welded interface, for varying fluid indicators. We also show the
result of equation 11, matching perfectly with the imaginary part of the PP reflection intercept.
In Figure 3 we show the changes of the SS reflection intercept with varying crack intensity; the
results of equation 12 matching perfect with the imaginary part. Figure 4 shows the changes
of the P-to-S reflection intercept with varying roughness indicator. As its real part is hardly
significant, both imaginary part and magnitude are similar and well described by equation 13.
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Figure 3: (left panel) Change of magnitude, real part and imaginary part of the SS reflection
intercept with respect to the SS reflection intercept at the welded equivalent of the interface and
the linear relatiori 2 that we derived for the imaginary part; evaluated for gas saturated cracks
with varying crack intensity’ without micro-corrugations at 30 Hz frequency.

Figure 4: (right panel) Change of magnitude, real part and imaginary part of the P-to-S reflection
intercept with respect to the P-to-S reflection intercept at the welded equivalent of the interface
and the linear relation3 that we derived for the imaginary part; evaluated for gas saturated
cracks and = 0.3 with varying roughness indicatgrat 30 Hz frequency.

Conclusion

Both magnitude and phase of seismic reflection coefficients at a fault can reveal important infor-
mation on the fault properties. The complex-valued reflection coefficients can be retrieved by
extracting the phase from the shape of a reflecting wavelet. PP reflection coefficients can be used
for gas / fluid identification, whereas SS reflection coefficients characterize the crack intensity

- a product of crack density and fault thickness, with a correction term for crack interactions.
Finally, PS conversion at normal incidence can reveal the presence of micro-corrugations at the
fault plane.
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