


V x operators, and Figure 1(c) illustrates the separation using our pseudo derivative operators.
Figure 1(b) shows the residual of unseparated P and S wave modes, such as the P-wave energy
envelope in the ¢P panel and under-salt in the ¢S panel. In contrast, Figure 1(c) shows the ¢P
and ¢S modes completely separated, demonstrating the effectiveness of the anisotropic pseudo
derivative operators constructed using the local medium parameters.

To summarize, we present a method of obtaining spatially-varying pseudo derivative operators
with application to wave mode separation in anisotropic media. The main idea is to utilize
polarization vectors constructed in the wavenumber domain using the local media parameters
at specific locations and then transform these vectors back to the space domain. The main
advantage of applying the pseudo derivative operators in the space domain is that they can be
used for heterogeneous media. The wave mode separators obtained using the method described
in this abstract are spatially-variable filtering operators and can be used to separate wavefields in
VTI media with arbitrary degree of anisotropy. This methodology is applicable for elastic RTM
in heterogeneous anisotropic media.
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Figure 1: (a) Anisotropic wavefield modeled with a vertical point force source in the middle of the
model. Anisotropic ¢P and ¢S modes separated using (b) V- and V x and (c) pseudo derivative
operators for the vertical and horizontal components of the elastic wavefields shown in (a).
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Prestack reverse-time depth migration of VSP data in
3D anisotropic acoustic media

Tao Xu!, Zhongjie Zhang!' & John H. Queen?

LState key laboratory of Lithosphere Evolution, Institute of Geology and Geophysics,
Chinese Academy of Science, Beijing, China

2Hi-Q Geophysical Inc.

Reverse-time migration methods potentially can address all issues — arbitrary velocity vari-
ations, turning waves, multiples and anisotropy. The anisotropic migration for a common shot
dataset consists of three main steps: first, forward-propagated wavefields from the source to all
grid points; second, backward-propagation of the reverse-time data records; third, application of
the imaging condition.

Our approach employs a two-way acoustic wave equation in anisotropic media, which is dis-
cretized based on second-order finite-difference technique in time, and pseudo-spectral technique
to calculate spatial derivates instead of finite-difference techniques to enhance accuracy. We
employ an unsplit convolutional perfectly matched layer (CMPL) absorbing boundary condition
(Komatitsch and Martin, 2007). CMPL improves the PML at grazing incidence for the differential
seismic wave equation based on an unsplit convolution technique.

There are several key problems in reverse-time depth migration, such as velocity analysis,
typical wavefield separation for acoustic wave, F-K filtering for removing direct wave. Imaging
condition can be calculated by a finite-difference technique in 3D anisotropic media (Soukina et
al., 2003). In the VSP migration check-board tests, we find that there are considerable errors in
the migration results beyond the source-well scope for a source-well pair. Therefore, we regard
the migration results beyond the scope as invalid and only valid migration results are stacked. We
applied the migration method to a realistic 3D field data with message passing interface (MPI)
programming.
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Anisotropic velocity model building at Deimos Field:
Workflow and results

Alexandre Stopin and Mark Mc Rae, Shell Exploration and Production Company

Reducing uncertainty at Deimos, a subsalt discovery in the Mars basin, has been limited by the
difficulty in making a definitive interpretation of the reservoirs. Based on illumination studies, 3D VSP
and wide Azimuth Ocean Bottom Seismic (OBS WAZ) data were acquired in 2007 to better illuminate
the subsalt section of the reservoir. To obtain the full potential of these new data an anisotropic velocity
model (suitable for all acquisition azimuths) was built. Furthermore, the aggressive development schedule
required that a properly migrated data volume be available for interpretation as quickly as possible after
the OBS WAZ survey was acquired. Therefore existing narrow azimuth data was used to build the model.

This paper describes the techniques we used to build such an anisotropic velocity model suitable for
the wide azimuth data with a special emphasis on how the anisotropy was handled. It is believed that
issues observed on the previous data set like structural discontinuity below subsalt overhangs, would
remain in

Workflows to estimate the anisotropy parameters for pre-stack depth migration have been published;
see for example Bear et al (2005), Huang et al (2007), Neal (2007). These techniques assume transverse
isotropy with a vertical axis of symmetry (VTI) and rely on offset check shot or vertical seismic profiling
to determine the parameter eta (1) or epsilon (g) and well information (marker, check shot) to determine
the parameter delta (8) or the vertical P-wave velocity. Other techniques using both P-waves and
converted waves (Stopin, 2001 and Stopin et al. 2001) have proved to be more sensitive than P-waves
only techniques, but the need for converted data makes them inapplicable for this project.

The workflow is in two steps. First determine & using depth information from wells. Then the
parameter 1 and the velocity are determined using travel time inversion and higher order parameterization
of the residual move out. The procedure for estimating & requires the availability of well markers or
preferably well synthetics. The ratio of the well depth over the seismic depth (so-called scaling) for all the
wells and markers are plotted against the depth and a least square fit is derived. The scaling profile
obtained is then used to determine a d profile which is then hung from the water bottom (or any reference
surface) and converted into a 3D grid.When ¢ is merged into the 3D velocity grid, n and the interval
NMO velocity are kept unchanged. Also the vertical time of the velocity grid is kept unchanged so RMO
is not introduced while modifying 9.

Compared to a simple velocity update, the joint inversion of the velocity and m, has yielded
appreciable improvements in terms of imaging. However, the elliptic (e=6) part of the anisotropy has a
bigger impact on the imaging both in terms of depth and focusing than the anelliptic part ().

The velocity model built using the above workflow was used for the salt bag building and a final
migration was performed using this model. Details of the migration algorithm are presented in this
workshop by Peter Bakker. The migrated images showed great improvements in the continuity and
interpretability of the events when going from the open basin to subsalt compared to previous isotropic
work see Figure 1. Note that the frequency content difference is due to the anisotropic results being
migrated to somewhat higher frequencies. Therefore only the structural continuity and the depth of the
events is to be compared. At the reservoir level we have also observed that the well ties have dramatically
improved compared to the previous isotropic work. The image is of better quality and there is no longer a
need to apply different depth shifts to the seismic to tie different Deimos wells. Figure 2 shows a
comparison between the old isotropic reference data set and the new anisotropic data. The isotropic data
required a depth shift of about 1100-1300 ft up to tic most of the wells, whereas the anisotropic data only
requires ~100-150 ft to have an excellent fit with all the Deimos wells simultaneously. It is also worth
noting that the sediment events have changed position with respect to the salt base. Post migration
techniques such as the one presented by Shumaker et al. (2007) can also help reducing misties with the
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wells, however, better imaging can only be achieved by incorporating anisotropy-especially the elliptic
part- in the velocity model. Such improvements in the imaging and quality of the well tie have been
observed throughout the Mars Basin with immediate consequences in terms of drilling.
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Figure 1: Isotropic (top) and anisotropic (bottom) wave equation
migration in depth. The anisotropic result was migrated with
somewhat higher frequencies. The anisotropic result shows better
interpretatibility of events when going from the open basin to
subsalt. Note the change in the structure subsalt. NAZ seismic.
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Figure 2: Traverse through Deimos wells near the reservoir
intervals on the left for the reference isotropic depth migrated
image (Kirchoff migration) and on the right for the anisotropic
wave equation migration. Only the far offsets i.e. 5-8km are
displayed. The isotropic image had to be shifted by 1100ft up to
match the wells whereas the anisotropic image only had to be
shifted by 100ft up. Note also the improved resolution and
continuity of the different intervals. Not only the overall match has
been improved but also the inter well correlation . NAZ seismic.




Direct Nonlinear Traveltime Inversion in Layered VTl Media

Paul J Fowler*, Alexander Jackson, Joseph Gaffney, and David Boreham, WesternGeco

We present here a scheme for direct nonlinear inversion of picked moveout traveltimes in block-layered
isotropic or VTl media. Using constant-ray-parameter traveltime differences between successive events
allows inversion for velocity parameters of individual layers with no need for explicit layer stripping. We
derive explicit closed-form inversion equations that allow this scheme to be implemented as a direct
nonlinear method, rather than requiring iterative linearization. The method honors both anisotropy and
ray bending effects more accurately than most conventional velocity analysis techniques.

Direct traveltime inversion requires that the medium be approximately laterally invariant, so that the ray
parametep will be an invariant along a given ray. One can then identify points on successive events that
have the same slope valpe= dt / dx. The traveltime and offset differences between two such points
depend only on the medium properties of the particular layer bounded by the two events. This is
illustrated in Figure 1.

Claerbout (1978) proposed using this method for direct estimation of interval velocities in layered
isotropic media. For that case one can use the simple inversion formula
2 . &x (1)
pAt
where Ax s the offset differenceptis the traveltime difference, and is the isotropic interval velocity.
Traveltimes in a layered VTl medium can be parameterized by the vertical travejtirttee interval
moveaut velocity v,, and the interval horizontal velocity,. Based on Alkhalifah’s (1998) approximate

P-wave dispersion relation and the forward modeling equations in Douma and van der Baan (2006), one
can derive the VTI inversion equations

» _ (Bt¢-AT?)?

V, 2
" atZpiaxar @
» A3 (pAx-AT)+AT3 3
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where for concision in notation we defing = At - pAx.

To find the interval velocity parameters from the moveout traveltime curves one first needs o find
values along each curve by differentiating the traveltimes over offset. Then, for anypgiadume, one

can determine the corresponding and Atvalues. This gives the needed information to use equations
(2) and (3) to estimate the interval velocity parameters.

For realistic cases, one usually picks residual traveltimes after an initial moveout or time migration with
an approximate velocity model. We show a simple example in Figure 2 of a synthetic data set with ten
layers, each 0.5 km thick. An initial isotropic ray-traced moveout correction was applied to the data. The
residual event traveltimes were then automatically picked and inverted. The anisotropic velocity
parameters derived by inverting these picked traveltimes are shown in Figure 3. The wverteld,

values represent an average over mamgalpes. They are accurate to less than 3% error everywhere.
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Alternative implementations for this type of inversion are possible. The direct inversion equations (2) and
(3) could also be used on slant-stacked ) data. In that case, rather than differentiate traveltime over

offset to find ray parametgr one differentiates overto find offsetx. It may also be possible to extend

this inversion approach to layered orthorhombic media (llya Tsvankin and Xiaoxiang Wang, pers.
comm.).
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First Arrival Seismic Traveltime Inversion of Elliptical Anisotropic Velocity
Structure from Wide Angle Profile
Anjia Zhang and Zhongjie Zhang
State Key Laboratory of Lithosphere Evolution, Institute of Geology and Geophysics,
Chinese Academy of Sciences, Beijing, 100029

Introduction

There are many methods and applications of inversion about velocities and/or interface nodes by turning
waves and crosshole tomography in isotropic media. But there are few methods for anisotropic media
tomography. The tomography in anisotropic media has often based on the perturbation method (Chapman &
Pratt, 1992; Pratt & Chapman, 1992; et al.). The perturbation method has its limitation in application when the
anisotropy is too strong with regard to its reference media. So the new inversion method in anisotropic media
is important for the studying of the subsurface above the crystalline basement. The elliptical anisotropy is a
simplest type but it gives us direct insight into the characters of the crust. Zhang et al. (2003) presented a
method to invert the elliptical anisotropy phase velocity from VSP of horizontal layers data while Zhang &
Zhang (2008) have study the elliptical anisotropy above the crystalline basement. But their methods have
limitations where the model structure is more complicated. The data we can get from the DSS is limited when
considering the more complicated anisotropic type. The media in upper crust is anisotropic continuous
inhomogeneous media. Here, a method of first arrival seismic traveltime inversion to get the elliptical
anisotropic velocity structure above the crystalline basement is presented.

Model

Above the crystalline basement, the media is often considered to be continuous inhomogeneous media. In
this study, the anisotropic velocity field is defined by triangular cells. Like the method used in the finite
element method, the triangular cells can have different shapes which make it is suitable for complicated
geological setting (Bregman, et al., 1989). The vertical and horizontal elliptical phase velocities are defined
on the vertexes, while vertical and horizontal phase velocities in the triangular are interpolated linearly.

Forward Calculation
The ray trace and travel time in the triangular cells between shots and receivers are calculated through
solving the ray tracing equations in the elliptical anisotropy (Cerveny, et al., 1972). The density normalized

elastic parameters A, (i,j=12.--,6) are calculated by the interpolated phase velocity from the vertexes of the

triangle and the partial derivative is calculated by:

2
Ry Ny _ gy O
OX OX OX

Through the shooting method and bisection search mode, the two point ray tracing is achieved. During
each step of the ray tracing, a method of deciding which triangle the current point being located is used.

Inversion
The partial derivative of traveltime with respect to the phase velocity (Jacobi matrix) in the elliptical
anisotropic media is calculated by:

St_ U, ILU%LZd (i-12)
¢, Lech L d@ oc, U

Where U is the group velocity and c(i=12)are the horizontal and vertical phase velocity at every
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vertex.

The v, and Vv, for every point in the internal of triangle are interpolated by the three vertexes of the
triangle. The partial derivative is calculated during the ray tracing. The SVD method is used to solve the
equation.

Numerical experiment

A model above the crystalline basement is given and the method above is used to invert the elliptical
anisotropic velocity to demonstrate the capacity to recover the elliptical anisotropic structure. The model is
composed of 16 triangles and 15 vertical and horizontal phase velocities is used to invert. The initial velocity
is given and the update model is changed during the inversion toward the true model. The experiments show
that the method is not sensitive to the initial velocities. The calculation of spatial resolution and absolute
parameter uncertainty is presented (Zelt, 1992). A comparison demonstrates that the parameters gotten from
the method are not sensitive to the random noise.

Conclusion

We present a method for the first arrival seismic refraction inversion where the arrangements of shots and
receivers is dense than the conventional experiment. It can be used to analyze the elliptical anisotropic
property of the crust in the seismology with the Pg data as well as in the exploration.
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The use of Geomechanical modeling for velocity and anisotropy estimation near salt
bodies in the Gulf of Mexico: Modeling and observations
from wide-azimuth (WAZ) seismic data

Ran Bachrach and Mita Sengupta
Integrated Solutions, WesternGeco/Schlumberger

Summary

The state of stress in the subsurface influences the seismic velocity observed, and therefore,
velocity may be used to indicate the state of stress in the subsurface. The presence of salt in a
sedimentary column has a profound effect on the state of stress in the subsurface due to the
difference in body forces (buoyancy effect) and abrupt material property changes, together with
complex geometry, which is often associated with salt bodies. As a result of the presence of the
salt body, the stress field around the salt is perturbed and is expected to affect the velocity field.

In this presentation, we present a workflow that quantifies the above effect by estimating velocity
anisotropy from wide-azimuth (WAZ) seismic data, performing detailed finite-element stress
modeling, and deriving velocity-stress coupling using third-order elasticity theory (TOE). We
find TOE parameters that fit observed velocity anisotropy above salt. As our model is calibrated
to observed anisotropy, we predict azimuthal anisotropy subsalt as well. This case study shows
that geomechanical models can predict azimuthal velocity anisotropy and should be used when
analyzing WAZ seismic data. We also show that seismic velocity anisotropy can predict zones of
high shear stresses in the subsurface and can assist in identifying geomechanical hot spots.

Geomechanical modeling methodology

The methodology consists of two parts: (1) computation of salt-induced strains using finite-
element modeling, and (2) velocity updating using third-order elasticity. The finite-element
modeling consists of stress-strain computation in two 3D models. The first model consists of a
salt body located within a sedimentary basin. The second model is a “background model” that
consists of sediments only, with no salt in it. The finite-element solver uses the equilibrium
conditions, given by:

dou _y, )
OX;

where fy are the body forces to solve for the stresses. Generalized Hooke’s law is used as the
constitutive relation to compute the strains. The difference in the strain solutions gives the salt-
induced strains in the 3D space. We compute the modified stiffness from the differential strains,
using the following relation derived from equations 3:

1 2 12 12 12
Cefs) ~ C?Es) + ClllAeC§3 )+ Cipp (Ael(l '+ Aeéz )) , 2

where state (1) refers to the salt model, state (2) refers to the background model, and the
differential (salt-induced) strain is given by /6? = . From the updated stiffness tensor, Cy;, and

density, p, we can compute velocities v;, vy, and vy, using the equations below.

v, = %’Vx: &,vy: Co . 3
P P p

Model and results are presented in Figures 1 and 2.
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Observation from WAZ seismic data from GOM survey

Bachrach et al (2008) describes how to derive anisotropic parameters from time-domain analysis
of WAZ data. In Figure 3 we present comparison between observed RMS velocity anisotropy to
model prediction.

M S

Figure 1: A) 3D velocity model for a 35-km by 20-km by 14-km portion of the Gulf of Mexico where wide-azimuth seismic data are
available. B) Finite-element mesh (only the boundary mesh is presented). C) Difference between two horizontal principal stresses.
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Figure 2: A) Model-derived anisotropy parameters in vertical symmetry planes. B) Model-derived VTI parameters obtained by
azimuthal averaging. C) Original isotropic velocity and velocity updated from geomechanics.

Figure 3: A) Observed RMS anisotropy obtained from WAZ data analysis above top salt. B) Predicted RMS anisotropy from
geomechanical modeling.
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Offset-dependent traveltime shifts
for compacting reservoirs

Rodrigo F. Fuck!, Ilya Tsvankin! & Andrey Bakulin?
LCenter for Wave Phenomena, Colorado School of Mines, Golden, USA
2WesternGeco, Houston, USA

Time-lapse traveltime shifts of reflection events recorded above hydrocarbon reservoirs can be
used to monitor production-related compaction and pore-pressure changes (Hatchell and Bourne,
2005). Traveltime shifts are usually measured for zero-offset raypaths on stacked seismic sections.
Zero-offset data, however, provide limited information about the subsurface stress changes because
they depend mostly on the vertical velocity changes controlled by the vertical stress. Recently we
introduced a perturbation-based formalism for describing offset-varying traveltime shifts, which
accounts for the 3D stress-induced anisotropic velocity field around compacting reservoirs (Fuck
et al., 2007).

Here, we discuss synthetic examples for a 2D model of a depleting rectangular reservoir em-
bedded in an initially isotropic medium and compare the linearized P-wave time shifts in common-
midpoint (CMP) geometry with the exact ray-traced traveltimes. The velocity changes around the
reservoir are largely governed by deviatoric stresses and produce a transversely isotropic medium
with a variable orientation of the symmetry axis and substantial magnitudes of the Thomsen pa-
rameters € and . The linearized approximations adequately describe the general behavior of time
shifts, although their accuracy decreases for deep reflectors because of the pronounced velocity
change inside the reservoir. The modeling also helps to understand the complex spatial distribu-
tion of time shifts caused by the interplay between the propagation direction and the deviatoric
stress components. The sign and magnitude of the offset variation of time shifts are sensitive to
the horizontal and shear deviatoric stresses and depend on the CMP location with respect to the
reservoir. In particular, for common midpoints outside the reservoir projection onto the surface,
time shifts tend to increase (often substantially) with offset.

For models with a heterogeneous background, the excess stress field is influenced primarily by
the contrast in the rigidity modulus p across the reservoir boundaries. Synthetic examples indicate
that the heterogeneity of the pre-stressed medium enhances the contribution of the deviatoric
stresses (and, therefore, of the stress-induced anisotropy) to time shifts, except for the reflections
from the top and bottom of the reservoir. The influence of the background heterogeneity, however,
depends on whether p is larger inside or outside the reservoir as well as on the reflector depth
(Figures 1 and 2).

On the whole, adding an extra dimension (offset) to time-lapse analysis should help to better
constrain the geomechanical changes around depleting reservoir blocks and improve interpretation
of 4D seismic data.
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Figure 1: Time shifts for P-wave reflections from the top (a) and bottom (b) of a rectangular
reservoir, in which the pressure was reduced by 5 MPa. The reservoir is 2 km wide and 0.1 km
thick, with the top at a depth of 1.45 km. The CMP is located above the center of the reservoir;
X/Z is the offset-to-depth ratio. The reservoir parameters are taken from the laboratory results
of Sarkar et al. (2003) for Berea sandstone: Vp = 2.3 km/s, Vp/Vs = 1.58, p = 2.14 g/cm?,
C111 = —13904 GPa, C112 = 533 GPa, and C155 = —3609 GPa (Vp and Vg are the P- and S-wave
velocities, p is the density, and Cj;;, are elements of the stress-sensitivity matrix). The Biot-Willis
coefficient o was set to 0.85. The solid black line marks the time shifts for a homogeneous back-
ground model, whereas the dashed lines correspond to models in which Vg outside the reservoir

is 10%, 20%, 30%, and 40% (gray line) smaller than inside.
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Figure 2: Decomposition of the time shifts for the top (a) and bottom (b) of the reservoir into the
deviatoric (i.e., related to the deviatoric stress tensor) and volumetric (i.e., related to the trace
of the strain tensor) components. The deviatoric stress tensor is responsible for stress-induced
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anisotropy. The curves are computed for the model in Figure 1 with a 40% contrast in Vg.
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The New Geophysics leads to stress-forecasting not predicting
earthquakes — a paradigm shift

Stuart Crampin'? and Yuan Gao®
! School of GeoSciences, Grant Institute, West Mains Road, Edinburgh EH9 3JW, Scotland UK;;
2also at Edinburgh Anisotropy Project, British Geological Survey, Edinburgh EH9 3LA, Scotland UK;;
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Despite 120 years of investigation, with one exception, the time, magnitude
and epicentre of impending large earthquakes have not been successfully
predicted in real time. Several authors have suggested that a paradigm shift
is required before the time, magnitude, and location of earthquakes can be
predicted. The exception, where the time, magnitude, and fault break of an
earthquake in Iceland was successfully stress-forecast in a comparatively
narrow window, is a result of this paradigm shift.

The proposed shift is to ignore the earthquake source region which is
complicated and locally heterogeneous, and on which most previous attempts
have centred. Instead use shear-wave splitting (seismic birefringence) to
monitor stress-accumulation before impending earthquakes, by the effects on
the microcrack geometry in the rock mass surrounding the source. Since
rocks are weak to shear-stress, the substantial stress-energy released by large
earthquakes necessarily has to accumulate over enormous volumes of rock at
substantial distances from the eventual source location. This means that
stress-accumulation can be recognised at substantial distances from the impending source zone:
probably plate-wide or even world-wide before the largest earthquakes.

The reason for the unpredictability of earthquakes is the linearity of the Gutenberg-Richter
relationship between the earthquake magnitude and logarithm of the cumulative total of smaller
earthquakes. Such linearity (self similarity) is characteristic of self-organised criticality, where
prediction is specifically excluded.

The self-organised criticality is based on the proximity of the distributions of fluid- saturated stress-
aligned microcracks pervading most in situ rocks in the Earth’s crust. The microcracks are so closely
spaced they verge on failure and fracturing and are critical-systems with all the new properties,
including self-organised criticality, that this implies. This is a New Geophysics and is a new
understanding of fluid/rock deformation in a microcracked crust (see associated Abstract).

This new understanding of fluid-rock deformation shows that shear-wave splitting monitors the
low-level changes of microcrack geometry. Increases of low-level stress increase time-delays in
specific areas of the shear-wave window.

Such characteristic increases of time-delays between split shear-waves, indicating stress-
accumulation, have been observed in retrospect before some 15 earthquakes where there has been
sufficient nearby swarm activity to provide shear-wave splitting observations. Figure 2a shows 10 of
the most reliable examples in Iceland, China California, and elsewhere and range in magnitude from M
= 1.7 in Iceland to Ms = 7.7 in Taiwan. In one case, when the effects were recognised early enough, the
time, magnitude, and fault break of a M 5 earthquake in SW Iceland were successfully stress-forecast in
a comparatively tight window. We recognised that microcrack geometry was approaching levels of
fracture-criticality when earthquakes might be expected and emailed the Iceland Meteorological
Office that a M 5 earthquake would occur soon, where continuing seismic activity on a nearby fault
suggested the likely fault break. Three days later a M 5 earthquake occurred as stress-forecast on the
inferred fault break.

Figure 1..
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Increasing time-delays monitoring stress-accumulation can be modelled by anisotropic poro-
elasticity (APE) and this phenomenon believed to be at least partially understood. The logarithm of the
duration of the increase is proportional to the magnitude of the impending event (Figure 1a). Note that
stress-accumulation has been recognised whenever there has been swarm activity to give observations
of shear-wave splitting. There are no contrary results.

Recently, we have recognised that shortly a Duration of increasing time-delays
before the earthquakes occur, the increase in time- - -
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of microcracks onto the eventual fracture-plane.
Again the logarithm of the duration of the stress
relaxation is proportional to the impending
magnitude (Figure 2b). The critical feature that
gives us confidence in our hypothesis is that the
logarithms of both the duration of the stress
increases and the duration of the stress relaxations
are each, separately, proportional (self-similar) to
the earthquake magnitudes (Figure 2a and 2b).
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wave splitting in cross-hole seismics in 1km-deep oLt i

Stress-Monitoring Sites (SMSs) between adjacent Duration (days)

boreholes. The prototype SMS was between FigureZ2.

existing boreholes adjacent to the Husavik-

Flatey Transform Fault of the Mid-Atlantic Ridge in Northern Iceland, which probably
uniquely runs onshore. This SMSITES experiment was not in optimal source-receiver geometry, but
never-the-less displayed spectacular sensitivity to distant seismicity, using state-of-the-art borehole
technology, and confirmed that both science, technology, and sensitivity were sufficient to stress-
forecast large earthquakes.
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New Geophysics is a new understanding of fluid-rock deformation, where
cracks in the crust are critical systems, that has fundamental implications
for much solid Earth Geoscience including hydrocarbon recovery.

Azimuthally-varying stress-aligned shear-wave splitting (seismic
birefringence) is observed throughout most hydrocarbon reservoirs and
above all small earthquakes, where the polarizations of the leading split
shear-wave are usually, although not invariably, aligned approximately
parallel to the direction of maximum horizontal regional stress. Three
phenomena confirm that the cause of the splitting is propagation through the
fluid-saturated microcracks known to pervade most in situ rocks: These
phenomena are:

1) The only anisotropic symmetry system that leads to such parallel shear-
wave polarizations is transverse isotropy (hexagonal symmetry) with a
horizontal axis of cylindrical symmetry, or a minor modification thereof.

2) The only common geological configuration possessing such symmetry is distributions of near-
parallel near-vertical cracks striking parallel to the maximum horizontal stress.

3) Since large cracks and fractures are comparatively stiff and inflexible, and systematic modellable
changes in shear-wave splitting are observed during fluid-injection and during the stress accumulation
before earthquakes, the cause of the splitting is necessarily micro- rather than macro-cracks.

(The only known situation when the polarizations of the leading split shear waves are not aligned
parallel to the regional compressive stress is in high-pressure reservoirs, and above seismically-active
faults, where critically-high pore-fluid pressures locally re-orient microcrack orientations.)

The percentage of shear-wave velocity anisotropy in ostensibly intact in situ rocks in reservoirs and
above small earthquakes is observed to be 1.5% to 5%. (Higher values of velocity anisotropy are
typically observed in the uppermost few hundred meters of the crust due to stress-release and
weathering anomalies.) Since crack density can be written as CD = N a®, where N is the number of
cracks of radius a in a unit cube, and the percentage of shear-wave velocity anisotropy approximately
equals CD x 100 for a rock with a Poisson’s ratio of 0.25, the observed shear-wave splitting can be
imaged in terms of distributions of parallel vertical stress-aligned microcracks. In particular, micro-
cracks for the largest values of velocity anisotropy are so closely spaced that every crack is within a
crack radius of eight other cracks in a uniform distribution. At such values of fracture-criticality, the
cracks are so close together that there is no shear strength and the in situ cracked rock verges on
fracturing and earthquakes.

Systems that verge on criticality in this way are known as critical systems. Critical systems are a
New Physics, or in our case, a New Geophysics, with a range of new properties, some of which are
listed in Table 1, that may be very different from the properties of the original sub-critical physics.

Table 1. Some properties of the New Geophysics as rocks approach fracture-criticality

1)  All elements of the system affect all other elements, hence great sensitivity.

2)  Effects pervade all available space.

3)  Low-level deformation of fluid/rock evolution is calculable by anisotropic poro-elasticity (APE).
4)  Low-level deformation of fluid/rock evolution is monitorable with shear-wave splitting.

5)  Fluid/rock interactions may be wholly different from the original sub-critical behaviour.
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These properties imply that, with appropriate monitoring capability, fluid/rock evolution may be
calculated, predicted if the changes in conditions are known, and behaviour even controlled by
feedback. In particular, the New Geophysics implies that the rock mass is highly compliant to low-
level pre-fracturing deformation and can be imaged by changes in shear-wave splitting. The
importance of these properties is not only in the potentially calculable, predictable, and controllable
behaviour, but in the improved understanding of the interaction of fluid-saturated microcracked rocks.

Consequently, changes in shear-wave splitting monitor the low-level deformation of rock below
levels of cracking when fracturing occurs. Critical systems at fracture-criticality possess universality,
where the effects pervade all available space, and extreme sensitivity, so that at the approach of
fracture-criticality, all members of the system affect all other members, and the members act
collectively. As a consequence of these properties, the effects of APE approximately match a range of
more than 15 different properties of in situ rock, and innumerable individual source to geophone ray
paths, and we feel justified in claiming APE as a New Geophysics.

Note that the match of APE to in situ behaviour can only be approximate because of the difficulty
of examining in situ rock: the New Geophysics implies that the fluid-saturated microcracks make in
situ rock so compliant, that any direct approach imposes the severe traumas of distressing, temperature
changes, and invasion by drilling fluids, that disrupt in situ conditions for extensive distances into the
rock mass (possibly hundreds of times the bore-hole diameter, for example).

This pervasive criticality and extreme sensitivity has profound effect on almost all examples of
fluid/rock deformation including hydrocarbon recovery. We can show that changes of stress modify the
internal-geometry of the fluid-saturated stress-aligned microcracks pervading most rocks in at least the
uppermost 15km of the crust.

Table 2. Implications of the New Geophysics for commercial exploitation

Cause Effect Opportunity*

1)  Extreme sensitivity of The longer the ray path the greater the Minimise path length by Single-
microcrack geometry to chance of disturbance to time-lapse Well Imaging (SWI).
external conditions. images.

2)  Calculability of fluid/rock The evolution of fluid-rock behaviour Behaviour during recovery can be
evolution under relaxed (non-  can be modelled by APE, and calculated by APE with probably
aggressive) conditions. monitored with SWS. increased recovery.

3) The effect of CO2-sequestration can  Calculability allows critical

be modelled and calculated. effects, such as approach to

breakout to be estimated.
4)  Rocks fracture, fluids break-out Behaviour as rocks fracture may be Fracturing may be calculable, but

only when cracks reach calculated but results depend critically results are unrepeatable
fracture-criticality. on initial conditions. (deterministic chaos).

5)  Effects are calculable only if Hydrocarbon recovery is likely to be  Slower production for More Qil
rock is relaxed. greater if production is slow. REcovery (SMORE).

*The most important opportunity is the improved understanding of how fluid/rocks evolve under
low-level deformation.

Note that the reason New Geophysics and its remarkable implications have only just been
recognized is that the effects are principally confined to shear-wave propagation, and shear-wave
propagation and shear-wave splitting is currently much misunderstood. Shear-wave splitting is a
second-order phenomenon, where by rotating seismograms into appropriate polarizations, the split
shear-waves can be separated into individual seismograms and arrival times read with first-order
precision. This leads to the exceptional resolution that allows the detailed behaviour of the New
Geophysics to be imaged.

Critical systems are extremely common in all complicated interactive phenomena, and it is not
surprising that the Earth is also a critical system. The good fortune is that, probably uniquely, the
effects of criticality can be imaged in detail by the extraordinary sensitivity of shear-wave splitting.
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Seismic anisotropy and “Plateau Oil”

Heloise Bloxsom Lynn
Lynn Incorporated, La Veta, Colorado

Abstract

The compelling argument that plateau oil will occur between 2008 and 2020 (Liner, 2008) has direct and
immediate impact upon the extent that anisotropy shall be used to help find new oil and gas reserves as
well as delineate field boundaries. Since shear wave anisotropy is sensitive to both the inequality of the
horizontal stresses as well as the population of vertical aligned macro-fractures that could flow fluids, it
is likely that more and more owner/operators shall monitor the state of stress in their reservoirs during
depletion, as well as monitor the state of the open aligned macro-fractures that could flow fluids, by
means of monitoring the seismic anisotropy. Moreover, in reservoirs located at or near plate boundaries,
the added complication of changing tectonic stresses has a first order effect. Since the tectonic stresses
change in time on a scale of days to weeks to months, continuous passive seismic monitoring in such
reservoirs could play a very important role in both reservoir management as well as earthquake source
mechanism evaluation. All owner/operators desire to extract the maximum hydrocarbons with the
minimum capital investment: the earlier that the permanent multi-component passive seismic monitoring
is installed, the greater the benefit — the longer the time frame wherein additional knowledge is gained.

Background

Liner (2008) published the history of oil production for the state of Oklahoma, and for the USA, and for
the world. Beginning with the annual production, he then calculates the cumulative production. The
cumulative production curve resembles the familiar sigmoid, or S-curve, or logistic function. “It is
thought of in terms of growth that is initially exponential, then slowing with saturation, and finally
stopping altogether.” Liner’s analysis method fits the Oklahoma production and the USA production quite
well. This leads one to be willing to consider his evaluation of the world production, which he estimates
out to 2150. Plateau oil, the years wherein the world shall produce its maximum annual production, is
between 2008 and 2020, with the annual production hovering around 85 giga-barrels (10° barrels) +/- 5%.

Moreover, with the price of oil hovering near US$146/barrel, many oil companies are motivated to
produce as much hydrocarbons as possible.

Argument

3D 3C P-wave [source] reflection surveys — full azimuth, full offset - are the recommended exploration
tool, to find and delineate reservoirs that require macro-fractures to flow fluids. These surveys will yield
the azimuthal P-P and the azimuthal P-S reflections that document the structure, lithology (with well
control) , the anisotropy, orientation of maximum horizontal stress, and macro-fractures that can flow
fluids. However, these surveys can be expensive, and repeating such surveys for time-lapse
measurements may be beyond the means of some owner/operators.

Crosswell experiments with active sources in the boreholes and downhole 3C receivers are another, less
expensive, and excellent way to collect information on stress changes with time, and changes in the crack
populations over time (Niu, et al., 2008). | believe that more information is available through crosswell
seismic, than passive seismic monitoring, but 3-C passive seismic monitoring is much less expensive than
either 3D-3C reflection seismic or crosswell seismic, for it only requires the receiver-instrumentation of
as many vertical wells as possible.
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3-C passive seismic monitoring is becoming more widespread, especially as monitoring hydraulic
fracturing jobs. Permanent 3C passive seismic monitoring would provide the opportunity to monitor the
velocities and the anisotropies of the small earthquakes caused by the pumping of fluids out or in, during
an extended period of time. At plate tectonic boundaries, the reservoir is expected to deform according
to the changes in the tectonic stresses. Owner/operators of reservoirs at plate tectonic boundaries have an
excellent opportunity to monitor via passive seismic monitoring the locations, the velocities, the
magnitudes and orientations of the shear-wave anisotropy, and earthquake source signatures, of the
micro-earthquakes that indicate rock failure. By monitoring the performance of the reservoir throughout
time, as related to the micro-seismic events, a more efficient production of hydrocarbons can be achieved.

Some forward-looking oil companies are doing this (personal communication, Hector Aguirre, 2006).
The importance of earthquake source signatures or source mechanisms is that mode of failure (shear or
dilatancy) is in principle visible. The patterns of source signatures throughout time should indicate the
movement of stress across a body of rock through time. | fully expect that a comprehensive body of this
type of data can document the series of events that precede nearby large earthquakes at plate boundaries.
It is of course in the owner/operators’ best interests to be alert to the possibility of large earthquakes
affecting their personnel and infrastructures.

Conclusions

The measurement of seismic anisotropy via 3-component recording provides a wealth of information
pertaining to the extraction of hydrocarbons, the state of stress, and the presence of vertical aligned
fractures. As the price of hydrocarbons can well be expected to continue up, even during the predicted
plateau oil period of 2008 to 2020, let alone post 2020, owner/operators shall be even more motivated to
find and produce more. Seismic anisotropy is one of the newer technologies that has not yet been
blanketly employed: permanent 3C passive seismic monitoring, especially in reservoirs at or near plate
boundaries, is herein recommended as the most likely, least-expensive, time-lapse measurement to
document the local velocities, anisotropies, stress fields, and fracture populations, during production.
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Sanding Prediction Using Velocity Anisotropy

Houshang Mansouri

Abadan Institute of Petroleum Engineering,
Petroleum University of Technology, Iran

I will study the anisotropy of seismic wave velocities in a couple of wells (one
well with, and the other without sand problem) in the Mansouri Oil Field, South
Western Iran, in order to establish a relationship between velocity anisotropy and the
conditions triggering the problem of sand production.

Sand problem caused by fluctuations in stress regime around a borehole decreases
oil production from the well, leads to many difficulties in drilling and generally
endangers sustainability and productivity of the oil well. Borehole stability and stress
regime around wells have been studied by several authors (for example, Fjaer and
Holt, 1999), but there is a need to benefit from the potential of seismic velocity
anisotropy, like shear wave azimuthal anisotropy (for example, Lynn, 1991) in
anticipating stress related mishaps like sand production.

Stress variations and velocity anisotropy in the reservoir are studied to predict
sand production. The flow simulation of the wells under study will help us indicate
the threshold values of principal stresses.

This method allows engineers to anticipate production decline of any wells and
modify drilling and production strategies and make preparation to deal with sand
problem in order to maintain optimum production and profitability of the oil fields.
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Response characteristics and attributes of seismic
wave field in stress-induced anisotropy media

Bing Zhao & Zhongjie Zhang
State Key Laboratory of Lithosphere Evolution, Institute of Geology & Geophysics,

Chinese Academy of Sciences, 100029, Beijing, China

Widespread stress such as gravity and hydrostatic pressure exits in the earth, it is the main factor for
geological change and evolution of crustal structure. Seismic wave anisotropic effect can be induced by
stress field in earth interior, even if a continuous medium free of cracks (Dahlen, 1972; Biot, 1965). In
recent years, this issue has drawn more and more public attention and present more and more theoretical
research (Sharma, 2006; Nikitin & Chesnokov, 1984) and experimental results (Johnson & Rasolofosaon,
1996, Yin,1992 ) internationally.

Dahlen (1972) has successfully extended the work of Biot (1940, 1965) to include the effect of an
anisotropic initial stress on the velocity of propagation of body waves. Backus (1965) investigated the
effect of an inherent material anisotropy under the assumption that the direct effect of any anisotropic
initial stress may be neglected. But in fact, it is the co-existence of elastic anisotropy as well as initial
stress in the crust. In a recent study, Prikazchikov and Rogerson (2003) analysed the dynamic properties
of anisotropic pre-stressed elastic solids.

We consider two models based on very different media, with inherent anisotropy or isotropy, under
loading uniaxial and triaxial pressure. Using wave equation, we simulate wave filed in which and obtain
three component seismic records through finite difference method.

Wave field separation of 2-D filtering was applied to obtain specific seismic phases, then make
attributes extraction for those phases including instantaneous characteristic, velocity, polarization
information and delay time between two S waves dependence of stress to select stress-sensitive attributes
to attempt to sensitive parameters calibration.

The results are as follows:
. In special range of pressure, velocity increase with increasing pressure.

. An isotropic medium under initial stress behaves anisotropic to wave propagation. The
wave field shows special anisotropic characteristics when loading triaxial pressure. The presence of initial
stress in the earth masses is a cause for seismic anisotropy.

. The response of an anisotropic medium under initial stress or triaxial can not be
distinguished whether it owing to inherent anisotropy or pressure.

. The presence of initial stresses affects the velocities, amplitudes and propagation
directions of waves in a medium.

Since research shows that change of local stress field is consistent with earthquake occur, Shear wave
splitting due to stress-induced anisotropy provides the basis for earthquake prediction and explains many
other geological implications. By involving initial stress, it will give us new ways to examine in situ
stress-geometry of the crust.

Further interpretation is under way.
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Converted-wave splitting estimation and compensation
Jim Simmons* and James Gaiser
ION Geophysical, GXT Imaging Solutions, Denver, USA

Converted waves (C-waves) are especially sensitive to subsurface fractures in that both traveltime and
polarization are affected. Sinusoidal-like traveltime variations of a given reflection are typically seen on
the radial component, and the transverse component energy is nonzero and reverses polarity at 90-degree
azimuth intervals. Potential exists to estimate splitting model parameters (fast direction azimuth and
amount of traveltime splitting), produce an improved radial dataset for interpretation, and produce a data
misfit dataset which may reveal more local variations in splitting.

Splitting estimation and compensation (SEAC) operates on input radial and transverse azimuth-
sectored stacks. The inversion model parameter estimates are an optimal fast direction azimuth and a
traveltime splitting magnitude (Silver and Chan, 1991). These parameter estimates best account for the
radial component azimuthally-dependent traveltimes and energy on the transverse component over the
particular analysis time window.

SEAC is illustrated on synthetic data generated using anisotropic reflectivity modeling (Fryer and
Frazier, 1984 and 1987) over a medium containing isotropic, HTI, and TTI layers having different princi-
pal directions. Figure 1a shows the input radial and transverse data for an isotropic layer over three HTI
layers with fracture azimuth indicated by vertical lines. Figure 1b shows the same data after inversion and
layer stripping of the isotropic and two upper HTI layers. The sinusoidal-like traveltime variation of the
radial component is reduced, and the transverse-component energy is minimized, revealing other varia-
tions in splitting. Figures 1c and 1d show a similar experiment as 1a and 1b except there are three TTI
layers indicated by the slanted lines and the angle from horizontal. After inversion and layer stripping,
data misfit in both the radial and transverse components reveals the influence of dipping fractures.
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Figure 1: Radial and transverse component synthetic azimuth-sectored stack gathers before (a,c) and after (b,d)
SEAC for HTI and TTI models respectively.
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SEAC is also applied to a common-receiver e ©
gather from the Teal South experiment in the :
Gulf of Mexico (Figure 2). The radial compo-
nent in Figure 2a exhibits sinusoidal-like varia-
tions down to about 1.5 s and separation of the
fast and slow shear waves at later times, and the
transverse-component energy is clearly nonzero
and reverses polarity at 90-degree azimuth in-
tervals. Inversion and layer stripping between . i |
the seabed at 0.1 s and 1.5 s reduces these ef- a) b)
fects of shear-wave splitting, however further  Figure 2: Input (a) and output (b) from SEAC applied to

application of SEAC is warranted based on the  an azimuth-sectored common-receiver gather from the
results in Figure 2b. Gulf of Mexico, Teal South experiment.
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Finally, SEAC is applied to a densely sampled wide-azimuth 3-D 3-C dataset from onshore China.
Reservoir fracturing is thought to control hydrocarbon production rates. Radial and transverse compo-
nents are processed with a surface-consistent amplitude preserving flow. PreSTM is applied in 10-degree
azimuth-sectored bins of radial and transverse components into offset planes. An initial inversion for the
overburden splitting produces a first-order improvement in radial component traveltime alignment at all

15 -

Figure 3: Radial full-azimuth stack of the 3-D 3-C data from China before SEAC (a) and after SEAC (b). Transverse
stack (c), target inline before SEAC (left) and after SEAC (right).

record times, an improved radial component full-azimuth stack (Figures 3a and 3b), and significantly re-
duced energy on the transverse component (Figure 3c). Fast azimuth and traveltime splitting estimates,
shown in map view in Figure 4, are well constrained. These data are the direct output parameters from the
inversion. Spatial variability in the parameter estimates is evident, which results in the traveltime correc-
tions and improved full-azimuth stacks of Figure 3.

Additional inversions for two deeper intervals
(reservoir interval, and below) show more modest im-
provements in data quality (amount of traveltime split-
ting is smaller), interesting anomalies in the model
parameter estimates, and remaining data misfit on the
transverse component after inversion.
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Seismic Event Localisation
in an Anisotropic Environment

Kerstin Sommer, Claudia Vanelle, Robert Patzig, & Dirk Gajewksi

University of Hamburg, Germany

Seismic event localisation is a key objective for a wide range of applications. Whether we
wish to map the propagation of an event cloud in a hydro-frac experiment or carry out reservoir
monitoring based on passive seismics, a reliable determination of microseismic source positions is
essential. In this paper, we demonstrate that systematic errors occur if anisotropy is present but
not accounted for during the localisation procedure.

We consider data from a fluid injection experiment at the Continental Deep Drilling site
(KTB’) in Germany. The environment of the KTB is known to be anisotropic due to foliation of
Gneiss and oriented cracks, leading to an orthorhombic symmetry. The magnitude of anisotropy
is about 10 % for the P-waves and more than 10 % for the S-waves.

More than 2500 events were recorded with a borehole geophone at 4 km depth in the pilot hole
and a surface array consisting of 40 stations, with the majority of them placed within a distance
of 15 km to the borehole.

In 2002, Baisch et al. performed a localisation with these data using a homogeneous isotropic
model based on check shots. They applied station corrections and weighted the borehole geophone
stronger than the surface stations. Their results shown in Figure 1 display the events clustered
around the borehole, as expected.

We have repeated the localisation with the same data and model, however, without station
corrections and weights. We found the centre of the event cloud shifted by more than a kilometre
toward the South of the main hole, the injection site, see Figure 2. This systematic dislocation
away from the the borehole strongly suggests the presence of anisotropy.

Since an elastic tensor was available from rock samples (Jahns et al., 1994) and the geologic
situation has been described by Rabbel et al. (1994), we have carried out a localisation with a
homogeneous TTI model obtained from these works. Although the resulting event cloud shown in
Figure 3 is less focussed than with the isotropic model, the anisotropic model leads to a physically
reasonable distribution of the events around the borehole. Station corrections or weights are not
required with the anisotropic model.

In conclusion, the localisation of events and the shape of the event cloud are heavily affected
is anisotropy of the subsurface is present but neglected. If a physically reasonable distribution
of the events is forced by combining an isotropic model with station weights and corrections, the
resulting localisation will lead to a misinterpretation due to the wrong model.
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Figure 1: Localisation with a homogeneous isotropic model, station cor-
rections, and station weights: the events cluster around the borehole.
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Figure 2: Localisation with the same homogeneous isotropic model as in
Figure 1, but without station corrections and station weights: the centre
of the event cloud is now located 1 km South of the injection site.
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Figure 3: Localisation with a homogeneous anisotropic model: the event
cloud is centred around the borehole.
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Shales are often related to unconventional reservoirs containing hydrocarbon, which makes them of
interest for prospecting geophysics. Therefore, the problem of permeability estimation in shales is of vital
importance. Shales are anisotropic rocks, and the shale’s permeability depends on a direction in space. In
this case, the shale’s permeability is described by the permeability tensor having two or three different
diagonal components in the principal coordinate system.

In this work we consider two independent methods of shale’s permeability determination from
microseismic data. The microseismic events are caused by the hydrofracturing of a shale formation.

The first method is based on the Shapiro et al. approach (1997) for permeability estimation from the
spatio-temporal distribution of the fluid-injection-induced seismic emission, This approach is based on
the Biot theory and considers linear relaxation of pore-pressure perturbations in different directions. We
applied this method to field data on the event’s distribution in space and time and derived the
permeability tensor having three different components in the principal coordinate system that is rotated
relative to the Earth coordinate system. The maximum and minimum components of this tensor are
around a hundred of milliDarcy and a few milliDarcy, respectively. The intermediate permeability value
is almost one order of magnitude smaller than the maximum permeability.

The second method is based on the effective medium theory (EMT), which allows one to determine
the effective elastic and transport properties from the volume concentration of the components (mineral
grains and pores/cracks), their shape and spatial orientation, and medium’s inner structure (degree of
pore/cracks connectivity) (Bayuk and Chesnokov, 1998). Formally, this method is applicable to the
effective hydraulic conductivity from which the permeability is determined using the fluid density and
dynamic viscosity (Pozdniakov and Tsang, 2004). However, empirical formulas (e.g. Kozeny-Carman
equation) include parameters related to the inclusion-size effect. Therefore, using the EMT for hydraulic
conductivity estimation, they consider a patch medium with different patches having different hydraulic
conductivity (Pozdniakov and Tsang, 2004; Neuweiler and Vogel, 2007). In this case, the properties of
patches related to pores and cracks should include the size effects. We have estimated the “fluid patch”
properties from the laboratory measurements of shale’s permeability. The permeability of four shale
samples of the VTI symmetry was measured normally to bedding and in the bedding plane. From these
data, the complete permeability tensor has been estimated. The tensor was used for the permeability
determination in other directions. When applying the EMT, we assume that the shale consists of mineral
grains and two systems of voids: grain-related pores and parallel thin cracks. All the inclusions are
aligned along bedding. The experimental data on permeability were used for inverting the shale’s
microstructure parameters including: the permeability of solid material and “fluid patches”; shape of
mineral grains, pores and cracks; volume concentration of pores and cracks; dynamic viscosity of fluid,;
and a parameter responsible for the pore/crack connectivity. It was found that the permeability of “fluid
patches” varies from 1 to 20 milliDarcy for the samples under study.

The shale’s permeability found in laboratory was used as the permeability of the solid material when
we apply the EMT to estimate the permeability of the region for which the first approach was applied (the
approach based on the pore-pressure relaxation). The orientation of water-injection-induced cracks was
determined from the microseimic data. The results found with the EMT-based approach are compared
with those provided by the first approach. The two independent methods give close directions of the
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maximum permeability, and the averaged permeability values are almost very similar. However, the
EMT-based approach in which the cracks are assumed to be ellipsoids of revolution provides more
isotropic distribution of permeability in one of the planes in the principal coordinate system compared to
the first approach. A way to make the results closer is to use a general ellipsoid for the crack shape
approximation in the EMT-based approach.
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S-wave splitting from records of local micro-earthquakes
in West Bohemia/Vogtland:
An indicator of complex crustal anisotropy
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The West Bohemia/Vogtland region represents a junction of three different tectonic units and is the
most seismically active area in the Bohemian Massif. Active tectonics is manifested by numerous mineral
springs, emanations of CO2, presence of Tertiary to Quaternary volcanism, neotectonic crustal
movements, and by persistent seismic activity with a frequent occurrence of earthquake swarms. The
earthquake activity is monitored by the WEBNET local network (Horalek et al. 2000), formed by 10
three-component digital seismic stations equipped by short-period seismometers and connected to a data
centre by telemetry. The magnitude threshold is about -0.5. The epicentres of micro-earthquakes are
scattered over an area of about 50 km x 70 km. The depth of hypocentres ranges from 2 to 23 km. The
most prominent recent periods of seismic activity were earthquake swarms in 1985/86, 1989/90, 1994,
1997 and in 2000, which comprised hundreds to thousands of micro-earthquakes (Vavrycuk 1993; Fischer
& Horalek 2003). The strongest earthquake in the last 40 years was the earthquake of magnitude 4.6
which occurred on December 23, 1985 in the Novy Kostel focal area.

Most S-wave particle motions of local micro-earthquakes in the West Bohemia/Vogtland region
display the S-wave splitting. The split S waves are usually well defined, being separated in time and
polarized in roughly perpendicular directions in the horizontal projection (see Fig. 1). In most cases, the
polarization of the fast S wave is aligned in the NW-SE direction (the so-called “normal splitting”), which
is close to the direction of the maximum horizontal compression in the region. However, for some ray
directions, the polarization of the fast S wave is aligned in the NE-SW direction (the so-called “reverse
splitting”). The pattern of the normal/reverse splitting on a focal sphere is station-dependent pointing to
the presence of inhomogeneities in anisotropy. For some stations, the normal/reverse splitting pattern is
asymmetric with respect to the vertical axis indicating the symmetry axes of anisotropy are probably
inclined. Presence of inclined anisotropy is confirmed by observations of directionally dependent delay
times between split S waves. If we identify the symmetry axes with the directions of the maximum and
minimum values of delay times normalized to 1 km of a ray path, anisotropy under all analyzed stations
appears inclined. The delay times attain values up to almost 10 ms per 1 km of the ray path. These values
correspond roughly to S-wave anisotropy strength of 3.5% provided anisotropy is homogeneous along the
whole ray path. If we assume that the anisotropic structure is located at the topmost part of the Earth’s
crust down to 3-4 km beneath a station, then the estimated strength of anisotropy increase to about 7-15%.
A complex and station-dependent anisotropy pattern is probably a result of a complicated anisotropic
crust characterized by diverse geological structures. The spatial variation of anisotropy probably reflects
the presence of variety of different types of anisotropic rocks in the region.
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Figure 1: Observations of the S-wave splitting in records of the WEBNET stations. The foci of the micro-
earthquakes are located in the Novy Kostel seismo-active area. Circles in the focal sphere show directions
of rays from a source to a station. Red/blue colour indicates the normal/reverse splitting. The particle
motions are shown in the horizontal projection. The endpoint in the particle motion is denoted by the dot.
Upper hemisphere equal-area projection is used.
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