








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 

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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      a)                                                            b)                                                           c) 
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). 

 
Figure 4: Overburden fast-azimuth estimates (a) in 
degrees relative to north=0, east=90, and traveltime 
splitting estimates (b) in milliseconds, plan view.  



Seismic Event Localisation
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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 



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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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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