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Summary 
 
Recent observations have shown that anisotropy symmetry 
directions (or fracture orientations) estimated from travel-
time or velocity anisotropy do not necessarily agree with 
orientations from amplitude or attenuation analysis. It has 
also been consistently found that attenuation anisotropy in 
reservoir intervals is generally stronger than in the 
overburden. These observations indicate that velocity 
anisotropy and attenuation anisotropy may provide 
different information about subsurface fracture systems. In 
this study, we model the seismic response in porous media 
with two sets of fractures where both fracture sets can be 
filled with different fluids. We consider the case where the 
dominant set is filled with brine to simulate open or fluid 
conducting fractures and the secondary set is dry to 
simulate sealed fractures. We find that velocity symmetry 
can be significantly different from attenuation anisotropy 
depending on the conjugate angles of two facture sets as 
well as their relative fracture densities. This can be 
explained by the fact that elastic waves do not attenuate in 
very dry rocks. We therefore argue that dynamic 
(amplitudes, attenuation) and kinematic (travel-time, 
velocity) anisotropy do not have to measure the same 
properties of subsurface fractures. Our study also implies 
that measurements of the quality factor (Q) and frequency-
dependent dispersion (anisotropy) may provide a direct link 
between seismic and fluid flow in (porous) fractured rock.  
 
Introduction 
 
It is now well understood that in media with aligned 
vertical fractures, seismic velocity (and travel-time) and 
amplitude will vary with azimuth. This is known as seismic 
anisotropy which has been proved to be a useful tool to 
provide information about subsurface fracture distributions. 
The interpretation of the measured seismic anisotropy in 
terms of fracture parameters is limited mostly to fracture 
orientations and densities. Fracture scales and fluid 
properties may be potentially measured from frequency-
dependent seismic anisotropy. 
 
More recently, attenuation anisotropy has been observed 
from borehole VSPs and surface seismic data. An example 
is given recently by Maultzsch (2006) in an analysis of 
multi-azimuthal walkaway VSPs from the Clair field in the 
North Sea (summarized in Figure 1). It is shown that the 
data recorded in the reservoir show significant azimuthal 
variation in 1/Q with a clear dominant symmetry azimuth 
close to E-W. By comparison, the attenuation anisotropy 
measured in the data from the overburden is much smaller 

and the symmetry directions are more scattered. Analyses 
of travel-time or velocity anisotropy do not show such a 
distinct characteristics (but do reveal that anisotropy in 
reservoirs is stronger). Most strikingly, fracture orientations 
estimated from attenuation anisotropy are with 20o of the 
open fractures in the zone of interest, despite the overall 
fracture orientation being N45oE. The physical explanation 
may be that because elastic waves do not attenuate in very 
dry rocks (e.g. Dvorkin and Mavko 2006), and if there are 
several sets of fractures filled with different fluids (some 
are sealed and may be regarded as dry), attenuation will 
only be sensitive to the sets which are open and fluid 
conductive. 
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Figure 1. Top: Fracture orientation mapped from cores and 
horehole image logs in a nearby well at the Clair field. The 
dominant strike of open fractures is different from the dominant 
strike of the entire fracture population. Bottom: rose diagrams of 
inverted azimuth of minimum attenuation using the instantaneous 
frequency results (see Maultzsch et al. 2006 for other references). 
 
A question that has recently risen during a recent workshop 
on Q in the 2005 EAGE meeting in Madrid is whether 
anisotropic parameters inferred from the kinematical and 
dynamic attributes should be the same or different. By 
kinematical attributes we mean travel-time and velocity-
based measurements, while dynamic attributes are 
amplitudes and related attenuation measurements. This is 
interesting both theoretically and in terms of practical 
applications as travel-times and velocities may have 
different sensitivities to fluids compared to amplitude and 
attenuation measurements. A similar argument that has 
often been made is that hydraulic (fluid flow, permeability) 
and mechanical (seismic) anisotropies do not have to be the 
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same. In this paper, we consider the simple case of two sets 
of meso-scale fractures in porous rocks where the dominant 
set is filled with brine to simulate open or fluid conducting 
fractures and the secondary set is dry to simulate sealed or 
partially sealed fractures. We conclude from this study that 
velocity anisotropy will not be necessarily the same as 
attenuation anisotropy, and in particular measurements of 
attenuation anisotropy may potentially provide additional 
information about fluid properties. 
 
Modeling multi-sets of aligned fractures in porous rock  
 
We use the theory developed by Chapman (2003) to model 
aligned meso-scale fractures in porous rock with an 
isotropic distribution of micro-cracks and pores. The 
effective elastic stiffness tensor C is written as 

32100 CeCeCCCCC fc +++=∆+= φ , (1) 

where φ is porosity of the matrix, ec is the density of micro-
cracks, and ef is the density of aligned fractures (whose size 
is significant larger than the size of micro-cracks and pores, 
but is significant less than a wavelength). C0 is the elastic 
stiffness of the matrix (solid frame), C1, C2 and C3 are the 
contributions of pores, cracks and fractures, respectively, 
and the explicit expressions are given in the Chapman et al. 
(2003). We use the term 

321 CeCeCC fc ++=∆ φ ,   (2)  

to denote the additional stiffness due to the presence of 
pores, micro-cracks and fractures. The size-dependent terms 
of elastic stiffness are linked by the relationship between 
two relaxation time scales, τm and τf (proportional to their 
sizes), i.e.  

( ) mmff aa ττ /= ,    (3) 

where τm is related to the standard micro-structural squirt 
flow and τf is related to the meso-scale flow due to the 
presence of fractures. af is the fracture radius, and am is the 
grain size (the size of pores and micro-cracks). Note that af 
can be much larger than am. The frequency-dependent terms 
are governed by two terms: ( ) 11 −+ fiωτ , which is related to 

fluid flow into and out of fractures, and 
( ) ( )( ) 11/1 −++ mm ii ωτωγτ , which is related to pore-scale 

flow (γ is related to the Poisson’ ratio of the matrix and the 
fluid compressibility). In the absence of fractures the model 
returns to the grain-scale squirt flow model. With the 
introduction of a fracture set, two characteristic frequencies 
exist: the traditional squirt flow frequency which can be 
estimated from laboratory data, together with a much lower 
characteristic frequency which depends on the size of the 
fractures. A consequence of this is that propagation at 
seismic frequencies can be very different from that 
predicted in the low frequency limits implying that 
dispersion can occur at seismic frequency, or in other words 
seismic frequency can no longer be safely regarded as the 

low frequency limit. The above model has been extended by 
Liu et al. (2003) to model multi-fracture sets in porous 
media based on the simple assumption that the effective 
elastic compliance (inverse of stiffness) is the sum of 
effective elastic compliances of individual cracks and 
fractures, following Schoenberg and Sayers (1995), i.e. 

12101 )( −− ∆+∆+== FF SSSSC ,   (4) 
where effective compliance S is reciprocal of effective 
stiffness C. i

FS∆ is the additional compliance due to the ith 
set of cracks (or fractures), and can be inverted from the 
analytic expressions of elastic stiffness (equation 2). This 
model considers the fluid in/out of matrix and fractures, but 
does not consider fluid communications between the 
different sets of fracture [this is reasonable as long as 
fracture density is small so that fracture spacing is large 
enough that no two fracture intersecting each other]. 
 
Results 
 
We consider two models. In the first model, two sets of 
fractures are filled with the same fluid (brine) and in the 
second model, the dominant set is filled with brine to 
simulate fluid conducting fractures and the secondary one 
is dry to simulate sealed or partially sealed fractures. Figure 
2 shows the variations of P-wave velocity and attenuation 
(right) with azimuths for the model 1 where the fracture 
densities of both sets are 0.05. Similarly, Figure 3 shows 
the same variations as Figure 2, but two fracture sets have 
fracture densities of 0.05 and 0.025, respectively. The 
computations are performed for four different conjugate 
angles (0o, 30o, 60o and 90o). As expected, when two 
fracture sets are in the same directions (effectively one set), 
the magnitude of anisotropy as characterized by the size of 
azimuthal variations is largest. When two fracture sets are 
orthogonal (orthorhombic), the anisotropy is smallest. In 
general multiple fracture sets turn to weaken the P-wave 
azimuthal response, which is true for both velocity and 
attenuation anisotropy. From Figures 2 and 3, we can see 
that when the two fracture sets are filled with the same 
fluids, the velocity variation and attenuation variation have 
the same kind of anisotropy symmetry (as we would expect 
anyway), i.e. the peaks and troughs in velocity and 1/Q 
plots are coincident. We repeat the calculations the model 2 
where two fracture sets are filled with different fluids. 
Specifically, the dominant set is filled with brine, while the 
secondary set is dry. The results are displayed in Figures 4 
and 5. We can see that the anisotropy symmetry classes 
from velocity and attenuation are completely different - the 
peaks and troughs in velocity and attenuation plots are no 
longer  coincident. In other words, symmetry direction or 
(effective fracture orientations) inferred from travel-
time/velocity will be different from the azimuthal AVO or 
attenuation analysis. The reason is simple. In our model, 
only brine-filled fracture sets contribute to the azimuthal 
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variation of attenuation, while the dry sets have no effects 
on the attenuation. However, both fracture sets have equal 
influence on velocity variations even though the influence 
from the dry sets may be slightly larger. This indicates the 
different sensitivities of kinematical and dynamic attributes 
to fluids. We can therefore argue that amplitude/attenuation 
are more sensitive to fluids than travel-time/velocity 
measurements, implying that the prediction of fluid flow 
properties from seismic data, such as fluid pressure, 
permeability, saturation will be more reliable if azimuthal 
attenuation can be measured from seismic data. Estimation 
of absolute attenuation is certainly not easy, however the 
relative azimuthal attenuation may be easier to measure, for 
example, using the instantaneous frequency or standard 
spectral ratio methods (Maultzsch et al. 2006).  
 
Discussion and conclusions 
 
We have compared the resulting velocity and attenuation 
anisotropy due to the presence of two fracture sets in 
porous media where one set is assumed to be fluid 
conductive and the second set is dry. We find that the 
symmetry axes in the azimuthal variations of velocity and 
attenuation can be significantly different depending on the 
conjugate angles as well as the relative fracture densities of 
individual sets. This difference in the kinematic (travel-
times and velocity) and dynamic response (amplitudes and 
attenuation) is a direct result of different sensitivities of 
velocity and attenuation to saturating fluids. We argue that 
instead of trying to reconcile the differences between 
various measurements, i.e. kinematical vs dynamical data, 
we should realise that those different measurements 
provide different information about complex subsurface 
stress-fracture-fluid systems.  
 
Note that in this study, we only consider the attenuation 
due to fluid movements and scattering attenuation has not 
been considered. Many observations have shown that the 

fast P direction has high amplitudes (brighter and less 
attenuated), implying Qp in the direction parallel 
fractures is higher than its orthogonal counterpart. It is 
almost certainly that both scattering effect as well as fluid 
effect will be responsible. The question of how to 
differentiate scattering and intrinsic attenuation remains 
unsolved (see also Willis et al 2004).   
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Figure 2. Variations of P wave velocity (left) and attenuation (right) with azimuths in media with two fracture sets filled with the same fluids 
(brine). The fracture densities of both sets are 0.05. The angle in degrees between the two conjugate fracture sets is posted on its respective curve. 
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Figure 3. Variations of P wave velocity (left) and attenuation (right) with azimuths in media with two fracture sets filled with the fluids (brine). 
The fracture densities of two fractures are 0.05 and 0.025, respectively. The angle in degrees between the two conjugate fracture sets is posted on 
its respective curve. 
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Figure 4. Variations of P wave velocity (left) and attenuation (right) with azimuths in media with two fracture sets. One fracture set is dry and 
the other is filled with brine. The fracture densities of both sets are 0.05. The angle in degrees between the two conjugate fracture sets is posted 
on its respective curve. 
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Figure 5. Variations of P wave velocity (left) and attenuation (right) with azimuths in media with two fracture sets. One fracture set is dry and 
the other is filled with brine. The fracture densities of both sets are 0.05 and 0.025, respectively. The angle in degrees between the two 
conjugate fracture sets is posted on its respective curve. 
 


