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Abstract 
Recent field data shows evidence that shear-wave velocity depends on fluid saturation in 
fractured carbonate reservoirs, in contradiction to the well established Gassmann relation. We 
propose a parameterisation which allows us to make direct comparison between a range of 
rock physics models and to study predicted differences between the behaviour of carbonates 
and siliclastics. When fractures are present, the rock becomes anisotropic and Gassmann�s 
relations no longer strictly hold. In general, shear wave velocity depends on saturation, but 
extreme sensitivity can be caused either by an aspect ratio effect or a dynamic effect due to 
fluid viscosity. These mechanisms can be differentiated on the basis of frequency dependent 
attributes. We argue that shear-wave splitting is likely to be the seismic attribute most 
sensitive to fluid saturation in carbonate reservoirs. 
 
Introduction 
 
In recent years, the petroleum industry has been focusing increasing attention on the problems 
of carbonate reservoirs and their rock physical properties. Nevertheless, much understanding 
of rock physics is still based on experience from sandstone environments. 
 
Conventional thinking holds that carbonate reservoirs are unsuitable candidates for time-lapse 
surveys since their �stiff� frame moduli precludes dependence of elastic properties on the bulk 
modulus of the saturating fluid. Recently, however, there have been a number of indications 
that this picture is incomplete. Angerer et al. (2001) presented time-lapse data which indicated 
that shear-wave splitting in a carbonate reservoir was sensitive to CO2 injection. Further 
evidence was provided by van der Kolk et al. (2001), who argued that shear-wave splitting 
was highly sensitive to fluid saturation in the carbonate Natih field in Oman. 
 
A range of theories and explanations have been put forward for this behaviour. Comparing the 
predictions of rock physics models is notoriously difficult on account of the widely different 
parameterizations used. Moreover, many common parameterizations are relatively insensitive 
to the difference in physical properties between carbonates and sandstones.  In this paper we 
aim to develop a parameterisation into which a range of rock physics models can be placed 
and which we believe is sensitive to the particular character of carbonates. We are then able to 
analyze the various mechanisms within a common, Gassmann consistent framework. The 
striking conclusion which emerges is that shear-wave splitting can be very sensitive to fluid 
saturation in carbonate rocks, even when other seismic attributes are insensitive to saturation. 
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Parameterisation 
According to Gassmann�s equation, the fluid substitution effect is a result of the interplay 
between the mineral moduli, the dry frame moduli, fluid bulk modulus and porosity. We 
introduce a model which allows the dry frame moduli to be determined in terms of the 
mineral moduli, porosity and a �geometry factor� which we denote by the letter a. This 
parameter is estimated from the measurements on carbonates of Nolen-Hoeksema et al. 
(1995) following Figure 1. We estimate the change in saturated bulk modulus when brine 
replaces gas for a range of mineral moduli and geometry factors. Figure 2 illustrates that the 
sensitivity to fluid decreases with the mineral bulk modulus, although the geometry factor can 
compensate for this.  

We introduce vertical fractures following the techniques of Brown and Korringa (1975), 
Hudson (1981) and Chapman (2003). Our dry frame model allows us to express each theory 
in terms of the same parameter set. Figure 3 illustrates that with this common 
parameterisatoin Chapman�s model moves between the Brown-Korringa and Hudson limits as 
a function of frequency and fracture size. 

Results 
We consider the effect of fluid substitution that is predicted by the various models. According 
to the Brown-Korringa theory a modest dependence of shear-wave splitting on fluid saturation 
is to be expected across a rather wide parameter space. In this case there is no dependence on 
the crack aspect ratio. Hudson�s model is capable of predicting very strong dependence of 
shear-wave splitting on the saturating fluid, provided the aspect ratio lies in a particular band. 
For other aspect ratios, particularly the small aspect ratio limit, shear-wave splitting is 
insensitive to fluid saturation 

For intermediate frequencies we are in the regime where velocity dispersion and attenuation 
can occur.  Since the dispersion is influenced by the anisotropic fracture set, the dynamic 
effect varies with direction. Figure 4 illustrates this point, demonstrating the angular 
dependence of attenuation for the qP and qS waves. Note that attenuation affects the qS wave 
for angles nearer to the vertical than it does the qP wave. 

When we study the effect of changing the fluid in this case we find a �dynamic fluid 
substitution effect� due to the influence of fluid viscosity. This dynamic effect is found to 
influence shear wave splitting; Figure 5 shows the difference in shear-wave splitting when 
brine replaces gas as a function of fracture size for various frequencies. Figure 6 demonstrates 
the link between frequency dependent shear-wave splitting and fluid substitution. If we have a 
frequency dependent shear-wave splitting relationship as was suggested by Maultzsch et al. 
(2003), a decrease in fluid viscosity tends to move the transition zone to higher frequencies 
(horizontal shift), while changes in fluid bulk modulus change the absolute values of shear 
wave splitting for low frequencies (vertical shift). This results in frequency bands where very 
strong dependence of shear-wave splitting on the saturating fluid can occur. 

 

Conclusions and Discussion 
We develop a common parameterisation into which Gassmann�s model, the anisotropic 
Gassmann model of Brown and Korringa (1975), Hudson�s (1981) model and Chapman�s 
(2003) model can be placed. The parameterization captures the distinction between frame and 
mineral moduli which is important to the understanding of how carbonates differ from 
sandsstones in terms of fluid substitution. We also study the effects of fractures, and give a 
direct comparison between the various approaches. 
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Our combined model demonstrates the existence of two mechanisms which can explain 
extremely strong sensitivity of shear wave splitting to fluid saturation. These are the aspect 
ratio dependent effect in a regime where Hudson�s model is appropriate and the dynamic fluid 
substitution effect when we have �meso-scale� fractures in the sense of Chapman (2003). We 
emphasize that these effects are not observationally equivalent � the observation of frequency 
dependent shear-wave splitting can in principle discriminate between them. 
 
If we consider the picture suggested by our full model, we have to say that provided we are 
interested only in near vertical propagation then the Gassmann predictions are remarkably 
robust. The P-wave depends only very weakly on the fluid saturation on account of the high 
mineral bulk modulus; this is not disturbed by a dynamic fluid substitution effect. Similarly, 
the fast shear wave behaves according to the Gassmann equation. The only real deviation 
from Gassmann occurs for the slow shear wave. This can be strongly influenced by the 
concept of dynamic fluid substitution. We are therefore led to the  somewhat surprising 
conclusion that shear-wave splitting is potentially the attribute which is most sensitive to the 
saturating fluid in carbonate rocks. 
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Figure 1: Comparison of the dry frame 
model with laboratory data from 
Nolen-Hoeksema et al (1995)

Figure 2: Fluid sensitivity of saturated bulk 
modulus as a function of mineral bulk modulus 
various geometry parameters 

Figure 3: qP slowness surfaces for the 
various models. 

Figure 4: Angular variation of attenuation 
coefficient for qP and qS waves. 

Figure5: Fluid sensitivity of shear-wave 
splitting for various frequencies as a 
function of fracture radius. 

Figure 6: Frequency dependent shear-wav
splitting for brine and gas saturation. 
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