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Practical Gassmann fluid substitution
in sand/shale sequences
Rob Simm*
Introduction
When performing fluid substitution on log data Gassmann’s
(1951) model is the general tool of choice. Whilst the equations and software implementations are straightforward,
there are potential pitfalls. Several authors have noted the
need for quality control (QC) of Gassmann input parameters
(e.g., Smith et al., 2003; Han and Batzle, 2004; and Skelt,
2004 have described the problem of erroneous fluid substitution results in laminated sand/shale intervals). Despite the
warnings, however, it is not clear what the interpreter should
do in the application of Gassmann to mitigate the chances of
erroneous results. Nor is it clear, for example, in the case of
shaley sand scenarios, what the right answer should be. The
approach taken here is essentially pragmatic, suggesting an
adaptive Gassmann workflow that can be modified to give
intuitive results. The paper illustrates the need to QC the dry
rock data implicit in Gassmann’s model and to condition the
dry rock data used in fluid substitution. The following discussion assumes that good quality log data, including logs of
shear wave velocity Vs, are available. No discussion will be
made here of issues such as log editing and Vs prediction.

Calculating the fluid substitution effect on the compressional wave velocity Vp, as measured by the sonic log, is not
so straightforward because it depends not only on the substituted density and the shear modulus, but also on the saturated bulk modulus Ksat:
(3)
				
In turn, the bulk modulus of the new rock requires knowledge of the mineral modulus K0, the fluid modulus Kf and
the pore space stiffness Kφ (Mavko and Mukerji, 1995; Avseth
et al., 2005):

(4)
			
with
						
(5)

Understanding Gassmann fluid substitution
The mechanics of fluid substitution on the density and shear
logs is simple. For the density log, fluid substitution can be
written:
			

The pore space stiffness Kφ is related to porosity, mineral
modulus, and the dry rock bulk modulus Kd by
							

(1)
(6)

where rb1 is the initial rock bulk density, rb2 is the bulk rock
density after fluid substitution, rƒ 1 is the initial fluid density,
rƒ 2 is the density of the substituting fluid, and φ is the porosity.
The substituted rock density rb2 is simply the fractional
difference attributable to the fluid change in the pore space.
Given the fact that in Gassmann’s model the shear modulus
µ is independent of the pore fill, the substituted Vs depends
only on the change in density:
(2)

This means, of course, that substitution of hydrocarbon
for water will result in a lowering of bulk density and an
increase in Vs.

Given these various parameter relationships, two particular
effects are important in determining the magnitude of the
fluid substitution effect on the velocity log. These relate to
the role of pore stiffness and the effect of gas saturation.
A useful way of understanding pore stiffness effects
and visualizing the bulk modulus change in fluid substitution is the crossplot of the normalized bulk modulus, K/K0, against porosity (Mavko and Mukerji, 1995;
Mavko et al., 1998; Avseth et al., 2005) (Figure 1a). Following Equation (6), lines of constant Kφ /K0 are drawn on
the plot. The separation of the Kφ /K0 lines is an indicator of relative rock stiffness, or rock ‘compliance’ (Xu and
White, 1995). For a given porosity, points with low values
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of K/K0 are ‘soft’, whereas those with high K/K0 values are
relatively stiff.
The fluid substitution results for two sands with different
porosities and pore space stiffness characteristics are shown
in Figure 1a. Even though the magnitude of fluid modulus
change is the same in each case, the lower porosity rock has
a greater magnitude of bulk modulus change than the higher
porosity rock. Compressional velocity differences reflect the
changes in bulk modulus (Figure 1b). This is not to imply
that low porosity rocks always have larger fluid substitution
effects than high porosity rocks. The variation of fluid substi-
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tution effects with porosity will depend to a great extent on
the nature of pore stiffness variation with porosity.
Figure 2 shows a crossplot with dry rock data from laboratory studies. It is evident from the plot that the consolidated clean sands (red and blue points) appear to have a linear trend which cross-cuts the normalized pore stiffness lines
as porosity changes, whereas the consolidated shaley sands
and less well consolidated shaley sands (green and light blue
points, respectively) tend to follow the trend of the normalized pore stiffness lines. The implication of Figure 2 is that
the consolidated sands will show decreasing fluid substitution effects with decreasing porosity, whereas the relatively unconsolidated shaley sands may show increasing fluid
substitution effects with decreasing porosity. Given that the
assumptions inherent in Gassmann’s model may be violated
in shaley sands, this last observation must be questionable.
Further discussion on this issue will be made in relation to a
real data example.
The second important aspect of fluid substitution is the
effect of gas saturation. Generating a value for the fluid bulk
modulus to input into Gassmann requires that the bulk moduli of water Kw and hydrocarbon Kh are mixed according to
the water saturation Sw in the pore space. For seismic applications the fluid bulk modulus is usually calculated using the
Reuss average:
(7)

Using this mixing law for substituting gas into a rock often
leads to the type of Sw–Vp relationship shown in Figure 3. A
small amount of gas has a large effect on the rock bulk modulus, producing a dramatic decrease in Vp. With increasing gas,

Figure 1 The role of pore stiffness in Gassmann fluid substitution illustrated by plots of (a) normalized bulk modulus against
porosity, and (b) compressional wave velocity against porosity.
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Figure 2 Dry rock data from real rocks.
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the significant change is in the density rather than the bulk
modulus, such that, following Equation (3), Vp increases with
increasing gas saturation.

Sand/shale rocks and Gassmann fluid
substitution pitfalls
The Gassmann (1951) model assumes a monomineralic rock
in which the total pore space is in communication (Wang
and Nur, 1992). Theoretically, Gassmann is not applicable
to sands containing shale as the bound water in shale cannot
move freely. However, in the absence of sand/shale models
that are easy to use and readily parametrized, Gassmann tends
to be the preferred model. The consequences of this decision
are discussed below.
The first issue with regard to the presence of shale is porosity. Shale is a mixture of clay, silt, and electrostatically bound
water, and the presence of shale in a sand means that porosity
can be defined in two ways. Firstly, the ‘effective’ porosity can
be defined as the moveable fluid in the rock and secondly, the
‘total’ porosity is the combination of effective porosity and the
bound water. The question arises as to which one should be
used in Gassmann’s equation. From a practical standpoint it
can be argued that it does not matter. Whichever approach is
used, there will need to be some modification of the Gassmann
model to obtain realistic results in low porosity rocks.
Figure 4 shows a typical well log with sand/shale variations. The well was drilled with water-based mud and
encountered water-bearing sands. Both effective and total
porosity approaches have been investigated for gas substitution in the following workflows.

Figure 3 Effect of gas saturation on compressional wave
velocity.

Effective porosity workflow
1. Effective porosity φe was calculated from the density log using
(8)
The mineral density ρ0 has been calculated from a combination of quartz (2.65 g cm-3) and shale (2.46 g cm-3, taken
from the density log) using fractions determined from the
shale log (Vsh), which in turn were derived from the gamma
ray log. A fluid density of 1.0 g cm-3 was used. Virgin fluid
parameters (water and gas densities and moduli) were calculated using the Batzle and Wang (1992) equations. The
reader is referred to the appendix for more discussion on the
issue of invaded zone fluid parameters.
2. The mineral modulus was calculated using the VoigtReuss-Hill average (Hill, 1952):
(9)
where the Voigt average is
							
(10)
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Figure 4 Shaley sand log example: effective porosity approach.
Fluid substitution to gas is made using dry rock data derived
from the logs (blue curves = wet, red curves = gas). (Depth
marker spacing is 10 m.)
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and the Reuss average is
							
(11)

Log data were used to derive the shale elastic moduli:
and

			

(12)
(13)

The derived values for shale bulk modulus and shear modulus are 14.96 GPa and 6.1 GPa, respectively.
3. The data were inverted for dry rock parameters using Equations (5) and (6) with Kf = 2.76 GPa.
4. An empirical relationship giving saturation in terms of porosity was generated from data in nearby discovery wells:
			

(14)

where Swe is the fraction of effective porosity filled with water.
5. Water and gas moduli were mixed using the Reuss average,
as given by Equation (7).
6. Fluid substitution was performed using Equation (4) with
the dry rock parameters generated in step 3 and the fluid
modulus calculated in step 5.
Figure 4 shows that this workflow generates large fluid substitution differences on the Vp log in low porosity rock that

has a high shale volume. It also leads to unrealistically low
values of Poisson ratio σ. These effects are associated with
low values of normalized dry bulk modulus (Figure 5). The
negative values of normalized modulus, below 10% porosity,
are quite erroneous. This is a common result when using an
effective porosity approach. The low values of normalized
modulus combine with low values of fluid modulus to give
large saturated bulk modulus changes at low gas saturations.
Most of the scatter in the results is evidence of the fact that
the input parameters are inconsistent with the assumptions
inherent in the Gassmann model.
Some workers address the problem of exaggerated fluid
substitution effects on the Vp log in shaley intervals by imposing arbitrary porosity and other dry rock parameter thresholds
or ‘cut-offs’. This is not an acceptable solution as it can create
dramatic deviations in the Vp log, with saw tooth effects where
the porosity varies around the cut-off porosity, but more
importantly it does not address the possibility of hydrocarbon
saturation in shaley intervals. Possible solutions are discussed
below, after applying Gassmann fluid substitution to the real
data set using a total porosity approach.
Total porosity workflow
Total porosity φt was calculated using
		
(15)
			
In the absence of any direct information concerning dry
clay density, ρcl, a value of 2.6 g cm-3 was used. The mineral
modulus was calculated by mixing quartz and dry clay using
equations (9)-(11). Unfortunately, the elastic properties of dry
clay are highly variable (Wang et al., 2001) and it is not clear
which values to use. Initial values of clay bulk modulus and
shear modulus were taken from the data published by Wang et
al. (2001), namely Kcl = 37.5 GPa and μcl = 18.7 GPa.
The saturation model was modified to account for the
water saturation as a proportion of the total pore space:
					
		
(16)

Figure 5 Effective porosity approach. Dry rock data are
obtained from Gassmann inversion. Data points are coloured
by shale volume, as indicated by the key on the right.
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Figure 6 illustrates the normalized modulus data using two different sets of clay parameters. A high value for Kcl consistent
with the published literature (Figure 6a) gives negative values of
normalized dry bulk modulus below ~15% porosity. If the clay
mineral moduli are reduced to Kcl = 16 GPa and μcl = 7.9 GPa,
then a more believable dry rock trend is observed (Figure 6b).
Figure 7 shows the fluid substitution results. As expected, the
most dramatic differences in Vp are associated with very low
normalized modulus values at low porosity. What is clear
is that in the total porosity approach to Gassmann the clay
moduli are effectively fitting parameters to ensure that fluid
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Figure 7 Shaley sand log example: total porosity approach.
Fluid substitution to gas is made using dry rock data derived
from the logs. On the Vp and Poisson’s ratio (s) logs, the
black trace is for Kcl = 37.5 GPa and the red trace for Kcl = 16
GPa. (Depth marker spacing is 10 m.)

Figure 6 Dry rock data using total porosity approach with
varying clay mineral moduli: (a) Kcl = 37.5 GPa, μcl = 18.7
GPa; (b) Kcl = 16 GPa, μcl = 7.9 GPa. Data points are coloured by shale volume, as indicated by the key on the right.
substitution does not give large errors. Whilst modifying the
clay parameters can condition the dry rock behaviour of the
shaley intervals, Figure 6b shows that there are still some
points in the lower left of the crossplot which could possibly
give erroneous fluid substitution results. Inevitably this will
occur in most practical instances. Similar effects can also result
from local inconsistencies in sonic and density logs.

An adaptive approach to Gassmann fluid
substitution
Deriving sensible fluid substitution results in shaley sands
using Gassmann’s model requires a fitting procedure which
effectively ‘stiffens’ low porosity rock. This could be achieved
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by varying the mineral, fluid, or dry rock moduli. The role of
clay parameters in a total porosity approach has already been
discussed. An alternative, which might be used with either total
or effective porosity, would be to stiffen the fluid by using a
mixing relation such as that published by Brie et al. (1995), see
appendix. However, of the various alternatives, it is considered
that the most pragmatic solution is to condition the dry rock
model that is used in fluid substitution. This can be done by
defining a trend on the crossplot of porosity against normalized bulk modulus, joining the mineral point (at φ = 0 and
Kd/K0 = 1) with the sand data. Figure 8 illustrates a trend drawn
on the real data example (Figure 5). Experience has shown that
second order polynomial trends work well, but of course there
are usually a number of curves that could be defined.
Figure 9 shows the fluid substitution result on the real
data example using the dry rock trend defined in Figure 8
and applied using the effective porosity. The gas substitution effects on the Vp log are now more intuitive than those
shown in Figure 4, and they are similar to those from the total
porosity model which uses a low value for Kcl. Of course, we
cannot know that the results are exactly right, only that they
do not appear to be wrong. The choices made in model fit-
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ting need, if possible, to be understood within the context of
both seismic well ties (e.g., matching AVO responses in prestack seismic data) and knowledge of sedimentology (i.e.,
rock stiffness changes with varying porosity).
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A generalized workflow
Based on the preceding discussion, a generalized workflow can
be proposed for applying the Gassmann model to log data:
1. Accurate petrophysical analysis of porosity, mineral content, and fluid saturation.
2. Estimation of fluid properties and correction of the density log (see appendix).
3. Gassmann inversion for the dry rock parameters (it is
assumed that good quality compressional and shear sonic
log data are available).
4. QC clean sand data – compare different fluid zones if
present and consider the results in terms of sedimentology.
5. Trend fitting to the dry data (may require multiple fits to
be made if sands with different pore stiffness characteristics are present).
6. Use the dry rock model to calculate the velocity difference
in Gassmann fluid substitution.

Conclusions

Figure 8 Dry rock data from Figure 5 with a dry rock model
(dashed line) superimposed. Data points are coloured by
shale volume, as indicated by the key on the right.

A key conclusion of this work is the need to evaluate the
dry rock parameters that are inherent in the application
of Gassmann’s model to log data. The normalized dry
bulk modulus parameter in combination with porosity is a
good indicator of fluid substitution behaviour. As has been
shown, it is very easy to simply ‘do fluid substitution’ with
available software and generate unrealistic effects. In practice there are numerous uncertainties in the application of
Gassmann’s equation to log data, including:
n inapplicability of the Gassmann model to shales,
n lack of information on clays and the potential variability
of clay parameters, and
n inaccuracies in the registration of log curves.
Fluid substitution errors resulting from these uncertainties
can effectively be minimized by using a dry rock model that
is conditioned from the data.
The motivation in this paper has been to outline a practical approach to using the Gassmann model for routine
analysis of wireline log data in oil and gas exploration. It is
hoped that the ideas presented here may serve to promote
discussion among workers in the field.
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Figure 9 Shaley sand log example: effective porosity approach.
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Appendix: Borehole fluid issues
Owing to the fact that the zone of investigation of the density log is very shallow, the key problem associated with
porosity estimation from the density log is the estimation
of the fluid parameters in the zone in which virgin fluids
have been displaced by mud filtrate (i.e. the invaded zone).
The fluid density of the invaded zone depends on a number
of factors including the saturation in the invaded zone, the
fluid density of mud filtrate and the density of the virgin
formation fluids.
In many instances invaded zone fluid parameter estimation may involve a certain degree of trial and error. Core
porosities (total porosity calculated in the laboratory) can
be invaluable to help constrain effective fluid densities for
porosity estimation.
Filtrate properties depend on the nature of the drilling mud. Where the saline component of the water-based
mud (WBM) filtrate is sodium chloride (NaCl), the Batzle
and Wang (1992) equations may be used to calculate fluid
density and modulus. Typical values for WBM filtrate are
around 1 g cm-3 but can be higher depending on salinity and
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mud additives. With regard to oil-based muds (OBM), typically up to 50% of OBM filtrate is water with the rest being
refined oils and other additives. Filtrate densities are usually about 0.75-0.8 g cm-3. To calculate the fluid modulus of
OBM filtrate, a mix of diesel (~35°API) with no dissolved gas
and water usually works well (J. Garnham, pers. Comm.).
Water-bearing sands drilled with water-based muds
present the most straightforward scenario. There is more
uncertainty in the fluid density calculation in situations
where the invaded fluid consists of two or more phases,
for example where water-based mud filtrate has displaced
gas. The analysis of such scenarios requires an estimate of
saturation in the invaded zone, Sx, as well as an assignment of end-member fluid parameters. Saturation interpretations may be obtained from a resistitivity log suite
interpretation, a petrophysical ‘rule of thumb’ or reconciliation of core porosity (depth-shifted and compactioncorrected), grain density and the density log. For example, rules of thumb commonly used for invaded zone saturation are:
			

(17)

(Dewan 1983), and
(18)
(F. Whitehead pers. comm). In wells where there are multiple fluid zones and limited variations in reservoir lithology,
comparison of results from the different zones may lead to
a refinement of the fluid densities that are appropriate for
each zone.
While it is clear from Equation (1) that the density log
invariably needs correcting for fluid substitution, it is less
clear whether a correction is required for the sonic logs. The
initial step is to generate the Gassmann dry rock parameters
and evaluate whether the sand data are reasonable or not. In
this initial step the following parameter combinations might
be tested:
(a) Corrected density, Vp, Vs, Sw, fluid mixing using Reuss
average.
(b)Measured density, Vp, Vs, Sx, fluid mixing using Reuss
average.
If these approaches do not yield reasonable results then it
could be that the Reuss mixing model is inappropriate at
logging frequencies. Brie et al. (1995) observed that sonic
logs often do not appear to show the effect of low gas saturation in clean sand sections as predicted by Gassmann (i.e.
the velocities are too high to be justified by Reuss average
fluid mixing). They interpreted this as an effect of patchy
saturation (i.e. the saturation in the invaded zone is not the
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same in each pore space). Consequently, the compressional
sonic finds the quickest way through the rock and biases the
compressional velocity towards the high water saturation
patches. Fluid moduli inversions of various log datasets,
using a generalized dry rock model, led Brie et al. (1995) to
formulate a relationship which effectively stiffens the fluid
modulus at low gas saturations:
							

Getting noticed?
Advertising in our journals works!
■
■
■

First Break
Near Surface Geophysics
Geophysical Prospecting

(19)
where e is a number in the range 1 – 10 (usually around
2 – 5). Equation (19) therefore might be used as an alternative to the Reuss average model to gauge whether or not
to correct the sonic logs for invasion using the Gassmann
model.
Experience has shown that for confident invasion corrections to be made in clean sands, good quality Vp, Vs, and
density data are required as well as accurate measurements
of porosity (such as core porosity from laboratory measurements). A practical problem with Gassmann’s model is that
the various parameters are not independent: if one is varied,
it will affect the others. Thus, without independent shear
and porosity information, the invasion problem is underconstrained.
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