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Fluid substitution in shaley sediment using effective porosity

Jack Dvorkin', Gary Mavko', and Boris Gurevich?

ABSTRACT

The traditional method of fluid substitution in porous rock
requires the total porosity and the elastic modulus of the min-
eral phase as input and assumes that the fluid reaches instan-
taneous hydraulic equilibrium throughout the pore space.
This assumption may not be appropriate for shaley sediment
because of the low permeability of shale and the resulting im-
mobility of the water in it. To address this problem, we pro-
pose an alternative method that uses effective porosity in-
stead of total porosity. Effective porosity is lower than total
porosity if porous shale is present in the system. A new, com-
posite mineral phase is introduced, which includes the porous
water-saturated shale together with the nonporous minerals
and whose elastic modulus is an average of those of its com-
ponents, including the porous shale. This alternative method
increases the sensitivity of the elastic properties of sediment-
to-pore-fluid changes and therefore may be used as a physics-
based theoretical tool to better explain and interpret seismic
data during exploration as well as variations in seismic re-
sponse as hydrocarbon production progresses.

INTRODUCTION

Fluid substitution predicts the elastic properties of sediment satu-
rated with one fluid from the properties measured when it is saturat-
ed with another fluid. It is one of the most robust tools of rock phys-
ics and is widely used in quantitative interpretation of well and seis-
mic data— for example, for correcting sonic data for mud filtrate in-
vasion and for computing synthetic seismograms in time-lapse seis-
mic studies.

Typically, Gassmann’s equation is used (Gassmann, 1951; Smith
et al., 2003), where the bulk modulus K, of the fluid saturated iso-
tropic rock with total porosity ¢, is related to the moduli of the dry
frame K, solid phase K, and pore fluid K as follows:

K.,t - S¢thry - (1 - ¢t)KFKdry/KS + KF. (1)
™ (1 = ¢)Kp + ¢Ks — KpKary/Ks
Animplicit assumption in this equation is that the rock frame is com-
posed of a single mineral with bulk modulus Kj. Strictly speaking,
this means that Gassmann’s equation cannot be used in multimineral
rocks.

Brown and Korringa (1975) address this problem by generalizing
the fluid substitution equation to account for the presence of differ-
ent minerals in the rock frame. However, even in its simplest isotro-
pic version, this equation requires several elastic parameters of the
solid matrix that are difficult to estimate (Berryman and Milton,
1991).

Fortunately, numerical tests show that, for rocks whose minerals
have elastic constants of the same order of magnitude (which is the
case even for such different minerals as quartz and clay), the accura-
cy of Gassmann fluid substitution is more than adequate if the bulk
modulus K of the composite solid phase is computed using a mixing
law, such as Hill’s average (Hill, 1952) (e.g., Arns et al., 2002; Ciz et
al., 2006). This stems from the fact that for many rocks, especially
those with high porosity, Ks>> Ky, and Ks>> K. As aresult, Kg may
have only a minor influence on K, which allows application of
Gassmann’s equation to real multimineral sediments such as sand-
stone, limestone, and dolomite.

Still, the use of this method for shale-rich rocks remains question-
able because the presence of shale in the pore space may violate an-
other key assumption of fluid substitution: The pore pressure fluctu-
ations induced by a propagating stress wave must equilibrate instan-
taneously throughout the pore space. This is because shale contains
bound water, which is essentially immobile and thus cannot be in hy-
draulic equilibrium with the rest of the pore space (Gurevich and
Carcione, 2000).

To overcome this obstacle and to make Gassmann’s equation ap-
plicable to shaley sediment, we propose an alternative approach
wherein the porous wet shale is treated as part of the solid grain ma-
terial. The porosity within this shale is excluded from the total poros-
ity so that the porosity used in fluid substitution becomes the effec-
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tive porosity. We compare this new method with the traditional one
and show that the former results in a greater sensitivity of the elastic
properties of sediment-to-pore-fluid replacement. This result may be
used to explain observed effects during reservoir production that
cannot be justified otherwise.

TRADITIONAL FLUID SUBSTITUTION

Gassmann’s equation

Consider sediment whose solid phase contains only two compo-
nents, quartz and clay. Assume that the bulk modulus K., of rock at
full water saturation (Sy = 1) is known. The goal is to calculate the
compressional modulus K, of the same rock at partial water satura-
tion (Sy < 1) where part of the pore space is filled with hydrocarbon.

The value K, can be calculated from the measured V,, V,, and
bulk density p,. If V, is neither available nor reliable, an approximate
V,-only fluid substitution can be used (Mavko et al., 1995), which
uses the compressional modulus M = K + (4/3)u, where w is the
shear modulus, instead of the bulk modulus K (Appendix A).

Fluid substitution includes two steps. The first is to calculate the
dry-frame bulk modulus:

1 - (1 = ¢p)Kyet/Kg — PKyet/ K
Kdry _ KS ( ¢t) wet/ 2§ ¢t wet W. (2)
1+ ¢t - ¢tKS/KW - Kwet/KS

The second is to use equation 1 to derive K, where K1is now the ef-
fective modulus of the mixture of water and hydrocarbon at Sy, <1.

The elastic moduli K and K in these equations must be calculat-
ed from the moduli of the constituents of the fluid and solid phases,
respectively.

Effective bulk modulus of the fluid phase

If two or more fluid phases are present in the pore space, K is the
isostress (or harmonic) average of the bulk moduli of the compo-
nents and is calculated from Wood’s equation (Wood, 1941; White,
1983):

n -1
Ky = (2 SiK;“l!) ’ (3)
i=1

where 7 is the number of fluid-phase components, S; is the volume
fraction of the ith component of the fluid phase, and K; is the bulk
modulus of ith component. This mixing law is justified by the as-
sumption that the pressure (stress) variations triggered in individual
fluid components by a seismic wave are the same for all components.
This assumption implies that the saturation pattern in the rock is uni-
form, i.e., the pore-fluid components coexist on such a fine scale that
the pressure variations in these components have sufficient time to
equilibrate during the wave period.

If the fluid mixture includes only two components, water and hy-
drocarbon with volume fractions S,, and 1 — S,,, respectively, the ef-
fective bulk modulus of their mixture is

Kp=[SyKy + (1 = Sk 17", (4)

where Ky, is the bulk modulus of the hydrocarbon.

Effective bulk modulus of the solid phase

The effective elastic moduli of a composite that includes several
elastic components depend on the moduli of those components as
well as their spatial arrangement. The range of possible variations of
these effective elastic moduli for an isotropic composite lies be-
tween the lower and upper Hashin-Shtrikman bounds (Hashin and
Shtrikman, 1963). These bounds are within a wider range, which is
defined by the Reuss lower bound and the Voigt upper bound
(Mavko et al., 1998).

The lower bound is the harmonic average of the elastic moduli of
individual components of a composite, and the upper bound is their
arithmetic average. It is common practice to estimate the effective
elastic moduli of the composite (M, us, and K) as the arithmetic av-
erage of the Reuss and Voigt bounds:

- e
l m
Ks= > > foiKsi + (EfSiKEil) , (5)
| =1 i=1 )
1 B m m 1]
Ms = 5 Ef siMsi <2f SiMEiI> > (6)
| =1 i=1 )
and
4
Mg = Kg + g, (7)

3

where Kj; and ug; are the bulk and shear moduli, respectively, of the
ith elastic component whose volume fraction in the composite is f5;
and where m is the number of components.

Now consider sediment whose solid phase contains only two
components, quartz and clay, and apply the bulk and shear moduli of
quartz, 36.6 and 45 GPa, respectively, and of clay, 21 and 7 GPa, re-
spectively (Mavko et al., 1998). The effective bulk and compres-
sional moduli of this quartz and clay mixture, according to equations
5-7 as well as the Hashin-Shtrikman and Voigt-Reuss elastic
bounds, are plotted in Figure 1.

In spite of the large elastic contrast between quartz and clay, the
elastic bounds are fairly close to each other and to Hill’s average.
This implies that the error possibly introduced into fluid substitution
results by using Hill’s average may not be critical.

Still, it is important to remember that equation 7 is just one of sev-
eral mixing laws that can be used in fluid substitution. In specific sit-
uations, such as where the softer component of the solid frame (usu-
ally clay) is load bearing, the use of the lower Hashin-Shtrikman
bound may be more appropriate (Goldberg and Gurevich, 1998).

ALTERNATIVE FLUID SUBSTITUTION
FOR SHALEY SAND

Volume balance for porosity and saturation

Consider a porous rock with clay (Figure 2). The volume fraction
of the clay mineral in the whole mineral phase is f..y. The intrinsic
porosity of clay (the microporosity) is ¢,,. In a unit volume of rock,
the volume occupied by the nonclay minerals (assumed to be nonpo-
rous) is (1 — fu.y)(1 — ¢,). The volume occupied by the clay miner-
alis fu,y(1 = ¢,). Then the volume occupied by the porous clay is
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C= fcla (1 ¢t) . (8)

¢clay

The total void space in the rock is the sum of the void space outside
the porous clay and that within the clay. The void space outside the
porous clay (in a unit volume of rock) is the effective porosity ¢,:

-
d’clay

Let us introduce a modified solid phase that includes the nonclay
minerals plus the porous clay. The volume of this modified solid
phase in a unit volume of rock is 1 — ¢,. The volume fraction of the
porous clay in the modified solid is

d) d’z ¢clayC d’t fclay d’clay 1 — (9)

where Ky, K., and K, are the bulk moduli of the dry frame, solid,
and pore fluid, respectively, to be used in this alternative method of
fluid substitution. These moduli differ from the Ky, K, and K pa-
rameters used in equations 1 and 2.

Specifically, water and hydrocarbon must now be mixed inside
the effective pore space. The resulting bulk modulus (using the har-
monic mixing law) is

KFe = [SWeI<;Vl + (1 - SWe)KI;l]_l» (15)
where Sy, is given by equation 12.

The solid now includes (in the case of a quartz and clay sediment)
quartz and porous water-filled clay. The effective bulk modulus of
this composite solid can be computed as Hill’s average according to
equations 5777 with m = 2’ fSl =1- ,chlay’ fél = fi’clay’ KSI = KQy
Ks» = Kpeiay, Msi = g, and prs, = thpcay and with fpo,, given by

fclay equation 10. The subscript Q refers to the constants for quartz. As yet
chlay= (1 - betay + B, ) (10)
clay clay/ clay a) b)
Assume next that part of the pore space in the rock 40 120
is saturated with hydrocarbon whose volumetric
fraction in the whole pore volumeis S = 1 — Sy.
Assume also that the intrinsic pore space of the 35 100

clay is fully water saturated and all hydrocarbon
is contained in the effective pore space. Then the

©
o
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volumetric fraction of hydrocarbon in the effec- ) 3 8o
tive pore space is % 30 £ \
° ©
= (1 - Sy)/ (11 £ N 5 N
He — ¢I w. d)e x \ 2 60 h
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Q.
and the volumetric fraction of water in the effec- 25 § \\\\
tive pore space (or effective water saturation) is 40 \t\
SWe =1- SHe =1- ¢t(l - SW)/¢e
(12) 20 20

0 0102 03 040506070809 1
Clay content

As expected, Sy, becomes zero if the only water
in the rock is that contained inside the clay, i.e.,

SW = C¢clay/¢r-

0 0102 03 04 0506 07 08 09 1
Clay content

Figure 1. Relationships of (a) effective bulk modulus and (b) compressional modulus
with clay content of a quartz/clay mixture. The bold curve in the middle is calculated

from Hill’s average (Hill, 1952). The inner two curves around it represent the Hashin-Sh-
trikman bounds (Hashin and Shtrikman, 1963). The outer two curves represent the Voigt

Gassmann’s equation with
effective porosity

Let us now substitute fluid merely in the effective pore space
(rather than in the total pore space) while treating the mixture of
quartz and wet clay as anew composite solid. This can be done simi-
larly to the traditional method described by equations 1 and 2 but re-
placing ¢, with ¢, and altering the bulk moduli of the solid and fluid.

In particular, the dry-frame modulus of the rock, which in this case
is the modulus of the rock where the effective pore space is empty, is

K - K 1 - (1 - ¢e)Kwet/KSe — ¢eKwet/KW (13)

d - Se )

e 1+ ¢e - d)eKSe/KW - Kwet/KSe

while the bulk modulus of the same rock at partial water saturation is
¢edee - (1 - ¢e)KFeKdrye/KSe + KFe

Ko = K,

(1 - ¢€)KF€ + ¢eKSe - KFeKdrye/KSe |

(14)

and Reuss bounds (Mavko et al., 1998).

Nonporous minerals

Porous clay

Effe

T

Water adrocanoo

Figure 2. Schematic representation of the porosity components of a
reservoir rock. The effective pore space contains water and hydro-
carbon. The total pore space includes the effective pore space plus
that inside the porous clay.
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unknown are Kpejoy and pray. the bulk and shear moduli of the wet
porous clay.

These moduli depend on the intrinsic porosity of the clay ( ¢ei,y) in
the pore space as well as on the effective pressure, the texture and
mineralogy of the clay, and the bulk modulus of the brine. One way
of estimating these moduli is by using those of a 100% clay interval,
provided that such an interval can be found in the well under exami-
nation. Another way is by using a rock physics model that links the
moduli of porous clay to its intrinsic porosity and mineralogy. Sever-
al such models are available. One that is appropriate for mature con-
solidated sediment is described by Raymer et al. (1980). Another,
relevant to soft geologically young clay, is the uncemented (soft)
sand/shale model of Dvorkin and Nur (1996).

Figure 3 shows that, depending on the geological setting, the shale
data may fall onto one of these model curves. The choice of the mod-
el, as well as the porosity and mineralogy of the clay, is somewhat ar-
bitrary but still must be geologically consistent and site specific. A
range of these inputs can be considered to obtain a potential range of
responses to fluid alteration in shaley sand. (Recently acquired labo-
ratory data on velocity in shales and relevant models can be found in
Holt and Fjaer [2003] and Holt et al. [2004].)

EXAMPLE

Consider wet rock where the elastic moduli are related to porosity
and mineralogy according to the uncemented sand/shale model of
Dvorkin and Nur (1996). The bulk and shear moduli of quartz used
in this model are 36.6 and 45 GPa, respectively; those for the clay

30

Compressional modulus (GPa)
N
)

0 0.1 0.2 0.3 0.4

Total porosity

Figure 3. The relationship between compressional modulus of a wa-
ter-saturated shale and total porosity. Different symbols indicate dif-
ferent wells. The upper curve is from the model of Raymer et al.
(1980), and the lower curve is from the soft sand/shale model of
Dvorkin and Nur (1996). The model curves are calculated for shale
with 100% clay content. Some of the data points lie above the upper
curve because their mineralogy includes quartz and feldspar.

are 21 and 7 GPa, respectively. The density of quartz is 2.65 g/cm?,
while that of the clay mineral is 2.58 g/cm?.
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Figure 4. (a) Compressional modulus, (b) shear modulus, and (c)
Poisson’s ratio in a fully water-saturated sand (the soft sand/shale
model; Dvorkin and Nur [1996]) for a range of porosities and clay
contents for the example discussed in the text.
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ence for a range of clay contents for the example discussed in the

text.
Figure 6. P-wave impedance at partial saturation for a range of po-
rosities and clay contents using (a) the traditional fluid substitution
method, (b) the alternative method, and (c) their relative difference
for the example discussed in the text.
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Figure 7. Poisson’s ratio at partial saturation for a range of porosities
and clay contents using (a) the traditional fluid substitution method,
(b) the alternative method, and (c) their relative difference for the ex-
ample discussed in the text.

Assume that the bulk modulus of the pore fluid (brine) is 2.66 GPa
and its density is 1 g/cm? (salinity 36,000 ppm at 20 MPa and
70° C). The corresponding compressional and shear moduli of the
rock and its Poisson’s ratio are shown in Figure 4 for the ranges of to-
tal porosity between 0.15 and 0.35 and for clay content in the solid
phase between zero and 0.3.

Assume next that the clay present in the system has an intrinsic
porosity of 0.25 and that the corresponding compressional and shear
moduli are 10.4 and 1.5 GPa, respectively (according to the unce-
mented sand/shale model). The plots of the total porosity, effective
porosity calculated from equation 9, and difference between the total
and effective porosities are shown in Figure 5.

Our goal is to calculate the elastic constants of the rock at partial
water saturation of 0.7, where the hydrocarbon present is predomi-
nantly oil (API gravity 35, GOR 200 1/1, gas gravity 0.65) with a
bulk modulus of 0.5 GPa and a density of 0.67 g/cm?.

For the parameters chosen in this example, the minimum effective
porosity of 0.065 is at the minimum total porosity of 0.15. The mini-
mum effective water saturation is about 0.3. This saturation becomes
zero at the total porosity of about 0.125, and the effective porosity
becomes 0.0375. At alower total porosity, the effective water satura-
tion will be negative. This is why we chose 0.15 as a practically rea-
sonable lower bound for the total porosity.

The results for the P-wave impedance and Poisson’s ratio using
the two fluid substitution methods are shown in Figures 6 and 7, re-
spectively. The largest difference between the results occurs at high
clay content and low porosity. There is practically no difference be-
tween the two results in high-porosity, clean clastic sediment. This
somewhat counterintuitive result (the largest fluid substitution effect
occurs at low porosity) is because at the assumed constant total water
saturation of 0.7, the effective water saturation is variable. It is
smallest at the lowest porosity and highest clay content (Figure 8)
where, as a result, the largest fraction of the water in the effective
pore space is replaced by oil.

Let us next use our example to explore the effect of fluid substitu-
tion on the seismic amplitude at a pseudowell where a shaley sand
layer is placed within a shale interval (Figure 9). We assume that the
total porosity of the background wet shale is 0.2 and that the clay
content is 0.8. The total porosity of the shaley reservoir sand is 0.15;

0.3

o
[6;]
Effective water saturation

Clay content in mineral phase

0.2 0.3
Total porosity

Figure 8. Effective water saturation at a constant total water satura-
tion of 0.8 for a range of porosities and clay contents for the example
discussed in the text.
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Figure 9. Pseudowell with a single sand layer in a shale background. (a) Clay content, (b)
total porosity, (¢) P-wave impedance, (d) Poisson’s ratio, (¢) P-wave velocity, and (f)
S-wave velocity. The bold curves in the elastic property frames represent wet sand. The
two fine curves represent an oil-saturated sand using the different fluid substitution meth-
ods. The higher impedance, Poisson’s ratio, and P-wave velocity in the oil sand are de-
rived from the traditional fluid substitution method, while their lower values are from the
alternative method.

a) b) c)

o7

class T AVO response (Rutherford and Williams,
1989) in the wet-sand case, the response becomes
class I with phase change for an oil sand whose
elastic properties are calculated using the tradi-
tional fluid substitution method and, finally, class
II where the alternative substitution method is
used.

It is important to note that the dramatic differ-
ences in the synthetic seismic amplitude respons-
es for the different methods used are because we
chose the extreme combination of sand properties
(small total porosity and large clay content) that
affect fluid substitution results. Much smaller ef-
fects are expected in high-porosity clean sand.

CONCLUSION

Fluid substitution using effective porosity in-
stead of total porosity in sediment may produce
noticeable differences between the resulting elas-
tic constants in low-porosity shaley sand. There-
fore, where the traditional method cannot explain
field observations, the alternative fluid substitu-
tion method presented here may be used to ensure
a better tie between the well and 3D seismic data

or, especially, 4D seismic data. Parameters required by the alterna-
tive method include the properties of the shale in the pore space. Al-
though rock physics models are available to calculate the elastic

0.3 properties of the shale, the choice of both the model used and the pa-

TWT (s)
o
N
[

\

0.5

Gather Gather Gather

rameters of porosity and mineralogy of the shale may be somewhat
arbitrary. We recommend selecting and testing geologically consis-
| | tent ranges of these inputs to estimate the plausible ranges of the
elastic response to fluid substitution.
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Figure 10. Synthetic gathers (near-, mid-, and far offsets) at the
pseudowell as calculated using a 20-Hz Ricker wavelet. (a) Wet
sand, (b) sand with oil using the traditional fluid substitution method,
and (c) sand with oil using the alternative fluid substitution method.

that of the clay content is 0.3. The elastic properties of the interval
are calculated according to the uncemented (soft) sand/shale model
of Dvorkin and Nur (1996). We also assume that, originally, the sand
interval is wet. The purpose of fluid substitution is to predict the seis-
mic response of the same interval with an oil saturation of 0.3.

The calculated elastic properties of sand with oil are plotted to-
gether with the wet-sand properties in Figure 9. We observe dramatic
changes in the P-wave impedance and Poisson’s ratio depending on
the fluid substitution method selected. Although the traditional
method predicts a relatively small reduction in the impedance and
Poisson’s ratio from the wet-sand case, these changes, as calculated
using the alternative method, bring the impedance in the oil sand
practically to the level of the background (shale) impedance and also
drastically reduce the Poisson’s ratio of the sand.

The synthetic seismic traces shown in Figure 10 reflect these vari-
ations in the elastic properties of the interval. Although we observe a

Mg = Mg

APPENDIX A

P-WAVE-ONLY FLUID SUBSTITUTION

Both the traditional method of fluid substitution based on equa-
tions 1 and 2 and the alternative method based on equations 14 and
15 require knowledge of the bulk modulus of the fully water-saturat-
ed rock K\, which must be calculated from V,,, V,, and bulk density
pyof wetrock as Kye = p,V3 — (4/3)p, V2.

Often, V, is unavailable or not reliable. To circumvent this diffi-
culty, Mavko etal. (1995) propose an approximate V,-only fluid sub-
stitution method that uses the compressional modulus My = Ky
— (4/3)u = p,V2instead of the bulk modulus K. The V,-only ana-
logs of equations 1 and 2 are

dMyy — (1 — ¢)KpMyy/Mg + Kpp
(1 = ¢)Kp + Mg — KpM 4 /M
(A-1)
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and
Mgy = M

1 - (1 - ¢1)Mwel/MS - ¢1Mwet/KW
L+ ¢t - ¢’1MS/KW_ Mwet/MS

, (A-2)

respectively, where M refers to the compressional modulus and the
subscripts have the same meaning as in equations 1 and 2. The com-
pressional modulus of the solid phase Mg = K + (4/3) ug can be es-
timated as Hill’s average of the constituents using equations 5—7.

In the alternative method of fluid substitution, the analogs of
equations 13 and 14 are

Mdrye = MSe
1 - (1 - ¢e)Mwet/MSe - ¢eMwet/KW (A 3)
1+ ¢e - d)eMSe/KW - Mwet/MSe
and
Mg = Mg,
d)eMdrye - (1 - ¢e)KFeMdrye/MSe + KFe (A-4)

(1 - ¢€)KF€ + ¢eMSe - KFeMdrye/MSe ’

respectively, where, once again, M refers to the compressional mod-
ulus and the subscripts have the same meaning as in equations 13 and
14. The bulk modulus of the fluid K, is given by equation 15.
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