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Abstract
Electrical, seismic, and electromagnetic methods can be used for noninvasive determination of subsurface physical and
chemical properties. In particular, we consider the evaluation of water salinity and the detection of surface contaminants. Most
of the relevant properties are represented by electric conductivity, P-wave velocity, and dielectric permittivity. Hence, it is
important to obtain relationships between these measurable physical quantities and soil composition, saturation, and frequency.
Conductivity in the geoelectric frequency range is obtained with Pride’s model for a porous rock. (The model considers salinity
and permeability.) White’s model of patchy saturation is used to calculate the P-wave velocity and attenuation. Four cases are
considered: light nonaqueous phase liquid (LNAPL) pockets in water, dense nonaqueous phase liquid (DNAPL) pockets in
water, LNAPL pockets in air, and DNAPL pockets in air. The size of the pockets (or pools), with respect to the signal
wavelength, is modeled by the theory. The electromagnetic properties in the GPR frequency range are obtained by using the
Hanai – Bruggeman equation for two solids (sand and clay grains) and two fluids (LNAPL or DNAPL in water or air). The
Hanai – Bruggeman exponent (1/3 for spherical particles) is used as a fitting parameter and evaluated for a sand/clay mixture
saturated with water.
Pride’s model predicts increasing conductivity for increasing salinity and decreasing permeability. The best-fit exponent of
the Hanai – Bruggeman equation for a sand/clay mixture saturated with water is 0.61, indicating that the shape of the grains has
a significant influence on the electromagnetic properties. At radar frequencies, it is possible to distinguish between a watersaturated medium and a NAPL-saturated medium, but LNAPL- and DNAPL-saturated media have very similar electromagnetic
properties. The type of contaminant can be better distinguished from the acoustic properties. P-wave velocity increases with
frequency, and has dissimilar behaviour for wet and dry soils.
D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction
Contaminants in the soil may exist in the gas phase,
in the aqueous phase, and/or as a separate, immiscible
* Corresponding author. Fax: +39-40-327521.
E-mail address: jcarcione@ogs.trieste.it (J.M. Carcione).

liquid phase [i.e, nonaqueous phase liquids (NAPLs)].
Dense NAPL (DNAPL) consists of a solution of
organic compounds (e.g., chlorinated hydrocarbons)
denser than water. DNAPLs sink to the bottom of the
aquifer. On the other hand, light NAPL (LNAPL)
consists of a solution of organic compounds (e.g.,
petroleum hydrocarbons) which is less dense than

0926-9851/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0926-9851(03)00012-0

178

J.M. Carcione et al. / Journal of Applied Geophysics 52 (2003) 177–191

water and forms a layer that floats on the surface of the
groundwater table. Because NAPLs are immiscible
fluids, they may exist as pools, implying patchy,
nonuniform saturation. The flow of seawater into fresh
water aquifers and the injection of brine into the
subsurface through hydrocarbon production wells constitute another major problem affecting the quality of
industrial and domestic water supplies.
Geophysical methods allow noninvasive determination of subsurface physical and chemical properties.
Seismic, electrical, magnetic, and GPR have been
applied with success to site characterization. The use
of integrated geophysical methods has found innovative uses at hazardous waste sites (e.g., Clement et al.,
1997; Hubbard et al., 1997). They are able to detect the
presence of either dense or light, nonaqueous phase
liquids (D/LNPALs) (Greenhouse et al., 1993; Daniels
et al., 1995; Valle and Carcione, submitted for publication), and, with the use of rock physics, can map
water content and salinity (Senechal et al., 2000;
Hagrey and Müller, 2000). Hence, it is fundamental
to establish relationships between soil composition,
saturation, and geophysical parameters since this
investigation will provide new methods to interpret
geophysical field data.
Seismic measurements provide P- and S-wave
velocity and attenuation (quality factor), while electromagnetic data provide electromagnetic velocity and
attenuation, which can be translated to dielectric constant and conductivity. The study of the effects of
saturation and fluid type requires to model the soil as a
porous medium. There are two main theories which
predict the dependence of wave velocity and attenuation as a function of frequency and patchy saturation:
White’s model (White, 1975; Mavko et al., 1998, p.
207) and the theory illustrated by Akbar et al. (1994)
and Dvorkin et al. (1995). The fluid effects on wave
velocity and attenuation depend on the frequency
range. At low frequencies, the fluid has enough time
to achieve pressure equilibration (relaxed regime), and
Gassmann’s modulus properly describes the saturated
bulk modulus. At high frequencies, the fluid cannot
relax and this state of unrelaxation induces pore
pressure gradients. Consequently, the bulk and shear
moduli are stiffer than at low frequencies. Dvorkin et
al.’s (1995) model is based on the assumption that the
rock is fully saturated, while Akbar et al. (1994)
includes the effects of partial saturation.

To model the acoustic properties of soils, we use
White’s model (White, 1975; Mavko et al., 1998).
This model describes wave velocity and attenuation as
a function of frequency, pool size, and soil permeability. Attenuation and velocity dispersion are caused
by fluid flow between patches of different pore
pressures. The critical fluid diffusion relaxation scale
is proportional to the square root of the ratio permeability to frequency. At seismic frequencies, the length
scale is very large, and the pressure is nearly uniform
throughout the medium, but as frequency increases,
pore pressure differences can cause an important
increase in P-wave velocity. The advantage of White’s
model is that there is no need to include new parameters, such as length scales or relaxation times that
describe squirt-flow effects. The theory, based on
Biot’s theory of poroelasticity, predicts that increasing
fluid viscosity or decreasing permeability shifts the
relaxation peaks towards lower frequencies. Then, a
correct use of Biot’s theory (i.e., including the effects
of fluid distribution heterogeneity) allows to predict
the behavior of observed experimental data. White’s
model is generalized here to include the effects of clay
and the presence of dissipation mechanism of different
nature.
Few theoretical models have been proposed to
describe contaminant fluid behavior and its effects
on GPR response. Endres and Redman (1993) developed a pore-scale fluid model for clay-free granular
soils, and Sen et al. (1981) used a self-similar theory,
which guarantees the continuity of the water-filled
pore space, in agreement with Archie’s (1942) law.
The electromagnetic properties of soils are modeled
with the self-similar theory. Carcione and Seriani
(2000) used this theory for computing the effective
dielectric permittivity and conductivity of sand/clay
mixtures saturated with air, water, and hydrocarbon.
They consider anisotropic clay layers and spherical
inclusions. Here, we assume an isotropic constitutive
equation and arbitrary pore and grain geometries (the
exponent of the Hanai– Bruggeman equation is used
as a fitting parameter). Salinity can be obtained from
electric conductivity by using Pride’s model (Pride,
1994; Senechal et al., 2000). Pride derived an equation for the conductivity by using the volume averaging method.
Rock-physics models can be combined with
numerical modeling methods (Carcione, 1996a,b,
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2001) to investigate the sensitivity of the wave field
on the soil properties and conditions (porosity, saturation, fluid content and distribution, etc.).
The objective of this work is to obtain relationships
between measurable physical quantities and soil composition, saturation, and frequency, in particular for
the evaluation of water salinity and the detection of
surface contaminants. The paper is organized as
follows. In Section 2, we introduce the general
expressions of the phase velocity and quality factor
as a function of the complex velocity (acoustic and
electromagnetic, where acoustic refers to seismic,
sonic, or ultrasonic). In Section 3, we consider the
electrical conductivity in the geoelectric frequency
range, and analyze the effects of water salinity and
soil permeability. Section 4 discusses the effects of
NAPL saturation on the electromagnetic properties in
the radar (GPR) frequency range. Finally, in Section
5, we study the effects of NAPL saturation on the
acoustic properties, from the seismic to the ultrasonic
range.

2. Velocity and attenuation
The concept of complex velocity can be used to
obtain the phase velocity and attenuation of the
acoustic and electromagnetic fields. Let V be either

Table 1
Physical properties (optical permittivity, electrical conductivity,
P-wave and S-wave velocities, density, and viscosity)
Medium

el
(e0)

Quartz
5
Clay (wet)
30
Air (gas)
1
Fresh water
4.23
Salt water
4.23
LNAPL
2
(gasoline)
DNAPL
2.3
(perchloroethylene)

r
(S/m)

cP
cS
q
(m/s) (m/s) (kg/m3)

g
(Pa s)

0
0.1
0
0.0016a
0.41b
10 6

6050
2000
330
1440
1500
1200

4090
1400
0
0
0
0

2650
1400
1.18
1000
1036
750

–
–
0.00002
0.001
0.003
0.0004

10 7

1600

0

1620

0.0008

Sources: Angenheister (1982), Carmichael (1989), Clark (1966),
Mavko et al. (1998), Schön (1996), and Wensink (1993).
e0 = 8.85 10 12 F/m; l0 = 4p 10 7 H/m.
a
0.01 ppt of NaCl.
b
2.6 ppt of NaCl.
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the acoustic complex velocity (VP and VS for P- and Swaves, respectively) or the electromagnetic complex
pﬃﬃﬃﬃﬃﬃﬃ
velocity [V ¼ 1= l0 e , where l0 is the magnetic
permeability of vacuum (see Table 1) and e is the
complex dielectric permittivity]. Then, the phase
velocity and quality factor are given by
  1
1
c ¼ Re
ð1Þ
V
and
Q¼

ReðV 2 Þ
ImðV 2 Þ

ð2Þ

(e.g., Carcione, 2001), where Re and Im denote real
and imaginary parts, respectively.

3. Conductivity versus salinity
The electrical conductivity of a porous soil as a
function of salinity and hydraulic permeability is
obtained by using Pride’s (1994) model. The expression of the electric conductivity is



/rf
2½Cem þ ReðCos ðxÞÞ
r̄ ¼
1þ
ð3Þ
rf K
T
(see Eq. (A-1)), where x is the angular frequency, / is
the porosity, rf is the fluid (ionic) conductivity (Eq.
(A-2)), T is the tortuosity, and K is a geometrical
parameter related to the surface-to-pore volume ratio
(see Eq. (B-19)). Moreover, Cem is the excess conductance associated with the electromigration of double-layer ions and Cos is the electro-osmotic conductance (see Appendix A.1).
Let us consider a frequency of 100 kHz, temperature T = 15 jC, water viscosity gf = 1 cP, water
density qf = 1000 kg/m3 (fresh water), tortuosity
T= 2.5, n = 8, and porosity / = 0.3 (T and n are
parameters related to the geometry of the pore space;
e.g., Carcione, 2001, p. 242; Johnson et al., 1987).
Fig. 1a shows the conductivity as a function of salinity
for sand (j, permeability = 500 mD, dotted line) and
clay (j = 5 10 6 mD, dashed line). The symbols
represent experimental data obtained by Rhoades
(1980) for Dateland soil (fine sandy loam) (see
Rhoades et al., 1999). Rhoades provides the conduc-
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Table 2
Properties of the sand/clay mixture
Sample

Sand
%

Clay
%

Water
%

Permittivity
(e0)

Conductivity
(S/m)

1
2
3
4
5
6
7
8
9

66
61
63
57
59
38
15
8
0

0
0
4
1
4
7
7
8
10

34
39
33
42
37
55
78
84
90

12.1
14.1
16.4
18.1
20.2
32.3
49.7
52.8
62.6

0.006
0.011
0.083
0.040
0.094
0.20
0.28
0.29
0.40

is smaller than in sands. As expected, conductivity
increases with increasing salinity and decreasing
permeability.

Fig. 1. (a) Conductivity as a function of salinity for sand (j,
permeability = 500 mD, dotted line) and clay (j = 5 10 6 mD,
dashed line). The symbols correspond to measurements obtained by
Rhoades (1980). (b) The figure shows conductivity versus
permeability, where the solid line corresponds to fresh water and
the dashed line to salt water.

tivity of the saturation extract (saturating fluid) versus
the conductivity of the soil. We have used Eq. (A-2)
to relate the conductivity of the saturating fluid to the
salinity. The conductivity versus permeability is
shown in Fig. 1b, where the solid line corresponds
to fresh water and the dashed line to salt water. The
contribution of the excess conductance associated
with the electromigration of double-layer ions and
the electro-osmotic conductance is significant in clays
(second term of the right-hand-side of Eq. (A-1)).
Permeability j plays a key role because the surfaceto-volume ratio 2/K is large (see Eq. (B-19)), and K

Fig. 2. Comparison between the computed (star) and measured
(diamond) effective permittivity for W = 0.61 (a) and W = 1/3 (b).
Measured data are from Table 2, and a relative error of 15% is
shown by using error bars.
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4. Electromagnetic velocity and conductivity
To obtain the Hanai– Bruggeman exponent W of
Eq. (A-13), we fit the dielectric permittivity and
conductivity of a sand/clay mixture saturated with
water (Schön, 1996, p. 469). Sand is pure silica sand,
clay is Na-montmorillonite, and water is distilled
deionized water. Their properties are given in Table
1. Table 2 shows the data for a frequency of 100 MHz.
The data have been transformed from weight percentage to volume percentage by assuming a density of
2650 kg/m3 for the sand grains and 2608 kg/m3
(Carmichael, 1989) for the clay grains. The conductivity has been obtained from the loss tangent. If e is
the complex dielectric constant, the loss tangent is
defined as xre/ee, where x is the angular frequency
and ee and re are the effective permittivity and
conductivity, respectively, given in the table. Figs. 2

Fig. 4. Effective permittivity (a) and effective conductivity (b) for
sand partially saturated with LNAPL, water, and air versus LNAPL
saturation. The thick continuous lines correspond to constant fresh
(rain) water saturation Sw (Roman numbers), while the thick broken
lines correspond to constant air saturation Sa (italic numbers).

Fig. 3. Comparison between the computed (star) and measured
(diamond) effective conductivity for W = 0.61 (a) and W = 1/3 (b).
Measured data are from Table 2, and a relative error of 15% is
shown by using error bars.

and 3 show the dielectric constant and conductivity
for W = 0.61 (a) and W = 1/3 (b), where 0.61 is the best
fit to the experimental data. The Hanai –Bruggeman
exponent is W = 1/3 for spherical particles. The fact
that W p 1/3 but equal to 0.61 indicates a significant
departure of the grain shape from a sphere. Then, the
exponent W = 0.61 is used in the next calculations to
obtain the electromagnetic properties of a sand saturated with aviation gasoline (LNAPL), air, and water.
Fig. 4 represents ee = Re(e) (a) and re = xIm(e) (b)
for sand partially saturated with LNAPL, fresh water,
and air. The thick continuous lines correspond to
constant water saturation (Roman numbers), while
the thick broken lines correspond to constant air
saturation (italic numbers). For instance, if contaminant saturation Sc = 0.4 and water saturation Sw = 0.4,
the saturation of air is Sa = 1  Sw  Sc = 0.2, giving an
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these curves since the electromagnetic properties are
comparable.

5. P-wave velocity and attenuation
White’s model yields the P-wave velocity for a
partially saturated soil (Appendix B, Eq. (B-2)). Let

Fig. 5. Effective permittivity (a) and effective conductivity (b) for
sand partially saturated with LNAPL, water, and air versus LNAPL
saturation. The thick continuous lines correspond to constant salt
water saturation Sw (Roman numbers), while the thick broken lines
correspond to constant air saturation Sa (italic numbers).

effective dielectric constant equal to 10e0. Soil fully
saturated with water (Sw = 1) has a permittivity of
20e0; full air saturation corresponds to Sw = Sc = 0,
with a permittivity of 3e0 (the lower value of the
curve Sw = 0); full LNAPL saturation, i.e., Sc = 1,
implies a permittivity of nearly 5e0 (the higher value
of the curve Sw = 0). For a given water saturation, the
dielectric constant increases with increasing NAPL
saturation since NAPL has a higher permittivity than
air. The same argument holds for the effective conductivity. This effect is more pronounced for increasing water content since water has a much higher
permittivity than NAPL (78e0 versus 2e0). The same
curves for salt water are shown in Fig. 5. The medium
has higher permittivity and conductivity. Substitution
of LNAPL with DNAPL has not a major effect on

Fig. 6. P-wave velocity (a) and quality factor (b) versus water
saturation for LNAPL pockets in water-saturated soil. The solid,
dashed, and dotted lines correspond to 50 Hz, 5, and 100 kHz,
respectively.
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pockets is b = 4 cm (see Eq. (B-1)), and that we parameterize the viscoelastic attenuation with Qn= 100
and f0 = 100 kHz (see Appendix B.2).
Figs. 6 and 7 show the P-wave velocity (a) and
quality factor (b) versus fluid saturation for LNAPL
pockets and DNAPL pockets in water, respectively.
The solid, dashed, and dotted lines correspond to 50
Hz, 5, and 100 kHz, respectively.
To our knowledge, there are no published experimental data about velocity and attenuation of media
partially saturated with NAPL. Similar relevant data
have been published in the field of exploration geophysics, regarding rocks saturated with water and
reservoir gas. For instance, Fig. 8 shows measurements, at different saturations and frequencies, performed by Cadoret et al. (1995) (limestones) and King
et al. (2000) (sandstones). The plots show higher
velocities at high frequencies, in agreement with the
predictions of White’s model. Although these measurements are performed at different pressure conditions and for different fluid types compared to those of
the present study, our model should be able to predict
the qualitative behaviour of the curves. These data can
be compared to the curves shown in Figs. 9a and 10a,
corresponding to LNAPL pockets and DNAPL pockets in air, respectively. The solid, dashed, and dotted

Fig. 7. P-wave velocity (a) and quality factor (b) versus water
saturation for DNAPL pockets in water-saturated soil. The solid,
dashed, and dotted lines correspond to 50 Hz, 5, and 100 kHz,
respectively.

us consider a soil with a clay content C = 0.3, porosity
/ = 0.35, tortuosity T= 2.5, permeability j = 550 mD,
and n = 8. According to Table 1 and the theory
illustrated in Appendix B, we obtain Kq = 38 GPa,
lq = 44 GPa (sand grains), Kc = 3.7 GPa, lc = 5.2 GPa
(clay particles), Ks = 17.6 GPa, ls = 22.3 GPa (composite grain moduli), and dry-soil moduli Km = 3.05
GPa, and lm = 22.3 GPa. Assume that the size of the

Fig. 8. Measurements of P-wave velocities versus gas saturation at
different frequencies, performed by Cadoret et al. (1995) (limestones) and King et al. (2000) (sandstones).
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At seismic frequencies, the phase velocity decreases
with increasing NAPL saturation (see Fig. 9a and b).
Increasing the frequency implies higher velocity in all
cases, in agreement with Fig. 8. In general, the Q
factors decrease with increasing frequency (attenuation increases). In dry soils (Figs. 9b and 10b), the
attenuation is larger for full NAPL saturation. In wet

Fig. 9. P-wave velocity (a) and quality factor (b) versus air
saturation for LNAPL pockets in air-saturated soil. The solid,
dashed, and dotted lines correspond to 50 Hz, 5, and 100 kHz,
respectively.

lines correspond to 50 Hz, 5, and 100 kHz, respectively.
An analysis of (Figs. 6, 7, 9, and 10) follows. The
phase velocity increases with decreasing LNAPL and
increasing DNAPL content, when the soil is saturated
with water (see Figs. 6a and 7a). When the saturating
medium is air, the behaviour depends on frequency.

Fig. 10. P-wave velocity (a) and quality factor (b) versus air
saturation for DNAPL pockets in air-saturated soil. The solid,
dashed, and dotted lines correspond to 50 Hz, 5, and 100 kHz,
respectively.
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soils and seismic frequencies (Figs. 6b and 7b),
attenuation is almost constant with saturation.
Let us consider the case illustrated in Fig. 7, assuming a constant DNAPL saturation of 30%. Fig. 11
shows the P-wave velocity and attenuation for 300
Hz as a function of the patch size b. As can be seen,
there is a relaxation mechanism at approximately 1 cm.
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The transition frequency separating the relaxed and
unrelaxed states, which is the location of the relaxation
peak, is approximately given by
fc ¼

jKE2
;
pg2 b2

ð4Þ

where j is the permeability, KE2 is given in Eq. (B-6),
and g2 is the viscosity of air (e.g., Mavko et al., 1998, p.
209). Hence, the approximate critical size of the patch
should be
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
jKE2
bc ¼
;
ð5Þ
pg2 fc
which gives a value of 0.33 cm.

6. Conclusions

Fig. 11. P-wave velocity and attenuation (quality factor) for 300 Hz
as a function of the patch size b. A constant LNAPL saturation of
30% is considered.

The acoustic and electromagnetic properties of
soils saturated with air, water, and hydrocarbons show
significant variations, depending on the degree of
saturation of the different fluids.
Conductivity increases with increasing salinity and
decreasing permeability (clayey soils are more conductive than sandy soils). At radar frequencies, the
departure of the grain shape of a sand/clay mixture
from a sphere is evidenced by the value of the best-fit
Hanai – Bruggeman exponent (0.61 versus 1/3 for
spheres). For a given water saturation, the dielectric
constant increases with increasing NAPL saturation
since NAPL has a higher permittivity than air. The
same argument holds for the effective conductivity.
This effect is more pronounced for increasing water
content since water has a much higher permittivity
than NAPL. Substitution of LNAPL with DNAPL has
not a major effect on these curves since the electromagnetic properties are comparable.
P-wave phase velocity increases with decreasing
LNAPL and increasing DNAPL content, when the
soil is saturated with water. When the saturating
medium is air, the behaviour depends on frequency.
At seismic frequencies, the phase velocity decreases
with increasing NAPL saturation. Increasing the frequency implies higher velocity in all cases. In general,
the Q factors decrease with increasing frequency
(attenuation increases). In dry soils, the attenuation
is larger for full NAPL saturation. In wet soils and
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seismic frequencies, attenuation is almost constant
with saturation. There is a relaxation mechanism
associated with the size of the contaminant pools.
The dimension of the pools, associated to this mechanism, is of the order of tens of millimeters for
LNAPL saturation in dry soils.
These features allow the use of seismic and electromagnetic techniques, such as GPR, for detecting and
mapping pools of near-surface low-loss contaminants
and evaluating the presence of saline waters in aquifers. The models can be used together with a fullwave modeling methods for computing radargrams.
The models, properly calibrated with experimental
data, and the simulation algorithm constitute a modeling tool for aiding in the interpretation of aquifers and
hydrocarbon-contaminated soils.
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where e is the electric charge of the ions, zl is the
valence (ezl represents the net charge and sign of the
ion), bl is the mobility (units of velocity per unit
force), and Nl is the bulk ionic concentration. Moreover,
Cem

 


2
X
ezl f
2
¼ 2d
ðezl Þ bl Nl exp 
1
2kT
l¼1
ðA  3Þ

is the excess conductance associated with the electromigration of double-layer ions, and

1
ðef fÞ2 P
2i3=2 d
Cos ¼
1
2dgf
Pd

ðA  4Þ

represents the conductance due to electrically induced
streaming (convection) of the excess double-layer
ions
p
ﬃﬃﬃﬃﬃﬃﬃ (the electro-osmotic conductance), where i ¼
1, gf is the fluid viscosity, d is the Debye length,
which is a measure of the thickness of the diffuse
double layer,

d¼

2
X
ðezl Þ2 Nl
l¼1

ef kT

!1=2
;

ðA  5Þ

Appendix A . Electromagnetic models
k is Boltzmann’s constant (1.38 10 23 J/K), T is
temperature in Kelvin, ef is the dielectric constant of
the electrolyte, d is the viscous skin depth,

A.1 . Pride’s model for conductivity
Pride (1994) obtained an expression of the conductivity of a porous medium saturated with a fluid,
containing a number of ionic species. (Salt water is a
binary symmetric electrolyte, containing the cations
Na+ and the anions Cl.) Pride used volume-averaging methods to obtain the following expression:



/rf
2½Cem þ ReðCos ðxÞÞ
r̄ ¼
1þ
;
ðA  1Þ
rf K
T
where Re takes real part, x is the angular frequency, /
is the porosity, rf is the fluid (ionic) conductivity, Tis
the tortuosity, and K can be obtained from Eq. (B-19).
The fluid conductivity for two ions is given by
rf ¼

2
X
ðezl Þ2 bl Nl ;
l¼1

ðA  2Þ

d¼

rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
gf
;
xqf

ðA  6Þ

where qf is the fluid density (see Eq. (B-4)), f is the
zeta potential, and
P¼

 


2
8kTd 2 X
ezl f
N
exp


1
:
l
2kT
ef f2 l¼1

ðA  7Þ

The conductivity of pure water, without other ions
than H+ and OH, is 3.6 10 6 S/m (Schön, 1996,
p. 394). Charge transport in salt water is due to
impuric conduction of Na+ and Cl. For salt water,
e = 1.6 10 19 C, z1 = 1 (cation), z2 =  1 (anion),
N1 = N2 = N, and we consider b1 = b2 = 3 1011 N
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s/m (a typical inorganic ion). The bulk ionic concentration is given by
N ¼ sNa ;

ðA  8Þ

where s is water salinity in mol/l and Na is Avogadro’s
number (6.022 1023/mol). The f potential is taken
from experimental data on quartz. Pride and Morgan
(1991) obtained the following expression as a function
of salinity:
fðV Þ ¼ 0:008 þ 0:026log10 s:

ðA  9Þ

Salt concentration can be expressed in ppt (parts per
thousand (o/oo)) and mol/l, where ppt = mass of NaCl
(in g) in 1000 g of water. The relation is
ppt ¼

58:443s
;
qw

ðA  10Þ

where 58.443 is the molecular mass of NaCl in g, s is
the solution concentration in mol/l, and qw is given
in g/cm3. The average value in seawater is 35 ppt.
For fresh waters, the concentration is less than 1 ppt,
and for brines, the concentration is greater than 35
ppt. Note that 1 mol/l = 58.443 kg/m3 and that the
Avogadro number per kilogram of NaCl is 1.03
1025.
The contributions of Cem and Cos are not significant for clean sands, for which the volume-to-surface
ratio is too large. Those terms are important for clays
since their permeabilities are of orders of magnitude
smaller than the permeability of clean sands.
There is a third surface conductance, not considered in the present theory, that adds to Cem and Cos
(Pride, personal communication). This contribution is
due to protons moving in the ice-like surface layers of
water that are considered to be part of the solid grains
and not part of the Debye layer. In soils having
significant secondary clay growths (so that the grains
have significant surface area), this contribution is
significant at both low and high frequencies. In clean
sands, this mechanism is not important.
A.2 . Complex dielectric permittivity
A number of models have been proposed to
determine the electromagnetic properties of composites. One such model, the complex refractive index
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method (CRIM) (e.g., Knight and Endres, 1990),
states that
!2
X pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
/a ea ðxÞ ;
ðA  11Þ
eðxÞ ¼
a

where x is the angular frequency and /a and ea are
the volume fraction and complex permittivity of the
a phase, respectively. This model is very simple and
of easy implementation. It uses the ray approximation in dielectrics. (The travel time in phase a is
inversely proportional to the electromagnetic velocity, which in turn is inversely proportional to the
square root of the dielectric constant.)
In the self-similar model (Sen et al., 1981; Feng
and Sen, 1985; Carcione and Seriani, 2000), the
dielectric permittivity of the composite, e, satisfies
X
e  ea
0¼
/a
;
ðA  12Þ
2e
þ ea
a
where /a and ea are the volume fraction and dielectric
permittivity of the a phase, respectively. As Feng and
Sen (1985) point out, a water-wet rock that remains
percolating for small values of the porosity can be
obtained from the assumption that water is the starting
host material into which infinitesimal amounts of
spheres of matrix and fluids are gradually included.
This model is in agreement with Archie’s law, i.e., it
preserves the continuity of the water phase. For two
constituents, the solution is given by


e1  e
e2 W
/2 ¼ f ðe; e1 ; e2 Þ ¼
;
ðA  13Þ
e1  e2
e
where /2 is the proportion of material 2 (the host
medium) and W = 1/3 for spherical inclusions. When
W p 1/3, we have the Hanai –Bruggeman relationship
(Schön, 1996, p. 473), which describes a porous
medium of arbitrary grain shape.
The subsoil sediment is composed of quartz grains,
clay, air, water, and contaminant. We use the Hanai –
Bruggeman equation four times to obtain the complex
dielectric permittivity of the sediment. The mixing
order is the following: sand/clay (solid), air/contaminant (fluid 1), water/fluid 1 (fluid), and solid/fluid. If
/s, /c, /w, /h, and /a denote the sand, clay, water,
contaminant, and air proportions, respectively, the
respective saturations are given by Sw = /w//, Sh =
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/h//, and Sa = /a//, where / = /w + /h + /a is the
porosity of the soil. Then, the successive application
of the Hanai– Bruggeman equation implies

b (a < b). Let us denote the saturation of gas and water
by S1 and S2, respectively. Then

/c
¼ f ðesolid ; es ; ec Þ;
/c þ /s

S1 ¼

Sa
¼ f ðefluid 1 ; eh ; ea Þ;
S a þ Sh

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
K þ 4lm =3
VP ¼
;
q

a3
;
b3

S2 ¼ 1  S1 :

ðB  1Þ

The complex velocity is given by
ðB  2Þ

Sw ¼ f ðefluid ; efluid 1 ; ew Þ;
/ ¼ f ðe; esolid ; efluid Þ;

ðA  14Þ

where e is the complex dielectric constant of the
whole soil.
For quartz and NAPL, the complex dielectric
permittivity is given by
e ¼ el þ

ir
;
x

ðA  15Þ

where el is the optical dielectric permittivity and r is
the dc conductivity. The complex dielectric properties
of water and clay are described by the Cole –Cole
model (Cole and Cole, 1941; Taherian et al., 1990):
e ¼ el þ

e0  el
ir
þ ;
1  ðixsÞq x

el
w

¼ 4:23e0 ;

sw ¼ 9:3 ps;

qw ¼ 0:987;

qf ¼ Sg qf 1 þ ð1  Sg Þqf 2 ;

Kl
;
1  Kl W



3iajðR1  R2 Þ
KA1 KA2
W ¼ 3

;
b xðg1 Z1  g2 Z2 Þ K1
K2
ðK1  Km Þð3K2 þ 4lm Þ
;
K2 ð3K1 þ 4lm Þ þ 4lm ðK1  K2 ÞS1

Appendix B . White’s P-wave velocity for patchy
saturation

R2 ¼

ðK2  Km Þð3K1 þ 4lm Þ
;
K2 ð3K1 þ 4lm Þ þ 4lm ðK1  K2 ÞS1

White (1975) assumed spherical patches much
larger than the grains but much smaller than the
wavelength. He developed the theory for a gas-filled
sphere of porous medium of radius a located inside a
water-filled sphere of porous medium of outer radius

Z1 ¼

1  expð2c1 aÞ
;
ðc1 a  1Þ þ ðc1 a þ 1Þexpð2c1 aÞ

sc ¼ 9 ps;

qc ¼ 0:9:

ðB  5Þ

where

R1 ¼

el
c ¼ 30e0 ;

ðB  4Þ

and qf1 and qf2 are the densities of fluid 1 and fluid 2
(gas and water in White’s theory).
Assuming that the dry-soil and grain moduli, and
permeability, j, of the different regions are the same,
the complex bulk modulus as a function of frequency
is given by

and for clay,
e0c ¼ 40e0 ;

ðB  3Þ

where qs is the grain density, / is the porosity,

K¼

where e is the static dielectric permittivity. For water
(Schön, 1996, p. 398),
¼ 80:1e0 ;

q ¼ ð1  /Þqs þ /qf ;

ðA  16Þ

0

e0w

where K is the complex bulk modulus (given below),
lm is the dry-soil shear modulus, and q is the
composite density.
The composite density is given by

Z2 ¼

ðc2 b þ 1Þ þ ðc2 b  1Þexp½2c2 ðb  aÞ
;
ðc2 b þ 1Þðc2 a  1Þ  ðc2 b  1Þðc2 a þ 1Þexp½2c2 ðb  aÞ
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qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cj ¼ ixgj =ðjKEj Þ;

sand-grain and clay-particle bulk moduli, we assume
that Ks is equal to the average of the upper and lower
Hashin – Shtrikman bounds. The same approach is
used for the shear modulus.
Defining the porosity /, the sand fraction /s, the
clay fraction /c, and the clay content C, the following
relations hold




aKf j ð1  Kj =Ks Þ
KEj ¼ 1 
KAj ;
/Kj ð1  Kf j =Ks Þ


KAj

1
/
1
¼
þ ða  /Þ ;
Kf j Ks

j ¼ 1; 2;

Km
a¼1
;
Ks
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ðB  6Þ

/ þ /s þ /c ¼ 1 and C ¼

/c
:
/c þ /s

ðB  9Þ

where Km is the dry-soil bulk modulus.
We should be aware of the limitations of the theory.
For simplicity in the calculations, White considers an
outer sphere of radius b (b>a), instead of a cube.
Thus, the system consists of two concentric spheres,
where the volume of the outer sphere is the same as
the volume of the original cube. The outer radius is
b = l/(4p/3)1/3, where l is the size of the cube. The
distance between pockets is l. When a = l/2, the gas
pockets touch each other. This happens when S1 = p/
6 = 0.52. Therefore, for values of the gas saturation
higher than these critical values, or values of the water
saturation between 0 and 0.48, the theory is not
rigorously valid. Another limitation to consider is that
the size of gas pockets should be much smaller than
the wavelength, i.e., abcr/f, where cr is a reference
velocity and f is the frequency.

The Hashin –Shtrikman upper bounds for the bulk
modulus are given in Section 4.1 of Mavko et al.
(1998, p. 106). According to the present notation,
their symbols should be substituted as K1 ! Kq,
K2 ! Kc, l1 ! lq, l2 ! lc, f1 ! 1  C, and f2 ! C.
The lower bounds are computed according to the
convention indicated in the book.
The average grain density is simply qs=(1  C)
qs1 + Cqs2, where qs1 and qs2 are the densities of
quartz and clay, respectively. In this work, we assume
Kq = lq = 39 GPa, and Kc = lc = 20 GPa.
The presence of clay also affects the dry-soil bulk
and shear moduli. The porosity dependence of the
dry-soil moduli is consistent with the concept of
critical porosity since the moduli should vanish above
a certain value of the porosity (usually from 0.4 to
0.5). This dependence is determined by the empirical
coefficient A (see Eq. (B-10)). This relation was
suggested by Krief et al. (1990) and applied to sand/
clay mixtures by Goldberg and Gurevich (1998).
Moreover, in some soils, there is an abrupt change
of soil-matrix properties with the addition of a small
amount of clay, attributed to softening of cements,
clay swelling, and surface effects. That is, the wave
velocities decrease significantly when the clay content
increases from zero to a few percentages (Goldberg
and Gurevich, 1998). In order to model this effect, we
multiply the shear modulus of the sand matrix by a
factor depending on the empirical coefficient a (see
Eq. (B-11)) (this factor tends to be 1 when a ! l).
Then, the bulk and shear moduli of the sand matrix is
assumed to satisfy

B.1 . A simple model for clayey sands

Km ¼ Ks ð1  /Þ1þA=ð1/Þ ;

Ks is the bulk modulus of the grains, Kfj are the bulk
moduli of the fluids, gj are the fluid viscosities, and
Kl ¼

K2 ð3K1 þ 4lm Þ þ 4lm ðK1  K2 ÞS1
ð3K1 þ 4lm Þ  3ðK1  K2 ÞS1

ðB  7Þ

is the—high frequency—bulk modulus when there is
no fluid flow between the patches. For a clay-free
sand, K1 and K2 are the—low frequency—Gassmann
moduli, which are given by
Kj ¼

Ks  Km þ /Km ðKs =Kf j  1Þ
;
1  /  Km =Ks þ /Ks =Kf j

j ¼ 1; 2;
ðB  8Þ

For clayey sands, we use an effective average for
the grain bulk moduli Ks and ls. If Kq and Kc are the

ðB  10Þ

and
lm ¼ expf½ð1  CÞCa gKm ls =Ks ;

ðB  11Þ
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respectively. The values A = 2 and a = 0.5 are obtained
by fitting the data reported by Han et al. (1986) (see
Carcione et al., 2000).
Alternatively, the dry-soil moduli Km and lm can
be obtained, for instance, from laboratory measurements in dry samples. If cP and cS are the experimental dry-soil compressional and shear velocities, the
moduli are given approximately by

ing viscoelastic the White bulk and shear moduli. We
set



4 2
2
Km ¼ ð1  /Þqs cP  cS ;
3

where Qj is a free parameter. Eq. (B-16) implies that
the lower the modulus, the higher the attenuation.
Choosing the reference frequency at high frequencies
implies that the velocity for lower frequencies is lower
than the velocity given by White’s model in the
absence of viscoelastic attenuation.
High-frequency viscodynamic effects imply the
substitution

lm ¼ ð1  /Þqs c2S :
ðB  12Þ

The shear modulus of the soil is not affected by the
presence of fluids. The shear complex velocity is that
obtained by Biot (e.g., Carcione, 2001, p. 260),
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
lm
;
VS ¼
2
q  qf ½m  igf =ðxjÞ1

ðB  13Þ

where q is the composite density (see Eq. (B-3)),
m¼

qf T
;
/

ðB  14Þ

gf = Sggg+(1  Sg)gw, and T is the soil tortuosity.
B.2 . Attenuation and viscodynamic effects



ix
x0

2c
;

c¼

 
1 1 1
tan
p
Q


lm ! lm M ðx; Ql Þ;

Ql ¼


lm
Qj ;
ReðKÞ
ðB  16Þ

gj ! gj Fj ðxÞ;

j ¼ 1; 2:

ðB  17Þ

Johnson et al. (1987) obtained an expression for the
viscodynamic function, which provides a good
description of both the magnitude and phase of the
exact dynamic tortuosity of large networks formed
from a distribution of random radii.
The viscodynamic functions are
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
gj /
4iT2 j
Fj ðxÞ ¼ 1 þ
; j ¼ 1; 2
;
xj ¼
2
xjq
xj K /
fj
ðB  18Þ

Additional attenuation is described with the constant Q model and viscodynamic functions to model
the high-frequency behavior. Constant Q models provide a simple parameterization of seismic attenuation
in rocks in oil exploration and in seismology. By
reducing the number of parameters, they allow an
improvement of seismic inversion. Moreover, there is
physical evidence that attenuation is almost linear
with frequency (therefore Q is constant) in many
frequency bands. The attenuation kernel corresponding to a constant Q over all frequencies is (e.g.,
Carcione, 2001, p. 73)
M ðx; QÞ ¼

K ! KM ðx; Qj Þ;

(Johnson et al., 1987; Carcione, 2001, p. 252), where
K is a geometrical parameter, with 2/K being the
surface-to-pore volume ratio of the pore –solid interface. The following relation between T, j, and K can
be used:
nTj
¼ 1;
/K2

ðB  19Þ

where n = 12 for a set of canted slabs of fluid and n = 8
for a set of nonintersecting canted tubes.
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