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Electrical conductivity in shaly sands with geophysical applications 

A. Revil, • L. M. Cathles III, and S. Losh 
Department of Geological Sciences, Global Basin Research Network Group, Cornell University, Ithaca, New York 

J. A. Nunn 

Department of Geology and Geophysics, Global Basin Research Network Group, Louisiana State University, Baton Rouge 

Abstract. We develop a new electrical conductivity equation based on Bussian's model and 
accounting for the different behavior of ions in the pore space. The tortuosity of the transport 
of anions is independent of the salinity and corresponds to the bulk tortuosity of the pore 
space which is given by the product of the electrical formation factor F and the porosity •p. 
For the cations, the situation is different. At high salinities, the dominant paths for the 
electromigration of the cations are located in the interconnected pore space, and the tortuosity 
for the transport of cations is therefore the bulk tortuosity. As the salinity decreases, the 
dominant paths for transport of the cations shift from the pore space to the mineral water 
interface and consequently are subject to different tortuosities. This shift occurs at salinities 
corresponding to ½ / t[+) ~ 1, where • is the ratio between the surface conductivity of the grains 
and the electrolyte conductivity, and t[+) is the Hittorf transport number for cations in the 
electrolyte. The electrical conductivity of granular porous media is determined as a function 
of pore fluid salinity, temperature, water and gas saturations, shale content, and porosity. The 
model provides a very good explanation for the variation of electrical conductivity with these 
parameters. Surface conduction at the mineral water interface is described with the Stem 
theory of the electrical double layer and is shown to be independent of the salinity in shaly 
sands above 10 -3 mol L -1 . The model is applied to in situ salinity determination in the Gulf 
Coast, and it provides realistic salinity profiles in agreement with sampled pore water. The 
results clearly demonstrate the applicability of the equations to well log interpretation of shaly 
sands. 

1. Introduction 

Electrical conductivity can be used to infer porosity 
[Pezard, 1990], shale content, and gas or hydrocarbon 
saturation [Ellis, 1987]. However, interpretation is 
complicated by the presence of clay minerals. Clays consist 
essentially of alumino-silicate minerals, which have a deficit 
of charge due to (1) substitution of ions in the crystal 
structure by ions of different valence, and (2) acid/base 
reactions between surface silanol/aluminol groups and water 
[e.g., Thomas, 1976]. The "counterions" required to 
counterbalance this charge deficit are located in the so-called 
electrical double layer [Waxman and Srnits, 1968; Avena and 
De Pauli, 1996; and Janusz et al., 1997]. The presence of 
these counterions shields the local electrical field produced 
by the charge deficit of the clay minerals and results in a 
macroscopic electrical static field equal to zero [Pride, 
1994]. 

Under the influence of a macroscopic electrical field, as 
an applied electrical field or the result of charge separation in 
the bulk pore space due to a salinity gradient, the counterions 
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can move along the grains water surface [e.g., Zukoski and 
Saville, 1986; Revil and Glover, 1997]. The electrical 
conductivity of a saturated mixture of sand and clay grains is 
a combination of the bulk conductivity in the interconnected 
pore space and the surface conductivity at the grain water 
interface [Bussian, 1983]. Downhole electrical conductivity 
measurements are usually interpreted by empirical models 
such as the classical Waxman and Smits [1968] model, the 
dual-water model [Clavier et al., 1984], or variations of 
these models [e.g., Pezard, 1990]. In this paper we are 
interested in finding an improved relationship between the 
effective electrical conductivity of a shaly sand as a function 
of electrolyte conductivity, porosity, gas saturation, and clay 
properties. 

A differential effective medium theory for the electrical 
conductivity of a saturated porous medium is used. 
Following Revil and Glover [1997], the model accounts for 
the different behavior of anions and cations. This model is 

applied to a mixture of sand grains and clay minerals. The 
surface electrical conductivity is controlled by the cation 
exchange capacity of the clay minerals. We apply our model 
to determine the salinity profiles in three boreholes in the 
South Eugene Island (SEI) Basin, offshore Louisiana, and 
discuss the salinity profiles derived. 

2. Model 

We consider a granular porous medium with insulating 
grains saturated by a binary 1:1 electrolyte like NaC1. The 
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Table 1. Electrolytic (at Infinite Dilution) and Surface 
Ionic Mobilities, and Temperature Dependence of the 
Surface Mobilities for Some Possible Counterions at 25øC 

Ion 157 It s, Os, 
10-8 m 2 s-1 V-I 10-8 m 2 s-• V-I oc-I 

• , 

H + 36.3 1.60 a 0.023 b 

Li + 4.00 0.50 a 0.094 c 

Na + 5.19 0.51 a 0.037 c 

K + 7.61 0.37 a 0.040 c 

NHa + 7.60 0.23 a - 
Rb + 8.06 0.20 a - 

Cs + 8.00 0.15 a 0.049 c 

Ba 2+ 6.59 0.15 c 0.030 c 

Ca 2+ 6.16 0.13 a 0.040 c 

Sr 2+ 6.16 0.12 c 0.038 c 

Mg 2+ 5.48 0.10 a 0.040 c 
, 

aFrom Raythatha and Sen [ 1986] on montmorillonite. 
bFrom Gast and East [1964] on a bentonite suspension. 
CFrom Hardwick [ 1987] on a shaly sandstone. 

effect of gas content will be analyzed later in this paper. The 
Hanai-Bruggeman equation [Bruggeman, 1935; Hanai, 
1960, 1961; BussJan, 1983] was developed using a self- 
consistent medium model of the dielectric and conductive 

responses of a composite in which charged insulating 
spheres of arbitrary size are suspended in a conducting fluid. 
Their approach is valid only in the limit 4• 
represents the fractional interconnected porosity. Sen et al. 
[1981] obtain the same analytical equation as Bruggeman 
[1935] and Hanai [1960] using a differential effective 
medium approach valid in all the porosity sprectrum. In the 
model of Sen et al. [1981], spheres of non-conducting 
material, representing the insulating mineral grains, are 
added to a conducting fluid, which represents the saline 
water, until the desired porosity is reached. Their method 
assures that the fluid contains conducting pathways at all 
values of porosity. BussJan [1983] considered the insulating 
grains coated by a layer of surface conductivity 5; s which 
represents the electrical conduction in the electrical double 
layer (diffuse and Stern layers). 

In the present work, contrary to Bussian [1983] or de 
Lima and Sharma [ 1990], we explicitly include the different 
behavior of different charge carriers, that is, the anions and 
the cations. We specify t(•+) and t[_) as the fraction of 
electrical current carried in the free electrolyte by the cations 
and the anions, respectively. These parameters are called the 
"Hittorf transport numbers" of the cations and anions in the 
free electrolyte [e.g., Revil and Glover, 1997] and 
t•)- ]•)/(]5[+)+]5{_)), where ]5{+) (in m 2 s -1 V -1) are the 

ionic mobilities of the ions (Table 1). For NaC1, 
0.38, and for KC1, t(•+) (K +) -- 0.50 [e.g., Thomas, 1976]. To 
first approximation, the Hittorf transport numbers in the free 
electrolyte are independent of both salinity and temperature 

s and t•_) as [e.g., Thomas, 1976]. Similarly, we specify 
the fraction of current transported by cations and anions for 
surface conduction. These parameters are called the surface 

Hittorf numbers of the cations and anions [Revil and Glover, 
1997]. From the definitions of these parameters we have: 

$ t[+) + t[_) - 1 and t(+) + t•_) - 1. 
The electrical conductivity of a granular porous medium 

is given by combining the definitions of the Hittorf transport 
number with the approach of BussJan [1983], 

o' = (y(+) + (y(_), (1) 

/ t$ /rn/ / (+)(Ys t•+)rYs 
(Y(+) -- t•)G f•m 1-- tf 1-- • (2) (•)Gf •(•) 

Here G(•) are the ionic contributions to the macroscopic 
electrical conductivity G, G f is the pore fluid conductivity, 
m is called •e "cementafion exponent," m = 3/2 for perfect 
spherical grains [Sen et al., 1981], and $ is the 
interconnected fractional porosity of the sediment. The 
surface conductivity •s is related to the specific surface 
conductance Z s (in siemens) by •s = 2Zs / R where R is 
the radius of •e grains. This is because the effect of coating 
non-conducting grains with a specific surface conductivity 
Z s is exactly equivalent to increase the bu• conductivity by 
2Z s / R [O'Ko•ki, 1960]. The elec•ical formation factor F 

is defined by [ B•si•, 1983] 

F as•O 

Equation (3) represents the classical Archie's [1942] law. 
This law has been confirmed by numerical works [e.g., 
Roberts and Schwartz, 1985; Schwartz and Kimminau, 1987; 
Sen, 1987] which simulate electhcal conduction in dense 

ordered or disordered packing of insulating spheres satiated 
by a conductive phase. 

To obtain an analytical expression of (2), we use the 
approximation 

•(•) = t•)G f• TM 1 tf Gf 1-- - , (4) (•) •(•) 

which is formally exact for m = 2 and is a good 
approximation for 3/2 5 m 5 5/2, •e co--only obse•ed 
range of cementation exponent in sedimentary rocks [e.g., 
W•man a• Smits, 1968]. Equation (4) can be rewritten as 
a second degree equation in •(•), which can be easily 
solved. In the pH range 5-8, we can expect that the 
countefions of the electrical diffuse and Stern layers are 
mostly carlons [e.g., Grosse a• Foster, 1987; Avena a• De 
Pauli, 1996; Revil and Glover, 1997], and therefore we 
consider t[_) - 0. With this last •sumption, (4) becomes 

4F• •f l(t;) 1-•+ 1- + - F• -•) t(+) (+) 
(5) 

1 

ry(_) -• (1- t f - (+))(Yf, (6) 

where • is a key dimensionless parameter defined by [ Kan 
and Sen, 1987; Sen, 1987; Shubin et al., 1993] 

•_=?_•_s = 2Z s = 2 (p Z s]SsQ v (7) 
o'f Ro'f 3 1-(p cr f 
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Here /•$ is an equivalent surface mobility for the surface 
electrical conduction process, Qv is the excess of surface 
charge per unit pore volme (usually expressed in meq mL -1 , 
1 meq mL -1 = 96.32 x 106 C m-3 in SI units where C 
represents Coulomb), and Z$ is the valence of the 
counterions (e.g., Z$ = 1 for Na+, Li +, and Cs +, Z$ = 2 for 
Ca2+). The parameter Qv is related to the cation exchange 
capacity (CEC) by [e.g., Waxman and Sinits, 1968] 

1 - O CEC. (8) Qv --fig 
Here pg is the grain density (= 2650 kg m -3 for quartz and 
clay minerals without their bound water). 

The CEC (in meq g-1 or C kg- 1 of matrix weight) 
indicates the maximum number of surface exchangeable 
cations per unit mass of sediment and is usually significant 
only for clay minerals [Ellis, 1987]. Patchett [1975] 
suggested a direct relationship between CEC and specific 
surface area (see Figure 1). The surface charge density is 
given by the ratio between the CEC and the specific surface 
area, which is equal to the ratio Qv / (S / Vp) where S is the 
surface area of the mineral water interface and Vp is the pore 
volume. The data of Figure 1 indicate a surface charge 
density of 1-3 elementary charges per nm 2 for all the clay 
minerals. Thomas [1976] gives the CEC for authigenic 
forms of the clay minerals: CEC(kaolinite) = 0.03 meq g- 
CEC(chlorite) = 0.01 meq g-1, CEC(illite) = 0.09 meq 
and CEC(smectite) = 0.8 meq g- 1 [note: 1 meq g- 1 _ (e • ) 
C kg- 1 = 96320 C kg-1 where e is the elementary charge and 
•is Avogadro's number]. The values given by Thomas are 
in agreement with the values given by Ridge [ 1983] and Ellis 
[1987]' CEC(kaolinite) = 0.03-0.15 meq g-1, CEC(illite) 
0.10-0.40 meq g-1, and CEC(Na-montmorillonite) = 0.7-0.8 
meq g-1 [Ridge, 1983], CEC(smectite) = 0.8-1.5 meq g- 
[Ellis, 1987], and the values reported by Wiklander [1964]' 
CEC(kaolinite) = 0.023 meq g-l, CEC(illite)= 0.16 meq g- 
and CEC(Na-montmorillonite) = 0.810 meq g-1 For a 
mixture of clay minerals we can take an arithmetic average 
of individual clay CEC weighted by the corresponding 
volume fraction of each clay mineral to obtain the effective 
CEC [Pezard, 1990]. For a mixture of sand grains and clay 
minerals, the CEC can be calculated by [ Patchett, 1975] 

CEC - •w E Zi CECi, (9) 
i 

where CEC is the effective cation exchange capacity of the 
sediment, rpw is the mass fraction of clay minerals in the 
sediment, •i are the relative fractions of each clay minerals 
in the shale fraction of the sediment, and CECi is the cation 
exchange capacity of each of these clay minerals. The cation 
exchange capacity corresponding to the quartz grains can be 
neglected due to the large size of these grains (and therefore 
the small amount of surface charge per unit mass) in 
comparison with the size of the clay minerals grains [Ellis, 
1987]. 

Equations (5) and (6) assume that the tortuosity 
corresponding to the migration of the anions is given by F$, 
that is, the tortuosity of the interconnected pore space. For 
the cations the situation is different. At high salinities the 
dominant paths for the electro-migration of the cations are 
located in the interconnected pore space and the tortuosity 
for the transport of cations and anions is the same. As the 
salinity decreases, the dominant paths for the electro- 

migration of the cations shift from the interconnected pore 
space to the grains water interface, and therefore are subject 
to different tortuosities [Sen, 1987]. This transition occurs at 

a salinity corresponding to • / t[+) - 1, that is, (Yf --' (YS / t(f+) ' 
The change is responsible for the curvature (the second 
partial derivative with respect to the electrolyte conductivity) 
of the electrical conductivity data of shaly sands when 
plotted as a function of the pore fluid conductivity at low 
salinities [e.g., Sen, 1987; Revil and Glover, 1997]. From 
(1), (5), and (6) we have 

rrfl 1 rr- l-t/+) +F½+ (t(f+) - ½) F •' 

l/ / 2 x 1-++ 1- 1 4F t-•-- ½ +t,•-- ½ . (10) t(+) (+) (+) 

The high-salinity asymptote of (10) corresponding to • << 1 
is 

crf 
rr = [1 + 2(F- 1)½]. (11) 

F 

We have tested (10) against experimental data (at 25øC, 
NaC1 electrolyte) derived from databases of Hill and 
Milburn [ 1956], Waxman and Smits [ 1968], and Vinegar and 
Waxman [1984]. We have used all 129 samples from these 
databases with 0 _< Qv -< 1.60 meq mL-1 (1 meq mL-1 = 
96.32 x 106 C m-3). From these electrical conductivity 
measurements we have solved (10) for F and • and estimate 
the surface electrical conductivity ors from (7) assuming 
that F is independent of the salinity because F is a 
microstructural parameter. The results are plotted in Figure 
2, which shows that (:r s (and therefore Z$) is independent 
of the salinity. Possible explanations for surface electrical 

103 • /X Montmorillonite (1) C) IIIite (1) 
• IIIite (3) 

I--I Kaolinite (1) 
I Kaolinite (3) 
,& Vermiculite (2) 
• Kaolinite 

• Chorite (3) 
10 • 

10 • 
0.01 

IIIite 

I charge nm '= 
3 charges 

Kaolinire 
and 

chlorite 

0.1 1 

CEC (meq g4) 
Figure 1. Variation of the specific surface area (in m 2 
g-l) with the CEC (in meq g-l with I meq g-l __ 96320 C 
kg 'l) for various clay minerals. The ratio between the CEC 
and the specific surface area gives the equivalent surface 
charge density of the mineral surface Qs' Experimental data 
are from 1, Patchett [1975]; 2, Lipsicas [1984]; 3, Zundel 
and Siffert [1985]; and 4, Lockhart [1980]. The grey areas 
represent the domains of variations for kaolinite and 
chlorite, illite, and smectite. 
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T = 25 øC 
o. eo 

NaCI 

0.4o s:o%) I•1 0 #WS-23(K:8% ;1:8%;S:84%) I! 
•0.20 H • #WS'24 (K: 8% ; I: 8%; S: 84%• • 

/,,, ws26 0.0 

0.1 I s•O Fluid conductivity, of (S m' 

Figure 2. Normalized surface conductivity (7s((7!) ! 
(7s(5.249 S m -i) as a function of the pore fluid 
conductivity (7[. In the range of salinity investigated by 
Waxman and Smits [1968], the surface conductivity 
determined from the model described in the main text is 

constant inside a 10% variation by comparison with the 
value of the surface conductivity at (7/ = 5.249 S m -i 
(shown by the grey band). The letters K, I, and S indicate 
kaolinite, illite, and smectite content respectively. 

conductivity are conduction in the electrical diffuse layer 
[Revil and Glover, 1997], conduction in the Stern layer 
[Zukoski and Saville, 1986], and conduction at the mineral 
surface by proton transfer [O'Konski, 1960; S. Pride, 
personal communication, 1995]. Results plotted in Figure 2 
are in contrast with electrical conduction in the electrical 

diffuse layer which is strongly salinity dependent [Revil and 
Glover, 1997]. We believe that surface electrical conduction 
in shaly sands is probably associated with electrical 
conduction in the Stern layer as postulated by Urban et al. 
[1935],Lorenz [1969] and Morirnoto and Kittara [1973]. 
Zukoski and Saville [ 1986] have presented an electrokinetic 
model incorporating effects due to electromigration transport 
in the Stern layer. Shubin et al. [1993] came to similar 
conclusions regarding the role of surface conductivity in the 
Stern layer in their analysis of the frequency dependence of 
electrophoretic mobility of a monodisperse latex with 
carboxyl-head surface groups. Furthermore, Morimoto and 
Kittara [1973] and Hardwick [1987] have shown that surface 
conductivity is strongly dependent on brine composition. 
The experiments of Lorenz [ 1969] indicate that there is no 
surface conductivity at the isoelectric point of Na-kaolinite 
(at pH = 4). Both observations seem to exclude surface 
conduction by proton transfer as the main mechanism of 
surface conduction in shaly sands as it has been sometimes 
postulated. 

In the Stern layer the counterions are directly adsorbed on 
the clay mineral surface through the surface coordination 
reactions [e.g., Avena and De Pauli, 1996; Janusz et al., 
1997], 

> Me-OH + Na + •=• > Me- O-Na + + H + . 
> SiA10-Na + •=• > SiA10-+ Na + 

(12a) 

(12b) 

Here the greater than sign represent the mineral lattice, Me 
represents Si or A1 atoms, and >Si-O-AI< (or SiA10-) 

represents the groups arising from isomorphous substitutions 
of high-valence cations with those of lower valence in the 
tetrahedral framework of the clay minerals. Counterions can 
move along the pore surface probably by direct surface site 
interhopping. The net energy of interaction of the clay 
surface with the counterion may result from short-range 
chemical forces (covalent bonding, hydrophobic bonding, 
hydrogen bridges, steric or orientational effects) and long- 
range forces (electrostatic and van der Waals attraction 
forces), and the mobility of the counterions depends of the 
forces involved. The independence of surface conductivity 
for salinity above 10 -3 moll -1 can be explained by the 
saturation of the Stem layer by Na + ions above this salinity 
at pH - 7 [e.g., Glover et al., 1994, Figure 11]. At lower salt 
concentrations we would expect a decrease of the surface 
conductivity corresponding to a decrease of counterion 
adsorption in the Stem layer [Zukoski and Saville, 1986]. 

In this article we focus on the strictly dc-behavior of the 
electrical conductivity of shaly sands. In order to study the 
frequency-dependent response of a suspension of charged 
particles in an aqueous electrolyte, Grosse and Foster [ 1987] 
have replaced the double layer by a perfectly conducting 
layer for the cations and an insulating layer for the anions 
(both of zero thickness), and they include diffusion currents 
in the pore space. Because our results indicate that surface 
conduction is occurring mostly in the Stern layer, which has 
a thickness probably smaller than 10 ]k, the method used by 
Grosse and Foster [ 1987] could be combined with our results 
to derive the frequency behavior of the electrical 
conductivity of saturated shaly sands. This will be the 
purpose of a future work. 

We assume from now that both the formation factor F and 

surface conductivity o' s are independent of the salinity. We 
have calculated F and o' s by fitting (10) nonlinearly to the 

1.0 

o 0.10 

Q. 
0 

0 

0.010 
0.1 

Figure 3. 

!--I WS-17 (clay: 100% kaolinite) - 

• WS-26 (clay: 100% smectite) 
This model 

, ', ,,,,,,I , , ,,,,,,I , , ,,,,',, 

I 10 100 

Pore fluid conductivity, of (S m 's) 
Macroscopic electrical conductivity (7 as a 

function of pore fluid electrical conductivity o'f. The 
equation developed in the main text, equation (10), is used 
to determine the electrical formation factor F and the 

surface conductivity (7s (experimental data from Waxman 
and Sinits, [1968]). The results of the nonlinear fit 
corresponding to the equation describing the macroscopic 
conductivity o' as a function of the pore fluid conductivity 
n•/.are #WS-17' F = 46.48 + 0.42, (7s = (426 + 11) x 10 '4 S 

l; #WS-26; F = 46.95 + 0.63, (7s = (1521 + 29) x 10 -4 S 
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experimental rock conductivity data as a function of fluid 
conductivity data for each of the 129 samples analyzed by 
Hill and Milburn [1956], Waxman and Stairs [1968], and 
Vinegar and Waxman [1984]. Examples of such fit are 
given in Figure 3. A plot of tYs(1- q)/q as a function of 
Qv for each of the 129 samples analyzed is given in Figure 
4. The parameter Qv is estimated from the CEC using (8), 
and the CEC is obtained from the chemical titration 

experiment of the clay fraction [Waxman and Srnits, 1968]. 
A linear regression between O's(l- •)/• and Qv using (7) 
leads to the value of ]ts(25øC) = 5.14 x 10 -9 m 2 s -1 V -• for 
the ion Na + in the Stern layer. Because the samples used in 
the previous databases have different proportions of 
kaolinite, smectite, and illite, It s seems to be independent of 
the clay mineralogy. If we take a surface charge density Qs 
(= Qv Vp / s where S is the surface area of the grains water 
interface and Vp is the pore volume) of three charges per nm 2 
(Figure 1), the specific surface conductivity of clay minerals 
is Z s (25øC)=e Q$]t s =2.5 x 10 -9 S. This value is in 
agreement with other independent studies [e.g., Morimoto 
and Kittara, 1973; Patchett, 1975; Lorenz, 1969; Van der 

Put and Bijsterbosch, 1980; O'Brien and Rowlands, 1993; 
Shubin et al., 1993]. 

Using the electrical conductivity data of Raythatha and 
Sen [1986] and Hardwick [1987] and the present model of 
electrical conductivity, we have calculated the surface 
mobility ]•s for counterions other than Na + (Table 1). The 
values reported in Table 1 are consistent with other 
determinations. For example, the ratio between the value 
obtained for Na + and Ca 2+ is in agreement with the result of 
Lorenz [1969] in Na-kaolinite and Vinegar and Waxman 
[1984] in Na- and Ca-bentonite gels. According to these 
authors the mobility of Ca 2+ ions multiplicate by the valence 
of Ca 2+ represent 40% of the mobility of Na + ions in 
kaolinite. Zukoski and Saville [1986] reported It s (H +) / ]If 
(H +) = 0.05 and It s (K +) / ]t](K +) = 0.05 for a suspension of 
latex particles in HC1 and KC1 in agreement with the H + and 
K + values reported in Table 1. The values for the ratio 
between the surface mobility of Na + and the surface mobility 
of the ions Li + , K +, Cs +, and Ca 2+ are also in very good 
agreement with the ratio values reported by Weiller and 
Chaussidon [1968] for montmorillonite at 25øC. We note 

O.8 
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0 
0 

Figure 4. 
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0.2 0.4 0.6 0.8 I 1.2 1.4 1.6 

Qv (meq ml a) 
Surface conductivity o's as a function of 

excess charge density per unit pore volume Qv. 
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V Hill and Milburn (1956) 
r =0.83 

1.4 
0 0.1 0.2 0.3 0.4 0.5 0.6 

(;I v ½/ (1 -(D) 
Figure 5. Cementation exponent in shaly sands. There 
is a net increase of the cementation exponent with the 
parameter QvtPl(1-tp). The cementation exponent varies 
between 1.6-1.9 for clean sands and sandstones and 2.6 for 

smectite-rich sediments. The grey areas represent the 
domains of variation for clean sandstone, kaolinite, illite, 
and smectite. 

that the mobilities of the counterions are given in a 
decreasing order according to the lyotropic serie: H +, Li + = 
Na +, K +, NH4 +, Rb +, and Cs + . As noted by Vinegar and 
Waxman [ 1984] and Raythatha and Sen [ 1986], the binding 
between the clay minerals and the counterions in the Stern 
layer is determined primarily by Coulombic forces and 
decreases with increasing hydrated ionic radii and decreasing 
ionic charge. Vinegar and Waxman [ 1984] reported that the 
order of preference is generally Cs + > Rb + > K + > Na + > Li + 
for monovalent cations. 

We have used the electrical conductivity databases 
discussed above in order to determine any variations 
between the cementation exponent rn, which represents the 
decoupling factor between the total interconnected porosity 
and the effective porosity for the electrical current transport, 
and the factor Qvtp/(1-•). We observe in Figure 5 a net 
increase of the cementation exponent with the factor 
Qvtp/(1-•) which is directly proportional to the CEC as 
described by (8). Sandstones rich in smectite are observed to 
have the highest cementation exponent (Figure 5). For 
practical purposes, such dependence can be written by 

rn = m 0 + aQv 0/(1 - 0), (13) 

where rn 0 represents the cementation exponent of a clean 
sand or sandstone (i.e., a sand or a sandstone without clay 
minerals, approximately rn 0 = 1.80) , and ot is a coefficient 
relating the cementation exponent and CEC, ot = 1.58 mL 
meq -1 . 

Typically, the electrolyte and surface conductivities are 
temperature dependent. This dependence can be expressed 
with a linear form, which describes laboratory measurements 
very well (Figure 6), 

as(T) = as(T o )[1 + Os(T- T O )], (14) 
Its(T) = ]ts(T o )[1 + Os(T- T O )], (15) 



23,930 REVIL ET AL.' ELECTRICAL CONDUCTIVITY IN SHALY SANDS 

10 

• Waxman and Thomas (1974) 
C) clavier et al. (1984) 
•, sen and Goode (1992) 

.-- Linear regression (r = 0.99) 

Temperature (øC) 

Figure 6. Normalized surface conductivity versus 
temperature. The surface conductivity of shaly sands at 
different temperatures and from various literature sources 
has been normalized to the surface conductivity at 25øC. A 
linear variation between these two parameters constitutes a 
very good approximation. The linear regression is forced 
through (25øC, 1). 

where T O is a reference temperature (25øC), and the 

coefficients 0f=0.023 øC-1, and Os(Na+)=O.040_+ 0.002 
øC-1 (from Fig 6) are temperature independent. Morimoto 
and Kittara [1973] noted that the activation energy of 
surface conductivity of metal oxides is larger with larger 
adsorbed ions, and smaller with smaller adsorbed ions, 

compared to that of bulk conductivity. Using the electrical 
conductivity data on shaly sandstone of Hardwick [1987] 
and from Gast and East [1964] on a bentonite suspension 
and using the present model of electrical conductivity, we 
have calculated O s for counterions other than Na + (Table 1). 
Only two cations, Li and Cs, have values significantly higher 
than 0.040 _+ 0.002 øC-1 in agreement with previous 
observations [e.g., Gast and East, 1964]. Because O s > 
Of, the ratio of the surface conductivity to the electrolyte 
conductivity increases with the temperature. At high 
temperatures, surface conductivity can dominate bulk 
conductivity even for high-salinity electrolytes in the pore 
space. For example, Ward and Sill [ 1983] reported a ratio of 
surface to water conductivity of - 3 for altered rocks at 
Roosevelt Hot Springs, Utah, despite the presence of an 
electrolyte containing 7000 ppm total dissolved solids (note: 

1 ppm = 58.443 x l03 Cf/pf, where Cf is the equivalent 
NaC1 solution concentration in mol L -1 and 58.443 g mol-1 
is the molecular mass of NaC1). 

A case of great practical importance in hydrothermal 
areas and sedimentary basins is when two immiscible fluids 
occupy the pore space of a granular material. The particular 
case we develop here is that of two static fluids, only one 
conducts and is wetting for the mineral grains (the 
electrolyte) and the insulating fluid is nonwetting for the 
mineral grains (e.g., gas or oil). The influence of the 
nonwetting phase saturation upon the electrical conductivity 
can be taken into account by adding the transformation 
introduced by Waxman and Smits [1968] to the electrical 
conductivity equation, Eq. (10) [see Waxman and Thomas, 
1974; Clavier et at., 1984], 

m n 

(p m __.> (p S w ' (16a) 
Qv --> Qv / Sw, (16b) 

where n is called the saturation or second Archie exponent (n 
= m)[Waxman and Sinits, 1968; Waxman and Thomas, 
1974; Sen and Goode, 1992] and S w is the fractional water 
saturation of the pore space. A fully saturated pore space 
corresponds to S w =1. Values of the exponent n lie between 
1.0 and 2.5 [Dunlap et al., 1949]. In shaly sands, Waxman 
and Thomas [1974] give values of n typically in the range 
1.6-2.2. Consequently the electrical conductivity as a 
function of the water saturation is given by 

or= 1- t f + + t(f+ - F (+) S• +1 '• ) 

l/ 12 • • 4F• 
x 1-tf + 1-tf' +• .(17) (+)S w (+)S• t(f+)s• +! 

The presence of a nonwetting and insulating fluid phase (like 
gas or oil) in the interconnected pore space increases the 
ratio between surface to bulk properties. 

3. Geophysical Application 

Usually downhole measurement analysis of the electrical 
resistivity are done with the Waxman and Smits empirical 
model (WS-model) which has been the most widely accepted 
approach to the understanding of the electrical conductivity 
of shaly sands [e.g., Ellis, 1987]. The electrical conductivity 
in the WS model is given by [ Waxman and Srnits, 1968] 

1 

cr =--(rrf + B Qv) (18) F ' 

where F is related to • by the Archie relationship F- •-2, 
and B is an equivalent counterion mobility given empirically 
at 25øC by 

B=B 0 1-0.6exp -0.013 ' 

where the electrolyte conductivity O'f is in S m-1 and the 
maximum counterion mobility is given by B 0 = 4.78 x 10 -8 
m 2 s -1 V -1 The form of (19) was chosen by Waxman and 
Smits [1968] to fit the curvature of the electrical conductivity 
data at low salinities. However, the decrease of the surface 

mobility with the salinity described by (19) is contrary to 
what could be expected from conventional physics. The 
curvature of cr when plotted as a function of the electrolyte 
conductivity is the result of the geometry of the porous 
medium as indicated by (19) (see also Revil and Glover 
[ 1997] and references therein, for a discussion of this effect 

based on Joule energy dissipation). As the salinity 
decreases, the dominant current paths shift from the pore 
volume to grain surfaces which have different tortuosities 
[e.g., Sen and Goode, 1992, and references therein]. 
Furthermore the scatter of B0-values can be significant 
ranging between 2 x 10 -8 m2 s-1 V-1 and 4.8 x 10 -8 m 2 s -• 
V- 1. Predictions of our model are compared with predictions 
of the WS model in Figure 7. We use the high-salinity data 
(such that • << 1) of Waxman and Smits [1968], and we 
determine from our model and the WS model the electrical 
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Figure 7. 
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Predicted versus measured macroscopic 
electrical conductivity of shaly sands at 25øC (NaCl). The 
experimental data are from Waxman and Sinits [1968]. 
Comparison between the model of Waxman and Sinits 
[1968] and the model developed in this paper. The inputs 
are only the porosity and the chemical CEC. 

conductivity from the porosity and the excess of counterions 
per unit pore volume. The results displayed in Figure 7 
show that the model developed in this paper leads to an 
improvement in the ability to predict laboratory electrical 
conductivity measurements. 

We apply the electrical conductivity model developed in 
this paper to determine salinity profiles in the South Eugene 
Island (SEI) salt withdrawal minibasin. This minibasin is a 
young Pleistocene passive shelfmargin sedimentary basin 
located in the Gulf of Mexico offshore Louisiana (Figure 8). 

This basin was filled rapidly (sedimentation rate --2 km/m.y.) 
over the last 2.8 Ma. During this period, a thick sequence of 
shale was deposited over pre-Tertiary sediments and covered 
by increasingly sand-rich sediments [Holland et al., 1990; 
Alexander and Flemings, 1995]. Below 1-2 km the pore 
fluid pressure is usually in excess of hydrostatic pressure 
[Holland et al., 1990]. The SEI area is crossed by some 
important faults and pierced by salt domes. 

The natural gamma ray tool contains a gamma detector 
measuring the gamma quanta emitted by the decay of 
naturally occuring radioactive nuclei (potassium, thorium, 
uranium isotopes and their daugher nuclei) in the formations. 
Consequently, the gamma ray log is a measure of the natural 
radioactivity of the sediment formations and can be used to 
estimate the shaliness of the formations [Ellis, 1987]. We 
assume that the gamma ray is a linear function of the clay 
content, 

7 - (1 - rpw)7sd + rPw7sh, (20) 

where 7 is the gamma ray reading, 7Sd is the gamma ray of 
a pure sand assumed to be equal to 10 gamma ray units, 
whereas 7sh is the gamma ray of a pure shale. The gamma 
ray level of a pure shale is calculated by: 

n 

7Sh - • Zi?'i , (21) 
i=1 

Mexico 

TX 

3 miles (5 Km) 

Figure 8. Location map of South Eugene Island (SEI) area. The SEI area is located on the continental 
shelf of offshore Louisiana. The sedimentation rate has been high since the Pleistocene (approximately 
1.5-2.5 km/m.y.), and salt diapirism is intense in this area. The network of faults is interpreted from 
seismic data at a depth of 2 km. A, B, and C are well locations. 
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Figure 9. Pore fluid density as a function of the ionic 
strength of the pore water samples from the SEI area. 
Experimental data from pore water extracted from SEI cores 
are compared with data for pure NaC1 electrolyte. They are 
both in agreement if we consider the ionic strength at the 
place of the salinity of an equivalent NaC1 solution. The 
ionic strengths derived from pore water sampled in the SEI 
area is in the range 0.5-3 mol L 'l. 

where Zi are the clay ratio of each clay mineral to the total 
shale fraction, and 7i is the gamma ray level for each clay 
mineral. In the case considered in this paper, the clay 
mineralogy does not change all along the entire well 
sections. Thin sections we have analyzed indicate that the 
relative clay fractions in the sediment are fairly constant over 
the depth intervals selected. The clay ratios are 
approximately Z(I)= 1.75%' z(C)= 18.25%' z(MLC)= 
64.5% (with 25% of illite and 75% of smectite), and z(K) = 
15.5% where I, C, MLC, and K represents illite, chlorite, 
mixed layers clays, and kaolinite respectively. The gamma 
ray levels for pure shale are y(I) = 250; y(C) = 180; y(MLC) 
= 100; and 7(K) -- 80 [Ellis, 1987]. With the previous values 
for the clay mineralogy and the gamma ray level for each 
component, we calculate from (21) 7sh -- 115. From Eq. 
(20), the clay weight fraction of the formations is given by: 

7- 7sd 
q•w = (22) 

7sh - 7sd 

Equation (22) should be considered as a rough 
approximation because sometimes nonradioactive clay 
minerals are present and because uranium rich formations 
can be interpreted as shale layers [Ellis, 1987]. From (9), the 
clay composition previously described and the authigenic 
clay CEC data of Thomas [1976] we obtain CEC = (0.0793 
rpw ) meq g-1 This leads to a very good agreement with the 
values given by Clavier et al. [1984, their Fig. 1], who noted 
a direct correlation between (7/ q) and Qv' Qv -- 
1.2186x10-3 (7/q) for shaly sand. 

The ionic strength I of a multicomponent electrolyte is 
defined by I - •in__l (Z/) 2 C/ [e.g., Revil and Glover, 1997]. 
Here Z i are the ionic valences, n is the number of ionic 
species and C? are the ionic concentrations (in tool L-l). 
The four main ions in the fluid sampled in the SEI area are 
C1- Na +, Ca 2+, and Mg 2+. Figure 9 shows that the sampled 
pore fluid in the SEI area is a multi-component electrolyte. 
It can be considered as an equivalent NaC1 solution if we 
consider the salinity as equal to the ionic strength of the pore 
fluid taking into account the concentrations of the four main 

ions CI-, Na +, Ca 2+, and Mg 2+. The pore fluids sampled in 
the SEI area show very high salinities with ionic strength in 
the range 1-3 mol L -1 (Figure 9), and fluid densities in the 
range 1040-1110 kg m -3 with an average value close to 1092 
kg m -3 (Figure 9). For such salinities and the previous 
composition of the shale fraction, (7) gives • << 1, and 
therefore (11) can be used to infer salinity from electrical 
conductivity. 

The result from the analysis of three wells is shown in 
Figure 10 (for borehole locations, see Figure 8). For this 
analysis we have used the electrical resistivity, the gamma 
ray, and the density logs, and the following methodology. 
The porosity is determined directly from the density log 

using the relationship p-(1-rp)pg 3+rppf where pf is the pore fluid density (-- 1092 kg m- , as seen previously). 
Consequently, the porosity is given by 

rp - pg - p . (23) 
Pg --Pf 

The porosity of the sediments in sedimentary basins 
decreases in a regular fashion as effective stress increases. 
A. Revil and L.M. Cathles (manuscript in preparation, 1998) 
show that the relationship between the hydrostatic porosity 
•H (the porosity corresponding to hydrostatic pore fluid 
pressure) and the depth of burial z is 

•H (z)- 1- (1- •0 ) exp I---z. / , (24) •,Zc 

where •0 is a noncompacted porosity, and zc is a 
characteristic depth defined by 1/z c -- rpO(Pg -pf )gfl, pg is 
the grain density, pf is the density of the pore fluid, g is the 
acceleration of gravity, and /• is a long-term porosity 
compressibility. This long-term compressibility is defined 

by fl = -(1 / •0 )(dq / dO'ef t ), where O'eff = O' - p = P - p is 
the effective stress, cr is the total confining pressure (i.e., the 
first total stress invariant), P is the lithostatic stress, and p is 
the total fluid pressure. Both •0 and ]3 can be deduced from 
the porosity trend in the upper hydrostatic compartments 
(compartments A) shown in Figure 10. 

Disequilibrium compaction occurs when sediments are 
unable to expel their pore fluid in response to sediment 
loading and fluid overpressures are generated. In such a 
case, the porosity remains a function of the effective stress 
[e.g., Bredehoeft and Hanshaw, 1968]. The total fluid 
pressure p is equal to the hydrostatic fluid pressure PH plus 
the fluid overpressure 6p. If the porosity • is written as 

½(z) = + (25) 

A. Revil and L. M. Cathles (manuscript in preparation, 1998) 
show that the "excess porosity" 6q is related exactly to the 
excess fluid pressure 6p by 

z 

6p(z)- &p(z) l(pg _ pf)g&P(z') dz'. (26) 
0 

The second term corrects the lithostatic pressure for changes 
in sediment density due to the porosity change 6•. Equation 
(26) is valid only for disequilibrium compaction. The excess 
porosity is indicated by the cross-hatched zones in Figure 10. 
The fluid overpressures determined from (26) are favorably 
compared to mud weight data which are known to be fairly 
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Figure 10. Results from the downhole measurements analysis. Porosity, fluid excess pressure (in 
megapascals), shale content (fractional weight with values between 0, clean sand, and 1, pure shale), pore 
fluid salinity (in tool L'l), and sedimentation rate are derived from downhole measurements. The porosity 
and the shale content are derived from the density log and the gamma ray log, respectively. The porosity 
decreases almost linearly with the depth of burial in the upper hydrostatically pressured compartment 
(compartment A). Such decrease is characteristic of equilibrium compaction. The porosity trend in this 
compartment is indicated by the solid (almost linear) line. Fluid overpressure is computed from the excess 
porosity distribution (cross-hatched zone) defined by the difference between the porosity computed from 
the density log and the porosity predicted from the equilibrium compaction trend. Overpressured 
compartments are indicated by capital letters (B, C, and D). Dashed lines and shaded zones represent the 
boundaries between these compartments which correspond to the presence of seals or growing faults. The 
sedimentation rate is determined from biostratigraphic information (the lower value corresponds to the 
compacted sedimentation rate, and the higher value corresponds to the uncompacted sedimentation rate, see 
main text). The salinity is computed from the electrical conductivity equations derived in the main text, 
the electrical resistivity log, the porosity, and the shale content. 
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F'•ure 10. (continued) 

good indicators of excess fluid pressures [Ellis, 1987]. The 
compacted sedimentation rate is equal to the thickness of the 
stratigraphic intervals divided by the time required for 
deposition. We estimate its magnitude from biostratigraphic 
information. This sedimentation rate to is corrected •om 

compaction to obtain a non-compacted sedimentation rate c% 
using: to 0 = to(l-O)/(1-•0 ), where • is determined from 
(23) and •0 from the normal trend of compaction. 

The salinity is obtained from the set of equations given in 
the previous section of this paper using the following steps. 
(1) The CEC is obtained from (9), the shale content (in 
weight) obtained from (22) using the gamma ray log and the 
relative fractions of clay minerals. The CEC is converted to 
Ov using (8). (2) The surface conductivity is calculated 
from (7) and corrected for temperature using (15). (3) The 
fluid conductivity is determined using (11) and corrected for 
temperature using (14) to obtain the pore fluid conductivity 
at 25øC. Integration of downhole temperature measurements 
(corrected from borehole effects) show that the variation of 

the temperature (in øC) with depth in the area is given by 
T= Ts+G ZTVD, where T s = 25øC is the seafloor 
temperature, G = 20.7 x 10 -3 øC m-1 is the large-scale 
geothermal gradient, and z TVD is the true vertical depth 
below the seafloor. (4) Finally, because the salinity is 
roughly proportional to the electrolyte conductivity, we can 
estimate the salinity using Cf =0.56x[crf(25øC)/5], 
where 5 S m-1 is approximately the seawater electrical 
conductivity at 25øC and 0.56 mol L -1 is the salinity of an 
equivalent NaC1 solution of same electrical conductivity than 
sea water according to the equation developed by Sen and 
Goode [ 1992]. 

Figure 10 shows porosity, fluid overpressure, 
sedimentation rate, and salinity profiles determined from the 
previous methodology. This suggests that the SEI basin is 
pressure compartmentalize. d maybe as a result of capillary 

sealing [Revil et al., 1998]. Compartments are indicated by 
capital letters in Figure 10 (A, B, C, and D where A is 
always an hydrostatic compartment). The correlation of 
porosity and salinity variations suggests that porosity and 
salinity may have a common history. We note that the 
porosity variations and the salinity variations have roughly 
the same amplitude (approximately a factor 3) which could 
indicate the possible filtration effect of shale [Hanshaw and 
Coplen, 1973]. However, salinity in the SEI area can also be 
controlled by salt dissolution of allochthonous salt structures 
and thermohaline convection [e.g., Hanor, 1987]. Salt 
domes pierce sedimentary layers and exist at shallow depth 
in the SEI area [Holland et al., 1990]. Preferential 
dissolution of the salt is occurring near the top of the dome 
[e.g., Hanor, 1987]. Less saline water bleeds up around salt 
domes where less saline overpressured fluids leak up from 
below resulting in gravitational instabilities and 
thermohaline convection. Regardless of the cause, the 
salinity pattern determined by the present method is 
remarkably coherent. Numerical modeling and theoretical 
analysis to explain the salinity, porosity, and pressure pattern 
will be addressed in a future paper. 

4. Conclusions 

We have developed a new model for the electrical 
conductivity of shaly sands which includes the influence of 
clay minerals (clay content and clay composition), ionic 
composition in the pore water and in the electrical double 
layer, temperature, and gas saturation. Ion transport along 
the surface of clay minerals occurs mainly in the Stem layer, 
where at 25øC, ion mobilities are smaller than in the bulk 

water. The temperature dependence of surface conductivity 
is generally higher than the temperature dependence of the 
bulk electrolyte. Consequently, surface conductivity can 
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represent an important contribution to the macroscopic 
conductivity of shaly sands in sedimentary basins and 
geothermal areas due to the increase of temperature with 
depth. At constant temperature the surface conductivity is 
shown to be independent of the salinity, at least for salinity 
above 10 -3 mol L- 1 Electrical conductivity calculated with 
this model is favorably compared with published 
experimental data. We find consistent results of the 

'electrical conductivity for shaly sands over a wide range of 
salinity, porosity, cation exchange capacity, and temperature. 
The application of this model in a sedimentary basin in the 
Gulf Coast of Mexico (South Eugene Island, offshore 
Louisiana) shows salinity profiles which are consistent with 
sampled salinity and indicating compartmentation of this 
basin. 
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