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ABSTRACT
A new, theoretically derived model expressing shaly sand 

conductivity Is presented. The proposed model Is based on dual 
water and cation exchange capacity concepts.

The new model is based on the Waxman and Smlts concept 
of supplementing the water conductivity with a clay 
counterions conductivity. The model also utilizes the dual 
water theory, which relates each conductivity term to a 
particular type of water, each occupying a specific volume of 
the total pore space.

The proposed model, however, assumes that the counterion 
conductivity can be represented by a hypothetical electrolyte. 
The properties of this electrolyte were derived from 
electrochemical and irreversible thermodynamics theory.

From the conductivity model a spontaneous potential model 
was also developed. Both models have been tested using 
accurate core data published by Waxman and Smits. The 
conductivity and spontaneous potential models were also 
validated by log data. They have been successfully applied to 
the interpretation of multiple intervals of 15 wells.

The use of these newly developed models is the first 
shaly sand interpretation technique based on sound scientific 
principles, which determines hydrocarbon potential as well as 
shale and formation water electrical properties directly from 
well logs readings obtained within the formation analyzed.

xli



CHAPTER # 1

INTRODUCTION

In 1953 H. G. Doll1 wrote, "the most important problem 
that has received thus far no satisfactory solution is that 
of shaly sands". Recently, in a comprehensive study on shaly- 
sand interpretation models published by Worthington1, he 
stated, "Doll's comment is equally applicable today. The shaly 
sand problem as we know it will not be solved until electrical 
shale parameters, determined directly from downhole 
measurements can be input to a reliable and generally 
applicable predictive algorithm for Sw, that is based on a 
sound scientific shaly-sand model." A model comprising all 
these requirements has now been developed, and it is presented 
in this dissertation.

The main purpose of open hole well log interpretation 
is the identification of potential hydrocarbon bearing 
formations. The potential of a zone is measured by estimating 
its water saturation, Sw.

In shale-free formations, water saturation can be 
calculated using the well known Archie's formula:

Swn= Ct_  R _  [1.1]

where:
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C, = conductivity of the reservoir rock 
R, = resistivity of the reservoir rock 
Cw = formation water conductivity 

= formation water resistivity 
<t> = porosity
m = cementation exponent 
n = saturation exponent.

Customarily, the water conductivity, Rw, is determined 
from the spontaneous potential (SP) log deflection, which in 
clean sandstones can be represented by2:

SP=-K-log(Rmte/Rwe) [1.2 ]
where K is a temperature dependent parameter. Rmfe and R^ are 
the equivalent mud filtrate and formation water resistivity, 
respectively. R ^  and Rwe are related empirically to the mud 
filtrate, Rm(, and formation water resistivity, Rw.
The conductivity and porosity of the rock are obtained from 
log measurements. The exponents m and n are usually determined 
from core analysis or approximated by generalized values.

Equations 1.1 and 1.2 are based on the assumption that 
brine is the only electric conductor in the formation. 
However, this is not the case in shaly formations, where 
counterions associated with clay minerals also transport 
electricity. This results in a reduction of the SP deflection, 
and an increase of the rock conductivity, Ct. Consequently, the 
use of clean sand models to estimate water saturation 
suppresses the potential of hydrocarbon zones. In some cases, 
hydrocarbon zones may even appear water bearing and can be
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completely overlooked.

1.1 SHALY SAND MODELS:
Available shaly-sand models can be divided in two groups: 

i) Vsh models: These models have the disadvantage of being 
inexact. They are open to misunderstanding and misuse.
ii) Models based on the cation excange and the ionic double­

layer concepts. These models are based on sound principles. 
However, current models require laboratory determined core 
data which in the most part are determined at 25#C.

1.1.1. Models:
The quantity V8h is defined as the volume of wetted shale 

per unit volume of reservoir rock. There are over 3 0 Vsh 
models1, only the better known models will be presented 
hereafter:

Simandoux1 reported experiments on homogeneous mixtures 
of sand and montmorillonite. Based on his experimental data 
he proposed the following expression:

ct=«Vsw")/F + v^.q* [1.3]
where:

F=formation factor 
Vsh=fractional volume of shale 
Csh=conductivity of pure shale
Poupon and Leveaux1 proposed the so called "Indonesia

Formula":
[1.4]
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This formula was developed for use in Indonesia were fresh 
formation waters and high degrees of shaliness are common.

Fertl and Hammack presented a modified version of 
Simandoux equation. Their model can be written in the form3: 

Sw-(F-Rw/Pl)1/2-(Vlh*Rw)/(O.4.0-Rgh) [1.5]
where:

Reformation water resistivity, ohm/m 
Reformation resistivity, ohm/m 
Rsh=shale resistivity, ohm/m
The Cyberlook model2 is a computer assisted wellsite 

interpretation model developed by Schlumberger. It uses 
pseudo-dual-water concepts to account for the effects of the 
shale fraction.

In the Cyberlook model, the resistivity of a water 
bearing shaly sand is given by2:

R „ =  S A -------  [1-6]
A S » b - R» + U - Swt,)Rwb

where:
R^^bound water resistivity 
Swb=bound water saturation
The Cyberlook water saturation is given by:

Swn=Ro / Rt [ 1 - 7 ]

where:
R0=resistivity of the shaly formation fully saturated 

with water.
In this model, <pt, is derived from porosity crossplots, 

Swb is obtained from traditional shale indicators. R ^  and R̂ ,
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must be determined by the field engineers and entered as input 
parameters. A more detailed presentation of the Cyberlook 
model is given in sec. 8.2.

V#h models present serious interpretation problems. First, 
there is no universally accepted indicator. Furthermore, 
the Vsh parameter does not take account the mode of 
distribution or the composition of the different clay-types. 
Various clay types can give rise to markedly different shale 
effects for the same numerical shale fraction, V6h.

The principal clay types are: kaolinite,
montmorillonite/smectite, illite and chlorites. These clay 
minerals, because of their composition and structure, have an 
excess of negative charges. In the presence of an electrolyte, 
this excess of negative charge is compensated by the 
adsorption of cations on the clay surface. These cations are 
called counterions, and the clay property of exchanging 
cations is called cation exchange capacity (CEC).

Smectite and illite have high cation exchange capacities, 
while kaolinite and chlorite show small to zero CEC values. 
Table 1.1 lists the average CEC's of the different clay types
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TABLE 1.1 
PROPERTIES OF CLAY TYPES

Density Hydrogen CEC
Clay (g/cc) (%) (meq/cc)

Kaolinite 2.69 1.5 0.03
Illite 2.76 0.5 0.20
Smectite 2.33 0.5 1.00
Chlorite 2.77 1.2 0.00

One of the problems associated with V8h models is their 
assumption that there is a correlation between the non- 
conductive (i.e. density, hydrogen content, and radioactivity) 
and the conductive (i.e. CEC) shale properties.

In addition, the Vsh models do not present a method for 
determining Cw from downhole measurements. For these reasons, 
improved models were sought which did take account of the 
geometry and electrochemistry of mineral-electrolyte 
interfaces, i.e., double layer models.

1.1.2 Cation Exchange Capacity Models:
Waxman and Smits4 proposed a simple model, consisting of 

two conductance elements in parallel. One element represents 
the clay counterion contribution to the total conductance. The 
other element is the contribution of the free electrolyte. The 
Waxman-Smits model is given by the equation:

Ct=Swn®[B*Qv'+cw]/F* [1.8]
where:

Ct= rock conductivity
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ne= saturation exponent for shaly formations 
B= empirically determined equivalent counterion 

conductivity 
Cw= water conductivity 
F*= formation factor

and
Sw= water saturation 

Qv1 is defined as:
Qv'=Qv/Sw [1.9]

where:
Qv=cation exchange capacity.
Clavier, Coates and Dumanoir5 proposed the Dual Water 

Model, which considers the presence of a double layer. This 
double layer is formed by: i) the water associated with the 
clay which is salt free, but contains all the necessary 
counterions, and ii) the electrolyte solution which is found 
at a distance away from the clay surface, and serves as the 
equilibrating media. The Dual Water Model is given by:

Ct=Swne[/3*Qv'+(l-.28-a-Qv')Cw]/F0 [1.10]
where:

/3= 2.05 (constant)
a= double layer's expansion factor
F0= formation factor.
In 1985, Silva and Bassiouni6 presented the S-B 

conductivity model. This model is based on dual water 
concepts. However, it considers that the counterion 
conductivity can be represented by that of an equivalent
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sodium chloride solution. The general expression of this model 
is as follows:

C,=Swne [ C#q • • Qv' + (1-V • W|) Cw] /Fe [1-11]
where:

Ceq,= counterion conductivity
fractional volume of the double layer

Fe= equivalent formation factor
The most severe restriction of the three foreraentioned 

models is that none of them can be applied at field 
conditions. All three, in their present form, represent the 
conductivity behavior of a shaly sand at 25°C. In fact, the 
Dual Water and Waxman and Smits models use empirically
determined factors, namely, p and B respectively, to represent 
the clay conductivity, which cannot be used at higher
temperatures. Moreover, they also require laboratory 
determination of Qv. This fact makes the use of these models 
impractical.

The S-B model is the more accurate of the models6.
Furthermore, it uses a sodium chloride solution to represent 
the clay counterions. Since conductivity data for sodium
chloride solutions are available at high temperatures, this 
model can be adapted to field conditions.

1.2 PROPOSED MEW MODEL:
The purpose of this study is to develop a sound method 

to evaluate shaly sand formations at field conditions. To 
pursue this objective, the basic idea of the S-B model, i.e.
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counterions can be represented by a sodium chloride solution, 
is retained to model the conductivity behavior of shaly sands.

Silva and Bassiouni7 have also presented a model 
predicting the membrane potential of shaly sands. In a water 
bearing zone, both models, i.e. the conductivity and membrane 
potential models, are expressed in terms of the cation 
exchange capacity of clays, Qv, and the free electrolyte 
conductivity, cw. Hence, it is possible to solve 
simultaneously for these two parameters in a water zone. Fe 
can be calculated from porosity logs. This data can then be 
used to estimate the water saturation of an adjacent 
hydrocarbon bearing zone. If a representative adjacent water 
bearing zone is absent, an iterative process can be used to 
obtain sw, cw and Qv using data pertaining to the hydrocarbon 
zone only.



CHAPTER # 2 
THE 8ILVA-BASSXOUHX MODELS 

2.6 THE CONDUCTIVITY MODEL:
The presence of clay minerals in the formation increases 

its conductivity beyond that of an otherwise clean rock of the 
same porosity saturated with the same electrolyte. The excess 
conductivity is due to the transport of electric current by 
the counterions associated with clay minerals forming what is 
termed the double layer. The double layer contains the 
positive ions necessary to balance the internal negative 
charge of the clay particles. The determination of 
hydrocarbon saturation in shaly sands requires petrophysical 
models that account for the presence of the double layer.

Silva and Bassiouni6 presented a theoretical model, which 
treats the "excess conductivity" generated by the counterions 
as that of an equivalent sodium chloride solution. The Silva- 
Bassiouni (S-B) model is based on the premise that the 
conductivity behavior of a shaly sand can be defined using an 
expression similar to that of a clean sand. According to this 
model the total conductivity of a core fully saturated with 
water is defined by6:

C0=Cwe/Fe [2.1]
where:

C we= v 1dl * C cl+  ( 1 - v fdl) * C w  C 2 • 2  ]

Cc, and cw are the conductivity contributions of the exchange
cations associated with the clay, and the free electrolyte,
respectively. vfdi is the fractional volume occupied by the

10
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double layer, expressed in terms of total porosity.
In electrochemical terms, the conductance contribution 

of the clay counterions can be defined by
C d= C «q * n aq [2.3]

where Ceq and noq represent the equivalent conductivity and 
concentration of the clay counterions, respectively. By 
substituting equations 2.2 and 2.3 into equation 2.1 the 
conductivity of a core fully saturated with water is:

Co-CC^.^'V^+d-V^C^l/F. [2.4]
where Fe is the formation factor of an equivalent clean 
formation of the same total porosity. Fe can be expressed as:

F,^*™ [2.5]
where me is the cementation exponent. Also n#q can be expressed 
in terms of the counterion concentration per total pore 
volume, Qv, as

n#q=Qv/vw, [2.6]
The S-B model given by equation 2.4 describes the typical 

C0-Cw curve representative of shaly formations, illustrated 
in Fig. 2.1.

2.1.1 Determination of the fractional volume of the double 
layer, vMI:

The proposed use of the S-B model presented above 
requires the estimation of the fractional volume of the double 
layer, vfd(, in terms of the unkowns Cw and Qv. This fractional 
volume is related to the distance from the clay surface up to
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the point where the number of positive ions are equal to the 
number of negative ions (Fig. 2.2). The volume of the double 
layer can be expressed by8:

Vfd!=0 • 084 *Qv/Cw+0 . 22 [2.7]

2.1.2 Calculation of Equivalent counterion Conductivity,

C«q!
The use of the S-B model requires also the estimation of 

the equivalent counterion conductivity. The model defines the 
concentrations and conductivity of the equivalent sodium 
chloride solution na„ and c.,, as3:eq eq

n__= 3.571 r2.81
eq

C.q=CeqV(fg*F (ne)) [2.9]
where, Ceq' is the equivalent conductivity of the equivalent
NaCl solution, representing the double layer. At a temperature
of 25 degrees centigrade, Ceq', is expressed as:

C ' =,12 . 64,5+7 . 6725 (,nfltV /2 [2.10]
1+1. 3164 •n.J172 eq

F(ne) and fg are empirically determined correction factors. 
At 250C they are given by3:
F(ne) =1+3.83xl0'2(neq-.5) +1.76lxl0‘2(neq- .5)2 for neq>.5 mol/1 
F(ne)=1.0 for neq<.5 mol/1 [2.11]

fg=fd,1/nC [2.12]
nc=. 6696+1.1796fd|-0.14426fd|Z [2.13]
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2.2 MEMBRANE POTENTIALS IN 8HALY SANDS:
The general expression for the membrane potential, Em,

where:
R=universal gas constant 
F=Faraday constant 
T=absolute temperature (*K)
Tna+=sodium transport number 
m=molal concentration (mol/kg H20)
)f±=mean activity coefficient
In the case of saturated salt solutions this form was 

found to give membrane potentials that deviate from 
experimental values. To account for this effect Silva and 
Bassiouni modified equation 2.14, by introducing a correction 
factor, r.

Consequently, the model for membrane potentials is given
by:

reported by Thomas9 is in the form:
> pm I Tna+dln(mfr±)
J m2

[2.14]

rTna+dln(m!f±)
[2.15]

where
r=l-.28Qv(Cw-Cwn)/Cw [2.16]
T = 1 [2.17]

and
Cwn=16.61 mho/m at 25"C



2.2.1 Transport Numbers in Shaly Sands:
Transport numbers are defined as the ratio of the 

electrical current carried by an ion to the total electrical 
current, when an electrical potential difference is applied 
under conditions where pressure and concentration gradients 
are both zero14.

In the case of shaly sands the S-B model7 assumes that 
the current carried by the clay counterions is parallel to 
the current carried by the far water, and that both currents 
are related to the same potential gradient by the same cell 
constant. It is assumed that both electrolytes can be treated 
as NaCl solutions. Hence, the transport number is defined as 
follows,

Tna+= (J Na°+J Nab) / J [2.18]
where:

JNa° is the current carried by the clay counterions
JNab is the current carried by the far water
J is the total current of the system.

According to the S-B model:

Tna*=C «Qv+tnah• fl-vfd|) -Cw [2.19]
Coq*Qv+(l-vfdl)-Cw

tnah is the sodium's Hittorf transport number. Hittorf
defines, for convenience, the motion of ions relative to that
of water.
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2.2.2 Calculation of the Hean Activity Coefficient:
For sodium chloride solutions at 25 *C the mean activity 

coefficient can be defined by:
log(t±) = -.05ll5«n1/2 -1.751opfa.^ -loafl-.027m^ [2.20]

l+1.3065«n1/if
where:

n=molar concentration (mol/1)
aA=.99948-.03959m-.0015075m2 [2.21]

2.2.3 Calculation of the Hittorf Transport Number,tnah:
Based on the Fouss-Onsager theory of conductance, Stokes

derived a theoretical expression to approximate the Hittorf
transport number. For NaCl solutions at 25°C tnah expression
is expressed as11:

tnah= 50.1 4- 55.402 »n]/2 [2.22]
126.45+155.726•n1̂

where n is the molar concentration of the far water.

2.2.4 Calculation^of the Membrane Potential:
The equation of membrane potentials can be solved as 

Thomas9 suggested. First, the concentration interval between 
the electrolytes is divided into 100 subintervals. The 
magnitudes of Ceq, v(d|, tnah, ±,and Cw are evaluated for each 
molal concentration subinterval, and each Tna+ is computed. 
The 100 subintervals are evaluated and summed. The result is 
then multiplied by -51.38, which is the value of -2RT/F at 
25*C. The final result is then taken as the magnitude of the 
membrane potential.
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2.3 CRITIQUE OF THE S-B MODELS:
The S-B models accurately describe the resistivity 

behavior and membrane potential of a shaly sand. However, the 
application of the models require the use of empirically 
determined parameters, namely, fg, F(ne) and r, which in their 
present form can not be practically adapted to high 
temperature applications. This fact complicates the use of 
the models at field conditions.



CHAPTER # 3 
THE LSU SHALY-SAND MODELS

The S-B model is modified to eliminate the use of 
empirically derived correction factors. This elimination 
permits the extension of the model to temperatures other than 
25 * C . Every modification was based on electrochemical 
properties of NaCl solutions, or experimental observations. 
The modified model is referred to as the LSU model. The 
accuracy of the S-B model was maintained or improved.

3.1 THE LSU CONDUCTIVITY MODEL:
The conductivity of a shaly formation fully saturated 

with water is defined according the S-B model as:
co= fv «dlC cl+  Cl-vWI) • Cw]/Fe [3.1]

where Fe is the shaly sand formation resistivity factor, and 
vfd| is the fractional volume of the double layer. Eq. 3.1 can 
be rewritten in terms of molar conductivities as:

C o=  [C eq'neq*vfd|+ (1 -Vfc||) -Cw]/Fb [3.2]
where Cep and nBq are the molar counterion conductivity and 
concentration, respectively. From equation 3.2, it can be 
observed that the LSU model uses a very basic formulation, 
and unlike the S-B model it does not assume that:

n.q=Qv/v(d| [2.6]
The counterion concentration, instead, is directly determined 
from published experimental data.

19
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3.1.1 Determination of the Equivalent Counterion Conductivity,

The S-B model assumes that the clay counterions mimic 
the conductive properties of a sodium chloride solution. 
Hence, well known electrochemical relationships can be used 
to define C„.eq

According to electrochemistry theory of 1-1 electrolytes 
the equivalent conductivity, C^, is proportional to the total 
current in the system. For molar concentrations of less than 
.5 mol/1, C8q can be defined by3:

c._= c._* - B.n1/2 r 3.31
'q 'q l+io-a-rT'2

where:
Ceq°= equivalent conductivity at infinite dilution 

(mho/mol)
B2= electrophoretic term 
n= molar concentration (mol/1)
a= equivalent ion size (A)

For sodium chloride solutions at 25*C equation 3.3 can be 
rewritten as6:

C..=12. 645+7. 6725n..1/2 13.41
,q eq

This relationship is valid in dilute aqueous electrolyte 
solutions, where the ions are so far apart that ionic 
interactions and specific ion effects are negligible. In 
concentrated solutions, however, specific ion effects become
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important. Hence, the flow of ions is influenced by the 
presence of other ions and the rate of change of their 
properties as well12. The original S-B model utilizes the 
empirically determined factor, F(ne), to correct equation 3.4 
for the ionic interactions occurring at moderate and high 
concentrations.

The LSU model uses the theory of irreversible 
thermodynamics to define the equivalent conductance of an 1- 
1 electrolyte at moderate and high concentrations. By assuming 
that the clay counterions behave as a sodium chloride solution 
Ceq can be defined by12:

where F is the Faraday constant and l,j are the ionic transport 
coefficients. These ionic transport coefficients represent 
relatively complex functions of mobilities of ions and of 
water. The transport coefficients, lgg and 1^ represent the 
ionic mobilities and the gradient of properties of the Na+ and 
Cl', respectively. The 1^ coefficients represent the ionic 
interactions that occur at moderate and high concentrations. 
To obtain quantitative expressions for the transport 
coefficients four properties of the electrolyte under 
investigation are needed, namely, conductance, diffusion 
coefficient, Hittorf transport number, and emf transference 
number. Carman13 defined the transport coefficients as:

[3.5]

and

l33= «33> *n eq 

*44= W  *n eq 

■̂34=neq*^/2 [3.8]
[3.7]
[3.6]
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Substituting equations 3.6, 3.7 and 3.8 in 3.5 yields: 
C^=F2(q3+q4-2*/3) [3.9]

Data on conductance, diffusion coefficients, Hittorf 
transport numbers and emf transference numbers for sodium 
chloride solutions compiled by Miller12 was used to determined 
the values of the ionic transport coefficients, which in turn

used to obtain qg, 
Table

q* and
3.1

f3, listed in table

ncQ aoclO9 O,Xl09 flxl0£
0.5 5.16 7.46 1.28
1.0 4.96 7.15 1.46
1.5 4.75 6.75 1.50
2.0 4.55 6.50 1.52
2.5 4.35 6.15 1.50
3.0 4.15 5.80 1.46
4.0 3.75 5.04 1.32

5.0 3. 37 4.31 1.18

These values were curve fitted using regression analysis. 
As seen from Fig 3.1, qg, fi and can be represented by
the following equations:

qgXlO^-.SgSSn^+S.BS [3.10]
q4xl09=— . 699n#q+7 .849 [3.11]

/3x 109=- . 00326neq4+ . 05nep3- . 3n#q2+ . 68neq+l .014 [3.12]
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3.1.2 Determination of Counterion Concentration, n^:
Another main modification to the original S-B model is 

the calculation of n„_. The S-B model assumes that theeq

counterion concentration can be represented by:
neq=3.5714/(fd|,/2-.188)2 [2.8]

which implies that neq is independent of Qv, and only a 
function of the free electrolyte concentration. This 
assumption necessitated the introduction of the empirically 
determined factor ' fg' to improve the quality of curve 
fitting. The LSU model assumes instead, that the counterion 
concentration is a function of both Qv and the free 
electrolyte concentration. This assumption eliminated the need 
for correction factors. This fact is supported by the 
experimental data published by Waxman and Smits4.

If the core conductivity, C0, is known the magnitude of 
the equivalent counterion conductivity can be calculated from 
equation 3.2. The data published by Waxman and Smits12 was 
used to determine noq and the results are presented in Fig. 
3.2, and appendix A. From figure 3.2 it can be observed that 
neq is a function of Qv and far water concentration, n. Neq 
increases with Qv and n but as any other solution the bound 
water reaches a saturation point. Saturation is reached at a 
value neq dependent on n as shown by the following Table 3.2:


