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ABSTRACT

Two conductive materials exist in shaley sand 
formations contributing to the bulk conductivity: one is 
clay with its bound water and the other is free formation 
water. The model is expressed physically as a-parallel- 
resistance network. But this model has not been used much 
in real log interpretation because it related to the geome
try factors which depend on pore structures and seem to be 
undefinable with real data. In this paper, such a model is 
theoretically developed giving a way to solve the problem.

Studies of the literature on clay properties leads to 
the reexamination of conventional shale model. A new model 
is developed for 100% shale which gives a more detailed 
look into the effect of clay.

A simulated resistivity curve is obtained from real 
data, primarily based on neutron and density porosity logs. 
The comparison of the simulated and recorded resistivity 
curves shows excellent agreement in water saturated rock.

The resistivity model together with the shale model 
gives a clear picture of the effect of clay in shaley sand 
formation evaluation.

The effects of clay are identified for oil-bearing 
reservoir rock.
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INTRODUCTION

The presence of clay with its bound water in sandstone 
formations invalidates the Archie's equations used for 
non-shaley rock. The effect of clay on electrical 
properties in shaley sand formations is described as a 
conductive path through the rock in parallel with the path 
through the pore system leading to a decrease of bulk 
resistivity. This model has been conceptually accepted and 
mathematically developed by many investigators (see 
Historical Review). But the shaley sand model can not be 
widely used in real data intepretation because there are 
limitations and uncertainties in the assumptions made in 
the applications of the approach.

The problem faced is that the resistivity model is 
related to some geometric quantities, called geometry 
factors, which are a function of pore space structures and 
seem to be undefinable with real data.

In the present paper, the problem will be solved by 
using the concept of tortuosity. The method can be used 
with direct application of Archie's Law.

In this study, the effect of clay in shaley sand 
formation evaluation is basically presented in the analysis 
of porosity. In this paper, it is assumed that 100% shale
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formation contains not only matrix rock and clay materials 
with their bound water as conventional shale model 
suggested, but also contains free formation water which has 
the same properties as the free formation water in 
sandstone.

The application of the resistivity model proposed 
requires a knowledge of some critical initial values such 
as the resistivity of clay, density of clay and neutron 
response to clay. The presence of 100% shale zones existing 
in a well is the key to determining these values and 
usually this is easily satisfied in practice. Based on 
neutron and density porosity responses and clay index value 
proposed by Kukal and Hill (1986), a technique is generated 
to solve the initial clay values which leads to the 
determination of formation evaluation parameters such as 
the volume of clay, bound water and effective porosity for 
the interval of interest of a well.

In using Archie's Law, a new F-4> relationship will be 
obtained from the data from the articles by Waxman and 
Smits (1967), and by Waxman and Thomas (1974) for clean 
sand formations.

The resistivity model will be applied to a set of real 
log data from Louisiana which is shaley sand formation. A 
simulated resistivity curve will be generated primarily
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based on neutron and density porosity logs. Comparison with 
the deep induction resistivity log will be made to 
illustrate the excellent agreement obtained.

The comparison also brings out the problem of 
convolution, which is discussed and demonstrated with one 
case.

Studies on an oil-bearing zone indicate that the 
resistivity model and shale model can be used to remove the 
effect of clay or shale to evaluate the water saturation of 
oil-bearing formations.

The effect of gas saturation on the new method is 
unknown and will be left to future investigation.
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1. HISTORICAL REVIEW AND DISCUSSIONS

Historical Review
G. E. Archie, in 1942, introduced relationships to 

describe the resistivity of sandstone in terms of its 
porosity, interstitial water resistivity and water 
saturation. The relationships are expressed as:

Rq — F Rw 1.1

F = 1.2

swn = ( R0/Rt ) 1-3

where $ is the fractional porosity of the rock, R0 is the 
resistivity of the brine saturated rock, Rw is the 
resistivity of the brine, and Sw is the fractional water 
saturation of the rock. The cementation factor, m, is 
usually in the range of 1.4-2.3, depending on the rock type 
and the saturation exponent n is approximately 2.

Subsequent investigations found that Archie's 
equations were satisfactory for shale free rocks, but not 
shaley ones.

Doll (1949) pointed out the effects of shaleyness on 
the SP log. Patnode (1949) studied the resistivity of clay.



T-3449 5

Patnode and Wyllie (1950) made resistivity measure
ments on 4 cores, using a range of different water resis
tivities on each core. They found that the formation 
resistivity factor of the core was not independent of the 
resistivity of the water, but decreased with higher 
resistivity of water. They suggested that in their samples 
the electric current flowed through not only the pore water 
but, also, through another path in the rock, a conductive 
solid. The behavior of the rock could be described by:

1 1 1    = ---  +   1.4
Rt R1 r2

where , Ri and R2 represent the resistivities of the 
core, conductive solid path and pore water path, 
respectively. Using Archie's equations, equation 1.4 can 
be rewritten as:

1 1 1  
  = --- +   1.5
Rt R1 frw

The authors suggested that the conductive solid path was 
through clay in the rock. They studied the electrical 
behavior of clay slurry and gave a relationship for the 
conductive solid term:
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1 Nx 1
  =   ( 1 -   ) 1.6
Rl Rs F

where Rs is resistivity of conductive solid, N is the 
volume fraction of solid, and x = 1.

L. deWitte (1950), after studying the work of Patnode 
and Wyllie, suggested that the conductive solid and the 
conductive water can be treated as a mixture of the two 
electrolytes. The resistivity of the mixture is determined 
from the volume fractions of the two electrolytes:

1 Vs vw  =   +   1.7
Rz Rs Rw

where Rz is the resistivity of the mixture material, Rs and
Rw represent the resistivity of the solid and water 
repectively, Vs and Vw are the volume fractions of solid 
and fluid. With the Archie's Law:

1 1 1 Vs Vw
  =   =   (   +   ) 1.8
Rq FRz F Rg Rw

Here, R0 is the bulk resistivity of the rock.
In 1954, Poupon and his co-workers proposed a 

laminated shaley sand model in which they assumed that the 
harmonic average of the true resistivity of shaley sand is 
related to the proportion (p) of shale lamination, and to
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the resistivity of the shale laminations and the 
resistivity of clean sand Rsand (Poupon, Loy and Tixier, 
1954). The relationship is:

1 P 1-P  = --- + ----- 1.9
Rt Rsh Rsand

For dispersed shaley sand, Poupon and his co-workers 
used the idea of mixture water resistivity. With Sz being 
the saturation of conductive mixture and q being the 
proportion of the total porosity occupied by the conductive 
solid, the relationship can be expressed as:

1 Sz q Sz-q
  =   (   +    ) 1.10
Rt Fz Rz Rw

Wyllie and Southwick (1954) developed a "three 
resistor" model based on the assumption that overall 
conductivity of shaley sand consists of three components of 
conductivity in parallel. These components are: (1) 
conductive fluid and conductive solid in series ; (2) pore 
fluid; and (3) conductive solid. The conductivity of a 
formation in this case can be written as:



T-3449 8

where C0, Cr, Cw are conductivity of bulk formation, solid 
and fluid, respectively,

X, Y and E are geometry factors,
F is formation resistivity factor, the ratio of 

resistivity of water saturated shaley sand 
formation to the resistivity of fluid.

Wyllie and Southwick were the first to introduce a 
resistor model in discussing the resistivity of shaley sand 
formations. However, they also noticed that the geometry 
factors could not be properly defined in the "three 
resistor" model.

À. J. deWitte (1957) stated that within the range of 
Rw which is of practical interest in log evaluation, the 
conductivity of shaley sand can be expressed as:

C0 = A + B Cw 1.12

where A and B are constants.
J. G. Patchett and D. C. Herrier (1982) made the

following statement:
The real question we have been faced with the 
past 3 0 or more years of shaley sandstone 
interpretion is how to define A and B such that 
the above equation becomes either a general dis
seminated or a general laminated model.

They also noticed that the quantities A and B can be quite
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complicated and depend on several factors.
Waxman and Smits (1967) applied the concept of cation 

exchange capacity (CEC) to shaley sand formation. They 
proposed a model under the assumption that the electrical 
conductivity of shaley sand formation can be represented by 
the sum of two conductivities. They are the conductivity of 
the free water path plus the conductivity of the clay path 
with its bound water. The relationship is expressed as:

C0 = XCS + YCW 1.13

where Cs is the conductivity of clay with associated 
water, Cw is the conductivity of free water, X and Y are 
geometry factors.

In the model, it is assumed that the electrical 
current transported by clay and associated water travels 
along the same length of path as the current in uniform 
water. Thus, the geometry factors X and Y can be treated to 
be equal and written as:

1
X = Y = ---------------- 1.14

F*

where F* is formation resistivity of shaley sand formation. 
The conductivity of the clay path is related to the
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cation exchange capacity of the rock. Equation 1.12 
becomes :

1
C0 =  -(BQV + Cw) 1.15F*

where B is a constant and Qv is cation exchange capacity.
This model has become a widely accepted approach to 

understand the effect of clay in shaley sand. But 
practical methods to evaluate Qv from well log measurement 
have not been found.

In 1977, C. Clavier, G. Coates and J. Dumanoir 
proposed a modified W-S (Waxman-Smits) model in which it is 
assumed that the conductivity of shaley sand is the result 
of two kinds of water. One is the water near the clay 
surface (clay water), the other one is the bulk formation 
water (far water).

Discussion
All shaley sand formation models mentioned above can 

be grouped into two categories: those in which the conduc
tivity of a formation is treated as the result of a mixture 
water which is an average of conductivity of fluid and 
solid; and those in which the conductivity of a formation 
is treated as conductive fluid and conductive solid acting
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in parallel.
The first category included the work of L. deWitte 

who first suggested the idea of mixture water. In the 
model, the conductivity of the "water” was considered to be 
the average of the two electrolytes by their volume 
fractions. It has the form:

1 Vs Vw  =   +   1.16
Rz Rs Rw

where Vs and Vw are the volume fractios of the two
electrolytes, respectively. Thus, the rock conductivity is 
obtained by applying Archie's Law:

R0 = FZRZ 1.17

Equation 1.16 shows that the conductivity of the 
conductive mixture is a weighted average with the weight 
being volume; i.e. the electrical property of such mixture 
behaves like the linear combination of the two conductive 
materials. However, this can hardly be conceptually 
accepted because of lack of theoretical support.

The second category of model is of the form:

co = X cs + Y C 1.18
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where X and Y are geometry factors. This model attributes 
the conductivity of shaley sand to the result of two 
conductive materials acting in parallel: one is fluid and 
the other is solid. With this model, the main problem faced 
is the difficulty of properly defining the geometry factors 
with real data. Even the most widely accepted W-S model 
uses the assumption that X and Y are equal. In "dual water" 
model, the geometry factors are related to Cw as well as 
the "geometry structure".

For practical usage the parallel path model is 
physically sound. This paper will develop methods for its 
usage.
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2. RESISTIVITY MODEL THEORY

Concept of Tortuosity
It is well known that the resistivity of a water 

saturated rock depends on the resistivity of the fluid 
filling in effective (connected) pore spaces and the pore 
structure, under the assumption that the matrix rock 
material is not conductive. It is nearly impossible to 
describe the pore geometry of a real rock. It is too 
complex. To simplify such a problem, consider a rock with 
cross-sectional area S, length L and porosity d. Put the 
effective pore spaces together to form a fluid channel with 
cross-sectional area Se and length Le (Fig. 1). Here, Le 
is the statistical average of the path length of pore 
channel along which electrical current flows and Se is the 
statistical cross-sectional area of the pore channel. The 
resistance of the rock is controlled by such a conductive 
fluid channel. This relationship can be expressed as:

L Le
Ro  = RW----S Se

where R0 and Rw represent the resistivity of the bulk rock 
and the fluid.

Multiplying the numerator and denominator of the left



T-3449 14

Fi
gu
re
 

1. 
The

 
co
nc
ep
t 

of 
To
rt
uo
si
ty
. 

(1)
 
Tru

e 
fo
rm
at
io
n.
 

(2)
 
Si
mp
li
fi
ed
 

fo
rm
at
io
n.



T-3449 15

side of the equation by L, and by Le on the right side, the 
equation becomes:

R0  - Ry-----SL SeLe

Note that SeLe is the expression of volume of pore space of 
the rock, and SL is the volume of the bulk rock. The ratio 
of the two volumes is porosity. Rearrange the equation and 
it can be written as:

Le ,(----) 2 = <# F
L

Here, Le/L is defined as Tortuosity, denoted T; and F is 
the formation resistivity factor: F=R0/RW . The equation 
becomes :

T2 = (J> F 2.1

According to Archie's Law, the formation resistivity 
factor is independent of the conductivity of the material 
filling in the pore space. That is, for a certain rock, F 
is a constant as long as the matrix of the rock is 
non-conductive.



T-3449 16

Resistivity Model for Shalev Sand
In non-hydrocarbon bearing shaley sand formations, the 

conductive materials are usually considered to be fluid 
(material 1) which totally fills the effective pore system, 
and shale which is a conductive solid (material 2). The 
conductivity of the formation is controlled by these two 
elements acting in parallel. The matrix of the formation is 
non-conductive sand. For a certain volume of such formation 
with cross-sectional area S and length L, the conductance 
of the formation is the sum of conductances of the paths 
through materials 1 and 2. The relationship is expressed 
as:

1 1 1
  =    +   2.2
RtL/S R^L^/S^ r 2l2/s2

where R^ is the bulk resistivity of the formation, R^ and 
Rg are the resistivities of materials 1 and 2 , and L2 
represent the statistical lengths of materials 1 and 2 and 
Si and S2 represent the statistical cross-sectional areas 
of materials 1 and 2, respectively. Multiplying both sides 
of the equation by L/S and rearranging, we get the 
conductivity relationship:

1 1 SiL 1 S2L  = --- * --- +   *   2.3
Rt R1 IqS R2 L2S
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Comparing this equation to the two-parallel-resistor model 
(Equation 1.13), we conclude that the geometry factors X 
and Y can be expressed as:

S^L SgL
X = ----- , Y = -----  .

L^S L2S

It seems that the geometry factors are difficult to
determine in practice. In order to find the meaning of
these two quantities, some mathematical procedures are 
taken. Multiply the numerator and denominator of the X term 
by L*Li and the numerator and denominator of the Y term by 
L*L2 to obtain:

L2 LjSj L2 L2S2
X = ----  *   , Y = ---- *   . 2.4

Lx2 L S L22 L S

Again, L^Si/LS and L2S2/LS are the volume fractions of 
materials 1 and 2 (denoted as <bi and <î>2 respectively) , L/L^ 
is the reciprocal of tortuosity of the path through
material 1, and L/L2 is the reciprocal of tortuosity of the
path through material 2 .

From the forms of equations 2.3 and 2.4, both resistor 
elements can be studied separately. The first term in 
right side of equation 2 .3 represents the part of the 
conductive volume occupied by material 1 , and the parts
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occupied by material 2 and matrix rock are non-conductive; 
Similarly, the second can be treated as the part of the 
conductive volume occupied by material 2. Figure 2 shows 
the model for resistive rock controlled by these two 
components.

From equation 2.1, the tortuosities for materials 1 
and 2 are expressed with an<* 4>2F2 • With substitution
in equation 2.3, the conductivity relationship becomes:

1 X Y
  = --- + -------------  2.5
Rt R 1 r 2

where
1 1

X = --- , Y = --- .
F 1 f 2

This is the parallel resistance model. The geometry 
factors X and Y now are defined in such a manner that they 
depend only on "geometry structure" of the conductive 
paths.

The variables are R^, the resistivity of material 1 
(the conductive solid), Rg, the resistivity of material 2 
(water), F^ and F^, the formation resistivity factors of 
clay and water paths, respectively.
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3. DESCRIPTION OF SHALEY SAND FORMATION

Shale
The shale model is usually considered to consist of 

two basic mineral components : silt and clay minerals. Silt 
is a very fine-grained material which is predominatly 
quartz. Silt has matrix properties similar to sand. There 
are three main types of clay materials: kaolinite, 
montmorillonite and illite. These are sheet-like materials 
having very small particle size. Under formation 
conditions, clay minerials adsorb water (bound water) and 
is known as "wet clay". Shale formation is essentially a 
mixture of silt and "wet clay". The dimension of the pore 
structure of shale is so small that it has almost zero 
permeability and formation water can not flow through the 
pore spaces. Therefore, it is considered that there is no 
effective porosity distributed in shale.

Clay
Clay, in nature, is earthy, fine-grained material 

which develops plasticity when it is mixed with some water. 
Clay materials can be classified according to their 
structure into several specific groups of minerals. The 
most common clay minerals are kaolinite, montmorillonite
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and illite which are essentially layered hydrous aluminum 
silicates (Ruhovete and Fertl, 1981). The theoretical 
formulas for chemical compositions of the main types of 
clay minerals are shown in Table 1.

One of the typical properties of clay minerals is that 
they contain a considerable amount of hydrogen. In well 
logging terminology, the hydrogen index (HI) is a measure 
of the hydrogen concentration in a material. The HI of 
water is approximately 1.0. If the matrix material of water 
saturated rock contains no hydrogen, then the HI of the 
rock is approximately the porosity of the rock. The HI 
values for kaolinite and chorite are approximately
0.34-0.3 6 whereas the HI values for montmorillonite and 
illite are approximately 0.12-0.13. Basically, clay 
minerals fall into two categories differentiated by the 
above two HI values (Ruhovete and Fertl, 1981).

Natural Radioactivity is another characteristic of 
some clays. Clay minerals have potassium (K) with traces of 
thorium (Th) and uranium (U) concentrations. Typically, 
shale exibits high K and low U and Th values. Most of the 
radioactivity is from K of clay minerals.

Perhaps the most difficult property of clays to define 
is their densities. There is no constant density value for 
a given type of clay because the percentage of constituents
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of each clay mineral can vary. The range of clay density 
may vary from 2 .2-3.2 g/cm3 (Table 1).

Almost all clay minerals adsorb water. A rather strong 
attractive force adsorbs water molecules on clay mineral 
surfaces. The adsorbed water molecules are immoble. Such 
"bound water" surrounding clay particles in eqiulibrium 
with an electrolyte characterizes the electrical properties 
of clay. These properties, perhaps, are the most critical 
with respect to formation evaluation.

Shalev Sand Formation
In most clean sand, the formation fluid can freely 

flow through the pore spaces and there is a high effective 
porosity. Shaley sand is formed when shale which is 
considered to consist of silt and clay minerals occurs in 
clean sand stone. The properties of shaley sandstone 
formation are greatly affected by the presence of shale.
The effective porosity of shaley sand decreases because of 
the presence of fine grained silt and clay; and the bulk 
resistivity is influenced because the clay, with its bound 
water, forms a conductive path through the rock. The 
effects of shale on the bulk properties of the rock make 
formation evaluation of shaley sand difficult.
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Table 1
Hydrogen Index And Density of Clay Minerals

Mineral Formula HI Density

Kaolinite Al4 [Si4O1 0](OH)8 0. 36 2.61

Chlorite (Mg,Al4 ,Fe)1 2 [(Si, 
A1)8o20l(OH)i6

0. 34 2.60-2.96

Montmorillonite (0.5Ca,Na)0 f7 (A1,Mg, 
Fe)4 (Si,Al)802o(OH)4

0.12 2.20-2.70

Illite Kl-1.5A14[si7-6.5 
A1l-1 .5°2 0](OH)4

0.12 2.64-3.20
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Assumption for Clav Effect Evaluation
Clay properties vary according to type. However, 

within a specific area, or a certain interval of a well, 
clay properties are assumed to be constant. This is an 
assumption usually employed in conventional formation 
evaluation. In this paper, it is assumed that the 
distribution of clay minerals in 100% shale zone is the 
same as in shale present in nearby shaley sandstone.
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4. LOG PARAMETERS

Neutron Response
The neutron porosity log responds primarily to the 

hydrogen content known as Hydrogen Index, HI, of the 
formation. The HI of a unit volume of free formation water 
is set to be 1.0. When formation is clean sand, the reading 
of neutron log is the porosity of the formation. Shaleyness 
has a large effect on the neutron response because there is 
a great amount of hydrogen present in clay minerals with 
their bound water.

Density Response
The density porosity log, which is usually scaled in 

sandstone porosity units, responds to the bulk density of 
formations. It is expressed as:

2.65 - Pk
*d  -----------2.65 - Pw

where is the density porosity, and pw are the 
densities of formation and formation fluid. The density of 
shaley sand is controlled by the matrix rock, clay 
minerals, bound water, free formation water, and 
hydrocarbons present. Typically, sand matrix has a density
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of 2.65 g/cm3, and the density of clay varies within the 
range of 2.2-3.2 g/cm3. It is assumed that within an 
interval of a well, the density of clay remains constant. 
The density of bound water varies. It may be as high as 1.4 
g/cm3, with an average of about 1.2 g/cm3(Ruhovets and 
Fertl, 1981). This value is taken in this paper.

Gamma Rav
The natural gamma ray log measures the natuaral gamma 

ray emission from formations. Gamma rays are generated when 
the radioactive materials in the formation decay. This log 
is used to indicate shaleyness of formations. In 100% shale 
zones the gamma readings are maximum values, while in clean 
zones it shows the minimun readings. Therefore, in some 
interpretation methods, the gamma ray log is used to 
calculate the volume of shale.

Resistivity Log
The deep investigating resistivity log measures the 

bulk resistivity of formations. Because hydrocarbons are 
non-conductive but occupy effective porosity, 
hydrocarbon-bearing formations have higher resistivity 
value than non-hydrocarbon bearing zones. Their resistivity 
value depends on the resistivity and the volume of
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formation water. Therefore, the formation resistivity is 
related to water saturation. In shaley sand formations, 
because the clay materials are conductive, the bulk 
resistivity values are affected by the presence of shale.
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5. METHODS FOR DETERMINATION OF CLAY AND SHALE VOLUME

Volume of Clav in Shale
The terms "clay volume" and "shale volume" are not 

equivalent. They are two different parameters and very 
important in estimating the effect of clay in shaley sand 
formation evaluation. For the complexity of distributions 
of clay minerals in shale, effective methods for 
determination of clay volume have not been found. Usually 
only emperical equations are used to get approximation of 
clay volume. Kukal (1983) presented an equation to 
determine the clay volume using natural gamma ray response 
It has the form:

GR - GR^inVcl =   5.1
GRclay ” GRmin

where Vc  ̂ is clay volume, GR is the gamma ray response 
reading from log, GRin̂ n is the gamma ray response to a 
clean sand, and GR^iay the gamma ray response to 100% 
clay. This equation is similar in form to the equation 
often used for shale volume (in which GRciayis replaced 
with GRmax which is the gamma ray response to shale). 
Evidently, gamma ray response to clay is greater than the 
response to shale, but as mentioned, 100% clay usually
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does't occur within a well. So it is necessary to find a 
relationship between shale and clay volume.

Kukal and Hill (1986) made observations on the effect 
of clay on neutron and density logs. Their work confirms 
the result of Potter et al (1980), Yaalon (1962) and 
Pollastro's (1984) work on the composition of shale 
samples. They stated that, worldwide, shale contains an 
average of about 60% clay. That is, the clay index, K, 
equals 0.6. This value is taken in this paper.

The Volume of Shale in Sandstone
There are a number of methods to determine shale 

volume. The most common one is to use gamma ray log data. 
The formula used has the form:

GR - GR^in
Vsh = — -----------  5.2

GRmax GRmin

where Vsh represents shale volume.
The natural gamma ray usually is generated from 

radioactive materials, such as U, K, and Th existing in 
clay minerals. However, radioactive materials may exist in 
non-clay minerals. Thus, the natural gamma log can give 
incorrect result for shale volume. On the other hand, this 
method always needs the parameter, GRmin, the gamma ray
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response to clean sand. Unfortunately, clean sand zones 
are not alway present in a well (or an interval of the 
well) of interest.

Noting that neutron and density logs are not 
influenced by natural radioactivity in the rock, and that 
the separation of the logs depends on the amount of clay 
present, we developed a method to use density and neutron 
logs to determine shale volume as follows.

It is assumed that shaley sand formation consists of 
matrix rock, free formation water and shale (shale is 
matrix + free water + clay with its bound water). The 
relationships of density and neutron response to shaley 
sand formation are established:

4>n = ^w^nw + ^sh^nsh + vma^nma
pb = vwpw + vshpsh + vmapma
1 = Vw + VSh + Vina

where 4>n, <|>nw, 4>nsh and <t>nnia are the neutron responses to
bulk formation, free formation water, shale and matrix; p̂ , 
pW' Psh and Pma are the density of the bulk formation, free 
formation water, shale and matrix; Vw, Vg^ and are the 
volumes fractions of free formation water, shale and matrix 
rock, respectively. Combined with equation 5.3c, equation

5.3a 
5.3b 
5. 3c
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5.3b can be rewritten as:

4>d = V* + vsh^dsh

where

, pb pma psh “ pma*d = ---------- , »dsh =   •
pw ” pma pw ” pma

Here, ^  is in sand stone porosity units in which the den
sity porosity log is scaled. Take <t>nma to be 0.0, from equ
ation 5.3a and 5.3d, the shale volume fraction is obtained:

4>n - 4>dVsh = — ----------- 5.4
^nsh ” 4>dsh

Because of the assumption that the clay properties remain 
the same within an interval of interest, <J>nsh and ^dsh 
should be constants in the interval. Thus VSh in equation 
5.4 depends only on the difference of neutron and density 
response (<j>n - t̂ ) . Practically, in clean sand, density and 
neutron responses are equal, i.e. the minimum value of <t>n - 
Od is zero. If the maximum value of the difference is take 
from 100% shale formations, the volume fraction of shale in 
a zone of interest can be calculated from the ratio of 
(<i>n " W  to the value of (<i>nsh - <t>dsh) •
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6 . 100% SHALE MODEL

In this paper, it is assumed that 100% shale consists
of matrix rock, clay material with bound water and free 
formation water. Clay minerals in shale adsorb water. On 
the other hand, free formation water is contained in the 
capillaries of silt in the shale. The conductive materials
in shale zones are: 1) clay materials with bound water,
which is conductive solid and, 2 ) free water which is 
conductive fluid. Here, the "free water" doesn't 
necessarily mean that it can freely move. It is assumed 
that such free water has the same properties as the water 
in sandstone, i.e. it has the same density and resistivity 
Under this assumption, the conductivity of 100% shale can 
be considered as the result of the two elements, clay with 
bound water and free formation water, acting in parallel.

Let Rcb be the resistivity of clay with its bound 
water, Rw be the resistivity of free formation water. The 
conductivity relationship of 100% shale formation can be 
established below:

1 1  1
  =    +   6.1
Rsh FcbRcb FwshRw

where Rsh is the bulk resistivity of 100% shale, FCb and
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Fwsh are the formation resistivity factors defined by the 
clay with its bound water and free formation water, respec
tively, in 100% shale. The method to determin and Fws^
will be developed in a later section.

Rsh represents the resistivity in 100% shale zones.
Rcl3 is yielded from the above equation as:

^shFwshFwRqJu — ------------------ • 6.2
Fcb(FwshRw™ Rsh)

In non-100% shale zones (where shale volume fraction < 
100%), the constituents of formation are shale and matrix 
rock. Free formation water and clay with its bound water 
are still the two elements which contribute to the 
conductivity of the formation. The free formation water now 
is from two parts of the formation: sandstone and shale, 
and it is considered as one electrolyte because the free 
formation water has the same properties. According to the 
resistivity model developed, the conductivity relationship 
for non-100% shale formations is expressed as:

1 1  1
  — ------ +   6.3
Rt FcbRcb FwRw

where Fw is the formation resistivity factor defined by the 
free formation water from sand and shale. When the
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formation is 100% shale , Fw in above equation becomes 
Fwsh*
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7. F - <1> RELATIONSHIP

Equation 1.2 given by Archie describes the experimen
tal relationship between formation resistivity factor and 
effective porosity for clean formation. The cementation 
factor m is a constant for a grain rock type. In practice, 
this equation has been modified to the more general form:

F = A 7.1

However, there are no fixed values of A and m for the 
equation which can be widely used. Values for A and m are 
determined only for specific areas. Many experimental 
analysises of core data suggest that cementation factor m 
could be a function of other parameters. Given (1986) 
analyzed core data to study the relationship among 
resistivity index n, cementation factor m and tortuosity T. 
In his work, the high degree of correlation between m and T 
leads to the suggestion that m is not an independent rock 
parameter but is related to the complexity of the 
interconnecting electrolytic paths in rock.

In this paper, an analysis is made based on the data 
provided from published articles by Waxman and Smits 
(1967), and by Waxman and Thomas (1974) (Table 2). The
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Table 2
4) And F Data of Clean Sand Cores

Core 4) F
Data Set 1 (From Waxman and Smits, 1967): Table 1

1-25 0.230 15.6
1-38 0.232 9.82-16 0.118 52.42-39 0.212 12.4

Data Set 2 (From Waxman and Smits, 1967): Table 3
1-4 0.202 15.8
1-8 0.208 15.5
1-10 0.245 12.2

Data Set 3 (From Waxman and Thomas, 1974): Table 4
3301B 0.135 38.2*

The information source only provides the values of 
porosity and cementation m for a sand stone core.
Since the Qv value for this core is 0.06 which can be 
considered to be a clean rock, the formation factor is 
calculated with the equation:

F = <j)-m

where m = 1.82.
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data are chosen from those samples which have fairly 
constant F according to the measurements of R0 over several 
values of Rw . In the statistical regression analysis of the 
data , it is found that using T and as the variables will 
give very high correlation coefficient. The relationship is 
of the form :

F = A (j>T-l+B Ln <j> 7.2

where A = 1.078, B = 1.533 and the correlation coefficient 
is 0.98. Substituting dF for T, the equation becomes:

F = A cj/^ - 1 + B Ln <t> 7.3

F can be solved numerically. Fig 3 shows the data plot of 
the relationship of F-<t> and the comparison of the model 
with Archie's model. Equation 7.3 will be used for clean 
formation in both cases of the two conductivity component 
model(Fig. 2)
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F =  1 . 0 8 < ^ - 1+1-53;5Ln(W

i  DATA SET 1

+  DATA SET 2

♦ DATA SET 3

L0_

0.05 0.300.20 0.25
Figure 3. F-(J> relationship derived from Waxman and
Smits, and Waxman and Thomas' data.
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8 . DETERMINATION OF INITIAL VALUES

The application of the resistivity model proposed in 
this paper relies on the knowledge of several parameters : 
The resistivity of clay with its bound water (Rcb), the 
formation resistivity factors for clay, and free water 
(Feb, Fw)' which can not be directly obtained from well 
logging, and Rw . These values will be determined from the 
analysis of real log data. Equation 6.2 gives a relation
ship to calculate the resistivity of clay with its bound 
water. It is seen that RCb is a function of the formatiom 
resistivity factors in shale for clay with bound water, and 
for free formation water. It is assumed that the 
relationship between formation factor and volume fraction 
is described by equation 7.3 and that it holds for both 
free water and for clay with bound water. The basis for 
determining Fw and FCb in shale is developed as follows.
The methods for such analysis will be based primarily on 
density and neutron log responses.

In practice, 100% shale zones often occur in a well 
which contains shaley sand formations. According to the 
shale model developed, the constituents of 100% shale are 
matrix rock, clay with its bound water, and free formation 
water. The properties of clay are assumed to be the same in
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general zones (VSh < 100%) as in the shale zone. With the 
above assumption, some equations will be set up to estimate 
shale and clay values as initial parameters.

Neutron Equation
The neutron response to 100% shale formations is 

controlled by three elements : clay which has the range of 
HI of 0.11-0.36? free formation water to which the neutron 
response is 1 .0 ; bound water which is adsorbed on the 
surface of clay minerals. Because bound water has an 
average density of 1.2 g/cm3 (Ruhovets and Fertl, 1981), in 
this thesis it is assumed that bound water has an average
HI of 1.2. The effects on the results of using other values
is not considered. The relationship of neutron response 
for 100% shale can be expressed:

^nsh = vw^nw + vcl^ncl + vbw^nbw + vma^nma 8 .1a

where and Vc  ̂are the volume fractions of bound water 
and clay, ^nbw represents the neutron response to bound
water. In this paper, 4>nbw is assumed to be 1.2

Density Equation
The density equation of 100% shale is given as:
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Psh “ vwpw + vclPcl + vbwpbw + vmaPma 8.1b

where Vma is the volume fraction of matrix and Pma and pci 
are the densities of matrix and clay.

Unity Equation
The sum of volume fractions of matrix, clay, bound 

water and free formation water should be 1.0:

1.0 = Vw + Vci + + Vma 8. 1c

Clav Index Equation
Kukal and Hill's work indicates that worldwide, shale 

contains an average of about 60% of clay minerals. Here, 
shale does not include free water and bound water. This 
"dry shale" then contains 40% of matrix rock materials. 
From this, the relationship between matrix volume and clay 
volume can be derived and expressed as:

1 - k
Vma = ------- vcl 8 •ld

where K is clay index, equal to 0.6.
In the above four equations, the unknowns are Vw , Vci, 

vbw' vma' Oncl and Pci* In order to solve equations 8.1 for
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the unknowns, an interval of general zone (test zone) is 
needed. This test zone is chosen nearby the shale zone and 
there are the relationships :

vwl^nw + vcll^ncl + vbwl^nbw + Vmal^nma ™ ^n 8.2a
vwlpw + vcllpcl + vbwlpbw + vntalpma = pb 8.2b
Vwl + V d i  + Vbwl + V^ai =1.0 8.2c

In the test zone, values of Vwl are computed two ways: 
with the neutron porosity and with the density porosity.
The values of ^^cl and Pci are chosen so as to minimize the 
difference in the two computed values of Vwl throughout the 
test zone. Details of the procedure are shown in Appendix
1.

Fcb and Fwsb in equation 6.2 can be determined by 
using the F-4> relationship equation 7.3, which leads to the 
determination of Rci. In the determination of Fcb, the 
value of Vcb is the sum of volume fractions of clay and 
bound water:

vcb ~ Vci + Vbw

where the subscript 1 represents the general zone. Here, 
the clay index equation used in 100% shale zone is no 
longer valid in the general zone. Under the assumption of
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consistant shale properties, the volume fractions of clay 
and bound water are calculated with the equtions:

Veil = Vsh * VC1 , Vbwl = Vsh * Vbw 8.3

Using equation 8.1a or equation 8.1b and 8.1c, we get the 
expressions for Vwl. Theoretically, Vwl calculated from 
these two methods should be equal. However, in practice 
they are often not exactly the same and the weighted 
average is usually employed as the free formation water. 
In this paper, Vwl is determined by:

(Vwl)d + (Vwl)n
Vwl = --------------------  8,42

where the subscripts d and n of Vwi represent the density 
and neutron equations.
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9. WELL INFORMATION

The log data are from a shaley sandstone formation in 
Louisiana. As required, the identity of the information 
will not be disclosed. This well has the measurements of 
deep induction resistivity, gamma ray, density, neutron, 
and microlog for the interval of 5240-7100 feet. These 
logs were digitized at the digitizer of CSM computer 
center, with sample rate of 0.25 feet. Data values are 
"apparent" values from the logs and no corrections were 
made. The processing is point by point. In the well, most 
clean sand, shale and shaley sand zones are non-hydrocarbon 
formations. The only known oil productive interval of the 
well is at 6558-6568 feet. It is thought to be a channel 
sand.

According to the resistivity model and shale model 
developed, density and neutron logs are the basic input 
data.
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10. APPLICATION OF REAL DATA

The application of the models proposed in this paper 
will generate a simulated resistivity curve which will be 
compared with the deep induction resistivity log. In the 
calculation, the volume of clay and effective porosity are 
also obtained. A comparison will be made between the 
results of the model developed in this paper and other 
shaley sand models. Through the analysis of the 
hydrocarbon bearing interval, a method for determining 
water saturation will be developed.

100% Shale Zones in Consistence Interval of Clav Properties
From the difference of density and neutron log 

reponses and gamma ray log, it is seen that there are two 
different shale zones. Figure 4 shows the log responses to 
the 100% shale zones from which the log values are directly 
read for determination of initial clay parameters. 
Principally, the data are taken at the zones where the 
caliper remains smooth. Table 3 lists the log data values 
of the two 100% shale zones and the initial clay parameters 
solved from equation 8.la-ld. These two sets of data will 
be used for the intervals of 5240-6676 and 6676-7100 feet 
(intervals 1 and 2), respectively.
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100% SHALE ZONES FOR INTERVAL 1 AND 2
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Figure 4. 100% shale zones for intervals 1 and 2. Zone A
is at 5478-5522 feet in interval 1 and zone B is at 6730-
6802 feet in interval 2.
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Table 3
Input Shale Data And Initial Clay Values

Parameters Zone A Zone B

4>n
Input Shale Data 

0.43 0.40
*d 0.20 0.13
Rsh 1.0 ohm-m 1.0 ohm-m

Pci
Initial Clay Values 

3.03 g/cm3 2.89 g/cm3
4>ncl 0.14 0.33
Vcl 0.406 0.47
Vbw 0.250 0.145
Vw 0.073 0.0706
Rcl 0.959 ohm-m 0.82 5 ohm-m
Rw 0.0265 ohm-m 0.0304 ohm-m
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Resistivity of Free Formation Water
As in conventional log interpretation, the resistivity 

of formation water is one of the most important parameters 
needed for the evaluation of the proposed shaley sand 
model. Traditional souces of Rw information include 
produced water on production tests and the SP log in non- 
shaley intervals. In this paper, Rw is determined with the 
shale model, and the shaley shaley sand resistivity model. 
There are a number of "clean" zones in the well. In Figure 
5, zone A at 5550-5584 feet and zone B at 7064-7078 feet 
are two "clean" sand zones chosen for intervals 1 and 2 to 
determine the values of free formation water resistivity. 
From neutron and density log responses, we see that even in 
such "clean" zones, there are still some separation between 
the two logs indicating that there still is clay existing 
in the zones. Applying the resistivity model developed, we 
get:

Rs Rcl Fell Rw = ----------   10.1
FW1(RclFcll“Rs)

where Rs is the resistivity reading from log at the "clean" 
sand zone, Fc n  and Fwl are the formation factors for clay 
and free formation factor in the zone. Rc  ̂ is the 
resistivity of clay with its bound water. Here, the value
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CLEAN SAND ZONES FOR INTERVAL 1 AND 2
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Figure 5. "Clean" sand zones for intervals 1 and 2. Zone A 
is at 5550-5584 feet in interval 1 and zone B is at 
7064-7078 feet in interval 2.
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of R c i is not determined yet which is also a function of 
Rw . For 100% shale zone, equation 6.2 gives:

Rsh Rw Fw Rcl = ---------------
Fcl(RwFw”Rsh)

The combination of equation 10.1 with the above equation 
and the use of the F-<fr relationship (equation 7.3) leads to 
the determination of Rw and Rc^. The value of Rw for 
interval 1 is 0.02 65 ohm-m and for interval 2 is 0.03 04 
ohm-m.

Test Zones
In determining the initial clay values by using 

equation 8.la-ld, a test zone is needed and is chosen from 
nearby 100% shale zones in each interval. These test zones 
are small intervals of general shaley sand formations (Vg^
< 100%).

Simulated Resistivity Curve
The use of equation 2.8 generates a simulated 

resistivity curve for the well at depth where the logs were 
recorded, primarily based on neutron and density logs as 
the input data. Figures 6-8 show the examples of simulated 
resistivity curves in intervals 1 and 2 which are all in
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SIMULATED AND RECORDED RESISTIVITY (OHM-M)
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Figure 6. Example of simulated curve before filtering pro
cess and deep induction at 5510-5630 feet in interval 1.
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SIMULATED AND RECORDED RESISTIVITY (OHM-M) 
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Figure 7. Example of simulated curve before filtering pro
cess and deep induction at 5880-6000 feet in interval 2.
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SIMULATED AND RECORDED RESISTIVITY (OHM-M) 
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Figure 8. Example of simulated curve before filtering pro
cess and deep induction at 6970-7100 feet in interval 2.
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non-hydrocarbon bearing formations. Compared with induction 
resistivity log, the simulated curve is in good agreement. 
Because of the greater variation at depth, the simulated 
curve seems to give a higher resolution than the induction 
resistivity log. This, in turn, brings out the question of 
convolution.

Like other parameters being measured in well logging, 
the induction resistivity is measured at discrete, 
regularly spaced points along a well. The recorded value at 
each discrete measurement point is actually not the true 
resistivity value of the formation right at that point but 
the weighted average of the resistivities of the 
measurement point and the points above and below for some 
interval of distance. That is, the resistivity value at a 
point on the log is actually the average value of 
resistivity of a certain interval of formations. Such an 
interval of formation can be treated as a filter. Each 
recorded value of resistivity is the result of such a 
filtering processing. The averaged interval depends on the 
logging tool. It usually is 4-6 feet for deep induction 
logging tool. The intervals for neutron and density logging 
tools are about 1.5 feet.

It is still a difficult problem to remove this 
averaging and/or obtain a more accurate estimate of the
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true resistivity value at each point of the formation along 
the borehole from the induction log. Further research on 
this aspect is beyond the scope of this paper. However, to 
get results for simulated resistivity compare with the 
induction log, we assume that each point of the formation 
within the measurement interval equally affects the 
recorded values.

The simulated curve obtained is based on the density 
and neutron log data. The measurement intervals for density 
and neutron tools are much shorter than that of induction 
tool. So the filtering processing (convolution) is applied 
over the simulated resistivity curve. According to above 
assumption, the filter used is a uniform filter. The 
processing can be expressed as:

n
2 Yi+kk=-n

Yi = ---------- 10.2
N

where is the simulated resistivity value after the 
processing, yi+k is the simulated resistivity value before 
the processing, and N is the number of depths (N = 2n+l).

The spacing for the processing in the well is 3.5 feet 
with n = 7. the sample rate is 0.25 feet. The comparisons 
of the examples of the simulated resistivity curve after 
filtering processing with the induction log for intervals 1
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and 2 shown on Figure 9-11 indicate good general agreement.

Comparisons with Other Models
Data from the well logs used in this paper are applied 

to two other models. For comparison purposes, the results 
are presented in terms of a simulated resistivity log along 
with the real resistivity log.

Comparison with the model proposed bv Poupon, et al. 
(1954)

The model is rewritten as:

1 vsh  = —---  + ------------- 10.3
Rt Rsh Rsand

It was developed for laminated shaley sand, considering 
that the two conductive materials are shale and sand.
Thus, the resistivity Rj- of the formation is the result of 
the shale and sand in parallel. The value of bulk 
conductivity in this particular case can be expressed as 
the linear combination of the two materials by their 
volumes (equation 10.3). Rg^ and RSand are directly taken 
from log data. A method to determine Vg^ is not given in 
the model and equation 5.4 will be used for the 
calculation. The simulated resistivity curve is obtained 
after convolution processing. Figures 12-14 show the
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SIMULATED AND RECORDED RESISTIVITY (OHM-M) 
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Figure 9. Example of simulated curve after filtering pro
cess and deep induction at 5510-5630 feet in interval 1.
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SIMULATED AND RECORDED RESISTIVITY (OHM-M) 
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Figure 10. Example of simulated curve after filtering pro
cess and induction at 5880-6000 feet in interval 1.
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SIMULATED AND RECORDED RESISTIVITY (OHM-M) 
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Figure 11. Example of simulated curve after filtering pro
cess and induction at 6970-7100 feet in interval 2.
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COMPARISON WITH OTHER MODELS 
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Figure 12. Comparison of other models with induction at
5510-5630 feet in interval 1. (1) is Pouponzs model, (2)
is mixture water model.
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COMPARISON WITH OTHER MODELS 
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Figure 13. Comparison of other models with induction at
5880-6000 feet in interval 1. (1) is Poupon1s model, (2)
is mixture water model.
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COMPARISON WITH OTHER MODELS 
(OHM-M)
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Figure 14. Comparison of other models with induction at
6970-7100 feet in interval 2. (1) is Poupon1s model, (2)
is mixture water model.
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comparisons with examples of the induction resistivity log 
in interval 1. It is evident that in 100% shale zones and 
clean sand zones the model has a fine agreement with the 
real resistivity log and the values in these zones are Rs^ 
and RSand' In the zones that are sandy shale or shaley 
sand, the agreement is not very good. This indicates that 
the model is not suitable for this sequence of sands. The 
application of the model will be limited in this case.

Comparison with mixture water model bv deWitte (1950):
The resistivity Rz of the mixture water is determined 

by using equation 1.5. Rci, Vci and Vw are calculated 
according to the methods developed in the paper. A 
simulated resistivity curve is generated for the mixture 
water model using the Archie's Law in clean sand:

Rt = F z Rz

where Fz is the formation resistivity factor defined by the 
mixture water which has the volume of (Vcii+Vb^i+^wi)• The 
comparison of the simulated curve of mixture model with the 
induction resistivity log shown on Figure 12-14 indicates 
undesireable result of the model.
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Analysis of Hvdrocarbon-Bearinq Zone
The interval of 6558-6568 feet is the only known 

oil-bearing zone in this well. The pore space which 
constitutes effective porosity is filled with free 
formation water and oil. The part of pore space occupied by 
hydrocarbon (oil) is considered non-conductive. Induction 
resistivity at this zone is higher. However, because the 
density and neutron log responses to oil are similar to 
their responses to water, the simulated resistivity curve 
calculated for the hydrocarbon zone is similar to water 
saturated formation (Fig. 15). This leads to the 
development of the relationship for saturation index (SI).

The hydrocarbon zone still contains clay which 
decreases the value of resistivity. But saturation index is 
defined under the condition of clean sand. To get an 
equivalent value of SI for the shaley sand oil-bearing 
formation, the shale component should be removed from the 
formation. On the other hand, because shale also contains a 
part of free formation water which is assumed to be the 
same water as in sandstone, removal of shale effect becomes 
more complicated. We must recalculate the values of 
resistivity for two cases: equivalent clean oil-bearing 
sand and equivalent 100% water saturated clean sand.

The resistivity of the oil-bearing formation is
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SIMULATED AND RECORDED RESISTIVITY (OHM-M) 
IN OIL-BEARING ZONE
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Figure 15. Simulated resistivity and induction log in 
oil-bearing zone at 6558-6568 feet.
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theoretically controlled by the spaces occupied by clay 
with its bound water and by free formation water which 
includes the part of free water in shale. According to the 
models developed in this paper, Fw is yielded from equation 
4.3, where is the reading from the induction log at the 
oil-bearing zone, Rci is previously determined and Fck can 
be calculated. By using the F-4> relationship (equation 
7.3), we get the total volume of free formation water. The 
volume fraction of free formation water in equivalent 
hydrocarbon- bearing clean sand after the removal of shale 
is obtained by substracting the volume off free water in 
shale from the total volume of free water calculated above.

On the other hand, the value of simulated resistivity 
for the oil-bearing zone is the value of resistivity for 
the case that the total effective space is all filled with 
free formation water. Here, we assume that the density and 
neutron responses to oil are close to water. Then the 
effective porosity of equivalent clean sand after removal 
of shale can be obtained by subtracting the volume of free 
formation water in shale from the total water volume which 
was calculated during generations of the simulated curve.

According to Archie's Law, the saturation index is 
defined as:
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RtSI = ---- 10.4
Ro

It can be rewritten in our case as:

FwlRw FwlSI = ------- =------ 10.5
Fw Rw Fw

where Fwi is the formation resistivity factor for the case 
that only the part of the effective pore space is occupied 
by free formation water and Fw is the formation resistivity 
factor for the case that all effective space is filled with 
free formation water.

Effective porosity, saturation index and water 
saturation are calculated for the hydrocarbon zone which is 
sampled at sample interval of 1 foot, and the results are 
shown on table 4. Taking the average values of this zone, 
the SI value for uncorrected case (referring to before 
removal of shale)is 4.54 and for corrected case (referring 
to after removal of shale) is 10.01. Comparing the 
uncorrected values of saturation index with the corrected 
values, we see that the shale greatly affects SI. Shale 
content decreases SI value resulting in an increase in 
calculated water saturation. According to Archie's Law, 
water saturation is given:
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Table 4
Saturation Index Analysis in Oil-bearing Zone

depth SI0 SwO SI1 Swl

6559.0 3.07 0.57 10.77 0.30
6560.0 3.61 0.53 11.06 0.30
6561.0 4.80 0.46 12.24 0.29
6562.0 5.71 0.42 10.74 0.31
6563.0 4.80 0.46 11.19 0.30
6564.0 5.13 0.44 9.50 0.32
6565.0 4.99 0.45 8.51 0.34
6566.0 5.30 0.43 8.50 0.34
6567.0 4.93 0.45 7.74 0.36
6568.0 3.04 0.57 9.93 0.32

where SI0 is saturation index with shale,
SwO is water saturation with shale,
SI1 is saturation index after removing shale effect,
Swl is water saturation after removing shale effect.
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Sw = SI-1/2

In the uncorrected case, the water saturation is 47.8% but 
it is 31.8% after shale effect is removed.

Anomaly of Simulated Resistivity Curve
Disagreement may appear between simulated and recorded 

resistivity curves at the zones where the log data, 
especially neutron and density responses, don't reflect the 
true formation values. In the zones of 5421-5431 feet in 
interval 1 and 6888-6921 feet in interval 2, the large 
value of neutron and density porosity causes the anomalies 
on simulated resistivity (Figure 16). This situation may 
occur in a well if the density and neutron devices do not 
conform to the borehole wall. It may also indicate the 
presence of hydrocarbons.
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ANOMALY OF SIMULATED RESISTIVITY (OHM-M)

10 H

ooO)<0

o<\z
CD<0

SIMULATED INDUCTION
RESISTIVITY  LOG

Figure 16. Anomalies of simulated resistivity at 5421-5431
feet in interval 1 and 6888-6921 feet in interval 2.



T-3449 71

CONCLUSIONS

A method is available to evaluate shaley sands using 
neutron, density and resistivity logs, in liquid saturated 
rock.

The resistivity effects of the shale in the shaley 
sand are determined by the neutron and density log 
responses.

A "corrected” resistivity index is generated, which is 
the ratio of R^'/Rq ' where R-j-' and Rq ' are the 
resistivities the rock would have without the presense of 
shale.

Water saturation in the effective porosity is 
calculated from the "corrected" resistivity index with the 
traditional Archie's equation:

Sw = SI -1/n

The method used to determine shale properties may 
provide a basis to identify clay types from neutron, 
density and resistivity well log data.

The effects of gas saturation on the proposed method 
of interpretation remains a topic for future study.

The shaley sand interpretation method proposed must
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be tested in a wide variety of cases to determine its 
general applicability.
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APPENDIX I 
Solutions of Clay Parameters

According to the shale model proposed in the paper, 
four equations are set up for 100% shale formations based 
on neutron and density porosity responses:

vw^nw + vcl^ncl + ̂ bw^nbw + vma^nma = ^nsh (̂ )
vwpw + ̂ clpcl + vbwpbw + vmapma = psh (2 )
Vw + Vci + Vbw + ̂ ma =1.0 (3)

1 — k
VC1 ----------  - Vma = 0  (4)k

In the above four equation, Vw, Vci, V^, V^, 0nci 
and P d  are unknowns. But it is known that $ncl varies 
within the range of 0.11-0.3 6 and Pci within 2.2-3.2 g/cm3. 
If <t>nw is taken to be 1 and 4>nma is 0, at certain values of 
^ncl and Pci' the above equations yield:

(^nsh~l)(pw-pbw)
psh - pw + ----------------

(^nbw- )̂Vci = ----------------------------------------- (5)
(^ncl'VK) (PW-Pbw)  +   Pma + P d  - 4>w/K

(^nbw"l) ^

vbw = (^nsh ” 1_ Vci(Oncl-l/K))/(*nbw-l) (6)

Vw = 1 - 1/K * Vci - Vbw (7)
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To obtain the true values of 4>nc]_ and Pci/ a test zone 
which is a general zone (shale<100%) is chosen nearby 100% 
shale formation. Relationships can be established:

vwl^nw + vcll^ncl + vbwl^nbw +vmal^nma = ^n (&)
vwlpw + VdiPci + ̂ bwlpbw + vmalpma = pb
VW1 + Veil + vbwl + Vmal = 1.0 (10)

It is assumed that within a certain interval of a well 
the clay properties can be considered to be constant. Thus, 
clay and bound water volume fractions of the test zone can 
be determined with the following:

Veil = Vsh * Vcl (11)

Vbwl = Vsh * Vbw (12)

With equations (11) and (12), the combination of
equation (8 ) and (10) gives the expression for free water 
volume fraction:

VW11 = ^n ” Vgh * (Vci4>ncl + Vfcw^nbw) (13)

Equation (9) and (10) gives another expression for free 
water volume fraction:

vwl2 = ^d ” vsh * (Vcl^dcl + Vbw^dbw) (14)
where
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pcl”pirta pbw”pma
*dcl - ---------  ' ^dbw “----------

pw”pma pw"pma

Let df = | Vwll-Vwl2 I • For the true value of 4>ncl and 
Pci, df should be the minimum.

Varying ^nci from 0.12-0.36 and Pci from 2.2-3.2 
g/cm3, a pair of (^nclf pcl) gives a value of df. Summing 
up the values of df for each pair of (^ncl' Pel) over all 
the depth points within the test zone, the values of 4>nci 
and Pci corresponding to the minimum summation of df are 
chosen to be the approximate values for neutron and density 
porosity responses to clay.

The three pairs of 4>nci and Pci that represent three 
lowest summation values of df are tested to find the pair 
which gives a simulated resistivity log in best in 
agreement with the real resistivity log.
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APPENDIX II

The Fortran Programs for Solutions of 
Clay Values and for Simulated Resistivity Determination

* This is the program for the solution of initial clay
* values. The output parameters are:* VCL : clay volume in 100% shale.* VBW : bound volume in 100% shale.* VW : free formation water in 100% shale.* CNCL : neutron response to clay.* DCL : density of clay.** RCL : resistivity of clay.
* The input data variables are:* CSH neutron response to 100% shale.* DESK density porosity response to 100% shale.* DMA density of matrix,* DW density of free formation water.* DBW density of bound water,* RSH resistivity of 100% shale.* CLAY the difference of neutron and density* porosity response to 100% shale,* DEW density porosity response to "clean sand",* CBW neutron response to bound water.* CW neutron response to "clean sand" zone.* RS resistivity of "clean sand" zone,* DPI top depth of test zone,* DP2 bottom depth of test zone.*
* AK 0 .6 , clay index.
* The test zone data, neutron and density prosity are
* stored in the files CN1.G and DE1.G.

INTEGER NV
PARAMETER(NV=3,AK=0.6)
DOUBLE PRECISION DSN, DESK,DCL,DMA,DBW,DW,DP,D1,D2 
DOUBLE PRECISION CSH,CNCL,CN,Cl,C2,CLAY,A,B,PB 
DOUBLE PRECISION AK,FW,FCL,FW1,FCL1,BB 
DOUBLE PRECISION RSH,RS,RW,W,VW1,VCL1,VSH1 
DOUBLE PRECISION PDBW,PDCL,VCL,VBW,VW,VSH 
DOUBLE PRECISION DF(101,31),TB1,TB2,CPA(NV),DF1 
INTEGER Nl(NV),N2(NV)
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* Enter the input data
WRITE(6 ,*)'ENTER THE INPUT DATA:'
WRITE(6 ,*)'DPI,DP2,CSH,DESK,RSH,RS,DEW,CW'
READ(6 ,*)DPI,DP2,CSH,DESK,RSH,RS,DEW,CW 
DATA DMA,DW,DBW,D1,D2,Cl,C2 

$ /2.65,1.01,1.2,2.2,3.2,0.1,0.36/
* Open two files for the test zone data for netron and
* density logs.

OPEN(UNIT=1,FILE='DE1.G',STATUS= z UNKNOWN')
OPEN(UNIT=2,FILE='CN1.G',STATUS='UNKNOWN')
DO 20 1=1,141 

DO 10 J=1,28 
DF(I,J)=0.0 

10 CONTINUE
20 CONTINUE

PDBW=(DBW-DMA)/ (DW-DMA)
DF1=99.0
DSH=DESH*(DW-DMA)+DMA 

30 READ(1,*,END=7 0)DEP,DP
READ(2,*)DEP,CN
IF(DEP.GE.DPI.AND.DEP.LE.DP2)GO TO 40 
IF(DEP.LT.DPI)THEN 

GO TO 30 
ELSE IF(DEP.GT.DP2)THEN 

GO TO 70 
END IF

40 VSH=(CN-DP)/CLAY IF(VSH.GT.1.)
VSH=1.0

* By varying CNCL from 0.11-0.36 and DCL from 2.2-3.2
* g/cm3.

DO 60 JJ=1,101
DCL=D1+(JJ-1)*0.01 
DO 50 ISH=1,26

CNCL=C1+(ISH-1)*0.01
* According to neutron and density porosity response, the
* mvolumes of clay, bound water and free formation water
* in 100% shale, neutron response to clay and density of
* clay will be solved by setting up neutron equation,
* density equation, unity equation and clay index
* equation.

VCL=DSH-DW+(CSH-1.)/(CBW-1.)*(DW-DBW)
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VCL=VCL/((CNCL-1./AK)/(CBW-1.0)*(DW-DBW)+DCL 
$ +(1.-AK)/AK*DMA-DW/AK)

VBW=((CSH-1.)-VCL*(CNCL-l./AK))/(CBW-1.)
VW=1.-1./AK*VCL-VBW 
W=VCL+VBW
PDCL=(DCL-DMA)/(DW-DMA)
TB1=(CN-VSH*(VCL*CNCL+VBW*DBW))
TB2=(DP-VSH*(VCL*PDCL+VBW*PDBW))
IF(VCL.LT.0.0.OR.VBW.LT.0.0.OR. VW.LT.0.0 .OR. 

$ TB1.LT.0.0.OR.TB2.LT.0.0)THEN
DF(JJ,ISH)=DF(JJ,ISH)+DF1 
GO TO 50 

END IF
IF(VCL.GT.1.0.OR.VBW.GT.1.0.OR.VW.GT.1.0.OR.

$ TB1.GT.1..OR.TB2.GT.1.)THEN
DF(JJ,ISH)=DF(JJ,ISH)+DF1 
GO TO 50 

END IF
VSH1= (CW1-DEW1) /CLAY
TB11=(CW1-VSH1*(VCL*CNCL+VBW*DBW))
TB22=(DEW1-VSH1*(VCL*PDCL+VBW*PDBW))
VCL1=VSH1*W
VW1=(TB11+TB22)/2.

CALL FOFA ( FCL, W)
CALL FOFA(FCL1,VCL1)
CALL FOFA(FW,VW)
CALL FOFA(FW1,VW1)

RW=(1./FW-FCL1/FCL/FW1)/(1./RSH-FCL1/FCL/RT)
BB=RW*FW-RSH
IF(BB.LE.0.0)THEN

DF(JJ,ISH)=DF(JJ,ISH)+DF1 
GO TO 50 

END IF
Sum up df values over all points over the test zone.

DF(JJ,ISH)=DF(JJ,ISH)+ABS(TB1-TB2)
50 CONTINUE
60 CONTINUE

GO TO 30 
70 CLOSE(UNIT=1)

CLOSE(UNIT=2)
Pick up the first three pairs values for CNCL and DCL 
corresponding to the first three minimam df values.

NP=(D2-D1+0.01)*100.0 
ND=(C2-C1+0.01)*100.0
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WRITE(6 ,*)NP,ND 
K0=0
DO 150 1=1,NP

DO 140 J=1,ND 
KO=KO+l
IF(KO.GT.NV+l)GO TO 110 
IF(KO.EQ.NV+1)THEN 

GO TO 80 
ELSE

CPA (KO) =DF (I, J)
Nl(KO)=I 
N2(KO)=J 

END IF 
GO TO 140 

80 DO 100 11=1,NV-1
PB=CPA(I1)
K=I1
DO 90 12=11+1,NV

IF(PB.LT.CPA(12))THEN 
GO TO 90 

ELSE 
K=I2
PB=CPA(I2)

END IF 
90 CONTINUE

AA=CPA(K)
IB=N1(K)
IC=N2(K)
CPA(K)=CPA(I1)
NI(K)=N1(II)
N2(K)=N2(II)
CPA(II)=AA 
NI(II)=IB 
N2(II)=IC 

100 CONTINUE
110 DO 130 K=1,NV

IF(DF(I,J).LT.CPA(K))THEN 
DO 120 KK=NV,K+1,-1 

NI(KK)=N1(KK-1)
N2(KK)=N2(KK-1) 
CPA(KK)=CPA(KK-1) 

120 CONTINUE
N1(K)=I 
N2(K)=J 
CPA(K)=DF(I,J)
GO TO 140 

END IF 
130 CONTINUE
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140 CONTINUE
150 CONTINUE

DO 160 1=1,NV 
T1=N1(I)
T2=N2(I)
WRITE(6 ,*)T1,T2 
DCL=T1/100.0+D1-0.01 
CNCL=T2/100.0+C1-0.01

* When the true value of CNCL and DCL are determined, VCI,
* VBW and VW will be calculated.

VSH=1.0
VCL=DSH-DW+ (CSH-1. ) / (DBW-1. ) * (DW-DBW)
VCL=VCL/((CNCL-1./AK)/(DBW-1.0)*(DW-DBW)+DCL 

$ +(1.-AK)/AK*DMA-DW/AK)
VBW=((CSH-1.)-VCL*(CNCL-1./AK))/(DBW-1.)
VW=1.-1./AK*VCL-VBW

* Output of three sets of clay initial values and the input
* data stored in the files: FOR060.DAT, FOR061.DAT and
* FOR062.DAT.

WRITE(5 9+1,5 2)CNCL,DCL,VCL,VBW,VW,
$ CSH,DESK,DEW,AK
$ CW,DMA,DBW,RSH,RS

160 CONTINUE 
END
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This program is for generating a simulated resistivity 
curve, based on neutron and desity porosity logs, 
according to the models set up in the paper. The 
variables are used in this program are:

VCL clay volume in 100% shale,
VBW : bound volume in 100% shale.
VW : free formation water in 100% shale.
CNCL : neutron response to clay,
DCL : density of clay.
RCL : resistivity of clay.
CSH : neutron response to 100% shale,
DESK : density porosity response to 100% shale
DMA : density of matrix,
DW : density of free formation water,DBW : density of bound water,
RSH : resistivity of 100% shale,
CLAY : the difference of neutron and density

porosity response to 100% shale.
DEW : density porosity response to "clean sand

zone.
CW : neutron response to "clean sand" zone.
RS : resistivity of "clean sand" zone.
AK : 0 .6 , clay index.

The input logs, neutron and density prosity, are stored 
in the files CN1.G and DEI.G, and resulting simulated 
resistivity data will be stored in file FOR010.DAT.

REAL DSH,DESK,DCL,DMA,DBW,DW,DP,DEW
REAL VCL,VBW,VW
REAL CSH,CNCL,CN,CLAY
REAL RSH,RW,RCL,RT
REAL AK
CHARACTER FI*10
WRITE(6 ,*)'Filename of initial clay values: *
READ(6 ,'(A)')FI
OPEN(UNIT=8 ,FILE=FI,STATUS='UNKNOWN')

Input the initial clay values and the basic formation 
data by reading from initial-clay-value file.

READ(8 ,*)CNCL,DCL,VCL,VBW,VW,CSH,DESK,DEW 
$ AK,DW,CLAY,CW,DMA,DBW,RSH,RS
CLOSE(UNIT=8 )
W=VCL+VBW 
VSH1=(CW-DEW)/CLAY
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PDBW= (DBW-DMA) / (DW-DMA)
PDCL=(DCL-DMA) / (DW-DMA)

* Determine fromation resistivity and clay resistivity Rc^
TB11=(CW-VSH1*(VCL*CNCL+VBW*DBW))
TB22=(DEW-VSH1*(VCL*PDCL+VBW*PDBW))
VCL1=VSH1*(VCL+VBW)
VW1=(TB11+TB22)/2.
IF(VW.LT.0.01)VW=.01 
IF(VW1.LT.0.01)VW1=.01 
IF(VCL1.LT..01)VCL1=.01 
IF(VCL.LT..01)VCL=.01 
CALL FOFA(FW,VW)
CALL FOFA (FCL,W)
CALL FOFA(FCL1,VCL1)
CALL FOFA(FW1,VW1)
RW=(1./FW-FCL1/FCL/FW1)/(1./RSH-FCL1/FCL/RT) 
RCL=RSH*RW*FW/FCL/(RW*FW-RSH)
DSH=DESH*(DW-DMA)+DMA

* Read in neutron and density log data
OPEN(UNIT=1,FILE='DE1.G',STATUS='UNKNOWN')
OPEN(UNIT=2,FILE='CN1.G',STATUS='UNKNOWN')

10 READ(1,*,END=4 0)DEP1,DP
READ(2,*,END=40)DEP2,CN 
IF(ABS(DEP1-DEP2).GT..05)THEN 

WRITE(6 ,*)'DEPTH FAULT'
END IF

* Calculate the volumes of shale, clay, bound water and
* free formation water.
20 VSH1=(CN-DP)/CLAY

VSVS=1.
IF(VSH1.GT.1.0)VSH1=1 

VSH1=VSH1/VSVS
VW1=CN-VSH1*(VCL*CNCL+VBW*DBW)
DD=(DCL-DMA)/(DW-DMA)
DD1= (DBW-DMA)/ (DW-DMA)
VW2=DP-VSH1*(VCL* DD+VBW* DD1)VW1=(VW1+VW2)/2.
VCL1=VSH1*VCL
VBW1=VSH1*VBW
PCL=VCL1+VBW1
IF(VW1.LE.0.0)VW1=0.001
IF(PCL.LE.0.0)PCL=0.001
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IF(PCL.LT..01)THEN 
FCL=99999.0 

ELSE
CALL FOFA(FCL,PCL)

END IF
IF(VW1.LT..01)THEN 

FW=99999.0 
ELSE

CALL FOFA(FW,VW1)
END IF

* Simulated resistivity data is generated and stored in the
* file FOR010.DAT.

RT=1.0/FCL/RCL+l.0/RW/FW 
RT=1.0/RT WRITE(1 0,*)DEP1,RT 

GO TO 10 
30 STOP
40 END
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* This is a subroutine for the numerical solutions for
* formation resistivity factor which is a function of
* porosity. The variables used in the program: PHI, input
* value, is porosity; and F is output data which is
* formation resistivity factor

SUBROUTINE FOFA(F,PHI)
REAL FX,FY,A,B,X,PHI,F
IF(PHI.LT.0.01)THEN 

F=10000.
GO TO 20 

END IF
* A and B are two constants in the F-PHI relationship.

A=1.08 
B=1.533

* Give a initial value. Within the range of PHI from
* 0.01-1.0, the true F is always greater than
* 0.6/PHI**!.8*0.6

F=.6/PHI**1.8*0.6 
Al=l.
IF(F.LT.1.)F=1.

10 FX=A*PHI**((F*PHI)**.5-1.+B*LOG(PHI))-F 
FY=(FX+F)*LOG(PHI)*PHI**.5/2.0/F**.5-1.0 
X=F-FX/FY
IF(ABS(X-F).LT.0.01)GO TO 20 
IF(A1.LT.2.)THEN 

DF=ABS(X-F)
F=X
Al=10.
GO TO 10 

ELSE
IF(ABS(X-F).GE.DF)THEN 

GO TO 20 
ELSE

DF=ABS(X-F)
F=X
GO TO 10 

END IF 
END IF 

20 RETURN
END
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Plate 1: Log data and simulated resistivity
curve for 5240-5520 feet.
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