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ABSTRACT
Two conductive materials exist in shaly 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 
and has been widely used. Although, this model has existed 
and been used for a long time, some of the parameters of the 
model have not been determined properly. The reason is that 
the model is related to some geometry factors that seem 
undefinable with real data. In 1987, Xiaochun Ma developed a 
method that gives a solution to this problem.

Ma's model used neutron and density logs to analyze 
shaly sand formations and generated a simulated resistivity 
curve to be compared to the actual resistivity recorded in 
a well. The model removes the shale effect from the resisti­

vity logs and gives a more representative water saturation 
index in oil bearing zones.

Ma's model has been reviewed, restated and applied to 
two well logs from different basins. The model has been 
extended to include gas bearing shaly sand formations. The 
extended model can be applied in oil, gas or water saturated 
shaly sand formations. Reservoir parameters such as effective 
porosity, water saturation and shale fraction can be deter­
mined from the extended model.
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INTRODUCTION
Shales are common constituents of many reservoir rocks. 

Aside from the effect on porosity and permeability, their 
importance stems from their electrical properties which 
greatly influence the determination of fluid saturation. 
Shale mainly consists of silt (predominantly very fine­
grained quartz) and clay minerals.

Most clay minerals are structured in sheets of alumina- 
octahedron and silica-tetrahedron lattices. Generally there 
is an excess of negative electrical charges within the clay 
sheets. The substitution of A1+++ by ions of lower valence 
is the most common cause of this excess charge. To maintain 
the electrical neutrality of clay particles, positive ions 
compensate for local imbalance.

When clay particles are immersed in water, the Coulomb 
Forces holding the positive surface ions are reduced by the 
dielectric properties of water. The positive ions leave the 
clay surface and move relatively freely in a layer of water 
(bound water) near the surface and contribute to the conduc­
tivity of the rock.

The Archie water saturation equation, relating rock 
resistivity to water saturation, assumes that the formation 
water is the only electrically conductive material (see 
Archie 1942). The presence of another conductive material
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(i.e. shale) means that either the Archie equation must be 
modified to accommodate the existence of this material or a 
new model be developed to relate rock resistivity to water 
saturation in shaly formations.

Since 1950 several shaly-sand models have been developed 
(see Worthington, 1985, and Ma, 1987). Each tries to incor­
porate an excess conductivity term resulting from the pre­
sence of shale in sandstone formation, into Archie's' rock 
resistivity-water saturation equation in one way or another.

One model that describes the effect of clay on the elec­
trical properties of shaly-sands as a conductive path through 
the rock in parallel with the path through the pore system 
leading to a decrease of bulk resistivity, has been conceptu­
ally accepted and mathematically developed by many investiga­
tors (see Worthington 1985). This model has the following 
form:

C0 = X Cs + Y Cw ...................................  (1)

In the above equation C0 is the conductivity of water 
saturated rock, Cs and Cw are the conductivity of solid 
(clay with its bound water) and fluid (water). X and Y are 
called geometry factors representing the geometry of the 
conductive paths associated with the solid and fluid
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accordingly.
However, the model faces some practical limitations when 

applied to real-log data interpretation. The problem encoun­
tered is that in the model the geometry factors X and Y are a 
function of pore space structure and seem to be undefinable 
with real data.

Ma (1987) attempted to solve this problem by using the 
concept of tortuosity. His method can be used with direct 
application of Archie's equations and establishes a rela­
tionship between the tortuosity, porosity, and formation 
resistivity factor as follows:

T2 = <t>F ...........................................  (2)

Here, T = tortuosity, <t> = porosity and F = formation
factor. Using relation (1) and (2) Ma evaluated the effect of 
clay on resistivity log in shaly sand formations.

Ma's model assumes that a 100% shale formation contains 
not only matrix rock (i.e. silt) and clay minerals with their 
bound water as conventional shale model suggests, but also 
contains free formation water which has the same properties 
as the free formation water in sandstone.

Since Ma's model requires a knowledge of some critical 
initial values such as resistivity of clay with its bound
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water, density of clay, neutron response to clay etc., these 

initial values are determined in a 100% shale zone near the
sand zone of interest. In practice this requirement is
usually satisfied. The model uses neutron and density poro­
sity responses and the clay index value proposed by Kukal and
Hill (1986) to determine the above clay initial values. These
values are then used to determine the volume fraction of 
clay, bound water, and effective porosity in the interval of 
interest of the well. This gives the basis to evaluate the 
shaly sand formation under consideration.

Ma's model also generates a simulated resistivity curve 
primarily based on neutron and density porosity logs. The 
curve can be used to see how well the resistivity model simu­
lates the real earth.

The purpose of the present study is to first review and 
restate the principal topics in Ma's work and then extend his 
method to include the evaluation of gas bearing shaly sand 
formations.
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Review of the Model
Before introducing the shaly sand resistivity model pro­

posed by Ma (1987), a brief description of shaly sand forma­
tions will be given and some concepts that will be used in 
developing the model will be discussed.

Description of Shaly Sand Formations:
Shaly sand is formed when shale which is considered to 

consist of silt and clay minerals occurs in clean sandstone. 
In most clean sands the formation water can freely move and 
therefore we refer to such water "free formation water".

On the other hand, the dimensions of the pore structure 
in shale is so small that shale as a whole has almost zero 
permeability and the formation water can not move freely. 
Silt mainly consists of fine grained quartz and the water in 
the silt pores is considered to have the same chemical 
properties as that of free formation water.

Clay minerals are essentially layered hydrous aluminum
6

silicates. There is usually an excess of negative electrical 
charge within the clay sheets. The substitution of Al+++ by 
ions of lower valence (the structure of the crystal remains 
the same) is the most common cause of this excess charge. 
Positive ions cling to the surface of clay sheet in a hypoth­
etical dry state. When clay particles are immersed in water,
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the Coulomb Forces holding the positive surface ions are 
reduced by the dielectric properties of water. The positive 
ions leave the clay surface and move relatively freely in a 
layer of water (bound water) close to the surface. The elec­
trical balance must be maintained so that the positive ions 
remain close to the clay water interface. Clay with its 
adsorbed water (bound water) is called "wet clay". It is 
this wet clay that contributes to the conductivity of the 
rock.

One of the typical properties of clay minerals is that 
they contain a considerable amount of hydrogen. In well log­
ging terminology, the hydrogen index (HI) is a measure of 
hydrogen concentration in a material. The HI of water is 
approximately 1.0. If the matrix material of water saturated 
rock contains no hydrogen, the HI of the rock is approxi­
mately the porosity of the rock. The HI value of clay miner­
als varies from mineral to mineral (0.12 - 0.36). Table 1 
lists the main clay minerals and some of their properties.

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 of 
each clay mineral can vary. The range of clay density 
values is 2.2 - 3.2 g/cm3.

Natural radioactivity is another characteristic of some
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Table 1
Hydrogen Index And Density of Clay Minerals

Mineral Formula HI Density

Kaolinite Al4[Si4O10]COH)8 0.36 2.61

Chlorite (Mg,Al4,Fe)12[(Si, 
ADsOaoKOH) 16

0.34 2.60-2.96

MontmorilIonite (0.5Ca,Na)0/7(Al,Mg, 
Fe)4(Si,Al)802o (OH)4

0.12 2.20-2.70

Illite Kl-1.5A14Esi7-6.5 
a 11-1.5°20](oh)4

0.12 2.64-3.20

AHTHUB LAKES LIBRARY 
COLORADO SCHOOL of MINES  
GOLDEN. COLORADO 80401
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clays. Clay minerals have Potassium (K) with traces of Tho­
rium (Th) and Uranium (U) concentrations. Typically, shale 
exhibits high K and low U and Th values. Most of the 
radioactivity in shales is from K of clay minerals.

Although clay properties vary according to type, within a 
specific area, or a certain interval of a well, clay proper­
ties are assumed to be constant. This is an assumption usu­
ally employed in conventional formation evaluation. In this 
paoer it is assumed that the distribution of clav minerals in 
a 100% shale zone is the same as in shale present in nearby 
shalv sandstone.

The Concept of Tortuosity and Its Relation to Porosity
and Formation Factor:

It is well known that the resistivity of fluid saturated 
rock depends on the resistivity of the fluid filling in the 
effective (connected) pore spaces and the pore structure. 
assuming 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 and length L and porosity <f>. Put the 
effective pore spaces together to form a fluid channel with 
cross-sectional area Se and length Le (see Figure 1). Here,
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Le represents the path length of the pore channel along which 
electrical current flows, and Se represents the cross- 
sectional area of the pore channel. This conductive fluid 
channel controls the resistance of the rock and we can write 
the following relationship.

R0 L Rw Le
S S%

In the above equation R0 represent the resistivity of the 
bulk rock saturated with fluid of resistivity Rw .

Multiplying the numerator and denominator of the left 
side of the equation by L, and the right side by Le, gives:

R0 L2 = Rw Le2
S~~L Se Le

Note that SeLe is the pore volume and SL is the bulk 
volume of the rock. The above equation can be rewritten as:

^w^e2^  ■ RoIj2seLe

Dividing both sides by L2SL gives:

R„ (Le / L)2 = R0 (SeLe / SL)
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Finally dividing by Rw gives:

(Le / L)2 = R0 / Rw (SeLe / SL)

Or (Le / L)2 = F ÿ
Here, (Le / L) is defined as tortuosity, the length of

the path of a fluid passing through a unit length of rock,
and is denoted by T. F is the formation resistivity factor 
and <p is the porosity. The equation then becomes :

T2 = <f> F .............................................  (3)
Now that we have briefly covered the concepts needed in 

developing the shaly sand resistivity model proposed by 
Ma, the model itself is introduced.
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The Shaly Sand Resistivity Model
In water bearing shaly sand formations. The conductive 

materials are usually considered to be fluid (material 1) 
which totally fills the effective pore system and shale which 
is conductive solid (material 2). The conductivity of the 
formation is controlled by these two elements acting in par­
allel. The matrix of the formation is considered to be non­
conduct ive. Hence as stated in relation (1), we can express 
the conductivity of the water saturated rock (C0) as:

C0 = X Cs + Y Cw 
Now consider a certain volume of such rock with 

cross-sectional area S and length L. The conductance of the 
formation is the sum of the conductances of the paths through 
materials 1 and 2 . The relationship can be expressed as:

1 1  1 
__________  =   +    (4)
Rq l  / s R 1L1 / S1 r 2l2 / s2

where R0 is the bulk resistivity of the formation, and R2 
are the resistivities of materials 1 and 2. and S2
represent the cross-sectional areas of material 1 and 2. 
Multiplying both sides of the equation by L/S and 
rearranging, we get the conductivity relationship:



T-3710 13

1 1 S1L 1 S2L
_______  = _ _ _ _ _  * _________ +_______  *   (5)

Rq r x l^s r2 l2s

Comparing equation (5) to equation (1), we conclude that the
geometry factors X and Y can be expressed as:

X = S1L / L1S , Y = S2L / L2S .

It is obvious that determining X and Y from the above 
expression is difficult in practice. In order to find a 
meaningful and easy to determine expression for X and Y, some 
mathematical procedures are taken. Multiplying the numerator 
and denominator of the X term by L*L1 and the numerator and
denominator of the Y term by L*L2, we obtain:

X =  (L2/Ll2) (LjSj/LS), y = (L2/L22) (L2S2/LS)  (6)

we see that / LS and L2S2 / LS are the volume fractions
of materials 1 and 2 (denoted as and <f>2 respectively) .

L/Li is the reciprocal of tortuosity of the path through 
material 1, L/L2 is the reciprocal of tortuosity of the path 
through material 2 .

From the forms of Equations (5) and (6) we can see that 
both resistance elements can be studied separately. The
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first term in the right side of equation (5) represents the 
part of the conductive volume occupied by material 1 . In 
studying this term the parts occupied by material 2 and 
matrix rock can be considered non-conductive. Similarly the 
second term in the right side of equation (5) represents the 
part of the conductive volume occupied by material 2 . In 
studying this term the parts occupied by material 1 and 
matrix rock can be considered non-conductive. Figure 2 
conceptualizes this model.

Using equation (3), we can express the tortuosities of 
material 1 and 2 as 0^ and <t>2F 2* The new expressions for 
X and Y then become:

X = (1 / F^) <f>2. =  1 / F^

Y = (1 / <#>2 ^2) ^2 =: T / F2

As a result equation (5) can be written as:

1 / R0 = X / Ri + Y / R2 ....................  (7)

where X = 1 / F^ and Y = 1 /F2 . The geometry factors
X and Y are now expressed in meaningful, easy to determine
expressions. They are expressed such that they depend only 
on "geometry structures " of the conductive paths.
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Equation (7) expresses the parallel resistance model. In 
the equation, the variables are Rlz the resistivity of 
material 1 (the conductive solid), R2, the resistivity of 
material 2 (water), and F2, the formation resistivity 
factors of clay and water paths respectively.

In the next chapter methods will be developed to deter­
mine each of the variables in equation (7) from well log 
data.
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Determination of Formation Parameters
The formation parameters used in the model are obtained 

mainly from Neutron Porosity (<#>n) and Density Porosity (<#>£) 
logs. It is appropriate to first briefly discuss the 
responses of these logs and a few others which will enter in 
our discussion.

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 1.0 . When a formation is shale free (clean) sand, the 
reading of the neutron log in liquid saturated rock is the 
porosity of the formation. Shaliness 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:

Pm - Pb
</>d = ____________

Pm ” Pw
Here <#>£ is the density derived porosity, /?m and pw are
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the assumed densities of the matrix and formation fluid and 
p-fr is the measured bulk density. The density of shaly sand 
is the volume weighted average of the densities of the matrix 
rock, clay minerals, bound water, free formation water and 
hydrocarbons present.

Typically sand matrix has density 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 being 
analyzed, the density of clay remains constant. The density 
of bound water may be as high as 1.4 g/cm3, but has an 
average of about 1.2 g/cm3 (Ruhovets and Fertl, 1981). The 
value 1.2 g/cm3 is used in this paper.

Gamma Rav:
The natural gamma ray log measures the natural gamma ray 

emission from formations. Gamma rays are generated when the 
radioactive materials in the formation decay. This log is 
used to indicate shaliness of formations. In 100% shale 
zones the log records maximum values, while in clean zones it 
shows minimum values. Therefore, in some interpretation 
methods, the gamma ray log is used to calculate the volume 
of shale. However, the method described in this thesis is not 
dependant on the natural gamma ray log to determine the 
volume of shale
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Resistivity log:
The deep investigating resistivity log measures the bulk 

resistivity of formations. Since hydrocarbons are non­
conduct ive but occupy effective porosity, hydrocarbon bearing 
formations have higher resistivity values than their 
equivalent non-hydrocarbon bearing zones. A formation's 
resistivity value depends on the resistivity and the volume 
of formation water. Therefore, the formation resistivity is 
related to water saturation. In shaly sand formations, since 
the clay materials are conductive, the bulk resistivity 
values are affected by the presence of shale.

Now that we have briefly introduced the logs we will use 
in determining the formation parameters, we turn back to the 
resistivity model expressed in equation (7). For convenience 
the equation is copied here.

1 / R0 = X / R-l + Y / R2, X = 1 / F-l, Y = 1 / F2

In the above equations, we need to determine R^, the 
resistivity of clay with its bound water, Flz the formation 
factor of clay with its bound water, R2, the resistivity of 
free formation water, F2, the formation factor of the free 
formation water.
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Consider a 100% shale zone. As was stated earlier, 100% 
shale zone is assumed to consist of matrix rock (silt), clay 
minerals with bound water and free formation water contained 
in the capillaries of silt. Here "free water" does not 
necessarily mean it can freely move. It is assumed that such 
free water has the same properties as the water in sandstone. 
For example, both have the same density and resistivity.

The conductive materials in the shale zone are:
1) clay minerals with bound water (conductive solid),
2) free formation water (conductive fluid).
Let be the resistivity of clay with its bound water

and Rw be the resistivity of free formation water. For 100% 
shale zone equation (7) can be written as:

i / Rsh = 1 / FcbRcb 1 / FwRw .................  (8)

Where RSh is the bulk resistivity of 100% shale, FCk and 
Fw are the formation resistivity factors defined by clay with 
its bound water and free formation water respectively.

Equation (8) can be solved for R ^  giving,

Rcb = Rsh Fw Rw / Fcb (Fw Rw “ Rsh) ............. (9)

In equation (9), Rs^ can be read directly from logs and
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Rw can be determined by any of the several methods currently 
used in well logging analysis from an adjacent reservoir 
rock. Fcj3 and Fw are still unknowns. A method to determine 
these variables will be given shortly.

Note that equation (7) holds for non-100% shale zones 
(shale volume fraction less than 1) as well. In this case, 
free formation water is from two parts of the formation, 
sandstone and shale (the silt portion of shale). Both waters 
have the same properties and are considered one electrolyte.

The formation factors F ^  and Fw can be determined using 
F - <#> relationship expressed by Archie (1942) .

F = a <z>”m ...............   (10)

Ma (1987) introduced a new F - <#> relationship based on 
curve fitting through the data sets published by Waxman and 
Smits (1967) and Waxman and Thomas (1974). See Table 2 and 
Figure 3. The relationship has the following form:

F = A <p - 1  + B Ln <#>  (11)

Here, A = 1.078 and B = 1.533. In equations (10) and 
(11), <p represents the volume fraction occupied by a 
conductive material (e.g., clay with its bound water or free 
formation water).
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Table 2
$ And F Data of Clean Sand Cores

Core <t> F
Data Set 1 (From Waxman and Smits, 1967): Table 1

1-25 0.230 15.6
1-38 0.232 9.8
2-16 0.118 52.4
2-39 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:

where m * 1.82.
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F -  1.0 8 * ^ + ' - ™ ^ * )

A DATA SET 1

+  DATA SET 2

♦ DATA SET 3

ü_

0.300.05 0.250.15 0.20
Figure 3. F-4> relationship derived from Waxman and

Smits, and Waxman and Thomas' data.
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To solve for F no matter which equation we use (10 or
11), the knowledge of the volume fraction of clay with its 
bound water and free formation water is necessary. In the 
following paragraphs, using neutron porosity and density 
porosity, we set some equations to solve for these volume 
fractions.

Consider a 100% shale zone. The constituents of the for­
mation are matrix rock (silt), clay with its bound water and 
free formation water. The neutron response to the formation 
is the sum of the neutron response to each component of the 
formation.

4*nsh == vw^nw + ^cT^ncl + vbw^nbw + vm a ^nma  (i2a)

In the above equation, Vw , Vcl, and Vma stand for
volume fractions of free formation water, clay, bound water 
and matrix rock respectively. <t>nsh, 4>nw, <t>ncl, <#>nbw and <#.nma 
are the neutron response to shale, free formation water, 
clay, bound water and matrix rock. Similarly for the density 
response we can write:

Psh “ ^w^w + ^cl^cl + ^bw^bw + ^ma^ma ........... (12b)

where p represents density.
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Obviously, the sum of the volume fractions of free forma­
tion water, clay, bound water and matrix equals 1.0 .

1 * 0 = Vw + Vci + ^bw + ^ma ......................  ( 12c)

Kukal and Hill's (1986) work indicated that generally 
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 expressed as:

Vma = ((1-K) Vcl / K ) ......  (12d)

where K is called clay index and is equal to 0.6 .
In the above four equations, the unknowns are, Vw , Vc^,

vbw' vma' 4>ncl and Pel* But <t>n c i and /?cl are known within a 
range (<t>n c ± = 0.11 - 0.36 and p c ± = 2.2 - 3.2 g/cm3) . If 4>nw 
is taken to be 1.0 and <t>nmSL is 0.0, at certain values of 4>nci 
and p c ± the above equations yield:

(#nsh ” (^w ” ^bw)
^sh - Pw + _____________________________

(4»nbw - 1)
VC1 " ...........................................  (13)

(^ncl " 1/K) (^w"Pbw) 1-K
  ----------------- +   ^ma + ^cl - -----

(^nbw “ 1) ^ K



T-3710 26

vbw = (^nsh_1”vcl (^ncl “ V K) ) / (4»nbw “ 1) ......  (14)

V w  = 1 - 1 /K * V cl - V b w  ..............................  (15)

To obtain the true values of 4>nci and p c i, a test zone
which is a general zone (shale < 100%) is chosen nearby 100%
shale formation. For the test zone we can write:

#n = vwl^nw + vcll^ncl + vbwl^nbw + ^mal^nma ...  (16)

P h  ~ vwl^w + vcll^cl + vbwl^bw + vmal^ma ........  (i"7)

1.0 = V w l  4- V ç n  + V b w l  + V m a 2 ......................... (18)

Since in this paper it is assumed that within a certain
interval of a well, clay properties do not change, clay and 
bound water volume fractions of the test zone can be 
determined as follows:

Veil = vsh * Vci .........................   (19)
Vbwl = V^h * Vbw ..................................  (20)

Here, Vsb is the volume fraction of shale in the test 
zone and Vci and Vbw are the volume fractions of clay and
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bound water in the 100% shale zone. Conventionally, volume 
fraction of shale is calculated from Gamma ray logs. Since 
the source of gamma rays in a formation could be materials 
other than shale as well, in this paper, volume of shale is 
calculated from the following formula (see Ma, 1987 and 
Davis, 1983):

vsh = (4>n “ *d) / (4>nsh " 4»dsh) ...................  (21)

Here, 4»dsh ~ (^sh “ ^ma) / (^w ” ^ma)
and = (^b ” ^ma) / (^w ” ^ma)

<t>n is the neutron porosity reading from log in the 
respective zone and 4>nsh is the neutron porosity reading in 
the 100% shale zone.

Substituting equations (19) and (20), in equations (16) 
and (18) and solving for the free formation water term (Vwl) 
gives the expression for free water volume fraction (call it 

vwll here).

vwll = #n - ^sh (vcl #ncl + ^bw #nbw) ............. (22)

Similarly, equations (17) and (18) give another 
expression for the free water volume fraction:
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vwl2 = 4»d - vsh (vcl *dcl + vbw *dbw) .............. <23)

where, 4»dcl = (fcl “ Pma) / W  “ Pma)
and 4»dbw == (^bw “ ^ma) / “ ^ma)

Let df = | Vwll - Vwl2 | . For the true value of <t>n c i 
and p c i, df should be minimum. Varying <#>nci from 0.12 - 0.3 6 
and p c i from 2.2 -3.2 g/cm3, each pair of (4>nci , Pci) gives a
value for df. Summing up the values of df for each pair of

(4»ncl' Pci) over all the depth points within the test zone, 
the value of (<*>nci, Pci) corresponding to the minimum sum are
chosen to be the approximate values for <Pn c i and p c i .

After finding <#>nci and p c i, equations (13) - (15) are
used to calculate the volume fractions of clay (Vc^), bound
water (V^) and free formation water (Vw) in the 100% shale 
zone. The volume fraction of clay with its bound water (V^)
is simply the sum of Vc  ̂and V^.

Using equation (10) or (11) the above volume fractions 
give the formation factor of clay with its bound water (FCk) 
and free formation water (Fw) for the 100% shale zone. RCk 
can be directly obtained from equation (9).

The free formation water in any other zone is obtained by 
using equations (22) and (23), with Vg^ representing the
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shale volume fraction in the zone being analyzed. The volume 
fraction of free water is then the average of the volume 
fractions obtained from equations (22) and (23).

vw =( Vwll + Vwl2 ) / 2

Our work so far has enabled us to determine all the 

necessary formation parameters <t>ncl ' vcl ' vbw' vw and
RCb) by using <#>n , and Rg^ as input parameters. In the next 
section we will use these parameters to calculate simulated 
resistivity curves.

Resistivity of Free Formation Water
Although we will introduce a method to determine Rw# it 

can be determined by any of the several procedures used in 
well logging industry.

As in conventional well log interpretation, the 
resistivity of formation water is one of the most important 
parameters needed for the evaluation of the proposed shaly 
sand model. Traditional sources of Rw information include 
produced water on production tests, Rwa, and the SP log in 
clean formations. In this paper, Rw is determined with the 
shaly sand resistivity model.

Consider a shaly sand hydrocarbon free zone and a 100%
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shale zone. For the shaly sand zone we can write:

Ro Rcbl Rcb Fwi R

and for 100% shale zone we can write:

Rsh Rcb Rcb Rw Rw

Equations (24) and (25) can be written as:

Fcbl Fcbl 1
Ro Fwl Rw Rcb

Fcb Fcb 1

(24)

(25)

Rsh Fw Rw Rcb

Note that the right sides of both equations are equal 
Equating the left sides and solving for Rw we obtain:

( 1/Rw “ Fcbl/FwlFcb)
Rw = .........................    (26)

( 1/Rsh ” Fcbl/RoFcb)

In this work equation (26) is used to determine Rw .
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Simulated Resistivity Curve and Analysis 
of Hydrocarbon Bearing Zones

Simulated Resistivity Curve (R0):
Equation (7) can be used to generate a simulated resisti­

vity curve. Let us remember that in deriving equation (7) we 
assumed non-hydrocrbon bearing formation. Therefore equation 
(7) in fact gives us the resistivity of brine saturated rock 
(R0). The principal input data in equation (7) are neutron 
and density porosities. The generated R0 curve can be com­
pared to the deep induction log to see how well the model 
works. The R0 curve should agree with deep induction curve 
in the water saturated intervals. However, since neutron and 
density porosity tools have much shorter spacing than the 
deep induction log, the two curves may carry some differ­
ences. Each recorded measurement of the deep induction log 
is an average of the points above and below it. Removing 
this averaging effect from the deep induction log and making 
it comparable to R0 based on neutron and density logs is not 
an easy task. For simplicity in this paper, the simulated
resistivity data is run through an averaging process 
as below.

I n  ,‘1«'
-   _____N
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Here, is the simulated resistivity value after the 
processing, Y(i+%) is the simulated resistivity value before 
the processing and N is the number of measurements (N=2n+1).
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Analysis of Hydrocarbon Bearing Zones
a) Oil Bearing Zones:
According to Archie, the saturation index, SI, for shale 

free formation is defined as:

sw-n = SI = Rt / R0 ................................ (27)

In equation (27) is the true resistivity of the zone 
and R0 is the resistivity of the formation completely 
saturated with brine.

In order to use equation (27) in the shaly sand forma­
tions, the shale effect must be removed from both Rt and R0 . 
In other words, the conductivity due to shale must be sub­
tracted from the conductivity of the uninvaded zone and the 
conductivity of the water saturated zone of the formation.

The conductivity due to the shale portion of the forma­
tion can be obtained from:

i / Rsh = 1 / RcbRcb 1 / Fwi Rw .................  (28)

In equation (28), and Fwl are the formation factors
related to (clay + bound water) and free formation water from 
the silt portion of the shale in the formation. RCb is the 
resistivity of clay plus bound water and Rw is the
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resistivity of the free formation water.
The volume fractions of clay, bound water and free water 

from the shale portion of the formation can be obtained from 
the following relationships:

vcll = vsh * vcl
Vbwl = Vsh * vbw ............................... (29)
Vwl = Vsh * Vw
vcb = Veil + Vwl

In the above equations, Vc ,̂ and Vw are the volume
fraction of clay, bound water and free formation water in the 
100% shale zone. Vsh, Vcll, V ^ i  and Vwl are the volume 
fractions of shale, clay, bound water and free formation 
water from the shale portion of the formation being ana­
lyzed. is the volume fraction of clay plus the volume
fraction of bound water. To obtain Fcb and Fwl from Vcb and

vwl' we simply use either of equations (10) or (11).
»

The effective porosity of the formation is defined as 
Vpe/Vfo, where Vpe is the effective pore space (pore space 
containing moveable liquid or gas) and is the bulk Volume 
of the rock. Since the Neutron and density logs respond to 
oil and water very similarly, the free formation water 
obtained for the calculation of R0 curve can be used to find
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the effective porosity. The free water fraction used in the 
calculation of R0 curve consists of free formation water from 
sand, free formation water from silt and the fraction of oil 
in the formation if any. To obtain the effective pore space 
all we need to do is to remove the free water of silt from 
the total water used in calculation of R0 curve. This free 
water in silt is Vwl in equation (29). Consequently,

Effective porosity = Vw - Vwl / Vb ....................  (30)

In equation (30), Vw = total volume fraction of free 
water in the formation (free water + oil), Vwl= the fraction 
of free water in silt, and V& = bulk volume of the rock (in 
the case of this mode, Vb = 1).

b) Gas Bearing Zones:

The presence of gas in the formation affects the response
of both neutron and density tools. The density log over esti­
mates porosity (gas has low density) and the neutron log
under estimates porosity (gas has lower concentration of 
hydrogen).

The presence of shale along with gas further complicates 
the problem. The presence of shale results in higher neutron 
porosities and slightly lower or higher density porosity
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depending on the density of shale. Of course shale would 
not affect density porosity if the density of shale is equal 
to the density of the matrix (sand).

In conventional well log analysis, the problem is solved 
by using an independent indicator of shale (indicator other 
than neutron and density porosities) such as gamma ray or SP 
log. First, shale correction is applied to the data and then 
gas correction is attempted by forcing the density and neu­
tron porosities, in a certain way, to come to agreement.

Since in the model discussed in this paper only neutron 
and density logs are used to analyze shaly sand formations, a 
new method is developed to correct neutron and density logs 
for gas effect in the presence or absence of shale.

Gas Effect
The density porosity is obtained from the following equa­

tion.

P m  - P b
=       (31)

^m ” P f

In equation (31) p m  and p f are the matrix and fluid den­
sities respectively ( p m  = 2.65 and p f = 1.0). /?b is the
bulk density of the formation and can be expressed as:
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P h "" vsd^sd + vwsd^w + vgsd^g + vslt^slt + ^wslt^w +

vcl^cl + vbw^bw (32)

In equation (32) , Vs^ z V^, Vg, Vg^f ^wslt' ^cl an<̂  ^bw 
stand for volume fractions of sand, water in sand, gas in 
sand, silt, water in silt, clay and bound water respectively, 
w stand for water, g stands for gas and p represents density. 

The neutron porosity of the formation can be expressed
as:

#n = vsd^nsd + vwsd^nw + vgsd^ng + vslt^nslt + vwslt^nw +
vcl^ncl + vbw^nbw (33)

In the above equation, <#>n stands for neutron porosity. 
Note that in equation (32) and (33),

vsd + vwsd + vgsd + vslt + vwslt + vcl + vbw - 1,0

The pore volume of sand can be expressed as:

vporesd “ vwsd + vgsd (34)

and Sg vgsd / Vporesd (35)

where Sg is gas saturation in the sand.
Substituting equation (32) in equation (31) and express-
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ing and <#>n in terms of sand pore volume (Vporesd) , we 
obtain.

2.65 vsd^sd (Vporesd “ vgsd)^w vgsd^g
<̂ d =  _____ -   -   -________1.65 1.65 1.65 1.65

Vslt^slt vwslt^w vcl^cl vbw^bw   -   —   -   .... (36)
1.65 1.65 1.65 1.65

^n vsd^nsd + (^poresd ” vgScj)^nw + VgS^ ng + Vg^t^nslt
+ ^ w s l t ^ n w  + Vcl^ncl +   (37)

Differentiating equations (36) and (37) with respect to 
volume fraction of gas in sand (VgS(j) , we obtain.

(Pw - Pg)d<#>d = ________  * d Vgsd   (38)
1.65

d0n = ( “ ^nw + #ng ) dVgSd .....................  (39)

Dividing equation (38) by equation (39) gives,

d<Z>d ( Pw ~ Pg )
______  —     (40)
d^n 1.65 ( <#>ng — <#>nw )

Equation (40) gives us the direction of gas correction 
(the slope of the line along which a gas point should be 
moved to its gas corrected position in a neutron versus den-
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sity porosity plot). See Figure 4.
Note that equation (40) gives the direction of gas cor­

rection only. In order to apply the gas correction to neutron 
and density porosities, we need the magnitude of gas correc­
tion as well. In the following paragraphs a method is 
developed to find the magnitude of gas correction.

Figure 5 is a plot of real log data from a well drilled 
in shaly sand formations. The neutron and density data were 
taken from several intervals in the well. The data clustered 
on the far right of the figure are from a thick shale zone. 
The group of data on the far left of the figure is from a gas 
bearing shaly sand interval, and the group of data in-between 
are from several hundreds of feet of water saturated shaly 
sands.

Theoretically, if log readings are representative, water 
saturated clean sands will fall on the line with slope 1 
(line 1 in the diagram). Shale zones will fall far below line 
1 and gas bearing clean sands should fall above line 1. The 
shaly sand gas bearing zones will fall above, on or somewhat 
below line 1 depending on the magnitude of gas saturation and 
the degree of shaliness. This is exactly what has happened 
to the data plotted in Figure 5.

This theoretical and experimental evidence enables us to 
propose the following gas correction model for neutron and
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density logs (see Figure 6)
1. Any gas bearing point of the diagram must be moved a 

certain distance D along a line with slope expressed in equa­
tion (40) until the gas effect on neutron and density porosi­
ties is completely removed (gas saturation goes to zero ).

2. The magnitude of the distance, D is a function of gas 
saturation and can be expressed as

D (Sg) = ( d<frd2 + d<#.n2)V2 .......................  (41)

3. There are infinite lines originating at the average 
shale point and terminating at line 1 (see Figure 6) charac­
terizing the lithology of the formation. Each point on these 
lines is a linear combination of shale and sand. The shale
fraction is zero where the line intersects line 1 and the
shale fraction equals to 1 at the shale point.

4. The intersection of each of the lines in 3 with line 1 
gives the porosity (<t>s &) associated with the sand portion of 
the formation.

5. The actual magnitude of distance D is found when the 

computed resistivity, Rtc* from

i / ^tc 1 / ^cb^cb + 1 / FwiRw + i /Fy^w (42)
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matches the recorded resistivity.
In equation (42) Fq^, Fw1 and Fw are the formation fac­

tors associated with clay + bound water, free water in silt 

and free water in sand.
The free water in sand can be obtained from,

vw = *sd * BVSD * (1 - Sg) ........................  (43)

Sg is the gas saturation in sand and BVSD is the bulk 
volume of sand. An expression for Sg can be found as fol­
lows.

vgsd " sg Vporesd .................................. (44)
Vporesd the pore volume in sand.

dVgsd = dSg Vporesd ................................ (45)

Combining equations (38) and (45) and equations (39) and
(45) gives us:

(p \ j ” Pq)
d#d " -------------  vporesd ^ g    (46)1.65

d^n " (- ^nw + 4*ng) Vporesd ̂sg .................  (47)

Since D = (d<#>n2 + d ^ ^ 2 ) 1/ 2 , substituting equation (46)
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and (47) in the expression for D and substituting VpQresd by 

4>sd*BVSD (BVSD + bulk volume of shale = 1) gives us:

D
dSq — ••••(48)

*sd*BVSD[(-*nw + *ng)^ + ((Pw " Pg)/1 .65)^]V '2

Since neutron and density tools are shallow investigating 
tools, equation (48) gives gas saturation in or around the
flushed zone (SgXO). This gas saturation is less than the
gas saturation seen by Deep Induction (ILD) tool ( S g ). As a 
result the resistivity calculated from equation (42) may not 
match the recorded resistivity (ILD).

One solution to this problem is to compare the calculated 
resistivity from equation (42) to a resistivity curve 
obtained by a resistivity tool with similar depth of investi­
gation as those of neutron and density tools.

Another solution would be to correct the water saturation
obtained from Sw  = (1 - Sg) as follows.

0

Bw/Bxo = [(^xo / Bt) / (^mf/Bw) ] = Ratio

Then, Sw  =  S xo (Ratio) or in our case Sw  = ( 1 - S g )(Ratio).
In the above expressions, Sxo  and R xo  are the water satu­

ration and resistivity of the flushed zone, R t is the resis­
tivity of uninvaded zone, R w  is the brine resistivity and R m f
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is the resistivity of mud filtrate.
Dewan (1983) has suggested using the following relation­

ship,

( l - S g x o  )2 =  ( 1 - S g  )

Here S g XO is the gas saturation in the flushed zone and 
Sg is the gas saturation in the undisturbed zone.

Since we did not have a micro - resistivity curve 
available, we used a factor Sw“n in equation (42) to compen­
sate for the too high water saturation obtained from Sw = 
(1-Sg) expression. The modified version of equation (42) 
is:

1 1 1  1
  =    +   +    (49)
**tc ^cb^cb Fw iRw FwRw sw n

In equation (49) Sw  =  (1-Sg) and n is the saturation 
exponent. In this paper gas corrected neutron and density 
porosities were obtained based on resistivity match between 
resistivities from equation (49) and Deep Induction (ILD).



T-3710 47

Application of The Model

The resistivity model proposed by Ma, reviewed and 
restated in this paper was applied to two well logs from 
different basins. These logs were mainly from shaly sand 
formations. The identities and specific locations of the 
wells are kept confidential. Each well was divided into 
several intervals. In each interval the combination of gamma 
ray, SP, resistivity, caliper, sonic, neutron and density 
logs were used to locate a thick uniform shale zone . Effort 
was made to avoid choosing washout shale zones. Adjacent to 
each chosen shale zone, a test zone, a general shaly sand 
zone, was also chosen. From each pair of shale and test 
zone, formation parameters in 100% shale zone such as volume 
fractions of clay (Vcl), bound water (Vbw), free water,

(Vw ) , density of clay (pcl) , neutron response to clay (<#>nci) , 
resistivity of clay + bound (RCk) and resistivity of free 
formation water (Rw ) were obtained (see Figures 7 - 8  and 
Table 3). These formation initial values were used in 
generation of simulated resistivity (R0). Let us now present 
some examples of simulated resistivity curves obtained.

The first three examples are from a well drilled in 
Louisiana. The geology encountered is mainly shaly sands 
with only one oil bearing zone. The model was applied on
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Figure 7. Examples of 100% shale zones. Zone A is at 5478 - 
5522 feet and zone B is at 6730-6802 feet.
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CLEAN SAND ZONES FOR INTERVAL 1 AND 2
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Figure 8. Examples of relatively clean sand zones. Zone A 
is at 5550 - 5584 feet and zone B is at 7064 - 7078 feet.
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Table 3
Input Shale Data And Initial Clay Values

Parameters Zone A Zone B

Log data from shale zones 
*n 0.43 0.40
*d 0.20 0.13
Rsh 1.0 ohm-m 1.0 ohm-m

Clay parameters determined in shale zones

Pci 3.03 g/cm3 2.89 g/cm3
*ncl 0.14 0.33
Vcl 0.406 0.47
Vfaw 0.250 0.145
Vw 0.073 0.0706
Rci 0.959 ohm-m 0.825 ohm-m
Rw 0.0265 ohm-m 0.0304 ohm-m
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this data set first by Ma in 1987. The model was reapplied 
on the data and similar results were obtained. The results 
shown in Figures 9 - 1 1  are the original work of Ma. The 
solid curves are the simulated resistivities and the doted 
curves are the recorded resistivities (ILD). Since these 
intervals are water saturated, The computed and recorded 
resistivities both represent R0 . Theoretically, the two 
curves should have identical values. However, since the real 
earth is much more complex than our model and also we are 
dealing with measurements from different tools (neutron and 
density versus induction tool), it is not easy to obtain 
identical values for both curves. Model errors, instrument 
errors associated with each tool, measurement errors and in 
our case specifically the different averaging processes 
associated with the measurements of neutron and density tools 
versus induction tool are some of the causes to be named for 
the differences between the two curves. Having this in mind, 
we still see a good agreement between the two curves .

The second sets of examples are from a well drilled in 
offshore of Southern U.S.. Again the geology is mainly shaly 
sands. In this well the only known productive zone is a gas 
bearing zone. The productive zones of both wells will be 
discussed later. Figures 12 - 14 show application of the
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SIMULATED AND RECORDED RESISTIVITY (OHM-M)
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Figure 9. Example of simulated resistivity and ILD at 5510 -5630 feet.
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SIMULATED AND RECORDED RESISTIVITY (OHM-M) 
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Figure 10. Example of simulated resistivity and ILD at 588 0 -6000 feet.
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SIMULATED AND RECORDED RESISTIVITY (OHM-M)
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Figure 11. Example of simulated resistivity and ILD at 697 0 -7100 feet.
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model on three different intervals of the well.
In each of the figures the lines with dots show simulated 

resistivity curves and the smooth lines show the recorded 
deep induction (ILD) curves. Figure 12 covers 400 feet of
the well (2900 - 3300 feet).

Figure 13 covers another 400 feet of the well. In this 
interval, the only gas bearing zone of the well is located at 
3530 - 3552 feet. The clear separation of simulated resisti­
vity and deep induction in these depths confirms the pre­
sence of gas bearing zone.

There are two thin layers of shale also in the gas
bearing zone (see depths 3535 and 3540 feet). Both of them
are reflected in the two resistivity curves. The separation 
of the two curves decrease at these shale layers.

In Figure 14 one of the points worth mentioning is the 
relatively poor agreement between simulated resistivity curve 
and ILD from 3570 to 3650 feet. One possible explanation for 
this poor agreement is that the zone in question has a 
different shale type than the shale from which the formation 
initial parameters were obtained (3300 -3 330 feet).
Therefore another shale zone (3780 -3800 feet) and a test 
zone (3830 -3850 feet) was chosen and the formation initial 
parameters were derived. With the new formation initial 
parameters a better agreement between simulated resistivity
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and ILD was obtained. The results are plotted in Figure 14. 
This result leads us to the conclusion that there is a poten­
tial for the model to be used for determining shale type or 
specifically clay type in shaly sands.
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Application of the Model to Oil Bearing Zones:
Ma (1987) applied the model to a known oil bearing zone 

of a well from Louisiana. Figure 15 is a plot of simulated 
resistivity and recorded resistivity in that zone. Here the 
separation between calculated resistivity (R0) and recorded 
resistivity (ILD) confirms the presence of hydrocarbons in 
the zone. Table 4 shows the results of saturation Index (SI) 
analysis in the above oil bearing zone. Note the difference 
between water saturation obtained by conventional methods 
(Sw0) and water saturation obtained by this model (Swl). As 
was mentioned before, in this model the shale effect is 
removed from both simulated resistivity (R0) and recorded 
resistivity (ILD), and only then saturation index (SI = Sw”n 
= R^/Rq ) is calculated.
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SIMULATED AND RECORDED RESISTIVITY (OHM-M) 
IN OIL-BEARING ZONE

2
5
6  Q

SIMULATED INDUCTION
RESISTIVITY ------- LOG

Figure 15. Simulated resistivity and induction log in
oil-bearing zone at 6558-6568 feet.
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Table 4

Saturation Index Analysis in Oil-bearing Zone

depth SIO SvO 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

SIO 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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Application of the model to Gas Bearing Zones:
The only known gas bearing zone in the offshore U.S. well 

is located at 3530 to 3552 feet depth. The recorded and 
simulated resistivities of this zone are shown in Figure 16.

The neutron and density porosities of the above gas 
bearing zones were corrected by the gas correction method 
described in the paper. Figure 17 shows five curves. Each 
curve is marked by a different symbol. The curve marked 
measured resistivity is the Deep Induction curve (ILD), and 
the curve marked computed resistivity is the resistivity 
obtained from equation (49) and using the gas saturation 
calculated from equation (48). The computed resistivity was 
used to quantify the magnitude of gas correction applied to 
neutron and density porosities. Overall, we were able to 
obtain a very good match between the two resistivities.

The gas saturation curve shows gas saturation in the 
zone after removing the gas and shale effect from the neutron 
and density porosities. The sand porosity curve is the 

porosity of the sand portion of the formation (<t>s &) .
Both of the gas saturation and sand porosity curves are 

in agreement with the lithology and recorded resistivity 
(ILD). The two troughs in the resistivity curves (see depths 
3535 and 3540 feet) reflect the presence of larger fractions 
of shale in the formation. The sand porosity and gas
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saturation also reflect this fact. Finally the sand fraction 
curve (slightly smoothed) shows the fraction of sand (sand + 
shale = 1) calculated by the model.

Figure 19 shows the simulated resistivity after gas 
correction is applied to the neutron and density porosities 
and Figure 20 shows simulated resistivity and recorded 
resistivity after removing the shale effect from both of the 
curves.

Table 5 shows the result of saturation analysis done with 
and without the shale effect removed. Here also we can see 
the improvement in the saturation index by removing the shale 
effect from resistivity logs.

In Table 5 another interesting result is observed in 
depths 3539 - 3542 feet. Since this interval is mainly 
shale, the saturation index obtained by this method is lower, 
which reflects the reliability of the method.
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Table 5: Saturation Index Analysis in Gas-bearing Zone
DEPTH ILD SI 1 SW1 SI 2 SW2
3530.00 2.26 2.82 0.60 5.49 0.43
3531.00 2.90 3.63 0.52 5.44 0.43
3532.00 3.01 3.77 0.52 5.25 0.44
3533.00 2.70 3.38 0.54 4.15 0.49
3534.00 2.44 3.05 0.57 3.22 0.56
3535.00 2.36 2.94 0.58 3.05 0.57
3536.00 2.47 3.08 0.57 3.96 0.50
3537.00 2.63 3.29 0.55 5. 16 0.44
3538.00 2.81 3.51 0.53 4.30 0.48
3539.00 2.69 3.36 0.55 2.85 0.59
3540.00 2.27 2.84 0.59 2.09 0.69
3541.00 2.09 2.61 0.62 2.02 0.70
3542.00 2.21 2.76 0.60 2.06 0.70
3543.00 2.55 3. 19 0.56 3.26 0.55
3544.00 3.30 4. 12 0.49 4.32 0.48
3545.00 4.57 5.71 0.42 7.22 0.37
3546.00 5.78 7.23 0.37 10.99 0.30
3547.00 5.75 7.19 0.37 11.45 0.30
3548.00 5.06 6.32 0.40 9.87 0.32
3549.00 4.54 5.67 0.42 8.92 0.33
3550.00 3.94 4.93 0.45 8.36 0.35
3551.00 3.10 3.87 0.51 6.71 0.39
3552.00 2.17 2.72 0.61 4.33 0.48

Where :
SI 1 is saturation index with shale,
SW1 is water saturation with shale,
SI 2 is saturation index after removing shale effect,
SW2 is water saturation after removing shale effect.
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Conclusions
1. The resistivity model proposed by Ma (1987) and 

restated in this paper, has been applied to several water 
saturated shaly sand intervals of different wells, it was 
shown that the model generated resistivity values in good 
agreement with measured resistivities.

2. In the oil bearing zone the model successfully removes 
the shale effect from resistivity curves and provides a 
useful method for analyzing oil bearing shaly sand 
formations.

3. A new method to extend Ma's method to gas bearing 
shaly sand formations is developed. This makes it possible 
to apply Ma's method to both oil saturated and gas saturated 
reservoirs.

4. The extended model provides a method to determine 
reservoir parameters such as water saturation, effective 
porosity, and shale fraction in shaly sand formations.

5. There is a potential for the model to be used for 
clay typing.

6. Although the extended model has given useful results 
in the wells where it has been applied , the model should be 
tested in numerous other wells and in different sedimentary 
basins.
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APPENDIX 
More About The Gas Effect on Neutron and Density 

Porosities
The presence of gas in the formation affects the response 

of both neutron and density tools. The density log over 
estimates porosity (gas has low density) and the neutron log 
under estimates porosity (gas has lower concentration of 
hydrogen).

The presence of shale along with gas further complicates 
the problem. The presence of shale results in higher neutron 
porosities and slightly lower or higher density porosity 
depending on the density of shale. Of course shale would not 
affect density porosity if the density of shale is equal to 
the density of the matrix (sand).

In conventional well log analysis, the problem is solved 
by using an independent indicator of shale (indicator other 
than neutron and density porosities) such as gamma ray or SP 
log. First shale correction is applied to the data and then 
gas correction is attempted by forcing the density and 
neutron porosities, in a certain way, to come to agreement.

Since in the model discussed in this paper only neutron 
and density logs are used to analyze shaly sand formations, a 
new method is developed to correct neutron and density logs 
for gas effect in the presence or absence of shale.
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The density porosity is obtained from the following 
equation.

Pm - Pb /iiix
4>d =      (Al)

Pm - Pf

In equation (Al) p m  and p f  are the matrix and fluid
densities respectively ( p m  = 2.65 and p f  = 1.0). p-^ is the
bulk density of the formation and can be expressed as:

Pb ■ vsdPsd + vwsdPw + vgsdPg + vsltPslt + vwsltPw +
^clPcl + ^bwPbw .............................. (A2)

In equation (A2) , VS(̂ , Vv , Vg, , ^cl an<̂  ^bw
stand for volume fractions of sand, water in sand, gas in 
sand, silt, water in silt, clay and bound water respectively, 
w stand for water, g stands for gas and p represents density. 

The neutron porosity of the formation can be expressed
as:

#n ™ vsd^nsd + vwsd^nw + vgsd^ng + vslt^nslt + vwslt^nw + 
^cl^ncl + vbw^nbw.................... (A3)

In the above equation, stands for neutron porosity. 
Note that in equations (A2) and (A3),

vsd + vwsd + vgsd + vslt + vwslt + vcl + vbw “ 1,0
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The pore volume of sand can be expressed as:

vporesd = vwsd + ^ g s d ............................  (A4)

and Sg = VgS(j / Vp0res(j ...............  (A5)

Here, Sg is gas saturation in the sand.
Substituting equation (A2) in equation (Al) and 

expressing <#>£ and <f>n in terms of sand pore volume (Vp0rescj) , 
we obtain,

2.65 ^sd^sd (Vporesd “ ^gsd^w ^gsd^g
<̂>d - _____  -   -   -   -

1.65 1.65 1.65 1.65

vslt^slt vwslt^w vcl^cl vbw^bw ___________ —   -____  -   .... (A6)
1.65 1.65 1.65 1.65

#n = vsd^nsd + (Vporesd ” vgsd)^nw + vgsd^ng + vslt^nslt
+ ^ w s l t ^ n w  + Vcl^ncl + V^w^nbw  ............. (A7)

Differentiating equations (A6) and (A7) with respect to 
volume fraction of gas in sand (VgS(j) , we obtain.

(Pw - Pq)
d<#>d = __________ * d Vgsd   (A8 )

1.65



T-3710 76

CO

CD

CO

o a 00 to CMn oo

o
fcloo.
dok
3oS5

-P-H3
0)c

Xneoaoa Xnexiea

(0
CP
c0
rH<0
TJ
(U
-H
r4
a
A
(C

w
*«H

C
o
•H
-p
Ü
<D
P
P
O
Ü

in
f0 IT)
u VO

<—1
rH
<

«H
Q)
P 13
CP II
•P
(P <D

a
o
i— i
m



T-3710 77

- ( “ ^nw + ^ng ) d vgsd (A9)

Dividing equation (A8) by equation (A9) gives

d^d ( Pw - Pg ) (A10)
d<»n 1.6 5 ( <#>n g  - <#>nw )

Equation (A10) gives us the direction of gas correction 
(the slope of the line along which a gas point should be 
moved to its gas corrected position in a neutron versus 
density porosity plot). See Figure Al.

Note that equation (A10) gives the direction of gas 
correction only. In order to apply the gas correction to 
neutron and density porosities, we need the magnitude of gas 
correction as well. In the following paragraphs a method is 
developed to find the magnitude of gas correction.

Figure A2 is a plot of real log data from a well drilled 
in shaly sand formations. The neutron and density data were 
taken from several intervals in the well. The data clustered 
on the far right of the figure are from a thick shale zone. 
The group of data on the far left of the figure is from a gas 
bearing shaly sand interval, and the group of data in-between 
are from several hundreds of feet of liquid saturated shaly

Theoretically, if log readings are representative, liquid

sands.
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saturated shale free sands will fall on the line with slope 1 
(line 1 in the diagram). Shale zones will fall far below line 
1 and gas bearing clean sands should fall above line 1. The 
shaly sand gas bearing zones will fall above, on or somewhat 
below line 1 depending on the magnitude of gas saturation and 
the degree of shaliness. This is exactly what has happened 
to the data plotted in Figure A2.

This theoretical and experimental evidence enables us to 
propose the following gas correction model for neutron and 
density logs (see Figure A3)

1. Any gas bearing point of the diagram must be moved a 
certain distance D along a line with slope expressed in 
equation (A10) until the gas effect on neutron and density 
porosities is completely removed (gas saturation goes to 
zero).

2. The magnitude of the distance, D is a function of gas 
saturation of the reservoir and can be expressed as:

D (Sg) = ( d»d2 + d4>n2) V 2 .....................  (All)

3. There are an infinite number lines originating from 
the average shale point and terminating at line 1 (shale-sand 
lines, see Figure A3 ) characterizing the lithology of the 
formation. Each point on these lines is a linear combination
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of shale and sand. The shale fraction is zero where the line 
intersects line 1 and the shale fraction equals to 1 at the 
shale point.

4. The intersection of each of the shale-sand lines with 
line 1 gives the porosity (<PS ^) associated with the sand 
portion of the formation.

5. The actual magnitude of distance D is found when the 
computed resistivity, Rtc* from

i / ^tc := i / Fcb^cb + 1 / FwiRw + i /FwFw ......... (A12 )
matches the recorded resistivity.

In equation (A12) F^, Fwl and Fw are the formation 
factors associated with clay + bound water, free water in 
silt and free water in sand.

The free water in sand can be obtained from,

vw = *sd * BVSD * (1 - Sg) ..... (A13)
Sg is the gas saturation in sand and BVSD is the bulk 

volume of sand. An expression for Sg can be found as 
follows.

vgsd “ sg vporesd .................
Vporesd the pore volume in sand.

dVgsd = ^sg vporesd ...............

(A14 ) 

(A15)
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Combining equations (A8) and (A15) and equations (A9) and 
(A15) gives us:

= “ Pg)/i'G5] VpQ2»es(̂  dSg .................(A16)

d<̂ n = ("* ^nw + #ng) Vporesd ^®g .................(A17)

Since D = (d<t>n2 + d<#>̂ 2) V 2  f substituting equation (A16) 
and (A17) in the expression for D and substituting Vp0resd by 

<£sd*BVSD (BVSD + bulk volume of shale = 1) gives us:

D
dSg — ----------------------  --------------------  -— • • (A18)

<t>sd BVSD[(-#nw + *ng) + ((^w “ Pg)/1-65) ] ^

Since neutron and density tools are shallow investigating 
tools, equation (A18) gives gas saturation in or around the 
flushed zone (SgX O ) . This gas saturation is less than the 
gas saturation seen by Deep Induction (ILD) tool ( S g ). As a 
result the resistivity calculated from equation (A12) may not 
match the recorded resistivity (ILD).

One solution to this problem is to compare the calculated 
resistivity from equation (A12) to a resistivity curve 
obtained by a resistivity tool with similar depth of 
investigation as those of neutron and density tools.

Another solution would be to correct the water saturation 
obtained from Sw  = (1 - Sg) as follows.
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Sw/Sxo = [(Rxo / Rt) / (Rmf/Rw)]1/2 = Ratio

Then, Sw = Sxo * (Ratio) or in our case Sw = (1-Sg) *
(Ratio).

In the above expressions, Sxo and Rxo are the water 
saturation and resistivity of the flushed zone, R̂ . is the 
resistivity of uninvaded zone, Rw is the brine resistivity 
and Rmf is the resistivity of mud filtrate.

Dewan (1983) has suggested using the relationship, Sxo2 = 
Sw which can be restated as:

( l-Sgxo )2 = ( 1-Sg )

Here SgXO is the gas saturation in the flushed zone and 
Sg is the gas saturation in the undisturbed zone.

Since we did not have a micro - resistivity curve 
available, we used a factor Sw“n in equation (A12) to
compensate for the too high water saturation obtained from Sw
= (1-Sg) expression. The modified version of equation (A12) 
is:

1 1  1 1  
_______ =   +___________ + ..........   (A19)
**tc ^cbRcb FwlRw RwRw^w n

In equation (A19) Sw = (1-Sg) and n is the saturation 
exponent. In this paper gas corrected neutron and density
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porosities were obtained based on resistivity match between 
resistivities from equation (A19) and Deep Induction (ILD).

Let us now discuss some of the terms in the model in 
details.

I) Equations of The Lines Involved:
In Figure A3 there are several lines . In the following 

paragraphs the equation of each of the lines is derived.
1. Line 1:
This line is the liquid saturated shale free (clean) sand 

line. As can be seen from the figure, the slope of this line 
is 1. The equation of this line is simply Y = X or

#d ~ #n ........................................  (A20)

In the above equation (density porosity) is dependant 
variable and <f>n (neutron porosity) is independent variable.

2. The gas lines ( The lines along which the gas points
are moved):

The slope of these lines is expressed in equation (A10). 

There is at least one known point (4>ng^dg) on these lines. 
Here <t>n g is the apparent neutron porosity of the gas point
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and <t>àg is the apparent density porosity of the gas point. 
Using the Point-Slope [Y-yl = m(X-xl)] formula and letting 
the slope equal to m, we obtain:

4»d - ^dg = m ( ^n " 4»ng )
Or,

<t>d =  m  <Pn  ~  m  ^ n g  + ^ d g  .................................................................  • (A 2 1 )

3. The Shale-Sand Lines:
When a gas point is moved below line 1, it falls on one 

of the lines originating from the shale point and 
terminating at line 1 (Shale-Sand lines). The equation of 
the correspondent Shale-Sand line can be found as follows.

Two points on this line are known, the new location of 
the moved gas point (n^ng, n^^g) and the shale point 

(*nsh'4»dsh) • From the two known points we can find the slope 
(m) of the line.

m  = (#dsh “ n<̂ dg) / (#nsh ” n<̂ ng)

Now using the Point-Slope formula and any of the two
known points, we can find the equation of the line. Let us
use the shale point.
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<*>d = xn̂)n - m^nsh + 4>dsh ........................... (A22)

II) Sand Porosity (^g^):
The sand porosity is shown on line 1 in Figure A3. This 

porosity can be obtained by setting the equation of the gas 
line [equation (A21) or (A22) whichever is applicable] equal 
to the equation of line 1 [equation (A20)]. For example, if
the new location of the gas point is above or on line 1, sand
porosity is found by setting equation (A21) equal to equation 
(A20) and solving for <#>n . If the new position of the gas 
point is below line 1, the sand porosity would be obtained 
form equations (A22) and (A20).

III) Shale Fraction:
Shale-Sand lines are linear combination of shale and 

sand volume fractions characterizing the lithology of the gas 
bearing points.

If the position of the gas point (original or moved) is 
above or on line 1, the shale fraction is considered to be 
zero. If the location of the gas point is below line 1, then
the shale fraction is obtained as follows:

Let the distance from line 1 (along the correspondent



Ga
s 

po
in

t

T-3710

cod
r I 1

m Mo o O

*»
ouoflk
dok*»d*%

<0 k O
4->-5 3oCUT* C <u <0
rH
(0 H  
Xi ̂  M
Q) <0 tp O (0k A0) >is> -p
T3C<0c(0

?>- •H4->•Hmopo
g(0k
to-H'O

a nto c•H
-- 6

&0-HM  jj
s sktPrt «M•H totk ü Q)*H i—Ia, to >1^ -P M

0)k3

X t f O J O d  X i t e u e a



T-3710 88

Shale-Sand line) to the location of the gas point be LI, and 
the distance from line 1 (along the Shale-Sand line) to the 
shale point be L2 (see Figure A4). Then,

Shale Fraction = LI / L2.
LI and L2 can be expressed as follows

LI = [ (n<*>ng - 4>sd)2 + (n<£dg - 4>sd)2 ]1^2

L2 = [ (4»nsh “ 4»sd)2 + (#dsh ” ^sd)2 ]1>/2

IV) Resistivity Match:
The resistivity from equation (A19) is computed and 

compared to the recorded resistivity (ILD) only when the gas 
point has been moved on or below line 1, since the first 
possible location where gas saturation could be equal to zero 
is on line 1. The process of moving the gas point and
matching the resistivities is ended when 4>S(̂  is equal to zero
or the neutron response of the gas point reaches the neutron 
response of shale.

The neutron and density porosities taken from the 
position of the gas point that gives the best match between 
the recorded and calculated resistivities are considered gas 
corrected neutron and density porosities.


