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ABSTRACT

The purpose of this work is to evaluate the
saturation Profile of Zubair formation in East Baghdad
Field, from log interpretation.

The relative- accuracy of four methods of porosity
evaluation, from three porosity logs (Neutron, Density and
sonic logs), wasllested against‘measured porosity from cores
of eighty nine chosen intervals.

The accuracy of each method was evaluated
statistically by calculating the correlation coefficient,
standard deviation error, average percentage error and
absolute average percentage error.

The crossplot technique (using triangle method) of
Neutron and Density logs data was found to give the best
statistical parameters, hence, it was used to ¢alculate
optimum porosity values.

It is concluded that the adoption of this method in

porosity determination will result in more accurate water

saturation determination particularly when using Archie’s

equation.
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Symbols:

Cu
Ce
Chec
Ce
Cs

Cw

Gb

Rw
Rwa
Rxo
Sw

Sxo

Ve
Vg
Vaa

v,

NOMENCLATURR

Formation factor coefficient.

Compressibility of the rock frame, psi-t.
Compressibility of the pore fluid, psi-'.
Compressibility of the hydrocarbon fluid, psi-!'.
Compressibility of the pore volume, psi-!.
Compressibility of the grain material, psi-!.
Compressibility of the water, psi-t.

Formation factor.

Bulk sheer modulus.

Cementation factor.

Archie exponent (saturation exponent).

Shale fraction of the total formation volume.
Mud-filtrate resistivity, 0-m.

True formation resistivity, 0-m.
Formation-water resistivity, Q-m.

Apparent formation-water resistivity, 0-m.
Flushed-zone resistivity, f1-m.

Water saturation, fraction.

Water saturation in the flushed zone, fraction.
Formation velocity, ft/scc.

Clay volume, fraction,

Sonic vcquity in the interstitial fluid, ft/sec.
Sonic velocity in the rock matrix, f(t/scc.

Compressional velocity, ft/secc.

|
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v

Vsh = Shale volume, fraction.

[0 = Shale indicator, fraction.

at = Acoustic traveltime in formation, usec/ft.

Ate = Acoustic traveltime in fluid, usec/ft.

Atma = Acoustic traveltime in rock matrix, Usec/ft.

o = Poisson’s ratio.

@ = Porosity,.- fraction.

acalc = Average calculated porosity, fraction.

ameas = Average measured porosity, fraction.

@i calc = Calculated porosity in well for ith layer,
fraction.

@i meas = Measured porosity in well for ith layer,
fraction.

Psc = Corrected porosity for shale content, fraction.

@o = Density-log apparent porosity, fraction.

oN = Neutron-log apparent.porosity, fraction.

@Nsh = Neqtron—log equivalent porosity of shale,
fraction.

[, = Porosity derived from matrix method, fraction.

P = Porosity derived from fluid method, fraction.

Ba = Porosity derived from average method, fraction.

Pb = Bulk formation density, gm/cc.

Pt = Density of fluid, gm/cc.

Paa = Density of rock matrix, gm/cc.

Psh = Density of shale, gm/cc.

B = Cs/C»n .
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Abbreviations:

AAP

APE

BHC

CF

CNL

FDC

GR

CGR

ILD

So

Absolute Average Percentage Error.
Average Percentage Error.

Borehole Compensated.

Correlation Coefficient.
Compensated Neutron_ Log.

Formation Density Compensated.
Gamma Ray.

Corrected Gamma Ray.

Induction Log Deep.

Standard Deviation Error.
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CHAPTER ONE
INTRODUCTION
A
{East Baghdad Field is one of the recently discovered
Iraqi oil fields, having several pay Zones. Zubair formation
is one of these =zones at -which we have executed this
investigation.

Lithologically, Zubair formation is composed mainly
of sandstqne with some intervals of shaly sand and shale
(particularly in the upper section).

The porosity of eighty nine intervals in the water
bearing zone of six wells (EB-55, ﬁB—SG, EB-77, EB-79,- FB-
15, and EB-18) of this field was calculated by usiﬁgu the
following available logs:-

1- Sonic log, BHC.
2- Density log, FDC.

3- Neutron log, CNL.

Neutron and Density logs are used either as single
porosity indicator, using their basic equations, or in
combinations, using a crossplot technique (triangle method).
Hence, three porosity values are calculated from Neutron and
Density logs for each interval.

On the other hand, the time-average equation was used
to calculate porosity from the transit time of sound wave
through the formation which was taken from sonic 1log.

Therefore, Several comparisons can be made between porosity

oldllieu witll udll ID\Ci



values ealeulated from nonlae log and that from other logs.
The reference value in theno comparlsons 1s the core
poroRity, This porosity waa moeasurod in the laboratory by
using saturation method with gns oil, at depths
corvesponding to same log intervals.

Log porosity should be corrected for shalinéﬁs. More
than one method van be used for shale volume determination,
some of these methods are:

1- Corrected Gamma Ray log, CGR.

2~ Pu-Onx crossplot using triangle method.

After the four porosity values have been calculated
for each interval, we have used regression analysis (simple
regression) and a statistical program to compare these
values with those obtained from cores in order to get the

correlation coefficient, average percentage error, absolute
= 1
average percentage error and standard deviation erro;l Then

s

we used the porosity values obtained from the triangle:
method to formulate a modified form of Archie equation to be
used for water saturation determination.

\ | e hat

W '\The reason of using“triangle method was that it shows

a highest correlation coefficient and lowest percentage

.~

errors.

The modified Archie's equation is formulated by
finding particular values for cementation factor (m) and the
formation factor coefficient (a) for Zubair formation using
Pikett method, in which, resistivity-porosity crossplots for

the same intervals have been executed.

Scdlleu witi udinSCca



CHAPTER TWO

LITERATURE REVIEW

One of the main cbjectives in formation evaluation is
the determination of water saturation (Sw). Importance of
this objective comes from the essential part of saturation
determination in reserve estimation.

Water saturation is defined as the fraction of pore
space occupied by water. To determine 'Sv’', many other
petrophysical parameters should be known, either from well
logging or from other sources, such as the porosity.

The most commonly used method for Sw determination is

the Archie’s equation(1):-

n FRH
SH= ——————— IR EEEREERE R E R T T T T e 2-1
Re
Where:
Rt = True formation resistivity, 0-m,

F Formation resistivity factor,
Rw = Formation-water resistivity, Q-m, and

n = Saturation ecxponent,.

This equation is directly applicable to the case of
clean formation with homogeneous intergranular porosity,
where it is found to give good results. It is also used for

determination of ‘Sw’ in flushed zone, as follows,

I ’
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Wherve!

Sxe = Water saturation in the flushed zone,

Rvo = Resistivity of flushed zone, 0-m, and
Ree = Mud-filtrate resistivity, 0-m.

The formation resistivity factor (F) is defined by

a
F=_-—- S 8 0 4 9 0 6 9 8 8 8 e 9 % A 4 8 0 s 8 e s 8 N 8 0 UGG e a0 s e 0V 2—3
Qn
Therefore Eq.(2-1) can be written as:-
n a Rw
SN': ——————— B 8 & 6 0 U P S 9 P S U B e S P O P S A S S AT L o 2_4
g Rt

Formation resistivity factor, as seen from Eq.(2-3)
is a function of porosity, cementation factor (m) and
formation factor coefficient (a). The cementation factor (m)
was found to be a function of formation lithology, and to
have essential effect on 'Sw’ determination. It was also
found that general values of m = n = 2 and a = 1 can be used
to give reasonable results.

Determination of porosity is a vital step for the
accurate determination of saturation, as. can be seen from
Archie's equation. The resisti vity of formation water (Rw)
can be oblained Crom. direcl laboratory mecasurement of

formation water sample, or, allternatively, can be estimated

SCdImeu wrar cdriSce



from well logs. Many methods were suggested for the
determination of 'Rv’'(2), which can serve as quick methods
for Sw determination. Among thesc are

1- Pickett method

2- Hangle method

3- Ro/Rt, ratio method.

- Pickett Method(3):- In this-method. formation resistivity
recadings are to be cross-plotted against porosity on
logarithmic co-ordinates. The 1lowermost points in this
plot represent the water line (Ro line), and the intercept
of this line with the @g-axis (at @g=100%) can be used to
calculate ‘Rwv’.

This method can be considered as a quick graphical
solution for the determination of water saturation.

- Hingle Method(2): In this method, across-plot is
constructed of (log 1/fRt) against one porosity log
reading. Formation density (P»), sonic transit time (&t),
and formation factor can be used in this semi—logarithmic
cross-plot. As in pickett method, line is drawn through
the lowest resistivity points, that represent the water
zone, and ‘Rvw’' value can bé calculated from the slop of
this line. This plot can also be used for direct graphical
determination of ‘Sw’.

- Ratio Mcthod(4):- In this method, resistivity readings of
two zones around the well  Dbore are taken into
consideration. The first zone is the invaded zone next to

the well bLore, which is affected by mud filtrate. The

l"\.
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second is the uninvaded zone, which corresponds to the
original conditions in the formation.

The ratio of the flushed zone resistivity to the unflushed
zone resistivity can be shown to have the following form,

according to Archie’s equation:-

Raf 2 }
Rie/Rt = ----- (Sv/Sxo ) Ceecssacsseseassrresess 2-5
R.
When the following empirical relationship is
substituted: -
1/5
SXO=SI‘ N EEEE R R R I R T N S S T S S S S S S R 1 2—6
Solving the equation for ‘Sv’:
Rxo /Rt 575
SU-_'( -------- ) © © ° 5 5 0 0 5 8 T 20 0 L0 S E SO S e e ._-7
Raf/Rh

When ‘Rw’ 1is known, water saturation can be determined

directly from Eq.(2-7).
Another method that can be used for 'R+’ and ‘Sv’
determination, is the apparent water resistivity method(3).

This method employs the determination of minionum 'Rewa’ by

using the following equation (in assuming that Sw=1)

Rt
Rea = --—-

F

© ® 0 0 9 9 8 8 0 0 0 S T T ST T S O8Ot e 0NN 2—8

A . . .
when several intervals of water bearing zone have the

same v s is ¢ ai i
38 aluea_of (Rvadain, there is o fair anount of cortaint ¥
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that this value corresponds to 'Re’. Therefore, when ‘I’ is

known from this method, ‘s,' <can be calculated by

substituting Eq.(2-7) in Eq.(2-1)

ceees 2-9

All the above mentioned methods are based on Archie'’s
cquation, and are mostly valid for clean formation.

Determination of porosity from logs has been
discussed by neumerous numbers of articles. In this secticn,
an attempt will be made to summarise some of the essential
articles dealing with sonic and radicactive logs as porosity

indicators.

2-1 Sonic log:

The principle of sonic logging tool is based on the
propagation of elastic vibrations in the formation. Sonic
logging is a recording of the transit time of sound wave as
it travels through one foot in the formation, i.¢c. is a
mecasure of sonic veloqity in the formation.

Since the mid-1950's, the sonic log has become oun2 c¢f
the most commonly used methods for porosity determination in
0il and gas reservoirs(8),

Although the sonic log can be run in both compacted
and uncompacted formations, its record in the later case
neceds Lo be corrected. The correction procedure was

suggested Ly Tixicr el alf(7),

SUAIMTET WItIT Udi11SCe



They also found that the sonic rveading should be
corrected for shaliness and fluid content.

Besides porosity determination, sonic logs can be
used for fracture location, geological correlation, and with
neutron and/or density logs, for identification of
lithology. Similar to most other logging measurements, the
sonic log reading is not a direct porosity valuc, but rather
the time required by the sound wave to travel betwecen two
points through the formation, 1i.e., sonic velocity in the
formation. These measured (&t’s) or velocities must then be
transformed into porosity. The transformation procedure is
affected by many factors, among which aref3d?!:-

- Degree of shaliness.

- Effective stress.

- Type and pressure of pore fluid.
- Matrix materials.

- Degree and nature of cementation.

- Temperature.

The transformation of sonic reading into porosity ha:l
been discusscd by many nuthérs. as follows:-

Wyllie et al. (1956,.1958)‘9'10) have developed an
average velocity equation as a conclusion of substantial
Laboratory work to describe velocities measured on a pile of
lucite-aluminum discs. This equation was used to calculate

the porosity of fluid filled pores:-

ocldlleu wiui udinSce



i m e AR £ ieses e ameesian smen o oe e 2740
A4 Vi Vaa

Where:

\Y = Formation velocity, ft/sec,

) = Fractional porosity,

VL = Sonic velocity in the interstitial .fluid,
ft/scc, and

Vaa = Sonic velocity in the material constituting the

matrix of the rock, ft/sec.

In terms of transit time (At), and for porosity

determination, the time average equation can be written as:-
g: ————————————————————— e s e e s s e 00000000000 o 0 2-11

Where At, Atma and Atf are the respective transit times of
the sound energy expressed in Usec/ft.

Wyllie et al.(?) compared the velocities from
equation with actual velocities obtained from cores
measurements at atmospheric pressure. They repeated the
comparison in 1958 under different pressufes to simulate in
situ conditions(10),

They reported that "whereas all the experimental data
show a considerable degrece of dependence of velocity upon
porosity, there is also a considerable scatter of data which

must represent the influence of other factors such as the

matrix material, grain size, distribution and shape of"

Scdiieu witlt udinocC
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10

cementation, type of liquid in pores, pressure and
temperature”.

It can be noticed that the time average equation is
the simplest model, and the mostly used equation in
determination of formation porosity since it was developed
Gy wyllie et al. (1956). This is because of its simplicity
and intui;ively.reasonable appearance as compared with other
theoretical equations.

Millican(!'1) (1960) has developed a method of log
interpretation in the Delaware sand, in which the effects of
shale content can be recognized and used for correction of
porosity calculation.

He stated that "the shale content may be considered
as an additive to the sand matrix, and as such may be
included as part of the matrix in any proposed relation
between sonic velocity and porosity".

Therefore, he added the shale as a second matrix

material to Wyllie equation:
——— = ===t —-——= e LI S T S S R S S S S S S S Y 2-12
Where, P is the shale fraction of the total volume. In terms

of At’s and for porosity calculation, the equation may be

formed as:

Sidliieu Wil ualiSce



11

1t =cema obvious that the second term of Eq.(2-13) ia
a correction term for the presence of shale within the sand,

i.e., it represents a porosity reduction term.

With presence of Sonic and Gamma Ray logs, he
presented Eq.(2-12) on a graphical chart to determine the
porosity for both clean and shaly sand, as shown in
Fig.(2-1).

Geertsmal!2) (1961) showed that the effect of

porosity on formation velocity can be accounted for, through

the compressibilities:-

2 B 4 . (1-8) 1
Vp = [ =~=- ¢ === Gb 4 —m-mmm—mmmm— oo |
Cs "3 (1-g-B) Cs + @ Cs¢ Pb
' e, 2-14

Where, Vp is the compressional velocity (ft/sec), Pv 1is the
bulk density (gm/cc), Cs and Ctf the compressibilities

(psi-!) of the matrix grain material and the pore fluid,

respectively.

The bulk shear modulus (Gb) is defined as:

Poisson's ratio of the empty rock frame is ‘o’ and B is
Cs/Cu, where ‘Cv’ is the compressibility of the rock framc,

which is defined as:

Cu =@ Cp + Ca e e e et e e Z-16
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wheve, 'Cp' is the compressibility of the pore volume. The

prore fluid compressibility is defined as:
Cf=SN CV+(1_SV)ChC € 60 0 000 0 0000060000000 00 2-17

where, Che is the compressibility of the hydrocarbon fluid
and Cw is the compressibility of the water. -

Use of Eq.(2-14) to.predict porosity is obviously far
less attractive than empirical correlations due to the
number of parameters and the involved calcuiations.

Rokesh et al.(13) (1965) have suggested a completely
new logging system, which is the borehole compensated sonic
system, in which the c¢rrors catised by irregular borehole
diameter have been overconec.

Mecese(!4) (1974) have used a statistical approach to
derive relationships between transit time (At) and porosify
for reservoir rock which has either linear or logarithmic
statistical properties.

LS He stated that "If the rock properties are
distributed (statistically) in a linear fashion, the well-

known time-average equation is derived":- ‘
&t = Btr . @ + Btua (1-0) S arsie

And if the properties (particularly transit times)"
arc distributed statistically in a logarithmic fashion, an
analogous logarithmic-time-average equation is derived: -

1-g ?
At = (Atnlu) . (Atf) ....................... 2-19
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13

He compared the logarithmic time average equation and
the usual (linear) time average equation with laboratory
data for certain cnrb;:nntes, as shown in Fig.(2-2). He
concluded that, there ic a very good agreement between the
logarithmic equation and laboratory data.

Problems rising when using the time average equation,
particularly when it fails to predict the porosities in high
formation porosity ranges (over 25%), have urged Raymer et
al.(15) (1980) to propose a new empirical model to transform
the transit times to porosities over the entire theoretical
porosity range, from 0.0 to 1062, as shown in Fig.(2-3).
This figure shows a compariédn between: their proposed
transform and time average equation for Vaa = 1800 - ft/sec
and Vaa = 19,500 ft/sec.

One drawback of their suggested transform is. that
they could nét find a single _algorithm or equation for
translating the transit times to porosities over the en?ire
porosity ranges (0-100%). For that‘reason. they divided the
entire range into segments, as follows:-

a- For the range of porosity from 0% to 37%, they proposed

the following equation:-

\"1 = ) mmemo— (l'g) Vll ©9 0 0 0 0 0 ¢ 000000 ST 2—20

where, P is the bulk density of the mixture and Paea is the
matrix density. This equation was suggested to be used in

porosity determination for zones saturated with water.
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HHowever, if the zZones are saturated with other fluid, the

following equation was proposed:-

2
‘rl =(1_¢) v-n +¢Vf P A A B B B R R R A A 2_21

6
where, A4ti = 10 /V1

b- For the range of porosity from 47% to 100%, the proposed

equation is:-

Atz T e o P P, ——————— o 0 a1 e s e DO 2—22

c- For 37% to 47% porosity range, the proposed equation is:-

0.47 - @ @ - 0.37
At S e —— Atl + mmmmmm————- AtZ R EEEE] 2—23
0.1 0.1
or
At = =m————————= Atl e S Atf . . . . 2—24
0.1 0.1

2-2 Radioactive logs

Neutron, Density and Gamma Rays logs are the most
widely used radiocactive 1logs in the field of formation
evaluation, particularly for porosity and shale volume
determination. The first logging operation using radiation

of nuclear origin was performed in the begining of 1940’'s to

—SCaTed WItT Cai frSCe



recond the natural pamma radiation emitted by the formation
crossed by bore holeat?), The gamma vadiation haa been
widely uned in well logging bocnuse of its high penetration
prower to investigate through the formation and the casing.

Other purposes of vadionetive logs in additlon to
porosity and clay volume determination are the lithology
detormination, gas  bearing sones detection, formation
density, ... otc.

Neutvon logging davice emits neutrons that responds
to the hydrogen content in the fovmation, which includes
hydrogen of liquid present in pore space, matrix and in clay
lattice (if the formation containu clay).

Density logging device measures the bulk density
(matrix and fluid densitics) by emitting Gamma Ray into the
formation. Thao Gamma Ray logging device measures the natural
radioactivity of the formation.

Since the most of radiocactive minerals exist in
shales and clays, the Gamma Ray log considered to be the

most widely used log as a shalec or clay indicator.

2-2-1 Evaluation_of porosity

The neutron and density logs have been in use for
many ycars as porosity indicators. They can be used as
single 1indicators, combined to e¢ach other in crossplot
techniques, or combined to other logs (such as sonic), for

better evaluation of porosity, ~

SQcdilieu will udIinoCe
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The Density log measures the bulk formation density,
therefore, porosity derived from this log will represent the
total formation porosity(16),

Neutron log responds to the hydrogen content of the
formation. Hydrogen ions exist "mainly in the pore filling
fluids, but they can be also found in the matrix and in
clays (in the cases of shaly formation). When this is the
case, the neutron porosity needs to be corrected for
hydrogen content of matrix and shale.

The effective porosity can be estimated by crossplot
technique of density-neutron data, and it was noticed that
calculated effective porosity by this technique provides the
most meaningful measurement of in-situ porosity(17).. Various
methods have been proposed by many authors that deal with
these two radioactive logs as porosity indicating devices.

An approach of porosity determination for thin beds
from Neutron logs has been proposed by Edwards and-
Simpson(18) (1955)., Actually they developed an equation to
correct the deflections of Neutron logs in thin beds. They
also introduced the scintillometer 1into the field of

radioactivity logging to make it possible to determine bed
thickness accurately.

Wahl et al.(19) (1964) proposed a new density logging
tool in which the effects of the mud cake and hole
irregularities could be overcome. This tool was called the

compcensated formation density tool, FDC.

m'lﬁSce



They concluded that the tool givoa good mennurementy
for more accurate densities without needlng mud cake and
borehole irregularities correctionas, hence, more accurate

porosities will be oblained by applying the following

cquation:-

Po = Faa (1-9) + Pr(9) T R
Where:
P = Formation bulk density, gm/cc,
fr = TFluid density, gm/cc, and
Pwa = Matrix density, gm/cc.

Neutron-Density crossplot has been proposed by
Schlumberger company(29) (1968) for better porosity
evaluation. The method was called ‘'The Dugql Mineral Method’.
It accounts for the prescnce of more than one mineral in the
formation matrix. Both ‘s’ and ‘Pb' are plotted on a
specially designed chart, see TFig.(2-4). Each line
represents onc mineral. The points so cross-plotted on the
chart can be wused for direct porosity and lithology
determination.

Poupon et al.,(2!') (1971) proposed a new method
(complex lithology method), which is more general than the
Ducl Mineral Method because it takes into account the
effects of the shaliness and hydrocarbon on the porosity and
lithology dectermination. The mcthod was used in a computer

program called CORIDAND, which facilitates the numerous

Sedilnieu witll udlll
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amount of crosa-plotting and other correction technlques

that required specially when dealing with complex lithology-

A compa l'isnn hng b(\(\“ m“d" h(\t‘w'\(\n th(‘ f:ompnnﬂllf',ﬂd

Neutron log, CNL, (which overcomes the mud cnke and bore

hole irregularvities effects) and the epithermal Neutron

tools by Truman et al.(22) (1972). They concluded that the

determined shale content and porosity by the CNL-density

crossplot are more accurate than those determined by

prcvious  Neutron (such as SNP)-Density crossplot by

computations.

A program for hand-held calculators have been
developed by Ching and Krug(23) (1978) for c;ossplot
analysis in which the FDC-CNL-GR' and deep invcstigq}ion
resistivity logs can be used. This program can be considered

as a quick method to determine effective porosity, shale

content and water saturation.

Ching and Krudwing(24) (1980) have modified the
proposed quick method of density-Neutron c;ossplot analysis
(using hand-held calculators) by WU and Krug(23) (1978), by
means of using polar coordinates that made the program more

compact, efficient and more quicker in determination of

shale content, porosity and water saturation.

Swulius(25) (1986) sugdested a new technique to
transform Neutron log deflections into accurate Neutron
porosity log. In that method, he used computers to analyze
and rescale the Neutron loy defllections to a more accurate

Porosity log. Then an ecqualion was derived in which the

||
|

|
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corresponding porosities to the neutron log deflections can

be obtained.

2-2-2 Evaluation of clay volume

Many logs can be used as shale or clay indicators,
the most common are SP, Neutron, Density and Gamma Ray logs.
The clay volume can be calculated by single lcg or by
a combination of two or more logs. The following is a review
of the most interesting researches dealing with radioactive
logs as a shale or clay indicators:- |

Poupon and Gaymard(26) (1970) discussed the
evaluation of clay logs as clay indicators. They stated that
"each clay indicator is calibrated in such a way that 1it
gives eilther a good approximation of the volume of clay when
the conditions are favorable for that particular indicator,
or an upper limit of the clay volume".

They used, in addition to the resistivity, SP and
sonic logs, the radioactivity logs as clay indicators that
include Gamma Ray log as a single clay indicator and Neutren
leg as either a single clay indicator or combined clar
indicater with Density logz.

It has écen reported that when there is nore than orc
lithology within the formations (such as linesteone and sand
stone), the use of onc (VCL = 0 line) in cross-plotting of

neutron-density data 1s not [favorable. Ilowever, 1it's

preferable to divide the formation into jintervals, taking

¥
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the lithology into account, and to deflne for cach interval
the appropriate VCL = 0 line.

Heslop(27{ (1971) proposed a new method to calculate
the clay volume using Gamma Ray log. His method included a
new technique to estimate the shale and sand lines by using
Gamma Ray-Density crossplot and Neutron-Density crossplot.
le had also calculated the clay volume by using the X-Ray
diffraction for 357 feet of cxamined samples. He found that
there was a linear relationship between the determined clay
volumes by x-ray diffraction and those determined by Gamma
Ray response for the same interval. Therefore, lHeslop stated
that "the Gamma-ray response tc clay content of elastic
rocks is linear".

A new logging tool has been suggested by Serra et
al.(28) in 1980’s (Natural Gamma ray spectroscopy, NGS),
whose reading can be analysed to determine the nature and
qualities of the radiocactive materials, and considered to be
an improved shale indicator. This tool has résponded to the
existence of thorium, wuranium and potassium within the
formation, and by applying the following equations, the
percentage volumes of these radioactive minerals within

shale can be found:-

Th - Thnain
(‘v’Sh)Ih: —————————————— L O K T S T R SN I S ) 2"

Thash - Thmin

ro
(o2]
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L e, 22T
Ush - Uain
'\_Knir\

(Vs g = oo i i .. 2-28
Ksh - Kain

Upon the determination of U, Th, and K by application

[

of the weighted least squares solution, the total gamma rayx

response can then be found by linear combination:-
GR = ATh + RU + CXK

Where A,B,C are coefficients obtained from a special test
proccedure of the log tool.

and this shale indicator defined as follows:-

GR - GRain
(Vsh)ep = ————=--=m=———- et e e 2-30

They stated that "the uranium is associated with
radioactive minerals other than those found in shale, so it
is generally not a reliable shale indicator".

Because of that, they have eliminated the uraniun

contribution from the total gamma ray response:-
CRs = ATh + CK I I A ittt seenaas 2-31

Where GR: is the uranium free gamma ray response, and this

shale indicator is defined as follows:-

ST AT U WItT CalTISC:
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Thus, they concluded that GRs log is a better shale
indicator than GR log.

Quirein, ct al.(29) (1981) suggested a new approach
in which the c¢lay volumes and associated clay bound water
volumes from lcg data can be determined. The rcgression
techniques for log data and core data used in this approach

to provide first-order estimates of how each logging tosl

responds to expected clay or minerals types.

: f‘
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CHAPTER THREE
DETERMINATION OF POROSITY
By
LABORATORY MEASUREMENTS

AND SONIC LOG

3-1 Laboralory measurcments:-

It arder to have accurate correlation betwecen the
corce analysis and the well lcgs interpretation, all porositly
values that can be measured from the cores and enable us to
compare it with the well logs were measured. This part
includes thc description of the apparatus used and the
experimental procedure. Calibrations fer each apparatus, if

needed, were done before beginning of the runs.

3-1-1 Preparing and cleaning the corc_samples:-

Eighty Ninc plugs were cut from the cored section of
6 wells of the Zubair formation-East Baghdad oil field. The
cutting were both in vertical and horizontal directions,
usinz one dianmcter of core drill {1 :inch) and water as a
coolant.

The corc samples that were used for porosity by
mercury injection mcasurements, were cleaned in soxhlet
extractor, (sce Fig.3-1) by refluxing them with a mixture of

equal volume of pure benzene (Celle), toluecne (CrHs) and

mcthanol (Claoll), unti{ no change in the colour of the

|

)
|

|
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minture oceurcs. After the samples had been dricd in the

oven, they were ready for Ltesting.

3-1-2 Mcasurcment of porosity:-

The porosity values, as shown in Table (A-1), of the
zix wells had been measured by using core samples of 1 inch
Yfaacter and (1-1.3) inch long by zaturation method using
o1 oil with denzity=0.22 ga/cc as a saturation liquid.
Figure 3-2 shows the schematic diagram of saturation

apparatus.

2-2 Statistical Analysis

A correction factor of a value of 0.95 is used as an
averaze correction tor the whole porosity values that
scasured experimentally in order to use these wvalues as
reference in evaluating the porosity values that calculated
from logs.

We have used statistical analysis between the two
variables, the mcasured porosity from <core and the
calculated porosity from sonic log, in which the following
zavr2lation parameters are calculated:-

1- Average percentage error, APE.

2- Absolute average percentage error, AAPE,

3- Standard deviation error, SD.

The average percentage error was the most
investigating used parameter in comparing the performance of

various corrclation combination, APE, defined as:-

Scdilleu Wil udi1Sce
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(‘\pE)l S e mmemcc e *100 e 0 a0 0000 00 o4 3—1

Where

Gicalc calculated porosity in well for ith sandstone

layer,

sandstone

Jincas measured porosity in well for ith

layer.

The definition of eceach of these parameters is as

follows:-

n (APE)i -

APE= ________ © 0008 YU DPO P OO OCOGEECEOLIOSPOOEEOCLEEOEOEEOE OO O TOS TN 3-2
i=1 n
n | (APE)il

AAPE: x __________ €90 00009 080000000000 s 3'2'3
1i=1 n -
n 2

sp = L [(APE)i - APE] / (n-1) e T
i=1

(Where n is the number of data points). These parameters are
represéntcd graphically in Fig.(q—S).

It should be noted that the magnitude of the average
percentage error, APE, will be apparently small when
negative errors cancel positive errors. The absolute average
percentage errors overcome this cancelling effect by
transforming all negative errors to equal magnitude positive

crrors. Thercfore, this parameter is always greater than

A
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zero, and it cquals zero if -and only if- the crror for all
cases in the sample is gerof M),

The standard deviation is a measure of the scattering
of errors about the average percentage error.

For completeness, regression analysis (simple linear
regression) of calculated porosity from cores was performed
in order to calculate their correclation coefficient.

The correlation coefficient is defined as:-

L (Pi,cale - Ec.nlc) (fi,meas ~ PGocas )
izl
CP = ——mmmmm e e ===
n - 2 n - 2
z (Qi.calc = anlc) L \fJi,mecas -~ Sﬂmeus)
i=1 §=1
ees 3-5
Where:
acalc = average calculated porosity
n
= xgl‘CBIC/n © 0 6 0 0 0 0 0 8 0.8 8506 00 0 00 008 00 000 e e 3_6
=1
Pneas = average measured porosity
n
= Egi,EGAS/n R N R R R B N Y « 0 s 8 e e v o s 3—7

i=1

The correlation coefficient measures the accuracy of
the linear relationship betwecn the calculated and mecasured
porosity data. In a lincar regression, line of a correlation

coef[:icient of (+1.0) indicates that all data points lie

oldlleu witll udlli
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exactly on the line; conversely a correlation coefficient of
(0.0) indicates that no linear relationship exists between
the regressed variables(30), The computer program used in

these calculations is given in appendix ‘A’.

3-3 Determination of porosity by sonic log

The basic model was used for porosity calculation
from sonic log is the time average equation, which is the

classical method. This model is discussed below.

3-3-1 Time average equation

The first transformation of the measured sonic
transit time into quantitative evaluation of porosity was
developed by Wyllie et al.(%9) (1956). Since then, this
equation was adopted to transform acoustic velocity or

transit time to porosity particularly for compact clean

sandstone formations(®).

Equation (2-10) is the time average equation defined

in terms of velocities.

This equation could be also defined in terms of
transit times,

At:QAtf+(1—¢) Atna 0 000 000 00 0000000000000 3—8

Where At, Aty, and Atf are the respective transit times of

the sound eneryy expressed in usec/ft.
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The use of equation (3-9) requires knowledge of matrix and
fluid transit times.

In the case of the water bearing zone of Zubair Sand,
btea=51.3 Usec/ft (compacted sandstone) and Atf=189 Usec/ft
(water filled pores) were used (see Table 3-1)(3%.7), These
values were adopted considering clean sandstone in the
intervals selected. This equation is derived to describe the
transit time of sound wave through the matrix and pore
fluids. Hence, in the existence of any shale within the
rock, the derived porosity from the equation mnust be
corrected for the shale content by using the following
empirical equation developed by Texier et al.(7) (1959),

which was widely accepted in sonic log interpretation:-

@sc = s * I P
2-o
Where:
@sc = Corrected porosity for shale content,
@s = Derived porosity from Wyllie equation, and
x = Shale indicator (& = 1-Vsa).

This correction was’ applied on all log intervals
selected, after the porosity values of those intervals have
been calculated using the time average equation. A graphical
representation of these values versus those derived from
cores at corresponding depths is shown jin Fig.(3-1), in

which the following correlation parameters (using the

statistical anld regression program) were calculated.

32
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12.511 11.576 -11.555 0.922

It is obvious from these high percentages errors,
that time average cquation gives unsatisfactory results when
it is used for porosity determinatioh of Zubair formation-
Cast Baghdad oil field.

Comparison plots have been also prepared in Figs.
14-26¢) thréugh (4-31c), in which, the calculated porosity
values using Wyllie equation and those measured from cores
arc plotted versus depths.

It is 1indicated, through these figures, that an
obvious distinctipn between the porosity values neasured
from core samplgs and those calculated from sonic log (using

time average equation) is occured.

Scdilieu witll UdMISCE



Table (3-1)

Values of sonic velocity and transit time for

common rock matrix, materials and casing.

Medium Voa (ft/sec) Otwa (MsCC/fL)
sandstone T lzooo-1ssoo 55.5-51.3
Limestone 21000-23000  47.6-43.5
Cpolemite T TTaene T 13.5
N .
Csale T oo T Tesr
casing (iron) 100 57.0
© Air (atm. pressure) 1100 909
Cwater  sa0 189
Cour T 1200 238
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CIIAPTER FOUR
DETERHINATIPN OF POROSITY
BY
RADIOACTIVE LOGS

- In this chapter, the available radioactivity logs

(Neutron, Density & Gamma Ray) will be used for calculating

porosity. Since shale affects every logging measurements,

porosity values calculated from these logs need to be
corrected for shaliness.

Radioactive logs will be used, in addition to

porosity determination in a given interval, as shale

indicators for that interval, as described below.

4-1 Determination of shale volume

The shale volume (Vsh) for each chosen interval was
determined by using Gamma Ray, Neutron and Density logs.
Gamma Ray log was used as a single shale indicator,
by the following basic relationship:-
GR - GRmin

‘.’sh= _______________ ..;ll."..lll.lt -------- 4—1
GRoax - GRamin '

Where: -

GRain = Radioactivity reading in clean formations,
CRwax = Radioactivity reading in shale formations, and
GR = Radioactivity reading from log.

oldIIeu witlll udi liSCE



Neutron and Density 1logs were used in combinations
through crossplot techniques.

In fact, two types of Gamma Ray curves are available,
the first is the standard (total) Gamma Ray curve (SGR), in
which the reading represents a linear combination of
Potassium, Thorium and Uranium amounts, as defined by the

following equation(28):-

s

SGR = ATh + BU + CK

Where A,B,C are coefficients obtained from a special

test procedure of the log tool.

The second type 1is the corrected Gamma Ray curve,
CGR, in which, a Uranium free measurement is recorded. It is
simply a linear combination of Gamma Rays from thorium and

potassium only, as defined by the following equation:-

CCR = ATh + CK T T T T

Because of the existence of Uranium in association

with radioactive minerals other than those found in shals=,

such as organic materials, the corrected Gamma Ray log is

e .
PO

Lelieved to b2 a better shale indicatcre, and was used
Jdectermining shale volume for cach interval by using
Eq.(t-1), however, the ‘CGR’ log was not available in all
the wells investigated, therefore, the data of 'SGR’ log
Laken for sand bodies in wells where ‘cgr! log is recorded

(E3-55, EB-56, EB-77, EB-79), at depths of those missing

‘oop' Yo in Wells (EB-18, EB-13) are uszed in Lhe regression

[=]
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program to give a linear relationships that can be used to
determine CGR values fronm SGR log data, as shown in Figs.
(4-1) through (4-8), in which, a straight line equation and
correlation coefficient for each sand body of missing ‘CGR’
log wells are determined.

‘CGR’ and ‘'SGR' logs data are replotted together, as
shown in Fig.(4-9) to give a single general equation of its
representative line, which can be applied to each interval
of Zubair formation.

As it was mentioned earlier, the Neutron and Density
logs are used in combinations through the technique of cross
plot to determine shale volume. In -this technique the

triangle method(31). was used.

The wuse of more than one shale indicator is

recommended, as the calculated shale volume from any one

method can often be overestimated(28). Therefore, the lowest

calculated value of the three methods was used 1in the

correction of porosity derived from logs.

4-2 Determination of porosity

Neutron and density logs were wused as single
indicators and in combinations to determine porosity value

for each chosen interval, as described below:-

4-2-1 Single porosity indicator

Through the recorded densities, the density log was

used as a single porosity indicator to determine the

otldlillrieu will udili
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porosity [for intervals with no shale content using the

following basic equation(32):-

Pmd —Pb
¢D= —————————— 5 6 5 9 0 9 s e E P a8 0 6 s B U LB B S es e 4-4
Paa - Pg
Where:
fiL, = Formation bulk density, gm/cc,

Pma= Matrix density, gm/cc, and

P: = Fluid density, gm/cc.

For intervals containing shale, the following

equation was usedf(33):-

(8]}

Pb = @b FPr ‘l’(Vsh)Psh‘f(l"gD-Vsh)Pna T

Where,

Psh is density reading in shale section, gm/cc.

In the use of the previous equation, we have to
select matrix and fluid densities. According to our case
(water saturated sand stone intervals), 2.65 gm/cc can be
adopted as matrix density and 1.0 gm/cc as pore-filling
fluid density, as shown in Table (4-1), in which, densities

from density log and actual densities of nost common

materials encountered in formations are tabulatedf34),
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Table (4-1)
Actual density and 'FDC’ derived porousity
for different matcrials commonly

cncountered in borcholes.

Formula Actual FDC

e density density L

Quartz si0a 2.654 2.618
caleite cac0s 2,710 2.710

Dolomite CaCOsMgCls  2.870 2.876
anhydrite casta 2.960 2.9717
Csylvite kv 1est 1ses
Halite Nacl 2.165 2.032
Gypsum cas0i2H20 2.300 2.351
" Fresh water  H:0 1.000 1.000
Salt water 200,000 ppn  1.146 1.135
o n (CH:) 0.850 0.85
Gas Ci.1 M.z Ps 1.325P-0.188

Neutron log was also used as a single shale indicator
for porosity determination.

The porosity value of each chosen interval was
calculated from neutron log by directly reading its
response. To use this value of porosity for comparison with
that calculated From other logs, it should be corrected for

shale content by using the following basic equation:-

guc=¢N "‘¢N3|I-V5h e 6 5 0 9 0 0 0 0 0 0 0 0 0 0 s s e e s s 0 B e e . 4_6

10

SQldlIeu witi udl

sy

119C¢



41

Where:!

@xsnh = Measured porosity from Neutron log in the shale
section, and

V'sh = Shale volume, %.

- o . . .
4-2-2 Two-curves porosity indicator

Through this phase of work, neutron and density data
were used to determine porosity employing the crossplot
technique.

In this technique the triangle method was used, in
which, the derived porosity values (@x) from neutron log
weré plotted versus the derived density values at the same
depths, for each well, as shown in Figs.(4-10) through
(1-15). '

According to the two manners of using the Neutron and
Density logs in porosity determination, there will be three
porosity values oBbtained for each chosen interval. -

These three values were plotted - versus the
corresponding core porosity as shown in Figs.(4-16) through
(4-18), in which, correlation coefficient, standard
deviation error, average percentage error and absolute
average percentage error fof each of them were caiculated,
as shown in Table (4-2).

The calculated results of log porosities obtained by
the three approaches are compared with the corresponding

core porosity as shown in Figs.(4-19) through (4-24), for

the six wells:

oldleu wiul udlioCe




- Tigurecs
26a to 31a for porosity values derived from

Neutron log.

- Figh
1gures 26b to 31b for porosity value determined by

(@n-Pv) crossplot (using triangle method)

- Figures 26d to 31d for porosity values derived from

density log.

Table (4-2)
Correlation parameters for Neutron and
Density logs as single indicators

and in combinations

e e e e = = = o = = s = et = = - - = = - - = = = = S e == =S

Method APE AAPE SD CF
Neutron log 1.699 4.870 6.853 0.90
Density log 1.262 5.048 7.4931 0.883
@n-Pb crossplot 2.276 4.591 6.244 0.923
(using triangle
method)

" gw-Pb crossplot 13.096  13.096  14.739  0.884
(using published

e e - = ———— - = = = e = = =
-——— -

S e ——— = -

- e - —— -5

Through its lowest percentage errors and highest
correlation coefficient, as seen from Table (4-2), the @x-Fo
crossplot (using triangle method) is the best method that
can be used for more accurate determination of porosity than

other methods for zubair formation-East Baghdad 0il field.
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CHAPTER FIVE
DETERMINATION OF WATER

SATURATION

In the previous chapters, porosity was calculated by
scveral methods, so. as to select the best porosity value, to
be used for saturation determination, due to its significant
cffect on 'Sw’' calculation. The methods discussed are:-

1- Neutron log as a single porosity indicator,
2- Density log as a single porosity indicator,
3- Neutron-Density crossplot, using triangle method,

4- Sonic log, using the time average equation.

Core porosities were also measured, and.- used as
reference values.

We have noticed through the comparisons made between
the ©porosities derived from those methods and core
porosities, Neutron log and the cross}lot technique (using
triangle method) yield favorable correlation parameters,
when compared with other used methods.

Through the ‘application of the triungle method in
porosity- calculation, 1t was rfound to give the highest
correlation coefficient and lowest percentage errors.
Therefore, triangle method was adopted to obtain porosity to

be used jin determination of water saturation by Archie’s

Cquation.
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These calculated porosity values were also used in a
cressplot technique (Pickett Method)(?), where they are
plotted versus calculated resistivity values at the same
depths in order to get specific values of the cementation
factor (m) and thc formation coefficient factor (a) of the
Zubair formation, as explained below. )

S-1 Determinaticn of m and a

The generally accepted values of cementation factcr

{m) and formation coefficient factor (a) are 2.0 and 1.0,

respectively.

These values were used extensively in references as
typical values of these paramcters. llowever, it was found by
many authors that the values of those parameters maf fary
between formations, that will gave appreciable effect on the
saturation determination from log analysis, by such methods

as Archie’s:-

S‘_.: —————— @« 0 5 6 5 8 8 3T 5 4 6 6 6 5 0 60 6 0 0 U s s e s s e e e e w s e 5_1

It was also found that ‘m’ has more effect c¢n

saturation calculation than that of ‘a’, as shown in Fig.

(5-1)(35), Hence, 'm’ |is considered as being the most

interested parameter to be calculated through the use of

¥

Pickett method.

The theoretical basis of Pikett method can be casily

. . . . » 'n .
derived from the logarlthmlclehpan31on of Archie’s equation,

(92
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velfing on the olawaleal valuo of o= %2, ns follows,

l()H“l = ‘Illl()HQ ¢ lAO){llRw - 2[(”{3\1 "0 0 0 0 0 0 0 00 00 0 5'2

The method wmentloned above anggoentn to solve
graphically the values of water roslstlvlity (Rw) and water
saturation (Sw). The graphical dotermlnation of saturatlion
will not be considered here.

For ‘Rv' determinatlon, iL can be noticed from the
above equation that when Sv= 100% (ln the water bearing
Zone), a linear relationship exlists between resistlvity and

porosity:
].OgRt =‘llllogg+1ogﬂnu ®© 0 0 0 0 00 0060 0000 000 00000 050 5—3

The line represented by thls cquation should pass
through the lowest resistivity points of the plot of log R
versus loyd.

In our application, as only water bearing Zones were
sclected for porosity determlnation, this line represents
the best fit line through all the points,

The slope of this line is numerically equal to ‘m’,
as seen from the above cquation. The intercept of the line
.

at @= 100%, is related to 'R’ and 'a' by

log (intCrCCpt) :108(:\Rw) ® 00 0000050000000 0000s8 5""1

Therefore, in our case, Pickett method was used to

determine specific values of 'm' and a for Zubair

Scdllieu witl udliiSce



formation, knowing that the value of ‘R’ is 0.018 Q-m, as
calculated from the available 'Rva’ log and laboratory

mecasurements.

The method was used to determine 'm' and ‘a’ values
of each individual well, as shown in Figs.(5-2) through
(5-7), in which, 'm’ represents the slope of best fitting
line (Ro line) and ‘'a’ is calculated from its intercept at
@ = 100% using Eq.(5-4).

Té calculate a more accurate water saturation for any
interval of Zubair formation and for finding a modified and
particular form of Archie’s equation for this formation,
Pickett method was applied for the whole data from all
wells, as shown in Fig.(5-8), in which, the value of m=
1.917 and a= 0.583 was calculated. By substituting these

values in Eq.(5-2), the following form of Archie’s equation

was obtained:-

/0.010 |
Swz ——————————— © 5 0 95 00 000800000 e 0e0s e e 5'5
g 1-917 Ry

Where,

g, is the calculated porosity using the &rianqle method.

5-2 Practical application of the Modified Archie'’s equation

We have wused Eq.(5-5) to calculate the water

saturation of some of clean sand stone intervals selected

from the Zubair formation, as shown in Table (5-1).
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CHAPTER S1X

CONCLUSIONS A RECOMMEMDATIONS

G-1 Conclusions: -

Relying on log interpretation and statistical
analysis, somc  significant observation have been mnrade.
Although some of these observatior: are ncw conclusions,
others acrely represent the qualitative substantiation of
general knowledge.,

The results of this study indicate that:-

1- The statistical programme uscd to compare porosity values

derived from logs and core porosity is found to give good

corrclation parameters.

[ %)

- Through its high percentage errors, obtained froa
statistical programme, the time average equation used in
porosity determination of  Zubair formation gives
unsatisfactory results when conpared with results
obtained from other methods.

- Through the statistical programme, it 1is found that

(&)

effective porosity (fe) obtained by Pb-gs crossplot
{usirns trianglz wethod) gives the - best correlaticn
paramcters when compared with core porosity.

1- Bccause ‘'CGR’ loyg is unavailable in all the tested wells;
a new technique for shale volume determination from ‘'SGR’
log is used. Good values of ‘'Vsn' are obtained by using

the derived ecquations from this technique.

Scdllieu witl udiiiScs



77

5- A modified and particular from of Archle cquation for
cubair  formation 1is developed to ba unmed with good
confidence, when comparing ita resulta wlth flow tests,
for saturation determination in the clean sections of

this formation.

Tor further investigations, the following pertinent
recommendations are proposed:

1- Although, the run of Neutron and Density logs costs $8.35
per foot while the run of Sonic log costs $1.96 per
foot(36), the use of @Pv-Pv crossplot technique (using
triangle method) for porosity determination of Zubair
formation is rccommended.

2- A similar study can be performed by using other
regression techniques to obtain boetter correlation
parameters.

3- To extcend the work, it is recommended to use other models

for determination of water saturation (Sw), such as

Volan, Coriband ... etc.
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APPENDIX A

JTATISTICAL PROGRAM

10 BIR BT, PLOI00)Y ,P2C100), P3C100) ,PACI00) ,PSC100) ,PECI00) ,P7C100) , POC100)

<0 AP EIAT=0 1AZR0 1A= 0 1AA=0 1520 1A 3=0 1A7=0 1AG=0

30 CLPRINT "NO. CORE  WyLL., ©AR. FLUID  AVER. EFFE. NEUT, DENS. CHART"

40 LIPRINIT .l—""""‘—‘!""1--‘»—-~-~_-—~.-—g—q.<~.__._,.~.,...»...~<»-—1'1>v—~-11v1'11!_"—1~<x"~1’!"1"1“‘!!"’1"‘,?1‘1"!.‘..‘11':3.":"

S0 FOR 1=1 T0 @2iREAD FRCDY  PLCTY JP2CTY ,P3CEHY ,PACT) ,PSCEH) PECE) \P7CT) ,P3CT)

S0 ALEATIETICT Y s =N PECT) tAZ=AZIP2CT) tA3=N TV PICTY TAdRAdIPAC L)

%0 ASEASIPSCIY tNE=NE PACTY tAT=ATIPZ (1) 1nB=nS+POCT) 1/ LPRINT 14

;S b;:;“: USTHG "00nm, on" s FICT) (PICT) §P2¢1) §PACTH (PACT) (PSCL) 1PSCT) JP7C 1) jPBCLD

10Q LPRIMT “"ABSOLUTE mVERAGE PERCEMT ERRUR ANALYSIS OF METHODS®

110 LFRINT B Tt T U LRSS STS S P E L

120 T1=0:T2=201T2=0:Ta=0:T5=0:T&=0:T7=0:T6=0

130 C1=0:C2=0:C3=0:C4=0:C5=0:Cs=0:C7=01:C8=0

140 S§1=0:82=0:5S3=0154=0:55=03:56=0:57203:58=0

150 A1=H=;82:A2=A2/Bzgg3=ga/32,A4=A4/32;n5=A5/92xn6=96/02107"n?/82:A8=93/32:
A=A/ 82 ) .

160 R1=0:R2=0:R3=0:R4=01R5=0:R6=0:R7=0 :RB=0

170 01=0:02=0:03=0:04=0:05=0:04=0:07=0:08=0

180 B1=0:B2=0:03=0:B4=0:R5=0:86=0:B7=0:B8=0

1¥0 PRINT "NO. WYLL. MATR., FLUID AVER. EFFE. MNEUT. DENS. CHART"

200 FOR I=1 TO @2

210 EI=100PLCI)=FHCI) ) /FHICT) s TISTI+EL :S1=814EL~2:CI=CLECRLCT) =AL CRMCT) =AID
IRI=RIFC(PICI) -AI A2:01=01+(PHC 1) -AM ~2:BI=B1 +ABS(E1) t EE 1=ABS(EL)

220 EZ=100#CP2CI)~FICI) ) /FMCT) s T2=T2+4E2:52=52+E2~2:C2=2C2H(P2( 1) =AZ2) *(FH (1) —AlD
PRZ=RZF(PZCII-A2) ~2: 02=02+ (FIM( 1) =AM) ~2:02=B2+AB5(E2) :EEZ=ABS5(E2)

230 EZ=100%(P3CI)=PHCI))/FICT) s T3=T34E3:53=53+E3%2: C3=C3+(P3C 1) -A3) #(F¢ 1) ~Al)
tRA=R3+(P3(1)-A3)~2:03=03+(PHC 1) -AM)~2:B3=B3+ABS(E3) :EE3=AB3(E3)

240 E4=100%CP4C1)-PMCI))/FHCE) tTA=TA+Ed 1 SA=SA+E4" 2¢ CA4=Ceb+ CPAC 1) =Ad) ¥ CFICT ) =AlD
tRA=R4+ (PA(1)-Ad)~2: 04=04+(PH( 1) -AI ~2: B4=BA+ABS(E) : EE4=NBS(Ed)

250 ES=100%(PSCI)=FHCIII/FIC]) i TS=TS+ES: SS=55+E5%2:C5=C5+ (PS¢ 1) -AS) “(FHC 1) -AtD)
1 RS=RS+(P5(¢1)-AS5)*2:0%=05+(FM(I)-AM)~2:BS=B5+tABS(ES) :EES=AB5(ED)

260 E6=100%(PSCI)=PHCI) ) /FICDD) :TE=TE6+ES:1S6=58 +ES"2:C4=Co+(PEC 1) -AS)I *CFIM( 1) =Al)
tRE=RE+(PSCT) —-AS) 21 06=05+ CFIC 1) =AM) ~2: B6=B6+ABS(ES) :EES=ABS(ES) -

270 E7=100%C(P7CI)=FHCI) ) /PO tT7=T74E7:S7=67+E7~2:C7=C7+(P?7(1) -A7) »(PIC 1) -AM)
tR7=R74(P7 (1) -A7)"~2:07=07+(PH(1) -AlM)~2:B7=B7+ABS(E7) :EE7=ABS(E7)

260 ES=100%(PSCI)=FHC1))/FIHC]) 1 TE=TB+EB:S6=S8+EB*2:C8=CB+(PZ([)-AB) ¥(FI (1) -AM)
:RB=R3+(P8(1)-AB)"2:03=03+(FM(1)-AlM)~2:B9=BB+ABS(EB) :EE8=ABS(ES)

270 PRINT 1;:PRINT USIMG *tiili#, n" ;EEL :EE2:EE3:EE4:EES:EES:EE7:EEB

300 WEXT 1
210 N=82:N1=72 ‘

320 T1=T1/N:B1=B1/N:SD1=(1/1) ¥(NxS1=-T1~2)*.5:CF1=CI/(R1%01)*.5

330 T2=T2/M:B2=B2/N:SD2=(1/N) *(NkS2-T2~2)~,5:CF2=C2/(R2%02)*.5

340 T2=T3/N:B3=Ba/M:SD2=( | /M) ¥(N¥53-T3%2)~,5:CF3=C3/(R3I*03)".5
TA=TAa/M:BA=Bd/N:SDA=C( 1 /1) (N*S3-TA*2)~ . 5:CF4=Cd/(R4*04)~,5

260 TS=TS/1L ; BSOS/ 1 SUS=C /1) ¥ (N1 ¥S3-T542) ~, 5: CFS=CS/(RG*0S) ~ .5
270 T&=Té/N:B6=B&/N:SDe=C(1/1) %(H%S6-TA*2) . 5:CF¢=C&/(R6X08)~.5
T7=T7/14:87=B7/N:SD7=C1/N) # (N¥S?=-T?°2)~ ,5:CF?=C7/(R7%07) .5

220
378 TS=TE/N:B3=BS/M:S0S=(1/N) *(H*58-T8"2)~.5:CFE=CB/(RB*08)~.5
400 LPRINT “CORRELATIONS APE AAPE SD CF"
418 LPRINT “==============cz=====om=ssso=sssss==s=oosss====== "
420 LPRINT *"UYLLIE “;T1;" . “3Bl;"  *;SD1;v “;CF1
430 LPRINT “MHATRIX "eTZ" “;1B2;*  ";SD2;" ";CF2
440 LPRIMT "FLUID “;lg;" :;gs;" ";gga;" “ICF3
[ P2 Y o i “ "o, ¥ "oy
36 oo R DRI RS U e
470 LPRINT "MEUTRON "iTE ;B6" “1SD&3" "iCF&
420 LPRINT "DENSITY vyT7 " *iB7" "§SD?7;" "3CF?
470 LPRINT “BOOK CHART ";T8;" “;B8;"  ";sp8;" v CF8
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Table (A-1)
Mensured-calculated porosity values and
shale volume of the chosen intervals

of Zubair formation

ket T e eeceecs—ssesesanesanadana®

well No. D(‘[\lh Measured ---—ccccmcmmmmmcccccmcmmmec—e—===s=a==== ™ale
m porosity Sonic Neutron Density Py-@x crossplot valwee
X log log log (triangle method) B
LR-TT 3001.5 20 17.1 19.5 19.5 19.8 LR
3015 24.5 21.9 22.3 22.1 22.4 s
3030 22 19.7 23 23 23.3 TSN
3041 21 17.7 20.8 20.9 21 W
3057 22 19.5  23.8 24 24 NN
3074 22 19.1 23 23 23.2 2N
3078.5 19.2 17.3 ~ 18.5 18.3 . 18.7 2O
3082 16.1 13.7 15.7 15.7 16 2.7
3093 22 18.2 21.5 21.3 21.7 3
3104 22 19.8 21 20.9 '} N
3114.5  22.5 19.1 21.9 21.6 22 ren
3161 22.2 19.1 21 20.7 21.0 2N
3175 22.5 20.8 24 24.2 24.3 20
£B-55 3243 17.5 14.5 16.05 16.03 16.2 §
3255 22,2 19.0 21.2 21.09 22 A\
3278 23 19.1 22.3 22.4 22,5 2010
3295 20 16.8 19.8 19.8 19.7 0.8
3298 22 18.6 21.4 21.2 21.4 ge™)
3305 24 20.8 23.3 22.8 23 2010
3309.5 21.5 17.6 21.1 20.9 21.1 2
3316.5 19.5 16.2 18.8 18.5 18.8 .8
3330.5 21.5 18.0 21.2 20,7 21.1 ‘ TR
3338.5 19 15.4 18.3 17.8 18.3 3.5
3365 20 16.09 18.9 18.6 19,0 Bt
3405 21.5 17.9 20.9 20.6 20.8 3.3
3417.5 20 16.9 19.3 18.9 19.3 PTIN
3445 20.8 18.0 19.8 19.3 19.6 2e10
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