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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 m'ethods of porosity

e\aluation, from three porosity logs (Neutron, Density and 

sonic logs ) , was tested against measured porosity from cores 

of eighty nine chosen intervals. 

The accuracy of each method was e�aluated 

statistically by calculating the ·correlation coefficient, 

standard deviation error, average percentage error and 

absolute average percentage error. 

The crossplot technique (using triang l e method ) of 

Neutron and Density logs data was 

statistical parameters, hence, it 

optimum porositr values. 

found to give the .best 

was used to calculate

It is concluded that the adopt i on of this method in

porosity determination will result in more accurate water 

saturation determination particularly when using Archie's 

equation. 
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NOMF.NCt.NrtmH 

Symbols: 

= Formation factor coefficient. 
= Compressibility of the t•ock frnme, ps 1- 1 • 

Cr = Compressibility of the pore fluid I psi - t • 

Che = Compr e s s i b il i t y of the hydrocarbon fluid, psi - 1 

= Compressibility of the pore volume. psi - 1 • 

Cs = Compressibility o.f the grain mnter·ial • psi- 1 • 

Cw = Compressibility of 

F = Formation f acto r .  

Gb = Bulk sheer modulus. 

m = Cementation factor. 

the water, psi - t • 

n = Archie exponent (saturation exponent). 
p = Shale fraction of the total formation volume. 

Rmf = Mud-filtrate resistivity, n-m. 

Rt = True formation resistivity, n-m. 
Rw = Formation-water resistivity, n-m. 

Rwa = Apparent formation-water resistivity, n-m. 

Rxo = Flushed-zone resistivity, 0-m. 
Sw = Water saturation, fraction. 

Sxo = Water saturation in the flushed zone, fraction. 

v = Formation velocity, ft/sec. 
Vc1 = Clay volume, fraction. 
Ve = Sonic velocity in the interstitial fluid1 ft/sec. 

-:. 
v�a = Sonic velocity in the rock matrix, ft/sec. 
Vv = Compressional velocity, ft/sec. 

r r r 

/ 
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Vsh = Shnle vo l u me , fraction. 

\3c al c 

!"meas 

= Shale indicator, fraction. 
= Acoustic traveltime in formation, µsec/ft. 

= Acoustic traveltime in fluid, µsec/ft, 

= Acous t ic traveltime in rock matrix , µsec/ft. 

= Poisson's ratio. 
= Po ro s i ty , . fract ion . 

= Average calculated porosity, fraction. 

= Average measured porosity , fraction. 

\3i calc = Calculated porosity in well for ith layer , 

fraction. 

!l'i meas = Measured porosity in well for ith layer, 

fraction. 
�sc = Corrected poro s ity for shale content, fract ion . 

�o = Density-log apparent porosity, fraction. 

�fish 
= Neutron-log apparent porosity, fraction. 

= Neutron-log equivalent poro s i ty of shale, 

fraction. 

¢m = P o ros i ty derived from matrix method , fraction. 

¢F = Porosity derived from fluid method, fraction. 

¢A = Porosity derived from average m e th od , fraction. 
fb = Bulk formation density, gm/cc. 

f r  = Density of fluid, gm/cc. 
Pma = Density of rock matrix, gm/cc. 

fsh = Density of shale, gm/cc. 

B = Cs /Ch • 

IV 
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AAP 
APE 
BHC 
CF 
CNL 
FDC 
GR 
CGR 
ILD 
Sn 

= 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. 

v 
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CHAPTER ONE 
INTRODUCTION 

l\, -( East Baghdad Field is one of the recently discovered 

Iraqi oil· fields, having several pay Zones. Zuba�r formation 

is one of these zones at · which we have executed th is 

investigation. 

Li thologic ally , Zubair formation is composed mainly 

of sandstone 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, EB-56 , · EB-77, EB-79 ,- EB-
1 5 , and EB-18) of this field was calculate d by using the 

following available logs:-

1- Sonic log, BHC. 

2- Density log, FDC. 

3- Neu tron log, CNL. 

Neutron and Density logs are used either as single 

porosity indicator� using their basic equations, or in 
combinations, using a crossplot technique ( tri angl e  method). 

Hence, three porosity values are calculated from Neutron and 
Density logs for each interval. 

On the other hand, the time-ave rage equation was used 

to calculate porosity from the transit time of sound wave 

through the formation which was taken from sonic log. 

Therefore, Several comparisons can be made between porosity 

I 
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2 

nun lo .1.of{ nnd t�hut; from other logs. 
\ n l \lt ln t.h •no compllrisons is the core 

• l\'hi�l l��n·o•1lty Wt\9 mocurnrod in the laboratory by 
me: thod wlt..h gus oil, at depths 

t lS l \' ,, .ity should be corrcc ted for shaliness. More 

h,\\n n ti\ thod i\l\ b used for shule volume determination, 

O._unmt\ Thy log, CGR. 
p -:N r ·plot using triangle method, 

After the four porosity values have been calculated 
a h int�rval, we have used regression analysis (simple 

· , l."ession) nnd a s ta tist ical program to compare these 
YUl\l s with those obtained from cores in order to get the 

orrelation coefficient, average percentag e error, absolute 
-!'... e- vf� 

a\· rage percentage error and standard deviation erro;/. Then _.,,,, 

we u s e d the porosity values otitained from the triangle · 

method to formulate a modified form of Archie equation to be 

used for water sa turation determination. 

\ 
_;• �· . ' " , \ ,,' \ '\ (' J , I f\ 'L f 

The r�ason of using triangle method was that it shows 

highest correlation coefficient and lowest percentage 

errors. ) 
The mod i f i ed Archie's equation is formulated by 

finding particular values for cementat ion 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. 

�\.,;d i 1 1 1 eu w 1 u 1  val 1 1Scc: 



CHAPTER TWO 
LITERATURE REVIEW 

One of the ma in objectives in forma t i on evaluation is 
the determination of water saturation (Sw). Importance o f  

this objective comes from the essential part o f  saturation 

determination in reserve estimation. 

Water saturation is defined as the fraction of pore 

space occupied -by water. To determine 'Sw', many other 

petrophysical parameters should be known, either from �ell 
logging or from othe r  sources, such as the porosity. 

The most commonly used method for Sw determinat ion is 
the Archie's equationC1> :-

n 
Sw = 

Where: 

FRw 
Rt 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 -1 

Rt = True fo rmation resistivity, n-m, 

F = Formation .resistivity factor, 

Rv ��Formation-water resistivity, 0-m, and 

n = Saturation exponent. 

This equation is d i rect ly applicable to the case of 

clean fo rm ation 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, 

l I 

� 
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II Fn. r 
' \ , ... . . . . . • . •  ' . • • • . • • • . . . • . . . . . . . .  2 --2 

s.,., - W, lt l' ' l.\1t'nt\ n ln th flush d �:one, 

H r = fud - f i 1 L t·n 

?. n , n-m, ond 
r sistivity, n-m. 

1'h1: f t·m ti.. n resistivity fnctor (F) is defineJ by 

F = . . . . . . . . . . . . . . • . . . . . . . . . . . • . • . . . . . . . . .  2-3 
�"' 

Th r for" Eq. (2-1) can be written as:-

n U Rw 
Sw = ------- • • . . . . . . • . . . . . . . • . . . . . . . . . . .  ' . . . . . 2-4 

!"• Rt 

Formation resistivity factor, as seen from Eq. ( 2-3) 
is o 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 

h vc ess • nt inl e f feet on ' Sw ' determi nation. It was also 

found Lhul g llE":ral values of m. = n = 2 and a = 1 can be used 

lo gi\' reason blc rcsul ts. 

accur1t.. 

D L rmination of porosity is a vital step for the 

d c t 1:: r 111 i. n n t i 11 o f s l\ t 11 r a t ion , as . can be s c en from 
,\rchi 's e lll• Lion. Thu rcsist.i vity of format ion water (Rw) 
cnn l>• obl.1ii.n •cl from. cllt"-·ct. lnboratory measurement o f  
for111uLio11 h·ater· rw111pl , or, nlton1ut;ivcly1 can be estimated 

�(.;"di 111eu w1u1 c;a111Scc 



Mnny methods were suggested for the 
d terminl\tion of 'Rv '< Z>, whloh cnn servo as quick methods 
for Sw dcterminntion. t\mong these nre 

1- Pickett method 
�- Hnn�le method 
3- Ro/Rt, ratio method. 

- Pickett MethodC3> : - In this method, formation resistivity 

readings are to be cross-plotted against porosity on 

logarithmic co-ordinates. The lowermost points in this 
plot represent the water line (Ro line), and the intercept 
of this line with the �-axis (at �=100%) can be used to 

ca 1cu1 ate ' Rw ' • 

This method can be con s i dered as a quick graphi�al 

solution for the determination of water saturation. 

Hingle Method< 2 > : In this method , across-plot is 

constructed of (log 1/[Rt) against one porosity log 

reading. Formation density (Pb), sonic tran&it time (6t), 

and formation factor can be used in this semi-logarithmic 

cross-plot. As in picket t method, l ine is drawn through 

the lowest resistivity points, that represent the water 

zone, and 'Rw ' value can be calculated from the slop of 
this line. This plot con also be used for direct graphical 
determination of ' Sw '. 

- Ratio Methodf4) : - In this method, resistivity read i ngs of 
two zones around the well bore are taken into 

consideration. The first zone is the invaded zone next to 

t he w c l l Lo r c , 1.: h t c h i s n f f cc t e d b y mu cl f iJ t. r a t c . T h e 
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second is the uninv dcd ::one, ""hlch corresponds lh 

original conditions in the formation. 
The ratio of the flushed �one resistivity to the unflushcd 
::one resistivity can be sho�n to h�ve the following form, 
according to Archie's equation:-

2 
Rio/Rt = ----- (S-..·/Sxo} 

R. 
• •  e e • • •  e • • e • • • • • • • t • t e I 2 - 5 

When the fo�lowing enpiricnl relationship is 

substituted:-

l / s 
S:r.o = S-..· e t • e • • • • • t I • • I e I I I I t • I I I • I I I I I I 2- 6 

Solving the equation for 'Sw': 

R.i.:o/Rt S/S 
Sw = (--------} 

�f /R ... 
.......... ' ................... 2-i 

When 'Rw' is known, water saturation can be determined 

directly froo Eq.(2-7). 

Another method that can be used for 'Rw' and 's ... • 

<leterraination. is the apparent \>ater resistivity method's) . 
Thi::; method emplo:,-s the det�rr.iination of minimum 'Rw.i • by 
using the following equation (in assuming that s .... =1) 

same 

Rt 
R··a = 

F · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·  �-8 

�hen se\·cral intervals of wat�r bearin� ��one hnvP the 
values or (Rw;a. )a1111 there is :\ fair nr.\\)\lllt of C�l'laittt. y  

vl,;d l  I f  lt!U WI  LI  I vd l l l�Cc 



Lhut this value corresponds to 'Rw '. Therefore, when '11w' is 
known from this method, t Sw ' 

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

can be calculated 

Sw=� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

R ... a 

by 

2-9 

All the above mentioned methods are based on Archie's 
equation, and arc mostl y valid for clean formation. 

Deterrnination of porosity from logs has been 

discussed by ncurnerous numbers of articles. In this 5ection, 
an attempt �ill be made to summarise some of the essential 

articles dealing with sonic and radioactive logs ns porosity 

indicators. 

2-1 Sonic log: 

The principle of sonic log g i n g tool is bnsed on the 
propagation of elastic vibrations in the formation. Sonic 

logging is a recording of the tra ns i t time of sound wave as 

it travels through one foot in the formation, i.e. is a 

measure of sonic v eloc ity in the formation. 
Since the mid-1950's, the sonic lo� has become on0 0� 

the most cornmonl j. used methods for porosity de termination in 
oil and sas reservoirs< 6 >. 

Although the sonic log can be run in both compacted 
and unc'ompacted fot·mations, its recort.I in the l:itcr case 

need� Lo be corrected. The correction procedure 

s u g g es L c d Ly Ti x i .-: i· c L a 1 ' 1 > • 

vt;a1111ea w1u1 va1 nScc 



-

Ther ulso found thot tho son1c l''ndl11� should b 
corrected for shnliness nnd fluid content. 

Desides porosity rlctcrmlnntion1 sonic logs cnn bo 
used for fracture location, gcologicnl corrolntion, and with 
neutron nnd/or density logs 1 for id n Li fl.en t.lon of 
lithology. Similar to most other logging mC'nsul'cments, the 
sonic log readin� is not n direct porosity \'nluc, but r thcr 
the time required by the sound Wl\\'e t.o travel b1;;; tween two 
points through th� formation, i.e., son i c  \'clocity in the 
formation. These measured (6t's) or velocities must then be 
transformed into porosity. The t1·nnsformntion procedure is 
affected by many factors, nmong which nre<11> :-

- Degree of shalincss. 

- Effective stress. 

- Type and pressure of pore fluid. 

- Matrix materials . 
- Degree and nature of cementntion. 

- Temperature. 

The trnnsformation of son i c rending into porosity had 
been discussed by many authors, ns follows:-

Wyllie et al. (1956, 1958)<9110> have doveloped nn 

average velocity equation ns a conclusion of substf\ntial 

Laboratory work to describe velocities measured on a pile of 
luc i te-alurn inum discs. This cqun t ion h·as used Lo calculate 
the porosity of flui<l filled pores:-

vL;a 1 1 1 1�u -vv-1 u 1  va l r rSCc 



1 1 -18 
:: + ----- . . . . . . . . . . . . . . . . . . . . . . . . . . . 

v Vt v •• 

Where: 
V = Formation velocity, ft/sec, 
� = Fractionnl porosity, 
Vt = Sonic velocity in the interstitial .fluid, 

ft/sec, and 
Vma = Sonic velocity in the material consti tuting the 

matrix of the rock, ft/sec. 

2-10 

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

determination, the t ime average equation can be wri�ten as:-

� = ------------ . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-11 

Where At, Atma and Atr are the respective transit times of 
the sound energy ex pressed in �sec/ft. 

Wyllie et al.< 9 > comp.ared the velocities from 

equation with actual velocities obtained from cores 

measurements at atmospheric pressure. They repeated the 

comparison in 1958 under different pressures to simulate in 
situ conditions< 1 o > • 

They reported that "whereas all the experimental data 

show a considerable degree of dependence of velocity upon 

porosity, there is also a considerable scatter of data which 

must represent the influence of other f ac tors such as the 

matrix material, grain size, distribution and shape of · · 

.. 
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c c m e n t n t i o n , t y p e  
t e mpe r a t u re '' . 

o f  l i q u i d  i n  po r e s , p re s s u r e a n d  

I t  can b e  n o t i c e d  t h a t t h e  t i me ave r a g e  e qu a t i o n i s  

the s i m p l e s t  m o d e l , n 1 1 d  t h e  m o s t l y  u s e d  e q uatio n i n  
d e t e rm i n a t i o n  o f f o r m a t i o n  p o ro s i t y s i n c e  i t  w a s  d e v e l o p e d  

. 
b y  wyl l i e  e t  a l . ( 1 9 5 6 ) . Th i s  i s  be c a u s e  o f  i t s  s i mp l i c i t y 

and i n t u i t i v e l y  re a s o n a b l e  a p p e a r a n c e  as c o m p a r ed w i t h o t h e r 

t h e o re t i c a l  e q u a t i o n s . 

M i l l i c a n < t t )  ( 1 9 6 0 ) has  d e v e l o p e d  a m e t h o d  o f  l o g  

i n t e r p r e t a t i on i n  the De l aw a r e  s and , in wh i c h  t h e  e f f e c t s  o f  

sha l e  c ont e nt c an be r e c ogn i z ed and u s e d  f o r  corr e ct i on o f  
p o r o s i t y c a l c u l at i o n . 

H e  s t a t e d  t h a t  " t h e  s h al e c ontent may be c o n s i d e r e d  

a s  an a dd i t i ve to t h e  s a n d  m a t r i x , and as s u c h  m a y  b e  
i n c l u d e d  a s  par t o f  the mat r i x  i n  a n y  propo s e d  re l a t i o n  
b e t w e e n  s on i c  ve l o c i t y a n d  p o r o s i t y " . 

The r e f o r e , h e  a d d e d  t h e  s h a l e  a s  a s e c o nd mat r i x 

m a t e r i a l  t o  Wyl l i e  e qu a t i o n : 

1 � p 1 - P-� 
= - - - - + - - - - - + - - - - - - - . . . . . . . . . . . . . 2 - 1 2 . . . . . 

v V1 V.s h Vm a 

Whe r e , P i s  the s ha l e  f r a c t i o n  o f  the t o t a l  v o l ume . I n  t e r m s  

o f  .t. t ' s a n d  f o r  p o r o s i t y c a l c u l a t i o n , t h e  e qu a t i o n  m a y  b e  

f o r m e d  as : 

.t. t  - .6 t111 a 

A tr - fl tm a 
- p . . . . . . . . . . . . 2 - 1  J 

1 0  

vt.;d 1 1 1 1 �u w 1 u 1  vd 1 1 1  C c  



a 

l t  . t"' r m ,q  o b v i ou s t h ll l  t h e s e c o n c J  l � r m  o f  Eq . ( 2- l J ) l. n  

r r <"  l i o n l c � m  fo r t h e  p r e s e n c e  o r  a h n l c  w l l h i n  t h e  � nd , 

i .  . ,  \ t r p r c s e n  s n p o r  s i l y r d u c t i o n  t e r m .  

� l l h p r  s c n c c  o ! S o n i c  n n d  G a m m a R a y  l o g s , h � 

t r  s n l  d Eq . ( 2 - 1 � ) o n  a g r n ph l c a. 1  c h a. r t  t o d e t e r m i n e t h e 

1 o r s i t r  f� r bo t h  c l e a n  a n d  s h a l y  s n nd , n s  s h o � n  i n  

F i g . ( 2 - 1 ) .  
G c c r t s m a < 1 2 l  ( 1 9 6 1 ) s h o w e d  t h a t  t h e  e f f e c t o f  

p o r o s i t y o n  f o rmat i o n  v e l oc i t y c a n  b e  a c c o u n t e d  fo r ,  t h r o u g h  

t h e  c o m p r e s s i b i l i t i e s : -

2 
2 B 4 ( 1 -8 )  1 

\.'p :: + - - - Gb + - - - - - - - - - - - - - - - - - - - 1 
C s  3 ( 1 -¢ -8 ) C s  + � Ct  P b  

2 - 1 -1  

Whe re , Vp i s  the c o m p r e s s i o na l  v e l o c i t y  ( f t / s e c ) ,  P b  i s  t h e  
bu l k  d e n s i t y  ( g m/ c c ) ,  Cs and C r  the c o mp r e s s i b i l i t i e s  

( p s i - 1 ) o f  the mat r i x  g ra i n  m a t e r i a l  and t h e  p o r e  f l u i d , 
re s p e c t i v e l y .  
T h e  bu l k  s h e er modu l u s  ( Gb )  i s  d e f i n e d  a s : 

3 ( 1 - �C" ) 
G b  = - - - - - - - - - - - -

2 C b  ( l + o- ) 
.., 1 -t t I I • I I I I • t I t e I I I t t I I t I I I I I I � ._ .  :::> 

P o i s s o n ' s  r a t i o  o f  t h e  emp t )• r o c k · f rame i s  ' <1 • an d B i s  
c� 1c� , whe r e  ' Cb ' i s  t h e  c o m p r e s s i b i l i t y o f  t h e  r o c k f r a m e , 
� h i c h  i s  d e f i n e d  u s : 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  � - 1 6  

I l 
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w h ' \' '' , ' (\,  ' l s  t he c o m p r c · � n  i b i l  i t y  o f  t h e  p o r e  v o l u m e . T h e  

l'� l' ' f l \ t \ d  o m p rc s s .i b i l i t y i s  d e f i ne d  a s : 

c = Sw Cw t ( 1 - Sw ) Ch c e I I I 1 I I I I I t I I t I I I I I I • I 2 - 1  7 

'' h� re , Ch c i s  t h e  c o m p r e s s i b i l i t y  o f  t h e  h yd r o c a r b o n flu i d  

nnJ Cw i s  t h e  c o mpre s s i b i l i t y  o f  t he wa t e r . 
U s e  o f  Eq . ( 2 -14 )  t o . p r e dic t p o r o s i t y  i s  o bv i o u s l y  f� r 

l e s s  a t t ra c t i v e  t h n n  e m p i r i c a l  c o r r e l a t i o n s  d u e  t o  t h e  
numb e r o f  p a r a m e t e r s  n n d  t h e i n v o l v e d  c a l c u l a t i o n s . 

Koke s h  e t  al . ( 1 3 )  ( 1 0 6 5 )  h a v e  sug� c s t e d  a c o m p l e t e l y  

n c �  l o g g i n g s y s t e m , � h i c h  i s  t h e b o r e h o l e  c o m p e n s a t e d  s o n i c  

s �·s t em ,  i n  wh i c h  t h e  e r r o r s  c m : s c d  b y  i rr e g u l a r  b o r e h o l e  

d i nrn a t e r  have b e e n  o v e r c o me . 

He e se < l -t ) ( 1 9 7 4 ) h a v e  u s e d  a s t a t i s t i c a l  ap p ro ach t o  
d e r i v e  r e l a t i o n s h i p s  be twe e n  t r a n s i t  t i me ( 6t )  and p o r o s i t y  

f o r  re s e rvo i r  r o c k  wh i c h  h a s  e i t h e r l i n e a r  o r  l o g a r i t hm i c  
s t a t i s t i c a l  p r o p e r t i e s . 

He s t a t e d  t h a t  " I f  t h e  r o c k  p r o p e r t i e s  a r e  

d i s t r i b u t e d  ( s t a t i s t i c a l l y ) i n  a l i n e a r  f a s h i o n , t h e  Ke l l -
kn o \;n  t i m e - a v e r a g e  e q u n  t i  o n  i s  d e r i v e d " : · -

�- t = 6 t r  . � + 6 t .. a ( 1 - P ) .., ' n  • ' t • • I I I I I I I I I I • I I o .:. I I - - - L ..J 

And i f  t h e  p r o p e r t i e s  ( p a r t i c u l a r l y  t r nn s i  t t i me s ) 

a r c  d i:; t d b u t c d  s t a t i s t i c a l l y  i n  a l o g a r i t h m i c  f a s h i o n , a n  

� n a l og o u s
.

l og a r i t h m i c - t i m e - n v c r a g e  e q u a t i o n  i s  d e r i ve d : -

1 - � 
6 t = ( 6 t .. 11 ) · · · · · · · · · · · · · · · · · · · · · · ·  2 - 1 9  

1 2  
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H e  compa red the l o g a r i thm i c  t i me ave r a g e  e qu at i o n a n d  
the u s ual ( 1 i n ear ) t i m e ave r a g e  e qu a t i on w i t h  l aborato r y  
d a t a fo r c e r t a i n  c a r bo n a t e s , a s  shown in F i g . ( 2 - 2 ) .  He 
c o nc htde d t h a t , t h e r e  is  a v e ry good a g r e e m e n t betwe e n  t h e  

l o g a r i thm i c  e q u a t i on and l abo ra to ry d a t a . 

Prob l em s  r i s i ng wh e n  u s i n g  the t i me ave ra g e  e qu a t i o n , 
p a r t i c u l a r l y  whe n i t  fa i l s t o  p r e d i c t  th� po r o s i t i e s i n  h i g h 

f o rma t i o n p o ro s i ty ran g e s  ( o ve r 2 5 " ) , have u rg e d Ra yme r e t  

a l � < 1 5 >  ( 1 98 0 )  t o  propo s e a new empi r i c a l  mod e l  to t r an s f o r m 

t h e  t ran s i t  t i m e s to p o ro s i t i e s  ov e r the e n t i r e t h e o r e t i c a l  

p o ro s i t y range , f r o m  0 . 0  to 1 0 0% ,  a s shown i n  Fig . ( 2 - 3 ) .  
Th i s  f i gure shows a compa r i s o n  b e tween · t he ir propo s e d  

t rans form and t i me av e rage e q u a t i o n  f o r  Va a :::i 1 8 0 0 ; f t / s e c  

and Va a = 1 9 , 5 0 0  f � / s e c . 

One d r awb a c k  o f  t he i r  . su g g e s t ed t rans fo rm i s  that 

t h e y  c ou l d n o t  f i nd a s i ng l e .. a l g o r i thm o r  e quat i o n  for 

t rans l a t ing the t r an s i t  t i me s t o  po ro s i t i e s  ove r the ent i r � 

p o ro s i t y rang e s  ( 0 - 1 0 0 % ) . Fo r th a t r e a s o n , t h e y  d iv i de d t h e  

e n t i r e  range i nt o s e gments , a s  fo l l ows : -

a - Fo r t h e range o f  p o r o s i t y  f r o m  O� t o  3 7 % , they p ropo s e d 
t h e  fo l l o w i n g  equat i o n : -

l • 9 
( 1 -� ) v • •  . . . . . . . . . . . . . . . . . . . . . .  2 - 2 0  

whe re , P i s  t h e  b u l k  d e n s i t y o f . the mixture and P a a  i s  the 

mat r i x  d e ns i t y .  Th i s  e q u a t i o n was suggested to b e  u s e d i n  
p o r o s i ty d e t e rm i nat i on for z o n e s  saturat e d  w i t h  wat e r . 

1 3  

'5ca1 11 1ea w1 u 1  va 1 1 1Scc 



l t O l·•e v e r ,  i f  t h e  z o ne s  a re s a t u r a t e d  w i t h o t he r f l u i d , t h e  
fo l l ow i n g  e qu a t i o n  w a s  p ro po s e d : -

2 
V1 = ( 1 - ¢ ) Vm a + ji1 Vr 

6 
w h e r e , h t 1  = 1 0  /V1 

· · · · · · · · · · · · · · · · · · · · · · · ·  2 - 2 1 

b- Fo r t he r a n g e  o f  po r o s i t y f r o m  4 7 % to 1 0 0% , the p r o p o s e d  

e qu a t i o n  i s : -

I I I I I I 1 I I I I I I 2 - 2 2  

c - For 3 7 % t o  4 7 % p o r o s i t y  range � t h e  propo s e d  e quat i o n  i $ : -

- - 0 . 3 7 

t I 

0 . 4 7 ia 
A t  - - - - - - - - - - At1 + 

ia 
- - - - - - - - - - 6 t z  . . . . .  . . . . 2 - 2 3 = 

0 . 1  
o r  

0 . 4 7 - � 
A t  = - - - - - - - - - - A t 1  

0 . 1  

2 - 2  Rad i o ac t i ve l ogs 

0 . 1  

¢ - 0 . 3 7 
+ - - - - - - - - - -

0 . 1  
A t r  . .  . . . . . . . .  2 - 2 4  

N e u t ro n , D e n s i t y  and Gamma Rays l o g s  a r e  t h e  m o s t  
w i d e l y  u s e d  rad i o ac t i v e  l o g s  i n  t h e  f i e l d  o f  f o r ma t i o n  
e v a l u a t i o n , part i c u l a r l y  fo r po ro s i t y  and s ha l e  v o l u m e  

de te r m i n a t i o n . The f i r s t  l o g g i ng ope ra t i o n  u s i n g  r ad i a t i o n  

o f  n u c l e a r  o r i g i n  w a s  p e r fo r me d  i n  t h e  beg i n i n g  o f  1 9 4 0 ' s  t o  

sca1 11 1ea w1u 1  e"a1 �c< 



t n nrnH\ r n d  i n  t l o n  lurn bo n 

H I \ \ \ '  \' H t· p o n  i 1  o f  \' n l l h i\ U \' o  l c g tJ L n  ndl l l t l o n t o  

\ I t' t .  \' 11'\ \ l \  l .  \ I\ I 

t h  
t !  t c' t l o n  1 

l i t h o l o g y  
fo rm o t l o n  

N u t r  n l l! � i 11 R  c l  v i  o m i t · n u t r o n  t h n t re s p o n d s  
t o  t h "  h y d l'o � ' l\ o n t c n t i n  th f o t· m n t i o n , w h i c h  i nc l u d e s 
h r d r ' n f l i qu i d  p r  s • n t  i n  p a r a  s p nc o 1 ma t d �  a n d  i n  c l n y  
l n t t i c  ( i f t h �  fo r m u t i o n c o n t n i n � · c l o y ) . 

De n s i t y l o g g i n� d o v i c c  m e a s u r e s  the bu l k  d e n s i t y 
( ma r i x  n n d  f l u i d  d o m d  t i c s ) b y  c m i  t t i n g  G nmmn Rn y i n t o  t h e  
f o ruw t i o n . Tho G n mm •\ Rny l o gg i ng d e v i c e  m � a s u r e s  the n a tu r n l  
rod i o nc t i v i t y o f  the f o r mn t i o n . 

S i ne t h o  mo s t  o f  rod i o n c t i Ye m i n e ra l s  e x i s t in 
s h a l e s  nnd c l n y s ,  the G nmmn Ra y l o g  c o n s  i d e rc d  to b e  t h e  
mo s t  w i d e l y  u s e d  l o !!  n s  n s hn l c  o r  c l ny i nd i c a t o r . 

T h e  n u t r o n  n ud d o n s i t y l o tt s  hnve b t'. C l\ i n  u s e  f o r 
mnn y y e  1 r s n s  p o r o s i t y i nd l c n lo r s . T h e y  o ,  n b e  u s e d  n s  

s i n g l e i n d i c a t o r � , c o m b i n e d  t o  e a c h  o t h e r  i n  c ro s n p l o t  
t\.l c h n  i qu c s , o r  c o m  b l  n c tl t. o o t:. h c r l o � s  ( m1c h a s  s on l e )  , fo r 
be t t e r  c v n l u o t i o n  o f  po l' n i t y .  

, 
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· The D e n s i t y l o g  me a s u re s  t h e  bul k fo r ma t i o n  d e n s i t y ,  
t h e re fo r e , po r o s i t y d e r i v e d  f r o m  t h i s  l o g  w i l l  re p r e s e n t t h e  

t o t a l  f o r ma t i o n  p o r o s i t y < 1 6 ) . 
N e u t r o n  l o g  r e s p o nd s to the h y d ro g e n  c o n t e n t o f  t h e  

fo r m a t i o n . Hyd ro g e n  i o n s  e x i s t  .. ma i n l y  i n  t h e  p o r e f i l l i n g 
fl u i d s , bu t the y c a n  b e  a l s o found i n  t h e  111 a t r i x  and i n  
c l ay s ( i n t h e  c a s e s o f  s h a l y  f o rma t i o n ) .  W h e n  t h i s  i s  t h e  
c a s e , t h e  n e u t r o n p o ro s i ty n e e d s  t o  b e  c o r r e c t e d  f o r  

h y d ro g e n  c o n t e n t  o f  m a t r i x a n d  s h al e . 

T h e . e f f e c t i v e  p o r o s ity c a n  be e s t i m a t e d  b y  c ro s sp l o t  

t e c h n i que o f  d e n s i t y - n e u t r o n  d a t a , and i t  w a s  no t i c e d  that 
c al c u l at e d e f f e c t i v e  p o r o s i t y  by th i s  t e c h n i qu e  p r ov i d e s  the 
mos t  me a n i n g f u l  me a s u r e m e n t of i n- s i t u  p o r o s i t y <  I 7 )  . .  Var.io"U s  
me t ho d s  h a v e  b e e n  p r opo s e d b y  m a n y  aut h o r s  t h a t  d e a l w i t h  
the s e  t w o  r a d i o a c t i v e  l o g s as poro s i ty i nd i c a t i n g d e v i c e s . 

A n  app r o ac h  o f  poro s i ty d e t e r m i n a t i o n  fo r th i n  b e d s 

f r o m  N e u t r o n  l o g s  h a s  b e e n p r o po s e d  b y  Edward s and · 

S i mp s o n < 1 8 > ( 1 9 5 5 ) .  A c t u a l l y  t h e y d e v e l o p e d  an e quat i o n  t o  

c or r e c t  the d e f l e c t i o n s  o f  Neu t r o n  l ogs i n  th i n  b e d s .  T h e y  

a l s o i n t r o d u c e d  t h e  s c i n t i l l o m e t e r  i n t o t h e  f i e l d  o f  

r ad i o ac t i v i t y  l o g g i n g  t o  m a k e  i t  p o s s i b l e  to d e t e r m i n e b e d  

t h i c kn e s s  a c c u ra t e l y . 

Wah l e t  a 1 . c 1 9 >  ( 1 9 6 4 ) p ropo s e d a n e w  d e n s i t y l o g g i ng 

t o o l  i n  wh i c h  t he e f f e c t s  o f  t h e  mud c ake a nd ho l e  
i r r. e gu l a r i  t i e s  c o u l d  b e  o v e r c o m e . Th i s  t o o l  w a s  c a l l e d t h e  
c o mp en s a t e d  f o r ma t i o n  d e n s i t y  t o o l , FOC . 
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T h ' �· o n " 1 1 1 d c d t h n t t h 0 t o 0 l .c L v o n If o o d m c "  o u r c m e n t s 

f r m l' " c 1 1 rn t d o n !l l t l c s  w i t h o u t n o o d l n l-C  m u d  c a k e  a n d  
b l' " h  l ' i r r g u l l1 r i t l c s c: o r r c c t l o n o ,  h e n c e ,  mo r e ac c u ra t e  

po r o s i t i R w i l l  b e  o b t u i n c d  b y  n p p l y l n �  t he fo l l ow i n g 
� q \ i t\ t l o n : -

· · · · · · · · · · · · · · · · · · · · · · · · 2 - 2 5  

H h c re : 
f' b = Fo rraa t i o n bu l k  d e n s i t y , g m / c c , 
P c  = Fl u id d e n s i t y , g m / c c , n n d  
f' 1a a = H a t. r ix d e n s  i t y , g m I c c  • 

N e u t r o n - De n s i t y  c r o s s p l o t  h a s  b e e n  p r o p o s e d  b y  
Sc h l u mbe r g e r  c o mpa n y < 2 0 > ( 1 9 6 8 ) f o r  be t t e r  p o ro s i t y 
e v a l u a t i o n . T h e  me t ho d  w u s  c a l l e d  ' The Du �l M i n e ra l  Me t h o d ' . 
I t  a c c ou n t s  fo r t h e  p re s e n c e  o f  m o r e  than o n e  m i ne r a l  i n  t h e  
f o rma t i o n  ma t r i x . Bo t h  ' �N 1 a n d  ' P b ' are p l o t t e d  o n  a 
s p ec i a l l y  d e s i g n e d  c h a r t ,  s e e  F i g . ( 2 - 4 ) .  Eac h l i n e  

r e p re s e n t s  o n e  m i ne ra l . The p o i n t s  s o  c ro s s - p l o t t e d  o n  t h e  
c h ar t  c a n  b e  u s e d  fo r d i r e c t p o r o s i t y and l i t h o l o g y  
d e t e rm i n a t i o n . 

P o u po n e t  u l . ( Z I ) ( 1 0 7 1 ) propo s e d  a n c ;.- r.i c t ho d  
( c o mp l e x  l i t ho l o g y  me t h od ) , w h i c h  i s  m o r e  g e n e ra l  t h a n  t h e  
D u e l M i n e r a l  Me t hod b c c n u s e  i t  t a k e s i n t o n c c o u n t  t h e  
e f f e c t s  o f t h e  s h u l i n c s s  n n d  h y d r o c a r b o n  o n  t h e  po ro s i t r  n n d  
l i t h o l o g y  tl c t c r m i n a t i o n . T h e  m e t h o d  w n s  u s e d  i n  n c o m p u t e r  

p r o g r n m  c a l l e d CO n i l l i\ N D ,  wh i c h  f a c i l i t a t e s  t h e  n u rn 0 r 0 1 1 n  

I 7 



h 

11 1 I I  11 I f r lP ' .  p l  t I t I t l  n I (. h 1 ·  r r <' o l I n t c h n l ci u 
t. r · 1 u l r  d � 1' l l l y w h  h m 1  1 :< I l h l o K Y  · 

\ o m p ,, r '  � n h ' · m d h t. I.' n h o n1 p  n [\ t cl 

N • u  t. r n l N L  I ( 1." h i v r mu I fl k n n d  bo r e  

!P l "  i. r r H l  r it. i. ' s  f f  c t F ) o n  th p i  h r m n l N u t r o n  

t l s  y T r u m  n c l , ( 2 2 )  ( 1 9 7 2 ) .  T h r c o n  l u d d t h n t t h  
rm i n  d s h  l e  o n t c n t n n  p ro i. y b y  t h  C N L - I n i t y 

- ro � s p l o t  a r e m o r e  a c c u r t t h  n t ho · 
p r  ,· i o u s  N e u t r o n 

o m  u t a t i o n s . 

( s u c h  a s  S :'-J P ) - D e n s i. t r 

d e t rm i n e d  b y 
c r o s s  p l o t b y 

A p r o g r a m  f o r h a n d - h e l d  c a l c u l a t o r s  hn v o  be e n  
d e v e l o p e d  b y  C h i n g a n d  K r u g ( 2 J J  ( 1 9 7 8 )  fo r c r o s s p l o t 
a n a l y s i s  i n  wh i c h  t h e  F D C - C N L - G R' a n d  d e e p i n v e s  t i g a  t i  o n  
r e s i s t i v i t y l o g s  c a n  b e  u s e d . Th i s  p r o g r a m  c nn b e  c o n s i d e r e d 

as a qu i c k  me thod t o  · d e t e rm i ne e f f e e  t i  ve p o r o s i t y ,  s h a l e 
c o n t e n t  and wa t e r  s a t u ra t i o n . 

C h i n g  a n d  K r u d w i n g C  2 •1 J ( 1 9 8 0 ) have m o d i f i e d t h e  
p r o p o s e d  qu i c k  m e t h o d  o f  d e n s i t y - N e u t r o n  c r o s s p l o t a n a l y s i s  

( u s i n g h a n d - h e l d  c a l c u l a t o r s ) b y  W U  a n d  K r u g C  2 J > ( 1 9 7 8 ) ,  b y  

me a n s  o f u s i n g  p o l a r  c o o rd i n a t e s  t h n t  made t h e  p r o g ram mo r e  
c ompac t , e f f i c i e n t  a n d  m o r e  qu i c k e r  i n  d e t e r m i n a t i o n  o f  

s h a l e  c o n t e n t 1  p o r o s i t y n n d  w n t e r- s a t u r a t i o n .  
S \•u l i u s < 2 5 >  ( 1 9 8 6 ) s u g g e s t e d  a n e w  t e c h n i qu e  t o  

t ran s fo rm N e u t r o n  l o g de f l e c t i o n s  i n t o a c c u r- n t e Ne u t r o n  
p o r o s i t y l o g . I n  t h a t m e t h o d , h e  u s e d  c o m pu t e r s t o  u n n l y z e  
a n cJ r e s c a l e  t h e  N e u t r o n  l o g  d e f l e c t i o n s  t o a mo r e  a c c u t· n t 

po ro s i  t r  l o g , T h e n o n  e q u a l. i o n 1 1 1 1 s  l o r .i v c J i n  w h i c h  t h e  

vl;d l l l l�U W i l l i 
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c o r r e s po n d i n g p o r o s i t i e s  t o  t h e  n e u t r o n  l o g  d e f l e c t i o n s c a n  

be o b t a i n e d . 

M a n y  l o g s  c an be u s e d n s  s h a l e  o r  c l a y  i n d i c a t o r s , 

t h e  mo s t  c o m m o n  a r e  S P , N e u t r o n , D e n s i t y  a n d  G a ram a R a y  l o g s . 

T h e  c l ay v o l u m e  c a n  b e  c a l c u l a t e d b y  s i n � l e  l e � o r  b y  
a c o mb i n a t i o n o f  tl-• o  o r  m o r e  l o g s . Tl ie  f o l l ow i ng i s  a re v i e ;..· 
o f  t h e  �o s t  i n t e r e s t i n g r e s e a r c h e s d e a l i ng w i t h  r ad i o ac t i v e 

l o g s  a s  a s h a l e  o r  c l a y i nd i c a t o r s : -
P o  u p o n  a n d  G ayma r d ( 2 6 ) ( 1 9 7 0 ) d i s cus s e d  t h e  

e v a l u a t i o n  o f  c l ay l o g s  a s  c l ay i nd i c a t o r s . They s t a t e d  t h a t  
" e ac h  c l ay i nd i c a t o r  i s  c a l i b r a t e d  i n  s u c h  a way that i t  
g iv e s  e i t h e r  a g o o d  ap p r ox i m a t i o n  o f  th e  v o l urae o f  c l n y wh e n  
t h e  c o nd i t i o n s  a r e  fav o r ab l e  fo r ·  t h a t  pa r t i c u l a r  i nd i c a t o r , 
o r  an u pp e r  l i m i t  o f  t h e  clay v o l ume " . 

T h e y  u s e d , i n a d d i t i o n to t he r e s  i s  t i  v i  t y , S P  and 
s o n i c  l o g s , t h e  rad i o a c t i v i t y l o g s  a s  c l ay i n d i c at o r s  t h a t 
i n c l ud e  G a mma Ray l o g  a s  a s i n g l e  c l a y  i nd i c a t o r  a nd N e u t r o n  
l o g  a s  e i t h e r a s i n g l e  c l a y  i n d i c a t o r  o r  c o 1:1b i n e d c l a ;-
i n d i c a t 0 r  ;d t l i De n s i t y  l e ,; . 

I t  b a s b e en r e po r t e d  t h a t  1.- h e n  "t h t: r e  i s  i:-tu r e  t h a n  o r, c  

l i t ho l o g :: w i th i n  t h e f o r raa t i o n s  { s uc h a s  l i ne s t o n c  a n d s a r. d 
s t one ) ,  t he u s e  o f  o n e  ( VC L  = 0 l i n e ) i n  c r o s s - p l o t t i n g o f 
n c u  t r o n - d c n s  i t :r d a t a  i s  n o t f a v o r ab l e . H o w e v e r ,  i t ' s  
p r 0  f c r ab l c  t o  d i  \· i d c  t h e  f o r r:ia  t i o n i n  t o  i n t e rv a l s ,  t a k i n g  

1 '.) 
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t h e  l i t ho l o g y  i n t o n c c o u n t , n n d  t o  d c f l n c f o r c n c h  l n t. r: v n l  
t h e  a p p ro p r i a t e  VC L = O l i n e . 

He s l o p <  2 7 > ( 1 9 7 '1 ) p r o p o s e d  a n e w  me t h o d  t o  c u l c u l a t e  
t h e  c l a y v o l u m e  u s i n g  G o nima R a y  l o g , H i s me t. hod i n c l u d e d  
n e w  t ec h n i qu e t o  e s t i m a t e  t h e  s h a l e  a nd s a nd l i n e s  b y  u s i n g 

G a m m a  Ra y - D e n s i  t ;r c r o s s p l o  t and N e u t r o n - D e n s i t y c r o s s p l o  t · 

H e  h a d  a l s o c a l c u l a t e d  t h e  c l ay vo l u m e b y  u s i n g t h e  X - Ra y  
d i f f r ac t i o n  f o r  3 5 7  f e e t o f  e x a m i ne d s a m p l e s . He f o u n d t h a t 
t h e r e  � a s  a l i n e a r r e l a t i o n s h i p  b e twe e n  t h e  d e t e r m i n e d  c l a y  

v o l u m e s by x - r a y  d i f f r a c t i o n  a n d  t h ose d e t e r m i n e d  b y  G amma 
R a y  r e s p o n s e  fo r t h e  s a m e  i n t e r v a l . T h e r e f o r e , H e s l o p  s t a t e d  
t h a t  " t h e  Gamm a - r a y  r e s p o n s e  t c- c l ay c o n t e n t  o f  e l a s t i c  
r o c k s  i s  l i n e a r " . 

A new l o g g i n g  t o o l has b e e n  s u g g e s t e d  b y  S e r r a  e t  

a l . <  2 !l )  i n  1 9 8 0  ' s ( N a t u r a l  Gamma ray s p e c t r o s c o p y , NG S ) , 

who s e  read i n g  c a n  be a na l y s e d  t o  d e t e rm i n e t h e  na t u r e  and 

qual i t i e s  o f  the rad i o ac t ive ma t e r i a l s ,  and c o n s i d e r e d  t o  b e  
a n  i mp r o v e d  sh a l e  i nd i c a t o r . Th i s  t o o l  h a s  re s p o n d e d  t o  t h e  
e x i s t e nc e  o f  t h o r i um , u r a n i u m  a n d  po t a s s i u m  w i t h i n  the 
fo rmat i o n , a n d  by ap p l y i ng t h e  f o l l o w i n g  e q u a t i o n s , t h e 
p e r c e n t a g e  v o l ume s o f  t h e s e  r a d i o a c t i v e  m i n e ra l s w i t h i n  
s h a l e c a n  b e  f o u n d : -

Th - Thm i n  
( Vs h  ) r h  = 

Ths Ii - T h111 i n  
. . . . . . . . . . . . . . . . . . . . . 2 - 2  6 

:. ( 
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U - l'• n 
· · · · · · · · · • • i • • · · · · · · ·  2 - '2 7  

K - Ka i n  ( Vs h  h :: . . . . . . . . . . . . . . . . . . . . .  2 - 2 8  
Ks h - Kn. i n  

U p o n  the de�e rm i na t i o n  o f  e ,  Th , and K by app l i c a t i o n  
o f  t h e  1.·c i g h t c d  .!. c a s t  s q u a r e s s o l u t i o n , the t o t a l  g am m a  r n y  

r e s p o n s e c an t h e n  b e  f o und b y  l i ne n r  c o mb i n a t i o n : -

GR = ATh t B l1 + C T' ,\. . ' . ' . . . . . . . . . . . . . . . . . . . .. . .  . 

Whe r e  A , B , C  a r e  c o e f f i c i e n t s  o b t a i n e d  f r o m  a s p e c i a l  t e s �  

p r o c e d u re o f  the l o g  t o o l . 
and th i s  shal e i nd i c at o r  d e f i n e d  as fo l l o� s : -

G R  - GR"1 i n  
( Vs h ) G R = - - - - - - - - - - - - - ­

G Rs h - GRo a x  
. . . . . . . . . . . . . . . . . . . . .  2 - 3 0  

The J; s l a t e d  that " the uran i u m  i s  a s s o c i a t e d  w i t h  
r ad i o a c t i ve m i n e r a l s o t h e r than t h o s e  f o u nd i n  s h a l e , s o  i t  
i s  g e n e ra l l y  no t a r e l i ab l e  s ha l e  i nd i c a t o r " . 

D c c n u s c  t. h il  t I th e y  h.u\· e e l i m i n a t e d  t.hc u ;:- a n i u n 
c o n t r i b u t i o n  f ro m  t h e  t o t 3 l  g a mma r a y  r e s p o n s e : -

G Rs = AT h + C K  I t I I I I I I t  I I t  I I I I I '  t I I t  I I I I I I t  I I 2 - 3 1  

W h e r e G R!! i s  t h e u r a n i u m  f re e  gamma r a y  r e s p o n s e , and t h i s  
s h a l e  i n d i c a t o r i s  J c f i n c d  a s  f o l l o w s : -

seal ii 1eu WI ti I CaTT ISCc 



z 

( V  h ) .: t  G I? - G U s  111 I "  
: - - - - - - - - - - - - - - - -

Gth  G h - G R !J " ft x 

'7 ... 

2 - ::i .-; 
I t  I .  I I I I I I I I I .  I I I I W 

Thu s , t h e y  c o n c l u d e d  t h a t  O Rs l o e; i s  a b e t t e r  s h o l e  
i nd i c n t o r t h a n  G R  l o c . 

Qu i r e i n , c t  a l . < 2 9 >  ( 1 9 8 1 ) su g ge s t e d  a n e �  a p p r o ac h 

i n  ,.;h i c h  t h e  ...., l .'.l j. \· o l u m e s and o s s o c i a t e d  c l o y b o u nd 1.; a t e r  

,. l u r.i c s f r o m  l c· g d a t a  c a n  b e  d e t e r m i n e d . T h e  reg r e s s i o n  

t e c h n i qu e s  f o r  l o g  d a t a  and c o r e  d a t a  u s e d  i n  t h i s a p p r o a c h  

t o  p ro v i d e  f i r s t - o r d e r  e s t i ma t e s o f  h o w  e a c h  l o g g i n g t o :J l 

r e s p o n d s  t o  exp e c t e d  c l a y o r  m i ne r a l s t y p e s . 

�l,;d l 1 1 1 �u w 1 u 1  vd 1  Sec 
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C l l ,\ P T E R  THJlEE 
Dl\TRRH t N t\T J ml OF PO ROS I T T 

U Y  
L t\  OO R1\ TO H Y  HEA S UREH"ENTS 

Mm SON I C  LOG 

. 
n r J e r t o  have a c c u r a t e  c o r r e l a t i o n be t we e n  t h e 

c r e  a n � l y 3 i s  a n d  t h e  �e l l  l o g s  i n t e r p r e t a t i o n ,  a l l  p o r o � i � r  
, · .:i l u c s t h a t c a n b e  m e a s u r e d  f r o o  t h e  c o re s  and e n a b l e u :;  c 

c o mp a r e  i t  w i t h the �e l l  l o b s  •• e r e  m e a s u r e d . T h i s p n r t 

i n c l u d e s  t h e  d e s c r i p t i o n  o f  the  app a r a t u s  u s e d  and t h e  

e x p e r i m e n t a l  p r o c e d u r e . Cal i b ra t i o n s  f e r e a c h  a p p a r a t u s , 

n e e d e d , � e r e  d o n e  b e f o r e  b e g i nn i n g o f  t h e  r un s . 

3 - 1 -1 Prepnr._Ln.J!. and c l ean i ng the c o re sampl e s :  -

· �  l .. 

E i g� t y  N i n e p l u g s  w e re c u t  from t h e  c o r ed s e c t i o n  o f  
6 we l l s  o f  t h e  Z u b a i r  fo rmat i o n - Eas t B a g h d a d  o i l  f i e l d . T h e  
c u t t i n g  w e re both in  \' e r t i c a l  and ho r i z o n t a l  d i r e c t i o n s , 

u s  i n �  o n e  d i a m e t e r  o f  c o r e d r i l l  ! 1 i n ch ) n n d  wa t e r  a 3  [4 

c o o l a n t . 
The c o r e  s a m p l e s  t h a t  � e r e  u s e d  f o r  p o r o s i t y b y  

m e r c u r y  i n j ec t i o n  m e a s u r e m e n t s , we r e  c l e a n e d  i n  s o x h l e t  

e x t r a c t o r ,  ( s e e  F i g . 3 - 1 ) b y re f l u x i n g t h e m  w i t h  n m i x t u re o f  
equa l ,- o l umc o f  p u r e  b c n � c n c  ( Cti l l 6 ) ,  t o l u e n e  ( C1 Hs ) a n d  
me t h a no l  ( C J 1 3 0 J I ) ,  u n t i l  n o  c h a n g e  i n  t h e  c o l o u r  o f  t h e  
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1 1 1 i . : l l l rt' 0 c c u r  • .,,. , ,\ f t. e r  L h ' :..;.:1 r.r p l c �  h <i d  b e e n d r i c· t.I  i n  t h e  
v e n , t h e y  w e r e  r c u d r  f o r L c s t i n g .  

3 - 1 - 2  M c rurn  r c m c n  t o f_p_Q_r_q_;i i t.z : -
Th e  po r o 3 i t r v a l u e s , a s  s h o w n  i n T a b l e ( A- 1 ) ,  o f  t h e  

= i x  � e l l s  h a d  b e e n m e a s u r e d  b y  u s i n g  c o r e  s amp l e s o f  1 i n c h 

! l n i:l c t c r  nncl i n .:: h l o n g b �: s n tu rn t l o n  rr; c t h o d  u :>i n ,; 
.; . 1 �; o i l  h· i t h d c n :; i t ;i = 0 . 8 � ::; :n/ c c  n :;  :i s a t u r a t i o n  l i q u i d . 

F i g u r e  3 - 2  s h o w s  t h e  s c h e m a t i c  d i ag r am o f  s a tura t i on 
:l p p n r a t u s . 

2 - 2  S t a t i s t i c a l  Analys i s  
A c o r r e c t i o n  f a c t o r  o f  a v a l u e  o f  0 . 9 5 i s  u s e d a s  a n  

n � e r a g c  c o r r e c t i o n  f o r  t h e  who l e  p o r o s i t y  val u e s  that 
::;; c a s u r c d  e x p e r i m e n t a l l y  i n  o r d e r  t o  u s e  the s e  v a l u e s  a s  
r e f e r e n c e  i n  e va l u a t i n g  t h e  p o ro s i ty v a l u e s  t h a t  c a l c u l a t e d  

f r o ra  l o g s . 

We h a v e  u s e d  s t a t i s t i c a l a n a l :,· s i s  b e tw e en t h e  two 

Y a r i ab l e s , t h e  m e a s u r e d  p o r o s i t y  f r om c o r e and t h e  
c a l c u l a t e d  p o r o s i t y  f r o m  s o n i c  l o g , i n  1\ h i c h  t h e  f o l l o w i n6 
c 0 � � � l a t i o n  p a r a m e t e r s  a r e  c a l c u l a t e d : -

1 - A v e r a g e  p e rc e n t ag e  e r r o r , A P E . 

2 - Ab s o l u t e a v e rag e p e rc e n t a g e  e r r o r , AAPE . 
3 - S t a n d a r d  d e v i a t i o n  e r r o r ,  SD . 

T h e  a v e r a g e  p e r c e n t a g e  e r ror was the mo s t  
i n v e s t i g a t i n g u s e d  p a r a me t e r  i n c o mp a r i ng t h e  p e r f o rm an c e  o f  
v a r i o u s  c o r r e l a t i o n  c o m b i n a t i o n ,  APE , d e f i n e d  a s : -

vl,;a l 1 1 1t:u w 1 u 1  va t  1 1Scc: 
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Fie . ( 3-1 ) Soxhl e t  e x t ra c t o r  

1 
To .A t m .  

Va c uu m  Volv e 

S a m pl e  

_ . = � G o s  oil  - . -
. . . ..  

Sa tura t i o n  appara t u s  

2 i 
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( APE ) i  : � i  c a l c  - � i  • e a s  
* 1 0 0  . . .  ' . . . . . . . . 3 - 1 

� i  • e a s  

l\'here . 
P 1 c a l c  = c a l c u l a t e d  p o ro s i t y i n  we l l  for i t h s a n d s t o n e  

�i • � • s  = me a s u r e d  p o ro s i ty i n  we l l  f o r  i t h  san dst on e 

l a y e r . 

The de f i n i t i o n  o f  e a c h  o f  the s e  parame t e r s  i s  a s  

fo l l O\.o'S : -

D { APE ) i  
APE = I: - - - - - - -- • • •  • • e • • • • e • • • e e • t e e e • e •· e t e • a  3 - 2 

I = 1 n 

n I { APE ) i  I 
AAPE = I: - - - - - - - - - - . . . . . . . . . . . . . . . . . . . . . . . . .  

1 = 1 n 

n 2 
[ ( APE ) i  - APE ] / ( n- 1 ) . . . . . . . . . . . . . . 3 - 4  S D  = 

1 � 1  

{ Whe re n i s  t h e numbe r  o f  d a t a  po i nt s ) . Th e s e  parame t e r s a r e  

r e p re s e n t e d  g r a p h i c a l l y  i n  Fi g . ( �- 3 ) .  
I t  s ho u l d b e  n o t ed t h a t  the mag n i t ud e o f  t h e a v e r a g e  

p e rc e n t a g e  e r r o r ,  APE , w i l l  be appare nt l y  s ma l l  w h e n  

ne gat i v e  e r r o r s c an c e l  p o s i t i v e er rors . T h e  abso l u t e  av e ra g e  

pe rc e n t a g e  e r ro r s o v e r c o m e  t h i s  c a n c e l l i ng e f fe c t  b y  
t r a ns fo rm i n g a l l n e g a t i v e  e r ro r s  t o  e qu a l  ma gn i t ude p o s i t i v e 

e r r o rs .  The r e f o r e , t h i s  parame t e r  i s al w a y s  gre a t e r  t h a n  

2 8  
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� c r o , nnd i t  e q u n l s = c r o i f  - nnJ o n l r i f - t h e  e r r o r f o r a l l 
c n s c s  in t h e  s a mp l e  i s  c c r o c � n > . 

The s t n n d n rd d e v i a t i o n i s  3 m e a s u r e  o f t h e  s c a t t e r i n g  

o f  e r ro r s n b o u t  the ave r a g e  p e rc e n t a g e  e r r o r .  
Fo r c o m p l e t e n e s s , r e g r e s s i o n a n a l y s i s  ( s i m p l e  l i n e a r  

r e g re s s i o n ) o f  c a l cu l ate d p o r o s i t y f r o m c o r e s  w a s  pe r f-0 r m e d  

i n  o r d e r  t o  c a l c u l a t e  t h e i r  c o r r c l n t i o n c o e f f i c i e n t . 
The c o r r e l a t i o n  c o e f f i c i e n t  i s  d e f i n e d  a s : -

n 
r: ( � i , c a  l c - 0 c a  1 c ) ( � i , m e a s  - im e n s  ) 

i = 1 
C F  = - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Where : 

n 2 
I: ( � i , c a l c  - �c a l c ) 

i = 1 

n 
I: l � i , • e a s  

i = 1 

�c a l c  = average c a l c u l a t e d  po ro s i t y  

n 

2 
- im e a  s ) 

3 - 5  

= I: 9' 1 , c a l c / n 
i = t 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 - 6 

�m e a s  = ave rage me a s u re d  p o r o s i t y 

n 
= I: � i , m e a s / n  

i = 1 
t I I I I I t  I t  I I I I I I I t  I t  t I I I t  t I t  I ") -v - , 

The c o r re l a t i o n  c o e f f i c i e n t  m e a s u r e s  t h e  a c c u r a c y  o f  

the l i ne a r r e l a t i o n s h i p  b e t we e n  t he c a l c u l a t e d a n d  m c n s u r e d  

po r o s i t y  data . I n  a l i n e a r  reg re s s i o n , l i n e o f  a c o r r e l a t i o n  

' 
c o c f f i c i L• n t  o f  ( + 1 . 0 )  i n c.l i c n t e s  t h a t a l l da ta po i n t s  l i e  



e x ac t l y o n the l i n e j c o n v e r s e l y  a c o r r e l n t l o n  c o e f f i c i e n t  o f 

( 0 . 0 ) i nd i c a t e s  t h a t n o l i n e a r re l a t i on s h i p  e x i s t s  b e t we en 

th e re g r e s s e d  v a r i a b l e s <  J o > , T h e  c o m p u t e r p r o g r am used i n  
t h e s e  c a l c u l a t i o n s  i s  g i v e n  i n  a p p e nd i x  ' A ' . 

3 - 3  De t e��i nal!.Q..�_Qf_..lli,>ro s i ty by s o n i c  l og 

The b a s i c  m o d e l  wa s  u s e d  f o r  p o r o s i t y  c a l c u l at i o n 

from s o n i c  l o g i s  t h e  t i m e av e r a g e  e qu a t i o n , wh i c h  i s t he 

c l a s s i c a l  m e t h o d . Th i s  m o d e l is d i s c u s s e d  be l o w . 

3 - 3 - 1  Yime ave rage egu a�i o n 
The f i r s t  t r ans fo rmat i o n o f  the me a s u r e d  s o n i c  

t rans i t  t i m e  i n t o  quant i t a t i v e  e val u a t i o n o f  p o ro s i t y  was 

dev e l op e d b y  Wyl l i e  e t al . < 9 >  ( 1 956 ) . S i nc e  t h e n , th i s  

equat i o n  was ado p t e d  t o  t r an s fo rm a c o u s t i c  v e l o c i t y o r  

t ra n s i t  t i me t o  p o ro s i t y part i c u l a r l y  f o r  compa c t c l e an 

sand s t o n e  fo r m a t i o n s < 6 > . 

Eq u a t i on ( 2 -1 O) i s t h e t i me av e rag e equat i on d e t i ne d  
i n  t e rms o f  ve l o c i t i e s . 

T h i s  e qu a t i o n  c o u l d  be a l s o  d e f i n e d  i n  t e rm s o f  

t ran s i t  t i me s ,  

• e e e 8 I e e I e e • I • I t • • • I I I • I 3 -8 

W h e r e  A t , .t. tm :i  a n d .A t f a r e  t h e r e s p e c t i v e t r a n s i t  t i m e s o f 

t h e  s o und e n e r � y  e x p r e s s e d  i n  µ s ec / f t . 

3 1  
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T h e  u s e  o f  e q u a t i o n ( 3 - g ) r equ i r e s  k n o w l e d g e  o f  ma t r i x  a n d  

f l u i d t r an s i t t i me s . 

I n  t h e  c a s e o f  t he wat e r  b e a r i ng z o n e o f  Z u b a i r  Sand ,  
6 t. a = 5 1 . 3  µ s e c / f t  ( c o m p a c t e d  s a n d s t o ne ) a nd 6 t r = 1 8 9  µ s e c / f t  
( wate r f i l l e d  p o r e s ) �e r e  u s e d  ( s e e  Ta b l e 3 - l ) C J 4 , 7 l .  T h e s e 

v a l u e s  w e r e  a d o p t e d c o n s i d e r i n g  c l e a n s a n d s t o n e  i n  t h e  

i n t e rva l s  s e l e c t e d . Th i s  e qu a t i o n is d e r i v e d t o  d e s c r i b e  t h e  

t r a n s i t  t i rn c  o f  s o u n d w av e t h r o u g h  t h e  m a t r i x  a nd po r e  

f l u i d s . H e n c e  1 i n  t h e e x i s t e nc e  o f  a n y  s h a l e w i t h i n t h e  

r o c k , t h e  d e r i v e d  p o r o s i t y  f r o m  th e e q u a t i o n  mu s t  b e  

c o r r e c t e d  fo r t h e  s h a l e  c o nt e n t  b y  u s i n g  t h e  f o l l o w i n g 

e mp i r i c a l  e qu a t i o n  d e \' e l o p e d  by Tex i e r  e t  a l . < 7 >  ( 1 9 5 9 ) ,  
wh i c h  w a s  w i d e l y  a c c e p t e d in s o n i c l o g  i n t e r p r e t a t i o n : -

�s c = �1s * 

Whe r e : 

1 
2-C( 

• I e • I I I I I I I I I I I I I I I I I I I I I I I I I I 3 - 9 

�s c = C o r r e c t e d  po r o s i t y  fo r s h a l e  c o n t e n t , 

Ps  = D e r i v e d p o r o s i t y f r o m  Wyl l i e  e qu a t i o n , a nd 

C( = Sha l e  i n d i c a t o r ( C(  = 1 -Vs h ) .  

Th i s c o r r e c t i o n  1.- a � · ap p l i e d  o n a l l  l o g  i n t c r \' a l  s 

s e l e c t e d , a f t e r t h e p o r o s i t y  va l u e s o f t ho s e  i n t e r v a l s ha \' e 

b e e n  c a l c u l a t e d u s i n g t h e  t i me av e r age e q u a t i o n . A g r a p h i c a l  
r e p r e s e n t a t i o n  o f  t h e s e  va l u e s  v e r s u s  t ho s e  d e r i v e d f ro m  
c o r e s  a t  c o r r c s p o n d i n O{  d e p t h s  i s  sho � n  i n  F i g . ( J - -l ) 1 i n  
w h i c h  t h e  fo l l ow i n g  c o r re l a t i o n  pa rame t e r s  ( u s i n g  t h e  
s t a t i s L i c '-1 1  n rd r e g re s s i o n p ro� ra rn ) � e r e c a l c u l a t c t.I . 

3 2  
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S D  A \ P E  A P E  CF 
- - - - - - - -

1 2 . 5 1 1  l l . 5 7 6  - l l . 5 5 5  0 . 9 2 2  

I t i s  o b v i o u s  f r o m  t h e s e  h i g h  pe r c e n t a g e s e r ro r s , 
t h a t  t i m e  ave r a g e  e q u a t i o n  � i"v e s  u n s a t i s fa c t o r y  r e s u l t s  wh e n  
i t  i s  u s e d  fo r p o r o s i t y  d c t c r m i n a t i o �  o f  Z°u ba i r  f o rm a t i o n -
E a s t  D n c h d nd o i l  f i e l d . 

C o m pa r i s o n  p l o t s  h a v e  b e e n  a l s o p r e pa r e d  i n  Fi g s · 
( :1 - 2 6 c ) t h r o u c h  ( ·1 - 3 1 c ) , i n  i.·h i c h 1 t h e  c a l c u l a t e d  p o ro s i t y  

V .'.l. l  u e s  u s i n g  Wyl  1 i e  equ a t i o n  a n d  t h o s e  m e a s u r e d  f rom c o r e s  

n r c  p l o t t e d  v e r s u s  d e p t h s . 

I t  i s  i nd i c at e d , t h ro u g h  the s e  f i g u r e s , t h a t  a n  

obv i o u s  d i s t i n c t i o n  b e t w e e n  t h e  p o ro s i t y  v a l u e s  me a s u r e d  

f r o m  c o r e s am p l e s a n d  t h o s e c a fc u l at e d  fro m s o n i c  l o �  ( us i ng  
t i me a v e r a g e  equat i o n ) i s  o c c u r e d . 

3 3  



Tnll l c  ( 3 - 1 ) 
Va l u e s o f  so n i c  v e l o c i t y nnd t ra n s i t  t i m e fo r 

c o m mo n  ro c k  ma t r i x ,  m a t e r i a l s a n d  c a s i n g . 

-

-
- -

- - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -� le d i u m  Vui ll ( f t/s e c ) ti t. a  ( µ s ec / f t ) 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S n n d s t o n c  1 8 0 0 0 - 1 9 5 0 0  5 5 . 5 - 5 1 . 3  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 9 - - - - - - - - -L i r.ic � t o n e 2 1 0 0 0 - 2 3 0 0 0  4 7 .  6 - ·� 3 .  5 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -D 0 l c m i t c  2 3 0 0 0  4 3 . 5 
- - - - - - - - - - - -

- -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -Anh�·d r i t e  2 0 0 0 0  5 0 . 0  

- - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

S a l t 1 5 0 0 0  6 6 . 7  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � - - - -

Cas i ng ( i r o n ) 1 7 5 0 0  5 7 . 0  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

A i r  ( atm . p r e s sure ) 1 1 0 0  9 0 9  
Wat e r  5 3 0 0  1 8 9  
O i l  . f2 Q O 23 8 

'I .  I I 
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Fif, . ( )-4 ) ]:>lo t o f �co re v s o . Ws�riic  ( u[iing Wyl l i e  eq_ua t � on ) fo r 
t h e  Wel l s  o f  Zuba1 r f o rm a t i o n- Eas t Bach a a d  f 1 e l a .  
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CHAPTER FOUR. 

DETERM I NAT ION OF POROS ITY 

BY 
RADIOACTIVE LOGS 

I n  t h i s c h ap t e r ,  the avai l ab l e  rad i o ac t iv i t y l o g s  

( Neu t r o n , D e n s i t y & Gamma Rai ) w i l l  b e  u s e d fo r c a l cu l a t i ng 

p o r e s  i t y · S i n c e  s ha l e  a f fe c' t s  every l o g g i n g  m e a s u r e m e n t s , 

p o ro s i t y  v a l u e s  . c a l cu l at e d  from the s e  l og s  n e e d  t o  be 

c o r r e c t e d  for shal i ne s s . 

Rad io a c t ive l o g s  wil l be u s e d , i n  add i t i o n  t o  

po ros i t y d e t e rm i na t i o n  i n  a g iv e n  i n t e rval , a s  s h a l e 

i nd i c a t o r s  f o r  that i n t e rval , as de s c r i bed b e l o w . 

4 - 1  De t e rmi nat ion o f  shal e vol ume 

The s h a l e  vol ume . ( Vs h  .> · f o r · each chosen i n t e rval was 

d e t e rm i ne d  by u s i ng Gamma Ray , Neut ron and Dens i ty l o g s . 
Gamma Ray l o g  was used as a s i ng l e  shal e i nd i c at o r , 

by t h e  fo l low i n g  bas i c  r e l a t i onship : -

G R  - G nm i n  
Vs h = • • • • I I I I I I • • I I I I I I • t t t t I 4 - 1  

G R111 a .:.:  - G R111 i n  

Whe re : 

G R111 i n  = Rad i o ac t iv i t y  read ing i n  c }ean f o rmat i o n s , 

G R1u a x  = Rad i o ac t i v i ty r e ad i n g  i n  shal e fo rmat i o n s , and 

GR = Rad i o ac t i v i t y read i ng f rom log . 
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N e u t r o n  a n d D e n s i t y l o l! s  w e r e  u s e d  i n c o m b i n a t i o n s  
t l1 1· o u � h c r o s s p l o t  t e c h n i qu e s .  

I n  fa c t , t wo t y p e s  o f Gamma  Ray c u r v e s  a r e  a v a i l ab l e ,  
t h e  f i r s t  i s t h e  s t a n d a r d  ( t ot a l ) G a mma R a y  c u r v e  ( S G R ) , i n 
i.·h i c h  t h e  r e ad i n g r e p r e s e n t s  a l i n e a r  c o m b i n a t i o n  o f  
r0 t a s s i u m ,  Th o r i u m and · U r a n i u m  a m o u n t s ,  a 3  d e f i n e d  b)' t h e  
f o l l o w i ng e qu a t i o n <  2 8  > : -

S G R  = ATh + B U  + CK e t • •  t '  ' '  t .  I f  I I t  I •  t t I t  t t t I f  t � - 2  

Whe r e  A ,  n I c a r e  c o e f f i c i e n t s  o b t a i n e d  

t e s t  p r o c e d u r e  o f  t h e  l o g t o o l . 

f r o m s p e c i a l  

T h e  s e c o nd t y p e  i s  t h e  c o r re c t e d  G atlrna nay c u r v e ,· 
C G R , i n  wh i c h , a U r a n i u m  f r e e  me asureme n t  i s  r e c o rd e d . I t  i s  
s i mp l y  a l i n e a r  c o mb i n a t i o n  o f  Gamma R a y s  f r o m  t h o r i u m a n d  
p o t a s s i u m  o n l y ,  a s  d e f i n e d  b y  t h e  fo l l o w i ng e qu a t i o n : -

C C R  = ATh + C K  . . . . . . . . . . . . . .  ' . . . . . . . . . . . . . . . . 4 - 3 

B e c a u s e  o f  t h e  ex i s t e n c e  o f  Ura n i u m i n  a s s o c i a t i o n  
i> i t h r a d i o a c t i v e m i n e r a l s o t h e r  t h a n  t h o s e  f o u n d  i n  s h a L:: , 

s u e  h a s  o rg a n i c  m a t e r i a l s ,  t h e  c o r r c c  t e d  G a rru!\ :i. R n :: l o g  l. s 

Lc l i c n: .J  t o  b e  a b e t t e r  s h a l e  i n d i c a t c r , 

d c t e rm i n l ng s h a l e  \· o l u m e  fo r e a c h  i n t e rv a l  b y  u s i n g 
E ( • 1 )  I t h e  ' CG R ' l o o" w a s  no t a v a 1· l .... b l c  i· n a l l ·, q . . , - ' l O W C V e r ,  u 

t h e  1>e l l s  i n v e s t i g a t e d , t h e r e fo r e , t h e  d a t a  o f  ' S G R ' l o g  

L < i I ;  c; 1 1  f u t" ::> .'.1 n d b o d  i c s  i n 1; c l l 3 1� h c r e  ' C G  R ' 1 o g i s r o c o  r d  e d 
( E D - 5 � ,  E D - 5 6 , E 0 - 7 7 ,  E B - 7 9 ) ,  at d e p t h s  o f  t h o s e m is s i n g  
' s r ;  r. ' l 1 ;,: i 1 1  v ·.:! 1 1  s ( E 0 - 1 8 , E n - 1 fi ) a r c  u ::: c d i n t h  c r t.:  g t· e �-; s l o  n 

. ,  
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P r o g r a m  l o  g i v e  a l '  d i n e n r  r c l n t i o n s h i p s  t h a t c a n  b e  u s e  t o  
d e t e rm i n e C G R  v a l u e s  f ro rn S G R  l o g d n  t a , as s h o wn i n F i g s · 

( 4 - 1 ) t h ro u g h ( 4 - 8 ) , i n  w h i c h , a s t r a i g h t l i n e  e q u a t i o n  a n d  
c o r re l a t i o n c o e f f i c i e n t  f o r  e a c h s a n d  b o d y o f  m i s s i n g ' CG R '  
l o g w el l s  a r e  d e t e rm i n e d . 

' CG R '  a nd ' S G R '  l o g s  d a t a  a r e  r e p l o t t e d  t o g e t h e r ,  a s  

s h o � n i n  F i g . ( 4 - 9 ) · t o  g i v e n s i n g l e g e n e r a l  e q u a t i on o f  i t s  
r e  p r e s e n  t a t  i v e  1 i n e , \.· h i c h  c a n  b e  a p p l i e d  t o  e a c h  i n t e n· a l  
o f  Z u b a i r  f o r m a t i o n . 

A s  i t  w a s  m e n t i o n e d  e a r l i e r , t h e  N e u t r o n  a n d  D e n s i t y 

l o g s  a r c  u s e d  i n  c o mb i n a t i o n s  t h r o u g h  t h e  t e c h n i qu e  o f  c r o s s  

p l o t  t o  d e t e rm i n e s h a l e v o l ume . I n  - t h i s t e c h n i qu e  t h e  

t r i a ng l e  me t h o d C 3 1 �  w as u s e d . 

The u s e  o f  m o r e  than one s h a l e  i nd i c a t o r  i s  
r e c o mme nd e d , a s  t h e  c a l c u l a t e d  s ha l e  v o l u m e  from any o n e  

me t h o d  c a n  o f t e n b e  o v e r e s t imat e d < 2 6 > . T h e r e f o r e , t h e  l owe s t  
c al � u l a t e d  v a l u e  o f  t h e  t h r e e  me t h o d s w a s  u s e d  i n · t h e  

c o r r e c t i o n o f  p o r o s i t y d e r i v e d  f r o m  l o g s . , 

4 - 2  De t e rm i nat i o n  o f  po ro s i ty 

Ne u t r o n  a ri d  d e n s i t y l o g s  w e r e  u s e d  a s  s i ng l e  

i n d i c a t o r s  and i n  c o m b i n a t i o n s  t o  d e t e rm i n e p o r o s i t y v a l u e  
fo r e a c h  c h o s e n i n t e r v a l , a s  de s c r i b ed be l o w : -

4 - 2 - 1  S i ngl e po ro s i ty i nd i c a t o r 

Th r o u g h  t h e  r e c o rd e d d e n s  i t i c s , t h e  d e n s i t y l o g  i-: a s  
u s e d  a s  a s i ng l e p o r o s i t y i n d i c a t o r  t o  d e t e rm i n e t h e  
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p o r o s i t y f o r i n t e r v a l s w i t h n o  s ha l e c o n t e n t  u s i n g t h e 

f o l l o w i n g b a s i c  e qu a t i o n < J 2 ) : -

,,.0 . --'J.I - - - - - - - - - - • • It • •  I I " • I I I • It e It It It I It I It I I It • I • I It I 
f' m a - f' t  

H h e re : 

r �  = Format i o n  bu l k  d e n s i ty ,  gm/c c , 
f m a =  H a t r i :·: d e n s i t y ,  g m/ c c , and 

P c  = F l u i d  d e n s i t � , g m / c c . 

Fo r i n t e r v a l s c o n t a i n i n g  s h a l e , t h e  
e q u a t i o n  w a s  u s e d <  J J > : -

f b  = �o f r  + ( Vs h ) f' � h  + ( 1 -�o -Vs h ) f' m a 

Where , 
f' s h  i s  d e n s i t y  r e a d i n g i n  s h a l e  s e c t i o n ,  g m / c c . 

fo l l o'l-1 i n g 

. . . . � . . � - 5 

I n  t h e  u s e  o f  the pre v i o u s  e q u a t i o n , we have t o  
s e l e c t  ma t r i x  a n d  f l u i d  d e n s i t i e s . Ac c o rd i n g  t o  o u r  c a s e  

( wa t e r  s a t u ra t e d  s a n d  s t o n e  i n t e rva l s ) ,  2 . 65 g m / c c  c a n  be 

a d o p t e d  a s  ma t r i x  d e n s i t y  a nd 1 . 0  gm/cc  a s  po r e - f i l l i n g  

f l u i d  d e n s i t y , a s  s h o w n  i n Tab l e  ( 4 - 1 ) ,  i n wh i c h , d e n s i t i e s  

f r o m  d e n s i t y  l o g  and ac t u a l  d e n s i t i e s  o f  mo s t  c o m m o n 

ma t e r i a l s e n c o u n t e re d  i n  f o rma t i o n s  are t abu l a t c d < 3 4 l .  
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Tab l e  ( 1 - 1 ) 
Ac tual d e n s i t y a nd ' F DC ' d e r i v e d p o r o s i ty 

for d · r r . 1 e r c n t  m a t c r 1 a l s  commonl y  
e n c ou n t e r e d  i n  borehol e s . 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Fo r mu l a  A c t u a l  
d e n s i t y  

F D C  

d e n s i t y 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Qu .:i r t z  2 . 6 5 4  2 . 6 4 8  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

C a l c i t e CaCO J 2 . 7 1 0 2 . 7 1 0  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Do l o m i t e  CaC0 1 HgC()J 2 . 8 7 0 2 . 8 7 6  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Anhyd r i t e  C a S (; -1  2 . 9 6 0  2 . 9 7 7  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

KCl 1 . 9 3 4  1 .  8 6 3  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

H a l i t e NaCl 2 . 1 6 5 2 . 0 3 2  
- - - - - - - - - � � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � - -

G yp s u m  CaS 0 1 2H2 0 2 . 3 0 0  2 . 3 5 1  

F r e s h  wat e r  1 .  0 0 0  1 . 0 0 0  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 � �  

S a l t  w a t e r  2 0 0 , 0 0 0  ppm 1 . 1 4 6  1 . 1 3 5  
- - - - - - - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � - � � � �  

O i l  n ( CH2 ) 0 . 8 5 0  0 . 85 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Gas C 1  • I 1 1 4  • 2 1 . 3 25f> g - 0 . 1 8 8  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - = - � - - - 9 - 0 - 0 ¢ ¢ � 

Ne u t r o n  l o g  was a l s o  u s e d as a s i n g l e  s h a l e  i nd i c a t o r  

fo r po r o s i t y d e t e rm i na t i o n . 

The po r o s i t y v a l u e  o f  e ac h  c ho s e n i n t e rval w a s  

c a l  c u  l a t e d  f r o rn ne u t ro n  l o g b y d i r e c t l y  re a d i ng i t s 

r e s po nse . To u s e t h i s  v a l u e  o f  p o r o s i t y fo r c omp a r i s o n  w i t h  
tha t c a l c u l a t e d f r o m o t h e r l o g s , i t s h o u l d  b e  c o r r e c t e d  f o r  

· sh a l e  con t e n t  b y  u s i n g t h e  f o l l o w i ng b a s i c  e q u a t i o n : -

9' � c = �N +· �N s h • V9 h  • . . • . • • • • • • • • • • • • • • • • • • • • • • 4 - 6 
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· 1 1  

W h c r " : 
�N • h  = Me a s u r e d  po ro s i t y f r o m  Ne u t r o n  l o g  i n  t h e  s h a l e  

s e c t i o n .  and 
V s h  = S h a l e  v o l u me . % .  

4 - 2 - 2  Tw o - curve s  Po ros i ty i nd i c ato r 

T h ro u g h t h i s  pha s e  o f  work . ne u t rcin and d e n s i t y  d a t a  

w e r e u s e d t o  de t e rm i n e poro� i t y  emp l oy i n g  t he c r o s s p l o t  

t e c h n i qu e . 

I n  t h i s  t-e c hn i qu e  the t r i an g l e me t h o d  w a s  u s e d , i n  

"·h i c h . t h e  d e r i v e d  po r o s i t y v a l u e s  ( �N ) f r o m  n e u t r o n  l o g  

w e re p l o t t e d  v e r s u s the d e r i v e d  d e n s i t y  v"a l u e s a t  the s ame 

depths , f o r e ac h  we l l , a s  shown in F i g s . ( 4 -1 0 )  through 

( 4 - 1 5 ) .  
A c c o rd i ng t o  t h e  two mann e rs o f  u s i n g  the Neutron and 

D e n s i t y  l o g s i n  p o ro s i t y d e t e rm i nat i o n , t h e re w i l l  be three 

p o ro s i t y  va l u e s  o �t a i ne d f o r  each ch o s e n i nterv al . 

The s e  th ree v a l u e s w e r e  p l o t t e d v e r s u s the 

c o rre s po n d i n g  c o re p o ro s i t y a s  s h own i n  F i g s . ( 4 - 1 6 ) throu g h  

{ 4 - 1 8 ) , i n  wh i c h , c o r r e l a t i o n  c o e f f i c i e nt , s t a n d a r d  

d e v i a t i o n  e r ro r , av e r a g e  p e r c e n t a g e e r ro r  and ab s o l u t e  

a v e r a g e  p e r c e n t a g e e r r o r  f o r  e a c h  o f  t h e m w e r e  c a l cu l a t e d ,  

a s s h o wn i n  T ab l e  ( 4 - 2 ) .  

Th e c a l c u l a t e d  r e sul t s  � f  l o g  po r o s i t i e s  o b t a i n e d by 

the t h re e app r o ac he s a r e  c ompa r e d  w i t h t h e  c o r r e spond i n g  

c o r e p o r o s i t y  a s sho w n i n F i g s • ( 4 - 1 9 )  t h r o u g h ( 4 - 2 4 } ,  fo r 

the s i x we l l s :  

vL;a 1 r r 1t=u w 1 u 1  va l  1 1�Cc 



F i g u r e s 2 6 n l o  J l n  fo r po r o s i t y vn l u c s  d e r i v e d  t r o m  
N e u t ron l o g .  

F i g u r e s  2 G b t o  J l b  fo r po r o s i t y va l u e  d e t e r m � n e d  b y  
< '-'w - r b ) c ro s sp l o t ( u s i n � t r i n n � l e  me t h o d ) 

F i g u r e s  2 6 d l o  3 l d fo r po ro s i t y v a l u e s  d e r i v e d  f ro m  
d e n s i t y  l o g . 

Tab l e  ( 4 - 2 )  

Co rre l at i on parame te r s  fo r Neut ron and 
D e n s i t y  l o g s  as s i ng l e  i n d i cato r s  

and i n  combinat i ons 

- - ���h��- - - - - - - - - - - - - - - - ���- - - - - - ��;�- - - - - - - ;�- - - - - - - - �;- - -

� -=- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 7 - - - -

N e u t r o n  l o g  1 . 6 9 9 4 . 8 7 0  6 . 8 5 3  0 . 9 0 6  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � �=� -

D e n s i t y  l o g  1 . 2 6 2 5 . 0 4 8  7 . 4 9 3 1  0 . 8 8 3  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 � - � - � � � � < � � 0 4 - - - - -

¢N -r b c ro s sp l o t 
( u s i n g  t r i ang l e  

me thod ) 
2 . 2 7 6  4 . 5 9 1  6 . 2 4 4  0 . 9 2 3  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

¢N -f b c ros spl o t 

( u s i n g  publ i shed 

chart ) 

1 3 . 0 9 6  1 3 . 0 9 6  1 4 . 7 3 9  0 . 8 8 4  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Through i t s  l owe s t  p e rc e ntage e r r o r s  and h i ghe s t  

c o r re l a t i o n  c o e f f i c i e n t , as s e e n  f rom Tab l e  ( 4 - 2 ) , the � N -f o  

c ro s s p l o t ( u s i n g  t r i ang l e  me t ho d ) i s  t h e  be s t method that 

c a n  be u s e d fo r mo r e  a c curate d e t e rmi nat i o n  o f poros i ty than 

o the r metho d s  f o r Zuba i r f o r m a t i o n - Ea s t  Daghdnd o i l  f i e l d . 

1 2 



o_ 
.-;( 
CL CJ 
u 

I 
I ' 

0l 11 1 1 1 1 I 1 1 1 1 1 11 1 1 1 11 11 1 11 1 1 1 1 1 1 11 11 11 1 11 11 1 1 11 1 1 1 11 11 1 • , , J 
I� (j 8 1 0  1 2  14 1 6  

20 

1 5  

1 0  

5 

S G R  ,AP I Fig . (  4 - 1 ) C o rre cled g a m m a  ray - S t a ndard g a m m a  ray 
re lati o n ship for sa nd body No. 1 . 

CGR= 0 . 6 1 1 SGR t 0 . 808 
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Fig . (  4 - 3 ) Correcled g a m m a  ray - S t a ndard gamma ray 
re l a ti o n s h i p  fo r sa n d  body No. 3 . 
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CHAPTER FIVE 
DETERM I NAT I ON O F  WATER 

SATURAT ION 

I n  t he p r e v i o u s  c h a p t e r s , po r o s i t y  w a s  c a l c u l a t e d b y  
s e v e ral me t h o d s , s o . a s  t o  s e l e c t t h e b e s t  p o ro s i t y v a l u e ,  t o  

b e u s e d  f o r  s a t u r a t i o n  d e t e rm i n a t i o n , d u e  t o  i t s s i g n i f i c a n t  

e f f e c t o n  ' Sw ' c a l c u l a t i o n . T h e  m e t h o d s  d i s c u s s e d  a r e : -

1 - N e u t r o n  l o g  a s  a s i n g l e  p o r o s i t y  i n d i c a t o r , 

2 - D e n s i t y l o g  a s  a s i n g l e  p o r o s i ty i n d i c a t o r , 

3 - N e u t r on - D e n s i t y  c r o s s p l o t , u s i n g  t r i an g l e  me t h o d , 

4 - S on i c  l o g , u s i n g  t h e t i m e  ave rage e qu a t i o n . 

C o r e  p o r o s i t i e s  we r e  a l s o  m e a s u r e d , and - u s e d  a s  

r e f e r e n c e  v a l u e s . 

We h a v e  n o t i c e d  t h r o u g h  t h e  compa r i s o n s  made b e t w e e n  

the p o r o s i t i e s  d e r i v e d  f r o m  t h o s e  m e t h o d s  a n d  c o r e 

p o r o s i t i e s  1 N e u t r o n  l o g  a n d  t h e  c ro s s p l o t  t e c hn i qu e  ( u s i n g 

t r i an g l e  me t ho d ) y i e l d  favo ra b l e  c o r r e l a t i o n  pa rame t e rs , 
when c o m p a r e d w i th o t h e r  u s e d  me t h ods . 

T h r o u g h  t h e · a p p l  i c � t  i o n  o f  t h e  t r  l on g  l e  me t ho d  i n  
po ro s i t y c a l c u l a t i o n  1 i t  wa s fo u nd t o  g i v e  t h e  h i g he s t  
c o r r e l a t i o n  c o e f f i c i e n t  a n d  lowe s t p e r c e n t age e r r o r s . 

T h e r e f o re , t r i an g l e  m e th o d �a s a d o p t e d  t o  o b t a i n  po r o s i t y  t o  

b e  u s e d i n d e t e rm i n a t i o n  o f wa t e r  s a t u r a t i o n  by A rc h i e ' s  

e qu a t i o n . 

€ 3  
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6 .J 

Th e s e  c n l c u l a t e d  p o r o s i t y v a l u e s  we re a l s o  u s e d i n  a 

ro s s p l o t t e c h n i qu e ( P i c ke t t  Me thod ) < J J , whe re t h e y a r e  

p l o t  t c d  v e r s u s c a l c u l a t e d  r e s  i s  t i  v i  t y  n 1 l u e s  a t  t h e s a m e 

d e p t h s  i n  o rd e r  t o  g e t s p e c i f i c  v a l u e s  . o f  t h e  c e m e n t a t i o n  

fac t o r  ( m )  a nd t h e  fo r mat i o n  c o e f f i c i en t  fa c t o r ( a )  o f  t h e  

Zuba i r  f o rm a t i o n ,  a s  e x p l a i n e d  be l ow . 

5 - 1  D� t c r m i nat i o n  o f  m and a 

The g e n e r a l l y  a c c e p t e d  v a l u e s  o f  c e me ntat i o n  fac t o r  
{ m )  a n d  fo r ma t i o n c o e f f i c i e n t  f a c t o r ( a )  a r e  2 . 0  an d  1 . 0 ,  
re s p e c t i v e l y  . . 

Th e s e  ,- a l u e s  w e r e  u s e d  exte::n s i v e l y  i n  r e f e r e nc e s a s  

t yp i c a l values o f  the se p a r ame t e r s . Howeve r ,  i t  was f ound b y  

·ma n j• au t h o r s  t h a t  t h e  value s o f t ho s e par ame t e r s  may ,- a r y  

be twe e n  format i ons , t ha t w i l l g a v e  app re c i ab l e  e f fe c t  on the 
s a t u r a t i o n  d e t e r m i n a t i o n  f r o m  l o g  analys i s , by su c h  m e t h o d s  

a ::;  A r c h i e ' s : -

a R .. · 

s, .. = - - - - - -

!I' "  Rt  
. . . .  , . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 - 1  

I t  w a s  a l s o  found t h a t  ' m '  h a s  m o r e  e f f e c t o �  

s a t u r a t i o n c a l c u l at i o n t h a n  that o f  ' a ' , a. s  s h o ;rn  i n  F i g . 

( 5 - 1 ) ( 3 5 ) . H e nc e , ' m '  i s  c o n s i d e r e d  as b e i n g  the mo s t  

i n t e r e s t e d p arame t e r  t o  b e  c a l c u l a t e d  t h rough the u s e o f  

P i c k e t t me t h o d . 

The t h e o r e t i c a l  b a s i s o f  P i ke t t  me t h o d can b e  e a s i l y  

d e r i v e d  f ro m  t h e  l o g a r i t hm i c  e x p a n s i o n  o f A r c h i e ' s  c qu n t i o n 1 
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l' l ," l l l >t II l . } H  t l a u n l crn l  V 1d u o  o r  . I I :: i • / LU  ( o l. l o W : J , 

· · · · · · · · · · · · · ·  5 - 2  

Th · 111 ' l'. h l.) d  m o n  t l o n o <l u b o v o  � 1 1 1 µ, � 0 1 1  t, n t o  s o l v o  

� ra ph l c a l l r  1. h v a l 1 1  t� o f  w u t o r r o s l o t l v l t y ( Rw ) a n d  wa t e r 
•\ t u 1·a t l o n ( Sw ) . Th s r np h .l c n l  d o t o r m l n u t l o n  o f  a a t u r a t l o n 

w i l l n o t  b c o n s i rl o r ct h e r o . 
Fo r ' nw ' d t o r m l n n t l o n , i t  c a n b e  n o t i c e d  f r o m t h e  

n b O \' qu n t i o n t h : 1 t. w h e n  Sw = 1 0 0 %  ( l n  t h e  wa t e r b e a r i n g  

Z o n e ) ,  n l i n c n r  r u l n t i o n s h l p  e x l s t s b e t w e e n  r e s i s t i v i t y a n d  
po 1· o s i t y :  

l o g R t  = - m l og� t l og u R w  . . . . . . . . . . . . . . . . . . . . . . . 5 - 3 

T h e  1 i n e r e p r e s e n t e d  b y  t h i s  e q u a t i o n  s h o u l d p a s s  

t h r o u g h  the l ow e s t r e s i s t l v l t y po i n t s  o f  t h e  p l o t  o f  l o g  R t  
v e r s u s  l o g� . 

I n  o u r  a p p l i c a t i o n , a s  on l y  wa t e r  b e a r i ng Z o n e s  w e r e  

s e l c c t e d  fo r p o r o s i t y d e  t c rm l n n t L o n , t h i s  l i n e  r e p r e s e n t s  

t h e  be s t  f i t l i n e t h rou g h  a l l t h e  po i n t s . 

The s l o p e  o f  t h  i s  l l ne i s n u  m e r l c a l l y  e qu a l  t o  ' m ' , 
a s  s e e n  f r o m  t h e  a bo v e  e q u n  t i o n . T h e  i n t e r c e p t  o f  t h e  1 i n e 

n t  � =  1 0 0% ,  i s  r � l a l e d  t o  ' Rw '  a n d  ' a ' by 

l o g ( i n t e rc e p t )  = l o g ( nRw ) . . . . . . . . . . . . . . . . . . . . . 5 - 4 

The rc Co rc 1 i n  o u r  c a s e , P i c ke t t  me t h o d w a s  u s e d  t o  
Ll e t, e rm i n e s p e c i f i c  v a l u e s  o f  ' m 1  a n d  ' a '  f o r  Z u b a i r  

,::,t;d r 1 1  r eu w r  u 1 vd 1 1 1Scc 



fo rmat i o n , k now i ng thn l the v a l u e  o f  ' Rw '  i s  0 . 0 1 8  0 - m , n s  

c a l c u l a t e d  f r o m  the ava i l ab l e ' Rw a ' l o g  a nd l abo r a t o r y  

m e a s u re m e n t s .  

The m e t h o d  was u s e d  t o  d e te rm i ne ' m '  and ' a '  va l u e s  

6 6  

o f  e a c h  i nd i v i d u a l  w e l l , a s  shown i n  F i g s . ( 5 - 2 ) thro u gh 

( 5 - 7 ) , i n  wh i c h , ' m '  repre s e n t s  t h e  s l ope o f  be s t  f i t t i n g 

1 i n e  ( Ro 1 i ne ) and ' a '  i s c a l c u l a t e d  f r o m  i t s  i nt e rce p t a t  
� = 1 0 0% u s i ng Eq . ( 5 - 4 ) . 

. . 
To c a l cu l at e  a mo re a c curate wa t e r  saturat i o n  f o r  any 

i n t e rval o f  Zuba i r  fo rmat i o n  and for f i n d i ng a mo d i f i e d and 

p a r t i c u l a r fo rm o f  Arch i e ' s  e quat i o n  for th i s f o rmat i o n ' 
P i c k e t t  me thod was app l i e d  fo r the whole da t a from al l 
w e l l s , as shown i n  F i g . ( 5 - 8 ) , i n  lihi c h , the value o f  m =  

1 .  9 1 7  and a =  0 .  5 8 3  w a s  c a l c u l at e d . B y  sub s t i tu t i ng the s e  

value s i n  Eq. ( 5 - 2 ) , t h e  f o l l ow i ng fo rm o f  Arch i e ' s  equat i o n  
w a s  o b t a ined : -

Whe r e , 

. . . . . . . . . • . . . . . • . • . • . • ' • • • • • 5 - 5  

�T .. i s the c a l c u l a ted p o ro s i t y u s i n g  the tr-L�-:-�\� metho d . 

5 - 2  Prac t i cal appl ic at ion o f  the Mod i f ied Archi e ' s  equation 
We have · used Eq . ( 5 - 5 ) t o  c a l cu l ate the wate r 

s a tu rat i o n  o f  s ome o f  c l e a n  s and stone interva l s  s e l e c t e d  

f rom the Zuba i r  fo rmat i o n , a s  shown i n  Table ( 5 - 1 ) .  
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