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ÀBSTRACT

The Underground Research Laboratory(Uni,) site on the Lac du

Bonnet batholith, 12 km east of Lac du Bonnet, Manitoba, is
one of several being investigated by the Àtomic Energy of

Canada Limited (AECI). Research is directed towards explor-

ing the geological, geophysical and hydrological effects an-

ticipated from the use of the granite batholith as a reposi-

tory for nuclear waste. One of the major objectives of the

geophysical research, is the location and mapping of subsur-

face fractures within the batholith.

This thesis, is concerned with the detection of fractures

in a granite formation by Geophysical Well Logging and Ver-

tical Seismic Profiling techniques. À review of the theo-

retical backgrounds of various geophysical Iogs tested in
the URL experiment site has provided further insight into
Lhe factors and parameters that influence their performances

in a granitic terrane. The potentiaÌ of various geophysical

Iogs in detecting fractures in a granitic formation vras

studied by correl-ation of well log data from one of the

borehol-es ín the URL site, URL6. Results of the cross-cor-

relation analysis indicate that the value of the correlation
coefficient depends on the mineralogical and textural nature

tv
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the

the formation, and may not always be a good measure of

agreement between various logs in detecting fractures.

The compuÈational procedure to generate WKBJ synthetic

seismogram for Vertical Seismic Profiling is also presented.

The seismograms are accurate provided that the frequencies

are very large compared to the velocity gradients of the me-

dium such as in high resolution seismic technique. The

seismogram becomes more accurate as the receiver distance

from the well- increases. The computation of the seismogram

is extremely rapid as both inverse transforms in the algor-

ithm are evaLuated analytically. The WKBJ algorithm can

handle direct, reflected and turning rays. Seismograms gen-

erated from the sonic and density data (from borehole URt6)

are presented to illustrate the capability of VSP in deter-

mining the location of subsurface fracture zones. Primary

reflection events from the fracture zones can be traced,

Ievel by level, to their point of origin within the forma-

tion.
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Chapter I

INTRODUCTION

One of the serious long-range problems facing most indus-

tralized countries is what to do with the great stores of

nuclear wastes that have been accumurating for years. These

highty toxic radioactive waste are mostly by-products of nu-

crear power plants. Proposars for permanent storage sites
for: such nucLear waste have included blasting out under-

ground vaults in plutonic crystalline rock or rock salt.
Plutonic rock masses are igneous bodies which formed berow

the surface of the earth from magma. Rock salt is a coarse-

ly crystarline harite formed as an evaporite. Rock sart is
considered a suitable radioactive waste disposal environment

because it is plastic and can frow. It is therefore serf-
sealing and there is virtually no possibility Èhat emplaced

radioactive waste can find a pathway to the bio-
sphere(Tammemagi, r976) . The most serious drawback $¡ith

this material, however, is the fact that sart deposits are

associated with hydrocarbon deposits and therefore targets
for exploration. Plutonic crystalline rocks on the other

hand are homogeneous, structurally competent and seldom as-

sociated with mineralization. wit,h these objectives, for
the past few years, a number of countries including canada,

Austria, sweden, France, u.s.À and Britain have been active-
Iy investigating the use of such plutonic rock bodies for

1-
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the disposal of nuclear radioactive waste material.

In 1980, the Àtomic Energy of Canada timited (eeCf) ac-

quired a 2l-year old lease over a 3.8 km2 area on the Lac du

Bonnet batholith 12 km east of Lac du Bonnet, Manito-

ba(Fi9.1.1(a) ) for the construction of an underground re-
search laboratory(URt). This laboratory will be used to
conduct in situ geoscientific experiments in a realistic en-

vironment, within the bathorith. The area h'as chosen because

ít is located well within the Lac du BonneÈ batholith which

is considered to be representative of the granitic intru-
sives found in the Precambrain Shield; it also has an exel-
lent bedrock exposure and close to the services and support

facilities of the Whiteshell Nuclear Research Establishment

Since 1980, a comprehensive program of geological, 9êo-
physical and hydrological investigation have been underway

to determine the characteristics of this batholith.

1.1 GEOLOGICÀL AND HYDROGEOLOGICÀL STUDIES

The regional geological setting of the URL site is shown

in figure 1.1(b). It is located in the southeastern Manito-

ba, close to the border with Ontario. It .is geologically

situated within the English River gneissic belt, a major Ar-

chean subdivision of the western superior tectonìc province

of the Canadian Shield.
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Field evidence suggests that the Lac du Bonnet batholith is

intrusive into the adjacent formations and thaÈ the intru-
sion may have postdated the ]ast phase of the Kenoran oroge-

ny (circa 2600my) in this area (Green, 1983). This sugges-

tion is supported by a study of the microscopic

deformational features which has shown that the batholith
has undergone the least deformation compared to the rock

units in the area. This URL area is composed of five gra-

nite units(rig. I.2) i a pink porphyritic biotite granite
(unit f ) ; foliated pink biotite-hornblende granite with

strongly oriented biotite and hornblende crystals (unit Z) ¡

grey granite which at places grade into quartz monzonite

(unit g); a granite rich in xenolith of tonalite, granadior-

ite and quartz monzonite (unit 4) and a pink two-phase gra-

nite (unit 5). À study of the surface fractures has shown

that there is a distinct fracturing pattern(fig. 1.3) and

four possible sets of subverticat joints striking 0250 ,

1150, 0450 and 1650 were indicated by inspection of surface

mapping(Brown , 1982). The grey granite is considerably

less fractured than the other unils; a fact which is also

true at the subsurface.

Hydrogeological investigations have been undertaken at

the URL site to study the natural undisturbed groundwater

flow conditions. This involved a detailed investigation of

both the shallow groundwater (arbitrary considered to extend

to a depth of 70m) and the deep groundwater( below 70m) re-

gimes.
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About 30 percent of the URL area is covered by an overburden

layer which is between 2 lo 10m thick. The overburden ma-

terial is composed of glaciolacustrine cIays, silts and

tills. The water conditions in this overburden has been

measured by installing water table wells and piezometers.

Results indicate a permeability of the order of 1*10-?

cm/s(oavison, 1982). The analysis of water samples from

different Ievels in different boreholes suggest that the

chemistry of the ground water from the deeper parts of the

rock mass is distinctly different from that of the shal-low

parts. Davison(1982) divided the groundwaters into three

different types based on their chemical composition. The

shallow ground water is generally carbon dioxide enriched

Ca-HCO type water and is relatively low in total disolved

solid content. Groundwater from highly permeable fracture

zones in the upper 150m of the rock is predominantly Na-HCO

type indicating that calcium is being exchanged for sodium

in this fracture zone. Water from another permeable frac-

ture zone which appear to extend to depths of at least 330m

at the URL area are characterized by increased Na and Cl

content and also a high helium gas content(up to 702).
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T.2 GEOPI{YSICÀL STUDTES.

Different geophysical techniques have been used to study

this area. A gravity survey conducted across the batholith

shows that Èhe batholith is located within a negative re-

gional gravity anomaly and the depth to the base of the ba-

tholith is estimated to be 17.5 to 25.0 km (nrisbin, 1979).

The result of a north-south aeromagnetic survey has also re-

vealed a positive anomaly of 700 nT over this body. The to-

ta1 fietd increases smoothly from the edges into a high am-

plitude anomaly at the center. This peak at the center is

believed to have been caused by relatively small, strongly

magnetic, mafic xenoliths or intrusion(Green, 1983). A very

low frequency electromagnetic and resistivity techniques,

used to study the distribution of fractures, revealed that

areas of low fracture density generally coincide with areas

of resistivity values greater than 10000fÀ-m whereas high

fracture density coincide with ]ess than 2000J4-m(Soonawala,

1982). In crystalline rock, the only possible manner in

which water may be release to the biosphere is by transpor-

tation via water filled fractures and faults. In view of

this the location and rnapping of subsurface fractures has

become a major objective of the geophysical experiments. A

number of downhole geophysical logs drilled in the area have

succeeded in identifying the major fracture zones'. Downhole

television and borehole acoustic t.eleviewer logging have

also provided quantitative information regarding the width
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and orientation of the fractures. Most of the fractures are

shallow dipping. À high resolution seismic survey conducted

over the area has confirmed the presence of the sub-horizon-

taI fracture zones at depth(Green, 1981).

j-* There are several theories as to the genesis and evolu-

tion of the fractures in this batholith. One hypothesis

supported by Brisbin(1982) proposes a stress condition

caused by a combination of epeirogenic uplift, isostatic re-

bound and westward horizontal plate movement. It is be-

Iieved that old and filled fractures may have been developed

during the emplacement of the pluton. Às a result of uplift

and differential uplift of the lithosphere caused by the un-

Ioading of glacial ice and sedimentary materials, these oId

fractures may have been reactivated causing some of them to

open to fluid flow. Core analysis suggest that the shallow

dipping fractures at shallow depths are zones of displace-

ment and faulting. The absence of compressive loading is

supported by milled materials, slickensides and gouges. The

horizontal component of the stress which resulted in such

low-dipping fractures may be related to the horizontal mo-

tion of the lithosphere.

This thesis is concerned with the detection of fractures

in a granitic formation. The objectives are as follows:

a) The theory of the various geophysical logs used in the U-

nderground Research Laborat,ory experiment will be reviewed

to determine the factors and parameters that influence their
performances in a granitic terrane.
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r'I b) we1l-log data collected from one of the boreholes in the

Underground Research Laboratory site(URr,6), will be corre-

lated to illustrate the the usefulness of geophysical logs

in detecting fractures in a granitic formation..,

c) Using the density and sonic 1og data and the IIKBJ algori-
thm(Chapman, 1978), Synthetic vSP(vertical Seismic Profiles)

seismograms will be generated to illustrate the application

of the Vertical Seismic Profilling technique to the detec-

tion of fractures.



ChaPter I I

THEORY OF GEOPHYSICÀL LOGS.

Geophysical logging is widely utilized in hydrocarbon ex-

ploration where the type of formation usually encountered is

sedimentary. For this reason, the fundamentals for both

qualitative and quantitative interpretation of logs in sedi-

mentary environments have been weIl studied and documented.

In contrast, the application of geophysical logging tech-

nique in igneous and metamorphic terrane has not been exLen-

s ive.

In this chapter, the theory of those geophysical logs,

which are considered most suitable for fracture detection in

a granitic terrane, wiII be reviewed. An attempt will also

be made to explain some of the factors and parameters which

influence their performances.

2.T RESISTIVITY LOGGING.

Rocks are capable of

ty by means of absorbed

solved salts contained

electrolyte necessarY

granite, the quantitY

is extremely small and

high.

transmitting electric currents most-

water whieh they contain. The dis-

in the ground water constitute the

for the conduction of current. In

of water contained in the pore spaces

consequently, its resistivity is very

1t
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In many sedimentary strata, electric currents flow more

easily in a direction parallel to the bedding planes than

transversely to them. The reason for this is that a great

number of mineral crystals possess a flat or elongated

shapes along the bedding or foliation. At the time of

deposition, they naturally take an orientation parallel to

the bedding plane, and the electrons can travel with greater

facility along these inLerstices which generally contain vra-

ter with mineral solvents.

The fracture zones in a granite pluton can be considered

as relatively thin beds of contrasting lithology and resis-

tivities. The current flowing along the fracture zones

will therefore be greater and conseguently more conductive

than the transverse direction. Such zones may include frac-

tures fitled with water or other conductive materials. The

fracture zones may therefore exhibit macro-anisotropy which

is different from the microanisotropy in stratified sedimen-

tary formations in terms of the thickness of the beds. In

general, the granite may be considered almost homogeneous

except for these fractures. For theoretical analysis, a

fractured granite may therefore be considered as an infinite

mac ro-ani sotropic medium.

Review of Theory.

The theoretical problem in resistivity logEing is to

evaluate the electric potential along the axis of a borehole

due to a current source also located on the axis.
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For a vertícal- borehole penetrating an infinite macro-aniso-
tropic homogeneous medium with horizontally dipping frac-
turesr wê may define the horizontaL resistivity Rx to be

parelÌel to the fracture planes and a vertical resistivity
Rv perpendicular to the fracture planes such that the mean

resistivity R and the coefficient of macro-anisotropy 
^are related to these parameters as

R R*'Rn
^

RN I R-' L'L-L

The schematics of the configuration is shown in figure z.r.
The radius of the borehole is a and the z axis coincides
with the axis of the borehole with the origin at the current
source c. The current circuit is assumed to be completed

through another erectrode located at the surface and which

is so far a!{ay from the elctrode c that its presence may be

negleted when considering the currenÈ frow around c. For

convenience, â11 linear measurements shall be defined in
terms of the werl radius. rf fA is an element of surface
and J the current density in amperes/meter2, then the cur-
rent I passing through f,e is

I
The current density J and the eleetríe potential v are re-
lated by

I- -f VV l.t-g

where ó- i s the conduct ivi ty of the rnedium.
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z

fl¡. fly
ßB

FRACTURE ZONE

c r

RH - HOR\ZùNTÆ FES',srlvÏTY

Rv - VERTTAL RES'STMITY

RB - BOREHOLE FLUD RESISTMITY

C . CURRENT H.ECTRODE

A . RADIJS OF BOREHOLE

Figure 2.1¿ Configuration for a current source in a fluid-
fitled borehole.

R
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In cylindrical coordinates, equation

as(Kunz and Moran, 1958)
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2.I-3 can be written

2't-+

a sur-

2't- 5

of the div-
is equal to

2't-l

T

If charge is
face A, then

J^
Àccording

ergence of

Lhe total

J,
Taking V as

electrode C,

I )Y f+R, òr(
L àV; \
4v Òz- f

conserved within a volume V enclosed by

we can write

Ide o

to Gauss' Theorem, the volume integral
the current throughout a given region

charge enclosed, so that in this case

VJ dv -O 2.t-6
an infinitesimal volume enclosing the current
we obta i. n f or thi s poi nt ( xunz and Moran , L 958 )

òv<-of
V,J rà lr

r ò" \R*
+ò( |'dz[ Ru

òv\-oz

Kunz and Moran(1958) have shown that problems involving ani-
sotropic media can be transformed into equivalent problems

involving only isotropic media as(see Àppendix À).

tl-r
J r

à
òr'

àYt 2.t -t+àY
òr

r
R

à
5-z

I
R

where the primed quantities represent the equivalent for an

isotropic medium. If we represent the potential^and resis-
tivity within the borehole as V6 and R* respectively, and

the f ormat ion potent ial as Vo , Lhen eçJuat ion 2.I-7 can be

evaluaLed subject to the following boundary conditions.
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a) The potential must be continuous across the wall of

the borehole:
/6(r,z) = V(''') "h 1=L e't-î

b)The normal components of the current density must

be continuous across the wall of the borehole:

¿ /, ( r,z)

T- !
R,

)V"ft'z) ",þ r-L 2'1-to!
(, )r

c) The potential within both the formation and the

borehole must tend to zero at very large distance:

/¿(r,r) , {, (''=) Ò aþ v 
-> 

û 2'L- tt

where X= l'r+ z^

d) For a point very close to the current source the

potential must approach that of a homogeneous

isotropic medium having a resistivity R6 :

/r(r,Ðf --+ qtL a' E->o e'L-tt"
'e\ Ii-*o htax

This becomes infinite as Y'>o hence the potential

function should have the form:

Vø (r, ^) = y'('' =) + (en( 
'' z) 2't - t3

where vi is finite and continuous at aII points

in the borehole except the origin where it is zeÊo.



Equation 2.1-8 may be solved by Fourier's method.

Iution of the form

V¡,',,')

then eguation 2.1-8

+ !l!) + þ'k')r' +Ø Q&,1

is assumed,

t'('')
becomes

t7

If a so-

2. ! - t+

2.1- t S

,.1- tlo

f (,')

This can be seperated into two differential equations:

{ø + ,nt: o z.t-t(c
Q F,)

!:! + L+J¿-,rt':o )'!-téb
i't r' i('')

where m is a constant. The solutions of equations 2.I-!6a
and 2.1-16b are of the form

þ{^'¡ = 4(-) (osnz' + ßØ)S¡n r='

lG't C(.)f"¡^r'1 þ !¡^) 4"1^r') a't-t7b

where Io(mr') and Ko(mr') are Bessel functions of the first
and second kinds respectivelyi and ¡(m), B(m), c(m) and D(m)

are constants depending on m. Since the potential- must be

not depend on sign of z, equation 2.1-14 cannot contain

terms of the form I o (mr')sinmz' and Ko (mr')sinmz', and so

their coefficients must be zero. Hence the complete solu-

tion of equation 2.I-14 has the form of

J"

Ø

V(,,,r,) = ArAI,(n.)Gt ^7'd^ + j"" t^ /.."(^.,) (,+ nr, J, 2'l- tg



The potential function must satisfy the condition

in equations 2.1-12 and 2.1-13. Thus using the

schitz representation of the Bessel fuction:

V, RUI
æ

R"t K" (rr ') Gt ^=' J^
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expres sed

Weber-Lip-

a.t- l9(r', r')
1-1f' +Z' 2¡^a

The function vj , being finite and continuous through all
space, cannot contain Ko(mr') which becomes infinity as r'
goes to zero; therefore eguation 2.I-I3 is satisfied if

ll-'TttO

following
:2ir^q

R"I
2 n'q

R
2.I-Z]. and

ß (*) (.r J Vr* (-)t (*r')lor mz'Jn1(r', =') Jiqn

2n'q
Therefore the potential

V, (r', ,' )

n
K"L
2,fu i; (""')lrt n'z'.lt A ( ^) !" (n.",) (6 *z' ) n 2.t - Al

within the borehole is :

ù

+
o

2.t-20

In the formation, the potential cannot terms involving

Io(mr') which tend to become infinite for large values of r'.

Therefore, the potential in the formation is:
(û

V, (.', =') = | gf-) K, (-r') (^ ^=' J^
I 

"\"'/ \s!'." / L!),"^ v"rr 2,1_2)-
J6

Making the

C (-)

b (nn)

Equat i ons

substitutions:
A (^)

ß (*)

2.r- 23 q

2.t- A3b

2.I-22 can be re-written as

Va(t', =') ß4
2r¡"Q

K"(^"')6 'r'J^ + CG)1" ft,')JI0 J" 4
2.t-)4q

)v,(c z P.'I l'¡ø) t4", (^r') (* ,z,J n
2rr'a )o

2't-2+b



From equation À.7 in appendix A, we have

t àtt (,,r)
4ø à,

òJJE-)
)r

L àV, (r, ')
4r )r (=l
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J.t - 25

s^.1 - a7 b

f'= r/x 
; Z =z <t J

(I

R p,/1

Substituting the above into equations 2.I-24a and 2.I-24b

and noting that À=1 for the borehole fluid, the potential

function within the borehole and the formatiom are

V¿ft,r) = ftl ft-0"b,)6snzd^ * J,^cøsr,þ¡) 
6t ^'J^J 2't -2ée

fur,a LJo
.a

Veft, z) = ßI- [" ar^) K" (nr/¡\ h 'z J^ 
^'L 

- tÉb

ht"ÀA J o

To evaluate c(m) and D(m) we shall use the boundary condi-

tions implied in equations 2.I-9 and 2.1-10. That is

/^(,,,)/ = t4Ú')I.-, ^!--27o
I r*t I r' t

and

For equaÈion 2.I-27a this gives

R, KoG) + Rø (Cð I"(,) = Q bø) td,(n/ù

r=t

^Making use of the Bessel function

2.I- av

t1.'G\ =

ident i ty :

- td ú*\ ?.1- 21

indicate complete derivatives of

2.1- 3oq

-\'¡*) = L6\ ;

where the prime quantities

&!,,.,
Òr

the corresponding Bessel functions. The potential gradients

become n-
/4_!

2nb ß
46c) +CG)irhla nz. nán

and

2f Àa 1,"- 
*^ Kt( ^'/¡\ G 'z' ^Jn

z'l- 3ob
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Equation 2.1-27b requires that

t ¿4ft,2)l = ! à/,(r,Ðl
4,e à, lr. , Q* ò, lr= L

C¿^1 Ç¡ nz ¿"l

2,.! - ,t

2.1-92,

2.L - tt

2.t - ?+

À

Solving equations 2.I-28 and 2.I-32 we obtain

From equations 2.1-30a and 2.1-30b this means

CcòfrG) - t/t,-) tr9 Kt þt^)

Co1 =

fif,¡.) K"(^lÀ) + i"fu) Ks(^tÀ)

Àt points along the z axis(r=0) the potential is given by

Vs (r, r) T R,s -L+
2z J"

ú

r-'o 2n'a

2.I.1 Normal resistivity log.

In normal resistivity logging, a low frequency alternat-
ing current ís sent through the formation via current elec-

trodes cr and C'(fig. 2.2) thereby creating an electrical
field in the surrounding media. C¡ and Cz ârê assumed to be

wide apart so that the effect of their electric fields on

the other is negligible.
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Cz

P1

c 1'c 2' 9IJRRENT ELECTROÐE

P, Pz - POTENTIAL ELECTRODE

P - POWER SOURCE

V . POTENNAL MEASUF'IVG DEVICE

L - ELECTRODE SPAC'ruG

P2 i
c1

Figure 2.2¿ Schematics of normal resistivity tool.
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The apparent resistivity Ra measured by the normal resistiv-
ity ]og is given by

l. : +l t /'k:) r't't - I

T

making the substitution z = L/a in equation 2.I-34 we have

l" (. t -r- 2RuL

+ R'L tr
q

where F is a function of the macro-anisotropy À , ratio of

the mean resistivity of the surrounding rock formation R to

the borehole fluid resistivity Rs and the raLio of the elec-

trode spacing L to the borehole radiús a. Hence the appar-

ent resistivity measured by the normal log depends on the

electrode spacing, the diameter of the borehole, the resis-
tivity contrast between the surrounding rock 'formation and

the borehoLe fluid, the macro-anisotropy and the resistivity
of the formation between the electrodes. The effect of these

factors on the normal resistivity log are discussed below.

Ratio of el-ectrode spacinq to borehole radius.

For electrode spacing small compared to the hole diame-

terri.e L/a very small
Ø

2L
ir

aî # K,(-/("(t/..) - ,<.(-)xo(-lr)

fr\, {*1(o (^/¡) + f" (^) r(r (*l rì

p,, Å-.1't- ¿

). t. t' 3



and the apparent resistivity Ra approaches the

fluid resistivity. For electrode spacing very

pared to the borehole radius i.e L/a very large,

shown that

23

borehole

Iarge com-

it can be

2L
Ircl

C(,)(^ y.L ¿^ 
->

4,- 4s
a R.ø

The apparent resistivity .is approximately equal to the mean

resistivity of the surrounding rock formation, R. The phys-

ical basis for the above behaviour is that for a large elec-

trode spacing, the measured current is able to penetrate

deeper into the surrounding rock formation. This however is

achieved at the expense of the vertical resolution; because

as the electrode spacing increases it becomes increasingly

difficult to resolve the very thin fractures. This partly

explains the difference in the resistivity values measured

by the resistivity 32" and 16" logs.

Resistivitv of the format ion.

The conductivity of the formation between the electrodes

will be controlled primarily by the water content and to a

lesser extent by the mineralogical composition of the forma-

tion. Water content strongly affects the electrical proper-

ties of rocks at moderate temperatures because of the much

higher conductivity of water relative to the constituent

minerals in most rocks. The conductivity of water bearing

fracture zones wilI depends upon the quantity and distribu-
tion of the water within the fractures.

J
^

z.t.t-4
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At low concentrations of water the effect is controlLed by

the physical and chemical processes between the water and

the fracture surface(Olhoeft, 1981). But with increasing

water content the bulk conductivity becomes less sensitive
to surface effects and more dependent upon the conductivity
of the water held in the fractures.

Mac ro-an i sot ropv .

The variation of micro-anisotropy with Ra/Re has been in-
vestigated by Kunz and Moran(1958). For a given R*,/Rc ì

increased micro-anisotropy corresponds in general to an in-
creased Ra. A normal resistivity log perpendicular to the

plane of the beds measures the horizontal resistivity so an

increase in microanisotropy can be viewed as an increased

tendency for the measured current to flow more deeply into
the formation. A similar relationship can be expected to
exist in a macro-anisotropic medium since both phenomena are

the simi Iar. Campbe1I,1977 ) studied the relat ion between

the macro-anisotropy coefficient and resistivity contrast
between the different formations. The results for a se-

quence of interbedded J-ayers with different resistivities
are shown in fiqure 2.3. The parameter f represent either
f 1 , the fraction of the total thickness having resistivity

Prot fr, the fraction of the total thickness having resis-
. The macro-anisotropy increases with increasing

of the more resistive bed.

tivity e
fraction
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Figure 2.32 Macro-anisotropy coefficient for a sequence

of interbedded layers of resistivities and . The para-

meter f represents either f, , the fraction of the total th-
ickness having resistivity , oF fr, the fraction of tota-
tal thickness having resistivity . Thus to find values

appropriate for, sây, f ,=0.8, we use the curve fo-r f=f ,=0.2

(after Campbell, 1977l.,
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This suggests probable decrease in macro-anisotropy for in-
tense fracture zones which contain'Iess resistive materials.
The macroanisotropy also depends on the proportion of verti-
cal and horizontal- fractures. Vertical fractures reduce the

effective nacro-anisotropy by offering vertical path to the

measured current. For a fixed electrode spacing, an in-
crease in the thickness of the fracture zones would lead to
a decrease in the effective macro-anisotropy of the forma-

tion.
Resistivitv contrast.

For a fixed electrode spacing, the apparent resistivity
Ra approaches the resistivity of the fluid in the borehole

as the resistivity contrast between the formation and bore-

hole fluid increases. This phenomenum is due to the tenden-

cy of the measured current to take the least resistive path;

the current therefore travel along the fluid column in t,he

borehole instead of within the formation. An increase in
the thickness of fracture zones which contain less resistive
materials would reduce the resistivity contrast between the

formation and the borehole fluid. The apparent resistivity
value would therefore be determined to a considerable extent

by the resistivity of the fracture infilling materials.
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2.1.2 Focused-beam loq

The focused-beam are a family of resistivity toors which

use focusing currents to contror the path Laken by the meas-

ured currenÈs. schlumberger' s rat.erlog 7 (Dorr, ]9sl ) shown

in figure 2.4 can be used to itLustrate the principre of the

focused-beam devices.

At the center of this seven-erectrode array, the main

current electrode À0 emits a constant measured current I 0.

symmetrically arranged around Ao are two pairs of potentiar
erectrodes, M M' and N Nr . At the end of the array are two

more electrodes, A and À' wtrich are equidistant trom A0.

The focusing current from A and A', I is continuousry varied
in such a way that the potential difference between elec-
trodes MN and M'N' is zero forcing I0 to flow in a narrovr

disc horizontally outward into the formation. For a homoge-

neous medium the shape of the current beam and the varue of

the r is constant. rn the presence of inhomogeneties, the

varue of I wiLr change and thereby changing the potential at
N but not the shape of the beam I o, since a zero potentíar
difference sti]l exist between electrodes MN and M'N'.
Review of Theorv.

Consider a Laterlog 7 arFây, with its
an infinite homogeneous medium wíth À0

el-ectrode spacing a,b and c(fig. Z.S).

eåR be expressed as(Jackson, 1981):

electrode J.ying in

as the origin and

The potential at N
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Ao A A' - CttRREî,tT ELECTRODE

îil,N,N;M' - POTENTTAL ELECTRODE

,o %,.f %',.i KEPT ZERO

't o- MEASUREÐ CURRENT

\ - FOCUSTNG CURRENT

4M = 4M'
MN = M'N'

NA = ¡¡'¡'

Figure 2.42 Focused-beam log in a fluid-fiIled borehole
(after Jackson, 1981 ) .

I
1

I
1
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Figure 2.52 Focused-beam log in a homogeneous medium.
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t't.2 - t

2,t.2-.2

po-

and

The

+ -{-
AN Ê't ¡

where IH is the value

general point (0,21

by(Jackson, 1981)

V(o,r) = R' I T r
+o L-"

of I for a homogeneous medium. For a

on the axis, the potential is given

( o, z + L E þ,.))

F(0,2) and E(0,2) depend on the relative position of the

tential electrode (0,2) and the current electrodes Ao, A

A'(See appendix B for derivation of r(0,2) and E(0,2) ).
potential at M(z=b) is given by

/ (o, t) R -/ì1" P(o, b) r E (o, t) 2 t.a- g+
4n

SimiIarIy for N(z=b+c)

H

4 ..t-

lrr

For zero potentiaJ- difference between M and N,

V(o, b+ c)
T" F (o, tr.) I, E {t, t-.)J 2.t'2- +

I, F (o,b) 4- I, E (o' t) I" F(o, b *c) n I* E (o,tr.)

V(o, b) V(o,br.)

T- F (o,jQ - r(o b

2.t' a' s

)

91v 1n9

L"

EG,u) f (0, b* c)

2,t- 2- 6



Then

where

and

V (o, b) RL tr ( o,o) +
Fft, t*.) - F(o, b)

Fb'b) - E (o,a*')
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E b,a) t.t.2-7
4n

hence the resistivity of the homogeneous medium is given by

R V(o,a) Gç 2 .t,t- 7

T.
where the geometrical factor GF is given as

4n
Gç F(o,br") - F(o,b) Eþ ø)(0, b)

r
2.t'2- 9

+
EG. a) - E (o' a, c)

Hence the geometricar factor depends onry on the erectrode
arrangement. Now consider the Laterorog array in the pres-
ence of a borehore(rig.2.4). The notations are the same as

used in the case of the normal resistivity 1og. The poten-

tiar at M is given in appendix c, by sum of the effects of
three current electrodes as

V*"no, (vt) RnL f(",ø') * lE(o,a') + F'(À, fu' t" t" ¿')

4na

2.t'2- to

T T,IT"

" [f. .. .. 1f*. rt, 
íJ,rh)tun 

b'Jn * I 
J,ca f6, ^(c'*d')

r h^(at'+c'*a')l "t^J

c
,(

bL
ko )¿F À
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vJhere

b'= A"M= AoM', c' dNMN M. NA = N,A,

Thus from equation 2.I.2-8 the apparent resistivity Ra is
glven as

R^ Vo"oo'h) 2.t.2- il
(0, b') + F(o,b'+c' F (0, b' Ek,b'íft, ø') - E (0, b'+ c')

Hence, the focused-beam 1og is influenced by the same fac-
tors as the normal resistivity log namely the micro-aniso-
tropy of the formation, the resistivity of the formation,

the resistivity contrast between the formation and the bore-

hole fluid and the electrode spacing. However, by con-

straining the measured current to flow out horizontally into
the formaLion rather than spreading out vertically, the ef-
fect due Èo a large resistivity contrast is greatly mini-
mized. Because of this, the focused-beam log measures the

resistivity of the formation much more accurately than the

normal logs. The thickness of the current sheet Io is ap-

proximately 32" and this is retained up to a distance from

the borehole somewhat greater than the total length

AA'(80" ) (schlumberger, l-972).

T" r l
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2.I.3 Single-point resistance loq.

In the single-point resistance rogging, a low arternating
current I, is driven through the ground between an electrode
A in the borehole and a surf ace return el-ectrode B (Fig.
2.6). The amount of current which flows in such a circuit
is given by

2.t.e-L
24, + Ro

where )R¡ is the sum of the resistances of the various com-

ponents of the recording eguipment and RA is the grounding

resistance of the erectrode in the borehole. The grounding

resistance is proportional to the effective resistivíty, pe,
of the formation cLose to the electrode:

I

where

tance

4o:
T is the

electrode.

T E

/. 2 2.t,s-et/C

geometric factor of the single-point resis-
Thus equation 2.1.3-1 becomes:

E
ZR¡ *T'/n G,tt, + T' /e

2./.3-3

hence the current will
effective resistivity
fective resistivity.
stant applied voltage

tend to increase in the zones of

and decrease in the zones of high

This current is measured uñder a

low

ef-
con-

and recorded as a resistance curve.
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A,B . CURRENT ELECTRODE

V. rcTENTIAL MEASURNG DEVICE

P - POWER SOURCE

A

Figure 2.6t Schematics of a single-point resistance

logging tool.
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Review of Theorv.

The grounding resistance of a spherical elctrode within a

borehole which penetrate an infinite homogeneous macro-ani-

sotropic medium can be approximated by the resistance of a

series of thin sheIIs(fig. 2.7) if we replace the formation

with an equivalent isotropic formation. The shel1s are

spherical and composed of the formation material except for
small zones within the borehole which are represented by

flat discs. The total resistance of a such a shell is given

by(oakhnov, 1962)

p, (t
4. rlz

1n
_l_

le 4na R'ftno + !
2.t,3-+

where R' is the resistivity of the equivalent isotropic for-
mation, R is the resistivity of the borehole fluid and re

the radius of the elecÈrode. For a spherical electrode the

geometric factor is !/4nr.- , hence the effective resistivity
measured by the single-point electrode is

/t
(r"

ê, il/a

( :) 
+

4rr" f P,
L+,

,/)

K,

rß
)

(, P + #(#"

lnu K'/P<" + 7

lt/2 -,)l

2.t. 3- s

P'/ep" + l
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Figure 2.72 Configuration for grounding potential of a

spherical electrode(after Dakhnov, 1962) .
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The effect of the formation becomes increasingly greater as

its resistivity is raised in relation to the resistivity of

the borehole fluid. But if the ratio of the electrode diam-

eter to the borehole diameter is very small, then from equa-

tion 2.I.3-5 we have

P" Q.u
2. t 3- e

This means that the grounding resistance of the electrode

will be affected to a very minor extent by the formation.

This effect will even be more pronounced if the borehole

fluid is relatively more conductive than the formation as is
in the case of granite. The penetration of the current is
about five times the diameter of the electrode(Kayal, 1979)¡

the current therefore cannot penetrate highly resistive
fracture zones. In such zones, the log will not only record

a low resistance but woul-d also fail to reveal many delails
of the fracture zone. Thus, in order to detect fracture
zones and other inhomogeneties in a highly resistive forma-

tion such as granite, the resistivity being measured should

be comparable to the borehole fluid resistivity.

The interval between 150m and 250m on the normal and the

resistance logs (fi9.4.3) is rather featureless even though

the focused-beam log detects fracturing within this int.er-

val. Unlike the fracture zones at 90-150m and 267-272m,

this interval is characterized by very high background re-

sistivity vaIue.
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The absence of fracturing on the normar and the resistance

logs may be attributed to the large resístivity contrast be-

tween the formation within thís intervar and the borehole

fruid. The mean resistivity of the borehore fruid is about

52 -o- -m whiles the formation resistivity for this intervar
is in the order of 1000 fl-m. This gives a resistivity con-

trast of the order of 1000 -fl -m which may be large enough

to alter the path taken by the measured current. It is also
rearized that the resistance 1og is capabre of detecting
only the abnormally low resistive zones.

2.2 SPONTANEOUS POTENTIÀL LOGGTNG.

Spontaneous potential logging consists of measuring the

potential generated within the formation penetrated by the

borehole. The tool uses a surface reference electrode N

(tig. 2.8) and an inhole electrode M. The potential of the

reference elctrode is constant so the variation in recorded

voltage as the electrode M moves along the borehole are the

variations in the spontaneous potential. The natural poten-

tial within rocks may be attributed to three principal me-

cahnisms: electrokinetic, liquid-junction and mineralization
potential. The causes of these mechanism are discussed in

the following sections.
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V . rcTENTIAL MEASURING DEVICE

M,N - TTENT|AL ELECTRODE

ìr

Figure 2.8¡ Schematics of spontaneous potential logging tool'
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2.2.1 Electrokinetic Potential.

Electrokinetic potential are generated by the filtration
of the fluid into the pores of the rocks.

Review of Theory.

Consider a liquid of viscosity rl and electrical resistivity
p f lowing under a pressure dif f erence Áp with a velocity v
I
through a capiJ.Iary with a raduis r and length 1. The

electrokinetic potential is given as(Oakhnov, 1962)

E € 2PA? 2.) r-1
tqL

where € is the dielectric constant of the liquid¡ L is the

difference in potential between the fixed and mobile layers

of liquid or the zeta potential. Hence, the electrokinetic
potential is directly proportional to the dielectric con-

stant, the resistivity of the solution, the zeLa potential
and the resultant pressure, and inversely proportional to
the viscosity of the liquid. The polarity of the electro-
kinetic potential is controlled by the polarity of the zeLa

potential and the pressure drop. The magnitude of the zeLa

potential is determined by the properties of the adsorbed

ions. Not enough is presently known about the behavior of

ft L and 1 in the pores of rocks to allow direct calcula-
tion of the electrokinetic potential but the factors affect-
ing the electrokinetic coupling, g/Ap, has been investigat-
ed. Tuman(1963) obtained g/Ap values of about 150mv/atm to
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39Omv/atm using 500f}-m distilred water in porous sandstone,

and about lSmv/atm using 4.41\-m water. Ahmad(r9641 ob-

tained g/dp values in quartz sand ranging f rom SOmVr/atm f or

24f2-n pore f luid to about 2400nv/aln f or ZTOO fl-m pore f lu-
id. ogilvy et ar.(1969) found the value of the streaming

potential to be considerabry dependent on the permeabirity

of the rock. This experiment also reveared that there is an

optimum permeability value which yields a maximum streaming

potentiar. In fractures, streamimg potential is berieved to
be the major contribution to the spontaneous potential. ano-

maLly(aguilera, 1980; Ogilvy et al. 1969). However, the

factors affecting the origin in such zones are not yet

c lear .

2.2.2 Liguid-Junct ion Potent ia1.

Liquid-juction potentiar is generated as a result of dif-
ference in mobirities of various ions in sorution of differ-
ent concentrations. Its value is given by(relford et â1.,
1981 )

f. = Ge(r"-I:) t"3(c,/.1 z2a-t
F"(lo*1.)

where G is the gas constant(8.3I J/ c), F is the Faraday

constant(9.65*104 c/nol), ê the absoLute temperature, n the

valence, ra and Ic the mobirities of the aníons and cations
respectivery and ct, c¿ the concentrations of the of the

di fferent solutions.
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In sedimentary formation, liquid-junction potential is be-

lieved to develop at the interface between the fresh mud

fittrate in the invaded zone and the saline formation water

beyond the invaded zonei as a result of the greater mobility
of the chloride anions over sodium cations, there is a net

flow of chloride anions into the invaded zone. The detec-

tion of a significant liquid-junction potential in crystal-
line rocks has not been reported. This may be due to the

fact such rocks normally conLain very little fluid in their
pore spaces to stimulate an appreciable liquid-junction ano-

mal ly .

2.2.3 Mineralization Potential.

Mineralization potential is generated at the surfaces of

minerals such as pyrite, pyrhotite, chalcopyrite, chalco-

eite, magnetite, eovallite and graphite. The mechanism of

generation is not completely understood but it, is believed

to be due to an oxidation-reduction reaction between the

minerals and the oxygen in the borehole fluid.

2.2.4 Spontaneous Potential at the URL Site.

The mechanism of sponaÈaneous potential- formation in

crystalline rocks has not been extensively investigated. ft
is therefore very hard to determine the precise nature of

spontaneous potential anomaly. Bogoslosky and Ogilvy(1972),

in a laboratory experiment simulated fractures by a system



43

of quartz glass plates and found out that a positive

potential exists at smaII pressure gradients(0.003-0.03).

With an increase in pressure gradient, large and negative

potential values are observed. The absolute value of the

potenLial decreases with the opening of the fracture.

Hydrogeologic investigation conducted at the URL site by

Davison(1982) indicates that a hydraulic gradient of 0.003

exists in a highly permeable zone between boreholes URL-5

and URL-3 in the direction URL-S to URL-3. Permeability

values range from 1*10-12 cm/s for portions of the rock

which contain no visible fractures to 1*10-3 cm/s for some

highly fractured zones. Chemical analyses of groundwater

samples from the URL site indicate that the water contain

appreciable amounts of calcium, magnesium, Sodium and chlo-

ride ions(Soonawala, 1982). When calcium and magnesium are

present in dilute salt solutions a complex electrochemical

phenomena results(WyIIie, 1957). They arise basically be-

cause of the great affinity of the clays in the borehole for

divalent ions. Also core sample analysis indicates the

presence of minor amounts of sulfides which might generate

appreciable mineralization potentail. It is therefore pos-

sible that the spontaneous potential anomaly at the URL site

is generated by a combination of the various process out-

Iined aboveo -
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2.3 NEUTRON LOGGING.

The neutron log is used principally to delineate porous

formations in hydrocarbon exploration. It employs a neutron

source and either a gamma ray or a neutron detectOr. The

neutrons emmitted by a source collide with the nuclei of the

formation material, losing energy with each collision as

they travel through the formation until their energy reach

the thermal range and are captured. The nuclei which absorb

the thermal neutrons becomes unstable and emits a gamma ray

of capture. When the concentration of neutron capture ma-

teríals in the formation is large, most of the thermal neu-

trons are captured within a short distance of the source;

otherwise the thermal neutrons witl- travel farther from the

source before being captured. Accordingly, the counting

rate at the detector increases for decreased thermal neutron

capture materials and vice versa. Depending on the type of

detector, either the thermal neutrons or the emmited gamma

rays are counted. In the fotlowing theoritical studies a

gamma ray detector is assumed.

Review of Theorv.

The basic principle behind the neutron log is the cre-

ation of a neutron flux by the neutron source in both the

borehole and the formation. It is the neutron -flux in the

formation which generates the gamma rays counted by the de-

tector. In this review the multi-group diffusion theory ap-

proach is folIowed.
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This theory assumes a fast neutron point source and the neu-

trons are slowed down to thermal thermal energies. Figure

2.9 represents a theoretical borehole model for the neutron

frux carculation. The inner cylinder represents a borehore

of radius a containing water. The outer cylinder represents

the effective radiaÈed formation of radius b. Assume a

point source of strenglh Q located at the origin of the r-z
coordinate axes and a point detector D located at a distance

z above the source. The height of the cytinders is assume

to be 2h. The neutron balance equations for the two regions

for the fast and thermal neutrons can be expressed as fol-
lows (Morse, 1977)z

b,o v' Ó,o G,r) Ô,^ (', ) Z,o S (r, ¿) =Q s!rLQ 2'!-Lø+

b V^ Qoo (,, r) þ"^b.)Z* nQ,^G,òZ,^-o oLrLs 
^'¿-Lb

b,* V"þ,e(n z) Ò,,hù Z* =O qLrLb p.A-t"

b* V' þr, û,r) - 0 ,, (r, ù Z r" Q,rú'ùL''

¡A

where

S(r,z)
D

+ O aL rlb t.3-rJ

I
2

A

B

= neutron source strength per unit volume.

= diffusion coefficient.
= neutron flux

denotes fast neutrons. '

denotes thermal neutrons.

denotes the borehole region eontaining water

denotes the effective irradiated formation



46

B. EFFECTME RADIATED FORMATION

A - FLUIÙFfl.LED BOREHOLE

b - RADAS OF EFFECTIVE RADIATED FORMATIOF,I

A. RADIUS OF BOREHOLE

Q. NEUTRON SOTIRCE

D. DETECTOR

z

Í

I

'l

I

I

I

-l
i

-+

L
a

Figure 2.9¡ Theoretical model for neutron flux calculation.
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Zt

)" = macroscopic

The boundary conditions
(i)The neutron flux must

Qro. +,A = Qrn +

ô,,

= taplacian operator.

= macroscopic removal cross-section for fast to
thermal energy

V

thermal absorption cross-section

at r=a are

be continuous.

0"u

(ii)The current density must be continuous.

òro0,, * ò"nÓ"" -- òr.Ó,.* + ¡>r, Ór,

Title and Allen(1966) gave the solution of equation 2.3-1a

through 2.3-1d as follows:

-¡ 

\

^p( I r"* z^ f L,^ )O e ( )Ê

4n bro f t + Z' -:i)1f +

+ô
2o ò,. h Z&) rro^") G, Á^z) A'3- 2

0,, = Mh €xP ( ft+ z' L^^) + exP F'+ (z-: ¡,)' /t"^)(-
¿̂ f^+z^

çz+ 22 lL^^

ft+Z'

r" + (z- rh)

€x ',..o (¿-lh)'

t 2h)

lç 1Ê

X (-
f'

+ lf Z t(*)L (o".) +

+

*.1" 
(s" .)] ¿0, (r'r) 2 3- 3
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óu z Q,14, (r" r) 6, ( À" z)

þ,, ã L" K. (5^r)Cor(À"2) +S Q,,

2'& -4

2 3- 53

M Ba (ú"ì

ttr;H/
o

ò," (f,.* - Ll"u

L ,o = fb n. ! Zr^J'^

I n, = fbr. l>*f^

Y^ [,1

S òre
4

á^

2n \,o 1,,

so
-2

ù^o Lro
fr" ( L,

f--. :.
I r\-

L,* = t\,o [2"^)'''

1,, = fbr, ¡2rr)'''

2n D." h

where

qnd

r2
LIA 4

l-a
Lto

P^ -_ ÞJ" r;:J'/,= f¡î * :,:l^

2- s -21'/,
^ + Lr^l q,^ +

À n ì-i âhI ft = L,3' 5

A.:

( n" lø')

N,^4^o K"(Y^o) Kr. (q^a) - \n* T o Kr(Y"o)K"C"r"o)

Srod^q ("(T"o)\r(a"o) + bne T^ q K.(T" q) I" (4,¿)
ß.,

t ("(^ ú'\ ãncr)q^
K. (Y^a)

+ K"( Ø"
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Ln : S*B^

K" [Í^o

CN

)r r-(r^o) - K" (þ^o) * (r-ÐK.(y^t 
(h)]

b,o ù,o tru(tr^- L:^)/¡,,

m

L. 6','S"

\^ l" ,I, (P^a)K"(E^o + À.o E^ c., Kt(s" o)J-. (É'o

r\". Í.u t<núno) (*) K"(r.o) + Ko (ß"o\ - l<" (<^ o)

) )

in which

R=

h^
(4 II"G<^a

(" (a a) I o,o{^q P/g=\ (r (r o)

L I s")

+\ 2A

?

I" C'r^ a 1

l(. ( 4^ o)

/^ow, 
(/^o) - d ^al r<u (<^") (*) t'a"")]]]

2\
L^^ )(r

14. (q^o ) = Bessel function of zero order

ùno L
¿ z
ZA 16-

Bessel funcrion of f irsl order
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Equation 2.3-5 is the expression for the thermal neutron

flux distribution in the formation. These are the neutrons

responsibLe for the generation of the gamma rays. The mag-

nitude of the equation 2.3-5 is determined by the slowing

down length of the fast neutrons in the borehole L1o and in

the formation LJg, the thermal neutron diffusion lengths in
the borehole L2.,a and in the formation Lre. The slowing down

Iength of the fast neutron is determined by the concentra-

tion of light elements. The amount of energy lost per col-
lision is inversely proportional to the relaLive mass of the

nucleus with which the neutron coIlides. The greatest ener-

gy loss however occurs when the neutron strikes a nucleus of
practically equal mass i.e hydrogen. Hence Lte is princi-
pally dependent on the amount of water in the formation.

As a result of successive collisions the neutrons are slowed

down to thermal energies( 0.025ev). They then diffuse ran-

dormly without lossing any more energy until they are cap-

tured. The distance travelled by the thermal neutrons be-

fore capture, which is called thermal neutron diffusion
length, is therefore determined by the amount of thermal

neutron absorbing elements in the formation. Table 1 gives

the netron capture cross-section for some of the commonly

occuring elements in the granite.
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TABLE 1

Neutron capture cross-Section for some common elements in

granite(telford et a1. 1981).

ELEMENT cRoss-sEcrr oN ( nanNs )

HYDROGEN

OXYGEN

SODIUM

MAGNESI UM

ALUMI NI UM

SI LI CON

POTASSI UM

CÀLCT UM

I RON

0.330

0.002

0. s30

0.270

0.230

0.160

2.100

0.430

2 .600
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In sedimentary formation, the neutron log is primarily re-
sponsive to the hydrogen nuclei contained in shales and in

the rock pore system. These hydrogen nuclei determine both

the fast neutron slowing down length as welÌ as Èhe thermal

neutron diffusion lengths. The log therefore measures the

porosity of the formation. In granite the situation is dif-
ferenÈ. Since the amount of water in the pore spaces is ex-

tremely small, the slowing down of the fast neutrons will be

controlled by other light elements such as oxygen and sodium

in the granite. Àlso, compared to hydrogen, elements such

as sodium, potassium and iron all have a greater neutron

capture probability and it is possible that their contribu-
tion to the total emmited gamma rays reaching the detector
may be greater than the gamma rays due to the hydrogen in

the formation. It is therefore obvious that the response of

the neutron log in granite should not be interpreted only in

terms of porosity. The effect of thermal neutron absorbing

materials must also be taken into account.

The response of the neutron log at a fracture zone may be

determined by the nature of the infilling materials and the

ground water flowing through. For water saturated frac-
tures, the neutrons would be slowed down and captured within
a short distance due to the high concentration of hydrogen

nuclei. The depth of investigation in this caåe will be

very shallow" For closed fractures a determining factor may

be the thermal neuÈron absorbing capacity of the fraeture
inf il1ing material.
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2.4 DENS]TY LOGGING

The density log measures the formation density. The tool

consists of an energy source which is either cobalt 60 or

cesium 137 and two detectors(fig. 2.10). The J.ong-spaced

combination measures deeper into the formation whereas the

shorter spaced set up is more influenced by mud cake and

other materials that exists between the tool and the forma-

tion. The use of two detectors is so that a correction for

the effect of the borehole fluid can be made. The source

emits medium-energy gamma rays which undergo compton scat-

tering as a results of collision with the formation elec-

trons. The source and Èhe detector are so designed that the

tool response is predominanatly due to this phenomenon. The

scattered gamma rays reaching the detector at a fixed dis-
tance from the source, are counted as an indication of the

formation density.

Interaction of Gamma Ravs with matter.

Gamma rays interact with matter through three main pro-

cesses. These are:

a) Photoelectric effect.

The gamma ray losses all of

electron. Part of the energy

ing forces to an atom and the

netic energy of the electron.

ements, that is elements with

its energy to a bound atomic

is used to overcome the bind-

remainder appears as the ki-

For the main rock-forming el-

atomic numbers between I and
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in the20,

low

photoelectric absorption is the dominating factor
energy range (Iess than 0.02MeV) (Danes, 1960).

Mud Coke
(p¡6 . hr. )

.:

.:

Figure 2.I0: Schematics of

Schlumberger,

'.'.':ì Formolion

density logging tool(efter
r972).
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b) Compton scattering.

The gamma ray is defrected in its path by the atomic

electrons of the formation and continues to travel with a

reduced energy. This the dominating process for gamma ener-
gy of about lMeV.

c) Pair production

The gamma ray is annihilated near a nucreus or electron
while creating an electron-positron pair. The energy re-
quired for the process is greater than the rest energy of

the pair. since the erectron rest mass is 0.51MeV, pair
production cannot take place unless the gamma ray energy

originarly was rarger than 1.02Mev. At about 10Mev, pair
production is the same order of magnitude as compton scat-
tering and at 10OMev it becomes the dominating factor
(Danes, 1960). Hence it is essentially a high energy pro-
cess.

Review of Theorv.

The migration of gamma rays through a formation can be

studied by the stationary-state BolÈzmann transport egua-

tion. This equation of continuity expresses the equilibrium
existing in a six-dimensional photon phase space of voLume

element dr=dvdc¿lE. A phase space is a six-dimensional space

whose coordinates are the three ordinary spu"" coordi-
nates (x,y,z) and the corresponding three components of the

momentum. For a photon in a honrogeneous medium, Tittman and



56

WahI (1964) gave the expression for the number of photons per

unit energy interval and per unit solid angle crossing a

unit area having its normal in the direction Ia at a dis-
tance r per unit time F (', rL , E) 

",

-a. vF(r,a,e) + Zr(r)r(r,n,E) =

J"T

L-L-o

r( r,e'.E'J I,(n'--'J2 ,E-,8') dE'Jn' * S(r. n,e)
z

t.+- L

Here E is the gamma ray energy, Z, thu total- macroscopic in-
teraction cross section of the medium at energy E, S ( r, O,E,)

the distribution of photon sources in phase space, E, is the

macroscopic cross section for scaÈtering from the direction
-A' into fL and simultaneously f rom energy E'into E. The

first term accounts for the transport loss rate of photons

from a volume elemenL dV in configuration space, and the

second accounts for the collision loss rate from a photon

phase space of volume dc = dvdfldE. The integral expression

is a measure of the rate at which photons from all points in
phase space are scattered into dJ2dE; and S(r,f¿,e) is the

initial rate of photons in dE. To obtain an expression for
the current density per unit area, eguation 2,4-l- is inte-
grated over fI This gives(tittman and wahl , ßàq)

v i (.,E)* I,(r)f (,. r) = f'irr,E')),(r'-*E) dE'+sfr r)
r= 

".+_L



here

t ime

section

ty. An

tained by

1964)

where

and

at r and

approx imate

integrating

V. TG) +

I

f (r,E) = lF(r,f¿,E)dfr is the
)lt

in dE crossing the surface

j (r,8, =J^Fþ,n,r)Jn
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number of photons per unit
of a sphere of unit cross

I'i(., E') r"(E')de'

solut i on

over E

J(., e)Jc

f(r,E) is seperable

function of energy,

is the current densi-

to equation 2,4-2 can be ob-

This gives(tittman and Wahl,

SC.) 2.+-3

I.'
o

f(')

l"

Þo

JG) Sf', r) ¿=

If it is assumed that

distance, f1(r) and a

l(", E) =
J

( >") s (.)

funct ion of

then

2.4_+$, (r C) {. E

into a

f1(E)'

and if Fick's law holds,

J = bv$.(') 1+'s

then equation 2.4-3 reduces to a stationary-statè diffusion
equation(rittman and Wahl, 1964).

D

V'I,G) f,('^)
ù

z.+-Gq



or V'+,.(.) ln (.) _ 5Cl z + - €,
L:L

rÉo
here (Zl =J"t. {e) )"tE)dE is rhe macroscopic absorprion cross

section averaged over the energy spectrum of the flux such

that f1 (rl (¿) is the totar absorption rate per unit volume

at t, and L= D/(2"> is the diffusion length and D is rhe

diffusion constant. The solution of equation 2.4-6b is of

the form(Tittman and Wahl, 1964)

r/r rP"
R

2.4-7
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9amma

rays

It is

2 +-v

f,('")

The total cross-section for the interaction of

rays with matter include all processes by which gamma

et e
r

S.
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where != x/ Pe , and Ê is the formatiom density and K is a

constant of proportionality. Eguation 2.4-7 describes the

qualitative properties of most density logging tools; that
there is an approximate exponentiar dependence of the tool
response on the bulk formation density. This relation is
the basis of operation of the density 1og.

are lost from a beam on transmission through matter.
def ined by(oanes,1960)

7 = J.g- Gx

where I is the gamma intensity after traversing an absorber

of thickness x. The total cross-section is made up of com-

ponents due to photoelectric effecL Crn, compton scattering
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6à, and pair production Cop . ie

G = Çr + G, +Çeo 2+-1

In density logging the source energy is about lMeV, suffi-
ciently low enough to effectively eriminate pair production

and the scintillating detectors are set so that they do not

see gamma rays with energies that significantly are affected
by photoelectric effect. The most dominant process there-
fore is compton scattering and the totar cross-section
equals the compton scattering cross-section. Since this
phenomenon occurs on the orbital electrons, the intensity of

the scattered radiation reaching the detector is a measure

of the electron density E¿ of the formation. The relation
between the electron density EJ and the bulk densíty /r is
given by Tittman and WahI(1964) as

E¿ Z A ôlê
2.+- t o

where No is Avogadro's number(6.03*102 3 per mole) and (z/e)

the ratio of the number of erectrons per atom(or molecule)

to the atomic(or morecurar) weight which is assumed Lo be

0.5. For most reservior rock types for example rimestone,

dolomite and sandstone, z/A is crose to 0.5 and Èhe relation
between bulk density and electron density is apparentry the

same. Errors are introduced if the z/A ratio differ signif-
icantly from the assumed value. For water, this-difference
is very significant but since most commercial J.ogs are cal-
ribrated in a water filled rimestone, the error is removed.

The z/A ratio for some of minerals identified by core anary-

N I(
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sis in the URL is shown in Table 2. Even though the error
produced by ignoring the Z/A effect may be very small, their
effect in quantitative gravity analysis may be appreciabi-e.

This error may be corrected if the chemical composition of

is accurately known. Perharps the bes! procedure to cor-
rect these errors is to utilized density values from core

analysis. Ànother phenomenon that might introduce error is
the gamma rays produced by the natural radioactivity of gra-

nite. Potassium(r¿O) which occurs in potash feldspar as a

major component of granite, emits gamma rays of a single en-

ergy of 1.46MeV and the radioactive elements of the uranium

and the thorium series, which occur in accessory minerals,

emit many gamma rays of energies up to 3MeV. These gamma

rays experience compton-scattering collision as they travel
through the formation and the scattered rays would add up to
the total gamma rays at the detector. Since the intensity
of gamma radiation is very high for granite these secondary

scattered gamma rays may far exceed those generated by the

induced source. The effect of these naturally occuring gam-

ma rays may however be eliminated by taking the difference
of the readings at the two detectors.

From the above analysis, it clear that :h" response of

the density log in fractured zones will depend on the elec-
tron density of the fracture infilling materials.' Heavy e1-

ements because of their large electron density will generate

increased gamma count at the detector. Fluid saturated



fractures would generate low

ments, hydrogen and oxygen.
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gamma counts due the light e1e-

2.5 SONIC LOGGING

In sonic logging, the travel times of acoustic r{aves over

a specified formation interval is measured. The reciprocal
of this gives the velocity of the formation within that in-
terval. There are essentially four types of seismic waves

propagating in fluid-fiIled borehole: two (P and S) head-

vraves and two quided waves. The f irst of. the head h'aves be-

gins as a compressional P wave in the borehole fluid. It
undergoes a critical refraction into the formation as a p

wave and then is refracted back into the fluid as a compres-

sional wave. The other head vrave begins as an S wave pro-

vided the shear v¡ave velocity of the formation is higher

than the compressional velocity of the borehole The quided

v¡ave include reflected conical wave(giot, 1952) or pseudo-

Rayleigh r¡aves (Cheng et al. 1981) . This i{ave decays radial-
ly away from the borehole wall in the solid and is oscilla-
tory in the fIuid. It has a phase velocity bounded by the

shear velocity of the formation and the compressional wave

velocity of the fluid. The group velocity has an upper

bound which is the shear velocity of the formation. The

other quided vrave is a tube wave which propagateb along the

borehole wall. Its amplitude decays exponentially ar{ay from

both sides of the fluid/formation interface.
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TABLE 2

z/a ratio for some of the common minerals in granite

MINERALS z/e

CALCI TE

WÀTER

LIMONITE

CHLORI TE

QUARTZ

B] OTI TE

ORTHOCLASE

ALBI TE

OLI GOCLÀSE

0.49956

0.55s06

0 .487 32

0.50370

0 .49925

0.49288

0.49560

0.49570

0.49620
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The pressure response in a fluid firred borehole at an

axial distance z and radial distance r due to a point source
(fig. 2.Il-) is given by (Tsang and Rader, IgTg).

P(., t,t) 2.5- I
4n

where PoRo is the amplitude related to the source, (¡ is the

angular frequenCy, x(,^¡) .is the source spectrum, Jo is the

Bessel function of the zeroth order, k is the wavenumber in
the z dírection, kr ís the wavenumber in the radial cirec-
tion in the fluid given by
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z

FTUID-FITLED BOREHOTE

FORMAT ION

p- 0-
s r

P' or

ot - P WAVE VELOC'TY OF FLU'D

I' - S WAVE VELOCITY OF FLIIID

0.- P WAVE VELOCTTY OF FORMATTON

p,n- s wAvE vELocrry oF FonMAT,oN

a - RADIUS OF BOREHC.LE

s - souPcE

Figure 2.!I: Configuration for elastic vraves in borehole.
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where H^,4^ and þ,n are the shear modulus, P and S wave ve-

Iocity of the formation respectively, K¡ and dç are the bulk

modulus and P wave velocity of fluid respectively, Hr(kla)

is a zeroth-order Hankel function and H, (kia) is a first-or-

der Hankel function. Equation 2.5-1 generates all the four

types of waves listed above. Using numerical techniques,

Paillet and White(1982) were able to seperaÈe the various

componets and analyzed them to gain further insight into the

physical meçhanism that control the propagation of these

waves. Power spectrum analysis revealed that both normal

modes and head vraves are influenced by the presence of lat-

erally confined fluid in the borehole.

In sonic logging

which is monitored.

is simply given as

+=Zsc 
q-

it is only the

The theoretical
compressional headwave

predicted arrival time

+ 2" Co, 0" 2.5-2
d,

+

where 
o" = sì^-'(a44^)

The intervaL time At, is the difference in arrival times

between two receivers z apart for the same portion of the

compressional waveform and it related to the velocity of the

formation between the two receivers by the relation

K- +. (+/3) u"'
I

At
V^

f^
2.5- 3



vlhere Kn. and fa are the bulk modulus and density of

mation respectively. Hence, the interval transit
related to the elastic properties of the formation.
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the for-
time is

, of the fractured body by

A. s't- 7

insert ion

elastic

The presence of fractures would affect the elastic prop-

erties of the medium even though the fractional volume occu-

pied by the fractures may be extremely small. Hajna1 et.
a1.(1983) found in borehole measurements carried out under

low lithosÈatic stress condition that the ratio (VF/vL)'

where VF and VL are the in-situ velocity and intact rock ve-

locity respectively, decrease Iinearly with increasing frac-
ture frequency. This suggests that the compressional wave

transit time may be used as a measure of fracture frequency.

2.5.1 Elastic Moduli and Seismic Velocities for Fracture
Zones.

O'ConneII and Budiansky (I974) used a self-consistent ap-

proximation to calculate the effective elastic moduli of

solid permeated with isotropic distribution of flat frac-
tures(cracks) from the energy of a single fracture. In the

self-consistent energy approach, the isothermal potential

ö
isothermal potential energy, ö

energy, , ef the unfractured body, is related to the

0
where AÕ is
of fractures.

ö + 
^0

the potential energy change due to

Approximate values of the effective



constants of the fractured body is obtained by means

plausible estimates for various loading conditions.
fracture(crack) density is defined as
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of

The

(+) ({) 2.5. t- 2
€

where À and P are the fracture area and perimeter respec-

tively, and N is the number of fractures per unit volume.

For a circular fracture of radius s, this reduces to

€- = N(s') 2.s.r-3

I t has been shown by o'connell and Budiansky (1974 ) trrat the

static elastic moduli of a fluid-saturated fractured solids
are nearly independent of the shape of the fractures as long

as the fractures are defined as in equation Z.S.I-2. Hence

onry circurar fractures wirl be considered with the under-

standing that the results may be used for fractures of other
shapes. o'connerl and Budiansky(r974) estimated the effec-
tive elastic constants for a fractured body under different
physical- conditions. For dry fracÈures or fliud-fi11ed
fractures in which there is a bulk flow of fluid out of, or

into, fractures resulting from changes in fruid pressure in
the fractures, the effective elastic moduli are given by O'-
Connell and Budiansky(I977) as

L ,-t)(s-t)
6

1 G
G

32 (
Êt-v

I -2v
e 45 @-n)5

K

T

rq

)1l-+
45

(r -T')(r - ev) ,
(2- !)

7'5.t - +
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where R, õ and V are the bulk modulus, rigidity and Pois-

son's ratio of the fractured materiaL; and K, G and V are

the corresponding parameters for the unfractured matrix.

For fluid saturaÈed fractures in which shear stresses in the

fluid relax completely, but no fluid is able to flow ouL of

any of the fractures:
l!
t5

¿.5.r-5

r V+32 (t-_r")(r-rv)

K1
K

ç- = L-
G

(*),

The changes

fracture.
the case

sky ( t97 4)

TN

Thi s

of

gave

e+s (2-v)

fluid pressure may not be the same in every

case is known as 'saturated-isolated'. For

partial saturation, O'Conne11 and Budian-

the fracture density as

e a
t6

(v-v).
@

t IL

(r-v )

-4)(t+3v)(t-v) -¿ t- 2v
2.5.t - é,

2.s.t-7

where

modu] i
+ is the saturation fraction. The effective elastic
are

3t
+5

E
r<

G
G

t1
( t -t')(, - 2) -'-Tt -2Yl- "

I (,- v) I +3

r
ê
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There is an additional case which is intermediate between

the 'saturated isolated' and the 'dry' case. If all the

fractures are in communication with each other, but no fluid

ftow is permitted out of the bulk regions of the sample, the

effective bulk moduli will be the same as for the 'saturat-

ed-isobaric' case but the fractured material wiLl respond in

shear as if the fractures were dry. This case is known as

'saturated-isobaric' and the effective elastic parameters

are given by o'Connell and Budiansky(I977l. as

I
G

r- v' 5- v' 2.s'¡- F)E
l(

where

4- 3)
:L

4s €
2-Y'

4s

here V has been changed to

effective Poisson's ratio of

tive Poisson's ratio for the

(1" v )F-lx

( r-v'')(rov - 3vv'- v') e(2-v')

V' because it is no longer the

the bulk material. The effec-

bulk material is

(r-ev¡ Glc ?'s't- I

y'=^ü t6

V=
2 (r*v)æl'< (r-ev) õ lc+

The seismic velocities within the fractured material for any

particular case is given by

l+ u
V,v" ( t)"ü

(lvf ()

()(

V

V+
-¿ 1't'elj

2.5' r- lo

r-v)
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The transition between the cases described above involve the

relaxation of the shear stresses in a viscous fluid and the

flow of a viscous fluid in a permeable medium. These ef-
fects are described by O'Connell and Budiansky(1977) in

terms of Iinear viscoelasticity. The results are represent-

ed as frequency dependent effective moduli, which are appro-

priate for sinusoidal variation of stress and strain. For

fluid-saturated fractures, the effective moduli in equation

2 .5 .l-7 are modi f i ed to

G
G

td=L
l{

1 fr (,-')tr'v)u+ac]e

where V is the root of

# (i+')Lt (r- av)c - (-r-v'Xr *3v)ù]

FrJ ut,l*] 
f 
ft - id *,1*J

/r -:v \
(, 
'-u /

2.5.r- tl

e

where

with

and
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d
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where (Ð, and

closely spaced

UUt '(fr)(å)'

UJz are the characteristic frequencies.

fractures having many intersection:

oUz =€)(:))

7T

For

1.5.|-l¡

where c/a is the aspect(thickness to diameter) ratio of the

fracture, N' , the characteristic frequency for the flow of

fluid between fractures corresponding to the transition from

'saturated-isolated' to 'saturated-isobaric', and w¿ , the

characteristic frequency for the relaxation of shear stress

in the viscous fluid in the fracture, which corresponds to
the transition from the 'g1ue' case in which fractures have

no effect on the moduli to the 'saturated isolated' case.

For water saturated thin fractures, s€ismic and laboratory

elastic wave velocities correspond to a state ranging be-

tween rsaturated-isobaric' at frequencies in and below se-

ismic range and 'saturated-isolated' at high frequen-

cies(O'Connell and Budiansky, I977) .

2.6 SOME IMPLICÀTIONS FOR VSP,

Even though in sonic logging, the emphasis is on the com-

pressional wave transit time, studies have indicated that it
is not as sensitive to the presence of fracture as the am-

plitude of the other modes of $¡ave propagation. While the

velocity of the shear wave is not significantly affected by

the presence of water its amplitude is greatly attenuated.

Gratsinskiy et al. (1968), in a laboratory experiment, simu-

laLed fractures with gaps in a steel block and found out
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that the shear wave attenuation vras greater than that of

the compressional wave and arso the amount of attenuation
increased with fracture opening. The water in fractures
reduces the friction coefficient which exist within the

fractures, facilitating rerative sriding across fracture
surfaces and thus increasing the attenuation(Johnston eÈ

a1. ,1979) . pairlet and r.thite(1992) studied the acoustic
modes in a borehore and demonstrated that the amplitude as-

sociated with shear and tube wave anomalies courd alr be

used to recognize hydraulically significant fractures. Am-

plitude logs that are constructed for wells penetrating
fractured formation and a quaritative estimation of effec-
tive fracture width on the acoustic borehore Èereviewer 1og,

suggest that tube wave amplitude deflection is roughly pro-
portional to total fracture aperture.

vertical seismic profiring affords an unique opportunity
to study the seismic v¡ave attenuation, since the measurement

a1lows a propagating seismic wavefront to be anaJ.yzed in
real earth conditíons. Hauge(1981) used the spectral ratio
method to extract attenuation information from vsp data. In

the this method, sêismic wave attenuation is assumed to be a

linear function of frequency. This relation can be ex-

pressed as

A. G) G= A, -+Ø(f) e a'6- L

where f is the frequency, G, is a frequency independent fac-
tor that accounts for the amplitude effects such as
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spherical divergence, variations in recording gain, changes

in source and receiver couplings; À, and À, are the ampli-

tude spectra of the downhole pulse recorded at depths Z, and

Z2 respectively. The exponent, B z, is the cumulative se-

ismic vrave attenuation between the depths Zt and 22. Meas-

urements obtained from different stratigraphic areas indi-
cate a strong dependence of attenuation on lithology. Since

the amplitude of both the compressional and shear are atten-
uated by fractures, this suggests that attenuation measure-

ments may be a valid parameter for mapping fracture zones.

VSP also permits

associted with shear

measurements of the amplitude

wave anomalies.

accurate

and tube

2,7 GÀMMÀ LOGGING.

The gamma log measures the 'natural' gamma-ray emission of

the formation. These gamma-rays originate in the spontane-

ous disintergration of atoms of potassium-40 and the radio-
active substances formed during the decay of uranium and

thorium series el.ements. The detector, which is either a

Geiger counter or a scintillation meter is lowered into the

borehole and the pulses generated as the gamma rays enter

the detector are countered. In sedimentary formation the

gamma-Iog normally reflects the shale content. This is be-

cause the radioactive elements tend to concentraÈe in clays

and shales. Of the common rock types, granite has the high-

est concentration of potassium, uranium and thorium.
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Granite would therfore have a very high intensity of gamma

radiation. For an unaltered granite, the potassium content

would be quite constant because potassium is related to the

content of potash feJ-dspar which is a relatively constant

major component of granite(Keys, 1979). Thorium and uranium

on the other hand occur in accessory minerals and therefore
may show considerable variation. Alteration of granite in

fluid filled fractures may cause changes in the chemical

composition of the rock. Alteration of ferspars to zeolites
have been noted(tteys, IgTg). AIso there is the possibility
of uranium being preferentialry concentrated in fractures
because of its higher mobility under oxidízing ground-water

conditions. These therefore suggest that the use of gamma-

ray spectroscopy may provide a better means of Iocating
fractures in granite. The conventional detectors record the

total gamma count which might not show a considerable varia-
Lion in granite.

Compared to the neutron 1og, the gamma log is less useful

in detecting fluid-filled fracture zones in granite. The

neutron log responds to the water in the fractures regard-

Less to its chemical composition. On the contrary, the in-
tensity of the gamma radiation for fliud-fiIled fractures
depends on the level of radioactivity in the water which is
controlled by chemical reactions such hydrothermal altera-
tion and oxidation. When used in combination with the den-

sity 1og, the neutron log eaR be useful- in identifying min-

eralized zones.
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2.8 TEMPERÀTURE LOGGING.

The temperature log measures the ambient temperature in the

borehore. The geothermar gradient f is rerated Lo the
quantity of heat H flowing through the formation per unit
time, the thermaL resistivity z of the formation and the

temperature, T, in the borehole by the reLation

r clr Hc )..8- L

dz

.àrwhere î= is the

equilibrium exisÈ

is related to the

geothermal gradient. Hence if thermal

in the borehole, the geothermal gradient

Iithologic changes in the formation.

Temperature logs can be used to detect permeable fracture
zones. For small constant flow of water the temperature,
but not the gradient will be disturbed by a constant
amount(girch, 1947). Fractures which are open to fruid flow
may cause a temperature anomary whose porarity will depend

on whether the fluid flows out or into the borehole.

2.9 CÀLTPER LOGGING.

The cariper log uses a mechanicar device with movabre

arms to measure the diameter of the borehole. The number of
arms range from one to four. Normally, borehole are not al-
ways the same diameter as the drilr biL but are often en-

larged by fracturing and caving that results from chemical

and mechanicaL reactions of Èhe drillpipe and dritling fluid
with the formation.
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Caliper logs may be classified according to the area of con-

tact against the formation and the number of arms. The area

of contact between the arm and the formation deÈermines the

vertical resolution. The smaller arms have better vertical
resolution. The number of arms on a caliper }og, determines

its response to the shape of the ho1e. Generally, the one

and two armed caliper log measure the largest diameter of

the hole at the point of contact. The hole diameter meas-

ured by the three and four armed caliper log is greaÈer than

the smallest diameter but less than the greatest diameter at
the point of contact. Because it measures the diameter of a

cavity, the caliper log may not detect closed fractures.



Chapter I I I

ÏNTERPOLÀTTON OF WELL LOG DATA.

Geophysical well log data are sometimes recorded at un-

equal spaced points but because most data processing tech-

niques require the data points to be equatly spaced, wê re-

sort to interpolation to convert the unequally spaced data

into equally spaced data. There are a varieÈy of interpola-
tion methods but perhaps one of the simplest is the Lagran-

gian interpolation method. It is easy to to program because

of the simplicity of its recursion formulae.

In this chapter, the Lagrangian interpolation method is
reviewed. The error introduced by this method when applied

to an unequally spaced well 1og data is also investigated.

3.1 LÀGRANGIAN INTERPOLATION METHOD

Suppose that r¡re are given N+l data pairs (xoyo),

(xr,y,)r.........(x¡yn ) representing N+l points of a func-

tion y=f(x) where the explicit form of f(x) is not known.

The x¿(i=0,..,N) are assumed to be distinct values of the

independent variable x. The Lagrangian polynomial P¡ (x) of

maximum degree N which approximates y=f(x) over an interval
I containing xo ,x r r o ¡ ..x is given by Gerald(1980) as
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The error E(x) is given by Gerald(1980) AS
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3.t- L

3.1 -2

+

Ytq

Y^

k
(Y"

EG\ = {a*) - Pn(*)= k-(")(x-x') [x- u")J".'(¡)
(N + r)l

where the interval I lies between the largest and the

smallest of the xù for the interpolation. The error depends

upon both the signal and the data spacing. For a given

data spacing, the upper and lower bounds on the error can

only be estimated if we have information on the (N+1)st de-

rivative of the actual function f(x). For well log data,

precise determination of the actual funcÈion is not always

possible and so it becomes impossible to estimate the inter-
polation error in a deterministic sense. For this reason,

we would compare the original and interpolated toeil log data

using different number of points for Èhe interpolation,
w(3,5,7,9,11). The unequal spaced x-values used f or this



exper iment

Here, the

0.051m and

was obtained from the sonic welI log

largest and the smallest sample intervals

0.050m respectively.
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data.

are

3.2 RESULTS AND DISCUSSION.

The results of this analysis are shown in figures 3.1 and

3.2. The spacing of the interpolated points is 0.05 m. For

W=3, there is no significant difference between the original

and the interpolated data. On the contrary, there is a con-

spicuous difference between the original and the interpolat-

ed data for W=11. We also notice a number of oscillations

in the interpolated data which appears to increase with an

increasing number of points used for the interpolation.

Even though this analysis is rather subjective, it is

obvious that the interpolation error would be larger for

W=l1. These results indicate that, in order to minimize the

interpolation error, Do more than five data points are re-

quired for acceptable interpolation results.
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Chapter IV

CORRELATION OF GEOPHYSTCÀL LOGS IN GRANITE.

In the evaluation of potential sites for the nuclear waste

repositories, one of the reguirements imposed on geophysical

logs is to be able to detect fractures within the granite

body. This is very important because fractures are the main

conduits along which toxic materials from the disposaJ- vault
could be carried to the surrounding environment. Igneous

rocks are relatively homogeneous and the ability of geo-

physical Ìogs to deÈect such fractures will depend on the

peÈrophysical contrast that exist between the fracture sec-

tions and the non-fractured host rock.

One of the major advantages derived from running differ-
ent types of logs is that these logs can be correlated to
provide a much more accurate picture of the subsurface. But

in most cases, such correlations are only qualitative and

the advantages of a quantitative correlation are overlooked.

In this chapter, well log data from the borehole URL6 are

presented to illustrate the potential of geophysical logs in
detecting fractures within a granite bathotith. In order to
obtain a guantitative measure of the agreement between the

various logs in detecting fractures, cross-correlation will
be performed for different pairs of the well log data.
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4.I NÀTURE AND DISTRIBUTION OF FRÀCTURE

The histogram of fracture frequency at depth in the bore-
hole uRL6, deduced from the borehore terevision log(lau et
a1.1983), is shown in figure 4.r. Also shown in figure 4.2
is the same fracture distribution determined from core rog-
ging anaJ-ysis. Even though the number of fractures deter-
mined by these two technigues differ, the fracture pattern
are very simirar. The formation is characterized by well-
fracÈured zones(fracture frequency greater than or equal to
20/5 but less than so/s) between 97 .gs-r00.Ogm,
113.19-114.72m and 265.03-272.42; and by six sets of frac-
tures with attitudes of 2!60 /zoo NW, r360 /2oo sw, subhori-
zontal, 380 /2Io sE, 3490 /240 E and 2go /360 sE. open

fractures are defined as fractures with aperture and filled
f ractures as f ractures with inf irling material. partly ope.n

fractures are defined as fractures that are partly filled
with infilling materiars and have aperture. The common in-
filling materials are calcite, chlorite, hematite, fimonite
and sul- f ides.

4.2 LOG RESPONSE

A suite of geophysical rogs recorded in the borehole
uRL6, is shown in figure 4.3, These rogs include the cari-
p€r, density, normal resistivity(16" and g2" ), focused-
beam' gamma, neutron, singre point resistance, sonic, spon-
taneous potential and temperature logs.
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Fig.4.2z oistribution of fractures along the lengÈh of

borehole URL6 by core analysis.
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Fig.4.3: À suite of geophysicar rogs used to detect fracLures.
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Calioer Loo

The caliper 1og(fig.a.a) measures fluatuations in the bore-
hole diameter. The spike at 270m coincide with an open

fracture. The filled fractures are not adeguately resolved.
The walr of the borehore is generally rough; this may be at-
tributed to other causes other than fracturing. The step at
27r.86n signifies an abrupt termination of the survey when a

blockade of the hole $¡as encountered.

Densitv Loo-

The density log(fig.4.5) measures the formation density. It
has a background varue of z.7kg/n3 . superimposed on this
background are two wel-1 defined anomaÌous zones; a positive
anomaly at 110-145.4m and a negative anomaly at 267-27rm.
The positive anomaly indicates the presence of a high densi-
ty materiarsi core sample analysis indicate the occurence of
hglatite and chlorite in this interval. The negative anoma-

ly could be due Èo either an open fracture or a row density
material.
Gamma Loq.

The gamma log(fi9.4.6) measures the natural radioactivity of
the granite. The Lack of distinct anomalies can be attrib-
uted to the fact that granite has the highest concentration
of the three naturalry occuring radioelements potassium,

uranium and thorium and Èhe total gamma count from these el-
ements may have partialry overshadowed the anomalies that
might be present. There is also the possibility that the
water and other fracture infilring materials may contain
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some traces of radioactivity as a resurt of various hydroth-
ermal reactions. However, there is a remarkabre variation
in the count rate between 110-140m which is in coincidence
with the density log.
Neutron Loo-

The neutron log( f.íg.4,7) is used principally f or derineation
of porous formation. Lower count rate are usually attribut-
ed to porous zones or increasing water content. It can arso
be attributed to other minerars which are good absorbers of
thermal neutrons. Major zones with rower count rates occur
at 110-150m, 264-271m and 297.9-29g.4m. There is a good

agreement between the neutron and Èhe density 10g.

Sonic Loo.

The sonic log(fig.4.B) measures the interval transit time
which is the reciprocar of the compressional wave velocity.
The oustanding features occur at 110-140m, zoz.5-203m,
267-27rm, 287 .9-2BB.4n and 393.5-3g4.9m. These indicate
fracture zones. The anomary at 110-140m is caused by the
high density materials.
Spontaneous-potential log.
The spontaneous ]og(f,íg.4.9) measures the potential generat-
ed within the granite. rt is rather featureless except for
some minor variations at 24.4m, 113.7m , r24.4m, r44.7m and

267-27rm. These indicate permeable or mineralized zones.
The last anomaly in particular coincide with the sonic, neu-
tron and density logs.



92

O
c0" 00

ÊPI
.00

x 102
q0.002 b .00 80" 00

O

(]
O
O
a

O
O
Õ
O

O
O
O

::u.)
CL
LLI
t--
Ll
>-

r
t--
o_
Ld

-

Oc
cf
OJ

O
O
cl

CU

C]c
cl
O
cr)

O
cl
cl
LN
co

O
O
cl
c-l

Fig.4.7¿ Neutron log for borehole URL6.



93

Od0. 00 q
Þ1,r'S E C.00 6

xl0t
"00 B "00 0. 00

O

O
c)

LN

O
O
O
O

cl
O
O

G'
cf
Lr!
F
lr lO_-)¿(\
;
Fn?L¡l
aìo

O
-r

C
O
cf)

O
(-)

a)

LJ

o.l

Crl

(-
O
c
a,)
:J'

Fig.4.8: Sonic log for borehole URL6.



D
E

P
T

IJ
 i

[4
tT

E
B

S
)

È
{

P
,

ro tÞ \o Ø t(
, o û 0, o o É o t, o 11
'

o Þ ct }J
. o, H P o lo ht o F
l tt o F
t o î o H o c N tr
l

O
t

iln
n 

nn
35

0.
 O

0
0"

00
 

?
0 

" 
00

 
I

30
0.

00
?

0.
00

 
I

0.
00

 
5

.0
0

g0
0

O O nJ t3 cl ^.
-? O
<

O O O A
J æ (f O O cù c) C
) O C
J

to È



oq

Temperature Log.

The temperature rog(fig.a.l0) measures the temperature with-
in the borehore. There is a general increase with depth.
The anomaly at zs7 .5-285m signi f ies an inf row of warm vrater.
Be_s i s!i_v rty Loqs .

The normal(16" and 32"), focused-beam and the singJ.e-point
logs(fi9.4.11-4.14) all measure the electrical resistance of
the formation. Granite has a very high resistivity due to
its low porosity. Ànomalous defl-ections associated with
fracturing occur at 9g-145m and z6s-272m with the singJ_e-
point and the focused-beam logs showing the least and most
intense variations respecÈivery. petrologicarly, the gra-
nite penetrated by the by the borehore is predominantry com-
posed of a pink and grey granite which have characteristic
resistivity varues. core sample analysis has revealed that
except for the interval r1g-120m and z2s-245m, the tran_
sition between these two units occur at 2g0m. This can be

detected on the focused-beam rog. The ]og has a background
value of about 70000fr-m down to 240m; characteristic varia-
tions associated with fracture zones occur within rr0-r50m
and 208-220n. Berow 240n, the resistivity begins a steep
decrease until another fracture zone is encountered at
265-272m after which the background drops to about 120fi-m.
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4.2.0.I Remarks on Geophysical Log Data.

The general correration amongst the various geophysical logs
is quite impressive. Two distinct fracture zones can be de-

duced. These are located at 98-1sOm and 267-272m. The lat-
ter ís characterized by a row electrical resistivity, low

density, row compressional v¡ave verocity, low neutron count
rate, anomalous borehole diameter and temperature increase.
These observaLions suggest a permeabre zone. The fracture
zone which occur at 98-150m is charaterized by variations of
the neutron, density, sonic and the resistivity rogs which

suggest the occurrence of different minerals. It arso ap-
pears to be a predominantry firled fracture zone with no in-
dication of fluid flow from either the temperature or the
caJ-iper 1og. The spontaneous log however suggest that a

limited permeability may exist in this zone.

Àpart from these two major fracture zones, there are oth-
er intervals where fracturing is apparent and can be traced
on only a few of the logs.
A fracture zone which appears to be locaÈed at 202.5-2rbm

can be traced on the sonic and the resistivity logs. The

faint intensity of this anomaly on the normal log resistivi-
ty logs may be due to the large resistivity contrast that
exist between this intervar and the water in the borehole.
The penetration of the measured current of the noimal log is
severely affected by large resistivity contrasts. Another

fracture appears to be located at 286.s-299.4m. This is
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a lowcharacÈerized

neutron count

bya
rate

low compressional wave velocity,
and a slightJ.y high density anomaly.

4.3 CROSS-CORRELATTON.

The basis of the correlation method employed is the assump-
tion that well-log recorded is a geologic time(space) series
with defined trends; and that the associated maximum errors
occur at the fracture zones. Hence, if the trends are re_
moved what remains is a time series describing the distribu-
tion of the fractures.

Review of Cross-Correlation Theorv.
Let us assume that we have made measurements of two quanti-
tative variables, x and y, which have been measured at n

specified depths down a single well: thus the data are of
the form { x¿ y¿ dL , ( i=l , 2, .n) Ì where (x¿y¿ ) denotes
a pair of reading recorded at the ith position (depth iii in
the welli the data have been ordered by depÈh, that is d,,
d, ,....,dn The cross-correration cxy between x and y is
given by

C*t 7fx¿-x)(s,-t)
n

Iic, -x)'år,,-i)'l

X¿

+.3-I

z
n

JX

nn

rJ.JL

-

where

)



The value of Cxv

to *1 when there

where

ranges from 0, when there
is complete correlation.

103

is no correlation
The expression in

equatÍon 4.3-1 can be rewritLen as

ô

1- (xr-,1)(vt-v)LxY = l-ffi1
at

l)^v 4.2 -.

Dxv

[i*'-x)' å(,,-v)"]
)(y,- J)

>Dxy

tion
represents the correlation between x and y as a func-
of depth.

If the two variables have different lengths,
4.3-1 and 4.3-2 are modified to accomodate only a

dow size of data common to both 1ogs.

equat i ons

fixed win-

4.3.1 Data.

Before the analysis is started, the folrowing assumptions
were made:

(1) Removal of trends from the data does not degrade the
results of the mathematical analysis,

(2) The effect of the overburden layer is excluded from

analysis by chosing a starting depth of 20.5m"
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The first assumption vras necessary because interuption of
field procedures and water salinity can result in artificial
waveform trends that are not relaÈed to the occurence of
fractures. The second assumption yras to ensure that the
anaJ.ysis is confined only to granite.

Because the correration algorithm requires that the data
vaLues occur at equal- intervals, Lagrange's interpolation
method was used to obtain an evenly spaced data points at
intervars of 0.05m. To minimize the interpolation error,
three data points were used for the interpolation.

4.3.2 Trend Ànalvsi s.

The interporated data were considered as consisted of the
following components:

(1) Background and Trend y(x).
(2) occassional fructuation F(x) due to the fractures.
(S) Irregular fluctuation or noise e(x).
And the assumed additive model has the form

:(") = YG) +' tr(*) + Efx) +3r-L

À preliminary analysis of the data indicats that the trends
may be represented by polynomials of degrees not greater
than three. Hence if the occassional fluctuations F(x) are
ignored, then under Èhe additive model vre have

+ þ" + L(x ) 4.t t-sy f*) p" + þ XX

where p^'s "t" coefficients to be deLermined from the data.



4.3.3 Ànalvtical procedure.

Different polynomials were fitted to each werl log data,
the coefficients of the porynomial which best represents
trend was determined by the method of reast squares.

trend was removed from the data by subtracting the best
porynomial. Different pairs of the processed logs
cross-correLated using equations 4.3-l and 4.3-2 tor
following intervals;
(1) 90 150m

(2) 267 -272n

(3) TotaI length.

The first and second intervals contain the two major

ture zones.

10s

and

the

The

fir
vJere

the

frac-

4.4 RESULTS ÀND DISCUSSION.

The correlation resurts are shown in figure 4.1s through
4.25. Even though the correration values can either be po-

sitive or negative, onry the absolute values are pJ.otted.

The correration coefficients values for the total lenght are
generarJ-y low and except for the correration of resistivi-
ty(r6" )-resistivity( 32" ) and neutron-density, the values
are all less than 0.5. The cariper log correrates the
least with the other geophysical logs. It -must be empha-

sized that these values represent the grobal or total corre-
lation amongst the various rogs. The correration )Dxr as a

function of depth, are shown in figures 4.26 through 4,77.
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These figures indicate how the rogs correrate at various
depths and in particuLar within the fracture zones. For ex-
ample, within the two major fracture zones, there is an al-
most one to one correlation between the density and resis-
tance log(f ig.4.26), neutron and resistance log( f.ig.4.27)
and density and neutron rog(fig.4.2g). Notice arso the im-
provement in the correlation of the resisÈivity(16" ) and
gamma(fi9.4.29), focused-beam and gamma(tig.34.30) and re-
sistance and spontaneous potential log ( t.ig.4.31 ) .

rt is real-ized that the globaI correl-ation eoefficient
values do not always agree with the correlation with depth
¡Dxy. For example the global correlation coef f icient val-ue
f or the density and resistance log( f.íg.4.26) is 0.17 and
that f or neutron and resistivity(r6' ' ) 1og( f.ig.4.32) is only
0.006, even though in both cases there is an almost one to
one correration within the major fracture zones. ?he reason
for such descrepancy is that cross-correlation measures the
simirarity between vraveforms rather than the similarity in
detecting lithologic boundaries. Às an illustration con-
sider two different logs Logl and Log2 (fi9.4.7g) with dif-
ferent response within the same stratigraphic section. The

value of the correlation coefficient is zeÊot. yet so far as
the detection of fractures are concerned, there is a perfect
agreement. This observation suggests that the groual cross_
correration value might not always be a good measure of the
agreement between various
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Fig.4.78: Two logs with

stratígraphic
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different response within the same

section.
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Iogs. ÀIso indicated in figures 4.15 through 4.25 are the

cross-correlation values for the interval 90-150m and

267-272m. These values generally show improvement over the

gIobaI correlation val-ues. In some instances however, they

are lower than the global correlation values. Examples of

such instances are shown in the correlation of neutron-temp-

erature(fi9.4.33), sonic-neutron(fig. 4.34), resistance-sonic
(fig .4.37), temperature-gamma(fig.4.36) and sonic-spontane-

ous-potential( fi9.4.35). In these cases, the total cross-

correlation value is largely affected by the much stronger

correlation at 267-272m. The correlation values for the

267-272n interval are generally higher. Àn exception to
this generaJ- trend is the correLation involving the gamma

log. This is because the gamma log does not show any sig-
nificant anomaly within this particular interval. The large

difference in the degree of correlation between two fracture
zones can be attributed to the difference in the mineralogi-

ca1 and textural nature of the two fracture zones. The re-

sponse of a particular log is determined by the parameters

being measured; for example the presence of hematite within
the 90-150m fracture zone is indicated by a high anomaly on

the density log but a low anomaly on the neutron log because

of the ability of iron to absorb thermal neutrons. The

presence of different fracture infilJ-ing materials within
the 90-150m fracture zone(mostly composed of chlorite, cal-
cite, limonite and iron oxide) therefore gives rise to a

wide variation of log responses.
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Comparatively, the fracture zone at 267-272m li.as more open

fractures and therefore }ess variation in the log responses.

The results of the borehole television(tau et aI. 1983) in-
dicate that the fracture zone at 267-272m lnas O.6Z of open

fractures whiles the fracture at 90-150m has only 0.02% open

fractures. A summary of the correlation is presented in ta-
ble 3. The density, neutron and resistivity(16") Iogs con-

sistently give high correlation values whiles the gamma and

caliper consistently give low values.

Systematic correlation has shown that geophysical Iogs

can be used to characterize fractured zones in a granitic
terrane. Two major fracture zones have been deduced from

the well log data from borehole URL6. These are located at

98-150 m and 267-272 rTr. Other intervals where fracturing is
apparent are 202.5-215 m and 286.5-289.4 m. Results of

eross-correlation analysis performed for different pairs of

wel-I log data indicate that the value of the cross-correla-
tion coefficient depends on the mineralogical and textural
nature of the formation, and may not always be a good meas-

ure of the agreement betweem various logs in detecting frac-
ture zones.
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TÀBLE 3

^ 
runnary of c1068-corrcIrtion of gcophysical logs.

LOG IÌ TERVÀL HIGHEST
CORRELÀTION

LOWEST
CORRELÀTION

DenBity 267-272û Nêutron G¡sua

Density 90-l 50n Nèut ron Tcnpêraturè

Drnsity Total Nêutron Spontanêous

Ncutron 267-272út sonic
RÊsiÊt. (15" )

Grnnå

Ncut ron 90- t 5Ost Focused-bcam Caliper

Neut ron 10ta1 Dens i ty Resist.(32")

Spontaneous 267 -27 2Et Resist.(16") Ganma

Spontrneous 90-L50¡n Neutron Dêns i ty

Spontrneous ToÈâl Focuscd-beam Calipcr

Tenperature 267-272n Resistsnce Caliper

Tcnperåture 90- I 5Otr Resist. (16" ) Gan¡na

TenPersture ToÈa 1 Sonic Focused-beaEl

Gammå 267-272n Tenp€ ra ture Focuscd-beam

Ganma 90-150!ì Density TêÍìperature

Ganna TOTEI Density Spontâncous

Rcs i stance 267-272n Neutron Cal iper

Re s i stånce 90- 15Orn Focused-beam Sonic

Res i stance '¡'oEa.t I OCUSËq-æAUt
ñ--i-! ttâl I \
ÃÈÞ¡Þt. \J¿ I

Resist.(32") 267-272¡ Resist. (16" ) Caliper

Resist. (32" ) 90- I 5Ost Resist. (16' ' ) Focuscd-bea¡n

Resist.(32") Total Resist. (16" ) NcuÈron

Resist.(16") 267 - 27 2rt Neut ron Gâmna

Resist. (f6" ) 90-150sì lnesist. (32' ' ) Focused-bean

Resist, (I5" ) TotaI Resist.(32") Neut ron

Focu6êd-bêam 267-272n Spontôncous Caliper
Gtrnna

Focused-bêam 90-150n Nêutron Rcsist. (16" )

Focuaed-beaÍr ToÈå1 Dens i ty lcDpêråture

Calipcr 267-272n Sonic Neut ron

Cal Íper 90-15Ost Soníc Neutron

Ca1 iper Totrl ResiEtancê Spontsncous

Sonic 267 -27 z¡¡t Resist. (16" ) Calipcr
Gansu

Son ic 90- I 50!ì Dcnsi ty Focused-bea¡n

Sonic TOTE] Trnpcråture Ganmå



Chapter V

Ï^TKBJ SYNTHETIC SEISMOGRAM FOR VERTTCAL SETSMTC
PROFILTNG AT URL SITE.

vertical seismic profiring is a reraÈively nevr seismic tech-
nigue which is becoming increasingly popular in seismic ex-
proration. rt offers a wide variety of applications to re-
flection seismic exploration probrems(Kennet et â1., r9g0;
BaLch et â1., rgïzi Gal'perin, 1973). with vsp, one can ob-
serve a seismic waveform that is incident upon a horizon of
interest and also the resultant reflection and transmitted
waveforms. The source vJaveform and its evolution as it
travel through the earth can be observed. one can track re-
flected waveform upward, nearly to the ground surface, and

study the waveform as it is distorted by the medium. Addi-
tionally, one can use vsp data to make a highly reliable tie
between a werL tog and a surface profire run across the
well.

rn this chapÈer, using the data from the sonic and densi-
ty logs , WKBJ theoretical seismogram for vertical seismic
Profiling wilr be generated to illusÈrate the application of
the vsP in detecting subsurface fracture zones.

138
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5.1 DESCRIPTION OF VSP METHOD.

An idealized cross-sectional view of a conventional vsp ray-
out is shown in figure 5.1(a). The seismic source, s, lo-
cated at the surface is energized, and recording is made at
one level at a time with a geophone, G, clamped in the we1I.

The ray A, represents the direct arrival. The rays B and c,
respectively represent single and multiple reflected events
travelJ.ing upward inÈo the geophone. The ray Ð, represents
a multíple reflected event travelling downwards into the ge-

ophone. This event is not observed at the surface. Figure
5.1(b) represents the configuration being used for the uRL

experiment. This is achieved by interchanging the positions
of the geophone and the shot point for the conventional vsp
layout. By the Reciprocity Theorem, the seismic travel time
characteristics shourd be the same for both configurations.
with the URL configuraLion, onry the direct and upgoing re-
flected events can be recorded. The downgoing refrected
events in the conventional vsp, become upgoing reflected
events in the URL configuration.

5.2 REVIEI^I OF THE I.IKBJ THEORY.

several methods have been used in the computation of theo-
reticar seismograms. These incrude the reflectivity meth-

od(Fuchs and Murler, r97r), the generalized ray meth-

od(wiggins and Helmberger , rg74) and the furr-wave theory
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method(cormier and Richards , 1977). These methods are com-

plicated and expensive so that their use is limited to a few

trial models. arreviate this situation, a number of ap-
proximate methods have been developed. one of such tech-
niques devised by chapman(1978), evaruates the inverse
transform of the displacement fierd using the WKBJ approxi-
mation to the sorution of the wave equation. This theoreti-
cal seismogram has been calred the WKBJ seismogram. com-

pared to the other methods, Èhis method is fast and requires
far less computational time.

5 .2 .1 The WKBJ approx imat i on .

For a two-dimensionar medium where the parameters are func-
tions of the vertical coordinate z and the horizontal coor-
dinate x, the response to a point source can be obtained by

taking the Fourier transform with respect to time t and hor-
izontal distance x of the equation of motion and the consti-
tutive equations. These transforms reduce the two-dimen-
sional, partial-differential, erastodynamic equations to an

ordinary differentiar equation with independent variabre z.
By applying the appropriate radiation and boundary condi-
tions, this can be sorved for the transform response û(-,p)
where 6 is the freguency and p is the ray parameter of the
ray of interest(chapman, 1g7g). The response u(t,x) at â

receiver located at x is obtained from the inverse transform
of the transformed response.
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This is given by

U (t, ")
I
4n" ii(*,p) l*le,,p l-,-(t -p,-)] JrJ'

Jr"l^
5 ..1.r- I

where B

order of

Itàl t we

u (t, *)

Performing

5.2.I-2 , we

ing the real

lines of the

be facÈored

where s(¿rl)

function of

represents the Bromwich contour. By changing the

the integration in equation S.2.I-I and rewriting
obta i n

,;(*, f)l-,*)(- t,¡n(")) e*pf -,,(n-p^ú J,Jf
4n^ l" 6

5 : t-2

the inverse Fourier transform in equation
obta i n

u (e, *)
"¿

J 5 l..t-3

where ü+(t-px,p) is a time derivative of the Hilbert trans-
form of ü(t-px,p). The seismogram are obtained by integrat-

function

form t-px.
ü*{t-px,p) along different sLraight

The Èransformed function û(-,p) can

as

U (r' p) i (*, ?

Pr,
4

n

4
L

u (t- rç)

s ( t^J )

contains the

the geophones.

source function and

s ,2.t -+

the transfer

thus beEquation 5.2.1-3 can



re-written as

5 .-x. i- 5q
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as

5.2't t- z

the

and

ø1

uG,.)

represent s

ray. The

IJ
lrr çlt

S(r) * l(+-?x,p)'l(
{

J
dt Þ.t r-su

where û(t-px,p) and ts(t ) are the Hilbert transform of
i(t-px,p) and s(t) respectively. In this method, the WKBJ

approximation for 3(t-px,p) and 3(t-px,p)dp are used. This
approximation is varid only at frequencies that are large
compared to the velocity gradients of the medium. t{e wirl
nov¡ examine equation 5.2.1-3 for a Èurning rây, direct ray
and a reflected ray.

I
2n

^aQI *,
s[È),x I y(r-p*,f)JÉ

J_^

5. 2.1 .1

The WKBJ

given by

and zq

turn ing

Turning Ray.

approximaLion for a turning ray can be written,
Chapman(1978),

Vl'' P)
is5n (ur) n"P { ..* t(P)J RG) 5.i.i t-f

where Ite) is the verticar-slowness integral given by
z

r(e) 2 +(f ,s,) AL
Zo,

the depth

function

of maximum penetration of

n(p) contains the source



receiver directivity funcLions and

mission coefficients on the ray.
substitution in equation 5.2.1-5a
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a product of any trans-
If we make the following

.=
( t, P) RCpl$(t-r(p))

SG)

0(e,^)
P 
x -r LCr)

5 r.t.t-3o

5 2.¡.1- 3b

The displacement field of the turning ray reduces to

U(t,') -l- c)

2n dt " j:R(p) r(r-e(a,-))dp 5 t.t.l-4q

The

the

r (/*r k f ((Pl
;_ JLïJ t / ,--;ìa:-îT S.2.l.t-+b2n v\-' / l0'(e'*,)¡

t = ô(P,x )

the summation are evaluaLed for a1I solution of
t=0(Þ,x)

terms in

equa t i on

5.2

The

.I.2
WKBJ

where n(p) contains the source and receiver
functions and any transmission coefficient
ray(Chapman, 1978). The f unction Itp) is def ined

z

Icpl 1(r 4) Jt
zo

V

Direct ray.

approximation for the direct ray can be writÈen as

',F) =e"p{rwLte)J A"(p) sr,-.r-r(

directivity
on the

as

5.f l2--?

where zo is the depth of the source. The corresponding
seismogram is

u(r,^) = tr s*(ur-\#t u t-ta'3

t=6(r,*)



where sr(t) is
of s(t).
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145

the time derivative of the Hilbert transform

5.2.1.3 RefLected ray.
The WKBJ approximation for the reflected ray can be ex-
pressed as

.{'flV(*'P) = e*p/i'rce) J 
((p) 52r3-I

considering a generar case where the functions t(p) and R(p)
are both complex we have

TCe) =IqCp) +cs5o(*)TrCù 5'trj-2a

Q^(P) + 5.â.t.3-2b

where the subscripts R and I represent the real and imagi-
nary components respectively. I{n) >/ 0 and the imaginary
parts of the function are chosen when w is positive. Taking
the inverse Fourier transform of equation b.2.1.3-1 we ob-
tain

V&,e) r QG) ]t_t

It - c(c) 
J

5 2.1'3-3
lT

=TTlo

The corresponding seismogram is obtained from equation
5.2.1-5b as

E.l.r.¡-fUft') I

2n^

ù l'*
S'(+) x I

)

The algorithm for the

on the above formulae

WKBJ synthetic VSp seismogram is based

5.2.I.1-4 , 5.2.I.2-2 and S.Z.I .g-4 .
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5.3 ACOUSTIC IMPEDÀNCE.

The acoustic impedance is the product of the density, r, and

the compressional wave verocity, v, of the rock. The acous-

tic impedance computed from the density and sonic rogs is
shown in figure 5.2a. Also shown in figure 5.2b is the am-

plitude reflection coefficient, Ar, for normal incidence
computed from the relation

A, ßv, p
lt

,/, s'3-1
P, /" p

lt+

where p v, and Ê v^ are the acoustic impedances of the ma-

terial above and berow the interface. This is the vertical
incidence approximation which is valid for most vsp configu-
ration. Here, it has been assumed that the fractures are
situated against a material of density 27ookg/n3 and com-

pressional vrave veJ-ocity s929n/s, which are the average val-
ues computed from the <iensity and sonic logs. The value of
the refrection coefficient necessary to generate a detecta-
ble refrection at the surface depends on a variety of
factors including the effeciency of the recording instru-
ments and the frequency content of the seismic source. Gra-

nite is a very compact materiar as such we would expect that
high frequencies in the seisrnic source wourd be preserved.

High frequencies are necessary for better resolution.

If ne assume that boundaries are detectable if their
overall reflection coefficient is greater than l0%(Ànstey,

1970), then yre may conclude that the two major fracture

v,
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zones located at 90m-150m and 267m-272m shourd be detectable
by seismic methods. The fracture zone located at z67m-272n
is beLieved to be part of an extensive fracture zone detect-
ed by a high resorution seismic survey(Green and Mair,
1981). This fracture zone exÈends to a depth of 26on in
borehole URL-5 and 326n in borehole uRL-1(soonawala, r9g3).

5.4 THEORETICÀL SETSMOGRAMS.

The velocity and density data used to design the moder were
obtained from the velocity and density logs. The J.ogs were
smoothed into depth intervars within which the velocity and
density values are considered to be constant. This model is
shown in figure 5.3. It is recognized that some reduction
in fidelity of the model was entaired in disregarding the
detailed velocity and density variation on the log. This
step s¡as taken, however to obtain a practical number of mod-
el sections that courd readily be programmed. Nevertheress,
the important features of the logs, namely the anoma-
lous velocity
ture zones have

and densit¡t intervats
been maintained.

representing the frac-

Because the I.TKBJ method assumes horizontal layering, the
fracture zones in the moder are assumed to be horizontar.
Twenty shoL points located verticalry at '20m intervals
startíng from the surface r{ere utilized. The resulting syn-
thetic vertical seismic profire for a geophone offset of 50m

is shown in figure 5.4.
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The iniLial purses from the different shot points arrive
at the geophone with increasing arrival time. These initial
purses constitute the direct wave. To determine the depth

of a reflector, the primary reflection event is continued
across to the direct wave curve. The event marked primary

refrection 1 and which arrives at the surface at 0.049sec,

i s the ref ]ect ion f rom the f racture zone located
119.8-122.8m¡ the event marked primary reflection 2 and

which arrives at the surface aÈ 0.075sec, is the reflection
from the fracture zone Ìocated at 202.s-203.lm; the event

marked primary reflection 3 and which arrives at the surface
at 0.097sec, is a superposition of reflections from the
fracture zones located at 267-271m and 287.5-2gg.4m; the
event marked primary reflection 4 and which arrives at the
surface at 0.135sec, is the refrection from the fracture
zone located at 383.6-385.2m. À major attraction of vsp is
that the various wavefields can be separated by filtering
techniques and studied in detail(carswerl et al.1994). The

WKBJ algorithm permits different wavefields to be generated

separatery. Figure 5.5 represents the primary reflections
in figure 5.4 plotted to a different scare. Notice the

emergence of the event marked primary reflection À and which

arrives at the surface at 0.029sec. This event represents
the refrection from the fracture zone located at
113.2-114.8m. The WKBJ argorithm can generate synthetic
seismograms at various geophone offsets. This allows us to
study the changes in the waveform with increasing offset.
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Figures 5.6 through s.B represent Èhe primary refrection
v¡avefield for geophone offset of 100m, 150m and 200m. À

general increase in arrival time with increasing offset can

be noticed. Notice also the decrease in resolution between

the primary refrection À and primary reflection 1. Àt an

offset of 150m, these two events are barely resolved and at
an offset of 200m, there is no resorution and a nev¡ waveform
for primary reflection 1 emerges.
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Chapter VI

CONCLUSI ON.

This thesis is concerned with the detecÈion of fracture
zones by geophysical methods within a granitic formaLion.
The methods considered are geophysical well logging and ver-
tical seismic profiring(vsp) techniques. The theory of
those geophysical logs considered most suitable for fracture
detection have been reviewed. The forlowing conclusions and

recommendations were arri'¿ed at.

The performances of the normar (16' ' and 32, , ), focused-
beam and single-point resistance logs are affected by the
resistivity of the formation, the macro-anisotropy, the re-
sistivity contrast between the formation and the borehore
fluid and the ratio of the erectrode spacing(radius of el_ec-

trode in the case of the single-point) to the borehore radi-
us. For electrode spacing(radius of erectrode in the case

of single-point) very large compared to the borehole radius,
the apparent resistivity measured by the ]ogging tool is ap-
proximately equal to the mean resisÈivity of the fracture
zone. For erecÈrode spacing very smarJ. compared to the
borehoLe diameter, the apparent resistivity measured by the
logging toor approaches the borehole fluid resistivity.

157
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with a large spacing, the measured current is abte to pene-

trate deeper into the surrounding fracture zones. rhis how-

ever, is achieved at the expense of the vertica] resolution;
because as the electrode spacing increases it becomes in-
creasingly difficult to resolve the very thin fractures.

For a fixed electrode spacing, the apparent resistivity
measured by the logging tool, approaches the resistivity of
the borehore fruid as the resistivity contrast between the
fracture zone and the borehore fluid increases. This pheno-

menom is due to the tendency of the measured current to take
the least resistive path; the current therefore travers
along the fluid column in the borehole instead of wittrin the
f ractures.

The resistivity of the fracLure zones wirl be controlled
primarily by the water content and to a lesser extent by the
mineralogicar composition of the fracture infilling maLeri-
ars. This is because of the much higher conductivity of wa-

ter rerative to the constituent minerals in most rocks.

Fracture zones in a granite pluton may exhibit macro-aniso-
tropy as a resulL of the presence of different fracture in-
filling materials of contrasting resistivities. The macro-

anisotropy coeff icient in the presence of horizontal
fractures is greater than unity. In the presence of subver-
tical fractures, the macro-anisotropy coefficient is less
than unity. subvertical fractures reduce the effective
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macro-anisotropy coefficient of the fracture zone by offer-
ing a vertical path to the measured current and thereby re-
ducing its penetration. The apparent resistivity measured

by the logging tool in the presence of subvertical fractures
would therefore be less than the mean resistivity of the
fracture zone.

Because of its special arrangement, the focused-beam rog is
less affected by the resistivity contrast between the bore-
hore fluid and the formation. It possess the best verticaL
resorution amongst the erectrical resistivity 1ogs.

The single-point log is very effective only
resistive fracture zones. This is due to
has a very shallow penetration.

in abnormaly low

the fact that it

To reduce the resistivity contrast between the granite for-
mation anci the borehore fruid, it is recommended that bore-
hole fluid of high resistance be used. This would increase
the amount of current flowing into Èhe formation.

The precise nature of the spontaneous potential anomary
in fractured crystarline formation is not very clear. rt is
infruenced by several factors incruding the salinity of the
fluid flowing through the fractures, the pressure gradient
in the fractures, the presence of divalent ions, the perme-

abirity of the fractures and the mineralogical composition
of the fracture infilling materials.



160

The response of the neutron rog in granite shourd not be

interpreted only in terms of porosity. The effect of ther-
mal neutron absorbing rnateriaLs shourd be taken into
consideration. The distance travelled by the thermar neu-
trons before capture is determined by the amount of ther-
mal neutron absorbing erements in the formation. In sedi-
mentary formations, the hydrogen contained in shares and the
rock pore system constitute the major thermal neutron ab-
sorbing erement. rn granite other el-ements such as sodiurn,
potassium and iron aÌl have a greater tendency than hydrogen

in absorbing thermal neutrons.

The density values derived from the density log should be

corrected for the z/A effect if Lhe varues are intended for
quantitative gravity analysis. For density logging in gra-
nite, the use of two gamma-ray detectors is recommended.
ml..i- .:^ !L^! !l-- -rÊ-. L -t¡¡¡¿þ r¡i so -Lna-L -ur-r€ eErect oi seconciary gamma emission by

the formation can be corrected for. The fracture zones en-
countered in borehore uRL6 produce well defined anomalies on

the density log.

The compressional wave transit time is reLated to Lhe

elastic properties of the fracture zones and may be used to
measure the fracture frequency. The sonic log responds to
both the major and minor fracture zones encountered in bore-
hore uRL6. Recent studies by others show that the compres-

sional wave transit time is not as sensitive to the presence

of fractures as the amplitude of shear and tube waves.
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unfortunatery, in sonic logging it is only the compressional

wave transit time which is measured and the additionar in-
formation from the shear and tube waves are lost. For flu-
id-fi1]ed fractures, it is recornmended that the full acous-

tic waveform be recorded so thaÈ the shear and tube $¡ave

anomaLies can be measured.

In granite, the use of gamma ray spectroscopy may provide

a better means of locating fracture zones. The total gamma

count recorded by the conventional gamma 1og, may not show

considerable variation due to the high concentration of po-

tassium, thorium and uranium in granite. The temperature

log can be used to detect permeable fracture zones and the
caliper log for open fracture zones.

In order to obtain a quantitative measure of the agree-
ment between the various geophysical logs in detecting frac-
ture zones I cross-correration yras performed for different
pairs of well log data. Because most common cross-correla-
tion algorithms require that the data varues occur at equal
intervals, Lagrange's interporation method was used to ob-

tain an evenly spaced data points. This method was employed

because of the simpricity of its recursion formuÌae which

makes it easy to program. To estimate the error of this in-
terpolation methodr wê compared the original and the inter-
polated well rog data using different number of points for
the interporation. Results of this experiment indicate that
for werl log data, in order to minimize the interporation
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error, no more than five data points are required for accep-
table interpolation results. This conclusion strictly ap-
plies onry to the Lagrange's interpolation method. À simi-
lar conclusion has been obtained by Naidu(t97O).

systematic correration has shown that geophysical rogs
can be used to characterize fractured zones in a granitic
terrain. Two major fracture zones have been deduced from

the well rog data from borehole uRL6. They are rocated at
98-150m and 267-272m. The rater is characterized by a low

electrical resistivity, row density, low compressional wave

velocity, low neutron count rate, anomarous borehole diame-
ter and a temperature increase. These observations suggest
a permeable fracture zone. The other fracture zone is char-
acterized by anomalies on the neutron, density, sonic and

resistivity logs which suggest the presence of different
mìn¡¡ra'ì c ô#Ìrar intor.'-'l ^ ,.,L^-^ G-^-!.:¡.¿¡¡u¡sår¡ v'LiiÇ! ¿¡¡LËrivdrþ wiìere rracEuring is apparent are
202.5-2r5m and 286.5-289.4m. There is a good confirmation
between the above characterization and those obtained from
television survey and core sampre analysis(fig.3.r and 3.2).
The two major fracture zones correspond to the three welr-
fractured zones in figure 3.1. Here, the fracture frequen-
cies are very high and fractures produce significant anoma-

lies on armost all the logs. In contrast, the minor
fracture zones have lower fracture frequencies and produce

anomaries on a limited number of 1ogs. core sample analysis
indicates that the dominant fracture infilling materials
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between 203.5m and 2r5m are hemaLite and limonite. Even

though both of these infiÌ1ing materiars are denser than
granite and are also good thermar neutron absorbers, yet
there is no distinct anomaly within this interval on either
the density or neutron log. This suggests that there are
other important factors which also contribute to the magni-
tude of the anomaly. one of such factors is the fracture
density or freguency. The thickness of the fractures en-
countered in the borehole uRL6 is in the order of few mirli-
metrs and to effectivety resolve such thin fracturesr rdê

would need to employ instruments with very high vertical
resorution. Most commercial logs are not designed for such
situations as they do not possess such fine resolution.
Therefore, in order to produce a significant anomaly on the
geophysical logs, the fracture density will have to be very
hish.

The results of the cross-correlation analysis suggest
that the cross-correlation value may not always be a good

measure of the agreement between various logs in detecting
fracture zones. The reason is that cross-correration is
based on similarity of waveforms rather than similarity in
detecting lithologic boundaries. The cross-correlation var-
ues obtained for the fracture zone at 267-z7zm are generarry
higher than those of the fracture zones at 90-150m. This
difference is attributed to the difference in the minerar.o-
gical and textural nature of the two fracture zones. The
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density, neutron and resistivity(r6" ) logs consistentry
give high correration values while the gamma and caliper
logs give consistently low correlation vaLues. The cross-
correlation as a function of depth is perhaps the best way

to present the simirarity between the geophysical rogs.
such presentations indicate how the geophysical rogs corre-
raÈe at various depths and in particular within the fracture
zones as described in the main text of this thesis.

synthetic seismograms are routinely computed not onry for
comparison with the seismic data but also for correlating
well log data to the seismic data. synthetic vsp seismo-
grams are usually computed for vertical incidence(wyatt,
1981). But in actual practice the angle of incidence de-
parts from the vertcar, âs receivers are usually located at
some distance from the well. Àt angles other than the ver_
iicai, the conversion of p- to s- wave energy and changes in
the reflection coefficient affect the shape of the synthetic
seismograms(Douze, 1979). For this reason, synthetic vsp
seismograms at non-vertical incidence was deveroped from the
9IKBJ algorithm(chapman , rgTg; owusu and Moon, 1gg4). The

resurting synthetic vsp seismograms demonstrate the capabil-
ity of vsp in detecting the rocation of the major fracture
zones. well rog data from borehole uRL6 indicate that the
acoustic impedance contrast at the fracture zones is ade-
quate enough to generate detectabre reflections aL the sur_
face. However, the fierd procedures shourd be carefulry
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praned and a high resolution vsp survey is recommended.

Higher resoLution means broader frequency bandwidLh, which
must be obtained by extending the high frequency end of the
spectrum. Explosive charges should be as small as possi-
ble(0.5-1.5kg). ziolkowski and Lerwill ( rgTg) have shown

that we can shift the spectrum into the useful band by

choosing the right size charge. with small charges, the
spectrum is shifted towards the higher frequencies. High
frequencies are needed to resolve the fracture zones. with
larger charges, because of the shift to rower frequencies,
the ability to excite surface h'aves is enhanced. In an at-
tempt to improve the resolution by using smalrer charges, w€

may run into signal-Èo-noise ratio problems. To overcome

these, it may be necessary to consider vertical stacking
during Èhe data processing sequence. The data from two or
more adjacent levels are time shifted to align coherent
events. These recordings are then added to enhance coherent
events.

lwo VSP configurations
site, the configuration
Ìogically acceptable"

been described. At the URL6

sources along the shaft are

have

with

Geophones with high natural frequencies are also recommend-

ed. Geophones usuarly have filtering influence on the re-
corded data and this influence is quite variable depending
upon the seismic frequency bandwidth, geophone group, spread
length and the geophone-ground coupling(Hoover and o'Brien,
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1980). Even though single geophones cannot reduce surface
waves and other horizontaÌ]y traveling noise, they are some-

times prefered to geophone groups. ziolkowski and Lerwill
(1979) have shown that when the terrain is very rough, rike
at the uRL6 site, even a short array can act as a filter in
which the higher frequencies of the signal are attenuated.
rn a siÈuation like this, the single geophone has an advan-
tage in obtaining a broader bandwidth, but in doing so it
leaves the problem of surface h¡aves to be solved elsewhere.
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Appendix A

TRANSFORMÀTION FROM ÀN ANISOTROPTC TO ]SOTROPIC
MEDT T'M.

rf the variation of the coefficient of macroanisotropy with
r and z is expressed in the form(nunz and Moran, 195g)

^ 
= SC") .k(=) n,

then by equations 2.1-1 and Z.I-7,

o 4,2s ò /sn
n ô'\ R

òv¿)v t ò (t
x ¿z [,.n+àr OL

By introducing the new variables
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and letting
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ZIr,
vre have (Kunz and Moran, l95B )
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By

en

introducing a new value of
by ( t<unz and Moran , l95g )

R,= +, R_

Equation 4.5 can be written as

173

resístivity at each point giv-

) I
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àv'
òz(( r\I

n

J

âr'
I
R' òr' +òv' A,G

âz'

which is equation 2.1-9. The primed parameters represent
the equivarent in an isoÈropic medium of resistivity R,.
For an infinite, homogeneous, macroanisotropic medium 

^ 
is

constant; and i f vre make

SG) = ^ 
o.J kG): L

then from equation A.3
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which is equation 2.!-25.



Àppendix B

LATEROLOG 7 TN AN INFINITE HOMOGENEOUS MEDIT]M.

consider a Laterolog 7 array in an infinite homogeneous me-

dium with À as the origin(fig.4.5). The potential at any

point (r,z) can be expressed as follows(Jackson, 19g1):

VG, =) fu/t ïuJ,

t

(
4t

4.
4n

l"
@ * z",¡t,

I i:-fr z )

t +
((rnc+d+z)'+r)r" (b*.* d-z)'+r)t

+ f-* EC",z) ß.!

ß.¿

(

where R is the resístivity of the medium and b, c and d are
the eLctrode spacing and

F(.2) _ I
( r'+ =')L

and

E (", .) t L+
2((b+c+ Å-z)"+rr)'L 2 b +c r.-J+Z t r¡

The potential of

electrode is

V(0,=\:

a point on along the axis (0,2) of the

a I" rG, z) + JH E (0, z)
4n

8.3

which i s equat ion 2.1 .Z-2 .
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Àppendix C

POTENTIÀL FIELD OF THE LATEROLOG WITHIN À
BOREHOLE

The potential at M(fig.a.a) is the algebraic sum of
tributions from the three current electrodes À0,

The potential at any point (0,2) in the borehole is
equation 2.I-34 as

of
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where a is the radius

the electrode Ào at M

F

the borehole. The potential due to
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andtotaJ. potential at M is the sum of v¡, (M)
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