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ABSTRACT

The Underground Research Laboratory(URL) site on the Lac du
Bonnet batholith, 12 km east of Lac du Bonnet, Manitoba, 1is
one of several being investigated by the Atomic Energy of
Canada Limited (AECL). 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. A review of the theo-
retical backgrounds of various geophysical logs tested in
the URL experiment site has provided further insight into
the factors and parameters that influence their performances
in a granitic terrane. The potential of various geophysical
logs in detecting fractures in a granitic formation was
studied by correlation of well log data from one of the
boreholes in 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



of the formation, and may nct always be a good measure of

the agreement between various logs in detecting fractures.

The computational 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 URL6)
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,
level 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 accumulating for years. These
highly toxic radiocactive waste are mostly by-products of nu-
clear power plants. Proposals 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 below
the surface of the earth from magma. Rock salt is a coarse-
ly crystalline halite formed as an evaporite, Rock salt is
considered a suitable radioactive waste disposal environment
because it is plastic and can flow. It is therefore self-
sealing and there is virtually no possibility that emplaced
radiocactive waste can find a pathway to the bio-
sphere(Tammemagi, 1976). The most serious drawback with
this material, however, is the fact that salt 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. With these objectives, for
the past few years, a number of countries including Canada,
Austria, Sweden, France, U.S.A and Britain have been active-
ly investigating the use of such plutonic rock bodies for

-1 -



the disposal of nuclear radioactive waste material.

In 1980, the Atomic Energy of Canada Limited (AECL) ac-
quired a 2l-year old lease over a 3.8 km! area on the Lac du
Bonnet batholith 12 km east of Lac du Bonnet, Manito-
ba(Fig.1l.1(a)) for the construction of an underground re-
search laboratory(URL). This laboratory will be used to
conduct in situ geoscientific experiments in a realistic en-
vironment within the batholith. The area was chosen because
it is located well within the Lac du Bonnet 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, geo-
physical and hydrological investigation have been underway

to determine the characteristics of this batholith.

1.1 GEOLOGICAL AND HYDROGEOLOGICAL 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 }s geologically
situated within the English River gneissic belt, a major Ar-
chean subdivision of the western superior tectonic province

of the Canadian Shield.



Figure l.l1(a): Location of Underground Research Laboratory

(After Davison et al. 1982),.
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Figure 1.1(b): Geologic setting of the Underground Reserach

Laboratory(After Davison et al. 1982).
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Field evidence suggests that the Lac du Bonnet batholith is
intrusive into the adjacent formations and that the intru-
sion may have postdated the last 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(Fig. 1.2); a pink porphyritic biotite granite
(unit 1); foliated pink biotite-hornblende granite with
strongly oriented biotite and hornblende crystals (unit 2);
grey granite which at places grade into quartz monzonite
(unit 3); a granite rich in xenolith of tonalite, granadior-
ite and quartz monzonite (unit 4) and a pink two-phase gra-
nite (unit 5). A study of the surface fractures has shown
that there is a distinct fracturing pattern(fig. 1.3) and
four possible sets of subvertical joints striking 025°,
115°, 045° and 165° were indicated by inspection of surface
mapping(Brown, 1982). The grey granite 1is considerably
less fractured than the other units; a fact which is also

true at the subsurface.

Hydrogeological investigations have been undertaken at
the URL site to study the natural wundisturbed 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 to 10m thick. The overburden ma-
terial 1is composed of glaciolacustrine «clays, 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(Davison, 1982). The analysis of water samples from
different levels 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 shallow
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 70%).



1.2 GEOPHYSICAL STUDIES.

Different geophysical technigues have been used to study
this area. A gravity survey conducted across the batholith
shows that the 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 (Brisbin, 1979).
The result of a north-south aeromagnetic survey has also re-
vealed a positive anomaly of 700 nT over this body. The to-
tal field 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 technigues,
used to study the distribution of fractures, revealed that
areas of low fracture density generally coincide with areas
of resistivity values greater than 10000Ll-m whereas high
fracture density coincide with less than 2000 2-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 1location and mapping 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 televiewer 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. A high resolution seismic survey conducted
over the area has confirmed the presence of the sub-horizon-

tal fracture zones at depth(Green, 1981).

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 1is be-
lieved that old and filled fractures may have been developed
during the emplacement of the pluton. As a result of uplift
and differential uplift of thé lithosphere caused by the un-
loading of glacial ice and sedimentary materials, these old
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 concerneéxwith the detection of fractures
in a granitic formation. The objectives are as follows:
a) The theory of the various geophysical logs useé in the U-
nderground Research Laboratory experiment will be reviewed
to determine the factors and parameters that influence their

performances in a granitic terrane.
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b) Well-log data collected from one of the boreholes in the
Underground Research Laboratory site(URL6), will be corre-
lated to illustrate the the usefulness of geophysical logs
in detqgting fractures in a granitic formation.mg
c) Using the density and sonic log data and the WKBJ 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 11

THEORY OF GEOPHYSICAL 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 well studied and documented.
In contrast, the application of geophysical logging tech-
nigque in igneous and metamorphic terrane has not been exten-

sive.

In this chapter, the theory of those geophysical logs,
which are considered most suitable for fracture detection in
a granitic terrane, will be reviewed. An attempt will also
be made to explain some of the factors and parameters which

influence their performances.

2.1 RESISTIVITY LOGGING.

Rocks are capable of transmitting electric currents most-
ly by means of absorbed water which they contain. The dis-
solved salts contained in the ground water coqstitute the
electrolyte necessary for the conduction of current. In
granite, the quantity of water contained in the pore spaces
is extremely small and consequently, its resistivity is very
high.

- 11 -
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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 interstices which generally contain wa-

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 consequently more conductive
than the transverse direction. Such zones may include frac-
tures filled 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
macro-anisotropic medium.

Review of Theory.

The theoretical problem in resistivity 1logging 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 vertical borehole penetrating an infinite macro-aniso-
tropic homogeneous medium with horizontally dipping frac-
tures, we may define the horizontal resistivity Ru. to be
parellel to the fracture planes and a vertical resistivity
Ry perpendicular to the fracture planes such that the mean
resistivity R and the coefficient of macro-anisotropy A

are related to these parameters as

R = R. + Rv ; A = {RIRu a1-1

The schematics of the configuration 1is shown in figure 2.1.
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 electrode 1located at the surface and which
is so far away from the elctrode C that its presence may be
negleted when considering the current flow around C. For
convenience, all linear measurements shall be defined in
terms of the well radius. If A is an element of surface
and J the current density in amperes/meter?, then the cur-

rent I passing through &A is

I = J- SA 24-2

The current density J and the electric potential V are re-

lated by .
T = -¢ VV 21-3

where ¢ is the conductivity of the medium.
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Figure 2.1: Configuration for a current source in a fluid-

filled borehole.
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In cylindrical coordinates, equation 2.1-3 can be written

as(Kunz and Moran, 1958)

J = _(ZLH g—‘—r/F + %g—vﬁ> 10-4

If charge is conserved within a volume V enclosed by a sur-

face A, then we can write
J]‘. dA = O 2:1-5
A

According to Gauss' Theorem, the volume integral of the div-
ergence of the current throughout a given region is equal to

the total charge enclosed, so that in this case
j V-J dv =0 2:.1-6
v

Taking V as an infinitesimal volume enclosing the current
electrode C, we obtain for this point(Kunz and Moran, 1958)
‘7: j- = 19 (f‘ oV -+ A 1 aV' 2:0-17
ror or Rv 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 Appendix A).
K7'J :"Llﬁ,(r BV) + 2 Jﬂév 2:1-8
ror'\R o oz'\ R" 0z
where the primed qguantities represent the equivalent for an
isotropic medium. If we represent the potential and resis-
tivity within the borehole as Vg and Ry respectively, and

the formation potential as V. then equation 2.1-7 can be

evaluated subject to the following boundary conditions.



a) The potential must be continuous across the wall of

the borehole:
(rz) = Vi (r.z) of r=1 2.1-9

b)The normal components of the current density must

be continuous across the wall of the borehole:

,/, &VB("'Z) - A Jlé(fw'“’) b re i 2.4-10
%5 or K. or

c) The potential within both the formation and the

borehole must tend to zero at very large distance:
‘/e(f‘,z) ) Vp(f.z) — O an X ——p O 2:4-1

where X = [riyz?

d) For a point very close to the current source the
potential must approach that of a homogeneous

isotropic medium having a resistivity Rg :

%(rz)/ —> Kl s i o 2t-i
X—>o0 4-rax

This becomes infinite as X-—>0 hence the potential

function should have the form:
Va(nr) = Vinz) + Ve(r2) 21-13

*
where V¢ is finite and continuous at all points

in the borehole except the origin where it is zero.

16
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Equation 2.1-8 may be solved by Fourier's method. If a so-

lution of the form

vir, 27) = jz(") ¢(2') 2.-4-

is assumed, then equation 2.1-8 becomes

oG R | (I PG _ o 2.1-15
F(r) ro4(r) ¢ (z)

This can be seperated into two differential equations:

" A
¢z) , m* = o 2.4-16q

¢(z')
)L"(r') L L }I(r) - m* = O 2.4 16k
#(r) rHr)

where m is a constant. The solutions of eqguations 2.1-16a

and 2.1-16b are of the form

¢z
e

it

'4("”) (osmz' + g(m).Sin mz' 2-4-174

CCo)Lotmr) + B(n) Ko(me) 01— 17b

where I,(mr') and K,(mr') are Bessel functions of the first
and second kinds respectively; and A(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,(mr')sinmz' and K,(mr')sinmz', and so
their coefficients must be zero. Hence the complete solu-

tion of equation 2.1-14 has the form of

Vir ) =j Ay L, (me) Gs mz'dm + ]B(m)Ko(mrﬂ(umz'Jm 2118

L]
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The potential function must satisfy the condition expressed
in equations 2.1-12 and 2.1-13. Thus using the Weber-Lip-

schitz representation of the Bessel fuction:

]
Volri2) = Ra I - Rel Jfﬁ(mw)ﬁmmz'Jm 2.1-18
2
4ralrt ez 2ra J,
The function V; , being finite and continuous through all
space, cannot contain K,(mr') which becomes infinity as r'

goes to zero; therefore equation 2.1-13 is satisfied if

Blw) = Rel ol U 2 - JA(muzo(mr')mzum
2r*aq .

Therefore the potential within the borehole is

[} 21 —-20

Valr. 2') = .@.‘é_z JKo(mr')(osmz‘dm + JA(m)Ia (o) Gos mz'd 2.1-21

n*a | .
In the formation, the potential cannot terms involving
I,(mr') which tend to become infinite for large values of r',
Therefore, the potential in the formation is:

V(' 2') = B(m) Ko (mr) (os mz' cdm 2. 1- 21

]

Making the following substitutions:

Clm)y = 9:%.}9 Alw) 2:1-234
D) = 2%;? B (m) 2.1-23b

Equations 2.1-21 and 2.1-22 can be re-written as °

V‘S (r" 2-) = —‘Q——B—I JNKO(MP')&H’"Z'(J’TJ +/26n)fc(mr‘)Jm] 2.1-24a

»
<

)]

T

f
N

il 2) = RL [ be) Ko () Gamz'edm N

P

LN
N

Jo
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From equation A.7 in appendix A, we have

P FIN z'=z an el R'=2& = K, A4-25
A

Substituting the above into eguations 2.1-24a and 2.1-24b
and noting that A=l for the borehole £fluid, the potential

function within the borehole and the formatiom are

%[flz) = EE:Z:[]?(D("")CMMZO/M +‘/C(}n)f;(mr)(&3m20/m] 2-1-2¢éq
Q”La P (4

Velr 2) = _ezz:-—j B(e) 1Ko (f'"’"/'\> los mz Am 2.4-2bb
APAU S,

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

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

= 2.4-27a
%(kz)/r , = V;(%Z)/r=1
and ) s
AL dVL[r.z) = L dVF(f'z } 9_.1-3
Ke dr //':1 Q“ ()r (=4
For eguation 2.1-27a this gives
Ko Ko(m) + Ko CCn) T, (m) = B ey 1 (mIN) 0.1-2%
A
Making use of the Bessel function identity:
I-a'/X) = I.0) ) Kol(x) = = Kyl 2-4- 29

where the prime quantities 1indicate complete derivatives of

the corresponding Bessel functions. The potential gradients

become - [ )
J‘/B(f'Z) — é—!—f[:"(j.(mf)'f'C(m)li[mfﬂadmz.mo/'n 2.4-30q
df' Qn’a °
and 1o 30b

éﬁgi)=.££~fzbhﬂﬁﬂwMﬂkmmen
Jr‘ ;2,,’,\0 °
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Equation 2.1-27b requires that

Y dl{(r.z)/ _ 1 dVe(rz) 2 t- 34
/ég éf r1 éu a" r=1

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

Cemy [om) — i) = - QA@ Ky (m/a) 24-32

Solving equations 2.1-28 and 2.1-32 we obtain

RA 4o, (m) Ko(min) — Ko (m) K (mIA)
C(m) = LY s g3

-

A%’l Lim) KelmA) + T, (m) Kl miA)
é

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

oy
l/5(f'2)/ = LA z +‘j C(m) (o2 m2 o/-] 2.4 - 34
r=o 2n%a 2z .

2.1.1 Normal resistivity log.

In normal resistivity logging, a low frequency alternat-
ing current is sent through the formation via current elec-
trodes C, and C,(fig. 2.2) thereby creating an electrical
field in the surrounding media. C, and C, are assumed to be
wide apart so that the effect of their electric fields on

the other is negligible.
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C,,C, - CURRENT ELECTRODE

P, ,p, - POTENTIAL ELECTRODE
P - POWER SOURCE
V - POTENTIAL MEASURING DEVICE
L - ELECTRODE SPACING
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L

Figure 2.2: Schematics of normal resistivity tool.
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The apparent resistivity Ra measured by the normal resistiv-

ity log is given by

Ly = A4rlVelos) SR
I
making the substitution z = L/a in equation 2.1-34 we have
b = Rs + 2L | (BB (mKe(mln) = Ka(m)i<a(min)
Ta

%LMQ®N+IHWQWﬂ

= Kﬁ + @ﬁE . F | Al l=2
Q
where F is a function of the macro-anisotropy \ , ratio of

the mean resistivity of the surrounding rock formation R to
the borehole fluid resistivity Rg and the ratio of the elec-
trode spacing L to the borehole radius 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 electrode spacing to borehole radius.

For electrode spacing small compared to the hole diame-

ter,i.e L/a very small -

o0
g_}{: C(m)CosmL O}"‘ — O 2-0-1-3
i - .

4
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and the apparent resistivity Ra approaches the borehole
fluid resistivity. For electrode spacing very large com-

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

shown that
421- 4— ( L) |-
_l___. D ( (m)(b‘f m/_ Jm —— é 2 -4

The apparent resistivity }s 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 1is 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.

Resistivity of the formation.

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 ctonstituent
minerals in most rocks. The conductivity of water bearing
fracture zones will depends upon the quantity and distribu-

tion of the water within the fractures.
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At low concentrations of water the effect 1is 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 1less sensitive
to surface effects and more dependent upon the conductivity

of the water held in the fractures.

Macro-anisotropy.

The variation of micro-anisotropy with Ra/Re has been in-
vestigated by Kunz and Moran(1958). For a given R. /Rg ,
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 similar. Campbell(1977) studied the relation between
the macro-anisotropy coefficient and resistivity contrast
between the different formations. The results for a se-
quence of interbedded layers with different resistivities
are shown in fiqure 2.3. The parameter f represent either
£, , the fraction of the total thickness having resistivity
Pior f,, the fraction of the total thickness having resis-
tivity g - The macro-anisotropy increases with increasing

2

fraction of the more resistive bed.
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Figure 2.3: 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 , or £,, the fraction of tota-
tal thickness having resistivity . Thus to find values

appropriate for, say, £,=0.8, we use the curve for f=f,=0.2

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

Resistivity 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 the
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 log

The focused-beam are a family of resistivity tools which
use focusing currents to control the path taken by the meas-
ured currents. Schlumberger's laterlog 7(Doll, 1951) shown
in figure 2.4 can be used to illustrate the principle of the

focused-beam devices.

At the center of this seven-electrode array, the main
current electrode A, emits a constant measured current I,.
Symmetrically arranged around A, are two pairs of potential
electrodes, M M' and N N' . At the end of the array are two
more electrodes, A and A' which are equidistant from A,.
The focusing current from A and A', I is continuously varied
in such a way that the potential difference between elec-
trodes MN and M'N' is zero forcing I, to flow in a narrow
disc horizontally outward into the formation. For a homoge-
neous medium the shape of the current beam and the value of
the I is constant. In the presence of inhomogeneties, the
value of I will change and thereby changing the potential at
N but not the shape of the beam I,, since a zero potential
difference still exist between electrodes MN and M'N'.

Review of Theory.

Consider a Laterlog 7 array, with its electrode lying in
an infinite homogeneous medium with A, as the ~origin and
electrode spacing a,b and c(Fig. 2.5). The potential at N

can be expressed as(Jackson, 1981):
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Figure 2.4: Focused-beam log in a fluid-filled borehole

(After Jackson, 1981).
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Figure 2.5:

Focused-beam log in a homogeneous medium.
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l/(O.N) = RIo -+ RI»/: _1__ e _-1-__ a2 -1
4x AN A AN A'N

where I, 1is the value of I for a homogeneous medium. For a
general point (0,z) on the axis, the potential 1is given

by (Jackson, 1981)

Vie z) = ﬁi[opfo,z) + E/o,z)j 2:0-2-2
4 -

F(0,z) and E(0,z) depend on the relative position of the po-
tential electrode (0,z) and the current electrodes A,, A and
A' (See appendix B for derivation of F(0,z) and E(0,z)). The

potential at M(z=b) is given by

(//o, 5) = _@/ 1, F(o, b) + IH E (o, AJ} 2.0.2-3
41

Similarly for N(z=b+c)

\/(O’IHC) =f—{LF(0»6+c)+ IHE(O,b—fc)J 212~ 4
T

For zero potential difference between M and N,

I F(ot) + IoE(ob) = T Flobec)s [, E(o b0c)

Viob) = l/(o,é+¢) ] 2.1 2-5
giving
I-H = Io F(O,bﬂ‘C) - F(O,é)] 2.1v2-é
E(O, 6) - EC‘J,A+¢)



Then
V(O' ") = @iﬁ —/:‘(o,a) + F(O‘hc)h Flo. b) e
41 £(o.b) - E(O, byc) E (O‘ °) arast

hence the resistivity of the homogeneous medium is given by

R = L/(O'b)' GF 2:1.2-%
I,

where the geometrical factor GF is given as

4

Flob) + F(o.uc)-/:(c.b)}m b) ¢ 2= o
E(o.b) —-E(O,Mc)

GF =

Hence the geometrical factor depends only on the electrode
arrangement. Now consider the Laterolog array in the pres-
ence of a borehole(Fig. 2.4). The notations are the same as
used in the case of the normal resistivity log. The poten-
tial at M is given in appendix C, by sum of the effects of

three current electrodes as

Voo (0) = RaL[Flob) s TE@)+ FlA, &0 c)

4ia
where 2.l 2- 10

7. - LI,

and

FlA £, by d') = Jn[jam)@mb;/m + Z/c(m)z&m(cw)
¢ lon(aviced)] amjl
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where
b= AM =AM, C'= MN = MN', d=NA=NA4

Thus from equation 2.1.2-8 the apparent resistivity Ra is

given as

Ra = 4ﬂ'baonn'(hj

I, [F(O.b') + F/o,b'+c')- F(OIA')}E(O’ b')]

202~

Elo.b) - £ (0 b's¢')

Hence, the focused-beam log 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 formation rather than spreading out vertically, the ef-
fect due to 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 1length
AA' (80'')(Schlumberger, 1972).



33

2.1.3 Single-point resistance log.

In the single-point resistance logging, a low alternating
current I, is driven through the ground between an electrode
A in the borehole and a surface return electrode B(Fig.
2.6). The amount of current which flows in such a circuit

is given by

J = £ Ret 31
ng + 4‘1

where 2R; is the sum of the resistances of the various com-

ponents of the recording equipment and R, 1is the grounding
resistance of the electrode in the borehole. The grounding
resistance is proportional to the effective resistivity, fm,

of the formation close to the electrode:

é@ = 7. /g 2.0.3-2
where T is the geometric factor of the single-point resis-

tance electrode. Thus eqguation 2.1.3-1 becomes:

L = E
—_— = _£E 7./ 5.
2R +T ) /3-23

hence the current will tend to increase in the zones of low
effective resistivity and decrease in the zones of high ef-
fective resistivity. This current is measured under a con-

stant applied voltage and recorded as a resistance curve.
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A
Figure 2.6: Schematics of a single-point resistance

logging tool.
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Review of Theory.

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 shells(fig. 2.7) if we replace the formation
with an equivalent isotropic formation. The shells 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 (Dakhnov, 1962)

2-1.3-4

pT:Léé -L__/.)+ R 2,
Aro\ fe U 470 R + 1
where R' is the resistivity of the equivalent isotropic for-
mation, R 1is the resistivity of the borehole fluid and re
the radius of the electrode. For a spherical electrode the
geometric factor is 1/4nr., hence the effective resistivity

measured by the single-point electrode is

4 = é - 41rre/& -L)—-_'_@.WF/Q
- 4m\re)  4na el 1

-4 [1e 2e )]

21 3-5
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Figure 2.7: 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 2.1.3-5 we have
/Q 2. 1-3-¢
fo x Re

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 would also fail to reveal many details
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 (fig.4.3) 1is rather featureless even though
the focused-beam 1log detects fracturing within this inter-
val. Unlike the fracture zones at 90-150m and 267-272m,
this interval is characterized by very high background re-

sistivity value.
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The absence of fracturing on the normal and the resistance
logs may be attributed to the large resistivity contrast be-
tween the formation within this interval and the borehole
fluid. The mean resistivity of the borehole fluid is about
52 {1 -m whiles the formation resistivity for this interval
is in the order of 1000 L1-m. This gives a resistivity con-
trast of the order of 1000 L -m which may be large enough
to alter the path taken by the measured current. It is also
realized that the resistance ‘log is capable of detecting

only the abnormally low resistive zones.

2.2 SPONTANEQUS POTENTIAL LOGGING.

Spontaneous potential 1logging consists of measuring the
potential generated within the formation penetrated by the
borehole. The tool uses a surface reference electrode N
(fig. 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, liguid-junction and mineralization
potential. The causes of these mechanism are discussed in

the following sections.
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MN - POTENTIAL ELECTRODE

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 liguid of viscosity 1 and electrical resistivity
f> flowing under a pressure difference Ap with a velocity v
through a capillary with a raduis r and length 1. The

electrokinetic potential is given as(Dakhnov, 1962)

E = & %/OAP .2',2-1“1
+1 L

where € is the dielectric constant of the liquid; £ 1is 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 zeta 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 zeta
potential and the pressure drop. The magnitude of the zeta
potential is determined by the properties of the adsorbed
ions. Not enough is presently known about the behavior of
P $ and 1 in the pores of rocks to allow direct calcula-
tion of the electrokinetic potential but the factors affect-
ing the electrokinetic coupling, E/A p, has been investigat-

ed. Tuman(1963) obtained E/A p values of about 150mV/atm to
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390mV/atm using 5000 -m distilled water in porous sandstone,
and about 15mV/atm using 4.4O-m water. Ahmad(1964) ob-
tained E/Ap values in quartz sand ranging from 50mV/atm for
24 O-m pore fluid to about 2400mV/atm for 2700 {-m pore flu-
id. Ogilvy et al.(1969) found the value of the streaming
potential to be considerably dependent on the permeability
of the rock. This experiment also revealed that there is an
optimum permeability value which yields a maximum streaming
potential. 1In fractures, streamimg potential is believed to
be the major contribution to the spontaneous potential ano-
mally(Aguilera, 1980; Ogilvy et al. 1969). However, the
factors affecting the origih in such 2zones are not yet

clear.

2.2,2 Liguid-Junction Potential.

Liguid-juction potential is generated as a result of dif-
ference in mobilities of various ions in solution of differ-
ent concentrations. Its value is given by(Telford et al.,

1981)

E. = GQ(L’“‘}C) log (ci/c) 2:2:2-1
Fn(I_a+Lc)

where G is the gas constant(8.31 J/ C), F is the Faraday
constant(9.65*10¢ C/mol), 6 the absolute temperature, n the
valence, 1Ia and Ic the mobilities of the anions and cations
respectively and C;, C, the concentrations of the of the

different solutions.
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In sedimentary formation, 1liquid-junction potential is be-
lieved to develop at the interface between the fresh mud
filtrate in the invaded zone and the saline formation water
beyond the invaded zone; 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 1liquid-junction potential in crystal-
line rocks has not been reported. This may be due to the
fact such rocks normally contain very little fluid in their
pore spaces to stimulate an appreciable liquid-junction ano-

mally.

2.2.3 Mineralization Potential.

Mineralization potential is generated at the surfaces of
minerals such as pyrite, pyrhotite, chalcopyrite, chalco-
cite, magnetite, covallite and graphite. The mechanism of
generation is not completely understood but it 1is 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 sponataneous potential- formation in
crystalline rocks has not been extensively investigated. It
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
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of quartz glass plates and found out that a positive
potential exists at small pressure gradients(0.003-0.03).
With an increase 1in pressure gradient, large and negative
potential values are observed. The absolute value of the

potential 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-5 to URL-3. Permeability
values range from 1*10-'? cm/s for portions of the rock
which contain no visible fractures to 1*10-°® cm/s for some
highly fractured zones. Chémical 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(Wyllie, 1957). They arise basically be-
cause of the great affinity of the clays in the borehole for
divalent ions. Alsc 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-

lined above.
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2.3 NEUTRON LOGGING.

The neutron log 1is 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-
terials in the formation is large, most of the thermal neu-
trons are captured within a short distance of the source;
otherwise the thermal neutrons will 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 following theoriticél studies a
gamma ray detector is assumed.

Review of Theory.

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 followed.
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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
flux calculation. The inner cylinder represents a borehole
of radius a containing water. The outer cylinder represents
the effective radiated formation of radius b. Assume a
point source of strength 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 cylinders is assume
to be 2h. The neutron balance eqguations for the two regions
for the fast and thermal neutrons can be expressed as fol-

lows (Morse, 1977):
D,y Vibia(az) - Gu(2) 20 + Slnz) =0 oLre 23-La
s vzd)an (r2) = Qulcz) Z:m + Qua(ez) 2, = 0 olria 2-3 -1k
B Viulaz) Geliz) 21a =0 Qérib 23-1e

Dae \72@;(01) ~ (pze/"z) Z:zs + d);e(ﬂl)z.m« =0 laé. réb 2.3-1d

where
S(r,z) = neutron source strength per unit volume.
D = diffusion coefficient.

it

neutron flux
denotes fast neutrons. -
denotes thermal neutrons.

denotes the borehole region containing water

w > N

denotes the effective irradiated formation
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Figure 2.9: Theoretical model for neutron flux calculation.
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Laplacian operator.

macroscopic removal cross-section for fast to

thermal energy

zﬂ.

The boundary conditions at r=a are

macroscopic thermal absorption cross—section

(i)The neutron flux must be continuous.

q)m + q)zn = (pie + CPZ&
(ii)The current density must be continuous.

blA Cbﬂ_h + D.m(bzk = b1-6 Cbﬂ» + bﬂ-& d)_zg

Title and Allen(1966) gave the solution of equation 2.3-la
through 2.3-1d as follows:
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Equation 2.3-5 1is 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 1is determined by the slowing
down length of the fast neutrons in the borehole Ly, and in
the formation L,,, the thermal neutron diffusion lengths in
the borehole Ljs and in the formation L,g. The slowing down
length 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 relative mass of the
nucleus with which the neutron collides. The greatest ener-
gy loss however occurs when the neutron strikes a nucleus of
practically equal mass i.e hydrogen. Hence L4g 1is 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 1is called thermal neutron diffusion
length, 1is 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.



TABLE 1

Neutron capture cross-section for some common elements in

granite(Telford et al. 1981).

ELEMENT CROSS-SECTION (BARNS)
HYDROGEN 0.330
OXYGEN 0.002
SODIUM ' 0.530
MAGNESIUM 0.270
ALUMINIUM 0.230
SILICON 0.160
POTASSIUM 2.100
CALCIUM | 0.430
IRON 2.600
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In sedimentary formation, the neutron 1log 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 well as the thermal
neutron diffusion lengths. The log therefore measures the
porosity of the formation. 1In granite the situation is dif-
-ferent. 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. Also, 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 1in this case will be
very shallow. For closed fractures a determining factor may
be the thermal neutron absorbing capacity of the fracture

infilling material.
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2.4 DENSITY LOGGING.

The density log measures the formation density. The tool
consists of an energy source which 1is either cobalt 60 or
cesium 137 and two detectors(fig. 2.10). The long-spaced
combination measures deeper into the formation whereas the
shorter spaced set up 1is 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 the 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 Rays with matter.

Gamma rays interact with matter through three main pro-
cesses., These are:

a) Photoelectric effect.

The gamma ray losses all of 1its energy to a bound atomic
electron, Part of the energy is used to overcome the bind-
ing forces to an atom and the remainder appears as the ki-
netic energy of the electron. For the main rock-forming el-

ements, that is elements with atomic numbers between 1 and
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20, photoelectric absorption is the dominaﬁing factor in the

low energy range (less than 0.02MeV) (Danes, 1960).

Mud Cake
(Pmc ' hmc:“

Short S.;;ocin
Detector

Figure 2.10: Schematics of density logging tool(After
Schlumberger, 1972).
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b) Compton scattering.

The gamma ray is deflected in 1its 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 1MeV.

c) Pair production

The gamma ray is annihilated near a nucleus 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 electron rest mass 1is 0.51MeV, pair
production cannot take place unless the gamma ray energy
originally was larger than 1.02MeV. At about 10MeV, pair
production is the same order of magnitude as compton scat-
tering and at 100MeV it becomes the dominating factor
(Danes, 1960). Hence it is essentially a high energy pro-
cess.

Review of Theory.

The migration of gamma rays through a formation can be
studied by the stationary-state Boltzmann transport equa-
tion. This equation of continuity expresses the equilibrium
existing in a six-dimensional photon phase space of volume
element dr=dVAQdE. A phase space is a six-dimensional space
wvhose coordinates are the three ordinary spaée coordi-
nates(x,y,z) and the corresponding three components of the

momentum. For a photon in a homogeneous medium, Tittman and
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Wahl(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 AL at a dis-

tance r per unit time F (n.E) &g

n-VF(rn,e) + ZT(E)F(r._Q.E) =

_Q.

24— 1

Here E is the gamma ray energy, Z;.the total macroscopic in-
teraction cross section of the medium at energy E, S(r, 0O,E)
the distribution of photon sources in phase space, 2s is the
macroscopic cross section for scattering from the direction
()" into N and simultaneously from energy E'into E. The
first term accounts for the transport loss rate of photons
from a volume element AV in configuration space, and the
second accounts for the collision loss rate from a photon
phase space of volume dt= dVdQ.dE. The integral expression
is a measure of the rate at which photons from all points in
phase space are scattered into d{LdE; and S(r,(),E) is the
initial rate of photons in dT. To obtain an expression for
the current density per unit area, equation 2.4-1 is inte-

grated over {) . This gives(Tittman and Wahl, 1964)

Voi(ee) S () (eE) = | $(ne) Za(emede's Sire)

= 2 4-2
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here f(r,E)'Elg(r,fl,E)dIl is the number of photons per unit
time in dE crossing the surface of a sphere of unit cross
section at r and j(r,E)EJﬂF(Ir.ﬂ,E)Aﬂ is the current densi-
ty. An approximate solution to eguation 2.4-2 can be ob-

tained by integrating over E. This gives(Tittman and Wahl,

1964)
Eo
V. TC) J I(rne)Sale)de = SG) s
where
G Ej jlrne)de
and

S6r) EJ S(re) de

If it is assumed that f(r,E) is seperable into a function of

distance, f{(r) and a function of energy, f,(E), then

}(P.ES = 4%(?)4;(@) 2:4-4

and if Fick's law holds,
J = - $>Y7-¥1(V3

then equation 2.4-3 reduces to a stationary-state diffusion

a-4-5

equation(Tittman and Wahl, 1964).

Vi) - S2a) L) = $6) 2426
D
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or K71§L<}q . J_i(r) — - .S(f) 2:4-64

L= L.

Eo
here <ZQ>EJf1(E)§q(E)dE is the macroscopic absorption cross

section aver;ged over the energy spectrum of the flux such
that fi(r)<§L> is the total absorption rate per unit volume
at r, and L={D/SZ,) is the diffusion length and D is the
diffusion constant. The solution of equation 2.4—65 is of

the form(Tittman and Wahl, 1964)

4

_ L - )
{(r) = S . ¢ - S e 2 4-7
b 4yr b r
where L= K// , and /2 is the formatiom density and K is a

constant of proportionality. Equation 2.4-7 describes the
qualitative properties of most density logging tools; that
there is an approximate exponential dependence of the tool
response on the bulk formation density. This relation is

the basis of operation of the density log.

The total cross-section for the interaction of gamma
rays with matter 1include all processes by which gamma rays
are lost from a beam on transmission through matter. It is

defined by(Danes,1960)
- - _ O X
1= 1.@e 2 4-¢

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 effect ., compton scattering
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(s and pair production (e .ie
0p = Ope + Ocs + Ot 241

In density logging the source energy is about 1MeV, suffi-
ciently low enough to effectively eliminate 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 total 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 E4 of the formation. The relation
between the electron density Ed and the bulk density»@ is

given by Tittman and Wahl(1964) as

Ea = N (2/A) 2, 2-4- 10

where N, is Avogadro's number(6.03*102° per mole) and (Z/A)
the ratio of the number of electrons per atom(or molecule)
to the atomic(or molecular) weight which is assumed to be
0.5. For most reservior rock types for example limestone,
dolomite and sandstone, Z/A is close to 0.5 and the relation
between bulk density and electron density is apparently 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 logs are cal-
librated in a water filled limestone, the error is removed.

The Z/A ratio for some of minerals identified by core analy-
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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 appreciable.
This error may be corrected if the chemical composition of
is accurately known. Perharps the best procedure to cor-
rect these errors is to utilized density values from core
analysis. Another phenomenon that might introduce error is
the gamma rays produced by the natural radioactivity of gra-
nite. Potassium(K40) 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 the response of
the density log in fractured zones will depeﬁd on the elec-
tron density of the fracture infilling materials. Heavy el-
ements because of their large electron density will generate

increased gamma count at the detector. Fluid saturated
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fractures would generate low gamma counts due the light ele-

ments, hydrogen and oxygen.

2.5 SONIC LOGGING

In sonic logging, the travel times of acoustic waves 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-filled borehole: two (P and S) head-
waves and two quided waves. The first of the head waves 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 wave begins as an S wave pro-
vided the shear wave velocity of the formation is higher
than the compressional velocity of the borehole The quided
wave include reflected conical wave(Biot, 1952) or pseudo-
Rayleigh waves(Cheng et al. 1981). This wave decays radial-
ly away from the borehole wall in the solid and is oscilla-
tory in the fluid. 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 1is the shear velocity of the formation. The
other quided wave is a tube wave which propagates along the
borehole wall. Its amplitude decays exponentially away from

both sides of the fluid/formation interface.
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Z/A ratio for some of the common minerals in granite

MINERALS z/A
CALCITE 0.49956
WATER 0.55506
LIMONITE 0.48732
CHLORITE 0.50370
QUARTZ 0.49925
BIOTITE 0.49288
ORTHOCLASE 0.49560
ALBITE 0.49570
OLIGOCLASE 0.49620
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The pressure response in a fluid filled borehole at an
axial distance z and radial distance r due to a point source

(fig. 2.11) is given by (Tsang and Rader, 1979).

Ple.zt) = BR[| x(e ™Yu | AT (ker)e k.  as-1
41

) -
where P,R, is the amplitude related to the source, w is the
angular frequency, X(w) .1is the source spectrum, J, is the
Bessel function of the zeroth order, k is the wavenumber in

the z direction, k¢ is the wavenumber in the radial direc-

tion in the fluid given by
krz = ..(é_).l —_ kl
i
and A is given by

foka P (kea) + aH (o)
fokea Tlkea) + £ T (x.a)

A

where ‘ C . |
28~ (-2)HECa) | AR (¢ )
§1 = Mm ar k@o%hm(kfkd afhm(KGM
and z
fa = Ky w* ke
X
with
c Yo, - s
k:) = (R: ~ l<z) : K r(s> _ (ks D )
; S -
“ = w ) Kk, = w*
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where Ha , Hn and ﬂm are the shear modulus, P and § wave ve-
locity of the formation respectively, K; and A¢ are the bulk
modulus and P wave velocity of fluid respectively, H,(kra)
is a zeroth-order Hankel function and H,(k;a) 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 seperate the various
componets and analyzed them to gain further insight into the
physical mechanism that control the propagation of these
waves. Power spectrum analysis revealed that both normal
modes and head waves are influenced by the presence of lat-

erally confined fluid in the borehole.

In sonic logging it is only the compressional headwave
which is monitored. The theoretical predicted arrival time

is simply given as

t. = £ Ra Cos Be 2.5-2
Am o(_;

here s (o4

The interval time A+, 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

A — Vax = /rkm-+0h)“m' 2.5-3
At p
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where Km and ﬁm are the bulk modulus and density of the for-
mation respectively. Hence, the 1interval transit time is

related to the elastic properties of the formation.

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. Hajnal et.
al.(1983) found in borehole measurements carried out under
low lithostatic stress condition that the ratio (VF/VL):?
where VF and VL are the in-situ velocity and intact rock ve-
locity respectively, decrease linearly 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'Connell and Budiansky (1974) used a self-consistent ap-
proximation to calculate the effective elastic moduli of
s0lid 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
energy, @ ' of the unfractured body, 1is related to the

isothermal potential energy, (@ , of the fractured body by

5) - (ﬁ + A(ﬁ 2.5-1-1

where Zl@ is the potential energy change due to insertion

of fractures. Approximate values of the effective elastic
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constants of the fractured body 1is obtained by means of
plausible estimates for various loading conditions, The

fracture(crack) density is defined as

<QN < > 2:5:.1=2

where A 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
3
e = N<CS?*) 2:51- 3

It has been shown by O'Connell and Budiansky (1974) that 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 2.5.1-2. Hence
only circular fractures will be considered with the under-
standing that the results may be used for fractures of other
shapes. O'Connell and Budiansky(1974) estimated the effec-
tive elastic constants for a fractured body under different
physical conditions. For dry fractures or fliud-filled
fractures in which there is a bulk flow of fluid out of, or
into, fractures resulting from changes in fluid pressure in
the fractures, the effective elastic moduli are given by O'-

Connell and Budiansky(1977) as

1—v* G _ 1 — 22 (I—V)(S-V)e
K T € - 45  (2-V)
K o= = ya li-ay
Ko
v o= v o+ 32 (\—-V‘)(\_:zv)é 2-5-1-4

45 (2-9)
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where K, G 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 saturated fractures in which shear stresses in the
fluid relax completely, but no fluid is able to flow out of

any of the fractures:

" d 82 (1=
= = 1 5 ?; - 1- 752“(2—7)

2-51-5
Vo= v o+ 32 (1-73(0-29)

45 @-9)

The changes in fluid pressure may not be the same in every
fracture. This case is known as 'saturated-isolated'. For
the case of partial saturation, O'Connell and Budian-

sky(1974) gave the fracture density as

45 (an) (Q‘V) 2.5-i-€

e (1=5)  [ra0+3v)@-Y) -20-2v]]

& =

where % is the saturation fraction. The effective elastic

moduli are

A R | (I-—VZ)(""Z)E
= - Iz (1 - 2v)

2.51-7

Qe

- 1 - za.(f—v)[-—w é-_]é
45 2-Y
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There is an additional case which is intermediate between
the 'saturated 1isolated' and the 'dry' case. If all the
fractures are in communication with each other, but no fluid
flow 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(1977) as

| ) 5 - 1 - égO—VMSNQé 2.51—§
K G 45 (2-Y)
where ‘ N
N (!—V')(!OV— 3vv'-V')
Vo= - é
45 (2-v')

here V has been changed to V' because it is no longer the
effective Poisson's ratio of the bulk material. The effec-

tive Poisson's ratio for the bulk material is

\-7 = (1“‘\/)72/1( — <1~—.2V)G—/6’ 2.58.1—9

2(L+V) Rl + (1-2V) &G

The seismic velocities within the fractured material for any

particular case is given by

T-w(E) L U-uEpetE]

(vl ®

2.5.1~10
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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 wviscous fluid in a permeable medium. These ef-
fects are described by O'Connell and Budiansky(1977) in
terms of linear 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.,1-7 are modified to

|
N
@O
il
—
|

2 Gl
| 2:5.4- i

1
where V is the root of

vi = Vv 4+ E(:%a)[Q(PQV)C*CQ"V')(‘”VM]&

45\ 2-
where

D = [-cd uu./w] ‘El- L’dm{w]

with ~
q I-QV) l - . =
d = l—é | =V \—v G_
and
C = ELQW;{W] [\-—L@uh{uu]
with
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where W and W2 are the characteristic frequencies. For

closely spaced fractures having many intersection:
3 ,
k\[ <& ~(G\/C -
o GG e @E) e

where c/a is the aspect(thickness to diameter) ratio of the
fracture, W, 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 'glue' case in which fractures have
no effect on the moduli to the 'saturated isolated' case.
For water saturated thin fractures, seismic and laboratory
elastic wave velocities correspond to a state ranging be-
tween 'saturated-isobaric' at frequencies in and below se-
ismic range and ‘'saturated-isolated' at high fregquen-

cies(0'Connell and Budiansky, 1977).

2.6 SOME IMPLICATIONS 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 wave propagation. . While the
velocity of the shear wave 1is not significantly affected by
the presence of water its amplitude is greatly attenuated.
Gratsinskiy et al.(1968), in a laboratory experiment, simu-

lated fractures with gaps in a steel block and found out
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that the shear wave attenuation was greater than that of
the compressional wave and also the amount of attenuation
increased with fracture opening. The water in fractures
reduces the friction coefficient which exist within the
fractures, facilitating relative sliding across fracture
surfaces and thus increasing the attenuation(Johnston et
al,,1979). Paillet and White(1982) studied the acoustic
modes in a borehole and demonstrated that the amplitude as-
sociated with shear and tube wave anomalies could all be
used to recognize hydraulically significant fractures. Am-
plitude 1logs that are constructed for wells penetrating
fractured formation and a qualitative estimation of effec-
tive fracture width on the acoustic borehole televiewer log,
suggest that tube wave amplitude deflection is roughly pro-

portional to total fracture aperture.

Vertical seismic profiling affords an unique opportunity
to study the seismic wave attenuation, since the measurement
allows a propagating seismic wavefront to be analyzed in
real earth conditions. Hauge(1981) used the spectral ratio
method to extract attenuation information from VSP data. 1In
the this method, seismic wave attenuation is assumed to be a
linear function of frequency. This relatiqn can be ex-

pressed as

A = G AGIen® et

where f is the frequency, Gz 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; A, and A, are the ampli-
tude spectra of the downhole pulse recorded at depths Z, and
Z, respectively. The exponent, Bz, 1is the cumulative se-
ismic wave attenuation between the depths Z, and Z,. 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 accurate measurements of the amplitude

associted with shear and tube wave anomalies.

2.7 GAMMA 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 elements. 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-log normally reflects the shale content. This is be-
cause the radioactive elements tend to concentrate 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 feldspar 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 1in the chemical
composition of the rock. Altefation of felspars to zeolites
have been noted(Keys, 1979). Also there is the possibility
of uranium being preferentially concentrated in fractures
because of its higher mobility under oxidizing ground-water
conditions. These therefore suggest that the use of gamma-
ray spectroscopy may provide a better means of locating
fractures in granite. The conventional detectors record the
total gamma count which might not show a considerable varia-

tion in granite.

Compared to the neutron log, 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-filled fractures
depends on the level of radioactivity in the water which is
controlled by chemical reactions such hydrotherhal altera-
tion and oxidation. When used in combination with the den-
sity log, the neutron log can be useful in identifying min-

eralized zones.
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2.8 TEMPERATURE LOGGING.
The temperature log measures the ambient temperature in the
borehole. The geothermal gradient " is related to the
quantity of heat H flowing through the formation per unit
time, the thermal resistivity T of the formation and the

temperature, T, in the borehole by the relation

= df _ HT 2.8-1
oz
dr : .
where 7z 1s the geothermal gradient. Hence 1if thermal

equilibrium exist in the borehole, the geothermal gradient

is related to the lithologic 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 (Birch, 1947). Fractures which are open to fluid flow
may cause a temperature anomaly whose polarity will depend

on whether the fluid flows out or into the borehole.

2.9 CALIPER LOGGING.

The caliper 1log uses a mechanical device with movable
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 drill bit but are often en-
larged by fracturing and caving that results from chemical
and mechanical reactions of the drillpipe and drilling 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 determines the
vertical resolution. The smaller arms have better vertical
resolution. The number of arms on a caliper log, determines
its response to the shape of the hole. 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 greater 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 I1I1I

INTERPOLATION OF WELL LOG DATA.

Geophysical well log data are sometimes recorded at un-
equal spaced points but because most data processing tech-
nigues require the data points to be equally spaced, we re-
sort to interpolation to convert the unequally spaced data
into equally spaced data. There are a variety 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 log data is also investigated.

3.1 LAGRANGIAN INTERPOLATION METHOD.

Suppose that we are given N+1 data pairs (x,y,),
(x:,¥:))e00eeeee.(xyyy) representing N+1 points of a func-
tion y=f(x) where the explicit form of f(x) 1is not known.
The x; (i=0,..,N) are assumed to be distinct values of the
independent variable x. The Lagrangian polynomial Py (x) of
maximum degree N which approximates y=f(x) over an interval

I containing %,,%,,....X 1s given by Gerald(1980) as

_77_
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RG&) = ylr=x)x-xa)------ (x=x)
(xc,x.)(xo_xx)A .. .-(XO“XNX
(x=x)(x=X2) - - - -« - (X-Xn)
B O V2V S e
e e e e e e
g (x - %) (x=3) (=X Y (K= Xuar) o (X-XN)
N (X)) - - (o= X ) (X=X 1) - - - - (o - Xna)
-
+ N()(*KoB(X.'X:)““' e ()(" XN*‘) 3.0-1
(Xu=Xo)(Knu=x) < - - - oL (X =51 )

The error E(x) is given by Gerald(1980) as

| Po(x) = K-xe)le=xi) - (X-XNHW(ﬂ 3.1 -2
E(x) = 46 - b= Y
where the interval 1 lies between the largest and the

smallest of the x| 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+1l)st de-
rivative of the actual function f(x). For well log data,
precise determination of the actual function 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 well log data
using different number of points for the interpolation,

w(3,5,7,9,11). The wunequal spaced x-values used for this
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experiment was obtained from the sonic well 1log data.
Here, the largest and the smallest sample intervals are

0.051m and 0.050m respectively.

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 wW=1l. 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=11l. These results indicate that, in order to minimize the
interpolation error, no more than five data points are re-

quired for acceptable interpolation results.
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ORIGINAL DATA

— ——— INTERPOLATED DATA

118.00  120.00

Fig.3.1:

w=3.

122.00  124.00  126.00  128.00  130.00  132.00  154.00
DEPTH (METERS)

Original and interpolated sonic well log data for
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ORIGINAL DATA

————— INTERPOLATED DATA

118.00

Fig.3.2:
w=11.

120.00  122.00  124.00  126.00  1¢8.00  130.00  132.00  134.00
BEPTH (METERS)

Original and interpolated sonic well log data for



Chapter 1V

CORRELATION OF GEOPHYSICAL LOGS IN GRANITE.

In the evaluation of potential sites for the nuclear waste
repositories, one of the requirements 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 disposal vault
could be carried to the surrounding environment. Igneous
rocks are relatively homogeneous and the ability of geo-
physical logs to detect such fractures will depend on the
petrophysical 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 batholith. 1In order to
obtain a quantitative measure of the agreement between the
various logs in detecting fractures, cross-correlation will

be performed for different pairs of the well log data.

...82._



83

4.1 NATURE AND DISTRIBUTION OF FRACTURE.

The histogram of fracture frequency at depth in the bore-
hole URL6, deduced from the borehole television log(Lau et
al. 1983), is shown in figure 4.1. Also shown in figure 4.2
is the same fracture distribution determined from core log-
ging analysis, Even though the number of fractures deter-
mined by these two technigues differ, the fracture pattern
are very similar, The formation is characterized by well-
fractured zones(fracture frequency greater than or equal to
20/5 but less than 50/5) between 97.85-100,08m,
113.19-114.72m and 265.03-272.42; and by six sets of frac-
tures with attitudes of 216° /20° NW, 136° /20° SW, subhori-
zontal, 38° /21° SE, 348° /24° E and 29° /36° SE. Open
fractures are defined as fractures with aperture and filled
fractures as fractures with infilling material. Partly open
fractures are defined as fractures that are partly filled
with infilling materials and have aperture. The common in-
filling materials are calcite, chlorite, hematite, limonite

and sulfides.

4.2 LOG RESPONSE

A suite of geophysical logs recorded in the borehole
URL6, is shown in figure 4.3. These logs include the cali-
per, density, normal resistivity(l6'' and 32''), focused-
beam, gamma, neutron, single point resistance, sonic, spon-

taneous potential and temperature logs.
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Fig.4.3: A suite of geophysical logs used to detect fractures.
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Caliper Log.

The caliper log(fig.4.4) measures fluatuations in the bore-
hole diameter. The spike at 270m coincide with an open
fracture. The filled fractures are not adequately resolved.
The wall of the borehole is generally rough; this may be at-
tributed to other causes other than fracturing. The step at
271.86m signifies an abrupt termination of the survey when a
blockade of the hole was encountered.

Density Log.

The density log(fig.4.5) measures the formation density. It
has a background value of 2.7kg/m® . Superimposed on this
background are two well defined anomalous zones; a positive
anomaly at 110-145.4m and a negative anomaly at 267-271m.
The positive anomaly indicates the presence of a high densi-
ty materials; core sample analysis indicate the occurence of
hgmatite and chlorite in this interval. The negative anoma-
ly could be due to either an open fracture or a low density
material.

Gamma Log.

The gamma log(fig.4.6) measures the natural radiocactivity of
the granite. The lack of distinct anomalies can be attrib-
uted to the fact that granite has the highest concentration
of the three naturally occuring radioelements potassium,
uranium and thorium and the total gamma count from these el-
ements may have partially overshadowed the anomalies that
might be present. There is also the possibility that the

water and other fracture infilling materials may contain
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some traces of radioactivity as a result of various hydroth-
ermal reactions. However, there is a remarkable variation
in the count rate between 110-140m which is in coincidence
with the density log.

Neutron Log.

The neutron log(fig.4.7) is used principally for delineation
of porous formation. Lower count rate are usually attribut-
ed to porous zones or increasing water content. It can also
be attributed to other minerals which are good absorbers of
thermal neutrons. Major zones with lower count rates occur
at 110-150m, 264-271m and 287.9-288.4m. There is a good
agreement between the neutron and the density log.

Sonic Log.

The sonic 1log(fig.4.8) measures the interval transit time
which is the reciprocal of the compressional wave velocity.
The oustanding features occur at 110-140m, 202,5-203m,
267-271m, 287.9-288.4m and 383.5-384.8m. These indicate
fracture zones. The anomaly at 110-140m is caused by the
high density materials.

Spontaneous-Potential log.

The spontaneous log(fig.4.9) measures the potential generat-
ed within the granite. It is rather featureless except for
some minor variations at 24,4m, 113.7m, 124.4m, 144.7m and
267-271m. These indicate permeable or mineral{zed zones.
The last anomaly in particular coincide with the sonic, neu-

tron and density logs.
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Temperature Log.

The temperature log(fig.4.10) measures the temperature with-
in the borehole. There is a general increase with depth.
The anomaly at 257.5-285m signifies an inflow of warm water.
Resistivity Logs.

The normal(16'' and 32''), focused-beam and the single-point
logs(fig.4.11-4.14) all measure the electrical resistance of
the formation. Granite has a very high resistivity due to
its low porosity. Anomalousvdeflections associated with
fracturing occur at 98-145m and 265-272m with the single-
point and the focused-beam logs showing the 1least and most
intense variations respectively. Petrologically, the gra-
nite penetrated by the by the borehole is predominantly com-
posed of a pink and grey granite which have characteristic
resistivity values. Core sample analysis has revealed that
except for the interval 118-120m and 225-245m, the tran-
sition between these two units occur at 280m. This can be
detected on the focused-beam log. The log has a background
value of about 70000 £2-m down to 240m; characteristic varia-
tions associated with fracture zones occur within 110-150m
and 208-220m. Below 240m, the resistivity begins a steep
decrease until another fracture zone is encountered at

265-272m after which the background drops to about 120.-m.
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4.2.0.1 Remarks on Geophysical Log Data.
The general correlation amongst the various geophysical logs
is quite impressive. Two distinct fracture zones can be de-
duced. These are located at 98-150m and 267-272m. The lat-
ter is characterized by a low electrical resistivity, low
density, low compressional wave velocity, low neutron count
rate, anomalous borehole diameter and temperature increase.
These observations suggest a permeable zone. The fracture
zone which occur at 98-150m is charaterized by variations of
the neutron, density, sonic and the resistivity logs which
suggest the occurrence of different minerals. It also ap-
pears to be a predominantly filled fracture zone with no in-
dication of fluid flow from either the temperature or the
caliper log. The spontaneous log however suggest that a

limited permeability may exist in this zone.

Apart 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 located at 202.5-215m
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 interval and the water in the borehole.
The penetration of the measured current of the normal log is
severely affected by large resistivity contrasts. Another

fracture appears to be located at 286.5-289.4m. This is



102
characterized by a low compressional wavebvelocity, a low

neutron count rate and a slightly high density anomaly.

4.3 CROSS-CORRELATION.

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, 1if the trends are re-
moved what remains is a time series describing the distribu-

tion of the fractures.

Review of Cross-Correlation Theory.

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;d¢, (i=1, 2, .........n)} where (x;y:) denotes
a pair of reading recorded at the ith position (depth di in
the well; the data have been ordered by depth, that is 4,,
d, ,....,dn The cross-correlation Cxr between X and v is

given by

Cov - i(xC-%)(w—G)
[ 207 5 (5i-37]

where . ZXC , E _ Z i
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The value of Cxy ranges from 0, when there is no correlation
to =1 when there is complete correlation. The expression in

equation 4.3-1 can be rewritten as

n N

_ (x;i-%)(9-3) - ZDXY 4.3-2
Cuv = [5(e-z7 Z(3c-3)]

where

be = (x;-—k)(-‘h— g)

[ji(kc—i)z ji(ﬁc"i)gl

:Dyy represents the correlation between X and Y as a func-

tion of depth.

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

dow size of data common to both logs.

4.3.1 Data.

Before the analysis is started, the following 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 was necessary because interuption of
field procedures and water salinity can result in artificial
waveform trends that are not related to the occurence of
fractures. The second assumption was to ensure that the

analysis is confined only to granite.

Because the correlation algorithm requires that the data
values occur at equal intervals, Lagrange's interpolation
method was used to obtain an evenly spaced data points at
intervals of 0.05m. To minimize the interpolation error,

three data points were used for the interpolation.

4.3,2 Trend Analysis.

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

(1) Background and Trend Y(x).

(2) Occassional fluctuation F(x) due to the fractures.

(3) Irregular fluctuation or noise E(x).

And the assumed additive model has the form

j(x) = Y(x) -+ F()Q + E(X> 4.3.9-1

A 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 the additive model we have

y(x) = /Q + /4')‘ + oo XD o+ B 4.3.9-2

where ﬁng are coefficients to be determined from the data.
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4.3.3 Analytical Procedure.
Different polynomials were fitted to each well log data, and
the coefficients of the polynomial which best represents the
trend was determined by the method of least squares. The
trend was removed from the data by subtracting the best fit
polynomial. Different pairs of the processed logs were
cross-correlated using equations 4.3-1 and 4.3-2 for the
following inter&als;
(1) 90 - 150m
(2) 267 -272m
(3) Total length.
The first and second intervals contain the two major frac-

ture zones.

4.4 RESULTS AND DISCUSSION.

The correlation results are shown in figure 4.15 through
4,25, Even though the correlation values can either be po-
sitive or negative, only the absolute values are plotted.
The correlation coefficients values for the total lenght are
generally low and except for the correlation of resistivi-
ty(16'')-resistivity(32'') and neutron-density, the values
are all 1less than 0.5, The caliper log correlates the
least with the other geophysical logs. It -must be empha-
sized that these values represent the global or total corre-
lation amongst the various logs. The correlation sDxy as a

function of depth, are shown in figures 4.26 through 4.77.
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These figures indicate how the logs correlate 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(fig.4.26), neutron and resistance log(fig.4.27)
and density and neutron log(fig.4.28). Notice also the im-
provement in the correlation of the resistivity(16'') and
gamma(fig.4.29), focused-beam and gamma(fig.34.30) and re-

sistance and spontaneous potential log(fig.4.31).

It is realized that the global correlation coefficient
values do not always agree with the correlation with depth
sDyy » For example the global correlation coefficient value
for the density and resistance log(fig.4.26) is 0.17 and
that for neutron and resistivity(1l6'") log(fig.4.32) is only
0.006, even though in both cases there is an almost one to
one correlation within the major fracture zones. The reason
for such descrepancy is that cross-correlation measures the
similarity between waveforms rather than the similarity in
detecting lithologic boundaries. As an illustration con-
sider two different logs Logl and Log2 (fig.4.78) with dif-
ferent response within the same stratigraphic section. The
value of the correlation coefficient is zero, yet so far as
the detection of fractures are concerned, there is a perfect
agreement. This observation suggests that the glébal cross-
correlation value might not always be a good measure of the

agreement between various
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CORRELATION OF DENSITY AND NEUTRON LOG
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CORRELATION OF RESISTIVITY (16™) AND GAMMA LOG
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CORRELATION RESISTANCE AND SPONTANFOUS POTENTIAL LOG
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CORRELATION OF RESISTIVITY (16") AND NEUTRGN L0OG
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CORRELATION OF SONIC AND NEUTRON LOG
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CORRELATION OF SONIC AND SPONTANEGUS POTENTIAL LOG
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CORRELATION OF TEMPERATURE AND GAMMA LOG
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CORRELATION OF SONIC AND RESISTANCE LOG
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Fig.4.78: Two logs with different response within the same

stratigraphic section.
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logs. Also 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
glbbal correlation values. 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(fig.4.33), sonic-neutron(fig.4.34), resistance-sonic
(fig.4.37), temperature-gamma(fig.4.36) and sonic-spontane-
ous-potential( fig.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
267-272m interval are generally higher. An exception to
this general 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-
cal 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 1iron to absorb thermal neutrons. The
presence of different fracture infilling 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 has more open
fractures and therefore less variation in the log responses.
The results of the borehole television(Lau et al. 1983) in-
dicate that the fracture zone at 267-272m has 0.6% 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'') logs con-
sistently give high correlation values whiles the gamma and

caliper consistently give low values.

Systematic correlation has shown that geophysical 1logs
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
88-150 m and 267-272 m. Other intervals where fracturing is
apparent are 202.5-215 m and 286.5-289.4 m. Results of
cross—correlation analysis performed for different pairs of
well 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.



TABLE 3

summary of cross-correlation of geophysical logs.

N

LOG INTERVAL HIGHEST LOWEST
CORRELATION CORRELATION
Density 267-272m |Neutron Gamma
Density 90-150m Neutron Temperature
Density Total Neutron Spontaneous
Neutron 267-272m |Sonic Gamma
Resist.{(16"'')
Neutron 90~-150m Focused-beam [Caliper
Neutron Total Density Resist.(32'")
Spontaneous |267-272m |[Resist,(16'')|Gamma
Spontaneous 90~150m Neutron Density
Spontaneous Total Focused-beam |Caliper
Temperature 267-272m |Resistance Caliper
Temperature 90-150m Resist.(16'') |Gamma
Temperature Total Sonic Focused-beam
Gamma 267-272m Temperature Focused~beam
Gamma 90-150m Density Temperature
Gamma Total Density Spontaneous
Resistance 267-272m |Neutron Caliper
Resistance 90-150m Focused-beam |Sonic
Resistance Total Focused-beam |Resist.(32'')
Resist.(32'')|267-272m |[Resist.(16'')|Caliper
Resist,(32'')|80-150m Resist.(16'')|Focused-beam
Resist.(32'')|Total Resist,(16'') [Neutron
Resist.(16'')|267-272m |Neutron Gamma
Resist.{16'')}90~150m Resist,.(32'')|Focused-beam
Resist,(16'')|Total Resist.(32'')|Neutron
Focused-beam |267-272m Spontaneous Caliper
Gamma
Pocused-beam |90-150m Neutron Resist, (16'')
Focused-beam |[Total Density Temperature
Caliper 267-272m |Sonic Neutron
Caliper 90-150m Sonic Neutron
Caliper Total Resistance Spontaneous
Sonic 267-272m |Resist,(16'')iCaliper
Gamma
Sonic 90-150m Density Focused-beam
Sonic Total Temperature Gamma
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Chapter Vv
WKBJ SYNTHETIC SEISMOGRAM FOR VERTICAL SEISMIC

PROFILING AT URL SITE.
Vertical seismic profiling is a relatively new seismic tech-
nique which is becoming increasingly popular in seismic ex-
ploration. It offers a wide variety of applications to re-
flection seismic exploration problems(Kennet et al., 1980;
Balch et al., 1982; 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 waveform 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 well log and a surface profile run across the

well.

In this chapter, using the data from the sonic and densi-
ty logs , WKBJ theoretical seismogram for Vertical Seismic
Profiling will be generated to illustrate the application of

the VSP in detecting subsurface fracture zones.
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5.1 DESCRIPTION OF VSP METHOD.

An idealized cross-sectional view of a conventional VSP lay-
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 well.
The ray A, represents the direct arrival. The rays B and C,
respectively represent single and multiple reflected events
travelling upward into the geophone. The ray D, represents
a multiple 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 should be the same for both configurations.
With the URL configuration, only the direct and upgoing re-
flected events can be recorded. The downgoing reflected
events in the conventional VSP, become upgoing reflected

events in the URL configuration.

5.2 REVIEW OF THE WKBJ THEORY.

Several methods have been used in the computation of theo-
retical seismograms. These include the reflectivity meth-
od(Fuchs and Muller, 1971), the generalized ray meth-

od(Wiggins and Helmberger, 1974) and the full-wave theory
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REFLECTOR

REFLECTOR

Fig.5.1:

S
(a) (b
A s DIRECT WAVE
B — —— UPGOING PRIMARY
Cc UPGOING MULTIPLE
D-ven DOWNGOING MULTIPLE

Schematic drawing of (a) a typical VSP field config-

uration, (b) configuration for the URLG6 experiment.
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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. To alleviate this situation, a number of ap-
proximate methoas have been developed. One of such tech-
niques devised by Chapman(1978), evaluates the inverse
transform of the displacement field using the WKBJ approxi-
mation to the solution of the wave equation. This theoreti-
cal seismogram has been called the WKBJ seismogram. Com-
pared to the other methods, this method is fast and reguires

far less computational time.

5.2.1 The WKBJ approximation.

For a two-dimensional 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, elastodynamic equations to an
ordinary differential equation with independent variable z.
By applying the appropriate radiation and boundary condi-
tions, this can be solved for the transform response ﬁ(w,p)
where «» is the frequency and p is the ray parameter of the
ray of interest(Chapman, 1978). The response u(t,x) at a
receiver located at x is obtained from the inverse transform

of the transformed response.



142
This is given by

il

Ult.x) = ifz J [ @(@LP)’lexP{‘Cw<t‘Fx)}‘JFJM 5odi-d
6 -

o0

where B represents the Bromwich contour. By changing the
order of the integration in equation 5.2.1-1 and rewriting

jwl, we obtain

ules) = - —'~2 j [ d(w p)(=iw) (= C{jf\(w))QKPg-'[w(t-Px)j chco‘o
5.2.1-2

Performing the inverse Fourier transform in equation

5.2.1-2, we obtain

(l(t'x) = = j}‘ J+(t-fx,f)<4f . 5.3.1-3

) oo
where U'(t-px,p) 1is a time derivative of the Hilbert trans-
form of G(t-px,p). The seismogram are obtained by integrat-
ing the real function ﬁ*(t-px,p) along different straight
lines of the form t-px. The transformed function gﬁU,p) can

be factored as

u(w,p) = é(w) \7(‘”’ P) 5.2:1-4

where s(w) contains the source function and the transfer

function of the geophones. Equation 5.2.1-3 can thus be
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re-written as
5V}

U(Jc,x) = ~?—2’}§'~ES({3* ?(Jc—px,p)Jp 5.2-1~ B,

- D

- - TQLn SJT{: S (+) *‘L V(t-px,f)dp B.a.1-5y

where &(t—px,p) and s(t) are the Hilbert transform of
V(t-px,p) and s(t) respectively. In this method, the WKBJ
approximation for 5(t-px,p) and V(t-px,p)dp are used. This
approximation is wvalid only at freqguencies that are large
compared to the velocity gradients of the medium. We will
now examine equation 5.2.1-3 for a turning ray, direct ray

and a reflected ray.

5.2.1.1 Turning Ray.
The WKBJ approximation for a turning ray can be written, as

given by Chapman(1978),

ﬁfw,P) = CSjn(w)@xp{ huf(Pf} Q(P) B.a. .y

where T(f) is the vertical-slowness integral given by

z
E(P) = Q{~ 1(9’%)A2 5.2:11-2

Za
and zq represents the depth of maximum penetration of the

turning ray. The function R(p) contains the source and
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receiver directivity functions and a product of any trans-
mission coefficients on the ray. If we make the following

substitution in equation 5.2.1-5a

I

- QCp)g(t~Z(p)) 5.oa11- 3,

(px) = px + TCe) 5.a.10- 3

(t, p)

GD <<H

The displacement field of the turning ray reduces to

o

Ultx) = 1 4 s@) *J Q('p)S(t—e(p.x))dp 5.3 1) -4,
2m dt | o
. _R(e)
RN
t=6(Px)

The terms in the summation are evaluated for all solution of

the equation t=8(p,x)

5.2.1.2 Direct ray.

The WKBJ approximation for the direct ray can be written as
V(‘”' p) = QX\O{LIW‘C(‘O)} K(p) 5-2.1+2-1

where R(p) contains the source and receiver directivity
functions and any transmission coefficient on the

ray(Chapman, 1978). The function L(p) is defined as

Tee) = J (#<PM4\CJQ 5.2:12-2

Z,
where z, is the depth of the source. The corresponding
seismogram is
R(p) 5.2-1-2 -3
= S * / Teieal
U(f‘x) = ,’lﬂ' ]@((J-X)

t=6(¢.x)
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where s¥(t) is the time derivative of the Hilbert transform

of s(t).

5.2.1.3 Reflected ray.
The WKBJ approximation for the reflected ray can be ex-

pressed as

[7(“" p) = pr{éwl"(p)} R(p) 5.2.1-3- 1

Considering a general case where the functions T(p) and R(p)
are both complex we have

T(P) = t"\CP) -+ CS‘SQ (W) ZICP) 5.213-2,
Q(P) = QA(P) —+ CSSn(w) \QI(\O) 5o,

where the subscripts R and I represent the real and imagi-
nary components respectively. 'Eép) -z 0 and the imaginary
parts of the function are chosen when w is positive. Taking

the inverse Fourier transform of equation 5.2.1.3-1 we ob-

tain
~ L Re)
Viit.p) = 1 Im —_— 5.2.1.3-3
(t + = T(p)
The corresponding seismogram is obtained from equation
5.2.1-5b as
T4
‘ : + P
= -1 S @®=x In | ———— |4 5 .2 03-4
u (t'x) :)".a ( t —é(va) P

The algorithm for the WKBJ synthetic VSP seismogram is based
on the above formulae 5.2.1.1-4, 5.2.1.2-2 and 5.2.1.3-4.
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5.3 ACOUSTIC IMPEDANCE.

The acoustic impedance is the product of the density, r, and
the compressional wave velocity, V, of the rock. The acous-
tic impedance .éomputed from the density and sonic logs is
shown in figure 5.2a. Also shown in figure 5.2b is the am-
plitude reflection coefficient, A,, for normal incidence

computed from the relation

A, = AV = LV 5031
' R + PV,

where p V, and @ V., are the acoustic impedances of the ma-
terial above and below 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 2700kg/m*® and com-
pressional wave velocity 5929m/s, which are the average val-
ues computed from the density and sonic logs. The value of
the reflection coefficient necessary to generate a detecta-
ble reflection 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 material as such we would expect that
high frequencies in the seismic source would be preserved.

High frequencies are necessary for better resolution.

If we assume that boundaries are detectable if their
overall reflection coefficient is greater than 10%(Anstey,

1970), then we may conclude that the two major fracture
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Fig.5.2: (a) Acoustic impedance and (b) reflection coefficient

from sonic and density log.
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zones located at 90m-150m and 267m-272m should be detectable
by seismic methods. The fracture zone located at 267m-272m
is believed to be part of an extensive fracture zone detect-
ed by a high ‘resolution seismic survey(Green and Mair,
1981). This fracture zone extends to a depth of 260m in
borehole URL-5 and 326m in borehole URL-1(Soonawala, 1983).

5.4 THEORETICAL SEISMOGRAMS.

The velocity and density data used to design the model were
obtained from the velocity and density logs. The logs were
smoothed into depth intervals within which the velocity and
density values are considered to be constant. This model is
shown in figure 5.3. It 1is recognized that some reduction
in fidelity of the model was entailed in disregarding the
detailed velocity and density variation on the log. This
step was taken, however to obtain a practical number of mod-
el sections that could readily be programmed. Nevertheless,

the important features of the logs, namely the anoma-
l;;;f;éi6§i£yv and density intervals representing the frac-
ture zones have been maintained.

Because the WKBJ method assumes horizontal layering, the
fracture zones in the model are assumed to be horizontal.
Twenty shot points located vertically at '20m intervals
starting from the surface were utilized. The resulting Syn-

thetic Vertical Seismic Profile for a geophone offset of 50m

is shown in figure 5.4.
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The initial pulses from the different shot points arrive

at the geophone with increasing arrival time. These initial
pulses 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
reflection 1 and which arrives at the surface at 0.04%sec,
is the reflection from the fracture zone located
119.8-122.8m; the event marked primary reflection 2 and
which arrives at the surface at 0.075sec, 1is the reflection
from the fracture zone located at 202.5-203.1m; 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 287.5-288.4m; the
event marked primary reflection 4 and which arrives at the
surface at 0.135sec, 1is the reflection from the fracture
zone located at 383.6-385.2m. A major attraction of VSP is
that the various wavefields can be separated by filtering
techniques and studied in detail(Carswell et al.1984). The
WKBJ algorithm permits different wavefields to be generated
separately. Figure 5.5 represents the primary reflections
in figure 5.4 plotted to a different scale. Notice the
emergence of the event marked primary reflection A and which
arrives at the surface at 0.029sec. This event represents
the reflection from the fracture zone located at
113.2-114.8m. The WKBJ algorithm 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 5.8 represent the primary reflection
wavefield for geophone offset of 100m, 150m and 200m. A
general increase in arrival time with increasing offset can
be noticed. Nétice also the decrease in resolution between
the primary reflection A and primary reflection 1. At an
offset of 150m, these two events are barely resolved and at
an offset of 200m, there is no resolution and a new waveform

for primary reflection 1 emerges.
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Chapter VI

CONCLUSION.

This thesis is concerned with the detection of fracture
zones by geophysical methods within a granitic formation.
The methods considered are geophysical well logging and Ver-
tical Seismic Profiling(VSP) techniques. The theory of
those geophysical logs considered most suitable for fracture
detection have been reviewed. The following conclusions and

recommendations were arrived at.

The performances of the normal(l6'' 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 borehole
fluid and the ratio of the electrode spacing(radius of elec-
trode in the case of the single-point) to the borehole radi-
us. For electrode spacing(radius of electrode in the case
of single-point) very large compared to the borehole radius,
the apparent resistivity measured by the logging tool is ap-
proximately equal to the mean resistivity of the fracture
zone. For electrode spacing very small compared to the
borehole diameter, the apparent resistivity measured by the

logging tool approaches the borehole fluid resistivity.

- 157 -
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With a large spacing, the measured current is able to pene-
trate deeper into the surrounding fracture zones. This how-
ever, is achieved at the expense of the vertical 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 borehole fluid as the resistivity contrast between the
fracture zone and the borehole fluid increases. This pheno-
menom is due to the tendency of the measured current to take
the least resistive path; the current therefore travels
along the fluid column in the borehole instead of within the

fractures.

The resistivity of the fracture zones will be controlled
primarily by the water content and to a lesser extent by the
mineralogical composition of the fracture infilling materi-
als. This is because of the much higher conductivity of wa-

ter relative to the constituent minerals in most rocks.

Fracture zones in a granite pluton may exhibit macro-aniso-
tropy as a result of the presence of different fracture in-
filling materials of contrasting resistivities. The macro-
anisotropy coefficient in the presence of horizontal
fractures is greater than unity. 1In 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 log is
less affected by the resistivity contrast between the bore-
hole fluid and the formation. It possess the best vertical

resolution amongst the electrical resistivity logs.

The single-point log is very effective only in abnormaly low
resistive fracture zones. This is due to the fact that it

has a very shallow penetration.

To reduce the resistivity contrast between the granite for-
mation and the borehole fluid, it is recommended that bore-
hole fluid of high resistance be used. This would increase

the amount of current flowing into the formation,

The precise nature of the spontaneous potential anomaly
in fractured crystalline formation is not very clear. It is
influenced by several factors including the salinity of the
fluid flowing through the fractures, the pressure gradient
in the fractures, the presence of divalent ions, the perme-
ability of the fractures and the mineralogical composition

of the fracture infilling materials.
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The response of the neutron log in granite should not be
interpreted only in terms of porosity. The effect of ther-
mal neutron absorbing materials should be taken into
consideration. The distance travelled by the thermal neu-
trons before capture is determined by the amount of ther-
mal neutron absorbing elements in the formation. In sedi-
mentary formations, the hydrogen contained in shales and the
rock pore system constitute the major thermal neutron ab-
sorbing element. In granite other elements such as sodium,
potassium and iron all 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 the values are intended for
quantitative gravity analysis. For density logging in gra-
nite, the wuse of two gamma-ray detectors 1is recommended.
This is so0o that the effect of secondary gamma emission by
the formation can be corrected for. The fracture zones en-
countered in borehole URL6 produce well defined anomalies on

the density log.

The compressional wave transit time is related to the
elastic properties of the fracture zones and may be used to
measure the fracture freqguency. The sonic log responds to
both the major and minor fracture zones encountered in bore-
hole 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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Unfortunately, in sonic logging it is only the compressional
wave transit time which is measured and the additional in-
formation from the shear and tube waves are lost. For flu-
id-filled fractures, it is recommended that the full acous-
tic waveform be recorded so that the shear and tube wave

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 log, 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, cross-correlation was performed for different
pairs of well log data. Because most common cross-correla-
tion algorithms require that the data values occur at equal
intervals, Lagrange's interpolation method was used to ob-
tain an evenly spaced data points. This method was employed
because of the simplicity of 1its recursion formulae which
makes it easy to program. To estimate the error of this in-
terpolation method, we compared the original and the inter-
polated well log data using different number of points for
the interpolation. Results of this experiment indicate that

for well log data, in order to minimize the interpolation



162
error, no more than five data points are required for accep-
table interpolation results. This conclusion strictly ap-
plies only to the Lagrange's interpolation method. A simi-

lar conclusion has been obtained by Naidu(1970).

Systematic correlation has shown that geophysical 1logs
can be used to characterize fractured zones in a granitic
terrain. Two major fracture zones have been deduced from
the well log data from borehole URL6. They are located at
98-150m and 267-272m. The later 1is characterized by a low
electrical resistivity, low density, low compressional wave
velocity, low neutron count rate, anomalous 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

minerals. Other intervals where fracturing is apparent are
202.5-215m and 286.5-289.4m. There 1is a good confirmation
between the above characterization and those obtained from
television survey and core sample analysis(fig.3.1 and 3.2).
The two major fracture zones correspond to the three well-
fractured zones in figure 3.1. Here, the fracture frequen-
cies are very high and fractures produce significant anoma-
lies on almost all the logs. In contrast, the minor
fracture zones have lower fracture frequencies and produce
anomalies on a limited number of logs. Core sample analysis

indicates that the dominant fracture infilling materials
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between 203.5m and 215m are hematite and limonite. Even
though both of these infilling materials are denser than
granite and are also good thermal 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 frequency. The thickness of the fractures en-
countered in the borehole URL6 is in the order of few milli-
metrs and to effectively resolve such thin fractures, we
would need to employ instruments with very high wvertical
resolution, 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

high.

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-correlation is
based on similarity of waveforms rather than similarity in
detecting lithologic boundaries. The cross-correlation val-
ues obtained for the fracture zone at 267-272m are generally
higher than those of the fracture zones at 90-150m. This
difference is attributed to the difference in the mineralo-

gical and textural nature of the two fracture zones. The
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density, neutron and resistivity(1l6'') logs consistently
give high correlation values while the gamma and caliper
logs give consistently low correlation values. The cross-
correlation as é function of depth is perhaps the best way
to present the similarity between the geophysical logs.
Such presentations indicate how the geophysical logs corre-
late at various depths and in particular within the fracture

zones as described in the main text of thisg thesis.

Synthetic seismograms are routinely computed not only 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 vertcal, as receivers are usually located at
some distance from the well. At angles other than the ver-
tical, the conversion of P- to S- wave energy and changes in
the reflection coefficient affect the shape of the synthetic
seismograms(Douze, 1978). For this reason, Synthetic VSP
seismograms at non-vertical incidence was developed from the
WKBJ algorithm(Chapman, 1978; Owusu and Moon, 1984). The
resulting Synthetic VSP seismograms demonstrate the capabil-
ity of VSP in detecting the location of the major fracture
zones. Well log data from borehole URL6 indicate that the
acoustic impedance contrast at the fracture zones 1is ade-
quate enough to generate detectable reflections at the sur-

face. However, the field procedures should be carefully
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planed and a high resolution VSP survey is recommended.
Higher resolution means broader frequency bandwidth, 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 (1979) have shown
that we can shift the spectrum into the wuseful 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 lower frequencies,
the ability to excite surface waves is enhanced. In an at-
tempt to improve the resolution by using smaller charges, we
may run into signal-to-noise ratio problems. To overcome
these, it may be necessary to consider vertical stacking
during the 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,

Two VSP configurations have been described. At the URL6
site, the confiquration with sources along the shaft are

logically acceptable.

Geophones with high natural frequencies are also recommend-
ed. Geophones usually 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 horizontally traveling noise, they are some-
times prefered to geophone groups. Ziolkowski and Lerwill
(1979) have shown that when the terrain is very rough, like
at the URL6 site, even a short array can act as a filter in
which the higher frequencies of the signal are attenuated.
In a situation like this, the single geophone has an advan-
tage in obtaining a broader bandwidth, but in doing so it

leaves the problem of surface waves to be solved elsewhere.
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Appendix A
TRANSFORMATION FROM AN ANISOTROPIC TO ISOTROPIC
MEDIUM.
If the variation of the coefficient of macroanisotropy with

r and z is expressed in the form(Kunz and Moran, 1958)

A= SC)-k(z) A

then by equations 2.1-1 and 2.1-7,
s 9 [sr v .Lg(_»é!> - 0 A
~ ar ‘é‘a’?) k 0z (kR 0z 2

By introducing the new variables

z
r o= cr and Z'= k(z) dz A3
SG) o
and letting
\/(P.Z) = V‘(r'; Z‘)
we have(Kunz and Moran, 1958)
-@_V == _.L. Q_K‘ (,mol @_\_/_ = L( __a____\_/_‘ A4
or < or 0z az'
Equation A.2 becomes
é— L Ql/. + _é r _é_l/' e A5
S\ R Jdr' Jz' | R A3
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By introducing a new value of resistivity at each point giv-

en by(RKunz and Moran, 1958)
l— .(\'
R- 'R
EqQuation A.5 can be written as

L9 [rov 2 (L 2V _ o A G
P ar'(zjéﬂ“> T oz R-éz‘)

which is eqguation 2.1-8. The primed parameters represent
the eguivalent in an isotropic medium of resistivity R'.
For an infinite, homogeneous, macroanisotropic medium X\ is

constant; and if we make

SG)= A and k(z)=1
then from equation A.3

r = r
N

wvhich is equation 2.1-25.



Appendix B

LATEROLOG 7 IN AN INFINITE HOMOGENEOUS MEDIUM.

Consider a Laterolog 7 array in an infinite homogeneous me-
dium with A as the origin(fig.4.5). The potential at any

point (r,z) can be expressed as follows(Jackson, 1981):

Vinz) = R ___T._o____ +. A . T
w | GTE T et e

- /_}_!%{ I F(rz) + Iy E(P-Z>} 8.1

where R is the resistivity of the medium and b, ¢ and d are

the elctrode spacing and

F(rz) = 1
(r* 4 2)%
and
E(nz) = 1 . 1 e
(T R LI 1 (oveeee ey e

The potential of a point on along the axis (0,z) of the

electrode is

V(o z) = R LF(.z)+ I, E(o.z>} 8-3
A
which is equation 2.1.2-2.

- 174 -



Appendix C
POTENTI-AL FIELD OF THE LATEROLOG WITHIN A
BOREHOLE
The potential at M(fig.4.4) is the algebraic sum of the con-
tributions from the three current electrodes A,, A and A'.
The potential at any point (0,z) in the borehole is given by

equation 2.1-34 as
— Iﬁé -—’I- ) o mn m C‘i
Vi(o2) = 2ra | 22 \ Cim) oz o .

where a is the radius of the borehole. The potential due to

the electrode A, at M is given by

Vi (M) = lgé[ﬁf b') + ;IC( J Gosmb "l m ] C 2

0

Similarly, the potehtial due to A and A' at M is

Vo () - Lﬁe{g(o.b%-ﬁ-fc(»[éa(mcwd'» s Glnlaectd)]df s
4ita

4

where I4 is the current from AA' and

a a Q Qa o
If we let
J = 1
I,
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Then the total potential at M is the sum of Va, (M)
VAA(M):

Vins' (M) = KoL, {F(olb‘) r LE(b) + 2 {K(.(M)Cedmb‘ el

and

4ira

+ IINC(M) [be (o (c'+d’)) + Cos(m(;zg‘ﬂ,u, cj'))]dm}}

4WO 8

= &I, {F(o.b') + JE(o.b) 4 F'(/\', Ry, C‘;o\.)} C.4

which is equation 2.1.2-10. Here
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