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ABSTRACT

Borehole electrical geophysical methods have
considerable potential for helping to define hot
and permeable zones in geothermal systems, Bore-
hole geophysics differs from geophysical well
logging and has a much greater area of search
around a borehole. Very little developmental work
has taken place in borehole electrical methods to
date., At UURI, we have been developing computer
methods to model various electrical arrays for
borehole configurations. We plan to compare the
several possible survey methods and then design a
field system based on the method ‘that appears from
the computer studies to be optiFum.

From our studies to date we tentatively
conclude that the cross-borehole method produces
larger anomalies than does the single-borehole
method; cross-borehole anomalies using a pole-pole
array are smaller than those for a dipole-dipole
array; the cross-borehole mise-a-la-masse method
produces larger anomalies than does other cross-
borehole methods; and, the anomalies due to a thin
structure are generally much smaller than those
for a sphere, as is _to be expected.

INTRODUCTION

The key problem worldwide in development of
hydrothermal resources appears to be more 1in
locating permeable zones than 1in locating high
temperatures. Grindly and Browne (1976) note that
of 11 hydrothermal fields investigated in New Zea-
land, all of which have high temperatures (230°C
to 300°C), five are non-productive chiefly because
of low permeability, Three of the eleven fields
are 1in production (Wairakei, Kawerau and Broad-
tands) and in each of these fields permeability
limits production more than temperature does. Hot
but unproductive holes have been drilled at many
of the major geothermal areas 1in the world,
including The Geysers, Roosevelt Hot Springs,
Coso, and Meager Creek, to name a few.

Permeability can be primary or secondary,
Primary permeability in clastic rocks originates
from 1intergranular porosity and it generally
decreases with depth due to compaction and cemen-
tation, In volcanic sequences, primary intergran-

ular porosity and permeability exist, but greater.

permeability exists in open spaces at flow con-
tacts and within the flows themselves, Primary

permeability in crystalline igneous rocks 1s

generally very Tow, Secondary permeability occurs
fn all rock types in open fault zones, fractures

and fracture 1intersections, along dikes and in
breccia zones (Brace, 1968; Moore et al., 1985}.
Changes in permeability come about through mineral.
deposition in open spaces or by leaching by the
thermal fluids.

Although none of the geophysical methods maps
permeability directly, any geological, geochemi-
cal, or hydrological understanding of the factors
that control the permeability in a geothermal re-
servoir can be used to help determine geophysical
methods potentially wuseful for detecting the
boundaries and more permeable parts of a hydro-
thermal system. At UURI, we have been developing
electrical borehole techniques to detect and map
permeable zones 1in the subsurface, especially
fractures.

BACKGROUND--BOREHOLE GEOPHYSICS

It is important to understand the differences
between geophysical well logging and borehole geo-
physics. In geophysical well logging, the instru-
ments are deployed in a single well in a tool or
sonde, and the depth of investigation is usually
limited to the first few meters from the well-
bore, Well-logging techniques have been developed
by the petroleum industry over a period of half a
century and have been applied with variable suc-
cess by the geothermal industry. The major adap-
tations to the' geothermal environment are the
requirements of high temperature tools and the
different interpretation required for hard rock
(volcanic, igneous) 1ithologies. Other diffe-
rences 1include a strong emphasis in geothermal
exploratfon on fracture identification and the
effects of hydrothermal alteration upon certain
log responses. Much research remains to be done
in order to understand fully the responses of
various well 1logs in geothermal reservoirs and
their typically fractured, altered, commonly
igneous and metamorphic host rocks. In spite of
the relative 1lack of knowledge of well-log
response in geothermal reservoirs; several logs or
log combinations have been used successfully to
investigate such properties as lithology, altera-
tion, fracturing, density, porosity, fluid flow
and sulfide content, all of which may be critical
in deciding how and in what intervals to complete,
case, cement or stimulate a well (Glenn and Hulen,
1979; Xeys and Sullivan, 1979; Sanyal et al,,
1980; Glenn and Ross, 1982; Halfman et al., 1982).

By contrast, borehole geophysics refers to
those geophysical techniques where energy sources
and sensors are deployed (1) at wide spacing in a



single borehole, (2) partly in one borehole and
partly on the surface, or (3) partly in one bore-
hole and partly in a second borehole. Thus, we
speak of borehole-to-surface, surface-to-borehole
and borehole-to-borehole surveys. The depth of
investigation is generally much greater in bore-
hole geophysical surveys than it is in geophysical
well logging.

Only one of the several borehole geophysical
techniques, namely vertical seismic profiling
(VSP), has been developed to any extent. The
petroleum 1industry has funded relatively rapid
development of VSP over the past several years.

ysP,

Vertical seismic profiling (VSP) can be done
using both P- and S-wave surface sources (usually
mechanical vibrators) arranged circumferentially
around a well, Direct and reflected seismic waves
are detected by strings of down-hole geophones
clamped to the wall of the well or by hydro-
phones. VSP has been used mainly to trace seismic
events observed at the surface to their point of
origin in the earth and to obtain better estimates
for the acoustic properties of a stratigraphic
sequence. Oristagiio (1985) presents a guide to
the current uses of VSP,

Borehole Electrical Techniques

Borehole-to-borehole and borehole-to-surface
electrical methods appear to have considerable
potential for application to geothermal explora-
tion, In a benchmark introductory paper, Daniels
(1983) 1llustrated the utility of hole-to-surface
resistivity measurements with a detailed study of
an area of volcanic tuff near Yucca Mountain,
Nevada, He obtatned total-field resistivity data
for a grid of points on the surface with current
sources in three drill holes, completed a layered-
earth reduction of the data, and interpreted the
residual resistivity anomalies with a 3D ellip-
soidal modeling technique.

The borehole electrical techniques, however,
are in general poorly developed. One reason for
this {s that there are a large number of ways that
borehole electrical surveys can be performed and
it has been unclear which methods are best. At
the same time, computer algorithms to model the
several methods have not existed so that it has
not been possible to select among methods prior to
committing to the expense of building a field
system and obtaining test data.

R&D PROGRAM AT UURI
The objective of our program is to develop
and demonstrate the use of borehole electrical
techniques 1in geothermal exploration, reservoir
delineation and reservoir exploitation. Our

approach is:

1. Develop computer techniques to model the’

possible borehole electrical survey systems;
2. Design and construct a field data acquisition
system based on the results of (1);
3. Acquire field data at sites where the nature
and extent of permeability are known; and,

4, Develop techniques to interpret field data.

To the present time, we have made considerable
progress on ftem (1) above and we are now at such
a point that item (2) could be started.

Our "research staff has consisted of the
following personnel: Stanley H. Ward, Project
Manager; Luis Rijo, Professor of Geophysics,
Universidade Federal Do Para, Brazil (on 2-year
post-doctoral leave at U of U and UURI); F. W.
Yang, Peoples Republic of China (visiting
scholar); J. X. Zhao, Peoples Republic of China
(visiting scholar); Craig W. Beasley (doctoral
candidate U of U, awarded MS degree); Richard C.
West (MS candidate at UU). Additional technical
support has been provided by Philip E. Wannamaker,
Howard P, Ross and Phillip M. Wright of UURI and
by Gerald W. Hohmann of U of U. Project costs for
Rijo, Yang and Zhao have been minimal because
these scientists have been supported by their
governments. Thus, a great deal has been accom-
plished at minimal cost while supporting the
education of several students. The remainder of
this paper will discuss the significance of our
research to date.

COMPUTER MODELING OF BOREHOLE ELECTRICAL METHODS

Computer techniques for modeling borehole
electrical geophysics have largely been lacking,
especially for three-dimensional (3D) cases. Fig-
ure 1 ‘tndicates conventional usage of the terms
10, 20 and 3D in geophysical interpretation., In
the 1D case, also called the "layered earth" case,
the physical property of interest (resistivity for
this study), varies only in the vertical direc-
tion, In the 2D case, physical property varia-
tions in the vertical and one horizontal dimension
are allowed, and the anomalous body 1illustrated
has the same shape in and out of the paper for in-
finite distance. In the 3D case, physical proper-
ty variations are specified in all three space di-
mensfons, Obviously, the real earth is only occa-
sfonally 10 in nature in geothermal areas. The
usual case is for physical properties to vary in
all three dimensions in the earth, the 3D case.
However, the mathematical formulations for elec-
trical anomalies of bodies increase greatly in
complexity from the 1D case to the 3D case. This
accounts for the fact that in order to begin our
task of applying borehole electrical techniques to
delineation of permeability, we were required to
develop original mathematical formulations of the
problem,
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FIGURE 1
Mustration of the meaning of the terms 1D, 2D
and 3D in geophysical modeling.
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Thick-Body Studies

Prior to 1982, only three published papers
considered computer modeling of downhale elec-
trodes for three-dimensional Bodies., Daniels
(1977) studied six buried electrode configurations
and. plotted normalized apparent resistivity or
apparent poiarizability against such configuration
parameters as 1) source and receiver depth, 2)
depth/bipoie length, 3) Feceiver distance from
body, 4} depth of body, and 5) distance of source
and receiver from body center, Snyder and Merke)
(1973), computed the I[P and apparent resistivity
responses resulting from a buried current pale in
the presence of a buried sphere. Their plots are
center-1ine profiles for normalized apparent re-
sistivity and nermalized IP response, pobecki
{1980) computed the effects. of spheroidal bodies
as measured in nearby single boreholes using the
polespole électrode array. These three studies
are obviously very limited in terms of the prob-
lems -of defining permeability in geothermal
systems,

In 1982, HNewkirk {1982) from our group pub-
Tished a study of downhole electrical resistivity
with 30 bodies, Using a numerical modeling tech-
nique described by Hohmanp {1975), theoretical
anomalies due to a three-dimensiorial body composed
of simple prisms were computed, The results were
présented fn terms of 1) the potentfal, 2) the ap-
parent resfstivity calculatéd from the total hori-
zontal electric field -and -3) the apparent resis-
tivity calculated from the potential, Two elec-
trede configurations were considered for each
model, Each configuration consisted of a pair of
electrodes, where ane of the e]ectrodes was remofe
and the second electrode was Yocated efther in the
body, ‘for mice-i-la-masse or applied potential, or
outside the body,. simulating a near miss. New-
kirk's computer program was ysed by Mackelprang
{1985) of our group to compute a catalog of models
due to bodies that might be of interest in detec-
tion of thick fracture zones.

Figures 2a and 2b show the conventions used
by Méwkirk (1982) and Mackelprang (1985) in calcu-
Tations of the effects of 30 bodies. The bodies
are buried in a homogenecus earth and two of many
options for a downhole point electrode are i1lus=-
trated, Figure 3a_.and 3b illustrdte anomalies on
a surface resist1v1ty survey groduced by a narrow
conductive body buricd at a depth of 7 units. with
‘the electrode in the body {Fig. 3a) and off the
end of the body (Figz 3b). 'The peanut shaped
.anoma1y shown in Figure 3a’is particularly. charac-
teristic on surface rfesistivity surveys with the
borehale elactrode in the body.

{ne basic

shortcoming of Newkirk's (1982)

‘algorithm fs that it -does not apply when the anom-

alous body becomes thin, i.e, to the case of de-
lineation of fractures or thin fracture Zones, To
address this fimportant probiem, the thin- body

studies described in the néxt section have been

undertaken,

Thin-Body Studies

These studies are afmed at targets simulating
fracture zones which are thin relative to their

(b) o)

FIGURE 2a
Plan view of standard model.
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FIGURE 2b )
Cross-section viéw of standard model,
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FIGURE 3a

Surface resistivity anomaly due to deep fracture
with downhole electrode in body.

other two dimensions, For the most part, we have
standardtzed the aspect ratios of the target di-
mensiofs’ at 10:10:1, " Whilé the effect of varying
the cortrast in resistivity has. been examined,
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FIGURE 3b

Surface resistivity anomaly due to deep fracture
with downhole electrode at side of body.

most of the resufts are for the case of a fracture
zone ten times -more conductive than the host
rocks.

Four numerital techniques have been utilized
in the studies; three have been appiied with the
D.C. resistivity method, The techniques app11ed
‘to the resistivity problem are {1} a 30 surface
“integral equation '(Yang and Ward, 1985a,b), (2} a
30 valume 1integral, equation (Beas]ey and Ward,
1986), and (3) a 20 finite element method {Zhao et
al., 1985):. A solution for the time domain EM
mgthod has alse been obtafned which uses a 30
votume {ntegral equation formulation {West and
Ward, 1985). Elaboration on these four approaches
is given below,

Yang and Ward (1985a,b) present theoretical
results relating to the detection of thin oblate
spheroids and ellipsoids of arbitrary attttude.
The effects of the surface of the earth are neg-
lected and the body is assumed té be enclosed
within an infinite humogeneuus mass, The surface
of the body 1s divided into a series of subsur-
faces. and a numerical solution of the Fredho1m
integral equation is applied. Once a solution for
the surface charge distribution 1s determined, the
potential can be specified anywhere by means of
Coulomb's law, The ‘theoretical -model results
indicate that cross-borehple resistivity measure-
ménts are a more effective technique than single-
borehole measurements for deljneating resistivity
anomalies in the vi¢inity of a borehole,

Figure 4a shows cross-borehole resistivity
responses of a vertica1 conductiva fracture Zzone.
between two bareholes. The electrode configura-’
tion is the pole- pele array with electrode B fixed
and electrade M movwing in tha second bprehole.
Several curves are plotted depending cn the dis-
tance between the fracture and the second bore-
hole. Tha Jarger anomalies occur when the -second
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FIGURE 4da

Downhale cross-borehole resistivity anomalies for
vertical fracture showing effect of varying
distance from fracture to-second barehole,
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Downhole cross-berehsle resistivity anomalies for
dipping friacture showing effect of wvarying

distance from fracture to second borehole,

borehole is nearer to the fracture zone. Figure
4b shows anomalies for the same situation as Fig-
ure -4a except that now the fracture dips toward
the first borehcle. .Figure 4c shows the effect of
varying the resistivity contrast. between a dipping
fracture and the host medium. As expected, the
large contrast. cases produce the Targest anoma-
Vies. Figure 4d shows the change in anomaly shape
for the dipping’ fracture when faour electrodes are
p1aced downhole instead of two (compare with Fig,
4b, EMX = 2,5}, By study of a large suite of such
graphs as theése, the comparative capabilities of
the various possible cross=-borehole: arrays can be
determined,

The: volume fintegral equation approach of
Beasley and Ward (1986) 1ncorparates a half-space
formulation, i.e., the e€arth's-surface is not neg-
Tected, As with the surface integral equation
téchnique of Yang and Ward (1985a,b), the volume
integral equation method requires .that only
inhomogeneities be discretized, Any rdumber of
inhomdgeneities of differing sizes and physical
properties can be accounted for by this algoe-
rithm, Inhomogeneities are discratized into
rectangylar -cells whose ¢ize may vary in each of
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Downho]e cross-borehole resistivity anomalies for
dipping fractyré showing the effect of varying
resistivity contrast between fracture and: hast
medium,
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Downhole cross-berehale res1stiv1ty anomalies for

dipping fracture showing the effect of dipole

length for downhole electrodes.

the three directions, The fact that targets must
be Zomprised of rectangular or cubic cells means
that dipping bodies must be simulated by cells
arranged in a staircase fashion, Section and plan
views of computed apparent resistivities are the
end product of this a}gorithm The algorithm §s
flexible in that it permits a burfed electrode to
be placed either inside (mise-a-1a—masse) or out-
side {near-miss) the body, The dip of the body
and the location '6f the energizing electrode with-
in {t. were both varied: The maximum depth at
which a body could be Vocated and still prodice a
detectable anomaly on surface surveys was found td
be dependent, as expected, upon the position of
the burfed electrode ‘and upon the contrast in re-
ststivity bétween the bBody and the host. It was
found that locating the buried electrode just out-
side the body did not significantly alter the re-
sults from thase wheid the electrode is embedded in
the 1nhomcgene1ty.

Figures 5a, 5b and 5c show representative re-
sults from Beasley and Ward (1986), Each flgure
Ts ‘a veértical section through the earth with con-
tours of the resistivity ancmaly, A bareho]e can
be p]aced anywhere on this figure and the Fesisa
tivity curve that would be obServed in such a
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FIGURE 5a
Subsurface reststivity contours for a vertical
permeable zone with an imbedded downhole current
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FIGURE 5b
Subsurface resist1v1ty contours for a dipping
permeablé zone with &n 1mbedded downhole current
source,

boarehdle with a s1ng1e -downhole potential elec-
trode would be given by the -intersection of the
borehole with the contours, The downhole current
electrode source is shown by the star,
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Subsurface resistivity contours for a vérties
permeable zone with current source to the side.

Our most versatile algorithm for the boréhole
resistivity method is the 2-D finite element algo-
‘rithm used 'by Zhap €t al. {1985%). The versatility
of this algorithm :arises from the fact that the
entire subsurface s discretized. Since triangu-
lar elements .are used for discretization, dipping
bodies .are readily handled. The algorithm also
accomodates a. layered- earth host environment,
This .algorithm was used to evaluate signil-to-
noise ratie for various types of noise,

Figures 6a and 6b show typical results -from

Thae et al. (1985).
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FIGURE &b

Subsurface resistivity contours for a vertical
perméable zone beneath geplogic structure with
varying positions of the downhole current .elec-
trode, -

( Figure 6a shows subsurface
resistivity contours in section for a vertical

fracture with a current soufce ocutside the body,

This plot 15 similar to those given by Beasley and
Ward {1988) in Figures 5a, 5b and 5c, Figure 6b
illustrates how subsurface topography due to geo-
Tagic structure -affects results. Note that the
anomaly due to the ‘fracture is obscured to a great
extent. by the resistivity pattern created by the
contact, This is due in part alse to the réla-
tively large distance of the fracture from the
downhole current source, shown by the star, A
current source in a borehole closer to the ‘frac-
ture would cause a much clearer angmaly,

A1l computations by Yang and Ward (i985a,b)
and Zhao et al, (1985) were performed on an HP9826
desk top computer with 1.6 Mbytes of memcry. The
dlgerithm used by Zhao et al. (1985) is currently
being extended tg .3-D, It is probable that the
HP9826 will accomodate the 3-0 version. If so,
these maodeling programs could easily be used in
the f1e1d with no need to return to .a large
computing facility.

From the above studies we tfeiitatively con-
clude the following:  the cross-borehole method
produces larger anomal tés, than does a single-bore-
hole method; the: cross-borehole anchmalies using a
pole-pole array are smaller than those for a
cross-borehole dipole<dipole array; the cross-
borehole mise-3-la-masse method produces: larger
anomalies than for the other cross-borehole



methods; and, the anomalies due to a thin sheet
were generally much smaller than those for a
sphere, as {is to be expected.

Using a 3-D integral equation algorithm
developed by San Filipo and Hohmann (1985), West
and Ward (1985) performed a model study to evalu-
ate the time-domain electromagnetic (TDEM) re-
sponse of a horizontal conductive body (fracture
zone) imbedded {in a half-space. Simplifying
assumptions in the algorithm allow modeling only
of bodies with two vertical symmetry. planes with
sources directly above or below. The source
transmitter is a large square loop located on the
surface of the earth, Receivers are located in
boreholes at various locations in the vicinity of
the body. Responses are computed at 60 time steps
at intervals of 0.4 ms for a total data window of
24 ms. EM field decay curves and plots of decay
versus depth are obtained for all three components
of the primary, secondary, and total responses,
The results are expressed in terms of percent
difference plots, and are still under study at
this time,

Surface-to-borehole EM in which a large
transmitter is coaxial with the well and a down-
hole detector is run in the well may provide use-
ful information on the location of conductive
fractures intersecting the wellbore. Whether this
technique will work in cased wells and whether a
"crack" anomaly can be distinguished from a
stratigraphic conductor are topics under study.

The above discussion outlines our research to
date, Other current research involves a model
study using the VLF (very low-frequency) method as
well as developing a borehole inversion scheme
using the finite-element technique. Inversion of
the 3D integral equation is also being investi-
gated. An inversion scheme which can incorporate
multi-array data is an ultimate goal. Interpreta-
tion of complex borehole field data from geo-
thermal sites may then become a reality.

DISCUSSION

The problem of selecting an appropriate
borehole electrical system 1is quite complex.
Variables include where to place the electrodes,
i.e. how many on the surface and how many down
each borehole, and whether to use direct-current
galvanic resistivity, which each of the above
figures illustrate, or some alternating current,
electromagnetic scheme. It is clear that the
computer based study of these questions is cost
effective in helping select and design an optimum
field system,

Our current opinion is that the more data one
can collect the better one should be able to char-
acterize the subsurface. We have therefore been
making a preliminary investigaton of the design of
a system for obtaining both borehole-to-borehole
and borehole-to-surface data simultaneously. Such
a scheme is conceptually illustrated in Figure 7.

We believe we are nearing the stage when a field.

system can be designed with the very real hope of
yielding much more subsurface information than can
be realized by presently available systems.

MULTI-ARRAY BOREHOLE RESISTIVITY SURVEY
A M, N, B0
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FIGURE 7
Conceptual 1{llustration of a multi-array borehole
resistivity system,
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ABSTRACT

Borehole electrical geophysical methods have
considerable potential for helping to define hot
and permeable zones in geothermal systems. Bore-
hole geophysics differs from geophysical well
logging and has a mich greater area of search
around. a2 borehole. Vary 1ittle. developmental work
has taken place in borehole electrical methods to
date, At UURL, we have been devéloping computer
methods to model various electric¢al arrays for
borehole configyrations, Me plan to compare the
severa1 possible survey methods and then design a
field system based on the methad that appears from
the computer studies to be optimum.

From gur studies to date we tentatively
concTude that the cross- boreho1e method prnduces
targer ancomaliés than does the single-borehole
method; cross-borehole anomalies using a pole-pole
array are smal1er than those for a dipoTe-dipole
array; the cross-borehdle mise-3-Ta-masse methad

produces larger anomalies than does other cross-

borehole methods; and, the anomalies due to a thin
$tructure are genera11y much smaller than those
for a sphere, as 1s.to be expected,.

3 INTRODUCTION

The key problem worldwide in development of
hydrothermal resources appears to be more in
Tocating permeable zones than in locating high
‘temperatures. Grindly and Browne {1976) .note that
of 11 hydrothermal flelds investigated in New Zea-
land, all of which have high témperatures (230°C
to 300°C). five are non-productive chiefly because
. Three of the eleven fields
are 1n production (Mairakei, Kawerau and Broad-

Tands] and in each of these fields permeability

Yimits production more than temperature does, Hot
but unproductive holes have been drilled at many
of the major geothermal areas- in the world,
including The Géysers, Roosevelt MHot ,Spr1ngs,
Coso, and Meager Creek, to name a few,

Permeability can be primary or secondary.
Peimary permeability in clastic rocks originates
from intergranular porosity and it generally
decreases with depth due to compaction and ‘cemen-
tatfon.
ular porosity -and -permeability exist,
permeability exists in open spaces -at” flow con-
tacts and within the flows themselves, Primary
permeability in crystalline
gengrally very Tow. Secondary permeabiiity occurs
in all rock types in open fault zones, fractures

In volcanié ‘sequences, primary intergran-
but greater.

fgneous rocks s °

and fracture intersecticns, -along dikes and in
breccia zanes {Brace, 1968; Moore et al., 1985)

Changes 1in pefmeability come about through mineral.
deposition 1n open spaces or by leaching by the
thermal fluids,

Although none of the geophysical methods maps
permeabi11ty directly, any geological, gecchemi-
cal, or hydrological understanding of the factors
that control the permeahility in a geothermal re-
servoir can be used to help detergiine geophysical
methods potent{ally wuseful for detecting the
boundaries and more permeable parts of a hydro-
thermal system, At UURI, we have been developing
electrical bareho!e technfques to detect and map
pérmeable zones 1in the subsurface, especially
fractures, ‘

'+ BACKGROUND--BOREHOLE GEOPHYSICS

It ¥5 impoertant to understand the differences
between geophysical well logging and bureho]e geo-
physics. In geophysical well logging, the instru-
ments are dep]oyed in a single well in a tool or
sonde, and the depth of investigation is usualiy

Timited to the first few meters from the well-

bore. Well-Togging technigues have been developed
by the petroleum :fndustry over a pertod of half a
century and have been applied with variable suc-
cess by the geothermal industry. The major adap-
tations to the' geothermal environment arg the
requirements of high ‘temperature tools and the
different interpretation reguired for hard rock
(vo1canic. igneous} Tithologies, Other diffe-
rences include a strong emphasis fn geothermal
exploration on fracture identification and the
effects of hydrathiermal alteration upon certain
169 responses, Much research remains to be done
tn order to understand. fully the responses of
various well logs in geothermal resérveirs and

their typically fractured, altered, commonly
ignegus "and metamorphic host rocks. In spite of
the relative lack of knowledge of well- Tog

response in geothermal reservoirs, several logs or
log combinations have been used successfully to
investigate such propérties as lithology, altera-
tion, fracturing, density, porosity, fluid flow
and sulfide content, all af which may be critical
in deciding how and in what intervals to complete,
case, cement or stimulate a well (Glenn and Hulen,
1979, Keys and Sul11van. 1979; Sanyal et al;,
1980- Glenn and Ross, 1982; Ha) fman ‘et al., 1982)..

‘By coritrast; borehole geophysics refers to
those geophysical techniques where energy sources

and sensors dre degloyed {1) at wide spacing in a



singlé barehole, (2) partly in one borehole and
partly on the surface, or (3) partly in one bore-
hole and partly in a second borehole. Thus, we
speak of borehole-to-surface, surface-to-borehole
and baorehole-to-borehole surveys. The depth of
dnvestigation 1s geénerally much greater in bore-
hole geophysical surveys thaa it is in geophysica\
well logging,

Only cene of the several barehole geophysical
techniques, namely vertical seismic profiling
(vsP), has beén developed to any extent. The
petroleum 1ndustry has’ funded relatively rapid
development of Y¥5P over the past several years.

Y5P

Vertical seismic profiling (¥SP) can be done
using both P- and S-wave surface sources {usually
mechanical vibraturs} arranged eircumferentially
around a well, Direct and reflected seismic waves

are detected by strings of down-hole geophones
clamped to the wall of the well pr by hydro-

phones, V¥SP has been used mai n’ly to trace seismic
-events observed at the surface to their point of
origin In the -earth and to obtaih better estimates
‘for the acoustu properties of a stratigraphic
sequence, Oristaglio (1985) présents a guide to
the current uses of VSP.

Borehole Electriéal Techniques

Borehole-to-borehole and borehole-to=surface
#lectrical methods appear to have considerable
potential for application to geothermal explora-

tion. In a benchmark introductory paper, Daniels

(1983} 1llustrated the utility of hole-to-surface

resistivity measurements with a detailed study of

an area of volcanic tuff near ‘Yucca Mountain,
Nevada., He ohtafned total-field resistivity data
for a grid of points on the surface with current
sources in three drill holes, completed a ldyered-
earth reductfon of the data, and interpreted the
residual res1st1v1ty anomalies with 'a 3D ellip-
'soidal modeling tiachnique.

The borehole electrical techniques, however,
are 1in general poorly developed. One reasen for
this is that there are a large number of ways that
borehole electrical surveys can bé performed and
it has been unclear which methods are best, At
the same time, computer a]gor1thms te model the
several methods have not existed so that 1%t Has
not been possible to select among methods prior to
comftting to the expense of building a field
system and obtaining test data.

RED PROGRAM AT UURI

The objective of our program is to develop
and demonstrate e use of ‘borehole électrical

techniques in geothermal exploration, reservelir
delfneation and reservoir axploitation. Qur

approach is:

1, Develop computer techniques to model the™

possible borehble electrical survey systems;
2. Design and construct a field data acquisition’
system based on the results of {1};
3, Acquire field data at sites where the nature
and -extent af permeability are known; and,

4. Develop techniques to faterpret field data.

To the pfesent time, we have made considérable
progress on item (1) above and we' are now at such
a point that item {2} could be started.

Our research staff has consisted of the
following personnel:  ‘Stanley H, Ward, Project
Mapager; Liis Rijo, Professor of Geophysics,
Universidade Federal Do Para; Brazil (on 2—year
post-doctoral leave at U of U and UURI); M.
Yang, Peup1es Republic of China (visiting
scholar); J. X. ZIhao, Peoples Repiblic of China
(visiting scholar); Cra1g W. Beasley (doctoral
candidate U of U, awafded MS degree); Richard C.
West (MS candidate at YUy, Additional technical
suppart has been provided by Ph1Hp E. Mannamaker,
Howard P, Ross and Phillip M. Wright of UURT and
by Gerald W, Hohmann of U of Y. Project costs for
Rijo, Yang and Zhao have been minimal because
these scientists have been supported by their
governments, Thus, a great deal has béen accom-
plished at minimal cost while supporting the
education of several students, The remainder of
this paper will discuss the significance of our
research to date.

COMPUTER MODELING OF BOREHOLE ELECTRICAL METHODS

Computer techniques for modeling barehole
electrical geophysics have largely been lacking,
especlally for three-dimensfonal (30) cases. Fig-
ure ‘1 ‘tndicates conventional usage of the terms
1D, 20 and 30 {ia geophysical interpretation. In
the 10 case, also called the "layered earth” case,
thia physical property of interest (resistivity for
this study), varies only in the vertical direc=
tion. In the 20 case, physical property varia-
tions in the vertical and ane herizontal dimension
are a]lowed and the angmalous body {1lustrated
has the same shape 1n and out of the paper for in-
fintte distance. In the 3D case, physical proper-
ty vartattons are specified in all three space di-
mensions, Obviously, the real earth is-only occa-
sfonally 1D in nature 1n geothermal .areas., The
usual case fs for physical properties to viary in
all three dimensfons im the earth,; the 3D case.
However, the mathematigcal fomuhtinns for elec-
trical anomalies of bodies 9dncrease greatly in
complextty from the 1D case to the 3D case, 'Thisg
accounts for the fact that fn order to begin our
task’ of applying borehole eléctrical techniques to
delineation of ‘permeability, we were required to
develop ofiginal mathematical formulations of the
problem,

1] 20 3D
7 2

#
A

F e batiariniir:

FIGURE }
IVlustration of the meaning of the teems 1D, 2D
and 3D in geophysical modeling. ‘



Thick-Body Studies.

Prior to 1982, only three published paperns
considered computer modeling of downhole elec-
trodes for three-dimensional bodies.. Daniels
{1877) studied six buried electrode configurations
and plotted normalized apparent resistivity or
apparent polarizability against such configurat1on
parameters as 1) source and receiver depth, 2)
dépth/bipole length, 3} receiver distance from
body; 4) depth of body, and §) distance of source
and receiver from body center. Snyder and Herkel
(1973), computed the IP and apparent resistivity
responses resulting from & buried curfent pole in
the presence of a buried sphere. Their plots are
center-1ine profiies for normalized apparent re-
sistivity and normalized IP response. Dobecky
(1980} computed the effects .of 5pharo1da1 bodies
as measured in nearby single boreholes using the
pole-pole electrode array. These three studies
are dbviouslty very limited fn terms of the prob=-
Tems of defining pemmeabllity 1in geocthermal
systems.

In 1982, Newkirk {1982) from our group pub-
lished a study of downhoie electrical resistivity
with 30 bodies, Using a nimerical modeling tech-
nique described by Hohmann (1975), thearetical
anomalies due to a three-dimensional body. composed
of stmple prisms were computéd, The results were
prasented in terms of 1) the potential, 2) the .ap-
parént resistivity calculated fTrom the total hori-
zontal electric field and 3) the apparent resis-
tivity calculated from the potential. Two elec-
trode configurations were congidered for Sach
model. Each configuration consisted of a pair-of
electrodes, where one of the electrodes was remote
and the second e1ectrude was located éither in the
body, for mise-3-la-masse or applied poteatial, or
outside the baody,.. simulatiﬂg a near miss, HNew-
Xirk's computer program was used by Mackelprang
(1985} of our group to compute a cataleg of models
due to bodies that might be of interest in detec-
tion of thick fracture zones,

Figures 2a and '2b show the conventions used
by Mewkirk (1982) and Mackelprang (198%) in calcu-
lations of the effects of 30 bodies. The budies
aré burfed in a homogeneous earth and two of many
gptions for a downhole point electrode are 11lus-
trated, Figure 3a ahd 3b illustrate anomalies on
a surface. resistivity survey produced :by a narrow
conductive body buried at a depth of 7 units with
the electrode in the bady (Fig, 3a) and off the
end of the bady (Fig. 3b). The peanut shaped
anomaly shown in Figure 3a {s particularly charac-
teristic on surface resistivity surveys with the
baréhole electrode in the body.

One basic shortcoming of Mewkitk's {1982)
algorithm ‘ts that it.does not apply when thé anom-
alouys body becomes thin, i.e, to the case of de-
tineition of fractures or thin fracture zones. To
dddress this important problem, the thin-body

studies described in the next section have been

undertaken.,

Thin-Body Studies

These studies are aimed at targets simulating
fracture zones which are thin relative to thair

(b ' {p)

~ FIGURE 2a
Plan view of standard mod@l.
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FIGURE 2b
Cross-section view of standard model.
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Surfdce resistivity anomaly due to deép fracturé
with downhole electrode in body.

other two dimensions, For the most part, we have
standardizéd the aspect ratiocs of the target di-
mensions at 10:10:1. While the effect of varying
the contrast in resistivity has been examined,
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FIGURE 3b

Surface resistivity anomaly due to deep fracture
with downhole electrode at side of body.

most of the results are for the case of a fracture
zone ten times more conductive than the host
rocks,

Four numerical techniques have been utilized
in the studies; three have been applied with the
D.C. resistivity method, The techniques applied
to the resistivity problem are (1) a 3D surface
integral equation ‘(Yang and Ward, 1985a,b), (2) a
30 volume integral equation (Beasley and Ward,
1986), and (3) a 2D finite element method (Zhao et
al,, 1985). A solution for the time domain EM

method has also been obtained which uses a 3D .

volume integral equation formulation (West and
Ward, 1985). Elaboration on these four approaches
1s given below,

Yang and Ward (1985a,b) present theoretical
results relating to the detection of thin oblate
spheroids and ellipsoids of arbitrary attitude.
The effects of the surface of the earth are neg-
lected and the body 1is assumed to be enclosed
within an infinite homogeneous mass. The surface
of the body is divided into a series of subsur-
faces,. and a numerical solution of the Ffredholm
integral equation is applied. Once a solution for
the surface charge distribution is determined, the
potential can be specified anywhere by means of
Coulomb’'s law. The theoretical model results
indicate that cross-borehole resistivity measure-
ments are a more effective technique than single-
borehole measurements for delineating resistivity
anomalies in the vicinity of a borehole.

Figure 4a shows cross-borehole resistivity
responses of a vertical conductive fracture zone.
between two boreholes. The electrode configura-
tion is the pole-pole array with electrode B fixed
and electrode M moving in the second borehole.
Several curves are plotted depending on the dis-
tance between the fracture and the second bore-
hole, The larger anomalies occur when the second
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FIGURE 4a

Downhole cross-borehole resistivity anomalies for
vertical fracture showing effect of varying
distance from fracture to second borehole,
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FIGURE 4b
Downhole cross-borehole resistivity anomalies for
dipping fracture showing effect of varying

distance from fracture to second borehole.

borehole is nearer to the fracture zone. Figure
4b shows anomalies for the same sfituation as Fig-
ure 4a except that now the fracture dips toward
the first borehole, Figure 4c shows the effect of
varying the resistivity contrast between a dipping
fracture and the host medium., As expected, the
large contrast cases produce the largest anoma-
lies. Figure 4d shows the change in anomaly shape
for the dipping fracture when four electrodes are
placed downhole instead of two (compare with Fig.
4b, EMX = 2,5), By study of a large suite of such
graphs as these, the comparative capabilities of
the various possible cross-borehole arrays can be
determined.

The volume {integral equation approach of
Beasley and Ward (1986) incorporates a half-space
formulation, i.e. the earth's surface is not neg-
lected. As with the surface integral equation
technique of Yang and Ward (1985a,b), the volume
integral equation method requires that only
inhomogeneities be discretized. Any number of
inhomogeneities of differing sizes and physical
properties can be accounted for by this algo-
rithm, Inhomogeneities are discretized into
rectangular cells whose size may vary in each of
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Downhole cross-borehole resistivity anomalies for
dipping fracture showing the effect of varying
resistivity contrast between fracture and host
medium,
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Downhole cross-borehole resistivity anomalies for
dipping fracture showing the effect of dipole.
length for downhole .electrodes. .

the three directions. The fact that targets must
be comprised of rectangular or cubic cells means
that dipping bodies must be simulated by cells
arranged in a staircase fashion, Section and plan
views of computed apparent resistivities are the
end product of this algorithm. The algorithm is
flexible in that it permits a buried electrode to
be placed either inside (mise-a-la-masse) or out-
stide (near-miss) the body. The dip of the body
and the location of the energizing electrode with-
in it were both waried. The maximum depth at
which a body could be located and still produce a
detectable anomaly on surface surveys was found to
be dependent, as expected, upon the position of
the buried electrode and upon the contrast in re-
sistivity between the body and the host. It was
found that locating the buried electrode just out-
side the body did not significantly alter the re-
sults from those when the electrode is embedded in
the inhomogeneity,

Figures 5a, 5b and 5c show representative re-
sults from Beasley and Ward (1986). Each figure
is a vertical section through the earth with con-
tours of the resistivity anomaly. A borehole can
be placed anywhere on this figure and the resis-
tivity curve that would be observed in such a
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FIGURE 5a
Subsurface resistivity contours for a vertical
permeable zone with an {imbedded downhole current
sgurce,
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FIGURE 5b
Subsurface resistivity contours for a dipping
permeable zone with an imbedded downhole current
source,

borehole with a single downhole potential elec-
trode would be given by the intersection of the
borehole with the contours. The downhole current
electrode source is shown by the star,
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Subsurface resfstivity contours for a horizontal
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FIGURE 6a

Subsurface resistivity contours for a vertical
permeable zone with current source to the side.

Our most versatile algorithm for the borehole
resistivity method is the 2-D finite element algo-
rithm used by Zhao et al. (1985). The versatility
of this algorithm arises from the fact that the
entire subsurface is discretized. Since triangu-
Yar elements are used for discretization, dipping
bodies are readily handled. The algorithm also
accomodates a layered-earth host environment,
This algorithm was used to evaluate signal-to-
noise ratio for various types of noise.

Figures 6a and 6b show typical results from

surface
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FIGURE 6b

Subsurface resistivity contours for a vertical
permeable zone beneath geologic structure with
varying positions of the downhole current elec-
trode,

Zhao et al, (1985). Figure 6a shows subsurface
resistivity contours 1in section for a vertical
fracture with a current source outside the body.
This plot is similar to those given by Beasley and
Ward (1986) in Figures 5a, 5b and 5c. Figure 6b
illustrates how subsurface topography due to geo-
logic structure affects results. Note that the
anomaly due to the fracture is obscured to a great
extent by the resistivity pattern created by the
contact., This is due in part also to the rela-
tively large distance of the fracture from the
downhole current source, shown by the star. A
current source in a borehole closer to the frac-
ture would cause a much clearer anomaly.

A1l computations by Yang and Ward {1985a,b)
and Zhao et al. (1985) were performed on an HP9826
desk top computer with 1,6 Mbytes of memory. The
algorithm used by Zhao et al. {1985) is currently
being extended to 3-D. It is probable that the
HP9826 will accomodate the 3-D version. If so,
these modeling programs could easily be used in
the field with no need to return to a large
computing facility.

From the above studies we tentatively con-
clude the fo)lowing: the cross-borehole method
produces larger anomalies than does a single-bore-
hole method; the cross-borehole angmalies using a
pole-pole array are smaller than those for a
cross-borehole dipole-dipole array; the cross-
borehole mise-3-la-masse method produces larger
anomalies than for the other cross-borehole



methods; and, the anomalies due to a thin sheet
were generally much smalier than those for a
sphere, as is to be expected.

Using a 3-D integral equation algorithm
developed by San Filipo and Hohmann (1985), West
and Ward (1985) performed a model study to evalu-
ate the time-domain electromagnetic (TDEM) re-
sponse of a horizontal conductive body (fracture
zone) imbedded fin a half-space. Simplifying
assumptions 1in the algorithm allow modeling only
of bodies with two vertical symmetry planes with
sources directly above or below. The source
transmitter is a large square loop located on the
surface of the earth, Receivers are locdted in
boreholes at various locations in the vicinity of
the body. Responses are computed at 60 time steps
at intervals of 0.4 ms for a total data window of
24 ms. EM field decay curves and plots of decay
versus depth are obtained for all three componeants
of the primary, secondary, and total responses.
The results are expressed in terms of percent
difference plots, and are still under study at
this time.

Surface-to-borehole EM in which a large
transmitter is coaxial with the well and a down-
hole detector is run in the well may provide use-
ful information on the location of conductive
fractures intersecting the wellbore. Whether this
technique will work in cased wells and whether a
“crack" anomaly can be distinguished from a
stratigraphic conductor are topics under study.

The above discussion outlines our research to
date, Other current research involves a model
study using the VLF (very low-frequency) method as
well as developing a borehole inversion scheme
using the finite-element technique. Inversion of
the 3D integral equation 1is also being investi-
gated. An inversion scheme which can incorporate
multi-array data is an ultimate goal. Interpreta-
tion of complex borehole field data from geo-
thermal sites may then become a reality.

DISCUSSION

The problem of selecting an appropriate
borehole electrical system 1is quite complex.
Variables include where to place the electrodes,
i.e. how many on the surface and how many down
each borehole, and whether to use direct-current
galvanic resistivity, which each of the above
figures illustrate, or some alternating current,
electromagnetic scheme, It is clear that the
computer based study of these questions is cost
effective in helping select and design an optimum
field system.

Our current opinion is that the more data one
can collect the better one should be able to char-
acterize the sudbsurface. We have therefore been
making a preliminary investigaton of the design of
a system for obtaining both borehole-to-borehole

and borehole-to-surface data simultaneously. Such.

a scheme is conceptually illustrated in Figure 7.
We believe we are nearing the stage when a field
system can be designed with the very real hope of
ylelding much more subsurface information than can
be realized by presently available systems.

MULTI-ARRAY BOREHOLE RESISTIVITY SURVEY
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FIGURE 7
Conceptual illustration of a multi-array borehole
resistivity system,
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ABSTRACT

Borehole electrical geophysical methods have
considerable potential for helping to define hot
and permeable zones in geothermal systems. Bore-
hole geophysics differs from geophysical well
logging and has a much greater area of search
around a borehole. Very little developmental work
has taken place in borehole electrical methods to
date, At UURI, we have been developing computer
methods to model various electrical arrays for
borehole configurations. We plan to compare the
several possible survey methods and then design a
field system based on the method that appears from
the computer studies to be optimum.

From our studies to date we tentatively
conclude that the cross-borehole method produces
larger anomalies than does the single-borehole
method; cross-borehole anomalies using a pole-pole
array are smaller than those for a dipole-dipole
array; the cross-borehole mise-3-la-masse method
produces larger anomalies than does other cross-
borehole methods; and, the anomalies due to a thin
structure are generally much smaller than those
for a sphere, as is to be expected.

INTROOUCTION

The key problem worldwide in development of
hydrothermal resources appears to be more in
locating permeable zones than in locating high
temperatures. Grindly and Browne (1976) note that
of 11 hydrothermal fields investigated in New Zea-
land, all of which have high temperatures (230°C
to 300°C), five are non-productive chiefly because
of low permeability. Three of the eleven fields
are {in production (Wairakei, Kawerau and Broad-
lands) and in each of these fields permeability
limits production more than temperature does. Hot
but unproductive holes have been drilled at many
of the major geothermal areas in the world,
including The Geysers, Roosevelt Hot Springs,
Coso, and Meager Creek, to name a few.

Permeability can be primary or secondary,
Primary permeability in clastic rocks originates
from 1intergranular porosity and it generally
decreases with depth due to compaction and cemen-
tation. In volcanic sequences, primary intergran-

ular porosity and permeability exist, but greater.

permeability exists in open spaces at flow con-
tacts and within the flows themselves. Primary
permeability in crystalline
generally very low, Secondary permeability occurs
in all rock types in open fault zones, fractures

igneous rocks is °

and fracture intersections, along dikes and in
breccia zones (Brace, 1968; Moore et al., 1985).
Changes in permeability come about through mineral.
deposition in open spaces or by leaching by the
thermal fluids.

Although none of the geophysical methods maps
permeability directly, any geological, geochemi-
cal, or hydrological understanding of the factors
that control the permeability in a geothermal re-
servoir can be used to help determine geophysical
methods potentially useful for detecting the
boundaries and more permeable parts of a hydro-
thermal system. At UURI, we have been developing
electrical borehole techniques to detect and map
permeable zones 1in the subsurface, especially
fractures.

BACKGROUND--BOREHOLE GEOPHYSICS

It is important to understand the differences
between geophysical well logging and borehole geo-
physics. In geophysical well logging, the instru-
ments are deployed in a single well in a tool or
sonde, and the depth of fnvestigation is usually

limited to the first few meters from the well- .

bore. Well-logging techniques have been developed
by the petroleum industry over a period of half a
century and have been applied with variable suc-
cess by the geothermal {industry. The major adap-
tations to the ' geothermal environment are the
requirements of high temperature tools and the
different 1interpretation required for hard rock
(volcanic, igneous) 1lithologies, Other diffe-
rences include a strong emphasis in geothermal
exploration on fracture identification and the
effects of hydrothermal alteration upon certain
log responses. Much research remains to be done
in order to understand fully the responses of
various well logs in geothermal reservoirs and

their typically fractured, altered, commonly
igneous and metamorphic host rocks. In spite of
the relative 1lack of knowledge of well-log

response in geothermal reservoirs, several logs or
log combinations have been used successfully to
investigate such properties as 1ithology, altera-
tion, fracturing, density, porosity, fluid flow
and sulfide content, all of which may be critical
in deciding how and in what intervals to complete,
case, cement or stimulate a well (Glenn and Hulen,
1979; Keys and Sullivan, 1979; Sanyal et al.,
1980; Glenn and Ross, 1982; Halfman et al., 1982).

By contrast, borehole geophysics refers to
those geophysical techniques where energy sources
and sensors are deployed (1) at wide spacing in a



single borehole, (2) partly in one borehole and
partly on the surface, or (3) partly in one bore-
hole and partly in a second borehole., Thus, we
speak of borehole-to-surface, surface-to-borehole
and borehole-to-borehole surveys. The depth of
investigation is generally much greater in bore-
hole geophysical surveys than it {s in geophysical
well logging,

Only one of the several borehole geophysical
techniques, namely vertical seismic profiling
(VSP), has been developed to any extent., The
petroleum industry has funded relatively rapid
development of VSP over the past several years.

ysp

Vertical seismic profiling (VSP) can be done
using both P- and S-wave surface sources (usually
mechanical vibrators) arranged circumferentially
around a well, Direct and reflected seismic waves
are detected by strings of down-hole geophones
clamped to the wall of the well or by hydro-
phones, VSP has been used mainly to trace seismic
events observed at the surface to their point of
origin in the earth and to obtain better estimates
for the acoustic properties of a stratigraphic
sequence. Oristaglio (1985) presents a guide to
the current uses of VSP,

Borehole Electrical Technigues

Borehole-to-borehole and borehole-to-surface
electrical methods appear to have considerable
potential for application to geothermal explora-
tion. In a benchmark introductory paper, Danfels
(1983) illustrated the utility of hole-to-surface
resfstivity measurements with a detailed study of
an area of volcanic tuff near Yucca Mountain,
Nevada. He obtained total-field resistivity data
for a grid of points on the surface with current
sources in three drill holes, completed a layered-
earth reduction of the data, and interpreted the
residual resistivity anomalies with a 3D ellip-
soidal modeling technique.

The borehole electrical techniques, however,
are in general poorly developed. One reason for
this is that there are a large number of ways that
horehole electrical surveys can be performed and
it has been unclear which methods are best. At
the same time, computer algorithms to model the
several methods have not existed so that it has
not been possible to select among methods prior to
committing to the expense of building a field
system and obtaining test data.

R&D PROGRAM AT UURI
The objective of our program is to develop
and demonstrate e use of borehole electrical
techniques 1{n geothermal exploration, reservoir
delineation and reservoir exploitation, Our

approach 1is:

1. Develop computer techniques to model the’

possible borehole electrical survey systems;
2. Design and construct a field data acquisition
system based on the results of (1);
3. Acquire field data at sites where the nature
and extent of permeability are known; and,

4. Develop techniques to interpret field data.

To the present time, we have made considerable
progress on item (1) above and we are now at such
a point that item (2) could be started.

Our research staff has consisted of the
following personnel: Stanley H, Ward, Project
Manager; Lufs Rijo, Professor of Geophysics,
Universidade Federal Do Para, Brazil (on 2-year
post-doctoral leave at U of U and UURI); F. W.
Yang, Peoples Republic of China (visiting
scholar); J. X. Zhao, Peoples Republic of China
(visiting scholar); Craig W. Beasley (doctoral
candidate U of U, awarded MS degree); Richard C.
West (MS candidate at UU). Additional technical
support has been provided by Philip E. Wannamaker,
Howard P, Ross and Phillip M. Wright of UURI and
by Gerald W. Hohmann of U of U. Project costs for
Rijo, Yang and Zhao have been minimal because
these scientists have been supported by their
governments, Thus, a great deal has been accom-
plished at minimal cost while supporting the
education of several students. The remainder of
this paper will discuss the significance of our
research to date.

COMPUTER MODELING OF BOREHOLE ELECTRICAL METHODS

Computer techniques for modeling borehole
electrical geophysics have largely been lacking,
especially for three-dimensfonal (30) cases. Fig-
ure 1 ‘tndicates conventional usage of the terms
1D, 2D and 3D in geophysical interpretation. In
the 1D case, also called the "layered earth" case,
the physical property of interest (resistivity for
this study), varies only in the vertical direc-
tion, In the 20 case, physical property varia-
tions in the vertical and one horizontal dimension
are allowed, and the anomalous body illustrated
has the same shape in and out of the paper for in-
finite distance. In the 3D case, physical proper-
ty variations are specified in all three space di-
mensions, Obviously, the real earth is only occa-
sionally 1D in nature in geothermal areas., The
usual case is for physical properties to vary in
all three dimensions in the earth, the 3D case.
However, the mathematical formulations for elec-
trical anomalies of bodies increase greatly in
complexity from the 1D case to the 3D case. This
accounts for the fact that in order to begin our
task of applying borehole electrical techniques to
delineation of permeability, we were required to
develop original mathematical formulations of the
problem.

1D 20 30
P

Py
Py

P2 Rasintivity

FIGURE 1
INlustration of the meaning of the terms 10, 20
and 3D in geophysical modeling.



Thick-Body Studies

Prior to 1982, only three published papers
considered computer modeling of downhole elec-
trodes for three-dimensional bodies. Daniels
(1977) studied six buried electrode configurations
and plotted normalized apparent resistivity or
apparent polarizability against such configuration
parameters as 1) source and recefver depth, 2)
depth/bipole length, 3) receiver distance from
body, 4) depth of body, and 5) distance of source
and receiver from body center. Snyder and Merkel
(1973), computed the I[P and apparent resistivity
responses resulting from a buried current pele in
the presence of a buried sphere. Their plots are
center-1ine profiles for normalized apparent re-
sistivity and normalized IP response. Dobecki
(1980) computed the effects of spheroidal bodies
as measured in nearby single boreholes using the
pole-pole electrode array. These three studies
are obviously very limited in terms of the prob-
lems of defining permeability 1in geothermal
systems,

In 1982, HNewkirk (1982) from our group pub-
lished a study of downhole electrical resistivity
with 3D bodies. Using a numerical modeling tech-
nique described by Hohmann (1975), theoretical
anomaifes due to a three-dimensional body composed
of simple prisms were computed, The results were
presented in terms of 1) the potential, 2) the ap-
parent resistivity calculated from the total hori-
zontal electric field and 3) the apparent resis-
tivity calculated from the potential. Two elec-
trode configurations were considered for each
model, Each configuration consisted of a pair of
electrodes, where one of the electrodes was remote
and the second electrode was located either in the
body, for mise-a-la-masse or applied potential, or
outside the body,. simulating a near miss. New-
kirk's computer program was used by Mackelprang
(1985) of our group to compute a catalog of models
due to bodies that might be of interest in detec-
tion of thick fracture zones, ’

Figures 2a and 2b show the conventions used
by Newkirk (1982) and Mackelprang (1985) in calcu-
lations of the effects of 30 bodies. The bodies
are burfed in a homogeneous earth and two of many
options for a downhole point electrode are illus-
trated, Figure 3a and 3b illustrate anomalies on
a surface resistivity survey produced by a narrow
conductive body buried at a depth of 7 units with
the electrode in the body (Fig. 3a) and off the
end of the body (Fig., 3b). The peanut shaped
anomaly shown in Figure 3a is particularly charac-
teristic on surface resistivity surveys with the
borehole electrode in the body.

One basic shortcoming of Newkirk's (1982)
algorithm {s that it does not apply when the anom-
alous body becomes thin, i.e. to the case of de-
1ineation of fractures or thin fracture zones. To
address this important problem, the thin-body
studies described in the next section have been
undertaken, .

Thin-Body Studies

These studies are aimed at targets simulating
fracture zones which are thin relative to their

(bX {0)

FIGURE 2a
Plan view of standard model.

(b)

FIGURE 2b
Cross-section view of standard model,
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FIGURE 3a

Surface resistivity anomaly due to deep fracture
with downhole electrode in body.

other two dimensions., For the most part, we have
standardized the aspect ratios of the target di-
mensions at 10:10:1. While the effect of varying
the contrast in resistivity has been examined,
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FIGURE 3b
Surface resistivity anomaly due to deep fracture
with downhole electrode at side of body.

most of the results are for the case of a fracture
zone ten times more conductive than the host
rocks.

Four numerical techniques have been utilized
in the studies; three have been applied with the
D.C. resistivity method. The techniques applied
to the resistivity problem are (1) a 3D surface
integral equation (Yang and Ward, 1985a,b), (2) a
30 volume integral equation (Beasley and Ward,
1986), and (3) a 2D finite element method (Zhao et
al., 1985)., A solution for the time domain EM
method has also been obtained which uses a 30
volume integral equation formulation (West and
Ward, 1985). Elaboration on these four approaches
is given below.

Yang and Ward (1985a,b) present theoretical
results relating to the detection of thin oblate
spheroids and ellipsoids of arbitrary attitude.
The effects of the surface of the earth are neg-
lected and the body {is assumed to be enclosed
within an infinite homogeneous mass. The surface
of the body 1is divided into a series of subsur-
faces, and a numerical solution of the Fredholm
integral equation is applied. Once a solution for
the surface charge distribution is determined, the
potential can be specified anywhere by means of
Coulomb's 1law, The theoretical model results
indicate that cross-borehole resistivity measure-
ments are a more effective technique than single-
borehole measurements for delineating resistivity
anomalies in the vicinity of a borehole.

Figure 4a shows cross-borehole resistivity
responses of a vertical conductive fracture zone-
between two boreholes. The electrode configura-
tion is the pole-pole array with electrode B fixed
and electrode M moving in the second borehole,
Several curves are plotted depending on the dis-
tance between the fracture and the second bore-
hole. The larger anomalies occur when the second
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Downhole cross-borehole resistivity anomalies for
vertical fracture showing effect of varying
distance from fracture to second borehole,
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FIGURE 4b
Downhole cross-borehole resistivity anomalies for
dipping fracture showing effect of varying
distance from fracture to second borehole.
borehole is nearer to the fracture zone., Figure

4b shows anomalies for the same situation as Fig-
ure 4a except that now the fracture dips toward
the first borehole. Figure 4c shows the effect of
varying the resistivity contrast between a dipping
fracture and the host medium., As expected, the
large contrast cases produce the largest anoma-
lies, Figure 4d shows the change in anomaly shape
for the dipping fracture when four electrodes are
placed downhole instead of two (compare with Fig.
4b, EMX = 2.5). By study of a large suite of such
graphs as these, the comparative capabilities of
the various possible cross-borehole arrays can be
determined.

The volume integral equation approach of
Beasley and Ward (1986) incorporates a half-space
formulation, i.e. the earth's surface is not neg-
lected. As with the surface integral equation
technique of Yang and Ward (1985a,b), the volume
integral equation method requires that only
inhomogeneities be discretized. Any number of
inhomogeneities of differing sizes and physical
properties can be accounted for by this algo-
rithm, Inhomogeneities are discretized into
rectangular cells whose size may vary in each of
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Downhole cross-borehole resistivity anomalies for
dipping fracture showing the effect of varying

resistivity contrast between fracture and host
medium,
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Downhole cross-borehole resistivity anomalies for
dipping fracture showing the effect of dipole.
length for downhole electrodes, :

the three directions. The fact that targets must
be comprised of rectangular or cubic cells means
that dipping bodies must be simulated by cells
arranged in a staircase fashion. Section and plan
views of computed apparent resistivities are the
end product of this algorithm., The algorithm fis
flexible in that it permits a buried electrode to
be placed either inside (mise-a-la-masse) or out-
side (near-miss) the body. The dip of the body
and the location of the energizing electrode with-
in it were both waried. The maximum depth at
which a body could be located and still produce a
detectable anomaly on surface surveys was found to
be dependent, as expected, upon the position of
the buried electrode and upon the contrast in re-
sistivity between the body and the host. It was
found that locating the buried electrode just out-
side the body did not significantly alter the re-
sults from those when the electrode is embedded in
the inhomogeneity.

Figures 5a, 5b and Sc show representative re-
sults from Beasley and Ward (1986). Each figure
is a vertical section through the earth with con-
tours of the resistivity anomaly. A borehole can
be placed anywhere on this figure and the resis-
tivity curve that would be observed in such a

110
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FIGURE 5a
Subsurface resistivity contours for a vertical

permeable zone with an imbedded downhole current
source,
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FIGURE 5b
Subsurface resistivity contours for a dipping

permeable zone with an imbedded downhole current
source, ‘

borehole with a single downhole potential elec-
trode would be given by the intersection of the
borehole with the contours. The downhole current
electrode source is shown by the star.
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FIGURE Sc
Subsurface resistivity contours for a horizontal
permeable zone with an imbedded downhole current
source,
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FIGURE 6a

Subsurface resistivity contours for a vertical
permeable zone with current source to the side.

Our most versatile algorithm for the borehole
resistivity method is the 2-D finite element algo-
rithn used by Zhao et al, (1985). The versatility
of this algorithm arises from the fact that the
entire subsurface is discretized. Since triangu-
Tar elements are used for discretization, dipping
bodies are readily handled. The algorithm also
accomodates a layered-earth host environment.
This algorithm was used to evaluate signal-to-
noise ratio for various types of noise.

Figures 6a and 6b show typical results from
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FIGURE 6b

Subsurface resistivity contours for a vertical
permeable zone beneath geologic structure with
varying positions of the downhole current elec-
trode,

Zhao et al. (1985). Figure 6a shows subsurface
resistivity contours in section for a vertical
fracture with a current source outside the body.
This plot is similar to those given by Beasley and
Ward (1986) in Figures 5a, Sb and Sc. Figure 6b
{l1lustrates how subsurface topography due to geo-
logic structure affects results., Note that the
anomaly due to the fracture is obscured to a great
extent by the resistivity pattern created by the
contact, This is due in part also to the rela-
tively large distance of the fracture from the
downhole current source, shown by the star. A
current source in a borehole clioser to the frac-
ture would cause a much clearer anomaly.

A1l computations by Yang and Ward (1985a,b)
and Zhao et al. (1985) were performed on an HP9826
desk top computer with 1.6 Mbytes of memory. The
algorithm used by Zhao et al. (1985) is currently
being extended to 3-D. It is probable that the
HP9826 will accomodate the 3-D version, If so,
these modeling programs could easily be used in
the field with no need to return to a large
computing facility.

From the above studies we tentatively con-
clude the foliowing: the cross-borehole method
produces larger anomalies than does a single-bore-
hole method; the cross-borehole anomalies using a
pole-pole array are smaller than those for a
cross-borehole dipole-dipole array; the cross-
borehole mise-i-la-masse method produces larger
anomalies than for the other cross-borehole



methods; and, the anomalies due to a thin sheet
were generally much smaller than those for a
sphere, as is to be expected.

Using a 3-D integral equation algorithm
developed by San Filipo and Hohmann (1985), West
and Ward (1985) performed a model study to evalu-
ate the time-domain electromagnetic (TDEM) re-
sponse of a horizontal conductive body (fracture
zone) imbedded 1in a half-space. Simplifying
assumptions in the algorithm allow modeling only
of bodies with two vertical symmetry planes with
sources directly above or below. The source
transmitter is a large square loop located on the
surface of the earth. Receivers are located in
boreholes at various locations in the vicinity of
the body. Responses are computed at 60 time steps
at intervals of 0.4 ms for a total data window of
28 ms. EM field decay curves and plots of decay
versus depth are obtained for all three components
of the primary, secondary, and total responses.
The results are expressed in terms of percent
difference plots, and are still under study at
this time.

Surface-to-borehole EM in which a 1large
transmitter is coaxial with the well and a down-
hole detector is run in the well may provide use-
ful information on the location of conductive
fractures intersecting the wellbore. Whether this
technique will work in cased wells and whether a
"crack" anomaly can be distinguished from a
stratigraphic conductor are topics under study.

The above discussion outlines our research to
date. Other current research involves a model
study using the VLF (very low-frequency) method as
well as developing a borehole inversion scheme
using the finite-element technique. Inversion of
the 3D integral equation is also being investi-
gated. An {inversion scheme which can incorporate
multi-array data s an ultimate goal. Interpreta-
tion of complex borehole field data from geo-
thermal sites may then become a reality.

DISCUSSION

The oproblem of selecting an appropriate
borehole electrical system is quite complex.
Varfables include where to place the electrodes,
i.e. how many on the surface and how many down
each borehole, and whether to use direct-current
galvanic resistivity, which each of the above
figures illustrate, or some alternating current,
electromagnetic scheme. It is clear that the
computer based study of these questions is cost
effective in helping select and design an optimum
field system.

OQur current opinion is that the more data one
can collect the better one should be able to char-
acterize the subsurface. We have therefore been
making a preliminary investigaton of the design of
a system for obtaining both borehole-to-borehole

and borehole-to-surface data simultaneously. Such .

a scheme {s conceptually illustrated in Figure 7.

We believe we are nearing the stage when a field.

system can be designed with the very real hope of
yielding much more subsurface information than can
be realized by presently avatlable systems,

MULTI-ARRAY BOREHOLE RESISTIVITY SURVEY
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FIGURE 7
Conceptual illustration of a multi-array borehole
resistivity system.
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ABSTRACT

Borehole electrical geophysical methods have
considerable potential for helping to define hot
and permeable zones in geothermal systems. Bore-
hole geophysics differs from geophysical well
logging and has a much greater area of search
around a borehole., Very little developmental work
has taken place in borehole electrical methods to
date. At UURI, we have been developing computer
methods to model various electrical arrays for
borehole configurations. We plan to compare the

several possible survey methods and then design a

field system based on the method ‘that appears from
the computer studies to be optimum.

From our studies to date we tentatively
conclude that the cross-borehole method produces
larger ancmalies than does the single-borehole
method; cross-borehole anomalies using a pole-pole
array are smaller than those for a dipole-dipole
array; the cross-borehole mise-a-la-masse method
produces larger anomalies than does other cross-
borehole methods; and, the anomalies due to a thin
structure are generally much smaller than those
for a sphere, as is to be expected.

INTRODUCTION

The key problem worldwide in development of
hydrothermal resources appears to be more in
locating permeable zones than in locating high
temperatures. Grindly and Browne (1976) note that
of 11 hydrothermal fields investigated in New Zea-
land, all of which have high temperatures (230°C
to 300°C), five are non-productive chiefly because
of low permeability. Three of the eleven fields
are in production (Wairakei, Kawerau and Broad-

lands) and in each of these fields permeability -

limits production more than temperature does. Hot
but unproductive holes have been drilled at many
of the major geothermal areas in the world,
including The Geysers, Roosevelt Hot Springs,
Coso, and Meager Creek, to name a few.

Permeability can be primary or secondary.
Primary permeability in clastic rocks originates
from intergranular porosity and it generally
decreases with depth due to compaction and cemen-
tation. In volcanic sequences, primary intergran-

ular porosity and permeability exist, but greater

permeability exists 1in open spaces at flow con-
tacts and within the flows themselves. Primary
permeability in crystalline igneous rocks s
generally very low, Secondary permeability occurs
in all rock types in open fault zones, fractures

and fracture intersections, along dikes and in
breccia zones (Brace, 1968; Moore et al., 1985).
Changes in permeability come about through mineral
deposition in open spaces or by leaching by the
thermal fluids. i

Although none of the geophysical methods maps
permeability directly, any geological, geochemi-
cal, or hydrological understanding of the factors
that control the permeability in a geothermal re-
servoir can be used to help determine geophysical
methods potentially wuseful for detecting the
boundaries and more permeable parts of a hydro-
thermal system. At UURI, we have been developing
electrical borehole techniques to detect and map
permeable zones 1in the subsurface, especially
fractures.

BACKGROUND--BOREHOLE GEOPHYSICS

It is important to understand the differences
between geophysical well logging and borehole geo-
physics. 1In geophysical well logging, the instru-
ments are deployed in a single well in a tool or
sonde, and the depth of investigation is usually
limited to the first few meters from the well-
bore, Well-logging techniques have been developed
by the petroleum industry over a period of half a
century and have been applied with variable suc-
cess by the geothermal industry. The major adap-
tations to the' geothermal environment are the
requirements of high temperature tools and the
different interpretation required for hard rock
(volcanic, 1igneous) 1ithologies. Other diffe-
rences include a strong emphasis in geothermal
exploration on fracture identification and the
effects of hydrothermal alteration upon certain
log responses., Much research remains to be done
in order to understand fully the responses of
various well logs fin geothermal reservoirs and
their typically fractured, altered, commonly
igneous and metamorphic host rocks. In spite of
the relative lack of knowledge of well-log
response in geothermal reservoirs, several logs or
log combinations have been used successfully to
investigate such properties as lithology, altera-
tion, fracturing, density, porosity, fluid flow
and sulfide content, all of which may be critical
in deciding how and in what intervals to complete,
case, cement or stimulate a well (Glenn and Hulen,
1979; Keys and Sullivan, 1979; Sanyal et al.,
1980; Glenn and Ross, 1982; Halfman et al., 1982).

By contrast, borehole geophysics refers to
those geophysical techniques where energy sources
and sensors are deployed (1) at wide spacing.in a



single borehole, (2) partly in one borehole and
partly on the surface, or (3) partly in one bore-
hole and partly in a second borehole. Thus, we
speak of borehole-to-surface, surface-to-borehole
and borehole-to-borehole surveys. The depth of
investigation is generally much greater in bore-
hole geophysical surveys than it is in geophysical
well Yogging,

Only one of the several borehole geophysical
techniques, namely vertical seismic profiling
(VSP), has been developed to any extent. The
petroleum industry has funded relatively rapid
development of VSP over the past several years.

ysp.

Vertical seismic profiling (VSP) can be done
using both P- and S-wave surface sources (usually
mechanical vibrators) arranged circumferentially
around a well., Direct and reflected seismic waves
are detected by strings of down-hole geophones
clamped to the wall of the well or by hydro-
phones. VSP has been used mainly to trace seismic
events observed at the surface to their point of
origin in the earth and to obtain better estimates
for the acoustic properties of a stratigraphic
sequence, QOristaglio (1985) presents a gquide to
the current uses of VSP,

Borehole Electrical Techniques

Borehole-ta-borehole and borehole-to-surface
electrical methods appear to have considerable
potential for application to geothermal explora-
tion. In a benchmark introductory paper, Daniels
(1983) illustrated the utility of hole-to-surface
resistivity measurements with a detailed study of
an area of volcanic tuff near Yucca Mountain,
Nevada. He ohbtained total-field resistivity data
for a grid of points on the surface with current
sources in three drill holes, completed a layered-
earth reduction of the data, and interpreted the
residual resistivity anomalies with a 3D ellip-
soidal modeling technique.

The borehole electrical techniques, however,
are in general poorly developed. One reason for
this is that there are a large number of ways that
borehole electrical surveys can be performed and
it has been unclear which methods are best. At
the same time, computer algorithms to model the
several methods have not existed so that it has
not been possible to select among methods prior to
committing to the expense of building a field
system and obtaining test data.

R&D PROGRAM AT UURI

The objective of our program is to develop
and demonstrate the use of borehole electrical
techniques 1in geothermal exploration, reservoir
delineation and reservoir exploitation, Our

approach is:

1. Develop computer techniques to model the
possible borehole electrical survey systems;

2. Design and construct a field data acquisition
system based on the results of (1);

3. Acquire field data at sites where the nature
and extent of permeability are known; and,

4. Develop techniques to interpret field data.

To the present time, we have made considerable
progress on item (1) above and we are now at such
a point that item (2) could be started.

Our research staff has consisted of the
following personnel: Stanley H., Ward, Project
Manager; Luis Rijo, Professor of Geophysics,
Universidade Federal Do Para, Brazil (on 2-year
post-doctoral leave at U of U and UURI); F. W,
Yang, Peoples Republic of China (visiting
scholar); J. X. Zhao, Peoples Republic of China
(visiting scholar); Craig W. Beasley (doctoral
candidate U of U, awarded MS degree); Richard C.
West (MS candidate at UU). Additional technical
support has been provided by Philip E. Wannamaker,
Howard P. Ross and Phillip M, Wright of UURI and
by Gerald W. Hohmann of U of U, Project costs for
Rijo, Yang and Zhao have been minimal because
these scientists have been supported by their
governments. Thus, a great deal has been accom-
plished at minimal cost while supporting the
education of several students. The remainder of
this paper will discuss the significance of our
research to date.

COMPUTER MODELING OF BOREHOLE ELECTRICAL METHODS

Computer techniques for modeling borehole
electrical geophysics have largely been lacking,
especially for three-dimensional (3D) cases. Fig-
ure 1 ‘indicates conventional usage of the terms
1D, 20 and 3D 1in geophysical interpretation. In
the 10 case, also called the "layered earth" case,
the physical property of interest (resistivity for
this study), varies only in the vertical direc-
tion, In the 2D case, physical property varia-
tions in the vertical and one horizontal dimension
are allowed, and the anomalous body illustrated
has the same shape in and out of the paper for in-
finite distance. In the 3D case, physical proper-
ty variations are specified in all three space di-
mensions, Obviously, the real earth is only occa-
sionally 1D in nature in geothermal areas. The
usual case is for physical properties to vary in
all three dimensions 1n the earth, the 3D case.
However, the mathematical formulations for elec-
trical anomalies of bodies increase greatly in
complexity from the 1D case to the 3D case. This
accounts for the fact that in order to begin our
task of applying borehole electrical techniques to
delineation of permeability, we were required to
develop original mathematical formulations of the
problem,

1D 2D 3D
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FIGURE 1
Ilustration of the meaning of the terms 1D, 2D
and 3D in geophysical modeling.



Thick-Body Studies

Prior to 1982, only three published papers
considered computer modeling of downhole elec-
trodes for three-dimensional bodies. Daniels
(1977) studied six buried electrode configurations
and plotted normalized apparent resistivity or
apparent polarizability against such configuration
parameters as 1) source and receiver depth, 2)
depth/bipole length, 3) receiver distance from
body, 4) depth of body, and 5) distance of source
and receiver from body center, Snyder and Merkel
(1973), computed the IP and apparent resistivity
responses resulting from a buried current pole in
the presence of a buried sphere. Their plots are
center-1ine profiles for normalized apparent re-
sistivity and normalized IP response. Dobecki
(1980) computed the effects of spheroidal bodies
as measured in nearby single boreholes using the
pole-pole electrode array. These three studies
are obviously very limited in terms of the prob-
lems of defining permeability in geothermal
systems,

In 1982, Newkirk (1982) from our group pub-
lished a study of downhole electrical resistivity
with 30 bodies. Using a numerical modeling tech-
nique described by Hohmann (1975), theoretical
anomalies due to a three-dimensional body composed
of simple prisms were computed. The results were
presented in terms of 1) the potential, 2) the ap-
parent resistivity calculated from the total hori-
zontal electric field and 3) the apparent resis-
tivity calculated from the potential. Two elec-
trode configurations were considered for each
model, Each configuration consisted of a pair of
electrodes, where one of the electrodes was remote
and the second electrode was located either in the
body, for mise-3d-la-masse or applied poteatial, or
outside the body, simulating a near miss. New-
kirk's computer program was used by Mackelprang
(1985) of our group to compute a catalog of models
due to bodies that might be of interest in detec-
tion of thick fracture zones,

Figures 2a and 2b show the conventions used
by Newkirk (1982) and Mackelprang (1985) in calcu-
lations of the effects of 3D bodies. The bodies
are buried in a homogeneous earth and two of many
options for a downhole point electrode are illus-
trated. Figure 3a and 3b illustrate anomalies on
a surface resistivity survey produced by a narrow
conductive body buried at a depth of 7 units with
the electrode in the body (Fig. 3a) and off the
end of the body (Fig. 3b). The peanut shaped
anomaly shown in Figure 3a is particularly charac-
teristic on surface resistivity surveys with the
borehole electrode in the body.

One basic shortcoming of Newkirk's (1982)
algorithm is that it does not apply when the anom-
alous body becomes thin, i.e. to the case of de-
lineation of fractures or thin fracture zones. To
address this important problem, the thin-body
studies described in the next section have been
undertaken,

Thin-Body Studies

These studies are aimed at targets simulating
fracture zones which are thin relative to their

(b ()

FIGURE 2a
Plan view of standard model.

{a)

(b)

FIGURE 2b
Cross-section view of standard model.
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FIGURE 3a

Surface resistivity anomaly due to deep fracture
with downhole electrode in body.

other two dimensions, For the most part, we have
standardized the aspect ratios of the target di-
mensions at 10:10:1. While the effect of varying
the contrast in resistivity has been examined,
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FIGURE 3b
Surface resistivity anomaly due to deep fracture
with downhole electrode at side of body.

most of the results are for the case of a fracture
zone ten times more conductive than the host
rocks,

Four numerical techniques have been utilized
in the studies; three have been applied with the
D.C. resistivity method., The techniques applied
to the resistivity problem are (1) a 3D surface
integral equation (Yang and Ward, 1985a,b), (2) a
30 volume integral equation (Beasley and Ward,
1986), and (3) a 2D finite element method (Zhao et
al., 1985). A solution for the time domain EM
method has also been obtained which uses a 3D
volume integral equation formulation {West and
Ward, 1985). Elaboration on these four approaches
is given below,

Yang and Ward (1985a,b) present theoretical
results relating to the detection of thin oblate
spheroids and ellipsoids of arbitrary attitude.
The effects of the surface of the earth are neg-
lected and the body is assumed to be enclosed
within an infinite homogeneous mass. The surface
of the body is divided into a series of subsur-
faces, and a numerical solution of the Fredholm
integral equation is applied. Once a solution for
the surface charge distribution is detemmined, the
potential can be specified anywhere by means of
Coulomb's Tlaw. The theoretical model results
indicate that cross-borehole resistivity measure-
ments are a more effective technique than single-
borehole measurements for delineating resistivity
anomaiies in the vicinity of a borehole.

Figure 4a shows cross-borehole resistivity
responses of a vertical conductive fracture zone
between two boreholes. The electrode configura-
tion is the pole-pole array with electrode B fixed
and electrode M moving in the second borehole.
Several curves are plotted depending on the dis-
tance between the fracture and the second bore-
hole, The larger anomalies.occur when the second
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FIGURE 4a

Downhole cross-borehole resistivity anomalies for
vertical fracture showing effect of varying
distance from fracture to second borehole.
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FIGURE 4b
Downhole cross-borehole resistivity anomalies for
dipping fracture showing effect of varying
distance from fracture to second borehole.

borehole is nearer to the fracture zone. Figure
4b shows anomalies for the same situation as Fig-
ure 4a except that now the fracture dips toward
the first borehole. Figure 4c shows the effect of
varying the resistivity contrast between a dipping
fracture and the host medium. As expected, the
large contrast cases produce the largest anoma-
lies. Figure 4d shows the change in anomaly shape
for the dipping fracture when four electrodes are
placed downhole instead of two (compare with Fig.
4b, EMX = 2,5). By study of a large suite of such
graphs as these, the comparative capabilities of
the various possible cross-borehole arrays can be
determined.

The volume integral equation approach of
Beasley and Ward (1986) incorporates a half-space
formulation, i.e. the earth's surface is not neg-
lected, As with the surface integral equation
technique of Yang and Ward {(1985a,b}, the volume
integral equation method requires that only
inhomogeneities be discretized. Any number of
inhomogeneities of differing sizes and physical
properties can be accounted for by this algo-
rithm, Inhomogeneities are discretized into
rectangular cells whose size may vary in each of



CROSS - BOREHOLE

DEPTH
[ YA VIS

Elacivode Conlfiguration Body Sine Angles Rasistivity Controst
Fined Youcce .

Masing Eloctrode ::: a:0 | = -
SBXe-2.5 SBY*SBlaD Bras ﬁ< . ’ .
EMX$2.5 EMY1D €02 yior 7 =

FIGURE 4c

Downhole cross-borehole resistivity anomalies for
dipping fracture showing the effect of varying
resistivity contrast between fracture and host
medium,
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FIGURE 4d

Downhole cross-borehole resistivity anomalies for
dipping fracture showing the effect of dipole
length for downhole electrodes,

the three directions. The fact that targets must
be comprised of rectangular or cubic cells means
that dipping bodies must be simulated by cells
arranged in a staircase fashion, Section and plan
views of computed apparent resistivities are the
end product of this algorithm., The algorithm is
flexible in that it permits a buried electrode to
be placed either inside (mise-a-la-masse) or out-
side (near-miss) the body. The dip of the body
and the location of the energizing electrode with-
in it were both wvaried. The maximum depth at
which a body could be located and still produce a
detectable anomaly on surface surveys was found to
be dependent, as expected, upon the position of
the buried electrode and upon the contrast in re-
sistivity between the body and the host. It was
found that locating the buried electrode just out-
side the body did not significantly alter the re-
sults from those when the electrode is embedded in
the inhomogeneity.

Figures 5a, 5b and 5¢ show representative re-
sults from Beasley and Ward (1986). Each figure
is a vertical section through the earth with con-
tours of the resistivity anomaly. A borehole can
be placed anywhere on this figure and the resis-
tivity curve that would be observed in such a
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FIGURE 5a
Subsurface resistivity contours for a vertical
permeable zone with an imbedded downhole current
source,
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FIGURE 5b
Subsurface resistivity contours for a dipping
permeable zone with an imbedded downhole current
source,

borehole with a single downhole potential elec-
trode would be given by the intersection of the
borehole with the contours. The downhole current
electrode source is shown by the star.


http://Se.it

SUBEACE

MISE-A-LA~MASSE:
HORIZONTAL 80DY
APPARENT RESISTIVITY-FROM V

SECTION VIEEW 5 +3000+m

0=7.75 UMITS £y t0flm

SCALE: 1 UNIT »—

FIGURE Sc
Subsurface resistivity contours for a horizontal
permeable zone with an imbedded downhole current
source,
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FIGURE ba

Subsurface resistivity contours for a vertical
permeable zone with current source to the side.

Our most versatile algorithm for the borehole
resistivity method is the 2-D finite element algo-

rithm used by Zhao et al. (1985). The versatility.

of this algorithm arises from the fact that the
entire subsurface is discretized. Since triangu-
Tar elements are used for discretization, dipping
bodies are readily handled. The algorithm also
accomodates a layered-earth host environment.
This algorithm was used to evaluate signal-to-
noise ratio for various types of noise.

Figures 6a and 6b show typical results from
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FIGURE 6b

Subsurface resistivity contours for a vertical
permeable zone beneath geologic structure with
varying positions of the downhole current elec-
trode.

Zhao et al. (1985), Figure 6a shows subsurface
resistivity contours in section for a vertical
fracture with a current source outside the body.
This plot is similar to those given by Beasley and
Ward (1986) in Figures 5a, 5b and 5¢c, Figure 6b
illustrates how subsurface topography due to geo-
logic structure affects results. Note that the
anomaly due to the fracture is obscured to a great
extent by the resistivity pattern created by the
contact., This is due in part also to the rela-
tively large distance of the fracture from the
downhole current source, shown by the star. A
current source in a borehole closer to the frac-
ture would cause a much clearer anomaly.

A1l computations by Yang and Ward (1985a,b)
and Zhao et al. (1985) were performed on an HP9826
desk top computer with 1.6 Mbytes of memory. The
algorithm used by Zhao et al. (1985) is currently
being extended to 3-D. It is probable that the
HP9826 will accomodate the 3-D version. If so,
these modeling programs could easily be used in
the field with no need to return to a large
computing facility.

From the above studies we tentatively con-
clude the following: the cross-borehole method
produces larger anomalies than does a single-bore-
hole method; the cross-borehole anomalies using a
pole-pole array are smaller than those for a
cross-borehole dipole-dipole array; the cross-
borehole mise-3-la-masse method produces larger
anomalies than for the other cross-borehole



methods; and, the anomalies due to a thin sheet’

were generally much smaller than those for a
sphere, as is to be expected.

Using a 3-D integral equation algorithm
developed by San Filipo and Hohmann (1985}, West
and Ward (1985) performed a model study to evalu-
ate the time-domain electromagnetic (TDEM) re-
sponse of a horizontal conductive body (fracture
zone) 1imbedded in a half-space. Simplifying
assumptions in the algorithm allow modeling only
of bodies with two vertical symmetry planes with
sources directly above or below. The source
transmitter is a large square loop located on the
surface of the earth. Receivers are located in
boreholes at various locations in the vicinity of
the body. Responses are computed at 60 time steps
at intervals of 0.4 ms for a total data window of
24 ms. EM field decay curves and plots of decay
versus depth are obtained for all three components
of the primary, secondary, and total responses.
The results are expressed: in terms of percent
difference plots, and are still under study at
this time,

Surface-to-borehole EM in which a large
transmitter is coaxial with the well and a down-
hole detector is run in the well may provide use-
ful information on the location of conductive
fractures intersecting the wellbore. Whether this
technique will work in cased wells and whether a
"crack" anomaly can be distinguished from a
stratigraphic conductor are topics under study.

The above discussion outlines our research to
date. Other current research involves a model
study using the VLF {very low-frequency) method as
well as developing a borehole inversion scheme
using the finite-element technique. Inversion of
the 3D integral equation is also being investi-
gated. An inversion scheme which can incorporate
multi-array data is an uitimate goal. Interpreta-
tion of complex borehole field data from geo-
thermal sites may then become a reality.

DISCUSSION

The problem of selecting an appropriate
borehole ‘electrical system 1is quite complex.
Variables include where to place the electrodes,
i.e. how many on the surface and how many down
each borehole, and whether to use direct-current
galvanic resistivity, which each of the above
figures illustrate, or some alternating current,
electromagnetic scheme, It is clear that the
computer based study of these questions is cost
effective in helping select and design an optimum
field system,

Our current opinion is that the more data one
can collect the better one should be able to char-
acterize the subsurface. We have therefore been
making a preliminary investigaton of the design of
a system for obtaining both borehole-to-borehole
and borehole-to-surface data simultaneously. Such
a scheme is conceptually illustrated in Figure 7.
We believe we are nearing the stage when a field
system can be designed with the very real hope of
yielding much more subsurface information than can
be realized by presently available systems.

MULTI-ARRAY BOREHOLE RESISTIVITY SURVEY

A M, N, B. oo
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FIGURE 7
Conceptual illustration of a multi-array borehole
resistivity system.
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ABSTRACT

Hole-to-hole resistivity measurement is a useful method of detecting
fractures and ore deposits in the subsurface. With drilling costs continually
rising, there is a growing need for developing methods of borehole geophysics
such as this. In this study, we present theoretical results relating to
detection of thin oblate spheroids and ellipsoids with arbitrary attitude.

If we assume that individual fractures within a fracture zone are
connected to each other and are of finite lateral and vertical extent, then we
can model the fracture zone as a thin conductive oblate ellipsoid or spheroid
with arbitrary orientation of the major axis. Detection of such fractures is
the object of this study. In this study, the surface of the body is divided
into a series of subsurfaces, and a numerical solution of the Fredholm
integral equation is applied. Once a solution for the surface charge
distribution is determined, the potential can be specified anywhere by means
of Coulomb's law. The theoretical model results indicate that cross-borehole
resistivity measurements are a more effective technique than single-borehole
measurements for delineating resistivity anomalies in the vicinity of a
borehole. ;n some cases, the depth to the center of the body and the dip and

strike of the major axes of the body can be estimated.



INTRODUCTION

The methods of single-borehole, cross-borehole and borehole-to-surface resistivity
measurements for detecting anomalies in the vicinity of a borehole have been discussed
by several authors. An analytical solution for a spherical body in a half-space, with a
buried current source, was presented by Merkel (1971), Snyder and Merkel (1973), and Lee
(1975). A solution for modeling the resistivity and induced electrical polarization
response of two~dimensional (2-D) bodies in a half-space, using the method of moments
(Harrington, 1968) was developed by Snyder (1976). A detailed discussion on the
anomalies due to a spherical body in a half-space, for cross-borehole and borehole-to-
surface configurations was given by Daniels (1977). Recently, theoretical solutions and
discussions of the apparent resistivity anomalies of a sphere and a horizontal oblate or
prolate spheroid in a whole space for cross-borehole and single-borehole methods, were
presented by Dobecki (1980) and Lytle (1982). However, the computation of the potential
about a thin ellipsoid with an arbitrary attitude is a practical problem which has not
received sufficient attention. We can calculate this potential directly using the finite
element method. However, in the following discussion it is demonstrated that there is an
advantage in solving this problem by means of the surface-charge, integral equation
technique.

The use of surface-charge integration to solve electric potential problems is a
classical method in physies. Al'pin (1964) has shown the theoretical formula for the
computation of a complicéted horizontally layered model involving the drilling fluid and
the invaded zone for resistivity logging with this technique. Harrington (1968) deseribed
its applications to electrostatic and electromagnetic fields. This approach was first
applied to solve three-dimensional (3-D) problems in resistivity and induced electrical
polarization by Dieter et al. (1969). Barnett (1972, 1976) and Daniels (1977) applied it to

solve the potential problems for three-dimensional bodies of spherical and arbitrary



shape.

In conventional resistivity surveys, surface measurements are limited in their
ability to locate deeply buried targets such as fracture zones or tabular orebodies, from
which only small responses are measured using conventional surface electrode
configurations. This paper investigates the possibility of detecting a thin anomalous body
via borehole measurements. Several body attitudes and three different buried electrode
configurations are considered. The theoretical modeling for a thin oblate body not only
can be used to model fracture zones occurring in geothermal environments, but also can
be used to model a thin resistive or thin conductive orebody in mining exploration. We
shall use the term "spheroid" to deseribe a thin oblate ellipsoid possessing two axes of
equal dimensions, and the term "ellipsoid" to describe a thin oblate triaxial ellipsoid. In
all models studied, the dimensions of two axes are at least ten times that of the third, so

that only thin oblate bodies are modeled.

(ol



THEORY

Consider the ellipsoidal model for single-borehole and cross-borehole techniques
depicted in Figure 1, in which p, is the resistivity of the whole space and 0q is the
resistivity of the body. Assume that the depth to the anomalous body is much greater
than its size so that the effects of the surface of the earth can be neglected. The
current and measuring electrodes A and N are placed at infinity on the surface; the
electrodes B and M are thus the only electrodes downhole. In this model the center of
the ellipsoid is the zero of the coordinate system and the ellipsoid can take any

attitude. If the effects of the borehole are neglected, then the potential Uy, at point M

is given by (Al'pin, 1964)

I
U= ALy L S B )

M™ 4r Ry, 4r g eRpy

in which S is the series of sub-surfaces used to approximate the ellipsoid, P is a point on
the surface of the ellipsoid, RBM and RPM are the distances from the current source B
to the measuring electrode M and from point P to the measuring electrode M,
réspectively (Figure 1); The quantity o(p) is the equivalent surface density of charge at

the point P while is the dielectric permittivity. From boundary conditions and using a

o (P)

o 1’ the density of surface charge at any point Q on

simple transformation of S(P) =

1
the body surface should satisfy the following integral equation (Al'pin, 1964)

SQ = & gn(RIBQ>+ i S(P) %(%)ds , ! (2)

where K =(p 4 -0 1)/( Py * pl) is the reflection coefficient associated with the surface

of the body, S'is all of the surface except that occupied by the point P.

We approximate S by an N-term expansion (Harrington, 1968),



N
S(P) ~ 1 f:S,, (3)
j1 3

where the expansion functions are given by

1 on the jth subsurface Sj

] 0 on all other subsurfaces . (4)

Substituting (3) into (2) gives

) 1 27 3 1 .
. 2= (= tr g =2 [ 2-); %1 5
jzi s sf' f 3n(RPQ>ds+ 2= S, 3"(%) i# (5)

Writing (5) for each of the N values of i results in the system of linear equations

N
2 Aij sj = B, s (i=1,2,......N). (6)
i=1

By solving this system of linear equations and utilizing the resulting values of Sj, we can
calculate the potential and apparent resistivity at any point for different electrode
configurations. Barnett (1 972, 1976) discusses the singularity in the integral of equation

(5) and also discusses the method of computation of the integral over a triangular facet.

Hence, we will not discuss these matters here.

Now, the question is 7"how to divide the body surface into a series of subsurfaces,
suitable for any orientation of the ellipsoid, and satisfying the desired computational
accuracy?" First, we divide the ellipsoid into 8 slices along the minor axis, by 7 contours
(Figure 2(a)), and then create a series of triangles on the body surface. For the spheroid,
we use a symmetric division of equal are length and create 136 triangles on the body

surface (Figure 2(b)). It is quite evident that most of the triangles are isosceles and the

differences in their areas are small. For a thin ellipsoid, the surface of the body is



divided into 140 triangles as shown in Figure 2(c). Thus in this discretization, the 3-D
body to be modeled is represented by a polyhedron bounded by a series of triangular
facets.

In the computation procedure, a convenient method for specifying the size and dip
of the body and assembling the subsurfaces of a polyhedron for an oblate spheroid in an
arbitrary attitude is as follows: 1) first input the body size (semi-major axes a, b, and ¢),
2) assemble the coordinates of the apex for each triangle as a horizontal oblate spheroid,
and 3) rotate the spheroid and transform the coordinates for each apex. We use x, y, z to
represent the coordinates of the apex for each triangle in the original coordinate system
X,Y,Z (Figure 3) for a horizontal oblate body. The new coordinates (xn ew’ Ynew’ Zn ew)
of each apex, after rotating successively about three semi-major axes by the

angles o, B,y , are given by the following transformation

(xnev] ((cos a-cosB) (cosa-sing- siny - sina* cosy) (cosa-sinB+ cosy + sin o -siny )W X

Ynew{ = |(sina-cos B) (sina-sinB-siny + cosa-cosy) (sina-sing-cosy-cosarsiny) | |y (7
\znew/ \ (-sinB ) (cosB-siny) (cos B-cosy ) Jz

Of course we also can solve this potential problem by transforming the coordinates
of the current and potential electrodes. A very important point to note is that by
keeping the coordinates of the body in a horizontal attitude and transforming the
coordinates of the positions of the current and potential electrodes we can save
computation time, provided we do not change the body size but only the body attitude. It
is obvious that the integration in equation (5) is not relative to the positions of the

current and potential electrodes but only to the size and shape of the body. Thus if we



keep constant the size and shape of the body and only change its attitude, it is not
necessary to recompute equation (5). Thus the integral equation method is more
efficient than the finite element method in studying the responses of simple bodies.

In all of following figures, a, b, ¢ represent the semi-major axes
while, o, B,y represent the rotation angles shown in Figure 3, and (SBX, SBY, SBZ) and
(EMX, EMY, EMZ) represent the coordinates of the current and potential electrodes,

respectively. All computations were made on a Hewlett-Packard model 9826 desktop

computer.

Model Results

Throughout we use dimensionless units. The size of the body and all distances in
the following model examples are expressed in terms of normalized distance units, the
anomalous response is expressed by the normalized apparent resistivity ( o a/ p 1). For
cross-borehole and single-borehole measurements, three different electrode
configurations are considered. The simplest possible electrode configuration for cross-
borehole measurements is the fixed single current electrode and moving single potential
electrode. The other two arrays used are a widely spaced normal array (e.g., Figure 6)
and a moving-bipole source with a moving-bipole receiver (e.g., Figure 22) for single- and
cross-borehole measurements, respectively. Three typical cases, i.e., horizontal, dipping
and vertical oblate spheroids, will be discussed separately. Finally, two representative

results for an ellipsoid will be presented.

Horizontal oblate spheroid
The spatial variation of the normalized apparent resistivity ( p a/ pl) for a
conductive oblate spheroid with a resistivity contrast of 02/ pq =0.10 in the plane

defined by SBY = EMY = 0 is shown in Figure 4. This result is very similar to the




apparent resistivity distribution from a spherical body (Lytle, 1982). As seen from Figure
4, the normalized apparent resistivity measured on the current-source side of the
spheroid typically is less than one. However, on the side of the spheroid opposite the
current source it typically is greater than one. This cc;nfiguration of apparent resistivity
indicates that charges of opposite sign are induced on opposite ends of the body. Thus a
conductive body located between boreholes always produces pa/ Py > 1.00 for the cross-
borehole method. The resistivity anomaly in a vertical borehole containing the source is
much smallér than in any borehole to the right of the source in Figure 4. This suggests
that a larger anomaly can be detected using cross-borehole probing then using single-
borehole probing.

Figure 5 illustrates borehole profiles of normalized apparent resistivity for
different distances from the center of the body to the measuring borehole using the
cross-borehole method. These curves indicate that the anomalous amplitude is highly
dependent upon the location of the borehole in which the potential is measured. Model '
results for single-borehole measurement with a normal array of different L spacings are
shown in Figure 6. Here the apparent resistivity has been calculated for a normal array
whose M-B electrodes were reversed upon passing by the body, as shown in Figure 6; it is
the same in other examples for single-borehole surveys presented later. This procedure
has been used only to facilitate presentation of the profiles of apparent resistivity. The
anomaly for single-borehole measurement in Figure 6 is quite small compared with the

cross-borehole measurement in Figure 5.

Dipping oblate spheroid
If we rotate the oblate spheroid about the y axis, an asymmetrical spatial variation
in normalized apparent resistivity will occur, along with an asymmetrical distribution of

the induced surface charge on the boundary between the body and the surrounding




homogeneous medium. For a dipping conductive model of B = 45° with the same size
and resistivity contrast as in the horizontal case presented in Figure 4, the spatial
distribution of the apparent resistivity in the x-z plane is depicted in Figure 7. It is quite
evident that the anomaly is asymmetric about the body. The apparent resistivity
perturbation is larger for cross-borehole than for single-borehole as before.

Figures 8 and 9 illustrate the anomalies caused by a conductive spheroid dipping
at g = 45'° for resistivity contrasts of 0.01 and 0.10, respectively; the distances from the
center of the body to the borehole in which the potential is measured are varied. The
configuration used involves a fixed source and a moving potential eléctrode. As shown in
these two figures, the asymmetry of the curves is related to the dip of the body. For
both resistivity contrasts, the positions of peak amplitude of apparent resistivity not only
are almost the same, but are very close to the upper edge of the body. Also note in these
two figures, that the maxima of the anomalies decrease rapidly as the potential-
measuring borehole is placed farther from the center of the body. When the distance
EMX is three times greater than the semi-major axis (a = 2) of the spheroid, the anomaly
produced will be less than 2 percent®*. Of course, if the borehole containing the current
source is located closer to the dipping oblate spheroid, the anomaly will be readily
detected readily.

Next we rotate the thin oblate body about the y axis and observe the change in
shape and amplitude of the profile of apparent resistivity. The plane of the body is
perpendicular to the plane of the two boreholes used in a cross-borehole survey. The

model results for various dips are given in Figures 10 and 11. The resistivity contrast is

0.10 for the data of both figures. Figure 10 illustrates the results for dips ( 8) of 0, 15°,

and 30°, while Figure 11 illustrates the results for dips (8 ) of 45°, 60°, 75°, and 90°. As

*The accuracy of the algorithm we believe to be better than 1% while field
measurements are unlikely to have accuracies better than 1%.



would be expected, the anomalous amplitude decreases with the dip 8 from 0° to 90°,
The positions of the peaks of the curves are always approximately opposite the upper
edge of the body. It appears, therefore, that we can obtain a good idea of both the
location and the dip of the body by using cross-borehole probing.

A comparison of the normalized apparent resistivity curves for various resistivity
contrasts is shown in Figures 12 and 13. In these two figures, we keep the model
parameters and electrode configuration constant, only the resistivity contrast is
changed. The anomalous amplitude produced by a resistive body is slightly higher than
that of a conductive body, under the condition that the magnitude of the resistivity
contrast is the same. This result is identical with that obtained by Lytle (1982) for a
spherical model. However, for a dipping thin conductive body (Figure 12), the position of
the peak of the anomaly shifts to the depth of the upper edge of the body, as the
resistivity contrast is increased. This does not happen for a dipping resistive thin body
(Figure 13). While not shown here, these results pertain to dips of 0< 8 <90°.

The variation of p a/ pq versus the size of the semi-minor axis e, for a thin
conductive spheroid dipping at 8 = 45°, with a resistivity contrast p o/ p1 =0.10, is
presented in Figure 14. The peak position of the curves gradually shifts to the depth of
the edge of the body as the oblate spheroid becomes thinner, but the amplitude of the
anomaly rapidly decreases (Figure 14).

Figure 15 shows the results of offsetting the borehole relative to the center of the
dipping oblate body ( 8 = 45°). The shapes of the anomalies vary slightly; the amplitude
decreases very rapidly as the boreholes are offset. If the offsetting distance is greater
than the semi-major axes of the thin spheroid, the anomaly virtually disappears. If the
offset is in the negative direction of the y-axis by the same distances used for the data
shown in Figure 15, the shape and the amplitude of the anomalies will appear the same as

in Figure 15. Thus, it is impossible to determine on which side of the plane defined by



the two boreholes that the body lies.

For a dipping oblate body with the attitude of y = 45°, the results of offsetting the
boreholes in the positive and negative y direction by the same distances applied in the
example above are shown in Figure 16. The results are different from the last case; the
anomalies in p a/ pq are always greater than 1. If the offsetting distance (EMY) is zero,
the anomaly appears as a symmetric curve. Comparing this curve with the curve
(8 =0°) depicted by Figure 10, we see that the shape and amplitude of these two curves
are almost the same; the maximum of the amplitude is exactly the same. Thus it is
impossible to recognize the true dip of the oblate body from the curves, when the dip of
the body is normal to the plane of the boreholes. For instance, as the oblate body takes
the attitude of vy = 45° or Yy = -45°, the anomalies from these two situations are exactly
the same. Even if the boreholes are offset in the positive or negative y direction, as
shown in Figure 16, it is still impossible to figure out the real dip of the oblate body,
even though some small shifts occur in the peak position of the anomalies. We have
found, for example, when the oblate body takes the attitude of v = 45° and the boreholes
are offset by SBY = EMY = -1, or the body takes the symmetric attitude ( y = ~45°) and
boreholes are offset in the opposite direction by SBY = EMY =1, the anomalies are

identical.

Vertical oblate spheroid

For a thin vertical conductive spheroid, if the current source is placed on the axis
of rotation of the body and close to the body, (Figure 17), a dramatic variation in the
spatial distribution of normalized apparent resistivity occurs. As seen from Figure 17,
the normalized apparent resistivity near the outer edges of the body is high. However,
on the axis, and in the vicinity of the axis, on the side of the body opposite the current

source, there is a low of normalized apparent resistivity. The reason for occurrence of
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this "shielding effect" is the speciai distribution of the induced surface charge. The
conditions causing this phenomenon include the eccentricity of the body, the resistivity
contrast and the distance from the source to the center of the body. For the thin oblate
model depicted in Figure 17, the induced negative charges are concentrated in the
central area on the surface of the body facing the current source. However, most of the
induced positive charges are repulsed and distributed on the outer edges of the body
opposite the current source. The current flows out from the body in a "loudspeaker"
shape. The current density near the axis of rotation probably is lower for the spheroid
than for the sphere because of the surface charge distribution peculiar to the spheroid.
Only at infinity does the current density recover to normal and the anomaly disappears.
This is the reason why the two resistivity contours of o a/ pq =1.00 go to infinity along
the rotation axis, on the side of the body opposite the current source. This conclusion is
similar to the result described by Seigel (1952) for a special case in which the borehole
just passes through the oblate body along its axis of rotation.

Figure 18 shows the normalized apparent resistivity responses versus the different
positions of the borehole used for measurement of potential, with the configuration of a
fixed current source and a moving potential electrode. Figure 18 illustrates that the
three peaks of each anomaly, two positive and one negative, exactly indicate the
positions of the center, the upper edge and the lower edge of the body. The amplitude of
the anomaly decreases rapidly as the borehole used for potential measurements is located
farther from the vertical oblate spheroid.

The model results with a widely spaced single-borehole normal array are given in
Figure 19*. Again, for convenience, the potential is reversed after passing the center of

the body. It is seen that the anomalous shape and amplitude'depend upon the array

*The point of inseription of the measurement in Figure 19 is midway between the sources
and the potential electrode M.
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spacing. Referring back to Figure 7, assume that the borehole (dashed line) is parallel
with the plane defined by the semimajor axes a and b and assume a normal array to move
along the borehole. It is clear from Figure 7 that for the spacing L, = BM,, which is less
than a or b, then M,, is located in a region of p a/ Py 1.00. On the other hand, for the
spacing Ly = BM2, which is greater than a or b, then M, is located in a region

of p a/ py >1.00. These observations suggest, qualitatively, the reason for the reversal of
the sign of the anomaly with array spacing shown in Figure 19. Therefore, it is necessary
to exercise care in selecting the spacing of a normal array when attempting to detect a

very thin oblate body from a single borehole.

Vertical ellipsoid

Here we present two typical model results of apparent resistivity profiles near a
thin vertical ellipsoid using a fixed current source and moving potential electrode, to
establish that the algorithm also can handle this geometry. The normalized apparent
resistivity profile for a thin ellipsoid of a=6, b=2, ¢=0.2, for which g =90° is shown in
Figure 20; the long axis of the body is vertical. The shape of the anomalies are almost
the same as for the case of a thin vertical spheroid (Figure 18), but the amplitude is
higher due to the larger size of the body. (Note the difference in scales between Figures
18 and 20). From these symmetric curves, the center of the body and the size of the
major axis can be recognized easily from the locations of the negative and positive
peaks. When the potential-measuring borehole is offset from opposite the center of the
spheroid, i.e., moved into or out of the page in Figure 20, there is a change in amplitude
of the anomaly, but there is no reversal of the sign of the anomaly. This result is not
shown here in order to avoid clutter in Figure 20.

If the strike of the major axis of the body is parallel to the y-axis (Figure 21, note

here b=6) and the boreholes lie opposite the center of the body (zero offset distance), the



anomaly appears as P, < Py and the two minor peaks for Pa> Py (as in Figure 20)

disappear. However, if the boreholes are offset as depicted as EMY=3 and EMY=5 in

Figure 21, the anomalies of p a/ py are positive, i.e., p a”P1

Error analysis

There are three sources of error for calculating the potential by means of the
surface charge integration described in this study. The first error arises in the
integrations in equation (5). The second error is the accumulative error for solving the
higher-order linear equations (6). Even though these two kinds of errors are hard to
estimate, their effect is minor with computers of adequate precision. The third error is
the major one and arises in the discretization of the surface of the body. For solving the
integral equation, the body surface is divided into a series of triangular subareas over
which the surface charge density is assumed to be constant. However, the surface
charge distribution is highly dependent upon the attitude of the body and the location of
the body relative to the current source, especially when the current source is very close
to the body. Of course, we can always assemble a polyhedron using more facets, but it
will cost more computer time and may cause the accuracy to decrease because linear
equations of higher order must be solved.

We have checked the ac.curacy of the algorithm by two methods for each of the
three typical attitudes of a spheroid and two attitudes of an ellipsoid. As shown in Table
1, when the current source is placed at "infinity" (SBX = -106), the anomaly disappears
and the apparent resistivity equals one, as it should be. As the potential electrode is far
away from the center of the body along the z-axis (EMZ = 50), the anomaly rapidly
decreases and the apparent resistivity is very close to one. In addition, a comparison
between the analytical solutions (Lytle, 1982; Seigel, 1952; and Dobecki, 1980) and the

numerical solution applied in this study for a spherical body and a horizontal spheroid

13
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indicates that the agreement is excellent on the condition that the current source is not
on the surface of the body or approximately so (the errors are less than 1 or 2 percent).

In most cases, the main error appears as a shift of the baseline of the normalized
apparent resistivity curves. The effects on the shape of the anomaly are less
significant. So long as we appropriately adjust the discretization contour positions
according to the variation of the surface charge distribution, a satisfactory result will be
achieved.

We made a check in principal of the data of Figure 17, approximating the oblate
spheroid by a thin polygon, using the volume integral equation algorithm of Hohmann
(1975). The results, while not shown here, were gratifyingly similar to those of Figure
17.

Estimation of location of center, dip,
and size of the semi-major axes of an oblate body

The cross-borehole and single-borehole modeling results illustrate that in some case
it is possible to determine the depth of the center or the depth of the upper edge of the
body and to estimate its dip and the size of its semi-major axes. For a vertically dipping
oblate spheroid the depth of the center of the body and the size of semi-major axes can
be figured out very easily from the data of Figure 18. However, for a horizontal oblate
spheroid, estimation of the size of the semi-major axes is not obvious; the only hope is to
seek help in curve matching via the modeling procedure (compare Figures 5 and 18 to
perceive the problem).

For a dipping oblate body, which is the main target in this study, if two boreholes
are located on opposite sides of the body and reasonably near it, an estimate of the depth
of the center of the body, its size and its dip can be obtained with a moving-bipole source
and moving-bipole receiver. Model results for a dipping oblate b;>dy of B =45° with the

moving-bipole source and moving-bipole receiver are presented in Figure 22. As
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mentioned by Daniels (1977) this is the "optimum" cross-borehole array configuration for
eliminating singularities of the geometric factor. The negative peak accurately shows
the depth of the center of the body and meanwhile an estimate of size of the body may
be obtained from the positions of the positive peaks. Once this has been achieved, one
may fix a current source at the depth of the center of the body in a borehole and make
measurements of potential in another borehole with a moving electrode; then an estimate
of dip may be' achieved. Unfortunately, moving the source and receiver synchronously in
two boreholes is difficult under typical field conditions.

A more simple and practical method applied in this study is to interchange the roles
of two boreholes; first use one as a potential measuring location, and second use it as a
source location. As seen from Figure 23, we first fix the current source at a depth below
the center of the body in hole 1 and then measure the apparent resistivity with a moving
electrode in hole 2. Then we use a current electrode located in hole 2, above the center
of the body, and measure the potential in hole 1. The information about size, dip and thé
center of the body are given by the peak positions, the asymmetry of the curves and the
crossover of the curves betweén the two peaks, respectively. All that is assumeci is that
the body is below B, and above Bl‘ No formal interpretation procedure is suggested for
this technique since it would require a catalogue of curves which is beyond the scope of
the present study. The dip veector of this body is parallel to the plane of the boreholes.

If the dip vector of the body is normal to the plane of the boreholes (Figure 24), the
midpoint of the dashed line between the two peaks indicates the depth of the center of
the body. Unfortunately, in this case there is ambiguity in estimating dip as -45% or
+45°, No information on the size of the body is evident in Figure 24.

Another special case is that in which the anomalous body is not located inside of
the two boreholes (Figure 25). Then an estimate of the direction of the anomalous body

also can be made. As seen from Figure 25, for a conductive oblate body which is placed



on the left-hand side of the two boreholes, the anomalies measured in both holes mainly
appear as P, < py. This point can be taken as evidence that an anomalous body does not
exist between the boreholes. Meanwhile, the larger anomaly measured from hole 1

indicates that it is nearer to the body than is hole 2.

16
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Coneclusion

The algorithm for surface charge integration is a powerful tool to solve potential
problems arising in resistivity. In fact, the method applied in this study can be used to
compute the profile of apparent resistivity for arbitrarily shaped 3-D bodies if they can
be represented by a polyhedron bounded by triangular facets. The model results indicate
that the amplitude of apparent resistivity is highly dependent upon the locations of the
current source and the borehole in which potential measurements are made, relative to
the body, especially for a measuring borehole offset in the strike direction. If a
resistivity contrast of 10 or more exists and if the boreholes are located at reasonable
distances, the measured pa/ P1 anomaly will be readily detectable above the noise, even
though the ellipsoid is very thin.

As seen from the typical cases studied, for a vertical spheroid and a vertical
ellipsoid the depth of the center of the body and the size of the major axis can be
determined with the simple configuration of a fixed current electrode and a moving
potential electrode. For a dipping spheroid or ellipsoid, in which the dip vector of the
body lies in the plane defined by the two boreholes, the depth of the center of the body
can be determined accurately and estimates of the dip and the size of the major axis can
be made. However, if the dip vector is normal to the plane defined by the two boreholes,
it is more difficult to figure out the true dip of the body. It is also difficult to estimate
the size of the body when the spheroid is horizontal.

It has been shown that in comparison with single-borehole measurements, the cross-
borehole measuring technique is a more effective procedure in providing detectability of
the anomalous amplitude and the dip of a spheroid or ellipsoid in the vicinity of a
borehole. In most cases, if the anomaly is detectable then the depth of the center of the
body can be located accurately; meanwhile the size of the major axis of the body and the

dip of the body can be approximately outlined.



The strike of thin ellipsoids relative to the azimuth between two boreholes
critically affects the size and shape of the resistivity anomaly for the cross-borehole

technique.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.
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Figure Captions

The configuration of electrodes and a thin ellipsoid for (a) single-borehole, and
(b) cross-borehole measurements. The center of the ellipsoid is the origin of
the coordinate system. The resistivity of the body is p 4 while that of the host
is py. P and Q are specific and arbitrary points of surface charge density.

The discretization of the surface of the oblate body: (a) division of contours
normal to z-axis, (b) division of triangles for a spheroid and (c) division of
triangles for an ellipsoid. The semi-axes are a, b, and ¢ in the x, y, and z or x',

y', z' directions, respectively.

The coordinate rotation and the positive direction of each rotation angle. The
x', y'y 2'; x", y", z" and x™, y™, 2" represent the new coordinate system after
successive rotations about each of the Z, Y, and X axis, respectively. X, Y, Z

is the original coordinate system.

The variation of normalized apparent resistivity ( pa/ pl) for a horizontal
spheroid in the x-z plane, with a resistivity contrast of o 2/ py = 0.10, the body
size isa =b =2, ¢ = 0.2. The coordinates of the current source are SBX = -3.0,

SBY = SBZ = 0.

Cross-borehole resistivity profiles for a thin horizontal spheroid as
functions of the position of the borehole in which potential measurements are
made. The source electrode is fixed at B in the first borehole while the
measuring electrode M is moved down the second borehole. All parameters are

indicated in the figure.

Single-borehole resistivity profiles for a thin horizontal spheroid as
functions of the electrode spacing L of a normal array. All parameters are
indicated in the figure. These profiles should be compared with those of

Figure 5.




Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.

The spatial distribution of the normalized apparent resistivity caused by a
dipping spheroid ( 8 = 45°, a =2,b =2, ¢ =0.2) in the x-z plane. The current
source is located at SBX = -2.5, SBY = SBZ = 0. The resistivity contrast p 2/ Py
is 0.10. A hypothetical borehole, containing the source, is shown in order to
facilitate discussion of potentials measured at My and M,.

Cross-borehole apparent resistivity profiles, for a conductive spheroid dipping
at 8= 45°, versus the position of the borehole in which the potential
measurements are made. The source electrode is fixed at B in the first
borehole while the measuring electrode M is moved down the second
borehole. All parameters are indicated in the figure. The resistivity
contrast p 2/ 1 is 0.01. These profiles should be compared with those of

Figure 5.

Cross-borehole apparent resistivity profiles, for a conductive spheroid dipping
at B = 45°, versus the position of the borehole in which potential
measurements are made. The only change from Figure 8 is that the resistivity
contrast 2/ Py is now 0.10. These profiles should be compared with those of

Figure 8 and Figure 5.

Effect of dip on cross-borehole measurements for a gently dipping
conductive spheroid. All parameters are indcated in the figure for this fixed-
source, moving-potential configuration of electrodes.

Effect of dip on cross-borehole measurements, for a steeplydipping
conductive spheroid. All parameters are indicated in the figure for this fixed-

source, moving-potential, configuration of electrodes.

Effect of resistivity contrast on cross-borehole measurements, for a dipping
conductive spheroid. All parameters are indicated in the figure for this fixed-

source, moving-potential configuration of electrodes.

Effect of resistivity contrast on cross-borehole measurements, for a dipping
resistive spheroid. All parameters are indicated in the figure for this

fixed-source, moving-potential, configuration of electrodes.



Fig. 14.

Fig. 15.

Fig. 16.

Fig. 17.

Fig. 18.

Fig. 19.

Fig. 20.

Effect of aspect ratio c¢/a on cross-borehole measurements, for a dipping
conductive spheroid. All parameters are indicated in the figure for this fixed-

source, moving-potential, configuration of electrodes.

Effect of offset-distance for a spheroid whose dip vector is parallel to the
plane of the two boreholes used in cross-borehole measurements. All
parameters are indicated in the figure for this fixed-source, moving-potential,

configuration of electrodes.

Effect of offset—distance for a spheroid whose dip vector is perpendicular to
the plane of the two boreholes used in cross-borehole measurements. All
parameters are indicated in the figure for this fixed-source, moving-potential,

configuration of electrodes.

The variation of normalized apparent resistivity ( o,/ 0 ) for a vertical
spheroid in the x-z plane, with a resistivity contrast 0_2/ Py = 0.10: the body
size is a =b = 2, ¢ = 0.2. The coordinates of the current source are SBX = -1.0,
SBY = SBZ = 0. Compare with Figure 4.

Cross-borehole resistivity profiles for a thin vertical spheroid as functions
of the position of the borehole in which potential measurements are made.
The source electrode is fixed at B in the first borehole while the measuring
electrode M is moved down the second borehole. All parameters are indicated
in the figure. Compare with Figure 5.

Effect of L-spacing for a vertical spheroid in single-borehole, widely spaced,
reversed, normal array measurements All parameters are indicated in the

figure.

Cross-borehole apparent resistivity profiles, for a vertical conductive
ellipsoid , versus the position of the borehole in which the potential
measurements are made. All parameters are shown in the figure. Compare
with Figure 18 but note change of scales. The long axis of the ellipsoid is

parattel
Ye rtical
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Fig. 21.

Fig. 22.

Fig. 23.

Fig. 24.

Fig. 25.

Table 1.

Cross-borehole apparent resistivity profiles, for a vertical conductive
ellipsoid , versus offset of the position of the borehole in which potential
measurements are made. The long axis of the ellipsoid is horizontal .

All parameters are shown in the figure.

Cross-borehole apparent resistivity profiles, for a spheroid dipping at 8 = 45°,
versus the L-spacing used in a configuration consisting of a moving-bipole
source, and a moving-bipole receiver. The midpoint of MN is the measuring

point. All parameters are shown in the figure.

Estimation of size, dip, and center of a spheroid obtained with an interchange
measurement procedure using two boreholes. All parameters are shown in the

figure.

Estimation of the depth of the center of the body for a body whose dip vector
is not parallel to the plane of the two boreholes used in cross-borehole

measurements. All parameters are shown in the figure.

An illustration of the procedure to determine the direction to a thin spheroid
from cross-borehole interchange measurements. All parameters are shown in

the figure.

Accuracy of algorithms for five different body configurations.
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Current Source |Potential Electrode Apparent
Position Position Resistivity
SBX = -108 EMX =3.0
SBY =0 ° EMY =0 1.00000
Horizontal SBZ =0 EMZ =0
Spheroid SBX =-3.0 EMX = 0
SBY =0 EMY =0 1.00686
SBZ = EMZ = 50.0
SBX = -108 EMX =25
i SBY = EMY =0 1.00000
'pping SBZ = EMZ:=0
Spheroid SBX =-2.5 EMX = 0
(B=45°) SBY = EMY =0 0.99765
SBZ = EMZ = 50.0
SBX = -108 EMX = 1.0
SBY =0 EMY =0 1.00000
Vertical SBZ = " EMZ:=0
Spheroid
SBX = -1.0 EMX =0
(8907 SBY = EMY =0 1.00102
SBZ = EMZ = 50.0
Vertical SBX = -108 EMX =10
Ellipsoid SBY = ( EMY =0 1.00000
a=6 SBZ = EMZ =0
b=2 SBX = -1.0 EMX=0
=02 SBY = EMY =0 1.00621
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Vertical SBX = -10® EMX = 1.0
Ellipsoid SBY = EMY =0 1.00000
a=2 SBZ = EMZ =0
b=6 SBX = -1.0 EMX=0
c=0.2 SBY = 0 EMY=0 1.00549
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December 9, 1984

Jeff Daniels
U.S. Geologoical Survey, ms 96U
Box 25046, Federal Center

Denver, Colorado 80225

Dr. Stanley H. Ward

University of Utah Research Institute
Earth Science Laboratory

391 Chipeta Way, suite C

Salt Lake City, Utah 84108

Dear Stan:

I have enclosed a proposed outline for a symposium/workshop on
geotechnical borehole geophysics. I suggest that we now need to
establish four things: (1)funding, (2) interest level, (3) papers
to be invited, (4) a firm time and agenda. I assume that item-1
is my job? First, I suggest that we canvas the
geophysics/geotechnical community to determine if we can get the
20-plus speakers that are needed for this meeting. 1 could send
out a letter-of-inquiry to persons on my mailing list, if you
feel that it is appropriate at this time.I also think that plans
should be made to pay travel expenses for a few (4-6) invited
spea?ers (for inivited speakers that have non-government related
jobs).

The idea for this meeting is yours, but I will continue to help
you when my input is requested. However, I would like to propose
the following outline for the meeting. The outline is very
preliminary (written at midnight on sat. night).

I. Hydrology I ”/'j
A. Determination of porosity & permeability -D- Déﬁ%ﬁ7wbhqxcﬁu 7/4/9u~
B. Logging in unsaturated zones _ /Vujfn’“" .
C. Determination of water quality = ;XAzzﬁfjﬁazsz
/ .
ITI. Toxic and nuclear waste — ;é;; e 4d{axéduj/ﬂwzuﬁ
A. Detecting chemical contaminants C:"Jd&%zféa () '

» - . - /;' - f‘ y
. Determination of nuclear contamlnants;yz uhba+102094-ghv4n@ Lo
C. Delineation of contaminant zones ‘

. Long-term borehole monitoring of waste sites

ITI. Determination of in-situ strength parameters . lﬁﬂ# / :
A. Geomechanical measurements . Lt 'Lbc,/cLC?ZLm /30 rak é
B. Acoustic and density measurements . fifating Lahoaleiy peadoaemd.
C. Determination and delineation of fractures I 2 Lgsacimiid

Please let me know if you are still interested in pursuing the
idea of holding this meeting in (or near) Salt Lake. I must get
started on obtaining the funding for it.




S ‘4');-_'
Another topic: High temperature/high pressure logging wor%éhopui.

i e
\ g

\

Approximate date: 1-day workshop in March, or April, 1985 ‘ .

o

N

Purpose: To discuss high temperature and high pressure borehole
geophysics with investigators and managers in the
geothermal and the Continental Drilling Program. It
is my opinion that a major R&D effort is necessary.

This will require the cooperation of many groups.
However, first the managers controlling funding must
be convinced of the necessity and feasability of this
effort.

Size of meeting: Aprroximately 20-30 invited scientists and
scientific managers.

Some Topies for discussion:
I. Current technology review
II. Purpose of in-situ physical property measurements
III. Measurements needed in various programs
IV. Equipment R & D needed (dewars, cables, electronics,
etc.)
V. Possible timetable and an outline of organizations
needed to accomplish the task

I would appreciate your suggestions concerning the workshop. I
particularily need suggestions concerning specialists that should be
invited to give short (informal) presentations. However, I do

not think that this workshop should be too technical.

Thanks for you help, and have a nice Holiday Season.

. Best Regards,

JeffVDaniels




Workshop
CONTINENTAL SCIENTIFIC DRILLING PROGRAM

A workshop will be held on April 29 - May 1, 1985 (location to be announced at later
date) to develop a plan for drilling and research to pursue basic studies of the
continental lithosphere. The National Science Foundation has indicated Iits
intention to accept a proposal by DOSECC, Inc., a non-profit corporation repre-
senting eighteen major universities, to plan and subsequently manage NSF's activi-
ties in the area of continental scientific drilling. These activities would be
carried out under the interagency accord on continental scientific drilling signed
in April 1984 by NSF, USGS, and DOE, and in accordance with a recent congressional
resolution supporting such activities (Section 323 of Public Law 98-473). Although
there is as of now no assurance that funding for major drilling projects will be
obtained, it is necessary to begin the planning process as early as possible.
DOSECC, Inc. expects to convene this workshop. The workshop will provide an
opportunity to those who have an interest in continental scientific drilling, are
contemplating plans for experiments or are actively developing scientific drilling
projects, to present their plans and ideas for possible inclusion in a scientific
program plan to be considered for funding under the NSF activity in CSD. (see EOS,
65 No. 43, pg. 771, 10/23/84) The ongoing and planned programs will also be pre-
“sented. To provide the scientifically strongest plan possible, it is important that
it represents a cross-section of the interests of the involved scientific community
and takes into account efforts of other agencies under the Interagency Accord= -

The workshop will provide a forum for full and open discussion to all those who are
interested. The workshop program is open to representatives of groups or consortia
who are developing plans for research requiring continental drilling in order to
help answer basic questions on the structure and evolution of the continental crust.
Groups of scientists who convene to prepare the arguments for a given experiment
should select a spokesman who will present the scientific rationale for the experi-
ment, including the reasons why drilling is essential to the solution of the problem
presented. The more supporting geological and geophysical data that can be used to
identify the drilling target the better. It will also be important to present a
plan which includes pre-drilling site surveying, an approximate design for the hole
or holes to be drilled and the logging and post-drilling analysis of core and other
data. The emphasis must be on the expected scientific results, however. Research-
ers with plans to make use of existing or planned drill holes available from indust-
ry, government, or other sources are also invited to present the case for their
scientific objectives.

Following the Workshop, the Scientific Advisory Committee of DOSECC will draw up a
Science Plan for presentation to the National Science Foundation and may make
recommendations to the other agencies if requested to do so. The experiments
should, in general, be conducted by a group of principal investigators who will take
responsibility for site surveys, scientific oversight of the drilling, analysils of
core and logs and publication of the results. As funds become available, it is
expected that formal proposals for experiments included in the initial years of the
program plan will be requested.

Those wishing to attend the Workshop on Continental Scientific Drilling should write
to Dr. Frank Stehli, Chairmamn of the Scientific Advisory Committee, School of Geol-
ogy and Geophysics, University of Oklahoma, Norman, Oklahoma 73019. An abstract of
approximately two pages should be submitted by March 30, 1985 to ensure participa-
tion in the program.



April 21, 19835

Jeff Daniels

ms 964

U.S. Geological Survey
Box 25046, Federal Center
Denver, CO B0225

Stanley H. Ward

UURI

Earth Sciences Laboratory
391 Chipeta Way, Suite C
Salt Lake City, Utah 84108

Dear Stan:

I have enclosed my comments on Alf’s paper. In general, 1
feel that it is a good paper for the Golden Anniversary Issue.

1 am sorry for the delay in reviewing this paper. I have decided
to leave the USGS, and I have accepted a teaching position at
Ohio State. I have spent the past two weeks trying to re-
schedule the time that I have remaining with the Survey.
Unfortunately, 1 decided that there is not enough time to conduct
the High Temperature Logging Workshop. However, there is a°
crying need for the workshop prior to upcoming decisions by
DOSECC concerning logging in the CSDP. I think that UURI should
give serious consideration to holding the workshop, and to
submitting a proposal ta DOSECC for coordinating the scientific
logging in the CSDFP. I would like to propose to you that we work
together and write a proposal for the CSDP work. 1 feel that
the proposal should include several key institutions, with a good
geographic distribution and technical experts in contrasting
disciplines. The group would function in a manner similar to the
Lamont Doherty/Texas A%M consortium in the ODP, and would require
hiring (or contracting) a few technicians. I will be attending
the DOSECC meeting in Houston next week, and 1 should be able to
get a better focus on the feasibility of such an effort.

I bhave appreciated ouw recent communications, and I am 1looking

forward to the possibility of fruitful cooperation in the near
future.

Best Regards,

eff Daniels
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APPLICATION OF BOREHOLE GEOPHYSICS ¥ |
AT AN EXPERIMENTAL WASTE ’
STORAGE SITE*

[

P.H. NELSON** K. A. MAGNUSSON?*** ;
and R. RACHIELE** '

ABSTRACT

NELsON, P.H., MAGNUssON, KA. and RACHIELE, R. 1982, Apphcatxon of Borehole GCOphySlcs FEnn
at an Experimental Waste Storage Site, Geophysical Prospecting 30, 910—934

A suite of clectncal radiation, and mechamcal borehole prob&s were run’in a 76-mm

pertaining to the disposal of radioactive wastes. The challengc to borehole Ioggmg methods j
for such sue mv&sugauons ls o rcsolvc geologxwl features and ﬂu:d ﬂow paramcters in

properties. Iron-rich zones in the leptite are highly anomalous on the gamma- gamma and™ 8t
neutron logs; thin mafic zones in the granite can also be distinguished. Occurreno&s ‘of a few 775 "
percent pyrite are detected by" the electrical, gamma-gamma, and neutron logs Although
overall porosity is quite low throughout the hole, analysis of the resistivity and neutron logs
indicates the porosity increases by a few volume percent at fracture zones. The différential
resistance and caliper probes detect borehole diameter roughness of less than 1 mmi, helping: . .
to confirm acoustic waveform anomalies which are indicative of fracture zones. Compres-
sional wave transit time and shear-wave interference patterns usually occur coincident with™ 3
open fractures observed in core, the correlation being especially good at major fracture zones.’;: .

* Received August 1981 revision March 1982

.. Lawrcnoc Berkeley Laboratory, Earth Sc:enm Division, Berkcley, Cahforma 94720, ~-¥
USA. ”

*** Geological Survey of Sweden, Box 670, 75128 Uppsala, Sweden. : =
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_. lithologic units for the recovery of oil and gas, and to a lesser extent, for minerals. -

.. —recognizing and characterizing different rock units specified by bulk physncal
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immediate requirements for this application of borehole geophysics are the need to increase
understanding and experience in fracture detection with the acoustic probe and to develop
the quantitative evaluation of that fraction of porosity accessible to fluid flow.

[NTRODUCTION

A Swedish-American cooperative rescarch program commenced in 1977 at the
Stripa mine in. central Sweden, in which cooperating investigators explore the geo- :
togical, geophysical, geotechnical, geochemical, hydrological;, and mechanical eflfects I "
anticipated from the use of a large crystalline rock mass as a repository for nuclear i
waste (Witherspoon, Cook and Gale 1980).

The evaluation of potential sites for radioactive waste repositories places some
new requirements on the tools and techniques for borehole measurements. The
hydrological regime is of primary importance, requiring the measurement of per-
meability to unusually low levels, sinoe in-situ permeabilities in crystalline rocks
commonly range as low as 107 '8 m? (Brace 1980). In crystalline rock, fluid flows
along interconnected fractures; hence the detection and characterization of frac-
tures,.even very fine fractures of less than 0.1 mm aperture, are important goals for
detection by borehole logging. The storage of fluid afforded by pore space'is also an
important parameter for site characterization; hence the measurement of porosity at
levels of 1% is desired. Most logging experience ‘is based. on the evaluation of ~

- There the objective is_ usually to locate significant anomalies of fluid or. mineral -,
content. In the reposntory case, however, we seek a geological environment free of
any significant perturbations which might in some way be injurious to the long—tcrm
integrity of the repository. Therefore, another goal of borehole logging is to aid the
_geologist in dcﬁmng the geologlcal and mmeraloglcal character of a potential site. -
“This “study in a crystalline -rock: site; is directed ‘towards evaluatmg dnﬂ'erent’
slim-hole logs for the following purposes: :

properties, -
—detecting mineralization and mineralogical variations,
—monitoring variations of porosity or water content in rock,
—detecting fractures.

To support this study, geophysical logs from a cored borehole (SBH-1) of 76 mm
diameter are used. Two systems of geophysical borehole logs have been applied: one
system was applied by the Lawrence Berkeley Laboratory (LBL) and the other by .
the Geological Survey of Sweden (SGU). LBL used the following -suite of logs:
neutron, gamma-gamma, gamma ray, sonic, caliper, and temperature, while, SGU
used- point resistance, differential resistance, resistivity, spontaneous potentlal (SP),
induced polarization (IP), radiowave propagation (VLF), and gamma ray. It is. -~
therefore possible to evaluate the performance of a wide variety of logs in crystalline -
rock. Specifications of the borehole probes are described in the Appendix. o
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Surface Geology
ZZ) Gronite
G Leptite

200

850

Fig. 1. Plan map of the Stripa site in central Sweden showing rock outcrop, inclined surface .

boreholes and underground experimental drifts. Mine coordinates given in meters.

The 380 m length borehole designat-ed SBH-1 (fig. 1) is drilled at a 44° incli
nation from the surface towards the test drift of the mine. The borehole alternately. 3=,
penetrates granite and leptite, terminating in. granite at an elevation above the : %

underground test site. The Stripa granite is a relatively uniform, massive and:%

medium grained rock, generally of quartz monzonite composition. The matrix.min

eralogy. is composed of the primary minerals- quartz,. plagioclasé, and: mxcrochne, 5

with some muscovite and biotite altered to chlorite. Opaque minerals, garnet,’ and
zircon occur as accessories. The rock is highly fractured, but the majority of the

fractures are tightly healed. Common fracture-filling minerals are chlorite, sericite, -
quartz, epidote, and carbonate minerals, with fluorite and opaques (often pyrite or_‘_

s

" hematite) less common (Wollenberg, Flexser and Andersson 1980). .- 2

The Ieptxte consists of strongly metamorphosed rhyolite lavas and tuffs. Almost

all of the iron ore deposits occur in the leptite. The leptite composition.is similar to
that of granite, except the mafic mineral content is generaily higher, especially in the
iron-rich horizons where the leptite assumes a distinct banded character. Like the
granite, the leptite is highly fractured. Fracture mineralogy is similar to that of the
Stripa granite, but with epidote being more common in the leptite.

CHARACTERIZATION OF THE Rock UNlTS

A combination of geophysical measurements‘is an important aid for the recognition

and characterization of the physical properttes of different rock units along ‘the h

borehole. The penetrated rock types can therefore be dmded mto sub—umts
characterized by different bulk physical properties.—- e T

Core drilling gives an almost continuous record of the penetrated rocks and
therefore its compositional variations, structures, fractures, and fracture coatings can
- be determined. The core is mainly investigated by visual inspection, where more
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detailed studies are carried out on a few samples. The sub-units of the rock types
which are characterized by different bulk physical properties are not always ob-
served by visual inspection of the core. This might be due to variations in the
microscopic scale; for example, texture, and microfracturing. Also, mineralogical
variations might only be detectable by chemical analysis or microscopic investi-
gations of thin sections. Thus geophysical borehole investigations will give valuable
complementary information about the physical properties of the rocks, which also
can be used for direct sampling of the core for geomechanical, chemical and miner-

sub-units established by borehole geophysics often shows slight differences in color-
ing, texture, and mineral distribution between units which were overlooked in the
first ocular inspection.

The physical contrast between leptite and granite is visible in several logs, but it
is most clearly seen in the following.ones (fig. 2a):

—gamma-gamma: the leptite is a denser rock than the granite;
—natural gamma ray: the leptite has a lower count rate than the adjacent granite;

{a) {b)
N Resistivity Spontaneous VLF
Deot G 0" N 1. & entiol I\ -
) s Roermaenrey] tam/emmt | (coumssaec) | Trmontom (Pl Sevs | (%) | (Rearwt | tmoginory %)
200 400 |25 3.0 10001500 20 %0 00| “x 200 23 & 281 “f 228 44
- o= . o - ——
2 :
¢ <
b S
UV SUNA Yo SO ~
J . - o 54.1 K
S . =2
i T % 3
% 3
100 { /
4 '
A ) 3
)
S

200 : I | aas A

250} 32 . {

300 ¢ ! N ;

Fig. 2. (a) Geophysical logs in borehole SBH-1. Water level is at 80-90 m. Much of the high
gamma-ray response is due to radon daughter products within the borehole (see text).
(b) Geophysical logs in SBH-1, as in (a).
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—neutron: the leptite has a higher content of mafic minerals (see section on speqﬁc_"?
minerals) and a slightly higher porosity than the granite.

Sonic waveform records of the leptite (not shown) are generally more disturbed;
reflecting more fracturing, though at greater depth one cannot dxstmgulsh the gran-
ite from the leptite using just the waveform log. Also, the Stripa leptite unit has g
lower maximum resistivity of 60000 Qm compared to a maximum resistivity of
80000 m in the granite.

The water level in the hole was at 80 m during LBL's measurements and at 90 m
during SGU's measurements. The electrical measurements (point resistance, differen- ==
tial resistance, resistivity, [P, and SP) need water-filled boreholes to permit electrical -
contact between the electrodes (in the tool) and the surrounding rock. However,
inflowing water above the water table will flow along the lower borehole wall down
to the water table. Due to the 45° inclination of the borehole there is enough water :
along the borehole to get reliable SP measurements (fig. 2b). :

In a comprehensive study of all gamma-ray logs at Stripa, Nelson, Rachiele and'
Smith (1980) found that extremely high concentrations of radon in groundwater

sufficient movement of water into a borehole. The uranium-238 c’onoent'r.étion i
Stnpa granite is in the 30 to 40 p.p.m. range, consndcrably greatcr than” m most

detected by the gamma probe Gamma spcctromctnc measurements on core sam;yg %
ples have determined that the uranium concentration is fairly uniform throughout. %’
the Stripa granite. Where the rock contnbutes all of the' gamma emission, the’ probc i
measures 120 urad h™! in granite. This level is reached only at the bottom of SBH-[: -
below 340 m (fig. 2). Throughout the rest: of the hole excessive: counts are provxded
by radon-charged water which infiltrates into'thié* hole above the water level, tnckles'
down the side of the hole to the top of the water column, then continues to move

downward in steady flow to about 320 m where most of the water exits the hole at a
major fracture zone. Superposed on this pattern are variations'in count rate due to
variations in radio-element concentration of the wallrock; the natural background N
of the leptite is obviously less than that of the granite. -

Both the gramte and the leptite are subdivided based upon physical property B
changes apparent in the geophysical logs. The depth stated is actually the slant
depth along the borehole, not the true vertical depth, which can be approximated by
multiplying the slant depth by 0.7. The characterization of the different rock umts. o
which follows is also summarized in fig. 3.

Upper granite, 0-52 m _ : -

The striking build-up in the gamma curve is attributed to the infiltration of radon-’
charged water into the borehole. The maximum at 40 m indicates that most of_the
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Depth {m) Summary Descriptions

Upper granite: water with high radon content seeping into
borehole, Unilorm gsmma-gamma and neutron records with
high count rates compared with the leptite, indicating &
lower content of matic minerats.

4 SOk .

Iron<ich leptite: Huctuating gamma-gamma and neutron
count rates rellect a banded character where some bands
have high content of malic minerals, This unit is more
{ractured than sny other unit {core log, caliper}.

[ content of matic minerals and deuunng tracturing with

Tvamu-oml leptite: no banded character, Decressing _ ﬂ
depth (acoustic wave form),

Lower feptite {upper part): marked decrease in fracturing

P
t {acoustic wave form}, Unitorm neutron and gammagamma
=3 150|- record indicating a more homog 58 rock d with

e iron-ich and transitional leptites.

Lower leptite {lower part): two sections with decreased

S S neurton snd gamma-gamma count rates which indicate an

of mafic minerals. Chmgo in slope ol the

VLF record, indicating that this change in the properties of
L2001 leptite is not just a focal phenomenon close 1o the borehote,

Low:r wamtu increased gamma-rsy activity due to hlghev -
stion than in leptite. Increase in

neutron and gamma-gamma count rates, indicating decreased

content of mafic minerats. Increased 1P oﬂea Major

!ruc(uro zones | in thu Imerval g .

':'n_ s 3 -.-‘.<.v-~q, A -'__-‘.‘14 Tn LR _

Pyritic qunm! characterized by pyrite atong fractures ..
and/or in veins. A high (P effect indicates increased content ~
of sulfides. The section with the most sulfide mineralization™
[ s characterized by 8 marked SP snomaly and lower resisti- | .
vity. Change in the slope of the VLF record indicates that
this mineralization has a large extent. Fractures are dosed,
sccording to sonic log.

=

Fig. 3. Summary of geological infcrences based on inspection of the geophysical logs.

infiltration occurs above this depth. Caliper openings (not shown) are most frequent
above 25 m. The natural gamma activity is so high in the hole that the gamma-
gamma response is affected in this zone and cannot be compared with that of the
lower rock units. Because the hole is air-filledin this upper zone rather than water-
filled, the neutron response is shifted in comparison with that of granite deeper
down the hole; however, the response can be compared directly with that in the
leptite down to the top of the water column.

Banded leptite with iron-rich zones, 52-895 m

The outstanding features in this zone are the gamma-gamma and neutron fluctu-
ations shown in fig. 2(a).- As discussed further in the section on mineralization, the
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! iron-rich intervals are clearly delineated by the reduced count rates recorded by thes Lowe
two logs. The caliper log (not shown) indicated that the borehole wall is roughe
| than any other interval in the hole, although the diameter increases only a few The ¢
{ millimeters. The short portion of sonic record obtained in this interval confirms that %" radio-
it is more fractured than any other interval in the hole. The iron-rich intervals = d'."c u
appear to be more broken than the iron-free intervals. The constancy of the gamma ’ h'gh;;
count rate reflects the fact that the granite rather than the leptite is the radon
.. oo - .. . .. above
source, and that no significant dilution occurs within this interval. That is, there :* 372.5-
may be some entry of water within this interval, but it is either of insufficient volume - .
or insufficient radon content to perturb the gamma record. ‘f- p::\rdn:
Transitional leptite, 89.5-120 m ; Pyrit
This is a transitional zone between the fractured, banded leptite above and the : The 1
competent leptite below. The neutron and gamma-gamma logs are more uniform, - pyritc
lacking the banded character of the iron-rich unit. There is an increase in the -7 lower
neutron count rate (1340 to 1600 ct s~ ') from the contact at 90 to 115 m, and also a - sulfid
less pronounced density decrease in the gamma-gamma log attributed to a decrease & 340 n
in mafic mineral content. The sonic waveform, gamma-gamma, caliper, and core i3 comg
= logs all indicate that fracturing decreases with depth in this interval. The low uni- grani
form IP effect of 1% mdlcates that sulfide and clay content is negllglble borel
- A
- Lower leptxte 120—208m o R . LA f3a
i . - LS -1n ia
The lower lepute is a more competent and less l'ractured rock than the transmonal : anon
leptite unit. This change in competence is best revealed by the sonic waveform respe
record (not reproduced here, refer to fig. 2.4 of Nelson, Paulsson, Rachiele, Anders- - 3281
' son, Schrauf, Hustrulid, Duran, and Magnusson 1979) which rs generally quite. . rado.
T FE L umform throughout the* 120-208 m 'interval. Those anomalous zones which are:t nota
S present reveal individual featuces of less than | m intercept. At a depth of about yrit
148 m the gamma-ray activity decreases from 120 to 100 urad h~!. This step-like
, decrease is attributed to a decrease in the radio-element concentraticn in the leptite. - .-
h » There are no indications in the neutron or gamma-gamma records when passing ti::»

- into the lower leptite unit. However, the lower part of this unit, 170 to 208 m, does "% | The
have a more variable neutron and gamma-gamma count rate. Two sections in = of ti
particular, from 177 to 188 m, and from 192 to 208 m, have low neutron and % mafi
gamma-gamma count rates (fig. 2a), indicating higher mafic mineral content. Also, by v
the rock appears visually somewhat darker in these intervals. Electrically these two nece
intervals can be separated. The upper one, from 177 to 188 m, is of reduced resis- : fluid
tivity'and IP response, and the lower one from 192 to 208 m 1s of hlgher lP and
resistivity. _ - - e

’ - The real VLF component shows a slight change in slope and the unagmary VLF~ O Iro
component a marked change in slope at 170 m (fig. 2b). It seems probable that the L Exa
resistivity decrease and its associated compositional change is not a local- phenome— log

non close to the borehole but has a large lateral extent. » ) - dec
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Lower granite, 208-328 m

The granite has a higher gamma count rate than the leptite due to the higher
radio-element content, and a lower gamma-gamma and a higher neutron response
due to the lower mafic mineral content. Its IP effect of 2.5 to 4.0% is somewhat
higher and more variable than the leptite.

The logs show that the lower granite is more fractured than the lower leptite
above and the pyritic granite below. Two 8 m fracture zone intercepts stand out at
272.5-280 m and at 316.5-324.5 m (figs 2 and 8). The latter is permeable enough to
permit flow under steady-state open hole conditions, as shown by the gamma-ray

and temperature logs.

Pyritic granite, 328-380 m

The pyritic granite unit is characterized by fractures containing sulfides, mainly
pyrite, which are rare in the other units. A most pronounced difference between the
lower and pyritic granites is the very marked SP and IP anomalies indicating the
sulfide occurrences to be rather extensive. The peaks of the SP and IP anomalies at
340 m slant depth (fig. 2b) coincide with the section of highest pyrite content. Both
components of the VLF record show a change in slope when passing into the pyritic
granite. Thus the sulfide occurrences are not just isolated ooccurrences close to the
borehole but must have considerable extent.

A second dlstmctlon between the two granite units is provnded by the sonic log, .
At 328 m there is‘a noticeable decrease in the frequency of sonic waveform features;

in fact, below 338 m the sonic waveform record (fig. 8) is remarkably free’ pf any
anomalous features. The core log is not consistent with the sonic record in this
respect in that the frequency of observed fractures in core does not decrease below

328 m. At 337 m the gamma-ray log drops by 40%. The ‘decline is due to loss of -

radon-charged groundwater from the borehole into a’permeable fracture. With this - - ;._-_.-'-:,, 

notable exception, the logs give no evidence of significant fracturing within the’

pyritic granite.

EFFECTs OF SPECIFIC MINERALS "~

The mineralogical variations seen in the core have characteristic responses on some
of the geophysical logs. The occurrence of quartz veins, pegmatite dikes, sulfides,
mafic minerals, and iron oxides can be identified in igneous and metamorphic rocks
by using a combination of geophysical borehole logs. Such identification is in fact
necessary so that their effects can be eliminated or avoided in analyzmg the logs for
fluid ﬂow properties.

Iron oxides and silicates

Examination of the gamma-gamma and neutron logs in fig. 2 and in the expanded
log section in fig. 4 shows a number of well-defined coincident deflections. Spike-like
decreases in the gamma-gamma count rate caused by density increases are often
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Fig. 4. Geophysical logs in SBH-1, section 270-380 m. The symbol “ py " denotes prmnoe of
pyrite in the core. ;

contributing factor to the neutron response in SBH-1, but it is not believed to be the
controlling factor because some of the observed deflections are too- large-'to be - ws
accounted for by bound water. Borehole roughness is also discounted because’ thesf»
caliper_shiows that diametral roughness is usually less than a. few mllhmeters, not
enough to' affect the neutron log, and opposite in effect to’ “the-observed “densi
increases. Having eliminated the above contributing factors, we attribute the density
increases to the presence of high-density minerals, the chief heavy constituent being
iron. Iron’is also a good absorber of thermal neutrons, havmg an absorptxon cross-
section about 15 times that of silicon. R

The core record shows that iron is usually visibly present whcrever the anom-
alous deflections occur. Pyrite and chlorite are present in the:interval 337-345 m;
where three such anomalous peaks are located. Two greenstone intercepts, at 245— "
246 m and 277-280 m, coincide with two similar neutron and gamma-gamma de-
flections. The effect is most dramatic in the banded leptite unit from 52 to 89 m,
where the leptite consists of bands of very fine-grained, light-gray rock alternatmg
with bands of mottled green coloration. The neutron and gamma-gamma deflections . - *-&
of -fig. 2(a) match perfectly the green zones which are generally about 1 m thick. - ‘,‘;“
According to thin section inspection, the rock at 87.9 m is composed mostly _ 4
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Fig. 5. Density anomalies from the gamma-gamma probe plotted against corresponding
neutron responses. The overall trend is dominated by iron-rich minerals rather than the water
contained in fractures and pores.

which comprises 10 to 15% of the sample. A thin section from 86.5 m shows the .
rock to be a breccia comprised mostly (~ 90%) of chlorite and epidote, with inter-
stitial fine clay. In addition, the high density/high absorption records at 76-77 m
correlate well with iron oxides, probably hematite, observed in core. Hence, observa-
tion has clearly documented the high percentages of xron-nch mmerals hematite,
epidote, chlorite;and actinolite within the 52.to 89 m depth interval. - - e

A fraction of- the ‘coincident- gamma-gamma and neutron’ pcaks ‘selected to omlt
fractured intervals, is cross-plotted in fig. 5. Two trendlines represent least-squares ya
fits through the points from tlie granite and leptite intervals which lie below the
water level. The range of points from the leptite is much greater than the gramte ’
samples, since the iron content of the leptite varies much more widely Despite this,
the two straight-line fits are nearly ‘parallél, indicating that the gamma and ncutron
absorption mechanisms are similar in_the two rock types. Inserted into fig. 5 is an -
approximnate scale reflecting the effect of porosity and iron variations, which are

cxpressed as
N(ct s™1) = 1800 — 85¢ — 24 Fe
and
pu(g cm ™) = (1 — 0.01$X2.62 + 0.02 Fe) + 001¢

where N is the neutron count rate, p, is bulk density, ¢ is volume percent porosity
and Fe is iron content in weight percent. The porosity scale, based on the above
expressions for zero Fe content, explains the offset between granite-and leptite
trends as due to the leptite having a porosity about 1% higher than the granite. The
Fe scale was established by computing the bulk density for increasing amounts of
iron substituting for magnesium in chlorite (composition: (Mg, Fe)sSi,O, o(OH)e)
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and adhering to the trendline cstablished empirically for the granite. Hence it should
be recognized that these scales arc appropriate only for this particular ncutron

probe, and arc probably valid only over small excursions of iron and porosity from
the chosen base valucs,

Pyrite

As mentioned before, the granite at the bottom of the borchole (328-380 m) con-
tains sulfide minerals. Pyrite constitutes less than 1% of the mincrals seen in the
corc, except in the interval 338-345 m, where it occurs more abundantly, filling
fractures or in veins along with quartz and chlorite. These sulfide-mineralized sec-
tions of core typically contain 2-10% pyrite and are 6-30 cm wide.

In the interval 330-355 m (fig. 4), the pyritic zones are reflected in peaks on the
gamma-gamma, neutron, resistivity, and resistance logs. The neutron and gamma-
gamma peaks are believed to be controlled by the iron content, while the electrical
logs repond to the enhanced conductivity. ’

Over this same interval, the IP log (fig. 2b) increases to over 8%. Because the [P
log was run on a 5 m electrode spacing, it lacks the spatial resolution of the other
logs mentioned; however, the broad peak convincingly demonstrates the existence
of sulfides. At other depths in the hole, the [P response declines where the resistivity
drops (compare 245 m and 317 m, for example); that is, above 330 m much of the
[P response is controlled by porosity fluctuations. However, below 330 m the IP
and resistivity logs no longer correlate, and the IP response is dominated by the
sulfide content.

The spontaneous potential (SP) log, also shown in fig. 2, responds within the
pyritic interval as does the IP log. Note that the SP log is featureless throughout the
hole except at the iron sulfide and iron oxide mineralization occurrences. The series

of pyrite occurrences is extensive enough to produce a clear change in the gradient
of the VLF records.

PorOSITY AND WATER CONTENT

Four of the probes run in SBH-1 respond in some way to the volume fraction of
water-filled pore space. Each of the gamma-gamma, neutron, clectrical resistivity,
and sonic probes has been used to a greater or lesser extent to estimate porosity in
sedimentary reservoir rocks. In igneous rock of low porosity it is not at all obvious
that'a particular technique has adequate sensitivity to measure small porosity vari-
ations, or that other competing factors will not mask the porosity effect.

One of these four, the gamma-gamma_ prabe, lacked the sensitivity required to
measure porosity fluctuations at the 0.01 level. Calibration of this particular probe
(see Appendix), along with count rate and averaging time considerations, shows that
density variations less than 0.06 g cm ™2 are not detectable. If the grain density Py is

held constant at 2.65 g cm ™2, an apparent change in bulk density p, affects the
porosity as .

Ap = ~Bpllp, — 1) = =056 Ap,.
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Fig. 6. Neutron porosity cross-plot. Bottom scale is equivalent to volume percent porosity.
Conversion of resistivity data to formation factor F and to equivalent porosity is described in
the text. Standard deviation of neutron count rate is equivalent to the size of the symbols.
Straight lines represent least-squares fits to the probe calibration, the granite data, and the
leptite data. Mean values and range of core porosity and structural water measurements are

given at the top of the figure.

Consequently, the gamma-gamma probe is insensitive to fractional porosity changes
less than 0.035. Visual inspection of the log in figs 1 and 4 shows that the gamma-
gamma probe responds well to variations in mafic mineral content. However, aside
from these variations caused by grain density fluctuations, the gamma-gamma
record is uniform and shows no influence from fracture zones or any other signifi-
cant density decreases which are porosity controlled. It appears that porosity in-
creases of more than 0.035 are uncommon in SBH-1, an observation corroborated
by the neutron and resistivity logs discussed in the following paragraphs.

On the other hand, inspection of the logs shows a number of fluctuations in the
neutron, resistivity, and sonic records indicating porosity increases, most of which
occur at fracture zones. Lacking core measurements of the actual porosity (which
are not meaningful in fractured media), a standard method of examining physical
effects on pairs of logs is the cross-plot utilized in figs 6 and 7. Values of correlated
features are digitized and plotted, without any correction applied to the neutron and
sonic logs, but with borehole and Archie’s law considerations incorporated into the
resistivity evaluation. Mafic zones identified by the gamma-gamma log are generally
excluded from the cross-plots.

As discussed in the Appendix, the neutron probe was calibrated in a granitic
block, giving the dependence of neutron count rate N upon porosity ¢

N =C - D¢,
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Fig. 7. Sonic porosity cross-plot. Bottom scale is equivalent to volume percent porosity,
derived from resistivity as in fig. 6. Data from all three rock types are included in the
least-squares fit. Sonic travel times are uncompensated for probe effects.

where C and D are constants for a given rock type. The value D = —85 ct s™! per
one volume percent is assumed to hold approximately for the Stripa granite. The
value of C is more subject to matrix effects; it is fixed somewhat arbitrarily in fig. 6
to give reasonable porosity values based on water content of the calibration block.
The electrical resistivity data are reduced to the formation factor F = R/R,,,
where R, is the true formation resistivity and R, is the effective resistivity of the pore
fluid. Due to the high resistivity contrast between the borehole fluid and sur-
rounding rock, the current density is higher in the fluid and in the rock close to the
borehole. To account for this loss of spherical symmetry, the formation factor F is
determined from a borehole correction chart such as fig. 22 in Glenn and Nelson
(1979) by entering the ratio of measured (apparent) resistivity R, to fluid resistivity
R,,, and the ratio of the 1.6 m electrode spacing to the 76 mm borehole diameter.
For this particular data set, the nonlinear chart correction yields R, values roughly
equal to 0.6 R,. No bed correction was applied; that is, the effect of adjacent rock
.units of different resistivity was ignored.

The reciprocal square root of F is plotted in fig. 6 to give a porosity estimate
according to Archie’s law as .

F=¢m

where m appears to be about 2.0 for igneous rock (Brace and Orange 1968). The
horizontal scale of fig. 6 is therefore equivalent to volume percent porosity; some
laboratory measurements on granite core samples taken from an underground bore-

hole near the bottom of SBH-1 are included in fig. 6 to show the water content of
relatively unfractured rock.
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The evaluation of R, presents two problems. Mcasurcments of underground
walters at Stripa (see appendix of Fritz, Barker and Gale 1979) range between 38 and
50 Qm. However, Nuid resistivity in parts of the borehole could be either higher or
lower due 1o infiltration during and after drilling, so the uncertainty is even greater.
A more scrious problem is that surface conduction effects can significantly reduce
the clfective pore water resistivity below that of the bulk sample. Such effects can be
compensated in some sedimentary situations (Waxman and Smits 1968). In igneous
rock Brace, Orange and Madden (1965) found that the correction for surface con-
duction can require as much as a factor of ten, but no means of computing such a
correction directly from rock and fluid properties has yet been developed.

Faced with the dual problem of inadequate measurement and no compensation
for surface conduction, we have chosen to let R, vary as an independent parameter,
successively iterating to remove borehole effects until the least-squares slope ap-
proximately matches the calibration slope for the neutron probe. This procedure is
permissible because surface conduction and electrolyte conduction contribute addi-
tively to the overall conductivity, as demonstrated experimentally for a suite of
low-porosity rock samples by Brace et al. (1965), and for clay-rich sandstones by
Waxman and Smits (1968). Because of the two-element additive conductivity model,
an equivalent water resistivity equal to R, R/(R, + R,) can be allowed to vary
independently to achieve the fit without knowledge of R_, the surface resistivity
contribution. '

The resulting data values using R,, = 9.0 Qm are shown in fig. 6. The estimate of
9.0 Om is only as realistic as the other assumptions implicit in fig. 6, such as the
validity of the neutron calibration, its applicability to Stripa granite, and the corre-
lation of adjacent peaks on the neutron and resistivity logs. Also, the neutron
response may be distorted because fracture zones are generally characterized by
fractures coated with hydrated minerals such as chlorite. Despite these uncertainties,
the construction of fig. 6 leaves little doubt that surface conduction must be con-
sidered in a porosity evaluation of the Stripa granite based on Archie’s law.

The reduced counting rate of the neutron probe in the leptite separates the
leptite data from the granite in fig. 6; hence the two rock types are easily dis-
tinguished on this cross-plot. Using R,, = 9.0 Qm, the leptite data also give a neu-
tron slope of about —80 ct s~ ! per percent porosity similar to the granite, thereby
indicating that the slope is not much affected by matrix effects and confirming one
of our assumptions in the construction of fig. 6. The statistics in both granite and
leptite are only fair; both linear regression fits have correlation coeflicients of —0.8.

The compressional wave traveltimes are plotted against the resistivity values in
fig. 7. The resistivity values are the same as_in fig. 6. The traveltime values are taken
directly from corresponding anomalous points on the sonic log; no correction has
been applied for fluid traveltime or for any other effects occurring over the one-foot
travel path between transmitter and receiver. The least-squares line is a fit to all
data points irrespective of rock type. There is a suggestion that two different trend
lines might be fitted to the leptite and granite, but the data do not warrant separate
treatment.

Figure 7 shows that transit times increase with decreasing resistivity, here ex-
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pressed as an equivalent porosity. In sedimentary rock with intergranular porosity,
a cross-plot of this type would be expected to produce a linear trend because of the
tendency of sonic traveltime data to obey the time-average equation. No equivalent
cxpericnce exists in igncous rock; in the following section we show that the com-
pressional wave transit time is quite useful as a fracture indicator. The transit time
delays must be controlled by such details of fracture surfaces as the point-to-point
contact and any infilling mineralogy. It seems likely that the apparent correlation of
fig. 7 will vary considerably from site to site, depending upon the details of porosity
associated with fracture zones, development of alteration products and the mag-
nitude and direction of tectonic stress.

Norton and Knapp (1977) propose that tota! porosity in fractured rock be
considered as the sum of the effective flow porosity ¢;, or that portion of the rock
which constitutes permeability; the diffusion porosity ¢,, representing pores which
are interconnected but in which flow is unimportant and chemical transport occurs
by diffusion; and the residual porosity ¢,, which includes all pores independent of
¢, or ¢4. By considering permeability measurements and field estimates of fracture
spacing and aperture, they conclude that flow porosity ¢, is a very small fraction of
total porosity in representative igneous rock. By conducting diffusional measure-
ments on rock wafers in the laboratory they likewise show that the diffusional
porosity ¢, is but a small fraction of the total porosity. The resulting inference is
that residual porosity ¢, constitutes most (90%) of total rock porosity.

Because the different borehole probes respond to different physical properties,
some inferences can be drawn from the log behavior regarding the nature of poros-
ity structure. The neutron log is the only one of the three considered in figs 6 and 7

which can be considered a total porosity log; thermalization of neutrons by water

occurs regardless of whether or not the pore space is interconnected. The electrical
resistivity, on the other hand, must be governed by the flow porosity, and to a lesser
extent, by the diffusional porosity. The residual porosity and that fraction of the
diffusional porosity which is discontinuous cannot contribute to electrical conduc-
tion processes. For these reasons, the correlation between the resistivity and neutron
logs shown in fig. 6 indicates that in the fractured zones the porosity increase occurs
in the flow mode and the diffusional mode. Residual porosity is not increasing
significantly, or the correlation would not hold. T, also seems unlikely that much of
the new pore space is created by interconnecting what was residual pore space
before fracturing occurred, for if this were true the neutron response would be the
-same in fractured and unfractured zones. It seems most likely that porosity increases
associated with fracturing are of the flow/diffusional type. Since the increases are of
a few volume percent, we infer that fracturing induces flow/diffusional porosity
which is greater than the residual porosity and thus comprises the greater fraction of
- total porosity.

FRACTURE DETECTION

The acoustic, caliper, and differential resistance logs have the best vertical resolution
of the suite of logs applied at Stripa. These logs, useful in detecting thin structures
such as individual fractures and thin fracture zones, are shown in fig. 8, together
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with core information. The open fractures observed in cores have been averaged
over 0.3 m corresponding o the transmitter—receiver scparation of the acoustic
probe. Fractures judged to have been not open in situ, as indicated by the lack of
altcration minerals on the fracture surface, have been omitted from the fracture
column. To accommodate the acoustic waveform record, the depth scale in fig. 8(a)
is expanded against previous figures.

The caliper and differential resistance respond to borehole roughness and are
closely correlated (figs 4 and 8). Most of the caliper variations are close to the limit
of resolution of 0.2 mm, as evidenced by the step-like nature of the log. Narrow
sptkes occur where the borehole has intercepted a fracture, causing loss of small
chips from the borewall. Borehole roughness can be due to causes other than
fractures, however. The broad increases in hole diameter at 360.1 m, 368.8 m, and
380 m coincide with the commencement of drilling after a core run, suggesting that
rencwed drilling sometimes enlarges the hole slightly. Operation of a mechanical
caliper at this sensitivity level is unusual, but proved relatively straightforward and
worthwhile in providing correlative information with the other logs.

The differential resistance is also quite sensitive to changes in borehole diameter,
being at least comparable to the caliper. Laboratory tests showed that the probe is
able to detect fractures of I mm aperture and | mm change of diameter. [ts sensiti-
vity to fracture openings which do not produce borehole roughness is not known.
However, conductive veins do produce peaks in the differential resistance log, as
shown in the interval between 330 and 355 m, where pyrite is observed in the core.
Such mineralization shunts the current flow between the two closely spaced elec-
trodes. Using other logs such as caliper and acoustic, which do not respond to the
pyrite veins, and SP and IP, which do respond, the effect of conductive minerals can
be separated from the response of open fractures.

As shown in fig. 8, the acoustic log recordings in SBH-1 were limited to the
compressional wave transit time and the waveform record on photographic film.
The absolute transit time values give velocities of 5800 m s ™!, comparable to those
observed elsewhere on Stripa granite, both.in situ and in the laboratory (Paulsson
and King 1980). The waveform record gives a visual presentation of zero-crossing
delays and interference patterns of several wave modes. No amplitude measurements
were made, although it would have been advantageous to do so. Despite these
limitations, the acoustic records are the most valuable for fracture detection.

The most outstanding features in fig. 8 are the two 8 m zones at 272-280 m and
316-325 m, where the acoustic records, caliper, and differential resistance all indi-
cate that the borehole wall is disturbed and that the intervals are fractured. Open
fractures in cores are also more numerous in these intervals, especially in the lower
of the two intervals. In addition, the gamma-ray log already mentioned and a
temperature log (not shown) showed that the lower zone at 316-325 m was taking
fluid even under static open hole conditions, thereby confirming the fracture logs of
fig. 8. Zones such as these are obvious candidates for extensive hydrological testing
in a site characterization program for a waste repository. The acoustic log also
pinpoints a few other narrower zones, such as the ones at 289 m, 297 m, and 337 m,

where fracturing is apparent.
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Below 330 m slant depth the acoustc tog in particular indicates remarkably few
fracturé zanes: The core record, however: continues unabatéd with about 1the same

density of opén fractures to. the bottom of the hole. Stress ¢ondilions and fracture..2
‘character may be such that acoustic (ransmission properties change cons1dcrably .

below 3'!0 m. As stated earlier; the Stripa granite and the leptite- contain numerous

fractures, the majority of which are healed. Open fractures in cores are most com. |

monly coated with chlorite, sericite, calcite, or a combination of the above: These
minerals are; mccham{,ally weak, so there is a good probability that fractures seen in
cores were opened by the drilling and core recovery process. Analysis of the-core
data from the underground experiment at Stripa by Paulsson, Nelson and Kurfurst
(1981) suggesis that drilling opened a large number of the open fractures seen in the

core. A comparison of TV lagging with corc retrieved from two (2 m holes in the -

underground’ cxperiment area- revealed that less than 10% of the fractures whick
were open in cores-also appeared (6 be open in. situ. In any case, the sonic probe as
well as the caliper and differential resistance probes appear 1o provide information
on:fracturing in situ that the core log does not.

The compressional wave transit time has been éxamined by others as a measure
of fracture.fréquency. King, Stauffer and Pandit (1978} found in borehole measure-
ments carried out under low lithostatic stress conditions that the ratio (V/V;)?, where
V; and V] are, respectively, the in-situ velocity and the intact rock velocity, decreasés
hnearly with increasing fracture frequency. A comprehensive set of refraction
measurements on igneous and mietamorphic otcrop were compared with fracture
fre.qucncy intercepted by shdllow slant boreholes.in a paper by Sjégren, Qfsthus and
Sandberg (1979). The results, averaged from 15 sites; appeéar to obey a dependence
simnilar to that observed by King et al. (1978). These findings are not at all unreason-

able for near-surface measurements, where a fracture observed in the core is also :
likely to be sufficiently open in the rock mass to delay the acoustic wave. However, -

at depth the connection betweén. fracture frequency observed in cores and the pro-
pagation of acoustic energy is less straightforward. Higher stress may clase, partially
or totally, otherwise open fractures: As noted above, many open fractures seen in the
cores at Stripa may be drilling induced..

The ¢ompressional wave tragsit time is the easiést meéasurement.to extract {rom
an acoustic probe, but it is not as sensitive to the presence of fractures as is the:
amplitude of the otfier modes -of wave propagation. For example, Dzeban (1970)
simulated' fractures with cuts in aluminum. biocks which were then pressured to
simulate lithostatic pressure. Fractures at a simulated depth of 1000 m had a signifi-
cant impact on shear-wave attenuation, whereas compressional waves reacted
weakly to them. A recent study of acoustic borehdlc records by Paillet (1980)
convincingly demonstrates the utility of shear- and tube-wave amplitude measure-
ments for fracture detection through thé correlation of gated amplitudes with frac-
tures recorded in cores and by thé acoustic televiewer. In addition, Paillet’s
computed borehole acoustic- waveforms provide additional insight into the. patterns

‘produced by interfering modes.
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SUMMARY AND CONCLUSIONS

The orgamization of this paper underscores the four purposes to which borchole togs
may be applied in site characterization for radioactive waste repositories. We have
illustrated thesc applications by discussing logs from a single borchole at an experi-
mental site at Stripa, Sweden. The following paragraphs highlight some of our
specific findings on log behavior in an igneous/metamorphic rock mass.

Geophysical logs can be used to characterize rock units which otherwise would
pass unnoticed from visual inspection of the core, as demonstrated in the discussion
of figs. 2 and 3. As summarized in fig. 3, the leptite intercept can be categorized into
three units: an iron-rich unit revealed by gamma-gamma and neutron responses,
which is also more (ractured and broken than other intervals in the borehole; a
transitional unit in which fracturing decreases with depth; and a lower, competent
leptite unit. Within the granite, several extensive fracture zones occur within the
interval 208-328 m, designated the “lower granite™; below this depth fracturing
decreases markedly and sulfide occurrences are the most outstanding characteristic
of the pyritic granite.

Mafic minerals produce well-defined coincident deflections on the gamma-
gamma and neutron logs, due to density increases and thermal neutron absorption.
These deflections are particularly outstanding at the iron-rich zones in the leptite.
The overall trend is summarized in fig. 5. Pyrite similarly affects the gamma-gamma
and neutron logs, as well as the electrical resistivity, resistance, and [P logs.

Quantification of porosity fluctuations at the 1% level in igneous rock offérs a
substantial challenge for borehole measurements, especially since the nature of the
pore space and its interconnectivity is not well understood. Our efforts, shown in
figs 5 and 6, indicate that the current standard methods used in sedimentary sequen-
ces may be applicable in igneous rock with proper modifications. For example, it is
clear that surface conduction effects must be considered in the estimate of porosity
from formation factor. The neutron probe appears to be sufficiently sensitive, but
care must be taken to remove the effects of mafic minerals. The reasonable results
obtained with the acoustic probe are encouraging but may be fortuitous. The
gamma-gamma probe used.in this study requires an order-of-magnitude increase in
sensitivity to respond to 1% porosity variations.

The acoustic log is the most promising for the detection of fractures in igneous
rock, but should be augmented by probes responsive to borehole wall roughness,
such as the differential resistance, sensitive caliper, or televiewer (not used in this
study). Compressional wave transit times respond to the major fracture zones en-
countered at 200 m true vertical depth, and interference patterns in the shear-wave
portion of the waveform respond at other zones where the compressional arrival is
not disturbed. Recent progress by others shows that amplitude data are even more
definitive in fracture delineation and characterization.

In general, the logs appear as one might expect in a competent granitic rock:
resistivities are high, acoustic velocity is quite comparable to laboratory values, and
the borehole well is exceptionally smooth for the most part. One rather surprising
finding was observed at the fractured zones, however. The porosity estimates, admit-
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tedly crude, indicate that the porosity increases are of the order of a few volume
pereent, far greater than would occur if the fracture zones consisted of a limited
number of parallel planar features. It is likely that such zones are, in fact, highly
complex on .a local scale, permitting enhanced porosity and permeability valueg
above what would be expected from a simple parallel-plate fracture model.

For waste repository investigations, it will be desirable 1o extract as much infor-
mation as possible from exploratory boreholes, and therefore at this stage it is
desirable to run a full suite of logs. This is particularly so in igneous and metamor-
phic rocks where the experience base is less than in sediments. A critical feature such
as a fracture or dike is more readily diagnosed if more than one log responds to that
featurc. Similarly, an anomalous response on one log due to an unusual or unex-
pected cause can very easily be misinterpreted unless contradictory or confirmatory
evidence is available to check the interpretation. Also, surprises do occur, as evi-
denced by the extraordinary gamma-ray response mentioned earlier in this paper,
which is caused by radon migration in groundwater. Since repository usage will
continue for some time, it is important to carefully establish the true baseline
conditions.
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APPENDIX: DESCRIPTION OF BOREHOLE PROBES

The measurement technology for borehole investigations is now well described in
various engineering journals and symposia proceedings. A monograph by Keys and
MacCary (1971) describes at length the principles of the measurement methods
which we have used in our investigations. The following paragraphs summarize the
specifications of the probes used in our investigations at Stripa. More detailed
descriptions are given in reports by Nelson et al. (1979) and Magnusson and Duran
(1978).

These specifications in no way imply that any of the probes is optimized for
repository site characterization work. For the most part, the probes used were either
readily available commercially or else were a prototype developmental version.
Each could be improved in some way to improve sensitivity, spatial resolution, or
information content.
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Gamma ray

Both the LBL and SGU gamma-ray probes use Nal(T1) detectors. No spectral
discrimination was employed, so the total count is sensitive to the gamma-cmitting
radioisotopes of potassium and the decay series of uranium and thorium which are

normally found in crystalline rock.

Neutron-thermal neutron

The neutron probe (outer diameter 32 mm, length 1.5 m) uses a 1.4 Ci Am-Be
source and a He-3 detector spaced approximately 20 cm apart. The probe was
calibrated in a cubic block of granite 1 m on a side perforated with small diameter
holes permilting amounts of water up to 3% of the rock volume to be added. The
calibrations established an effective radius of investigation of approximately 0.4 m
in low porosity rock. The sensitivity to water changes was found to be —85 ct st
per one volume percent increase in water content.

Gamma-gamma (density)

The gamma-gamma probe (outer diameter 31 mm, length 2.5 m) uses a 16 mCi
source of Am-241. The probe was designed to detect thin beds in sedimentary
sequences using a single gamma-ray detector located immediately above the source
such that the effective spacing is about 57 mm. In operation the probe is held
against the borehole wall with a motorized decentralizer arm. Spatial resolution
appears to be about 40 mm. Based on measured core density p (8 cm™3) and log
response I (ct s '), the response equation is log I = —0.344p + 3.305.

Sonic velocity and waveform

The sonic velocity probe (outer diameter 60 mm, length 1.4 m) uses a magneto-
strictive source and piezoelectric receiver spaced 0.3 m apart. The transit time of the
first compressional wave arrival was recorded in analog form at an absolute accu-

“racy of about 3 us and a relative accuracy of 1 ps. A waveform log was recorded on

film in variable density format using a scale of 20 us per cm on the oscilloscope face.
The waveforms are a record of zero-crossing delays and interference patterns of

several wave modes.

Caliper

The caliper probe (outer diameter 51 mm, length 1.2 m) measured fluctuations in the
borehole diameter by sensing the displacement of three mechanical arms linked to a
linear potentiometer. A special set of short arms was acquired for use in the 76 mm
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borcholes, atfording a great improvement in sensitivity. The resolution of the caliper,
determined from a machined calibrator, was about 0.2 mm change of diameter, 3

limitation imposed by the potentiometer. Sensitivity to vertical aperture has not -

been established but is limited by the radius of curvature of the arm tips. Hysteresis,
or the ability to track the diameter us the arms arc closing or opening, is about
0.3 mm.

Differential resistance

The differential resistance probe measures the changes in resistance between a pair
of electrodes-spaced 12 mm apart. Since the borehole fluid furnishes the conductive
path, the probe behaves qualitatively as a caliper, with small borehole enlargements
decreasing the resistance betwecen the electrodes. The probe sensitivity is enhanced if
the annulus between the insulating guard and the borehole wall is as small as
possible, preferably a fraction of a millimeter. Fractures simulated in a non-
conducting plastic tube show that the tool can detect fractures of 1 mm aperture
and 1 mm depth.

Resistivity

Electrical resistivity is measured with a set of three electrode arrays; a normal array
with 1.6 m spacing, and two lateral arrays with 1.65 m and 1.05 m spacing, respec-
tively. To avoid induction effects, a switching frequency of 0.25 Hz is used.

Self-potential

Self-potential is measured between a borehole electrode and a surface electrode.
Both electrodes are nonpolarizing copper/copper-sulphate electrodes.

Induced polarization

A time-domain system measures the ratio of the integrated voltage to the applied
voltage in the 0.24-0.48 s window. Tke sxcitation pulse length is 1.96 s. The probe
consists of two potential electrodes below the current electrode. Electrode spacing is
5 m. A remote current electrode is placed on the surface about 50 m from the
borehole. The potential electrodes are nonpolarizing copper/copper-sulpate.

VLF

The VLF receiver is tuned to station GBR in England which broadcasts at 16 kHz.
The ferrite core antenna measures the vector component of the magnetic field
aligned along the borehole axis. A second antenna on the surface provides a refer-
ence signal for resolving real and imaginary components.
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MISE-A'-LA-MASSE METHODS

Historical Development

The mise-a'-la-masse method was first developed and used by Schiumberger
(1920). The method utilizes a buried current electrode within a conductive
body of interest (massive sulfide, low resistivity fracture zone, etc.) and
the other current electrode a large distance away from the anomalous mass and
at the surface. If the conductivity of the anomalous body is very low, there
will be relatively little potential drop across the body itself, and the
buried body (presumably) can be mapped at the earth's surface as a zone of low
potential gradient.

McMurry and Hoagland (1956) report a detailed field study at Austinville,
Virginia, where a current electrode was placed in pencil shaped ore bodies of
disseminated sphalerite, pyrite, and galena which occur in a high resistivity
dolomite host rock. The resistivity of the country rock was 10x to 100x the
resistivity of the ore bodies. Potential measurements were made on the
surface and in a large number (~ 30) of drill holes and the potential values
contoured in cross section. The mapped potentials aided in the delineation of
the ore bodies, and indicated the continuity or lack of continuity of ore
zones. The observed potential distribution was compared to the computed
potential distribution about an isolated source embedded below the surface of
an anisotropic medium of horizontal bedding.

Clark (1965) described the electrical potential distribution near a
spheroidal ore body for cases where the current source is in or near the
surface of the ore.

Parasnis (1966) describes the mise-a'-la-masse method and presents a
detailed field study of a lead-zinc-copper deposit in Central Sweden

(Parasnis, 1967) where electric potentials were measured on the ground surface



and in some 25 drill holes. He thus developed a three-dimensional map of
electric potentials about the deposit. The survey indicated the dip and pitch
of the ore body, the continuity of different ore widths and the general shape
of the mass. Numerical calculations were made to evaluate the importance of
host rock anisotropy as compared to the effect of the somewhat resistive ore
zones. Ketola (1972) also presented a case history including borehole and
surface potential measurements.

More recently Bartel et al. (1976) reported the use of mapping potential
gradients as an aid in mapping and characterizing massive hydraulic
fracturing. Bartel (1977) also described the mapping of the reaction zone of
an in-situ coal gasification experiment using a variation on the mise-a'-la-
masse method in which one current electrode was the production well casing and
the other electrode was an outlying well. Potentials measured with a fixed
surface array mapped the reaction zone at 300 feet depth, over a period
exceeding 140 days. No quantitative interpretation was presented.

Mansinha and Mwenifumbo (1983) report a mise-a'-la-masse study with
surface potential measurements at the well documented Cavendish Geophysical
Test Site in Ontario, Canada. No new numerical treatment was presented.
Kauahikaua et al. (1980) describe a mise-a-la-masse type survey using the well
casing of the high temperature geothermal well HGP-A as one electrode and a
return electrode grounded 6 km away in the ocean. Electric potentials were
measured at the surface and apparent resistivities calculated. A more

detailed resistivity structure of the reservoir resulted.

Present Assessment

The mise-a'-la-masse method can often be expected to provide more
definition of a buried conductive body than can be achieved by surface-only

resistivity or equipotential surveys. However a substantial resistivity



contrast (10x-100x) with background, a substantial volume of conductive body,
and limited depth are required for significant enhancement above survey noise
levels, De]ineatjon of fractures associated with a geothermal reservoir would
probably require an extensive zone (50 m or more) or wall rock alteration and
low resistivity fluids in fractures (0.1-3 ohm-m) for detection at depths
exceeding 500 m, More quantitative borehole resistivity methods offer greater

promise for fracture detection.
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HOLE-TO-SURFACE RESISTIVITY/IP

Historical Development

The hole-to-surface and hole-to-hole resistivity methods have gradually
evolved from the corresponding surface resistivity arrays. Thus several early
papers contributed to the mathematical and technique development of hole-to-
surface and hole-to-hole resistivity methods. Some of these more pertinent
contributions are cited here. The mise-a-la-masse method, probably the first
hole-to-surface resistivity technique, is reviewed in another section.

Webb (1931a) provided detailed solutions of Lap]ace'é equation, v2¢ = 0,
for the electric potential due to a buried sphere using surface electrodes,
Webb (1931b) then extended the solution to the potential due to a buried
spheroid using an expression in spheroidal harmonics for the inverse distance
(r'l) formula. In 1952 Seigel described a technique for determining the size
of a spheroidal ore zone when a single current and two potential probes are
located in a boring which penetrates the body. The mathematics were developed
for current and potential probes located along the axis of rotation of an
oblate spheroid. Van Nostrand (1953) discussed the limitations of resistivity
methods by considering the buried sphere problem and surface electrodes.

Alfano (1962) and Merkel and Alexander (1971) developed expressions for
the theoretical apparent resistivity for the three-]ayéred model with a buried
current electrode. Alfano calculated theoretical curves for the pole-dipole
array and Merkel and Alexander computed resistivities for the modified dipole-
dipole array with one buried current electrode. Snyder -and Merkel (1973)
calculated the induced polarization (IP) and apparent resistivity responses
from a buried current pole in the presence of a three-layered half-space and
from a buried sphere in a half-space model. Wagg and Seigel (1963) described

the application of surface-to-borehole arrays to the search for massive and



disseminated mineralization which may have been missed by a drill hole. They
described drill hole arrays for 'detection logging' (CyP; downhole, CyP, on
surface), and directional logging (PZ downhole, Cy, Cy, Py on surface). Alpin
(1964) presents an integral equation solution for the potential and electric
field due to a current electrode in a borehole in the presence of a conductive
fluid, for different cross sections.

Dieter et al. (1969) published a solution for the boundary value problem
for a point source of current near a body of arbitrary share. The solution
took the form of an inhomogeneous integral equation which was solved
numerically by the method of least squares. The solution is then used to
calculate apparent resistivity and apparent chargeability functions for three-
and four-electrode (surface) arrays.

Merkel (1971) described a numerical solution for the boundary-value
problem in steady-state current flow for 1 and 2 layers over a half-space,
with one current source below the surface, the second at a finite distance
from the drill hole. The analysis found that the optimum placement of the
buried electrode, within the conductive region, led to better resolution of
the lateral extent of the body. In a companion study, Merkel and Alexander
(1971) reported a numerical solution in bispherical coordinates for the
boundary value problem of steady state current flow about a sphere of
arbitrary conductivity in a half-space. The authors examined and compared the
cases of current sources on the surface; on the surface and above the sphere;
and on the surface and inside the conducting sphere. They noted the results
were similar to the layered case, and that the use of the buried source
improved the determination of depth to the conductor.

Barnett (1972, 1976) recognized that the electrical potential integral

expresses the potential in terms of an equivalent surface layer of charge. He



then developed a method for representing the surface of an arbitrary 3-D body
as a group of connected triangular facets and so]véd the surface integrals
over the triangular domains. The solutions to the integrals are analytic and
in closed form. Barnett (1972, 1976) further contributed a convenient method
for inputting the apices and assembling the facets of the polyhedron, and
applied these advances to 3-D IP and resistivity modeling for surface
measurements.

Increasing interest in borehole geophysics resulted in the publication of
review papers. DOyck (1975) edited a review of all borehole geophysical
methods applied to metalliferous mineral deposits, including seismic,
electrical, gravimetric, magnetic, nuclear, temperature and directional
surveying techniques. Dyck provides an extensive bibliography for borehole
geophysics to 1975. Scott et al. (1975) described research in hole-to-hole
geophysical measurements as also applied to mineral exploration.

Hohmann (1975) presented a new numerical solution for calculating the
induced polarization and electromagnetic responses of 3-D bodies buried in the
earth. The integral equation for the response is reduced to a matrix equation
which is solved numerically for the scattering current in the body. The
electric and magnetic fields at any point outside the body are found by
integrating the appropriate half-space dyadic Green's function over the volume
of scattering current. Hohmann (1975) compares his results for the IP
response of a buried sphere with a buried current electrode with the theo-
retical results of Snyder and Merkel (1973) and finds excellent agreement.
Hohmann also computes the IP response and the direction of the quadrature
electric field for a short receiver dipole down the borehole and surface
current electrodes.

An integral equation solution for resistivity and induced polarization



responses of two- and three-dimensional bodies is also given by Lee (1975).
The buried electrode case is not specifically addressed. Snyder (1976) uses
yet another techhique for the solution of resistivity and IP modeling of two-
dimensional inhomogeneities. The boundary value problem reduces to a Fredholm
integral equation of the second kind which is parametrically a function of the
spatial wavenumber. Using the method of moments the integral equation is
solved for a number of values of the wavenumber. An inverse Fournier
transform is performgd to obtain the electric potential at any point of
interest. The method is computationally more efficient than the network or
finite element techniques. The examples considered were restricted to surface
arrays.

Daniels (1977a, 1977b) adapted Barnetts (1972) 3-D IP modeling scheme to
compute model responses for six different buried electrode configurations:
(1) hole-to-hole (fixed source), (2) hole-to-hole (moving bipole source), (3)
hole-to-hole (moving pole source), (4) single-hole (bipole-bipole), (5) hole-
to-surface (buried source pole), and (6) surface-to-hole (surface source
pole). Daniels presented the variations in the geometric factor as a function
of depth and presented the responses for spherical and lens shaped bodies.

Daniels (1978) extended earlier theoretical solutions for the apparent
resistivity due to a buried electrode in a one- or two-layered medium
(Dakhnov,1959; Van Nostrand and Cook, 1966) to an arbitrary number of
layers. The modeling theory is developed for the general case of buried
current electrodes and potential receiver electrodes contained anywhere within
a horizontally stratified medium.

Dey and Morrison (1979) developed the mathematics for numerical modeling
of the potential distribution about a point source of current located in or on

the surface of a half-space containing an arbitrary two-dimensional conduc-



tivity distribution. The finite difference equations are obtained for
Poisson's equations using point- as weli as area-discretization of the
subsurface. Accurate computational results were obtained at less time and
cost than with finite-element or network solution techniques. Only the
surface electrode case was presented as an exampie. Merrick et al. (1979)
developed an algorithm for the numerical solution of the apparent resistivity
observed in a borehole for a multi-layer medium with a buried current source.

Dobecki (1980) provides solutions of the Laplace equation in oblate and
prolate spheroidal coordinate systems to model the electrical potential
distripution for current and potential electrodes in a borehole which is near
an anomalous body of oblate or prolate shape. Model results are presented as
vertical profiling and electric sounding profiles.

Lytle (1981,1982) compared model results for single borehole and cross-
borehole resistivity measurements in the vicinity of a spherical anomaly. The
anomalous body was embedded in an infinite homogeneous medium. In a sub-
sequent paper Lytle and Hanson (1983) examine the influence of electrode con-
figuration on detectibility of anomalous bodies and demonstrate the super-
jority of three- and four-electrode systems over two-electrode arrays.

Newkirk (1982) published a catalog of apparent resistivity responses for
a buried current electrode and surface or borehole potential electrodes for a
large number of three-dimensional bodies. The responses were calculated by a
computer program which effects the integral equation numerical solution of
Hohmann (1975).

Wait (1982) discusses electromagnetic fields due to vertically oriented
electric dipole sources, including current sources in a borehole.

Daniels (1983) described in detail a hole-to-surface resistivity study in

which apparent resistivity was calculated from total electric field measure-



ments made at the surface, using four different boreholes for buried electrode
emplacement. The response of three-dimensional bodies was enhanced by
subtracting a layered earth model response from the field data.

A recent presentation by Koulikov and Rocroi (1983) describes the use of
steel drill casings as vertical line-source electrodes to achieve a higher
current density at depth than could be obtained by surface current elec-
trodes. They note that anomalies due to resistive hydrocarbon deposits have
been mapped using drill casing as a line current source. Kauahikaua et al.
(1980) describe a similar survey where one current electrode was the drill
casing of the high temperature geothermal well HGP-A on Hawaii.

Mackelprang (1984) computed a catalog of apparent resistivity responses
for thin and dipping three-dimensional bodies which simulate the buried
electrode case in the geothermal environment. These models extend the catalog
developed by Newkirk (1982) using the finite element integral equation
solution of Hohmann (1975).

Yang and Ward (in prep) have modeled the electrical resistivity anomaly
arising from thin spheroids and ellipsoids using downhole electrodes. These
algorithms may provide the best approximation to the thin conductive zones of

interest in geothermal reservoir delineation studies.

Present Assessment

Theoretical and numerical modeling techniques are well developed for
hole-to-surface resistivity methods as applied to mineral exploration. The
geothermal reservoir however is most often a group of thin near vertical
fractures and can be envisioned as a thin conductive zone in a background of
finite (and varying) conductivity, and will generally be a more difficult
target to model and interpret than a mineral deposit.

Detailed and precise total field resistivity surveys using deeply buried



electrodes in one or more holes have been reported by Daniels and others, with
major improvements in detectability over surface electrical surveys. A dense
surface grid of total field measurements may define the elongation of
conductive zones associated with the geothermal reservoir which have been
penetrated by a borehole. It may be expedient to use the well casing as the
downhole electrode, but the current distribution due to this line source must

be modeled and applied to the apparent resistivity calcutation.
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MAGNETOMETRIC RESISTIVITY (MMR)

Historical Development

The MMR method was first patented by Jakosky (1933) and is briefly
described in his text on exploration geophysics (Jakosky, 1940). The method
is based on the measurement of low level (about 100 milligamma), low frequency
(1-5 Hz) magnetic fields associated with noninductive. current flow in the
ground. The MMR method differs from conventional resistivity techniques in
that potential measuring electrodes are replaced by a sensitive coil or
magnetometer, and a component of the magnetic field due to the current flow is
recorded (Edwards and Howell, 1976). Edwards (1974) recorded the first
successful field survey using the gradient array (surface only), and developed
the methodology and the procedures for normalizing and interpreting the data
which are obtained in this work. He clearly demonstrated that the MMR method
was effective in a region of severe topography where the overburden was quite
thick, and other electrical methods were less effective.

Edwards and Howell (1976) present the formulations for the MMR response:
a) over a uniform earth; b) for a vertical contact; and c) for a thick
outcropping dike based on earlier work by Stefanescu and Nabighian (1962) and
Edwards (1975). Edwards and Howell (1976) describe alpha center modeling,
utilizing earlier mathematical developments by Stefanescu (1950, 1970) and
Tang Muoi (1972). Edwards et al. (1978) presented an integrated mathematical
theory for the MMR method drawing upon earlier theoretical papers by
Stefanescu and others which are difficult to obtain. They also present
several new theoretical solutions. They noted the correspondence of the
magnetic induced polarization (MIP) method described by Seigel (1974).

Acosta (1981) applied the MMR method to the borehole geophysics

problem. Utilizing the theory presented in Dey and Morrison (1979) and in



Acosta (1981), a finite-difference program was developed which produces a
numerical representation of the Fourier transform for the three-dimensional
potential distribution about point sources of current located in a half-
space. The half-space contains an arbitrary two-dimensional conductivity
distribution. The transform values are used to evaluate a modified expression
of the Biot-Savart law for the magnetic field in terms of the electrical
potential and condutivity gradients.

Acosta and Worthington (1983) report a detailed field experiment where
the electric current was constrained to flow through surface electrode pairs
in a quarry where only one borehole intersected a low resistivity zone of
fissuring. A vertical magnetic field detector recorded the magnetic response
at intervals of 2.5 m in the centrally located borehole, for each of 8 current
electrode arrays. A finite difference modeling program was used in
interpretation of the data. They conclude that the borehole MMR method is
very sensitive to electrical curreqt channeling within an otherwise resistive
medium, and that the method is well suited to exploration for ground waters in
fractured media.

Nabighian et al. (1984) describe model and field results which further
demonstrate a substantial improvement in anomaly amplitudes when the recording
magnetometer is lowered within the borehole. The lowering of current
electrodes beneath the surface may not significantly improve the surface NMR

response, however, Massive sulfide mineralization was detected at 250 m

depth.

Present Assessment

As noted by Acosta and Worthington (1983), the MMR method has some
extremely advantageous characteristics for application to fracture mapping.

These include: a) the reservoir need not be in electrical contact with the



ground; b) the method can be used in dry or plastic-cased boreholes; c) the
magnetic field variations are very sensitive to electric current channeling
(as expected in fracture zones). Using appropriate array geometries, the
method is relatively insensitive to near surface resistivity variations and
topography, as compared to the deeper fractured bedrock response which is
sought. These characteristics, coupled with recent developments in high
sensitivity magnetometers and electronics, suggest that the borehole MMR
method may have some potential for the detection of fracture zones carrying
geothermal fields at depth. There is a need to evaluate the magnitude of
anticipated MMR responses, and other anomaly characteristics for appropriate
geometries and resistivities. This need is best addressed by numerical
modeling, such as presently underway at the University of Utah and the Earth

Science Laboratory, UURI.
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BOREHOLE EM

Historical Development

Dol1 (1949) and Roy and Dhar (1970) have investigated the radius of
investigation of a two-coil induction logging system (single borehole) and
show that the Fegion of ground that affects the received signal increases in
proportion to the transmitter-receiver coil spacing (Worthington et al.,
1981). Doll (1949) and Roy and Dhar (1970) further show that for a homo-
geneous earth, the signal received is principally affected by an annulus of
ground twice the transmitter-receiver separation in thickness and 0.1 the
transmitter-receiver separation in radius.

Moran and Kunz (1962) presented a rigorous mathematical development from
Maxwell's equations, for the response of a two-coil induction sonde in
homogeneous and nonhomogeneous media. Their results allow for an evaluation
of the skin effect in induction logging.

Gabillard et al. (1971) and Bassiouni et al. (1972) describe the telelog
method which is reportedly capable of detecting resistive zones at consid-
erable distances. A low frequency (12.5 Hz or 3125 Hz) alternating field is
generated by a transmitter and conductively coupled to the earth via surface
current electrodes. The vertical component of the electric field is detected
at various depths in the hole. The method has beén successfully applied in
locating the edge of a gas field from a development well (Dyck, 1975).

Oristaglio and Worthington (1980) derived a finite element solution of
the forward problem for electromagnetic fields induced by a line source for a
buried conductive body in a conductive media. They demonstrated the poor
resolving power for bodies buried deeper than 0.2 skin depths for surface data
alone and incorporated borehole electromagnetic field values in the inversion

study. Oristaglio and Worthington (1980) used a combination of the finite



element and the damped least squares methods to invert the electromagnetic
fields scattered from multiple two-dimensional bodies.

Worthington et al. (1981) describe a two-coil induction logging system in
which an alternating magnetic field is established by transmitting current
through a horizontal loop of wire symmetrically positioned about the boreho]é
on the surface of the earth. The amplitude and phase of the resulting field
are mea§ured downhole using a phase sensitive detector. Theoretical modeling
using a finite-element program developed by Oristaglio (1978) and Oristaglio
and Worthington (1980) verified the interpretation of a field experiment for a
buried massive sulfide conductor intersected by one of two boreholes. The
technique substantially increases the detection range of conductive zones
peripheral to the borehole.

The problem of detecting vertical structures near a borehole in the
presence of a high borehole fluid conductivity was discussed by Howard (1981)
who develops the expressions for electric and magnetic field responses for
single borehole logging in the presence of vertical fractures. Analytic
expressions were presented which predict the effect of the cavity, mis-
alignment of coils in the cavity, and an upper bound on the effect of the
borehole fluid. The attenuation of the electromagnetic energy as é function
of conductivity, and the depth of many geothermal resources (1000 m or more),
and the presence of drill casing are limitations to the mapping potential of
the electromagnetic hole-to-surface methods.

In 1975 Woods completed a model study of the Crone borehole pulse
electromagnetic (PEM) system. The Newmont organization also developed a
borehole electromagnetic pulse system (EMP) which has been widely used in
mineral exploration throughout the world. The earth is energized with a large

fixed transmitter loop by a pulse of 50 A and 20 ms duration on half second



intervals (Boyd and Wiles, 1984). A single component of the secondary field
is measured downhole. Small vertical, conductive ore zones have been mapped
to depths of 250 m with this method.

Eaton and Hohmann (1984) computed transient borehole electromagnetic (EM)
responses of thin horizontal conductor in a conductive half space. They note
that current channeling is strongly influenced by the conductivity of the host
and may be an important contribution to the transient electromagnetic
response. Borehole profiles of vertical system response (dH/dt) for the PEM,
EM 37, Sirotem and UTEM systems are compared for a 0.1 ohm-m body in a 100

ohm-m half-space.

Present Assessment

The single borehole electromagnetic methods are essentially well logging
techniques where the radius of investigation is expanded by focusing the
transmitted electromagnetic energy, or by increasing the transmitter-receiver
separation within the borehole. The detection range for vertical fractures
filled with conductive fluids is still small when compared to typical spacings
between geothermal exploration or development wells.

ﬁo]e-to-surface electromagnetic methods which may substantially increase
the range of fracture detection utilize a large transmitting coil on the
surface and a sensitive magnetic field detector downhole. The use of such
methods is increasing rapidly, especially the pulsed electromagnetic
methods. The direction of fracture trends may be more readily determined
using multiple transmitting loops at the surface. Data interpretation is
developing rapidly and can be quite accurate for a single conductive body in a
resistive half-space environment. The application to narrow, vertical
conductive (fracture) zones in a complex resistivity environment, as required

for geothermal development, will be more challenging and complex.



REFERENCES (Chronological)

Doll, H. G., 1949

Moran, J. H., and Kunz, K. S., 1962

Roy, A., and Dhar, R. L., 1970

Gabillard et al., 1971

Bassiouni et al., 1972

Woods, D. V., 1975

Landt, J. A., 1978

Oristaglio, M. L., 1978

Oristaglio, M. L., and Worthington, M. H., 1980
Witherly, K. E., 1980

Howard, A. Q., Jr., 1981

Worthington, M. H., Kuckes, A., and Oristaglio, M., 1981
Goldman, M. M,, and Stoyer, C. H., 1983 :
Pascal, H., 1983

Eaton, P. A., and Hohmann, G. W., 1984

Dyck, A. D., 1984

Boyd and Wiles, 1984



BOREHOLE RADAR

Historical Development

The first well documented use of subsurface radar equipment for mapping
geologic features appears to be a patent issued to Holser et al. (1966) for
mapping a salt dome from a borehole. Fredriksson et al. (1969) later patented
a helical antenna designed specifically for borehole irradiation. Holser et
al. (1972) describe their 230 MHz pulse-radar well-logging system and the
interpretation of data taken from an 8208 feet deep drill hole in the Pine
Prairie salt dome in Louisiana. The authors noted that signals were received
out to 2000 or 4000 feet of range, and noted the desirability of increased
range possible with a 15 MHz tool. Holser et al. (1972) present the basic
equations for reflected signal power, signal-to-noise ratio, attenuation, etc.
for helical and dipole antennas.

Dolphin et al. (1974) describe detecting reflections from chambers within
a dolomite mine at distances of 100-130 feet, using frequencies of 17.5 - 35
MHz for transmitters and receivers on the surface. The dolomite was described
as faulted and jointed, and well above the water table. Cook (1975) reported
on laboratory measurements of RF complex permittivity for a variety of rbcks
with “natural"” moisture contents at frequencies of 1, 5, 25 and 100 MHz, He
concluded that VHF mining radar equipment should be capable of exploring to
distances of up to hundreds of feet in several low-loss rocks such as
granites, limestones and coals. Useful but shorter probing distances were
predicted for other coals, gypsums, oil shales, dry sandstones, high grade tar
sands, and schists. Radar probing distances of less than 10 feet are to be
expected for most shales and clays. Cook (1977) later reported borehole radar
exploration in coal seams, where probing distances of 60 to 90 feet were

achieved using 31 MHz energy.



Daily et al. (1982) used cross-borehole electromagnetic sounding with
frequencies between 1 and 40 MHz and tomographic image reconstruction
(geotomography) to map the in situ electromagnetic attenuation of oil shale.
The study was designed to evaluate the technique as a means for remote
monitoring of in situ retorting. The tomography mapped a plane 27 m wide by
12 m high. They concluded that commercial-sized retorts, requiring
transmission paths of 50-100 m, may require probing at about 1 MHz, but that
the combustion zone (well over 400°C) could probably be mapped because of its
much higher electrical conductivity. Somerstein et al. (1984) also report
attenuation studies for 25 and 1.5 MHz for in situ o0il shale retorts.

Nickel et al. (1983) describe single borehole (reflection) and cross
borehole (em HF absorption) techniques to map structures in the interior of
salt domes. They used frequencies of 20 and 40 MHz for the reflection
measurements and a broad range of frequencies between 4 and 25.6 MHz for the
absorption study. Antenna lengths were 1.5 to 4 m long. The authors report
that the 40 MHz system was effective for distances up to 300 m, but that the
20 MHz proved to be more favorable for greater distances. Nickel et al.
(1983) note a disadvantage of the reflection method is the lack of azimuthal
resolution, but that the absorption method presents nearly ideal input data
for computerized geophysical tomography. In a paper presented at the 1983
EAEG annual meeting, Sender et al. (1983) described a new borehole antenna
system designed to overcome some limitations in antenna array directive

properties which result from the fact that the borehole diameter is rather

small compared to the wavelength.

Present Assessment

The methodology for borehole radar measurements is already well developed

and improved borehole antenna systems are being developed. Researchers at



Lawrence Livermore National Laboratory have reported on field and
interpretation techniques for cross-borehole measurements and tomographic
mapping. Unfortunately the successful use of radar methods requires probing
distance typical of development drill hole distances, or greater. This
restricts the use of the method to relatively low loss (high resistivity)
rocks such as salt, oil shale, and possibly some massive carbonate units.
Most productive geothermal systems, in contrast, are typified by low
resistivity fluids and fracture zones. Radar probing distances would
typically be less than 200 feet (excepting possibly the hot dry rock case)
hence the method should not receive a high priority for geothermal fracture

delineation research.
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SUMMARY

The delineation of fracture zones in a geothermal reservoir is an
important problem but the solution, in the general case, is not easily
achieved. Surface geophysical methods generally lack sufficient depth
penetration and resolution, and deep exploration or production drill holes are
costly, generally more than one million dollars. The presence of one or more
boreholes within, or near to, the geothermal reservoir offers an opportunity
to increase the signal or current density in the target zone or alternatively
to measure the anomalous responée induced in this area by surface sources with
minimal degradation.

The design of a successful borehole geophysical method must consider the
details of the borehole itself and the geologic setting. The borehole will
generally exceed 1000 m in depth, and will probably be cased for most or all
of this length. Geothermal reservoirs are typically in complex geologic
settings and may include lTow or high resistivity surface layers, near vertical
faulting, and irregular zones of low resistivity fluids or clay alteration
associated with the geothermal reservoir.

Let us consider the suitability of the several borehole electrical
methods in this environment.

Borehole radar. Borehole radar would generally be useless in a cased

drill hole. In the absence of drill casing probing distances of much less
than 100 feet can be expected for most geothermal rock environments (shales,
clays and altered rocks, volcanic units, metamorphic rocks). Thus this method
does not seem appropriate for geothermal reservoir delineation, in distinction
with its use in rock salt, tar sands, oil shale, coal seams, and granite.

Mise-a-la-masse methods. The traditional mise-a-la-masse survey has

largely been repltaced by total field resistivity measurements in more detailed



and quantitative studies. The buried electrode energizing the low resistivity
zone may be below or peripheral to the actual low resistivity target zone.
Thus it is desirable to address the more general hole-to-surface (or hole-to-

holte) resistivity/IP method.

Hole-to-surface resistivity/IP. The improvements in anomalous response

for a buried conductive body using one or both buried current electrodes is
well known from numerous model and field studies. The gain in response
results from increased current density in the conductive target body. Surface
measurements can be conducted over a large area and often to an arbitrary
degree of detail (grid spacing) and precision. Field methods and
interpretation techniques are well developed. Model studies by Newkirk (1982)
and Mackelprang (1984) suggest elongate bodies which simulate geothermal
reservoirs. Thin disc shaped bodies may be better modeled by thin ellipoids
(Yang and Ward, 1984) and additional modeling is needed which more closely
simulates a complex geothermal reservoir model. The probable presence of
steel drill casing may complicate the current distribution and interpretation.

The probable presence of steel casing may provide an easy means for
increasing the current density at depth -but this line electrode is somewhat
less effective and perhaps more difficult to interpret than the buried point
source. Numerical modeling which addresses this array is needed.

Magnetometric Resistivity. (MMR) As noted earlier, the greatest

improvement of anomaly amplitudes is achieved when the magnetometer is lowered
down the borehole. Additional boreholes in a geothermal reservoir would offer
an opportunity for enhanced current channeling by using a downhole current
electrode or drill casing. Numerical modeling is needed to assess the
probable anomaly amplitudes for borehole MMR anomalies. Although massive

sulfide mineralization can be mapped in boreholes at depth of 250 m, the



response of a thin, conductive fracture zone at 1000 m may be too small to
measure or interpret.

Borehole EM., Substantial depth probing has been achieved in mineral
exploration by using a large transmitter loop near the borehole and a large
current (50 amp) pulsed signal. The high resistivity environment and absence
of drill casing makes the mineral expioration case well suited to a pulsed EM
method. Drill casing may preclude the EM methods for geothermal fracture
detection. In those selected hard rock cases where drill casing is not
required the pulsed EM techniques may respond well to high conductivity
fracture zones. Numerical modeling of thin conductive zones and drill casing

above sensor depths is required to evaluate the applicability of the EM

methods.

CONCLUSIONS

It would appear, for the general case of a deep (71000 m) geothermal
reservoir and drill casing for most of the hole, that a hole-to-surface total
field resistivity survey would be the borehole geophysical method most likely
to succeed. If the borehole geophysical surveys could be conducted while only
the near surface portions of the hole are cased (at some risk of losing the
hole), then pulsed EM or MMR surveys, with a downhole magnetic field detector,
may delineate the location and orientation of near borehole fractures.
Additional numerical modeling is needed to establish realistic anomaly

response levels, and to evaluate theée amplitudes with probable instrumental

and geologic noise levels,
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Trans. on geoscience and remote sensing, GE-20, 493-499,

The mathematical formulae governing the interaction of a low frequency
source of electric current with a spherical anemaly are given, The
fofmulae are lsed to determine the apparent r951st1v1ty and induced-
polarization response between electrodes located within boreholes in the

medium.

Lytle, R. J., and Hanson, J. M:, 1983, Electrode: configuration influence on
resistivity measurements about a spher1cal anomaly: Geophysics, 48, 1113-

1119,

The response of a ‘spherical res1st1v1ty anomaly for various two-, three-,
and four-electrode configurations are investigated., Cross-borehole
probing will have significantly better results with three- and four-
electrode configurationss

Mackelprang, C. E., 1984, Res1st1v1ty mode] catalogue for buried electrode in
geothermal environments: Earth Science Lab. Univ. Utah Res. Inst, rept.

(in prep.).

The total field electrical resistivity is computed and presented for a
large number of thin and dipping three- dimensional bodies which simulate
the hole-to-surface survey ‘in the geothermal environment..

Mansinha, L., and Mwenifumbo, C. J., 1983, A mise-a-la-masse study of the
Cavend1sh Geophysical test site: Geophysics, 48, 1252-1257.

The authors describe a detailed mise-a-la-masse survey at the well
documented Cavendish geophys1ca1 test site. Survey results are presentéd
as profiles of potential versus distance without any new numerical
treatment or interpretation techniques,

Mathisrud, G. C., and Sumner, J. S., 1967, Underground IP surveying at
Homestake Mine: Mining Congress Journa] 53, 66-69,

This paper deschbes an underground induced polarization survey using the
gradient array where current electrodes were.placed at either end of a
drift and potentials were measured to distance$ of 500 feet in horizontal
boreholes. The survey mapped sulfide distributions assgciated with the

gold mineralization.

McMurry, H. V., and Hoagland, A. 0., 1956, Three-dimensional applied potential
studies at Austinville, Virginia: Bull. Geol.. .Soc. America, 67, 683-69%,

The authors report a detailed fi€ld study where current electrodes were
placed in pencil shaped ore bodies of disseminated sulfides -and potential
measurements were made on thé surface and in approximately 30 boreholes.
The mapped potentials were presented in map and section form and aided in
the delineation of ore bodies.

Merkel, R. H., 1971, Resistivity analysis for plane-layered half-space models
w1th buried current €lectrodési Geophys. Prosp., 19, 626-639,



A numerical 501ut10n is presented for the boundary valtue problem in
steady-state current flow for cne and two layers over a half space with a
current source below the surface., The dptimum p1acement of the electrode,
in ‘the conductive region, leads to a better resolution of the lateral
extent of the body. Several references to related work by Russian authors

are included.

Merkel, R. H., and ATexander,»S.‘S., 1971, Resistivity analysis for models of
a sphere in a half-space with buried current source: Geophys. Prosp., 19,
640-651.,

Boundary-value problems in steady-state current flow for a sphere af
arbitrary conductivity in a half-space are solved numerically in
bispherical coordinates. The current sources may be on the surfacé or one
electrode. on the surface and a buried electrode above or in the sphere.

Merrik, B. R+, Checkin, G. H,, and Popov, V. V., 1979 Numerical solution of
the forward problem of the apparent res15t1v1ty methed for a thin layered
medium in a borehole: Izvestiya, Earth Physics, 15, 354-357.

The authors present an algorithm for numerical solution of the forward
problem of computing the apparent resistivity for a muitilayer medium
penetrated by afn orthogonal borehole. A system of integral equations is
solved for the surface density charge on the interfaces.

Moran, J. H., and Kunz, K. S., 1962, Basic theery of ¥nduction logging and
application to study of two-coil sondes: Geophysics, 27, 829-858,

The authors solve Maxwell's equations for the response of a two-coil
induction sonde in homogeneous and nonhomogeneous media. The raesults
allow evaluation of the skin effect in induction logging.

Morrison, B. C., 1971, Electrica) potential method used at a single hole to
indicate direction of better mineralization: American Institute of Mining
Metallurgical ‘and Petroleum Engineers, Trans., 250, 337-340.

A field survey i$ reported in which downhole electrodes are used to help
define flat lying lead=zinc ore bodies in Missouri. Current electrodes

were placed in two peripheral boreholes and one potential electrode was

located in a central mineralized borehole while several other holes were
logged with a second potential electrode,

Nabighian, M. N., Oppliger, G. L., Edwards, R. N., Lo, B. 8, H., and Cheesman,
S. J., 1984, Cross-hoTe magnetometric res1st1v1ty (MMR): Geophysics, in

publ,
1

‘The .authors describe theoretical (and mode]ang) and field resylts that
demonstrate a substantial improvement in anomaly amplitudes when the
recording magnetometer is lowered within the borehole. The 1ower1ng of
current electrodes beneeath the sUrface may not s1gn1f1cant1y improve the
surface MMR response. Massive: sulfide mineralization is mapped at a depth
exceeding 500 m,



Newkirk, D. J., 1982, Dowrnhole eélectrode resistivity 1nterpretat10n with
three-dimensional models: Dept. Geology and Geophysics, Univ, Utah Tech.
Rept. DOE/ID/lZO?Q -47 for Dept. of Energy, 27 p.

A catalogue of three=dimensional model responses {poténtial and apparent
resistivity) was computed using Hohmann's integral equation numerical
solution for a buried current electrode and surface or subsurface
potential electrodes.

Nickel, H., Sender, F., Thierbach, R., and Weichart, H., 1983, Exploring the
1nter10r of salt domes from boreholes: Geophys. Prasp., 31 131-148.

The ‘authérs describe borehole-to-borehote attenuation and single borehale

reflection probing using radar frequencies of 25 MHz and 50-180 MHz in the
high resistivity interior of a salt dome. A probing range of soime hundred
meters was achieved.

Oristaglio, M. L., 1978, Geophysical investigations. of earth structure within
the vicinity of boreholes: Ph,D. thesis, Oxford Univ..

The magnetic field response resulting from a line induction source, at a
borehole detector, is derived and estimated using a 2-D finite-element

modeling program,

Oristaglio, M, L., and Worthington, M. H., 1980, Inversion of surface and
borehole electromagnetic data for two- d1men51ona1 electrical conductivity
models_ Geophys. Prosp., 28, 633-657.

A method is developed for 1nvertfng electromagnetic fields induced by a
Tline source in an earth of two-dimensional conductivity structure. A
combination of fiAite element and elamped least squares methods are used
to effect an efficient and accurate calculation.

Parasnis, D. S., 1966, Mining geophysics: Elsevier; Amsterdam, 356 p.
The. author describes the mise-a-la-masse survey method.

Parasnis, D. S., 1967, Three-dimensional mise-a-la-masse survey of an
irregular léad-zinc-copper deposit in Central Sweden: Geophys. Prosp., 15,
407-437; '

This paper describes a detailed field study in which potentials were
measured ‘on the surface and in 25 drill holes at a lead-zinc-copper
deposit in central Sweden., The three dimensional potential distribution
indicated continuity of ore zones, dip and pitch of the ore bmdy, and the
general shape of the ore zones.

Pascal, H., 1983, Further discussion on attenuation and dispersion .of
electromagnetic wave propagation in fluid-saturated porous rocks and
applications to dielectric-constant well logging: Geophysics, 48, 1373-
1380.

This paper presents a detailed quantitative ana]ys1s of some basic
problems of electromagnetic wave propagation through a porous medium



saturated with fluid, as related to the quantitative interpretation of
dielectric constant logging.

Roy, A., and Dhar, R. L., 1970, Relative contribution to signal by ground
elements in two-coil induction Togging system: Geophys. Prospecting, 18,

389-404.

The authors théoretically evaluate the relative contribution of various
ground elements to the signal at the receiver for a two-coil induction
logging system in a homogeneous medium. The analysis accounts for the
skin effect. In most cases the radius of investigation is less than twice
the transmitter-receiver separation.

Rubin, L. A,, Fowler, J. C., and Marino, G. G., 1978, Multiple borehole radar:
Ensco, Inc. F1na1 Report to National Sc1ence Foundat1on, NSF Grant No.
APR76-03300, 101 p.

This report describes the development and initial field evaluation of a
short pulse, e]ectromagnet1c borehole radar system with principal energy of
the radar antenna in the 50 MHz to 150 MHz range. The system can acquire
data in either the single hole or crosshole mode..

Ryss, V. S., 1971, Contact method of polarization curves, in Borehole Mining
Geophysics: G. K. Volosyuk and N, T, Safranov, editors, Leningrad, Nedra.

A method of mineral discrimination using contact polarization curves is
described,

Ryss, V. 5., 1973, The search and exploration for ore bodies by the contact
method of polarization curves: Nedra, Leningrand.

The author describés studies which attempt to discriminate between common

massive sulfide minerals by measuring. reaction potent1a15 with respect to

‘a saturated calome1 electrode, when an electric current -is passed through

an ore body and/or country rock Typical reaction potentials were -0.5 to
1.4 v {cathode processes) and +0.2 to +0.7 {anode processes).

Ryss, V. S., 1981, The use of the contact polarization curve (CPC) techniques
to evaluate and explore ore deposits: Geoexploration, 18, 281-295.

This paper describes the contact polarization curve (CPC} method. An
electrode is placed in contact with mineralization intersected by a
barehdle and electhic current of variable 1nten51ty is ‘transmitted betweén
the ore body and the surface current ground. Electrochemical reactions
are monitored.

Schlumberger, C., 1920, Etude sur la Prospection electrique du sous-sol, 94
p., Paris: Gauthier-Villars..

This paper describes the first use and early development of thié mise-a-la-
masse method.,

Seott, J. H., Daniels, J. J., Hasbrouck, W. P.y and Guu; J. Y., 1975, Hole-to-
ho]e geophysical measurements research for m1nera1 exp]orat1on Trans. of



the 16th Anhual Logging Symp. of the SPWLA, paper KK.

This paper presents am application of hole<to-hole resistivity, induced
polarization, and seismic measurements.

Seigel, H. 0., 1952, Ore body size determination in electrical prospecting:
GeophyS1CS, 17, 907-914,

The author déscribes a techaique to estimate ore body size when current
and potential probes are located along the axis of rotation of an oblate
spheroidal ore zone. The probes are located in a boring which penetrates

the body.

Seigel, H. 0., 1974, The magnetic induced polarization (MIP) method:
Geophysics, 39, 321-339.

This paper describes the theory .and application of the magnetic induced
polarization method of surface mineral exploration.

Sender, F., Thierbach, R,., and Weichart., H., 1983, Bbtaining enhanced data in
HF -pulsed boreho]e radar by new d1rect1on-f1nd1ng antenna System:
abstract, EAEG 45th Annudl Meet1ng, 0slp, 14-17 June: Tech. Prog. and
Abstracts of Papers, p. 46.

The .authors presented a new design for a borehole radar antenna system
which uses established radio direction-finding methods modified for use in
the borehole environmént.

Snyder, D. D., 1976, A method for modeling the resistivity and IP response of
two-dimensional bodies: Geophysics, 41, 997-1015,

An integral equation solution is derived for resistivity and induced
polarization of two-dimensional bodies using a Fredholm integral equation
of the second k1nd A solution is obtained in the wavenumber domain, then
inverse FOUP]EP transformed to arrive -at the electric potential at any

point of interest.

Snyder, D. 0., and Merkel, R. M., 1973, Analytic models for the interpretation
of electrical surveys using buried current electrodes: Geophysics, 38,
513-529,

The IP resporise and apparent resistivity resulting from a buried current
pole in the presence of a stratigraphic. target and a three-dimensional
target are discussed. Analytic solutions are presented for the potential
due to a buried electrode in a three-layered half-space and for a
spherical inhomogeneity in a half-space.

Somerstein, S, F., Berg, M., Chang, 0., Chung, H., Johnson, H., Richardson,
B., Pizzicara, J., and Salisbury, W. W., 1984, Radic frequency
geotomography for remotely proving the 1nter10rs of operating mini- and
commercial ~sized oil shale retorts: Geophysics (in publ).

The authors describe cross-borehole, radio-frequency geotomographs made
across two different sized in-situ oil-shale retorts. Measured



dtteauation coefficients at 25 MHz and 1.5 MHz were observed to ‘increase
in the retorting and combustion zones.

Spies, B. R., 1981, Electrical geophysics in the USSR: Buréau of Mideral
Resources, Austra]1a, Record 1981/66 (unpublished); BMR Microfrom MF 181.

A réview of the KSPK (contact technique of polarization curves) method as
used in the USSR is presented.

Spies, B. R., 1983, Recent developments in the use of surface ‘@lectrical _
methods for 01l and gas ‘exploration in the Soviet Union: Geophysics, 48,
1102-1112,

Electrical geophysical methods as used in the Soviet Union are reviewed.
HoTe-to-surface and cross-hole techniques are not discussed.

Stefanescu, S. S., 1950,Modeles theoriques de milieux heteragenes pours Tes
methods de prospection electrigue a courants stationairesi Studii
Téchnice si Economice, ser; D, n. 2, 51-71, Bucurest.

Thé basic theory of the magnetometric resistivity {MMR) method is
presented.

Stefanescu, S. S., 1970, Nouvelles applications de la theorie des milieux
alpha harmoniques a la prospection etectrigue én courant continu:
Geophys. Prosp., suppl. 28, 786-800.

The theory and use of alpha centers in the interpretation of electrical
resistivity data are discussed.

Stefanescu, S. S., and MNabighian, M. N., 1962, Uber magnestische storfelder
als folge senkrechter schichtungen im gle1chstrom Rev. Geologie et
Geographie, Acad. Repub., Pop. Roumaine, 6, 139-155.

The anomalous vertical magnetic field due to the disturbed current flow
near a contact is derived,

Stefanescu, S. S., and Stefanescu, D., 1974, Mathématical models of conducting
ore bodies for direct current e]ectr1ca1 prospecting: Geophys. Prosp., 22,
246-261.

The caleulation of apparent electrical resistivity response for dc
electrical prospecting arrays using alpha centers is generalized +in this
paper,

‘Tang, Muoi, 1972, Sur le champ magnetiqué des courants electriques station-
aires dans les milieux heterogenes alpha exponentiels: Rev. Roumaine de
Geologie, Geophysigue et Geographie, ser. Geophysique, 16, 51-30.

The magretic field due to -an anomalous current flow in & conductivity
distribution occupying the half- -space z > 0 is determined for a buried
-alpha center.



Tikhonov, A, N., Dmitriyev, V. 1., and Zarkharov, Ye. V., 1977, Solution of
electrical prospecting problem for inhomogenequs media: Tlzvestiya,
Physics of Solid Earth (U.S.S.R.) 13, 833-839.

The mathematics are developed for calculating the electromagretic field in
a stratified media with an arbitrary number of layers. The authors
calculate the integrals from boundary value problem solutions in terms of
Green's functions.

Van Ngstrand,'R. G., 1953, Limitations on resistivity methods as inferred from
the buried sphere problem, Geophysics, 18, 423-433.

The author derives the .expression for the apparent resistivity (Wenner
array) of a buried conducting sphere in bipolar coordinates. The
detectability of the buried sphere is examined as a function of electrode
spacing and depth.

Van Nostrand, R, G., and Cook, K. L., 1966, Interpretation of resistivity
datar VU.S.G.S. Prof. Paper 499, 310 p.

Theoretical solutions are presented for buried electrodes in a one- or
two-layered medium,

Wagg, D. M., and Seigel, H. 0., 1963, Induced polarization in drill holes:
Canadian Mining Journal, 84, 54-59.

The. authors describe two basic surface-borehole electrode arrays which are
used for drill hole detection logging or for drill hole directional
surveying.

Wait, J, R., ed., 1963, Special issue on electromagnetic waves in the earth:
IEEE Trans.. on Atennas and Propogation, AP-11, 206-387.

This special issue contains twenty-five papers concerned with antenna
design, d1pole arrays, phys1ca1 properties and electromagnetic wave
propagation in the earth's crust.

Wait, J. R., 1982, Geo-electromagnetism: Academic Press, New York, 268 p.

This text includes a chapter (5) whieh discusses vertically oriented
electrical dipole sources which relate to borehole geophysical

measurements.
Webb, J. H., 1931, Potential due ‘to a buried :.sphere: Phys. Rev.; 37, 292-302.

Laplace's equation 15 solved for the potentail due to a buried conducting
sphere and surfaceé electrodes. A numerical approximation to the exact
solution is presented.

Webb, J. H., 1931, The potential due to a buried sphere: Phys. Rev., 38, 2056-
2067,

A solution is derived for the potential due to :a buried spheroid. An
image spheroid is placed in the upper half-space to satisfy boundary


http://includ.es

conditions on ‘the surface of thé half space. The solution is effected in
spherdidal harmonics.

Witherly, K. E., 1980, The application of the applied potential -and downhole
pulse EM techniques to the exploration for massive sulfide deposits in
eastern Canada: presented at ‘the 50th Annual Intl. Mtg. of the Soc. Expl.

Geophysicists, Houston, Nov. 16-20.

This paper describes a downhole application of a pulse EM (Yime-domain EM)
system. This downhole, pulse EM (DHPEM) method uses a transmitter Toop
laid oyt on the surface while the drill holes are logged to determine the
conductor's position and attitude,

woods D. V., 1975, A model study of the Crone borehole pulse electromagnetic
(PEM) system: Queen’s University, Kingston; Ontario, M.Sc. thesis.

Woods, D. V., and Crone, J. D., 1980, Scale model study of a borehole pulse
electromagnetic system: Canadian Min, and Metall. Bull.,; 73, 96-104.

This paper describes the Crone borehole pulse electromagnetic (PEM)
system, field tests, and a sca]e model study of the system.

Worthington, M. H,, Kuckes, A., and Orlstagl10 M., 1981, A borehole induction
procedure for investigating electrical condyctivity structure within the
broad vieinity of a holer Geophysics, 46, 65- 67.

‘The authors describe a two-coil induction Tegging system in which an
alternating magnetic field is established by transmitting current through
a horizontal loop of wire symmetr1ca11y positioned about the borehsle on

the surface of the earth.

Yang, F., and Ward, S. H.:, 1984, Thecretical modeling of thin spheroids and
ellipsoids in boreho1e geophys1cs submitted to Geophysics, 20 p. (2)



