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ABSTRACT

An evaluation is given of remote-probing geophysical techniques likely to

be used to investigate the near vicinity of geologic reposicories for nuclear

waste. The sensors to be used woulu be placea inside the boreholes, shaf ts

and tunnels of the repcsitory to pecvide high resolution information of the

rock near the repository. The geophysical methods evaluated are known as

active methods because they make use of artificial seismic, electric or

electromagnetic fields to probe the rock mass. Techniques involving through

transmission measurements are emphasized. These tecnniques show merit for

remote uetection of geological heterogeneities such as fracture zones which

influence the containment capacity of repository sites. The report discusses

the results obtained with exploration methods used at a site near Oracle,

Arizona.
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EXECUTIVE SUMMARY

This report presents an evaluation of remote probing geophysical

techniques likely ta be useful in investigating geologic repositories for

nuclear waste. In 2 articular, this report focuses on remote probing the

region between exposed surf aces anu locations up to a bundred meters away.

This region is herein designated as the near vicinity of the repository. The

objective of this document is to provide the Nuclear Regulatory Commission (NRC)

with a technical basis with which to judge the reliability of the methods

discussed and the degree of confidence with which the results can be used.

Since the signal to noise ratio decreases with the distance to features-

of interest, the more useful techniques are those which can be applieu close

to the repository. Consequently, our discussion focuses on methods for which

the sensors are placed inside boreholes, shafts and tunnels in the near

proximity of high level waste (HLW) repositories.

Ihe remote probing methods which are discussed include methods used to

probe the rock mass between a source and receiver located in tunnels, shafts,

or boreholes. Through transmission crosshole methods which use seismic,

electrical and electromagnetic fields are described.

Various applications of the methods are discusseu including detection of.

discontinuities and the monitoring of changes in rock behavior. Particular

emphasis is placed on the detection.of geological discontinuities such as

fractures zones. The discussion focuses on methods used routinely to explore

rock masses as well as on relatively new developments likely to be useful.

The information presented in this report is derived from published

reports and from field experiments performed by the authors. The field

experiments evaluated the.capabilties to map fractures of various remote

probing methods. The experiments were performed in a fractured granite rock

site near Oracle, Arizona developed for the NRC by the University of Arizona.
ix
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l. INTRODUCTION

Tnis report provides an assessment of selected remote-probing geophysical

techniques that are likely to be used to investigate the near vicinity of

geologic repositories for nuclear waste. The major focus of the report is on

methods giving the high resolution needed to assure that a geologic repository

has suitable characteristics,

in this section we review the general need for using geophysical methods

at geological repositories and briefly describe the methods discussed in the

body of the report.

The Nuclear Regulatory Commission needs a framework on which to base

judgements about the cnaracterization and monitoring activities to be

performed by the Department of Energy at geologic repositories. Ine

effectiveness of tue various exploratory ano monitoring methods available

needs to be understood to adequately review DOE plans. This report

contributes to the technical framework by discussing applications and

limitations of selected remote-probing methods likely to be useful in

exploring or monitoring nigh level waste (HLW) sites.

On the scale of a mined repository, no rock mass is completely

homogeneous, and the inhomogeneities will influence rock behavior. Experts

agree that during site characterization investigations, rock discontinuities

such as lithological bounuaries, fractures, brine pockets or dissolution voids

must be mapped so that their impact on rock mass behavior can be correctly

assessed.

Most surface geophysical techniques (i.e., those where the probing

sensors are placed at the ground surf ace) are well suited for

-1-
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reconnaissance exploration, in which large areas are explored and the

targets of interest are major geologic features such as f aults, deformed

strata, and changes in rock type. Candidate reconnaissance techniques for

. exploring repository sites include methods using-gravity, magnetism,

electrical resistivity, seismic refraction and seismic reflection.

Ine data provided by surface techniques is useful but-insufficient to.

provide a high level of confidence in the projected performance of a site.

Surface techniques are limited in their usefulness because the distance

uetween the repository and the ground surf ace is expected to be _very large;

i.e., on the order of 1 km. The resolution of surface techniques is

degraded 'because noise increases as a function of distance between the

source / receiver and targets of interest. As a result, these techniques

lack the resolution to detect geological heterogeneities such as fracture

zanes, brine pockets and small scale faults that will affect a repository's

performance.

Useful techniques can also be applied close to the repository.

Close-in techniques, known as underground geophysical techniques, are those

wnere the probing sensors are placed inside boreholes, shaf ts and tunnels

in the near proximity of HLW repositories. Although the volume of rock

explored is smaller, better resolution is obtained.

The most direct means of sampling the subsurface environment is oy

taxing rock cores from boreholes. This yields excellent information for

the rock properties along the line of the borehole. However, assuming

these properties are representative of the whole volume of rock is

misleading. Rock fcatures can change significantly within short

distances. Thus, core samples may not be representative of tne overall

rock character.

2-
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Geophysical logs of boreholes (i.e., well logs) provide a continuous

record of certain physical properties of subsurf ace rocks and their fluid

content. These are particularly useful in establishing correlations

between beds. Since geophysical borehole logging techniques provide

localized information of the subsurf ace, most variations in rock properties

that exist one or two meters from the borehole wall are generally not

detected in the well logs. As a first approximation, the fracture

intercepts at the borehole can be extrapolated away from the borehole.

However, extrapolations of fractures from borehole logs laterally for more

than a few meters are very uncertain. Conventional logs are not adequate

to map unexposed fractures (Hartenbaum and Rawson, 1980). Very few

boreholes will be drilled at a repository site. Thus the characteristics

of large volumes of rock will not be adequately tested if only core samples

and geophysical borehole logging techniques are used.

Inis report focuses on a subset of underground geophysical methods

that provide better resolution capabilities to detect geologic

discontinuities than surface techniques. These methods also have greater

probing range than geophysical borehole logging techniques. The

high-resolution remote-probing geophysical methods to be discussed

complement data obtained using surface and geophysical borehole logging

techniques by filling information gaps created by lack of resolution or

short probing ranges.

Methods used to map geological discontinuities in the rock mass

between a source and receiver are carried out in tunnels, shaf ts, or

boreholes. For descriptive purposes, all sucn techniques are classified

herein as crosshole methods.

3
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The information presented in this report is derived from published

reports and from field experiments performed by the authors to evaluate the

capabilities of various remote probing methods to map fractures. The

experiments were performed in a fractured granite rock mass near Oracle,

Arizona, a site developed for the U.S. Nuclear Regulatory Commission by the

University of Arizona. Sections II - V of this report contain general

remarks on geophysical tomography; Section VI and parts of Sections II - V

discuss geophysical tomography experiments.

The subset of geophysical tomograpny methods described in this report

f all into three groups:

(1) Crosshale scanning methods. These methods generally involve

transmission of energy between two boreholes in rock. The source and

receiver are generally moved such that the ray paths are defined by a fixed

orientation between each source-receiver pair (Fig. 1). Data is presented

as a one-dimensional scan of variations of certain physical properties of

subsurface rocks and fluids versus borehole length. This report contains

examples of seismic, electromagnetic, and electrical resistivity crosshole

scans. We use the term " scan" to refer to one-dimensional data collection

and presentation formats to distinguish them from two-dimensional formats,

historically referred to as " profiles".

(2) Crosshole transmission tomography methods. These methods make

use of ray paths having many different orientations (Fig. 2). The data

collected is mathematically analyzed to reconstruct an image presented as a

two-dimensional representation of the variations of some physical property

of a rock mass. This report contains examples of seismic and

electromagnetic crosshole transmission tomographs.

-4-
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PROFILING CROSSHOLE SCANNING METHOD

Receiver Source Physical m
borehole borehole Property

k bYMN
*f oy PothsR

,_ _ _ I _ ____ _ _ _ _ < ''
,_,

.,, _ _ _ _ _ _ _ _ _ _ _ ,,

+o-___ _ _ - _ . - ,, g

CLp - _ _ _o e<,_

Fractured / o
Zone .r _ _ ___ _ _ _ _o

,, _ ________o

/
f.<,___ _ _ _ _ _ _ _ _,, o

Figure 1

Artificial force fields are transmitted between two cr more boreholes in the crosshole scanning
methods. Variations of a geophysical parameter with depth are obtained. A fixed orientation
between the source and the receiver is maintained throughout the scan.
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CROSSHOLE TRANSMISSION TOMOGRAPHY METHOD

Receiver Source
borehole borehole

Distance Between

%w ~_ f__Roy Paths_ __ ___ _ p Boreholes "

~
-

gg.s'~ < ff-
x - -

x x #, ,
mg '

tGsw ^^ - . P.- ,

o . *[. . i . d.. * *Q' .
* . .

, . , ,.... . . . . ..- _n.~ ._es . . ..

Fractured |,j S . , . ,f ,,

zone-- I* # .[g,
. ;yg, g vs *

..i...,- .z .

::::-/ a' e %~ K e w? ' s . .. ::-% s
..

"%,5 ve g e
4 ,yA :j-&%~'

4
d & Qww w I3ex- --

au|,w s%& '// Y- qq\
fd ,~~s :s p

y ~ :% ,

Physical Quantity
I L. . .. '.. ' . j, * , . 1, . _

Low Medium High

Figure 2

Geophysical tomography methods make use of ray paths with multiple orientations. Variations of
a given parameter can be resolved versus depth and lateral position.
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(3) Reflection tomography methods. These methods sample reflecteo ray

paths rather than the direct transmission ray paths sampled by the two

previous methoos. The distance to the point of reflection can be calculated

I using the transit times of reflected .ays. This method can lead to a

two-dimensional representation of the variation of site properties. This

report discusses scale model and computer synthesized acoustic reflection

tomographs.

,

e
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II. SEISMIC METHODS

A. CROSSH0LE SCAkNING

Seismic, acoustic and ultrasonic geophysical methods are based on the

f act that earth materials affect the propagation of elastic waves through

the materials. Measurements of travel time are used to calculate the

velocity of propagation of waves through rock. Measurements of wave

amplitude are used to calculate the attenuation coefficient (a measura of

the decrease in signal level per unit length of distance traveled) of rock

masses. Anomalies such as fractured zones, which affect the elastic

properties of rock masses, can be detected with seismic methods because the

propagation of seismic waves is controlled by the elastic properties.

The seismic crosshole scanning method, with predominant frequencies

f rom 0-200 Hz, has been used to obtain various engineering parameters such

as seismic Young's Modulus and seismic Poisson's ratio (Darracot and Orr,

1976). In recent years, the seismic or acoustic crosshole scanning method

has also been used to detect structures within rock masses such as

fractured zones (McKenzie et al., 1982) and cavities (Buettner, 1984).

Recent experiments suggest that acoustic waves, with predominant

f requencies from 0.2-100 KHz, and ultrasonic waves, with predominant

frequencies greater than 100 KHz, propagating between boreholes can be used

to monitor conditions such as stress changes in the rock (Paulsson and

King,1980; 61adwin,1982) . These methods have many practical applications

for investigating the rock mass surrounding a repository, in this section

we discuss selected applications relevant to HLW site investigations and

the limitations of these methods.

-8-
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1. Determination of Rock Deformation Modu _li ,

'
s
% ~ P%

*M
,

Tne. seismic crosshole scanning method has. bepn used rot.tinely tos

- ! detsemine the strength and de'formatiodal properties of rock masses. The

F propagation velocities of compressional (P) waves with velocity V , and
p

shear (5) waves with velocity V , are used to calculate the seismic
s

\ modulus of deformation, shear modulus, and seismic Poisson's ratio of a
,

'

rock mass (Glass and Higgs, 1979).

} The limitation 5'9 'this approach should be considered. The seismicf

'

modulus of deformation cannot be used directly as the modulus of the rock,

'- mass for engineeriag design purposes. Seismic moduli of deformation are

determined dynamically and are often considerably higher than the static

moduli generally used for design of rock structures. There is no clear,

relationship Detween the seismic modulus and the modulus of deformation

measured by static tests such as plate jacking (Stacey,1974; Darracot and

Orr,1970). Thus, seismic moduli can not be used witn a high degree of

confidence to design repository structures.

'; The, main use of tne seismic crosshole scanning technique in the
~

repository dnvironment could be to investigate' qualitative' differences

between the v arious zones of rock around tne reposito'ry. For example,,

Sjogren et al. (1979) indicate R1t dispersiern.in Poisson's ratio and

elastic moouli determined on the basis of seismic crosshole scanning
'

1

measurements can be used successfully to establish the degree of

nomogeneity of a rock mass. They also indicate that by plotting elastic

moduli versus Poisson's ratio one can reliably establish the location of

optimum rock conditions.

s
3

s' s
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,
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2. Crosshole Velocity 5 annin10 sed for Fracture petection

Compressional (9) and shear (S) waves can be propagated between

boreholes to detect structural discontinuities. Generally, propagation

velocity anomalies are used as the diagnostic response. Figure 3 shows

crosshole scans of V and V obtained near Oracle, Arizona. Note that
p 3

tne deflections in the curves roughly parallel each other, suggesting that

both measurements were equally sensitive to the fractured zones in tha

rock. Note also that the correlation is relatively good between the

crossnole scans and the well log information which is indicative of

fracturing.

Results snown in Fig. 3 indicate that seismic velocity can be used

successfully to detect fractureu regicns; however, limitations shoulu be

recognized. One problem tnat can affect the resolving power of this

method arises when significant seismic energy travels along a path other

than in a straight line linking source and receiver. When the geologic

unit above or below the source and receiver has a higher velocity,

refraction can occur. The refracted ray path can preclude obtaining tne

velocity for the material on a straight line patn between source and

r ece iver . This phenomenon is particularly problematic when fractured

zones with thicknesses smaller than the distance between measurement

s tatians are being investigated.

.

-10-
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Figure 3

Seismic velocity scans of a fractured rock mass. Geophysical logs (from Keys,1981) of the two
boreholes used for crosshole scans are also shown.
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' Velocities calculated on tne basis of refracted ray patns will be
~

greater than velocities calculated for. direct ray paths. Refracted ray
1

paths can ' reduce the apparent contrast between intact rock and fractured |

1
- zones when the true velocity of the fractured region cannot be measured. '

'

This reduction in apparent contrast may be sufficient to make the
' fractured zones undetectable. The minimum detectable thickness will '

,

depend on the velocity contrast between intact rock and fractured zones,

the distance between source and receiver and the depth interval between

source / receiver pairs.
:
L

; Measurements of seismic propagation velocity appear to be sensitive to

fractures at shallow deptns, where confining stresses are low. However,

- as confining stresses increase, the effect of fractures on seismic wave

,
propagation, particularly compressional wave propagation, decreases.

i

j Laboratory results from Stacey (1976) suggest that P- and S-wave

propagation velocities are relatively insensitive to the number of joints
,

,

when the confining stresses are larger than 2 MPa, the vertical stress

expected when the depth is approximately 75m.- Laboratory and field
.

measurements performed by New'and West (1980) indicate that the stress
,

4

i imposed even by shallow overburden can render P-wave velocity measurements

insensitive to the frequency of fractures in a rock mass. On the other1
,

hand, Paulsson and King (1980) indicate that velocity measurements using a

j frequency of 20 KHz were sensitive to the presence of fractures at depths

of 340 m. However. this-may be due to their measurements being performed

in the stress relief region about tunnel drifts at these depths. Given
t

; these results, the sensitivity of seismic velocity measurements to detect
:

changes in frequency of joints should not be assumed.
;

i

-12-
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3. Crcssho_1_e, Seismic Investigations _ _U_ sing Other Wave Propertie_s

Most seismic crosshole surveys are used to measure the travel time of

seismic waves so that velocity of propagation can be calculated, in

recent years, increasing numbers of researchers have studied other wave

properties as potential indicators of fracturing in rock masses.

Laboratory studies (Stacey 1974,1976) suggest that amplitude of

compressional waves and snear wave frequencies appear to ut good

inoicators of fracture conditions such as fracture frequency and fracture

infilling materials. Furthermore, the studies suggest that shear waves in

general are better detectors of fracture conditions than the generally

used compressional usves.

The attenuation (or amplitude) of P-waves propagating through

fractured media has also received increased attention in recent years.

Mavko and Nur (1979) have indicated that seismic wave attenuation is very

sensitive to pore aspect ratios (ratio of length to width). Flatter pores

such as those associated with fractures affect the attenuation of seismic

waves much more strongly than other pores. They also found that

attenuation is very sensitive to the degree of saturation of fracture

porosity rather than to total rock saturation. Stacey (1974,1976) has

indicated that compressional wave amplitude is sensitive to the number of-

fractures in t'ne rocks. McKenzie el al. (1982) have also indicated that

compressional wave amplitude is a good indicator of the presence of

fractures in rock.

These studies suggest that the attenuation of seismic waves is a

function of many variables. However, there appears to be agreement among

investigators that attenuation can be an indicator of fracturing.

-13-



Results obtained at Oracle, Arizona appear to coincide witu this

observation. Figure 4 shows a scan of amplitude ratio. The amplitude is

plotted in ratio form A /A , where A) and A2 are the amplitudes ij 2

measureu at hydrophones positioned along a line defined by the source ano

the two hydrophones. Hydrophone 1 is located along the straight line

between the source and hydrophone 2. Tnis method normalizes all

measurements so that inconsistencies in the wave amplitude generated at

the source will not affect the results.

Note that the amplitude ratio and deflections in the well logs suggest

zones of fracturing which roughly correlate. Frequent log deflections at

the shallower depths correlate with zones of low amplitude ratio. The

less f requent deflections occurring at deeper depths correlate with zones

of high amptituae ratio. Note that individual log deflections and

individual deflections in the amplitude scan do not always match.

Tne work of the various researchers previously listed indicates that

wave attenuation is a function of multiple variables, such as fracture

frequency, fracture geometry, and degree of saturation. The rough

correlation shown in Fig. 4 may be due to tnis fact. Many poorly

understood variables affect the attenuation measurements such that, at

present, without in situ data at specific sites of interest, the

measurement cannot be used with confidence for assessing overall rock

fracture characteristics.

The attenuation scanning method may be a useful tool for monitoring

time varying fluid saturation, fracture density and stress changes in the

rock. The limited research performed in this area makes a weak case for

the attenuation scanning methoo as a definitive monitoring tool for

-14-
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repository investigations. Additional research may eliminate many of the

uncertainties associated with attenuation nieasurements and make such

measurements reliable indicators of rock mass characteristics. . ,

!

l

! -4. Factors Affecting' the Accuracy of Seismic Scanning Methods

;

.The accuracy of' all seismic crosshole data is directly dependent on4

knowledge of the distance between bureholes where the sensors are placed.
f

In many applications where the length of.the boreholes is'relatively

short, there is a tendency to assume that the boreholes are straight. In

fractured rock masses, this assumption is dangerous because fractured

regions can- cause significant borehole deviations. Consequently, accurate
:
'

borehole surveys should be used when analyzing crosshole data.

The separation between boreholes also plays an important role when

'f ractures are to be detected. Thin fractured zones with lower propagation

velocities than the surrounding intact rock may not be detected if

borehole spacing is excessive. When borehole separations are large, the

first arrivals detected may be rays that refracted through ad,iacent zones

of higher velocity. To minimize this problem, Snell's law can be used to

) calculate optimum borehole spacing, given the expected subsurf ace velocity

contrast and minimum fractured zone thickness (Department of the Army,

Corps of Engineers, 1979).

:

4

0
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Most applications of seismic crosshole scanning involve measuring

travel time between source and receiver. Various sources of error can

affect travel time measurements. When explosive charges or blasting caps

are used as sources some time delay may occur between the application of

current to the cap and the begining of detonation. There is disagreement

about the magnitude of this delay. It may be on the order of 0.5

milliseconds (Mc Lamore et al.,1978) or seven milliseconds. (Department

of the Army Corps of Engineers,1979). Consequently, it is important to

use equipment which detects the actual moment of detonation and not the

moment at which the electric current is applied.

Other errors in travel time data are caused by filters used to process

the waveforms. Filtered waveforms are shifted in time and this shift

introduces an error in the measured travel time (Hall et al.,1981) .

Filtered waveforms result from filters built-into the seismographs used to

measure travel time, or from filters used subsequently to process the

waveforms. Filtering-induced time-lags are a function of the predominant

frequency of the waveform and of the cut-of f frequencies of the filters ,

and can be easily calculated.

Such time lags are most important when they are more than several

percent of the total travel time. Filtering-induced time lags can be

important when the borehole separation is small (several meters) and yet,

they are commonly disregarded. Since the induced time lags are a function

| of predominant frequency of the waveform, they are also a function of the

! ray path length because the higher frequencies are selectively attenuated

with distance. Consequently, time-lags also become important in

applications where ray paths of variable length are used (e.g., velocity

scans along curved boreholes or in seismic transmission tcmography.)

-17-
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The travel time of S-waves can be in error because the arrival of i

shear waves can be difficult to recognize. S-waves arrive later than

P-waves and, as a result, may be obscured by the P-wave train. Various

strategies are available to highlight the arrival of the S-waves. Sources

which produce polarized waves and can reverse wave polarity can be used

successfully. Three-component geophones are very helpful becat e they

sample waveform along three orthogonal orientations. Depending upon the

orientation, one or two of the geophones will be more sensitive to S-wave

motion than to P-wave motion. Low-pass filtering can be used to eliminate

the higher frequencies in the P-wave train. Stacking of waveforms for

which source polarity is reversed will also highlight S-wave arrival.

When wave amplitude measurements are performed, other factors affect

the accuracy of the data. Several seismic sources used for crosshole

surveys produce waves with inconsistent amplitudes (Department of the

Army Corps, of Engineers, 1979). When explosives, air guns, or borehole

hawners are used as sources, their lack of repeatability should be

accounted for. One approach that accounts for lack of repeatability uses

two geophones along each ray path to be sampled. In this case, the

geophone f arthest from the source is referenced to the geophone closest to

source. Any inconsistencies in the wave amplitude at the source are

thereby eliminated.

Erroneous wave amplitudes can be measured when seismic waves are

reflected by various subsurface features such as the walls of tunnels and

bedding. When reflections occur, the amplitude measured is affected by

the interference (constructive or destructive) of the reflected ray path

on the direct ray path. Significant reflecticns occur when there are

relatively large variations in wave propagation velocity throughout the

rock mass.

-18-
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Seismic wave amplitudes are strongly affected by the coupling of the

- source _ and receiver to the rock. Since all excavations ~in the repository
~

.

~

willibe .dewatered,. coupling will have to be ' accomplished by pressing the

sensors 'against the rock. To obtain meaningful measure'ments of amplitude,

the coupling at each measurement station will have to be consistent.
.

i

B. SEISMIC TRANSMISSION TOMOGRAPHY

'
,

1. Seismic Transmissio'n Tomography Applied to the Mapping of Fractures
,

., .

The velocity scanning method discussed previously is generally
,

interpreted in terms of a layered structure, i.e., the velocity measured

along a given ray path is the average velocity of the layer of rock-

sampled. This information is sufficient to establish the depth to
1

fractured zones but is-insufficient to establish the orientation, extent,

i or interconnection between fractured zones. This information will be

needed to fully understand the behaviors of 3 situ tests at the

repository site and to predict the behavior of the repository system. To

obtain this information, methods with higher resolution capabilities are.

required.

I- The seismic transmission tomography method was evaluated at Oracle as

a method which could potentially offer better resolution to map

fractures. Measurements of travel time for both P- and S-waves were

obtained. Maps of the variation in propagation velocity were

reconstructed using a reconstruction algorithm similar to that described

by Dines and Lytle (1979). The result of a reconstructions of P-wave
:

1

<

'
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propagation velocity is shown in Fig. 5. S-wave results and additional

..P-wave results are discussed later. These figures pictorially show the'
i variations in propagation velocity throughout the rock- between the two
L boreholes used for probing. Dark regions represent rock having relatively

- low P-wave velocities and lighter regions represent rock with relatively

- high velocities. Note the correlation between the darker colored regions

and the deflections in the well logs shown (log deflections indicate
'

possible zones of fracturing around the boreholes). The patterns created

by the variations in velocity can be used to infer the orientation, extent

-and interconnection of fractured zones-in this region.
'

The geotomography method requires that ray paths with many different

orientations be propagated through the rock. It is more time consuming

than the seismic scanning method since more data is usually collected.

The resolving capability of this method is better than that offered by the

seismic scanning method because it provides a two-dimensional'
>

representation of variations within the rock instead of the
~

one-dimensional representation of the crosshole scanning method.

2. Factors Affecting the Resolution of the Seismic Transmission

Tomography Method

,

The.same f actors which affect the accuracy of the seismic scanning
,

I

methods (section II.A.4) also affect the accuracy of the seismic

transmission tomography method. This section discusses additional

- factors which should be accounted for to produce accurate results with:

- this method. . The resolutionaof the seismic transmission tomography method
1

c.

o

-20-
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decreases when refraction of ray paths occur, a phenomenon similar to the

refraction-induced decrease in resolution in the crosshole scanning

method. Since the reconstruction algorithm generally used in transmission

tomography assumes straight ray paths, the resolution from this method

decreases whan significant ray bending occurs. Dines and Lytle (1979)

performed modelling studies which indicated that refractions induced by

velocity contrasts of up to 16% can be successfully interpreted although

the resolution of the reconstruction was substantially degraded at that

level.

Lytle and Dines (1980) developsd a reconstruction method which can

take into account significant ray bending. The method improves the

accuracy of the reconstruction when rays are bent significantly by

velocity contrasts in the rock. Their technique works well when the data

has low levels of noise. This method is computationally time-consuming

and expensive; it may limit the number of ray paths which can reasonably

be analyzed to a few hundred.

The combined source-receiver radiation pattern affects the measured

amplitude of the waves when ray paths of varying orientations are used.

Inaccuracies in the radiation pattern used can cause errors in the

reconstruction of the image. The radiation pattern can be obtained by

modeling (Lee and Balch,1982) or it can be measured in the field using a

method similar to that proposed by Daily (1982). Fielo measurement is

preferred because site-specific geologic conditions influence the

radiation pattern. However, it is difficult to obtain -accurate field

measurements because the presence of geological heterogeneities causes

data scatter. The radiation pattern effect is negligible when two

geophones are sampled along each ray path.

-22-
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The borenoles used to implement the seismic transmission tomography

method place restrictions on the length and orientations of ray patns used

for probing. The area of interest can seldom be surroundeo entirely and

therefore, the ray paths used provide biased information in terms of

orientation. This biased probing geometry affect the accuracy of the

reconstructed image. Dines and Lytle (1979) discuss strategies which

minimize these reconstruction errors.

-23-



III. ELECTROMAGNETIC METHODS

A. CROSSH0LE SCANNING

Electromagnetic prospecting techniques have been used in mineral

exploration (Telford et al. 1976). Low frequency methods are routinely used

to detect good electrical conductors at shallow depth. However, these methods

generally lack sufficient sensitivity and resolution to map geological

heterogeneities in the near vicinity of HLW sites.

In recent years, electromagnetic crosshole scanning methods whicn use

radio frequency waves have received increased attentien for their ability to

provide an increased level of resolution over the low frequency

electromagnetic methods (Lytle, 1979, Lytle et al. 1981). Both signal

velocity and amplitude measurements are used.

Methods of determining the velocity of propagation of electromagnetic

waves through rock are performed by measuring the arrival time of pulses and

by using swept-frequency measurements (Lytle et al.,1976). In the

swept-frequency measurements, phase shif ts are used to calculate the

dielectric constant of the rock, which is then used to calculate the velocity

of propagation of electromagnetic waves.

Signal level measurements are used to calculate the electromagnetic

attenuation factor of rocks. The attenuation factor is a measure of the

degree of attenuation an electromagnetic signal suffers when traveling through

a unit length of rock.

Fluids such as water and air have electromagnetic properties substantially

different from those of rock. Anomalies such as fractured zones or brine

-24-
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pockets may be fluid-filled. Since brine, and sometimes groundwater, have a

much larger high-frequency electromagnetic attenuation factor than dry rock,

anomalies may be oetected with high frequency electromagnetic methods.

High-frequency methods are especially useful in rocks which have relatively

low water content (e.g. salt, crystalline rocks) because their probing range

is large. For example, the electromagnetic probing range in salt can be of

the order of hundreds of meters for frequencies of 100 MHz or greater.

Crosshole electromagnetic methods are similar to the seismic methods

previously discussed. Scans of wave propagation velocity or attenuation can

be obtained by the scanning method.

1. Electromagnetic Scanning Method Applied to the Detection of

Fractured Zones

The electromagnetic crosshole scanning method has been used

successfully uu investigate prospective sites for tne disposal of

radioactive wastes (Nickel et al.,1983). Representative crosshole

scanning data has also been obtained for the fractureo granite near

Oracle, Arizona, as shown in Fig. 6. Tnis figure shows scans of the ratio

of change in phase to change in frequency (used to calculate dielectric

constant and wave propagation velocity) and scans of received power levels

(used to calculate attenuation factor). The formulas used for these
i
; calculations are given by Lytle et al. (197C). Note that increases in
|

| phase changes generally coincide with decreases in received power levels.
l
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Crosshole scans of electromagnetic measurements of a fractured rock mass. Geophysicallogs (from
Keys,1981) of the boreholes are also shown.
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Also note that the increases in phase change and decreases in the power

level correlate with deflections in the well logs which are indicative of

fractured regions. - The results of Figure 6 suggest that both sets of

electromagnetic measurements are sensitive to fractured zones.

In a repository constructed below the water table, parts of the rock

mass may be partially dewatered af ter the waste emplacemant rooms are

constructed. Olhoef t (1974) ' indicates that the electrical properties of

rocks are dominated by pore fluid conduction when more than seven

molecular layers of fluid are adsorbed onto a dielectric surface. Thus,

rock fractures around the repository are likely to contain sufficient

water to create contrasting electrical properties which are detectable.

The degree of electromagnetic contrast between intact rock and fractured -

rock is difficult to predict, since it is governed by site-specific

conditions. The degree of contrast is expected to be larger for a

saturated fractured rock mass than for an unsaturated fractured rock

I mass. However, contrast may be eliminated if the rock is heated beyond

the evaporation point of water.

2. Factors Affecting Accuracy of Electromagnetic Scanning Methods
,

Many of the factors controlling the accuracy of electromagnetic

scanning methods are the same as those of the seismic scanning methods.

Inaccurate knowledge of borehole . deviations as well as ray path

reflections or refractions, compromise the accuracy of electromagnetic

results. However, there are a few important differences between seismic

and electromagnetic scanning methods which will be discussed below.

.
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The usefulness of_ electromagnetic methods is dependent on the ability.

to-Linfer the geologic' characteristics which cause the contrast in the
'

: electromagnetic properties measured. In repository applications

subsurface water will be responsible .for the bulk of the contrast in

electromagnetic properties in the radio frequency range. The subsurface;

water can be detected ~along important hydrological pathways such as

fractured zones or ' trapped in the matrix of the geologic materials. Thus,

various alternative interpretations will have to be considered. To be

able to differentiate between these requires some knowledge of the;

characteristics of. t'he rock mass being investigated.;

'
In a way similar to seismic scanning measurements, electromagnetic

E signal level measurements can be affected by interference between direct

and reflected ray paths. To establish whether this interference will
,

i

compromise the accuracy of the measurements, swept frequency measurements

have been used (Lytle et al.1976). Pulse measurements, not discussed

here in detail, can also be used. Both pulse and swept frequency

; measurements may detect the presence of any reflecting boundaries as well

as the distance to them.

B. ELECTROMAGNETIC TRANSMISSION TOMOGRAPHY APPLICATIONS

f

Results from electromagnetic transmission tomography experiments performed

at Oracle, Arizona are described in Section VI of this report. General

remarks pertinent to electromagnetic transmission tomography have been

addressed previously in Section III A (Electromagnetic Crossnole Scanning) and

. Section II.B (Seismic Transmission Tomography).

-

,

d
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.l. Factors Affecting the Accuracy of the_ Electromagnetic Transmission

Tomography Method

fhe accuracy of the electromagnetic transmission tomography method is

affected by the f actors previously listed for electromagnetic scanning

technique and the seismic transmission tomography method. Consequently,

the same strategies used to minimize inaccuracies in both of these methods

can also be used to improve the accuracy of the electromagnetic

transmission tomography technique. However, there are also a few

differences which need to be discussed.

When measurements of received signal level are used, it is importan t

to measure accurately the power radiated by the transmitting antenna,

inaccurate knowledge of the transmitted power results in error measured

along ray paths. However, since ray paths have variable lengths, the

error af fects each ray path to varying degrees and errors in the

reconstruction are created. These errors are negligible if the power

radiated by the transmitting antenna is measured accurately and taken into '

account.

One strategy which can significantly improve the accuracy and

resolution of the electromagnetic transmission tomograpny method involves

.the use of tracers which change the electromagnetic properties of fluids

in rock (Ramirez and Lytle, 1983). When this strategy is effectively

used, it has been our experience that neither the power transmitted by the

antenna nor the antenna radiation patterns are needed to perform accurate

reconstructions. This strategy requires that measurements be taken before

and after the tracer is forced into the rock mass. The difference in

these two sets of measurements are used to reconstruct an image. Since

-29-
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t

, . ,

changes in electromagnetic properties should only occur in'those rock ;

|
volumes accepting the tracer, the method is particularly useful--in I

nighlighting permeable fractures (Ramirez el al., 1982). This approach is
'

more time consuming than the usual electromagnetic transmission tomography )

method because two sets of measurements are needed. It can also be a,

.

[ logistically complex endeavor-because it may re:auire the use of pumps
~

; and/or packers to force the tracers into the rock.

;
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IV. . ELECTRICAL RESISTIVITY METHODS

,

A. CROSSH0LE SCANNING

' Resistivity surveys measure variations .in the potential of an electric

field set up in a rock mass by an applied current. Properties that affect the
I resistivit'y of rock include porosity, fractures, water content, composition-

(e.g., clay content) and salinity of the pore water. In a repository

scenario,-the main advantage of resistivity surveys is their sensitivity to
; porosity and water content of the rock mass. Also, the resistivity method is

likely to have longer probing ranges than the other methods discussed in this

document.

Resistivity scanning performed within a single borehole is a standard

geophysical logging measurement. It has well-known limitations and merits

(Telford, 1976). . Single-borehole resistivity techniques are well-suited to

delineating geologic layers, particularly sedimentary layers and defining+

porosity changes if the porosity is large. Unfortunately, some geologic

formations considered for nuclear waste disposal do not fit these criteria.#

Desirable waste disposal sites have low porosity, may not be sedimentary.

in form (e.g., basalt or granite) and are to be within relatively large

I homogenous. geologic bocies. Conventional single-borehole resistivity scanning

typically probes to at most a few meters from the borehole. Thus, it has a

well-known limited depth of detection of anomalous conditions remote from the

borehole. It should be recognized also that conventional resistivity scanning

[ does not indicate the azimuth (or direction from the borehole) to the

anomaly. Resistivity scanning performed between two boreholes is a less

!

!

[ -31-
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1

i

- . standard geophysical logging measurement in the U.S. It has had more '

'application in Soviet technology. Recent theoretical studies have indicated

the-limitations and merits of this method (Daniels,1977; Lytle,1983; Lytle ;
!

and Hanson,1983).

B. FACTORS AFFECTING THE ACCURACY OF ELECTRICAL RESISTIVITY METHODS

~There is a fundamental limiting factor of- all potential field probing
.

methods, including that of electrical resistivity. Potential fields are
i perturbed by the presence of an anomaly of finite size, but the nominal-

influence of the perturbation is' typically limited to the near vicinity of the

anomaly. The perturbation in the resistivity response is typically not

observable if the source and receiver electrode locations are more-than a few
;

characteristic dimensions removed from the anomaly of finite size.

For surface resistivity measurements, the effect of topography can

dominate the results if not properly accounted for. This is particularly true

if there is a complex three-dimensional conductivity structure. Measurements

{ performed from within a borehole would be influenced by topography to a lesser.

extent. Similarly, quantitative resistivity measurements performed near the

underground repository (i.e., the shaf t and tunnel complex) can be
!

significantly affected by shaf ts and tunnels.

Prospective geologic repositories are to be chosen with the requirement of

low permeability. The porosity of such formations can be low and the

resistivity can be high. The net effect is that these' physical properties are

generally difficult to measure with a high degree of accuracy. Resistivity,

measurements are more accurate and have been much more extensively used in

,

f
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' sedimentary formations where the permeability is high, the porosity is high

and the resistivity is low. 1 Tuff ~is likely to have similar characteristics

whereas salt, basalt and granite will not. Hence, calibration of resistivity

measurements is needed to attain reliable quantitative results. The

12 calibration should be performed under known controlled conditions. The

._ quantitative interpretation of resistivity results is significantly influenced

[ by drilling fluid invasion, grain density variation, and formation water

resistivity.

Recent work has indicated that crosshole resistivity scanning has merit

j for detecting anomalous features at a greater distance from a set of boreholes

i than do resistivity measurements performed in either one of the boreholes
!

| (Lytle-and Hanson, 1983). Crosshole-resistivity scanning has the advantage of

; sensing within a limited sector. Thus, if an anomaly is detected using

crosshole resistivity scanning, the direction to the anomaly is relatively

well-defined.4

Generally, resistivity surveys are used in exploration problems in which a

I specific kind of geological condition is investigated. Where the range of

possibilities has been narrowed down by other geological or geophysical

information, resistivity information is useful in defining the types of

lithologies and geological structures defined by the survey. Where little

; complementary information is available, resistivity data is difficult to

'

interpret.

I -

:

'
.

:
5

|

[

i

!
-33-

- - - - - - - - - _ - - _ _ _ . _ _ _ _ _ _ , - - . - . . . _ __. - _ . , . _ - - ~ _ .



_ _ _ _ _ _ - _ - _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _

|

V. UNDERGROUND REFLECTION METHOD

A. REFLECTION TOMOGRAPHY
,

in certain circumstances, probing between boreholes may not be possible as

two boreholes may not be available. When.only one borehole exists, only

reflection measurements may be possible. Thus, the tomographic concept as

adapted to fit the reflection situation has been studied. There have been

indications that reflection tomography may have merit (Norton and Linzer,

1979) in medical and nondestructive evaluation probing. An evaluation was

I performed that focused on the applicability of reflection tomography t0

geophysical problems pertinent to geologic waste repositories.-

The interpretation procedure used with reflection tomography data is4

analogous to that used for transmission tomography.- Details of the procedure
.

'

and the experimental results have been presented to the NRC in the 1980-1981

Annual Progress Report for this project. Important points relevant to the

applicability of the method are discussed here.

This work indicated that if the source and sensor can be rotated 180

-around the area to be probed, the reconstructions obtained are very,

satisfactory. However, a scanning configuration similar to that which would-
4

be used in a borehole creates a limited angle of view (likely less than 45*).
i

'

Reconstructions of experimental reflection tomography data for this situation

are much less accurate. There is substantial smearing of the image. It

appears that single borehole reflection tomography imaging performed with a

severely limited angle of view does not adequately define anomalous features.

.
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Another disadvantage of reflection tomography probing from a single-

borehole is that reflections return from all directions. Consequently,

azimuthal locations of anomalous features are not resolved.
,

~

In the' case of repository investigations, reflection tomography may be
i

useful in certain situations. The method could be useful to investigate' rock

pillars that are entirely surrounded by tunnels. In this case,:the range of

angles of views used'would be close to 360 , thus providing the range of views
,

:-
! needed for. satisf actory resolution. This method is experimental however and
i .

will have to be thoroughly tested before it can be used with confidence in ad

repository environment.-
-
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' VI. CROSSH0LE TECHNIQUES USED AT THE ORACLE SITE.

I

U

The hydrological and mechanical behavior of large masses of rock is

governed principally.by fractures. Thus, fracture characterization is a very

important aspect of the site characterization program for high-level waste
,

repository sites. The Panel on Rock Mechanics Research Requirements (1981)i

indicated that the greatest need in fracture characterization work is in

developing methods to detect and describe fractures remotely; i.e., in the
;

large volumes of rock beneath outcrops and between boreholes or other

-underground openings.

Experiments were performed in which various crosshole geophysical

| techniques were evaluated on their capability to map fractures remotely.

Geophysical measurements were made below the water table in a shallow,

fractured granitic rock mass near the town of Oracle, Arizona. The geologic

setting of the site is described by Hsieh (1983). Because the effectiveness

; of geophysical methods is generally heavily influenced by site specific
.

f actors, the experimental objective was to evaluate the fracture detection

capabilities of the various methods in the same geologic environment.

The methods used can be classified as active probing methods because

artificial force fields are used. Seismic (P-and S-waves), electromagnetic

and electrical fields were appl' i at various positions throughout the<

fractured rock. In this section, selected experimental results obtained at
e

i the Oracle Site are presented and compared. Other results obtained at the

Oracle' Site have already been presented in previous chapters. The. objective

of the experiments was to identify those techniques which can be used

successfully to detect fractures and to compara their relative merits.
4

k

<
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'

A. ELECTROMAbHETIC MEASUREMENTS ..

General considerations. pertaining to electromagnetic measurements have

been described in Chapter III. This section discusses additional experimental

results.and their significance for repository investigations. Crosshole

electromagnetic measurements of electromagnetic attenuation f actor a and
.

relative dielectric constant ( gr) have'been performed. Lytle et al.

(1976) describes the way in which measurements-of a and e are made and
r

analyzed. The electromagnetic attenuation factor describes the reduction in.

signal levels of waves as they travel through rock. The relative dielectric

constant is related to the velocity of propagation v of electromagnetic waves;

v = c/ Ve where.c is the speed of light in free space. Thus, the relativer

dielectric constant can be used to describe the velocity of propagation of

electromagnetic waves traveling through rock.

Figure 7 shows the locations of boreholes at the Oracle site. Figures 8

and 9 show the results of a and 6 transmission tomography measurements7

performed between boreholes M-1 and H-2. Darker colors indicate rock regions

having high a and E. Additional measurements of a , obtained in ar

previous experiment, have been presented by Ramirez et al. (1982). The a

and E measurements shown in Figures 8 and 9 were obtained in the samer

physical region between these boreholes. Geophysical logs of the boreholes

used are shown on either side of the image. Deflections shown by the borehole

logs are interpreted to be caused by fractured zones intersected by the

boreholes.
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Boreholes available at the Oracle experimental site. The locations of boreholes M-1, H-2, H-3, and
H 4 are shown.
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Geophysical tomograph showing variations of dielectric constant throughout a fractured rock mass.
Geophysical logs (from Keys,1981) of the boreholes used for probing are also shown.
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Figures 8 'and 9 indicate that transmission tomography measurements of a

and -g are indicative of zones of-fracturing in the rock. Note that bothg

types of measurements' appear to be equally sensitive to fractures.

~ An additional set of a -transmission tomography measurements was-

.obtained between boreholes M-1 and H-4 (refer to Fig. 7 for borehole,

locations). Figure 10 shows the results of these measurements. Measurements

of rock permeability performed by the University of Arizona are also shown.

Note that, in a general sense, zones of high electromagnetic attentuation,

(darker regions in the image) tend to coincide with zones showing the highest

permeabilities. The correlation shown in this figure suggests that

measurements of a can be used successfully to detect permeable zones of

fracturing.

In a reposil.ory scenario, part of the rock mass will be dewatered and the
,

contrast between fractured and unfractured rock will be leis than if the

f ractures were completely saturated with water. Thus, a measurements might

be better suited to detect fractures under these conditions. However, given

that the effectiveness of these methods is controlled by site specific

factors, definitive statements cannot be made until these techniques are used
1

under repository-like conditions.

From an operational standpoint, measurements of a offer some advantages.

-over measurements of E. Field measurements of eg are made byr

] sweeping frequency and detecting the changes in phase. Measurements could

also.have been made of-pulse transit time. Measurement of e offers oner

significant advantage: measurements of e are independent of the radiationg

pattern. 'To measure a, the radiation pattern of the transmitter and

receiver antennas must be accurately measered in the field. Measurements-
{

,
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Figure 10

Attenuation tomograph showing variations of electromagnetic atte Tuation factor throughout a
fractured rock mass. Hydraulic conductivity profiles (from Hsieh,1983) of boreholes H-2 and H-4
are shown for comparison.
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of radiation pattern are affected by geological heterogeneities whicn 'cause
~

'

Escatter of tha-data. The measured antenna radiation patterns will.be,

erroneous.to some degrea. Thus, e measurements will generally be morer-

accurate than a measurements..

B. - SEISMIC MEASUREMENTS

A general discussion of seismic crosshole measurements and certain

crosshole results obtained at Oracle were presented in Chapter II. In this

section, we discuss additional ~ experimental .results obtained at Oracle and

their significance relative to repository investigations. .Cr'osshol e

compressional (P) and shear (S) wave seismic methods wera used to detect

fractures in the granitic rock mass. Measurements of the velocity of

propagation of P-waves (V ) and S-waves (V ) as well.as measurements of
p s

.the; attenuation of P-wave amplitude (A ) were performed.
p

'

Two boreholes were used for the measurement of the velocities of

propagation. A sparker was used as the source of the P-waves and a borehole

shear wave hammer for.the source of S-waves. .The receivers were placed in a

second borehole. Hydrophones were used for the P-wave measurements and.

geophones clamped against the borehole walls for the S-wave. measurements.

Low-pass filtering to eliminate the higher frequencies associated with the
i

P-wave train was used to highlight the arrival of the S-wave. Also, S-waves'

of reverse polarity were generated by using weight drops for une direction and
.

pulling upward on the weight for the reverse direction.,

.

|

~l
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A different. measurement procedure involving a three-borehole |

configuration was used for the wave attentuation measurements. The source was,

placed in one of the outer boreholes and the receivers in the other two
~

l
,

holes.- The depths of the source and receivers were adjusted so that their

locations defined a straight line. Under these conditions inconsistencies in

the amplitude of the wave generated by the source could be eliminated.:

.

Figure 5 shows a geophysical tomography image constructed with V p

data. ~ An image of the same region showing changes in electromagnetic

was shown by Ramirez et al., (1982) and is illustratedattenuation factor a

in Figure 11. The measurements for these two images were obtained of the same-

area of _ rock between boreholes M-1 and H-2 (refer to Fig. 7 for the location

; of measurement region) . Note that, in general, both images show very similar

s tructure. The differerices which can be observed may be caused by the f act

that the seismic image was constructed with only 40% of the number of data'

points used for the electromagnetic image. The similarity between images;

{
suggests that, given a geologic environment similar to that of the

experimental site at Oracle, measurements of a~and V are equally useful
p

to detect fractured regions.

I Figures 12 and 13 show images constructed with V and V
p 3

information. The data for these images was collected between boreholes M-1

and H-3. Dark colors indicate rock having low seismic velocities. Note that

both V and V decrease,in zones of fracturing. Also note that there are4

3

differences as well as similarities between images, the dissimilarities may be'

>

; caused by various factors. The number of data points used to reconstruct the

i.nages is greater for the V image. The V data set only includes-

p s

information from ray paths with orientations of less than 45 whereas raypaths

with orientations of up to 58* were used for the V image.p;
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Geophysical tomograph showing variations in P-wave velocity throughout a fractured rock mass.
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. Shear wave ray paths.with orientations greater than 45* were discarded

because the arrival of the shear wave was very difficult'to recognize in these

cases. The shear waves used were polarized parallel to the borehole. For !

horizontal raypaths a' strong S-wave is produced with a small P-wave preceeding.

it. As the orientation of the ray path changes from horizontal, the amplitude

of the P-wave relative to the S-wave becomes larger (refer to Fig.14).'

Consequently, the time of arrival of the S-wave becomes more difficult to
~

i

recognize for the higher angles. .The resolution of V image is likely to be
3

less because of the fewer data points and the smaller range of ray path angles

used.

Even when the orientation effect shown in Fig.14 is not a pecblem,

I precise S-wave arrivals can be difficult to recognize. In our experience,

although reversing the shear wave excitation may help differentiate the P-wave

train from the S-wave train, even that approach is limited (McLamore'et al.,
i

; 1978). The recognition of S-wave arrivals can involve judgment and errors can

j occur. In transmission tomography applications, the algorithms selected for

image reconstruction should be least susceptible to the " noise" caused by
,

errors in recognizing the S-wave arrival.
,

Measurements of V can be performed very quickly when boreholes are
p

fluid-filled because the fluid serves as an excellent acoustic coupler. -The

arrival of P-waves can be easily detected and measurements can be made with*

accuracy. In a repository scenario,.however, V measurements may be made
p

from dewatered tunnels or boreholes, in such cases, the sources and receivers.

i

| will have to be physically attached to the borehole wall to achieve acoustic

coupling, thereby significantly decreasing the speed with which the survey can

be made. This limitation is particularly'important when fractures are being

mapped because many closely spaced measurements are needed to detect and,

outline fractured regions.
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| Schematic representation showing the variation in S-wave amplitude for different ray path orienta-
tions when the S-wave source is vertically polarized.
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Measurements of P-wave attenuation were also made because other

i investigations had shown that A is more sensitive to fractures than Vp p

( 5tacey, 1974 ) . The results of A profiling measurements have been shown in
p

F ig. 4. Results shown in. Fig. 4 corroborate that A .is sensitive to
p

; . fractures in the rock.

A preliminary attempt to reconstruct a transmission tomography image
i

using A was unsuccessful. Limited time and resources precluded further, p

work. There is insufficient information to reacn definitive conclusions
,

,

regarding seismic transmission tomography based upon A neasurementsp

performed at the Oracle site.

The accuracy of measurements of P- or S-wave attenuation is greatly

dependent on operational considerations. The raciat. ion pattern of the source,

i - the coupling of the source / receiver with the walls'of the excavation and the

: repeatability of wave amplitudes generated by the source will affect the

measured wave attenuation. if a two-borehole measurement is made, the
;

; radiation pattern of the seismic source should be measured in-situ because it

! nill be affected by characterir. tics of the excavation wall and of the rock

mass. The radiation pattern measurements should De made in a seismically'

; relatively uniform section of the rock so that refraction and reflection are
.

i minimal. This requirement may be difficult to satisfy.at sites with abundant
!.

i fractures or at bedded sites. Modeling calculations by Lee and Balch, 1982

| have shown that in the case of shear waves, the radiation pattern will have a
!

complex shape. Complex radiation patterns are likely to be difficult to.

:

I measure in the field if the rock mass is very inhomogenous. '

i.
i

i

(

;
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- Coupling of the source and receiver with the wall of excavation can

greatly affect measurements of seismic wave' amplitude between tunnels. The.

interaction between seismic' waves and tunnels"is a complex phenomenon
!

including wave diffraction which will' affect- the measured wave amplitudes

(Lytle and Portnoff,1984). The details of this interaction need-to be
:

adequately understood and taken into account, especially if three tunnels in a

line are used to measure wave attenuation.

Consistently good coupling characteristics will be requietu for accurate-

! amplitude measurements. Inconsistent coupling will cause variations in wave
;

j . amplitude unrelated to variations in the rock. These inconsistencies can-

: degrade the accuracy of the results.

i

| C. ELECTRICAL RESISTIVITY MEASUREMENTS

.

General considerations regarding electrical resistivity measurements have

| been discussed in Chapter IV. This section discusses crosshole resistivity

i experimental results obtained at Oracle and their signficance .for repository
!

i- investigations.
:
' Crosshole apparent resistivity measurements were conducted between

boreholes M-1 and H-2 and between boreholes M-1 and H-4. The measurements

.

were conducted with two source electrodes, separated by 2 meters in one

f borehole, and two receiver electrodes, separated by 2 meters in the othe-

f borehole. Data was collected in the vertical scanning mode; i.e.,-with source

and receiver electrodes lowered in unison and kept at equal depths; and in the'

skewed scanning mode; i.e. with the source and receiver electrodes lowered in
i

unison and kept at a constant nonzero vertical offset.

,

9
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1

Figure 15 shows'the vertical scan of' " apparent resistivity" between Lthe
~

~two sets of-boreholes. The " apparent resistivity"-is herein defined as the
-

ratio of the measureo voltage difference across- the receiver electrodes to the
I

drive current 'in the scurce' electrodes. . It is-noted that the. peaks and
-

troughs of the apparent resistivity variation versus ' depth generally correlate
_

well Detween the f ar-apart boreholes (M-1 and H-4) and the closer boreholes
-

(M-1 and H-2). The " apparent resistivity" results shown are. unprocessed data,

i.e., no normalization of the data has been interjected to account for the

different geometric spacings for the two different probing distances. .

| Figure 16 shows the " apparent resistivity" variation with depth for three
-

i different offsets between source and receiver electrodes. As is normal in-

: most apparent' resistivity scans, it is noted that for the skewed

cross-borehole profiles, both the qualitative and quantitative variations of'

apparent resistivity are strongly depenoent upon the orientation of the source
i

f and receiver electrodes. This is due to the dependence of the apparent
i

i - resistivity upon the shape and orientation of the anomalous region. The
c

interaction of the probing currents with an anomaly ~ is complicated, thus it is.

4-
; generally difficult to perform an interpretation providing definitive details
'

about the location, size, orientation, and resistivity contrast of the

,

anomaly. Such skewed views, however, do provide qualitative information on

,

these parameters.
!

|

i

!

$

,
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Vertical scan of " apparent resistivity" between two sets of boreholes. Larger contrasts were observed
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Variation of the " apparent resistivity" with depth for three different offsets between source and
receiver electrodes.
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Vll. GENERAL COM.4ENTS

r

The evidence presented in. the preceding chapters suggests that crosshole

remote probing methods can be used successfuly to detect clusters of fractures.

.

in geologic anvironments similar to the Oracle experimental site. Seismic and
i

electromagnetic transmission tomography methods are best suited to delineate

f ractured zones, because of their greater resolutica. Seismic arid

j ' electromagnetic scanning techniques are.also useful in detecting zones of

fracturing. Of the : techniques' considered, the apparent-resistivity scanning

technique, while offering the longest probing ranges, offers the poorest
,

resolution and sensitivity to fractured regions.

In the scale of a mined repository, a number of fractured zones may be
' present. .It can be important to detect and delineate the zones with remote

probing methods. The remote probing methods discussed in this report have

! 'been used successfully to detect zones of fracturing. We stress, however,

! that no geophysical method available has been proven to be generally effective

in remotely delineating single discrete fractures (Panel on Rock Mechanics

Research Requirements, 1981).

; When field measurements are performed from within tunnels, complex ,

f wavefront diffractions induced by the tunnel may affect the signals measured.
1

Reflections frem nearby shaf ts or tunnels may also occur.
1

Attenuation measurements are generally interpreted by assuming that the4

algebraic spatial dependence of the field decreases as a function of 1/R,

! where R is the distance between source and receiver. This assumption is valid
i

! only when -the receivers are located in the f ar-field; i.e., when R is'much
!

| greater than h , where A is the wavelcngtn in the medium.
!

!
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In tomographic images presented here, the number of view angles near the

top and bottom of the images is insufficient for good resolution. Near the

top and bottom of the image, the probing ray paths are predominantly close to

horizontal. Horizontal rays do not provide good resolution laterally because

the lateral position of a geologic feature cannot be resolved uniquely. Pay

paths which provide. good horizontal resolution are those which form acute

(steep) angles relative to the borehole axis. When a steeply dipping fracture

zone is present near the top and bottom margins, the lateral boundaries of the

fracture zone are likely to be poorly resolved because the bout daries of the

zone will tend to be smeared in the lateral direction.

I
<

!
I
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VIII. CONCLUSIONS !

An assessment of crosshole geophysical probing techniques was performed.

The term "crosshole" is used in this report to designate inter-borehole, inter-

tunnel and inter-shaft transmission measurements in the near vicinity of the

repository. Our evaluation was based on prior theoretical and experimental

work and recent experiments performed at the Gracle, Arizona site.

Probing methods considered in detail used active means of seismic,

electromagnetic and electrical probing between boreholes. These means of

crosshole probing were used to provide scans (one-dimensional representations)

and transmission tomographs (two-dimensional representatior.s) of

inter-borehole regions at the Oracle site. Experimental results ano factors

affecting the accuracy of the various methods were illustrated.

; Due to their close proximity to the region being probed, crosshole

methods can use nigher frequencies than more remotely located methods.

Crossnole metnoos are therefore superior in resolution to methods probing from

the ground surface.

Experimental results obtained at Oracle indicate that crosshole methods

! defined the presence of fracture zones. This result was made evident by

comparing crosshole scans and tomographs with other data; i.e., single

borehole well-logging results and hydraulic conductivity results. Fracture

zones were evident in data obtained using electromagnetic wave attenuation,

electromagnetic wave velocity, compressional wave velocity, compressional wave

a ttenuation and shear wave velocity. Tne zones defined were typically

resolved to within one meter of their actual location, where known. Due to

time limitations, insufficient data were obtained for shear wave attenuation

scans and tomographs.
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Major factors affecting the uses of the techniques discussed include

sensor coupling ef fects; diffraction and reflection effects of shaf ts and

tunnels; ray bending; source consistency; measurement inaccuracies; closeness j

of source and receiver in terms of wavelength; the range of view angles and

the number of views.

i
4
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