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ABSTRACT

A system for seismic crosshole measurements has been
designed, built and tested. The system can be used both
for small-scale (ie 10 - 200 m) and large-scale (ie 200
- 1000 m) operations.

The design includes both borehole receivers, amplifiers
and recording system. The receivers can be used down to
700 m depth in slim boreholes.

Much work has gone into the development of analysis
methods. Tomographic algorithms have been developed for
the analysis of seismic data. The development includes
basic theory as well as numerical methods.

Special care has been taken to minimize systematic
errors. Many data quality checks have been made.

Field tests have been carried out at the large-scale
test site at Gideå and at the small-scale test site at
Stripa.

In the large-scale test some zones of fractured rock
were found. In addition, there appears to be a
relatively large area of rock without any major
anomalous features.

It appears that problems ascociated with large-scale
crosshole seismics are still substantial. Further work
is needed to solve the problems with ray-bending and
anisotropy.

In the small-scale test the measurements could be
carried out with high precision. Several zones with
different properties are visible in the tomograms.

It is our opinion that the technique for small-scale
crosshole seismics is now developed to a level where it
can be utilized as a useful tool for rock-quality
assessment.
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SUMMARY

The objective of the work which is presented in this
report was to develop measurement and analysis
techniques for the detection and characterization of
fracture zones. The aim was to find accurate methods to
determine the location, extent, thickness and physical
properties of anomalous zones by using the seismic
crosshole technique.

Crosshole measurement techniques are quite new to the
geophysical society. There are few reports in the
literature before 1980. At the start of the Stripa II
Project very little was known about the problems of
applying crosshole techniques at large distances.
Furthermore, the underlying theories had not been
developed. It was thus uncertain if a tomographic
analysis of crosshole data could give a usable result
at all.

For seismic crosshole measurements, as developed in the
Stripa Phase II project, the experimental setup can be
as depicted in Figure 1-1 (page 3). Two or more
boreholes are drilled in the area of interest. Seismic
sources are placed in one borehole and receivers in the
other holes and on the surface. Rays can be sent
through the whole area by varying the depths of the
sources and the borehole receivers.

From the recorded signals parameters such as
traveltimes (time-of-flight), amplitudes and
frequencies are determined. Mainly the traveltimes are
used in the seismic tomography analysis. The result is
a map of slowness (reciprocal velocity) of the area
under study. This map is then interpreted and compared
to geological models.

The development of new measurement techniques made
construction of new equipment necessary. In the present
project, seismic sources, receivers, as well as
data-recording systems have been designed and
constructed. The integrated system is capable of
detecting seismic signals up to 8 kHz in frequency. It
can be used at distances from ten metres up to a
kilometre. The borehole receiving units can be used
down to a depth of 700 m.

The data-recording system has 128 channels. The total
sampling rate is 150000 samples per second. All
analysis can, if needed, be made on the field-computer
system.

The theories of tomographic analysis have been
extensively developed during the project. Theoretical
proofs of uniqueness have been found, showing that with



VI

ideal data-sets the crosshole method can indeed provide
an unambiguous picture of the area under study.

The tomographic analysis is very intensive
computationally unless special care is taken. A
substantial part of the work during the project has
been the development of fast numerical algorithms. A
twenty-fold increase in the rate of convergence has
been obtained. With the new computer programs it is now
possible to analyse a large data-set in half an hour on
a mini-ccmputer.

In the Stripa Phase II Project several field tests have
been made. Two test sites have been used; the
large-scale test site at Gideå, and the small-scale
test site at Stripa.

The results from the tests show that the equipment is
reliable and versatile in field work. It is sensitive
enough to record at large distances and has also the
high frequency response and timing accuracy needed for
recordings at short distances.

For the small-scale tests in particular, the
tomographic analysis has provided detailed and
encouraging images. Comparison with results from
measurements with other geophysical methods have shown
good agreement.

Several checks on the data quality have been made to
ensure that no systematic errors are present. This is
particularly important when the contrasts are small, as
is the case for the Stripa measurements.



INTRODUCTION

This report is a review of the seismic programme which
was carried out by FOA in the Stripa Phase II project
"Crosshole techniques for the detection and
characterization of fracture zones." The programme
include the following items

Design and development of equipment for seismic
borehole measurements (source, receivers and data
collection system)

- Field tests at the Gideå site for large-scale
measurements and at the Stripa site for small-scale
measurements

Development of tomographic analysis and
interpretation techniques

1.1 BACKGROUND

During recent years there has been a demand for new or
improved methods to measure the in situ physical
properties of rock.

Development is going on in various areas, such as

Mineral exploration

- Monitoring of water reservoirs

Guidance for tunnel constructions

Landslide warning systems

Site selection for radioactive waste disposal

All these areas are of great importance to society.
Therefore much research has been conducted in order
find accurate methods for rock investigation.

to

Until recently most geophysical borehole investigation
techniques have only givei information on the area very
close to a borehole. There is clearly a need for
methods which can give information on the properties
between the holes, i.e. a kind of 'X-ray' image. The
crosshole method is a new technique to measure the



properties of an area of ground between two or more
boreholes. Today several such techniques are under
development. In the crosshole part of the Stripa Phase
II project three different techniques are being
developed: georadar, water hydraulics and seismics. All
these methods aim at finding the physical properties of
the area between (and around) the boreholes.

This report deals with the seismic research of the
crosshole programme in the Stripa project which has
been carried out by FOA.

1.2 CROSSHOLE SEISMICS

In the seismic crosshole technique seismic waves are
used to investigate the properties of ground rock.
Seismic p-waves are sensitive to a number of physical
parameters such as

Density

Porosity

Water content

Crack size and orientation

Besides, seismic waves have a deep penetration in rock.
They are therefore very suitable for use as an
instrument to determine the quality of ground rock at
sites of very different sizes.

The use of seismic waves for crosshole measurements
makes it possible to interpret the data using the
tomographic method.

The main parameter used is the speed of propagation for
the seismic waves. It is determined by the formula

v = (- p

V - Seismic p-velocity
\ - Lame's modulus
\i - Shear modulus
p - Density

In fractured rock the shear modulus is significantly
less than in competent rock. Lames modulus and the
density are affected to a less extent. Thus the seismic
p-velocity can be used as a measure of rock quality.



1.3 THE TOMOGRAPHY METHOD

The crosshole technique makes it possible to interpret
the data using the tomography method. The word
tomography originates from the Greek words "tomos" (a
cut or a slice) and "grapho" (to draw lines, paint).
One could say that the method of making pictures with
tomography is to construct an image by combining
several elements of information or slices. As this is
best handled by a computer, the term "Computerized
Tomography", or CT, is often used.

Compare another modern process, holography (from Greek
"holos", whole), where the whole picture is constructed
from one integrated element of data.

Tomographic analysis was introduced in medicine in
1973. An X-ray scanner was coupled to a computer and
the signals were analysed using the CT method. The
result was a clear image of the interior of the human
organ under study.

Very soon after the first results with X-ray CT other
types of radiation were used. Examples are:

Gamma rays

Electron beams

Magnetic fields

Ultra-sound

Radio-frequency and microwave fields

Seismic waves

A comprehensive overview of CT is given in Proc. IEEE
Match 1983 (20).

Figure 1-1. Principle of seismic crosshole measurements.



1.4 FIELD CONFIGURATION

When seismic tomographic analysis is performed using
the crosshole method the experiment setup is usually as
depicted in figure 1-1.

Two boreholes are drilled at each end of the area of
interest. A seismic source is placed in one borehole
and a receiver in the other. Rays can be sent through
the whole area by varying the depths of the source and
the receiver. In our system we also place receivers on
the surface as this gives a substantial improvement of
the tomographic results (11).

bore-hole
1

bore-hole
2

source

.distance along
the ground

receiver

depth

Figure 1-2. Seismic crosshole section with cell decomposition
and an example of a raypath.

In short the method amounts to letting a great number
of seismic rays pass through the area of interest. In
the analysis the area is divided into small cells,
rather like the elements of a matrix (Figure 1-2). The
measured traveltime for a certain ray can then be
regarded as a weighted sum of seismic velocity
parameters for the cells which are traversed by the
ray.



SEISMIC MEASUREMENT SYSTEM

2.1 DESIGN CONSIDERATIONS

When designing a seismic system for crosshole
measurements at distances from tens of metres to
thousands of metres several parameters are important.
The most important factor is the required frequency
response of the system. This can be estimated from the
formula for the attenuation of seismic spherical waves:

A =
Ao e

-trfr
Q v

A - Amplitude at distance r
A - Source paraTieter
f - Frequency
r - Distance from the source
Q - Quality factor of the rock
V - Velocity

Typical values for good crystalline rock is 100 for the
Q-factor, and 6000 for the seismic velocity. If one
calculates the frequency when the amplitude has fallen
with a factor 1/e (the so called skin-depth) one
arrives at a frequency of 3.8 kHz at 50 m distance, and
a frequency of 190 Hz at 1000 m.

A system for seismic borehole measurements consists of
the following parts (Figure 2-1):

A seismic source which generates seismic energy

Seismic receivers

Amplifiers and filters

Timing system

Data-recording and analysis system



RECORDING
SYSTEM

CONTROLBOX TOO M CABLE

PREAMPLIFIERS

SURFACE
GEOPHONES

BOREHOLE
»CCELEROMETEA

Figure 2-1. Main parts of a seismic borehole measurement system.

2.2 THE SEISMIC SOURCE

2.2.1 Demands On The Source

The purpose of the seismic source is to generate
seismic energy of such energy and shape that it can be
detected throughout the area under study. Preferably a
single-pulse source is used since it gives a signal
which is easier to detect. The source should generate
S-waves as well as P-waves since the former are more
sensitive to the ground-rock structure.

The demands
follows

on the seismic source can be summarized as

Energy output of
at 1 km distance

sufficient strength for detection

High repeatability

Non-destructiveness

Tolerance to large pressures

High-frequency output

Small size (to fit in slim boreholes)

Exact timing-signal



2.2.2 Source Alternatives

Today there are a number of seismic energy sources
commercially available which fulfil most of the
requirements listed above.
Examples are airguns, vibrators, sparkers and
piezo-electric transmitters.

The airgun is often used in off-shore
exploration seismics. It has a powerful output and is
non-destructive. However, the requirements of operation
in slim boreholes and at great depths can not be met by
existing airguns. The construction of a suitable airgun
was beyond the scope of the present seismics crosshole
research programme.

The vibrator is a pneumatically or hydraulically
driven device with the same limitations as the airgun.
However, a special on-stroke hydraulic "hammer" has
been constructed. It can be used in slim boreholes
(described in (8)). Unfortunately, the output is only
suitable for measurements up to 200 m distance. This is
adequate for the small-scale seismic experiment but not
sufficient for the large-scale measurements.

Sparkers and piezo-electric sources have been
successfully used for borehole seismic measurements
(desribed in (22)). These sources too have an
unsufficient output for large-scale measurements,
however.

Explosives have been used for generation of
seismic waves since the beginning of seismic
geophysics. The main advantages are the high energy
output (4 kJ per gramme of explosive paste), the short
pulse rise-time and the repeatability.

In exploration studies explosive charges of a few
hundred grammes are usually used. But previous
experiences from borehole measurements show that much
lower charges can be used (9),(17). We call the use of
such small charges (1 to 100 gram) micro-explosions, to
indicate the difference from standard explosions
(Figure 2-2).

A drawback with the explosive-paste source is to our
opinion the cost ineffectiveness. In practice it is
difficult to shoot more than three to four shots per
hour. A thorough measurement requires at least two
hundred shots to be fired. Hence, the measurement time
for a complete study will be several weeks.

Alternative explosive sources have therefore been
studied. One possibility is to use gas instead of paste
as the explosive medium.



Figure 2-2. Charges of octol in glass devices for use in slim
boreholes.

Such a device, which we call the gas exploder
has been built and tested (3). The gas exploder
utilizes detonations from a mixture of hydrogen and
oxygen. The advantage of using a gas exploder would be

Faster shot series in deep wells

Fast and easy stacking which allows lower energy in
each shot

No chemical effects on the borehole water

It consists basically of two main parts. One contains
the equipment for the detonations and is lowered into
the hole. The other is the control board for feeding
the downhole equipment with gas and initiating the
detonations.

The gases are fed through separate hoses down to the
detonation chamber (a steel pipe) before they are mixed
(Figure 2-3).

As the detonation front reaches the water it gives rise
to a shock wave that propagates into the water. To
obtain accurate timing of the instant of detonation the
shock wave is recorded with a pressure gauge which is
located about 12 cm below the bottom of the pipe.



Theoretically, the energy content of the gas exploder
at a water depth of 10 m is equivalent to 22.5 g of
explosive paste. At a depth of 100 m it is equivalent
to 125 g.
The prototype has been tested down to depths of about
100 m in a pit and in a borehole. The pit was 6 m in
diameter and the borehole 110 mm. Seismic recordings
were collected at various recording distances. The
recorded energy output was lower than that obtained
from the theoretical computations but still adequate to
provide a sufficient recording range (Figure 2-4 and
Figure 2-5).

Unfortunately, there were safety problems vith the
prototype device. It was considered beyond the scope of
the Stripa Phase II project to solve these problems and
go ahead to build a practically useful device.

Oxygen J3 - : f.
^i . Hydrogvn

Mjgnct valv» Uhci-si

EWctfunics

SpjrkJT gap

liirbulanc* syitam

Pnuun 0<uy*

Figure 2-3.
Schematic drawing
of the downhole gas-
exploder equipment.
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Figure 2-4 Comparison between records at one geophone
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(5 g) shots ( note the different amplitude
scales). All shots were performed at 2 m
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Figure 2-5. Examples of recordings at different geophone
positions from a gasexploder shot. Shotdepth
was at 85 m in a borehole with diameter of 110 mm,
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2.3 TIMING SYSTEM

An essential part of seismic measurements is the
determination of traveltimes, i.e. to determine the
time it takes for the seismic wave to travel from the
shot-point to the receiver. The time when the explosion
occurs must be known with great accuracy. This function
is provided by the timing circuit.

A properly designed
characteristics:

timing system has the following

It has a unified (preferably TTL level, 0-5 V)
output suitable for the data-recording electronics

Timing should be independent of source strength
Differences in rise-time or amplitude should not
influence the trigger point

2 3.1 The Trigger Circuit

The trigg-pulse, marking the time when the seismic
energy was released, can be extracted in several ways.

We have constructed a mechanical trigger device (Figure
2-6) .

Ignition
Davica

Bipolar »witch

1 Trio» Enabla

To
computer

$Dk>da

Detonator

Twlatadflwira«

Exploalva

Figure 2-6. Schematic drawing of the charge and trigger
arrangement.
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The circuit operates on the principle *-hat a contact is
made between two insulated wires twisted together. The
vires are welded together when they are reached by the
•"hock-wave from the explosion. This gives a very
discinct contact closure in contrast to the opposite
ar isngement, i. e. to let the explosion cut off a piece
of wire. In the latter case the plasma which is formed
in the explosion will make the circuit conduct even
=>tter the wire has been broken.

A special arrangement with a two-way switch and a
diode, together with detonators with a delay of six
seconds made it possible to use the same pair of wires
for both the timing signal and the ignition device.

The circuit operates as follows: When firing, the
ignition device is connected to the detonator. Then,
during the six seconds when the detonator is burning,
the switch is flipped to make connection between the
twisted wire pair and the detector box.

2.3. The Detector

In principle the detector is a current sensor which
senses the change in current when contact is formed
between the twisted wires (Figure 2-6). Its output is a
TTL-level pulse to the computer. The output is used to
inform the recording system that a shot has been fired.
It is also connected to an analogue channel and sampled
in the same way as the signals from the seismic
receivers (Figure 2-14).

Tr.e detector unit has an enable/disable input, which is
controlled by the recording system. The detector is
thus insensitive to incoming spurious pulses as it is
enabled just before the shot is fired.

2.4 SEISMIC RECEIVERS

2.4.1 Surface Receivers

In a seismic tomography measurement it is desirable to
have as many receivers as possible. Two different types
are used, one on the surface and one in the boreholes
(Figure 2-1).

For measurements on the ground, commercially available
geophones are suitable (Figure 2-7). A frequency
response of up to 1 kHz is sufficient since the
uppermost ground layers act as a low-pass filter,
cutting away the higher frequencies in the seismic
signal.

When measurements are carried out in mines, where
surface receivers can be put in galleries, a higher
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Figure 2-7. A three component geophone set including
preamplifiers.

frequency response can be utilized. We then use
accelerometers with an upper limit of 8 kHz.

A detailed description of the receivers is given in
Appendix 1.

2.4.2 Borehole Receivers

For measurement in slim boreholes no commercially
available equipment exists. We have therefore built a
series of receiving units (Figure 2-8).

The harsh environment in the deep boreholes puts some
special demands on the receivers.

Our units have the following characteristics:

Each unit has three accelerometers for measurements
in the three principal directions

They can be used in both slanted and vertical
boreholes down to a depth of at least 1000 m

F.ach unit has a locking knee, which ensures good
mechanical contact between the receiver and the
borehole wall (Figure 2-9)

Up to four units can be mounted together to form an
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Figure 2-8. A borehole receiver array.
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Figure 2-9. Outline of a borehole unit design.
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array.

The advantage of using an array is two-fold: First it
decreases the measurement time as more signals are
recorded in each shot. Second, very accurate
comparisons can be made between different parts of a
borehole by using signals from different units but from
the same shot.

The receiver array is connected to a cable which is
reinforced with two steel wires. The cables are wound
on a motor-driven winch for fast repositioning (Figure
2-10).

Figure 2-10. A cable winch.

At present, seven receiving units have been built.
Three winches have been acquired, which means that
measurements can be carried out in three boreholes
simultaneously. Such measurements are especially
valuable for 3-D seismic tomography.
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2.5 DATA RECORDING SYSTEM

A versatile data-recording system is most essential
when new experimental techniques are being developed.
In addition to the normal requirements on a field
recording system it must be possible to alter the
experimental conditions if an unforeseen situation
arises. It is also desirable to have the possibility to
perform data reduction and analysis in the field, in
order to spot errors as quickly as possible.

We have chosen to develop a system of our own. It is
based on a PDP 11/34 mini-computer with various
peripherals (Figure 2-11).

Figure 2-11. The Mobile Seismic System (MOSES) set up in
the laboratory van.

The reasons for this are the following:

A standard mini-computer is much cheaper

The commercially available systems are very
specialized and cannot be used for program
development



A standard computer can be used for other purposes
besides field-data recording

Service and spare parts are much more readily
available for a standard system

A standard computer can be updated and enhanced
gradually as new peripheral equipment becomes
available. A special system is more rigid and will
be obsolete in a shorter time

2.5.1 Field computer configuration

In order to make a data acquisition system from a
standard computer it must be expanded with various
extra peripherals (Figure 2-12). The standard
peripherals have to be selected carefully as they are
to be operated in a harsh environment, quite different
from the normal air-condition?d computer room.

MOBILE SEISMIC SVSTEM

FILTER
AMPLIFIER

BANK

>BPI

Figure 2-12. The main parts of a seismic data acquisition
system.

The secondary storage, usually disc memory, is often
the most fragile part. Therefore we have selected a
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Winchester-type disc, which has proven to be very
rugged. It is completely sealed, which means that it is
not disturbed by the dust and dirt which cannot be
avoided when operating in the field.

In addition to the disc memory a backup medium is
required. The alternatives are cassette and open-reel
tape drives. For our system we choose industry
compatible magnetic tape, which facilitates the
transport of data to other computers.

The tape drives have mechanical tension arms, instead
of vacuum columns, to avoid environmental problems.

The real-time subsystem is the most important part of
;he field computer.

The present computer was selected mainly because of its
ability to interface to all kinds of laboratory
equipment. The analogue signals are sampled by a
special microprocessor controlled subsystem called the
LPA (16). It has two twelve bit A/D
(analogue-to-digital) converters with a maximum
sampling rate of 150 000 samples per second. The total
number of analogue channels is 128.

The trigg-pulse detectoi:, the amplifier and the filter
controls are interfaced by DR-11C parallel digital
ports.

2.5.2 Amplifier And Filter Electronics

The amplifiers and filters were designed and built at
FOA. The main design points were

Battery-powered pre-amplifiers with low power
consumption

Main amplifiers with integrated filters

Compact design

Only one signal cable per amplifier bank

Five banks of twelve amplifiers each have been built.

The gains can be set from 0 to 48 dB in steps of 6dB.
The high-pass filter can be selected from 0 to 100 Hz.
The low-pass filter, which also acts as an
anti-aliasing filter, can be set from 100 Hz to 10 kHz

The filters have a slope of 24 dB per octave.
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2.5.3 Field Computer Software

The programs are of two types, real-time programs and
data-analysis programs (Figure 2-13).

6rapMc Plotter Tape archive

\
\ /

Operator

/

parameter'..

1

Real t i n *
programs DIG

ln te r f»

drvj t n.

On-1 me Jdta
Storage

Figure 2-13. Layout of the field computer software.

The reel-time programs deal with the actual sampling of
the A/D converter, stores the data onto disc memory or
magnetic tape and controls the settings of the filter
and amplifier banks.

The operating system, RSX-llM (19) has many facilities
for multi-programming and inter-task communication.

The system is organized so that specific real-time
functions are isolated to separate programs. This
modular structure minimizes the work if parts of the
hardware are changed as only a small module has to be
re-programmed.

All relevant parameters (sampling rate, number of A/D
channels, gain and filter settings etc) are stored in
tables. Hence the real-time programs do not have to
interact with the operator. The operator interaction is
carried out by separate, menue-oriented programs.

A special technique, called pre-event sampling, is
utilized to ensure maximum accuracy for the shot-time
determination. When the computer has been started to
record a shot, but before the shot has been fired, data
is stored in a circular buffer. Upon receiving a signal
from the trigg-pulse detector, the data are stored in a
memory buffer until all space is used. This means that
some data are recorded before the shot was fired. By
feeding the detector signal to one of the analogue
channels the arrival of the trigg-pulse can be clearly
seen (Figure 2-14). As the rate of sampling is
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controlled by a crystal oscillator with high precision,
the time between the shot and the onset of the seismic
signal can be determined very accurately.

Figure 2-14. Record sections, showing one accelerometer
signal and the trigg pulse detector signal
from a shot.



21

FIELD EXPERIMENTS AT THE LARGE-SCALE TEST SITE

3.1 INTRODUCTION

The main purpose of the large-scale experiment was to
apply the seismic crosshole method at distances up to
1000 m.

A triangular area, with a borehole in each corner, was
selected. The aim was to investigate the obtainable
resolution at large distances, up to 1000 m, and also
to carry out measurements in three dimensions.

Furthermore, new source-receiver combinations (the so
called VSP geometry with sources at the surface) were
tested.

3.2 DESCRIPTION OF THE LARGE-SCALE TEST SITE

The large-scale test site at Gideå is situated in the
northern part of Ångermanland about 30 km north-east of
Örnsköldsvik (Figure 3-1).

The site has been investigated and described by the
Swedish Geological Co. in a number of studies
(1) , (2),(18). Some of the main characteristics obtained
from these investigations are outlined in the map in
Figure 3-2. The bedrock consists of migmatized gneiss
of north-eastern structural strike and small dip.
Dolerite dikes appear across the area, usually having
an east-western strike and widths of less than 1 m. Two
dikes in the central part of the area are 2-10 m wide.
The map in Figure 3-2 indicates the positions of eleven
local fracture zones. The properties of these fracture
zones have earlier been examined by means of 13
core-drilled holes and 24 percussion-drilled holes. The
widths of the fracture zones were then found to vary
from 1 to 24 m.

The crosshole measurements were performed in a rock
volume bounded by the three core-drilled holes Gil, Gi2
and Gill.

It appears from this map that three dominating fracture
zones (I - III) are crossing half of the test area. The
width of zone I has been estimated to about 25 m, zone
II to about 15 m and zone III to 10 - 12 m. All
boreholes are slanting and uncased. The three
core-drilled holes Gil, Gi2 and Gill have a length of
about 700 m and are 56 mm in diameter. The
percussion-holes 6, 13 and 21 (used as seismic source
holes) are between 90 m and 150 m long with a diameter
of 110 mm.
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Figure 3-1. Regional geological map including site Gideå.
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Figure 3-2. The Gideå site.



The distance between the top of the recording holes are
1050, 800 and 750 m. The difference of the surface
topography altitude at the measurement positions along
the three lines is within 24 m. The topography
variation within the area (about 0.4 square kilometers)
is 24 m and and it consists mainly of outcrop, except
for the central part.

3.3 TECHNICAL DETAILS ON THE EXPERIMENT

The section was surveyed on two occations, in October
1983 and during seven weeks in June and July 1984.

Two different techniques were used, explosions at the
surface (VSP geometry) and explosions in the borehole
(traditional crosshole geometry).

The surface explosions were fired in 1.5 meter deep
holes (diameter 30 mm), drilled along the lines between
the three core-drilled holes. The explosive charges
were made from a penthyl-based explosive ("M46") with
yields of 62 g. Just before the shots were blasted the
holes were filled with water in order to ensure good
coupling to the ground.

Fourteen shot-points were placed between the holes Gil
and Gi2, eleven points between Gi2 and Gill and three
points between Gil and Gill. Five to ten shots were
fired in each ground-hole and simultaneously recorded
in all three core-drilled holes. The number of shots
per hole was determined by the local rock quality. A
new hole was drilled if the recorded amplitudes dropped
too low.

The recording positions in the borehole were generally
spaced with a separation of 10 m. Examples of sections
recorded at a depth of 520 m in hole Gi2 from various
shot positions are given in Figure 3-3.

The explosions in the boreholes were fired in three
percussion-drilled holes (6, 13 and 21) and the three
core-drilled holes Gil, Gi2 and Gill.

In the percussion-drilled holes cylindrical charges of
30 - 62 g of the paste M46 were used. In the
core-drilled holes the explosive paste "Octol" was used
to prevent chemical contamination. The charges were 50
g for all shots (Figure 2-2).

It was found that at recording distances up to about
500 m, a yield of 30 g usually provided a sufficient
signal-to-noise ratio.

The position accuracy of a microexplosion is estimated
to be within 0.1 m. The explosions were properly
centred with a glass device to minimize the effects on
the walls of the boreholes and to generate reproducable
seismic signals.
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520 m

525 m

530,

585 m

625 m

815 m

Figure 3-3. Recordings at a depth of 520 m in Gi2,
(horizontal component), from surface shots
at different positions along line Gil to
Gi2. The shots at 815 m is shown in both
normal and expanded scale.

The shot series in hole Gi2 was interrupted after only
two recorded shots at 544 m and 300 m depth, because of
an obstruction which was found around 340 m depth. It
was not possible to clean the hole and no more
measurements or shot firings could be done below this
depth.

The holes Gil, Gi2 and Gill were used both for
measurements and as source holes, but firing and
measurements were never performed simultaneously in one
hole. The deep shots in the core-drilled holes were
also recorded at geophones located on the surface.
Charges fired on the surface were only recorded with
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the borehole accelerometers.

The seismic signals were picked up by one accelercrr.eter
array in the borehole Gi2 and by another array and
single-element unit alternating between holes Gil and
Gill. The deep shots were also recorded by geophones on
the surface close to the line between the top of hole
Gil and near the top of hole 13.

H

3
00

v

H

H

Figure 3-4. Comparison between records from locked and
unlocked borehole accelerometer elements.
Shotdepth was at 149 m in hole 13. The records
from the unlocked element at 20 m are reference
records for the two shots. The locking of the
element at 30 m depth at shot 2 reduces the tube
waves (marked with arrows) and increases the
frequency content of the recordings, especially
on the verical-component.

All these geophone locations are in outcrop and the
spikes of the geophones were wedged into hand-drilled
holes (diameter 17 mm, depth 40 - 50 mm).
Three-component geophone sets were used at four
locations and vertical-component geophones at the other
23 positions along this line. All surface geophones
were calibrated relative to each other.

For the borehole recievers it was found that the signal
quality was somewhat better when they were clamped
against the borehole wall. Figure 3-4 shows a
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comparison between records from locked and unlocked
bcrehcle-accelerometer elements. The shot-depth in hole
13 was 149 m. The records from the unlocked element at
20 m are reference records for the two shots. The
locking of the element at 30 m depth at shot 2 reduces
the tube-waves and increases the frequency content of
the recordings.

The locking of the receivers also reduce the tube-wave
signals observed on the vertical-component recordings.
In the holes Gi2 and Gill the receivers were locked
unless the borehole loggings indicated fractures.

The recording system was normally operated at a
sampling rate of 3.3 kHz (i.e. 0.3 ms sampling) with 30
channels.

A special test was performed with shots at five depths
in hole 17 with a reciever at 410 m depth in hole Gill.

Shot hole 17

50 m

Recording distances

55 m

' .' 910 m 990 m 1070 m

62 m

75 m\\

120

30 mi

Figure 3-5. Examples of recordings from the shot series in
hole 17 with a receiver at 410 m in Gill. Observe
the big difference in amplitudes from the shots
at 50 m and 120 m.

The purpose was to test if yields less then 50 g
provide sufficient energy for distances over 1 km in
this area. An earlier study in the Stripa mine had
indicated that no damage is done to the borehole if the
yields are less then 50 g.



28

It was verified that a 50 g micro-explosion would be a
sufficiently strong source for these distances. When
analysing this test a special feature was observed. The
amplitudes recorded from different shot depths in the
hole showed great differences (Figure 3-5). This is
probably due to a zone of less homogeneous rock just
below 50 m depth in hole 17 which attenuates and
reflects signals from below.

3.4 ANALYSIS AND RESULTS

3.4.1 2-D Analysis Procedures

The 2-D tomographic analysis was made in two parts. One
coarse analysis between the boreholes 13 and Gil was
performed, and one in more detail between the holes 13
and 6 (Figure 3-6). In this way we can make a
comparison between two independent tonographic
solutions from different subsets of a common data-set.

5-
Electromagnetic
proMe. %

above sea level
m

•100

0 ' 100-
I

-100-

-200-

-300^

-400

-500-

E2 fracture zone

I ! Migmatued gneiss

M| I Migmctizeti granite

' • Pegmatite
0 — Oolente

V~w number of fractures/m 70CIT

Figure 3-6. Projected vertical section view showing the
borehole locations. General geology and fracture
frequency are indicated for the three cored drilled
holes. An electromagnetic profile and the features
from surface geology are also outlined.

Since shots and geophones are not situated in the same
plane the cross-section becomes the projection of the
positions of the shot points and geophones onto a



plane. A linear equation system was solved for the
unknown cell-slownesses. A description of the method is
given e.g. in (11). (12 ) .. (13 ) , {1 4 ) .

The error in the measured traveltimes is estimated to
be less than 0.2 ms.

13 Gi4 Gill
1 !____. \

Figure 3-7. Projected vertical 2-D section view showing source
to receiver ray paths.

Figure 3-7 shows the 800 ray-paths over the whole
vertical section including hole Gil. The selected
subset of 467 rays which only covers the area between
holes 13 and 6 is shown in Figure 3-8. In this detailed
section several of the longest paths disappear.

The result from the tomographic inversion made from all
the traveltimes over the whole section is depicted in
Figure 3-9. A decomposition into squares of 25 m was
used, leading to 968 unknown parameters. Approximately
200 iterations with the Conjugate Gradients (CG) method
were performed.

In the detailed subsection a decomposition into squares
of 10 m side was used, leading to 1865 unknown
parameters. Approximately 170 iterations with the
CG-method were performed. The results from the
tomographic inversion of the resulting traveltimes is
shown in Figure 3-10. (Note that the velocity scales
are not the same in the two Figures 3-9 and 3-10).



Figure 3-8. Raypattern for the partial section between the
holes 13 and 6.

As expected, there are no contradictions between the
two results. Because of the smaller cell size the
detailed subsection gives more details in the velocity
pattern. As short paths are often most significantly
affected by low-velocity zones, it is interesting to
observe that the distortion in the detailed picture is
not more severe.

Some features can be found in the experimental
pictures. The depth dependence of the velocity is
obvious. The velocity is about 5 km/s at the surface
and about 6 km/s at 500 m depth. Two low-velocity
regions cross each other about 100 meter below the
surface at the top of hole Gill. Another quite clear
pattern is a structure strongly related to the
ray-pattern.
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13 Gi4 Gill
i i

5300 5700 5900 6100 6500 m/s

Figure 3-9. Tomographic map of the whole crosshole section
between holes Gil and 13.

3.4.2 Discussion

As can be seen in the following examples,
(figures 3-11 to 3-17) the structure is not
uniquely determined by the experimental data set.
It is therefore important to compare the experi-
mental result with results from calculations on
theoretical models. From the other geophysical
measurements in the area, an interpretation
in terms of thin fractured strips has been suggested.
It is therefore of interest to investigate
theoretically how such strips would be mapped by the
present inversion procedure and see if results
compatible with the data could ensue.

As a start, the region between holes 13 and 6 is
considered. A first example is shown in Figure 3-11. A
laterally homogeneous velocity model was assumed. The
depth dependence is given to the right (a smooth
increase between the bars from 4.55 km/s to 6.05 km/s).
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200 m

5.45 5.75 605 km/s
Figure 3-10. Tomographic map of the partial crosshole

section between holes 6 and 13.

The reconstruction is reasonable although some wiggles
in the level curves are present because of smoothing
and neglection of ray-bending in the inversion. A
comparison with Figure 3-10 does indeed indicate that
the true structure is more complicated. Figure 3-12 is
as Figure 3-11 except that a low-velocity rectangle and
a low-velocity strip were included in the model (smooth
transition zones at the boundaries). Note that low
velocities appear in the upper right part as in the
experimental result (Figure 3-10). The image of the
strip will be smoothed and it is difficult to follow
its extension downwards because of the less dense
ray-coverage there. Nevertheless, very clear
indications of its existence are obtained. In Figure
3-13 the direction of the strip was different but/ in
principle, similar observations can be made. A
comparison with the experimental result is interesting.
In Figure 3-14 both the strips are present.



33

Figure 3-11. Reconstruction between holes
6 and 13 of the laterally velocity
model structure indicated ro the right.

Figure 3-12. As Figure 3-11 but added with a
low-velocity strip and a low-
velocity rectangle.

-6.05

4.55 4 85 5.15 5.45 5.75 6.05 km/s
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•fo,

Figure 3-13. As Figure 3-12 except that the
location of the strip is changed.

Modei
(km/s)

33- 455
11-4.85

-5.15
-5.45

Model

Figure 3-14. As the previous figures but
with both the strips and the
low-velocity rectangle included,



35

4.55 485 5.15 5.45 5.75 605 km/s
Figure 3-15. Artifacts obtained in the reconstruction of an

anisotropic velocity structure between holes 6
and 13. The maximum velocity in the horizontal
direction.

Figure 3-16. Artifacts obtained in the reconstruction of an
anisotropic velocity structure between holes Gil
and 13. The maximum velocity in the horizontal
direction.
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The Gideå site is dominated by sedimentary gneiss of
varying degree of migmatization. The gneiss foliation
structure has in general a small dip. This almost
horizontal schistosity is also intensified by small
horizontal joints in the rock mass. Most likely such a
schistosity will cause velocity variations in different
directions, an anisotropic effect. Synthetic
traveltimes for a homogeneous velocity structure
designed with a horizontal velocity of 5400 m/s und a
vertical velocity of 5140 m/s were computed. The
reconstruction is shown in Figure 3-15. Artifacts
appear because different parts of the region are
dominated by rays in different directions. A comparison
with the experimental picture in Figure 3-10 shows good
agreement for many features. The model does not include
any depth dependence of the velocity. Hence, the
weathered layer appearing in the upper part of the
experimental result could not be reconstructed.

Synthetic traveltimes for an anisotropic velocity model
designed in the same way as the previous model in
Figure 3-15 (with a horizontal velocity of 5400 m/s and
a vertical velocity of 5140 m/s) were also computed for
the whole section including hole Gil. The result from
the reconstruction is shown in Figure 3-16. As can be
seen from a comparison with the experimental result in
Figure 3-9, most features related to the ray-pattern
are accounted for.

Figure 3-17 shows the result from an inversion of a
model structure including one low-velocity strip. The
strip is dipping about 20 degrees, crossing the section

5300 5700 5900 6100 6500 m/s

Figure 3-17. Reconstruction from a 2-D model with one
low velocity strip, between the holes Gil
and 13.
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from the upper left corner. This model also includes
the velocity variation with depth. It is clear that
either model alone does not fit the experimental data
very well. However, if the models from Figures 3-16 and
3-17 are taken together a reasonable fit is obtained.

3.4.3 3-D Tomographic Analysis

An extended 3-D tomographic inversion of the data has
also been performed, using a decomposition into cubes
of 25 m side. To illustrate the 3-D inversion results
the figures show a number of plane cuts through the
volume. Traveltime data was available mainly for
source-receiver combinations with the source at the
surface and the receivers down in each borehole. The
data-set included 1824 rays crossing the volume. As can
be seen from Figure 3-18 it is obvious that the cell
velocities at each hole and at the surface can be
estimated rather well while those downwards in the
middle present much greater difficulties with this ray
coverage set. A coarse structure can be seen down at
about 225 m depth (Figure 3-19), but the residual
errors are quite large, making interpretations
difficult.

In order to investigate the possibilities to localize
the extension of a feature within a volume, synthetic
traveltimes were computed. A 3-D velocity model
including depth dependence and a low-velocity strip has
been inverted using the experimental geometry. Our
model includes a low-velocity strip dipping about 40
degrees to the south-east, corresponding to a fracture
zone of a width of 25 m. In the reconstruction shown in
Figure 3-20, five top layers separated by 50 m are
outlined. The image of the strip is smoothed and it is
difficult to follow its extension below the 175 m layer
because of the less dense ray-coverage there.

Both the experimental and the synthetic result indicate
the difficulties to reconstruct features at depth
using typical 3-D crosshole ray-geometries. These
difficulties are due to the sparseness and the bad
angular coverage of the rays that penetrate the
deeper parts of the volume. To get favourable circum-
stances one would need access to the bottom in order
to have source points or receivers there. This could
be achieved for example by using curved boreholes
meeting at depth and enclosing the volume. It should
also be noted that a large number of boreholes are
required to allow for a sufficient number of hori-
zontal ray directions. Taken together, these demands
are quite severe and make 3-D crosshole measurements
for routine purposes too expensive.
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1000 m

Figure 3-18.

Plane horizontal
cuts through the
volume showing
raypath coverage
and the area of
velocity esimated
(shaded).
The layers are
separated by 25 m.

\ depth 700 m
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1000 m

mmmm
5.20 5.50 5.90 km/s

Figure 3-19. Velocity structure to 225 m depth. The
layers shown are separated by 50 m.
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75 m

125 m

175 m

225 m

5.20 5.40 5.60 km/s

Figure 3-20. Velocity structure to 225 m depth from
a model with one low velocity zone. The
layers shown are separated by 50 m.
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3.5 TUBE-WAVES

Tube-waves have been observed on several recordings at
the vertical component of the borehole accelerometers.
This type of waves can be generated by a compressional
wave passing a discontinuity in the borehole, (21).

The sections in Figure 3-21 show vertical-component
records from hole Gill at depths ranging from 20 meters
to 340 meters. The shot depths are from 149 meters to
100 meters in hole 13. The tube-wave signals can be
followed from one depth to another which is indicated
by the lines in the section. Signals from three
apparent sources can be observed at 70 m, 150 m and 250
m. These depths are in agreement with fracture zones
detected by core mapping.

(m)

20

30

• 0

51

61

71

130

140

150

160

170

ISn

190

Depth (•)

180

190

200

?10

HO

230

2»0

250

261

J71

281

291

301

311

320

330

3*0

Figure 3-21. Vertical component recordings as a function of
depth. The shot depth in hole 13 is from 149 m
to 100 m. Tube wave sources at a depth aroun
70 m, 150 m and 250 m in hole Gill.



3.6 CONCLUSIONS ON LARGE-SCALE SEISMICS

The large scale field tests show that crosshole
seismic measurements can be made for large sections.
The seismic system designed for the Stripa II Project
has proven to be useful for recording of seismic
signals at distances up to 1 km.

The analysis of the data from the large-scale seismic
experiment has pointed at some problems which we
believe are particularly important for such measurements:

anisotropy

ray-bending

boreholes bending out of the plane.

The problem of anisotropy may be treated by allowing
the velocity to vary with direction. This leads to more
unknown parameters, however, and the interpretation
becomes less certain.

Ray-bending can be accounted for by iterative ray-
tracing. The calculations will be much more time-
consuming, but in principle the problem can be solved.

The third problem should be avoided by proper planning
at the time of drilling. When the boreholes at the
large-scale test site were drilled, however, crosshole
measurements were not intended or even known.

Elaborate analysis techniques can compensate for some
of the deficiences mentioned above. Still it is only
possible to get the coarse structure of the area under
study. Model calculations provide a useful tool to aid
the interpretation of some of the features found in
the experimental data, particularly when anisotropy is
involved.

Large-scale 3-D measurements are even more problematic,
as demonstrated by the 3-D experiment performed. It is
exceedingly difficult and expensive to get a ray-coverage
of such density that a meaningful tomographic analysis can
be made. With the current test it was only possible to
depict one or two features. A comparison to off-shore
reflection seismic measurements indicates the size of
the problem: A typical "3-D gather" consists of thousands
of recordings from several hundreds of channels. Such
large data volumes ar<? of cource not possible to record
with the current crosshole technology.
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FIELD EXPERIMENTS AT THE SMALL-SCALE SITE

4.1 INTRODUCTION

In the small scale experiments, carried out at the
Stripa mine, two sections were measured.

The measurements were performed in the granitic pluton
which outcrops in a supracrustal belt with structures
striking mainly in NE-SW direction (Figure 4-1). Due to
the relatively mild tectonism since the intrusion, the
Stripa granite is generally unfoliated. It is a grey or
reddish, fine to medium grained, relatively uraniferous
rock. It shows abundant fracturing and deformation on a
microscopic scale and frequently on a megascopic scale
as well (6).

0 200 400 600 m

STRIPA GRANITE

SEDIMENTARY OR V0LCAN1C-
METASOMATIC ROCKS

METAVOLCANITE
(Ltpt i te vitt) iron ore )
AREAS OF EXPOSED BEDROCK
WITH PREDOMINATING
FRACTURE PATTERN

" LINE OF VERTICAL
' SECTION

200 X MINE COORDINATES

MORPHOLOGICAL
LINEAMENT

LAKE

Figure 4-1. Geologic map of the Stripa area
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Figure 4-2. Vertical section through the investigation area,

The purpose of the first experiment was to see if the
large fracture zone, observed in the underground mine,
reaches the surface within the crosshole section. The
zone can be traced at 505 m in the bottom of the hole
VI, which is drilled in the mine at the level of 360 m
below the ground (Figure 4-1 and Figure 4-2).
One direction of the zone suggests an intersection at
370 m ,in the bottom of the vertical SBH-4 borehole,
drilled from the surface, (15).

The second experiment was carried out in the fan-holes
at the crosshole site at 360 m level in the Stripa
mine. The purpose of these measurements was to complete
the fan-hole surveys.

A hydrophone receiver was also tested in the fan-holes.
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SITE FOR THE EXPERIMENT

The first experiment was performed between the vertical
SBH-4 hole and the slanting (50 degrees) SBH-3 hole,
both drilled from the same location at the surface. The
holes are 372 m and 315 m deep, respectively (Fiaure
4-2).

100 m

Figure 4-3. Projected vertical section view showing source
to receiver ray paths.

Micro-explosions were set off in hole SBH-3 at 15
different depths down to the bottom at 315 m. The
section was surveyed with a chain of three
accelerometer probes in hole SBH-4 and some 100 rays
were recorded (Figure 4-3). No surface geophones were
used.

The second experiment was performed between the F5 and
the F6 hole. The holes are 200 m and 250 m deep,
respectively, with 10 degrees and 40 degrees
inclination from the horizontal plane. Both holes are
directed 122 degrees towards south-east (Figure 4-4).
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Figure 4-4. Map of the Stripa mine at 360 m level
Fanholes F1-F6.
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Source charges of 1 and 5 grammes of explosive were
used in the borehole F5. The distance between each
source point was usually 5 m. The measurements were
made with a chain of three receiving units placed in
hole F6. The chain was moved in steps of 5 m. In total
nearly 500 rays were recorded (Figure 4-13).

The sampling frequency throughout the test was 12 kHz.
The section in Figure 4-5 shows axial-component records
from hole F6 at depth ranging from 135 metres to 185
metres.

O*pth

135 m

155 m

175 m

1S5 m

Figure 4-5. Record sections from 135 to 185 meters depth
in hole F6. A tube-wave source is indicated
at a depth around 208 meter.

4.3 EXPERIMENTAL RESULTS

4.3.1 Section SBH4 - SBH3

Figure 4-6 shows the velocity structure calculated for
the section SBH4-SBH3.
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5570 5640 5700 5750 5830 5900 5980 6060 6150
Speed map in ra/s

Figure 4-6. Velocity structure from experimental data.
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A decomposition into squares of 10 m was used in the
t^mographic analysis. The main feature which can be seen
is an almost horizontal a low-velocity zone crossing
the SBH-4 borehole at a depth of 140 m. The zone is
also indicated by strong tube-waves. Tube-waves were
also recorded at depths of 310 and 340 m. A
corresponding low-velocity structure can be seen in the
tomogram.

The results from the experimental data have been
compared with results from calculations on theoretical
models. A first example is shown in Figure 4-7. A
laterally homogeneous velocity model was assumed,
having an increase in velocity with depth from 5.7 km/s
to 5.9 km/s. Figure 4-8 is the same as Figure 4-7
except that two low-velocity strips are included in the
model. Note that low velocities appear in the upper
part, as in the experimental result (Figure 4-6). The
features near the bottom of hole SBH-4 are not
reconstructed in agreement with the experimental
result. In Figure 4-9 the direction of this lower strip
is different.

Results from calculations with a series of anisotropic
models designed with an anisotropy contrast of 1 % and
varying angles of the anisotropic structure are
presented in Figures 4-10 to 4-12. The large difference
noticed when comparing the models with the pattern
observed in the experimental solution indicates that
anisotropy effects most likely do not influence the
experimental picture.

The results from
the observations
connected to the

these interpretations indicate that
in borehole SBH-4 could not be
major fracture zone found in hole VI
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Figure 4-7.

u
SBH-4

5700 5729 5758
Speed map in m/s

Reconstruction of the laterally
homogeneous velocity
structure with a depth dependence
velocity, increasing from 5.7 km/s
to 5.9 km/s.

5787 5816 5845 5874 5903 5932

Figure 4-8. As Figure 4-7, but with two
low-velocity s t r ips , (A and
included.

5500 5556 5612
Speed map in m/s

5667 5723 5778 5834 5889 5945

Figure 4-9. As Figure 4-8, except tha t the angle
of the lower s t r i p , (B), i s changed
and a low-velocity area jus t below
the upper s t r i p , (A), i s included.

5530 5616 5702
SBH-4 Speed map in m/s

5787 5873 5958 6044 6129 6215
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Figure 4-10. Artifacts obtained in the
reconstruction of an anisotropic
velocity structure with a horizontal
velocity maximum. The orientation of
the minimum velocity, (contrast 1%)
is perpendicular to the maximum.

5770 5796 5822
Speed map in m/s

5847 5873 5898 5924 5949 5975

Figure 4-11 As Figure 4-10 except that the angle
between the two maximum and minimum
velocity axes is rotated 45 degrees
(still perpendicular). The minimum
velocity axes is almost parallell to
hole SBH-3.

5750 5780 5805 5835 5860 5890 5915 5945
Speed map in m/s

5975

Figure 4-12. As Figure 4-11 except that the maximum
velocity axis is parallell to hole
SBH-3 instead of the minimum velocity
axis.

31
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4.3.2 Section F5 - F6

The results from a straight-ray (Figure 4-13)
tcmcgraphic inversion of the resulting traveltimes for
the section between the holes F5 and F6 is shown in
Figure 4-14. This inversion is computed from data
recorded down to iust 220 m in hole F6. No borehole
coordinates were available for the deepest part of the
hole F6.

A decomposition into squares of
tomographic analysis.

5 m was used in the

From previous investigations at the cross-hole site,
(6), (7), seven units of deformed and fractured rock
were distinguished, and correlated between the
boreholes. The result described below was compared to
these units and four zones were defined from the
velocity structure (Figure 4-14). The correlations done
in the previous investigations have at some locations
been revised, since data from later crosshole
measurements yielded more information on rock quality
between the boreholes.

The minimum velocities appear in the lower right corner
of the picture, crossing hole F6 below 210 m. This is
the most prominent feature that intersects the area and
corresponds to the fracture zone L. Due to the strike,
about north-east 45 degrees, and a dip orientated
towards west, it does not reach hole F5.

The feature observed along hole F5 between 50 and 100 m
depth branches into two zones crossing hole F6 around
50 m and 105 m, (Figure 4-14). This pattern may be
created partly by the two zones A and C. Between these
two zones A and C a strongly brecciated section witn
high porosity is known to intersect hole F5 (6),(7),
causing a seismic low-velocity area. Because of this
brecciation and the short distance between the
boreholes in this part of the section it is difficult
to separate the two zones and to find the intersecting
angle for the zone A.

Another quite v/ide feature is the low-velocity area
intersecting hole F5 between 125 m and 150 m depth. The
most clear extension from this feature reaches hole F6
at around 170 - 190 m, in agreement with the zone K.

Along the upper left limit of the section an indication
of a low-velocity feature can be observed, but since
this zone is too close to the border of the analysed
section it is not possible to see the shape of its
extension. However, the core maps show a heavily
fractured section around 15 m depth in hole F5.

The low-velocity pattern intersecting hole F5 at 190 m
i c n a r t l u a n a r t - i f a r h r r p a t s H h v f h e H r i f t i n t e r s e c t i n gis partly an
the cross hole
170 m depth.

artifact created by the drift
section about 25 metres below hole F5 at
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Figure 4-13. Projected vertical 2-D
section view showing
source to receiver ray
paths.
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200 m

Figure 4-14. Velocity structure for
the F5-F6 section, from
experimental data
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4.4 DATA QUALITY ANALYSIS

Small fractures in the Stripa rock, which is very
competent, must be determined from very small
traveltime anomalies in the tomographic analysis. This
puts strong requirements on data quality, and it is
important to make sure that even comparatively small
systematic errors are eliminated. Other workers have
had problems with time-offset errors in their data (due
to the instrumentation). Thus, we will first consider
some tests to see if errors of this kind are present in
our Stripa data for the F5-F6 section.

40-

30-

20-

10-

T

100 200 300 m

Figure 4-15. Traveltimes as a function of distance.

Figure 4-15 shows our traveltimes as a function of
distance. Fitting a straight line to the data points by
hand one readily notes that the origin is passed very
closely indicating time-offset free data. Figure 4-15
is also interesting because it shows that the
deviations from a constant average velocity for all the
rays is very small, which indicates that the Stripa
rock is homogeneous.
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The straight line can of course be fitted to the data
in Figure 4-15 by linear regression techniques also.
Doing this, we obtained a time-offset of -0.003 ms,
which is sufficiently close to zero to be considered
insignificant, and a slope (average velocity) of 5.94
krr./s. Reducing the travel time data according tc the
corresponding straight line and magnifying the
time-scale. Figure 4-16 is obtained. A few traveltimes
are conspicuously low. This is probably due to a
geometric error as a result of the extrapolation of
curvature data for borehole F6, see below. Apart from
this, however, the spread of the data does not give
rise to any suspicions of systematic errors.

i

•o T~7
. 100 2OO 3OO m

-1

-2

Figure 4-16. Timeresiduals as a function of distance.

In Figure 4-17 the average velocities are plotted as a
function of source- and receiver-coordinates in the two
boreholes. Of course, the low-velocity regions
(fractures and so forth) will be visible in a plot of
this kind although in a disguised form. A strip, for
example, will appear as a "point" and a "point" will
appear as a strip. (Cf. the properties of the
slant-stack.) Systematic errors in the data will also
be noticeable in this plot although some experience is
needed to separate them from the "correct" low-velocity
regions etc.
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Figure 4-17. Average velocities as a function of source- and
receivercoordinates

Looking at Figure 4-17 a conspicuous feature
is the low-velocity column in the rightmost part.
It may be explained by a low-velocity region at
the bottom of hole F6. However, curvature data for the
deepest part of this borehole were not available,
instead a simple extrapolation was made to obtain the
source coordinates needed. Obviously it is not possible
to do this extrapolation with sufficient accuracy. (The
influence of geometrical errors is discussed on page 62
below).

Another indication of these errors is obtained when
data recorded below 220 meter depth in hole F6 are
included in the tomographic inversion. Figure 4-18
shows the result of tomographic analysis for all
measured rays (493 rays). The ray-paths can be seen in
Figure 4-19. Compared to the velocity structure
in Figure 4-14 two main differences can be observed.
First, a high-velocity area appears around the bottom
of hole F6, below 220 meter depth. Second, a stronger
diagonal structure is obvious. Using the whole measured
data set we get an non-uniform ray-coverage which may
cause this diagonal pattern.

In order to see what effect the ray-coverage has on the
tomographic image a series of inversions with different
ray-geometries have been done. Figure 4-21 shows a
subset of 412 rays. This gives a more uniform pattern
than when all rays are used. The results from the
tomographic inversion from this subset is shown in
Figure 4-20.

Figures 4-22 to 4-25 show results of tomographic
analysis and ray-paths for 50% and 25% of the rays. A
decomposition into squares of 5 m side was used.
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Figure 4-18.
Velocity structure from
experimental data from
493 rays.

Figure 4-19.
Raypattern from 493 rays

Figure 4-20.
Velocity structure from
experimental data from
412 rays.

Figure 4-21.
Raypattern from 412 rays

5800 5840 5880

Speed nap in m/s

5920 5960 6000 6040 6080 6120
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Figure 4-22.
Raypattern from 50%
of the 412 rays.

Figure 4-24.
Raypattern from 25%
of the 412 rays.

Figure 4-23.
Velocity structure
from 50% of the
412 rays.

Figure 4-25.
Velocity structure
from 25% of the
412 rays.

5800 5840 5880
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5000 5200 5400 5600 5800 6000 6200 6400 6600

Speed map in m/s

Figure 4-26. Model 1, 493 rays

5200 5345 5489 5634 5778 5923 6067 6212 6356

Speed map in n/s

Figure 4-27. Model 2, as model 1 exctpt that 'D-zone' is not
included.
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Figure 4-28. Raypaths from synthetic traveltimes,

The experimental data have been compared with results
from calculations on theoretical models. Different
low-velocity zones have been included in these models.
The velocity outside the zones is assumed to be 6.0
km/s. The widths of the zones vary whereas the velocity
contrast between the rock and the zones is the same.
The tomographic reconstruction from the models are
shown in Figures 4-26 and 4-27.

An example of ray-paths obtained from calculations of
synthetic traveltimes, with ray-bending taken into
account, is shown in Figure 4-28.

A tomographic inversion based on synthetic data from an
anisotropic model with an anisotropy contrast of 3-4%,
the minimum velocity in the horizontal direction and
the maximum velocity in the vertical direction, is
shown in Figure 4-29. The model result and the
experimental solution show no resemblance.

If anisotropy were present (in a fairly homogeneous
rock) this would also manifest itself in Figure 4-17 as
rows and columns with gently varying velocities. We do
not see any such indications of anisotropy.

In order to investigate the influence of errors in
distance and coordinates, a series of "position errors"
was introduced in hole F5. By inverting the resulting
data in the same way as the experimental ones, the
series of maps in Figure 4-30 (a)-(c) is obtained. It
is obvious that even a small geometric error of only
0.5 m severely disturbs the quality of the tomographic
analysis.
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5084 5559 5759
Speed nap in m/s

5817 5895 5979 6045 6124 6304

Figure 4-29. Tomographic map on an anisotropic model. The
minimum velocity in the horizontal direction and
a maximum in the vertical direction.

4.5 THEORETICAL CONSIDERATIONS

4.5.1 Solution by iterative methods

When the number of unknowns is large, the direct
solution of the tomographic equation system by Gaussian
elimination will be too demanding. In this case
iterative solution methods can be used. They are also
of great interest for use in the field where less
capable computers are available. A comparison of the
performance of the three iterative methods SIRT, ART
and CG (see (14)) is given in Figures 4-31 and 4-32.
Figure 4-31 (a)-(c) shows the result after ten
iterations and Figure 4-33 (a)-(c) when convergence has
been reached.

The different rates of convergence for SIRT, ART, and
CG are apparent, CG being the fastest procedure.
However, the main pattern is visible for all methods.
The main difference is that the velocity contrasts are
lower for the slower methods. Please note that this
result is only valid for this particular case. Earlier
studies have shown that the different iterative methods
may give slightly different results.
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5700 5770 5840 5910 5980 6050 6150 6300 6500

Speed map in m/s

Figure 4-30. 0.5 m position error (a),
1.0 m position error (b),
2.0 m position error (c).
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5800. 5853. 5912. 5967. 6023. 6078. 6134. 6189. 6245. 6300.
Speed map in m/s

Figure 4-31. Solutions with SIRT (a), ART (b), and CG (c)
after 10 iterations.
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5800. 5856. 5912. 5967. 6023. 6078. 6134. 6189. 6245. 6300.
Speed map in m/s

F i g u r e 4 - 3 2 . S o l u t i o n w i t h SIRT ( a ) , ART (b) a f t e r 200
i t e r a t i o n s and CG ( c ) a f t e r 74 i t e r a t i o n s
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4.5.2 Confidence and resolution

Previously we have shown inversion results where the
ray-path pattern and the damping level have been
varied. The influence of such variations can be
discussed in terms of confidence (stability of the
solution in the presence of noise in the traveltime
measurements) and resolution (possibility to map
details in the structure in the noise-free case).

Figures 4-33 and 4-34 (a)-(c) show the expected
relative errors in the velocity estimates at the
typical velocity 5 km/s and an error of 0.5 ms
(unrealistically high!) in the traveltime data. As is
natural, the errors increase when a more sparse
ray-pattern is used and they decrease when a higher
level of damping is prescribed. It is important to
choose an appropriate level of damping bearing
considerations of this kind in mind.

Figures 4-35 and 4-36 (a)-(c) concern resolution. With
a finite number of rays perfect resolution cannot be
obtained: the velocity at each point can only be
estimated as a certain average of the true velocities
in a surrounding region. The figures show how well
these averages are localized in the different parts of
the crosshole area. As with the confidence figures,
good results are obtained where the ray-path coverage
is dense with crossing rays in many directions. The
level of damping provides a means for trade-off between
confidence and resolution: with high damping confidence
is improved whereas resolution is impaired.
Figure 4-37, finally, shows the resolving power at two
different locations in the crosshole area. What is
shown1 is actually the values, put out at the
appropriate places in the crosshole region, in two rows
of the resolution matrix. In each case a normalization
to the maximum value 1.0 was done. Note the
comparatively sharp resolution that is obtained in (a).
In (b) there is a smearing in the vertical direction,
the main direction of the rays in this area.

4.6 TEST WITH HYDROPHONE RECEIVERS

A small test with hydrophone receivers was made between
the holes F4 - F6. A comparison between signals from
the borehole accelerometers and a hydrophone is
depicted in Figure 4-38. The test was made at the top
of the boreholes. The distance between source and
receivers was 50 m. As can be seen in Figure 4-38 the
registrations are qute similar. In the future it might
be possible to replace the more expensive borehole
receiver arrays with a chain of hydrophones. This would
make it possible to do the measurements in a shorter
time, as more receiving units could be used, resulting
in a larger number of rays for each shot. On the other
hand the hydrophones are not sensitive to the direction
of the incoming wave.
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>101. 100. 90. 79. 68. 57. 46. 35. 24. 13.

>318. 285. 253. 220. 187. 155. 122. 89. 56. 24.

250 225 200 175 150 125 100 50 55
Relative error in pro mille
>300

Figure 4-33. Expected relative errors, in % of the typical
velocity 5 km/s, at assumed traveltime errors
with a standard deviation of 0.5 ms. The num-
ber in brackets is the number of rays used in
the inversion.

(a) All rays (493) damping 10
(b) A selection of rays (412) damping 10
(c) 50% of 412 rays damping 10
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>337. 302. 268. 233. 199. 164. 129. 95. 60. 26. 7.

>101. 100. 90. 79. 68. 57. 46. 35. 24. 13. *

>101. 100. 90. 57. 46. 35. ?4. 13.

Figure 4-34, Expected relative errors, in % of the typical
velocity 5km/s, at assumed traveltime errors
with a standard deviation of 0.5 ms. The num-
ber in brackets is the number of rays used in
the inversion.

(a) 25% of 412 rays damping 10
(b) A selection of rays (412) damping 20
(c) A selection of rays (412) damping 50
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300. 267. 234. 201. 168. 134. 101. 68. 35. 1.

Figure 4-35. Sharpness of the obtainable resolution at
different points in the crosshole area
The number in brackets is the number of
rays used in the inversion.

(a) All rays (493) damping 10
A selection of rays (412) damping 10

(O 501 of 412 rays damping 10
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300. 267. 234. 201. 168. 134. 101. 68. 35. 1.

Figure 4-36. Sharpness of the obtainable resolution at
different points in the crosshole area.
The number in brackets is the number of
rays used in the inversion.

(a) 25% of 412 rays damping 10
(b) A selection of rays (412) damping 20
(c) A selection of rays (412) damping 50
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Figure 4-37. Obtainable resolution. Solution method: All
rays (493) with damping 10.

(a) Resolving power at a point in the middle.
(b) Resolving po\ -r at a point in the bottom

of the crosshole area.

H 1,1'

Figure 4-38. Comparison ol a hydrophone (left) and an accelerometer
(right) signal. Recording distances are 50 m.
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CONCLUSIONS FROM THE SMALL-SCALE SEISMICS

The seismic field test at the small-scale site
resulted in tomographic maps which show good agreement
with ether measurements.

The equipment, which was primarily developed for the
large-scale experiment proved to be useful at
short recording distances also.

The small-scale field test was focused on quite
different aspects of tomographic analysis than
were the large-scale tests. The test site had been
specially designed for crosshole measurements.
In particular there was no problem with curved
boreholes. The short recording distances (below 200 m)
and the isotropic rock made ray-bending corrections
unnecessary.

Checks have shown that the Stripa granite is very
homogeneous. This means that the analysis could
be carried out in a straight-forward manner. The
laborious parts of the analysis were data quality
checks and elimination of systematic errors. The
main cause of error was found to be the uncertainity
in the borehole coordinates rather than the seismic
measurements.

As was the case with the large scale tests, model
calculations showed that artifacts can be present
in the tomographic picture.

The successful test with hydrophones opens up new
possibilities for measurements at short distances.
A chain with many hydrophone receivers could
shorten the time needed for a crosshole measurement
considerably.
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GENERAL CONCLUSIONS

The specially developed system for seismic tomography
measurements has proved reliable and versatile in field
work. The same equipment can be used for measurements
from tens of metres up to a distance of 1000 m.

The explosive source has proven reliable, in use
although time-consuming. It can be used over the full
range of distances.

The quality of the tomographic analysis is strongly
dependent on the area under study. In homogeneous rock,
and at moderate (i.e. up to 200 m) distances,
high-precision tomograms can be obtained. On the other
hand, if the rock is heterogeneous, and/or the
measuring distance large, the many possible solutions
make the interpretation difficult. Information from
other types of investigations are then usually needed
in order to obtain a satisfactory result.

Three-dimensional measurements are possible, although
time-consuming. It is our oppinior. that the problems in
large-scale seismics limits the use of 3-D measurements
to rather small volumes.

The present Stripa Phase II programme demonstrates the
usefulness of the seismic cross-hole method. With
further development it should be possible to perform
high-quality measurements at moderate costs. In order
to achieve this, the following areas should be studied:

Multi-component receivers (a hydrophone chain may
be preferable at short distances)

High precision bore-hole geometry logging

Automated analysis on site

Built-in data-quality controls

Today cross-hole seismic measurement and analysis is
very much a craft which must be learnt by long and
tedious experience. Hopefully, future work in this area
will bring the method to such standards that it can be
used as a normal tool in ground-rock investigations.
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APPENDIX A

SEISMIC SYSTEM SPECIFICATION

A.I EQUIPMENT

A.1.1 Seismic Source

The explosive paste Octol is used to avoid the
colloidal carbon which is emitted from ordinary
explosives.

The yield is typically 5 - 50 g for recording distances
up to 1000 m in crystalline rock. For crosshole
measurements ever a few hundred metres a charge of 5 -
10 g is sufficient. The yield in chosen so that one
shot will give sufficient energy for the largest
recording distance, which means that no stacking is
necessary. The source-hole must be water-filled. After
each shot the ignition cable must be drawn up and a new
charge ada^Led. The charge can be pushed into the holes
with poles.

A.1.2 Seismic Receivers

Surface geophones:
Type: Vertical and horizontal
Sensor SM-4/7
Sensitivity: 0.29 V/cm/sec
Frequency response: 10-500 Hz.

Surface accelerometers:
Type: BEN 507 HS
Sensitivity: 200 mV/g
Frequency response: 2 - 8000 Hz (+- 3 dB)

Borehole accelerometers
Type: BBN 507 HS
Sensitivity: 200 mV/g
Frequency response: 2 - 8000 Hz (+- 3 dB)
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A.1.3 Recording And On-site Data-analysis System

Recording and analysis is done on the same system. It
is based on a PDP-11/34 computer with the following
peripherals:

- 26 Mbyte Winchester disc memory

2 magnetic tape drives, 800/1600 BPI, industry
standard

- Analog-to-digital converter with 128 channels of
12-bit resolution

Grapnic terminals

Colour printer/plotter

Specification of system:

Maximum system sampling rate 150000 samples per
second

60 analog inputs with band-pass filters and
amplifiers

- Ultra low noise battery-pcwered preamplifiers

Comprehensive signal-analysis package with all
relevant functions for signal analysis (i.e. auto-
and cross-correlation, 3D spectral analysis, signal
filtering with adaptive parameters, etc)

Data acquisition software developed by FOA
permitting selection of any number of input
channels and sampling frequencies up to system
maximum

A.1.4 Data Processing System

The computer is a Digital Equipment VAX 11/750 with a
floating point accelerator.
The working storage is 5.5 Mbytes
Word precision for floating point: 32, 64 or 128 bits.
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Peripheral configuration:

5 discs, giving in total 1 Gbyte of storage

2 magnetic tape drives, 800/1600 BPI

1 line printer

2 printer/plotters (matrix type)

1 pen plotter

1 Tektronix 4114 graphic system with two-colour
option

5 graphic terminals

20 alpha numeric terminals

The operating system is VMS, which supports real-time,
time-sharing and multi-stream batch simultaneously. The
theoretical maximum useful program size is 100 Mbytes,
but in practice the useful size is in the order of 10
Mbytes.

Priorities can be varied for time-sharing users.
Priviledged users can get higher priority for shorter
response time.

System access is via directly connected terminals, via
modem or via international packet-switch netwc >s
(X.25).

Data can be transferred by dial-up telephone lines at
300 or 1200 baud using SAFT or KERMIT protocols.

A.1.5 Field Data Analysis

During an experiment all data is normally stored on the
disc memory for rapid access. The signals can be viewed
on a graphic terminal or plotted on a colour
printer/plotter. Spectral analysis can be made with
standard FFT routines, auto-correlation techniques etc.
Signal spectra can be displayed in 3D.

Traveltime determination is done at graphic terminals
from signal plots with high resolution.

Tomographic calculations according to the SIRT method
can be done on the field system. The Conjugate
Gradients algorithm is also planned to be implemented
there.
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A-4

Data Presentation

The tomograms can be displayed in any form, ie colour
plots, grey-scale plots and number matrices are all
available.

A.1.7 Operation Mode Of Field Equipment

A.1.7.1 Environmental And Power Requirements

The shot-holes must be water-filled. If the water
drains away we need water supply. The data-recording
system needs power supply of 220 V, 50 Hz, 3.5 kW (16 A
fusing) and an area of 5 - 6 m2.
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