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FOREWORD 

This report is addressed to technical authorities responsible for or involved 
in planning, approving, executing and reviewing national waste disposal 
programmes. It may also help administrative authorities in this field to select, 
after a close consultation with specialized earth scientists, appropriate techniques 
that are technically feasible and economically advantageous for obtaining, under 
specific conditions, the majority of the required information at minimum cost. 

The consultants H. Carlsson of Sweden and T. McEwen of the United King-
dom met in Vienna from 25 to 29 July 1983 to prepare a first draft of the report, 
which was then reviewed by the Technical Review Committee on Underground 
Disposal of Radioactive Wastes (TRCUD). A final draft, incorporating the 
comments of the TRCUD, was prepared by the consultants N.A. Chapman and 
T. McEwen of the United Kingdom, H. Carlsson of Sweden and H.M. Van 
Montfrans of the Netherlands, in a meeting from 7 to 9 May 1984. The final 
draft was reviewed by the TRCUD. 

The present publication is an outcome of the IAEA's programme for the 
development and publication of guidelines and technical reports on underground 
disposal of radioactive wastes. 

Various approaches to repository site investigation and the relevant tech-
niques available have been reported in a number of IAEA publications stemming 
from the IAEA programme on the Underground Disposal of Radioactive Wastes. 
These publications are related to specific disposal options. 

— Site Selection Factors for Repositories of Solid High-Level and Alpha-
Bearing Wastes in Geological Formations, IAEA Technical Reports Series 
No. 177 (1977) 

— Development of Regulatory Procedures for the Disposal of Solid Radio-
active Waste in Deep, Continental Formations, IAEA Safety Series No. 51 
(1980) 

— Shallow Ground Disposal of Radioactive Wastes: A Guidebook, IAEA 
Safety Series No. 53 (1981) 

— Underground Disposal of Radioactive Wastes: Basic Guidance, IAEA Safety 
Series No. 54(1981) 

— Safety Assessment for the Underground Disposal of Radioactive Wastes, 
IAEA Safety Series No. 56 (1981) 



— Site Investigations for Repositories for Solid Radioactive Wastes in Deep 
Continental Geological Formations, IAEA Technical Reports Series No. 215 
(1982) 

— Site Investigations for Repositories for Solid Radioactive Wastes in Shallow 
Ground, IAEA Technical Reports Series No. 216 (1982) 

The last two publications give a brief description of various appropriate 
earth science techniques, together with methods for systematically applying them 
to site assessment. These reports were intended to treat the rationale and method-
ology of the site investigation process; however, the sections dedicated to the 
relevant earth science techniques, although quite comprehensive, give no technical 
details. It is recognized that more comprehensive information on the potential 
of these techniques may be required, together with specific examples of their use 
in repository site investigation and of their applicability or limitations in specific 
circumstances. In addition, new techniques have been developed or are under 
development since the time of preparation of the above reports. This publication 
gives more detailed descriptions of the various earth science techniques and 
should be used as a technical appendix, specifically in conjunction with Technical 
Reports Series Nos. 177, 215 and 216. The techniques described can be applied 
in site investigations for either shallow or deep repositories. 

The IAEA wishes to express its thanks to all those who took part in the 
preparation of the report. The responsible officer at the IAEA for this report was 
K.T. Thomas from the Waste Management Section of the Division of Nuclear 
Fuel Cycle. 
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1. INTRODUCTION 

One of the most important aspects of the disposal of radioactive wastes is 
the selection of a suitable repository site whose behaviour can be reliably predicted 
for the time periods considered in a safety analysis. This implies as a minimum 
that the local and regional geological and hydrogeological system should be well 
understood and amenable to quantitative assessment. 

This report takes as its starting point the phase of site selection in which a 
particular region and geological environment are selected as providing generally 
suitable conditions for a repository. The next major step is to locate a specific 
site within this area and to investigate it in order to verify the original selection. 
In this case, investigations will start with the study of a large area by remote 
sensing and surface geological techniques and progress to studies of specific sites 
for which more detailed observations will be required. It is generally at this 
point that subsurface investigation using boreholes will commence, although 
this is not always the case. 

Alternatively, a specific site may have been earmarked for investigation 
because it fulfils requirements related to non-geological factors, such as availability, 
proximity to the source of the wastes and accessibility. In this case, the task is 
to ascertain whether the site is geologically suitable and, instead of focusing on the 
site, the initial investigations would be directed to the regional environment 
before concentrating on details of the site itself. 

The site investigation process involves many disciplines, among which the 
earth sciences play the most important role. The process itself encompasses 
various activities, ranging from general planning and desk studies, laboratory 
and field tests to analytical studies and modelling that enable predictions of 
radionuclide behaviour in the geological environment of the disposal site. The 
latter information must be adequate to ensure that the performance of the 
repository will comply with any criteria established by the appropriate authorities. 

Some preliminary information on the site can usually be obtained from 
existing maps and records, but the main emphasis has to be put on selection and 
application of the most relevant site investigation techniques. 

The information requirements, the methodology for the assessment of a 
site for disposal of radioactive wastes and the selection factors needed for site 
evaluation are fully described in the IAEA Technical Reports Series No. 177. 
The reader is referred to this and to the IAEA Technical Reports Series Nos. 215 
and 216 for the requisite background to the present report, and specifically 
for an explanation of why the various parameters described in this report need 
to be measured and how they are used in the site assessment process. 
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2. SCOPE 

The present report provides a more detailed description of the capabilities 
and applications of the various earth science investigation techniques outlined 
in the IAEA Technical Reports Series Nos. 177, 215 and 216. These methods 
are generally appropriate during at least one of the stages of the assessment or 
selection of a site for any type of waste disposal facility, in shallow ground or 
in deep geological formations. Some of the techniques are, however, most 
particularly suited to specific geological environments, for example low-lying 
crystalline rock areas or thick sequences of sediments. Such limitations are 
indicated for each technique. 

In addition, specific experiences in the use of various techniques are noted, 
where appropriate, in order to illustrate better the potential and limitations of 
these techniques. This is considered particularly important for the newer methods, 
which may be unfamiliar to some potential users of this publication. 

The approach adopted here is to start with techniques appropriate to the 
study of large areas of ground (as may be used in initial site selection, for 
example) and to progress to techniques which will generally be applied in the 
immediate vicinity of the site itself. The methods of remote surveying, regional 
airborne geophysics and surface geological mapping are thus followed by 
techniques of more detailed surface geophysical testing, and of eventual borehole 
drilling and characterization. The final sections of the report then deal with 
investigation techniques used in boreholes (hydraulic testing, for example) and 
for rock and groundwater samples obtained from boreholes or experimental 
excavations. 

The extensive laboratory techniques that are used for determining various 
physical and chemical characteristics of rocks and groundwaters (e.g. porosity, 
radionuclide sorption properties) are not covered by this report, since it is 
primarily intended to be a manual of field techniques for on-site use. 

3. INITIAL INVESTIGATIONS AT THE SURFACE 

Before specific sites are chosen for assessment, it is normal practice to carry 
out more general investigations in order to define the properties of the particular 
geological environment of interest. Depending on how much geological informa-
tion is already available, the operational range may vary considerably at this stage; 
in the first instance, work will rely heavily on desk studies and reconnaissance 
hydrogeological modelling to obtain a feel for the environment and its behaviour. 
At this point, the objective is to define small areas with apparently suitable 
properties, which can then be subjected to more rigorous site investigations. 
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This can be seen as a narrowing-down process, from investigations on a regional 
scale to site-specific investigations, or as a means of providing a preliminary 
model of a site which can be used as a basis for more detailed studies. The data 
required are obtained from remote surveys (from aircraft or on the largest scale 
from satellites) and from surface observations. 

3.1. REMOTE SENSING TECHNIQUES 

Remote sensing from either satellites or aircraft can be used to determine 
the structure and the general geology and hydrology of large areas at a relatively 
low cost. These techniques provide data which reveal surface features and in 
some cases subsurface features. Remote sensing can therefore complement 
conventional geological mapping in that it can readily identify regional geological 
structures which can then be further examined, as required, through surface 
geological and geophysical investigations. Aerial photography, the most widely 
used form of remote sensing, is particularly useful for detecting and providing 
base maps of faults, fractures, lithological differences, topography and surface 
hydrogeological features. 

Remote sensing can be subdivided in several ways. The systems involved 
are either passive or active, and the sensors are either imaging or non-imaging. 
For practical purposes, the operational modes can be grouped into high-altitude 
and low-altitude modes, i.e. based on satellites or aircraft respectively, and 
radiation signals can be recorded either as electrically digitized impulses or as 
photographic images. The resolution capability of the methods generally increases 
with a decrease in altitude of the sensing apparatus. 

3.1.1. Aerial photography 

Description. The most commonly used remote sensing technique is aerial 
photography, from aircraft and satellites. By using modern computer processing 
techniques and multiband spectroscopy, a very great amount of information can 
be gained, especially if some information from ground investigations is available. 

Stereographic aerial photograph mosaics, in black and white, are commonly 
used for producing a topographic base map of an area, and automatic contouring 
routines are available. The surface outcrops of different rock types often can 
be traced easily, especially in areas where vegetative cover is small, and drainage 
and fault patterns, spring lines and unconsolidated sediment deposits can be 
mapped. Techniques of false colour are commonly used for the separation of 
different rock types by using their different spectral properties. The type of 
vegetation, which is often specific to particular rock types, can be detected in 
the same way, since different plants have different spectral reflectance, 
luminescense and adsorption properties. Perhaps the most important use of 

3 



aerial photography is in structural geology; the main structural elements of an 
area, the attitudes of the foliation or bedding, and the orientation of faults, 
fracture zones and fractures down to the scale of a metre or less can be plotted 
on a base map; this can serve as the basis for planning field work and for carrying 
out an initial sorting operation in choosing sites for further analysis. Examples 
of this use are given in the current Swedish practice of site selection for deep 
waste repositories in crystalline rocks, in the site investigation phase of the 
Belgian programme [ 1 ]. 

Fracture zones, separated by hundreds or thousands of metres of relatively 
less fractured rock, are a common occurrence in many crystalline rock areas and 
have been recognized from aerial photography in Sweden, Canada, the USA, 
Argentina and the United Kingdom during site assessment programmes. In 
Sweden it has been proposed to position a waste repository in a block of rock 
which is surrounded by such fracture zones, thus making it unlikely that any 
major large-angle fracture zone could intersect the disposal system. In Argentina, 
small-angle sun photography with shadow enhancement was used to detect 
alignments. 

Applications and limitations. Aerial photography is applied in general 
geological analysis of poorly mapped regions, and in locating major structures and 
obtaining fundamental geological data. The most specific application in terrain 
that is already adequately mapped and well known is fracture detection in 
crystalline rocks. In deep sedimentary formations (clays, salts, etc.) in well-
mapped ground, aerial photography has little applicability. 

For shallow waste disposal, aerial photography is particularly useful in 
defining soil and vegetation types, topography, slope changes, seasonal changes 
in drainage, etc. 

3.1.2. Infra-red techniques 

Description. Techniques based on analyses of visible and near-infra-red 
spectral reflectivity allow the definition of surface water temperatures and flows. 
An airborne sensor must be able to see through the atmosphere to the ground 
without significant attenuation. There are two windows in the infra-red 
spectrum which allow transmission to take place and the sensors must be 
optimized with regard to these windows, depending on whether the scanning is 
to be done by night or by day and whether analysis in the intermediate or the 
far infra-red is required. The basic element in the airborne thermal mapping 
system is the line scanner; this is operated by a plane mirror whose axis of 
rotation is parallel to the longitudinal axis of the aircraft. The detector converts 
the intensity changes of the incident radiation into voltage changes, and the 
signal is amplified and recorded either on magnetic tape or on photographic 
paper using a current-intensity-modulated spot of light. Corrections due to 
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changes in the pitch and yaw of the aircraft are compensated by computer, 
using the appropriate algorithm. 

Thermal detection of groundwater discharges can only be successful when 
there is a sufficient temperature difference between the discharging water and the 
normal background. An analysis of groundwater discharge was carried out by 
infra-red line-scan over peat-covered granite in northern Scotland in 1981 [2, 3], 
The detection of a groundwater spring discharge on the basis of its temperature 
will depend upon the temperature contrast between the spring and its surrounding 
groundwater. Groundwater generally has a relatively narrow temperature range 
throughout the year. In northern Scotland, for example, the range is from about 
5°C in the winter to about 8°C in the summer. By contrast, surface water tem-
peratures vary, according to weather conditions, from below freezing to above 
15°C. The periods of peak temperature contrast are early autumn and early 
spring; in early spring the discharge from groundwater springs is also at a 
maximum. To minimize reflected solar radiation for flights in daylight, the best 
time to make the line-scan survey is in the very early morning in February and 
March, when there is no snow and the ground temperatures are at or below 
freezing. In other localities, optimum conditions will occur at different times of 
the year. 

To obtain better data, it is often necessary to use digital processing techniques. 
When an analysis is made with the help of chemical data on the groundwaters, a 
more complete understanding of groundwater and surface-water flow is possible. 
For example, in the investigations in Scotland [2] it was found that the pattern 
of groundwater spring discharges did not correlate with the geological and 
structural features, and any upwelling from the depth seemed to be localized 
and associated with fault and fracture zones. The temperatures measured by 
an infra-red technique and those measured on the ground could not be correlated 
in this case because different instrumental techniques were used, but the relative 
temperature differences were very useful in analysing the pattern of water flow, 
which was shown to be strongly controlled by topography. 

Applications and limitations. Infra-red techniques are most useful in 
remote areas where hydrological data are lacking or sparse. A useful first phase 
of hydrogeological assessment is provided. In theory, these techniques are 
suitable for any geological environment, but the performance is strongly controlled 
by the topography, the climate and weather conditions. Infra-red techniques can 
be applied in siting of both shallow and deep waste repositories. 

3.1.3. Radar imaging systems 

Description. Perhaps the most widely used microwave system for geological 
applications is the side-looking airborne radar (SLAR). In a SLAR system a 
transmitter generates short bursts of radiofrequency energy which are confined 
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in a narrow path. Radiofrequency energy which is backscattered towards the 
antenna on the aircraft is converted to a video signal by the receiver and is 
displayed as a function of the range of the antenna from the target, with an 
amplitude proportional to the strength of the backscattered radiation. The video 
signal is displayed by modulating the intensity of a cathode ray tube (CRT) and 
is also recorded by sequentially exposing a continuous strip of film to the CRT 
face. The returned signal amplitude is a complex function of the moisture 
content of the ground, the rock type, the orientation of the surface, the trans-
mitted and received polarizations, and the radar frequency. The information 
is interpreted in terms of tone, texture, shape, pattern, size and shadow, and 
stereo SLAR imaging is also used. 

Applications and limitations. The basic use of radar imaging systems is in 
assessing shallow soil structures down to a few metres, the position of the water 
table, buried channels, etc. The most appropriate use of these systems is in 
shallow land disposal sites or in fractured crystalline rock areas for fracture 
mapping by 'stripping' thin surface cover. In areas of thick overburden and 
vegetation, SLAR is often of little use, since the attenuation of the incident 
signal with penetration depth is very high. The success of geological interpretation 
methods with radar depends to a large extent on the geomorphological and 
geological character of the region; extensive interpretative skill is required. 

3.2. AIRBORNE GEOPHYSICAL TECHNIQUES 

With the aid of airborne geophysical techniques, large areas can be surveyed 
with great speed, at relatively low cost. Generally, the results do not show very 
much detail. These surveys are normally followed up by ground surveys. Three 
of these methods are dealt with here, in the order of their relative importance 
in general use. 

3.2.1. Magnetic method 

Description. Flux-gate, nuclear precision and optical pump magnetometers 
have been adapted for airborne work. The detector is housed in a streamlined 
container (known as 'bird') and connected to the aeroplane by a 30—150 m 
long cable; or the detector is placed on the wing tips, in which case it has to be 
shielded from the stray magnetic fields of the plane by permanent magnets. 
The magnetometer is flown along a preselected series of lines and the altitude is 
kept as nearly constant as possible; these two parameters are continuously 
recorded. Since both the magnetometer sensitivity and the earth's magnetic 
field may change with time, owing to instrument drift and diurnal or more 
sudden variations, it is customary to make repeat readings at several stations 
during the day. 
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Applications and limitations. The magnetic method is by far the most 
versatile of all geophysical prospecting techniques in crystalline rock terrain, 
which is partly due to the fact that it is easy to perform field measurements and 
that they are cheap. The method is simple compared with most other geo-
physical techniques, and corrections to readings are practically unnecessary. A 
magnetic map is generally more complex than a gravity map and the variations 
in field are more erratic and localized, generally because of the large variations 
in the fraction of magnetic minerals contained in near-surface rocks. The method 
is used indirectly to map out the general structure of magnetic bodies, to pick 
up structures such as dikes and to delimit zones of mainly sulphide mineralization. 
The magnetic method can give useful information on the gross structural trends 
in a region, but it needs to be followed up by ground surveys before definite 
conclusions on the geology can be drawn. In sedimentary areas the method can 
help define the depth at which the crystalline basement lies. This method is 
typically applied in the early stages of exploration. 

3.2.2. Electromagnetic methods 

Description. The electromagnetic methods measure the propagation of 
time-varying, low-frequency electromagnetic fields in and over the earth by 
inductive coupling. Three of these methods are most relevant to regional surveys, 
namely the very low frequency (VLF) method, the helicopter electromagnetic 
(HEM) method and the induced pulse transient (INPUT) method. 

The VLF method operates in the 15-25 kHz range. The HEM system 
consists of one to three pairs of small dipole transmitters and of receivers carried 
in a 'bird' below the helicopter. 

The INPUT method is used to get around the fundamental problem in 
airborne electromagnetic techniques — the isolation of very small secondary 
responses in the presence of a very large primary magnetic field. This is thus a 
time-domain rather than a frequency method; the transmitter loop, strung 
horizontally about a relatively large aircraft, is energized by haversine waves of 
alternate opposite polarity. The receiver loop is vertical and is stowed in a 'bird' 
at the end of a 150 m long cable. During the transmitter off-period the receiver 
amplifier is turned on and, as a result, the secondary magnetic field, arising 
from induced currents in the ground which decay exponentially, can be detected. 

Applications and limitations. The electromagnetic technique is the second 
most commonly used method in airborne geophysics. It responds best to good 
electrical conductors at shallow depths and is therefore suitable for defining 
fracture zones containing water or residual weathering products. 

Surveys with the VLF method are useful for picking up gross geological 
structures and are particularly sensitive to near-surface conductors, such as 
water-bearing faults and fracture zones. 
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Modern HEM systems have special coil configurations which make it 
possible to reduce the effect of the overburden and to identify bedrock conductors 
with greater certainty. Systems using frequencies in the order of 5 —10 kHz can 
detect larger fracture zones. 

The INPUT method allows, to some extent, the identification of the type of 
conductor causing the secondary magnetic field, since poor conductors and 
overburden have shorter decay time constraints than good conductors. 

3.2.3. Spectral gamma method 

Description. Radioactive methods of airborne geophysics enable measure-
ments of natural radioactivity to be made. It is possible to detect 40K, U and Th 
with a spectrometer capable of isolating the K, U and Th peaks at 1.46, 1.76 
and 2.62 MeV. The absolute count rate can be converted to quantitative measure-
ments of these elements by using an empirical expression for the attenuation of 
gamma rays in air, or the results can be analysed empirically. The method is 
cheap and efficient in the detection of gamma rays, since the intensity of a 
1 MeV beam is reduced by only 50% at 100 m above the surface. 

Applications and limitations. The spectral gamma method can give a general 
indication of the shape of radioactive bodies and can therefore delimit the 
boundaries of rocks such as granites. However, gamma rays can easily be 
attenuated by overburden and therefore the results from spectral gamma surveys 
must be complemented by other airborne geophysical techniques. 

3.3. GEOLOGICAL MAPPING 

The size of a planned repository for radioactive wastes and the depth at 
which it is situated vary according to the waste category and the waste manage-
ment programmes of the different countries. Therefore, the scale and extent of 
geological investigations necessary to locate and characterize a site vary, but the 
following general techniques are widely applicable for any siting exercise. 

Description. The geological investigations within a study site should be 
initiated by a literature survey. If modern maps do not exist, reconnaissance 
geological mapping of a 50—100 km2 area should be carried out. The mapping 
is intended to shed light on the overall geology in relation to the regional rock 
formations. If a topographic map is not available, it should be constructed on the 
basis of aerial photographs; the size of the area covered by the map may vary, 
but a suitable scale is 1:5000 with a topographic contour spacing of 2 m. (For 
instance, in Argentina, first a general regional geological mapping of a 5000 km2 area 
was carried out on a scale of 1:40 000. Then a detailed mapping of a 200 km2 

area was done on a scale of 1:2000.) The area covered by the map should include 
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the known rock boundaries and regional structures as interpreted from aerial 
photography and other remote sensing techniques. A map describing outcrops 
as interpreted from aerial photography can then be produced and compared 
with rock outcrop mapping in the field. These investigations will result in a 
geological map showing outcrops, type of rocks, structures (both small-scale 
jointing, bedding or lineations and larger-scale regional structures of dipping, 
folded or faulted units), surface cover and thickness, etc. The base map so 
prepared would be used to construct vertical sections across the area, estimating 
the thickness of various units from structural information. During mapping, 
sampling of exposed rock would be carried out for laboratory analysis of the 
chemical and mineralogical composition and their variation as well as the degree 
of weathering, and for the determination of physical properties, such as porosity 
and density. 

In addition to outcrop and surface cover mapping, note should be taken of 
the position of springs and groundwater seepages as well as of soil and vegetation 
changes which may be useful in interpreting bedrock geology in areas of poor 
rock exposure. In such areas, a portable auger can be used to obtain shallow samples 
of soil and bedrock fragments (down to a few metres). 

Applications and limitations. The preparation of a geological map at some 
scale is a universal requirement for all disposal techniques in all environments. 
For deep waste disposal in sedimentary rocks and evaporites, only small-scale 
regional mapping is required for defining major groundwater flow regimes. In 
crystalline rocks, larger-scale maps, defining joint patterns in the immediate 
repository area, are also necessary. For shallow-land waste burial, in addition to 
regional maps for assessing local aquifer behaviour for example, effort should 
be concentrated on large-scale soil-type mapping, detailed topography, and 
evaluation of factors controlling near-surface flow (for instance sediment grain 
size and variations in homogeneity). 

3.4. SURFACE GEOPHYSICAL TECHNIQUES 

A variety of surface geophysical methods may be used in combination with 
geological, hydrogeological, geophysical and geochemical investigations, especially 
in the regional evaluation and site investigation stages. A list of available geo-
physical techniques is given in the IAEA Technical Reports Series No.215. A 
more detailed description of some of these methods is given below. The quality 
of the data achieved will vary according to the geological environment and the 
magnitude of physical contrasts in the rock formations. 

3.4.1. Magnetic methods 

Description. Magnetic methods are used for measuring the total magnetic 
field of the earth or its vertical component. Anomalies in this field are related 
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to the ferromagnetic mineral content of the rock, i.e. its magnetic susceptibility, 
or the degree of magnetization. 

The magnetic field intensity may be measured by different techniques. 
Usually, a flux-gate magnetometer or a proton magnetometer is used and the 
measurements are carried out in a grid system or along profiles with different 
line and station spacings, depending on the detail required. The field data may 
be registered digitally and transferred to a main computer where they can be 
adjusted for the daily variation in the magnetic field. The adjusted data are then 
presented in the form of colour maps and profiles. 

Applications and limitations. From the magnetic anomaly it is possible 
to determine rock boundaries and the shape and orientation of intrusions. 
Fracture zones normally give rise to magnetic minima due to oxidization of 
magnetite [4], Anomaly offsets may be due to a fault structure or the presence 
of fracture zones [5). 

In a magnetic survey, the depth of penetration is mainly dependent on the 
magnitude of the susceptibility contrast. In some cases, large rock formations 
may be detected at a depth of several thousand metres; however, the depth of 
penetration is normally limited to a few hundred metres. 

3.4.2. Electromagnetic methods 

Description. The three methods described here are the VLF method, the 
Slingram method and ground-probing radar. 

The VLF method measures the magnetic field strength of distant radio-
transmitters in the frequency range 15—25 kHz. The electromagnetic field of a 
VLF transmitter has a magnetic vector which is oriented almost horizontally 
to the direction of the transmitter and an electrical vector which is almost 
vertical. The rock characteristics affect the distribution of the electromagnetic 
waves and cause anomalies that can give information on the rock structure. The 
anomalies in the magnetic field depend mainly on induction effects in geological 
structures that are better conductors than the surroundings. The instrumentation 
for VLF measurements consists of a small radio receiver with two coils per-
pendicular to each other. The coils are oriented in a set position in relation 
to the VLF transmitter, and the quotient between the field strength of the coils 
is measured. 

The Slingram method (horizontal loop electromagnetic method) uses two 
portable coils interconnected with a long cable (approximately 50 m). The 
transmitter emits an electromagnetic field that induces a secondary field which 
in highly conductive ground gives rise to an anomaly. The receiver measures the 
components of the anomaly and, with a frequency of 18 kHz, structures (fracture 
zones) with only a slight increase in conductance can be detected. 

Ground-probing radar can be considered as the electromagnetic equivalent 
of a single-channel seismic profile, since reflections are produced at interfaces 
where there is a change in the dielectric constant. 
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Applications and limitations. Both the VLF method and the Slingram method 
are commonly used in site investigations. The processed data are presented in the 
form of colour maps and profiles; the electromagnetic measurements are 
evaluated by comparing the profiles along the varying measured characteristics. The 
correlations may give information that will help to evaluate the width, dip and 
depth of a fracture zone. Electrical cables in a surveyed area cause anomalies in 
electromagnetic measurements and this effect can limit the use of these methods. 

The VLF method is used to detect zones of relatively high electrical 
conductivity. These may be either zones with a highly conductive mineral 
content or fracture zones (with increased water content). From the shape of an 
anomaly it is possible to estimate the orientation and relative conductivity of the 
structure causing it. The VLF method has the greatest sensitivity for conductors 
with a strike parallel to the direction of the transmitter. To obtain a good 
indication of fracture zones independent of their strike, two VLF transmitters 
should be used. Preferably, the directions from the site under investigation to 
the transmitters should be perpendicular to each other. 

The Slingram method permits the detection of fracture zones, but the 
situation is complicated by the fact that similar anomalies may also be caused by 
electrically conductive soils. This method has a higher resolution than the VLF 
method, but the penetration depth is less, being approximately 3/4 of the distance 
between the transmitter and the receiver. 

Ground-probing radar techniques have been used in investigation studies for 
shallow-ground waste disposal and are of particular use in salt where their depth 
of penetration is more than 200 m. 

Apart from their use in studies of evaporites, electromagnetic techniques 
are not commonly used in sedimentary rocks and they show little potential. 

3.4.3. Electrical methods 

Description. The two methods discussed here are the resistivity method and 
the induced polarization (IP) method. Measurements using both techniques 
can be carried out simultaneously. The general principle of the resistivity method 
is to use two electrodes for transmission of a current to the ground. The potential 
field created is measured by two potential electrodes and the apparent resistivity 
of the rock can be calculated. The IP method uses the same electrode con-
figuration as the resistivity method. As the current is sent through the ground, 
the electrically conductive minerals are polarized; this polarization decays with 
time when the current is turned off. The potential gradient is measured and 
the influence of natural currents in the ground (self-potential effect) must be 
allowed for. 

Applications and limitations. In crystalline terrain, resistivity contrasts 
give information on water-bearing fractures as well as electrically conductive 
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minerals. The IP measurements mainly show the distribution of electrically 
conductive minerals in the rock. It is, however, possible to distinguish such 
anomalies from anomalies due to water-bearing fracture zones by comparing the 
results from the IP measurements with the resistivity data. Both fracture 
zones and electrically conductive minerals are shown as structures with low 
resistivity. However, conductive minerals exhibit high IP values, whereas 
fracture zones have low resistivity values. The depth of penetration of the 
electrical methods varies and depends on the geological environment and the 
configuration of the electrodes. Large conductive ore bodies can be detected at 
a depth of several hundred metres, whereas fracture zones can be detected 
only down to some tens of metres. 

In areas of sedimentary rocks, the resistivity method can be used either to 
detect clay beds in a sandy subsurface or to map salinity differences in ground-
water. No unique solutions can be obtained with this method, and complex 
situations cannot be solved at all. The penetration is a few hundreds of metres. 
In the simple case of a clay bed lying below sand, the clay can be detected when 
it is not thinner than some 20% of its depth. 

3.4.4. Seismic methods 

Description. Seismic methods utilize the fact that elastic waves travel with 
different velocities in different rock types. The principle is to initiate waves 
at a specific point, the shot-point. At each interface in the subsurface where the 
seismic velocity and/or the density of the rock change, both reflection and 
refraction of the signal occur. By recording the returning signal, the positions 
of these discontinuities can be mapped. 

The most commonly used method of producing seismic waves is to explode 
a dynamite charge in a hole or in a series of holes. Seismic energy can be 
produced also by other means, such as electrodynamic shaking, airguns, sparkers 
and weight dropping, but with these the energy imparted to the ground is much 
less than can be obtained with explosives and these methods have limited 
application. It is important to create a pulse that is as strong as possible. 

The returning signal is in the 20—150 Hz range. It is recorded by geophone 
stations that are connected to a straight cable typically of 2—3 km length. 
The geophones can have different specifications and are often combined in 
specific arrays in order to enhance the signal-to-noise ratio. The shot-point can 
be in the centre of the cable or at one end of it. 

The amplifier gains and filter settings are selected and are then kept constant 
during a survey. The signal is recorded digitally on magnetic tape. The sampling 
rates are typically 2—4 ms, the recording time is a few seconds. Computer 
enhancement of the data with filtering and stacking techniques is applied so as 
to obtain better resolution. In the case of steep dips of formations and intricate 
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fault tectonics, migration of the resulting seismic records is important since it 
brings the reflections into their true position. 

Time/depth conversion is done with the aid of a 'well-shoot' (geophone 
clamped to the wall of a borehole at different depths when shots are fired at the 
surface), on the basis of sonic logs, and using the average wave velocities determined 
in the processing stage. In the interpretation phase, interactive techniques with 
modelling and ray-tracing are usually applied. Seismic programmes are laid out 
as grids so as to allow a round-correlation of the various reflections. The width 
of a detailed grid can be one kilometre or less. High-resolution seismic reflection 
concentrates on high-frequency reflected signals and/or signals from the shallow 
subsurface. In intricate areas, a three-dimensional seismic method is used and here 
the lines may be some tens of metres apart. 

Applications and limitations. Seismic methods have been used (for instance 
in Argentina) to assess the characteristics of crystalline rocks at several levels. 
However, in areas of crystalline rock, the seismic method for the investigation 
of great depths is considered to be relatively expensive. The intricate geological 
structure of these areas and the many diffractions from point or line sources such 
as fractures (as compared with planar sources in bedded areas) lead to results 
that are difficult to interpret. 

In sedimentary areas, the seismic reflection method is by far the best geo-
physical exploration tool. When it is used in combination with drilling, the spatial 
relationships of the subsurface can be determined. The results are of high quality 
and have diagnostic value, normally leaving little room for different interpretations, 
in contrast to results obtained with other geophysical techniques. The resolution 
is of the order of about ten metres to several tens of metres. Three-dimensional 
high-resolution seismic campaigns for shallower land goals (up to 200 or 300 m) 
can reach an accuracy of several metres. Such a campaign was performed during 
site investigations in Belgium [1,6]. 

Rock salt and clay beds can be mapped with the help of seismic methods. 
When halokinetic structures (gravity-induced salt movement structures) are 
present, the boundary between the salt and the surrounding rock can also be 
mapped, although for steeply dipping salt walls there will be some uncertainties. 
The internal geometry of these structures cannot be determined in cases of 
salt piercement, i.e. in salt walls and domes. 

For studies of sedimentary rocks, seismic refraction techniques are nowadays 
seldom used. 

3.4.5. Gravity methods 

Description. Gravity surveying involves the measurement of variations in the 
earth's gravitational field. With the necessary corrections to the field data, gravity 
anomaly maps represent variations in the mass distribution of the rocks. Changes 
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in rock density affect the measured value of gravity, and it is these changes which 
are of prime interest. Modern gravimeters can indicate differences as small as 
0.01 mgal (10~scm-s~2); this is 200-500 times better than what has been 
achieved by shipborne or airborne gravimeters. 

Gravity measurements have to be corrected for a number of effects: 

— non-roundness of the earth (geographical latitude correction) 
— height above sea level (free-air correction) 
— density of the subsurface between station and sea level (Bouguer correction) 
— morphology (terrain or topographical correction). 

Applications and limitations. The gravity method is used in an early stage 
of exploration. Salt structures, especially salt diapirs, and granitic batholites-
can be detected. Large anticlines and synclines, and large faults can also be found. 
Basic igneous bodies in an acid (granitic) environment are also detectable. In 
studies of sedimentary areas there will usually be a follow-up with the seismic 
reflection method. Since changes in the gravitational field of the order of a few 
parts in a thousand million are detectable, this technique can be used to delimit 
quite small bodies with a gravitational contrast. The maps produced are easier 
to interpret than maps for magnetic anomalies, but more time and expense and 
more skilled operators are needed for the field work, and the interpretation of 
the gravity data cannot, by itself, produce a unique solution. This technique has 
been widely used for the investigation of deep geological structures in all rock 
types; recent advances in measuring accuracies enable its use for shallow 
structures also. 

3.5. HYDROLOGICAL TECHNIQUES 

The groundwater conditions of an area are determined by its topographical, 
geological and climatological conditions. The geological conditions determine 
the size and variation of the water-transmitting and water-storing properties of 
the rocks. 

Data on the following variables have to be collected: mean precipitation, 
evaporation, run-off, annual mean temperature, and the proportion of snow 
of the annual mean precipitation (where relevant). The recharge and discharge 
areas for the underlying aquifer(s) have to be investigated; an estimate of the 
recharge is required and the pattern of surface drainage has to be examined. 
For shallow-ground waste disposal it is of particular importance to know the 
characteristics of the stream and lake networks, such as their flow rates and their 
levels in the different seasons. The surface-water flow must be known when 
defining the groundwater balance, which in turn is used in the analysis of the 
potential for entrance of water into a waste repository. Surface waters are 
likely recipients of radionuclides released from waste repositories, and these 
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radionuclides may be diluted by surface waters. Such dilution can be 
advantageous or disadvantageous, depending on the site conditions. 

For deep waste repositories the deep groundwater flow pattern is especially 
important; however, the distribution of surface-water flow is often an indication 
of conditions at greater depths and should be understood. The groundwater 
recharge, which is the quantity of water that is supplied to groundwater storage, 
is the portion of water which remains after transpiration, evaporation and 
run-off. The recharge is an important component that is required in the hydro-
geological modelling of the system. Recharge can be calculated in three ways: 

(a) Using the fluctuation of the groundwater table over an extended period, 
in connection with the known effective porosity of the rock mass; 

(b) Using the quantity of water available for recharge, on the basis of meteoro-
logical, geological and land exploitation factors; 

(c) Using the quantity of water required for equilibrium in the groundwater 
system to be maintained, considering the existing groundwater levels. 

The necessary data for these calculations are obtained with standard hydro-
logical techniques, which are used for measuring certain parameters, as 
discussed below. 

3.5.1. Precipitation measurement 

Description. Precipitation is the term employed for all forms of atmospheric 
moisture deposited on the ground. The amount of precipitation has to be 
measured, since it is one of the components used in calculating the hydrology of 
a region. The amount of precipitation can be measured using rain recorders 
which automatically measure the cumulative amount of rain; using radar techniques 
which can determine the amount of rain falling over a large area; and using snow 
and ice recorders. 

Applications and limitations. Most measuring methods are subject to errors 
caused principally by wind effects. Thus, when relating rainfall figures for 
different localities, it is important to know the recording technique used ; if 
possible, similar instruments should be used in similar surroundings or appropriate 
corrections made. 

3.5.2. Evapotranspiration evaluation 

Description. Evaporation takes place from any water surface, in proportion 
to the difference between the saturation vapour pressure at the water surface 
and the vapour pressure of the air. The amount of evaporation can be measured 
directly with evaporation pans or tanks, percolation gauges and lysimeters. The 
amount of evaporation can also be established by using physical theories of 
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the water balance in the atmosphere or by applying broad empiricism; these 
two methods can also be combined. Most of the indirect methods fall into two 
categories - the energy budget approach and the aerodynamic (vapour 
flow) approach. 

Applications and limitations. Evapotranspiration is not normally measured 
directly but is deduced by means of mathematical formulae developed from 
a knowledge of the climatic parameters, such as temperature, hours of sunshine, 
wind intensity, and the characteristics of the soil and the vegetative cover. 
However, with the help of lysimeters, approximate évapotranspiration rates 
can be inferred from the difference between the values for rainfall, infiltration 
and soil moisture (infiltration = rainfall - évapotranspiration ± changes in 
soil-water storage). 

The evaporation from soil surfaces can be measured with percolation gauges. 
In this case, a rain gauge has to be positioned near the percolation gauge to 
measure the amount of rainfall on the cylinder of the gauge and the percolation 
from its base. The difference between the amount of rainfall and the percolation 
is taken to be the evaporation. Tc reduce the short-term effects of changes in 
soil-water storage, long-term records need to be made. 

Direct measurement of transpiration from plants is extremely difficult and 
is not normally performed. 

3.5.3. Determination of stream discharge 

Description. Stream discharge can be determined by measuring the flow 
velocities in a cross-sectional area at various positions of the channel. Integration 
of these velocities over the area of the channel gives the total flow rate. The 
height (or stage) of the water in a river or pond above a fixed point is measured 
and related to the discharge rate by a stage/discharge curve; this can be determined 
empirically or from a mathematical treatment of the curve shapes. The change 
in river stage with time (river hydrograph) is an important record, especially 
for determining the groundwater contribution to stream flow at times of low 
rainfall. 

There are numerous methods of measuring discharge rates, using different 
types of weirs and flumes. Other methods include ultrasonic gauging, measuring 
the flow velocity at a certain depth by simultaneously transmitting sound pulses 
from transducers on each side of the channel; and electromagnetic gauging, 
using current meters and pipe-flow meters, in which the interaction of the 
electric field with the flowing water sets up a potential between two probes, and 
the magnitude of this potential is a function of the flow velocity. 

Indirect flow measurements are also possible, using artificial controls in a 
river, such as a mill weir, and natural controls, such as stable gravel riffles. Other 
indirect techniques include the slope method, in which the flow in a channel is 
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inferred from the slope of the water surface, from instrumented dam sites and 
from dilution gauging. Also, a tracer of known concentration can be put into 
the flowing water and the resulting mixture measured. This information can then 
be used in calculating the total run-off. 

Applications and limitations. Stream flow data are required for evaluating the 
water input and output in an area. This information, together with changes in 
water storage, can be used to provide a water balance estimate. 

3.5.4. Evaluation of sedimentation 

Description. For long-term geomorphological studies it is necessary to 
determine the rate of erosion of a particular area. The measured particulate level 
of a stream can be related to erosion and deposition processes. 

Applications and limitations. Many factors affect the rate of erosion, the 
most important of which are rainfall intensity, vegetation, soil type and land 
slope. The sediment load in a stream is related to its stage and can be subdivided 
into suspended sediment and bed load. Devices are available that can be used to 
recover suspended sediment and components in solution at different points in a 
channel. It is difficult to measure the bed load; certain structures such as gravel 
traps can be used for this and the bed load can be calculated using standard 
equations. 

4. BOREHOLE DRILLING AND CHARACTERIZATION 

The subsurface characteristics of a potential waste repository site can be 
established directly by investigations in boreholes. The drilling programme, 
including the number, depth, position and completion of the boreholes, should 
be designed on the basis of results from the surface investigations. The design is 
highly dependent on the repository size and type envisaged, and on the rock 
type and the site-specific geological environment. The successful outcome of 
a site investigation, in terms of the determination of the requisite parameters, 
depends heavily on the conditions and on the efficient preparation of the 
drilling programme. 

4.1. DRILLING AND CORE LOGGING TECHNIQUES 

The depth and completion of a borehole, together with the drilling technique 
to be used, must be selected in view of the eventual use of the hole. In the 
simplest case, a borehole may only be required for obtaining rock samples. How-
ever, more commonly, a borehole is intended for use in long-term testing or 
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monitoring (of hydraulic or chemical parameters for instance), and a work 
schedule must be prepared carefully before the drilling programme is designed. 
The depth of the borehole depends on whether deep or shallow waste disposal 
is envisaged, but it is common practice to extend investigations into zones or 
formations well below the planned disposal depth. The techniques of borehole 
drilling depend very much on the physical properties of the rock. In sedimentary 
rocks, a casing is generally required in order to support the borehole walls; this 
limits the access to the rock. In hard crystalline rocks, no casing is normally required. 

4.1.1. Drilling techniques 

Description. There are many different ways to drill boreholes, some of which 
have been used for thousands of years in constructing wells. The drilling bit is 
connected to a series of screw-fit pipes, known as the drill string. The drilling bit 
grinds away the rock, either by simple rotation (rotary drilling) or by hammering 
in combination with progressive turning (percussion drilling). The driving 
force can be located at the surface or downhole (turbine drilling). The system can 
be destructive (as in percussion drilling), or the rock can be cored, if necessary 
continuously. With destructive drilling the rock is converted to powder or 
cuttings which can be transported upwards by air, foam or a drilling mud. 

In sedimentary rocks a drilling mud is used to support the borehole walls. 
It may also be necessary to use a drilling mud for safety reasons when hydro-
carbons might be present. A drilling mud is also used for conditioning of the 
borehole itself. For example, when rock-salt is expected, a halite or K-Mg salt 
saline mud will be used in order to prevent dissolution of the borehole wall. 
The mud-cake on the borehole wall and the zone that has been conditioned by 
the mud must be considered in the interpretation of borehole logs. 

The direction of circulation of drilling fluid can be upward through the 
/annular space and downward through the drill stem (straight flush), or the other 
way round (reversed circulation). The drilling bits can be steel bits for soft 
rock, steel roller bits for consolidated rock, and tungsten or diamond bits for 
hard sedimentary and crystalline rock. 

Boreholes can currently be made down to depths of 10 kilometres and at 
diameters of up to several metres; the diameters decrease markedly with depth. 
For site investigation purposes, boreholes of a diameter of maximally a few 
tens of centimetres are normally used. Boreholes can in principle be drilled in 
any given direction. In the oil industry the drilling of deviated holes is common 
practice. It is possible to start off drilling vertically or at an angle and to build 
up the deviation until a horizontal direction has been reached. 

After the required depth has been reached and a testing programme has been 
implemented, boreholes can be used as production wells (oil, groundwater) or 
observation wells (groundwater). Boreholes may also be plugged with cement or 
clay (in soft rock). 
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In sedimentary rocks a casing must be made which supports the borehole 
walls after the drilling mud is removed or replaced by water. This limits sub-
sequent observations to some extent. In the majority of crystalline rocks, down 
to depths of at least 1000 m, no support is required and the borehole wall can 
be observed directly. 

For drilling very shallow boreholes in unconsolidated sediments, as would 
be appropriate in investigations of shallow waste disposal sites for example, 
simpler techniques are available. The simplest method uses a heavy cylindrical 
shell equipped with a cutting edge and a trap-door to retain samples. This shell 
is suspended on a wire cable and dropped onto the borehole bottom to cut its 
way down. Alternatively, a large mechanical auger can be used. In both 
techniques, borehole casings are required for supporting the hole as it progresses. 
Both methods are destructive, in that undisturbed rock core cannot be obtained, 
although large blocks of material are sometimes produced from the shell. How-
ever, since coring of soft soils and sediments near the surface is often rather 
impractical, these techniques are widely used for investigations of shallow sites. 

Applications and limitations. A number of relatively simple investigations 
may be carried out in percussion-drilled boreholes in crystalline rock. A first, 
very tentative indication of the water flow in the rock may be gained by 
measuring the water inflow along specific sections in the boreholes. The penetra-
tion rate during drilling should also be measured, as this may give information on 
fractures or fracture zones and on lithological changes. The drilling returns 
should be sampled regularly. From a chemical and mineralogical analysis of the 
material, useful information can be gained on the gross lithological changes in 
the rock mass. Additional information on the fracture zones and the rock 
distribution along the percussion-drilled boreholes may be gained by geophysical 
investigations (see Section 4.2). The percussion-drilled boreholes may also be 
used for water supply to the later diamond-drilled boreholes, for measurement of 
the groundwater level or for hydraulic interference tests (Section 5.1.7). 

Shallow diamond-drilled boreholes which produce a rock core may also 
be used for determining the rock distribution and the characteristics of fracture 
zones. The diameter of the boreholes varies from country to country, depending 
upon the available techniques and instrumentation. The principal use of these 
boreholes is to obtain cores for laboratory studies and for control of the 
downhole geophysical logs. Valuable information on the loss of drilling fluid, 
indicating the presence of fracture zones, may also be obtained. The number 
of shallow and deep cored boreholes depends very much on the nature of 
the site. 

Obtaining core samples from argillaceous rocks, and particularly from clays 
at depth, can cause problems, particularly if well-preserved samples are required 
for geotechnical and geochemical analysis. The least disturbed samples in clays 
are usually taken with Pitcher samplers, as in the Harwell (United Kingdom) 
programme in which thin-walled sampling tubes (or Shelby tubes) are used; such 
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a technique can be used for zones of interest in a conventionally cored borehole. 
If boreholes are drilled specifically for taking geotechnical samples, then special 
techniques can be used, such as jacking thin-walled sampling tubes into the clay 
from the base of the casing (this has been done during the site investigation pro-
gramme in Belgium). Whatever the method used, it is particularly important to 
obtain samples that are as little affected as possible by the drilling fluid. 

For crystalline rock it is recommended that at least one deep vertical cored 
borehole be drilled in a rock volume within the study area that is expected not 
to contain any major fracture zones or rock-type variations. The decision for 
the location of the borehole is thus based on the surface geological and geo-
physical studies. If this borehole shows promising geological, hydrogeological, 
geophysical, geotechnical and geochemical results, further drilling and investiga-
tions can be carried out. The purpose of all other deep boreholes should be to 
confirm the surface geological and geophysical predictions of existing fracture 
zones and boundaries between different rock types within the site. The deep 
boreholes should be directed so that they intersect the predicted fracture zones 
at great depth (more than 300 m). Boreholes should also be drilled into areas 
where the interpretation of the geological conditions, based on the analysis of 
the surface investigations, is uncertain. An example of extensive borehole 
investigations is the research programme at Auriat, France, in granite [7]. 

In sedimentary areas, boreholes are also used for identifying the rock, for 
hydrogeological testing and for geotechnical testing purposes. In the beds above, 
around and below a repository formation, boreholes must be drilled in order to 
determine the spatial relationship of the zones and to obtain data for hydro-
geological modelling. Rotational drilling methods are used both destructively and 
in combination with coring of certain intervals. Continuous coring is also 
performed where appropriate. Geophysical logging and hydrogeological testing 
are carried out routinely; these methods are described below. 

Deep boreholes in sedimentary areas are drilled either destructively (rotary 
drilling with a steel roller bit or a diamond bit) or by means of coring with a 
hollow diamond bit. In the exploration of salt, the number and/or the depth 
of boreholes has to be restricted, because mining authorities require a certain 
zone of untouched salt around any shaft or gallery. 

In investigations of sites for deep waste disposal, the number of boreholes 
required would generally be less for sedimentary areas than for crystalline rock 
areas. However, since larger-scale hydrogeological environments have to be 
investigated in sedimentary areas, the boreholes may be widely spaced and 
some may be required many kilometres from the site itself. The advantage of a 
reduced number of boreholes in a sedimentary sequence is offset by their 
complexity, which is necessary in order to facilitate subsequent monitoring, and 
by the additional cost. 

In shallow land investigations, many boreholes can be drilled rapidly and 
inexpensively, allowing adequate characterization of soil and sediment profiles 
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and tracing of shallow groundwater movement both on and around a site. It is 
not common practice to use geophysical logging techniques in shallow boreholes, 
the majority of information being obtained from drill samples. 

4.1.2. Core logging 

Description. Core logging is essentially a process of visual observation and 
limited physical testing (scratch, hardness, etc.), carried out on rock core as soon 
as it is recovered from the borehole. Core is placed in boxes and is measured 
and labelled, noting its depth of origin and its orientation (where an orientation 
technique has been used in drilling). Core loss is also noted, and a continuous 
check of the drilling progress is thus afforded. During logging, the rock type, 
lithology and general properties are noted, together with the depth, orientation 
and physical properties of fracture surfaces and other discontinuities. The 
mineralogy of any veins or fracture infills should be recorded. Core samples 
should be taken for chemical analysis (see Section 6.1), thin-section, geotechnical 
and other tests. Routine core sampling is necessary for analysing density, 
porosity, resistivity, remanent magnetism, susceptibility, IP, compressive, tensile 
and shear strengths, elastic moduli, acoustic velocity and pore-water extraction, 
as well as for geochemical studies and more elaborate laboratory tests at elevated 
temperature. All information can be stored directly on tape using a micro-
computer, as is done in the Swedish site assessment programmes [8]. Hard copies 
can be produced directly after logging has been completed, and this arrangement 
facilitates correlation with other borehole investigations. 

Highly fractured zones within the core, in which individual fractures cannot 
be measured, are called crush zones; they are sometimes accompanied by core 
loss. Core recovery as a whole should be determined as this can give a good 
indication of poor-quality rock which could prove troublesome later. The 
fracture frequency, the cumulative fracture frequency and the rock quality 
designation [9] should be calculated per unit length or per core run. Fracture 
zones in one borehole can sometimes be correlated with zones in other boreholes 
and on the surface, so that a three-dimensional picture of these zones can be 
built up. 

Applications and limitations. Core logging is the essential first phase of 
borehole investigation during which the drilling progress is closely monitored 
and the zones where geophysical borehole logs may be used during drilling can 
be examined. It is extremely important to carry out timely and adequate logging, 
otherwise useful data and much of the value of a cored borehole may be lost. 

Borehole coring may be carried out at any depth and in most geological 
environments, and can be applied in investigations of both shallow and deep 
waste disposal sites. For shallow-land waste disposal in soft sediments it may, 
however, be quite adequate to drill uncored holes, followed by trenching, to 
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allow direct observation. Cored holes would still be required in order to examine 
the underlying formations at depth. 

4.2. BOREHOLE GEOPHYSICAL TECHNIQUES 

A wide range of geophysical logging tools have been developed over the last 
sixty years. In recent years, the very rapid advances in microelectronics have 
led to a considerable improvement of the borehole probes and their associated 
instrumentation. This progress is now even more rapid because of the introduction 
of micro- and mini-computers which can carry out much of the initial data 
processing on-line. While the instrumentation, the data processing and the 
interpretation processes have been improved, the actual physical measurement 
techniques remain approximately the same. Borehole geophysical logging is 
carried out by lowering or raising a probe in the borehole at a known rate of 
progress. The results are obtained with a read-out unit on the surface. 

4.2.1. Nuclear logging 

Nuclear logs are used for measuring the natural or induced radioactivity in a 
formation. The most commonly used nuclear logs are natural gamma, gamma 
spectrometry, gamma-gamma, neutron-neutron and neutron-gamma logs. 

Description 

Natural gamma log. This log measures the natural radioactivity of the 
formation and is useful for lithological identification or stratigraphie correlation. 

Spectral gamma log. This log records the intensity of gamma radiation as 
a function of gamma energy and provides information on the specific radio-
nuclides present in the rock which cannot be obtained with the gamma log. 

Gamma-gamma log. This log measures the intensity of gamma radiation 
from a radioactive source in a sonde after the radiation has been backscattered 
and attenuated within the borehole and the surrounding rocks. After making 
the necessary calibrations and corrections, the recorded count rate is directly 
proportional to the formation density. 

Neutron-neutron log. This log is used for measuring the formation porosity 
or moisture content since it responds primarily to the amount of hydrogen 
present in the formation. The neutrons are provided either by a plutonium-
béryllium source or by an americium-beryllium source; the best results are 
obtained when the probe is used as a sidewall tool. For an accurate determination 
of the moisture content or porosity, a very accurate calibration of the probe 
is required. The neutron-neutron log or any other porosity log (density log, 
sonic log) can readily indicate the presence of evaporitic rock which generally 
has a very low porosity. 
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Neutron-gamma log. This log uses the measurement of gamma rays emitted 
from hydrogen atoms in the pore fluid, the hydrogen atoms capturing neutrons 
from the neutron source in the probe and emitting gamma radiation. 

Applications and limitations. Essentially all of these logging tools were 
developed for use in the oil industry and are consequently designed and calibrated 
for applications in sedimentary rocks with high porosity where their performance 
is excellent. The neutron tools can generally be used in cased and uncased 
boreholes. The gamma log can be used to determine the sand/shale ratio in elastic 
sedimentary rock; in evaporitic sequences it can help to discriminate between 
halite (low intensity), carnallite (high intensity) and bischofite (low intensity). 
The spectral gamma log allows the quantitative identification of radionuclides in the 
non-saturated underground area when radioactivity migrates from waste repository 
structures, release pipes, etc. Even if the value of these data for quantitative 
analysis is limited, the merit of such an identification is great, compared with 
other monitoring methods of water-table pollution. 

The gamma-gamma log measures bulk density and therefore also aids in 
determining the various evaporites: halite (2.17 g-cm - 3) , carnallite (1.60g-cm - 3) 
and bischofite (1.57 g-cm-3). 

In igneous rock formations, acid rocks have generally higher natural gamma 
radiation levels than basic rocks. The value of spectral gamma data for quantita-
tive analysis is limited; however, they have been used for investigation of radio-
isotope migration in groundwater [10-12], In igneous rocks of low porosity the 
gamma-gamma tool has generally insufficient sensitivity to measure small porosity 
variations (less than 0.03 g-cm"3). The neutron-neutron log is very inefficient 
in crystalline rocks because of the very limited range of porosities. The neutron-
gamma log is used for measuring porosity and can be interpreted in terms of water 
content; it can be used only in uncased boreholes. 

4.2.2. Electrical methods 

Description 

Spontaneous potential (SP) log. The SP log performs a recording versus depth 
of the natural electrical potentials developed between the borehole fluid and 
the surrounding rock mass. The potential is measured between a movable 
electrode in the borehole and a fixed electrode on the surface. This log is 
used mainly for the detection of permeable beds and the location of their boundaries, 
and for the correlation between adjacent boreholes; it can be run only in uncased 
boreholes. The movement of ions which gives rise to the SP phenomenon is only 
possible in formations with a certain minimum permeability, but there is no 
direct relationship between the magnitude of the SP deflection and the formation 
permeability or porosity. 
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Single-point resistance log. This is the simplest of the electrical logging 
systems. An electrode is lowered into the borehole and an insulated cable with 
an electrode is buried at the surface to provide the return path for the current 
flow. An extension of the single-point resistance method is the differential 
resistance method [13] in which the current is forced to flow parallel to the plane 
of the insulation between the electrodes. 

Normal resistivity log. Since the depths of investigation of the single-point and 
differential resistance sondes into the surrounding rock are extremely small, 
only qualitative information is obtained regarding the rock mass. It is, however, 
often necessary to obtain accurate values of the apparent resistivity of a rock 
mass in order to compute its porosity. For this purpose, electrical methods 
which can analyse larger volumes of rock further away from the borehole are 
required. Resistivity logs can in some cases indirectly give interesting information 
concerning other properties of the rock, for instance geotechnical information [14]. 
In a normal device, a current of constant density is passed between two electrodes 
(A and B) and the resulting potential difference between two other electrodes 
(M and N) is measured. In practice, B is the cable armour, and N is the insulation-
covered lower end of the cable far removed from electrodes A and M, which are 
positioned in the borehole and separated usually by either 16 in or 64 in (short 
and long normal resistivity log, respectively). The resistance value measured by 
the normal resistivity log has to be converted using a geometric factor which is a 
function of the electrode separation. For most formation types the depth of 
investigation of a normal device is approximately twice the A—M spacing. 

Lateral resistivity log. Greater penetration of the rock is achieved with the 
lateral log. The electrode spacing is large enough to ensure that the conditions 
at the borehole wall (or the invasion zone in a mud-filled borehole) have little 
effect on the measured resistivity value, which should approximate to the true 
formation resistivity. In highly resistive rocks the current tends to flow in the 
borehole fluid, limiting the maximum value of resistivity that can be measured. 
The maximum value of apparent resistivity depends on the electrode spacing, 
the resistivity of the borehole fluid and the diameters of the sonde and the 
borehole, and is not dependent on the resistivity of the rock mass. 

In high-resistivity rock, a large fraction of the current flow is in the borehole 
fluid, so that the apparent resistivity measured is not representative of the 
formation resistivity, with a consequent decrease of the resolution of thin 
conductive zones such as fractures. This may to some extent be compensated 
by the use of large-diameter borehole sondes [15], but generally borehole fluid 
corrections will have to be applied. To overcome these limitations, focused 
resistivity sondes have been developed; when these are applied, they force the 
measuring current to flow radially as a thin sheet into the formation being logged. 
This is achieved by a guarded system, and the depth of penetration into the 
formation is about three times the length of one guard section. Several other 
types of focused resistivity logs are applied by commercial companies [16]. 
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Applications and limitations. In a low-porosity rock, variations in the 
spontaneous potential are related to the zones of fractured rock. The presence 
of conductive or oxidizing/reducing minerals, dikes, etc. can be determined by 
the SP log, which is often used for delineating lithological boundaries in sandstone/ 
shale sequences. This log is usually run in conjunction with a normal resistivity 
log. In igneous rocks, large SP anomalies are caused by the presence of 
conducting minerals, such as pyrite or graphite. Smaller anomalies may be caused 
by permeable fracture zones. 

The investigation radius of the single-point resistance method is quite small -
approximately 5 to 10 times the electrode diameter - and, as a result, the 
single-point resistance log is strongly affected by the borehole diameter and the 
conductivity of the borehole fluid. This log is particularly influenced by enlarge-
ments of the borehole due to caving or by the presence of fracture zones. In most 
boreholes the single-point resistance is a function of the formation resistance, so 
that log deflections can be directly related to changes in lithology. This log can 
be used for geological correlation between boreholes. The presence of conductive 
minerals, e.g. pyrite or graphite, causes log responses very similar to those 
caused by fractures. However, such responses may be recognized by comparing 
the data with results from calliper and sonic logs which do not respond to 
conductive veins [17]. 

In dense igenous rocks, such as granite, the resistivity of the rock is extremely 
high and the responses of the normal resistivity log are affected by the borehole fluid, 
which in general will have a resistivity which is three orders of magnitude lower 
than that of the rock. The effect of the borehole fluid resistivity on the measure-
ments can be much reduced by using thick borehole probes, thus reducing the 
borehole fluid in the measured volume [15]. A qualitative assessment of the 
fracturing can be made by comparing the outputs from the 64-in and 16-in logs; 
such an analysis was carried out in granite boreholes in northern Scotland [3, 18]. 
Resistivity logs are routinely used to discriminate between sandstone and shale, 
but will also react to differences in groundwater salinity. Evaporites give very 
high resistivity readings. 

4.2.3. Other methods 

Calliper log 

Description. The calliper log is used for obtaining an accurate profile of 
the borehole diameter, since corrections for any changes in this parameter have 
to be applied to most of the other geophysical borehole logs. In some boreholes 
the calliper log can be used to identify lithographic and stratigraphie changes, 
but its main use in competent rock is in the initial identification of fracture zones. 

Most calliper tools are mechanical devices and are classified in terms of the 
number of arms which are in contact with the borehole wall. The arms can be 
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used to change the resistance of a potentiometer, resulting in a voltage variation, 
or alternatively the movement of the arms gives rise to a capacitance change which 
alters the output frequency of an oscillator. In both systems the position of the 
arms over their measurement range is calibrated against the change in voltage or 
frequency. Callipers with one, two, three, four and six arms are available. The 
one-arm version measures the roughness on one side of the borehole and, since 
the sonde body cannot follow exactly the contours of the borehole, it measures 
a diameter that is somewhat smaller than the actual borehole diameter. The 
three-arm calliper is often also used as a centralizing device. 

Applications and limitations. In sedimentary rock the diameter of a borehole 
can be quite irregular. Loose sands can have been washed out or the borehole 
diameter can have been reduced by the swelling of clays. These effects can sometimes 
make the readings of other logs uninterpretable or may necessitate a correction 
by using the results of the calliper log. In evaporitic sequences, drilled with a 
halite-saturated mud, the borehole diameter within the halite will be unchanged; 
in carnallite the borehole diameter will be enlarged and in bischofite the borehole 
diameter will be very large. 

In competent rock the main use of the calliper log is in the initial identification 
of fracture zones. For this use the standard calliper is often not sufficiently 
sensitive, and this has resulted in the development of microcallipers with improved 
resolution. The standard calliper tool can only indicate gross changes in the 
borehole wall. When the fracture aperture is less than about 2 mm - which 
is commonly the case in crystalline rock — the resolution of the tool is inadequate 
to detect separate fractures, and the only indication of fracturing may be a 
slight surface roughness. Considerable improvement is possible with a short, 
stiff-arm tool of the type used in Stripa [17]. 

Sonic log 

Description. In its simplest form the sonic or acoustic log performs a 
recording versus depth of the time taken by a compressional wave to traverse a 
set length of a rock formation. The basic tool consists of a piezoelectric 
transducer; at one end of the sonde a pulse of high-frequency sound (25—35 kHz) 
is emitted which is picked up by one or more'receivers in the body of the sonde. 
The compressional wave is refracted along the borehole wall and is detected by the 
first receiver; this wave is also detected by a second receiver positioned at a set 
distance below the first one; the delay time for the pulse to travel between the 
two receivers is called the interval travel time. The well-known relationship between 
the compresional wave velocity and the rock porosity can be calculated using an 
equation developed by Wyllie et al. [19]. The presence of fractured zones or 
horizontal or subhorizontal fractures affects the compressional wave velocity. 
The velocity is also affected by the rock lithology and the measurements can be 
used for a correlation of boreholes where well-defined contrasts between different 
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rock types exist. The spacing between the two receivers of the sonic log is often 
1 ft (30 cm) and the depth of investigation is fairly shallow. If, instead of the 
first arrival time of the wave, the complete received wave train is recorded on a 
wide-band tape recorder, much more information concerning the structure of the 
rock immediately behind the casing can be obtained. 

The three-dimensional sonic logger [20] is a more complex system which 
records the early parts of the wave train, including both compressional wave and 
shear wave arrivals. In this case, transmitter/receiver separations of 3 ft and 6 ft 
are used in addition to the 1 ft spacing. The compressional wave energy, which 
is converted to shear wave energy at the borehole wall by mode conversion, is 
later reconverted to compressional wave energy and detected at the receiver. 

Applications and limitations. The sonic log responds to the total porosity 
of the rock mass and can be used for detection of changes in the lithology. 
In addition, the data from a sonic investigation may be used for a cement bond 
log with which the cement emplacement behind the casing in a borehole can 
be studied. With considerable effort it has been tried to predict rock permeability 
from acoustic measurements, in particular by observing the amplitudes of both 
compressional waves and shear waves in the rock mass. Biot [21 ] proposed a 
theory of compressional wave propagation in water-saturated solids, relating the 
attenuation coefficient with the hydraulic conductivity [22]. In sedimentary 
rock the sonic log is used for porosity determination, for time/depth conversion 
of the seismic results, and for stratigraphie correlations. The acoustic impedance, 
calculated from the sonic velocity and the density of the formation, is used in 
generating synthetic seismograms and making predictions of the lithology of 
lateral formations. 

Tube-wave technique 

Description. Tube waves (high-amplitude, low-velocity waves) are generated 
by a small dynamite charge in a shallow shot hole near the top of the borehole, 
and are interpreted as being generated by the incidence of the resultant 
compressional waves from the surrounding rock onto fluid-filled fracture zones 
intersecting the borehole. Theoretically, the tube-wave log can be used to analyse 
fracture permeabilities. 

Applications and limitations. Studies by the AECL in crystalline rock at 
their underground research laboratory site and at Pinawa have shown good 
correlations between open fractures investigated by TV logging, core logging and 
hydrogeological studies and fractures indicated by tube-wave analysis [23 ]. The 
relative amplitudes of the waves can be used to characterize fracture perme-
abilities, and the logging procedure is rapid, enabling 600 m of borehole to be 
logged in one day. Because of the relatively low frequency of the tube waves it 
is suggested that they sample a volume of rock within several metres of the 
borehole. Up to now, this technique has only been applied to fractured 
crystalline rocks. 
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Dipmeter log 
Description. The dipmeter log can produce a continuous measurement 

versus depth of the dip of bedding planes, major foliations or fractures and also 
a measurement of the orientation of the borehole. These parameters are cal-
culated from digital tape records made during the logging operation, using four 
pad-mounted focused resistivity sensors. The continuous resistivity curve for 
each pad is compared with data from two level cells and three flux-gate magneto-
meters which measure the orientation of both the sonde and the borehole. 
Offsets in the response of each pad are correlated by an interpretation programme 
which calculates the orientation of the structure causing the offset and also 
indicates the reliability of the fit. 

Applications and limitations. In crystalline rocks, offsets in the response of 
each pad can be caused by fractures, foliation, veins and changes in lithology. 
The interpretation of the data is sometimes complex and the significance of the data 
on the final stereoplot may be uncertain. In sedimentary rocks, bedding planes 
can be measured and faults can be detected by sudden changes in dip and the 
accompanying drag features. The environment of the rock deposition can be 
determined, especially by combining the results of the dipmeter log with the 
sand/shale ratios. When more than one borehole is available, the dipmeter 
results are used in palaeo-basin analysis. 

Fluid resistivity log 

Description. Measurements with a fluid resistivity log, which are often made 
simultaneously with temperature measurements in undisturbed conditions in a 
borehole, can be compared with subsequent runs of the same log made after 
alteration of the pressure-head system. In boreholes which are sufficiently large 
for the insertion of downhole pumps, alteration of the pressure is usually induced 
by pumping at a rate matched to the hydrogeological conditions. In narrow-
diameter boreholes, airlines and compressors can be used to airlift sufficient 
water. After a sufficiently long time interval, to allow major turbulence caused 
by the airlift to subside, the logs are used during the recovery stage. The inter-
pretation of the measurements is less definitive when airlifting is used than when 
logging is performed while conventional pumping is in operation. 

Applications and limitations. Measurements of fluid resistivity are 
applicable to all rock types and can be used, together with temperature measure-
ments or alone, to delineate zones of flow within boreholes (inflow and outflow). 
This technique enables a better interpretation of any later packer hydraulic 
conductivity measurements [18]. 

Borehole televiewer 
Description. The borehole televiewer (or seisviewer) produces a map of 

the acoustic impedance of the borehole wall on the basis of the amplitude of a 
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reflected acoustic pulse. The incident energy is derived from a high-frequency 
acoustic transducer, and fractures or zones of different acoustic impedance are 
recognized by a change in the reflected signal. A very accurate analysis of the 
true orientation of fractures intersecting a borehole is possible if the televiewer is 
run slowly; core from the borehole can thus be oriented. The measurement 
of fracture apertures with this technique is not reliable in most cases, but the use 
of the televiewer is probably the best method of obtaining accurate measurements 
of fracture orientations. This technique is also very useful for setting packers in 
unfractured parts of the borehole and for determining the orientation of in situ 
stresses from fractures generated by hydrofracturing. 

Applications and limitations. The televiewer can be used in boreholes with 
a minimum diameter of 76 mm and for any rock type. An analysis of the use 
and behaviour of the televiewer in boreholes in granite is given in Refs [3, 24] 
and a more general analysis of the use of the televiewer in boreholes is given in 
Ref.[25]. 

Television camera 

Description. Television cameras are of use in boreholes where the borehole 
fluid is clear. When an orientation mark is incorporated in the TV picture 
(produced by a magnetometer within the camera sonde) the orientations of 
fractures and other discontinuities can be measured. 

Applications and limitations. The television camera can be used in boreholes 
with a minimum diameter of 56 mm and for any rock type. Television cameras 
have been used extensively at the Stripa (Sweden) experimental facilities and in 
Canada. In the Federal Republic of Germany, this technique was used in the 
Asse II salt mine for inspection of a 300 m deep, 30 cm diameter borewell in 
rock salt. A disadvantage of the method is that the analysis of the data can be 
slow. Television cameras are mainly of use in studying the condition of the 
borehole wall and in a more detailed analysis of a specific section of a borehole, 
for example in in situ heating and borehole sealing experiments. 

Borehole radar 

Description. The United States Geological Survey has designed, built and 
tested a prototype short-pulse borehole radar, the system having a range of 
several hundred metres in homogeneous, low-conductivity media [26]. The 
interpretation of the data involves procedures similar to those used in seismic 
data processing, with stacking, time weighting, spectral analysis, filtering and 
deconvolution. The system uses standard logging cable and can be applied in 
boreholes of depths down to 1500 m. The data are generally displayed as plots 
of time domain versus depth. Although there is at present insufficient expertise 
to allow detailed data interpretation, there is confidence that, with sufficient 
further testing, the technique will produce very useful results. 
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Applications and limitations. The method is applicable to all rock types. 
Downhole and crosshole radar has been used at Stripa in Sweden, but is still in 
the development stage. Borehole radar can give a three-dimensional picture of 
inhomogeneities within the rock mass, up to approximately 100 m away from 
the borehole, and can delineate possible major zones of higher hydraulic con-
ductivity. The method has promising possibilities for further use, especially for 
crosshole measurements. 

Electromagnetic reflection measurements in salt mines have been made by 
the Niedersächsisches Landesamt für Bodenforschung [27] in the 10-100 MHz 
range. The method aims at determining the distance to the interface between the 
rock salt, anhydrite, clay, water-bearing structures and gas- or brine-filled pockets. 
The operating distances are 5—1000 m. 

In the Federal Republic of Germany (Gorleben) and elsewhere, reflection 
and absorption radar investigations have been made [28]. 

Temperature measurements 

Description. An uncased borehole can provide a pathway for water flow 
out of fractures and between fractures or high-permeability zones, thus producing 
characteristic thermal anomalies. Closely spaced temperature measurements 
in a borehole allow quantitative estimates to be made of flow rates; measurements 
of as coarse as 3 m provide useful information [29], provided that the measuring 
equipment has a resolution of approximately 0.002 K. Measurements in boreholes 
in the Lac du Bonnet batholith, Canada, have shown that there are four different 
types of fractures, each of which has a different thermal signature. The thermal 
anomaly is due to one or more of three factors: (a) flow within the borehole, 
(b) fluid stored in the fracture, and (c) flow along the fracture. 

Applications and limitations. By measuring the thermal anomalies and 
subtracting the geothermal gradient (and in some cases by logging before and 
after pumping of the borehole), it is possible to define flow zones, directions of 
water flow up, down and across the borehole, and rates of water flow within 
specific sections of the borehole. The method is applicable to all rock types, 
especially to crystalline rocks and inhomogeneous clays, but it can only be used 
in uncased boreholes. 

Magnetic measurements 

Description. The bulk magnetic susceptibility, anisotropy and natural 
remanent magnetization can be measured in boreholes and used for characterizing 
the lithology of the rocks. 

Applications and limitations. Distinct magnetic susceptibility patterns 
correspond to lithological features in granitic rocks; susceptibility lows charac-
terize fracture zones, both open and closed, and associated altered rocks; 
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medium-range susceptibilities denote unaltered and unfractured homogeneous 
rock; and regions with high susceptibility values and contrasting lows denote 
rock heterogeneities, such as xenoliths containing mafic minerals. The anisotropy 
of magnetization can be related to the fabric of the rock. Experience from bore-
hole measurements has only been gained in crystalline rock. 

Crosshole or interborehole techniques 

Description. In addition to geophysical measurements in single boreholes, 
which generally give a line source of information from within the rock, inter-
borehole, borehole-to-mine-gallery and borehole-to-surface techniques can give 
data from a larger volume of rock. The techniques which have been used and 
which are either still in the development stage or reasonably well proven, are 
electromagnetic and sonic techniques. The sonic measurements are variously called 
crosshole audiofrequency seismology [30], interborehole seismic technique [31] 
and crosshole seismic technique [32]. These techniques were used in boreholes 
up to 625 m apart and at depths down to 450 m in Sweden [32], and clear 
seismograms were obtained through 140 m of pervasively fractured and weathered 
Precambrian granite at depths of about 80 m in Canada [30]. The data from 
these sites and also from Cornish granite [31 ] and French granite and gneisses [33] 
all give very promising results and useful information on the geometry of fracture 
zones and in situ geomechanical properties. Good signal-to-noise ratios up to 
distances of 1 km are probable in the less weathered crystalline rock. Piezoelectric 
transducers or plastic explosives are used as seismic sources at different depths in 
a borehole; geophones are arranged in other boreholes and/or on the surface. In the 
Swedish system the generated signals are recorded on high-frequency (10—300 Hz) 
geophones, each with its own preamplifier, which are automatically locked onto 
the borehole wall. The output of the geophones is recorded on a minicomputer 
with associated 12-bit A/D converters. In a recent development, the geophones 
have been replaced by accelerometers. Sampling rates of 150 000 samples per 
second are possible, and most of the analysis, including tomographic computations 
and colour mapping, can be carried out in the field. 

If salt water is injected into a fracture system, it attenuates the high-frequency 
electromagnetic signal sent from borehole to borehole. If a great number of 
transmitter/collector points are used, then geotomography can also be applied [34] 
in order to obtain three-dimensional colour maps of fracture zones of high 
hydraulic conductivitiy. 

Another borehole-to-surfacé technique is based on resistivity measurements 
performed along lines radially around a central borehole or along a single surface 
line from a borehole [35, 36]. A contour map of the distribution of the electric 
field around the borehole provides a good indication of geoelectric inhomogeneities, 
and when the measurements are repeated at different source depths the general 
nature of resistive and conductive bodies near the boreholes can be determined 
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using three-dimensional models. However, in highly resistive crystalline rocks the 
near-surface effects often dominate and it is difficult to model the subsurface 
structure. 

Adsorption measurements in rock salt, both in mine galleries and wet or 
dry boreholes, are made by the Bundesanstalt für Geowissenschaften und Roh-
stoffe [37]. The system operates in the 3 - 3 0 MHz frequency band and aims at 
mapping brine inclusions and anhydrite beds. 

Applications and limitations. The crosshole or interborehole techniques are 
still in the development stage, but have proven to be promising non-destructive 
methods of characterizing a rock mass. The methods can be applied to all rock 
types, although somewhat different measuring and interpretation techniques are 
used in sedimentary rocks. 

5. MEASUREMENT OF 

HYDROGEOLOGICAL PARAMETERS 

The principal parameters needed for modelling the hydrogeological system 
around a repository are the geometry of the system, its internal structures and 
its boundaries, and the hydrogeological characteristics of the rocks and soils. 
In addition, hydrochemical data can be used to interpret groundwater move-
ments (techniques for obtaining these data are covered in Section 6). Since the 
hydrogeological environments that are being studied for deep disposal of radio-
active wastes are in many cases different from those normally analysed in water 
supply investigations or by the oil industry, it is not always possible to apply 
standard hydrogeological testing techniques as would be used, for example, in 
assessing shallow waste disposal sites. Consequently, some of the techniques 
described below are modifications of more familiar methods, adapted, for 
example, to environments with low hydraulic conductivity. 

The techniques described below are all used in boreholes, drilled into the 
potential host formation and/or into surrounding units. Much of the success of 
a hydrogeological study depends on the design of the boreholes and on their 
positions, which in turn are heavily dependent on site-specific factors and on the 
geological environment being studied. Potential users of any of these techniques 
should bear this in mind in the earliest stages of planning. It is outside the scope 
of this publication to describe comprehensively the routes to programme design 
in the many possible types of environment. 

Three main parameters govern the movement of groundwater through a rock 
mass, namely hydraulic conductivity, hydraulic gradient and specific storage. 
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TABLE I. TESTS USED TO MEASURE HYDRAULIC CONDUCTIVITY 
TOGETHER WITH ADDITIONAL DATA WHICH CAN BE OBTAINED FROM 
THE DIFFERENT METHODS 

Test method Hydraulic 
conductivity 

Skin Piezometric 
head 

Fracture 
characteristics 

Hydraulic 
boundaries 

Al. Transient, 
constant head X X X X 

A2. Transient, 
constant flow X X X X 

B. Fall-off X X (X) X X 

C. Water loss X 

D. Slug test X (X) 

E. Pulse test X (X) X 

F. Drill stem X X X 

G. Sinusoidal test X X X 

I. Underground 
gallery X X 

Note: Symbols in brackets indicate that this information may be gained indirectly or that the 
results obtained are ambiguous and the interpretation is uncertain. 

5.1. MEASUREMENT OF HYDRAULIC CONDUCTIVITY 

Hydraulic conductivity can be measured by a variety of methods, the 
appropriate ones depending on the expected range of hydraulic conductivities 
and on whether or not it is desirable to allow surface water to be injected into 
the formation. 

The measuring limit, i.e. the limit below which no flow is detected, is 
dependent on the equipment used. The conductivity range obtained in some 
tests, for instance the pulse test, is directly dependent on the duration of the test. 
In test sections where fractures are present, the radius of influence will be 
substantially larger than assumed theoretically. 

Table I summarizes the additional information on hydraulic properties that 
can be gained using different hydraulic conductivity testing methods [38]. 

5.1.1. Transient injection test with constant flow 

Description. The transient injection test with constant flow consists of 
water injection into a sealed-off section or alternatively into the entire borehole 
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below a single packer. The change in water pressure is registered as a function 
of time. 

Applications and limitations. The shape of the pressure/time curve as well 
as the fracture frequency of the rock will determine which theory should be used 
during analysis. The available theories are based on porous media flow models 
or discrete fracture flow models, or a combination of both. When the injection 
of water is stopped, the water pressure falls off with time. When analysing the 
data, both the injection phase and the pressure fall-off phase (fall-off test) are 
considered. Injection tests with a constant flow are most useful in moderately 
and highly conductive parts of the rock. In sections with very low permeability, 
high water pressure will be monitored during water injection. Because of 
equipment compliance, this pressure will influence the pressure/time curve and 
thus the evaluation of the permeability. 

5.1.2. Transient injection test with constant head 

Description. The transient injection test with constant head is similar to the 
transient test with constant flow. However, in this test the head (pressure) is 
kept constant during injection and the flow is measured as a function of time. 

Applications and limitations. The injected water affects a specific volume 
around the test section. This water flow decreases with time, while the water 
pressure increases in the surrounding rock. The pressure decrease (fall-off test) 
is monitored after the flow into the test section has been stopped [39], The 
theoretical relationship between flow and time may be disturbed owing to 
effects in the borehole or the structure of the surrounding rock. The hydraulic 
conductivity in the immediate vicinity of the borehole can be increased or 
decreased by pore or fissure clogging or wash-out (skin effects). These sources 
of error can be evaluated by performing the test under transient conditions. 

5.Í.3. Water loss test 

Description. The water loss test has varying names, for instance water 
pressure test and Lugeon test. The test is essentially carried out in the same way 
as the transient injection test, but stationary conditions are assumed to prevail. 

Applications and limitations. In this test the magnitude and direction of the 
groundwater flow is assumed to be constant at a specific point in the rock mass. 
This is normally not the case, especially if the duration of the test is short. How-
ever, this assumption simplifies the analysis of the data, and a good estimate of 
the hydraulic conductivity of a tested section may be obtained. The theory 
commonly used is based on work by Banks [40] and Moye [41]. 
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5.1.4. Slug test 

Description. During a slug test the response of an instantaneous pressure 
change is observed. Usually, the hydrostatic pressure of the tested interval is 
controlled by measuring the water-level change as a function of time [42], and 
the evaluation is performed by type curve matching based on transient flow 
theory [43], 

Applications and limitations. Three different sets of type curves are available, 
and the skin effect as well as the effect of wellbore storage can be considered [41 ]. 
Slug tests in very low permeability formations may require long test times. These 
tests are most suitable in moderately conductive rocks. 

5.1.5. Pulse test 

Description. The pulse test (or pressure pulse test) is an adaptation of the 
slug test developed by Bredehoeft and Papadopulos [44]. In this test the well 
storage coefficient is small since the test is performed under fully confined 
conditions. 

Applications and limitations. Pulse tests can be used instead of slug tests in 
cases where the hydraulic conductivity is very low and long times would be 
needed for slug tests. The theory and applications of pulse tests are similar to 
those for slug tests. A special theory for determining fissure aperture has been 
developed; by extending the test time, additional knowledge on the inter-
connection of different fissure systems can be obtained [3, 45]. Pulse tests as 
well as slug tests are performed over a very short time interval, and the hydraulic 
conductivity values obtained are therefore only representative of the immediate 
surroundings of the borehole or the tested interval. Compliance effects of the 
testing equipment can seriously affect the results obtained from pulse and slug 
tests. It is therefore necessary to perform laboratory calibration tests beforehand. 

5.1.6. Drillstem test 

Description. The drillstem test [46], commonly used in the oil industry, 
is usually a combination of two slug test periods with intervening and subsequent 
pressure buildup periods, under fully confined conditions. The buildup periods 
are evaluated by means of Horner diagrams, which also allow the determination 
of the natural hydrostatic pressure of the tested interval. 

Applications and limitations. The evaluation of the hydraulic conductivity 
from the buildup periods is unaffected by skin effects; the influence of the 
borehole storage is limited. 
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5.1.7. Interference test 

Description. A test in which the effects produced in one borehole are measured 
in one or more other boreholes is generally called interference test. 

Applications and limitations. The radius of influence of a single borehole 
test is relatively small and is highly dependent on the hydraulic conductivity of 
the surrounding rock and the length of the test. By measuring the change in 
pressure (head) in other boreholes surrounding the active borehole, the hydraulic 
properties of the rock mass between the boreholes can be evaluated. The maximum 
distance between the boreholes will vary with the hydraulic properties of the rock 
and, in general, the distances between the boreholes can be greater in environ-
ments of higher hydraulic conductivity. The data obtained can be analysed using 
the theory for transient flow conditions. 

5.2. MEASUREMENT OF HYDRAULIC HEAD (PRESSURE GRADIENT) 

Description. The hydraulic gradient within any given formation or fracture 
system depends on the depth, the distance from the recharge area, the topography, 
the density of the groundwater (e.g. brine-rich fluids) and the temperature. To 
establish the hydraulic gradient at depth, piezometric measurements should be 
performed in boreholes. With sufficient areal spread of the boreholes, information 
about the areal distribution of recharge and discharge areas is also provided. 

In deep formations the environmental pressure is measured using transducers 
placed in a packered-off section of a borehole. After setting of the packers, a 
period of time must be allowed for the pressure to stabilize. 

In shallow boreholes, permanent piezometer tubes can be installed, with 
filters in the target formation and seals isolating the monitored unit from other 
units above. The pressure is measured simply by recording manually or auto-
matically the change in water level in the piezometer tube [47]. 

Hydraulic heads can also be determined indirectly from the interpretation 
of other hydraulic tests (see Table I). 

Applications and limitations. Piezometric contours are required for all 
significant aquifers within the area of interest in order to define the potential 
for fluid flow. In shallow boreholes, seasonal changes in hydraulic heads give 
indications of the transmissivity and storativity of the formation. 

5.3. DETERMINATION OF SPECIFIC STORAGE 

Description. The specific storage coefficient is related to the quantity of 
water which can be released from (or stored in) a unit volume of a confined 
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aquifer when the hydraulic head is changed by one unit. The volume released 
depends on both the compressibility of the aquifer (pore-volume compressibility) 
and the water compressibility. The specific storage coefficient is an important 
parameter for the study of the transient pressure behaviour of an elastic, com-
pressible aquifer. The specific storage coefficient also depends on the porosity 
of the aquifer and on the water density. 

The specific storage can be determined directly from the pressure response 
in the observation boreholes during an interference test, or indirectly by 
independent measurements of aquifer porosity and total system compressibility. 

Applications and limitations. The determination of the specific storage can 
be difficult in situations in which the conventional theory for transient flow 
cannot be used, i.e. when the rock is significantly inhomogeneous. This problem 
can be solved with numerical simulation techniques. 

5.4. MEASUREMENT OF DISPERSION 

Description. A water-soluble substance that is transported with the ground-
water in porous or fractured media will be spread in time and space. This 
spreading, which occurs both in the direction of groundwater flow and per-
pendicular to this direction, is called dispersion. In relation to the average transport 
velocity of the groundwater, the dispersion will cause some of the dissolved 
substance to be transported more slowly and some of the dissolved substance to 
be transported faster. 

The longitudinal dispersion can be determined from the breakthrough of a 
water-soluble tracer in the withdrawal borehole by a two-well injection/withdrawal 
tracer test. Additional boreholes are needed for the determination of the transverse 
dispersion component. 

Applications and limitations. The heterogeneity of the porous or fractured 
media makes it important to define the scale on which the dispersion is to be 
determined. Macrodispersion is dependent upon the flow pattern of the ground-
water and the continuity and geometry of the fractures. In investigations of 
the dilution of a water-soluble substance during transport in fractured media the 
dispersion related to the water velocity distribution in individual fractures appears 
to be of minor importance compared with the macrodispersion. 

5.5. TRACER TESTS 

Description. In a tracer test, groundwater is tagged with a water-soluble 
substance (tracer) and its transport between boreholes in a groundwater flow system 
is measured. The selection of the tracer is dependent on whether the movement 
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of the groundwater itself or the movement of a solute species that is subject to 
sorption is to be determined. Non-sorbing tracers include dyes, such as rhodamine, 
and chloride or iodide solutions. The tracer arrival can be monitored by water 
sampling or by in situ analysis. Short-lived radioactive tracers can also be used, 
in which case it is possible to perform downhole counting of the arriving tracer. 

The tracer concentration versus time after injection is measured at sampling 
points in sealed-off fracture zones, permeable units or entire boreholes, giving 
breakthrough curves. A breakthrough curve together with basic test data, such as 
total mass of tracer injected and withdrawal capacity, can be used to determine 
the following parameters of an aquifer or a fracture system: 

— direction and velocity of groundwater flow 
— dispersion and dilution 
— hydraulic fracture conductivities 
— flow porosity. 

The retardation of sorbing substances is determined relative to that of non-
sorbing tracers in dual tracer tests. 

Applications and limitations. Many factors influence the design of a tracer 
test. The complexity of the flow system studied, the hydraulic conductivities, 
the hydraulic gradient and the time available to run tests to completion govern the 
number of holes, the equipment used and the overall design of a tracer test. An 
unambiguous interpretation of the results is often difficult to attain. The tracer 
techniques for fractured rocks, particularly single fissures, are still in the develop-
ment phase. 

In general, it is desirable to carry out a comprehensive hydrogeological 
characterization of the test site before performing a tracer test. 

6. DETERMINATION OF GEOCHEMICAL PARAMETERS 

Geochemical data are required in the assessment of four major aspects of a 
potential waste repository site. Generally speaking, this information will not 
be needed before a specific site is under investigation. The four factors to be 
assessed are as follows: 

(a) The composition of groundwater or pore water and of minerals (to study 
geochemical equilibria in the natural chemical environment and their 
variability). 

(b) The history of pore water and groundwater (to determine how the hydro-
geological conditions are related to the chemical and isotopic composition 
of groundwater and host-rock minerals). 
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(c) The disturbance of the ambient ground water/mineral equilibria in the 
vicinity of a nuclear waste repository (to study how radioactivity, heat or 
emplaced materials can affect the chemistry in the near-field of a repository). 

(d) The chemistry of radionuclides in the natural environment as well as in the 
disturbed groundwater/mineral environment (to study how the radionuclides 
are dissolved, complexed, sorbed, etc. in the near-field and far-field of a 
waste repository). 

Information is thus required on the chemistry and mineralogy of the host 
rock (and the surrounding formations, where applicable) and on the groundwater, 
pore-water or brine chemistry dominating all geochemical processes in the near-
field and the far-field. The inorganic and organic analytical laboratory techniques 
used to characterize both solid and aqueous samples are wide-ranging and 
commonly available. 

The laboratory experimental techniques used to study geochemical processes 
at elevated temperatures and pressures, radionuclide sorption and diffusion 
phenomena, and the solubilities and complexation of radionuclides in ground-
waters are also very extensive and complex; they are less commonly used than the 
analytical techniques. It is outside the scope of this report on site investigation 
techniques to describe either the analytical or the experimental laboratory methods 
involved. The reader is referred to the wider waste management literature for 
information on these techniques [48]. 

The principal factors to be considered in designing a site investigation pro-
gramme are the techniques that can be used for obtaining representative and 
unperturbed samples from the underground for subsequent laboratory investigations, 
and the techniques that can be used for in situ determination of certain chemical 
parameters using probes either in boreholes or inserted directly into the rock. 

6.1. ROCK SAMPLING TECHNIQUES 

Description. Undisturbed, fresh samples of the prospective repository host 
rock and of materials from surrounding or overlying formations can be obtained 
from cored boreholes (see Section 4.1.1); in some cases they may be taken 
directly from trial excavations or experimental galleries. For hard crystalline 
rocks, for which an analysis of the fracture surface mineralogy or a characteriza-
tion of weathered or highly porous water-bearing fissure zones may be mainly 
required, no special techniques of sample preservation are generally needed. 
Normally, material will be selected for laboratory analysis immediately after 
completion of core logging (Section 4.1.2). Standard techniques of X-ray 
fluorescence, microprobe, isotopic, optical and wet-chemical analysis will be 
employed on crushed or sliced core sections. 
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In the case of other rock and soil types the solid drill-core (or material 
freshly excavated from a working face) may decompose rapidly or become 
oxidized, so that an analysis of its real in situ properties is not possible; examples 
of this are some potassium and magnesium salts in evaporite formations, which 
deliquesce on contact with atmospheric moisture. In the case of some soils and 
plastic clays, samples of pore water are obtained from the solid samples for 
analysis and assessment of rock/water equilibria. In both cases it is clearly 
important to isolate the samples from the atmosphere as soon as they are taken. 
This will prevent oxidation during subsequent storage, and take-up of moisture 
or loss of moisture to the air. The general technique is to wrap the material in 
thick plastic sheet and to dip it repeatedly in hot paraffin wax until a hermetic 
seal is produced. Samples preserved in this way can be stored successfully for a 
number of years, usually in a cooled store with controlled humidity. If drilling 
fluid has partially invaded the core, it may be necessary to trim the specimens 
before sealing in order to prevent chemical exchange of the fluid components 
with natural pore water. 

Some coring techniques used for taking samples for geotechnical testing 
(for instance with the Shelby tube, see Section 4.1.1) also provide good-quality 
samples of soft rocks for analytical purposes which are uncontaminated by 
drilling fluid. A triple core barrel which extrudes core directly into a plastic inner 
liner can be used to ensure minimum contact of clay core with the atmosphere or 
with drilling fluids. 

Applications and limitations. Mineralogical and geochemical analysis and 
experimentation are universally required for all prospective host-rock types and 
all disposal techniques. Sampling of hard fractured rocks requires no special 
techniques. For chemically 'fragile' rocks (e.g. some evaporites), near-surface 
soils, and rocks whose geochemical equilibria are controlled by the presence of 
a substantial and largely immobile pore fluid phase, special sampling and 
preservation techniques are required. 

6.2. FLUID SAMPLING TECHNIQUES 

Description. The fracture water or pore water of porous permeable rocks can 
move easily into boreholes or excavations or into sandy aquifers, and fluid 
samples can be taken in the field for subsequent laboratory analysis; also, some 
parameters can be measured immediately on the site. Pore water of highly 
porous but poorly permeable clays must be extracted from solid samples in the 
laboratory. 

This section deals with techniques for abstraction of groundwaters and pore 
fluids for immediate on-site analysis or later laboratory analysis. Section 6.3 
deals with direct in situ measurements, in the ground or in boreholes, using 
probes or sondes. 
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Great care must be taken to obtain uncontaminated water samples. Deep 
groundwater can be contaminated by remains of drilling fluid or by shallow 
groundwater entering a borehole. Uncased boreholes in crystalline rocks can be 
flushed out before water sampling is started. This can be done by means of 
repeated gas lift pumping in which the water in the borehole is blown out with 
nitrogen under high pressure, or by repeated bailing. The drilling fluid can be 
marked with a suitable tracer, such as iodide and uranine, to indicate any 
contamination of the water samples. (If distilled water is used as drilling fluid, 
the amount of contamination can be detected by measuring the conductivity of 
the water.) Surface water contamination in general can be detected by tritium 
analyses. The analysis of drilling-water tracers in the field, rather than later in 
the laboratory, makes it possible to avoid contamination when the samples 
are collected. 

In cased boreholes in a sequence of sediments, the formation waters have no 
direct access to the borehole. Consequently, the boreholes must be specifically 
designed to allow access to a particular formation at a certain depth, or the casing 
must be pierced at certain points after borehole completion to allow sampling of 
groundwater. In the first case, a well-screen casing can be installed, surrounded 
by a gravel pack, at the desired sampling point, and formation water can then 
flow freely into the borehole at this point. Most of the wells for the regional 
hydrologie investigation programme in Belgium are equipped in such a way and 
over 120 wells are regularly sampled. In the second case, small explosive charges 
can be used to perforate the casing and any cement seal behind. Depending on 
the permeability of the formation, a period of self-flushing may be required in 
order to allow any contaminated water to flow out of the formation into the 
borehole, which is pumped or bailed repeatedly. 

In both cased and uncased boreholes it may be important to isolate the 
section for which fluid samples are required from the water in the rest of the 
borehole. Inflatable packers can be used to ensure that only the desired formation 
is sampled. There has been a general trend in the development of techniques and 
procedures to put more and more emphasis on field measurements. Many of the 
critical parameters are modified when the water comes into contact with the 
atmosphere (oxygen-sensitive parameters, such as the redox potential (Eh) and 
the concentration of ferrous iron, sulphide and dissolved oxygen; carbon-
dioxide-sensitive parameters, such as pH and alkalinity). The required analyses 
should be made as soon as possible after the water has been removed from the 
borehole. The redox potential, dissolved oxygen content and sulphide content 
have been monitored successfully in the field. It is, for instance, a general 
observation that pH values monitored in the field in general differ from those 
measured in the laboratory. The reason for this is that the water can lose or take 
up carbon dioxide before the pH is measured in the laboratory, thus giving a 
higher or lower pH value than the one measured in the field. 

Another important advantage of field measurements is that these make it 
possible to obtain quickly a general chemical characterization of the groundwater. 
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In this way, mixing or other problems during sampling can be controlled. Changes 
during long pumping periods can also be monitored and the sampling adjusted 
accordingly. 

Thus an on-site monitoring programme is recommended wherever possible. 
An example of this approach is the current practice of water sampling from 
crystalline rocks in Sweden. This technique is equally appropriate to sampling 
deep and shallow cased boreholes in sedimentary rocks, with some minor adapta-
tions in methodology, to take account of permeability variations and water influx 
times into the packered interval for example. 

In the Swedish site selection programme, between five and fifteen 56 mm 
boreholes were core drilled to a vertical depth of 500—1000 m at each test site. 
In Argentina, several vertical and inclined boreholes were drilled to a depth of 
800 m for groundwater sampling and hydraulic conductivity tests. At least two 
of these holes were selected for groundwater characterization. The aim of the 
study was to obtain data from both recharge and discharge areas within the 
investigated site. The hydraulic investigation preceded the groundwater sampling, 
and the zones to be sampled were selected in accordance with the results from 
the hydraulic conductivity measurements. 

In each borehole, two to five water-bearing zones are selected for sampling. 
Positive heads combined with high hydraulic conductivities (greater than 
1O-9 m - s - 1 ) have in general turned out to be very favourable for groundwater 
investigation. 

The water-bearing zone is sealed off with two rubber packers spaced 2.7 m 
apart. The sampling pump is positioned on the top of the upper packer. Both 
the packers and the pump are hydraulically operated from the ground surface. 
The water passes up through a steel pipe, the inside of which is coated with a 
polyethylene plastic line. At the surface the water passes a flow-through cell 
where the physico-chemical parameters of pH, redox potential (Eh), sulphide 
content (pS2~), dissolved oxygen content and conductivity are measured. The 
pH, Eh and pS2_ values are registered on a continuously monitoring chart recorder. 
The flow-through cell is equipped with inlet and outlet valves for convenient 
calibration of the sensors. The calibration solutions are circulated through 
the cell with a circulation pump. The cell and the downhole pump are made of 
stainless steel. All other parts that come in contact with the groundwater are 
made of plastic. 

The sampling of a selected zone normally takes two weeks. During the first 
week, the zone is pumped in order to get rid of contaminated water from the 
drilling and water injection tests. During the second week, water samples are 
collected and the field measurements are made. In some cases the investigation 
is prolonged over another two-week period. Water samples are collected, 
mostly in polyethylene bottles, for a number of different analyses. The samples 
used for analysis of metals and cations are acidified with hydrochloric acid; the 
total sulphide sample is preserved in glass sample bottles by adding zinc acetate 
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and sodium hydroxide; and the uranium, radium and thorium abundances are 
measured on samples which are also acidified. Water for anion analysis is 
collected in a borosilicate glass bottle with a stopper made of ground glass. 
Precautions are taken not to have any air left in the bottles, which are subsequently 
stored upside down to keep the stopper/bottle connection tight. For analysis of 
particulate material the water is passed through a 0.45 pm membrane filter. 

In permeable formations, when no drilling mud is used, it is also possible 
to collect groundwater samples for geochemical analysis during drilling, using 
either the through-the-bit (TTB) technique or a straddle packer system. Both 
these techniques are being used in the Swiss radioactive waste disposal research 
programme. Two methods can be used to obtain water samples with the TTB 
technique: passive pumping and conventional pumping. The passive pumping 
is achieved by attaching sample vessels to one of the air/water lines passing through 
the packer mandrel and by releasing air pressure on the sample line. A check 
valve held closed by the air pressure is inserted into the test section. On release 
of the air the check valve opens and groundwater rises through the vessels and up 
to the sample lines in response to the in situ hydraulic head. By this method the 
system is pumped for a period of time at a decreasing rate. This process can be 
repeated until surface measurements of chemical parameters and the drill-water 
tracer indicate that a stable chemistry has been achieved. Limited pumping 
from a single-packer TTB system is also possible, utilizing the injection line as an 
exhaust line for a slim downhole pump. If highly permeable zones are encountered 
during the drilling phase, it is probably better to sample these later with a larger-
capacity submersible pump. An alternative method is to use an inflatable/ 
deflatable production injection packer with which the zone can be isolated; in this 
case the drill stem acts as a standpipe into which a standard submersible pump 
can be lowered. The single-packer TTB geochemical sampling system has been 
used in the Canadian waste disposal programme. 

Water samples for analysis of dissolved gases (including the rare gases) must 
be maintained under in situ pressure conditions in order to prevent the 
exsolution or outgassing of the gaseous phase. In the French programme, a 
pressurized bottle sampler has been developed which is capable of maintaining 
water samples at up to 280 b. It has a capacity of 4500 mL and is equipped with 
an inlet valve which can be operated remotely or on a timer system [49], This 
technique is adaptable to any geological environment and, when integrated with 
packers, can be used to abstract water from an isolated section of a cased or 
uncased borehole. 

Extraction of pore fluids from samples of fresh clays and consolidated soils 
can be performed using a centrifuge or hydraulic press. It is often found that 
the chemistry of the abstracted water varies with the degree of force exerted 
on the specimen, owing to chemical zonation within pore fluids caused by 
electrostatic surface charges on the clay minerals. The extracted pore waters are 
analysed immediately, using standard laboratory techniques. 
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Applications and limitations. The analysis of groundwater or pore-water 
chemistry complements the mineralogical analysis of the host rocks and is an 
essential part of any site investigation, both for the interpretation of the site 
hydrogeology and for input into radionuclide release and migration models. For 
deep waste disposal sites the samples may be taken from widely separated locations 
in order to obtain hydrochemical information for the interpretation of regional 
groundwater movements. Samples must be obtained from both underlying and 
overlying formations. For shallow land disposal of radioactive wastes 
the groundwater chemistry is an equally important aspect and in this case it is 
often useful to maintain a continuous monitoring programme which can detect 
possible contamination after a site becomes operative. Sampling would be carried 
out in shallow boreholes or from permanently installed piezometer units. 

6.3. IN SITU MEASUREMENTS 

Description. Direct measurements of geochemical parameters in undisturbed 
geological environments fall into two main groups: those involving monitoring 
of groundwaters in boreholes, and those involving emplacement of a probe in a 
mass of rock such as a plastic clay. In both cases it is important to allow the 
system being monitored to re-equilibrate naturally after borehole drilling or 
probe emplacement. With a sonde in a packered borehole section in a permeable 
environment, stable readings may be obtained relatively quickly; with probe 
emplacement in clay, the equilibration time may be many months. 

Several countries (Canada, United Kingdom, France, Sweden, Argentina) 
are developing, or have already available, prototype geochemical sondes which 
are intended to operate in isolated sections of a water-filled borehole. These 
sondes are appropriate for use in all types of geological environment, provided 
the borehole design allows free access to specific formation water zones. The 
sonde currently under test in the United Kingdom uses a group of electrodes to 
measure continuously the groundwater pH, dissolved oxygen content, chloride 
content, temperature, conductivity and Eh [3], The data are communicated to 
the surface by cable and stored on a magnetic tape logging system. Direct 
measurement of Eh is problematic, since the values obtained may not be 
representative, being only specific and non-equilibrium values for certain 
buffering reactions. Consequently, some caution is necessary in the interpretation. 
At present, geochemical sondes with comprehensive measuring facilities are 
not known to be available commercially. 

Direct measurements of pH in clay and of carbon dioxide and some other 
gases escaping from heated clays have been made as part of the Belgian programme. 
At the Terhaagen test site, platinum electrodes have been installed in the walls 
of a thin PVC tube emplaced in clay. Periodic monitoring of redox potential 
values showed that a steady value which is thought to be representative of actual 
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conditions deep in the undisturbed clay has been achieved after two to three 
months. 

Applications and limitations. This method is applicable to any geological 
environment where the probes can be isolated from outside influence (placed 
between packers or in sealed cavities); it is important to allow the system being 
monitored to return to a natural equilibrium state. The measurements are 
limited to obtaining parameters which can be determined with electrodes (ion-
specific electrodes or electrodes measuring natural potential). The technique is 
appropriate to site investigations for shallow and deep waste repositories, both 
in reconnaissance studies and in investigations aiming at obtaining well-controlled 
reliable data for comparison with on-site or laboratory measurements where 
perturbation of the chemical system is suspected. 

7. MEASUREMENT OF PARAMETERS 
FOR ENGINEERING FEASIBILITY STUDIES 

Because of the necessity of confining radioactive wastes, particularly high-
level wastes, for very long periods, accurate forecasting of the behaviour of 
rocks is required over times which are much longer than those associated with 
normal civil engineering structures. In addition, high- and intermediate-level 
radioactive wastes generate heat that may adversely affect the properties of 
rocks. Therefore it is necessary to have analytical procedures capable of pre-
dicting the magnitude of thermally induced stresses that could lead to damage 
or could change the hydraulic properties of the rock mass. 

For some rock types, notably plastic clays, special support systems will 
have to be developed if a waste repository is constructed at depths greater than 
those currently used in civil engineering practice [4]. Consequently, novel 
problems exist for geotechnical investigations and feasibility studies. The geo-
technical testing techniques for shallow land disposal of wastes are commonly used 
in the construction industry. 

The geotechnical studies fall into three main categories: in situ and field 
tests, laboratory tests, and modelling and predictive studies. The principal field 
testing and measuring techniques and the principal geotechnical laboratory 
tests are listed in the appendices to the IAEA Technical Reports Series No.215. 

For the design and construction of a deep waste repository and for modelling 
the effects of stress (and heat, where applicable) on its stability, certain geo-
technical parameters need to be known. Given the task of designing a deep 
waste repository on a specific site or of deciding whether a certain site is suitable 
for a specific design, a flow chart similar to that found in Ref. [50] can be followed. 
(See also Ref.[51].) 
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There are five major instability problems which may be encountered during 
construction of a deep waste repository and therefore information pertaining to 
these has to be collected during the site investigation phase: 

(a) Instability due to adverse structural geology, i.e. unfavourable orientations 
and positions of faults and fractures (sometimes the stability can be improved 
by relocation or reorientation of the waste repository). 

(b) Instability due to excessively high in situ stress (the problems caused by high 
stresses can sometimes be overcome by redesigning the shape of tunnels and 
repositioning the excavations with respect to one another). 

(c) Instability due to weathering (this is generally a near-surface problem, but 
isolated zones of increased weathering may occur in rock down to depths 
of several hundred metres). 

(d) Instability due to groundwater pressure or flow (this is normally only a 
serious problem when it is associated with one of the other instabilities). 

(e) Instability due to excessive depth (this can occur in rock salt at greater depth 
or where excavations penetrate hydrated salt bodies such as K-Mg salt 
horizons). 

The tunnelling quality of a rock mass can be described in relation to the 
above five instabilities by such systems as the NGI Tunnelling Quality Index [52]. 
By measuring particular properties of the rock mass, an index Q can be calculated, 
which can be related to such dimensions of a potential waste repository as the 
maximum span of an unsupported tunnel. 

For the design of any underground structure, certain fundamental properties 
of the rock mass need to be known; depending on the rock type, these include 
compressive strength under uniaxial and triaxial confinement, tensile strength, 
Poisson's ratio, elastic moduli, stress/strain properties and thermal properties of 
intact rock specimens. Also, any influence that the rock microfabric has on these 
properties has to be evaluated as well as the effect of fractures and other dis-
continuities on these properties. In a repository for high-level wastes and possibly 
even for intermediate-level wastes the influence of a rise in temperature on these 
properties needs to be known, the maximum temperature of interest being 
determined by the thermal loading of the repository by the wastes. The intact 
rock properties can be measured in the laboratory, some of them by relatively 
simple methods; several of these are covered by the ISRM recommendations [53]. 
It is also important to investigate how joints are affected by changes in temperature 
and pressure. Laboratory testing of joint surfaces in a triaxial apparatus or in a 
large shear box is advisable. 

The higher the design temperature in the waste repository, the more important 
becomes the knowledge of thermomechanical properties, especially in the close-in 
and near field where the thermal gradients are greatest. If retrievability of the 
waste canisters is a design feature, then a more detailed knowledge of potential 
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borehole and tunnel wall spalling and closure rates is necessary; if backfilling 
soon after waste canister emplacement is planned, then there may be less need 
for detailed geotechnical information. 

For shallow waste disposal, testing programmes related to such problems as 
the stability of cut slopes and the water inflow rates and their influence on the 
process of trench construction are needed. Much of this work is commonly 
applied in current civil engineering practice. 

7.1. LABORATORY TESTING AND INDEX GEOTECHNICAL PROPERTIES 

Description. Standard uniaxial and tensile testing is easy to carry out and 
standard procedures such as those of the ISRM [53] could be followed. For more 
complex testing, especially at elevated temperatures and pressures, more sophistica-
ted equipment is necessary, and for hard rocks a servo-controlled testing system 
with a heated triaxial cell is needed [ 54]. A knowledge of the post-failure prop-
erties of rock is required if a failure of any part of the waste repository is expected. 
The change in thermal conductivity and transmissivity, and the permeability and 
porosity of rock samples can also be measured with a triaxial cell. Index geo-
technical properties of core material are often best determined during the drilling 
operations, so that some idea of the properties of the rock mass can be gained 
as quickly as possible. Simple index tests include: measurement of compressive 
strength or hardness using a Schmidt hammer (which measures the rebound 
velocity of a standard probe from a rock surface), measurement of compressive 
strength using the Point Load strength test, measurement of the shearing properties 
of natural fracture surfaces using portable shear test equipment [50], and measure-
ment of sonic velocity across and along the core. These tests can be combined with 
laboratory tests to obtain initial data for the design of the waste repository. 

Softer rocks require a different type of laboratory testing programme, with 
more emphasis on their time-dependent properties. Rock salt, for example, deforms 
by two distinctly different processes: brittle fracture and ductile yield, and at 
low temperatures and pressures these processes occur simultaneously within the 
same medium. The creep rate of rock salt is profoundly affected by changes in 
temperature, and this, therefore, is one of the most important factors to be taken 
into consideration. The water content of the rock salt also plays an important 
role. Argillaceous rocks can also have geotechnical properties which are highly 
temperature and time dependent. Several index properties of argillaceous rocks 
can be measured during the drilling operations, though many of these tests were 
designed for clays and soils near the surface and are not always applicable to 
stronger, harder clays from greater depths. This was clearly pointed out during 
the experimental work performed in the Boom clay in Belgium. For surface 
waste disposal, engineering properties relevant to trench construction are needed. 
For soils, it may be sufficient to know properties such as the Atterberg limits, 
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the moisture content and the shear strength. For rocks, which will probably be 
weathered, properties such as uniaxial compressive strength and the frictional 
characteristics of joint surfaces will be more relevant. For any type of surface 
waste disposal, except for those in an arid environment, the influence of ground-
water on the design and construction of the structure is likely to be of great 
importance. 

Limitations. The results from simple index tests are often rather inaccurate 
and, especially for deep waste repositories, should be complemented by more 
accurate results from more complex laboratory tests in order to obtain reliable 
data for the repository design. 

7.1.1. Large-scale laboratory testing 

Description. The most accurate way of determining rock mass properties is 
to carry out large-scale laboratory tests. A block of rock of approximately 1 m3 

is subjected to uniaxial, biaxial or triaxial loading in a large hydraulic testing 
machine. The displacements and loads in the three principal stress directions 
monitored throughout the experiment are then used to calculate the strength and 
elastic parameters for the rock mass. The simple triaxial experiment can be 
combined with sonic velocity and permeability measurements. 

Applications and limitations. The main drawback is the cost of such 
experiments. However, for large underground constructions such as waste 
repositories, especially if retrievability of the waste canisters is a requirement, the 
more detailed knowledge of the rock mass properties obtained in such tests may 
be well worth the extra cost. 

7.2. LABORATORY TESTING OF THE MECHANICAL PROPERTIES 
OF DISCONTINUITIES 

Description. Specific testing of fracture and other discontinuity surfaces 
can be performed in the laboratory on specially selected rock samples in triaxial 
cells, or by directly shearing fracture surfaces [55]. 

Applications and limitations. Many rocks contain fractures and other 
discontinuities which can be analysed in either of two ways: The weakening and 
softening influence of the network of fractures can be accounted for implicitly 
in calculations by modifying the strength and deformability properties assumed 
for a rock mass, or the actual properties of individual fractures and discontinuities 
can be introduced explicitly in the analysis as discrete elements of the rock mass. 
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7.3. IN SITU TESTS 

Laboratory tests can give much useful information on rock properties, but 
the accuracy of the results is usually limited because of the size of the specimens 
tested and the effect of specimen size on the value of the property measured. 
In situ testing, although usually much more expensive than laboratory testing, is 
commonly used in underground excavation design for the determination of bulk 
moduli. In the case of a deep waste repository there are further complications in 
that elevated temperatures may be involved, and hence the in situ experiments 
become much more expensive and time-consuming. Extensive experiments, 
simulating the expected thermal output from waste canisters with electrical 
heaters and using extensive instrumentation with thermocouples and strain 
measuring devices, have been carried out in Sweden and in the USA, and will be 
carried out in Canada, Belgium and other countries. In situ tests have also been 
carried out in rock salt in the Asse II mine in the Federal Republic of Germany. 
When the results of in situ tests are combined with the results of a detailed 
fracture analysis of the rock mass and with in situ stress measurements, accurate 
information as needed for geotechnical modelling is available. 

7.3.1. Shear strength 

Direct shear test 

Description. Peak and residual shear strength as a function of stress normal 
to the shear plane can be measured using the direct shear test of ISRM. This 
test requires setting up large flat jacks, hydraulic rams to provide sufficient normal 
load, and one or more hydraulic rams to provide the shear force. The forces 
involved can be measured using load cells and the displacements can be measured 
with multiple micrometer dial gauges. 

Applications and limitations. Each shear stress determination should pref-
erably comprise at least five tests on the same test horizon, with each specimen 
tested at different but constant normal stress. In applying the test results, the 
pore-water pressure conditions and the possibility of progressive failure must be 
assessed for the design case, as they may differ from the test conditions. Abstracted 
values of peak and residual shear strength should be tabulated together with the 
corresponding values of normal stress, shear and displacements. 

Torsional shear test 

Description. This test measures the shear strength of the base of a rock core 
which is rotated in a borehole. The results may be used as an approximation of the 
direct shear strength. The recommended procedure is given by ISRM [53], 
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Torque-rotation graphs are obtained, from which graphs of peak and residual 
shear stress can be calculated using standard formula. 

Applications and limitations. This test is inexpensive and causes a minimum 
of disturbance to the test horizon. However, there are shear stress and displace-
ment gradients from the outer to the inner radius of the core, and the results can 
only be taken as approximate. 

7.3.2. Deformability of rock 

Plate test 

Description. The plate test, which uses surficial loading, is often referred to 
as the uniaxial jacking test or plate jack test. It is performed in small tunnels or 
small test adits and measures the deformation characteristics of the rock mass. 
Two areas, each approximately 1 m in diameter, are loaded simultaneously, 
using jacks positioned across the tunnel. Rock mass deformations are measured 
in boreholes behind each loaded area and across the tunnel between the loaded 
areas. Incremental and cyclic loading provide data for the calculation of elastic 
deformation and unloading moduli. 

Applications and limitations. The creep characteristics of the rock (if there 
are any) can be determined from graphs of displacement versus time, and the 
effects of anisotropy can be determined by orientating the thrust of the jacks 
in the desired direction. Recommendations for the applicability and set-up of 
the test and for the analysis of the test results are given by the IS RM [53]. 

Plate test down a borehole 

Description. This test is used for determining the in situ deformability 
characteristics of a rock mass by applying successively higher bearing pressures, 
in loading and unloading cycles, to the flattened end of a borehole and by 
recording the resulting rock displacements. Elastic and deformation moduli 
may be derived from graphs of bearing pressure versus displacement, and the time-
dependent creep properties, where relevant, may be determined from graphs of 
displacement versus time. 

Applications and limitations. This method enables the testing of several 
horizons at various depths, with a minimum of expense for gaining access to 
each test horizon. Within the measuring limit, a semi-continuous log of 
deformability as a function of depth can be obtained. The direction of loading 
coincides with the borehole axis, which is usually approximately vertical, and 
therefore no information is normally obtained on rock anisotropy. The size of 
the loaded area is usually smaller than in other plate tests since it depends on 
the diameter of the borehole. This test is more commonly used in shallow 
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boreholes of at least 500 mm diameter for foundation design, but can also be 
performed in an existing tunnel for underground measurements. 

Radial jacking test 

Description. This test measures the deformability of a rock mass by 
subjecting a test chamber of circular cross-section to uniformly distributed radial 
loading. From the resulting displacements, elastic and deformation moduli 
can be calculated. 

Applications and limitations. A large volume of rock is loaded in this test 
so that the results may be taken to closely represent the true properties of the 
rock mass, taking into account the influence of fractures. The anisotropy of rock 
deformation can also be measured. The recommended methods for carrying out 
the test and for analysing the results are given by ISRM [53]. The test is carried 
out in at least three loading and unloading cycles, a higher maximum pressure 
being applied in each cycle. The standard mathematical solution assumes linear 
elastic behaviour of the rock and is likely to be adequate only for stronger rocks. 
This test is frequently used for the proportioning of pressure shafts and tunnel linings. 

7.3.3. Boreholes devices 

The instruments which are inserted into boreholes can be classified as either 
active or passive devices — either they compress and strain the rock or soil or 
they themselves are compressed and strained. Instruments of the former type are 
called dilatometers or pressure meters; the instruments of the latter type are used 
for measuring in situ stresses and are described in Section 7.4. 

Description. A pressure meter performs a load test on the walls of a small-
diameter borehole. A direct measurement is thus made of the ultimate bearing 
capacity and a modulus is calculated from the shape of the préssure deformation 
curve. A dilatometer is of use in stronger rocks; for a description see Ref.[56]. 

Applications and limitations. Pressure meters provide useful information 
on the in situ properties of weak rocks and soils. Pressure meters are constrained 
in their use by the pressure they can apply to the borehole wall and therefore 
their depth range is limited. Tests with dilatometers are much cheaper than 
other much larger in situ tests and do not affect a large volume of rock, but the 
results obtained are not as reliable as those from the other in situ tests. 

7.3.4. Monitoring systems 

Description. By mechanical or electrical means the relative displacement 
of the rock around an underground construction can be measured as a change 
in a reference distance. An extensometer consists of one or more reference 
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anchors at various depths in a borehole and of a reference head at the bore-
hole collar. 

Applications and limitations. Rock movements taking place as a result of 
surface and underground excavations and during in situ testing can be measured. 
The most precise instruments allow accuracies of better than 0.005 mm to 
be achieved. 

7.4. IN SITU STRESSES 

One of the most important parameters to be determined at a specific site 
for a deep waste repository, particularly in harder rocks, is the in situ stress state. 
The orientations and magnitudes of the principal stresses can have important 
influences on the stability of underground structures and on the groundwater flow 
regimes. In general, the vertical component of the in situ stress is that given by 
the weight of overburden. Departures from this may occur in areas of uneven 
topography at depths below the surface which are shallow compared with the 
relief, or in and close to intrusions and inclusions of rock where the mechanical 
properties are different from those of the surrounding rock. The horizontal 
component of the in situ stress can vary from about one third to more than three 
times the vertical component; a compilation of many measurements has been 
made by Hoek and Brown [50]. In rock salt which has no recent history of 
movement, it can be generally assumed that the in situ stress state is approximately 
isotropic. Relatively high values of horizontal stress occur mostly at shallow 
depth, and at a depth of 1000 m a near homogeneous state of stress may well 
exist. The preferred depth of a deep waste repository is likely to be in the range 
from 0.2 km to 1.5 km below surface. Within this range, only two methods can 
be used for measuring the in situ stress from the surface, before repository 
construction: (1) hydrofracturing or hydraulic fracturing, and (2) overcoring 
(at depths of up to 400 m), using a special technique developed in Sweden [57], 
For measurements of in situ stress at shallower depths and in adits and tunnels, 
several other overcoring methods are available [58]. 

7.4.1. Hydrofracturing 

Description. This technique is based on the injection of fluid, usually water, 
into a packed length of borehole until the fluid pressure creates sufficient 
tangential tension to overcome the tensile strength of the intact rock plus the 
in situ stress. Most measurements have been made in vertical boreholes in 
sedimentary formations, which have relatively high permeabilities and porosities 
compared with crystalline rock, and interpretation theories have been developed 
accordingly. 
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Applications and limitations. The fracture plane produced during hydro-
fracturing should be normal to the direction of the minimum principal stress, 
unless zones of weakness exist at reasonably small angles to the preferred 
fracture plane. Except for shallow depths, where the overburden stress is the 
minimum principal stress, this plane should be approximately vertical [59]. The 
three principal stresses are calculated using equations first given by Hubbert 
and Willis [60]. These equations assume that the law of effective stress is valid. 
For rocks of very low hydraulic conductivity and for short-term tests, slightly 
different equations should be used. 

The fracture produced in the borehole wall during the test is parallel to the 
maximum horizontal stress, and its orientation can be measured using a borehole 
televiewer, a borehole television camera or an impression packer. 

7.4.2. Overcoring 

In the overcoring test a portion of stressed rock is isolated from the 
surrounding stress field by concentrically overcoring an instrumental probe. By 
observing the strain suffered by the rock upon removal of the stress, and knowing 
the stress/strain relationship of the material, the original state of stress can be 
calculated. In the computation of stresses from the observed strains it is usually 
assumed that the rock behaves as an isotropic, linearly elastic medium. This is 
sometimes an inadequate simplification, and refinements are being developed. 
The four common methods are discussed in great detail in Ref.[58]. 

For linearly elastic isotropic materials, two deformational properties 
adequately describe the relationship between stress and strain. The two properties 
most often determined are Young's modulus and Poisson's ratio, and they are 
usually determined from laboratory tests performed on the overcore. For non-
isotropic, non-linearly elastic or non-elastic rock, the above elastic properties are 
no longer adequate. In these cases it is necessary to determine additional 
deformation properties, the exact ones depending on the type of analysis used 
in interpreting the data. Many crystalline rocks at depth exhibit linearly elastic 
stress/strain relationships, and in these cases simplifying assumptions in the 
interpretation of the results can often be used. The overcoring tests fall into 
two categories, those that determine the stress in two dimensions in a plane 
perpendicular to the borehole axis - using the USBM gauge and the CSIR 
'doorstopper', and those that determine the complete state of stress in one 
measurement - using the CSIR triaxial strain cell and the CSIRO 'hollow 
inclusion' gauge. 

USBM gauge 

Description. This gauge measures simultaneously the change in diameters . 
(60° apart) in a plane normal to the borehole axis, using electrical resistance 
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strain gauges connected to cantilever transducers held against the core wall 
with springs. 

Applications and limitations. In the conversion of the measured strains to 
stresses it is assumed that the measurements are insensitive to any normal stress 
parallel to the borehole axis. 

CSIR 'doorstopper' (Leeman cell) 

Description. The 'doorstopper' is glued to the flattened end of a borehole 
and is subsequently overcored. It measures the strains in three directions in a 
plane normal to the axis of the borehole and uses these measurements to 
calculate the two-dimensional stress state at the end of the borehole, including 
the stress concentration effects. 

Applications and limitations. There is no rigorous mathematical solution to 
the problem of stresses at the end of the borehole, but the equations used to 
calculate stresses have been checked using finite element analysis and appear to 
give comparable results. 

CSIR triaxial strain cell 

Description. In this system, three electrical strain gauge rosettes are glued 
to the wall of a small-diameter borehole which is subsequently overcored. The 
cell measures twelve separate strains in three different planes on the inside 
surface of the borehole. These strains can subsequently be converted to the 
in situ state of stress. For determining the six components of the stress tensor, 
only six independent strain measurements would be required. However, as all 
strain measurements contain some errors, six additional readings are included in 
order to specify the precision of the data using the least-squares method. 

CSIRO 'hollow inclusion' triaxial strain gauge 

Description. This gauge is in principle identical to the CSIR triaxial strain 
cell. In the 'hollow inclusion' cell, however, the three strain gauges are completely 
embedded in a hollow cylindrical epoxy probe. When the cell is glued to the 
wall of a small borehole, the strain gauges are separated from the wall by a thin 
layer of epoxy. When the cell is overcored, stress changes in both the epoxy 
interface and the rock contribute to the resulting deformations. In the cal-
culations, allowance is made for the different elastic properties of the epoxy 
and the rock. 

Applications and limitations of over coring methods. For all overcoring 
methods the same site selection and site preparation procedures are necessary. 
Overcoring, core retrieval and additional laboratory testing are similar for all 

5 4 



gauge types. All these methods are primarily designed to measure stresses within 
30 m of the drilling location and, for this reason, deep measurements have to be 
made from underground galleries or adits. There is one notable exception to 
this in that the Swedish State Power Board has successfully performed over-
coring operations at the bottom of a 320 m deep borehole [57 ] using an 
improved version of the (CSIR doorstopper) Leeman cell [61, 62], and depths 
of 400 m can now be tested. Numerous practical problems are associated with 
the use of overcoring tests; these may have to be repeated several times in order 
to obtain reliable results. These problems and the recommended test programmes 
are discussed in Ref. [58]. 
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