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Preface

This report is one of a series documenting the results of the Nagra-DOE Cooperative (NDC-I)

research program in which the cooperating scientists explore the geological, geophysical, hydrological,
geochemical, and structural cffects anticipated from the usc of a rock mass as a geologic repository for
nuclear waste. This program was sponsored by the U. S. Department of Energy (DOE) through the
Lawrence Berkeley Laboratory (LBL) and the Swiss Nationale Genossenschiift fir die Lagerung radioak-
tiver Abfiilla (Nagra) and concluded in September 1989. The principal inve itigators are Jane C. S. Long,
Ernest L. Majer, Karsten Pruess, Kenzi Karasaki, Chalon Carnahan and Chin-Fu Tsang for LBL and Piet
Zuidema, Peter Bitimling, Peter Hufschmied and Stratis Vomvoris for Nagra. Other participants will
appear as authors of the individual reports. Technical reports in this serics are listed below.
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Abstract

Fracture systems form the primary fluid flow paths in a number of rock types, including
some of those being considered for high level nuclear waste repositerics. In some cases, flow
along fractures must be modeled explicitly as part of a site characterization effort. Fractures com-
monly are concentrated in fracture zones, and even where fractures are scemingly ubiquitous, the
hydrology of a site can be dominated by a few discrete fracture zones. We have implemented a
site characterization methodology that combines information gained from geophysical and geolo-
gic investigations. The general philosophy is to identify and locate the major fracture zones, and
then to characterize their systematics. Characterizing the systematics means establishing the
essential and recurring patterns in which fractures are organized within the zones. Wc make a
concerted cffort t0 use information on the systematics of the fracture systems to link the site-
specific geologic, borehole and geophysical information. The better the structural systematics

can be defined, the more confidence can be placed in the interpretation of the site.

The procedure generally is applied to a specific site in a four-step senuence. First, informa-
tion on the rcgion encompassing the site is assembled and a model of the geologic structure in
the vicinity of the target site is prepared. The major structures that might intersect the site are
identified in this stage. Second, detailed geologic mapping is conducted to define the structural
systematics of the major fracturc zones near the site and to gain insight into how fluid might flow
along the cones. Third, a preliminéry geologic model of the major structures at the site is
prepared using the regional information together with geologic mapping and borehole surveys
along the target site perimeter. Finally, the model can be refined based on borehole information,

Vertical Seismic Profiling (VSP), and geophysical tomography investigations.
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This methodology was applied at the US/BK site at the Grimsel underground rock labora-
tory in Switzerland, situated in granitic rock. The US/BK site‘is bounded on the north and south
by boreholes that are about 150 m long that are spaced about 150 m apart. The site is bounded on
the east by the main tunnel at the laboratory. We modeled the strgéture within the site by project-
ing the major features exposed in the tunnels‘adjacem to the site using borehole information and
geophysicat Lofnograms. The major clements in our model all dip stecply. They are: 1) A
discontinuous northeast-striking shear zone that intersects the northeast corner of the site. Three
echelon shear zone segments occur within the site. 2) A lamprophyre-bearing fault zone that
strikes west through the center of the site. This prominent feature separates the northern and cen-
tral shcaf zone segments. 3) A few nonhwe§t~striking lamprophyres in the south-central and
northwest parts of the éi'te. The southern lamprophyres separate the central and southern shear
zone segments; 4) A west-striking fault zone midway between the ﬁrsi fault zone and the south-
ern boundary of the sitc. The anastamosing fracturcs in the shéar zones should provide a well
connected network for flow. We expect that fluid would not be conducted readily across the
lamprophyre-bearing fault zones and the lamprophyres, but it could be conducted along them.
Flow in the west-striking fault zone probably occurs most readily in the steps between echelon

fault segments where fractures are particularly abundant.

This model is consistent with the results of two brine tracer injection tests conducted at the
US/BK site. The brine was tracked using two-dimensional radar difference tomography. The
difference tomography does suggest that a detectable portion of the flow at the site occurs along

fractures that do not form major throughgoing zones.

In many aspects Grimsel wag an ideal place to apply the methodology outlined here. Geo-
logic and geophysical information was abundant and the fracture zones were very well exposed
in several places at the surface and in the subsurface. In many places excellent exposures will not

be readily available and it may be extremely difficult (or too cxpensive) to determine the sys-
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tematics of the fiacture systems. Tn such cases, studies of structures in geologically analogous

areas may be useful, even if those areas are distant from the target site.

We strongly recommend that those modeling a site personally visit the site, have access to
all the original raw data, and be able to collect new data through the course of an investigation.
Those wao collect e initial field data should clearly highlight features that appear particularly
inte sting, important, or unusual to #nsure that important factors are brought into the modeling
at an carly stage. We highly r~commend tliat geologic and geophysical investigators cooperate

closely in all stages of experimental design, data collection, and intcrpretation.



e NN I 1 0

- xvii -

Acknowledgements

Many people have helped us carry out this study. Foremost is Dr. Jane Long of Lawrence
Berkeley Laboratory who tireiessly promoted the approach taken in this study and also served as
a tenacious and conscientious editor of this report. [his report is certainly a reflection of her
encouragement and perseverance. Discussions with other members of the fracture hydrology
group at LBL, notably Kenzi Karasaki and Amy Davey, also aided this study. Peter Blimling
and Paul Bossart of Nagra also contributed constructive reviews of this report. Finally, Piet
Zuidema, Peter Blimling, Stratis Yomvoris, and Paul Bossart of Nagra and the technical staff at
the Grimsel Laboratory established a friendly and supportiv : climate for the fieldwork and served

as gracious hosts during our stays in Switzerland.
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1.0. INTRODUCTION

Geologic heterogeneities can strongly influence groundwater flow and are important factors
in a variety of problems involving the transport of hazardous waste in groundwater and the
evaluation of prospective high-level nuclear waste repositories. Indeed, at many sites (such as
those in rocks with low matrix permeability) fluid flow occurs most readily along geologic
heterogeneitics and not the background medium. However, it is extremely difficult, if not impos-
sible, to uniquely iGentify the heterogeneities at a given site based on hydrologic data alone; in
general many different hydrologic models will be consistent with the available hydrologic data.
Without using additional information, the most realistic hydrologic models may be obscured by a

host of others that are actually incompatible with the site geology.

One way to help focus the hydrologic modeling cffort is to apply information on the geolo-
gic heterogereities early in the modeling process. Both geologic observations and geophysical
measurcments can contribute to a better knowledge of the geologic framework, The geologic
and geophysical information can also be used throughout a modcling program to identify critical

places to test competing hydrologic models.

This report illustrates how geolugic and geophysical information on geologic hetero-
geneities can be integrated to guide the development of hydrologic models. The report focuses
on fractures, a particularly common type of geologic heterogeneity. However, many aspects of

the methodology we present can be applied to : ther geologic heterogeneitics as well.

Fractures are a particularly ubiquitous type of geologic heterogencity. They occur in all
rock types over a broad range of scales. Fractures also pose a formidable hydrologic modeling
problcm, for ever. where they are abundant, they commonly are not sufficiently interconnected

for the rock to behave as a porous medium. As a result, porous media models may not reliably
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describe fracture flow (Long et al., 1982); in some cases they severely underpredict flow rates
(Geldon, written communication, 1989). In certain situations, fracture flow must be considered

explicitly in the hydrologic characterization of a site.

Part of the difficulty in modeling the hydrology of a fracture sysiem stems from the abun-
dance of fractures. In many places fractures are so numerous and of so many different sizes and
orientations that it is impossible to evaluate each fracture individually. This has encouraged
some investigators to use a statistically-based approach (e.g. Rouleau and Gale, 1985;
Dershowitz, 1984; Robinson, 1984; Long and Billaux, 1987; Billaux et al., 1989; Howard and
Nolen-Hoeksema, 1990). In these approaches, a small sample of individual fractures is observed
in excavations or drill cores and their location, orientation, trace length, aperture, etc. recorded.
The distributions of these parameters are then treated statistically, and the distributions extrapo-
lated to cover the volume of the site under consideration. To build a realistic model one must
infer the fracture geometry from the statistics, and that is very hard to do. Although these
approaches are useful for revealing how different distributions can affect fluid flow, they can lead
to misleading conclusions regarding the hydrology at a specific site for a variety of reasons.
There are two particularly persistent problems. One is the difficulty of characterizing the three-
dimensional fracture structure of even small samples from what are essentially one- or two-
dimensional data. The other is of scale; fracture networks are in many aspects not scale-

independent and extrapolations must be made using a sample size that is too small.

We have used a different approach that recognizes that fractures commonly are organized
into discrete fracture zones. These zones can dominate the hydrologic behavior of large volumes
of rock, volumes that are the size of a repository or larger, even where fracturing appears per-
vasive (Long et al., 1989). For example, at a test block in the Stripa mine in Swaden, fracture
zones in the granite occupy approximately 4% of the rock volume yet sccount for 94% of the
hydraulic transmissivity (Olsson ct al., 1988). Most of the water-prnducing zones in borcholes at
Yucca Mountain also are associated with fracture zones (Geldon, 1989). Findings such as these

have motivated our effort to devise a methodology for characterizing the geologic structure of

noean
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fracture zones to assist in hydrologic modeling.

As discussed in section 2.0, fracture zones commonly exhibit some kind of regular organ-
ized interal structure. We make a major effort to determine the systematic structural pattemns in
the fracture zones, and we use that information to guide us in our structural modeling. As we will
discuss below, a knowledge of fracture zone systematics can help in scveral aspects of an
integrated geologic/georhysical site evaluation. The fracture zone approach should be time-

effective because we can bypass much of the need to collect data on each individual fracture.

Finally, we try to address scaling problems by examining fracturc zone systematics at a varicty of

scales. Large regions that enclose a site are examined as well as small regions within it or adja-

cent to it.

We have had the good fortune to be able to develop our methodology in a location well
suited for the task, the Grimsel Rock Laboratory in Switzerland. The Swiss National Cooperative
for the Storage of Radioactive Waste (NAGRA) has hosted a varicty of experiments in the past
few years at the Grimsel Laboratory directed towards improving site characterization techniques
and the understanding of fracture flow. A broad variety of geologic and geophysical information
is available on the fracture systems there, and the fracture systems are well exposed. This labora-
tory is located inside a mountain (the Juchlistock) in the Bemese Alps near the headwaters of the
Aarc River (Figure 1.1). The laboratory is at an clevation of 1730 m, a few hundred mecters
below the surface. Several test sites occur at the laboratory; they are located using a code desig-
nating the host tunnel and the distance along that tunnel from its entrance. We have modeled the
geologic fracture structure at the US/BK site (Figure 1.2). This site contains the BK room room,
which branches from the main laboratory tunncl between L174.5 and L184. In map view the

US/BK site has dimensions of approximately 150 m on a side.
The body of the report has five sections:

(1) A brief discussion of fracture zones, related geologic structures, and factors control-

ling fracture patterns in fracture zones;
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(2) Overview of current LBL methodology for modeling fracture sysfcms as part of a

hydrogeoiogic characterization,;

(3) The application of this methodology for the construction of a conceptual model at the

US/BK site;
(4)  Analysis of radar difference tomography used to test our model of the US/BK site;
(5) Conclusions on the applicability of our m~thodology.

An appendix contains some of the borchole fracture data we used in constructing our model.
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2.0. FRACTURE ZONE PATTERNS AND GROWTH MECHANICS

Three classes of relativel ' nlanar structures are common in a variety of rock types and geo-
logic settings: fracture zones, shear zones, and igneous dikes (Figure 2.1). Certain fracture pat-
terns commonly develop in or along these features. These patterns reflect to a large extent the

control that the stress state and the presence of pre-cxisting weaknesses exert on fracture growth.

Fractures are structural discontinuities; a feature cut by fractures cannot be traced continu-
ously across them. There are two major kinds of fractures, joints or dilatant fracturcs (Figurc
2.1a) and faults (Figure 2.1b). The relative displacement of the opposing walls of a joint is
predominantly perpendicular to the joint; relative displacement parallel to the joint is minimal.
Joint walls may dilate in response to either a remote tensile stress or an internal pressure (such as
from a fluid) that exceeds the compressive stress pcrpendiculaf to the joint (Pollard and Segall,
1987). The relative displacement of the opposing walls of a fault is predominantly parallel to the
fault. Shear zones (Figure 2.1c¢), like faults, accommodate shear deformation, but unlike faults,
deformation across shear zones is continuous. The mineral grains in a shear zone characteristi-
cally are preferentially oricnted subparallel to the zone, so the rock in shear zones is anisotropic.
Ductile shear zones presumably form under higher temperature/pressure conditions or lower
strain rates than fractured fault zones. Still, many fault zones are probably rooted in ductile shear
zones (e.g. Sibson, 1977) or develop from them. Igneous dikes (Figure 2.1d) can cither intrude
pre-existing fractures or form their own (Delaney et al., 1986). Many dikes have a maximum
thickness greater than a meter, whereas most joints have a maximum thickness of less than a cen-
timeter. Itisnot un‘common for dikes to serve as nuclei for shear zones (Lisle, 1989) or for defor-

mation of dikes to cause fracturing in the adjacent rock.

Traditionally, fractures in the earth have been considered to be a product of shear failure in

response to remote loads. The growth of joints and dikes and the spatial variation of fracturing
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Figure 2.1. Four examples of common planar geologic structures. The feature in light grey
is an arbitrary marker: (a) joint, (b) fault, (c) shear zone, and (d) dike. ‘
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along faults are difficult to account for from this perspective. We consider fractures from the
standpoint of fracture mechanics, which deals with the remote stresses and the stress concentra- -
tions near a fracture tip. Theoretically, the near-tip stress ficld will be very hétcrogcneous, with
large shear, compressive, and tensile stresses occurring; tensile near-tip stresses can arise no
matter how large the regional compressive principa! stresses are (Lawn énd Wilshaw, 1975).
Rock properties together with the local stress state will govern whether fracture growth occurs by

shear cor tensile failure.

Joints probably are the most common type of rock fracture. In relatively isotropic rocks like
massive sandstone or granite, an isolated joint typicaliy will be very nearly pianar. This probably
reflects a remote stress state that is symmetric with respect to the joint, the least compressive
stress being perpendicular to the joint. The theorctical near-tip tensile stress concentration is
symmetric about the tip of a isolated, slowly-growing, dilatant fracture, but the shear stress con-
centration is asymmetric (Lawn and Wilshaw, 1975) Accordingly, in-plane growth would be
favored if a joint grew due to tensile failure at its tip, and out-of-plane growth would be favored
if it grew duc to shear failure at the tip. The planar shape of a joint aqd the style of rclative dis-
placement across a joint indicate that joints propagate in response to localized tensile failure at

their tips and not shear failure.

Joints ucually occur in scts of nearly planar subparallel joints (Figure 2.2a). These observa-
tions arc consistent with the hypothesis that the regional stresses strongly control the orientation
of the joints, ‘wilh the maximum compressive stress being significantly different in magnitude
from the least compressive stress (Olson and Pollard, 1989). Without a strong contrast in the
remote stresses, the stress perturba.ions caused by the presence of the joints themselves would
cause the joints to have highly curved shapes (Olson and Pollard, 1989). Elastic analyscs demon-
strate that the growth of a given joint would diminish the stress driving the growth of most
nearby joints; this shiclding effect is most strongly cxerted by the longest joints, As a result, the
growth of the longer joints should be favored, and the resulting fractuic pattern should contain

many short joints and fewer long oncs (Segall and Pollard, 1983a). This is precisely onc of the
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Figurc 2.2. Examples of joint patterns: () joint set and (b) two joint zones. In the upper zone,

joints have formed in front of the longest joint. In the lower zone, the longest
joint has propagated past previously-formed flanking joints.
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. patterns most commonly observed.

Joint zones (Figure 2.2b) consist of clustered, overlapping, subparallel joints (Dyer, 1983)
and form one kind of fracture zone. The spacing between joint zones is large relative to the spac-
ing of joints within a zone. Both the zones and the joints in them are nearly planar, Joint zones
resemble clusters of joints along some dikes, and both the zones and the clusters may form by a
similar process. Some dike-parallel joints are inferred to open in response to the tensile stress
concentration at the tip of a propagating dike (Delaney et al., 1986) and then be left in the Wakc
of the dike tip as it advances. By analogy, a joint zone may form in response to the stress concen-
tration at the ‘Lip of a particularly large juint.

Fau'ts, the second major class of fractures, have traditionally been considered not only to
accomnmodate shear displacement but also to originate as shear fractures (c.g. Sylvester, 1983).
This perspective has developed largely as a result of shear fractures being formed in numerous
laboratoiy compfcssic:. tests on small rock samples. However, in recent years this view has come
under increasing scrutiny. Detailed examinations of isotropic test specimens consistently show
that shear fractures are not primary features, Instead, arrays 6f dilatant fractures first form parallel
to the maximum compressive stress; only if deformation procceds far cnough do these fracturcs
link up to form shear fracturcs (c.g. Peng and Johnson, 1972). Furthcrmorc,-attcmpw to propagate
fractures in isotropic rocks under shear loads usually result in dilatant fractures propagating out-
of plane from the fracture tips (Ingraffca, 1981). In laboratory compression tests on anisotropic
rock, shear fractures do develop parallel to the anisotropy in the rock (Donath, 1961); ihcsc shear
fractures may be primary structures, The laboratory compression tests thus imply that faults
rarely originate as shear fractures in isotropic rock masses and that pre-existing dilatant fractures
énd rock anisotropy would strongly influence fault growth.

Ficld obscrvations consistently show that faults of substantial size exploit pre-cxisting
weaknesses as they develop (e.g. Muehlberger, 1986). In fact, we arc aware of fcw cxamples
(e.g. Aydin and Johnson, 1978) to the contrary. Faults and fault zones can originaic from pre-

existing joints (Segall and Pollard, 1983b; Martel ct al., 1988). Faults can also devclop from

nogpe o w IRt
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pre-existing shear zones; shear zones in turn can develop from joints (Segall and Simpson, 1986)
and dikes (Lisle, 1989). Systems of dilatant features (i.e. joints and dikes) can have lengths of

many kilometers and can provide long planar flaws for long planar faults to develop from.

Fault zones can develop as originally discontinuous faults become linked together (Figure
2.3). Dilatant fractures that form as a result of fauit slip can serv'e as links (Segall and Pollard,
1983; Martel et al., 1990); as may shear fractures (Sibson, 1986a). The secondary linking frac-
tures occur in predictable locations. Elastic analyses indicate that sccondary fractures are likely
to form where extensional gradients are high along faults. High gradients would be expected at
the cnds of faults and at gcometric irregularities along them, and numerous dilatant fractures do
occur in ihose places (Sibson,‘1986a; Martel et al., 1988; Martel and Peterson, 1989). Minerali-
zation is common in regions such as these (Sibson, 1981) and provides direct evidence for pro-
nounced fluid flow there. Sccondary dilatant fractures also occur where geometric irregularitics
arc not pronounced (Martel et al., 1988), presumably as a result of lransfcnt stress concentrations
along the fault zones (Martel and Pollard, 1989). Both kinds of sccondary dilatant fractures tend
to be aligned perpendicular to the least compressive remote stress. Because the remote principal
stresscs would be oriented oblique to an activated fault zone, many of the fractures in fault zones

can have oricntations that are systematically oblique to the zones.

The laboratory compression tests on anisotropic rocks suggest that anisotropy in the earth
may control the development of many fault zones. Swanson (1988) has documented aligned
faults that developed along layering in metamorphosed sedimentary rocks. Anisotropy may also
enhance the ability for aligned sets of fractures to subsequently form in shear zones (Figure 2.4).
Thc fabric in ductile shear zones commonly has an anastamosing or braided form (Berthe et al.,

1979), and anastamosing fractures arc common in fault zones (Wallace and Morris, 1936).

Many fault zoncs have been reactivated under different stress regimes and different
cnvironmental conditions (Muchlberger, 1986; Sibson, 1986b). Some of thc key factors
influencing the growth of fractures in fault zones, such as the magnitude and orientation of the

regional principal stresses, the mechanical behavior of the rock, and the fluid pressure, can
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Figure 2.3. Growth of fault zones from a joint set: (a) opening of joints, (b) development
of Taulis, {C) developmeni of simple fauli zoncs, and {(d) formation of

compound fault zones (from Martel, 1990).
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Figure 2.4. Formation of fractures (heavy lines) in a shear zone. Light lines represent aligned
minerals defining the foliation within the shear rone.

change with time. Many generations and orientations of internal fractures may form. As frac-
tures become more numerous, the stress state in a fault zone is likely to become increasingly
heterogeneous. Because of the varying conditions under which fracturing would occur, the frac-

ture patterns that develop in many ancient reactivated fault zones are likely to be quite chaotic.
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3.0. CURRENT LBL METHODOLOGY

The purpose of our combined geologic and geophysical investigation is to identify, locate,
and characterize the major structures in a given area to aid in building hydrologic modecls. The
geologic and geophysical contributions have different strengths and different limitations. To a
large extent a weakness in one discipline is offset by strength in the other; this is a major reason
why a joint investigation can be particularly fruitful. We first discuss the individual contributions

and then give some examples of how the geologic and geophysical efforts operate in tandem.

3.1. Geologic Contribution

Surface and subsurface exposures allow geologists to directly observe fracture systems.
‘The exposures can range from natural surface outcrops to subsurface excavations and boreholes.
There are several goals for geologic ohservations for the purposes of this report. The first is to
identify and locate meior fracture systems. The second purpose is to to determine the systematics
of their structure. Determining the systematics of a fracture system means characterizing the
essential and recurring patterns in which fractures arc organized within the system. A
comprehensive evaluation of the systematics of a fracture zone would ideally account for the
consistent patterns in the relative age, the spatial distribution, the mode of formation, and the
orientation of fractures within the zone. A third goal is to project the structures from the area
where they are visible to areas where they are not. This is commonly done in the form of geolo-
gic cross sections, and the fracture zones will tynically be projected as planar features. Projec-
tions should be made with care and ideally should involve the geologist who makes the field
observations. These projections can be tested using the results of geophysical investigations. A
fourth objective is to use the observations to infer how water might flow along a given structure

and from one structure to another.
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It is fruitful to observe fracture zones at a variety of scales. This ran reduce the chances of
serious error in extrapolating data from one scale to another. Regional geologic mapping is
important because it can be used to identify and locate major structures that might impact a site.
Major features may be difficult to recognize if observations are only made in small exposures in
the subsurface. At the other end of the spectrum, detailed large-scale geologic mapping can
reveal the internal systematics of the major fracture zones, this information is useful for interpret-
ing borehole records and for inferring how fluid might flow along the zones. Mapping at an inter-

mediate scale can tic the small-scale and large-scale observations together.

Detailed geologic mapping plays an important role in our approach to characterizing frac-
ture zone systematics. Detailed mapping is particularly effective in revealing the structural and
age relationships of the fractures within a fracture zone, as well as their shapes, lengths, posi-
tions, and orientations. The maps present a system in the form of an integrated picture rather than
a series of disconnected points. Moreover, the act of mapping forces the geologist to think about
what the mapped pattens mean. Critical questions might not even be raised if one only records
fracture locations and orientations on a logging form. Particularly well-exposed zones should be
cxamined in detail a) to document the essential elements of their structure, b) to relate the style
of their internal structures to their overall forms, and ¢) to assess their structural variability.
Because precise, detailed mapping is time consuming, it must be done selectively. The focus of
the detailed mapping should be on the outcrops with the largest and most complete exposures of
the rock matrix and the major structures. Informative exposures can be found at or near some
sites, but in many cases, exposures may be of insufficicnt quality or size to achieve the three
objectives listed above. In such cases, mapping of fracture zones in analogous geologic settings

can be useful, even if the exposures are well removed from the particular site in question.

Small-diameter borcholes provide the least expensive way to directly sample the geology
within an unexposed volume of rock. They can be extremely useful in preparing or checking
structural models made from maps and geophysical images. However, there are several limita-

tions in using borchole data alone to construct models of fracture zones. Some problems stem
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from the combination of small sample size and fracture irregularity. Unless a fracturc is entirely
confined within a borehole core, it is impossible tovdetermine the dimensions of a fracture solely
on the basis of borehole records. In some cases the relative thicknesses of fracture fillings may
indicate the relative lengths of different fractures, but no universal quantitative rclationships
exist. Furthermore, although many fracture zones are relatively planar, the individual fractures
within a zone can have irregular, nonplanar shapes. The orientation of a fracture at a point (i.c.
where intersected by a borehole) thus can be a poor indicator of the orientation of the zone con-
taining thé fracture. Because of the uncertainties in fracture size and shape, an essentially unlim-
ited number of fracture geometries would be compatible with a given borchole record. Figure 3.1
shows a simple example of how the same borchole fracture record can reflect entirely different
fracture configurations. In one case (Figure 3.1a) the average oricntation of a cluster of fractures
encountered in a borechole can be a good indicator of the orientation of the zone as a whole. How-
ever, if the internal fractures are systematically oblique to the zone as a whole (Figure 3.1b}, then
this approach will yield a grossly incorrect zone oricntation. In the case of Figure 3.1a the frac-
tures are not hydrologically connected, whereas in Figure 3.1b they are. The actual sizes and
shapes of the fractures clearly are important in determining the hydrologic behavior of the frac-
ture zone. These factors can be exceedingly difficult to constrain from borehole data alone, even
where boreholes are fairly numerous. The work on the structural systematics can reveal how indi-
vidual fractures are arranged in fracturc zones and thercfore can be extremely valuable in inter-

preting borehole fracture data.

Another problem with borchole data is that of "borchole bias" (Terzaghi, 1965). The distri-
bution of fracture oricn .ions in a borchole depends on the orientation of the borchole itself.
Fractures perpendicular to a borehole are more likely to be intersected than those parallel to it.
Because of borchole bias, different boreholes may appear to encounter fracture zoncs with
different orientations cven if only one oricntation occurs. Borchole bias effects highlight the
importance of checking the interpretations of borchole data against independent findings wher-

ever possibie.
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Figure 3.1. Two markedly different fracture zones can have the same appearance where they
intersect a borehole (shown in heavy line): (a) a series of joints, and (b) a fault
zone. Dotted box is for reference.

3.2. Geophysical Contribution

Geophysical techniques provide non-invasive ways to evaluate rock properties within a
body of rock. In general, active geophysical techniques compare the responses of a body to a
stimulus. Different elements of the body may respond differently, and by using signal processing
techniques, the different clements can be identified and located. Seismic and electromagnetic
techniques have been developed to sophisticated levels for this purpose. They can help project
major features identified at the surface or in boreholes and can detect subsurface structures which
were not previously identified. As a result, they provide a way to check and improve the struc-
tural model of a site. Geophysical investigations complement geologic work in that they are

directed at unexposed portions of the site.
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Seismic techniques are useful for evaluating the elastic properties of a rock mass and its

‘density. These depend in tumn on rock type, porosity, fluid content, and fracture distribution. For

example, elastic wave velocities generally increase as a function of increasing rock stiffness. For
a fixed saturation, an increase in rock porosity generally will decrease wave velocity. Wave velo-
cities generally increase with the level of saturation. Signal attenuation is related to physical

parameters in a complex manner. -

Fractures can be detected by their effect on the velocity and attenuation of seismic signals.
A zone of fractured material will usually be more compiessible than the adjacent unfractured
rock and thus have a lower velocity and higher attenuation. Even a single fracture can affect the
signal depending on the stiffness of the fracture (Schoenberg, 1980, 1983). Compliant fracturcs

will result in a Jower velocities and increased attcnuation ;elative to stifl fractures.

Electromagnetic techniques are used to sensc variations in parameters such as clectrical
resistivity or conductivity, diclectric constant, and magnetic permeability (Telford et al., 1976).
In many cases the electromagnetic properties of a rock mass are dominated not by the mincralogy
of the rock, but instead by its water content. Therefore, the porosity and saturation of a rock mass
will have relatively large effects on electromagnetic waves, This means electromagnetic waves

arc uscful for evaluating the hydrologic properties of rock.

We focus here on techniques that use seisrnic and radar signals. These techniques are espe-
cially eflective techniques for site characterization. Borehole logging techniques are useful for
detecting properties at distances of a few meters or less from a transmitter. Reflection techniques,
vertical seismic profiling (VSP), and tomography are cffective over distances of at least one hun-

dred meters.

Borchole logging reveals rock properties near a borehole. In geophysical borehole logging,
a probe is lowered down a hole and it radiates a signal into the surrounding rock. The signals typ-
ically sample no more than a meter or so into the rock. Based on the signal rcturn at the probe,
parameters such as seismic velocities, electrical resistivity, porosity, and density of the rock

parameters can be altered by
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the drilling process and may be different from undisturbed values away from the hole.

Reﬂcction‘ techniques are sensitive to impedance contrasts in the earth. The impedance of a
rock is a product of the density and velocity of a rock; it is usually dominated by the velocity.
Reflection surveys have traditionally used seismic signals to resolve large geologic structures
and stratigraphic scquénccs. These seismic surveys use a transmitter and a series of receivers that
together form a colinear array and are most effective in revealing subhorizontal structures paral-
lel to the receiver array that have adequate impedance contrasts. Reilection surveys can also be
done using radar signals, but radar signals typically penetrate much less than seismic signals.
Downhole radér reflection techniques can be u_séd to detect reflectors subparallel to a borehole.

This can be an cffective way to image fracture zones (Olsson et al., 1987).

Unlike conventional reflection techniques, in vertical scismic profiling (VSP) the reccivers
are down a deep vertical borchole insicad of at the surface. The VSP transmitter typically is
located within a few tens of meters of the borchole mouth. As with conventional reflection tech-
niques, signals from the transmitter are reflected by features in the rock and detected by the
borchole receivers. VSP is well-suited for detecting reflectors adjacent to a borehole or beyond it.
VSP can thus help extend information provided by borehole logging further away from the hole.
VSP signals will tend to be sharper than those from conventional reflection techniques because
VSP signals pass through weathered near-surface rock only once instead of twice. The VSP
geometry allows reflectors that dip steeply to be detected, Information on rock anisotropy and
porosity can be obtained by using receivers that detect compressional waves and vertical and
horizontal shcar waves (Stewart, et al., 1981; Daley, et al., 1988). The three-component informa-
tion can alsp allow fracture density and orientation to be estimated.

Cross-hole tomography is a particularly useful technique for non-destructively imaging
scismic and electromagnetic properties of rock over distances as great as a few hundred meters.
Signals arc transmitled between transmitter and receiver arrays along either two coplanar
boreholes or along a borchole and a coplanar line along the surface. Tomograms, images of the

velocity and attenuation fields, are reconstructed by applying inverse techniques to the measured
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signal travel times and amplitudés (Peterson, 1986). Distinctive geologic features in the imaged

rock mass will be depicted on the processed tomograms as anomialics.

It is important to note that tomograms must be interpreted. Perccived anomalies on tomo-
grams do not correspond uniquely to geologic features in a rock mass. There are two main rea-
sons for this. First, anomalies on tomograms can correspond to a variety of geologic eflects.
Independent information on the geology can be used to determine which geologic features arc
most likely represented in the image. Second, the inversion process itself commonly produces

artifacts that can be difficult to distinguish from the anomalies associated with real geologic

structures. A knowledge of the techniques applied to collect and process tomographic data is

vital in identifying artifacts. Artifacts are most numcrous where raypaths arc most sparse and at
the edges of tomograms. The location and spacing of sources and receivers can be used in con-

junction with a map of the ray paths to identify regions where raypaths are sparse.

3.3. Integration |

Geologic and geophysical investigaiions clearly can complement cach other. Geologic
investigations are well-suited to identify, locate, and characterize exposed features, but they are
limited in their ability 1) to determine how far to project known features and 2) to detect uncx-
posed features, On the other hand, geophysical investigations can :ocate unexposed features, but

are limited in their ability to uniquely determine the type of geologic features they detect. A clear

'use of geophysical information is to help project features within a site. A key contribution of gco-

logic information is to prevent geophysical data from being interpreted blindly. If certain geolo-
gic features arc known to be either exposed at the perimeter of a site or intersected within the site

by boreholes, geophysical images should be interpreted with that information in mind.
3.4. Application
3.4.1. Reconnaissance

The first step in modeling the fracture structure at a given site is to review the cxisting

information on the general geology in the vicinity of the site. The available material may range

1T [NEI m Vo e ' ' W IR
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from a single geologic reconnaissance map to an extensive literature that includes reports of
site-speci fic geologic and geophysical investigatious. Ideally this review will reveal the types
and distributions of the major gedlogic features. The second step is to visit the site. This will
allow those constructing the geologic model to get a hands-on feel of the complexity of the site

and to assess the accuracy, level of detail, and extent of the previously conducted work.

3.4.2. Regional Modeling

The rcconnaissance work scts the stage for regional modeling of the geology near the site.

Regional geologic modcling has two main purposes:
(1) Toidentify structures which are likely to be encountered near the target site;
(2) o provide a larger context in which to view the site-speci fic model.

Only the gross external gcometries of the major structures need be known at this stage. Detailed
information on specific structurcs can be gathered once it is determined which structures are
likely to be present at the target site. In cases where the major structures arc exposed at the sur-
face, the position and orientation of the major features would be cstablished by the reconnais-
sance mapping. Projections such as geologic cross sections or block diagrams would show how
the major structures might be arranged in the vicinity of the target site. Seismic reflection and
VSP techniques, together with the drilling of decp boreholes, can aid in preparing a preliminary

model of the major structures in the vicinity target site.

3.4.3. Selective Detailed Geologic Mapping

Selective detailed geologic mapping is done to determine the internal systematics of the
major features that are likcly to exist within the site. As noted above, the detailed mapping
should focus on the outcrops with the largest and most complete exposures of major structures. In
cascs where local exposures are of insufficient quality or size to determine systematics, it can be

uscful to map similar structures in analogous geologic settings.
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3.4.4, Site-specific Modeling

At this stage a prcliminary model of the site structure is produced. Geologic structures
ciihcr exposed in the site vicinity or inferred frém geophysical data are projected into the site,
The model is revised to incorporate the results of site-specific geophysical tests. Drill cores, core
logs, and core photographs are aiso inspected to identify zones of abundant fractures and other
structures (e.g. permeablc dikes) within the site that may be importam to the model. The geophy-
sical and borehole information should be intcr.prctcd‘ in a manner consistent with the systematics
of the local structures. The model should be re-examined and refined as more site-specific infor-

mation becomes available.

3.4.5. Constructing the Hydrologic Model

The resulting mode! of the major geologic featurces can be used as the basis for a hydrologic
model. Both the gross arrangement of the major structures and the information on the internal
systematics of the major structures should be considered in preparing hydrologic models. The

structural information could also be used to help pian the siting of wells or borcholes for collect -

ing hydrologic data.
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4.0. APPLICATION OF LBL METHODOLOGY: THE US/BK SITE

We have applied the methodology of Chapter 3 to characterize the US/BK site at the Grim-
sel Rock Laboratory (Figure 1.2). We first review previously published material on the geology at
Grimsel. We then present our work on the systematics of the major geologic structures near the
laboratory. The geologic structures exposed in the subsurface workings adjacent to the US/BK
site are described next. Finally, we build a model of the major geologic structures within the
US/BK site bascd on surface and subsurface mapping, borchole data, and geophysical tomogra-
phy. In Chapter 4 we compare this model against interpretations of the brine tracer difference

tomograms.

4.1. Prior Studies of the Geoldgy at Grimsel

NAGRA reports NTB 81-07, 85-46, and 87-14 served as our principal sources of informa-
tion on the geology in the immediate arca of the Grimsel Laboratory. These reports include sur-
face and subsurface geologic data collected specifically for work at the laboratory. We relied
most heavily on the maps, cross-sections, borchole logs and geometric information on the subsur-
face workings contained in thr raw data appendices of a preliminary draft of NAGRA Technical
Report 87-14. The three reports also provide a geologic model of the laboratory region and
highlight some of the important features of the major structures. Finally, and perhaps morce
importantly, they show how the Grimsel fracture systems have been studied and how the under-

standing of the geologic structure at Grimsel has evolved.

4.1.1. NAGRA Technical Repori 81-07 (‘‘Sondierbohrungen Juchlistock Grimsel’*)

The preliminary geologic and hydrogeologic investigations of the Grimgel T ahoratory were
concluded in 1980 and are reported in NAGRA Technical Report 81-07. These investigations

were conducted after the main access tunnel had been excavated, but before any laboratory
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tunnels were bored and before detailed mapping of the surface had been conducted. The interpre-
tation of the subsurface structure (Figure 4.1) relied primarlly on information from the main
access tunnel and six subhorizontal boreholes drilled west from the main access tunnel (Figure

1.2). The northernmost borehole (BOUS 80.001) was drilled above the site of the BK room.

The report identifics three main systems of geologic structu; s in the vicinity of the Grimsel
laboratory: K-zones, S-zones and lamprophyre dikes (Table 4.1). The K-zones are steeply-
dipping fracture zones that generally strike to the northwest, at high angles to the foljation of the
rock, which strikes “N65°E. The S-zones contain fractures that parallel the foliation in the rock.
They commonly occur in biotite-rich shear zones, strike to the northeast, and generally dip stee-
ply to the southeast, The youngest fracturcs in the S- and K- systems were considered to be of
Alpinc age (15-25 m.y.). The absolute ages of the oldest fracturcs and the relative ages of the
fracture systems were not ascertained. On the basis of their orientation, the S-zones were subdi-
vided into three groups (S1, S2, S3) and the K-zones into four (K1, K2, K3, K4); this orientation-
based scheme is retained in NTB 85-46 and NTB 87-14. Some K-zone orientations overlap those
of S-zones. Mectamorphosed lamprophyres, mafic dikes that contain abundant micaceous
material, were noted to parallel some K-zones. Intense deformation was observed locally along
the contacts between some lamprophyres and the granitic host rock, and the lamprophyres are
locally highly fractured. Fractures are thus associated with au of these geologic structures, and in

places we shall refer to these structures as fracture systems or fracture zones.

The dominant features shown on the preliminary interpretation of the fracture structure near
the eventual location of the BK room (Figure 4.1) are cast-striking lamprophyres north of the
room and a northeast-striking S-zone that intersects BOUS 80.001 near its west end. A prelim-

inary geologic cross section in NTB 81-07 shows this S-zone extending to the surface.

4.1.2. NAGRA Technical Report 85-46 (‘‘Grimsel Test Site: Overview and Test Programs’’)

The initial geologic, petrographic, and hydrogeologic studies of the Juchlistock area were
completed in April of 1984. The key findings of these studies are presented in NAGRA Technical

Report 85-46. This report was prepared after the laboratory tunnels were bored and the BK room
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was excavated, and it includes descriptions and maps of fractures in the laboratory tunnels and

excavations.

The general conclusions of NTB 81-07 regarding the Grimsel fracture systems are echoed
in NTB 85-46. Perhaps the most significant change is that two new sets of K-fracture oricntations
are classified in NTB 85-46. Cne of these sets consists of subhorizontal Alpine tension fissurcs
(*‘Zerrkllifte’”). These fissures are considered to be the youngest mincralized fractures and arc
approximately 13 million years old. The very youngest fractures are sheeting joints (T-fractures)
that are subparallel to the topography. The report notes that most of the water circulation near
the laboratory occurs along the most prominent S-fracture systems (S1 and S2), the margins of

lamprophyres, and the Alpine tension fissures.

The report also contains a map of the geology near the US/BK site (Figure 4.2). The most
numerous fractures shown in the vicinity of the BK room are classified as S2 fractures. The most
prominent S2 zone is projected just west of the BK room; it is shown in the same location in
NTB 81-07. Another prominent fracture zone (S3 in Figure 4.2) is cxposed near the entrance to
the room and strikes east-west. Based on borchole BOUS 80.001, numerous K4 fractures that dip

to the west-northwest were inferred west of the BK room.

4.1.3. NAGRA Technical Report 87-14 (‘‘Felslabor Grimsel: Geologie’’)

The most recently relcased report on the geology of the entire Grimsel Laboratory is
presented in the preliminary and final volumes of NAGRA Technical Report 87-14. This report
was prepared after all portions of the laboratory tunnels were logged and after several hundred
meters of borchole core were examined. It presents both a summary of the geologic literature on
the Grimsel Pass region and the results of the site-specific geologic investigations conducted near
the Gr: 1sel Rock Laboratory betwzen 1980 and 1987. The final volume was issued in February

of 1989.

As in the previous two reports, NTB 87-14 rclies primarily on orientation data from

borcholes to characterize the fracture systems at Grimsel. Three ductile (S1, S2, S3) and six brit-
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tle (K1, K2/L, K3, S4/K4, S5, and subhorizontal tension fissures) fracture systems werce classified
based on fracture orientation data from subsurface boreholes. The orientations of the S1 and S2
systems overlap considerably, as do the orientations of the 1) K2 fractures and the lamprophyres

(L), and 2) the S4 and K4 fracturcs.

~ The report indicates that the geologic structure largely reflects Alpine deformation between
25 and 15 m.y. During this interval the fracture systems developed and the granites acquired their
foliation. Members in each of the four major fracture systems visible at the surface (S1/S2, S3,
K2/L, and K3) have served as faults, and the displacements accommodated by faults of diflerent
oricntation suggest cither a multi-step or a nonuniform deformation. It is difficult to distinguish
the relative ages of the fracturing events based on the mineralogy of the fracture-filling minerals,
because most of the fractures are at least partly sealed with the same minerals (quartz and chlor-
ite +/- epidote). The similar mineralogy in the fractures may indicate hydraulic communication
among the different fracture zones. Only for the alpine tension fissures have the ambicnt
pressure/temperature conditions at fracturing been established (73 kilobars and 400- 450°C).
This pressure corresponds to a depth of formation of 10-30 km. The S- and K-zones probably

formed in this depth range or even deeper.

NTB 87-14 presents a three-dimensional model of the Juchlistock area through the combi-
nation of a geologic map of the surface (Figure 4.3), a slightly modified version of the geologic
cross section of NTB 85-46 (Figurc 4.4), and a block diagram (Figure 4.5). A salient aspect of
these illustrations is that many of the major structures extend to depth as roughly planar features.
This is consistent with the expression of the major structures in the mountainside above the
laboratory. A particularly prominent feature shown on the geologic map (Figure 4.3) is a K-zone
exposed at an elevation of 2100 m above the north end of the main laboratory tunnel. As did the
cross section of NTB 85-46, the cross section of NTB 87-14 (Figure 4.4) shows the lamprophyres
L{k,) exposed north of the BK room being connected to this K-zone. The report also includes a
generalized map of the main fracture zones at the level of the Grimsel Laboratory (Figure 4.6), it

is very similar to Figure 1 of NTB 85-46.
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4.1.4. Conclusions from the NAGRA Reports

The structural interpretation near the BK room is similar in NTB 81-07 (Figure 4.1), NTB
85-46 (Figure 4.2) and NTB 87-14 (Figure 4.6). The prominent S2 zone 1hét intersects the labora-
tory tunnel near the northeast corner of the site and the northwest-striking K1 fractures near the
west end of the BK room have essentially the same position and orientation in Figures 4.1, 4.2
and 4.6, The differences in the geologic interpretations of Figures 4.2 and 4.6 are relatively small.
The lamprophyres north of the BK room and the fractures west of it are extended further in NTB
87-14 (Figure 4.6), and several fractures near the mouth of the room that are shown in NTB 85-46

(Figure 4.2) are not shown in the generalized laboratory map of NTB 87-14 (Figure 4.6).
4.2. Systematics of Major Geologic Structures

4.2.1. Overview

When we began our work, models of the Juchlistock region (Figures 4.3, 4.4, and 4.5) and
site-specific models of the fracture structure near the BK room had been prepared (Figures 4.1,
4.2, and 4.6), but the distinguishing attributes of the major fracture zones had not been described
in great detail. For that reason we concentrated on defining the systematics of the major geologic
structures early in our study, focusing on the surface outcrops with the largest and most complete
cxposures of fracture zones and lamprophyres, We did not focus on the particular fracture zones
directly above the US/BK site because the surface exposures there are poor. Rather, we exam-

ined a few zones ncarby that are particularly well-exposed.

4.2.2. Fabric of the Granitic Rock

As noted in NTB 87-14, the granitic rock at Grimsel is foliated. The foliation strikes
approximately N65°E, dips 65° to 70° to the southeast, and is defined by the alignment of biotite
grains in the rock and by deformed bands of granite in which the grain size has been reduced.
Our use of the term foliation corresponds closely to the use of the term schistosity in NTB 87-14.
In addition, the rock has a linear fabric element. Grains of feldspar in the foliation planes have

been elongated in the direction the foliation dips. 'This can be clearly seen in driii cores from the
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from the southern part of the laboratory. This linear fabric is also reflected in the laboratory by
inclusions in the granite having smaller cross sectional areas in the roof and floor than in the tun-

nel walls, The granitic rock at Grimsel is clearly anisotropic.

4.2.3. K-Zones

A 100-m-long section of an exceptionally well-exposed K-zone (Figures 4.7 and 4.8) was
mapped at an elevation of “2000 m on the north side of the Bachlisbacﬁ gorge. This zone strikes |
northwest, nearly at right angles ld the foliation. The zone appears to offset a steeply-dipping
lamprophyre dike left-laterally by ~20 m; this interpretation is based in part on lamprophyre
exposures north of the area of Figure 4.8. The K-zone contains a series of northwest-striking
faults. They are linked by smaller fractures that strike east-northeast, oblique to the zone as a
whole. Both kinds of fréctures dip steeply. Structurally, tuis zone is remarkably similar (o some
left-lateral fault zones in the Sierra Nevada of California that developed from fault-parallel join‘ts

(Martel ct al., 1988; Martel, 1990), and we suspct that the K-zone devcloped the same way.

The K-zone mapped clearly is not a uniform, planar structure. It has a nonlinear trace, with
subparallel segments joining at cchelon steps, and varies in width from about one to ten meters.
The relative abundance of the internal obliquely-striking fractures variés markedly along strike.
They are most abundant at a left echelon step between two faults at the northwest end of the map.
The orientation of the intemnal fractures suggests that the K-zone slipped left-laterally when the

axis of maximum horizontal compression was oricnted east-northcast or east.

A fracture zone with a {racture pattern similar to the K-zone of Figure 4.8 is exposed at the
cast end of the BK room (Figures 4.2 and 4.9). This zone contains a serics of steeply-dipping
fractures that strike east-west, the most prominent being a fault c#poscd where the north wall of
the BK room intersects the laboratory tunncl (Figure 4.9). Several subparallel fractures arc
exposed in the laboratory tun.el a few meters north of this fault, and another is exposcd 11 m to
the south (Figure 4.2). On the south side of the fault in the BK room (Figures 4.2 and 4.9) arc
numerous fractures that strike to the southwest and dip steeply to the southcast. Most of these
il

fractures eiiher splay direcily fiom ihe fault
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Figure 4.7. View to the northwest across the Ratrichsbodensee dam showing the glaciated
surface above the north entrance to the main access tunnel. The entrance is
below and to the right of the far side of the dam. The lamprophyre dike and
K-zone of Figure 4.8 intersect at the dark spot in the center of the photograph.
The lamprophyre extends left and up from this spot; the K-zone extends down

and to the left. The stream in the prominent gorge at the left edge of
photograph is Bachlisbach.
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few southwest-striking fractures are mapped on the north side of the fault, and a few occbur in the
adjacent part of the laboratory tunnel. This fracture pattern is remarkably similar to that at the
major step in the K-zone ofFigtire 4.8, and we suggest that the southwest-striking fractures in the
BK room link two' west-striking faults, one at the mouth of the room and the other 11 m t‘o the
south. Although an apparent right-lateral offset is mépped across the fault (Figure 4.9), the frac-
ture structure indicates that the fault is part of a left-lateral fault zone; perhaps the fault has
slipped in two different senses at different times. The laboratory tunnel is damp adjacent to this
inferred structural step, suggesting that the step is a preferred conduit for fluid flow. This arca
coincides with an area of unusually dark granite (Figure 4.6), so an alternative interpretation is

that the southwest-striking fractures are primarily rclated not to the faults but instead to the dark

_granite.

4.2.4. S-Zones

In contrast to the K-zones, the S-zones display a braided structure. This pattern is revealed
at the surface (Figure 4.10; also see Figure 3.12 in NTB 87-14), in the roof of the laboratory tun-
nel at L75, and in the laboratory tunnel walls between L80 and L103 north.of the BK room (Fig-
urc 4.11). The traces of S-zone fracturcs on tunncl walls resemble fish gills (Figure 4.12). In some
cascs a subsidiary fracture is nested within a more prominent fracture (Figure 4.12a), whereas in
other cases the more prominent fracture is nested within a subsidiary fracture (Figure 4.12b). The
two scenarios reflect cases where the subsidiary fracture strikes from the more prominent fracturc
in different directions. Fractures between L80 and L103 appear to splay to the right (Figurc
‘4.12a) about as commonly as they splay to the left (Figure 4.12b). The overall pattern thus
appears to be braided. Because we see repeated evidence of a braided structure in the S-zoncs we
consider them to characteristically have a braided character in plan view (Figure 4.13). Surface

and subsurface exposures at Grimsel suggest that a braided pattern of S-zone fractures is also

present in the down-dip direction but is less pronounced.

The structure of the S-zones is clearly ticd to the anisotropy of the granitic host rocks. At a

macroscopic scale the S-zones parallel the foliation in the rock. In some places S-zone fracturcs



Figure 4.10. View along the strike of an S zone (15-cm-ruler for scale). Note the braided
fracture structure. The macroscopic structure mimics the microscopic structure
in the granite.

LI}
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PLAN VIEWS
Left Splay : Right Splay
Parent
Parent
TUNNEL WALL VIEWS
Left Splay Parent
Parent Right Splay

. PERSPECTIVE VIEWS
Left Splay Parent

XBL 903-781

Figure 4.12. “‘Fish-gill’’ diagram showing projections of the traces cf a parent fracture and a

splay fractures in a horizontal map view, in a vertical view of the wall, and in a
three-dimensional perspective view. The plan views show the intersections of
the fractures with a horizontal plane through the axis of the tunnel. The tunnel
wall views show the fracture traces as projected orthogonally from the tunncl
wall onto a vertical plane; this is how the fracture traces appear in the tunnel
wall to an observer standing in the tunnels. For the case of a left splay, the
tunnel wall trace of the parent fracture is nested inside the tunnel wall trace

of the splay fracture. For the case of a right splay, the tunnel wall trace of

the splay fracture is nested inside the tunnel wall trace of the parent fracture.
Compare the tunnel wall views here with the fracture traces in the west wall
of the laboratory tunnel between L80 and L103 in Figure 4.11.
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XBL 903-782

Figure 4.13. Block diagram showing the braided structure of S-zone fractures in plan view and
in a vertical cross section. The braided structure is more pronounced in plan view
than in cross seciion. Dashied lines maik i€ orieiiiaiion of ih€ foliatioin in ihc
rock.
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occur along mylonites (bands of concentrated ductile shear deformation) that parallel the folia-
tion (Frick et al.,, 1988). The macroscopic fracture structure of the S-zones also mimics the
microscopic arrangement of the biotites, which largely define the foliation. The S-zone fractures
commonly parallel the biotites and are particularly well developed where biotite is concentrated.
In plan view the biotites form a braidcd pattern as they wrap around feldspar and quartz grains in
the rock, analogous to the braided pattern formed by the S-zone fractures. The feldspars tend to
be elongated parallel to the dip of the foliation, so in cross sections perpendicular to foliation
strike the braided pattern is more drawn out, ti‘xis too is analogous to the pattern formed by the S-

zone fractures.

Subhorizontal slickenlines within the S-zones indicate strike-slip faulting along the zones.
Several surface exposures at the edges of S-zones contain steeply-dipping veins that are plasti-
cally sheared in a left-lateral sense (Figure 4.14), whereas in subsurface exposures veins are shar-
ply offsct across S-zones in a right-lateral sense (e.g. Figure 4.11, tunncl floor at L84). We infer
that some S-zones may have first slipped left-laterally under elevated pressure-temperature con-

ditions and then right-laterally under lower pressure-temperature conditions.

4.2.5. Structural Relationship Between K- and S-Zones

We have not definitively identified any consistent structural relations between the K- and
S-zones. It is not clear in general whether the K- and S-zones offset each other, what their relative
ages are, or what the structure of their intersections is. However, several surface exposures con-
tain individual northwest-striking and northeast-striking fractures that offset cach other. One
exposure is less than 100 m west of the entrance to the Grimsel Laboratory. These relationships

suggest that the zones may offset each other. The zones may have been active at the same time.

The distinctly different structures of the K- and S-zones (Figure 4.15) appear to reflect
differences in the flaws from which the zones developed. The K-zones apparently devcloped
from an irregular distribution of pre-existing west or northwest-striking fractures, whercas the S-
zones developed upon the foliation in the rock. The most prominent fractures in the K-zones

strike at high angles to the foliation. In contrast, the S-zone fractures parallel the foliation.

" n . o , . . . i x “a o "
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Figure 4.14. Photographs of plastically deformed veins offset Ieft-laterally across northeast-
striking S-zone fractures along the west shore of the Ratrichsbodenscee. The
veins dip steeply and become progressively more deflected as they approach
the fractures. 15-cm-ruler for scale.
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S-ZONES

K-ZONES

NAL A

XBL 803-~783

Figure 4.15. Schematic diagrams comparing the arrangement of fractures in a K-zone and an
S-zone. The foliation in the rock dips steeply to the southeast, at a high angle

to the K-zone but parallel to the S-zone,
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4.2.6. Lamprophyres

Lamprophyre dikes are superbly exposed at several places in the laboratory tunnels and
exhibit a variety of spectacular deformational structures including mﬁllions and Alpine tension
fissures. In general the dikes strike to the west or northwest (like the K-zones), dip steeply (o the
south, and contain abundant micaceous material with little quartz. As indicated in Figure 4.6, it is
difficult to trace some lamprophyres along strike as planar structures for more than 10-20 m.
So‘me‘ of this discontinuous structure may reflect deformation (stretching) of the lamprophyres.
The lamprophyre edges commonly are highly sheared. Many lamprophyres that strike northwest

contain an internal foliation that strikes approximately east-west.

Several of the steeply dipping, northwest-striking lamprophyres in the southern half of the
laboratory have developed a pronounced mullion structure, that is a series of periodic cusps at
their edges (Figute 4.16a, Figure 4.17; see also Figure 4A, NTB 87-14). Mullions arc visible in
the roofs and floors of the tunnels, but not in the walls. This indicates that the mullions are
approximately vertical. The formation of mullions results from differences in how the granitc and
lamprophyre flowed during ductile deformation and reflects the lower viscosity of the lampro-
phyres relative to the adjacent granite (Ramsay, 1967; Smith, 1975, 1977). Mullions develop in
response to shortening approximately parallel to the deformed layer and form at approximately

right angles to the direction of maximum shortening.

Many and perhaps most of the Alpine tension fissures exposed in the tunnels extend from
lamprophyres (Figure 4.17); some arc more than a meter tall and extend scveral meters from the
lamprophyres, These fissures are subhorizontal and are exposed in tunnel walls, but not in roofs
or floors. Hydrothermal mineral deposits in these fissures and alteration of the adjacent granite

shows that the fissures have served as important conduits for hydrothermal fluids.

Assuming that the remote principal strains and principal stresses had similar orientations,
the mullions along the northwest-striking lamprophyres would have formed when the maximum
compressive stress was oriented northwest-southeast. If the fissures and mullions formed contem-

porancously, the least compressive stress during their formation would have been approximately
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Figure 4.16. Deformational features along dark-colored lamprophyres in the laboratory that
strike northwest. (a) Asymmetric mullion cusps in a tunncl roof. Note the
hand for scale. (b) Subhorizontal alpinc tension fissures in a tunnel wall,

The distance between the two lamprophyres as mecasured along the tunnel
wall is =1.5 meters. Note the hydrothermal alteration halos around the
fiseures (photograph of fissures courtesy of NAGRA).
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_ MULLIONS

ALPINE
TENSION
FISSURES

MULLIONS

XBL 905-1671

Figure 4.17. Block diagram showing vertical mullions and horizontal Alpine tension fissures
extending from a vertical lamprophyre. The fissures are filled with hydrothermal

minerals.
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vertical,

Shear displacement across some lamprophyres also caused fracturing of the granite.
Steeply-dipping splay cracks that strike to the north extend from the ends of northwest-striking
lamprophyres in the heater test tunnel at W108.5 and W137 (Figure 4.18). This type of structure
indicates right-lateral strikc-slip displacement across the lamprophyres (Pollard and Segall,
1987). The splay crack oricntation indicates that slip occurred when the maximum compressive
stress was ncarly horizontal and oriented nearly north-south, The presence of the mullions and

splay cracks appear to reflect deformation under two somewhat different stress regimes,

We found one lamprophyre at the surface that is superbly exposed over a distance of
approximately 100 m, It appears to be offset by the K-zone of Figure 4.8, with a left-lateral strike
separation of perhaps 20 m. The lamprophyre strikes to the north, oblique to the rock foliation.
Mullions are much less prominent along this lamprophyre than along those that strikc northwest |
in the subsurface; the degree of deformation along the lamprophyi‘es thus appears to vary as a
function of lamprophyre oricntation. Along most of the outcrop the lamprophyre appears little-
deformed macroscopically, although its margins are locally sheared. However, at echelon steps
along strike (Figure 4.8) the lamprophyre appears highly sheared and contains abundant hydroth-
crmal quartz. This suggests thal quartz veins may be a sign of particularly large deformation in

the laﬁxprophyrcs.

4.2.7. Evidence for Multiple Deformation Events

“There is substantial evidence for multiple episodes of displacement across many of the
steeply-dipping structures in the Grimsel area. Across some northeast-striking S-zones, steeply-
dipping veins are dragged and offsct left-laterally, whereas others offsct veins sharply in a righl-
Jateral sense. These observations suggest two episodes of deformation, first one in which the S-
zones slipped le(t-laterally under clevated pressure-temperature conditions and then another in
which they slipped right-laterally under lower pressure-temperature conditions (Figure 4.19),
Multiple episodes of deformation are also indicated by northwest-striking structures, Left-lateral

displacement across the northwest-striking K-zone of Figure 4.8 is indicated by the apparent 20-
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Figure 4.18. Splay fracturcs ncar the end of a lamprophyre in the laboratory roof; the photograph
is printed reversed to show the features as they would appear in plan view. The
trace of the lamprophyre is parallel to the long dimension of the photograph. The
fractures splay to the right, indicating right-lateral slip across the lamprophyre
(the rock to the right of the lamprophyre moved down relative to the left-side).

The lamprophyre strikes northwest; the bottom of the photograph is to the northwest,

The roof was damp in the vicinity of the splay cracks, indicating relatively high
permeability there, ‘

m ' o v L | ' " v o "-‘ 1l
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LAMPROPHYRE

XBL 905~1673

Figure 4.19. Two of the stages of deformation at Grimsel. (a) Left-lateral displacement across the
S-zones, Displaced veins are plastically deformed, indicating elevated pressure/
temperature conditions. Maximum horizontal compression is oriented north-south.
Right-lateral displacement across lamprophyres may have occurred at this stage.

(b) Left-lateral displacement across northwest-striking K-zones and right-lateral
displacement across northeast-striking S-zones. Fracturing associated with this
deformation suggests lower pressure/temperature conditions than in (a).
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m left-lateral strike separation of a steeply-dipping lamprophyre and by the fracture structure of
the zone. However, the steeply-dipping fractures near the ends of some northwest-striking lam-
prophyres in the laboratory tunnels indicate right-lateral slip. These observations might be
cxplained by only two episodes of deformation, one in which the maximum compressive stress
was horizontal and oriented north-south and another in which it was oriented east-west (Figure
4.19). However, not all the observations are consistent with just two homogeneous deformational
events. The fracture structure along the west-striking fault near the mouth of the BK room (Fig-
urc 4.9) indicates lcft-lateral displacement on that fault. This is consistent with slip in which the
maximum -compressive stress was oriented northeast-southwest, so at least three episodes of
strike-slip faulting may have occurred. During strike-slip faulting both the maximum and
minimum compressive stresses would have been approximately horizontal. The fabric of the
granite, with a steeply-dipping foliation that strike approximately N65°E and a steeply plunging
lincation may indicate another stage of deformation in which the maximum compressive stress
was oricnted approximately N25°W and the minimum compressive stress was oriented approxi-
mately vertically. Quartz veins which appear dragged along a fault that dips steeply to the south
in the lamprophyre at L1 14 may reflect normal dip-slip motion on the fault (Figure 4.20), with the
maximum compressive stress being oriented approximately vertically and the least compressive
stress being oriented roughly north-south. The sequence and number of deformational cvents is
uncertrin, but the structures at Grimsel clearly reflect a rather complicated deformational

scquence,

4.2.8. Hydrologic Liaplications

The K- and S-zones are markedly diflerent structures (Figure 4.15) and probably have
markedly different fracture flow characteristics. The K-zones appear structurally more hetero-
gencous than the 5-zones and fluid flow may be raore heterogeneous along the K-zones than the
S-zones. Flow in the K-zones is most likely to be localized at steps, where the [ractuning is most
extensive. In three dimensions these steps might act as nearly vertical pipes. The principal frac-

tures in the S-zones strike subparallel to the zones, so the permeability probably would be greater
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Figurc 4.20. View of a whitc vein offset by a fault in a lamprophyre. This exposure isin the
east wall of the laboratory tunnel at 114, The fault extends (rom the lower
right corner of the photograph to the center of the top cdge. The offset vein
extends down from near the upper right corner towards the fault and hooks
back towards the top of the photograph a- it near the fault. The vein may
be drag foided aiong the fauit. if o, this indicaies @ componeni of noinal
slip, with the north (left) side of the fault up relative to the south side.

The pick end of a rock hammer head at the very bottom of the photograph
scrves as a scale.
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along the zones rather than across them. Because S-zone fractures appear more tortuous in plan
view than in vertical cross section, we suspect that the average vertical permeability of the S-

zones would be greater in the vertical direction than along strike.

Flow along the lamprophyres probably would be concentrated along their edges where
deformation of the lamprophyre and the adjacent granite is great. Flow could be particularly high
along the Alpine tension fissures that extend from the lamprophyres. The micaccous material in
the lamprophyres probably causes permeability across the lamprophyres to be quiie low. How-
cver, some flow across lamprophyres could occur along foliation planes or where the lampro-

phyres arc discontinuous.

The evidence for multiple episodes of slip suggests that the zones may well offset cach
other where they intersect. If so, the steeply-dipping zone intersections may be sites of particu-

larly extensive fracturing and preferred paths for {luid flow,

The observations of others (Choukrone and Gapais, 1983; NTB 87-14) indicate that rock
deformation is decidedly heterogencous at the scale of the Grimsel Pass region. Our obscrvations
indicate that deformation is also markedly heterogencous at the scale of the Grimsel laboratory.

We expect that flow along iractures will be irregular at the scale of the Grimsel laboratory.

4.3. Site-Specific Model of Geologic Structure: The US/BK Site

We have prepared a site-specific model of the geologic structure at the US/BK site in the
northern part of the Grimsel Rock Laboratory. The main laboratory tunnel, which bounds the site
on the cast, and the BK room, which is located in the southeast part of the site, form the perime-
ter of the site, albeit a partial one. The site is bounded on the north and south by boreholes BOUS
85.002 and BOUS ¥5.003 (Figure 4.21). These holes are apout 150 m long and are spaced about

150 m apart. About onc dozen other boreholes radiate from the BK excavation.

As we developed our interpretation of the geologic structure at the US/BK site we first
cxploited the exposures ‘n the BK room and the laboratory tunnel. We then identified fracture

zones in the boreholes and prepared a preliminary model of the site. Scismic and radar tomo-
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Figure 4.21. Map showing the major boreholes in the vicinity of the BK room. Tick marks
are on a 50 meter grid. North is to top of figure. Dashed lines A and B mark

lines of cross section shown on Figure 4.23. Borehole BOBK 85.007 is not

shown; it projects along borehole BOBK 85.004.
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grams were then used to define the structure between the boreholes and the tunnels and to refine

our initial model.

4.3.1. Geology Along the US/BK Site Perimeter

BK Room. The fracture structure mapped within the BK room varies considerably (Figurc‘
4.9). The east end of the room is highly fractured and contains the fracture system described in
Section 4.2.3. The west end of the room is much less fractured. The fractures in the west end of
the BK room gencrally strike either northeast (S-fractures) or nérthwest (K-fractures), At least
some of the fractures cut, but do not offSct, flow structures in the granite. Most of the fractures do
not cross the room, and they do not appear to belong to any throughgoing fracture zones. Perhaps
the most prominent fracture is a fault that strikes northwest from the fault at the mouth of the BK

room {(Figurc 4.9),

Laboratory Tunnel. The laboratory tunnel reveals threc prominent S-zones that strike
northeast near the BK room (Figure 4.2). Two of these are north of the BK room, and the other
intersects a north-striking joint several meters south of the BK room. Water drains from all of

these structures.

The two S-zones north of the BK room (Figure 4.6) arc exposed near L76 and between L80
and L103 (Figurc 4.11). These dip "65° and "80° to the southeast, respectively. Subhorizontal
slickenlines are common on fractures in the second zone, indicating some of the fractures have
accommodated strike-slip displacement. Lateral displacements across individual S-fractures are
usually small. Where ofIset, quartz veins and other markers are generally offset no more than 20
¢m and in a right-lateral sense. However, a gouge-filled fault exposed near L76 appears to offsct
a steeply-dipping quartz vein much more. The vein is exposcd on the southeast side of the fault
but not on the northwest side, and we infer that the vein is offset right-laterally by at least 5 m,
Northeast of L76, a lamprophyre has been interpreted to make an unusual right-lateral bend
it crosses the projection of this fault (Figure 4 6) We suggest the lamprophyre may be

offsct right-laterally several meters across ihe ‘‘L76'° fault. The second S-zone contains

numerous northeast-striking fractures. This zone probably does not extend into the BK room; if
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the zone does, it changes character dramatically. Only a few northeast-siriking fractures are
exposed where this zone would project into the BK room (Figures 4.6 and 4.9), and the z(me

thickness would decrease from 21 m in the tunnel to 7 m in the BK room.

The S-zone south of the BK room (Figure 4.2) is exposed between L213 and L220 (Figure
4.11), within 15 m of borchole BOUS 85.003. If this zone extended on strike twenty meters to the
southwest of the tunnel, then it should intersect the borehole within 15 m of the borehole mouth,
However, no prominem‘ fracture zone is intersected in that portion of the borehole. The S-zone
apparently does not extend to the borchole and is not considered to be a major structure within
the US/BK site.

Several lamprophyres that strike to the east occur in the laboratory tunnel north of the BK
room (Figure 4.6). They dip steeply to the south and all have been deformed. A few of these lam-
prophyres contain folded quartz lenses that are faulted. We do not know the sense or amoutit of
displacement across the lamprophyres, but some of the faulted quartz lenses may be drag folded,
with the north wall of the fault moving up relative to the south wall (Figure 4.20). That style of
deformation is not seen in the more ‘‘typical’’ lamprophyres exposed further south in the labora-
tory that strike northwest (e.g. Figure 4.16a). Because Lhé east-striking lamprophyres appear to
coincide with a prominent K-zone mapped at the surface (Figures 4.3, 4.4, 4.5, and 4.6), we refer
to them as K-lamprophyres. Slip along that K-zone may have caused the unusual deformation of
the K-lamprophyres.

We have not scen consistent structural relationships between the K-lamprophyres and the
northeast-striking  S-zone faults. Some northeast-striking faults offset relatively thin K-
lamprophyres several centimeters right laterally, whereas others end in K-lamprophyres that arc a
few meters thick. It is not clear from the tunnel exposures whether the two prominent S-zones
cross the K-lamprophyres and offset them, terminate within them, or are offset or deflected across
them. The surface mapping (Figure 4.3) and geologic cross section of Figure 4.4 suggests that the
S-zone(s) near the US/BK site most likely abut against or are offset by the zone containing the

K-lamprophyres, but the block diagram of Figure 4.5 offers an alternative interpretation of the S-

WO P e g
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zone(s) crossing the K-lamprophyres exposed in the Strahichilen gully.
A series of northwest-striking lamprophyres are exposed in the laboratory tunnels south of

the BK room (near the 1350~ and 1400-m marks in Figure 4.4). Some of these probably extend

west of the BK room and come within 100 m of the room.

Some additional structures exposed in the laboratory tunnel strike toward the BK room. A
few steeply-dipping joints that strike "N10°W are exposed between the 1199 and L213 marks
(Figures 4.2 and 4.11). These joints are not continuous structurcs, but rather consist of right-
stepping cchelon segments. The scgments typically overlap by scveral centimeters and the rock

bridges between scgments are a few centimeters thick.

4.3.2. Borehole Information

We took advantage of independent information on the structural systcmatics of the major
fracture zones at Grimsel when interpreting the borchole data. From the tunnel exposurcs we
knew that a few S-zones, two lamprophyre-bearing zones, and a K-zone occurred at the US/BK
site. The S-zones typically strike "NSOE and dip 65° southeast. The K-lamprophyres north of the
BK room strike "N80°W and dip “80° south, and the lamprophyres south of the BK room strikc
approximately N20-30° W and dip "80° west. A steeply-dipping K-zone that appears to lack lam-
prophyres strikes 1o the west ncar the entrance of the BK room. The surface and subsurface geo-
logic mapping demonstrate that these structures are large and relatively plaﬁar. Our detailed
characterization work demonstrated that the fractures in the S-zones formed a braided pattemn.
Although the strike of individual S-zone fractures locally differs from the the overall strike of the
zonc by as much as 20°-30° the overall strike of the S-zone fractures is roughly parallel to the
zone as a whole. The average orientation of fractures encountercd in a borchole through an S-
zone should be a good indicator of the orientation of the zone as a whole. In contrast, the K-
zones consist of faults parallel to the zone linked by fractures that strike oblique to the zong;
these oblique fractures typically are more numerous than the zone-parallcl faults. The average
oricntation of fractures encountered in a borchole through a K-zonc would be a poor indicator of

the orientation of the zone as a whole.
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We inspected photographs of the cores drilled around the US/BK site and located the inter-
vals of abundant fractures and lamprophyres (see Appendix). The fracture clusters in lampro-
phyres generally coincide with portions of the core with low Rock Quality Index values (see core
logs in preliminary draft of NTB 87-14), and the fracture clusters in granitic rock correspond
quite well to slickensided fractures (Brﬁuervet al., 1989, Figure 4.13). We then assumed that lam-
prophyres and fracture clusters encountered in the boreholes belonged to one of the types of
zones exposed adjacent to the site. We assigned a lamprophyre or fracture cluster to a particular
zone based on the location of the cluster and the ‘‘average’’ orientation of fractures in the cluster.
. The information on the location and orientation of the lamprophyres and fracture clusters wcré
then projected up (or down) dip using the orientation of the appropriate zone to a horizontal
plane at an elevation of 1730 m, the elevation of BK room, to form a map (Figure 4.22). The
information could also be projected along strike to vertical planes to yield cross sections (Figch

4.23).

4.3.3. Preliminary Geologic Model of the US/BK Site

The major features in our preliminary model (Figure 4.22) based on the exposures in the

BK room and the laboratory tunnel and on the borehole data are (from north to south):
(1) adiscontinuous serics of three northeast-striking S-zone scgments,
(2) alamprophyre-bearing K-zone north of the BK room,
(3) some northwest-striking lamprophyres,
(4) a west-striking K-zone south of the BK room.

We correlate Features 1, 2, and 3 with major structures that arc mapped at the surface and shown
near the northern border of Figure 4.3, We have not identified a K-zone at the surface that would
correspond to feature 4 in our model (Figure 4.22). Our model is different from that in NTB
87-14 (Figurc 4.6) which shows the S-zone that contains the fault at L76 as extending continu-
ously across the US/BK site. In our model the S-zone consists of discontinuous segments 1a, 1b,

1c¢ scparated by lamprophyres. The two models should have different hydrologic behaviors.
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Figure 4.22. Map projection at the 1730 meter level of borehole fractures (fine lines) and

associated major structures at the US/BK site. Closely spaced pairs of lines
mark edges of fractured zones; single lines mark prominent single fractures.
Sez Appendix for niore details. Strike and dip used for projection of fractures
stown in heavy line; these attitudes correspond to the attitudes of the major
fcatures. Feature 1 (medium screen): S-zone fractures. Feature 2 (dark
screen): K-lamprophyres. Feature 3 (dark screen): Northwest-striking
lamprophyres. Feature 4 (light screen). K-zone. Tick marks are on a

50 meter grid. North is to top of figure. Dashed lines A and B mark

lines of cross section shown on Figure 4.23.
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Figure 4.23. Vertical cross sections through borehole BOBK §4.041A. The bottom of the
hole is at a depth of 191.5 meters. Horizontal and vertical scaies are equal.
(a) Cross section along plane that strikes 20°, perpendicular to strike of
K-lamprophyres. Dark shading indicates lamprophyres. Dashed line
marks inferred edges of K-lamprophyres. (b) Cross section along plane

that strikes 311°, perperdicular to strike of S-zone. Dark shading
marks intervals with numerous fractures; fractured intervals in non-

vertical holes are projected orthogonally onto the cross section plane.
Dashed line marks inferred edges of S-zone.
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Threc lines of evidence suggest the S-zone segment containing the fault at L76 (Feature 1a)
does not cxtend on strike past the BK room as is shown on Figure 4.6, First, within a few meters
northwest of the BK room we see only a limited amount of fracturing in boreholes (Figures 4.22
and 4.23) and no trace of the prominent band of mylonite/kakirite that is exposed in the labora-
tory tunnel near L76 (Figure 4.11). Second, the wide zone of S-fractures between the L80 and
L.103 does‘ not appear to extend into the BK room. The third point regards the apparent continuity
of the cast-striking lamprophyres. We show two thick K-lamprophyres (Feature 2) north of the
BK room in Figure 4.22, The nearly coplanar alignment of the southern lamprophyre in three
boreholes and in the laboratory tunnel strongly suggests that this lamprophyre is not significantly
displaced -y Feature la. Because this S-zone appears to offset features in and near thé laboratory
tunncl by several meters, the apparent lack of displacement of the southernmost K-lamprophyre
indicates that Feature 1a stops at the K-lamprophyres or north of them. The cxtensive fracturing
25-50 m northwest of the BK room in the borcholes suggests that a second S-zonc segment
(Feature- 1b) occurs there. Segments 1a and 1b would form a right-stepping echclon pair. The
south end of Feature 1a and the north end of Feature 1t would terminate at the K-lamprophyres.
This interpretation is consistent with the geologic map of the surface (Figure 4.3) and with our
own surface obscwaiions, Data from borehole BOUS 85.003 (see Appendix) suggests that an S-
vone segment intersects the hole at a depth between 90 and 105 m., If the S-zone segment strikes
N50° as we interpret, then 1b and 1c would be discontinuous. Northwest-striking lamprophyres
(Feature 3) would scparate Features 1b and 1c. The S-zone segments may have formed part of a
once-continuous structure that was offsct by slip across the lamprophyres, but the segments may
also have formed part of a structure that was originally discontinuous.

The west-striking K-zone near the BK room (Feature 4, Figure 4.22) is well exposed in the
laboratory tunne! and was well exposed in the floor of the BK room before being covered by con-
crete. The evidence for this feature extending several tens of meters west from the laboratory tun-
ncl comes from a single borchole (BOBK 86.002, Figures 4.21 and 22) and is not particularly

sirong.

o
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The interval of lamprophyre encountered from 88.3 to 117.3 m in BOBK 86.001 is
anomalously thick. It may be that some of this thickness is due to a northwest-striking lampro-

phyre that projects into the region from the south.

4.3.4. Geophysical Tomography

We used seismic tomograms (Gelbke,1988) and radar tomograms (Niva and Olsson, 1987,
1988a, 1988b) in studying the US/BK site. Both kinds of tomograms are *‘three-sided’’, having
been produced using signals transmitted between the laboratory tunnel, borchole BOUS 85.002
and borehole BOUS 85.003. These boreholes lie in a plane that strikes approximately north-south
and dips 15° to the west beneath ihe BK room. The technical specifications of the data ‘acquisi—

tion systems and the processing and inversions methods are given in detail in the above reports.

The tomograms provide information on the rock mass and the enclosed fractures along their
intersection with the plane of the tomography. The tomograms can help not only in extrapolating
known features observed at the perimeter of a target site, but also in identifying features wilhin
the site which would be difficult to locate using geologic data alone. The tomograms must be
interpreted to distinguish between anomalies that are artifacts of the inversion process and
anomalies that correspond to features of the rock such as fracture zones or variations in rock
type, porosity or fluid content. The pixel dimension of 2.5 meters used in the tomographic inver-
sions provides a lower bound on the resolution of the tomograms. Smearing (distortion of ano-
maly size, shape and orientation in the invcrsion process) is likely to be more pronounced where
ray coverage is most sparse. For the tomograms presented here smearing will be greatest in the

west half of the tomograms and along the edges.

Seismic Velocity Tomography. We have defined several major low velocity anomalies on
the seismic velocity tomogram using the 5050 m/scc contour (Figures 4.24 and 4.25), In Figure
4.25, the geologic features are indicated by circled numbers and the seismic anomalics by uncir-
cled numbers. Anomaly Sla is located in the northeast corner of the tomogram. It extends along
the laboratory tunnel from BOUS 85.002 ("L80) to "L120. Anomalies S1a and S2 are linked ncar

the laboratory tunnel at "L120. Anomaly S2 is a Y-shaped fcature. The stem of the Y meets the

oy o v ' ! "
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Figure 4.24. Scismic tomogram of the velocity structure between BOUS 85.002 and BOUS
85.003. Modificd from NTB 88-06, Figure 65. Borcholes BOUS 85.002 and
85.003 are contained within the heavy lines at the edges of the tomogram,
but do not extend along the entire length of the lines. North is to top of page.
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Projection in the plane of tomography showing the features of the preliminary
structural model of the US/BK site (see Figure 4.22) superposed on the 5050

m/second contour from Figure 4.24. Seismic anomalies S1-S5 are described
in the text. North is to top of page.
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‘laboratory tunnel between L122 and L140 and trends approximately east-west. The northwest-

trending arm of anomaly S2 would intersect BOUS 85.002 at a depth of 73-87 m. A thin low
velocity neck connccts the southwest arm of anomaly S2 with anomaly S1b. Anomaly S1b is an
oblong feature that :rends roughly north-south, but is contained in a region of relatively low velo-
city that strikes morc necarly northeast. Anomaly S3b trends northwest and approaches BOUS
85.002 at a depth of 100-110 m. A small low velocity anomaly (S4) is enclosed by the 5050
m/scc velocity contour just south of the entrance to the BK room. Anomaly S5 occupics a
roughly triangular region (Figure 4.24) approximately bounded by the west side of the tomogram
and diagonals connecting the corners of the tomogram,

Comparison with Geologic and Borehole Information. The major features inferred from
the geologic data are projected into the plane of the scismic tomography in Figure 4.25. Anomaly
Sta occurs along a portion of the laboratory tunnel (L70 - L103). The south end of the anomaly
coincides with a K-lamprophyre exposed between L113 and L118. The roughly cast-west trend
of the south end of the anomaly also coincides with the strike of the lamprophyre. We interpret
anomaly S1a to reflect S-zone fractures that are bounded by a K-lamprophyre and to match up
with Feature 1a in our preliminary model (Figure 4.22). Anomaly STa does not appear to project

on strike to the southwest past anornaly S2 (Figurcs 4.24 and 4.25).

The K-lamprophyres are associated with a major structure that cuts through the Juchlistock
arca (Feature 2 of Figure 4.2), and we expect that this zone would extend through the US/BK site.
The cast end of anomaly .2 coincides with a series of cast-striking K-lamprophyres exposed in
the Tboraiory tunnel between "L120 and "L140 (Figure 4.11). Because laboratory measurements
show that unfractured and undeformed lamprophyre has a higher acoustic velocity than granite,
one might expect lamprophyres 10 have a higher velocity than granite on seismic tomograms.
However, the exposures of the K-lasapropnyres in the laboratory tunncl are highly fractured and
highly deformed, and we expect them to generally have low in-situ velocities. We interpret the
castern “‘stem’’ of anomaly S2 (Figurc 4.25) to represent fractured K-lamprophyres of Feature 2

(Figure 4.22) The arca of slightly above-average velocity between the northwest and sou™ - est
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arms of anomaly S2 indicates that the intensity of fracturing may locully be low ihere. The
southwest end of anomaly S2 is discussed below with anomaly S1b. The northwest arm of S2 is

discussed below with anomaly S3b.

Perhaps the most striking correspondence of concentrated {ractures in Figure 4.22 with a
pronounced low velocity seismic anomaly occurs at anomaly S1b and the southwest arm of ano-
maly S2 (Figure 4.25). These anomalics coincide with Feature 1b of our model. The southwest
end of anomaly S1b corresponds in general to the projected intersection of Featare 1b with the
northwest-striking lamprophyres encountered in borehole BOBK 86.003 (Feati're 3a, Figure
4.22). This suggests that the zone of fracturcs associated with anomaly S1b may terminate at
those lamprophyres. Similarly, S1b does not appear to project on strike to the northeast past the
stem of anomaly S2, which supports our interpretaticn of two cchelon S-zone segments that sicp
1o the rirht where they intersect the K-lamprophyres (Figure 4.22), Feature 1¢ does not have a

nrominent corresponding anomaly on the seismic tomogram.

The northwest arm of anomaly S2 and anomaly S3b indicate that structures may be present
in the northern part of the US/BK site that are not in our preliminary model. The borehole logs of
BOUS 85.002 (Figurc 4.26) contain ample evidence for fracturing from 69 to 113 m down the
borchole, the interval into which the northwest arm of anomaly S2 and anomaly S3b project.
However, onc can not be sure which geologic features are associated with these anomalies. The
northwest arm of low-velocity anomaly S2 appears to stop just short of BOUS 85.002 on the
scismic tomogram (Figure 4.25) but would preicct to intersect the hole at a depth of 73-87 m. The
borchole logs (Figure 4.26) show a biotite- and quartz-rich feature, possibly a lamprophyre, with
a low acoustic vclocit}; at 69 m. A vin or fissure with quartz, biotite, and chlorite (possibly an
Alpine tension fissure) occurs at 76.5-79 m, but this does not show a low velocity in the acoustic
log. Numerous fractur.s bearing quartz and epidote are logged at 86-88m, but there is no pro-
nounced acoustic anomaly there either. A low velocity biotite-chlorite zone, possibly a lampro-
phyre, occurs at 94-95 m, and numerous northwest-striking chlorite-bearing fractures occur at

95-100 m. Anomaly S3b is shown as intersecting tne borehole at "102-114 m depth. A highly

Wi
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‘fractured interval with a low velocity occurs at 112,1-112.5 m; this interval would be near the

southwest edge of anomaly S3b. We interpret the northwest arm of anomaly S2 and anomaly S3b

as corresponding to lamprdphyres that strike northwest rather than fracture zones. This interpre-

tation is supported by the geologic map of the surface (Figure 4.3), which shows a northwest-

striking lamprophyre intersecting the K-zone containing the K-lamprophyres at an elevation of
~2160 m; this intersection projects downdip to near the intersection of S$3b and BOUS 85.002 in
the planc of the tomogram.

Anomaly S4 (Figure 4.25) coincides with the entrance to the BK room. This is where
numerous fractures have been mapped on the floor of the room (Figure 4.9) and where we have
inferred a step in the K-zonc of Feature 4 (Figure 4.22), Feature 4 is not represented on the
seismic tomogram as a prominent geophysical anomaly west of S4 (Figure 4.25), but we do not
cxpect K-zones to necessarily have prominent tomographic si matures except at steps (see Figure
4.15) or at their ends. It is possible that Feature 4 does not extend to the west of the BK room. In
that case anomaly S4 might represent fractures at the west end of Feature 4.

Anomaly S5 (Figure 4.25) reflects artifacts produced by the inversion process in an arca
where the density of seismic rays is low; no acoustic rays were transmitted from or received
along a linc connecting the ends of the two boreholes bounding the US/BK site. The rock at S5
may or may not have a low acoustic velocity.

The anomalies on the seismic tomogram are consistent with our structural interpretation
based on geology and borchole data. The only significant change the seismic tomogram would
suggest is thar northwest-striking lamprophyres be added to account for anomaly S3b and the
northwest arm of anomaly S2.

Radar Tomography. We now compare our preliminary model to some radar tomograms.
Tomographic radar measurements were made at the US/BK site in late 1986 (Phase 1), the spring
of 1987 (Phase 2), and late in 1987 (Phase 3). In all threc phases the amplitudes and travel times
of the transmitted signals were inverted to yield attenuation: and slowness tomograms. Slowness

is the reciprocal of velocity; high radar slowness equates to low radar veiocity.,
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During the phase two measurements brine was injected into borechole BOBK 85.009 (Fig-
urc 4.27). During the phase three measurements brine was injected into borchole BOBK §6.003.
The brine serves as a tracer and is discussed in the next scction. Tomograms‘made from data
gathered in a single phase primarily reflect the composition and structure of the rock because the
brinc tracer is relatively weak and is not prominent on the tomograms cxcept near the injection
point. Tomograms from the different phascs look slightly different for reasons other than the pres-
ence of the brine; the data acquisition system and the processing techniques were improved
through the course of the tomography cxperiments. The phase 2 and 3 tomograms look similar.
We have relied primarily on the phase 3 tomograms (o help modcl the geologic structure at the

US/BK site.

Two major anomalics exist on the phasce 3 tomograms (Figures 4.28 and 4.29). The first is a
broad belt that trends approximately cast-west midway between the BK room and BOUS 85.002.
It is essentially in the same position as anomaly S2 on the seismic tomogram (Figures 4.24 and
4.25). We interpret this belt as representing the K-lamprophyres (Feature 2, Figure 4.22). Note
that the internal structure of this belt is complicated in both the radar tomograms (Figurces 4.28
and 4.29) and the scismic tomogram. More importantly perhaps, the internal structure is diffcrent
in cach of the radar and scismic tomograms. The tomograms thus do not clearly define the inter-
nal structurc of Feature 2; they do indicate its internal structure is complicated. The sccond
major anomaly occupies a triangular region approximately bounded by tirz west edges of the
tomograms and diagonals connecting the tomogram corners. Thi:, anomaly coincides with
scismic anomaly S5 and, like anomaly S5, is considered to be an artifact of the inversion process.

Another anomaly can be secn extending southwest from the center of the slowness tomo-
gram (Figure 4.29) towards, but not all the way to, the west end of BOUS 85.003. The magnitude
of this anomaly is greatest near its center. A small anomaly occurs at the corresponding spot on
the attenuation tomogram (Figure 4.28). These radar anomaly peaks occur near the southwest end
of scismic anomaly S1b (Figures 4.24 and 4.25). They also correspond to the intersection of

Features 1b and 3 on Figure 3.25 and may indicate that the rock ncar this intersection is highly

" " L i o
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Figure 4.27. Projection in the plane of tomography showing where brine was injected during the
phase 2 and phase 3 tomographic measurements. Tick marks are
on a 50 meter grid.
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fractured.

Numcrous minor anomalicé occur on the radar tomograms, but the position and oricntation
of most are different on tomograms from different phases. In a few places small anomalics are
persistent in tomograms {rom different phasés. In the northeast corner of the slowness tomogram
(Figure 4.29) are several hi gh slowness fingers. The fingers arc also present, but in a less pro-
nounced form, on the attenuation tomogram (Figure 4.28). Becausce these fingers are located near
the edge of the tomogram their appearance may not reflect the actual anomalous zone. The loca-
tion of these fingers coincides with Lhé location of Feature 1a (Figure 4.22) and scismic anomaly
S1a (Figures 4.24 and 4.25). Even though the locations of the seismic and radar anomalies coin-
cide with Feature 1a (Figure 4.22), details of the structure can not be resolved, Another minor
anomaly occurs in the region southwest of the BK room. The attenuation tomogram (Figure 4.28)
sh()WS a broad region of moderately high attenuation there and the slowness tomogram (Figure
429) shows a broad moderately slow rcgion. However, the scismic (omogram shows no
anomalous zone in this region (Figure 4.24). The geologic evidence does not indicate that a
major geologic feature occurs there, and it is not clear what the broad anomalies represent,
Feature 4 may extend west through this region, but lacks a distinctive tomographic signature if it

is present.

4.2.5. Revised Structural Model of the US/BK Site and Hydrologic Implications

The radar and seismic tomograms support the presence and location of the main features in
the preliminary model of Figure 4.22, In particular, the anomalies coinciding with the K-
lamprophyres and S-zonc segments 1a and 1b have similar positions, shapes and orientations in
the scismic velocity tomogram (Figures 4.24 and 4.25) and the two radar tomograms (Figures
4.28 and 4.29). This increases our confidence in the utility of tomography in projecting the major
geologic features into the target site. Based on the geophysical tomograms, the structural model
of the US/BK site was modified to include two northwest-striking lamprophyres in the north-

central part of the site (Figure 4.13).
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Figure 4.30. Projection in the planc of tomography showing revised model of major geologic
structures at the US/BK site. Strike and dip of the major features shown in heavy
tinc. This mode! includes two lamprophyres near the north (upper) edge of the
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We now discuss the hydrologic implications of the model. Thc results of the subsurface
geologic, borchole, and tomographic investigations all indicate that the lamprophyic-bearing K-
zone (Feature 2, Figure 4.30) is an especially prominent structure. This feature has nonuniform
appearances on both the seismic and radar tomograms, indicating the deformation along this zone
is variable within the US/BK site, This is consistent with the complicated appcarance of the
feature between L112 and L133 in the aboratory tunnc} (Figure 4.11). Fracturing and {luid flow
along this feature may be quite complex. Because of locally strohg fracturing along the K-
lamprophyres, they may locally transmit water readily in cast-west and vertical directions, We
expect that the K-lamprophyres would tend to hydrologically separate the two S-zone segments
la and 1b. The numerous fractqrcs in the S-zone segments probably form a well connected net-
work. The hydraulic conductivity along these segments probably is high, both along strike and in
the vertical direction, The northwest-striking lamprophyres (Features 3a and 3b) probably con-
tain vesical and northyvest-trcnding flow paths. These lamprophyres probably are much thinner
and more discontinuous than the K-lamprophyres, and may transmit water across strike more
readily cespecially where imcrsccicd by 5-zones. The southcrnmost of these lamprophyres (3a)
arc interpreted to separate S-zone segments 1b and 1¢. The small K-zone (Feature 4) may offer a

conduit from the southwest end ~f Feature 1b towards the laboratory tunnel.

Although the positions of the major structural clements at the US/BK site scem to be fairly
well resolved, the nature of the intersections between structures is not well cstablished. For
cxample, although the S-zone appears o consist of discor,tinﬁous segments that are scparated by
lamprophyres, we cannot rule out the possibility that hydraulic connections cxtend across the
lamprophyres where intersected by S-zones. The geophysical tomograms suggest that fracturing

may be particularly exiensive at such intersections. Hydrologic testing is nccessary to firmly

cstablish the nature of the hydraulic connections between the lamprophyres and S-zoncs,
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5.0. BRINE TRACER TESTS AND DIFFERENCE
TOMOGRAPHY AT THE US/BK SITE

5.1. Overview

Brine tracers werc injected during the second and third phases of the radar tomography sur-
veys (Niva and Olsson, 1988a,b). Difference tomograms (discussed below) allow the brine flow
paths to be traced. We have uscd the dilference tomograms to check how well our model (Figure
4.30) identified major flow paths and flow barriers at the US/BK site and to indicate how the

model might be improved.

Difference tomograms (Figures 5.1, 5.2, and 5.3) were prepared by inverting travel time- or
amplitude-differences between two tomographic surveys. These tomograms show how the region
being analyzed changed between test phases. Since the composition and structure of the rock
remain constant during the tests, the difference tomograms show the brine and how it migrated in
the planc of the tomography. ‘These difference tomograms typically have much better resolution
than normal tomograms, because background effccts and processing errors arc effectively
removed, Figure 5.1 was prepared using attenuation data from phases 1 and 2; it shows the flow
of brine injected during phase 2. Figure 5.2 was prepared using attenuation data from phascs 2
and 3; it shows the flow of brine injected during phase 3. No phase 1-2 radar slowness difference
tomogram was availablc.‘ Figure 5.3 was prepared using slowness data from phases 2 and 3; it

shows a rather different picture than Figurc 5.2,

5.2 Expected Results of Brine Tracer Tests

The injection points for the tracer tests are nearly in the plane of the tomography and are
below and west of the main laberatory tunnel (Figure 4.27). The laboratory tunnel, the BK room,
and boreholes BOUS 85.002 and 85.003 were at atmospheric pressure during the injeciions, and

we expect the hydrologic gradient to have been toward these openings. Therefore, we expect



R UGN | RPN M RSRR U

-82.

XBL 8912-7902

Figure 5.1. Difference tomogram of radar attenuation structure between BOUS 85.002 and
BOUS 85.003 from phase 1 and phase 2 mcasurcments. The tomogram shows
the increase in radar attentation and indicates where brine has igrated
during phase 2 (from Niva and Olsson, 1988a, Figure 5.12).

Units are in dB/m. North is to top of page.
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XBL 8912-7903

Figure 5.2. Difference tomogram of radar attenuation structure between BOUS 85.002 and
BOUS 85.003 frem phase 2 and phase 3 measurements. The tomogram shows
the increase in radar attenuation and indicates where brine has migrated
during phase 3 (from Niva and Olsson, 1988b, Figure 5 26).

Units are in dB/m. Norih is io iop of page.
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XBL 8912-7904

Figure 5.3. Difference tomogram of radar slowress structure between BOUS 85.002 and
BOUS 85.003 from phase 2 and phase 3 measurements (from Niva and
Olsson, 1988b, Figure 5.21). Units are in ps/m. North is to top of page.
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brine from each test to migrate along major fracture zones identified in our structural model

towards the laboratory tunnels and/or these borcholes.

According to our structural model (Figure 4.30), the phase 2 injection point (Figure 4.27) is
located near the center of the more southerly S-zone segment (Feature 1b, Figure 4.30). This seg-
ment is bounded by lamprophyres about 20 m on either side of the injection point. The S-zone
fractures should form a well conmected network. We expect that the brine detected in the plance
of the tomography would extend northeast and southwest of the injection point towards both sets
of lamprophyres. The K-lamprophyres (Feature 2) probably would hydrologically isolate S-zone
segments 1a and 1b. Although brine would not be expected to flow northeast of the intersection
of the K-lamprophyres with the S-zone, some might flow cast along the K-lamprophyres towards
the main laboratory tunnel. Brine that flowed southwest along the Feature 1b S-zone might do

one of threc things once it reached the serics of thin lamprophyres (Feature 3a):
(1) flow south across them toward borchole BOUS 85.003;
(2) flow southcast along the lamprophyres towards borehole BOUS 85.003;
(3) flow east along the K-zone south of the BK room (Feature 4).

Because we expect the hydraulic conductivity along the S-zone would be greatest in the vertical

direction, the brine might eventually flow out of the gently inclined plane of the tomography.

The phase 3 injection point (Figure 4.27) is located about 25 m north of borchole BOUS
85.003, just south of where the S-zone segment 1b intersects or terminates against the Feature 3a
lamprophyres (Figure 4.30). We interpret the injection point as not being in a major geologic or
hydrologic feature. We expect that the hydrologic gradient would favor flow toward borchole

BOUS 85.003 along one or more of the following paths:
(1) south by way of **background mairix’’ fractures;
(2) southeast along the lamprophyres:

(3) southeast to Feature 1¢ and then southwest along it to the borchole.

- " " [T ] " om T g
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The last option seems most likely because the hydraulic conductivity along S-zone segrnent
1¢ would be highest. Brine is unlikely to flow north across the lamprophyres into Feature 1b

against the hydrologic gradient

5.3. Phase 1-2 Difference Tomogram

Two features stand out on the phase 1-2 radar attcnuation difference tomogram (Figure §5.1).
The first is a northeast-trending feature that extends on either side from the injection point. This

anomaly most likely reflects the location of brine, because it is linked to the injection point ard

it systematically weakens in strength with increasing distance from the injection point. Most if

not all of this anomaly should represent the brine injected between phases 1 and 2. The northeast
end of this anomaly is well defined and occurs about 20 m northeast of the injection point. This
spot coincides with the interscction of Features 2 and b in Figure 4.30. The brine apparently did
not cross the K-lamprophyres (Feature 2). The anomaly also has a sharp gradient in strength
about 20 m southwest of the injection point. This spot coincides with the interscection of Features
1b and 3a in Figure 4.30, and it is along the trend of Feature 4. The gradient in the plume strength
may indicate that the northwest-striking lamprophyres of Feature 3a impeded flow of the brinc.
Anomalies extend southcast and southwest of the intersection of Features 1b and 3a, so some

brine may have flowed along the lamprophyres and some may have flowed across them.

The second anomaly on the attenuation difference tomogram (Figure 5.1) strikes northwest
bencath the BK room. This anomaly is best displayed just south of the BK room entrance. We
assume that this anomaly also represents brine. No feature on the tomogram extends directly
from the injection point to the second anomaly, so this anomaly may represent brine that traveled
out of the plane of the tomography and collected at a structural step in the K-zone near the
entrance to the BK room (Figure 4.30). No major structures are shown in cither our structural
model (Figure 4.30) or that of NTB 87-14 (Figure 4.6) that would directly link the injection site
to that anonaly. We recognize three possible ways that brine may have traveled to a spot just
south of the entrance 1o the BK room, First, the brine may have migrated along a faull and some

adjaceni fraciures thai sirikc m part of the BK room and merge with
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the small west-striking K-zone in the eastern part of the room (Figure 4.9). This fault may have
been detected by radar reflection measurements (Falk et al., 1988). We did not recognize this
fault a potentially being a major hydraulic conductor. A second possible flow path extends north
from the south end of Featurc 1b along the K-zone of Feature 4. Since the tomogram does not
show an anomaly along this path, the fiow would occur largely out of the plane of the tomogra-
phy. A third possibility is that brine either leaked or was dumped from the injection reservoirs in

the BK room and seeped into the floor before the phase 2 radar measurements were made.

5.4. Phase 2-3 Difference Tomograms

The sccond brine injection point is several meters southwest of the inferred intersection of
the 3a lamprophyres and the 1b S-zone segment (Figure 4.30). The phase 2-3 radar attenuation
difference tomogram (Figure 5.2) shows a pronounced anomaly that extends south-southeast of
the injection point towards borchole BOUS 85.003. The anomaly is consistent with the brine
flowing along Feature 1c in response to the hydrologic gradient towards the open borchole. The
presence of the Feature 3a lamprophyres northeast of the injection point together with the hydro-
logic gradient towards the hole may have impeded flow to the northeast. The tornogram does not
indicate that the brine flowed directly southwest towards the borchole, as would be expected if
brinc were injected into an along-strike continuation of Feature 1b. The tomogram also shows a
serics of weak northeast- and northwest-trending featurcs that form a zigzag pattern that extends
cast from the injection point. This pattern docs not seem to reflect flow along the Feature 4 K-
zone. The pattern may indicate flow to the east along a network of fractures that do not form a
throughgoing fracture zone. The roughly triangular anomaly at the west side of the tomogram

probably represents artifacts from the inversion process.

The phase 2-3 slowness difference tomogram (Figure 5.3) looks decidedly different from
the phase 2-3 attenuation difference tomogram (Figure 5.2). The most pronounced anomaly on
the slowness tomogram if a triangular fcature at the west edge of the tomogram. This is a region
where the signal ray density is particularly low, and anomalies in this area are regarded as

artifacts of the inversion process. This anomaly is much stronger in the slowness difference
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tomogram than in the attenuation difference tomogram, indicating thit artifacts are more pro-
nounced in the slowness difference tomogram. An anomaly in the north-central part of the slow-
ness difference tomogram (Figure 5.3) may also be an artifact. It is not linked to the injection
point and lies north of the Feature 2 K-lamprophyres, which probably have a low across-strike
hydraulic conductivity, This anomaly has no counterpart in Figure 5.2. We do not think this ano-
maly reflects a large amount of brine. The other major anomaly on the slowness difference tomo-
gram (Figure 5.3) occurs cast-northeast of the injection point. If this anomaly reflected brine, then
we would expect it to be linked to the injection point and to systematically weaken in strength
with increasing distance from the injection point. The anomaly does not have these characteris-
tics, and it is not clear that it represents brine. Based on the points cited above, we conclude that
the slowness difference tomogram does not reliably indicate the location of brine. Niva et al.
(1988, p. 74) also conclude that the slowness difference tomogram is suspect because the pattern

of anomalics indicates artifacts are prominent.

5.5. Discussion

The results from the phase 1-2 and phase 2-3 radar attenuation difference tomograms are on
the whole consistent with the predictions of our structural model. We interpret the phase 1-2
brinc injection to have occurred in a segment of a well-de fined northeast-striking S-zone (Feature
1b, Figure 4.30) that is bounded by lamprophyres 20 m from the injection point (Figurc 4.27).
Most of the brine displayed in the phase 2 radar attenuation difference tomogram appears to be
contained within this S-zone segment. We interpret the phase 2-3 brine injection as being outside
that fracture zone segment (Figure 4.30). The position and shape of the brine anomaly in the
phase 3 radar attenuation difference tomogram (Figure 5.2) indicates the phase 2-3 brinc flow
was strongly controlled by the hydrologic gradient and Feature 1c. Both radar attenuation
difference tomograms are consistent with our interpretation that Feature 1b does not continuc on

strike to the south across the Feature 3a lamprophyres.

The phase 2-3 radar slowness difference tomogram is not consistent with our model, but we

suspect that tomogram does not reflect the flow behavior at the site very well. 'This may be a
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result of the radar signals being more sensitive to the variations in the attenuation propertics of
the rock/fluid system than the slowness properties. The undifferenced attcnuation values range
from 5 to 125 dB/100 m, with an average of 25 dB/100 m, whereas the undifferenced slowness
values range from 7850 ps/m to 8850 ps/m, with an average of “8050 ps/m (Niva and Olsson,
1988b). The maximum differenced attenuation anomalies associated with the brine are 24 dB/100
m; these anomalics are large relative to the average background level of 25 dB/100 m. In con-
trast, the maximum differenced slowness anomalies associated with the brine are 300 ps/m; those
anomalies are small relative to the average background level of 8050 ps/m. respectively. The
anomalies are clearly much larger relative to the background values for the attenuation tomo-
grams than the slowness tomograms and may explain why the attcnuation tomograms scem (o
better represent the geologic structure. Although it is unclear from the literature (e.g Sen et al.,
1981; Shen et al., 1985) how the introduction of dilute brine changes the radar velocity and radar
attenuation characteristics of a water-saturated, low-porosity rock, if the velocity characteristics
of brine and water at Grimsel were csscniially the same, and if the brine did not invade unsa-
turated areas, then the anomalics in the phase 2-3 slowness tomogram could very well be artifacts
of processing.

There are four places where minor anomalies appear in the radar difference tomograms. All
arc located in the southeast quadrant of the site. These anomalies do not correspond to
throughgoing fracture zones; they all may be artifacts of the inversion process. The first group of
anomalies (“‘a’’ on Figure 5.2) occur north of the BK room and trend northwest. These anomalies
arc not well defined in Figures 5.1 and 5.3. If these anomalies represent real geologic structures,
the structurcs would strike parallel to K-zones and might have carricd brine injected prior to the
phase 2 measurements southeast below the BK room. Evidence for such structures in the BK

room or the laboratory tunnel is lacking.

The sccond group of anomalies (“‘b’’ on Figure 5.2) occur south of the BK room and would
also trend northwest. These anomalies are well defined on Figure 5.2 and poorly defined on Fig-

ure 5.1. They may rcpresent a group of thin northwest-striking lamprophyres. One northwest-
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striking lamprophyre in that arca (Feature 3a, Figure 4.30) had been included in our model based

on borchole data; there may actually be more than one.

An anomaly that trends northeast (*‘c”’ on Figure 5.2) occurs south of the BK room in both
Figures 5.2 and Figure 5.3. It would extend towards the entrance to the BK room. This anomaly
is not defined on Figure 5.1. It is possible that the fractures ncar the entrance to the BK room
(Figurc 4.9) which we have interpreted as being in a step along a K-zone (Figure 4.30) could

instead be the northeast end of a short S-zone.

A fourth anomaly (‘‘d"* on Figure 5.2) with a north-northwest trend occurs near the labora-
tory tunnel south of the BK room (Figure 5.1). The position of this anomaly is slightly different
in Figures 5.1, 5.2, and 5.3. A single water-bearing joint that strikes north-northwest is exposed
in the laboratory tunnel at “1.205 ncar this anomaly (Figurces 4.2 and 4.11). This joint is clearly
not a major fracture zone, yet it may have carried cnough brine (o be detected by the radar
differencing technique.

The radar difference tomograms increase our confidence in our interpretation of the geolo-
gic structure at the US/BK site. The features which we expected flow along were highlighted,
and the features we did not expect flow across scem to have impeded flow. The difference tomo-
grams suggest that not all the hydrologic fcatures at the site are contained in our structural model.
If all of the anomalies on the attenuation difference tomograms accuratcly represent the location
of significant amounts of brine, then a detectable portion of flow at the US/BK site is occurring
along a network of fractures that that do not form a major throughgoing zone. The distribution of
fractures in such a network would not have been identified in our model, which was constructed
to identify only the major features, but perhaps should be included in a hydrologic model as

“*background matrix’' fractures.
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6.0. CONCLUSIONS

The thrust of our effort is to integrate geologic observations and geophysical measurements
to identify, locate, and characterize the major geologic structures at a given site. We place a
heavy emphasis on the importance of characterizing the fracture zone systematics. This informa-
tion is particularly important because it helps unite the site-specific geologic mapping, borchole
data, and geophysical information and can lend insight into how fluid might flow along the zoncs.
We strongly recommend that detailed mapping be carried out where pdssible to reveal fracture
zone systematics. By resorting to classifying fractures acf:ording to their local orientation in a
borehole, the systematic structure of a fracture zone tends to be obscured instead of revealed.
Maps are perhaps the best vehicle for assembling structural information from fracture zone expo-
sures. This information can subscquently treated statistically if desired. Conversely, it would be
difficult if not impossible to reconstruct a map purely from statistical data. A considerable
amount of useful information on fracture zone systematics cannot be effectively captured (and

may not be collected) without using detailed maps.

The general procedure in our site characterization methodology is to identify and locate
major structures that intersect a perimeter around the target site, to project these strartures into
the site, and to exploit progressively smaller perimeters about the target site as they become
available. The process of identifying the major featurcs in the general area of a site first and then
focusing in on finer details in smaller arcas is a very natural approach, and this aspect of our
methodology certainly 1s not unique, It is much easier to build a site-specific model if a regional
model is already in place. The setting of the Grimsel laboratory allowed a regional 3-D model to
bc developed before rather than during the collection of subsurface information. In many settings
the surface exposures would not be as good and regional models would have to be built or sub-

stantially modified during the course of the site-specific work. Seismic reflection surveys, vertical

~
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seismic profiling (VSP), and seismic tomography could be used to help build regional models

where surface exposures are poor.

For our methodoldgy to work best we need 1) site-specific geologic, borchole, and gcophy-
sical data and 2) exposures that allow the systematics of the major {racture zones near ihc site to
be defined. Clearly, these key requirements for our‘methodology to work were met at Grimsei, A
broad multi-disciplinary data base existed when we began our work, and we had ready access to
nearly all of it. The general geologic and hydrologic conditions at the site were described in
scveral preliminary site-characterization reports. Regional modcls of _the structure at the labora-
tory already were prepared. A clean, well-lit, already-mapped tunnel formed part of the perimeter
of the site. The key geologic structures there had been identified and located, and they did not
have to be projected far into the site. Several borcholes had been logged at the US/BK site and a
varicty of gcophysical tomograms had been prepared. In addition to the studics that had alread;,
been conducted, the surface exposures above the Grimsel laboratory and the tunnel exposures in
the laboratdry are excellent. These exposures not only contributed (o the regional modeling but
provided a superb opportunity to conduct the detailed mapping we used to characterize the
diflcrent structures at the laboratory, Finally, the technical staff at NAGRA was very helpful, and

this contributed to our effort in no small way.

In mmany places excellent exposures will not be readily available and it may be extremely
difficult (or too expensive) to determine the systematics of the fracture systems. For example, the
subsurface fracture systems in many placcs arc not exposed at the surface at all. In such . .cs,
studics of geologically analogous arcas may be uscful, even if those arcas arc distant from the
target site. Although the features at a given site will be unique to some extent, similar features
would probably occur clsewhere. Still, in some locations the fracturc systems may be too com-
plex to evaluate their systematics. In cases where the systematics can not be determined, it may
be appropriate 1o consider a number of significantly different geologic models and to treat the

fracture systems stochastically.

Some direct sampling of the target site is essential to relate geologic models and tomo-
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grams, and small-diameter borcholes are probably the least destructive way to conduct direct
sampling. Borehole information at the US/BK site was instrumental in determining that seismic
anomaly S1b represcnted fractured granitic rock and not lamprophyre, Because borcholes sam-
ple relatively small volumes, the most reliable informaticn they provide is essentially one-
dimensional. Without an advance knowledge of the fracture zone systematics we would have
been restricted to uéing only that one-dimensional component of the borchole data. By using our
advance knowledge of the fracture zone systematics we have been able to exploit the 3-D infor-
mation the borcholes can provide. It would be even more important to exploit ihat 3-D informa-

tion at sites where numerous borcholes will not be drilled.

Geophysical tomograms provide a unique way to check geologic models. In places where
clusters of borcholes would not be drilled, geophysical tomograms would be relied upon cx;cn ‘
more heavily than we did here. The uscfulness oftomogram‘s is a function of both their resolution
and how wecll the geology is‘ known, Anomalics on tomog:'ms can reflect a wide range of
features (different rock types, fractures, zones of hydrothermal alteration, areas of incrcasced
porosity, et¢.), and an advance knowledge of the geology is essential in order for the anomalies to
be interpreted correctly. We have confidence in the positions of the major structures in our
US/BK model because their positions arc compatible with the different kinds of tomograms and

arc rcasonably consistent with the available geologic information.

Because of differences between the radar and seismic tomograms for the US/BK site we did
not try to inap details of the intemal structure of the major features using the tomograms. There
arc two main reasons why the details are difficult to intcrpret and image. First, radar and scismic
signals are sensitive to different physical parameters. Radar and seismic tomograms of the same
area could be very different. The sccond problem is one of resolution. Problems of resolution
might persist cven if the number of source and recciver locations were grcatly increased. For
example, the large velocity and attenuation contrasts associated with the lamprophyres at the
US/BK site dominated the tomograms and obscurcd other structural details nearby. This effect

was aggravated by the tomography boreholes trending parallel to the strike of the lamprophyres.
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At present the most practical method to infer details within a fracture zone without drilling into it
might be to use geologic information on the relationship between the internal and external struc-
turc of a zone. Detailed mapping coupled with mechanical analyses of how key structures
devceloped would aid in doing this. For example, it might be possible to infer whcthcr Alpinc ten-

sion fissures at Grimsel are likely to be particularly numerous where lamprophyres are closcly

spaced. Laboratory and small-scale ficld rescarch that addressed the geophysical signature of

well-defined geologic structures would also increase the usefuliicss of the tomograms.

Judging by the processed tomograms, the scismic velocity tomography appcars to delincate
the major geologic structures at this site better than the radar attcnuation and radar slowness
tomography. The radar attenuation difference tomograms used in conjunction with the brine
tracer tests seem to be a chy cffective way to portray fluid flow paths. Implementing three-
dimensional tomography or two-dimensional tomography for multiple plancs would be a uscful

next step to increase the geophysical contribution,

The needs of hydrologists motivated us to develop a modeling methodology for locating the
major fracture zones at a 15rgcl site. Those zores may not be t_he only important hydrologic
fcatures at a sile; minor geologic structures and the rock matrix may be important also. The
naturc of the hydrologic conncctions between conductors may be a critical feature that
geologic/geophysical studics arc unlikely to define sufficiently well. In many places intersections
will be arcas of markedly increased hydraulic conductivity; in fact they surcly are the most
important hydrologic features in some arcas. In general, however, fracture zone intersections are
likcly to be quite complicated featu es with poor natural exposures, and a clear hydrologic
inte:pretation of them cannot be expected based on the geology alone. The intersections of the
S-zones with lamprophyres at the US/BK site is a case in point. Hydrologic field data must be

cullected to translate a structural model into a hydrologic model.

We closc with two general comments. First, there will inevitably be surprises in the course
of a site characterization. Reconnaissance studics present the first opportunity 1o bring important

yet previously unforeseen features into the modeling process. With regard to the logging of tun-
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nels and boreholes, it seems far too easy for valuable logging observations made early in a pro-
ject to cither be left unrccorded (the form lacks a needed box to check, a feature can’t be
described well on the form, etc.) or to be buried amidst other data, Furthermore, many tunnels
and boreholes might have to be cased for engineering reasons and key exposures could be lost
before their significance is realized. Those who collect the initial field data should be encouraged
to clearly highlight pa.ticularly interesting, important, or unusual features. Regular discussions
involving all the diﬂbrcnf groups making the ficld observations and conducting the modeling.
would increase the likelihood that important ‘‘surprise’’ features are recognized and brought into
the characterization process carly on. Second, it is essential that the geologists and geophysicists
‘bc able to work together well if a multi-disciplinary is to be productive. An cf’fcctiQe multi-
disciplinary approach should cause a particularly large number of useful (and initially unfore-
scen) to arise in the course of the work; this is a key strength of such an approach. To exploit this
advantage, we strongly recommend that those modeling a site personally visit ihe site, have
access to all the on'ginal raw data, and be able to collect new data through the course of an inves-

tigation,



-97.

7.0. REFERENCES

Ayuin, A, and "ohnson, A. M., 1978. Development of faults as zones of deformation bands and
as slip surfaces in sandstcae, Pure and Ay plied Geophysics, 116,931-942,

Berthé, D., Choukrone, P. and Jegouzo, P., 1979. Orthogneiss, mylonite, and non coaxial defor-
mation of granites: the examplz of the South American shear zone, Journal of Structural
Geology, 1,31-42.

Billaux, D., Chiles, J. F,, Hestir, K., and Long, J., 1989. Three-dimensional statistical modelling
of a fractured rock mass-- an example form the Fanay-Augeres mine, International Journal
of Rock Mechanics and Mining Sciences and Geomechanics Abstracts, 26, 281-299.

Briuer, V., Kilger, B., and Pahl, A., 1989. Ingenieurgeologicshe Untersuchungen zur Interpreta-
tion von Gebirgsspannungsmessungen und Durchstroemungsversuchen, NAGRA Technical
Report 88-37, 53 p.

Choukrone, P., and Gapais, D., 1983. Strain pattern in the Aar Granite (central Alps). Orthog-
neiss developed by bulk inhomogencous flattening, Journal of Structural Geology, 5, 411-
418.

Daley, T. M., McEvilly, T. V., and Majer, E. L., 1988. Multiply polarized shear-wave VSP’s from
the Cajon Pass drill-hole, Geophysical Research Letters, 15, 1001-1004.

Delany, P. T., and Pollard, D. D., 1981, Deformation of host rocks and flow of magma during
growth of minette dikes and breccia-bearing intrusions near Ship Rock, U.S. Geological
Survey Professional Paper 1202, 61 p.

Dershowitz, W., 1984, Rock joint systems: Ph.D. Thesis. Massachusetts Institute of Technology,
Cambridge, Massachusetts.

Donath, F. A., 1961, Experimental study of shear failure in anisotropic rocks, Geological Society
of America Bulletin, 72, 985-990.

Dyer, J. R., 1983. Jointing in sandstones, Arches National Park, Utah. Ph.D. Thesis, Stanford
University, Stanford, California, 202 p.

Falk, L., Magnusson, K.-A_, Olsson, O., Amman, M., Keusen, H.R., Sattel, G., 1988, Analysis of
radar measurcments performed at the Grimsel Rock Laboratory in October 1955 NAGRA
Technical Report 87-13.

Frick, U., Baertschi, P., and Hoehn, E., 1988, Migration Investigations, in Glintensperger, M., cd.,
NAGRA Bulletin 1988, 23-34.

Gelbke, C., 1988, Scismische durchschallungsioniographie, NAGRA Technical Report 88-06,

Howard, J. H., and Nolen-Hocksema, R.C., 1990. Description of natural fracture systems for
quantitative use .. petrolcum geology, American Association of Petroleum Geologists Bul-
letin, 74, 1511862,

Ingraffea, A. R., 1981. Mixed-mode fracture initiation in Indiana limestone and Westerly granite,
U. S. Symposium on Rock Mechanics, 22nd, Massachusetts Institute of Technology,
broceedings, 180-191.

Lawn, B. R., and Wilshaw, T. R., 1975. Fracture of Brittle Solids, New York, Cambridge Univer-
sity Press, 204 p.



LK

0

P .~_ﬁ.‘v‘

.08 -

Long, J. C. S., Remer, J. S., Wilson, C. R., and Witherspoon, P. A., 1982, Porous media
equivalents for networks of discontinuous fractures, Water Resources Research. 18, 645-
658.

Long, J. C. 8., and Billaux, D., 1987. From field data to fiacture network modeling: An example
incorporating spatial structure, Water Resources Research, 23,1201-1216.

Long, J. C. S., Hestir, K., Karasaki, K., Davey, A., Peterson, J., Kemeny, J., and Landsfeld, M.,
1989. Fluid flow in fractured rock: Theory and application, Lawrence Berkeley Laboratory
Report No. LBL-27879, 37 p.

Martel, S. J., Pollard, D. D., and Segall, P., 1988. Development of simple strike-slip fault zones in
granitic rock, Mount Abbot quadrangle, Sierra Nevada, California, Geological Society of
America Bulletin, 100, 1451-1465.

Martel, S. J., and Peterson, J. E. Jr., 1985, Fracture-zone structure at the US/BK site, Grimsel
Rock Labora‘ory, Switzerland, Earth Sciences Division Annual Report, Lawrence Berkeley
L.aboratory Report No. LBL-26362, 89-92.

Martel, S. J., 1990. Formation of compound strike-slip fault zones, Mount Abbot quadrangle,
Sierra Nevada, California, Journal of Structural Geology (in press).

Muehiberger, W. R., 1986. Diffcrent slip senses of major faults during different orogenies: The
rule?, in Proceedings, Internationa! Conference on Basement Tectonics, 6th, Sante Fe, Sep-
tember, 1985, Salt lake City, Utah, International Basement Tectonics Association, p. 76-81.

NAGRA Technical Report 81-07, Sondierbohrungen Juchlistock-Grimsel, Baden.

NAGRA Technical Report 85-46, Grimsel Test “ite: Overview and test programs, Baden, 118 p.

NAGRA Technical Report 87-14, keusen H, R., Ganguin, J., Schuier, P., and Buletti, M., 1989,
Felslabor Grimsel: Geologie, Baden, 120 p.

Niva, B., Olsson, O., 1987. Radar crosshole tomography results form phase 1, NAGRA Internal
Report 88-30.

Niva, B., Olsson, O., 1988a. Radar crosshole tomography results form phase 2, NAGRA Internal
Report 88-31.

Niva, B., Olsson, O., 1988b. Radar crosshole tomography results form phase 3, NAGRA Internal
Report 88-57.

Niva, B., Olsson, O., and Blimling, P., 1988. Radar crosshole tomography with application to
migration of saline through fracture zones, NAGRA Tcchnical Report 88-31, 87 p.

Olson, J., and Pollard, D.D., 1989. Inferring palcostresses from natural fracture patierns: A new
method, Geology, 17, 345-348.

Oflsson, O., Falk, L., Forslund, O., Lundmark, L., and Sandberg, E., 1987. Crosshole Investiga-
tions - results from borehole radar investigations, SKB Technical Report 87-11, Stockholm,
Sweden.

Olsson, O., Black, J. H,, Gale, J. E., and Holmes, D.C., 1988. Site Charactcrization and valida-
tion, stage 2 - preliminary predictions, Swedish Geological Company Report ID No. &8.

Peng, S., and Jchnson, A. M., 1972, Crack growth and faulting in cylindrical specimens of
Chelmsford Granite, Internationu! Jcuiina! of Rock Mechanics and Mining Science and
Geomechanics Abstracts, 9, 37-86.

Peterson, 1. E. Jr., 1986. Application of algebraic reconstruction techniques to geophysical prob-
lems, Ph.D. Thesis, University of California, Berkeley, 188 p.

Pollard, D.D., and Segall, P., 1987. Theoretical displacements and stresses near fractures in rock:
with applications to faults, joirs, veins, dikes, and solution surfaces, in Atkinson, B.K.,ed.,

e Lo TR " v iy



s N I AN I oSO A OO v VR O O

-99 -

Fracture Mechanics of Rock, Academic Press, New York, p. 277-349.
Ramsay, J., 1967. Folding and Fracturing of Rocks, McGraw Hill, New York, New York, 568 p.

Rouleau, A., and Gale, J. E,, 1985. Characterization of the fracture system at Stripa with
emphasis on the ventilation drift, Lawrence Berkeley Laboratory Report No. LBL-14875,
115 p.

Robinson, P. C., 1984, Connectivity, flow, and transport in network models of fracture medid,
Ph.D. Thesis, St. Catherine’s College, Oxford.

Schoenberg, M., 1980. Elastic wave behavior across iinear slip interfaces: Journal of the Acousti-
cal Society of America, 68, 1516-1571,

Schoenberg, M., 1983. Reflection or elastic waves from periodically stratified media with interfa-
cial slip, Geaphysical Prospecting, 31, 265-292.

Segall, ¥., and Pollard, D. D., 1983a. Joint formation in granitic rock of the Sierra Nevada, Geo-
logical Society of America Bulletin, 94, 563-575.

Segall, P., and Poilard, D. D., 1983b. Nucleation and growth of strike slip faults in granite, Jour-
nal of G rophysical Research, 88, 555-568.

Segall, P., and Simpson, C., 1986. Nucleation of ductile shear zones on dilatant fractures, Geol-
ogy, 14, 56-59.

Sen, P.N,, Scala, C., and Cohen, M.H., A self-similar model for sedimentary rocks with its appli-
cation to the dielectric constant of fused glass beads, Geophysics, 46, 781-789.

Shen, L.C., Savre, W.C., Price, M.J, and Athauale, K., Diclectric properties of reservoir rocks at
ultra-high frequencies, Geophysics, 50, 692-704.

Sibson, R. H., 1977. Fault rocks and fault mechanisms, Journal of the Geological Society of Lon-
don, 133, 191-213.

Sibson, R. H., 1981. Fluid flow accompanying faulting: ficld evidence and models, in Simpson,
D. W,, and Richards, P. G., eds., Earthquake P. ediction: An International Review, 4, 593-
603, American Geophysical Union, Maurice Ewing Series.

Sibson, R. H., 1986a, Brecciation processes in fault zones: Inferences from earthquake rupturing,
Pure and Applied Geophysics, 124.

Sibson, R. H., 1986b. Earthquake. and rock deformation in crustal fault zones, Annual Reviews of
Earth and Planetary Science, 14, 149-175.

Smith, R. B., 1975. Unified theory of folding, boudinage, and mullion structure, Geological
Society of America Bulletin, 86, 1601-1609.

Smith, R. B, 1977. Formation of folds, boudinage, and mullions in non-Newtonian materials,
Geological Society of America Bulletin, 88, 312-320.

Stewart, R. R., Turpening, R. M., and Tr ksoz, M. N., 1981. Study of a subsurface fracture zonc
by vertical seismic profiling, Geophysical Research Letters, 8, 1132-1138.

Swanson, M. T., 1988. Pseudotachylyte-bearing strike-slip duplex structures in the Fort Foster
Brittle Zone, S. Maine, Journal of Structural Geology, 10, 813-828.

Sylvester, A. G., 1988. Strike-slip faults, Geological Society of America Bulletin, 100, 1666-
1703.

Telford, W. M., Geldart, L. P., Sheriff, R. E., and Keys, D. A., 1976. Applied Geophysics, Cam-
bridge University Press, Cambridge, 860 p.

Terzaghi, R. D., 1965. Sources of error in joint surveys, Geotechnique, 15, 287-304.



-100 -

Wallace, R. E., and Morris, H. T., 1986. Characteristics of faults and shear zones in deep mines,
Pure and Applied Geophysics, 124, 107-125.




1010

APPENDIX



-103 -

0°0ELT £CIP6ST 8°TLELIY 0'¢9 0°0S {Auaed jreug LV6ST L'66£6ST t+'£8€L99 06cl
00tLT T16£651 1'2ZYL99 0'¢9 0°0¢ A0Qe Se Juleg L'LOLT  TE/E6ST  §8THLI9 0'6L
0oLt 0'16£6S1 9°TTYLI9 0's9 008 pammoey ‘AMYM | 8L0LT  T'E8E6ST T OTPLI9 S'8L
00gLt 6°68£651 0'STrL99 0's9 MY JA0QE Se Jureg $'80LT  TT8E6ST S IErL99 0'9L
0°0eLT 7°68£651 8°9TYL99 0'S9 0°0¢ 2103 patoedig 6'80LT 9 I8€6ST  I'EEVL99 rL
0'0eLl 0'€LE6ST £e9vL99 008 0001 a1kydoidure] PLILT  80LE6ST  6T9FLI9 v iy
0'0eLl 1°99¢661 9°08vL99 0'S9 0'0¢ A0qQe se dureg§ Q€L  9€9E6ST  LT8YLIS 961
0°0eLT 8°COL6SIT v 18vL99 0'¢9 0°0S IR L) | TETLL  £€9€6ST  V'E8PLI9 881
0°0tLl C79e6S1 S'38YLS9 008 0001 9A0(e Se sweg LYTLl  S19€6S1  £88VL99 vel
00ELT  YT9E6ST  L'88Yi99 | 008 | 0001 a14ydordurey LYZLT  S19€6ST  9'88v199 I'el
z £ X amedj | armea] licliiniilig) z I's X Jroya10q
[9A3] OEL1 18 9Yas O1 jodiq | joaqng $31BUIPIOO)) SUTIA ut yidag

[euION uondalold Jo sajeuipioo)

100°68 SNOd

h

Iy



-104 -

00eLT 705€6651 6'9¢£L99 0SS 006 3A0Qe Se sureg €169  £9¢g65T  S8PELI9 0Lt
00eL1T 0°8¥E6S1 8 1v€L99 0°¢9 00S SaImdRLy 97691 LpEE6ST  1°€SEL99 ocrl
0oLt §Cee6sl 0'1LEL99 09 0°0S 2Inssty TOOLT  61TE6ST  66LELIY vt
00¢eLl 8°0TE6ST 9°66£L99 008 0091 aA0qe se sureg LYyOLT  €61£6ST  ¥'S6£L99 €56
00cLt £0Te6S1 6 00vL99 008 0091 xeq) + 2100 §re(l | O°COLL  8'8IE6ST  L'96ELI9 6o
0°0tLl 0Te661 ' 0vL99 008 0001 9A0Qe Se dureg 0LOLT  TOIE6ST  L'E0PLI9 798
0oLt L'L1E6ST S0LvL99 008 07001 poyoes[q/dwreT | 8'80LI OVIE6ST  6'60VL99 v'6L
0°0eLt L0Te6s1 9°S0TL99 0'¢9 00S somoely mdJ V| €°60LT  E€EIE6ST  8T1IPL99 ELL
00eLl £'LIE6ST 9¢IvL99 0¢s9 00S 9A0Qe Se ouweg PIILL 901€6ST  1617L9S T69
00¢eLl 0LIE6ST EVIvLI9 0S9 0°0S Xel + 2100 %req | 9'11LL  P'0IL6ST  861¥L99 <89
00eLl 89165t 8YIvL99 0'S9 00S sompey M3y | LTILL 7°01€6ST  TOTYLI9 089
00tLl 0CIe6st 8°CTPLI9 0<9 008 3A0qe se dures OvILT 5 90£65T  ¥OEVLI9 39S
00eLT 8 11£6S1 Y'9TPLI9 0'¢9 00S sasmdelf + 210 SYILT  €90£6ST  6°0evLl99 [4°)9
0°0eLl 911e661 89TVLIS 0s9 00s JA0Qe se dueg 6VILT  T90£6ST  £1EVLI9 8¢S
00eLY S11e686t U'LIyrL99 0's9 00S sIMA"y + 210 OSILT  190g6St  91EvL99 %Y
00eL SY6T6S1 L99vL99 0'¢9 00s 9A0qe Sk dWeg v'6TLT  8T6C6ST  1'89YL99 £'6l
00eLl £Y6T651 TL9TL99 0SS 0°0S somely MV | GCTLT L'TETOST  SBIVLYY 8Pl
00tLT 806765t TSLYL9S 09 00s 3A0Qe Se JUe§ 9'LTLT  0°06T6ST  6'SLYLY L9
00eLl 17067661 89LYL99 0s9 008 71b + dure] 0'¢TLT  V¥'68T6ST  ¥'LLVLYS oS
00tLL 1'062651 89LYLIS 0s9 0°0s 9AOQE Se sule§ 0'8TLT V68765 VY LLYLYY 0¢
00eLT £'6876S1 8°8LYLY99 0's9 0°0S 3U0Z 971 9'8TLT  L'88T6ST  £6LPL99 0¢
y4 K X amiea | amiedj JUIWWO)) z K ¥ 3j0Ya10q
[3A9] OEL] 1B 9IS O jo diq | Joaying SI1BUTPIO0)) JUIN ut yidoq
[eWION HONA{01d JO $21BUIPIOOD
700°$8 SNOY

b



-105-

00eLT 1'60C65T £'E0EL99 0s9 | 00S 2A0qe Sk JUes I'T691 9°S616ST  9VIELSS S8yl
00ELT  6'80Z681 2'¢0£L99 069 | 008 parmoeyy AY8IH | £T69T  ¥C6166T  T'S1€L99 08yl
ooeLt 9661651 L'8CEL9S co8 00st 3A0Qe se sweg Y691 v'T6I6ST  £°ETELI9 6'8¢1
00LLT 1661651 667£L99 008 0061 ardydoxdurey 06691 0T6I6ST  SPTeLS9 9Lel
0°0eLT Y'L81661 L'8rEL99 008 0°0¢t 9A0QE Se Jweg 900LT 8V8I6ST  TvPELIS 6’611
0°0eLT  TL8I6ST £ 6veL99 008 | 00St ardydordurey 800LT 9V8I6ST  8VYELII (434!
00eL1 9°L816C1 8°0S€L99 008 | 0001 9A0qE Se dureg TT0LT  8TBIGST  6'6VEL99 9601
0°0eLT 1981651 YYSELI9 008 | 0001 a1hydoxdure] TEOLL V'IBI6ST  9°€SEL99 9601
00eLl L061651 1°9veL99 0s9 | 00S SAOQE Sk dueg YE0LT  TIBI6ST  T'PSEL9Y <ot
00€LT 7061651 8'9rtL99 0S9 | 005 Sojuoaimyey | 9°€0LT O'I8I6ST  LPSELIY £ P01
00eLl  ¥061651 8'9veL99 0SS | 005 s JQe Sedueg 9¢0LT  O01816ST  LPSELSS £ 01
00eLt 78816651 0°CSEL99 0¢9 | 00§ semjoel] 0°S0LT  €6LI6ST  G65€L99 066
00eLi 6981661 1°66€L99 069 | 00¢S JA0QE SE Jureg 8'GOLY  TBLIGST  $'T9EL99 656
00¢eLT 09816651 TLSEL99 0S9 | 008 sammoely €90L1 SLLI6ST  £¥9tL99 8'€6
00¢LT V81661 6'65¢L99 (URSY) 00% Jojuoonunyey | 0LOLT  9'9LT6ST  8'99¢L99 ote6
00ELT  L'OLI6ST  €16€L99 | 008 | 0001 a1fydoidurey 6'€ILT 6191661  806£L99 919
00¢eLt S0LI6ST 8'16£L99 008 0001 SA0QE SB Jure§ OvILT  L'L916ST £ 16EL99 019
00eLT 9'6916S1 0P6£LG9 008 0001 a1kydosdurey OYvILT 6991681 S€6EL99 919
0oLt 0'SS16S1 v 6IvLI9 0S9 | 008 3A0Qe Se dure§ £°CTLT  £eSI6ST  8'0EVL99 174
00eLl SYSI6ST S 0erL99 0s9 | 005 payoesig 9GTLT  O'ESI6ST  81evio9 6l
0°0ELT ['0S16ST L'OvvL99 059 0°6s 9A0qE Sk JUeg €8TZLL  S6VI6ST  TIVYL99 06
ooeLl 6'6V16S1 TIvri99 059 | 00¢ Sopuo auolAIN | +'8ZLT  V'6YI6ST  LIYPL99 ]
z K X amed | armesy WAWWOD) z I\ X ajoyarog
[9A9] O£L1T 18 2§IS O] jodiq |joayng S9JeUIpIOO)) SUTA ur pdaq

TeuuoN uondafoid Jo $91euIpI00)

€00°68 SNOd

' et

L]

w

"

e

o



-106-

G0eLl 0652651 P SLELIY 059 00¢ 3A0GE St durey I'70L1  O'6¥T6ST  L'E8ELIY 06y
oocLt L'86T661 L'SLELYS 0SS 00S saImoel] €T0LT  8'8YZ6ST  0VBELIS 98y
00eELL  STSTOSL T78EL99 059 008 9A0QE Sk dureg T'LOLL  €¥¥T6ST  T'68EL9S £ ov
00eLT 0'TST6S 8'78ELI9 0°¢9 00§ Ssamjoer SLOLT  OvbZ6ST  968£L99 96t
0oLt 6057651 0$8¢L99 0's9 0°0S 3A0QE Sk dureg €80LT  TEYTEST  S06£L99 3%
00tLl 0052651 6'78€L99 0s9 00% sampey AUy | 0°60LE  STYTOEST  T16EL99 69¢
00¢cLt L 1yT6St 8'€6£L99 0SS 0°0S SaImder ¥'SILL  GO9ET6ST  T'86ELI9 L'sT
00eLT CIPT651 £Y6£L99 0c9 0°0S 9A0qE SB JUEeg RGILT  T°9€T6ST  9'86EL99 0'Sc
00eLt 6°0vT6ST L'y6EL99 0°¢9 0°0s SaInoel 19ILT  6°GET6ST  8'86EL99 9YC
ooeLt 1'0PT6S1 'S6£L99 059 0°0¢ 9A0QE Se dURg 991L1 +'SET6ST 665199 9¢T
00eLT 6'8ET6S L'96€L99 0SS 0°0s saimoeyj Auey | 9°LILL  SPEC6ST v O0VLI9 0T
00eLY 7’8651 $'L6ELYS 0's9 0°0s 9A0QeE Sk dWeg I'81LT  Otecest  T'10VL99 01e
00€Ll 8LE7.661 6'L6£L99 0°s9 008 Ssamoel P8ILT  L'E€ET6ST  P'IOVL99 oz
00eLl 1'E€TT651 GCEIPLI9 069 0°0¢ SA0Qe Se dureg 86ZLL  1°€7T6ST  9'E1VL99 Lo
00¢eLt [°€TZ6S1 9eIvL99 059 0°0¢ Sa1njoelq R6TLT  0€TT6ST  L'E1VL99 90
yA £ X amieaq | aImeaq lieliifiilog) V4 £ X ajoyalog
[9A3] OELT 18 oyng 01 jodig | jooxing SINRUIPIOOY) UL w pda
[eutIoN uon2a{o1d Jo S31eUIpIoo)
¥00°68 SNO4

am



-107-

00eLl 9'ePZ6S1 6'v8€L99 069 00s SA0qE Se oureg 0'80L1 L'SET6ST  S16EL99 98¢
00eLt £ evC6sl TS8ELIS 0'¢9 00S Samder] T8OLT S'SETOST  L'16EL99 T8¢
00eLL 1°6£T651 568¢L99 0°S9 0°0S 9A0qe se Jureg STILT  STEL6ST  TS6ELIC 9ce
00eLt C6£T6S1 L'68¢L99 09 0°0s samoel STILT  ¥'TEL6ST  TS6ELI9 gze
00eLT 9'LET6ST TT16ELYS 09 00S 9A0(QE Se dweg OTILY P'IET6ST  ¥'96EL99 9°0¢
00eLl 9°LET6ST £ 16£L99 0's9 00§ Sommjoel] LTILT VIET6ST  §96£L99 S0E
00eLL Y'TeT651 8'96£L99 059 005 9A0QE Se-aueg L9LLL  9°LTT6ST 80099 GeT
00eLt 1'ZeC68s1 ['L6€L99 0s9 00s SaMmIoRL] 69ILT t'LTT6ST  1'10¥L99 | i %4
00tLT £6CC651 1°00vL99 0's9 00s 9A0QE Se Jureg 0'6ILT P'STC6ST  £E0vL99 P61
00tLt L'LTT6ST 8 10VL99 0°s9 00¢ SoImdel] €0CLL  TPTTOST  L'YOVL99 TLl
ooeLt 9812661 P LIPLSS 059 005 sotoyd uo Awewr | ¢ /zL1  LLIT6ST  TTIVLIY 0¢
00eLt 6 V12651 P SIPL99 0S9 0°0S 10u ‘sgojuo xery | Z'0ELT  O'SIT6ST  €SIPL99 00
z £ X amiesq | omiea plicliinivg) z A X sroyalog
[9A9] OELT 1B 3G O jodiq |joaying S91BUIPIO0]) SUTN ur qudaq
[eunoN uondefoig Jo saleurpioo) i
S00°68 SNOod

1 S | DN S AU N 0 1 R A
A1 | N A A 0 1 i —

———



-108-

00ELT  TLYT6ST 6°S6£L99 09 J08 9A0QE Se dureg L'80LT  S'6£T6ST  £TOVLIY vLE
00eLl 1'LyT6S1 0796€L99 0S9 00S SeImdery 8'80L1 C6E£T6ST  V'TOVLI9 gL
00€ELT 8°9¥C6S1 £96£L59 0'S9 G0S 9A0QE Se Jureg 060L1 €6£ET6ST  9TOVLIY 6'9¢
00eLT  9'9PT6SI §'96£L99 059 Y Samioely '60LT  T6ET6ST  L'TOVLIS L9t
00ELT  TOVTOSI 6'96£L99 0's9 0°0¢ SAOqE Se Jureg Y60LT  6'8ET6ST  T'E0PLI9 '9¢
00¢eLT 0'arzest TLHELSY 0SS 00S SaImdBLy 9'60LT L'8ET6ST  £E0VLI9 8'¢e
ooeLt S GvZe6s1 L'L6EL99 0SS 0os 3A0Qe Se Jureg 00ILT €8€T6SL  L'EOVLI9 I'6e
00ELY TSPest 0'86£L99 0SS 0°0s samidoel] TOILT  T'8ET6ST  OVOVL99 Lye
00eLT  vIPCOST 8'86£L99 0SS 00s 3A0Qe Sk Juwreg 80ILL 9°LET6ST  9VOVLI9 L'ee
00eLT  90VT6ST 6'70vL99 09 00s somoey Awel | L'€ILT  8PET6ST  L'LOVLYY 9'8C
00eLT  L'Cer6S1 '80vL99 | 069 00s SACQE SE Sureg CLILT €1eT6ST  8TIVL99 0T
00ELT  97°GEC6SIT 7'80vL99 0°¢9 00s sormoel] OLILT  TIET6ST  6T1ivLI9 8'1C

z L X armieaq | emiesg JUIUIWO)) z £ X J[oyalog

[3A3[ Q€LY 18 3IS 01 jodiq |jooxng $31eUTpI00]) 3N ut pdaq

reutoy uonaefoid Jo sa1eurpIon)
900°68 SNO4



'

-109-

O0ELL  €T6T6ST  LPBELI9 | 0S9 | 00S | aroqesesues | 08891 €LE76ST L6699 | ¢8p
00€LT  8TST6ST  T68€L99 | 0'S9 | 005 | somderg L'88ST (O'LET6ST L6199 | Siv
O0ELT  VEVTOST  9€E6£L99 | 0C9 | (0S | oAoqeseowes | 0'00LI L7TEZ6ST  STOVLO9 | g
OO0LLT  STWTEST  v¥6€L99 | OS9 | 00S | samoeydwew | TT0LT ZTT€e6ST  1'20v.99 | oO'€e
O'0ELL  LTZZ6ST  €617L99 | 0°S9 | 005 | oaoqesedsures | S67.1 CIzz6ST  +S19.99 | €0
O0ELT  9ITT6ST  €SIVLY9 | 069 | 005 | umoxqsiaiod | 96241 SIZ26ST  SSIpL99 |- 70
z £ X armesq | amyes, JUSUIWIO)) z £ X JJoyalog
[PAS] QLT T8 9IS 01 jodiqg | jooxng SATRUIPIO0D) UTN ur qudaq

[eunIoN uono{01d JO SateUTpIoO))

L00°$8 SNod



-110-

00tLT 1°0LT661 0L1PL9S 0s9 | 00 3100 uayoig 0'€0LT 097651  T'STYLS9 Ly
00SLT  L'89T68T €LIVLI9 09 | 008 3A0Qe se dureg LEOLT  €6ST6ST  T'STYL99 09
00cLT 97897661 €LIYL99 0s9 | 00S 2103 ujoIg SEOLL  T6STOST  TSTYLIS 6Sy
0°0eLT  8'8ST6SI T'9TrL99 008 | 0001 9A0QeE Se dUIe§ 6'90LT 8PST6ST  §'STYL9 1414
00ELT  T'8ST6ST  T9TwL99 | 008 | 0001 arfydoidurey €LOLL  TYSTEST  SSTyl99 | L6t
00eLl £797651 L8I¥L99 09 | 00S 9A0QE SB dureg €L0L1 TYST6ST  SSTYPLSS L6g
Q0ELT  96ST6ST T 6I¥L99 0S9 | 0°0S SaImdeL] 8'80LT T°TST6ST  L'STPLI9 ['LE
00ELT  9°65T6651 €61VL99 0s9 | 005 2A0QE Se Jwes 8'80LT 1°TST6ST  L'STYLI9 TLE
00eLT 6867651 S61vL99 069 | 0°0S samerj Auwey | TO0LT  STIST6ST  L'STYL99 9t
00eLl 97857661 S6IvLI9 0¢9 | 005 A0Qe Se JureS Y'60LT €1ST6ST  L'STYLI9 1'9¢
00ELT 0867651 L'61vL99 0¢9 | 005 sarmoely Auey | 8'60LT  L0OST6ST  8'STYLI9 gee
00eLl  T9STOST 1°0TvL99 0S99 | 005 JA0qe SE Jureg 80ILT  €6VT6ST  6'STYL99 L'Ee
00¢eLT §'GCT6ST £0TrL9 0S9 | 005 SaInjoery TIILT  L'8YVT6ST  6'STYL99 0ce
00eLT  0°TSTOST S 9TvrL99 008 | 0001 9A0QE SE Jueg TIILT  L'8YT6ST  6'STYL99 0tce
00¢LT £ 6vC6S1 99 .¥LY9 008 | 0001 a14ydordure] QTILT  PYOYT6ST  1°9TrL99 10¢e
0°0¢Lt 707661 Y 1TVrLI9 0<9 0oc 3A0Qe Se Jueg TPILTL  9VbT6ST  TITPLI9 6'LT
00gLT 96vZ6€1 9 1ZrL99 0S9 { 005 SaImoely YYILT  TPbT6ST TITYLYS LT
00€LT  V¥PEC6ST 0°STrL99 069 | 0°0S 9A0Qe Se Jureg 0€TLT  6'1€T6ST  U'LTYL99 4!
00eLT 1. 7T6S1 0°STrL99 06S | 0°0S - aroo Juore xery | TECLL  9IET6ST  T'LTPL99 'zl
z £ X ames | aImea] JUSUIWO)) z £ X ojoyaIog
[2A3] QLT e ojIS 01 jodiq | jooyug $31eUTPIOC]) U] ur ida
TeusIoN uonaloid Jo $a1euIpIon)

800°G8 SNO4



-111-

00ELT  €9PC6ST  O'SLELSS 059 008 aaoqeseoureS | QTOLL  T9LC6ST  V'EBELI9 g6y
00eLT  6'SPTOST £'CLELIS 09 00S soImjoel] 0T0LT  6'SET6ST  L'E8ELIY 06v
0°0¢Lt TSPT6ST 1'9LELI9 (VRS 0°0S 2A0QE Se sweg 9TOLL  ¥'SET6ST  €P8ELIG 1'8p
00eLT  T'SPT6SI 1'9L£L99 059 005 samioely OTOLT  v'SET6ST  EV8ELI9 o8y
00cLl  SYPT6ST  8'9LELIS 09 0°0¢ 9A0Qe se 3ureg TE0LL  67ET6ST  8P8ELIS Ly
00eLT SYPC6st 8°9L£L99 0's9 008 Sormoelq I'€0LT  oPET6ST  6'V8ELOS 'Ly
00ELT  6'€VZ6ST  v'LLELIS 059 00s anoqesedureS | CEOLT  SPET6ST  £68ELII 1A% 4
0°0eLt 9'evC6S1 8LLELSD (1RS> 0°0¢ $SO[ 2103 “xei 8EOLT  TTECOST  9'S8EL99 [39%
00cLT  TTYT6ST  V'6LELIY 09 00s oaoqeseoure§ | 0°SOLT  T'€ET6ST  698EL99 6ty
0'0ELT  LIPZ6ST  8'6LEL99 059 008 SaImIdex] €G0LL  6'7€T6ST  TL8ELID vep
00ELT  1'8€T6ST  9°E8ELYS 0's9 008 SA0Qe Se Jureg 1'80LT €0£T6ST  TO6ELI9 $'8¢
0°0cLT £ LETOST Y ¥8¢L99 09 (1Y samoeyy Auepy 9'80LT L6TT6ST  806£L99 ¢Le
00ELY  tvET6ST  STL8ELYS 059 008 aroqeseouwres | OILT  9LTTEST  TE6ELIY gee
C00ELT  9EET6ST  S°88ELI9 059 008 9103 paydealq 9TILT O°LTT6ST  OV6ELI9 v'e
0°0cll TOLTOST 0°76£L99 0'S9 0°0S 2A0QE SR dueg TPILL  9PTTEST  896£L99 6LT
00¢LT 1'0£26S1 ['C6£L99 0's9 00s saInoel CYILL  SPCT6ST  6'96£L99 8L
00eLl  €9776ST  T96LLS9 0'S9 008 uonerjoyut dery | TLILL L'1TT6ST  O00VL99 9T
0°0eLT 1012651 Y ETYLI9 0'S9 0°0s 2A0Qe Se Jure§ L6TLT 0012651 SEIvi9% 80
00ELT 8607651  L'EIVLI9 059 c'6s somoery AweN | 6'6TLT  8°60T6ST  8'€IvL99 70
0°0¢eLl 8°60C6ST L'E1vLSS 0°s9 0°0S 9A0Qe Se dureg 66cLl 8607651 8EIVLI9 0
00eLt 606851 1Y1vL99 09 0°0S SSO[ 310D TOELT 960T6ST  OvIPLI9 00
vA £ X amed] | amesg JUSWWo)) Z IS X J[oyaIiog
[9AS] QELT 1873YIS O] jodig | joaqng SOIBUIPIOO)) AUTA ut ipdag
[RULION UOTI22f014 JO SIIBUIPIOOD) :
60068 SNOd



-112-

00eLT T9STHSI IvyrL99 0SS | 00§ 3A0qe 58 duleg LOOLT  6'LvT6eSt  T'1SPL99 Loy
00¢eLl £'6ST6S1 8'evvL99 059 0°0¢ SaImjdelj Aue]y €LOLT  TLYT6ST  90SYLI9 Let
00eLl £'66T661 §errL99 0S99 | 00§ 9A0Qe se dure§ €LOLT  TLYT6ST  90SvL99 L6t
00eLt YYSTest £ePrLI9 09 | 0°0S saImdely 0°80LT  S9PTOST  6'6VPL99 '8t
00¢eLT 2'8PT6ST Y 6rvL99 008 0001 2A0qe Se Jures C60LYT  TSPT6ST  8'8t1L99 ot
00eLt ERa74Y! 1'9vvL99 008 0°001 (HAuzibrdurey | 9°71LT SIPTEST 9'SHPLIY S0t
00eLt 8°0vC6sl £LEVLSS 059 | 00§ SAO(E Se Jure§ SLILT  £'9¢T6ST  O'1¥rLI9 0ZC
00eLt  TOVT6ST  OLevL99 059 | 008 Sodnjoely 6'LILL  6°CET6ST  LOVPLYS £
00tLl 6°6£C651 6'9eL99 0°'s9 0°0S 9A0Qe Se dureg ['8ILT  G'6eZ6ST  SOvvL99 60¢
00eLT £6LT651 9°9¢vL99 059 | 00S sainoely CRILL  T'SeT6SI  1'0O¥PL99 (A7
00eLT  §8ETO6SI £otrL99 059 | 008 9A0(E Se Jule§ oIl 9pET6Sl  S6EvLS9 61
0°0tLl v'8LT6s1 T9ePLI9 0'S9 00S saindelf 'olLl  SPeEC6ST S6EbL99 1'61
00¢eLT GSET6S1 LyerL99 069 | 008 3A0Qe se sweg STITLL  0'TET6ST  £°LEVLS9 O'St
0oLt 8681 LYEVL99 0°¢S 00§ ssanjyelq 9IZLL  8IET6ST  TLEPLI 8l
0oLl L*6TTOST 9°0EvL99 09 0°0S dAa0qe se sweg 0'8TLL  O'STT6ST  THEVLIS L't

00eLl §'6TT6S1 S'0LvLIS 069 | 00§ ssmdel] ['8ZL1  8'vCC6ST  O'1Erl99 143

z .o X JImeaq | ammesj JUIWW0)) z s X spoyazog
[SAJ] OEL1 1B 9yIIS O Jodiq | joaxyng SIIEUIPIO0]) Uty ut \pdaq
[eWION uon223{01d JO S1BUIPIOO))
010°68 S04

_,_4 LURLINEL L

am




-113-

00¢tLl £'9TT6ST 1'817L99 008 0°001 b se paddo] EY6e9l  1°0TZEST  OLIPLI99 S¢St
00eLT  1°9CZ6SI 1’81499 008 | 0001 13y ‘xery Auey | €°G691  1°0TT6ST  O°'LIVL99 [ 23
0°0eLY T0TT6S1 691vL59 0’9 S 9A0Qe se 2ureg 9'6ZLT  1°0TT6ST  O'LIVL99 0
0ocLt T0T6S1 6'91vL99 069 00S 2103 uajoig L'6ZLT  1°0TC6ST  O°LIVL99 0
z K X amed | ammesy JUWW0)) z L X sjoyazog
[9A9] OELT 1B 24§ O1 jodiq [ jooayng $1eUIpIGO]) QUL ur pdog
_ [eunioN uonssfo: g Jo SIleuIpI0o))
110°68 SNOd

0 G Y 00O 1 O O
B "



-114-

00ELY  690E65T  IVEELD 008 | 0001 2A0Q2 Se dureg €YS9l  8'E6T6ST  TTLELII £Cel
00¢eLl 8'90¢6651 L'peeL99 008 | 0001 a1kydosdure] PPSOL  L'E6T6ST  £TEELIT zeel
0°0ELT  L'0TE6ST L'60€L99 0s9 | 00¢ 3A0qe Sk Jures Y¥S9l  L'€6T6ST  £TEELY zeel
00€Ll  O°LIEOST Lelel99 069 | 00¢ samloelf €LS91  O'16T6ST  S'SEELII 'Lt
0°0€ELT  9'€0c661 LLeel99 008 | 0001 9A0QE Se Jureg €L691 O 1676ST  S'SEELII 'Lzt
00eLt £e0c6ST  0'8EELI9 008 | 0001 s14ydoidurey 9'L691  L'O6Z6ST  8'GEELY 99Z1
0'0ELT  6'TOE6ST  ¥'8EELD9 008 | 0°6O1 2A0qe Se Jweg 6'LS91 v 06765T  19££L99 09zt
00ELT  LT0E6ST  9'8EEL99 008 | 0001 a1dydordure 1’8691  T06C6ST  ¥'9££L99 9'6Cl
00€LT  OVIE6ST 891€L99 0's9 | 008 2A0Qe se dureg 96691 8887651  6LEELI9 1'ecl
00eLl  9'Ele6st TLIELSS 0s9 | 005 2103 payJeaiq 86591 9'8876ST  T'BEELII 9Tl
00ELT  O'ele6st 6'L1EL99 059 | 00¢ 2A0Qe se sueg €0991 1'88T6ST  L'8LtL99 g'1¢1
Q0ELT  LTIE6ST  TBIELY9 069 | 00¢ saamoeyj AUy | S'0991  6L8T6SE  0°6€££L99 1A
00€LT  L'TIE6ST T8IELYY 0¢9 | 008 3A0Qe Se Jule§ S'0991 6°L8T6ST  0'6£EL9Y ATA!
00ELT  vTIE6ST  981ELS9 0s9 | 005 samoelg 80991 L'L8T6ST  £'6EEL92 6021
00ELT  PTLIE6ST 9'81£L99 0S99 | 00S JA0qe Se 2ureg 80991 L'L8T6SL  £6EEL99 6'0C1
00tLl 1TIe6s1 6'81£L95 059 | 070 sammoesy Aue|y 1’1991 +L8T6ST  S6£EL99 §ozl
00ELT  9'86T6ST  v'TVELSY 008 | 0001 JA0qe Se dueg L1991 8987651  £OPELYS g6l
0'0tLl £'867651 L'TYeL99 008 | 0001 a1dydoxdure ] 1799t S98T6ST  LOVELIY L8111
- 00ELT  VL6T6ST  9EvELI9 008 | 0001 3A0qe SE dueg 67991  L'G8T6ST  GIvE_99 tLI
00ELT  6'8LT6ST  0'19EL99 008 | 0001 a1dydordurey C6L91  T°OLT6ST  S65£L99 £'38
00eLl §'0LT6S1 1°€9€L99 0%9 | 00¢ 9a0qe Se dureg TE691  €LST6ST  TYLELSS Sv9
0'0ELT  B'69C6SI 6'£9¢L99 069 | 00S sormoeyy AuelNy | L'€691  89ST6ST  8VLELFD e
0oeLl 8197681 TLLELYS 008 | 0001 ax0qe se sWeg 0°S691  L'GST6ST  1'9LELSY 7’19
00€LT  §7I9T6S!T £LLELSS 008 | 0001 afudoxdurey 16691  9°GST6ST  TOLELSS 19
00eLt  0'89C6s L'69¢L99 469 | 00 aA0qe se duleg ['S691  9°GST6ST  TOLELYS 19
0'0cLl  8'L9T6ST 1'99¢L99 089 | 00S saimper €6691  P'SST6ST  S9LELIY 809
00eLl €°65C651 £6LEL99 008 | 000t JA0Qe st duwes 0'L6ST  L'€STO6ST  £8LELYY 8'LG
00ELl  ¥'6ST6ST  V'6LELIY 008 | 0001 duref 9(iss0d U'L69T  L'EST6SL  V'8LELIY L'LS
z A X ined. | 2imeaq TUWHTIO)) z K X Jjoyatog
[9A9] Q€L 1e LIS O1 Jodiq |joayng $21eUIpI00]) SUIN ut pdag
[RULION U020 JO Sa1eUIPIOOD)
100768 2404

R A i R
"

1



-115-

00ELT  T'9816ST  86LELYY | 0S9 | 0°0S 3A0QE SE dureg 0TOLT  T'9LI6ST TR8ELYY | 68V
00ELT  €9816ST  1°08€L99 | 0°S9 | 00 saymoel] €T0LT  YOLI6ST +'¥8€i99 | v'8Y
00ELT  T88I6ST  +'E8€L99 | (0°S9 | 00 ammpoexy paddey | 6VOLT  T6LI6ST  606£L99 | 8¢
00ELT  €6816ST  €68€L99 | 069 | 00 aA0qe se dureg S90LT  608I6ST  +'T6ELI9 I'iy
00ELT  T'68I6ST  +'S8EL99 | 0S9 | 00 2100 YIep ‘Xery 990LT OI8I6ST ST6ELYY | 60V
00ELT  V'I6I6ST  6'88€L99 | 069 | 00 aA0qe Se Jureg Y'60LT  OV8I6ST  ('S6£L99 19¢
00ELT  L'1616ST  +'68€L99 | 069 | 00S () 2105 payoeald | 860LT SHBIGST  SS6£L99 Y3
00ELT  ¥'S6I6ST  SEOPLS9 | 008 | 0001 JAOQE SE dureS 0'8ILT €E€6I651 1E0VLI9 11z
00ELT  SS6I6ST  9€0PL99 | 008 | 0001 (¢)durey + xery ISILL  ¥'€616S1  TEOVL99 | 60T

z £ X NiBd | dImesq lieliilii(g) z K X Jjoyaiog

[9A9] OELT 1B LIS 01 jodiq |jooyung $3jeWIpIO0)  dUTN ut uda

[euLIoN uonoafold JO saieurpioo)
70063 404

e — | r—



-116-

00ELT  891T6ST  6'8¥€L99 | 0S9 | 005 aroqesedwreS | L7691  vEOT6ST  1°09EL99 59
00ELT  L91T6ST  TEYELSS | 0'S9 | 0°0S saxmoeyy AueN | 67691  SEOT6ST  $'09€L99 619
006LT  T'9IT6SI  €€SELY9 | 069 | 0°0S aaoqe sedweS | 76691 L'EOT6ST  L'E9ELIY 809
00ELT  091T6ST  €vSEL99 | 0S9 | 005 2102 payoes[g 86691 L'E0T6ST  STIELII 8'6S
00ELT  SSIT6ST  9LSEL99 | 0S9 | 005 aroqesedures | L'L691 6°€0T6ST  €L9EL99 | Y¥9S
00ELT  €SIT6ST  v'85€L99 | 0S9 | 0°0S sazmcel] 78691 0Y0T6SI  0'89€L99 | 9SS
00ELT  890T6ST  8TLELYY | 008 | 0°0SI aaoqe sedures | 78691 00T6ST  0'89EL99 9°¢¢C
00ELT  890T6ST  6'TLELYS | 008 | 00ST a14ydoxdurey 78691 Ov0OT6ST  1°89€L99 (918
00ELT  €61Z6ST 6856199 | 069 | 0°0S aaoqeseowes [ 78691 0V0T6ST  1'89€L99 (%99
00cLT  TSIT6ST  L'6SELY9 | 0°S9 | 0°0S S2IMmdeLy 68691 L'H0T6S1  (0'69€LS9 €S
00ELT  890T6ST  8%.L€L99 | 008 | 00SI aaoqesedwes | 68691 IPOT6ST  ('69€L99 €S
00ELT 8907651  8+LEL99 | 008 | 00SI a1dydordure] L6691 1H0T6S1  TOLELIY 6'CS
00cLT 8907661  TSLELSS | 008 | 0°0SI aaoqesedure§ | T'00LT  THOT6ST  L'OLELIY €78
00ELT  890T6ST  S9LEL99 | 008 | 0°0SI a1kydoidurey 1'I0LT  €10T6ST  1'TLELYY 90§
00SLl  9°01Z6ST  S06EL99 | 0°S9 | 005 aaogesedures | 8'91LL  8S0T6ST  SV6EL99 Tee
00ELT  POIT6ST  €16€L99 | 0°S9 | 0°0S ajoopoydeafd | TLILL 6S0T6ST  1°S6EL99 | V'L
00ELT  L'80T6ST  T°€0VL99 | 069 | 00S arco Juofe xery | I'vZLI  9°90T6ST  6¥0VL99 | 0L
z K X amiea | ammesq JUAWWOD) y2 I X sjoyaiog
[9A3] O€LT 18 IS O jodiq |jooqng $31BUTPIO0]) SUTIA ur pdaq
[euntoN uondalcig Jo sa1euIpioo)
£00°'¢8 Ad04d

Ly -



! TR o GO [ RN T

N o o e BRI R L



e

tm

A

W

anpe



