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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 repositories. 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 seemingly ubiquitous, the

hydrology of a site can be dominated by a few discrete fracture zones. We have implemented a
i

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
_

i then to characterize their systematics. Characterizing the systematics means establishing the

essential and recurring patterns in which fractures are organized within !he zones. We make a

concerted effort :o 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.

I
li The procedure generally is applied to a speci ric site in a four-step sec_uence. First, informa-

|
[] tion on the region encompassing the site is assembled and a model of the geologic structure in
i

I the vicinity of the site is prepared. The major structures that might intersect the site are
target

I identified in lhis stage. Second, detailed geologic mapping is conducted to define the structural
I

II systematics of the major fracture zones near the site and to gain insight into how fluid might flow

along the zones. Third, a preliminary geologic model of the major structures at the site isII

I
,_! prepared using the regional information together with geologic mapping and borehole surveysIs

along the target site perimeter. Finally, the: model can be refined based on borehole information,

Vertical Seismir Profiling (VSP), and geophysical tomography investigations.

ii
III" 'iF
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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 rn apart. The site is bounded on

the east by the main tunnel at the laboratory. We modeled the structure within the site by project-

ing the major features exposed in the tunnels adjacent to the site using borehole information and

geophysical tomograms. The major elements in our model ali dip steeply. They are: 1) A

discontinuous northeast-striking shear zone that intersects the northeast comer 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 shear zone segments. 3) A few northwest-striking lamprophyres in the south-central and

northwest parts of the site. The southern lamprophyres separate the central and southern shear

zone segments; 4) A west-striking fault zone midway between the first fault zone and the south-

ern boundary of the site. The anastamosing fractures in the shear 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 was an ideal piace 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 expensive) to determine the sys-

!



tematics of the f,,acture systems. _n st,xc.hcases, studies of slructures in geologically analogous

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

We strongly recommend that those modeling a site _rsonally visit the site, have access to

ali the original raw data, and be able to collect new data through the course of an investigation.

Th,osc, w:lo collect tI_e initial field data should ci_earlyhighlight features that aprear particularly

inte _sting, _mportant, or unusual to r,*nsurei_hatimportant factors are brought imo the modeling

at an early stage. We highly r_commend that geologic and geophysical investigators cooperate

closely in ali stages of experimental design, da,a collection, apd interpretation.
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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 haz.ardous 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

heterogeneJties and not the background medium. However, it is extremely difficult, if not impos-

sible, to uniquely i6entify 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 eflbrt is to apply intormation on the geolo-

gic heterogereities early in the modeling process. Both geologic observations and geophysical

measurements can contribute to a better knowledge of the geologic framework. The geologic

and geophysical information can also be used throughout a modeling program to identify critical

places to test competing hydrologic models.

This report illustrates how geologic 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 heterogeneities as weil.

Fractures are a particularly ubiquitous type of geologic heterogeneity. They occur in ali

rock types over a broad range of scales. Fractures also pose a tbrmidable hydrologic modeling

problem, fbr ever. where they are abundant, they commonly are not sufficiently interconnected
_

-- for the rock to behave as a porousmedium. As a result, porous media models may not reliably
=

i
i
!

_tl
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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 system 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
ml

LtLi tO misleading conclusions regarding the hydrology at a specific site for a variety of reasons.

!11 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 ar,d extrapolations must be made using a sample size that is too small.

We have used a different approach that recognizes that fractures commortly 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 miae in Sw,eden, fracture

zones in the granite occupy approximately 4% of the rock volume yet _,ccount for 94% of the

hydraulic transmissivity (Olsson et al., 1988). Most of the water-prc, ducing zones in boreholes at

i Yucca Mountain also are associated with fracture zones (Geldon, 1989). Findings such as these

b.ave mo!_iva_.edour effo_ to do.vi._e,a methodology for characterizing the geologic structure of



-3-

fracture zones to assist in hydrologic modeling.

As discussed in section 2.0, fracture zones commonly exhibit some kind of regular organ-

ized intemal structure. We make a major effort to determine the systematic structural patterns 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 several aspects of an

integrated geologic/geol_hysical 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 fracture zone systematics at a variety 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 variety of experiments in the past

few years at the Grimsel Laboratory directed towards improving site characterization techniques

and the understanding of fracture ltow. 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 Juctdistock) in the Bemese Alps near the headwaters of the

Aare River (Figure 1.1). qlae laboratory is at an elevation of-1730 m, a few hundred mctcrs

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 tunnel 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:
J

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

s
ling fracture patterns in fracture zones;
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Figure 1,2, Map of the Grimse] rock laboratory showing the location of the US/BK site, the
first six exploratory (BOSB) boreholes drilled from the main access tunnel,
and the BOUS boreholes. BOUS 85.002 and BOUS 85.003 bound the US/BK site.
Modified from NTB 87-14, Plate 3.
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(2) Overview of current LBL methodology for modeling fracture systems as part of a

hydrogeo'_ogic 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 borehole fracture data we used in constructing our model.

.... p_' Ipl'r
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2.0. FRACTURE ZONE PATTERNS AND GROWTH MECHANICS

• Three classes of relativcl • Nanar 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 1hepresence of pre-existing 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 fractures (Figure

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 perpendicular 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 oriented 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.ld) can either 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, lt is not uncommon 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 ',he remote stresses and the stress concentra-

tions near a fracture tip. Theoretically, the near-tip stress field will be very heterogeneous, 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 and Wilshaw, 1975).

Rock properties together with the local stress state will govern whether fracture growth occurs by

shear or tensile failure.

Joints probably are tt_emost common type of rock fracture. In relatively isotropic rocks like

massive sandstone or granite, an isolated joint typically will be very nearly planar. 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 theoretical 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 due to shear failure at the tip. The planar shape of a joint and the style of relative dis-

placement across a joint indicate that joints propagate in response to localized tensile failure at

their tips and not shear failure.

Joints u_ually occur in sets of nearly planar subparallel joints (Figure 2.2a). These observa-

tions are consistent with the hypothesis that the regional stresses strongly control the orientation

i of the joints, with 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_'.qns caused by the prescnce of the joints themselves would

cause the joints to have highly curved shape:_ (Olson and Pollard, 1989). Elastic analyses demon-

strate that the growth of a given joint would diminish the stress driving the growth of most

nearby joints; this shielding effect is most strongly exerted by the longest joints. As a result, the

growth of the longer joints should be favored, and the resulting fractulc pattern should contain

!1 many short joints and fewer long ones (Segall and Pollard, 1983a). This is precisely one of the
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Figure 2.2. Examples of joint patterns: (a)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 hos propagated past previously-formed flanking joints.
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pattems most commonly observed.

Joint zones (Figure 2.2b) consist of clustered, overlapping, subparaUel 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 proI.,agating dike (Delaney et al., 1986) and then be lel_tin the wake

• of the dike tip as it advances. By analogy, a joint zone may form in response to the stress concen-

tration at tile tip of a particularly large joint.

Fau'ts, the second major class of fractures, have traditionally been considered not only to

accommodate shear displacement but also to originate as shear fractures (e.g. Sylvester, 1988).

This perspective has developed largely as a result of shear fractures being formed in numerous

laborato_3_compressic:, 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 of dilatant fractures first form parallel

to the maximum compressive stress; only if deformation proceeds far enough do these fractures

link up to form shear fractures (e.g. Peng and Johnson, 1972). Furthermore, attempts to propagate

i fractures in isotropic rocks under shear loads usually result in dilatant fractures propagating out-

of plane from the fracture tips (lngraffea, 1981). In laboratory compression tests on anisotropic

: rock, shear fractures do develop parallel to the anisotropy in the rock (Donath, 1961); these 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

and rock anisotropy would strongly influence fault growth.

Field observations consistently show that faults of substantial size exploit pre-existing

weaknesses as they develop (e.g. Muehlberger, 1986). In fact, we are aware o1"fcw examples

1 (e.g. Aydin and Johnson, 1978)to tile contrary. Faults and fault zones can originate from pre-

J

existing joints (Segall and Pollard, 1983b; Martel et al., 1988). F'aults can also develop from

I
, n i_1' ru
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pre-existing shear zones; shear zones in tum can develop from joints (SegaU and Simpson, 1Q86)

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 fault slip can serve 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 secondary fractures are likely

to form where extensional gradients are high along faults. High gradients would be expected at

the ends of faults and at geometric irregularities along them, and numerous dilatant fractures do

occur in those 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. Secondary dilatant fractures also occur where geometric irregularities

are not pronounced (Martel et al., 1988), presumably as a result of transient stress concentrations

along the fault zones (Martel .and Pollard, 1989). Both kinds of secondary dilatant fractures tend

to be aligned perpendicular to the least compressive remote :;tress. Because the remote principal

stresses would be oriented oblique to an activated fault zone, many of the fractures in fault zones

can have orientations that are systematically oblique to the zones.

The laboratory compression tests on anisotropic rocks suggest that anisotropy in the ea_Xh
_=

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).

The fabric in ductile shear zones commonly has an anastamosing or braided form (Berthe et al.,

1979), and anastamosing fractures are common in fault zones (Wallace and Morris, 1986).

Many l'ault zones have been reactivated under different stress regimes mad different

environmental conditions (Muehlberger, 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 2.4. Formation of fractures (heavy lines) in a shear zone. Light lines represent aligned
minerals defining the foliation wit_n the shear rgne.

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 pattems that develop ".nmany 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 models. The

geologic and geophysical contributions have different strengths and different limit,:_ions. 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 observations for the purposes of this report. The first is to

identify and locate m_,!or 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 are organized within the system. A

comprehensive evaluation of the systematics of a fracture zone would ide',dly 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 ty?ically 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
IB
:li and from one structure to another.--1

I
li
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It is fruitful to observe fracture zones at a variety of scales. This can reduce the cimnces 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 irl

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 tie 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 patterns 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

examined 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 c) to assess their structural variability.

Because precise, detailed mapping is time consuming, it must be done selectively. The focus of

the detaiIed 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 insufficient 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 boreholes 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 borehole 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 fracture is entirely

confined wittfin a borehole core, it is impossible to determine 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 relationships

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.e.

where intersected by a borehole) thus can be a poor indicator of the orientation of the zone con-

taining the fracture. Because of the uncertainties in fracture size and shape, an essentially un]ira-

fled number of fracture geometries would be cornpatible with a given borehole record. Figure 3.1

shows a simple example of how the same borehole fracture record can reflect entirely diflbrent

fracture configurations. In one case (Figure 3.1a) the average orientation of a cluster of fractures

encountered in a borehole can be a good indicator of the orientation of the z_ne 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 orientation. 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 _e structural systematics can reveal how indi-

vidual fractures are arranged in fracture zones and therefore can be extremely valuable in inter-

preting borehole fracture data.

Another problem wifh borehol,_ data is that of "borehole bias" (Terzaghi, 1965). The distri-

bution of fracture oriep .ions in a borehole depends on the orientation of the borehole itself.

Fractures perpendicular to a borehole are more likely to be intersected than those parallel to it.

Because of borehole bias, diflbrent boreholes may a_pear to encounter fracture zones with

different orientations even if only one orientation occurs. Borehole bias effects highlight the

importance of checking the interpretations of borehole data against independent, findings wher-

ever possible.

i
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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 elements 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 tum on rock type, porosity, tluid 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 mad 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 ,andhigher attenuation. Even a single fracture can affect the

signal depending on the stiffness of the fracture (Schoenberg, 1980, 1983). Compliant fractures

will result in a lower velocities and increased attenuatiop ;elative to stifffractures.

Electroma_netic techniques are used to sense variations in parameters such as electrical

resistivity or conductivity, dielectric constant, and magnetic permeability (Telford ct al., 1976).

In many cases the electromagnetic properties of a rock mass are dominated not by the mineralogy

of the rock, but instead by its water content. Theretore, the porosity and saturation of a rock mass

will have relatively large effects on electromagnetic waves. This means electromagnetic waves

are useful for evaluating the hydrologic properties of rock.

We focus here on techniques that use seismic and radar signals. These techniques are espe-

cially effective techniques for site characterization. Borehole logging techniques are uselul for

detecting properties at distances of a few meters or less from a transmitter. Reflection techniques,

vertical _,eismic profiling (VSP), and tomography are effective over distances of at least one hun-

dred meters.

Borehole 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 return at the probe,

parameters such as seismic velocities, electrical resistivity, porosity, and density of the rock

.1_--_ .1..,.. k,-.,.-,-._l ..... I_,. A,'_tr_r_,,._;n,-.cl t'Tr_lf_rrl _t _1 1QTg_ Thoe. r_;*rumotore r,_n _ Mtorocl hy-i OAtlOll_ IAtlI_ _1 b..,,ll_J.t%., ltllC..,I.ff _ _lt_..,I._.,l ll.,llltl_,,_,,._ _k • _.,.Jta_.pt _.J _._1. _., • J s _,]. ,, 1"
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the drilling process and may be different from undisturbed values away from the hole.

Reflection 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 dominatedby the velocity.

Retlection surveys have traditionally used seismic signals to resolve large geologic structures

and stratigraphic sequences. These seismic surveys use a transmitter and a series of receivers that

together lorm a colinear array and are most effective in revealing subhorizontal structures paral-

lel to the receiver array that have adequate impedance contrasts. Reflection surveys can also be

done using radar signals, but radar signals typically penetrate much less than seismic signals.
! ,,

Downhole radar reflection techniques can be used to detect reflectors subparallel to a borehole.

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

Unlike conventional reflection techniques, in vertical seismic profiling (VSP) the receivers

are down a deep vertical borehole instead of at the surface. The VSP transmitter typically is

located within a few tens of meters of the borehole mouth. As with conventional reflection tech- k

niques, signals from the transmitter are reflected by features in the rock and detected by the

borehole 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 shear waves (Stewart, et al., 1981; Daley, et al., 1988). The three-component informa-

tion can als9 allow fracture density and orientation to be estimated.

Cross-hole tomography is a particularly useful technique for non-destructively imaging

seismic and electromagnetic properties of rock over distances as great as a few hundred meters.

Signals are transmitted between transmitter and receiver arrays along either two coplanar

boreholes or along a borehole and a coplanar line along the surface. Tomograms, images of the

velocity and attenuation lields, are reconstructed by applying inverse techniques to the measured

!1_
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signal travel times and amplitudes (Peterson, 1986). Distinctive geologic features in the imaged

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

lt is important to note that tomograms must be interpreted. Perceived 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 effects.

Independent inlormation on the geology can be used to determine which geologic features are

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 numerous where raypaths are 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 a'cesparse.

; 3.3. Integration

Geologic and geophysical investigations clearly can complement each 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 unex-

posed features. On the other hand, geophysical investigations can ,_ocateunexposed features, but

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

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

logic information is to prevent geophysical data from being interpreted blindly. If certain geolo-

gic features are 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 existing

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

ii iii ,, , , i_1
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from a single geologic reconnaissance map to an extensive literature that includes reports of

site'speci ric geologic and geophysical investigatio,s. Ideally this review will reveal the types

and distributions of the major geologic 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 reconnaissance work sets the stage for regional modeling of the geology near the site.

Regional geologic modeling has two main purposes:

(1) To identify structures which are likely to be encountered near the target site;

(2) qb provide a larger context in which to view the site-speci fic model.

Only the gross external geometries of the major structures need be known at this stage. Detailed

information on specific structures can be gathered once it is determined which structures are

likely to be present at the target site. In cases where the major structures are exposed at the sur-

face, the position and orientation of the major features would be established 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 deep 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 likely 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

cases where local exposures are of insufficient quality or size to determine systematics, it can be

useful to map similar structures in analogous geologic settings.

!
i
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3.4.4. Site-specific Modeling

At this stage a preliminary model of the site structure is produced, Geologic structures

either exposed in the site vicinity or inferred from geophysical data are projected into the site.

The model is revised to incorporate the results of site-speci ric geophysical tests, Drill cores, core

i logs, and core photographs are also inspected to identify zones of abundant fractures and other
I
: structures (e.g. permeable dikes) within the site that may be important to the model. The geophy-
i

sic_tl and borehole information should be interpreted in a manner consistent with the systematicso

J

of the local structures. The model should be re-examined arid refined as more site-speci ric inlbr-

mation becomes available.

3.4.5. Constructing the Hydrologic Model

The resulting model of the major geologic features 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 plan the siting of wells or boreholes 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 based on surface and subsurface mapping, borehole 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 Geology 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 area 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, borehole logs and geometric information on the subsur-

face workings contained in the raw data appendices of a preliminary draft of NAGRA Technical

i 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 more

importantly, they slJow 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 Grim_el I ah_ratory 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 primarily 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 identifies 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 gener_ly strike to the northwest, at high angles to the foliation of the

rock, which strikes "N65°E, The S-zones contain fractures that parallel the foliation in the rock.
I

, They commonly occur in biotite-rich shear zones, strike to the northeast, and generally dip stee-

ply to the southeast. The youngest fractures in the S- and K- systems were considered to be of

Alpine age (15-25 m.y.). The absolute ages of the oldest fractures and the relative ages of the

fracture systems were not ascertained, Ota the basis of their orientation, the S-zones were subdi-

vided into three groups (S 1, $2, $3) 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. Metamorphosed 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

loc_dly highly fractured. Fractures are thus associated with a_ of these geologic structures, and in

places we shall refer to these structures a_ fracture sys'_emsor 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 east-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")

'r'he 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 _tfter the laboratory tunnels were bored and the BK room
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" EXPLANATION

i 11 Lamprophyre ,.." Quartz veiny ,Shear zone /," ' Fracture with chlorite

J Unminerallzed fracture ,_- Point of water inflow

XBT, 903-7?9

Figure 4.1. Structural interpretation of the US/BK site from NTB 81-07. This interpretation
is based on logging of the main access: .i_;,,,ael, the cable tunnel, and boreholes
BOSB 80.001 and BOSB 80.002. The ;,_,._atory tunnel and BK room did not
exist when this interpretation was made and are shown here for reference
only. Numbers along main access tunnel mark distance in meters from its
north entrance.
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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 orientations

are classified in NTB 85-46. One of these sets consists of subhorizontal Alpine tension tissures

("ZerrkltJfte"). These fissures are considered to be the youngest mineralized fractures and are

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 (Sl and $2), 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 classi fled as $2 fractures. The most

prominent $2 zone is projected just west of the BK room; it is shown in the same location in

NTB 81-07. Another prominent fracture zone ($3 in Figure 4.2) is exposed near the entrance to

the room and strikes east-west. Based on borehole 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 released report on the geology of the entire Grimsel Laboratory is

presented in the preliminary and finn volumes of NAGRA Technical Report 87-14. This report

was prepared after ali portions of the laboratory tunnels were logged and after several hundred

meters of borehole core were examined. It presents both a summary of the geologic literature on

the Grimsel Pass region and the results of the site-speci ric geologic investigations conducted near

the Gr'; lsel Rock Laboratory between 1980 and 1987. The final volume was issued in February

of 1989.

As in the previous two reports, NTB 87-14 relies primarily on orientation data f_om

i boreholes to characterize the fracture systems at Grimsel. Three ductile (Sl, $2, $3) m_dsix brit-i
.I

='I

I
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(The geology has been s_mpltfied, padly projected.
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Figure 4.2. Structural interpretation of the US/BK site from NTB 85-46. Geology projected
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i section along line A-A'.
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tie (K1, K2/L, K3, $4/K4, $5, and subhorizontal tension fissures) fracture systems were classified

based on fracture orientation data from subsurface boreholes. The orientations of the Sl and $2

systems overlap considerably, as do the orientations of the 1) K2 fractures and the lamprophyres

(L), and 2) the $4 and K4 fractures.

The report indicates that the geologic structure largely reflect.s 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/$2, $3,

K2/L, and K3) have served as faults, and the displacements accommodated by faults of diflerent

orientation suggest either a multi-step or a nonuniform deformation, lt 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 ambient

pressure/temperature conditions at fracturing been established (-3 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 oi' 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 (Figure 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(k2) 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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!

i XBL 898-7692
l
4 Figure 4.3. Map showing traces of fracture zones at the surface above the Grimsel laboratory.

Contour interval is 1O0 meters. Line A-A' marks line of cross section of

i Figure 4.4. Lake at upper left comer of map is the Ratrichsbodensee
kllUlll I'_ I JL_ 0 I- I"I"),
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Central Aaregranite, ZA Gr

(_ Point of water inflow into
laboratory tunnel

Grimsel Granodiorite, Gr Gr

IllmIIIIIIIShear zone

Lamprophyre

,, 250 __.500m

- XBL 8911-4261

Figure 4.4. Geologic section 'along the main access tunnel to the Grimsel laboratory showing
major fracture zones and simplified map showing major structures at the level

i of the laboratory tunnels. Line of cross section A-A' shown in Figure 4.3.
-- Straight long-dashed lines in map view are boreholes ('from NTB 87-14).
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ii Figure 4.6. Structural interpretation of the US/BK site from NTB 87-14. Numbers along main
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4.1.4. Canclusions 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 $2 zone that intersects the labora-

tory tunnel near the northeast corner of"the site and the northwest-striking K 1 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 lmnprophyres 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-speci fic 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

exposures 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 nearby that are particularly well-exposed.

4.2.2. Fabric of the Granitic Rock

As noted in NTB 87-14, the granitic rock at Grimscl 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 ot the term foliation corresponds closely to the use of the term schistosity in NTB 8'7-14.

In addition, the rock has a linear fabric element. Grains of feldspar in the foliation planes have

_'iI been elongated in ttle di rection ttle loliation dips.'l tlis can be cieariy seen in driii cores from the

-ii
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from the southem part of the laboratory. This linear fabric is also retlected in the laboratory by

inclusions in tile granite having smaller cross sectional areas in the roof and tloor 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 Bachlisbach gorge. This zone strikes

northwest, nearly at right angles to the foliation. The zone appears to olt'set 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 fractures dip steeply. Structurally, tiffs zone is remarkably similar to some

left-lateral fault zones in the Sierra Nevada of California that developed from fault-parallel joints

(Martel et al., 1988; Martel, 1990), and we suspect that the K-zone developed the same way.

The K-zone mapped clearly is not a uniform, planar structure. It has a nonlinear trace, with

subParallel segments joining at echelon steps, and varies in width from about one to ten meters.

The relative abundance of the internal obliquely-striking fractures varies 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 internal fractures suggests that the K-zone slipped left-laterally when the

axis of maximum horizontal compression was oriented east-northeast or east.

A fracture zone with a fracture pattern similar to the K-zone of Figure 4.8 is exposed at the

east end of the BK room (Figures 4.2 and 4.9). This zone contains a series of steeply-dipping

fractures that strike east-west, the most prominent being a fault exposed where the north wall oi'

the BK room intersects the laboratory tunnel (Figure 4.9). Several subparallel fractures are

exposed in the laboratory tunael a few meters north of this fault, and another is exposed 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) are

: numerous fractures that strike to the southwest and dip steeply to the southeast. Most of these

fractures either splay mt ccuy _lic l,,u,_ u, a,,_ ,..u,,,,..,.._,.,.,,u ,,, .... ,........... _,,,,._.........li UIII _, , -



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.



- 39 -

Continuation
of Fault Zone

\_ ®, ._
"_:: "-'"i'?_'_-'_': Prominent Internal Fractures Strike N85E; Subvertlcal Dip

_. , _mlne
i, \ _ Sheared QTZ Vein

_ "_ I

), Thn heC ,.
L_,_ Zone at Edge 0,x__

Lamprophyre _ "")_ _ _ \ / FaultZone

wlth abundant quartz /_ _'_
/ L "East edge of _,

_,._. lamprophyre Issheared "_:,":'
Lamprophyrewith
Little QTZ , °,

Thin zone of intenseshearing

' Lamprophyre + quartz
Left-lat

Lamprophyre + quartz splay cracks

LamprophyreDike

®

" "-'_-"...o 5ome_e,s>_ I I; ii m I I l lll I
Thin quartz veins '. ',

't 'l

_
q i

t

i XBL 898-7695
i

I Figure 4.8. Map of part of the lamprophyre dike and K-zone of Figure 4.7. The dark spot

of Figure 4.7 is immediately north of the northwest comer of this map.
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Figure 4.9, Map of fractures in the floor of theentrance drift to the BK room. The floor was
covered by concrete after the fractures weremapped. Note the prominent fracture
that strikes west-northwest from the eastendof the room towards the north arrow.
This fracture is interpreted to be a fault. The numerous fractures that splay
from that fault strike west; the splay fractures splay to the left from the fault
(see Figure 4.12). This is analogous to the fractures in the K-zone of Figure 4.8.
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few southwest-strikirlg fractures are mapped on the north side of the fault, and a t'ew occur in the

adjacent part of the laboratory tunnel. This fracture pattern is remarkably similar to that at the

major step in the K-zone of Figure 4.8, and we suggest that the southwest-striking fractures in the

BK room link twowest-striking faults, one at the mouth of the room and the other 11 m to the

south. Although an apparent right-lateral offset is mapped 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 diftbrent times. The laboratory tunnel is damp adjacent to this

inferred structural step, suggesting that the step is a preferred conduit for fluid flow. This are_

coincides with an area of unusually dark granite (Figure 4.6), so an alternative interpretation is

that the southwest-striking fractures are primarily related 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 LI03 north of the BK room (Fig-

ure 4.11). The traces ot' S-zone fractures on tunnel walls resemble fish gills (Figure 4.12), In some

, cases 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 fracture

in different directions. Fractures between LS0 and L103 appear to splay to the right (Figure

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-zones we

consider them to characteristically have a braided character in plum view (Figure 4.13). Surface

and subsurface exposures at Grimsel suggest that a braided pattern of S-zone fractures is also11

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

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

macroscopic scale the S-zones parallel the foliation in the rock. !n some places S-zone fractures
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l:igurc 4.1(I. View along the strike o1 an S. 1'.one(15-cre-ruler lor scale). Note tile braided
fracture structure. The n_acrescopic structure mimics the microscopic slmcture
in the granilc.



- 43 -

Figure 4.1 la. Log of the fractures in the portion of the laboratory tunnel between L66
and L230 (from the preliminary volume of NTB 87-14).
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Figure 4.12. "Fish-gill" diagram showing projections of the traces c:fa 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 tunnel
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.

ii Compare the tunnel wall views here with the fracture traces in the west wall

! of the laboratm)' tunnel between L80 and L103 in Figure 4.11.
!
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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
thanincrosssoc/ion.Dashedliuc_.......o_ienia[ionulu_c,v,lat,u,i_llli:ll K tllt_ Ui%.i
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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 braided 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 pattem is more drawn out; this 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 off'set across S-zones in a right-lateral sense (e.g. Figure 4.11, tunnel 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 rel_tions between the K- and

S-zones. lt 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 otl'set each 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 developed

from an irregular distribution of pre-existing west or northwest-striking fractures, whereas 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.

,, ! ' " _pII



F:iguro 4.14. Photograplls of plastically doforrncd voiils oflsol loft-laterally across rioilhoa,,.4l-
strikirig S-zorlo fraciuros ;.llong iilo wosi sllore of iilc Ralricllsbodorlscc. "l'llo
veins dip steeply and become progressively more dcllcclcd :is they approach
lhc fractures. 15-cre-ruler for scale.
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Figure 4.15. Schematic diagrams comparing the an'angement of fractures in a K-zone and an
S-zone. The foliation in the rock dips steeply to the southeast, at a high angle
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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 mullions and Alpine tension

fissures. In general the dikes strike to the west or northwest (like the K-zones), dip steeply to 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.

Some 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 halt' of the

laboratory have developed a pronounced mullion structure, that is a series of periodic cusps at

their edges (Figule 4.16a, Figure 4.17; see also Figure 4A, NTB 87-14). Mullions are 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 granite 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 are more than a meter tall and extend several meters from the

lamprophyres. These fissures are subhorizontal and are expo,,_ed in tunnel walls, but not in roofs

or tloors. 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-

ii poraneously, the least compressive stress during their formation would have been approximately
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Figure 4.16. Delormational features along dark-colored lamprophyres in the laboratory that
- strike northwest, (a) Asymrnetric mullion cusps iri a tunnel roof. Note the
= hand l'or scale, (b) Subhorizontal alpine tension tissures in a tunnel wall,

The distance between the two lamprophyres as measured along the tunnel
-_ wall is =1.5 meters. Note tile hydrothermal alteration halos around the
- fiss:_.res(phc_tograph of lissures courtesy of NAGRA).
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ALPINE
TENSION
FISSURES

MULLIONS

XBL 905-1671

Figure4.17. Block diagram showing vertical mullions and horizontal Alpine tension fissures
extending from a vertical lamprophyre. The fissures are filledwith hydrothermal
minerals.
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vertical,

Shear displacement across some lamprophyres also caused fracturing of the grantte.

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 strike-slip displacement across the lamprophyres (Pollard and Segall,

1987), The splay crack orientation indicates that slip occurred when the maximum compressive

stress was nearly horizontal and oriented nearly north-south. The presence of the mullions and

splay cracks appear to rellect delbrmation under two somewhat different stress regimes,

We found one lamprophyre at the surface that is superbly exposed over a distance of

approximately 100 m. lt 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 strike northwest

in the subsurface; the degree of deformation along the lamprophyres thus appears tv vary as a

function of lamprophyre orientation. Along most of the outcrop the lamprophyre appears little-

detbnned 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-

ermal quartz. This suggests that quartz veins may be a sign of particularly large deformation in

the lamprophyres.

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 offset left-laterally, whereas others offset veins sharply in a right-

lateral sense. These observations suggest two episodes of deformation, tirst one in which the S-

zones slipped left-laterally under elevated 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-later_d

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 fractures near 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
l'ractures 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.
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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).

ii
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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

explained 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, net 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-

ure 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

lineation may indicate another stage of deformation in which the maximum compressive stress

was oriented approximately N25°W and the minimum compressive stress was oriented approxi-

mately vertically. Quartz. veins which appear dragged along a fault that clips steeply to the south

in the lamprophyre at LI 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 noah-south. The sequence and number of deformational events is

uncert:,in, but the structures at Grimsel clearly reflect a rather complicated deformational

sequence.

4.2.8. Hydrologic l,nplications

The K- and S-zones are markedly different structures (Figure 4.15) and probably have

markedly different fracture flow characteristics. The K-zones appear structurally more hetero-

geneous than the S..zones and tluid flow may be more heterogeneous along the K-zones than the

-I S-zones. Flow in the K-zones is most likely to be localized at steps, where the ,%ctunng is most
,m

li extensive. In three dimensions these steps might act as nearly vertical pipes. The principal frac-

Jl tures in the S-zones strike subparallel to the zones, so the permeability probably ,uould be greater
!11

I_ pl _ .... ,, , ,II , , , ' , I ' ' ' II'' v4, 11'
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Figure 4.20. Vicw of a white vein ol'l_et by a fault in a lamprophyre. This cxposure is in the
east wall oi' thc laboratory tunncl ,.'liL114. Thc faull extends from tile lower
fight comer o1"thc photograph to the ccntcr oi" thc top edge. Fhe ofli_ct vein
extends down from near the uppcr fight comer towards the fault ,'rod hooks

back towards the top oi" the photograph a_ it near the fault. The vein may
be drag foidcd aiong the fault, if so, tiffs indicatc_ a cu_t;u_c_t _.Jft_ui,ial
slip, with tl_e north (left) side of the fault up relative to the soulh side.
The pick end of a rock hammer head at the very bottom of lhc 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 micaceous material in

the lamprophyres probably causes permeability across the lamprophyres to be quite low. How-

ever, some flow across lamprophyres could occur along foliation planes or where the lampro-

phyres are discontinuous.

The evidence for multiple episodes of slip suggests that the zones may well offset each

other where they intersect. If so, the steeply-dipping zone intersections may be sites of particu-

larly extensive fracturing and preferred paths for fluid flow.

The observations of others (Choukrone and Gapais, 1983; NTB 87-14) indicate that rock

deformation is decidedly heterogeneous at the scale of the Grimsel Pass region. Our observations

indicate that deformation is also markedly heterogeneous at the scale of the Grimsel laboratory.

We expect that llow along fractures 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/13K site in the

northern part of the Grimsel Rock Laboratory. The main laboratory tunnel, which bounds the site

on the east, and the BK room, which is located in the southeast part of tile site, form the perime-

ter of the site, albeit a pa_lial one. The site is bounded on the north and south by boreholes BOUS

85.002 and BOUS 85.003 (Figure 4.21). These holes are aooul 150 m long and are spaced about

150 m apart. Abo,Jt one dozen other bgreholcs radiate from the BK excavation.

As we developed our interpretation of the geologic structure at the US/BK site we first

-JI. exploited the exposures ;u the BK room and the laboratory tunnel. We then identified fracture

zones in the boreholes and prepared a preliminary model of the site. Seismic 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 (Figure

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 generally strike either northeast (S-fractures) or northwest (K-fractures). At least

some of the fractures cut, but do not offset, 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 (Figure 4.9).

Laboratory Tunnel. The laboratory tunnel reveals three 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) are exposed near L76 and between L80

and LI03 (Figure 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 offset, quartz veins and other markers are generally offset no more than 20

cm and in a right-lateral sense. However, a gouge-filled fault exposed near L76 appears to offset

a steeply-dipping quartz vein much more. The vein is exposed on the southeast side of the fault

but not on the northwest side, and we infer that tl_e vein is oi/set right-laterally by at least 5 m,

Northeast of L76, a lamprophyre has been interpreted to make an unusual right-lateral bend

,.,gr, rc. ;f ....... at" tbp nrmioolit3n of l]_;e f'_)lt (Figure 4 6_ We. ,_llgge,_l lhe lamnronhvre mav be

oEsct right-laterally several meters acros_ the "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-striking fractures are

exposed where this zone would project into the BK room (Figures 4.6 and 4.9), and the zone

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 borehole 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 cJr the borehole mouth.

However, no prominent fracture zone is intersected in that portion of the borehole. The S-zone

apparently does not extend to the borehole and is not considered to be a major structure within

the US/13K 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 ali have been deformed. A few of these lam-

prophyres contain folded quartz lenses that are faulted. We do not know the sense or amomJt 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 the 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 seen consistent structural relationships between the K-lamprophyres and the

northeast-striking S-zone faults. Some northeast-striking faults ofi_et relatively thin K-

lamprophyres several centimeters right laterally, whereas others end in K-lamprophyres that are a

few meters thick, lt 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-
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zone(s) crossing the K-lamprophyres exposed in the StrahlchNen 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 L199 and L213 marks

(Figures 4.2 and 4.1 l). These joints are not continuous structures, but rather consist of right-

stepping echelon segments. The segments typically overlap by several centimeters and the rock

bridges between segments are a few centimeters thick.

4.3.2. Borehole Information

We took advantage of independent information on the structural systematics of the major

fracture zones at Grimsel when interpreting the borehole data. From the tunnel exposures 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 ~N50E and dip 65° southeast. The K-lamprophyres north of"the

BK room strike "NS0°W and dip "80° south, and the lamprophyres south of the BK room strike

approximately N20-30 ° W and dip "80° west. A steeply-dipping K-zone that appears to lack lam-

prophyres strikes to the west near the entrance of the BK room. The surface and subsurface geo-

logic mapping demonstrate that these structures are large and relatively plan_r. Our detailed

characterization work demonstrated that the fractures in the S-zones formed a braided paltem,

Although the strike of individual S-zone fractures locally differs from the the overall strike of the

zone by as much as 200-30° the overall strike of the S-zone l'ractures is roughly parallel to the

zone as a whole. The average orientation of fractures encounter('d in a borehole 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 zone;

these oblique fractures typically are more numerous than the zone-parallel faults. The average

orientation of fractures encountered in a borehole through a K-zone 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 (Brauer et 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 were

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 (Figure

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) a discontinuous series of three, northeast-striking S-zone segments,

(2) a lamprophyre-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 majnr structures that are mapped at the surface and shown

near the northern border of r:igure 4.3. We have not identi fled 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 (Figure 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, lb,

1c separated 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 fractv,'ed zones; single lines mark prominent single fractures.
See Appendix for more details. Strike and dip used for projection of fractures

: sl_,ownin heavy line; these attitudes correspond to the attitudes of the major
features. 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 ot"cross section shown on Figure 4.23.
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Figure 4.23. Vertical cross sections through borehole BOBK 84.041A. The bottom of the
hole is at a depth of 191.5 meters. Horizontal and vertical scale_ 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 °, perpendicular 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 oi' S-zone.
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Three lines of evidence suggest the S-zone segment containing the fault at L76 (Feature la)

does not extend 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

LI03 does not appear to extend into the BK room, The third point regards the apparent continuity
I

of the east-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 southem lamprophyre in three

boreholes and in the laboratory tunnel strongly suggests that this lamprophyre is not signi ficantly

displaced ky Feature I a. Because this S-zone appears to oflset features in and near the laboratory

tunnel by several meters, the apparent lack of displacement of the southernmost K-lamprophyre

indicates that Feature la stops at the K-lamprophyres or north of them. The extensive fracturing

25-50 m northwest of the BK room in the boreholes suggests that a second S-zone segment

(Feature lh) occurs there, Segments la and lb would form a right-stepping echelon pair, The

south end of Feature la and the north end of Feature lt) would terminate at the K-lamprophyres,

i This interpretation is consistent with the geologic map of the surface (Figure 4,3) and with our
own surface observations, Data from borehole BOUS 85.003 (see Appendix) suggests that an S-

zone segment intersects the hole at a depth between 90 and 105 m. If the S-zone segment strikes

N50 ° as we interpret, then l b and lc would be discontinuous. Northwest-striking lamprophyres

(Feature 3) would separate Features lb and lc. The S-zone segments may have fomned part of a

once-continuous structure that was oflket by slip across the lamprophyres, but the segments may

also have l'ormed part ot'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 tunnel a_id 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-

nel comes from a single borehole (BOBK 86.002, Figures 4.21 and 22) and is not particularly

strong.

" iln rl ,, , , li
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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. Geophysleal 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, borehole 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 the 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 within

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 inversion 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/sec contour (Figures 4.24 and 4.25). In Figure

4.25, the geologic features are indicated by circled numbers and the seismic anomalies by uncir-

cled numbers. Anomaly Sla is located in the northeast comer of the tomogram. It extends along

the laboratory tunnel from BOUS 85.002 (~L80) to ~L120. Anomalies Sla and $2 are linked near

i the laboratory tunnel at -L120. Anomaly $2 is a Y-shaped feature. The stem of the Y meets the

..... P'Iml_'' III
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Figure 4.24. Seismic tomogram of the vclocity structure between BOUS 85.002 and BOUS
85.003. Modified from NTB 88-06, Figure 65. Boreholes 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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Figure 4.25. 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-$5 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 $2 would intersect BOUS 85,002 at a depth of 73-87 m. A thin low

velocity neck connects the southwest arm of anomaly $2 with anomaly Slb, Anomaly Slb is an

oblong feature that :,rends roughly north-south, but is contained in a region of relatively low velo-

! city that strikes more nearly northeast. Anomaly S3b trends northwest and approaches BOUS
n

' 85.002 at a depth oi 100-110 m. A small low velocity anomaly ($4) is enclosed by the 5050

i

m/sec velocity contour just south of the entrance to the BK room, Anomaly $5 occupies a

roughly triangular region (I:igure 4.24) approximately bounded by the west side of the tomogram

and diagonals connecting the comers of the tomogram.

Comparison with Geologic and Borehole Information. The major features inferred from

the geologic data are projected into the plane of the seismic tomography in Figure 4.25. Anomaly

Sla occurs along a portion of the laboratory tunnel (L70 - LI03). The south end of the anomaly

coincides with a K-lamprophyre exposed between LI I3 and LI 18. The roughly east-west trend

oi the south end of the anomaly also coincides with the strike of the lamprophyre. We interpret

anomaly Sl a to reflect S-zone fractures that are bounded by a K-lamprophyre and to match up

with Feature la in our preliminary model (Figure 4.22). Anomaly Sl a does not appear to project

on strike to the southwest past ano_naly $2 (Figures 4.24 and 4.25).

The K-l_unprophyres are associated with a major structure that cut_ through the Juchlistock

area (Feature 2 of Figure 4.2), and we expect that this zone would extend through the US/BK site.

The east end of anomaly 32 coincides with a series oi"east-striking K-lamprophyres exposed in

the _;_boratory tunnel between -L120 and -LI40 (Figure 4.11). Because laboratory measurements

show that unfractured and undeformed lmnprophyre has a higher acoustic velocity than granite,

one might expect lamprophyres to have a higher velocity than granite on seismic tomograms.

However, the exposures of the K-la, aproi_nyres in the laboratory tunnel are highZy fractured and

h_ghly deformed, and we expect them to generally have low in-situ velocities. We interpret the

eastern "sterr_" of anomaly $2 (Figure 4.251)to represent fractured K-lamprophyres of Feature 2

(Figure 4.22) The area of slightly above-average velocity between the northwest and sou' ; est

....... _ '_" m ,, ,.... r, " il ' H. ,,irl ,1, _il" " ' nar'_' ir_.,,._..,l_, ,,,,,,_........ l,l_lrr 11_ i i"
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arms of anomaly $2 indicates that the intensity of fracturing may loc',dly be low there. The

southwest end of anomaly $2 is discussed below with anomaly Slb. The northwest arm of $2 is

discussed below with anomaly S3b.

Perhaps the most striking correspondence of concentrated fractures in Figure 4.22 with a

pronounced low velocity seismic anomaly occurs at anomaly Slb and the southwest arm of ano-

maly $2 (Figure 4.25). These anomalies coincide with Feature lb of our model. The southwest

end of anomaly Slb corresponds in general to the projected intersection of Featare Ib with the

northwest-striking lamprophyres encountered in borehole BOBK 86.003 (FeaL're 3a, Figure

4.22). This suggests that the zone of fractures associated with anomaly Slb may terminate at

those lamprophyres. Similarly, Slb does not appear to project on strike to the northeast past the

stem of anomaly $2, which supports our interpretation of two echelon S-zone segments that step

to the ri,,ht where they intersect the K-lamprophyres (Figure 4.22). Feature lc does not have a

orominent corresponding anomzdy on the seismic tomogram.

The northwest arm of anomaly $2 _mdanomaly 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 (Figure 4.26) contain ample evidonce for fracturing from 69 to 113 m down the

borehole, the interval into which the northwest arm of anomaly $2 and anomaly S3b project.

However, one can not be sure which geologic features are associated with these anomalies. The

northwest arm of low-velocity _nomaly $2 appears to stoF just short of BOUS 85.002 on the

seismic tomogram (Figure 4.25) but woldd pr0;ect to intersect the hole at a depth of 73-87 m. The

borehole logs (Figure 4.26) show a biotite- and quartz-rich feature, possibly a lamprophyre, with
+

a low acoustic velocity at 69 na. A v -i.t_or fissure with quartz, biotite, and chlorite (possibly an

Alpine tension fi:.sure) occurs at 76.5-79 m, but this does not show a low velocity in the acoustic

log. N_amerous fractur,.s bearing quartz and epidote are logged at 86-88m, but the,'e is no pro-

nounced acoustic anomaly there either. A low velocity biotite-chlorite zone, possibly a lampro-

_"-" phyre, occurs at 94-95 m, and :mmerous northwest-striking chlorite-bearing fractures occur at

iii 95-100 m. Anomaly S3b is shown as intersecting the borehole at -IF)2-114 m depth. A highly_

=i



- "/2 -



- 73 -

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 $2 and anomaly S3b

as corresponding to lamprophyres 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 S3b ,and BOUS 85.002 in

the plane of the tomogram.

Anomaly $4 (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-zone of Feature 4 (Figure 4.22). Feature 4 is not represented on the

seismic tomogram as a prominent geophysical anomaly west of $4 (Figure 4.25), but we do not

expect K-zones to necessarily have prominent tomographic si matures except at steps (see Figure

4.15) or at their ends. lt is possible that Feature 4 does not extend to the west of the BK room. In

- that case anomaly $4 might represent fractures at the west end of Feature 4.

Anomaly $5 (Figure 4.25) reflects artifacts produced by the inversion process in an area

: where the density of seismic rays is low; no acoustic rays were transmitted from or received

along a line connecting the ends of the two boreholes bounding the US/BK site. The rock at $5

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 borehole data. The only sibmilicant change the seismic tomogram would_

suggest is that northwest-striking lamprophyres be added to account for anomaly S3b and the--

northwest arm of ar_omaly $2.

' 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 19_q7(Phase 2), and late in 1987 (Ptmse 3). In ali three phases the amplitudes and travel times

ot"the transmitted signals were inverted to yield attenuation and slowness tomograms. Slowness

is the reciprocal of velocity; high radar slowness equates to low radar velocity.

J
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During the phase two measurements brine was injected into borehole BOBK 85.009 (Fig-

ure 4,27), During the phase three measurements brine was injected into borehole BOBK 86,003.

The brine serves as a tracer and is discussed in the next section. Tomograms made from data

gathered in a single phase primarily reflect the composition and structure of the rock because the

brine tracer is relatively weak and is not prominent on the tomograms except near the injection

point. Tomograms from the dilt_rent phases look slightly dit'l_rent 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 experiments. Tile phase 2 and 3 tomograms look similar.

We have relied primarily on the phase 3 tomograms to help model the geologic structure at the

US/BK site.

Two major anomalies exist on the phase 3 tomograms (Figures 4.28 and 4.29). The lirst is a

broad belt that trends approximately cast-west midway between the BK room and BOUS 85.002.

II is essentially in the same position as anomaly $2 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 (Figures 4.28

and 4.29) and the seismic tomogram. More importantly perhaps, the internal structure is dil'li:rent

in each of the radar and seismic tomograms. The tomograms thus do not clearly deline the inter-

nal structure of Feature 2; they do indicate its internal structure is complicated. The second

major anomaly occupies a triangular region approximately bounded by t;ze west edges of the

tomograms and diagonals connecting the tomogram corners. Thi',, anomaly coincides with

seismic anomaly $5 and, like anomaly $5, is considered to be an artifact of the inversion process.

Another anomaly can be seen extending southwest from the center of the slowness tomo-

gram (Figure 4.29) towards, but not ali the way to, the west end oi"BOUS 85.003. The magnitude

of this anomaly is greatest near its center. A small anomaly occurs at the corresponding spot on

the attenualion tomogram (Figure 4.28). These radar _momaly peaks occur near the southwest end

i! of seismic anomaly Slb (Figures 4.24 and 4.25). They also correspond to the intersection of

Features lb and 3 on Figure 3.25 and may indicate that the rock near this intersection is highly
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Figurc 4.28. Phasc3 tomogram of radar attenuation structurc betweenBOUS 85.002 and BOUS
85.003 (from Niva and Olsson, 1988b,Figurc 4.6). Units arc
dB/m. North is to top ot"page.
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fractured.

Numerous minor anomalies occur on the radar tomograms, but the position and orientation

of most are diflbrent on tomograms from different phases. In a few places small anomalies are

persistent in tomograms from different phasesl In the northeast comer of the slowness tomogram

(Figure 4.29) are several higti slowness lingers. The fingers are also present, but in a less pro-

nounccd form, on the attenuation tomogram (Figure 4.28), Because these fingers are located near

the edge of the tomogram their appearance may not reilect the actual anomalous zone. The loca-

tion of these lingers coincides with the location of Feature 1a (Figure 4,22) and seismic anomaly

Sla (Figures 4.24 and 4.25). Even though the locations of the seismic and radar anomalies coin-

cidc with Feature la (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)

shows a broad region of moderately high attenuation there and tile slowness tomogram (Figure

4.29) shows a broad moderately slow region. However, the seismic tomogram 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 ii"it

is present.

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

The radar and seismic tomograms support the presence and location of the main features in

i the preliminary model of Figure 4.22. In particular, the anomalies coinciding with the K-

lamprophyres and S-zone segments la and lb have similar positions, shapes and orientations in

the seismic velocity tomogram (Figures 4.24 and 4.25) and the two radar tomograms (Figures

4,28 and 4.29), This increases our conlidence in the utility o1'tomography in projecting the major

geologic features into the target site. Based on the geophysical tomograms, the structural model

i 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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We now discuss the hydrologic implications of the model. The results of the subsurface

geologic, borehole, and tomographic investigations all indicate that the lamprophyre-beafing 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 del'ormation along this zone

is variable within the US/BK site, This is consistent with the complicated appearance of the

feature between L112 and L133 irl the laboratory tunnel (Figure 4,11). Fracturing and lluid Ilow

along this feature may be quite complex. Because of locally strong fracturing along the K-

lamprophyres, they may locally transmit water readily in east-west and vertical directions, We

expect that the K-lamprophyres would tend to hydrologically separate the two S-zone segments

la and lb. The numerous fractures in the S-zone segments probably tonn 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 vcacal and northwest-trending tlow paths, These lamprophyres probably are much thinner

and more discontinuous than the K-lamprophyres, an'd may transmit water across strike more

readily especially where intersected by S-zones, The southernmost of these lmnprophyres (3a)

are interpreted to separate S-zone segments l b and lc, The small K-zone (Feature 4) may offer a

conduit from the southwest end -f Feature I b towards the laboratory tunnel,

Although the positions of the major structural elements at the US/BK site seem to be fairly

well resolved, the nature of the intersections between structures is not well established, For

example, although the S-zone appears to consist of discor,finuous segments that are separated by

lamp:'ophyres, we cannot rule out the po:<sibility that hydraulic connections extend across the

lamprophyres where intersected by S-zones. The geophysical tomograms suggest that fracturing

i may be particularly ex;.ensive at such intersections, Hydrologic testing is necessary to finnly

I establish the nature of the hydraulic connections between the lamprophyres and S-zones,

1



5.0. BRINE TRACER TESTS AND DIFFERENCE
TOMOGRAPHY AT THE US/BK SITE

5.1. Overview

Brine tracers were 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 used the difference tomograms to check how well our model (Figure

4.30) identiiied major flow paths and flow barriers at the US/BK site and to indicate how the

model migh t be improved.

Difference tomograms (Figures 5.1, 5,2, and 5.3) were prepared by inverting travel time- or

amplitude-differences between tw() 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

tile plane of the tomography. These difference tomograms typica!!y have much better resolution

than normal tomograms, because background effects and processing errors are efl_.ctively

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 phases 2

and 3; it shows the flow of brine injected during phase 3. No phase 1-2 radar slowness difference

tomogram was available. Figure 5.3 was prepared using slowness data from phases 2 and 3; it

shows a rather difli_rent picture than Figure 5.2.

5.2 Expected Results _f 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 laboratory tunnel (Figure 4.27). The laboratory tunnel, the BK room,

and boreholes BOUS 85.002 and 85.003 were at atmospheric pressure during the injcctitn_s, m_d

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

,, ,+i , , ,P , iI r_ n ,, ,i 'i ' li II I+ i l , i rr + ,,+ ,,, , i ,+ +'II ' ' "' ' ' ' 'Ifr l]J
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i Figure 5.1. Diflbrence tomogram of radar attenuation structure between BOUS 85.002 and

BOUS 85.003 from phase 1 _mdphase 2 measurements. The tomogram shows
the increase in radar attent:ation and indicates where brine has l_nigrated

during phase 2 (from Niva and Olsson, 1988a, Figure 5.12).
Units are indB/m. Northis to top of page.
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:iI during phase 3 (frorr, Niva and Olsson, 1988b, Figure 526).
,- units are in dB/m, Norti_ is to top of page.
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BOU$ 85.003 from phase 2 andph,_s¢3 measurerncnts(from _iva and
O]sson, ]9_8b, Figure 5.2]). Unit._are in ps/ro. North is to top oFpagc.
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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 boreholes.

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 connected network. We expect that the brine detected in the planc

of lhc 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-zonc

segments 1a and lb. Although brine would not be expected to flow northeast of the intersection

of the K-lamprophyres with the S-zone, some might flow east 'along the K-lamprophyres towards

the main laboratory tunnel. Brine that (lowed southwest along the Feature lb S-zone might do

one of three things once it reached the series of thin lamprophyres (Feature 3a):

(1) flow south across them toward borehole BOUS 85.(X)3;

(2) flow southeast along the lamprophyres towards borehole BOUS 85.003;

(13) ftow east 'along the K-zone south ,3(the BK room (Feature 4).

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

direction, the brine L'nighteventually llow out of the gently inclined plane t)f the tomography.

The phase 3 injection point (Figure 4.27) is located about 25 m north of borehole 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 bcing in a major geologic or

hydrologic feature. We expect that the hydrologic gradient would favor flow toward borehole

BOUS 85.003 along one or more of the following paths:

(1) south by way of"background matrix" fractures;

(2) southeast along the lamprophyres;

(3) southeast to Feature lc and then southwest along it to the borehole.

_'_ I_1' lwql' '
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The last option seems most likely because the hydraulic conductivity along S-zone segment

lc would be highest. Brine is unlikely to flow north across the lamprophyres into Feature lb

against the hydrologic gradient

5.3. Phase 1-2 Difference Tomogram

Two features stand out on the phase 1-2 radar attenuation diffcrence tomogram (Figure 5.1).

The lirst 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 and

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

not all Hf this anomaly should represent the brine injected between phases l and 2. The northeast

end of this anom_y is well defined and occurs about 20 m northeast of the injection point. This

spot coincides with the intersection of Features 2 and lb 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 intersection of Features

lb and 3a in Figure 4.30, and it is ',alongthe trend of Feature 4. The gradient in the plume strength

may indicate that the northwest-striking lamprophyres of Feature 3a imwded flow of the brine.

Anomalies extend southeast and southwest of the intersection of Features l b ,and 3a, so some

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

The second anomaly on the attenuation ditli_rence tomogram (Figure 5.1) strikes northwest

beneath 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 either our structural

model (Figure 4.30) or that of NTB 87-14 (Figure 4.6) that would directly link the injection site

to that anomaly. We recognize three possible ways that brine may have traveled to a spot just

south of the entrance to the BK room. Fi_t, the brine may have migrated along a faull and some

_i 1 .... ,..... -_ ..... I......... , ,_ ...... 1_ ,_. n,.,,-_h.m ,--,nrl c_f lho Ilk" room .and merpo wilh

adjacent II_tULUIU,5 tJiat _tJJr_ _Ju_Jv,_ot L-_.,oub,, t,,,.. ............ t" ................... ,-,
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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 Feature lb along the K-zone of Feature 4. Since the tomogram does not

show an anomaly along this path, the flow would occur largely out of the plane of the tomogra-

phy. A tllird 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.

i

ii 5.4. Phase 2-3 Difference Tomogram._

The second brine, injection point is several meters southwest of the inferred intersection of

the 3a lamprophyres and the lb S-zone segment (Figure 4.30). The phase 2-3 radar attenuation

ii difference tomogram (Figure 5.2) shows a pronounced anomaly that extends south-southeast of

the injection point towards borehole BOUS 85.003. The anomaly is consistent with the brine

i llowing along Feature lc in response to the hydrologic gradient towards the open borehole. The

i presence of the Feature 3a lamprophyres northeast of the injection point togcther with the hydro-

i logic gradient towards the hole may have impeded flow to the northeast. The tornogram does not1

. indicate that the brine flowed directly southwest towards the borehole, as would be expected if

brine were injected into an along-strike continuation of Feature lb. The tomogram also shows a

i_i series of weak northeast- mid northwest-trending features that form a zigzag pattern that extends

.!
I cast from the injection point. This pattern does not seem to reflect flow 'along the Feature 4 K-

!iii zone. The pattern may indicate flow to the east along a network of fractures that do not forrn a
°|
I throughgoing fracture zone. The roughly triangular anomaly at the west side of the tomogram

ii probably represents artifacts from the inversion process.
_1 The phase 2-3 slowness difference tomogram (Figure 5.3) looks decidedly different from

I the phase 2-3 attenuation difference tomogram (Figure 5.2). The most pronounced anomaly on

I the slowness tomogram ir a triangular feature at the west edge of the tomogram. This is a region

i where the signal ray density is particularly low, and anomalies in this area are regarded asnr_i_'ae_ of the inversion process. This anomaly is much stronger in the slowness difference

:!I
-- lm ,,,, ,
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tomogram than in the attenuation difference tomogram, indicating that artifacts are more pro-

nounced in the slowness diH_rence tomogram. An anomaly in the north-central part of the slow-

ness difference tomogram (Figure 5.3) may also be an artifact, lt 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 east-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 thal

the slowness difference tomogram does not reliably indicate tile location of brine. Niva el al.

(1988, p. 74) also conclude that the slowness difference tomogram is suspect because the pattern

oi' anomalies 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

brine injection to have occurred in a segment of a well-defined northeast-striking S-zone (Feature

lb, Figure 4.30) that is bounded by lmnprophyres 20 m from the injection point (Figure 4.27).

Most of the brine displayed in the phase 2 radar attenuation diftbrence 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 ",anomalyin the

phase 3 radar attenuation difference tomogram (Figure 5.2) indic,arcs the phase 2-3 brine flow

was strongly controlled by the hydrologic gradient and Feature lc. Both radar attenuation

difference tomograms are consistent with our interpretation that Feature lb does not continue on

strike to the south across the Feature 3a lamprophyres.

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

suspect that tomogram does not reflect the flow behavior at the site very weil. This may be a

, , , ii lr , i_ ,
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result of the radar signals being more sensitive to the variations in the attenuation properties of

the rock/fluid system than the slowness properties. The unditTerenced attenuation values range

from 5 to 125 dB/100 m, with an average of'25 riB/100 m, whereas the undilTcrence,t 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 anomalies are large relative to the average background level of 25 dB/100 m. In con-

trast, the maximum diftcrenced slowness anomalies associated with the brine are 300 ps/m; those

anomalies are small relative to the average background level of 8050 ps/ro, respectively. The

anomalies are clearly much larger relative to the background values for the attenuation tomo-

grams than the slowness tomograms and ma3, explain why the attenuation tomograms seem to

better represent the geologic structure. Although it is unclear from the literature (e.g Sen ct al.,

1981; Shen ct al., 1985) how the introduction of dilute brine changes the radar velocity and radar

attenuation characteristics of a water-saturated, low-Forosity rock, if the velocity characteristics

of brine and water at Grimsel were essenti:,tlly the s;ame, and if the brine did not invade unsa-

turated areas, then the anomalies in the phase 2-3 slf)wness tomogram could very well be artifacts

of processing.

There are four places where minor anomalies appear in the radar difference tomograms. All

are located in the southeast quadrant of the site. These anomalies do not corre,,,pond 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

are not well dctined in Figures 5.1 and 5.3. If these anomalies represent real geologic structures,

the structures would strike parallel to K-zones and might have carried brine injected prior to the

phase 2 measuremenLs southeast below the BK room. Evidence for such structures in the BK

room or the laboratory tunnel is lacking.

']'he second group of anomalies ("b" on Figure 5.2) occur' south of the BK room and vv_uld

also trend northwest. These anomalies are well defined on Figure 5.2 and poorly defined on Fig-

: ure 5.1. They may represent a group of thin northwest-striking lamprophyres. One northwest-

J
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striking lamprophyre in that area (Feature 3a, Figure 4.30) had been included in our model based

on borehole 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. lt would extend towards the entrance to the BK room. This anomaly

is not dclined on Figure 5.1. II is possible that the fractures near the entrance to the BK room

(Figure 4.9) which wc have interpreted as being in a step along a K-zone (Figure 4.30) could

instead be the northeast end dfa 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 "L205 near this anomaly (Figures 4.2 and 4.11). This joint is clearly

not a major fracture zone, yet it may have carried enough brine to be dc!ce!cd by the radar

di flbrcncing technique.

The radar difference tomograms increase our conlidence in our interpretation of the geolo-

gic structure at the US/BK site. The fe.atures which we expected flow along were laighlighted,

and the features we did not expect flow across seem to have impeded flow. The difference tomo-

grams suggest that not all the hydrologic features at the site are contained in our structural model.

If all of the anomalies on the attenuation difference tomograms accurately represent the location

of sig-nificant arrtounL':; of brine, then a detectable portion of llow 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.

...... ,_ .... _i' II1' ,1 W' ' lP 11' r....
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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-speci fic geologic mapping, borehole

data, and geophysical i_formation and can lend insight into how fluid might flow along the zones.

We strongly recommend that detailed mapping be carried out where possible to reveal fracture

zone systematics. By resorting to classifying fractures according 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 subsequently 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 iptersect a perimeter around the target site, to project these straetures into

the site, and to exploit progressively smaller perimeters about the target site as they become

available. The. process of identifying the major features in the general area of a site first and then

focusing in on finer details in smaller areas is a very natural approach, and this aspect of our

methodology certainly _snot unique. It is much easier to build a site-speci ric model if a regional

model is already in place. The setting of the Grimsel laboratory allowed a regional 3-D model to

be 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-speci fie work. Seismic reflection surveys, vertical

1
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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 methodology to work best we need 1) site-spcci ric geologic, borehole, and geophy-

sical data and 2) exposures that allow the systematics of the major fracture zones near ihe 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 ali of it. The general geologic and hydrologic conditions at the site were described in

several preliminary site-characterization reports. Regional models of the structure at the labora-

tory'already were prepared. A clean, well-lit, already-mapped tunnel formed part of the perimeter _

of the si_e. The key geologic structures there had been identilied and located, and they did not

have to be projected far into the site. Several boreholes had been logged at the US/BK site and a

variety of geophysical tomograms had been prepared. In addition to the studies that had alread7

been conducted, the surface exposures above the Grimsel laboratory and the tunnel exposures in

the laboratory are excellent. These exposures not only contributed to the regional modeling but

provided a superb opportunity to conduct the detailed mapping we used to characte_zc the

different structures at the laboratory. Finally, the technical staffat NAGRA was very helpful, and

this contributed to our effort in no small way.

In m_J_y 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 places are not exposed at the surface at all. In sucl_ _ ,,cs,

studies of geologically analogous areas may be useful, even if those areas are distant from the

target site. Although the features at a given site will be unique to some extent, similar features

would probably occur elsewhere. Still, in some locations the fracture systems may be too com-

plcx to evaluate their systematics. In cases where the systematics can not be determined, it may

be appropriate to consider a number of signilicantly 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 boreholes are probably the least destructive way to conduct direct

sampling. Borehole information at the US/BK site was instrumental in determining that seismic

anomaly Slb represented t'ractured granitic rock and not !amprophyre. Because boreholes sam-

ple relatively small volumes, the most reliable information they provide is essentially one-

dimensional. Without an advance knowledge of the fracture zone systematics we would have

been restricted to using only that 0ne-dimensional component oi' the borehole data. By using our

advance knowledge of the fracture zone systematics we have been able to exploit the 3-D infor-

mation the boreholes can provide. It would be even more important to exploit that 3-D intbmla-

tion at sites where numerous boreholes will not be drilled.

Geophysical tomograms provide a unique way to check geologic models. In places where

clusters of boreholes would not be drilled, geophysical tomograms would be relied upon even

more heavily than we did here. The usefulness of tomograms is a function of both their resolution

and how well the geology is known. Anomalies on tomogr_,ms can rellect a wide range of

features (different rock types, fractures, zones of hydrothermal alteration, areas of increased

porosity, etc.), and an advance knowledge of the geology is essential in order tbr the anomalies to

be interpreted correctly. We have confidence ira the positions of the major structures in our

US/BK model because their positions are compatible with the different kinds of tomograms and

are reasonably con_lstent with the available geologic information.

Because o1'differences between the radar and seismic tomograms for the US/BK site we did

not try to _ap details of the internal structure of the major features using the tomograms. There

are two main reasons why the details are difficult to interpret and image. First, radar and seismic

signals are sensitive to different physical parameters. Radar and seismic tomograms of the same

area could be very different. The second problem is one of resolution. Problems of resolution

might persist even if the number of source and receiver locations were greatly increased. For

example, the large velocity and attenuation contrasts associated with the lamprophyres at the

US/BK site dominated the tomograms and obscured 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 lhc most practical method to infer details within a fracture zone withoat drilling into it

might be to use geolosic information on the relationship between the internal and external struc-

ture of a zone. Detailed mapping coupled with mechanical analyses oi" how key structures

developed would aid in doing this. For example, it might be possible to infer whether Alpine ten-

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

spaced. Laboratory and small-scale field research that addressed the geophysical signature of

well-defined geologic structures would also increase the usefuh_e2s of the tomograms.

Judging by the processed tomograms, the seismic velocity tomography appears to delineate

the major geologic structures at this site better than the radar attenuation and _radar slowness

tomography. The radar attenuation difl_zrence tomograms used in conjunction with the brine

tracer tests seem to be a very effective way to portray fluid flow paths. Implementing three-

dimensional tomography or two-dimensional tomography for multiple planes would be a useful

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 target site. Those zor,,es may not be the only important hydrologic

features at a site; minor geologic structures and the rock matrix may be important also. The

nature of the hydrologic connections between conductors may be a critical feature that

geologic/geophysical studies are unlikely to define sufficiently weil. In many places intersections

will be areas of markedly increased hydraulic conductivity; in fact they surely are the most

important hydrologic features in some areas. In general, however, fracture zone intersections are

likely to be quite complicated featu es with poor natural exposures, and a clear hydrologic

inle'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

collected to translate a structural model into a hydrologic model.
q

We close with two general comments. First, there will inevitably be surprises in the course

of a site characterization. Reconnaissance studies present the first opportunity to bring important

yet previously unforeseen features into the modeling process. With regard to the logging of' tun-

,,, _F ,,, r,ii ' _r,,'' .... ' " ,_ ' '"



nels and boreholes, it seems far too easy for valuable logging observations made early in a pro-

ject to either be left unrecorded (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 ali the different groups making the field observations and conducting the modeling

would increase the likelihood that important "surprise" features are recognized and brought into

the characterization process early on. Second, it is essential that the geologists an6 geophysicists

be able to work together well if a multi-disciplinary is to be productive. An effective multi-

disciplinary approach should cause a particularly large number of usetul (and initially unfore-

seen) 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 the site, have

access to ali the original raw data, and be able to collect new data through the course of an inves-

tigation.
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