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ABSTRACT

The isolation of nuclear wastes in deep, mined repositories will require

the sealing of all penetrations such as shafts, tunnels, or boreholes,

into or nearby the repository. An important consideration in penetra-

tion sealing is the disturbed zone, or zone of increased permeability,

which may be created in the rock mass adjacent to the penetration as a

result of excavation. Disturbed zone characteristics for shafts,

tunnels, and boreholes are evaluated by analysis and by review of pre-

vious laboratory and field tests. Consideration is given also to test

methods for characterizing the disturbed zone in situ, and to methods

for treating the disturbed zone in seal construction.

Laboratory tests indicate that the disturbed zone associated with small-

diameter boreholes is probably insignificant. In contrast, the dis-

turbed zone is potentially a significant pathway for flow through seals

placed in shafts and tunnels. Because a major mechanism for disturbance

is believed to be stress relief acting across fractures, much of the

disturbance occurs regardless of the excavation method used. Various

test methods are proposed for disturbed zone characterization in shafts

and tunnels, with seismic refraction identified as a promising index

test. A proposed method for treating the disturbed zone uses cutoffs

constructed as a series of overlapping boreholes. Each hole is filled

with concrete which is allowed to cure before the adjacent holes are

drilled.
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I

EXECUTIVE SUMMARY

Introduction

The isolation of nuclear wastes in deep, mined repositories will require

the sealing of all penetrations into or nearby the underground facil-

ity. These penetrations include the shafts and tunnels used to gain

access to the repository, plus any boreholes which are drilled for site

exploration or which exist from previous investigations at the site.

Seal designs must address three potential pathways for fluid flow: the

plug (i.e., the seal material placed within the penetration), the

interface between the seal and the host rock, and a disturbed zone that

may exist in the host rock (Figure 1-1). Laboratory tests conducted by

Terra Tek (described below) indicate that the disturbed zone associated

with boreholes is insignificant and that the dominant pathway for flow

through a typical borehole seal is likely to be the interface. For

shafts and tunnels, however, the disturbed zone is likely to be the

dominant pathway. Accordingly, information regarding disturbed zone

characteristics, specifically disturbed zone permeability, is vital to

proper seal design.

Eventually, information regarding the disturbed zone must be obtained

from site-specific in situ testing. Meanwhile, information is required

for use in conceptual seal design, performance assessment, and planning

of field tests. This report is a preliminary evaluation of disturbed

zone characteristics, considering:

* factors influencing disturbed zone characteris-
tics, especially permeability;

* likely disturbed zone characteristics indicated
by analysis and review of previous investiga-
tions;

* test methods for characterizing the disturbed
zone in the field;

* methods for "treatment" of the disturbed zone.
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Mechanisms for Creation of a Disturbed Zone

Three processes may contribute to formation of a disturbed zone around a

penetration:

* stress redistribution,
* damage by the excavation process,
* weathering and rock-ground water interaction.

Of the three processes, only one is directly related to the excavation

method. Also, the effects of stress redistribution apply to all pene-

trations and excavation methods although the magnitude of the effects

depends greatly on site specific conditions. Accordingly, it is not

appropriate to consider the disturbed zone solely as a blast-damaged

zone that does not exist if mechanical excavation methods are used.

Weathering and rock-ground water interaction are considered to be

relatively insignificant mechanisms for disturbance.

When a penetration is excavated, there is a redistribution of the origi-

nal in situ stresses around the opening. The nature of this redistri-

bution depends on the original in situ stresses, on rock properties, and

on the shape of the opening. Adjacent to the penetration, stresses in a

radial direction are relieved, whereas stresses in a tangential direc-

tion may be increased or reduced depending on the rock properties. Dis-

turbance to the rock mass might arise in one of three ways:

* by fracturing of originally intact rock due to
excessive compressive or tensile stresses,

* by opening or closing of pre-existing fractures
due to changes in the normal stresses acting
across the fractures or to shearing along the
fractures,

* by loosening of the crystal structure in response
to reduced confining stresses (particularly in
salt).

The relative influence of these three processes on disturbed zone per-

meability will vary according to parameters such as the size of the

opening relative to the fracture spacing, the strength of the intact

rock, the in situ stress field, and the shape of the opening.
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Fracturing of intact rock due to stress redistribution is unlikely in

most conditions (excluding strongly anisotropic stress fields) for rocks

such as basalt, granite, or welded tuff. In these same rock types,

however, fracture permeability is known to be highly stress-dependent so

that rock mass permeability is expected to increase in zones around a

penetration where stresses are relieved. In salt, which is generally

unfractured at repository depths, the most likely response to stress

relaxation is a loosening of the crystal structure with a corresponding

increase in permeability.

It is to be expected that blasting will cause greater damage to the

walls of a shaft or tunnel than will excavation by mechanical methods.

The degree of damage associated with blasting can be greatly reduced by

the use of a controlled blasting method such as smooth-wall blasting

where the perimeter holes in the round are lightly charged. As dis-

cussed later, it appears likely that the increases in permeability due

to controlled blasting may be approximately equal to, or less than, the

increases due to stress relief which will occur regardless of the

excavation method.

Discussion of mechanisms for creating a disturbed zone leads to the

observation that the mechanism is likely to be different for boreholes

than for shafts and tunnels because of an important scale effect. For

boreholes, the penetration diameter is similar to the typical fracture

spacing in many rock masses, and stress relief around the hole is

unlikely to affect fracture permeability on a significant scale. Little

disturbance of any type is likely in most rock types at repository

depths because the stresses developed around the borehole will not

exceed the intact rock strength. For shafts and tunnels in fractured

rock, where the penetration diameter is typically much greater than the

fracture spacing, the influence on rock mass permeability of opening or

closing of fractures is likely to be much more significant than effects

due to fracturing of intact rock.
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Disturbance Associated with Boreholes

Direct evidence that the disturbance associated with boreholes is rela-

tively minor has been obtained from laboratory tests conducted at Terra

Tek and the University of Arizona. At Terra Tek, 20cm diameter bore-

holes were drilled in 50cm diameter cylindrical specimens enclosed in an

apparatus which simulates in situ pressure conditions. Five rock types

have been tested, anhydrite, salt, granite, basalt and tuff, with the

holes drilled with diamond or roller cone bits and various flushing

media. Detailed examination of the borehole walls has shown that the

drilling-induced disturbance is minor. In all cases, the thickness of

the disturbed zone was less than 3% of the borehole radius and the

disturbance effects were intergranular. At the University of Arizona,

12.7mm diameter holes were drilled in quartz diorite and granite using

percussion and rotary methods under ambient laboratory conditions. As

in the case of the Terra Tek tests, the damaged zone was found to be

very thin.

The laboratory tests described above have used unfractured (intact) rock

samples. The applicability of the results to the field may be judged by

considering the relative scales of the observed disturbance and the in

situ fracture spacing. Typically, the thickness of the damaged zone due

to drilling is of the order of a few millimeters, whereas the fracture

spacing is likely to be in the range 10cm - lm. Thus, although bore-

holes will intersect fractures, most of the surface area will consist of

essentially intact rock, and the damage due to drilling in situ should

be comparable to that observed in the laboratory.

Disturbance Associated with Shafts and Tunnels in Fractured Rock

There have been few field studies of the changes in rock mass perme-

ability associated with excavation of shafts and tunnels. In the

National Waste Terminal Storage program, some indication of permeability

changes in the walls of a tunnel has been obtained from the macroperme-

ability test at Stripa, and a comprehensive series of tests designed to

investigate disturbed zone characteristics is in progress at the
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Colorado School of Mines test mine. In other civil and mining projects

there have been investigations which define the extent of the disturbed

zone by changes in mechanical properties but few studies which have

measured permeability.

In the present study, disturbed zone characteristics have been evaluated

by combining analytical assessments with a review of previous investi-

gations. The analytical approach used first considers the redistri-

bution of stresses around a circular opening excavated in an initially

hydrostatic stress field. Two models are evaluated, one for a rock mass

which responds elastically, and one for a rock mass which responds

elasto-plastically, i.e. where there is permanent deformation by slip-

page along fractures in a "failed" zone adjacent to the penetration.

Permeability changes along fractures are related to stress changes using

the relationship that fracture permeability is proportional to the cubic

power of the fracture aperture. Parameters for fracture deformability

are obtained from laboratory tests on basalt and granite reported in the

literature. All analyses conservatively assume that fractures exist

normal to the directions of maximum stress change.

A major conclusion of the analytical study is that significant

disturbance (permeability increased by at least an order of magnitude)

may be contained within 1 to 1.5 radii of the excavation face. A good

quality rock mass at relatively shallow depth (approximately less than

300 m) will respond to stress changes essentially elastically, in which

case stresses adjacent to the penetration walls will be reduced in the

radial direction and increased in the tangential direction. Conse-

quently, the permeability of any fractures that occur in a parallel or

subparallel direction to the penetration axis should be increased,

whereas the permeability of any fractures that occur in the radial

direction should be reduced (Figure 3-5). This result was partially

confirmed by the Stripa macropermeability test which found permeability

reduced in the radial direction close to the tunnel wall. At greater

depths, the same rock mass will exhibit a plastic zone close to the
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penetration wall in which both the radial and tangential stresses are

reduced. In this case, permeability will be increased in both the

radial and axial directions (Figure 3-6).

Results from disturbed zone investigations where parameters other than

permeability have been measured vary according to the method used and

how the disturbed zone is defined, as well as according to variation in

site parameters. Seismic measurements and modulus determinations at

several sites indicate a disturbed zone thickness typically in the range

0.3 to 0.7 times the excavation radius. In these cases the disturbed

zone is defined as a distressed zone with no indication of the magnitude

of permeability increases. Other examples may be found where the

disturbed zone extends greater than one radius. In practice, the extent

of the disturbed zone will depend on many factors related to site

geology, excavation method, depth, and penetration geometry.

Few disturbed zone studies specifically distinguish blast damage and

stress relaxation effects. Available data from cases where controlled

blasting methods were used indicate that significant blast damage A

(creation of new fractures) may be limited to a zone I m or less

thick. The extent of blast damage will be greatly influenced by

blasting technique but may be more or less independent of excavation

size within the probable limits for shafts and tunnels. More severe

disturbance may occur in a thin zone immediately adjacent to the face.

This zone can probably be removed by machine excavation and may not be a

consequence to sealing.

The analyses and reviews described above have been used to construct a

model of the disturbed zone likely to be associated with a circular

shaft or tunnel excavated in fractured basalt at lOO1fm depth assuming a

hydrostatic intial stress condition. In this model the zone in which

the permeability is increased by one order of magnitude or greater

extends to about one penetration radius (Figure 3-23). The magnitude of

the disturbance rapidly reduces away from the penetration. For a 3m
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radius shaft excavated by blasting, for example, up to 80% of the

potential increase in flow due to the disturbed zone is predicted to

occur within Im from the penetration wall.

Most of the analyses presented in the report refer to a circular opening

with hydrostatic initial stresses and idealized fracture geometries, and

with no consideration given to temperature effects. It is believed that

the conclusions drawn will apply generally to repository shafts and

tunnels, although additional site-specific analyses are required to

confirm the predicted trends.

Disturbance Associated with Shafts and Tunnels in Salt

The most likely mechanism for disturbance in salt is loosening of the

crystal fabric in response to stress relief. Additional damage may be

in the form of fractures caused by blasting or by slabbing. Analysis of

the effects of crystal loosening, using laboratory data relating stress

and permeability, indicates that the increase in permeability is

unlikely to exceed one order of magnitude. Review of field studies

conducted in salt mines indicates that blast damage is generally

confined to within 1 to 1.5m of a tunnel face.

An important consideration regarding the disturbed zone in salt is the

ability of salt to heal fractures when subjected to confining stress.

If a relatively rigid structure such as a concrete plug is placed in a

shaft or tunnel in salt, the stresses acting on the plug and in the

adjacent disturbed zone will build rapidly in response to salt creep.

Analyses for salt from southeastern New Mexico (which creeps relatively

slowly) show that the radial stress acting on a plug will build to

greater than 50% of lithostatic (13.8 MPa) in less than 10 years.

Preliminary laboratory test results indicate that fractures should be

significantly healed at this stress level. This being the case, the

disturbed zone in salt may be insignificant with respect to long-term

seal performance, at least at repository depths. Fracture healing will

be slower at shallower depths in repository shafts.
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Recommended Methods For Disturbed Zone Characterization

This report provides a preliminary model for shaft or tunnel disturbed

zone characteristics that can be used in schematic seal design and

performance assessment. This model can be refined by more rigorous,

site-specific modeling but eventually it must be validated by in situ

testing. Various test methods are proposed for this purpose. In a test

facility, a test program should include a combination of tests conducted

at one or more test locations representative of the geology of the

repository and the excavation methods to be used. The intention would

be to establish correlations among various rock mass properties in order

to select index tests that could be used rapidly and inexpensively

throughout the repository.

A comprehensive test program for disturbed zone characterization in

fractured rocks should include the following tests:

* macropermeability

* piezometers installed in boreholes at varying
distances from excavation

* injection tests in boreholes

* cross-hole tracer flow

* integral sampling in boreholes, and borescope or
impression packer logging

* seismic refraction (petite sismique) surveys

* resistivity surveys

a cross-hole acoustic surveys

* radar profiling

* borehole deformation jack

* plate loading

* multiple-point borehole extensometers.
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A candidate index test is seismic refraction profiling assuming that

firm correlations can be established between seismic parameters and

permeability.

A similar test program may be applied in salt for disturbed zone charac-

terization in shafts and tunnels. Either the borescope or integral

sampling should be particularly valuable for detecting fractures.

Many of the test methods listed above are inappropriate for boreholes

because of limited accessibility. Moreover, it is unlikely that geo-

physical logs can be used to detect either fine fractures or a rela-

tively thin disturbed zone. Fortunately, as described above, laboratory

tests can be used for evaluating tee disturbance associated with bore-

holes. Methods that can be used to evaluate larger-scale sidewall

characteristics and to locate major fractures in deep boreholes include

downhole television, the borehole televiewer, and the impression packer.

Methods for Treatment of the Disturbed Zone in Fractured Rock

Disturbed zone effects may be reduced by a combination of careful exca-

vation and properly constructed cutoffs. A suggested method for con-

structing cutoffs involves drilling a series of overlapping boreholes

from the shaft or tunnel through the disturbed zone into the undisturbed

rock. Each hole is filled with a low-permeability, expansive material

(e.g. concrete) which is allowed to cure before the adjacent holes are

drilled. In this way, only a small volume of the rock mass is stress-

relieved at any one time. Grouting might be considered as an alter-

native method for creating the disturbed zone. However, if the

hydraulic conductivity of the repository host rock is in the range 10 8

to lo 10 cm/sec, and if the disturbed zone is only one to two orders of

magnitude more permeable, it is unlikely that grouting will be effec-

tive. Possibly, fractures in the disturbed zone might be sealed by

natural precipitation of silica or other secondary minerals. Such

precipitation might occur as ground water saturated in silica flows from

the storage areas towards cooler areas.
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Conclusions and Recommendations

The disturbed zone is potentially a significant pathway for flow through

seals placed in shafts and tunnels. Because a significant mechanism for

disturbance is believed to be stress relief acting across fractures,

much of the disturbance is independent of the excavation method used.

Based on available information, the increases in permeability resulting

from controlled blasting may approximately double the increases that

will occur in response to stress relief if mechanical excavation methods

are used. Permeability changes due to blasting are likely to be

confined within a depth of Im from a shaft or tunnel face, however,

whereas changes due to stress relief may extend to several penetration

radii. Laboratory tests indicate that the disturbed zone associated

with small-diameter boreholes is probably insignificant.

7
Further work is required to extend analyses and design concepts pre-

sented in this report. Further analyses must be site-specific, taking

into account planned opening shapes and excavation methods, anticipated

in situ stress ratios, and actual rock mass characteristics. As soon as

possible within the schedule for developing at depth test facilities at

candidate repository sites, these models must be validated by in situ

testing. Testing, combined with further analyses, is also required to j

evaluate concepts such as drilled cutoffs for treatment of the disturbed

zone.
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1.0 INTRODUCTION

1.1 BACKGROUND

The isolation of nuclear wastes in deep, mined repositories will require

the sealing of all penetrations into or nearby the underground

facility. These penetrations include the shafts and tunnels used to

gain access to the repository, plus any boreholes which are drilled for

site exploration or which exist from previous activities at the site.

Seals will also be placed within the repository to isolate separate

waste storage panels, and the storage rooms will be backfilled primarily

with the mined-out rock. The design program for penetration seals is

being conducted by D'Appolonia Consulting Engineers, Inc. (D'Appolonia)

for the Office of Nuclear Waste Isolation (ONWI).

Seal designs must address three potential pathways for fluid flow: the

plug (or seal material); the interface between the seal material and the

host rock; and a disturbed zone that may exist in the host rock (Figure

1-1). As discussed in Section 1.2.1, the disturbed zone is potentially

the dominant pathway for shafts and tunnels, and information regarding

disturbed zone characteristics is vital to proper seal design. Even-

tually, information regarding the disturbed zone must be obtained from

site-specific in situ testing. Meanwhile, there is a necessity for

preliminary data for use in schematic seal design, performance assess-

ment, and planning of field tests. This report is a preliminary evalu-

ation of disturbed zone characteristics, and methods for treatment of

the disturbed zone. Consideration is given to:

* factors influencing disturbed zone characteristics
in salt and fractured rock,

* likely disturbed zone characteristics indicated by
analysis and review of previous field investiga-
tions,

* techniques which may be used to evaluate disturbed
zone characteristics in the field,

* methods for "treatment" of the disturbed zone in
seal design and construction.
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UNDISTURBED AREA

DISTURBED ZONE
(FRACTURES SCHEMATIC)

INTERFACE

SEAL MATERIAL

Figure 1-1. Seal Zone Components
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For the most part, emphasis is given to disturbed zone characteristics

for shafts and tunnels. Consideration to boreholes is given in

Section 2.0 showing that the degree of disturbance associated with

boreholes is less significant to seal performance than is the case for

shafts or tunnels.

In the context of this report, the disturbed zone is that part of the

rock mass adjacent to a shaft, tunnel or borehole which is affected in

some manner by the presence of the penetration, and which may influence

seal performance. As discussed below, the major mechanisms for this

disturbance are damage by the excavation process and effects due to

redistribution of stresses around the opening. This disturbance will

occur relatively quickly following excavation, before the waste is

emplaced. Subsequently, the heat generated by the waste may modify the

properties of the disturbed zone further, particularly in the repository

rooms. This report does not evaluate disturbance to the rock mass and

ground water system surrounding the overall repository resulting frcm

heat generation from the waste.

1.2 SIGNIFICANCE TO SEAL AND REPOSITORY DESIGN

1.2.1 Seal Design

A disturbed zone adjacent to a penetration provides a pathway for fluid

flow to bypass a seal placed within the penetration. With respect to

seal performance, the critical disturbed zone characteristic is the

permeability contrast between the disturbed zone and the undisturbed

host rock. Figure 1-2 illustrates a model used to evaluate the impact

of disturbed zone characteristics on ground water flow through a shaft

seal. The shaft seal modeled is 390m long with various seal components

as illustrated. Bulkheads (cutoff collars) are included to reduce

disturbed zone flow, but it is assumed that the cutoff itself results in

some disturbance so that the effective areal cutoff relative to the

original disturbed zone is only 50 percent. Ground water flow and

travel time are calculated for an arbitrary 30m head and for various
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thicknesses and hydraulic conductivities* of the disturbed zone. Com-

plete details of the model and the analytical method will be given in a

subsequent report.

The results from the analyses show that flow rate is strongly affected

by the hydraulic conductivity of the disturbed zone and, to a lesser

degree, by the extent of the disturbed zone. For hydraulic conduc-

tivities in the range of one to two orders of magnitude greater than the

host rock, the flow is in the range of three to ten times the rate

through the equivalent area of undisturbed rock. Ground water travel

times are also strongly affected by disturbed zone conductivity reducing

from greater than 60,000 years, where there is. no disturbed zone, to

about 1,000 years, where the disturbed zone hydraulic conductivity is

100 times that of the undisturbed zone. Because the bulkheads do not

achieve 100 percent cutoff in the disturbed zone, the lateral extent of

the disturbed zone has negligible effect on travel times.

These analyses confirm that seal performance is sensitive to disturbed

zone characteristics. For purposes of performance assessment, it is

particularly important to have some knowledge of at least the order of

magnitude contrast between the hydraulic conductivity of the disturbed

zone and that of the undisturbed rock. For the design of measures to

mitigate the effects of the disturbed zone, it is important to have some

evidence of the thickness of that zone. The results also show that

ground water flow is relatively insensitive to disturbed zone hydraulic

conductivity when the contrast with the conductivity of the undisturbed

rock is less than one order of magnitude. This is noteworthy in that it

is probably impracticable to distinguish a contrast of less than one

order of magnitude by field testing. For practical purposes, therefore,

the disturbed zone may be considered as a zone in which the permeability

is at least an order of magnitude greater than that of the undisturbed

rock.

*Throughout this report "permeability" is used to denote an intrinsic

rock property (dimensions L2). "Hydraulic conductivity" is used where

water flow is specified (dimensions LIT).
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Further simplified analyses have been conducted to compare the relative

significance of plug zone, disturbed zone, and interface flow for

various sizes of excavation. Two basic assumptions are made:

* Interface flow is due to a zone of closely-spaced
circumferential cracks, the thickness of the zone
being largely independent of excavation size.
Interface flow thus increases in linear proportion
to the circumference (and consequently the radius)
of the excavation. Interface flow is then propor-
tioned from the results of the Bell Canyon Test in
which a flow test was performed on a cement plug
set in a 20cm diameter borehole (Christensen &
Peterson, 1981).

* Plug zone and disturbed zone flow are proportional
to area, and hence the second power of the radius
of the excavation. Disturbed zones with varying
extents and permeabilities relative to the host
rock are considered.

A number of parametric analyses were performed for nominal seal lengths

and applied hydraulic heads using the above assumptions. Figure 1-3

shows the proportions of flow attributed to the plug, interface, and

disturbed zones for one set of conditions in which the disturbed zone

extent is 0.5 times the penetration radius and the disturbed zone perme-

ability ten times chat of the plug. For boreholes, the interface is

found to be the dominant flow path. In contrast, for shafts or tunnels,

the disturbed zone is found to be the dominant flow path. These results

are based on simplified analyses and largely assumed parameters. None-

theless, experimental and analytical data presented later in this report

tend to support the assumptions made. For example, laboratory tests on

borehole plugs (Section 2.2) show that interface flow is much more

significant than disturbed zone flow. Analysis and review of disturbed

zone characteristics for shafts and tunnels (Section 3.0) indicate that

there is likely to be a zone up to one penetration radius wide in which

the permeability is significantly increased. Collectively, the para-

metric analyses and the available test results indicate that borehole

sealing studies should emphasize the interface whereas shaft and tunnel

studies should emphasize the disturbed zone.
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1.2.2 Repository Design

One concept for waste disposal in a geologic repository is to place the

waste in boreholes drilled either in the floors or the walls of storage

rooms. If this concept is adopted, it will be advantageous to place the

waste canisters beyond the disturbed zone associated with the storage

room. This will help to avoid a direct communication between the canis-

ters and the storage room backfill which in most repositories will be a

preferred pathway for fluid flow. A further consideration is that the

waste emplacement hole may itself create a disturbed zone. In the

proposed design for a repository in basalt, the diameter of the emplace-

ment holes is 1.2m (Rockwell Hanford, 1981) which is probably large

enough that the hole should be considered more as a small shaft than as

a borehole (Figure 1-3).

1.3 MECHANISMS FOR CREATION OF A DISTURBED ZONE

Three processes may contribute to formation of a disturbed zone around a

penetration:

• stress redistribution,
* damage by the excavation process,
* weathering and rock-ground water interaction.

Of the three processes, only one is directly related to the excavation

method. Also, the effects of stress distribution apply to all penetra-

tions and excavation methods although the magnitude of the effects

depends greatly on site specific conditions. Accordingly, it is not

appropriate to consider the disturbed zone solely as a "blast-damaged"

zone that does not exist if mechanical excavation methods are used.

1.3.1 Disturbance Due to Stress Changes

When a penetration is excavated there is a redistribution of the ori-

ginal in situ stresses around the opening. The nature of this redis-

tribution depends on the original in situ stresses, on rock properties,

and on the shape of the opening. Adjacent to the penetration, stresses

in a radial direction are relieved, whereas stresses in a tangential

direction may be increased or reduced depending on the rock proper-

ties. Disturbance to the rock mass might arise in one of three ways:
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* by fracturing of originally-intact rock due to
excessive compressive or tensile stresses,

* by opening or closing of pre-existing fractures
due to changes in the normal stresses acting
across the fractures or to shearing along the
fractures,

* by loosening of the crystal structure in response
to reduced confining stresses (particularly in
salt).

The relative influence of these three processes on disturbed zone perme-

ability will vary according to parameters such as the size of the

opening relative to the fracture spacing, the strength of the intact

rock, the in situ stress field, and the shape of the opening. For

shafts and tunnels in fractured rock (as discussed in Section 3.0), the

influence of opening or closing of pre-existing fractures is likely to

be much more significant than effects due to fracturing of intact

rock. Fracturing of intact rock around an opening is unlikely to occur

in most conditions for rocks such as basalt, granite, or welded tuff.

Some fracturing may occur if the in situ stress field is strongly aniso-

tropic but the fractures created should be localized and should not add

greatly to the overall degree of fracturing in the rock mass. As noted

in Section 3.1.3.1., permeability in a fractured rock mass is such more

sensitive to changes in fracture aperture than to the number of frac-

tures.

For boreholes, fracturing of intact rock may have a more significant

effect on increased flow potential because the size of the opening is

small relative to the fracture spacing. Conveniently, the disturbance

resulting from drilling small-diameter boreholes can be investigated in

the laboratory. Laboratory tests at Terra Tek and the University of

Arizona (Section 2.0) indicate that the disturbed zone for boreholes is

very small but these tests have not addressed the full range of rock

types and in situ stress fields that may be encountered at candidate

repository sites. It may be concluded that fracturing of intact rock is

not likely to be a major cause of disturbance around boreholes in
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basalt, granite, or welded tuff, at least if the stress field is iso-

tropic. Further site-specific evaluation is required to evaluate

whether significant fracturing could occur in anisotropic stress fields.

The mechanisms for creation of a disturbed zone in salt will differ from

the mechanisms applying in rocks such as basalt or granite. At reposi-

tory depths, salt is not generally fractured so that there should be no

effect of opening of pre-existing fractures due to stress relaxation.

The most likely cause of disturbance in salt is a loosening of the

crystal fabric due to stress relaxation, evidence for which is obtained

from laboratory tests which show that the permeability of salt is

strongly dependent on confining stress. A further possibility is that

salt may fracture in response to stress relaxation. Disturbance effects

in salt are considered in Section 4.0.

1.3.2 Damage by the Excavation Process

It is well known that blasting causes some degree of damage to the rock

mass outside the excavation perimeter. This damage may be in the form

of new fractures created by excessive explosive energy, propagation of

existing fractures by high pressure gases produced by the blast, or a

general loosening of a fractured rock mass due to excessive ground

vibration. The degree of damage may be greatly reduced, though not

eliminated, by the use of controlled blasting methods (Holmberg &

Persson, 1980; Hoek & Brown, 1980). For example, smooth blasting

employs a ring of closely-spaced and carefully-alligned drill holes at

the intended perimeter of the excavation. These holes are lightly

charged and are fired as the last delay in the round. Fractures pro-

pagated between the perimeter holes result in a much smoother excavation

contour than would be obtained by conventional blasting methods. Also,

damage to the adjacent rock mass is reduced by the low explosive charges

used in the perimeter holes and by the low burden resulting from prior

breakage of the rock within the perimeter. Based on visual observation

of the excavation walls, and on the obvious improvements gained in the

stability of the excavation, the degree of disturbance to the remaining

rock mass is significantly less with smooth blasting than with
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conventional drill and blast methods. As reviewed in Section 3.3,

however, there have been few studies to compare the extent of the

disturbed zone associated with different blasting methods.

Some degree of damage may result also from excavation by mechanical

(tunnel boring machine) methods. This might be in the form of loosening

of a surface zone of fractured rock due to vibration or possibly a

plucking action, depending on the type of machine used. Nonetheless,

machine excavation is known to have improved stability conditions in

many underground excavations where blasting had been used previously.

Minor disturbance due to machine excavation is likely to be obscured by

disturbance due to stress redistribution.

1.3.3 Weathering and Rock-Ground Water Interaction

In general terms "weathering" includes a large number of chemical or

physical effects. In the context of this report weathering may be

significant only in clay-bearing rocks and may result from swelling due

to contact with water or slaking due to cyclic changes in moisture

content. A contributing factor in these processes in shales may be

expansion or rebound due to stress relief. Such changes would be

readily discernible and the disturbed zone could be removed prior to

placing a seal.

A special case concerns swelling of clay fillings in fractures which

could lead to loosening of the rock mass. If expandable clay fillings

are present in the rock mass, swelling could be prevented in key seal

locations by shotcreting immediately following excavation.

Effects due to interaction between rock and ground water might include

washing out of fracture infillings by flowing ground water or precipi-

tation of minerals in fractures. The latter process has been suggested

as an explanation for the zone of reduced permeability observed in the

Stripa macropermeability test (Section 3.2.2), although an alternate

explanation postulated by this report is that the reduced permeability

is due to increased tangential stresses close to the tunnel wall.
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2.0 DISTURBANCE ASSOCIATED WITH BOREHOLES

Section 1.3 noted three mechanisms that result in disturbance adjacent

to a penetration: stress redistribution effects, damage by the exca-

vation process, and weathering or rock-ground water interaction. Of

these, weathering and rock-ground water interaction are considered to be

less significant (or at least more easily detected and treated) and are

not given further consideration. For boreholes, the effects of damage

due to drilling and to stress redistribution are conveniently studied in

the laboratory.

2.1 LABORATORY STUDIES OF BOREHOLE DISTURBED ZONE CHARACTERISTICS

Laboratory studies of borehole disturbance are being conducted at the

Drilling Research Laboratory operated by Terra Tek, Inc., in Salt Lake

City. The facility includes a drilling rig and three well-drilling

simulator pressure vessels designed to simulate in situ drilling condi-

tions. Cylindrical rock samples up to 50cm in diameter and 2fim in

length can be placed in the simulator and subjected to confining pres-

sures to 138 IPa (20,000 psi) and wellbore pressures up to 34.5 MPa

(5,000 psi).

Five rock types have been tested and examined in the current study

(Lingle et al, 1981):

* anhydrite - Winnfield salt dome, Louisiana
* salt - Avery Island salt mine, Louisiana
* granite - Cold Springs, Minnesota
* basalt - Columbia River, Washington
* tuff - Kamas, Utah

Samples placed in the drilling simulator were cored from large blocks

transported from the field. A total of 19 samples have been drilled in

the simulator with combinations of bit-type and drilling fluid as fol-

lows:
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Drilling fluid

Rock type Drill bit air water mud mud & flush

anhydrite roller cone x x x

diamond x x x

salt roller cone x x x

granite roller cone x x x

basalt roller cone x x x

tuff roller cone x x x

All samples were drilled with a bit weight of 20,000 lbf (89KN) at 60

rpm. For samples drilled with mud or water, the well-bore pressure was

13.8 MPa, the confining pressure 20.7 MPa, and the overburden pressure

34.5 MPa. For samples drilled with air, the bore pressure was 0.3 MPa,

the confining pressure 3.5 MPa, and the overburden pressure 10.3 MPa.

The bit diameter for all tests was 20cm.

The disturbance due to drilling has been evaluated on core samples

obtained from the sidewalls of the 20cm diameter holes drilled under

simulated conditions. Inspection procedures included dye-penetrant

visual examination, microscopic examination, and permeability tests on

small cores. Generally, microscopic examination was found to be the

most successful method. In the permeability tests, any variations due

to disturbance were found to be obscured by variations also present in

the undisturbed rock. Results for the five rock types were as follows:

* Anhydrite: There were detectable drilling-induced
disturbance effects up to 2.5mm in thickness
affecting up to 80% of the anhydrite grains in
that thickness. Diamond bit-water was found to be
the least damaging drilling method, and roller-
cone-mud the most damaging. All damage was on an
intergranular scale consisting of intergranular
fracturing along cleavage planes, scintillation
(changes in optical properties), and flow gliding
(translational displacement of fractured grains).
Other effects observed were removal of surface
particles by etching or plucking, and softening of
the borehole wall as a result of gypsification.
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• Salt: Damage due to drilling could not be distin-
guIshed from damage due to sample preparation.

* Granite and Basalt: A damaged zone was detected
but was limited to two to three grain depths from
the borehole wall. The observed disturbance
mechanisms were the same as for anhydrite, with
grain plucking the most prominent.

* Tuff: Damage due to drilling could not be distin-
ju-shed from natural variation in the samples.

It is noted that the drilling-induced disturbance observed in the Terra

Tek tests is relatively minor. The thickness of the disturbed zone is

less than three percent of the borehole radius and the disturbance

effects are intergranular. Greater disturbance might be found with

higher horizontal stresses, or if the horizontal stresses are unequal,

and this deserves additional attention.

Disturbed zone studies are being conducted also at the University of

Arizona (Daemen et al, 1981). The following table summarizes results

for the thickness of the disturbed zone for 12.7mm diameter holes

drilled with a percussion or diamond drill. The thickness of the dis-

turbed zone is the extent of cracking indicated by fluorescent dye

penetration.

Average
Damage Zone

Rock Type Drilling Method No. Samples Thickness
(mm)

Quartz percussion 8 1.9
diorite (1.8)*

diamond 9 1.1
(0.2)

Granite percussion 13 2.1
(0.3)

diamond 18 1.2
(0.3)

*standard deviation
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Microscope examination showed that the cracking pattern around diamond-

drilled holes was more regular than for percussion-drilled holes. The

surface of percussion-drilled holes appeared to be much rougher. The

University of Arizona results are in agreement with the Terra Tek

results in that the disturbed zone is very thin, although in the former

case the thickness is a greater percentage of the borehole radius.

2.2 DISCUSSION

The laboratory tests described in the previous section have been con-

ducted on intact rock specimens. The applicability of the results to A
the field may be judged by considering the relative scales of the ob-

served disturbance and the in situ fracture spacing. Typically, the

thickness of the damaged zone due to drilling is of the order of a few

mm, whereas the fracture spacing is likely to be in the range 10cm -

lm. Thus, although boreholes will intersect fractures, most of the

surface area will consist of essentially intact rock, and the damage due

to drilling in situ should be comparable to that observed in the labora-

tory.

Similarly, the response of the rock adjacent to the borehole to stress

redistribution will be governed by the relative scales of the borehole

diameter and the fracture spacing. Typically, the borehole diameter

will be approximately the same or somewhat less than the fracture

spacing so that the volume of rock likely to be affected by stress

changes should contain few, if any, fractures. In that case, the re-

sponse to stress redistribution should be governed largely by intact

rock properties. Analyses discussed later (Section 3.1.2 and Appendix

A) indicate that stress changes around circular openings are unlikely to

result in fracturing of intact rock at proposed repository depths. Some

fractures might be affected by stress changes, but the effect should be

limited because fractures are unlikely to be continuous through the dis-

turbed zone.

It is concluded that the disturbance associated with boreholes is likely

to be relatively minor. Evidence regarding the significance of the
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interface on flow through borehole seals is obtained from another test

at Terra Tek in which a cement plug was set in a borehole drilled in a

block of anhydrite. A flow test was conducted using dyes to highlight

the fluid flow path. Following the test, the plug was sectioned reveal-

ing a concentration of flow at the interface (Lingle et al, 1981). This

test appears to support the concept presented in Section 1.2.1 that the

interface is likely to be the dominant component of flow through bore-

hole seals.
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3.0 DISTURBANCE ASSOCIATED WITH SHAFTS
AND TUNNELS IN FRACTURED ROCK

This section evaluates the changes in rock mass permeability associated

with the excavation of shafts and tunnels in a fractured rock such as

basalt, granite or welded tuff. Section 3.1 presents an analytical

approach for predicting changes in permeability due to stress redistri-

bution based on laboratory derived, stress-permeability relationships.

Previous field investigations of disturbed zone characteristics are

reviewed in Section 3.2, emphasizing studies at the Colorado School of

Mines and Stripa. Damage attributed specifically to blasting is con-

sidered in Section 3.3. Conclusions regarding disturbed zone charac-

teristics in fractured rock are given in Section 3.4.

3.1 ANALYTICAL ASSESSMENT OF DISTURBANCE RESULTING FROM STRESS REDIS-

TRIBUTION

3.1.1 Rock Mass Behavior

Section 1.3 identified three possible mechanisms for creation of a

disturbed zone: changes due to stress redistribution, damage due to the

excavation process, and weathering or rock-ground water interaction.

This section provides an analytical approach for evaluating the effects

of stress redistribution for specified rock conditions.

The response of a rock mass to stress changes around an underground

opening is determined by the properties of the rock mass and by the

magnitudes of the induced stresses. Relatively strong rocks at shallow

depths behave essentially elastically whereby deformations are rever-

sible and there is no failure. At greater depths the same rock might

respond with proportionately greater deformations due to slippage along

fractures. In this case, there is again no significant failure of

intact rock material, but deformations in the "plastic' zone adjacent to

the opening may be nonreversible. The depth (stress level) at which the

plastic behavior is first observed, and at progressively greater stress

levels the extent of the plastic zone, depend on the rock mass

strength. At even greater depths, the stresses may be high enough to

induce failure of the intact rock.



30

The succession of idealized elastic, plastic, and fracture zones asso-

ciated with a shaft is shown in Figure 3-1. Simple calculations can be

performed to estimate the depths at which the plastic and fracture zones

will be first observed for given rock conditions. For example, for

basalt with typical rock mass properties (Appendix B) and a hydrostatic

initial stress condition, plastic behavior would be observed at depths

below about 300m (Figure 3-2a). Fracture of intact rock would not occur -)

above a depth of about 2500m for the hydrostatic initial stress condi-

tion. Figure 3-2b shows predicted displacements plotted against depth

for the same rock conditions. The figure illustrates that rock mass

behavior can be characterized readily as elastic or plastic by comparing

measured displacements against the displacements predicted by elastic

analysis.

In the following sections, analyses are presented for both elastic and

elasto-plastic rock behavior. According to Figure 3-2a, the expected

behavior for basalt at repository depths (in a shaft or tunnel) is

elasto-plastic with the plastic zone extending approximately one

radius. Section 3.1.2 first considers more specifically the stress

conditions necessary to induce failure of intact rock.

3.1.2 Fracturing of Intact Rock

The discussion presented above indicates that fracturing of intact rock

in response to stress redistribution should not occur at depths shal-

lower than 2500m given typical basalt properties and a hydrostatic

initial stress condition. Figure 373 summarizes a more detailed

analysis (See Appendix A) of the general conditions in which failure of

intact rock could occur around a circular shaft or tunnel opening.

Considering a conservative lower bound (15OMPa) for the strength of

intact basalt, fracturing at a depth of COOm is likely only if the

ratio of the maximum to minimum in situ stresses is greater than 2.0.

Even if fracturing did occur (for example, in response to a slightly

higher in situ stress ratio), it would be limited to a thin zone and

would not extend around the complete perimeter. This indicates that

fracturing of intact rock is not a significant mechanism for disturbance
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in relatively strong rocks such as basalt, granite or welded tuff. The

effect of stress on pre-existing fractures, considered in the following

section, is by comparison more important.

3.1.3 Effects of Stress on Pre-existing Fractures

The following sections present a number of analyses of the effects of

stress redistribution on the permeability of pre-existing fractures.

Section 3.1.3.1 first reviews basic relationships for the effect of

stress on fracture permeability. Section 3.1.3.2 then considers simpli- 1

fied analyses for an initially hydrostatic stress field in which the

effects of pore pressure and temperature are ignored. The effects of

anisotropic stresses, pore pressures, and temperatures are then consi-

dered in Sections 3.1.3.3 through 5.1.3.5.

3.1.3.1 Effects of Stress on Fracture Permeability

The permeability (k) of a planar array of parallel smooth cracks is

given by Hoek & Bray (1977, after others) as:

3
k 1 ve (3.1)

where g gravitational acceleration
e fracture aperture (opening)
b spacing between fractures
v coefficient of kinematic viscosity

It will be noted that permeability is related to the cubic power of

fracture aperture but only the first power of fracture spacing. Accord-

ingly, it is to be expected that the permeability of a fractured rock

mass should be strongly affected by the normal stress acting across the

fractures and by the stiffness of the fractures.

The validity of the "cubic law" (equation 3.1) to natural, nonplanar

fractures is the subject of much continuing research. This research has

included laboratory testing (e.g., Iwai, 1976; Krantz et al, 1979), field

testing of jointed blocks (Pratt et al, 1977; Voegele et al, 1981), and

phenomenological modeling (Gangi, 1978; Tsang and Witherspoon, 1981).

Recent reviews of the subject are given by Witherspoon et al (1980) and
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Witherspoon (1981). Generally, this work has concluded that the cubic

law is valid provided that it is based on a real aperture which takes

into account the roughness and tortuosity of the fracture. The perme-

ability-stress relationship is then determined by a number of factors

which influence the fracture stiffness, including fracture roughness,

fracture wall compressive strength, and the initial aperture. It

follows that the relationship will differ according to the rock type,

roughness and weathering of the fracture surface, and any infillings

that are present. The relationship will also depend on the stress

history of the fracture, and on whether displacements are purely normal

or whether shearing occurs. There may be a scale effect also related to

the fracture roughness. In most cases, actual flow is likely to be less

than the flow predicted from an idealized cubic law relationship.

It is not the purpose of this report to present a detailed evaluation of

the validity of the cubic law. For purposes of the analyses presented

below, it appears that an idealized cubic law relationship provides a

reasonably valid, and probably conservative, means for predicted perme-

ability changes in response to changes in normal stress. Figure 3-4

(solid curve) shows such a relationship between permeability and effec-

tive normal stress developed for fractures in basalt using an approach

suggested by Iwai (1976). In this relationship, fracture aperture is

determined according to the model for nonlinear fracture deformability

proposed by Goodman (1976). The constants A and t are empirically

derived from tests of fracture deformability and are dependent on rock

properties, fracture surface characteristics, and stress history. In

Figure 3-4, A and t are derived from Iwai's tests on basalt and perme-

abilities are normalized to an effective stress of 28 MPa (approximately

the lithostatic stress at a depth of 1000m in basalt).

The solid curve in Figure 3-4 can be used to determine relative perme-

abilities for any effective stress normal to the fracture in the range

0-60 MPa. This relationship has been used for all the basalt analyses

presented subsequently. (A similar relationship has been used for
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granite using different values for A and t also obtained from Iwai.)

For comparison, Figure 3-4 also shows the permeability-stress relation-

ship derived by Iwai directly from flow tests- on the same basalt

sample. The difference between the two curves represents a deviation

from the idealized cubic law relationship attributed mainly to roughness

effects. It can be seen that the idealized relationship obtained from

deformability data is more conservative in the sense that it predicts

less reduction in permeability as the normal stress is reduced below the

28 HPa reference value. Also, the relationship obtained from deform-

ability data predicts that permeability should be further reduced at

stresses above 28 MPa; by comparison, the flow tests indicate that there

is effectively no further reduction in permeability above stresses of

about 20 MPa. A point to note is that Ivai's test data were obtained

from fractures that were formed at low stress and subsequently subjected

to higher stresses. Different stress-permeability relationships might

apply to fractures around a tunnel formed at high stress levels and

subsequently subjected to lower stresses. For purposes of the analyses

presented herein, Iwai's data are considered adequate.

3.1.3.2 Analyses for Circular Opening with Isotropic Initial
Stress Condition

The permeability-stress relationship derived in the previous section can

be used to predict the changes in permeability around an underground

opening. The basic method is to calculate the changes in stresses

occurring in response to excavation and then to relate stress changes to

permeability changes given the relationship shown in Figure 3-4. A

number of simplifying assumptions must be made:

* fracture aperture and spacing are statistically
uniform throughout the rock mass prior to exca-
vation,

* there is no change in fracture spacing or conti-
nuity in response to excavation,

* stress changes can be calculated using elastic or
elasto-plastic solutions,
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* permeability is determined by fractures perpen-
dicular to specified stress orientations.

In the analyses presented in this section, the initial stress condition

is defined by two equal principal stresses acting in a plane normal to

the penetration axis. In a sense this isotropic model is a hydrostatic

stress condition although the stress in the direction of the penetration

axis is ignored. The analyses are equally applicable to shafts or

tunnels provided that the effects of gravity loosening of the rock mass

in a tunnel roof are ignored. Also, the effects of pore pressures and

temperature changes are presently ignored. Figure 3-5 shows the stress

distributions in the radial and tangential directions around a circular

opening for the elastic case. Corresponding permeabilities are obtained

from Figure 3-4 with K0 established at 28 MPa. It will be noted that

the axial (vertical for a shaft) permeability is increased close to the

excavation whereas the radial permeability is reduced. The analysis

assumes that the axial permeability is determined by continuous circum- 1

ferential (or "onionskin") fractures normal to the radial stress, and

that the radial permeability is determined by fractures normal to the

tangential stress. -J

Figure 3-6 shows the same analysis for the elasto-plastic case again

assuming hydrostatic in situ stresses. The stress distribution is

obtained using an analytical solution which predicts the extent of a |

failed (plastic) zone around a circular opening as a function of stress

and rock properties. Analytical solutions developed by Bray (1967),

Jaeger and Cook (1969), and Hoek and Brown (1980) were found to yield

similar results. Details of one of the solutions and of the rock

strength parameters used are given in Appendix B.

In the elasto-plastic case, both the tangential and radial stresses are

reduced in the plastic zone close to the excavation so that the corres-

ponding radial and axial permeabilities are both increased. The maximum

value of the axial permeability is the same as for the elastic case but

the thickness of the disturbed zone is greater. Also, both components

of axial flow (corresponding to radial and circumferential fractures)
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are increased. If the elasto-plastic case exists in reality, it is of

major significance that axial permeability will be increased in the

disturbed zone if either radial or circumferential fractures exist. If

the elastic case is more relevant, the disturbed zone permeability is

increased only if circumferential fractures exist, since the tangential

stress concentration will tend to close radial fractures.

In one sense, the analyses performed are conservative in that they

assume the existence of continuous fractures oriented in the least

favorable direction, i.e., normal to the direction(s) in which stresses

are reduced. Actual fracture patterns will be more complex but as a

first approximation, real cases can be modeled reasonably well as

idealized radial or circumferential sets. Figure 3-7 illustrates the

effect of fracture orientation on the extent of the zone in which the

original, undisturbed permeability in the axial direction around a

circular opening is increased by a factor of 10 or more. The extent of

the disturbed zone with radial and tangential fractures, as considered

previously, is compared against the extent of the disturbed zone with

orthogonal fractures oriented parallel to the far-field in situ stresses

and with a single fracture set oriented parallel to one of the far-field

stresses. With an elastic stress distribution, it is anticipated that

axial permeability will be increased only where fractures are tangential

to the surface of the opening. With an elasto-plastic stress distri-

bution, permeability is increased all around the opening with the dis-

turbed zone more extensive where there are fractures tangential to the

surface of the opening. With the elasto-plastic stress distribution,

there is essentially little difference between the cases with radial and

tangential fractures and orthogonal fractures.

The significance of the permeability distributions obtained with either

the elastic or elasto-plastic analyses is that the permeability reduces

rapidly away from the excavation. With the more conservative elasto-

plastic case, the permeability is five to ten times greater than the

undisturbed permeability at a distance of about one radius from the

excavation and only tw times greater at two radii. In a locally
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variable, fractured rock mass, permeability differences of less than one

order of magnitude are not considered to be highly significant. As

noted previously, the analyses are conservative in that conducting

fractures are assumed to occur in the direction normal to the minimum

stress. On the other hand, there is no allowance for any increases in

fracture frequency or continuity close to the opening. On balance, the

analyses may offer a reasonable approximation of actual disturbed zone

characteristics.

3.1.3.3 Circular Opening With Anisotropic Initial Stress Condition

The elastic and elasto-plastic analyses discussed in the previous sec-

tions assumed that the initial stress condition is defined by two equal

principal stresses acting in a plane normal to the penetration axis.

Although detailed analyses have not been conducted, it is possible to

evaluate the effects of unequal principal stresses conceptually. Figure

3-8 shows a circular opening in a stress field in which the principal

stresses in the plane normal to the penetration axis are 2P and P. At

.the points A and A', the tangential stresses close to the surface of the

opening will be lower than the tangential stresses that would act at the

same points if the far-field stresses were P in all directions. Con-

versely, at the points B and 8' the tangential stresses will be higher

than for the isotropic stress case. It is thus postulated that the

extent of the disturbed zone will be greater at A and A' than at B and

B'. In a highly anisotropic stress field it is possible that tension

could develop at A and A' in which case fracture permeability would be

significantly increased close to the surface of the opening.

The effects of anisotropic initial stresses will depend on several fac-

tors including stress ratio, absolute stress level (as determined by

depth), rock properties, and the orientation of fractures with respect

to the principal stress orientations. Detailed analyses beyond the

scope of this preliminary report are required to evaluate these 'ac-

tors. Until these analyses are conducted, the analyses in this report

should be considered applicable only to isotropic (or nearly isotropic)

stress fields.
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3.1.3.4 Effects of Pore Pressure

The analyses presented in the previous two sections have ignored the

possible influence of pore pressures. Effective stresses acting across

joints have been calculated from the overburden load and the in situ

stress ratio, with pore pressures assumed to be zero. As discussed in

this section, pore pressures might have a significant influence on

disturbed zone characteristics. Rigorous evaluation of these effects,

however, would require a sophisticated coupled model considered beyond

the scope of this report.

Conceptually, pore pressures might influence disturbed zone charac-

teristics in two ways. First, pore pressures acting in fractures will

increase the fracture permeability because permeability is determined by

the effective normal stress acting across the fracture. It appears

reasonable to ignore this effect for two reasons. In the near field,

close to the penetration, the pore pressures will be reduced by drawdown

and the normal stresses acting across fractures will be essentially

those determined by the rock load. In the far-field, away from the

influence of the drawdown, the pore pressures may be high (possibly as

much as 40 percent of the total stresses), but for a deep shaft or

tunnel their effect will be relatively minor because permeability is

relatively insensitive to stress changes at high stress levels (Figure

3-4).

The second means by which pore pressure may affect disturbed zone

characteristics concerns the reduction in rock mass strength that arises

in response to reduced effective stresses. Reduced rock mass strength

could result in an extension of the plastic zone developed around a

penetration. For example, consider a shaft excavated in basalt at a

depth of lOO1m with a pore pressure of 12 MPa (approximately equivalent

to a GOOm head). A simplified analysis shows that the extent of the

plastic zone (measured from the shaft wall) is increased from approxi-

mately 0.8 shaft radii for the case with no pore pressure (as shown in

Figure 3-6) to approximately 2.0 radii for the case with 12 MPa pore

pressure. It must be noted, however, that this is a worst-case analysis
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which ignores dissipation of pore pressures due to drawdown. A second

simplified analytical approach is to model effective stresses in terms

of steady state drawdown of pore pressures in the region surrounding the

shaft. This indicates the extent of the plastic zone to be about 1.3

shaft radii. In practice, the extent of the plastic zone would fall

between these two bounding analyses. Drawdown around the shaft would

occur but probably simultaneously with the plastic deformations. X

Rigorous analysis of the extent of the plastic zone would require a

coupled model to account for the interaction of rock mass deformation,

drawdown, and permeability changes. Such an analysis is considered

beyond the scope of this report and is possibly not justified at present

given the uncertainty regarding in situ rock properties. Conceptual

consideration of the effects of pore pressure indicates that the elasto-

plastic analysis presented in Section 3.1.3.2 may underestimate the

extent of the plastic zone. In this sense, the analysis may underes-

timate the extent of the disturbed zone in which permeability is signi-

ficantly increased. On the other hand, the analysis is considered

conservative in that it is based on an idealized cubic law relationship

between stress and permeability.

3.1.3.5 Effects of Temperature on Disturbed Zone Characteristics

The analyses described previously have assumed constant temperature

conditions. In a repository, however, the rock mass will be heated by

decay of the waste. Approximate temperatures at a number of points in

the repository and the shaft pillar for a repository in basalt are shown

in Table 3-1. These temperatures are calculated .or the geometry of the

proposed BWIP repository (Rockwell Hanford, 1981) in which the shafts

are located in a central shaft pillar between two main storage panels.

The horizontal separation between a storage panel and the central shaft

is 350 m. The temperatures presented are based on simplified calcu-

lations and probably over-estimate actual temperatures. They are pre-

sented to illustrate the contrast between different parts of the reposi-

tory.
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Table 3-1. Approximate Temperatures for a Repository in
Basalt as a Function to Time

Location Time

100 years 1000 years 10,000 years

Access tunnel in storage area 70 78 70

Tunnel in shaft pillar lOOm 63 68 65
from edge of storage area

Base of shaft 62 62 65

temperatures in *C
ambient temperature = 62*C

In evaluating the effects of increased temperatures on disturbed zone

characteristics, it is instructive to first review test results from the

jointed block test at the Colorado School of iines (CSM) test mine, and

from tests at the Stripa mine in Sweden. In the CSM test (Voegele et

al, 1981), fracture permeability was studied as a function of stress and

temperature. In one series of tests the normal stress acting across the

fracture was first increased from 0 to 3d1 MPa with a constant tempera-

ture of 12-C. This stress increase reduced the effective fracture

aperture from about 47 to 30 microns. The temperature was then

increased under constant stress and the aperture was further reduced to

18 microns at 41C and 9 microns at 74C. The temperature increase thus

reduced the fracture permeability from 75 to 7 darcys. This effect was

attributed to improved mating of the opposing fracture surfaces in

conditions which progressively better matched the temperature and pres-

sure environment in which the fracture was formed. In contrast to this

result, a second experiment was conducted where the temperature was

increased with no applied stress. In this case the aperture was found

to increase from 42 microns at 17C to 48 microns at 51'C. This effect

was attributed to thermal expansion of the roughness profile. A point

to note regarding these tests is that temperatures were relatively

constant throughout the block.
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At Stripa, evidence for temperature effects was obtained from heater

tests and the macropermeability test. The heater tests included ultra-

sonic velocity measurements between boreholes located adjacent to the

heater (Paulsson and King, 1980). One set of measurements showed that

P-wave velocities increased from 5,850 m/sec before the heater was

turned on to about 6,020 m/sec 150 days after turn-on. Similar

increases were observed for S-wave velocities. These increases may be 7
attributed to joint closure in response to thermal stresses established

by the steep temperature gradient away from the heater. A second effect

noted from the heater test (Hood, 1979) was that extensometers emplaced

on opposite sides of the main heater hole indicated a net outward dis-

placement (i.e., that the hole expanded). The significance of this

observation is discussed below. The macropermeability test conducted at

Stripa is described in Section 3.2.2. At this point it is sufficient to

note that the rock mass permeability immediately adjacent to a tunnel

was observed to be reduced slightly as the temperature was raised-from

20C to 30%C (Nelson and Wilson, 1980). This result is also believed to

be due to temperature gradients away from the room which establish

thermal stresses and close fractures.

These examples have been included to show that the effects of tempera-

ture on disturbed zone permeability will depend greatly on boundary

conditions. In the storage rooms, there are likely to be significant

thermal gradients away from the waste canisters emplaced in the floor.

In this case, both the radial and tangential stresses around the room

will be increased relative to the unheated case. Permeabilities in both

the radial and axial directions will thus be reduced relative to the

unheated case for at least the period while the high temperatures are

maintained. Even during this period, however, it is likely that there

will be an increase in permeability relative to the undisturbed case.

For one reason, joint deformations are seldom completely reversible.

For another, stresses in the radial direction must reduce to zero at the

excavation (assuming an open hole) so that permeabilities in the axial

direction must be correspondingly increased (assuming that fractures

occur in the axial direction).
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Away from the storage rooms, for example in the shafts and the tunnels

joining the shafts to the repository, the temperatures will be lower and

will be more uniform. In this case thermal stresses will be low and the

effects of temperature will be related to expansion of the rock mass.

Theoretically, the nature of this expansion adjacent to the tunnel or

shaft is determined by the boundary conditions applied. If the boundary

condition is one of constant stress, the excavation will expand out-

wards. If the boundary condition is one of constant displacement, the

excavation will contract inwards. As noted above, test results from

Stripa indicate that the constant stress condition appears to apply in

that the excavation was observed to expand outwards. This expansion

results in a circumferential expansion and an increase in the perme-

ability of radial fractures. Simultaneously, there would be compression

in the radial direction and a reduction in the permeability of axial

fractures.

The discussion above indicates that increased temperature should tend to

reduce permeabilites in the disturbed zone at least in the axial direc-

tion. In the storage rooms the temperature rise will occur rapidly

after waste emplacement but temperatures decline in the period 100 to

1,000 years following emplacement. In the shafts, and tunnels close to

the shafts, the temperature rise is not very great and it does not occur

for about 1,000 years following waste emplacement. At present it is

concluded that no reliance should be placed on temperature increases to

alleviate disturbance effects. As discussed in Section 5.1.5, further

disturbed zone studies should include more rigorous modeling of the rock

mass. This modeling should include temperature changes in order to

confirm the effects postulated herein.

3.2 PREVIOUS INVESTIGATIONS OF DISTURBED ZONE CHARACTERISTICS IN SHAFTS

AND TUNNELS

Valuable information regarding disturbed zone characteristics may be

obtained from a review of previous investigations. If sufficient data

were available it might be possible to identify general trends for use

in design prior to site-specific testing, relating for example a
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disturbed zone thickness and permeability to penetration radius and

excavation method. A literature review reveals that many studies have

been conducted to evaluate the disturbed zone but these usually

emphasize mechanical rock characteristics rather than permeability which

is of major significance to penetration sealing. Important exceptions,

where permeability has been measured directly, include tests conducted

for the NWTS Program at the Stripa Mine in Sweden, and at the Colorado

School of Mines test mine. Sections 3.2.1 and 3.2.2 review these two

tests in detail while Section 3.2.3 reviews results from other sites.

Section 3.2.3 is not intended to be a complete literature review. It is

included to illustrate the variability in the results obtained, and to

give examples of techniques that might be used in disturbed zone inves-

tigations at repository sites.

3.2.1 Colorado School of Mines Investigations

The Colorado School of Mines (CSM) has established a mining technology -
research facility at the Edgar Mine located at Idaho Springs,

Colorado. A mining technology research program sponsored by ONWI is

directed specifically toward evaluating the structural damage caused by

various types of blasting and toward measuring permeability in the

disturbed zone (Hustrulid et al, 1980). ONWI is also sponsoring a

heated block test conducted at the same site by Terra Tek (Voegele et

al, 1981).

The disturbed zone and heated block tests are being conducted in an

experimental room excavated specifically for the tests. The room is 5 m

wide, 3 m high and 30 m long and was excavated using 10 different blast-

ing patterns. Variations of a Swedish, smoothwall technique were used

for seven rounds and variations of the Livingstone blasting method,

developed in the U.S., for the other three. The rock cover above the

experimental room is about 100 m and the room is located above the water

table.

The principal rock type in the experimental room is a varyingly-banded,

biotite gneiss which is intruded and recrystallized by granitic
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migmatites and pegmatites. Fracture patterns have been mapped in detail

in the experimental room and in adjacent drifts and raises. At least 10

structural trends have been recognized but in practical terms there are

3 main fracture sets each steeply dipping or vertical. In the heated

block, fracture spacing varies from 60 to 100 cm for the 3 major sets

(Voegele et al, 1981).

The damage zone evaluation is being made using boreholes drilled from

the tunnel. Three 30 m long holes were drilled parallel to the tunnel

axis and a pattern of 6.5 and 7.0 m long radial holes was drilled at

each of 6 different blast round locations. The techniques used for

disturbed zone assessment include:

* core logging,

* borescope and/or TV logging,

* cross-hole ultrasonic measurements,

* single-packer, air-injection permeability measure-
ments,

* guarded-packer, water-injection permeability mea-
surements,

* boreho-le deformation measurements using the CSM
Cell and the Goodman Jack.

Other tests in the mine include roof to floor and wall to wall conver-

gence measurements using convergence meters and tape extensometers, and

in situ stress measurements using the CSIRO and USBM gages, as well as

the heated block test referenced above. Currently, only preliminary

results are available from the CSM studies (Montazer & lustrulid, 1981),

from which the following tentative conclusions can be drawn:

* the blast damaged zone is estimated to be less
than I m wide;

* tangential stresses close to the excavation are
approximately 6 MPa compared with an undisturbed
value of about 2.1 MPa; the total width of the
zone of stress increase is about 9 m, i.e., 1.8
times the tunnel width;
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* radial permeability (as measured in boreholes
parallel to the tunnel axis) is reduced by I to 2
orders of magnitude within about 2 m from the
tunnel face;

* axial permeabilities (as measured in the radial
boreholes) close to the tunnel walls are typically
several orders of magnitude greater than the
radial permeabilities; these results may be
affected by communication between the packed-off
zone and the tunnel face, and by leakage around
the packers which were difficult to seal close to
the tunnel face;

Generally, the results from the permeability tests tend to confirm the

predictions for an elastic stress distribution (Section 3.1.3.2) that .
axial permeabilities should increase, and radial permeabilities de-

crease close to an excavation. Results from the ultrasonic tests are

not yet available.

3.2.2 Stripa Investigations

A comprehensive investigation of fracture system geometry and the

coupled interactions of heat flow, fluid flow and fracture deformation

in crystalline rock has been conducted by Lawrence Berkeley Laboratory

and the Swedish Nuclear Fuel Supply Company at the Stripa iron ore mine

in Sweden (Witherspoon et al, 1981). The Stripa investigations provide

direct evidence of a disturbed zone and can be used for a comparison

between observed and predicted disturbed zone characteristics.

3.2.2.1 Test ?rogram and Results

The in situ tests at Stripa were conducted in a number of experimental

drifts excavated in 1977 using smooth-blasting techniques (Andersson and

Halen, 1978). The drift of particular interest herein regarding dis-

turbed zone assessment, the "ventilation drift" (see below), is arch-

shaped 4 m high and 4 m wide at the floor.

The experimental rooms are located in a medium-grained granite intruded

by pegmatite and aplite dykes. Detailed fracture mapping showed that

four major joint sets exist in the test area, one approximately
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horizontal and three roughly orthogonal sets dipping in the range 45 to

70'. In the ventilation drift two major joint sets strike obliquely to

the drift axis (Olkievicz et al, 1979). Fracture frequency measured in

holes drilled from the drift is on average 4.5 joints/m in inclined

holes and 2.9 joints/m in vertical holes.

The tests conducted at Stripa have included:

* heater tests to evaluate near-field rock mass
thermomechanical behavior (using thermocouples,
estensometers, and USEM borehole deformation
gages);

* borehole logging methods for fracture detection,
including: core logging, borescope and television
inspection, and various geophysical logs (neutron,
gatma ray, gamma-gamma, resistivity, sonic, dif-
ferential resistance, caliper);

* cross-hole ultrasonic measurements for fracture
detection;

* packer injection tests for measuring permeability
in boreholes;

* in situ stress measurements (using MRAD vibrating
* wire stressmeters);

* macropermeability test.

The macropermeability test is of particular interest to disturbed zone

assessment. This was a test designed to measure the permeability of a

large volume of low permeability, fractured rock by monitoring water

inflow into a 33 m long section of the ventilation drift (Nelson and

Wilson, 1980). Water inflow was monitored as the net moisture pick-up

of the ventilation system inside a sealed portion of the drift. Hydrau-

lic gradients around the drift were determined by monitoring water

pressures in piezometers installed in a total of 90 isolated intervals

in 15 radial boreholes drilled from the drift. Figure 3-9 is a plot of

head measured in the boreholes versus radial distance from the wall of

the drift. Using this plot, an average rock mass hydraulic conductivity

may be calculated from the observed gradient (the slope of the head-

distance plot) and the water inflow monitored in the tunnel. If the
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weighted average line shown in Figure 3-9 is projected to the drift

wall, it indicates a higher water head than can exist in practice. This

indicates that there is a zone, approximately 2.5 m thick adjacent to

the walls of the drift, in which the hydraulic conductivity is reduced

by a factor of approximately three.

Other disturbed zone assessments at Stripa were made by direct inspec-

tion of fractures produced by blasting and by borehole logging. A

detailed inspection of the smooth-blasted tunnel walls showed that 10

percent of the outer ring holes had wavy fractures along their length

(Andersson and Halen, 1978). The fractures were caused by blasting and

their length ranged from 0.1 to 1.0 m. The extent of these fractures

perpendicular to the tunnel ialls was investigated by drilling a number

of short core holes each intended to follow a particular fracture. The

average extent of fractures was found to be about 0.3 m. Considering an

average explosive charge for the contour holes of about 0.3 kg/a,

Andersson and Halen report that the Stripa results appear to correspond

to a general rule developed in Sweden that the extent of fracturing

caused by blasting measured in meters roughly corresponds numerically

with the charge measured in kg/a (see Section 3.3).

3.2.2.2 Evaluation of Results

Nelson and Wilson (1980) suggested that the permeability reduction close

to the tunnel wall observed in the macropermeability test might be

related to thermal expansion of the rock or to chemical precipitation as

the water evaporates into the tunnel. Although these explanations may

be at least partly valid, an alternative explanation offered herein is

that the permeability is reduced in response to the tangential stress

concentration around the opening. As discussed in Section 3.1.3.2,

considering a rock mass which deforms elastically, the expected stress

changes around an underground opening are that the radial stresses are

reduced close to the opening whereas the tangential stresses are in-

creased. One theoretical result is that the permeability of fractures

oriented radially to the axis of the opening should be reduced. The

Stripa test was conducted in a good quality rock mass at relatively
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shallow depth where the deformational behavior is probably close to

elastic. Also, the macropermeability test is largely a measure of

radial flow and is likely to be affected by changes in permeability

along fractures conducting flow in a radial direction.

The hypothesis that the observed reduction in hydraulic conductivity is

related to stress changes is tested by comparing the observed changes

with those predicted using the analytical approach described in Section

3.1.3.2. The predicted hydraulic conductivity is based on the cubic law

for fracture flow and on empirical data for fracture deformability (for

a granite specimen) obtained by Iwai (1976). The far-field hydraulic

conductivity away from the influence of the room is set as I x 10-8

cm/sec, the value inferred from the 20C macropermeability test (Figure

3-9).

As noted previously, the macropermeability test revealed a constant

hydraulic conductivity beyond a radial distance of 2.5 m from the tunnel

wall. Closer to the wall, the conductivity appeared to be reduced but,

because no head measurements were obtained within this zone, only an

average hydraulic conductivity could be assigned. Consequently, the

macropermeability test provides only two averaged data points to compare

against the continuous hydraulic conductivity versus radial distance

plot obtained by analysis. As shown by Figure 3-10, the predicted zone

of reduced hydraulic conductivity extends further from the excavation

wall than does the observed zone of reduced conductivity. Nonetheless,

the two methods are in close agreement as regards the average conduc-

tivity of the zone within about 3 to 4 m of the tunnel wall.

The comparison between predicted and observed disturbance can also be

made on the basis of predicted versus observed head distributions.

Figure 3-11 shows head distributions calculated using a finite element

solution for radial flow towards a circular opening. The head distribu-

tion is calculated for the hydraulic conductivity profile shown in Figure

3-9 by specifying the far-field head, the head at the tunnel wall, and

the flow volume. As shown, there is close agreement between the
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predicted and observed distributions. This agreement is due in part to

restrictions imposed by the specified boundary conditions but is also

considered to be partial validation of the analytical approach used.

The good comparison between observed and predicted disturbance obtained

for the Stripa case is taken to be a validation of the analytical

approach used and of the stress-permeability relationship based on

fracture deformability data. The good comparison is especially in-

teresting in view of some of the assumptions involved in the analysis.

For example, the laboratory fracture deformability data obtained by Iwai

(1976) was for an artificially induced fracture in a granite specimen

not obtained from Stripa. Also, the analysis assumes the existence of

radial fractures. The correspondence between predicted and observed

effects thus obtained may indicate that such fractures do control flow

toward the drift; the analysis would not hold if flow was controlled,

for example, by a single set of fractures oriented normal to the drift

axis.

As described, the effect of a tangential stress concentration around the

ventilation drift is to reduce the permeability in the radial direc-

tion. Conversely, the radial stresses adjacent to the drift wall are

reduced so that the permeability of any fractures parallel to the walls

of the drift should be increased. Figure 3-12 compares radial and

longitudinal hydraulic conductivities calculated using the method pre-

viously described. Because of the non-linear relationship between

stress and fracture permeability, the increase in hydraulic conductivity

in the longitudinal direction is greater than the reduction in the

radial direction.

3.2.3 Other Disturbed Zone Investigations in Fractured Rock

As noted previously, a literature review has revealed few cases (other

than CSM and Stripa) where disturbed zone permeability has been

measured. There are many case histories in the general rock mechanics

literature where the extent of the disturbed zone is indicated by varia-

tion in geophysical or mechanical properties.
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3.2.3.1 Permeability Measurements

Fisekci & Barron (1975) measured permeability as a function of depth in

coal pillars at mines in Canada and Australia. The investigations were

related to methane-inflow problems and permeability was evaluated from

the rate of pressure increase due to methane inflow in packed-off sec-

tions of boreholes. Figure 3-13 shows permeability as a function of

depth into the pillar face at the two sites. In one case the perme-

ability increases by nearly three orders of magnitude near to the edge

of the rib but in the other case the increase is much less dramatic.

This difference may be attributed to the greater depth of cover, and

correspondingly lower undisturbed permeability, at the site displaying

the greater change in permeability.

Barron (1978) used an air-injection method to investigate the degree of

fracturing in coal pillars. In this case the air inflow in a packed-off

section of a borehole was related to a fracture index which is inversely

proportional to permeability. Figure 3-14 shows the variation in per-

meability observed across the complete width of a pillar. These results

are interesting in that the variation in permeability closely matches

the theoretical stress distribution across the pillar. Higher perme-

abilities close to the pillar edge correspond to a destressed zone,

whereas lower permeabilities within the pillar correspond to increased

stresses in abutment zones.

An air-injection method has also been used by the U.S. Geological Survey

to study the intensity of fracturing around a 3m (10-feet) diameter

tunnel in volcanic rocks at the Nevada Test Site (Miller et al, 1974).

Injection tests were run at 0.3 m intervals in 17 boreholes drilled from

the tunnel. Characteristically, the flow rates obtained were either

very low (indicating no fractures present) or relatively high (indi-

cating fractures present in the test interval), with ninety percent of

the high flow rates recorded within 1.7 m of the tunnel face. Obser-

vations in the tunnel revealed many induced fractures attributed to

blasting or stresses exceeding the rock strength. These induced frac-

tures are probably responsible for the marked increase in permeability
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within 1.7 m of the tunnel face. The opening of pre-existing fractures

in response to stress relief might be expected to produce a more grada-

tional increase in permeability.

Miller et al's, air injection method has been used by the U.S. Bureau of

Mines to investigate fracturing around a shaft in the Coeur d'Alene

mining district (Miller and Skinner, 1980). As at the Nevada Test Site,

the flow rates obtained were typically very low away from the opening

and much higher (6 orders of magnitude) in a surface zone extending 0.6

to 1.2 m from the shaft wall. Again as at the Nevada Test Site, the

marked increase in permeability results from the creation of fractures

by blasting and stress relief. Miller and Skinner report that the air

injection method can be used to detect permeabilities as low as 1 micro-

darcy. They also note previous work by the USBM (Chan et al, 1974)

which showed that the air-injection method could be used to indicate

chemical grouting feasibility.

3.2.3.2 Geophysical Methods

Seismic methods have been used in many cases to delineate the "loosened"

or destressed zone in the walls of structures such as underground power-

houses or tunnels. Two methods have been used, seismic refraction and

cross-hole acoustical surveying. The following sections provide exam-

ples of these methods where a disturbed zone has been delineated. A

further discussion of the techniques involved is given in Section

5.1.3.1.

Seismic refraction was used at the Belledonne water-supply tunnel in

France (Plichon, 1980). This is a circular tunnel, 5.88 m in diameter

and 18,200 m long, driven in part by drill-and-blasting and in part

using a full-face tunnel boring machine. The tunnel is driven through

granite and granite-gneiss with a cover of greater than 2000 m in the

central part. Measurements of seismic velocity in the tunnel walls made

using the "petite sismique" method (see Section 5.1.3.1) typically

revealed an inner decompressed zone of reduced velocity immediately

adjacent to the tunnel wall, and an outer compressed zone of increased
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velocity (Figure 3-15). The thickness of the decompressed zone was

found to vary from 1.0 to 1.8 m and the velocity varied from 65 to 87

percent of the velocity in the undisturbed zone. The thickness of the

decompressed zone was found to be greatest in one of the stations in the

machine-bored section of the tunnel but there are too few measurements

to attach much significance to this observation. There is no evidence

that the disturbed zone is any thicker or any more fractured in sections 7

excavated by drill-and-blast than in machine-bored sections.

Seismic refraction was used also in a pressure tunnel at the Tavera

project in the Dominican Republic (Murphy, 1972). This approximately 3m

diameter tunnel was driven through conglomerate, siltstone, and shale,

presumably by drill-and-blast methods. In a conglomerate section, two

layers were found within the disturbed zone, with velocities approxi-

mately 30 percent and 70 percent of the velocity in the undisturbed

rock. The combined thickness of the two layers was about 2.4 m.

Similar trends were measured in a shale and siltstone zone of the

tunnel.

A third seismic refraction case history is given by Brizzolari (1981)

from investigations in a mine access tunnel excavated in shale. Seismic

profiles were run at four 36 m long test zones revealing a loosened zone

(velocity reduced by approximately 30 percent) ranging in thickness from

less than 0.5m to 1.5m. Unfortunately, the diameter of the tunnel is

not given. The results are interesting, however, in that the loosened

zone appeared to be only half as thick at one station where a tunneling

machine had been used compared with the other stations where blasting

was used. Also, repeated surveys showed that the loosening was progres-

sive over a period of up to three years. (This progressive loosening

may indicate swelling of the shale; loosening in hard rock should occur

much more rapidly.)

Figure 3-16 is an example of disturbed zone extent indicated by cross-

hole seismic methods from the Rama Tunnel in Yugoslavia (Kujundzic et

al, 1970). The measurements were made longitudinally along the tunnel
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between two sets of radial boreholes drilled 1.2 m apart. The tunnel,

5.0 m in diameter, was driven in steeply-dipping dolomites by drill-and-

blast methods. As shown by the figure, the loosened zone adjacent to

the tunnel was found to be less than l m thick. Surrounding the

loosened zone is a compressed zone indicated by increased velocities.

A similar cross-hole method was used in an exploratory tunnel at the

Turlough Hill power plant in Ireland (O'Donoghue and O'Flaherty,

1974). This 2.5 x 2.5 m tunnel was driven by blasting through variably

jointed and decomposed granite. The results indicated that the depth of

loosening was related to the intensity of jointing and decomposition in

the undisturbed rock. In "almost unjointed" granite the depth of

loosening was 0.5 to 1.25 m, whereas in "very intensely" jointed rock

the depth increased to 2.5 m.

Seismic refraction and electrical resistivity methods were used to

measure the disturbed zone around the Straight Creek Tunnel (now named

the Eisenhower Tunnel) pilot bore in Colorado (Scott et al, 1968). The

pilot bore was 4 m in diameter, 2,500 m long, excavated using

drill-and-blast methods. The bore was driven through granite, gneiss,

schist, and migmatite which were extensively faulted and sheared and

locally altered. Cover ranged up to 430 m. Seismic refraction measure-

ments were made by positioning 10 high frequency detectors along the

tunnel walls (spacing of 1.5 to 7.6 meters) and setting small explosive

charges in shallow drill holes at the end and near the midpoint of each

array. A low-velocity layer was identified adjacent to the tunnel

walls, varying in thickness from less than 1 m in more competent

sections of rock to about 5 m in severely fractured sections of rock.

The low-velocity layer was attributed to two mechanisms, blast damage,

and adjustment of stresses due to excavation. Blast damage was esti-

mated to extend probably only a "few feet" into the rock.

Electrical resistivity measurements were made using electrodes posi-

tioned horizontally in the Wenner configuration along the walls of the

tunnel, using spacings of up to 9 m. A layer of high-resistivity rock
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was identified adjacent to the tunnel walls, ranging in thickness from

0.3 to 3 m. It was concluded that the high resistivity layer thickness

was an upper bound on the depth to -.;h blast damage occurred. A

detailed comparison of the depth of the "disturbed" rock layer measured

by the two different methods (seismic and resistivity) is not possible

from the data presented; however, in all cases, it appears that seismic

refraction measured a larger disturbed zone than the resistivity method.

Extensometers were installed in the pilot bore and Scott et al found a

good correlation between the thickness of the low-velocity layer and the

height of the "tension arch" developed above the tunnel. The height of

the tension arch was defined as the transition point between zones of

compression and tension in the rock above the bore as indicated by

extensometer measurements (or estimated from load cell measurements).

Rock within the tension arch was observed to move toward the excavation;

rock outside the tension arch was observed to move away from the exca-

vation. Scott et al also found a close correlation between the thick-

aess of the low-velocity layer and rock quality (Figure 3-17a). Rock

quality was evaluated from observations of the fracture spacing, mineral

alteration, faulting, foliation, and schistosity, and was assigned an

index rating from 5 (worst) to I (best). A similar close correlation

was established between the thickness of the low-velocity layer and the

seismic velocity of the deep, undisturbed zone (Figure 3-17b).

Resistivity measurements have also been used by the U.S. Bureau of Mines

(unpublished) to measure zones of fractured rock surrounding tunnels in

the Climax Mine in Colorado. The purpose of these measurements was to

establish an index of caveability for the block caving mining method

used at the mine. The tunnels were approximately square in cross sec-

tion, 2.2 m high, excavated using drill and blast methods in a rela-

tively competent granitic gneiss. A Wenner electrode configuration was

applied to the tunnel walls, similar to the procedure used at Straight

Creek. A high resistivity layer approximately 1.2 to 1.5 m thick was

identified. No other observations or indirect measurements of the

disturbance around the tunnel were made with which to correlate these

results.
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These examples have been included to illustrate that geophysical (mostly

seismic) methods have been used to delineate a disturbed zone in a

variety of rock types. In some cases, seismic surveys appear to indi-

cate a two-layer disturbed zone with both destressed and compressed

(high velocity) zones. In other cases there may be only a destressed

zone. Section 5.1.3.1 considers the possibility that this distinction

may be related to the direction (longitudinal or radial) in which the 7
seismic waves are transmitted. Section 5.1.3.1 also considers the

possibility for estimating permeability from velocities.

3.2.3.3 Mechanical Methods

Other methods which have been used to delineate a disturbed zone include

fracture logging, borehole extensometers (which indicate displacement

toward the excavation), and various techniques for measuring rock mass

deformability as a function of distance from the excavation face.

Figure 3-18 shows the variation of-in situ modulus and Rock Quality

Designation (RQD) measured in the pillar between two parallel tunnels in

the Climax Granite at the Nevada Test Site (Heuze et al, 1981a). The

moduli were measured using an NX-borehole jack (Goodman Jack) and the

RQD was determined from conventional core logging. In hard, unweathered

rock, RQD is an expression of fracture frequency. The south heater

drift has dimensions 3.3 m high by 3.4 m wide, whereas the canister

drift is 6.2 m high by 5 m wide. Both drifts were excavated by

blasting.

The Climax results generally show a reduction in modulus of about 50 to

75 percent in a zone adjacent to the tunnel walls about 1.0 to 1.5 m

thick. The pattern of the variations across the pillars is similar to

the variation in vertical pillar stress obtained from numerical modeling

(Heuze et al, 1981b). No clear trend is apparent from the variation in

RQD values (particularly when considering other profiles not shown in

Figure 3-18). A tentative conclusion from these results is that the

disturbed zone results more from stress relaxation (which opens frac-

tures and reduces modulus) than from creation of new fractures by blast-

ing.
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Plate-jacking tests were used to determine the extent of the disturbed

zone at the Churchill Falls underground powerhouse in Canada (Benson et

al, 1970). Tests were performed in 2.1 by 2.4 m test drifts excavated

in gneiss using controlled perimeter blasting. It was found that the

damaged zone was less than I m thick with the effects most pronounced

within 0.3 m of the tunnel walls. Figure 3-19 shows the degree of

elastic recovery observed in the tests as a function of depth from the

tunnel wall. Within 0.3 m of the tunnel at least half of the defor-

mation is irrecoverable, whereas at depths greater than I m more than -

80% is recoverable. The damage observed in these tests was attributed

to blast damage rather than to stress relaxation. For some of the

tests, up to 0.6 m of obviously blast-damaged material was removed from

jacking locations using percussion drills and hamers. In these zones,

"minute cracks" parallel to the face could still be seen in drill holes

within 0.15 to 0.3 m of the excavated surface.

Multiple-point borehole extensometers have been used in many underground

excavations to measure displacements induced by excavation. Extenso-

meters installed at the time of excavation could indicate the true

extent of the disturbed zone (as the point at which there is no dis-

placement) and provide a direct measure of the dilation of the rock

mass, but it is difficult to relate the measurements to permeability

changes. Also, extensometer data are valuable for characterizing rock

mass deformational behavior as elastic or plastic (Section 3.1.1).

Figure 3-20 shows typical displacement-depth profiles obtained from two

large cavities constructed in tuff at the Nevada Test Site (Cording et

al, 1971). Three types of displacement are clearly distinguished by the

extensometer data. Comparisons between measured displacements and those

predicted from elastic theory indicate a low-modulus loosened zone about

1 m thick. A disadvantage of extensometers for distinguishing a dis-

turbed zone is that much of the movement can occur before the exten-

someter is installed. In a test tunnel a more complete displacement

history can be obtained by installing extensometers from a small-

diameter pilot bore and then enlarging to full size.
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3.3 DAMAGE DUE TO BLASTING

3.3.1 Review of Field Investigations
p.-

Several of the studies described in the previous sections distinguished

damage due to blasting from that due to stress redistribution. At these

sites the thickness of the blast-damaged zone ranged from 0.3 m, at

Stripa to 0.3 to 0.6 m at Churchill Falls, less than I m at Colorado

School of Mines, and "a few feet" at Straight Creek. Other studies,

described below, have evaluated the effects of blasting more specifi-

cally.

The USBM has conducted experiments to measure blast damage extent around

single shot holes in shale (Siskind et al, 1973) and granite (Olson et

al, 1973). Although these experiments may not relate directly to tunnel

or shaft excavation, they do illustrate general trends. In the granite

tests the radius of the damaged zone, estimated from core logging and

sonic velocities, was found to increase with increased explosive charge

from about 0.25 m for a 0.25 kg charge to 0.77 a for a 2.0 kg charge.

Examination of thin sections revealed microfractures extending beyond

the damaged zone limit indicated by core logging and velocities. In the

shale tests the damaged zone extent was found to be related to charge

and to the type of explosive. Approximate radii of the damaged zone for

explosive loadings of about 1 kg/m ranged from 1 to 1.3 m for high

energy dynamite to 0.3 to 0.5 m for low energy ANFO.

Subsequently, the USBM examined the fracturing produced in the vicinity

of large-diameter production blastholes in granite (Siskind and Fumanti,

1974). Damage was assessed by testing cores recovered from the vicinity

of the blasthole. Properties determined included porosity, perme-

ability, tensile and compressive strength, Young's modulus and acoustic

pulse velocity. The results for a 165 mm diameter hole charged with

ANFO indicated that the rock was highly fractured to a radius of 0.65 mi

(8 blasthole radii), and partly fractured to a radius of 1.14 m (14

blasthole radii). No damage was detected beyond 1.14 m. radius. Hocking

and St. John (1979) summarized the USBM work and derived a general con-

clusion that the diameter of blast-damage zones for a high-energy
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explosive in hard rock such as granite should range from 15 to 20 charge

diameters. For a low-energy explosive, used as a decoupled explosive in

smooth wall blasting, the damaged zone should be only 5 to 10 charge

diameters. Figure 3-21 shows a comparison between smooth blasting and

conventional blasting based on these values. For 35 mm diameter peri-

meter holes, as used at Stripa (Andersson and Halen, 1978), the pre-

dicted damaged zone would extend about 175 to 350 mm. This is in excel-

lent agreement with the observed 0.3 m thick damage zone.

A general relationship between blast damage and charge density for

tunnel blasting conditions has been developed from Swedish experience in

granitic rocks by Holmberg and Persson (1980). Figure 3-22 shows a

series of correlations between peak particle velocity and radial dis-

tance from the charge for varying charge densities normalized for explo-

sives with the weight strength of ANFO. The potential extent of the

damage zone is indicated by the range of peak particle velocity associ-

ated with incipient rock fracture. This shows that a charge density of

1.5 kg/m ANFO should produce a damaged zone of about 1.5 m thickness,

If the charge density (in the perimeter holes) is reduced to 0.2 kg/m,

the damaged zone extent should be reduced to about 0.3 m. This reduced

charge density can be achieved using an explosive with a lower linear

charge density than ANFO. For example, GURIT, a special explosive used

for smooth blasting in Sweden, has a linear charge density equivalent to

0.2 kg/m ANFO.

Figure 3-22 provides a general guideline for estimating the extent of

the damage zone in hard, competent rocks when blasting parameters are

known. The data suggest that blast effects are largely independent of

excavation size. In practice, the extent of damage, relative to the

size of the excavation, may be greater for smaller openings because of

the effects of additional confinement. Also, the extent of the damage

zone will be influenced by other parameters such as control of blasting

procedures and rock conditions.
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3.3.2 Permeability Changes Due to Blasting

Permeability changes associated with blast damage may be estimated from

the increase in fracture frequency that is anticipated within the

damaged zone. For example, consider a rock mass in which the natural

fracture frequency is 10 fractures/a. Blasting is then assumed to

create new fractures such that the frequency increases to 100

fractures/m within 0.3 m of the opening and to 30 fractures/m between

0.3 m and the edge of the blast-damaged zone at 1.0 m depth from the

opening. (As a conservative assumption, this increase in fracture

frequency is greater than has been observed at Stripa and other sites

where controlled blasting has been used; Section 3.3.1.) If the newly-

created fractures have similar characteristics to the pre-existing

fractures, the increase in permeability due to blasting will be about 10

times in the outer zone and 5 times in the inner blast-damaged zone.

These effects would be additional to the effects due to stress relief.

The significance of these increases in permeability resulting from

blasting, compared with the permeability changes resulting from stress

relief, is considered in Section 3.4.

The model used to estimate permeability changes associated with blasting

must be regarded as very preliminary. The changes in fracture frequency

associated with blasting have not been well documented. Also, the

assumption that fractures created by blasting have similar characte-

ristics to natural fractures is presently unsubstantiated. Further

field testing, or detailed evaluation of ongoing field tests such as at

CSM, is required to add confidence to the model presented.

3.4 CONCLUSIONS REGARDING DISTURBED ZONE EXTENT IN FRACTURED ROCK

Data from field tests, supplemented by analytical evaluations, indicate

a number of general trends regarding disturbed zone characteristics.

I. There have been few measurements of disturbed zone permeabi-
lity. Existing measurements show that disturbance may be
obscured on a small scale (in borehole tests) by the variabi-
lity of the undisturbed rock and that permeability may vary in
the radial and longitudinal directions (as would be predicted
from stress distributions).
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2. Analytical studies of the effects of stress redistribution
indicate that significant disturbance (permeability increased
by at least an order of magnitude) may be contained within I to
1.5 radii of the excavation face. Disturbance may be slightly
greater where high pore pressures exist prior to excavation and
when these are slow to dissipate. High temperatures will tend
to reduce permeabilities in the disturbed zone, but these
effects will be significant only in the storage rooms and
tunnels close to the storage rooms, not in the shafts and 1

tunnels close to the shafts. Most of the analyses conducted
have been for an isotropic initial stress field. Highly aniso-
tropic initial stresses may result in greater disturbance,
particularly if the major principal stress is parallel to a
major fracture set.

3. Results for disturbed zone investigations where parameters
other than permeability have been measured vary according to
the method used and how the disturbed zone is defined, as well
as according to variation in site parameters. Seismic measure-
ments and modulus determinations at several sites indicate a
disturbed zone thickness typically in the range 0.3 to 0.7
times the excavation radius. In these cases the disturbed zone
is defined as a destressed zone with no indication of the J
magnitude of permeability increases. Other examples may be
found where the disturbed zone extends greater than one
radius. In practice the extent of the disturbed zone will
depend on many factors related to site geology, excavation
method, depth, and penetration geometry.

4. Few disturbed zone studies specifically distinguish blast
damage and stress relaxation effects. Available data indicate
that significant blast damage (creation of-new fractures) may
be limited to a zone I m or less thick. The extent of blast
damage will be greatly influenced by blasting technique but may
be more or less independent of excavation size within the
probable limits for repository shafts and tunnels. More severe
disturbance may occur in a thin zone immediately adjacent to
the face. This zone can probably be removed by machine exca-
vation and may not be a consequence to sealing.

These preliminary conclusions are illustrated as a disturbed zone model

for a 3 m diameter shaft in basalt (Figure 3-23). Although this model

is tentative it is more realistic than a model which assumes a uniform

permeability across the disturbed zone. The model used to predict the

effects of stress redistribution was developed for basalt at a depth of

1000 m based on an elasto-plastic stress distribution and a hydrostatic

initial stress condition. The model is probably conservative for
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shallower depths. As noted previously, the effects attributed to blast

damage are derived from a preliminary estimate and require field confir-

mation.

The model shown in Figure 3-23 highlights that the increase in perme-

ability due to disturbance diminishes away from the penetration wall.

Taking into account the estimated damage due to blasting, approximately 7

80% of the flow through the disturbed zone would occur within 1 m of the

wall of a 3 m radius shaft. Discounting the effects of blasting,

approximately 60% of the flow would occur within 1.5 m of the wall.

(These analyses assume that the effective edge of the disturbed zone -

i.e., where there is no increase in permeability - is at a depth of 12 m

from the wall.) Beyond one radius, the flow in successive annuli of

equal width is essentially the same in each, because the effects of

reduced permeability and increased area with increasing radius are

counteracting.

Using on the model in Figure 3-23, it can be shown that blasting

accounts for approximately 50 to 70 percent of the increased flow poten-

tial through the disturbed zone caused by blasting and stress relief

combined. (The proportion due to blasting reduces as the penetration

diameter increases because the blast-damaged zone is assumed to have the

same depth regardless of the penetration size.) All of the blast damage

occurs within 1 m of the penetration face, however, with a substantial

proportion within 0.3 m of the face. This damaged "skin" could be

removed in critical seal zones by machine excavation. In contrast, it

appears that it may not be technically feasible or cost effective to

attempt to intercept flow at distances from the excavation much greater

than one radius. Also, because of the area effect, there is probably no

practical means for restoring the permeability throughout the disturbed

zone to that of the undisturbed rock.

The analyses presented in this report are based on several simplifying

assumptions and are regarded as preliminary. It is recommended that the

analyses be updated to be site-specific to candidate repository sites.
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More rigorous analyses should take into account:

* further review of ongoing laboratory and field
testing of stress-permeability relationships for
fractures,

* stress distributions for proposed tunnel geome-
tries and anticipated in situ stresses,

* further consideration of blasting effects, in
particular comparing characteristics of natural
and blast-induced fractures,

* continuing review of field tests, especially at
Colorado School of Mines.

Eventually, the models presented in this report as well as those deve-

loped in the future will be validated by in situ testing at repository

sites. Test methods for characterizing the disturbed zone are evaluated

in Chapter 5.0.
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4.0 DISTURBANCE ASSOCIATED WITH SHAFTS
AND TUNNELS IN SALT

As in fractured rock, the most probable mechanisms for disturbance in

salt are damage due to blasting and the effects of stress redistribu-

tion. The response of salt to stress redistribution is likely to be

rather different, however, because there are few if any natural frac-

tures in salt, and because the strength of intact salt is significantly

less than that of rocks such as basalt considered previously. Evidence

for disturbed zone characteristics may be obtained by analysis and from

the results of previous field investigations.

4.1 ANALYSIS OF DISTURBANCE DUE TO STRESS RELIEF

Indirect evidence that the permeability of salt may increase close to an

excavation is obtained from laboratory tests which show that permeabil-

ity is dependent on confining stress. Results from several sources

(Figure 4-1) compiled by Isherwood (1981) show permeability reduced by 5

to 6 orders of magnitude as confining stress is increased from zero to

10,000 psi (69 MPa). In these tests the higher permeabilities at low

stress levels are probably due to loosening of the crystal structure in

response to stress relief and physical sample disturbance. A reasonable

assumption is that similar increases in permeability might occur in

response to stress relief adjacent to a shaft or tunnel.

Lai (1971) presents laboratory data that relate salt permeability to

mean confining stress and octahedral shear stress. Figure 4-1 shows

that Lai's data corresponds to results obtained by other workers in the

confining stress range of 1000 to 10000 psi. If the stress distribution

around a shaft or tunnel is known, Lai's data can be used to predict the

variation of permeability with distance from the opening. Figure 4-2

shows the variation in permeability calculated by this method for a

shaft or tunnel at a depth of 610 m (2000 feet). The analysis assumes a

hydrostatic state of stress and a power law for the secondary creep

response of the salt. The stress distribution shown is the steady state
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condition that pertains when the stress relaxation due to creep is

complete (Chabannes, 1982). The analytical solution indicates that the

final stress distribution is a function only of the stress exponent (n)

in the constitutive relation for the salt. The time required to reach

the steady state condition is inferred to be small relative to the

operational life of a repository shaft or tunnel.

The observed increase in permeability close to the wall of the excava-

tion is related primarily to the decrease in mean stress. The maximum

increase is relatively small because the mean stress does not reduce to

zero. Whereas the magnitude of this increase is less than that 1
predicted for fractured rocks, the lateral extent of the disturbed zone

is greater for salt. Provided that the initial stress state is

hydrostatic, the effects predicted by this analysis apply to both shafts

and tunnels.

The disturbance mechanism discussed above involves loosening of the

crystal fabric perhaps combined with some microfracturing. Another

possible mechanism for disturbance in salt would involve macroscopic

fracturing similar to the slabbing observed in pillars in salt mines

(Section 4.2). Nair and Singh (1974) discuss a creep rupture failure

criterion for salt whereby failure occurs in response to a critical

strain rather than to a critical stress. Considering the state of

stress around a shaft or tunnel, the relatively high tangential stresses

coupled with low radial stresses in the vicinity of the excavation wall

create a state of triaxial extension. Laboratory triaxial extension

tests show that rupture can occur in relatively short time periods.

Applying these results to the field, it appears that rupture could occur

in a shallow zone surrounding an opening, but propagation of the failed

zone should be prevented by the increased confinement at greater

depths.
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4.2 EVIDENCE FROM PREVIOUS FIELD INVESTIGATIONS

Some evidence regarding the extent of a disturbed zone in salt is

obtained from geotechnical investigations conducted in Gulf Coast salt

mines. In the Cote Blanche Mine there is a visible blast damage zone

containing minor fractures extending up to 1 m into the pillars (Golder,

1977). Loose slabs remaining after blasting are removed, but over a

period of about one year additional vertical fractures develop in a zone

extending I to 2 m further into the pillar. These fractures eventually

extend the full height of the pillar and large slabs become detached

from the pillar. Slabs in 8 m high pillars are typically 1 m thick,

whereas slabs in 24 m high pillars are 1.5 to 2 m thick. Except at the

corners, the slabs farm parallel to the pillar face. Golder examined a

number of boreholes drilled into pillars without obvious slabs and found

fractures only within 0.6m of the pillar face. These fractures were

attributed to blast damage.

Golder postulated that the slabs form in a blast-damaged zone in

response to a relatively high uniaxial state of stress that exists near

the pillar face. Acres (1977) examined similar slabbing in the Weeks

Island Mine and suggested that the slabs might be related to creep

rupture (i.e., failure due to excessive strain) as well as to brittle

fracture in response to rapid unloading at the pillar edges. At both

Cote Blanche and Weeks Island it appears that fracturing in the pillars

is restricted to the outer 1 to 2 m. When slabs are removed for safety

reasons, it appears that the slabbing process is "rejuvenated" into the

pillar, but at a slower rate than the initial slabbing. Similar slab-

bing phenomena have been observed by the authors in potash mines in New

Mexico.

Barron and Toews (1963) used extensometers to measure displacements

around a 5.5 m diameter shaft in salt in Saskatchewan at a depth of 939

m. Extensometer anchors were installed at depths of 15 cm, 1.2 m, 2.1 m

and 3 m. Measurements at the three outer anchors indicated constant

volume creep with the radial displacement inversely proportional to the



90

radius to the measurement point. Displacement at the anchor closest to

the shaft wall was less than would be predicted from the other measure-

ment points assuming constant volume creep extending to the shaft

wall. This indicated that there was a surface "skin", up to 1.2 m

thick, with material properties different from those of the salt at

depths greater than 1.2 m. The displacement measurements indicated that

the material within this surface skin was compacting in response to the

deeper-seated creep. Barron and Toews considered that the changed

properties more likely resulted from blast damage than from failure due

to excessive creep.

Aufricht and Howard (1961) performed in situ permeability tests in the

Grand Saline and Weeks Island Mines. Tests were run in 3.4-3.7 m bore-

holes drilled into pillars with a packer sealed in the hole 0.6-1.5 m.

from the pillar face. Gasoline was injected to the hole at constant

pressure and the flow rate observed against time. The permeabilities

obtained ranged from 0 to 6 millidarcies with an average of about 0.3

millidarcies. In one test at Weeks Island the packer was set a depth of

1 m and Freon was injected in the hole at 60 psig. After a few minutes,

small quantities of Freon were detected escaping from the face of the

pillar at distances of up to 4.3 m from the borehole. This result is

consistent with the observations of pillar spalling discussed above,

although presumably Aufricht and Howard did not perform their tests at

locations with obvious slabs. Acres (1977, 1979) conducted similar

permeability tests at Weeks Island, but with the packer set 4.5 to 9 m

from the collars of the holes, and diesel fuel or nitrogen used as the

permeant. Permeabilities obtained ranged from 0.15 to .0001 milli-

darcies and were thus generally lower than the values obtained by

Aufricht and Howard. Because Aufricht and Howard had set their packer

at shallower depths, these results may be taken as evidence for a dis-

turbed zone extending a few meters into the pillars.
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4.3 SIGNIFICANCE TO SEAL PERFORMANCE

The preceding sections have indicated that a disturbed zone with

increased permeability may exist adjacent to underground openings in

salt. Because of the ability of salt to "heal" fractures, the signifi-

cance of this zone to seal performance is considered to be relatively

insignificant in the long term.

Figure 4-1 shows permeability reduced by 5 orders of magnitude as stress

is increased from zero to several thousand psi. This reduction in

permeability is, in effect, reversing the sample disturbance responsible

for the higher permeabilities at low stress levels. Sutherland and Cave

(1980) found that the permeability of bedded salt from New Mexico was

reduced by about a factor of 3 over a period of 200 hours under a con-

fining stress of 13.8 MPa. At the end of the 200 hour period the mea-

sured permeability was still reducing.

Tests to evaluate fracture healing in salt are being conducted by Sandia

(Costin and Wawersik, 1980). Preliminary results indicate that healing

is effective within a few days when samples are heated in the range 22-

100C and subjected to confining stresses of up to 35 MPa. Healing is

considered to result from creep and interlocking of asperities rather

than from recrystallization. The Sandia tests evaluated fracture heal-

ing in terms of fracture toughness, a parameter which indicates the

resistance to crack propagation along an existing fracture. They do not

indicate permeability directly although it appears likely that perme-

ability should be reduced significantly along fractures which exhibit

high values (approaching values for intact specimens) for fracture

toughness. Tests to measure permeability of healed fractures are in

progress at Sandia.

It is known from the use of salt bricks for cattle feeding that even

crushed salt can be reconstituted to an apparently intact material.

Wagner (1980) investigated the strength characteristics of crushed salt

consolidated under varying confining stress. Tests were conducted on
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two grades of salt at temperatures up to 400'F and stress levels up to

17 MPa. At a volumetric consolidation of approximately 35 percent, one

sample attained a uniaxial compressive strength of about 50 percent of

the strength of undisturbed, intact salt. Although no permeability

measurements were made, the increase in strength would indicate that

permeability should be greatly reduced by consolidation.

If a relatively rigid seal component such as a concrete bulkhead is

placed in a tunnel or shaft in salt, the salt will creep and the stress

acting on the seal and throughout the disturbed zone will rise and

eventually approach the lithostatic level. Analyses by Kelsall et al

(1982) for southeast New Mexico salt indicate that the stress acting on

a concrete bulkhead at 610 m depth will attain 50% of the lithostatic --

stress level within 10 years. These analyses suggest that any fractures .
in the disturbed zone may completely heal within a period of the order

to 10 to 100 years. Additional analyses, as well as laboratory and

field tests, are required to confirm these predictions.
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5.0 RECOMMENDED METHODS FOR DISTURBED ZONE INVESTIGATIONS

This section describes a number of test methods that might be used to

investigate disturbed zone characteristics. Some of the methods have

been used for this purpose previously and results have been reviewed in

Sections 3.0 and 4.0. Other methods have not been evaluated previously

and in some cases modifications in test technique may be required before

the method can be applied. In practice it is likely that a disturbed

zone investigation will include a number of tests used in combination.

Test methods applicable to shafts and tunnels (where direct access is

possible), and to boreholes (where remote methods must be used), are

reviewed separately in Sections 5.1 and 5.2.

5.1 TEST METHODS FOR SHAFTS AND TUNNELS

It has been noted that permeability is the disturbed zone characteristic

of most interest to repository sealing. Consequently, test methods of

greatest interest are those that measure permeability directly. Other

test methods may be used as indirect measures of permeability or to

determine other properties of interest such as deformability. Test

methods reviewed in the following sections include:

* Hydrologic tests
- packer tests in boreholes
- tracer tests between boreholes
- macropermeability tests

* Geologic tests and observations
- fracture mapping
- core logging
- integral sampling/dye penetrant
- borehole periscope
- impression packer

* Geophysical methods
- seismic refraction
- petite sismique
- cross-hole seismic
- resistivity
- radar
- borehole logs
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* Mechanical tests
- plate loading tests
- borehole deformation jacks
- extensometers

These tests are reviewed according to their applicability to disturbed

zone evaluation in various rock types. Test methods are described in

detail only where they are not commonly known.

5.1.1 Hydrological Tests

The most common method for measuring rock permeability in situ is to

inject a fluid into a section of a borehole isolated by packers.

Several variations of the technique are used, with liquid or gas as the

permeant, with two packers or with a guarded system employing four

packers, and measuring either steady state flow at constant pressure or

a pressure decay after a pressure has been applied. One of these

methods (depending on site specific conditions) might be used for dis-

turbed zone investigations by testing in boreholes drilled from a shaft

or tunnel to penetrate through the disturbed zone into the undisturbed

rock mass. Air permeability and guarded straddle packer tests are being

used in the Colorado School of Mines investigations (Section 3.2.1).

Test methods for air-injection are described by Chan et al (1974) and

Miller et al (1974).

Figure 5-1 shows a conceptual arrangement for disturbed zone characteri-

zation using injection tests in boreholes. Cross-hole tests using

tracers can be used to determine travel times parallel to the tunnel

axis. By testing between adjacent tunnels, it will be possible to

obtain travel times in the perpendicular, radial direction. Chan et al

(1974) describe a test method using air, whereby both-the injected air

volume and the air volume entering the monitoring hole(s) are mea-

sured. This method may be useful to give some comparison of the inter-

connection (continuity) of fractures in the disturbed and undisturbed

zones. The same boreholes used for permeability testing can be used for

fracture logging and cross-hole seismic surveys as discussed below.
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A shortcoming of borehole permeability tests in fractured rocks is that

a very small volume of the rock mass is sampled by each test interval.

Test results are strongly influenced by the number of fractures inter-

sected by the borehole and if the test intervals are short there is

likely to be a considerable scatter in the permeability values

obtained. At Hanford, for example, measured permeabilities in 12 tests

in columnar Grande Ronde basalt range from 107 to 10 cm/sec

(Rockwell Hanford, 1979). In a disturbed zone investigation it is

likely that disturbance will be at least partly obscured by local vari-

ability in the undisturbed rock mass. With borehole testing, it may be

difficult also to test in the-zone immediately adjacent to the excava-

tion face. This difficulty may be overcome by sealing the excavation

face (Figure 5-1).

An alternative to borehole testing is some form of macropermeability

test. One such test conducted at Stripa has revealed a zone of reduced

permeability around a tunnel. As noted in Section 3.2.2, this type of

drainage test induces flow dominantly in the radial direction toward the

tunnel and the reduced permeability may result from a tangential (longi-

tudinal) stress concentration. This type of test does not indicate

permeability in the longitudinal direction.

For seal design purposes the longitudinal permeability parallel to the

penetration axis is of greater interest. A macropermeability test to

measure this parameter has been proposed by Systems, Science and Soft-

ware (Peterson & Lagus, 1980). This test would employ a gas-tight seal

to isolate a closed section of tunnel (Figure 5-2). Gas would be

injected into the isolated section and the pressure response monitored

on both sides of the seal. Any significant disturbed zone that would

promote preferential flow longitudinally along the tunnel would be

distinguished by a characteristic pressure response. Tracer gas would

be used to indicate travel time. This test is conceptual and has not

been evaluated in the field. Because low pressure gas is used, the test

may be limited to "dry" rocks above the water table. Nonetheless, the

method appears highly promising and a field trial is recommended.
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5.1.2 Geologic Tests and Observations

5.1.2.1 Mapping

Detailed geologic mapping of a tunnel or shaft may provide some indi-

cation of surface disturbance resulting from the excavation process.

Mapping should distinguish spalling effects and cracks obviously formed

by blasting. Primarily, however, detailed mapping is required to sup-

port other tests by defining the fracture system.

5.1.2.2 Core and Borehole Logging

Information regarding fracture characteristics in the disturbed zone may

be obtained from core holes drilled radially from the penetration. A

disadvantage of logging fractures from cores is that it is often diffi-

cult to distinguish natural fractures from breaks in the core induced by

drilling. This problem can be overcome using the integral sampling

method developed by Rocha (1971). The method consists of first drilling

a small diameter borehole into the area to be sampled. A hollow rein-

forcing bar is then inserted and grouted in the hole and, after the

grout has cured, the complete assembly is over-cored.

Integral sampling yields a continuous section of core in which separate

blocks of the rock mass are held together in their natural relative

positions. In some cases it may be possible to estimate fracture aper-

tures and permeabilities (Rocha & Franciss, 1977). Colored dyes can be

used with resin grouts to aid core inspection.

Other methods which may be used in combination with conventional core

logging are the borehole periscope (borescope) and impression packers.

The borehole periscope, which consists of a rigid tube supporting a

system of lenses and prisms, has been used to depths of up to 100 feet

in holes drilled from the surface (Krebs, 1967). The impression packer

consists of an inflatable packer around which is wrapped a highly ine-

lastic rubber membrane (Baar & Hocking, 1976; Harper & Hinds, 1977).

Once positioned in the hole, the packer is inflated and the rubber

membrane is pushed into fractures in the wall forming an impression

which is retained when the assembly is removed.
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A problem common to all borehole methods is that the fracture densities

obtained are greatly influenced by local variability and anisotropy.

These effects may tend to obscure any variation resulting from penetra-

tion disturbance. Also, the methods described may not be sufficiently

sensitive to distinguish small changes in fracture aperture which can

have a major effect on permeability.

5.1.3 Geophysical Methods

5.1.3.1 Seismic Methods

Two types of seismic investigation appear applicable to disturbed zone

investigations in shafts and tunnels, seismic refraction and ultrasonic

(cross-hole or single-hole) surveying (Figure 5-3). Seismic refraction

surveys are conducted by generating a seismic shock at the tunnel face

and monitoring wave arrival time at geophones spaced along the tunnel.

Explosive charges, sledge-hammer blows, or sparking devices may be used

to generate the waves. Interpretation is normally based on the first

arrival compressional wave. By plotting arrival times against distance

from each geophone to the source, it is possible to distinguish velocity

contrasts in the rock mass. Examples of the successful use of seismic I

refraction to delineate a destressed zone around a tunnel were given in

Section 3.2.3.2.

"Petite sismique" is a variation of the seismic refraction method de-

veloped in France by Schneider (1967). Bieniawski (1978) provides an

updated review of the method. Whereas conventional seismic methods

utilize seismic velocities (mostly of compressional waves), the petite

sismique method takes into account various shear wave properties such as

frequency, attenuation and wavelength, as well as velocity. Bieniawski

(after Schneider) has demonstrated a close correlation between shear

wave frequency and in situ static modulus of deformation, and has com-

pared moduli values determined by a number of methods including petite

sismique.

Cross-hole acoustic methods employ a pulsed high-frequency seismic wave

transmitted between boreholes. Both compressional and shear waves are
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utilized, with velocity, frequency and amplitude recorded. Cross-hole

methods have been used extensively in rock engineering and the technique

is relatively well developed. Extensive instrument development was

carried out for tests at Stripa (Nelson et al, 1979; Paulsson & King,

1980).

Seismic velocity is influenced by a number of rock mass characteristics

including the density and porosity of the rock material, weathering and

alteration, joint spacing and joint opening. In an unaltered rock mass

of locally uniform lithology (such as a repository formation), velocity

will vary according to joint spacing and opening. Laboratory tests by

Stacy (1976) show that other seismic parameters, such as frequency and ]

amplitude of both compressional and shear waves, are in many cases more

sensitive indicators of fracture characteristics than velocities. Of

particular interest is the effect of confining stress on various para-

meters, for example shear wave frequency (Figure 5-4). At low

confining stress, shear wave frequency is highly sensitive to stress,

whereas at higher stress levels the frequency is relatively constant

approaching that of the intact rock. Similar results have been reported

by New & West (1980) showing that the stress level at which joints

become "acoustically closed" depends on rock type and the nature of the

joint surface.

The relationship between stress and seismic parameters is very similar

in form to the relationship between stress and permeability presented in

Section 3.1.3.1 (Figure 3-4). In the case of Stacy's laboratory tests

on marble there is a seismic contrast at a stress of about 2 MPa. In

the case of the predicted permeability of basalt, permeability increases

rapidly at stresses less than 3 to 4 MPa. It appears promising, there-

fore, that good correlations between permeability and seismic parameters

can be established for a particular rock type, and that seismic surveys

can be used to estimate disturbed zone permeability. An advantage of

seismic methods is that a relatively large volume of the rock mass can

be sampled.
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Seismic refraction and cross-hole surveys each have a number of advan-

tages and disadvantages. In the case of refraction, a major advantage

is the ease of measurement with little preparation of the measurement

location necessary. Surface zones are readily recognized, and the depth

of measurement is easily adjusted. A disadvantage is that interpreta-

tion requires some subjectivity, and intermediate velocity zones may be

misinterpreted or "averaged." In the case of cross-hole measurements,

an advantage is that zones of varying velocity parallel to the tunnel

wall are readily distinguished. Disadvantages are that it is difficult

to characterize surface zones and that drilling is required for measure-

ment. The latter disadvantage is particularly pertinent to characteri-

zation of key seal zones where drilling would be undesirable.

With respect to disturbed zone characterization, a further consideration

is the direction of wave travel relative to the tunnel axis. Using

radial boreholes, cross-hole waves are transmitted longitudinally along

the excavation wall (Figure 5-3). The velocities (or other parameters)

obtained will be influenced by fractures perpendicular to the excavation

which in turn determine radial flow toward the excavation. With the

refraction method, waves are transmitted partly in a radial direction

and, depending on the source-geophone separation, partly in a longi-

tudinal direction. Parameters measured by seismic refraction should be

more sensitive to fractures parallel to the excavation than parameters

measured by cross-hole methods.

As reported by Bieniawski (1978), recent developments have greatly

improved seismic methods for use in underground excavations and bore-

holes. Improvements have been made in the methods used to generate

shear waves, in signal enhancement techniques, and in understanding of

the fundamental relationships between seismic parameters and rock pro-

perties. Seismic methods, using refraction (or petite sismique) and

cross-hole in combination, appear particularly promising for disturbed

zone evaluation.
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5.1.3.2 Resistivity Methods

Resistivity measurements using a Wenner array appear to have potential

application to disturbed zone investigations in shafts and tunnels.

With this technique, four electrodes are evenly spaced in contact with

the tunnel wall (Figure 5-5). A current is supplied to electrodes C1

and C2 while electric potential is measured at electrodes P1 and P2.

The apparent resistivity obtained is a function of the volume of rock

sampled which is in turn determined by the electrode spacing. As the

spacing is increased, a greater volume of rock (and a greater depth into

the rock) is included in the measurement. By making a series of mea-

surements at one location, using increasing electrode spacing, the true

resistivity as a function of depth can be obtained.

Examples of the use of resistivity surveys for disturbed zone charac-

terization were given in Section 3.2.3.2. Although there have been

limited applications to date, the method appears to be potentially very

useful. Because electrical resistivity is sensitive to the degree of

fracturing in the rock and the moisture conditions, the method may be

particularly appropriate for fractured media. Further development of

the method is needed in order to establish relationships between resis-

tivity and the parameters which influence hydraulic conductivity (e.g.,

fracture aperture and spacing). Application of the method to salt may

be difficult due to the low resistivity of salt and the large amount of

power required to make useful measurements.

5.1.3.3 Radar

Radar profiling has been used to detect fractures in mine walls in coal

and hard rocks (Cook, 1975; Fowler, 1981). In salt, radar has been used

to detect boreholes in mine pillars and is being investigated as a

technique for locating waste packages after emplacement and backfilling

(Cook, 1980). Radar is a promising technique for disturbed zone charac-

terization although, as with resistivity methods, further development is

required to establish whether the method is sensitive to the parameters

which influence permeability (especially fracture aperture).
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5.1.3.4 Borehole Logs

Various geophysical logs can be used to detect fractures in boreholes.

These methods have wide application in deep boreholes but they are not

highly sensitive to isolated fractures and are more suited to detecting

zones of intense fracturing within otherwise unfractured rock. Geophy-

sical logs appear to have little application in shallow boreholes

drilled from an excavation where other methods (such as core logging or

the impression packer) have much better resolution.

5.1.4 Mechanical Methods

A number of tests used to determine mechanical properties of the rock

mass might be used to determine disturbed zone characteristics.

Examples of the extent of the disturbed zone indicated by borehole jack,

plate loading tests, and extensometers were given in Section 3.2.3.3.

Extensometers are particularly useful for characterizing the rock mass

deformation as elastic or plastic and for validating analytical predic-

tions of rock mass behavior. Plate-loading tests are useful for deter-

mining the extent to which deformations within the disturbed zone are

reversible. Extensive testing will be conducted at a repository site to

determine mechanical properties required for mine design. These tests

can be extended inexpensively to obtain data required for disturbed zone

characterization. For example, borehole jack measurements can be

repeated at various intervals away from the excavation. These tests

would provide values for a parameter of direct interest to seal design,

i.e., deformability, and might provide some indication of permeability

changes.

5.1.5 Test Program for Fractured Rock

A test program for disturbed zone characterization in fractured rock

(such as basalt, granite or welded tuff) should include a combination of

several of the tests described above. The test plan would include a

comprehensive test program at one or more test locations representative

of the geology and the excavation methods used in the repository. The

intention would be to establish correlations among the various rock mass

properties and select index tests that could be used rapidly and
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inexpensively throughout the repository. A candidate index test is

seismic refraction profiling, assuming that firm correlations can be

established between seismic parameters and permeability.

Figures 5-6 and 5-7 outline a complete program for disturbed zone

characterization divided into two major stages. Stage I includes

scoping studies of the type presented in this report, conducted at the

time of site characterization. This stage provides a preliminary dis-

turbed zone model for use in schematic and conceptual seal design.

Recommendations regarding repository construction and rock support

methods are also made at this time. Stage 2 includes detailed in situ

testing and model verification, conducted in an at-depth test facility 7
in the repository formation. This stage provides an updated disturbed

zone model for use in preliminary seal design and license application.

Correlations between properties are established at this time and index

tests to be used in the repository are developed. ]
A comprehensive test program intended specifically for disturbed zone

characterization should include the following tests:

* macropermeability,

* piezometers installed in boreholes at varying
distance from excavation,

* injection tests in boreholes, --

* cross-hole tracer flow,

* integral sampling in boreholes, and borescope or
impression packer logging,

* resistivity and radar profiling,

* seismic refraction (petite sismique) surveys,

* cross-hole acoustic surveys,

* borehole deformation jack,

* plate loading,

* multiple-point borehole extensometers.
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Most of these tests are fairly well established and do not require

extensive development. Further planning and field testing are required

to establish a suitable macropermeabilty test. When completed, the

tests at Colorado School of Mines (Section 3.2.1) will provide a

thorough evaluation of several of the recommended methods at one site,

including injection tests, borescope logging, cross-hole seismic, and

borehole deformation jacks. Depending on the results obtained it may be

appropriate to conduct a macropermeability test and to run refraction

surveys at the same site.

In addition to tests conducted specifically for disturbed zone charac-

terization, other tests will be conducted in the same test facility to

obtain rock mass characteristics required for mine design. information

of great value to the sealing program regarding coupled hydrologic,

thermal and mechanical properties will be obtained from jointed block

tests similar to that conducted at Colorado School of Mines. These

tests, combined with laboratory testing of discrete fractures, will

provide stress-permeability or aperture-permeability relationships for

use in disturbed zone modeling.

5.1.6 Test Program for Salt

With the exception of the deformability tests (which would be difficult

to interpret), the test program described above may be applied to salt

although on a more experimental basis. Either the borescope or integral

sampling should be adequate for detecting fractures formed by blasting

or creep rupture. Also, preliminary work by Thoms et al (1978) in a

Gulf Coast salt mine has shown that a microfractured, destressed zone

around a mine opening can be detected using seismic methods. Tests to

evaluate the ability of radar to detect fractures in a tunnel wall in

salt are in progress at the Waste Isolation Pilot Plant in New Mexico.

A macropermeability test using gas, such as that developed by Systems,

Science and Software (Section 5.1.1), may be particularly appropriate

for salt.
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5.2 TEST METHODS FOR DEEP BOREHOLES

Many of the test methods described above are inappropriate for boreholes

because of the limited accessibility. Currently, a dual approach is

being followed within the repository sealing program for assessing

disturbance around boreholes, using laboratory tests and a guarded

straddle packer system for field tests.

The laboratory tests conducted at Terra Tek and the University of

Arizona have been reviewed in Section 2.0. Laboratory tests are favored

because they are relatively inexpensive and allow direct examination of

disturbance. Preliminary results indicate that the degree of disturb-

ance associated with boreholes is so small that it very likely could not

be detected by field tests.

The guarded straddle packer system under development by Systems, Science

and Software (1981) employs a highly sensitive flow measurement system

which should measure radial hydraulic conductivities as low as 10 12 to

1013 cm/sec. Pressure monitors and tracer gas detectors are placed in

the guard zones in order to detect flow through any disturbed zone that

exists. Theoretically, a disturbed zone can be detected provided that

the permeability contrast between the disturbed zone and the undisturbed

rock is at least an order of magnitude. Ia practice the packer system

may be used to demonstrate that a significant disturbed zone does not

exist, as well as for wellbore characterization and plug testing.

Various geophysical logs may be considered for locating fractures and

possibly detecting a disturbed zone. However, an evaluation of current

methods (D'Appolonia, 1981) concluded that is is unlikely that geo-

physical logs can be used to detect either fine fractures or a rela-

tively thin disturbed zone. Methods that can be used to evaluate side-

wall characteristics and to locate major fractures include downhole

television (Christensen & Petersen, 1980), the borehole televiewer

(Zemanek et al, 1970; Keys et al, 1979; Wiley, 1981; Broding, 1982), and

the impression packer (Section 5.1.2.2).
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6.0 METHODS FOR TREATMENT OF THE DISTURBED ZONE

Section 1.2.1 showed that the disturbed zone may be a major component of

flow for shafts and tunnels. This section considers possible means for

eliminating the disturbed zone or at least reducing its impact. Consi-

deration is given specifically to fractured rocks such as basalt or

granite. Treatment methods appropriate to salt were reviewed in Section

4.0.

6.1 ROCK SUPPORT

The preferable means for "treating" the disturbed zone is to prevent the

e disturbance from occurring. Damage by the excavation process may be

reduced by selecting an appropriate excavation method. Damage due to

stress relaxation may be reduced by supporting the rock mass immediately

following excavation. Support methods which might be considered include

rock bolting, shotcrete, steel sets, and concrete arches, each of which

can be modified to exert a particular level of support pressure. For

this application, steel sets are probably not appropriate because they

require blocking in order to apply a support pressure. It is unlikely

that this blocking could be sufficiently effective to adequately limit

rock deformation. Shotcrete appears preferable to rock bolting in key

sealing locations because there is no drilling involved.

The effects of support pressure are shown analytically in Figure 6-1

which compares the predicted permeability distribution with and without

support. The analysis uses the same elasto-plastic solution and assump-

tions described in Section 3.1.3.2. The effect of 1.3 MPa (200 psi)

support pressure, which corresponds approximately to the upper limit

achievable with shotcrete (Goodman, 1980), is to reduce the integrated

permeability across the disturbed zone by about one half.

The effect shown in Figure 6-1 will occur in practice only if the sup-

port is applied immediately after excavation before irreversible defor-

mations take place. In a typical repository (where rock quality should

be good) such support probably will not be required to prevent major
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failure but might be applied in main haulage ways as a precaution

against minor rock fall. Supports installed at the time of excavation

will be in place for a period of 50 to 100 years before the excavations

are sealed. During this period the supports might relax or degrade

allowing the rock to deform. It may then be necessary to remove the

support before placing the seal in which case its value may be lost. In

conclusion, the use of shotcrete in key seal zones (especially the

tunnels connecting the shafts to the repository) may help to reduce

long-term disturbance but this cannot be relied upon to significantly

reduce disturbance effects.

6.2 GROUTING

Grouting might be considered either to prestress the rock mass prior to

excavation or to reduce disturbed zone permeability after excavation. A

preliminary evaluation of "groutability" shows that neither of these

approaches is likely to be feasible.

In fractured rock, groutability is determined by fracture aperture

(width). For cement grouts, values quoted in the literature for the

minimum fracture aperture which can be penetrated vary considerably,

with perhaps 0.2 mm most widely quoted (e.g., Hoek & Londe, 1974).

Waterways Experiment Station (1956) conducted a series of laboratory

tests using artificial joints in concrete blocks to investigate the

factors which control grout penetration in fissures. These tests showed

that fractures with thicknesses of 0.01 inch (0.25 mm) could be pene-

trated by cement grouts with relatively high water contents. The Water-

ways Experiment Station work showed that the ratio of crack thickness to

grout particle size should be at least 1.7, and preferably 3.0 or more

for adequate penetration.

The penetrability of particulate grouts may be improved by reducing the

particle size. For most ordinary cements the maximum particle size (99Z

passing) is in the range 44-100 V (Littlejohn, 1982). This maximum can

be reduced by screening out the coarser particles or by using an

especially fine grind. Shimoda & Ohmori (1982) describe a patented



114

"ultra fine grouting material" which has a maximum particle size of

about 10 U. Grout penetration may also be improved by increasing the

water:cement ratio although this can lead to excessive bleeding, i.e.,

separation of water and cement particles (Houlsby, 1982). Bleeding can

be reduced by adding a small proportion of bentonite (2-5% by weight of

water), although there may be a tendency for the bentonite and cement to

separate in fine fissures.

There is now available a wide variety of chemical grouts including

inorganic varieties such as sodium silicate and organic varieties such

as bitumen emulsions or resins (Karol, 1982). Generally, chemical

grouts will penetrate finer soils and fissures than will cement

grouts. For example, cracks in concrete as narrow as 0.05mm have been

treated with chemical grout (Department of the Army, 1973). Theore- 1

ticdlly, because chemical grouts are solutions rather than particulate

suspensions, penetrability is determined by viscosity rather than par-

ticle size. In practice, solid particles may develop in chemical grouts

as a result of incomplete mixing or early setting.

The penetrability of chemical grouts in rock fractures may be estimated

and compared with the penetrability of cement and clay grouts by consi-

dering an effective particle size given by Cambefort (1977). This can

be related to rock mass hydraulic conductivity using relationships among

fracture aperture, spacing and hydraulic conductivity given by Hoek &

Bray (1977). Table 6-1 assumes a fracture spacing in the range 0.1 to

1 m and is based on a ratio of fracture aperture to maximum grout par-

ticle size of 3.0.

An acceptable average hydraulic conductivity for a repository host rock

might be in the range of 10 8 to 10l10 cm/sec. Hydraulic conductivities

in a disturbed zone might be one to two orders of magnitude greater

(Section 3.3), in the range 10-6 to 10 9 cm/sec. Thus, the table sug-

gests that the disturbed zone might be grouted using bentonite, sili-

cate, bitumen, or organic resin. In practice, however, groutability
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TABLE 6-1

Groutability in Fractured Rock

i Groutability
Mean diameter of grout (Minimum Hydraulic

Grout Type particles (Microns)* Conductivity cm/sec)

Cement 60 io-2_1-O4

Clay 17 10 4_10 5

Bentonite 6 IO-6-10 7

Sodium 5 Io-6_10-7
silicate gel

Very dilute 2 io7_io-8
silicate gel

I-~~~~~~~~~~~~~~~~~~~~~7-

Bitumen emulsion 2 107_lO8

Organic resins 0.6 10 8 lo-O

*From Cambefort (1977)

and the effectiveness of grouting may be further reduced below the

limits given above by factors such as the tortuosity of fractures,

fracture infillings, and the practical problems of intersecting con-

ducting fractures. Also, adequate grout penetration might require high

injection pressures which could increase permeability by opening frac-

tures. A further consideration is the doubtful long-term chemical

stability of the grout. This concern applies particularly to organic

materials used either as a basic grouting material or as an additive in

silicate grouts. Although extensive testing has been conducted to

demonstrate the short-term stability of organic materials in hot and

hydrothermal environments, these tests cannot be extrapolated with

confidence to periods of hundreds or thousands of years (Coons et al,

1982). In conclusion, it appears unlikely that grouting is a suitable

technique for treating the disturbed zone, at least in repository for-

mations. Grouting may have considerable application for sealing more

permeable zones encountered in the shafts, or fractured zones encoun-

tered in the repository.
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6.3 REDUCTION OF PERMEABILITY BY PRECIPITATION OF SECONDARY MINERALS

This section examines the possibility that the permeability in the

disturbed zone (or in other parts of the rock mass) might be reduced by

precipitation of secondary minerals. This precipitation might occur

without inducement under the influence of temperature gradients gene-

rated by the waste. Further, it may be possible to deliberately induce

precipitation. The potential for precipitation is examined by reference

to basalt at the Hanford Site.

6.3.1 Formation of Secondary Minerals

Secondary minerals are minerals which form in a rock subsequent to its

initial lithification. The source for these minerals is commonly the

fluids or ground water associated with the local geology. If these

fluids are rich in the chemical components which form minerals, then j
changes in the state of the solution can cause precipitation of a secon-

dary mineral. A common example of this process is the crystallization

in veins of quartz and other polymorphs of silica (SiO2) which have

prograde solubilities (i.e., they are more soluble at higher tempera-

tures). If a high temperature solution becomes saturated in SiO2 and

then travels to a lower temperature, there is a thermodynamic potential

for a solid phase (e.g., quartz) to precipitate. Aiding this thermally

driven process is a related but more subtle chemical concept, the acti-

vity of water.

The chemical activity of water (i.e., its chemically active concentra-

tion) is dependent on temperature, but is also dependent on the concen-

tration of dissolved materials, and, because water is volatile, on

pressure or pressure-related phenomena. For instance, the pressure of

water can be decreased by allowing it to expand into a free volume, or

by addition of another volatile species. Any process which decreases

water pressure (i.e., activity) decreases the ability of water to retain

dissolved material and increases the likelihood of precipitation. Thus,

as silica-rich ground waters flow from small volume pores into larger

volume fractures, the decrease in activity of water that attends expan-

sion aids formation of quartz veins.
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6.3.2 Secondary Mineralization at Hanford

The natural ground waters at Hanford are rich in mineral forming compo-

nents, with the deepest ground waters (Grande Ronde) saturated in silica

(Smith et al, 1980). The fractures and vugs at Hanford are already

mineralized with phases such as smectite, SiO2, calcite, barite and

magnetite (Benson et al, 1979) reducing the permeability of these other-

wise open areas. I: some cases, mineralization is dense enough that

fractures appear to be hydraulically tight (Rockwell Hanford, 1979). As

a result, over the long-term, a repository at Hanford may have self-

sealing potential. If this concept is to be utilized by seal designs,

however, the kinetics for secondary mineral nucleation and growth must

be understood, and mechanisms must be found for hastening the crystalli-

zation.

6.3.3 Concepts for Inducing Secondary Mineralization

Perhaps the most obvious way to induce secondary mineral crystallization

in disturbed zones would be to utilize the high thermal gradient gene-

rated by the buried waste. Because of the relatively steep gradient,

substances with prograde solubilities might be expected to precipitate

as the transporting ground water travels through pores and fractures to

lower temperature regions. In contrast, substances with retrograde

solubilities might be used to seal pathways leading toward higher tem-

perature. It should be emphasized, however, that these sealing

substances must be selected from the natural secondary mineral assem-

blage in order to enhance the probability of long-term performance and

to minimize the chemical effects of ground water acting on other parts

of the barrier system. In addition, the solubilities of the sealing

minerals must be sensitive to the thermal range anticipated for a

nuclear waste repository.

6.3.3.1 Candidate Sealing Phases

While at this time development of the proposed treatment is at a specu-

lative stage, two promising sealing minerals appear to be SiO2 and

calcite. Both of these phases occur naturally at Hanford, thereby

fixing the chemical activity of their dissolved components. As a
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result, their addition should not perturb the natural ground water

chemistry. Furthermore, both phases crystallize densely enough to

restrict fracture permeability within desirable limits. Finally, the

solubilities of both change by more than an order of magnitude over the

100C range that might be associated with a repository in basalt. ]
Amorphous silica is the natural, low temperature control on SiO2 solu-

bility, and it is likely to govern the maximum concentrations of silica

in ground waters circulating through a repository. The solubility is

prograde so that crystallization would likely occur as ground water

migrates from a hot to a cooler zone.

The efficiency of silica precipitation might be enhanced by treating the

disturbed zone with a volatile silica solution such as tetraethylortho-

silicate (TEOS) prior to repository closure. As envisioned, TEOS could

be pumped under low pressure into the fractures of the disturbed zone.

Close to the repository the ambient temperature, supplemented by radio-

genic heating, should produce temperatures higher than 80C before

closure. The organic carrier would be volatilized by this heat and

exhausted through the ventilation system, leaving a silica residue in

the fractures. The residue would probably not be sufficient to reduce

permeability significantly on its own. It would, however, provide ready

nucleation sites for subsequent silica precipitation from supersaturated j
ground waters and increase the likelihood for forming a dense fracture

filling in the disturbed zone.

In contrast to silica, calcite has a retrograde solubility, and although

it is much more sensitive than silica to controls other than temperature --

(e.g., com=on ion effect, salting out process, pressure), it has the

potential to dissolve at lower temperature and precipitate at higher

temperature. Thus, if soluble carbonate [e.g., Na2Co3I and calcium

[Ca(OE)2 ] salts were dispersed in cool areas not critical to sealing, a

potential for crystallization at higher temperatures in disturbed zones

could be created. The relatively abundant SO4= in the ground water

might also lead to secondary anhydrite accompanying carbonate
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precipitation. In addition, spiking ground waters with carbonate may

promote hydrothermal precipitation of silica. Silica saturated ground

waters enriched in carbonate could precipitate quartz (or a polymorph)

in high temperature regions because at elevated temperatures carbonate

converts to CO . As a gas, the CO2 will depress the activity of water

substantially and could decrease its ability to retain dissolved SiO2,

The result might be the precipitation of silica in high temperature, low

pressure regions.

6.3.4 Conclusions and Recommendations

The concept of secondary mineral crystallization (and its enhancement)

as a potential treatment for disturbed zones in basalt repositories

appears promising. At this stage, the illustrative examples have not

been documented with rigorous theoretical calculations. Before the

concept can be refined and seriously applied to repository sealing

issues, these detailed thermodynamic computations will be required. In

addition, site-specific data for estimating mineral nucleation and

growth rates must be generated by experiment. These experiments should

* use site-derived materials and appropriate conditions, and the degree of

undercooling should be scaled to expected water flow rates. Results

from empirical experiments monitoring changes in fracture permeability

as a function of time would also be very helpful.

In sunmary, a decrease in disturbed zone permeability is likely to

result at Hanford from the precipitation of secondary minerals in frac-

tures. The rate and efficiency with which the fracture filling might

proceed is currently unknown. Experimental and theoretical investiga-

tions of precipitation phenomena (and mechanisms for their enhancement)

appear warranted.

S.

6.4 BULKHEADS

A method incorporated in previous schematic designs for reducing dis-

turbed zone flow consists of bulkheads with cutoff collars excavated

into the walls of the excavation. Bulkheads may reduce disturbed zone

flow in a number of ways:
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* by replacing high-permeability rock close to the
walls of the excavation with a low-permeablity
engineered material such as concrete or clay;

* by intercepting any continuous longitudinal frac- -

tures that may exist in the walls of the excava-
tion, and thereby lengthening travel paths;

* by reducing the extent of the disturbed zone by
virtue of very closely controlled, low-energy
excavation methods in cutoff zones which produce
less disturbance than the methods used to excavate
the original shaft or tunnel;

* by restressing the rock mass by means of an expan-
sive bulkhead material.

The validity of these possible benefits is considered in the remainder

of this section. Regardless of the effectiveness of bulkheads for

reducing disturbed zone flow, however, bulkheads may have other impor-

tant functions in seal systems. For example, bulkheads provide struc-

tural support, and they reduce interface flow by intercepting the inter-

face and by possibly increasing normal stresses acting across it. Also,

bulkheads are relatively short sections of the seal in which there can

be very stringent specifications -for materials and placement methods.

As relatively small seal components, bulkheads can be constructed and

tested at full scale in order to demonstrate construction feasibility

and performance.

Extending the theoretical analyses of disturbed zone characteristics

presented in Section 3.1.3, it can be shown that bulkheads (not properly

constructed) may tend to increase rather than reduce the extent of the

disturbed zone. This arises, theoretically, because the extent of the

disturbed zone is proportional to the radius of the excavation. If the

radius is increased by excavation of a cutoff collar, the width of the

disturbed zone will also be increased. Even if the linear extent of the

disturbed zone around the cutoff is the same as that around the penetra-

tion, a greater impact occurs because the area 'of the disturbed zone

annulus around the cutoff is much greater than that of the annulus

around the penetration. For a cylindrical bulkhead with "square ends,"
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the "total permeability" (permeability integrated over the area of the

disturbed zone) would be increased by a factor of 4 or 5 times relative

to that of the disturbed zone without a cutoff collar.

The effect described above will not occur, or will be reduced in prac-

tice, if the rock around the bulkhead can be prestressed in such a way,

or excavated in such a way, that the disturbed zone is not propagated

further into the rock mass. Methods that might be considered include:

* excavation in segments so that only a small volume
of the rock is destressed at any particular time;

* immediate support of excavated segments using
shotcrete or other means;

* sequencing excavation and support so that the
entire cutoff area in the center of the bulkhead
is protected by a compression arch -- conceptually
this might be achieved by excavating above and
below the cutoff (or on either side) and stressing
the rock by means of expansive concrete;

* use of expansive seal materials to restress the
rock mass and restore to some degree the original
permeability;

* use of narrow cutoff slots extending beyond the
main bulkhead structure (see Section 6.5).

Additional study is required to determine the effectiveness of bulkheads

for reducing disturbed zone permeabilities. This should include

detailed analyses to determine stresses in critical cutoff zones at all

times during and after excavation and construction. Analyses should

also examine the benefits of expansive materials and the stress changes

that will occur during the repository thermal cycle. Other practical

considerations may have an impact on detailed bulkhead design. These

include the effects of heat of hydration on adjacent seal components,

the potential for thermally-induced cracks within the concrete, and the

effects of shrinkage during cooling. In practice, these problems are

generally eliminated by pouring the concrete in small lifts.
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6.5 DRILLED CUTOFFS

Many of the problems associated with bulkheads described in the previous

section should be overcome by constructing a narrow cutoff as a series

of overlapping boreholes (Figure 6-2). Each hole is drilled and grouted

with a low permeability material prior to excavation of adjacent

holes. In this way only a small volume of the rock mass is destressed

at any one time. Further, the stress relief should not extend signifi-

cantly beyond each hole in the longitudinal direction. As shown in the

figure, two or more overlapping, horizontal (for a shaft) rings of holes

would be drilled with the axes offset to achieve a complete overlap.

Cutoffs excavated and filled in this manner will serve as barriers to -

water migration through the disturbed zone, but they are not intended to

act as structural bulkheads. Clays might be considered in place of

cement grouts in order to place a sorptive barrier in the disturbed

zone. The holes would be as long as necessary to penetrate through the

part of the disturbed zone in which the permeability is significantly

increased, i.e., the lengths would probably be in the range 1 to 2

penetration radii, although there would be no limit on making the holes

longer. Conceptually, considering 25-cm diameter holes and a 6-m dia-

meter shaft, each horizontal ring would include about 75 holes, and a

cutoff consisting of 3 overlapping rings would include about 200

holes. In further developing the scheme, consideration can be given to

using larger holes.

6.6 CONCLUSIONS

Disturbed zone effects may be reduced by a combination of careful exca-

vation and properly constructed cutoffs and bulkheads. It is essential

that the rock mass in bulkhead cutoffs be supported immediately fol-

lowing excavation in order to avoid irreversible deformations. Properly

sequenced construction procedures are required to maintain relatively

high stresses in the zones adjacent to the cutoffs. Bulkhead materials

should be sufficiently rigid to prevent rock mass deformation. Expan-

sive materials are desirable in order to develop high normal stresses at

the interface. An alternative method for restricting disturbed zone

flow, which may be used in addition to conventional bulkheads, involves
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cutoffs constructed as a series of overlapping boreholes. This is

considered as the most promising method for engineering a disturbed zone

barrier. It is noted that disturbed zone permeability may be reduced

"naturally" in the repository environment by secondary precipitation of

silica in fractures. It is doubtful, however, that such a passive

treatment method used alone would be acceptable to licensing autho-

rities.

- i
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APPENDIX A
FRACTURING OF INTACT ROCK

A.1 INTRODUCTION

This appendix summarizes calculations performed to assess the conditions

in which fracturing of intact crystalline rock could occur around a

shaft or borehole. The procedure is to calculate the state of stress

throughout the region of interest assuming that the rock behaves elas-

tically. The stress values are then compared with a Mohr-Coulomb

failure criterion for fracturing of intact rock. Failure is assumed to

occur at points where the value of the calculated major principal stress

is greater than the maximum stress given by the failure criterion.

Consideration is given to the stress conditions required for the onset

of failure, and to the extent of the failure zone for the given stress

condition.

A.2 STATE OF STRESS

A circular shaft or tunnel of arbitrary diameter is excavated in ba-

salt. The material is assumed to be homogeneous, isotropic, and line-

arly elastic. Within a horizontal plane, the far field state of stress

is assumed to be anisotropic (i.e., P2>P1). The maximum tangential

stress at point A (Figure A-1) on the shaft circumference is given

(Goodman, 1980) as a special case of the Kirsch solution:

ar = 3P2 - P1 (A-l)

where:

ar = maximum tangential boundary stress,
Pi minimum horizontal stress far field, and
P2 w maximum horizontal stress far field.

This value occurs at point A shown in Figure A-1. If a factor k is

defined as the ratio of the maximum horizontal far field stress to the

minimum horizontal far field stress, then:

ar = (3k-1) Pi (A-2)
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Figure A-L. Stress Analysis ,or a Circular Opening in a Homogeneous,
Elastic Medium
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This equation expresses the maximum boundary stress in terms of the

stress ratio k and a reference stress P1 which is assumed equal to the

overburden stress at some depth:

P1 yh
Y " unit weight of rock
h depth

The state of stress away from the most critical point A (Figure A-1) is

determined by the general Kirsch solution:

I+P] a',+ r 1I-PZ ( 4a' 3a4
r 'L 2 ] (1 _ L 2 ] (1 --- -F-- ) Cos 2h

a . [PI '2 ( + a') [ ] - P21 (1 +-a) cos 28

r L 1 22(I + --ar) sin 2 (A-3)
re_ __2 ra

where:

r,O I polar coordinates (Figure A-i)
P P - horizontal far field stress,
a radius of opening,
r ' radial stress

a, - tangential stress, and
Tr8 shearing stress

The principal stresses for the general biaxial stress state are given

by:

- r - aa (a - aa2
; a ° r (2 4 M) + 2 (A-4)

P1 2 24r

Equations (A-4) are used to determine the state of stress at some

point. Equation (A-5) transforms the stresses to principal stresses for

comparison to the Mohr-Coulomb failure criterion.
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A.3 STRENGTH OF INTACT ROCK

The definition of intact rock strength for basalt refers to the strength

of intact core (free from-discernable discontinuities) measured at the

laboratory scale. Goodman (1980) gives a range of 148 to 355 MPa for

the unconfined compressive strength of basalt. In the analyses herein a

conservative lower bound strength of 150 MPa is assumed.

The uniaxial compressive strength may be used as a criterion for rock A

failure in cases where the confining stress is zero, i.e., at the shaft

perimeter. In cases where the rock is confined it is necessary to use a

failure criterion expressed in terms of either the shear and normal

stresses, or the principal stresses acting at a point. Roek and Brown

(1980 ) have proposed the following general criterion expressed in terms

of principal stresses:

_ 5 + j m a + s (A-5)
c c c

where:

ac = unconfined compressive strength at the laboratory scale,
M'S - constants depending on rock quality, and
ala3 a major and minor principal stresses at failure.

The values used for the constants a and s are those given by Roek and

Brown for intact, fine-grained, polymineralic igneous rocks (m - 17,

s - 1).

A.4 RESULTS

The possibility for failure of intact rock at some point on the shaft

(or borehole) perimeter is evaluated by comparing the maximum boundary

stress (for various depths and values of the in situ stress ratio, k)

against the intact unconfined compressive strength (Figure 3-3). For a

depth of QOOm, and an unconfined compressive strength of 150 MPa,

fracturing of intact rock can occur when the stress ratio is between 2

and 3. If the intact compressive strength is greater than 150 MPa,

higher stress ratios are required to initiate fracturing of intact rock.
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The extent of the fractured zone is calculated using the general Kirsch

solution for a stress ratio (k) equal to 2.5 (Figure A-2). At the rock

surface, the radial stress is zero but, within a short distance from the

shaft boundary, the radial stress increases the intact rock strength due

to the effects of confinement. The analysis indicates that fracturing

of rock occurs to a depth of only 15 cm for a 6.0 m diameter shaft and

is localized within a small arc. For a borehole the extent of frac-

turing would be negligible.

In summary, the analysis indicates that fracturing of intact rock in

basalt is only likely to occur where the ratio of maximum to minimum far

field horizontal stresses at repository depth is significantly greater

than 2. If fracturing were to occur, it would be limited to a thin

zone, and would not extend far around the shaft from the direction of

the minimum horizontal stress. This is attributed to the effects of

confinement greatly increasing compressive strength.
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APPENDIX B
STRESS AND DISPLACEMENT ANALYSES

This Appendix describes closed-form and numerical solutions used to

predict stresses and displacements around a shaft. Section B.1 des-

cribes the rock mass deformability and strength parameters used in the

stress and displacement analyses. Closed-form solutions for stress

distributions and displacements are presented in Sections B.2 and B.3

respectively.

B.1 ROCK MASS STRENGTH AND DEFORMABILITY

B.1.1 Strength

Rigorous analysis of rock mass response in jointed rock requires consi-

' - deration of rock mass rather than intact rock properties. Hoek and

Brown (1980) proposed a criterion for the strength of discontinuous rock

masses. Laboratory and in situ strength data were compiled and inter-

preted according to the relation:

aI a 3a
! 1 a 3 + m + s (B-I)
a a 1 a

c c c

where:
ac unconfined compressive strength at the laboratory scale,
~ M's S constants depending on rock quality, and
a1'a3 major and minor principal stresses at failure.

or alternatively

AaN - at) 3 (3-2)

where:

-. at" tensile strength normalized to uniaxial compressive strength,
A,B = constants depending on rock quality,
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TNSaN = shear and normal stress on the failure plane
normalized to uniaxial compressive strength.

Roek and Brown present a method of estimating the empirical constants

used in the strength criteria on the basis of rock mass classifications

such as the Q index (Barton et al, 1974) or the CSTR Rock Mass Rating

(RMR) index (Bieniawski, 1979). This is perhaps an inexact method for

predicting rock mass strength, but it is considered adequate for the

purposes herein.

Typical rock mass characteristics for the Pomona basalt are obtained

from Moak and Wintczak (1980). Fracture spacing ranges from 70-90 mm,

and ttle fractures have slightly rough surfaces. The RQD ranges from 30

to 60. These data indicate an approximate LYR rating of 65, and a Q

rating of 14. Analyses herein used a compressive strength of 276 MPa,

an average value for basalt given by Isherwood (1981). (The average

intact compressive strength reported for Pomona basalt is 313 MPa.)

According to Hoek and Brown, for a fine-grained igneous rock with RMR -

65, A 0.525 and B - 0.698, so that:

~rN -0.525 (aN + .002)0 .698 (B-3)

This criterion is plotted in Figure B-1 as a "peak" strength envelope

which is considered to apply to undisturbed rock. Also shown is a

"residual" strength envelope which is considered to apply to rock within

a disturbed zone where there has been some dilatancy and loss of appa-

rent cohesion and friction. A small cohesion is assigned to the dis-

turbed material because it seems likely that the walls of an excavation

at 1000m depth would be self-supporting.

B.1.2 Deformabilitv

The analysis of displacements requires an assessment of rock mass defor-

mability in terms of the elastic constants for an equivalent continuous

material representative of the rock mass. Bieniawski (1978) showed that
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a rock mass modulus could be estimated from the RbM index. For LMR

greater than 55:

E - 2 (RMR) - 100 (3-4)

where:

E equivalent Young's modulus (GPa) and
RMR - rock mass rating

For RMR - 65 the deformation modulus is 30,000 MPa. The value of

Poisson's ratio (u) was selected at 0.2.

B.2 CLOSED-FORM STRESS ANALYSIS

B.2.1 Elastic Solution

Analysis of stresses within the elastic zone is based upon the Kirsch

solution. For an elastic material that is unsupported the solution

i s:

ar p (1 -a 2 /r 2 )
(B-5)

C} p (1 + a 2 /r 2 )

where:

r radius at point of stress calculation,

a radius of shaft,

ar = radial stress,

as tangential stress, and

p farfield hydrostatic stress.

This solution predicts that the radial stress is equal to zero at the

shaft. The tangential stress at the shaft is twice the far field

stress. These equations are used for elastic analysis of stress distri-

bution around a shaft. If the tangential boundary stress (ao) exceeds

the unconfined compressive strength (a.) of the rock mass, failure

occurs and elasto-plastic analysis is applicable.
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For an interior circular surface under internal support pressure from

artificial support or from a failed annulus of rock:

b
r

(3-6)

b
ades P ro

where:

b X constant (see below)

B.2.2 Elasto-Plastic solution

Hoek and Brown (1980) present an elasto-plastic solution based upon the

failure criterion in equation (B-i) for ultimate strength of the undis-

turbed rock. The form of the equation for residual strength of the

plastic zone is similar with reduced mr and sr parameters replacing m

and s in equation (B-1). Hoek and Brown express the elastic stresses

as:

ar - P - (P - are) (R/r)z (B-7)

a$ = P + (P - are) (R/r) (B-8)

where:

R - radius to the elastic boundary, and
are ' constant.

R is calculated as follows:

R - a e [N - 2/mr/a (mrapi + srac]2 (-9)

where:

2 2 /
N - 2/(m a )( a p + s a - M a 2 M)

r c r c r c r c
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mrsr - residual strength parameter,
p - farfield stress,
a X unconfined compressive strength, and
Pi t internal support stress.

M -1/2 [m/4) + mp/a + /2 -2 (m/8)

The constant b (equation B-6) is given by:

b - p-are (3-10)

and the constant are by:

ae p-Ma: (B-ll)

re c~r

The radial and tangential stresses in the plastic zone are given by:

ar = (mr ac/4) ln (r/a) 2 + n(r/a)
r r c2~I)V2 L1 (B-12)

(in a p. + sPa
r c Pi + Sr ac ) P

ae M a + (ina a + a )Y
8 ar r c r r c (8-13)

Stress distributions predicted using the Hoek and Brown solution have

been compared with stresses predicted using a solution developed by Bray

(1967) and have been found to be in close agreement.

3.3 CLOSED-FORM DISPLACEMENTS ANALYSIS

The analysis that follows assumes that the stress distribution and

radius, R, to the elastic-plastic boundary is determined according to

the Hoek and Brown (1980) solution. Let eav be the average plastic

volumetric strain associated with the passage from the original state to

the failed state. By comparing volumes of the broken zone before and

after, the following equation is obtained:
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2 2 2 2
r (R - r ) = r (R + ue) - (r + u)j (1 - eav) (B-14)

where:

R
Ue
r
u
eav

W

W

W

radius to elastic plastic boundary,
displacement at elastic boundary R,
radius,
displacement at radius r, and
average volumetric plastic strain.

Equation B-14 is a quadratic equation in u which can be solved. The

elastic displacement is readily determined at the elastic boundary by

substituting elastic stresses into the elastic constitutive relations of

the rock mass:

u [ 1-2a + F(2a) /- 4T 12 (B-15)

where:

(3-16)

2
~~ I e l u

T _=a _v_ RIY avi 2R2 eav ~ L avj

To derive expressions for

strain, it is noted that:

the radial and tangential components of

u
co ar

(3-17)du
-r dr

The hoop strain is simply the radial displacement divided by r. The

radial strain can be determined by setting the derivative of u to zero

in Equation B-14:
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du _-e
2u + 2u + 2r- + 2a ITv 0 (B-18)dr I-e

av

du
From which the derivative, Tr is obtained:

- u- a ;l-e
e , du , avdu uaa (B-19)

r dr u + a

The distribution of displacement and strains for elasto-plastic analysis

is illustrated in Figure B-2. The maximum displacement is calculated as

24 mm for a 3.7 m diameter shaft. This represents a displacement which

is 1.33% of the shaft radius. The elastic displacement for a shaft

which does not undergo plastic deformation is given by:

u s E pa

Substituting in values for the elastic constants (Section 3.1.2), a

displacement of 2 mm is obtained. The ratio of predicted inelastic

displacement to elastic displacement is thus approximately an order of

magnitude. This ratio has practical significance as an indication that

inelastic deformation has taken place. The radial strain in Figure B-2

exhibits a strain discontinuity at r - R, produced by the requirement

that displacements at r - R are equal while tangential stress is discon-

tinuous. The radial strain, equal to the derivative of the displacement

is useful for assessing the extent of the disturbed zone.
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SECTION: QAP 9.03 NL SPERRY-SUN TILT SCALE GYROSCOP- PAGE 1 REVISION 0
IC CLUSTER-SHOT SURVEY PROCEDURE

Project: BWIP OF 6 DATE 2-83

1.0 SCOPE

The purpose of this procedure is to provide the details for performing
a down-hole tilt scale gyroscopic cluster-shot survey.

2.0 RESPONSIBILITIES

The NL Sperry-Sun personnel are responsible to carry out this procedure.
Surveys will be performed at intervals of thirty feet (30') and as otherwise
requested by the contractor.

3.0 PROCEDURE

3.1 Instrument Preparation

A. Check 0°- 2IOL (Inclinometer Oriented Line) in the test stand.

1. Check alignment of scribe line and "T" slot

a. Place inclinometer "T" slot into the test stand jig.

b. Incline angle unit slowly at 30' intervals from 0° - 2'
and observe that the scribe line remains centered over
the bulls eye.

2. Disengage "T" slot from test jig.

3. Set test stand at 30' inclination.

4. Place angle unit in the test stand, but do not clamp down.

5. Gently rotate the angle unit through one complete revolution.
DO NOT DISTURB THE TEST STAND!

6. Observe that the angle unit reads the same as it is rotated.

7. Set the test stand at inclinations of-1!0', 1030' and repeat
steps 3.1.a.5 - 3.1.a.6.

B. Check the gyro on the warm up power supply to assure that the
drift (precession) rate is less than 6V/hour. Balance the gyro
as necessary.

C. Check upper and lower solenoids for proper operation.

D. Check the lights in both inclinometer and gyro lens units.

PR;PARED BY: IAPPROVED BY: QA Cy NlJRRE&CE BY:
.,-. i Date 2 Date 2/ 7] t/A Date 1J / & 3

I
I
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IC CLUSTER-SHOT SURVEY PROCEDURE PAGE 2 REVISION 0

Project: BWIP OF 6 DATE 2-83

3.0 PROCEDURE (Cont.)

3.1 Instrument Preparation (Cont.)

E. Check programmer for proper operation.

3.2 Rig-floor Preparation

A. Check with the Driller and/or the Tool Pusher for the following: -

1. Verify that a landing crossbar is in the bit.

2. Verify that the drilling assembly has a bit and top stabilizer
of the same guage. (Cluster-shot surveys are invalid unless
the drilling assembly meets this requirement.)

3. Obtain a copy of Drilling Assembly drawing from Morrison-
Knudsen or Geodril.

4. Check the pipe talley and determine the bit depth prior to
each survey.

5. Bit depths shall be referenced to pad elevation as "Ground
Zero", unless otherwise instructed by Morrison-Knudsen.

B. Check wireline unit and wireline-rope socket compatibility.

C. Check that a wireline swivel is in good condition and used for
all surveys.

D. Check instrument protective case, battery supply, and centralizers
in accord with operator's manual.

E. Make certain that a "Landing Foot" is installed on the bottom
centralizer bar!

F. Verify Foresight Direction of Reference Object supplied by
Morrison-Knudsen.

3.3 Conducting Cluster-Shot Surveys

A. Assemble and orient gyro in accord with operator's manual.

B. Position bottom of downhole assembly at the top of the drill pipe
above the rotary table. Set wireline counter at (Zero -
Length of pipe above Ground Zero).

C. Restrict the wireline operator to a traverse speed of 200 ft/min
or less.

D. Make certain that the tool lands softly; stop the operator at
least 60 feet above the predetermined bit depth and control the
sDeed at a "crawl" rate until the tool has landed.
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3.0 PROCEDURE (Cont.)

3.3 Conducting Cluster-Shot Surveys (Cont.)

E. Permit the wireline to have approximately 5 or 10 feet of slack.

F. Be certain that the wireline remains slack and that the instrument
is not disturbed during cluster-shot rotations.

G. Proceed to take ,an eight-point, cluster shot survey.

1. Delete drift checks; instead compute drift from initial orien-
tation to final orientation and make a straight-line correction.

2. After the instrument has landed inside the drilling assembly,
subdivide the rotary bushings and table into eight points
equally spaced at 45.

3. Obtain at least three still pictures at each point.

4. Instruct the driller to rotate the pipe very slowly
clockwise to the next point.

5. If more than one depth is to be surveyed per trip in the hole,
leave the instrument at rest in the bit, instruct the
wireline operator to slack off as the Driller raises the bit
to the next survey station.

6. Repeat steps 3.3.G.1 - 3.3.G.5 as necessary.

7. Four stations can be surveyed on one trip in the hole usinq
three, 30-foot joints of drill pipe that are raised above
the rotary table.

H. Retrieve instrument and take final orientation in accord with
operator's manual.

I. Secure all equipment and leave the instruments in a state of
readiness for the next job.

3.4 Processing Survey Data

A. Develope film and determine validity of survey immediately.

1. In case of an instrument malfunction, notify the Engineer,
Tool Pusher and/or the Driller immediately of the mis-run.

a. At the instruction of Morrison-Knudsen, the survey will
be re-run immediately; or,

b. The missed survey station may be re-run along with the next
survey station after the next 30 feet are drilled.
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3.0 PROCEDURE (Cont.)

3.4 Processing Survey Data (Cont.)

2. In case of a valid survey, results will be computed on location
and posted in the M-K QA office.

a. The Survey Tabulation sheet will be updated for each
subsequent survey.

b. A Horizontal Projection Map will be updated after each
survey, and the map will be maintained in the M-K QA
office.

c. Before leaving the location, the surveyor will report the
survey results to the M-K QA office.

b. Computation Methods

Either of two methods of calculations may be used: 1) Monroe 1880
Calculator or 2) manual calculation.

1. Calculator method will be used at times when 110VAC/60HZ power
is available and when the calculator is in an operating
condition.

a. Compute survey data for each rotation shot in accord with
operator's manual.

b. Determine observed inclination and corrected Surwel
Hole Direction Azimuth (counter-clockwise Az.) for each
rotation point.

c. Use the two-film New Center Program and enter the data
as follows:

1. Revert the Surwel Azimuth from counter-clockwise to
Real-World (clockwise) Azimuth, i.e. (360'- Surwel
Az.=Real-World Azimuth). -

2. Use the "eight-point" New Center Program.

3. Enter observed inclination for each rotation point
in accord with the program.

4.. Enter the Hole Direction Real-World (clockwise)
Azimuth as the inclination Azimuth for each rotation
point. 1

5. Enter corrected gyro data in accordance with program.
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3.0 PROCEDURE (Cont.)

3.4 Processing Survey Data (Cont.)

B. Computation Methods (Cont.)

1. (Cont.)

c. (Cont.)

6. The True Inclination and Direction for the survey
station will be printed out in an Inclination and
Clockwise (Real-World) Azimuth.

7. Compute the L j }ude, Departure, and Horizontal
Displacement or the survey station in accord with
the operator's manual.

2. Manual Calculation Method

a. Perform steps 3.4.A.1 and 3.4.A.2.

b. Using polar-coordinate paper, select a convenient scale
for the amount of observed inclination for the eight
points of the survey station.

c. Plot the inclination and the Surwel, Hole Direction
Azimuth (Inclination Azimuth plus corrected Gyro Azimuth)
counter-clockwise.

d. The true inclination and direction for the survey station
is found at the "center" formed by the perpendicular
bisectors of the cords of the circular, rotation points.

e. Perform step 3.4.B.l.c.7.

3.5 Cluster-Shot Survey Reports

A. The official Survey Tabulation sheet and Horizontal Plot for
cluster-shots taken during drilling operations shall be
maintained in the M-K QA office.

B. Each survey shall be assigned an NL Sperry-Sun job number and
all copies of respective field data sheets, computation sheets,
and fi1d envelopes shall be properly identified with the following
information:

1. Hole Number

2. Job Number

3. Contractor's Name

4. Depths Surveyed

5. Date
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3.0 PROCEDURE (Cont.)

3.5 Cluster-Shot Survey Reports (Cont.)

C. The survey reports will be submitted to Morrison-Knudsen QA
department at the field operations office.

3.6 Reports for 6D-Hole Location Surveys

A. All surveys will be calculated on location, and the field reports
will be submitted in accord with the operatior's manual.

B. The survey data will be forwarded to the nearest NL Sperry-Sun
district office where it will be recalculated and a formal
survey report complete with computer print-out and. computerized
plots will be prepared and mailed to- Mr. F.C. Larvie

Morrison-Knudsen Co., Inc.
P.O. Box 1450
Richland, WA 99352



Rockwell Hanford Operations Total oace count 132
Number Rev. Ltr./ Page 1

SUPPORTING DOCUMENT Chg. No. of 95

PROGRAM: Basalt Waste Isolation Project SD_ BWI-TI-113 A11-A23l-B 14
Document Title:. f

Document Title: B~~~~~~~~~~~~~~aseline Document :1 Yes Pt- No

Principal Borehole Report Baseo.ne Docume N YN
Borehole RRL-2 WBS No. or Work Package No-LF422

Key Words: Prepared by (Name and Dept. No.) Date

.ST. M. Wintczak Apprval i

See Page 2 for Approvals

Abstract * Distribution Name Mail Address

The Principal Borehole, RRL-2, was drilled to
provide information required for shaft design,
selection of porthole locations and site
suitability studies.

The borehole meets objective I of the Test
Plan for Exploratory Shaft - Phase I and
Phase II.

The report presents the results of borehole
drilling, the geological and geophysical
logging, and the testing associated with
Borehole RRL-2.

Initiated by:ROCKWELL
Used by: ROCKWELL

*COMPLETE QOCUMENT
(No asterisk, title page/
summary of revision page
only)

rv'R USE

T'C
B|Xi r o [-r~rwii .. !.......

ROCKWELL HANFORD OPERATIONS

S. M.' Baker PBB/700
H. W. Brandt PBB/700
D. J. Brown PBB/700
R. W. Bryce PBB/700
R. A. Deju PBB/700
H. B. Dietz PBB/700
L. R. Fitch PBB/700
R. N. Gurley 1135 Jad/700
G. S. Hunt PBB/700
L. L. Johnson PBB/700
K. S. Kim PBB/700
J. H. LaRue PBB/700
P. E. Long PBB/700
R. K. Ledgerwood PBB/700
D. J. Moak MO-029/600
S. M. Price PBB/700
W. H. Price MO-029/600
P. J. Reder L 1135 Jad/700
T. A. Rundle Gable Mtn/600
M. J. Smith 2101M/200E
F. A. Spane MO-029/600
S. R. Strait MO-029/600
W. R. Sublette Gable Mtn/600
D. A. Turner PBB/700
Rec. Ret. 1135 Jad/700
D&T File MO-029/600
T. M. Wintczak(2) MO-029/600
R. M. Ybarra PBB/700
W. F. Todish (OriN & 2O 11 fJU1110

U. S.. DEPARTNT F E

*

J.
M.
A.
0.

H.
W.
G.
L.

Anttonen
Frei
Lassila
Olson (2)

FED/700
DOE/HQ
PBB/700
PBB/700

I (May be continued on page 2)

Initial Release Stamp

-' i' I A L LY

[IU3 J1 3

£~ -1 .A ~i )'

Q:. .: 3 -)

A-6400-073 (R-6-81)



Rockwell Hanford Operations
Number Page

SUPPORTING DOCUMENT ISD- BWI-TI-113 2

Approvals

Prrm Office R.

Research and Engineering

Plant Operations

Health, Safety and Enviro

Quality Assurance

L .- . Fi Ih.

H. B. Dietz

e.. /~. lurner

G. S. Hunt

73 _ ISE AS,

* Distribution Name Mail Address

Dej u
* P. E. Rasmussen

R. Stein (2)
J. J. Sutey

FED/700
DOE/HQ
FED/700

nment

A-1b
Approval Authority W. H. Fri ce

A-6400-073R (R-6811



SD-BWI-TI-113

PRINCIPAL BOREHOLE REPORT

BOREHOLE RRL-2

STAFF

BASALT WASTE ISOLATION PROJECT

JANUARY 1983

3



SD-BWI-TI-113

CONTENTS

Introducti on . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Summary and Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . 7

Selection of Reference Repository Location .... . . . . . . . . . . . 16

General Geology ............................ . 17

Borehole History .......... .. ... ... ... .. ... . . 20
Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
Drilling ............................. . 20
Geologic Logging ......................... . 22
Geomechanical Logging . . . . . . . . . . . . . . . . . . . . . . . 30
Geophysical Logging . . . . . . . . . . . . . . . . . . . . . . . . 30

Geologic Characterization . . . . . . . . . . . . . . . . . . . . . . . . 37
Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

Hydrologic Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

Hydrochemistry ................... ........ . 62
Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

Geomechanics Laboratory Characterization ..... . . . . . . . . . . . 72
Introduction ........................... . 72
Methodology .72
Physical Property Tests ......... .. ... .. ... .. . 73
Mechanical Property Tests .................... . 73
Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

In Situ Stress Measurements ...................... . 87
Introduction ........................... . 87
Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

References ................... ............ . 94

Bibliography ............................. . 95

Append ices
A. . .............................. . A-1
B. . .............................. . B-1

4



SD-BWI-TI-113

FIGURES:
1. Location Map of the Columbia Plateau, Pasco Basin

and Hanford Site . . . . . . . . . . . . . . . . . . .
2. Location of Candidate Sites in the Cold

Creek Syncline . . . . . . . . . . . . . . . . . . . .
3. Stratigraphic Nomenclature, Columbia River

Basalt Group, Pasco Basin. . . . . . . . . . . . . . .
4. Informal Structural Subprovinces of the Pasco Basin

Columbia Plateau . . . . . . . . . . . . . . . . . . .
5. As-Built for Borehole RRL-2 . . . . . . . . . . . .
6. Borehole RRL-2--Drill and Test Schedule. . . . . . . .
7. Borehole RRL-2--Deviation Survey Plan View . . . . . .
8. Borehole RRL-2--Deviation Survey Sectional View. . . .
9. Shift Report of Operations Form. . . . . . . . . . . .

10. Borehole RRL-2--Summary Geophysical Log, 0-1,400 Feet.
11. Borehole RRL-2--Summary Geophysical Log, 1,400-2,800 Fi
12. Borehole RRL-2--Summary Geophysical Log, 2,800-3,973 F
13. Location Map--Columbia Plateau, Hanford Site,

Cold Creek Syncline, Reference Repository Location,
and Borehole RRL-2 . . . . . . . . . . . .

14. Lithology of the Cohassett Flow--Borehole RRL-2.
15. Lithology of the McCoy Canyon Flow--Borehole RRL-2
16. Lithology of the Umtanum Flow--Borehole RRL-2. . . . .
17. Borehole RRL-2-- Geophysical Logs of Test Intervals,

1,300-2,700 Feet ...................
18. Borehole RRL-2--Geophysical Logs of Test Intervals,

2,700-3,900 Feet . . . . . . . . . . . . . . . . . . .
19. Comparison of Equivalent Conductivity Values Between

Borehole RRL-2 Interflow Zones
and Sedimentary Interbeds. . . . . . . . . . . . . . .

20. Selected Stiff Diagrams for Columbia River Basalt in
Groundwaters in Borehole RRL-2 . . . . . . . . . . . .

21. Strength Test Results Plotted in Linear Form of
Empirical Failure Criteria . . . . . . . . . . . . . .

22. Disking in the Cohassett Flow in Borehole RRL-2 . . .
23. Downhole Tools. . . . . . . . . . . . . . . . . . . .
24. Typical Pressure Versus Time Curve . . . . . . . . . .
25. Typical Fracture Impression. . . . . . . . . . . . . .

. . . . 8

... . 9

. .

aet. .
eet. . .

19
21
23
25
26
29
34
35
36

38
40
41
42

* . . . 54

* . . . 55

. . . . 61

. . . . 65

. . . . 85

. . . . 83
, . ... 91
. . . . 92
. . . . 93

TABLES:
1.
2.
3.
4.
5.
6.

Detailed Stratigraphy of Borehole RRL-2. . . .
Borehole RRL-2--Cementing Details. . . . . . .
Borehole RRL-2--Deviation Survey . . . . . . .
Borehole RRL-2--Geophysical Logging Intervals.
Borehole RRL-2--Major Element Chemistry (vol%)
Means of Major and Minor Oxides for the
Candidate Horizons . . . . . . . . . . . . . .

. . . .
: ...
. . . .

11
24
27
33
44

. . . . . . . . 48
7. Borehole RRL-2--Estimated Inclination and Statistical

Parameters for Paleomagnetic Samples . . . . . . . . . . . . . 49
8. Model Mineralogy of Cohassett, McCoy Canyon, and Umtanum

Flows from Borehole RRL-2 Core Samples . . . . . . . . . . . . 50

5



SD-BWI-TI-113

9. Borehole RRL-2--Predicted and Observed Stratigraphy ..... . 52
10. Hydrologic Properties from Borehole RRL-2 .......... . 57
11. Predicted Versus Observed Hydrologic Characteristics

in Borehole RRL-2 ...................... . 59
12. Borehole RRL-2--Groundwater Sample Intervals ... . . . . . . 63
13. Borehole RRL-2--Major Inorganic Constituents

in Groundwater ..... . 64
14. Borehole RRL-2--Trace Element Concentrations

in Groundwater. . . . . . . . . . . . . . . . . . . . . . . . 66
15. Borehole RRL-2--Distribution of Dissolved Gas

Components in Grande Ronde Basalt Zones ... . . . . . . . . 68
16. Borehole RRL-2--Isotopic Data for Groundwater .6.9. . . . . . 69
17. Borehole RRL-2--pH, Eh, Temperature and Electrical

Conductivity for Groundwater Samples . . . . . . . . . . . . . 71
18. Sumnary of Borehole RRL-2--Basalt Physical and

Mechanical Property Data--Flow Top/Vesicular Zones ..... . 75
19. Summary of Borehole RRL-2--Basalt Physical and

Mechanical Property Data--Entablature .... . . . . . . . . 77
20. Sumnary of Borehole RRL-2--Basalt Physical and

Mechanical Property Data--Colonnade .... . . . . . . . . . 79
21. Thermomechanical Characteristics of the Columbia

River Basalt Group ..................... . 82
22. Linear Regression Analysis of

Borehole RRL-2--Strength Test Results .... . . . . . . . . 83
23. Borehole RRL-2--Hydraulic Fracturing Data

Analysis, October 1982. . . . . . . . . . . . . . . . . . . . 89

6



SD-BWI-TI-113

INTRODUCTION

The principal borehole, RRL-2, was drilled to provide information
required for shaft design, selection of porthole locations and site
suitability studies. The borehole meets the following objectives:

Principal Borehole Tests: Provide the design information required
for design and selection of porthole locations and ascertain the
overall suitability of the proposed location for an exploratory shaft
at the reference repository location.

Examination of core, downhole tests and laboratory tests provided the
site-specific data required for shaft design and selection of porthole
locations in the shaft. The borehole serves to assure that the
stratigraphic and hydrologic regime are consistent with the overall
isolation requirements for a repository.

The initial choices for candidate horizons were the Umtanum and
Cohassett* flows. The testing in Borehole RRL-2 was based on these
flows. Recently, a screening of candidate horizons was conducted.
The results indicated that the Cohassett, McCoy Canyon, and Umtanum flows
all met the screening criteria. Since the McCoy Canyon flow was
recently identified as a candidate horizon, hydrology and in situ
stress data for this flow, in borehole RRL-2, are not available.

Borehole RRL-2 is located on the Hanford Site in the western half of
the A-H site (Fig. 1 and 2). The collar elevation is 633.9 ft (193.2 m)
above mean sea level. The Washington State coordinates are N444,297.87,
E2,211,184.57. The borehole is 300 ft (91.4 m) east of the exploratory
shaft location.

This principal borehole report presents the results of borehole
drilling, the geological and geophysical logging and the testing
associated with borehole RRL-2. It includes the borehole history,
geology, hydrology, geomechanics laboratory characterization, and in situ
stress tests for borehole RRL-2.

*Cohassett flow--previously called the Middle Sentinel Bluffs flow or
Sentinel Bluffs "through runner."
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FIGURE 1. Location Map of the Columbia Plateau,
Pasco Basin and Hanford Site.
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FIGURE 2. Location of Candidate Sites in the Cold Creek Syncline.
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SUMMARY AND CONCLUSIONS

The principal borehole, RRL-2, was drilled to provide the information
required for shaft design, selection of porthole locations and to ascertain
the overall suitability of the proposed location for an exploratory shaft
at the reference repository location (RRL).

The information necessary for porthole design and location is the
detailed stratigraphy (Table 1). The parameters on which site suitability
is to be judged are the following:

e Depth to top of candidate repository horizon

The design basis maximum depth is 4,000 ft (1,219.2 m). The
depths to the top of the candidate horizons are:

Cohassett 2,993 ft (912.3 m)
McCoy Canyon 3,475 ft (1,059.2 m)
Umtanum 3,607 ft (1,099.4 m)

* Thickness of candidate repository horizon interior

The design basis minimum thickness is 80 ft (24.4 m). The
thickness of the interiors of the candidate horizons are:

Cohassett 245 ft (74.7 m)
McCoy Canyon 106 ft (32.3 m)
Umtanum 84 ft (25.6 m)

* In situ temperature of the candidate repository horizon

The design basis maximum temperature is 150OF (650C). The
temperatures of the interiors of the candidate horizons are:

Cohassett 1240F (510C)
McCoy Canyon 131OF (550C)
Umtanum 1360F (580C)

e Maximum horizontal stress magnitude

The design basis maximum horizontal stress magnitude is
12,000 psi (81 MPa). The maximum average stress magnitude
measured for the candidate horizons are:

Cohassett 7,780 psi (53 MPa)
McCoy Canyon no data
Umtanum 9,730 psi (67 MPa)

10



TABLE 1. Detailed Stratigraphy of Borehole RRL-2. (Sheet 1 of 4)

Ground surface elevation = 633.9 ft.
All numbers are drilled depths or thicknesses in feet.

Interval of
Stratigraphic Contact flow top or
Str its*api I(top of Thickness bottom rubble Vesicle zone Vuggy zone Diskingunits* I unit) or breccia (B)

jj_ _ _ Top - bottom Top - bottom Top - bottom

Saddle Mountain Basalt
, ~ ~~~~~~ T

Elephant Mountain Start
of core
605

-
Rattlesnake Ridge Interbed

Pomona

Selah Interbed

Esquatzel

Cold Creek Interbed

Umati la

Mabton Interbed

686

782

941.5

986

1104

1168

1399

81

96

159.5

44.5

118

64

231

124

613.5 - 662.5
618.0 - 686.0

(I)

'-.4

'-4

798.0
812.0
845.0

- 798.0
- 814.0
- 855.0

782.0
798.0
814.0
855.0

796.0
810.0
839.0
857.0

986.0 - 1004.0
1103.0 - 1104.0

1168.0 - 1185(b)

1005.0 - 1009.0
1016.0 - 1018.0

858.0 - 868.0

1020.0 - 1030.0

1199.0 - 1202.0



TABLE 1. Detailed Stratigraphy of Borehole RRL-2. (Sheet 2 of 4)

Ground surface elevation = 633.9 ft.
All numbers are drilled depths or thicknesses in feet.

Interval of
Stratigraphic Contact flow top or

Ufltrati runic~ ont)po Thickness bottom rubble Vesicle zone Vuggy zone Disking
units unit) I or breccia (8)

Top - bottom Top - bottom Top - bottom

Wanapum Basalt

Priest Rapids (Lolo) 1523

Priest Rapids (Rosalia)

Unnamed Interbed

Roza (Lobe II)

Roza (Lobe I)

Frenchman Springs 1

Frenchman Springs 2

Frenchman Springs 3

Frenchman Springs 4

1689

1749.4

1750

1778

1922

2104

2217

2273

166

60

0.6

28

144

182

113

56

108

1526.0 - 1531.0
1551.0 - 1555.0

1689.0 - 1692.0 1692.0 - 1714.0

1754.0 - 1762.0
1776.0 - 1778.0

1692.0 - 1712.0

1750.0
1774.0

1778.0

1754.0
1776.0

1786.0

1922.0 -
1931.0 -
1938.0 -
2006.0 -
2022.0 -
2102.0 -

2111.0 -

1928.0
1933.0
1943.0
2013.0
2034.0
2104.0

2122.0

1786.0 - 1790.0

1051.0 - 1979.0

2127.0 = 2142.0

2227.0 - 2234.0

(A

'-4

2104.0 - 2110(b)

2223.0 - 2227.0

2271.0 - 2273(b)

2273.0 - 2275.0

2145.0 -
2171.0 -
2190.0 -
2197.0 -

2148.0
2177.0
2195.0
2205.0

2216.0 - 2217.0
2217.0 - 2223.0

2270.0 - 2273.0

2275.0 - 2318.0

2338.0 - 2340.0

2239.0
2254.0 - 2255.0

2269.0

2295.0 -
2311.0 -
2327.0 -
2344.0 -

2299.0
2312.0
2329.0
2353.0



TABLE 1. Detailed Stratigraphy of Borehole RRL-2. (Mheet 3 of 4)

Ground surface elevation = 633.9 ft.
All numbers are drilled depths or thicknesses in feet.

Interval of
Stratigraphic Contact flow top or

units * (top of Thickness bottom rubble Vesicle zone Vuggy zone Disking
unit) or breccia (B)

Top - bottom Top - bottom Top - bottom

Frenchman Springs 5 2381 108 2381.0 - 2409.0 2412.0 - 2443.0 2439.0 - 2450.0
2443.0 - 2445.0 2445.0 - 2453.0

Frenchman Springs 6 2489 128 2489.0 - 2500.0 2500.0 - 25.8.0
2581.0 - 2525.0 2527.0 - 2530.0

2573.0 - 2577.0
_ 2586.0 - 2589.0

2594.0 - 2598.0

Frenchman Springs 7 2617 66 2617.0 - 2619(b)
2619.0 - 2623.0 2623.0 - 2628.0 2645.0 - 2651.0

2666.0 - 2669.0
2671.0 - 2677.0
2679.0 - 2683.0

Vantage Interbed 2683 4

Grande Ronde Basalt

(A

-I

I.-

(A

Grande Ronde 1

Grande Ronde 2

Grande Ronde 3

Grande Ronde 4
Cohassett

2687

2721

2823

2993

34

102

170

262

2687.0 -

2721.0 -

2851.0 -
2858.0 -

2702.0

2742.0

2854.0
2862.0

2823.9 - 2840(b)

2993.0 - 2999.0

2746.0 - 2761.0

2871.0 - 2905.0

2999.0 - 3010.0

3083.0 - 3092.0

2816.0 - 2818.0

2857.0 - 2858.0
2865.0 - 2867.0
2911.0 - 2921.0
2933.0 - 2938.0
2969.0 - 2974.0

2979.0

3011.0 - 3017.0
3021.0 - 3078.0

3095.0 - 3107.0 3105.0 - 3107.0
3183.0 - 3217.0



TABLE 1. Detailed Stratigraphy of Borehole RRL-2. (Sheet 4 of 4)

Ground surface elevation = 633.9 ft.
All numbers are drilled depths or thicknesses in feet.

Interval of
Stratigraphic Contact flow top or

units* t ig(top of Thickness bottom rubble Vesicle zone Vuggy zone Disking
units* ~~unit) or breccia (B)

Top - bottom Top - bottom Top - bottom

Grande Ronde 5 3255 133 3255.0 - 3277(b)
3280.0 - 3291.0 3294.0 - 3301.0

3301.0 - 3306.0 3306.0 - 3312.0
3312.0 - 3317.0 3317.0 - 3320.0
3320.0 - 3335.0 3341.0 - 3343.0

3353.0 - 3354.5
3364.0 - 3372.0

3386.0 - 3388(b)

Grande Ronde 6 3388 30 3388.0 - 3397.0 3404.0 - 3415.0
3416.5 - 3418.0

Grande Ronde 7 3418 57 3418.0 - 3421.5
3421.5 - 3428.0 3428.0 - 3442.0
3474.0 - 3475.0

Grande Ronde 8 3475.0 132 3475.0 - 3493(b) 3493.0 - 3496.0 3523.0 - 3525.0
3525.0 - 3527.0 3527.0 - 3548.0 3533.0 - 3541.0

3544.0 - 3549.0
3553.0 - 3558.0
3571.0 - 3577.0

3583.0
3590.0 - 3593.0

3599.0 - 3607.0

Grande Ronde 9 3607 232 3607.0 - 3755(b) 3624.0 - 3626.0 3763.0 - 3802.0
Umtanum flow 3829.0 - 3834.0

Grande Ronde 10 3839 64 3839.0 - 3865(b)
very-high Mg flow 3891-3903(b)

Grande Ronde 11 3903 70+ 3903.0 - 3916.0 3916.0 - 3936.0
3937.0 - 3942.0 3944.0 - 3947.0
3947.0 - 3960.0

Total depth = 3,973.0

*Units include members, flows, flow lobes and sedimentary interbeds.
NOTE: To convert feet to meters, multiply by 0.3048.
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Therefore, the Cohassett and Umtanum flows are acceptable candidate
horizons for all four design basis parameters. The McCoy Canyon flow is
acceptable for the design basis parameters of depth, thickness and
temperature, however, no stress data is available.

An additional parameter on which suitability of the site was judged
was hydrologic long-term performance, which was reported in the Site
Characterization Report for the Basalt Waste Isolation Project (Rockwell,
1982). The hydrology data presented in the section under "Hydrologic
Testing" in this report provides the basis for the long-term performance
analysis.
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SELECTION OF THE REFERENCE REPOSITORY LOCATION

The National Waste Terminal Storage siting process is a stepwise
procedure involving several phases, beginning with site screening and
ending with site selection. In 1979, available geologic and hydrologic
data were combined with existing information on socioeconomics, land use
and environment to identify the seven initial sites in the Cold Creek
syncline in the Pasco Basin (see Fig. 1 and 2). Geologic information
obtained subsequent to that presented in Myers, Price and others (1979)
was used to identify three additional sites (H, J and K; see Fig. 2). All
candidate repository sites were evaluated by a committee comprised of
personnel from Rockwell Hanford Operations and Woodward-Clyde Consultants
(WCC, 1981). One site, the combination of sites A and H, emerged as the
highest ranked. This candidate site in the Cold Creek syncline is
referred to as the RRL.

16
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GENERAL GEOLOGY

The Cold Creek syncline, in which the RRL is located, is in the
western Pasco Basin, one of several structural and topographic basins
within the western Colombia Plateau (see Fig. 1). The plateau is
primarily underlain by a Miocene volcanic sequence termed the Columbia
River Basalt Group (Fig. 3).

The bulk of the Columbia River Basalt Group is comprised of flows
that belong to the Yakima Basalt Subgroup. The oldest formation of this
subgroup, the Grande Ronde Basalt, was erupted between 16.5 and 14.5
million years before present (m.y.B.P.). The Grande Ronde Basalt is the
most voluminous unit of the group ( 85 vol%) and underlies most of the
Columbia Plateau. Grande Ronde Basalt is overlain by Wanapum Basalt.
This is the second most voluminous formation of the group ( 5 vol%) and
was erupted between 14.5 and 13.5 m.y.B.P. The Saddle Mountains Basalt,
the youngest formation of this subgroup, comprises 1 vol% of the group
and was erupted during a period of waning volcanism, 13.5 to 6 m.y.B.P.

In general, the Columbia Plateau can be subdivided into three
informal structural subprovinces: the Yakima Fold Belt subprovince,
Palouse subprovince and Blue Mountain subprovince (Fig. 4).

The Pasco Basin spans the area of transition between the Yakima Fold
Belt subprovince and the Palouse subprovince. Anticlinal folds of the
Yakima Fold Belt bound the basin on the north and south and plunge
eastward into the basin from the west (see Fig. 2). Most of the
anticlines are asymmetric and have second-order folds in their hinge
zones. Drill holes and geophysical surveys reveal that most subsurface
structures in the central Pasco Basin appear to be extensions of the
Yakima folds and their associated second-order structures; however, a few
subsurface structures slight be related to northwest-trending structures
that appear to crosscut the east-west-trending Yakima folds.

Synclines between the anticlines are generally broad, open folds that
are sediment filled. Major synclines within the Pasco Basin include the
Wahluke and Cold Creek synclines. The Wahluke syncline lies between the
Saddle Mountains and Umtanum Ridge-Gable Mountain anticlinal structures
(see Fig. 2). The Cold Creek syncline is the relatively low-relief,
sediment-filled trough that is bounded by the Umtanum Ridge-Gable Mountain
anticlinal structure and the Yakima Ridge anticlinal structure (see
Fig. 2).
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BOREHOLE HISTORY

INTRODUCTION

Borehole RRL-2 was completed in June 1982 by the Boyles Brothers
Drilling Company, Salt Lake City, Utah, under subcontract to Rockwell
Hanford Operations, Richland, Washington. Rockwell's Basalt Waste
Isolation Project (BWIP) personnel furnished continuous supervision of the
core drilling, geologic logging, geophysical logging and hydrologic
testing activities for this borehole.

DRILLING

The initial phase of drilling was performed between February and
September of 1981 as part of a program of six boreholes to identify an
exploratory shaft site. The work during this period included drilling
borehole RRL-2 to a depth of 1,544 ft (470.6 m) and installing 16-in.
(40.6-cm) casing to 18 ft (5.5 m), 12-in. (30.5-cm) casing to 103 ft
(31.4 m), and 8-in. (20.3-cm) PVC casing and 5.5-in. (14.0-cm) casing to
615 ft (187.5 m) (Fig. 5).

The sediments overlying the basalt were drilled by cable tool and mud
rotary methods to a depth of 615 ft (187.4 m). The top of basalt was
encountered at a depth of 605 ft (184.0 ma). A Chicago Pneumatic Model
(CP) 50 core drill using a PQ 4.835-in.- (12.3-cm-) diameter diamond bit
was used to drill the basalt sequence from 616 ft (187.8 m) to a depth of
1,544 ft (470.6 m). For this interval, the borehole penetrated the Saddle
Mountains Basalt and was terminated in the interior of the Priest
Rapids II flow of the Wanapum Basalt.

After completion of the six boreholes, the data were integrated with
existing geological, geophysical, and hydrological data to select a site
within the RRL for the principal borehole and exploratory shaft (BWIP,
1982). The data analysis showed that borehole RRL-2 was located in what
was determined to be a suitable area for the exploratory shaft.

In January 1982, after selection of borehole RRL-2 as the principal
borehole, drilling was resumed using a CP-50 core drill. Prior to
drilling, a 4.5-in.- (11.4-cm-) steel casing was cemented to the total
depth of 1,545 ft (470.9 m).

The borehole was then advanced using HQ 3.937-in.- (10-cm-) diameter
diamond bits to a depth of 2,713 ft (826.9 m). After completion of
hydrological testing and geophysical logging, 3.5-in. (8.9-cm) casing was
cemented to the total depth. The borehole was then drilled using NQ
2.98-in.- (76-mm-) diameter diamond bits to the completed depth of
3,973 ft (1,211.0 m). All coring utilized triple tube core barrels. The
core recovery for the borehole exceeded 99%. The zones of lost core were
due to mechanical problems with the drilling equipment. A coring record,
bit record, and mud loss record are included in Appendix A.
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The proposed and actual drill and test schedules for
are shown in Figure 6. Although drilling started 17 days
the borehole was completed 38 days ahead of schedule.

Borehole RRL-2
behind schedule,

Selected zones of relatively high permeability were hydrologically
tested concurrent with drilling. Tested zones to a depth of 2,913 ft
(887.8 m) were cemented at the conclusion of hydrologic testing to establish
drilling fluid circulation and to prevent cross-flow interference with
subsequent tests.

Two cementing methods were used; displacement through the casing and
"squeeze" displacement. Neat Portland cement, Cal-Seal, and Portland
cement with bentonite were used. The casing positive displacement method
involved pumping the cement slurry through the existing casing. After the
required volume of cement was pumped, a rubber wiper plug was released in
the casing. A calculated volume of water was then used to displace the
cement and wiper plug to the desired interval. The borehole was then
capped to avoid further displacement and cement allowed to set before
coring operations resumed. The "squeeze" displacement method utilized a
packer to isolate the zone to be cemented between the packer and the
bottom of the borehole. Cement was pumped through the rods and a
predetermined amount of water was then pumped into rods displacing the
cement. The packer was then released, the rods removed, and the cement
was allowed to set before coring resumed. The intervals cemented and the
cementing details are listed in Table 2.

The borehole was surveyed for deviation, with a
tool, at -100-ft (30.5-m) intervals during drilling.
the borehole, a multishot gyroscopic survey was run.
survey appear in Figures 7 and 8, and Table 3.

single-shot survey
After completion of
Results of this

All drilling, coring, cementing and testing activities were
documented on Shift Report of Operations forms (Fig. 9). Copies of these
forms are on file in Basalt Waste Isolation Project Records Retention
Center, Richland, Washington.

GEOLOGIC LOGGING

The core from borehole RRL-2 was logged immediately after drilling.
The geologic log consists of a description of the lithology, mineralogy
and fracture patterns. Also recorded for each core run is fracture
frequency, drill rate, percent recovery, and rock quality designation.
A summary geologic log and rock quality designation summary table are
presented in Appendix B.

Core is stored in the Hanford Geotechnical Sample Library, 2101M
Building, 200 East Area, Hanford Site. Color photographs of the core are
on file in the Basalt Waste Isolation Project Records Retention Center,
Richland, Washington.
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TABLE 2. Borehole RRL-2--Cementing Details.

DATE INTERVAL
(ft)

CEMENT
(sacks)

REMARKS

3-27-81

3-30-81

3-31-81

4-1-81

4-2-81

4-3-81

4-6-81

4-8-81

4-9-81

12-16-82

2-26-82

3-1-82

3-2-82

3-4-82

3-10-82

3-24-82

3-29-82

4-14-82

4-30-82

5-17-82

730-827

730-827

737-834

680-841

751-848

751-848

701-862

893-934

752-994

1574-1714

1735-1773

1735-1773

1735-1773

1773-1802

1920-1980

2100-2239

2210-2342

2375-2644

0-2713

2715-2913

12 (Cal-Seal)

12 (Cal-Seal)

12 (Cal-Seal)

20 (Cal-Seal)

12 (Cal-Seal)

12 (Cal-Seal)

20 (Cal-Seal)

5 (Cal-Seal)

30 (Portland)

30 (Portland)

Lost Returns at 810' Tagged cement
at 812' Lost circulation again at
810'

Tagged cement at 765' Soft cement
from 765' - 827'

Tagged soft cement at 812' Partial
Returns

Hard and soft cement 750' to 841'
No returns

No returns

Soft cement 775' - 848' No returns

734' - 862' soft and hard cement,
65% returns

Washed soft cement from 932' - 943'

Tagged cement at 740', hung the PQ
rods up at 704', drilled solid cement
from 740' to 994'
Soft cement at 1580', solid cement
at 1605', 100% returns

No cement, No returns.

Push plug to 1754', no returns

Push plug to 1754', soft cement to
1733', 100% returns

Push plug to 1752', 100% returns

Push plug to 1980', 100% returns

30

30

40

(Portland)

(Portland)

(Portland)

30 (Portland)

19 (Portland)
1 (bentonite)

17 (Portland)
1/2 (bentonite)

30 (Portland)
1/2 (bentonite)

29 (Portland)
1/2 (bentonite)

51 (Portland)

40 (Portland)

Push plug to 1960', 50% returns

Push plug

Push plug

to 1900', 100% returns

to 2351', 95% returns

Casing

Push plug to 2613', 100% returns

NOTE: To convert feet to meters, multiply by 0.3048..
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FIGURE 8. Borehole RRL-2--Deviation Survey Sectional View.
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TABLE 3. Borehole RRL-2--Deviation Survey. (Sheet 1 of 2)

MEASURED
DEPTH
(ft)

TRUE
VERTICAL

DEPTH
(ft)

VERTICAL
SECTION

(ft)

RECTANGULAR
COORDINATES

(ft)

CLOSURE
DISTANCE DIRECTION

(ft)

I. -- I T

100

200

300

400

500

600
700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

2300

2400

100,00

199,99

299.98

399.98

499.98

599.98

699.97

799.97

899.96

999.96

1099.95

1199.94

1299.93

1399.92

1499.90

1599.89

1699.88

1799.88

1899.86

1999.86

2099.86

2199.86

2299.86

2399.85

0.41

0.45

0.10

0.66

0.39

0.43

1.23

2.06

3.05

3.91

4.90

5.95

6.82

8.49

10.66

11.53

12.53

13. 38

15.11

15.95

15.95

15.87

15.47

15.29

0.86

1,92

2.33

3.20

2.38

2.06

2.82

3.55

3.48

4.12

"14.05

4.07

4.66

5.28

6.74

7.34

7.29

7.97

8,84

9.56

9.56

9.17

8.79

N

N

N

N

N

N

N

N

N

0.15

0.92

1.69

1.66

1.36

1.06

0.64

0.15

1.15

1.75

3.06

4.36

5.01

6.64

8.26

8.90

10.21

10.76

12.27

12.77

12.77

12.98

12.76

0.87

2.13

2.88

3.61

2.74

2.32

2.90

3.55
3.67

4.47

5.07

5.97

6.84

8.49

10.66

11.53

12.55

13.39

15.12

15.95

15.95

15.89

15.49

15.29

10

25

36

27

29

27

12

2

18

23

37

46

47

51

50

50

54

53

54

0

39

0

26

47

20

48

29

20

0

2

59
7

31

48

30

28

28

14

w

W

w

w

w

w

W

W

w

W

w

w

w

W

W

W

W

W

N

N

N

N

53

53

54

55

12

12

45

25

9.35 N 12.09 W N 52 16 W
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TABLE 3, Borehole RRL-2--Deviation Survey. (Sheet 2 of 2)

MEASURED
DEPTH
(ft)

TRUE
VERTICAL

DEPTH
(ft)

VERTICAL
SECTION
(ft)

RECTANGULAR
COORDINATES

(ft)

CLOSURE
DISTANCE DIRECTION
(ft)

4 4~ ~~- I 1

2500

2600

2700

2800

2900

3000

3100

3200

3300

3400

3500

3600

3700

3800

3900

3950

2499.85

2599.85

2699.84

2799.83

2899.82

2999.81

3099.80

3199.80

3299.79

3399.78

3499.77

3599.76

3699.75

3799.75

3899.74

3949.73

16.08

16.56

17.84

19.15

20.34

21.60

22.88

24.11

24.97

26.20

27.89

29.15

30.17

31.04

32.33

32.94

9.55

9.28

9.83

10.60

11.76

12.83

13.80

14.93

15.39

16.51

17.89

18.93

18.91

19.47

20.06

12.94

13.77

14.96

16.01

16.63

17. 38

18.26

18.93

19.67

20.34

21.42

22.21

23.52

24.18

25.35

16.08

16.60

17.90

19.21

20.37

21.60

22.89

24.11

24.97

26.20

27.90

29.18

30.17

31.05

32.33

32.94

53

56

56

56

54

53

52

51

51

50

50

49

51

51

51

34

1

40

30

44

34

54

45

58

56

8

33

12

10

38

20.27 N 25.97 W N 52 2 W
_______________ I _____________ _____________J_________

NOTE: To convert feet to meters, multiply by 0.3048.
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SHIFT REPORT OF OPERATIONS
Oa": Mo. 0 ry,. Rockwell Contract No._

Hole Nunbe: SHIFT

Location Of Hole: Are_ Type Hole _itt CI 2nd i~ 3rd

Core Rig Fluid Li ' Tinm ODitribution Forn

Cable Twl Moving To:

Rotary Ground Elevaton Setting UD Personnel

Sze Hole Tearing Oown Oiler

Ste Caing Ceoth Start oniling ioleo,

Casing To Ovtot Fishing iHelper

Start Deoth end Cementing Laborern

Casing To Deadt W.O.C.

End Foota," In Overburden Oritlinq Cement

Foots" By Orive SBarl Testing Mud Usd

Footage In SBust Regeir

Footage By Sit Sttndby

Footag In Interbad Weathef

Bit No. Rockwell Time

Rei mr No. Oniling Mud Condition Contractor Tirne

Bit Type Viz. Wt. Cornresor Hours Cubie Ft. Cement Uud

Sit Condition Wl. Ph. Generator Hou u [

Run No. Frtn To Feet Oniad aCor Recovtred % Recowery Core Tine | Renarks

_ i _ _ _ _ _____

I I.
__ I r I.

_ I _ _ _ _ I _ _ _ I _ __

DOsly Fooag: Reoo No.: Proiot:

Report Sy:_ ADtprovd Sy:

Title: _ Title:

Olalnlbutlron, C ea - tlt aOd. Retention Cent.,
Green n- Bat desords Aetention Cr
Caner - Drilling & SensIwng Office

Fink - Hydroelogbial Sciknsae Unkt
Goioenrot - Geooloical Sciance Unit
Buff Had Cooy - Aetain At Wa thiei

11C.B40002 (N.3-791

FIGURE 9. Shift Report of Operations Form.
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GEOMECHANICAL LOGGING

Geomechanical logging of the core took place at the drill site prior
to moving the core to storage. The geomechanical log records each
fracture's location, aperture, dip, type, and a generalized description of
the fracture filling mineralogy. Geomechanical logging was completed for
the Grande Ronde Basalt section of the borehole. A summary of the
fracture data is included in the section under "Geology Characterization."

GEOPHYSICAL LOGGING

Borehole geophysical logs are utilized for determining stratigraphic
relationships, selection of potential zones of high or low porosity and
permeability, rock mechanics properties, and heat flow relationships.
Geophysical logging was performed by Pacific Northwest Laboratory (PNL)
and Birdwell Division of Seismograph Services. Log parameters determined
are summarized as follows:

* Spontaneous potential log--records the difference in electric
potential between a movable electrode in the borehole and
a surface reference electrode. It is used to determine:

- Interbed characteristics

- Zone thicknesses and depths.

* Resistivity log--records apparent formation electric resistivity
using a device having 16-in. short spacing and 64-in. long
spacing. It is used to determine:

- Stratigraphic correlations

- Zone thickness and depths

- Mud infiltrate zones.

* Fluid temperature log--records temperatures within the borehole,
utilizing a temperature-sensitive element exposed to the
borehole fluids. It is used to determine:

- Sources of groundwater inflow into borehole

- Direction of groundwater circulation in borehole

- Pressure corrections for head measurements

- Geothermal gradient.
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* Flowmeter log (PNL only)--records flow of fluids past a
flowneter located within the borehole. It is used to determine:

- Fluid flow velocity in borehole

- Location of fluid gain and loss zones.

* Caliper loq--records hole diameter using a tool that has
three arms. It is used to determine:

- Borehole breakouts

- Changes in borehole diameter

- Casing sections.

* Natural gamma log--records the natural formation radioactivity
level. It is used to determine:

- Lithology

- Stratigraphic correlations.

s Neutron-epithermal neutron log--records a response related
primarily to hydrogen ion concentration but is also affected by
lithology and borehole effects. The tool contains a
continuously emitting neutron source (Am-Be) and either a
neutron or gamma-ray detector. It is used to determine:

- Moisture content

- Bulk porosity

- Stratigraphic correlations.

* Gamma-gamma density log--records apparent formation density
using a gamma-ray source (Cs-137) and at least one detector
shielded from the source so that it records gamma rays
backscattered from the formation. It is used to determine:

- Bulk density.

* Sonic log--records the acoustic wave train propagated by an
acoustic source. It is used to determine:

- Cement bonding between rock and casing

- Bulk porosity.
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* Magnetometer log (PNL only)--records the magnetic properties
(flux and polarity) of the formation rock surrounding the
borehole. It is used to determine:

- Stratigraphic correlations

- Paleomagnetic record.

The various borehole geophysical logs, the interval
dates logged for PNL and Birdwell are shown in Table 4.
of the PNL logs are in Figures 10, 11, and 12.

logged and the
Digitized copies

The Pacific Northwest Laboratory has made fourteen temperature
logging runs in borehole RRL-2. The data from 0 to 2,713 ft (0 - 826.9 m)
are consistent and have a uniform temperature gradient.

The data from 2,713 ft (826.9 m) to 3,973 ft (1,211.0 m) are less
reliable due to cross-hole flow. The data used to determine the
temperature of the candidate horizons are a combination of the temperature
log from 0 to 2,713 ft (823.2 m) and temperatures measured by downhole
transducers during hydrologic testing. Using these data, the temperature
for the interiors of the candidate horizons are:

Cohassett Flow
McCoy Canyon Flow
Umtanum Flow

- 3,170
- 3,550
- 3,800

ft
ft
ft

(966.2 m)
(1,082.0 m)
(1,158.2 m)

- 1240F (510C)
- 131OF (550C)
- 1360F (580C)
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TABLE 4. Borehole RRL-2--Geophysical Logging Intervals.

Performed by Pacific Northwest Laboratory

NEUTRON-
NEUTRON

(ft)

GAMMA
GAMMA
(ft)

NATURAL
GAMMA
(ft)

SONIC
(ft)

FLUID
TEMPERATURE

(ft)

SPONTANEOUS
POTENTIAL/

RESISTIVITY
(ft)

CALIPER
(ft)

DENSITY
(ft)

MAGNETOMETER
(ft)DATE

03-06-81 2-592 0-591 9-597 13-587 4-597
06-09-81 3-1450 3-1450 569-1454 3-1450 3-1450 569-1454 3-1450 569-1454

10-21-81 160-1443

12-31-81 50-552

02-05-82 _ 1400-1714 450-1714' 1530-1712 1545-1712
02-18-82 1400-1772 . 1600-1772 1200-1772 1650-1771 1545-1770

03-18-82 1740-2222 1700-2222 1740-2222 .

04-07-82 2150-2642 2000-2642 2150-2642

04-20-82 1400-2713 1400-2713 1400-2713 230-2713 2590-2713 1542-2713 1400-2713 1542-2713
04-26-82 1530-2712 1520-2712 _ _

04-29-82 240-2713 .

05-06-82 2650-2913 236-2913 2698-2913

05-20-82 2850-3020 _ 2600-3020 2850-3020

06-21-82 2970-3851 _ 220-3851 _ _

06-25-82 2660-3972 2714-3972 3746-3972 2713-3972
06-30-82 2660-3972 2713-3972
10-06-82 2650-3927

10-07-82 3550-3951 2700-3951

Performed by Birdwell

DATE DENSITY GAMMA RAY NEUTRON ELASTIC 3-0 VELOCITY ELECTRIC TEMPERATURE CALIPER
__ _ _ _ _ _ _ PROPERTIES _

04-27-82 1500-2712 0-2705 0-2705 1500-2700 1500-2695 1530-2713 0-2713 1500-2712
10-05-82 2650-3924 2700-3924 _ 2700-3924 2700-3920 2700-3922 2710-3920 2650-3924

I-'a

-I1
W-

NOTE: To convert feet to meters, multiply by 0.3048.
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GEOLOGIC CHARACTERIZATION

INTRODUCTION

The geology of borehole RRL-2 includes the stratigraphy, mineralogy
and fracture characteristics. It will be used as input for shaft design,
porthole locations and to assess the suitability of the RRL.

Borehole RRL-2 is located in the Pasco Basin near the axis of the
Cold Creek syncline (Fig. 13). The Cold Creek syncline is asymmetrical,
with a steeper south lVmb. The troughline is nearer the Yakima Ridge
structure, which bounds it on the south, than the Umtanum Ridge-Gable
Mountain structure, which bounds it on the north. The trough of the
syncline is broad, open, and undulating with two minor depressions.

The bedrock of the Cold Creek syncline is comprised of flows
belonging to all three formations of the Yakima Basalt Subgroup. The
Wanapum and Saddle Mountains Basalts within the Cold Creek syncline are
comprised of up to 20 flows with a maximum thickness of -2,300 ft
(-700 m). The basalt section is interbedded with sediments of the
Ellensburg Formation (see Fig. 3) and is overlain by up to 720 ft (219.5 m)
of fluvial-lacustrine, Miocene-Pliocene Ringold Formation and catastrophic
flood deposits of the Pleistocene Hanford Formation. Holocene eolian
deposits of loess and dune sand mantle much of the syncline.

Grande Ronde Basalt in the syncline consists of >3,000 ft (`915 m) of
basalt, including at least 50 flows (see Fig. 3). Three basalt flows of
this formation are considered the most likely candidates for a repository
host rock.

METHODOLOGY

Core logs, geophysical logs, major element chemistry, paleomagnetics,
and thin sections are used to determine the geology of the borehole. Core
logging and geophysical logging, which were previously discussed in the
section under "Borehole History," were the preliminary methods used for
identification of the stratigraphy. After the core was moved to permanent
storage and photographed, samples were taken for chemical analysis,
paleomagnetics, and thin sections. This sampling was done in conjunction
with the sampling for rock mechanics testing to ensure the highest quality
samples wuld be available for both purposes.

The samples for major and minor element analysis by X-ray
flourescence were taken from unaltered basalt, with three samples taken
per flow. The paleomagnetic samples, which are taken at least 16 ft (5 m)
below the upper contact, are 1-in. core samples, which are drilled in the
existing core. Approximately eight samples are taken per flow. Since the
original core is not oriented with respect to north, only paleomagnetic
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FIGURE 13. Location Map--Columbia Plateau, Hanford Site, Cold Creek
Syncline, Reference Repository Location, and Borehole RRL-2.
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inclination can be determined from the -paleomagnetic samples. Normally,
three thin section samples are taken per flow, one each in the flow top,
entablature, and colonnade. In the case of a candidate horizon,
additional samples are taken in order to define the contacts of intraflow
structures.

Geomechanical logs (fracture logs) were completed for the Grande
Ronde section of the borehole. These logs record each fracture's
location, fracture filling width, dip, type, and generalized description
of the fracture filling material. To aid in the measurement of fractures,
a 7X ocular with 0.1-rmm graduations was used. This allows accurate
measurement to 0.1 ma so all fractures smaller than 0.1 mm are grouped
under the 0.1-mm category.

Subsequent to the initial fracture logging, the filled widths of
randomly selected fractures were measured with a binocular microscope.
This provided an estimate of the distribution of fracture widths in the
0.01- to 0.3-mm range.

RESULTS

The lithology of the Cohassett, McCoy Canyon, and Umtanum flows in
borehole RRL-2, as determined from core logs and geophysical logs, is
illustrated in Figures 14, 15, and 16.

The lithology of the Cohassett flow in borehole RRL-2 is presented in
Figure 14. The basic elements of this flow are:

* Thin, oxidized flow top containing both blocky "aa" zones and
zones of welded pahoehoe

e Internal vesicular zone

* Dense interior with multiple zones of entablature and colonnade.

The thickness of the flow top is less than 20 ft (6.1 m) and is underlain
bv a relatively thick upper colonnade, thin entablature, and thin colonnade
(70 ft (21.3 m) total). This section overlies the internal vesicular zone,
which is -30 ft (9 m) thick. This zone consists of intact basalt with as
much as 20 vol% occupied by 0.1- to 0.5-cm-sized vesicles. The vesicles
are commonly filled or partially filled with silica, clay, or glass.
There is no evidence of brecciation in this zone. The vesicular zone is
underlain by dense interior (140 ft (42.6 m) in thickness) consisting of
alternating entablature and colonnade.

The lithology of the McCoy Canyon flow in borehole RRL-2 is presented
in Figure 15. The brecciated flow top is -20 ft (6.1 m) thick. The dense
interior consists of -15 ft (4.5 m) of upper colonnade, 50 ft (15.2 m) of
entablature with a central vesicular zone of 15 ft (4.6 m), 20 ft (6.1 m) of
columnar entablature, and a lower colonnade of -25 ft (7.6 m). The bottom
10 ft (3 m) of the flow is a vesicular and brecciated flow bottom.
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FIGURE 14. Lithology of the Cohassett Flow--Borehole RRL-2.



NEUTRON-NEUTRON LOG
Ic/al

500 1.000
I - I

DEPTH DISKING DESCRIPTION

(ft) (nil (IfE)

3,475 TOP CONTACT

FLOW TOP AT 3.475-2.403 ft. BRECCIA AND RUBBLE IN DARK GREY BASALT
CLASTS CEMENTED OR WELDED TOGETHER: SOME CLASTS ARE GLASSY.
SUGGESTING CHILLING: VESICLES AND VUGS PARTIALLY FILLED WITH SILICA:

3,493 .- MOTTLED APPEARANCE IN PLACES

ICOLONNADE AT 3,493- 3,509.5 It. DARK TO MEDIUM GRAY, DENSE,
PHANERITIC BASALT: GENERALLY LOW-ANGLE FRACTURES WITH SILICA
FILLING

ENTABLATURE AT 3.509 3.560.5 f. DARK TO MEDIUM GRAY. DENSE.
PHANERITIC BASALT: GENERALLY LOW-ANGLE FRACTURES WITH SILICA FILLING

VESICULAR AND VUGGY ZONE AT 3.626 3,548 ft. FEW VESICLES AND VUGS
PARTIALLY OR TOTALLY FILLED WITH SIUCA

C/I

-I

F-.._

I-..

COLUMNAR ENTABLATURE AT 3.560.6-3,579 ft. MEDIUM GRAY, FINELY
PHANEERITIC. DENSE BASALT: LOW- TO MEDIUM-ANGLE, COLUMN-DEFINING,
FILLED FRACTURES

COLONNADE AT 3,579 -3.607 ft. LIGHT GRAY, PHANERITIC, GENERALLY
DENSE BASALT. BROKEN ZONES, LOW. TO HIGH-ANGLE FRACTURES. SOME
SILICA FILLED

LOST 1 It OF CORE AT 3.692 ft

LOST 1 ft OF CORE AT 3.597 ft

FLOW BOTTOM AT 3,597- 3,607 Ift VESICULAR FLOW BOTTOM RUBBLE AND
ERECCIA: DARK GRAY VESICULAR BASALT WITH PHENOCRYSTS, SOME
BRECCIATION
BOTTOM CONTACT

I.

RCP821 1-155

FIGURE 15. Lithology of the McCoy Canyon Flow--Borehole RRL-2.



NEUTRON-NEUTRON LOG
(c/si

DEPTH DISKING DESCRIPTION

500 1,000 lIt) lm) IIt)
I

3,620 -

3.660-

3.700-

3,740 -

3,780-

3,820-

- i,100

-1,110

-1,120

-1,130

-1,140

-1,150

-1,160

L1 .17 0

3,607 - UPPER CONTACT

UPPER FLOW-TOP BRECCIA ZONE -ANGULAR, VESICULAR. AND
NON-VESICULAR FRAGMENTS AND CLASTS IN A FINE-GRAiNEO
FRAGMENTAL MATRIX: VESICULAR PIECES ARE GLASSY WITH
VESICLES LINED OR FILLED WITH SILICA AND/OR CLAY; LARGE
INACT BLOCKS OCCUR IN THIS ZONE

I

MIDDLE FLOW-TOP BRECCIA ZONE -ANGULAR FRAGMENTS AND
CLASTS MOSTLY VESICULAR, LESS FRAGMENTAL MATRIX -
THAN ABOVE; UP TO 20% VOID SPACE IN PLACES, CLASTS 4RE
MUCH MORE ALTERED. AND VOID SPACES ARE COATED WITH
BROWN AND BLACK CLAY, LOCALLY CLASTS HAVE THIN SILICA
COATING

3.7

LOWER FLOW-TOP BRECCIA ZONE -ANGULAR, MOSILY NON-
VESICULAR FRAGMENTS AND CLASTS IN ABUNDANT FINE-
GRAINED FRAGMENTAL MATRIX; EXTENSIVE ALTERATION AND
SILICA CEMENTATION OCCUR IN THIS ZONE

-I

W-

I
3,754

C
ENTABLATURE . DARK. GLASSY. MASSIVE BASALT WITH
MODERATE VERTICAL FRACTURING

LOST CORE AT 3.773 -3.783

LOST CORE AT 3.790. 3.792.O

NEAR VERTICAL COOLING JOINT WITH FRACTURE SPLAYS
ESSENTIALLY FILLED WITH SECONDARY MINERALS, SOME
ALTERATION OF BASALT ALONG FRACTURES

1.3 11 OF CORE LOSSC
0 I j1II4!

it~..4

I
I

/,~ I COLONNADE. MEDIUM-GRAINED GRAY BASALT FRACTURES
/ FILLED WITH DARK GREEN CLAY. SILICA, AND ZEOLITEITI

ADD CONTACT FOR FLOW-BOTTOM BRECCIA
3.8127

FLOW-BOTTOM BRECCIA

3,839 BOTTOM CONTACT
_

RCP8211-159

FIGURE 16. Lithology of the Umtanum Flow--Borehole RRL-2.
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The Umtanum flow in borehole RRL-2 (see Fig. 16) contains 148 ft
(45.1 m) of flow-top breccia in the upper part of the flow and 84 ft
(25.6 m) of dense interior in the lower part. The breccia can be divided
into three parts as shown in Figure 16. In the upper zone, the breccia
clasts, 2 to 50 cm in diameter, are cemented with a matrix of finer
fragmental material and secondary minerals. In the middle part of the
breccia zone, clasts are more vesicular, more altered, and there is
significantly less matrix. Void spaces are coated with clay and silica.
In the lower part of the breccia, clasts are largely nonvesicular and show
a relatively high degree of cementation in a fragmental matrix.

The dense interior consists of -69 ft (21 m) of entablature that
overlies -15 ft (4.6 m) of colonnade. Three zones of lost core occur in
the colonnade. The neutron-neutron geophysical log indicates that the
lowermost of the lost core zones apparently represents a narrow (-1.3-ft
(.4-m)) zone of increased fracture abundance. Directly above this lost
core zone are a few feet of core that contain prominent cooling joints
essentially filled with secondary minerals. Texture of the core and the
character of the cooling joints suggest this may be a zone of coarsely
columnar entablature. The thin colonnade is typical of the Umtanum flow.
It is underlain by a thin zone of flow-bottom breccia. A moderate amount
of core disking occurs in the dense interior.

The major element chemistry of the basalt flows in borehole RRL-2 is
listed in Table 5. If the major element chemistry of the candidate
horizons in Table 5 is compared to the means for these flows presented in
Table 6, it can be seen that the values from borehole RRL-2 fall within
the range for these flows in the Pasco Basin.

The paleomagnetic data from borehole RRL-2 (Table 7) are consistent
with previous data, but alone do not provide a basis for identification of
individual flows.

The mineralogy of the candidate horizons, as determined from thin
sections from the core, is presented in Table 8. The volume percent of
mesostasis of a sample is a good indication of the intraflow structure.
Generally, those samples with a higher relative volume percent of
mesostasis within a flow are entablature, and those with lower relative
volume percents are colonnade.
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TABLE 5. Borehole RRL-2--Major Element Chemistry (vol%). (Sheet 1 of 4)

FLOW
DEPTH
(ft)

sbo2 Al 203 Fe 203
FeD MgO CaO K20 TiO2 Na20 MnO

Elephant 0641.0 51.34 13.88 2 12.64 4.33 8.21 1.18 3.45 2.28 0.49 0.20

Mountain 0654.0 51.65 13.70 2 12.62 4.12 8.25 1.18 3.44 2.32 0.50 0.20
0666.0 50.49 - 13.91 2 13.23 4.26 8.40 1.22 3.58 2.20 0.51 0.21

Pomona 0874.0 52.12 15.18 2 8.59 6.92 10.48 0.55 1.67 2.07 0.24 0.18
0909.7 52.38 15.26 2 8.71 6.65 10.23 0.66 1.68 1.99 0.24 0.18

0932.7 52.14 15.27 2 8.83 6.81 10.20 0.55 1.68 2.10 0.23 0.18

1013.0 53.01 14.26 2 11.25 3.79 7.55 1.82 3.14 2.60 0.38 0.20

Esquatzel 1043.5 52.84 14.06 2 11.43 3.97 7.65 1.64 3.15 2.67 0.39 0.20

1096.7 53.17 14.34 2 11.27 3.59 7.23 1.77 3.15 2.88 0.39 0.21

1197.8 53.68 14.81 2 10.27 3.16 6.69 2.63 3.13 2.71 0.70 0.23

1227.4 54.89 14.63 2 10.38 2.46 6.08 2.63 2.83 3.14 0.78 0.16

Umatilla 1265.5 55.12 14.72 2 10.33 2.59 5.80 2.78 2.69 2.91 0.87 0.18

1309.7 54.27 15.12 2 10.46 2.85 5.97 2.71 2.65 2.91 0.86 0.21

1359.5 54.20 14.60 2 10.16 3.05 6.27 2.62 2.92 3.15 0.80 0.22

1393.8 53.78 14.62 2 11.22 3.02 6.14 2.40 3.09 2.81 0.70 0.21

1543.5 50.62 14.15 2 12.19 4.83 8.85 0.94 3.13 2.40 0.65 0.24

Priest 1593.7 49.80 14.14 2 11.92 5.07 9.17 1.00 3.36 2.63 0.69 0.22
Rapids 11 1680.6 50.52 14.13 2 11.70 5.30 8.77 1.11 3.23 2.36 0.66 0.23

Priest 1718.6 50.66 13.59 2 12.75 4.62 8.55 0.82 3.66 2.48 0.64 0.24

Rapids 1 1746.0 51.71 13.87 2 12.44 3.47 7.96 1.31 3.65 2.71 0.69 0.20

Roza 11 1763.0 51.62 14.21 2 11.49 4.64 9.03 0.95 3.22 2.06 0.58 0.22
1771.5 51.35 14.44 2 11.56 4.60 8.68 0.96 3.16 2.50 0.55 0.21

1839.7 51.02 14.27 2 11.44 4.77 8.49 1.24 3.11 2.89 0.55 0.22
Roza 1 1859.8 50.51 13.99 2 11.76 4.76 8.78 1.24 3.26 2.90 0.57 0.23

________ 1919.5 51.22 14.54 2 11.17 4.57 8.61 1.23 3.06 2.81 0.56 0.24

w

i~



TABLE 5. Borehole RqL-2--Major Element Chemistry (vol). (Sheet 2 of 4)

FLOW DEPTH
(ft)

Sio2 Al203 F203 FeO MgO CaO K20 TiO2 Na20 P205 MnO

Frenchman 1971.8 51.92 14.01 2 11.53 4.01 8.23 1.20 3.15 3.16 0.55 0.24
Springs 1 2045.0 50.63 13.47 2 13.29 4.22 8.00 1.40 3.19 3.05 0.54 0.22

__________ 2094.0 51.68 14.14 2 11.79 4.32 7.93 1.34 3.10 2.93 0.54 0.22

Frenchman 2133.6 51.79 14.30 2 11.53 4.42 8.31 1.29 2.96 2.69 0.49 0.22
Springs 2 2169.7 51.18 14.31 2 11.67 4.32 8.40 1.33 3.09 2.95 0.53 0.21

__________ 2212.6 51.75 14.03 2 12.18 4.47 7.77 1.34 2.95 2.77 0.52 0.22

Frenchman 2238.8 51.68 14.38 2 11.49 4.29 8.31 1.29 3.02 2.83 0.49 0.22
Springs 3 2265.0 51.58 14.09 2 11.84 4.58 8.35 1.17 3.01 2.65 0.49 0.24

2317.8 51.66 14.51 2 11.40 4.11 8.38 1.23 3.17 2.76 0.55 0.21

Frenchman 2350.7 50.40 13.74 2 12.80 4.31 8.32 1.36 3.28 2.99 0.55 0.24Springs 4
2377.7 51.57 14.11 2 11.73 4.11 8.24 1.30 3.16 2.99 0.56 0.23
2434.0 50.96 13.81 2 12.70 4.07 8.21 1.32 3.27 2.87 0.59 0.22

Frenchman 2456.0 51.48 13.94 2 12.63 4.27 7.71 1.28 3.12 2.81 0.55 0.22Springs 5
2486.8 50.63 13.95 2 12.48 4.12 8.40 1.24 3.24 3.07 0.62 0.23
2508.5 52.16 13.81 2 12.70 3.75 7,45 1.61 2.97 2.66 0.65 0.23

Frenchman 2534.8 50.76 13.72 2 13.04 4.10 8.14 1.34 3.15 2.89 0.62 0.24
Springs 6 2594.0 50.39 14.15 2 12.60 4.33 8.38 1.24 3.15 2.91 0.62 0.23

2610.8 50.36 14.13 2 12.73 4.30 8.08 1.28 3.11 3.14 0.63 0.23
2618.2 54.52 16.36 2 11.82 1.54 7.89 1.83 2.57 1.21 0.10 0.17

Frenchman 2641.2 56.67 16.06 2 11.69 4.84 0.96 0.91 3.06 3.02 0.56 0.23
Springs 7 2660.3 50.03 14.19 2 13.12 4.39 8.46 1.00 3.22 2.80 0.53 0.25
_____ 2669.3 50.79 14.18 2 12.60 4.01 8.35 1.15 3.14 2.99 0.54 0.23
Grande 2711.0 53.69 15.48 2 9.67 4.39 8.75 1.14 1.81 2.55 0.32 0.20
Ronde 1 2720.0 53.62 15.77 2 9.86 4.81 8.00 1.10 1.74 2.57 0.32 0.21

LA
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TABLE 5. Borehole RRL-2--Major Element Chemistry (vol%). (Sheet 3 of 4)

FLOW _ I

DEPTH
(ft)

2720.7

2774.0

2780.3

2819.4

SI 2 A1203 Fe203 FeO MgO CaO
-I- I 4 .4 4- 4-

Grande
Ronde 2

53.97

53.46

54.00

RI3.61

15.97

15.81

16.09

I15.66f

2

2

2

2

9.08

9.28

9.22

Q 9.3

4.36

4.88

4.95

A Ar

8.12

8.52

7.63

A 53

K20

1.21

0.93

1.00
1 in

Ti02

1.81

1.76

1.75

1 hQ

2.98

2.88

2.85

2 72

0.31

0.29

0.30

A 9A

0.18

0.20

0.19
n 10

Na20 MnO

Grande 2906.0 53.72 15.66 2 9.51 4.53 8.27 1.17 1.83 2.78 0.34 0.20
Ronde 3 2945.0 53.96 15.64 2 9.35 4.70 8.13 1.18 1.81 2.71 0.32 0.20

2974.4 53.96 15.50 2 9.34 4.85 8.16 1.33 1.78 2.59 0.30 0.19

3035.0 53.46 15.79 2 9.61 5.13 8.08 1.01 1.81 2.62 0.29 0.19

3050.5 52.98 15.57 2 9.77 4.92 8.54 1.01 1.85 2.88 0.29 0.19

3070.0 52.33 15.50 2 10.07 5.10 8.76 1J14 1.91 2.69 0.29 0.21

Cohassett 3175.5 53.12 15.52 2 9.66 5.07 8.69 1.03 1.81 2.64 0.27 0.20

3210.8 53.12 15.60 2 9.85 5.04 8.58 1.10 1.84 2.38 0.29 0.20

3253.0 52.92 15.21 2 10.23 4.62 8.58 1.21 1.93 2.70 0.39 0.21

3297.3 53.67 15.23 2 10.10 4.71 8.29 0.89 2.02 2.56 0.32 0.21
Grande 3340.6 53.37 15.34 2 9.85 4.90 8.46 0.90 1.90 2.79 0.29 0.20

_ 3384.7 53.28 15.25 2 10.27 4.66 8.56 0.91 2.00 2.55 0.31 0.21

3397.8 52.54 15.06 2 10.78 4.68 8.34 1.19 2.06 2.80 0.33 0.22
Grande 3404.2 53.23 15.15 2 10.51 4.47 8.51 0.93 2.04 2.64 0.32 0.20

3413.0 53.62 15.09 2 10.34 4.71 8.11 0.84 2.00 2.76 0.32 0.20

3445.2 51.98 15.39 2 11.06 5.16 8.34 0.88 1.95 2.74 0.30 0.21
Grande 3456.4 53.04 15.46 2 10.09 4.89 8.50 0.80 1.91 2.83 0.28 0.20

_________ 3472.0 53.34 15.54 2 9.79 4.91 8.45 0.79 1.94 2.76 0.28 0.22

3505.4 53.56 15.11 2 9.95 4.55 8.52 0.96 2.01 2.84 0.30 0.21

3560.5 53.39 15.18 2 10.35 4.56 8.30 0.92 1.95 2.87 0.29 0.20

McCoy 3587.6 52.9.1 14.89 2 10.83 4.44 8.42 1.08 2.10 2.82 0.31 0.21
Canyon 3600.0 53.84 15.38 2 10.27 3.94 8.15 1.16 2.13 2.58 O.a3 0.21

3600.3 52.78 15.77 2 10.35 4.42 8.14 1.07 2.12 2.82 0.32 0.19

3604.5 52.78 15.51 2 10.37 3.84 8.64 1.14 2.07 3.08 0.36 0.21

(I)

7-7

II.
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TABLE 5. Borehole RRL-2--Major Element Chemistry (vol%). (Sheet 4 of 4)

FLOW
DEPTH
(ft)

Sio2 A1203 Fe203 FeO MgO CaO K20 TiO2 Na2O MnO

3627.2 52.37 15.11 2 11.55 3.59 7.36 2.22 2.42 2.77 0.38 0.23

3756.8 52.70 14.41 2 11.65 3.42 8.57 1.41 2.42 2.83 0.38 0.22

Urntanunm 3771.0 54.84 14.60 2 10.90 3.43 6.94 1.36 2.19 3.18 0.36 0.21

3799.0 54.64 14.93 2 10.82 3.35 6.97 1.39 2.21 3.10 0.38 0.21
3832.5 54.86 15.03 2 10.83 3.54 6.84 1.35 2.29 2.70 0.36 0.21

3870.8 53.10 16.27 2 9.97 5.83 7.12 0.43 1.75 3.06 0.29 0.18

Grande 3878.4 52.22 15.57 2 9.77 5.64 9.53 0.45 1.73 2.62 0.28 0.20
Ronde 10 3889.2 51.88 15.38 2 9.81 5.39 9.79 0.66 1.77 2.82 0.30 0.20

3897.3 55.51 14.90 2 8.65 4.70 6.91 3.10 1.57 2.23 0.26 0.16

3907.3 53.71 15.79 2 10.16 3.63 7.22 2.00 2.08 2.85 0.32 0.24

Grande 3947.0 55.31 15.63 2 9.79 3.46 7.00 1.41 1.96 2.93 0.32 0.19
Ronde 11 3971.4 54.31 15.45 2 10.13 3.42 7.28 1.63 2.01 3.26 0.32 0.20

(A

I-A

II.

'-

NOTE: To convert feet to meters, multiply by 0.3048.
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TABLE 6. Means of Major and Minor Oxides for the Candidate Horizons.

I NUMBER OF I
OXIDE SAMPLES

MEAN I STANDARD
wt °, I DEVIATION

MINIMUM
wt % I

MAXIMUM
wt ,.

COHASSETT

SiO2

A1203

FeO

MgO

CaO

K20

Na2O

TiO2

MnO

P205

42

42

42

42

42

42

42

42

42

42

53.38

15.07

11.70

5.04

8.82

1.01

2.49

1.78

0.21

0.28

0.43

0.39

0.32

0.20

0.29

0.12

0.32

0.07

0.01

0.03

52.33

14.16

11.10

4.56

8.08

0.51

1.44

1.67

0.19

0.24

54.21

15.79

12.50

5.34

9.31

1.28

2.92

1.93

0.24

0.39

McCOY CANYON

SiO2

A1203

FeO

MgO

CaO

K2 0

Na2O

Ti02

MnO

P2 5

38

38

38

38

38

38

38

38

38

38

53.58

14.96

12.30

4.62

8.44

1.01

2.45

1.95

0.21

0.29

0.51

0.33

0.25

0.25

0.22

0.12

0.39

0.08

0.01

0.02

52.62

14.40

11.56

3.84

8.04

0.70

1.43

1.79

0.19

0.25

54.79

15.86

12.70

5.38

9.13

1.18

3.08

2.13

0.23

0.36

UMTANUM

SiO2

A1203

FeO

MgO

CaO

K2 0

Na2O

TiO2

MnO

P205

53

53

53

53

53

53

53

53

53

53

54.65

14.68

12.91

3.53

7.13

1.52

2.55

2.18

0.22

0.35

0.79

0.31

0.28

0.19

0.28

0.24

0.40

0.07

0.01

0.01

51.66

14.08

12.47

3.32

6.79

0.94

1.53

2.05

0.21

0.33

56.03

15.53

14.00

4.36

8.57

2.30

3.22

2.42

0.29

0.38
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TABLE 7. Borehole RRL-2--Estimated Inclination and
Statistical Parameters for Paleomagnetic Samples.

FLOW DEPTH

(ft)

NUMBER
OF

SAMPLES

ESTIMATED
INCLINATION

I. I 4

Frenchman Springs

Frenchman Springs

Frenchman Springs

Frenchman Springs

Frenchman Springs

Grande Ronde 1

Grande Ronde 2

Grande Ronde 3

Cohassett

Grande Ronde 5

Grande Ronde 6

Grande Ronde 7

McCoy Canyon

Umtanum

Grande Ronde 10

Grande Ronde 11

5

5

6

7

8

2285-2300

2326-2366

2400-2454

2500-2604

2628-2666

2694-2719

2736-2791

2851-2902

3002-3233

3278-3341

3399-3413

3428-3471

3491-3551

3747-3838

3851-3890

3905-3939

39.7

56.3

35.7

42.1

15.0

74.3

73.0

71.0

66.4

61.7

58.3

69.7

69.9

34.6

79.4

75.6

UNCERTAIN-
(95% Level

+5.6

I+16.8

]+10.4

!+17.5
4.5

i +4.9

16.4

+5.7

+10.9

+8.0

+2.6

+3.8

!+5.0
+15.3

+5.9

+7.9

I )

NOTE: To convert feet to meters, multiply by 0.3048.
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TABLE 8. Model Mineralogy of Cohassett, McCoy Canyon, and
Umtanum Flows from Borehole RRL-2 Core Samples (vol%).

Cohassett Flow I McCoy Canyon Umtanum

MINERAL Saffple depth below surface in feet.

3560.5 3587.63040.0 3112.0 3132.2 3134.0 3142.2 3163.9 3173.0 3175.5 3210.8 3770.7 3816.9 3828.5 3832.5 *

Ul

Plagioclase 38.38 33.65 33.05 29.38 38.83 36.77 45.38 42.25 41.65 35.60 42.00 25.05 25.50 29.15 34.20
Microlites 36.85 30.72 30.92 24.95 33.00 34.35 41.53 39.10 38.10 32.75 40.40 24.78 25.23 28.60 33.78
Microphencrysts 1.53 2.93 2.13 3.93 5.60 2.42 3.80 3.15 3.55 2.85 1.60 0.27 0.27 0.55 0.42

0.45 0.25 0.05

Pyroxene 23.80 13.65 14.40 13.10 23.50 19.50 27.13 28.28 26.48 17.65 23.68 7.30 8.88 14.40 14.73
Microlites 20.53 12.40 13.58 10.40 9.85 16.35 16.08 15.88 16.15 11.88 17.90 7.13 8.63 14.15 14.45
Microphenocrysts 3.27 1.25 0.82 2.70 13.65 2.15 11.05 12.40 10.33 5.77 5.78 0.17 0.25 0.25 0.28

Mesostasis 29.03 38.33 42.95 50.20 26.18 36.03 20.87 22.15 24.98 36.15 25.88 62.30 59.95 50.20 43.73
Glass 19.80 21.38 19.83 19.98 21.40 22.72 13.88 15.13 16.70 19.75 18.93 34.93 33.43 37.30 29.03
Polycrystalline

inclusions 0.03 3.02 4.75 7.53 0.22 3.83 0.03 TR TR 3.13 TR 6.13 6.43 0.15 TR
Pyroxene 4.88 8.27 10.15 12.63 3.05 6.08 4.15 3.90 4.40 8.08 4.90 13.93 13.05 7.65 9.75
Titaniferous-

nagnetite 0.30 0.48 0.38 0.80 0.03 0.15 0.23 0.05 0.08 0.40 0.13 0.65 0.93 0.03 0.05
Plagioclase 4.02 5.18 7.83 9.27 1.48 3.62 2.55 3.07 3.55 4.85 1.92 6.66 6.13 5.07 4.90

Titaniferous-
_magnetite 3.28 2.90 3.13 2.28 2.88 2.90 3.50 3.30 3.18 4.05 3.92 2.25 3.13 4.03 4.98

Apatite 0.75 TR 0.05 TR 1.05 0.05 0.45 1.13 0.78 TR 0.68 TR TR 0.30 1.03

Alteration products 4.73 11.53 6.50 5.23 7.40 4.73 2.45 2.90 1.80 6.70 3.78 3.28 1.98 1.75 0.95
Clay 4.73 11.53 6.50 5.23 7.40 4.73 2.45 2.90 1.80 6.70 3.75 3.05 1.73 1.65 0.57
Zeolite TR TR TR TR TR TR TR TR TR TR 0.03 0.28 0.25 0.10 0.38
Silica TR TR TR TR TR TR TR TR TR TR TR TR TR TR TR

*Other 0.78 0.03 0.05 TR 1.18 0.08 0.63 1.40 1.93 TR 0.93 0.08 0.63 0.70 1.75
Sulfide Blebs 0.03 TR TR TR TR 0.03 0.18 0.13 TR TR 0.25 0.03 TR 0.08 0.05

Col Ent Ent Ent Col Ent Col Col Cal Ent Col Ent Ent Col Col

(A

C-.)

IW
V-

wI

W

Col = Colonnade; Ent = Entablature.
*This category includes pits, vesicles, holes, diktytaxitic vesicles, sulfide blebs, apatite and fractures.
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The geomechanical data for the candidate horizons from borehole RRL-2
were analyzed to determine the average fracture frequency, average fracture
filling width, and percentage of fractures that remained intact after the
core was retrieved. The fracture filling width was determined only on
fractures that remained intact. Two sets of average width data are
presented for the Cohassett and Umtanum flows. One set is based on the
data gathered at the wellsite with the aid of a 7X lens, and the other set
is based on 200 randomly selected fractures in each flow measured with a
binocular microscope. The results are as follows:

Average Fracture Frequency

Cohassett 2.0 fractures/ft
McCoy Canyon 2.6 fractures/ft
Untanum 2.6 fractures/ft

Average Fracture Filling Width

Wellsite data Data using
using 7X lens binocular scope

Cohassett 0.23 mm Cohassett 0.13 mm
McCoy Canyon 0.23 mm Umtanum 0.13 rrmn
Umtanum 0.14 mm

Percentage of Intact Fractures

Percentage of
intact fractures

Cohassett 34%
McCoy Canyon 59%
Umtanum 83%

These data indicate that the apparent increase in fracture filling
width (wellsite data) in Cohassett and McCoy Canyon flows may also
indicate a weakening of the joint strength as indicated by the lower
percentage of intact joints in these flows. However, factors such as core
handling, drilling conditions, and disking could affect the percentage of
intact fractures.

After analysis of the core logs, geophysical logs, major element
chemistry, thin sections and paleomagnetic data, the final lithology of
borehole RRL-2 was determined (see Table 1). The observed depths of all
major flows and formation contacts varied <1% from the depths predicted
prior to drilling (Table 9).
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TABLE 9. Borehole RRL-2--Predicted and Observed Stratigraphy
(BWIPa, 1982).

FLOW
OR INTERBED

PREDICTED DEPTH
(ft below

_ground surface)

PREDICTED
THICKNESS

(ft)

OBSERVED DEPTH
(ft below

ground surface)

OBSERVED
THICKNESS

(ft)

SADDLE MOUNTAINS BASALT

Elephant Mountain 85 603 - 686 83
Rattlesnake Ridge

interbed 100 686 - 782 97
Pomona 135 782 - 941 158
Selah interbed 50 941 - 986 45
Esquatzel 125 986 - 1,104 118
Cold Creek interbed 70 1,104 - 1,168 63
Umatilla 225 1,168 - 1,399 232
Mabton interbed 140 1,399 - 1,523 124

WANAPUM BASALT

Priest Rapids II 1,523 - 1,685 162 1,523 - 1,689 166
Priest Rapids I 1,685 - 1,755 70 1,689 - 1,749 60
Roza 1,755 - 1,925 170 1,749 - 1,922 173
Frenchman Springs 1 1,925 - 2,105 180 1,922 - 2,104 182
Frenchman Springs 2 2,105 - 2,205 100 2,104 - 2,217 113
Frenchman Springs 3 2,205 - 2,250 45 2,217 - 2,273 54
Frenchman Springs 4 2,250 - 2,290 40
Frenchman Springs 5 2,290 - 2,355 65 2,273 - 2,381 110
Frenchman Springs 6 2,355 - 2,470 115 2,381 - 2,489 108
Frenchman Springs 7 2,470 - 2,595 125 2,489 - 2,617 128
Frenchman Springs 8 2,595 - 2,665 70 2,617 - 2,683 66
Vantage interbed 2,665 - 2,680 15 2,683 - 2,687 4

GRANDE RONDE BASALT

Grande Ronde 1 2,680 - 2,745 65 2,687 - 2,721 33
Grande Ronde 2 2,745 - 2,800 55 2,721 - 2,823 103
Grande Ronde 3 2,800 - 2,970 170 2,823 - 2,993 170
Cohassett 4 2,970 - 3,235 265 2,993 - 3,255 262
Grande Ronde 5 3,235 - 3,350 115 3,255 - 3,388 133
Grande Ronde 6 3,350 - 3,395 45 3,388 - 3,418 29
Grande Ronde 7 3,395 - 3,465 70 3,418 - 3,475 58
McCoy Canyon 8 3,465 - 3,610 145 3,475 - 3,607 132
Umtanum 9 3,610 - 3,825 215 3,607 - 3,839 232

Flow top 3,610 - 3,675 65 3,607 - 3,755 148
Interior 3,675 - 3,825 150 3,75-5 - 3,839 84

Very High Mg 10 3,825 - 3,875 50 3,839 - 3,903 64
Low Mg 11 3,875 3,903 - 3,973 TD 70

NOTE: To convert feet to meters, multiply by 0.3048.
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HYDROLOGIC TESTING

INTRODUCTION

In order to evaluate the groundwater systems within the RRL,
hydrologic testing was conducted at selected intervals within borehole
RRL-2. The effort was directed toward characterizing the vertical
hydraulic head distribution, hydraulic properties, and hydrochemistry
within the Columbia River basalts. Data obtained from these studies
provide input for numerical modeling of groundwater flow and solute
transport. These models are then used for evaluating potential waste
migration from a nuclear waste repository in basalt.

Hydrologic property data were obtained from selected high and low
permeability intervals. Each test interval was isolated by a single
inflatable packer and the hole bottom or, in the case when the drilling
was completed, by an inflatable bridge plug packer seated at the base of
the test interval. The location of each test interval and an associated
neutron-epithermal neutron log for the lower Saddle Mountains, Wanapum,
and Grande Ronde Basalt are shown in Figures 17 and 18.

METHODOLOGY

Hydrologic parameters determined from analysis of hydrologic test
data include:

* Hydraulic head

* Transmissivity

* Equivalent hydraulic conductivity.

The hydrologic tests conducted to determine these parameters are:

* Constant discharge

* Constant drawdown

* Slug injection/withdrawal

* Over-pressure pulse

* Constant head injection test.

Tests utilized are based upon interval hydraulic characteristics. A brief
description of each test is presented in the following paragraphs.
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NEUTRON LOG TEST INTERVALS HYDROLOGIC TESTS
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Borehole RRL-2--Geophysical Logs of Test Intervals,
Feet.
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NEUTRON LOG TEST INTERVALS HYDROLOGIC TESTS
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Constant Discharge Test

The constant discharge test is conducted using air-lift or submersible
pumping methods. The objective of the constant discharge test is to
determine hydraulic properties and to obtain groundwater samples for hydro-
chemical analysis.

Constant Drawdown Test

This test is performed by air-lift pumping in moderately low
permeability horizons where the water level can be lowered at or near the
base of the air line. The primary purpose of this test is to obtain
hydraulic properties of the test interval.

Slug Injection/Withdrawal Test

This test is conducted by inducing an instantaneous pressure
reduction or increase in hydraulic head within the tested zone followed by
observation of the associated hydraulic response. The purpose of these
tests is to provide corroborative data on the hydrologic characteristics
of the test interval.

Over-Pressure Pulse Test

The over-pressure pulse test is conducted by inducing an
instantaneous over pressure to the test interval followed by observation
of the associated hydraulic response. The purpose of this test is to
provide hydraulic properties in low permeability horizons.

Constant Head Injection Test

This test is conducted by injecting water for an extended period of
time at a constant over pressure into a test interval. The purpose of
this test is to provide corroborative data on the hydrologic
characteristics in low permeability zones.

RESULTS

The transmissivities, equivalent hydraulic conductivities, and
observed hydraulic heads for each test interval in borehole RRL-2 are
listed in Table 10. Also presented are the test depths and an estimate of
the effective test interval, based upon examination of core and borehole
geophysical logs (e.g., neutron-epithermal neutron and sonic). The
comparison of observed and predicted values is shown in Table 11.
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TABLE 10. Hydrologic Properties from Borehole RRL-2. (Sheet 1 of 2)

STRATIGRAPHIC
INTERVAL

TYPE OF
ROCK TESTED

DEPTH INTERVAL
FOR FIELD TEST

(ft)

EFFECTIVE THICKNESS
INTERVAL

(ft)
TRANSMISSIVITY

(ft 2 /davl

EQUIVALENT HYDRAULIC
CONDUCTIVITY

(ft/sec)

OBSERVED
HYDRAULIC HEAD

(Feet Above
Mean Sea Level)*

-4

Mabton Interbed 1304-1544 1399-1449 io2 10 1 lot-9 _ lo-8 418
Priest Rapids Flow top 1574-1714 1689-1714 _0 - 10 - _ 10-4 401
Roza Flow top 1735-1773 1749-1759 103 l 10- 4 10- _ 3 404
Upper Frenchman Flow tops 1907-2222 1922-1947 o2 1 10-5 - 10-4 402
Springs 2104-2112

. ~~~~~~~~~~~~~~2217-2222
Lower Frenchman Flow tops 2244-2644 2270-2294 10 - 104 10- - 1_ - 400
Springs 2380-2410

2490-2502
2618-2624

Vantage . Interbed 2665-2713 2672-2690 100 - 101 0o _ 1- 6 399
Upper Grande Flow tops 2719-2913 2720-2760 102 _ lo3 105 - 10_ 397
Ronde 2823-2840 10 397

, 0 1 7 -Cohassett Flow top 2981-3020 2993-3010 1o- 100_ o u-10 399
(Composite) _ ]

Cohassett Vesicular Zone 3057-3172 3083-3099 104 - 10-3 10-11-10-10 No Data
Cohassett Colonnade/ 3175-3244 3175-3244 io-6 10-5 10-1 _o 12 No Data

_ Entablature 2 _ __
Cohassett Flow Bottom 3247-3344 3255.5-3333 10 - 103 10- -10- 406(Composite) __ _ __ 406
Umtanum Flow top 3568-3781 3597-3754 102 - 103 10 - 406

(Composite) ___406

Umtanum Flow top 3725-3781 3741-3749 100 - 101 10-7 _106 407
(Lower portion
of composite) _ _

(I)

-Hi~1-



TABLE 10. Hydrologic Properties from Borehole RRL-2. (Sheet 2 of 2)

STRATIGRAPIIIC
INTERVAI

TYPE OF
RAOK TESTDF

DEPTH INTERVAL
FOR FIELD TEST

(ft)

EFFECTIVE THICKNESS
INTERVAL
(ft)

TRANSMISSIVITY
(ft 2 /dav)

EQUIVALENT HYDRAULIC
CONDUCTIVITY

(ft/sec)

OBSERVED
HYDRAULIC HEAD

(Feet Above
Mean Sea Level)*

UIntanum Entablature 3762-3805 3762-3805 1O-5 - 10-4 1 12 lo-II No Data
Unitanum Fracture Zone 3781-3827 3818-3824 101 _ 103 10O4 - 10-3 407
Iimtanum Flow Bottom 3837-3889 3839-3862 io2 - 1 103. - 10-4 407

(Composite) _ _

---I

I-

w-

*Surface datum elevation = 633.9 feet MSL.

NOTE: To convert feet to meters, multiply by 0.3048.



TABLE 11. Predlicted Versus Observed Hydrologic Characteristics
in Borehole RRL-2 (BWIPa, 1982).

PREDICTED
HEAD *

ACTUAL
HEAD *STRATIGRAPHIC HORIZON

PREDICTED
TRANSMISSIVITY

(ft 2/dav)

ACTUAL
TRANSMISSIVITY

(ft 2 /da-y)

UI

Mabton Interbed 420 418 lo-1 - 100 lo-2 10- 1

Priest Rapids flow top 400 401 i0o1 - 10+1 102 _ 103
Roza flow top 400 404 103 - 104 103 104

Frenchman Springs 400 402 102 _ 103 103 - 104
(composite)

Vantage Interbed 400 399 lo1 - 100 10 - 101

Upper Grande Ronde 395 397 101 - 102 102 _ 103
(composite)

Cohassett flow top 395 397 0-2 _ 10 1 o-1 - 100
Cohassett Colonnade/ n/a n/a 10 6 _ 10 5 .- 6 _ 1o-5

Entablature

Cohassett flow bottom 400 407 102 _ 103
Middle Grande Ronde 400 101 - 101

(composite)

McCoy Canyon flow top 400 101 - 101

Umtanum flow top 400 406 100 - 101 102 - 103

Umtanum interior n/a n/a 10-6 10-5 10-5 - lo-4
Very High Mg flow top 400 407 10-1 - 101 102 _ 103

1-

-I
F-4

* Feet above MSL

NOTE: To convert feet to meters, multiply by 0.3048.
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Observed hydraulic head measurements in borehole RRL-2 indicate a
slight upward head gradient across the Grande Ronde Basalt. Most of this
head increase appears to occur between the Cohassett and Umtanum flows.
Within the Wanapum Basalt, a slight downward gradient exists between the
Roza and lower Frenchman Springs basalt. These small gradients, centered
around a hydraulic head of -400 ft (121.9 m) above mean sea level are
typical of that expected at borehole RRL-2.

A comparison of equivalent hydraulic conductivity values obtained at
borehole RRL-2 with values calculated from other interflow and interbeds
within the Columbia River Basalts, is shown in Figure 19. The equivalent
hydraulic conductivity values within the Grande Ronde Basalt at borehole
RRL-2 are generally slightly higher than the mean equivalent hydraulic
conductivity for other boreholes.
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HYDROCHEMISTRY

INTRODUCTION

Groundwater samples were collected and analyzed to determine the
chemical composition of the groundwater at selected sites. Chemical
analyses provide information concerning geochemical and hydrological
relationships in and between aquifers.

Eight intervals within the Wanapum and Grande Ronde Basalts were
sampled for hydrochemical analyses in borehole RRL-2 (Table 12).
Parameters analyzed include major cations and anions, trace elements,
fluid temperature, pH, Eh, electrical conductivity, and major dissolved
gas components. Isotopic analyses generally included tritium, deuterium,
oxygen-18, carbon-13, carbon-14, uranium, sulfur-34, and chlorine-36.

METHODOLOGY

The hydrologist assigned to the borehole determined where and when
groundwater was suitable for sampling. Fluorescein dye, which was placed
in the drilling fluid, was used to determine when a sample was
representative of the aquifer source. The zone to be sampled was isolated
by the use of inflatable or mechanical packers, then developed by air
lifting until the fluorescein level was low enough to obtain a
representative sample.

RESULTS

Major Inorganic Constituents

Major inorganic constituents for groundwater samples collected at
borehole RRL-2 are listed in Table 13. Groundwater within the interflow
zones adjacent to the Priest Rapids and Roza basalts are of a sodium
chloride-bicarbonate chemical type. Groundwaters in the Frenchman Springs
and Grande Ronde Basalt are of a sodium chloride chemical type and have
increased total dissolved solids content. This is shown graphically in
Figure 20. In other boreholes on the Hanford Site, the change in
groundwater type from sodium chloride-bicarbonate to sodium chloride
generally takes place stratigraphically deeper, at the contact between the
Frenchman Springs and Grande Ronde Basalts.

Anion-cation balances (anion equivalents-cation equivalents/cation
equivalents) for samples collected from borehole RRL-2 are presented in
Table 14. Balances generally fall within the range required for sample
acceptance (5%). Some caution should be used in quantitative evaluation
of sample data for which the anion-cation balance exceeds 5%. Tritium
concentration in groundwater samples also provides a measure of sample
quality. These measurements are discussed in the section under "Isotopic
Chemistry."
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TABLE 12. Borehole RRL-2--Groundwater Sample Intervals.

STRATIGRAPHIC PACKER SETTING SAMPLE
INTERVAL DEPTH BELOW LAND COLLECTION

SURFACE (ft) - DATE

Priest Rapids Interflow 1574 - 1714 02/12/82

Roza Flow Top 1735 - 1773 02/24/82

Frenchman Springs 2244 - 2644 04/14/82
Interflow

Upper Grande Ronde 2719 - 2913 05/17/82

Cohassett Flow Bottom 3247 - 3344 08/16/82

Umtanum Flow Top 3568 - 3781 07/21/82

Very High Magnesium 3837 - 3889 09/29/82
Flow Top

NOTE: To convert feet to meters, multiply by 0.3048.
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TABLE 13. Borehole RRL-2--Major Inorganic Constituents in Groundwater.

INTERVAL SAMPLE
NUMBER

DEPTH
INTERVAL
(ft)

HC03 Ca3
2 OH 1I3S104 Cl-

(Units are mg/i)
so4'- | F- I Na+ Ca2 + Mg2+ H4Si 04 TOTAL D ANION-

DISSOLVED CATION
SOLIDS BAL.*

C'A

Priest 82-68 1574-1714 188.7 7.74 0.10 9.1 133.0 1.60 8.5 161.6 20.9 2.0 0.19 93.0 588 0
Rapids
Interf low

Roza
Flow Top 82-65 1735-1773 143.6 13.96 0.23 23.1 122.0 2.0 8.6 141.1 15.5 1.9 0.10 93.4 522 3

Frenchman 82-170 224-2644 106.9 1.08 0.02 3.6 344.0 21.0 15.0 282.2 35.10 9.4 0.23 87.6 874 6
Springs
Interflow

Upper 82-122 2719-2913 86.9 2.64 0.05 11.7 507.0 1.40 20.0 373.8 25.3 2.9 0.10 106.8 1094 0
Grande
Ronde

Cohassett 82-401 3247-3844 98.3 17.76 0.29 63.7 403.9 4.2 20.0 336.8 13.8 2.2 0.10 88.9 993 5
Flow Bottom

lUmtanium 82-364 3568-3781 89.3 9.76 0.18 55.0 451.0 1.7 18.2 354.9 9.4 1.6 0.10 107.9 1038 4
Flow Top

Umtanum 82-309 3781-3827 110.1 8.24 0.13 35.5 384.5 3.5 17.3 335.5 8.5 2.8 0.14 87.9 948 3
Fracture
Zone

V ery Hligh 82-456 3837-3889 73.4 11.76 0.27 55.7 455.3 2.4 20.1 363.5 5.9 1.83 0.10 71.62 1014 5
Magnesiun
Flow Top

co

II.

W

*Anion - cation balance =
ranion equivalents - Ecation equivalents

ECation equivalents
x 100 (expressed as percent).

NOTE: To convert feet to meters, multiply by 0.3048
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10 5 0 5 tO 2
+2 +: a ! I ! : f ! I I ! I i 1 I a 1 4 HCl + C0FCa I i.IiIiiH O+ O

TEST INTERVAL
DEPTH

(ft)

- 1574
1774

2244

2644

2719

Mg+2
J_+_ (meq/i! 1 i i -k-+-+-Hi SO~2

PRIEST RAPIDS BASALT

FRENCHMAN SPRINGS
INTERFLOW

UPPER GRANDE RONDE

2913

3247 COHASSETT
FLOW BOTTOM

3344

--- 4 3781

3568
3837
3889

UMTANUM FLOW TOP

VERY HIGH Mg
FLOW TOP

FI GURE 20. Sel ected
in Borehole RRL-2.

Stiff Diagrams for Columbia River Basalt Groundwaters
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TABLE 14. Borehole RRL-2--Trace Element Concentrations in Groundwater.

Zn

(Units are

I Fe

mg/])

IjiINTERVAL SAMPLE
NUMBER

Al Ba B Co Cr Cu Mn Mo Ni Pb

Priest 82-68 <0.08 0.019 0.38 0.10 0.04 <0.006 6.60 0.10 0.08 0.10 <0.03 <0.15 0.05
Rapids
Interflow

Roza 82-65 <0.08 0.005 0.36 <0.10 <0.03 <0.006 0.39 0.007 0.01 0.12 <0.02 <0.15 0.02
Flow Top

Frenchman 82-170 <0.08 0.024 1.09 <0.10 <0.03 <0.006 0.11 0.017 0.015 0.05 0.02 <0.15 <0.01
Springs
Interflow

Upper 82-122 <0.08 0.004 2.60 <0.10 <0.03 <0.006 0.82 0.02 0.032 0.13 <0.02 <0.15 <0.01
Grande
Ronde

Cohassett 82-401 0.41 0.002 3.50 <0.10 <0.03 <0.006 0.13 0.03 0.004 0.28 <0.02 <0.15 <0.01
Flow Bottom

Umtanum 82-364 <0.07 0.004 3.44 <0.10 <0.03 <0.006 0.048 0.04 <0.003 0.27 <0.02 <0.15 <0.01
Flow Top

Uintanum 82-309 0.11 0.003 3.14 <0.10 <0.03 0.006 0.14 0.03 0.007 0.24 <0.02 <0.15 0.02
Fracture
Zone

Very High 82-456 0.33 0.005 3.50 <0.01 <0.03 <0.006 0.05 0.04 <0.004 0.26 <0.02 <0.15 <0.01
Magnesium
Flow

--i
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A comparison of groundwater hydrochemical data from borehole RRL-2
with data presented by Spane and others (1982) indicates Grande Ronde
groundwater in RRL-2 is generally:

* Higher in chloride concentration

* Lower in fluoride concentration

e Lower in sulfate concentration than the average for other
boreholes on the Hanford Site.

The significance of these differences is not completely understood
and is currently under investigation.

Trace Elements

Trace element concentrations in groundwater from borehole RRL-2 are
listed in Table 14. The main trace elements found are boron and iron.
Elevated iron concentrations are attributed to the iron drill pine through
which the samples are collected.

Dissolved Gas

Dissolved gas information available for sampled intervals within
borehole RRL-2 is presented in Table 15. Methane is the major gas
component, with nitrogen generally making up the remaining percentage.
Gas data are not available for Wanapum Basalt zones due to the use of
air-lift pumping techniques to collect samples from those zones.

Also presented in Table 15 are concentrations of methane in ground-
water. Comparison of these data with methane solubility (Bonham, 1978) at
formation conditions indicates groundwaters are -50% saturated with
methane in borehole RRL-2.

Isotopic Chemistry

Groundwater samples for both stable and radioactive isotopic analysis
were also collected from borehole RRL-2. Available data are shown in
Table 16. In examining Table 16, the following should be noted:

* All samples contain measureable tritium concentrations

* Carbon-13 values are zero or greater.

Tritium's primary use in basalt hydrological studies at the Hanford
Site has been as a natural tracer in drilling fluids. Drilling fluids
used in borehole RRL-2 were made up using Columbia River water. This
water has a high level of tritium that serves as a natural tracer for
evaluating drilling-fluid contamination groundwater sampled from test
intervals. This procedure has been used to provide information concerning
the groundwater's representativeness following final sample collection.
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TABLE 15. Borehole RRL-2--Distribution of Dissolved Gas Components
in Grande Ronde Basalt Zones.

STRATIGRAPHIC
INTERVAL

SAMPLE
NUMBER

CARBON
DIOXIDE

VOLUME PERCENT
CARBON

MONOXIDE I HELIUM

METHANE
CONCENTRATION

(mO/1)ARGON OXYGEN NITROGEN HYDROGEN METHANE

cr

Cohassett 82-401 0.04 0.04 0.01 2.36 0.10 0.01 0.01 97.6 620
Flow Bottom_

Unitanum 82-364 0.01 0.03 0.01 1.87 0.5 0.01 0.15 97.9 702
Flow Top I

Umtanum 82-370 0.01 0.05 0.03 3.11 0.10 0.01 0.11 96.7 527
Fracture Zone

Very High 82-456 0.01 0.03 0.03 2.43 0.10 0.02 0.03 97.5 661
tagnesium Flow

VA

-I
F-4

II
I.-

w~



TABLE 16. Borehole RRL-2--Isotopic Data for Groundwater.

STABLE ISOTOPES RADIOACTIVE ISOTOPES
+ - N r � .. TSTRATIGRAPHIC

UNIT 6180(A)
2H (A)' S13C(A) 6345(A) 3H (B) 14C RELATIVE AGE (C) 234U/238 MUIAL U

ng/ml
36 C1

Priest Rapids -17.0 -134 -- - 1.19 _ 0.08 ---- ___ ----
Interflow.

Rosa Flow Top -16.0 -136 8.50 --.- +-0.09 36000+ 4000 ___- --- ---I I _~~~~.9 I .9300+40

Frenchman Springs
Interflow

-13.2 -120 -0.30 +2.5 6.43 + 0.22 12300 + 1800

L')
CDl

I-co

1
'-4

'-4

W.

Upper Grande Ronde -11.5 -114 15.4 ---- 0.90 + 0.10 ___

Cohassett ---- ---- ---- ________ ____ _______ _____ ___

Umtanum Flow Top ___ ---- +16.9 ---- 0.86 + 0.11 ---- _ ___ ----

Unitanum Fracture Zone ----_---- ---- _ _ __ --- ____----

Very ligh Mg Flow Top I ---- I --- ____ I ---- I
* Too small for analysis
(A) 6 units (0/00) = parts per thousand
(B) Tritium units
(C) Elevated tritium Indicates C-14 age dates are incorrect
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Samples for which tritium concentration is less than one tritium unit
are generally considered to be acceptable for analysis of major inorganic
constituents. Samples with a measureable amount of tritium (two standard
deviations), however, indicate some drilling fluid remained in the
groundwater and the sample may be unsuitable for carbon-14, chlorine-36,
and uranium analyses. Due to the presence of tritium in groundwater
sampled at borehole RRL-2, caution should be used in interpreting these
data. Resampling of contaminated zones for age dating purposes is
currently being evaluated.

Carbon-13 values range between -31.5 and +20.7 with a mean value
of -9.85 in Columbia River basalt groundwaters. As shown in Table 16,
carbon-13 in groundwater sampled at borehole RRL-2 is generally positive.
This has previously been attributed to the occurrence of methane in
groundwater at borehole RRL-2.

Fluid Temperature, pH, Eh, Electrical Conductivity

Fluid temperatures for groundwater measured at ground surface are
listed in Table 17. Downhole measurements are considered to be more
representative of in situ formation temperatures. Fluid temperature
increases with depth and is reflective of the local geothermal gradient,
which is about l.140 C per 100 ft (30.5 m) depth, based upon temperature
measurements in several deep boreholes.

The pH measurements are routinely performed at the sample site at the
time of collection. several problems are associated with surface
measurements of pH. Formation waters can cool and may degas during
transport from depth to the point of collection. Groundwater pH measured
at the ground surface, however, can be corrected to formation temperature
conditions.

While fluid temperatures and pH can be measured directly with
reasonable accuracy, surface measurement of Eh is generally not suitable
for quantitative interpretations (Stumm and Morgan, 1981; Langmuir, 1971);
however, such measurements may be useful as a qualitative tool to indicate
the general oxidizing or reducing conditions. Potentiometric measurements
of Eh on Columbia River basalt groundwaters in borehole RRL-2 indicate Eh
may range from near zero to -0.165 volts. Mineral assemblages and redox
couples evaluated in other boreholes suggest conditions may be more
strongly reducing than indicated by potentiometric measurements (Rockwell,
1982).

Electrical conductivity data for groundwater at borehole RRL-2 are
presented in Table 17. Electrical conductivity may be used as an estimate
of total dissolved solids in surface waters and some groundwaters.
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TABLE 17. Borehole RRL-2--pH, Eh, Temperature and Electrical
Conductivity for Groundwater Samples.

STRATIGRAPHIC
INTERVAL

pH Eh FLUID
TEMPERATURE

Co

ELECTRICAL
CONDUCTIVITY
Micromhos/cm

Priest Rapids 9.14 __ 6.5 810
Interflow

Roza Flow Top 9.30 --- 21.8 683

Frenchman Springs 8.30 _ 29.1 1408
Interflow

Upper Grande Ronde 8.77 -0.165 26.9 1856

Cohassett Flow bottom 9.71 -0.048 23.4 1616

Umtanum Flow Top 9.45 0.018 29.4 1740

Umtanum Fracture Zone 9.34 --- 25.9 ---

Very High Magnesium 9.78 -0.057 22.3 1747
Flow top
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GEOMECHANICS LABORATORY CHARACTERIZATION

INTRODUCTION

A series of laboratory tests were conducted on the core from borehole
RRL-2 in the BWIP Rock Mechanics laboratory. The purpose of this testing
was to characterize the core with respect to its physical and mechanical
properties. Subsequently, these rock characterization properties will be
used in designing the exploratory shaft, evaluating the rock drillability,
assist in the selection df the respository's breakout horizon, and help
establish or verify a preliminary design for the respository's underground
openings.

The following flows were tested from borehole RRL-2:

e Grande Ronde 3

* Cohassett

e McCoy Canyon

* Umtanum.

Each flow was further subdivided into the following three types of
intraflow structures:

* Flow top

* Entablature

* Colonnade.

Samples were selected for laboratory testing from each of the
previously mentioned intraflow structures.

METHODOLOGY

After visually examining the rock core, and selecting the samples
from each intraflow structure, the samples were characterized, then cut
and ground to the appropriate specimen size. Every attempt was made to
select rock core samples with no apparent flaws or fractures. This became
very difficult in some portions of the core due to the presence of disking
and preexisting fractures.
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PHYSICAL PROPERTY TESTS

A series of physical and mechanical property tests were conducted on
specimens from each of the intraflow structures. The physical tests were
as follows:

e Grain density--the mass of a unit volume of the grains of the
rock

* Bulk density--is the dry bulk density, where bulk volume is
equal to grain volume plus pore volume

* Total and apparent porosity--porosity of rock is defined as the
ratio of the volume of internal open spaces (also referred to as
pores or voids) to the bulk volume of the rock. If the volumes
above are experimentally determined and the sample is not a
powdered sample, thus making the pore volume measured that of
the interconnected pores, the value calculated is the apparent
porosity.

MECHANICAL PROPERTY TESTS

The mechanical property tests are divided into strength tests and
elastic property tests. The elastic property testing can be further
segregated into static and dynamic testing. Strength and elastic
parameter tests are as follows:

* Uniaxial compression--a measure of a rock's compressive strength
under conditions where the sample is axially loaded and not
confined in a lateral direction

* Triaxial compression--a measure of a rock's compressive strength
under conditions of varying confining pressure applied in the
lateral direction while the specimen is axially loaded

* Brazilian tensile strength--an indirect method of determining a
rock's tensile strength by measuring the pressure a disk-shaped
rock sample can withstand when pressure is applied across its
diameter

* Modulus of rupture--a measure of the outer fiber tensile
strength of a rock sample during bending.

The mechanical elastic properties are determined from data obtained
via strain gauges that are attached to the circumferential surface of the
rock core to measure the stress-strain behavior of the specimen when
tested in either a uniaxial or triaxial compressive strength test.
Dynamic elastic properties are determined from the velocity measurements
of pulse-generated compression and shear waves and are defined as follows:

* Young's modulus--a linear factor of proportionality between
normal stress and normal strain

73



S D-BWI-TI-113

e Poisson's ratio--a ratio of the transverse lateral strain
(perpendicular to the applied stress), with respect to the
normal strain (parallel to the applied stress)

* Shear modulus--a factor of proportionality between shear stress
and shear strain

e Bulk modulus--a factor of proportionality between a hydrostatic
pressure (stress), applied to the sample and the resulting
volumetric strain.

RESULTS

A statistical summary of all the test results is provided in
Tables 18 through 20. These tables are separated according to the
following intraflow structure groupings:

a Flow top

e Entablature

* Colonnade.

Within each table there is a further segregation according to flow:

* Grande Ronde 3

a Cohassett

* McCoy Canyon

* Umtanum.

Only data from tests on intact specimens were utilized to develop the
elastic and strength statistical summaries in Tables 18 through 20.

From the physical property (bulk density, grain density, apparent
porosity, and total porosity) statistical summarization presented in
Tables 18 through 20, it is apparent that there is very little variation
in grain density within the four flows tested. Values of bulk density
were essentially the same in all four flows in the entablature and
colonnade intraflow structures, but were notably less in flow tops
(references to the flow-top intraflow structure will include both the
vesicular and brecciated rock). The most obvious dissimilarity in
apparent and total porosity data was that the flow-top values were greater
than those in the entablature and colonnade.
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TABLE 18. Sumary of Borehole RRL-2--Basalt Physical and Mechanical
Property Data--Flow Top/Vesicular Zones. (Sheet 1 of 2)

FLOW TEST INTERVAL UNIAXIAL COMPRESSIVE
I STRENGTH

IBULK DENSITY YOUNG'S MODULUS
(Static)

POISSON'S RATIO
(Static.)

I BRAZILIAN TENSILE MODULUS OF
STRENGTH RUPTURE

u-I

_ ________________ ()MPa g cc GPa MPa MPa

Cohassett 2993 - 3006

Flow Top
No. of Samples 5 14 _ 8
Mean 69.88 2.29 7.90
Standard Deviation 20.10 0.10 2.04
Range 43.42-97.60 2.13-2.47 5.86-12.10
Confidence Limits* 56.10-83.66

Vesicular 3083 - 3108
No. of Samples 3254 - 3256 3 6 3 3 3
Mean 155.77 2.71 52.40 0.27 13.05
Standard Deviation 34.44 0.01 6.39 0.06 1.96
Range 123.94'192.34 2.69-2.73 45.02 - 56.13 0.21-0.33 10.81-14.43
Confidence Limits* 118.27-193.27

McCoy Canyon 3478 - 3489
Flow Top

No. of samples 9 19 1 1 9
Mean 37.80 2.14 14.0 0.16 4.39
Standard Deviation 14.04 0.16 1.2
Range 27.32-70.94 1.88-2.42 2.70-6.34
Confidence Limits* 31.26-44.34

Vesicular 3525 - 3543
No. of samples 5 16 11
Mean 96.84 2.50 11.77
Standard Deviation 13.33 0.15 5.49
Range 84.16-117.70 2.27-2.74 7.16-26.82
Confidence Limits* 87.70-105.98

Umtanum 3607 - 3755
Breccia
No. of Samples 19 48 4 3 23
Mean 67.68 2.27 30.34 0.24 5.92 -

Standard Deviation 53.20 0.18 12.99 0.08 2.4
Range 13.83-201.55 1.79-2.64 14.69-44.0 0.17-0.32 2.18-11.81
Confidence Limits* 51.45-83.91

2-;

W-

UU80 Confidence Level NOTE: To convert feet to meters, multiply by 0.3048



TABLE 18. Sumnary of Borehole RRL-2--Basalt Physical and Mechanical
Property Data--Flow Top/Vesicular Zones. (Sheet 2 of 2)

FLOW YOUNG'S MODULUS
' n.'---.-4

SHEAR MODULUS
I n__; io

BULK MODULUS
I ivn.-- r

POISSON'S RATIO GRAIN DENSITY
iln.nail I

APPARENT POROSITY TOTAL POROSITY
I kUY1I Idill IC _U Ga _I { *|''*6 g/CC

Cohassett
Flow Top
No. of samples
Mean
Standard Deviation
Range

Vesicular
No. of samples
Mean
Standard Deviation
Range

2
53.9

4.5
50.7-57.0

2
21.8

1.9
20.4-23.1

2
34.3
1.8

33.0-35.6

2
0.24
0.01

0.23-0.24

3
2.88
0.01

2.88-2.89

14
12.6
2.4

9.7-17.4

3
23.0
4.9

17.3-26.0
___________________ I _ - .I- I 1 1

3
62.6
2.0

60.4-64.0

3
24.1
0.6

23.4-24.6

3
52.7

3.1
49.5-55.6

3
0.30
0.01

0.30-0.31

2.90
6

2.7
0.7

1.6-3.4

1
7.2

LA

I;

co)
-I ~i tI

McCoy Canyon
Flow Top

No. of samples
Mean
Standard Deviation
Range

4
25.2

6.0
20.7-33.8

4
11.3
2.4

8.94-14.0

4
16.1
2.8

12.6-19.0
I I F~~~~~~~~~~~~~~~~~~~~

4
0.22
0.04

0.18-0.27

9
0.28
0.05

0.22-0.38

3
2.89
0.08

2.85-2.98

2.88

19
21.6

3.8
13.5-26.9

16
8.5
3.9

3.6-17.0

3
27.7
4.5

22.5-30.5

Vesicular
No. of samples
Mean
Standard Deviation
Range

Umotanum
Breccia

No. of samples
Mean
Standard Deviation
Range

9
55.0
12.7

39.8-75.7

9
21.7
4.9

15.9-29.7

9
40.0
11.8

23.8-56.1

6.6

-I i I_ - I- i

15
35.9
7.6

26.3-50.0

15
14.9
3.2

10.3-20.7

15
20.7
5.0

13.7-29.0

15
0.20
0.04

0.13-0.32

8
2.84
0.07

2.68-2.94

39
18.1
6.5

7.0-34.6

7
19.4
5.4

12.6-27.0



TABLE 19. Surrmary of Borehole RRL-2--Basalt Physical and Mechanical
Property Data--Entablature. (Sheet 1 of 2)

FLOW TEST INTERVAL UNIAXIAL COMPRESSIVE
STRENGTH

BULK DENSITY YOUNG'S MODULUS
(Static)

POISSON'S RATIO
(Static)

BRAZILIAN
TENSILE
STRENGTH

MODULUS OF
RUPTURE

______________________ 1fLizMPa glcc GPa MPa MPa
Grande Ronde 3 2952 - 2967

No. of samples 1 9 2 2 1Mean 382.40 2.83 83.60 0.28 9.08Standard Deviation 0.02 1.70 0.01 1.57Range 2.80-2.85 82.40-84.80 .027-.029 6.77-9.77
Confidence Limits*

Cohassett 3071 - 3076
No. of samples 3108 - 3135 7 21 10 10 8Mean 3147 - 3168 255.78 2.84 75.56 0.27 13.03 42.09Standard Deviation 3183 - 3200 19.18 0.03 4.94 0.01 4.16Range *214.74-271.53 2.76-2.87 69.36-85.74 0.24-0.29 8.73-19.42
Confidence Limits* 245.34-266.52 l

McCoy Canyon 3500 - 3525
Entablature 3543 - 3575

No. of samples 8 28 11 10 10Mean 351.55 2.83 78.30 0.26 18.31Standard Deviation 27.24 0.03 5.08 0.02 3.62Range 365.57-404.49 2.76-2.87 68.12-84.26 0.23-0.29 10.08-23.93
Confidence Limits* 337.92-365.18

Entablature/Colonnade
No. of samples 3575 - 3607 7 20 6 6 10Mean 305.63 2.81 69.07 0.26 20.38
Standard Deviation 64.25 0.09 14.6 0.02 4.36Range 176.08-368.90 2.59-2.88 41.37-80.40 0.24-0.28 11.59-26.50
Confidence Limits* 270.60-340.60 _ _ l

Ulmtanum 3755 - 3824
No. of samples 3 20 5 6 5Mean 413.47 2.81 82.47 0.26 14.06Standard Deviation 47.75 0.02 1.55 0.01 2.30Range 390.17-468.40 2.78-2.83 80.95-84.41 0.24-0.28 10.56-16.67
Confidence Limits* I 361.48-465.46 1 1 1

LA
C)

-I

k--4

t..)

118U1 Contldence Level

NOTE: To convert feet to meters, multiply by 0.3048.



TABLE 19. Sumnary of Borehole RRL-2--Basalt Physical and Mechanical
Property Data--Entablature. (Sheet 2 of 2)

FLOW YOUNG'S MODULUS SHEAR MODULUS
I n-n-.

BULK MODULUS
I tn-mi 4 1

POISSON'S RATIO GRAIN DENSITY APPARENT POROSITY TOTAL POROSITY

______________________ GPa GPa SPa _ _______________ __________________gcc

Grande Ronde 3
No. of samples 3 3 3 3 4 9 4
Mean 84.1 33.1 61.6 0.27 2.88 1.2 1.9
Standard Deviation 3.7 1.9 3.3 0.02 0.01 0.7 0.7
Range 79.8-86.8 30.9-34.2 57.8-63.5 0.25-0.29 2.87-2.90 0.2-1.9 1.0-2.8

Cohassett
No. of samples 19 19 19 19 3 21 4
Mean 74.3 31.0 44.3 0.24 2.89 1.0 2.1
Standard Deviation 6.4 4.0 12.8 0.03 0.02 0.4 0.6
Range 62.8-85.8 24.0-45.1 13.1-59.5 0.17-0.31 2.87-2.91 0.1-1.8 1.4-2.8

-4

(A

0

w

c,_

co McCoy Canyon
Entablature

No. of samples
Mean
Standard Deviation
Range

27
72.8
8.2

49.0-83.7

27
29.7
3.1

20.5-34.8

27
45.2
7.9

26.9-59.4

27
0.23
0.03

0.19-0.28

8
2.89
0.02

2.86-2.91

29
2.1
1.1

0.9-4.8

7
2.4
1.2

1.0-4.1

Entablature/Colonnade
No. of samples 20 20 20 20 3 20 3
Mean 68.9 28.0 43.2 0.23 2.90 2.8 2.7
Standard Deviation 10.2 4.5 8.7 0.05 0.01 1.8 2.7
Range 49.6-80.5 20.1-34.5 28.8-55.9 0.13-0.31 2.89-2.91 1.4-7.4 1.0-5.8

Umtanum
No. of samples 11 11 11 11 4 20 3
Mean 76.9 31.1 49.3 0.24 2.85 1.1 1.3
Standard Deviation 4.6 1.7 7.2 0.03 0.02 0.4 0.5
Range 70.6-82.4 27.3-32.9 37.8-58.4 0.19-0.29 2.82-2.87 0.5-1.9 0.7-1.7

NOTE: To convert feet to meters, multiply by 0.3048.



TABLE 20. Summilary of Borehole RRL-2--Basalt Physical and Mechanical
Property Data--Colonnade. (Sheet 1 of 2)

FLOW TEST INTERVAL UNIAXIAL COMPRESSIVE
STRENGTH

BULK DENSITY YOUNG'S MODULUS
(Static)

POISSON'S RATIO
(Static)

BRAZILIAN
TENSILE

STRENGTH

MODULUS OF
RUPTURE

I____________________ Tft V MPa g/cc GPa MPa MPa
Grande Ronde 3 2850 - 2866

No of samples 1 13 2 2 3
Mean 2974 - 2986 171.49 2.81 86.68 0.27 10.41
Standard Deviation 0.06 11.60 0.01 1.06
Range 2.71-2.87 78.47-94.88 0.26-0.28 9.72-11.63
Confidence Limits*

Cohassett 3006 - 3071
No. of samples 3076 - 3083 4 17 8 8 8 2Mean 3135 - 3147 287.10 2.82 76.82 0.26 16.05 39.40
Standard Deviation 3168 - 3183 32.73 0.07 6.56 0.01 2.45 4.45
Range 3200 - 3254 262.71-332.26 2.65-2.88 66.40-86.67 0.24-0.28 12.01-20.62 36.24-42.54
Confidence Limits* 260.29-313.91

McCoy Canyon 3494 - 3500
No of samples 2 7 3 3 3
Mean 103.71 2.62 36.89 0.23 11.59
Standard Deviation 5.83 0.06 6.17 0.05 1.91
Range 99.58-107.83 2.55-2.72 32.89-43.99 0.17-0.27 9.40-12.88Confidence Limits* _ 91.02-116.40 .

Umtanum 3824 - 3839
No. of samples 2 13 5 5 4
Mean 405.99 2.81 70.58 0.25 22.79 -
Standard Deviation 4.08 0.12 3.24 0.02 2.12
Range 403.10-408.87 2.78-2.83 67.10-75.71 0.23-0.28 20.10-24.59
Confidence Limits* 397.11-414.87 I_

(A

-I
'-4

a--
(.3

* 80% Confidence Level

NOTE: To convert feet to meters. multiply by 0.3048.



TABLE 20. Sumnary of Borehole RRL-2--Basalt Physical and Mechanical
Property Data--Colonnade. (Sheet 2 of 2)

FLOW YOUNG'S MODULUS
(Dynamic)

SHEAR MODULUS
(Dynamic)

BULK MODULUS
(Dynamic)

POISSON'S RATIO
(Dynamic)

GRAIN DENSITY APPARENT POROSITY TOTAL POROSITY

co

________________________ GPa GPa GPa ._ . g/cc ;
Grande Ronde 3

No. of samples 5 5 5 5 4 11 4
Mean 80.2 32.6 50.3 0.23 2.90 1.1 3.1
Standard Deviation 5.1 1.6 7.4 0.02 0.02 0.6 2.0
Range 75.8-89.0 31.4-35.3 43.2-61.3 0.21-0.26 2.87-2.92 0.3-2.5 1.0-5.6

Cohassett
No. of samples 15 15 15 15 6 17 5
Mean 74.0 29.5 51.6 0.26 2.94 1.8 2.2
Standard Deviation 7.7 3.1 8.6 0.04 0.03 1.5 0.8
Range 60.6-82.4 23.3-33.0 33.3-63.8 0.15-0.30 2.89-2.00 0.1-5.6 1.7-3.7

McCoy Canyon
No. of samples 4 4 4 4 1 7 1
Mean 53.2 21.7 32.6 0.23 2.99 8.2 13.0
Standard Deviation 8.3 3.4 5.1 0.01 3.0
Range 45.7-64.8 18.7-26.5 27.4-38.7 0.22-0.24 4.3-12.4

Umtanum
No. of samples 9 9 9 9 4 13 4
Mean 72.3 29.4 45.4 0.24 2.87 2.1 2.3
Standard Deviation 6.3 1.9 9.0 0.04 0.03 0.8 0.6
Range 61.0-81.0 23.5-31.6 31.2-61.4 0.17-0.28 2.84-2.91 1.1-3.9 1.9-3.1

(A

IF'co

II.

cF3

NOTE: To convert feet to meters, multiply by 0.3048.
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In regard to mechanical strength properties, the uniaxial compressive
strength results showed the greatest variability with respect to flows as
well as intraflow structures. The Umtanum entablature and colonnade had
the highest uniaxial compressive strengths, with confidence limits at an
80% level of 361.48 to 465.46 MPa, and 397.11 to 414.87 MPa, respec-
tively. The McCoy Canyon flow top and colonnade had the lowest uniaxial
compressive strengths with confidence limits at an 80% level of 31.26 to
44.34 MPa, and 84.00 to 167.32 MPa, respectively. Flow-top uniaxial
compressive strengths were on the average 70%O less than the entablature
and colonnade intraflow structures. The very low bulk density, Young's
modulus, and Poisson's ratio values of the McCoy Canyon's flow top and
colonnade correlate very well with the previously mentioned low uniaxial
compressive strengths in the McCoy Canyon's flow top and colonnade.

When comparing the conceptual designs uniaxial compressive strength
and the Brazilian tensile strength (Table 21) with borehole RRL-2's
Umtanum entablature (see Table 19), it was noted that borehole RRL-2's
uniaxial compressive strength is 95% greater than the conceptual design
strength, and borehole RRL-2 Brazilian tensile strength is 18% greater
than the conceptual design strength.

The strength test results are shown in Table 22. Included in
Table 22 are the mean Brazilian tensile strength results, mean compressive
strength results, and linear regression slope and intercept values. The
major principal stress (a1) is assumed to be three times the minor
principal Brazilian tensile strength (a3) (Goodman, 1980).

A linear regression analysis was conducted on the major and minor
principal failure stress results (a1 and a3) from the uniaxial,
triaxial, and Brazilian tensile strength testing. An empirical failure
criteria developed by Hoek and Brown (1980) was used to relate a1 and
a3 at failure.

From Table 22 the correlation coefficient (r), which is an indication
of the concordance of fit between the empirical failure criteria
relationship and the strength data, showed good concordance of fit for all
the intraflow structures. All the intraflow structures had correlation
coefficients at the 99% level or greater except for the McCoy Canyon
colonnade at 97.5%. For purposes of curve fitting and linear regression
analysis, only those intraflow structures with five or more pairs of data
were used.

The linear form of the empirical failure criteria was used to plot
the results of the linear regression analysis of the strength data. These
failure envelopes are illustrated in Figure 21. It is evident that the
Umtanum colonnade and McCoy Canyon entablature/colonnade have the highest
strengths, while the McCoy Canyon colonnade has the lowest strengths. The
square root of the ordinate axis intercept (ac) in Figure 21 is the
uniaxial compressive strength as determined from the linear regression
analysis of the triaxial results. These uniaxial compressive strengths
compared very favorably with the uniaxial compressive strength as
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TABLE 21. Thermomechanical Characterisitics of the Columbia
River Basalt Group (KE/PB, 1980).

PRELIMINARY
THERMOMECHANICAL

VALUES
UNITS MEAN

VALUES RANGE

Specific Heat cal/g0C 0.225 0225 + 0.005
(at 750C) standard deviation

Thermal Conductivity W/moC 2.17 2.17 + 0.26
(at 500C) standard deviation

Bulk Density g/cn 3 2.78 2.41 - 3.01

Grain Denisty g/cm 3 2.90 2.78 - 3.10

Water Content wt% TBD

Thermal Expansion °C 8.81 8.81 + 1.78
Coefficient | standard deviation

Young's Modulus ksi (MPa) 10.300 7.900 - 13.700
(static) (71.0) (54.5 - 94.5)

Poisson's Ratio 0.27 0.15 - 0.32
(static)

Young's Modulus ksi (MPa) 11.600 9.700 - 14.800
(dynamic) (80.0) (66.9 - 102.0)

Poisson's Ratio 0.24 0.15 - 0.32
(dynamic)

Compressional Wave m/sec 5.860 5.360 - 6.430
Velocity

Shear-wave Velocity m/sec 3A420 3.080 - 3.900

Angle of Internal degrees 44
friction (at 200C)

Brazilian Tensile ksi (MPa) 1.7 (11.9) 0.2 - 3.4
Strength (1.4 - 23.7)

Cohesion ksi (MPa) 4.6 (32) 2.2 - 5.5
.__ (15 - 38)

Compressive Strength ksi (MPa) 30.5 (212) 11.6 - 53.0
Unconfined (81 - 369)

Confined at 51.7 MPa ksi (MPa) 66.3 (461) 51.3 - 96.5
_ _ _ _ _ _ _ _ _ _ _ _ ______ (357 - 671)

*Based. on testing of samples from the Umtanum flow.
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TABLE 22. Linear Regression Analysis of Borehole RRL-2--Strength
Test Results. (Sheet 1 of 2)

INTRAFLOW
STRUCTURE

FLOW

MEAN MAJOR
PRINCIPAL

FAILURE STRESS
aI (MPa)

MINOR
PRINCIPAL

FAILURE STRESS
03 (1Pa)

(# of specimens
t'.ztesItI

BRAZILIAN TENSILE STRENGTH
03 (MPa) I aI (HPa)

CORRELATION
COEFFICIENT

(r)

Grande Ronde 3 Entablature 382.40 0. (1) - 9.08 27.24
,______________ 493.45 6.90 (1) _ _
Colonade 171.49 0. (1) -10.41 31.23

465.65 6.90 (1)
478.15 13.79 (1) __-_

Cohassett Entablature 255.78 0. (7) -12.29 36.87 0.94 (A)
431.23 10.34 (1) -19.42 58.26
385.64 13.79 (1) -10.98 32.94
481.36 17.24 (1) - 8.37 25.11

- 9.53 28.59
-12.66 37.98
-11.64 34.92
-19.33 57.99

Colonnade 287.10 0. (4) -15.58 46.74 0.95 (A)
339.79 3.45 (2) -20.62 61.86
431.20 6.90 (2) -16.22 48.66

-17.43 52.29
-14.77 44.31
-16.60 49.80
-12.01 36.03

_ _ _ _ _ _ _ __ _ __ _ -15.19 45.57

co

(A

co

II.
w-.

McCoy Canyon Entablature 351.55
443.03
461.71

0.
6.90
13.80

(8)
(6)
(2)

-16.57
-17.19
-16.75
-20.23
-19.57
-20.67
-19.40
-18.72
-10.08
-23.93

49.71
51.57
50.25
60.69
58.71
62.01
58.20
56.16
30.24
71.79

0.96 (A)



TABLE 22. Linear Regression Analysis of Borehole RRL-2--Strength
Test Results. (Sheet 2 of 2)

IUk0!

INTHAfIOW
ST IWl IIREP

Entablature/
Colonnade

MEAN MAJOR
PRINCIPAL

FAILURE STRESS
al (MPa)

305.63
493.65
478.16
594.92

MINOR
PRINCIPAL

FAILURE STRESS
03 (MPa)

(0 of specimens
----tested) _

0. (7)
6.90 (1)
10.34 (1)
13.80 (1)

BRAZILIAN TENSILE STRENGTH
03 (MPa) al (1IPa)

CORRELATION
COEFFICIENT

(r)

0.91 (A)-19.93
-26.50
-11.59
-23.68
-23.64
-22.59
-19.85
-22.36
-17.09
-16.59

59.79
79.50
34.77
71.04
70.92
67.77
59.55
67.08
51.27
49.77

0o
1-.4

I.

I-

, _ _

Colonnade 103.71
222.40

0. (2)
6.90 (1)

- 9.40
-12.49
-12.8R

28.20
37.47
38. 64

0.89 (B)

Umtanum Entablature 413.47 0. (3) -10.56 31.68 0.80 (A)
311.36 6.90 (1) -15.26 45.78
371.13 13.80 (2) -16.67 50.01

-14.43 43.29
_ _ _ _ _ _ _ _ _ _ _ _ _ ___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -13 .3 6 4 0 .0 8

Colonnade 405.99 0. (2) -20.10 60.30 0.99 (A)
474.24 6.90 (1) -24.59 73.77
485.11 13.80 (2) -24.38 73.14

-22.09 66.27

NOTES:
(A) Correlation coefficient (r) is significant at the 99.0% confidence level or greater.

(B) Correlation coefficient (r) is significant at the 97.5% confidence level or greater.
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FIGURE 21. Strength Test Results Plotted in Linear Form of Empirical
Failure Criteria.
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determined in the laboratory. The laboratory uniaxial compressive
strengths are all slightly less than the uniaxial compressive strengths
determined from the regression analysis except for the Umtanum entablature
and colonnade, which has higher laboratory uniaxial compressive strengths.

The elastic properties showed compatible results between the static
and dynamic testing of Young's modulus and Poisson's ratio. The flow top
elastic properties were all noticeably less than the entablature and
colonnade. In addition, there is a much wider range of elastic property
values between various flow tops than between the various entablatures
and colonnades.

A comparison of the conceptual design elastic properties (see
Table 21) with the borehole RRL-2 Umtanum entablature elastic properties
(see Table 19), does not show any significant variations. The Umtanum
entablatur&s static Young's modulus is 16% greater, the static Poisson's
ratio is 4% less and the dynamic Young's modulus is 4% less than the
design elastic properties. The dynamic Poisson's ratio for borehole
RRL-2's Umtanum entablature and the conceptual design are both 0.24.

When the results of the borehole RRL-2 laboratory testing are
compared with previous tests conducted on the Umtanum flow (see Table 21),
Grande Ronde Basalt, and Pomona member, it was apparent the mechanical
strength and elastic properties of borehole RRL-2 were in almost all cases
higher than those previously reported for other boreholes. This was
especially true for the uniaxial compressive strength in which the
borehole RRL-2 results were in most cases 50 to 100% greater. This can
be explained by the fact that extraordinary care was taken in choosing
intact samples with no apparent fractures. In addition, if preexisting
fractures were found after breaking the specimen, then this specimen was
not considered in the statistical summary. Earlier testing had identified
the need to improve procedures for choosing samples as well as for post-
failure characterization.

In reviewing the borehole RRL-2 physical property results, the dif-
ferences in bulk density, apparent porosity, and total porosity between
flow top, entablature, and colonnade can be explained by the more vesicu-
lar and brecciated nature of the flow top. This results in the lower bulk
densities and high apparent and total porosities of the flow top.

No explanation is given for the significant variation in uniaxial
compressive strengths between flows. However, the test results are
considered valid. The lower strength values of the flow top, vesicular
and brecciated rock can be attributed to its lower bulk density and higher--
porosity. These same physical characteristics can also explain the lower
elastic properties of the flow top vesicular and brecciated rock. Few
static elastic property tests were conducted due to the very vesicular
or brecciated characteristics of the flow top intraflow structure. The
presence of the vesicles and breccia clasts made it difficult to attach
strain gauges. In addition, the data would be suspect due to the possible
development of abnormal stress concentrations in the vicinity of the
vesicles or breccia clasts.
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IN SITU STRESS MEASUREMENTS

INTRODUCTION

In situ stress and rock mass strength are the two most critical rock
mechanics parameters affecting the stability of underground structures in
hard rock. The stress generally increases with depth while rock strength
is independent of depth. Accurate assessment of the in situ stress state
of the candidate horizons in advance of excavation is necessary for design
of tunnel structures and selection of support methods.

The Pasco Basin, a subdivision of the Columbia Plateau, spans the
area between the Yakima Fold Belt subprovince and the Palouse subprovince
(see Fig. 4). Structural features bound the Pasco Basin on the north and
south, plunging eastward into the basin. Primary folds are oriented in an
east-west direction. Most of this folding occurred during deposition of
the younger basalt flows and sedimentary interbeds. The folding is
considered the result of tectonic compression in a north-south direction.
Seismic monitoring of events in the Pasco Basin tends to corroborate the
north-south orientation of the principal tectonically induced stress.

Numerous deep boreholes have been cored in the Pasco Basin to support
geological and hydrological site characterization. Some cores obtained
from borehole RRL-2, and most of the other deep boreholes, exhibit a type
of fracturing known as disking (Fig. 22). Core disking in hard rock is
considered to be indicative of a high horizontal to vertical in situ
stress ratio.

Due to the effect of the in situ stress on design, it was decided to
conduct hydraulic fracturing stress measurements in the candidate horizons
in borehole RRL-2 after completion of the hydrologic testing.

METHODOLOGY

Hydraulic fracturing was selected because it is the only available
developed method for measuring in situ stress in a borehole at the
required depths of 3,000 to 4,000 ft (914.4 to 1,219.2 m).

The Umtanum flow and Cohassett flow were selected as the flows for
the testing. The intervals (Table 23) were selected using color
photographs of the core in conjunction with geophysical logs of the
borehole.

A conventional test method described in American Society for Testing
and Material, Special Technical Publication 554 was used as a guideline
(Haimson, 1974).
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FIGURE 22. Disking in the Cohassett Flow in Borehole RRL-2.
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TABLE 23. Borehole RRL-2--Hydraulic Fracturing
Data Analysis, October 1982.

TEST #
DEPTH
(ft) P1 1(A) P (B) P 2 (C PH (D) P * (E) (( a (H) aImax aHmax

(nSi) (p) I ) (osi) (Psi) (psi) (I osi) (osiI (DSi I (osi ) (osi )
Cohassett 11-B 3053 3500 4950 4500 1323 1219 4823 8750 3371 1.81 2.60
Cohassett 9-B 3181 2100 2650 2350 1378 1274 3478 6811 3517 1.96 1.94

Grande 6-8 3457.5 4100 4600 4300 1498 1394 5598 11100 3833 1.98 2.90
Ronde #7 5-B 3471 3400 3800 3500 1504 1400 4904 9812 3849 2.00 2.55

Umtanum 4-B 3768 2350 3400 3000 1632 1528 3982 7418 4188 1.86 1.77
Umtanum 3-A 3782 4250 5300 4800 1640 1536 5890 11334 4208 1.92 2.69
Umtanum 2-B 3806.5 3650 4250 3900 1649 1545 5300 10453 4233 1.97 2.47
Umtanum 1-A 3827 3400 4150 3900 1660 1556 5060 9720 4260 1.92 2.28 -I

k.-4

I-
I--
k..4

*Water level 240' below ground level.

NOTE: To convert feet to meters, multiply by 0.3048.
(A) p isi= Instantaneous Shut-In Pressure
(B) pf= Breakdown Pressure
(C) Pf2= Secondary Breakdown Pressure

(0) PH= Head
(E) PO= Pore Pressure

(F) olimin = Minimum Horizontal Stress
(G) otJeax = Maximum Horizontal Stress
(H) ov = Vertical Stress
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In borehole RRL-2 hydrofracturing tests, a 2-ft (0.6-m) section of
the borehole was isolated with a straddle packer (Fig. 23). Once the
straddle packer had isolated the test interval, water was injected into
the isolated zone yielding a typical pressure-time record (Fig. 24).

The pressure first rises to a maximum value called the breakdown
pressure (Pf), then, as injection proceeds at a constant flow rate, the
pressure drops and stabilizes at the value known as the fracture
propagation pressure (Pfi). The difference between the fracture
propagation pressure and the breakdown pressure can be considered to be
the in situ rupture strength of the borehole (T).

After the hydraulically induced fractures propagate a sufficient
distance away from the borehole, the injection fluid is ceased abruptly to
obtain the instantaneous shut in pressure (P si). This pressure at the
moment of shut in is considered to be equivalent to the in situ stress
acting normal to the plane of the induced vertical fracture. In most
cases, the borehole is subjected to repressurization cycles to verify the
so called shut-in pressure.

Under the assumption that the borehole is parallel to one of the
principal stress directions, and the rock is linear elastic and isotropic,
the breakdown pressure and the shut-in pressure can be used to determine
the components of the local stress tensor in a plane perpendicular to the
borehole axis. The vertical stress component is assumed to be equal to
the overburden pressure.

Strike and dip of the induced fractures in the borehole wall were
determined by the use of an oriented impression packer (see Figure 23).
An impression packer consists of a 3-ft-long (0.9-m-) inflatable packer
covered with a thin layer of uncured rubber. The fractures recorded by
the impression rubber were traced on to clear mylar, which can be unrolled.
The packer was oriented using a downhole gyroscopic survey tool. A
typical fracture impression is shown in Figure 25.

RESULTS

An analysis of data obtained from borehole RRL-2 is shown in
Table 23. It must be emphasized that these results are preliminary and
only those intervals in which a vertical fracture was verified by an
impression packer have been listed.

Some of the tests that show a high horizontal to vertical stress
ratio may be due to poorly defined vertical fractures. Conversely, tests
with low stress ratios may be due to the presence of inclined joints
intersecting the test interval.

Using the data from Table 23, the average horizontal to vertical
stress ratios for the candidate horizons are:

* Cohassett--2.27:1

s Umtanum--2.30:1.
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APPENDIX A

CORING RECORD

BIT RECORD
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A-1



0 3 Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole RRL-2
CORING RECORD

Contractor: Continential Drilling Co.

Core Size: 4.828" PQ3-1 Sheet I Of 5

r\,

Interval Core Recovered Core Accumulative

Date Shi ftCore No. LongesFrom To Ft. % Piece Mm. Ft. Drilled Core Recovered % Remarks

3/16/8 N/A 1 613.5 616.5 3 100 N/A 30 3 3 100

3/18/8 _ 2 616.5 617.5 1 100 _ _ 10 4 4 100

3 617.5 624 6.5 100 86 10.5 10.5 100

3/19/8_ 4 624 634 10 100 127 20.5 20.5 100

5 634 644 10 100 _ 120 30.5 30.5 100

6 644 645 1 100 _15 31.5 31.5 100

3/20/8 __ 7 645 654 9 100 106 40.5 40.5 100

8 654 664 10 100 112 50.5 50.5 J00

9 664 674 10 100 150 60.5 60.5 100

3/23/81 _ 10 674 684 10 100 _ _ _ 120 70.5 __70.5 100

11 684 694 10 30O _ __30 _ 805_ _ __80.5_-__100___ ___

_____ 12 694 704 10 100 100 90.5 90.5 100

13 704 714 10 100 70 100.5 100.5 100 _

3/24/81 __ 14 714 724 9.5 9.5 67 110.5 _110 99 Lost .5'

_____ __ 15 724 734 9.5 95 _ 30 120.5 119.5 99 Lost .5'

____ _ _ 16 734 744 9 90 30 130.5 128.5 98 Lost 1'

____ _ _ 17 744 750 3.5 56 40 136.5 132 97 Lost 2.5'

___ __ 18 750 753.5 3.5 100 66 140 135.5 97

3/25/81 19 753.5 763.5 9 90 78 150 144.5 96 Lost 1'

20 763.5 772.5 10 110 81 159 154.5 97 Recovered 1' of lost core

21 772.5 782.5 10 100 82 169 164.5 97

_ _ ________ 22 782.5 792.5 10 100 60 179 174.5 97 A_6400-105 (N_7-79__ _

-I'---l



01 %Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL=2

Contractor: Continental Drilling Co.

Core Size: 4.828" PQ3-1

CORING RECORD

Sheet 2 Of 5

LI)I

Interval Core Recovered Core Accumulative

Date Shift Core No. Longest Timte I Reak
From To Ft. % Piece Min. Ft. Drilled Core Recovered Remarks

3/26/8 N/A 23 792.5 802.5 9.5 95 N/A 65 189 184 97 Flow Breccia/lost 5'

__ 24 805.6 812.5 10 100 _ 75 199 194 97

25 812.5 822 9.5 100 _ _ 77 208.5 203.5 97

____ _ _ 26 822 827.5 4.5 82 38 214 208 97 Lost 1'

3/31/8 -1 27 827.5 829 1.5 100 30 215.5 209.5 97 _

_____ ___ 28 829 831 2 100 _ _ 23 217.5 211.5 97

___ 29 831 834 3 100 __ 25 220.5 214.5 97

__ 30 834 841.5 7.5 100 150 228 222 97
4/2/81 _ 31 841.5 844 2.5 100 _ 10 230.5 224.5 97

___ 32 844 848 3.5 88 _ 23 234.5 228 97 Lost .5'

4/3/81 _ _ 33 848 852 4 100 _ _ 60 238.5 232 97

4/4/81 _ __ 34 852 862 10 100 180 248.5 242 97

4/7/81 _ _ 35 862 868 6 100 _ 54 254.5 248 97 _

36 868 874 6 100 6_ 60 260.5 254 97

_____ ___ 37 874 882 8 100 102 _ 268.5 262 98

__ 38 882 892 10 100 __ 114 278.5 272 98 _

39 892 899 7 100 70 285.5 279 98

_ _ 40 - 899 907.5 8.5 100 90 294 287.5 98

_____ ___ 41 907.5 914 6.5 100 _ 70 300.5 294 98

4/8/81 _ _ 42 914 924 10 100 _ 125 310.5 304 98

_ _ 43 924 934 10 100 _ 90 320.5 314 98 _

4/9/81 ___ 44 934 941.5 7.5 100 _ 120 328 321.5 _
A-6400-105 (N-7-79)



0 3 Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL-2

Contractor: Continental Drilling Co.

Core Size: 4.828" PQ3-1

CORING RECORD

Sheet 3 of 5

43>

Interval Core Recovered Core Accumulative

Date Shift Core No. Piece Mm. Ft. Drilled Core Recovered X Remarks
From To Ft. % Pee Mn t rle oeRcvrd 9

N/A 45 941.5 951.5 10 _iQ N/A 8 338 _ 33 1.5 98
4/9/81 _ 46 951.5 961.5 10 100 __ __ 60 348 341.5 98

_ 47 961.5 971.5 10 100 _ 31 358 351.5 98
_ 48 971.5 978 6.5 100 30 364.5 358 98
_____ 49 978 986 8 100 -- 40 372.5 366 98

50 986 994 8 100 __ 80 380.5 374 98
4/22/8 _ 51 994 1004 10 10 60 390.5 384 98

_ _ 52 1004 1014 10 100 _ 88 400.5 394 98

53_ 1014 1024 10 100 _ 90 410.5 404 98
__ 54 1024 1034 10 100 100 420.5 414 _ 98

4/23/8 __ __ 55 1034 1044 10 100 110 430.5 424 98

_____ __ 56 1044 1054 10 100 110 440.5 434 99

__ 57 1054 1064 10 100 _ 110 450.5 444 99
4/24/8 __ 58 1064 1074 10 100 _ 120 460.5 454 99

__ 59 1074 1084 10 100 125 470.5 464 99
___ __ 60 1084 1094 10 100 _ 105 480.5 474 99

4/27/8_ 61 1094 1104 10 100 120 490.5 484 99
4/28/8 __ 62 1104 1114 10 100- 185 500.5 494 99
4/29/8_ 63 1114 1124 10 100 77 510.5 504 99

64 1124 1134 10 100 40 520.5 514 99

_____ 65 1134 1144 10 100 ___ 43 530.5 524 99
___ __ 66 1144 1154 10 100 80 540.5 534 99

A-6400-105 (N-7-79)
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01 %Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL-2

Contractor: Continental Drilling Co.

Core Size: 4.828" PQ

CORING RECORD

Sheet 4 Of 5

D1

Interval Core Recovered Core Accumulative

Date Shift Core No. Longest TimeReak
F)aw _ C ore:som To F t . 96 Piece Mi. mF. Drilled Core Recovered R

N/A 67 1154 1164 10 100 N/A 60 550.5 544 99

4/30/8' 68 1164 1174 10 100 120 560.5 554 99

69 1174 1184 10 100 126 570.5 564 99

70 1184 1194 10 100 105 580.5 574 99

5/1/81 71 1194 1204 10 100 90 590.5 584 99

72 1204 1214 10 100 _ 105 600.5 594 99

73 1214 1224 10 100 110 610.5 604 99

5/4/81 74 1224 1234 6.5 65 _ 90 620.5 610.5 98

5/5/81 ___ 75 1234 1244 10 100 90 630.5 620.5 98

76 1244 1254 10 100 108 640.5 630.5 98

77 1254 1264 10 100 120 650.5 640.5 98

5/6/81 78 1264 1274 10 100 143 660.5 650.5 98 _

79 1274 1284 10 100 128 670.5 660.5 99

80 1284 1294 10 100 _ 180 680.5 670.5 99 _ _

5/7/81 _ _ 81 1294 1304 10 100 180 690.5 680.5 99

82 1304 1314 10 100 __ 150 700.5 690.5 99

5/8/81 ___ 83 1314 1324 10 100 149 710.5 700.5 99

84 1324 1334 10 100 __ 120 720.5 710.5 99

/11/8 85 1334 1344 10 100 164 730.5 720.5 99

86 1344 1354 10 100 150 740.5 730.5 99

/12/81 87 1354 1364 10 100 180 750.5 740.5 99

___________ 88 1364 1374 10 100 175 760.5 750.5 99
A-6400-105 (N-7-79)
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04 Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL-2

Contractor: Continental Drilling Co.

Core Size: 4.828" PQ

CORING RECORD

Sheet 5 Of 5

aI

Interval Core Recovered AccumulativeCore
Date Shift Core No. Lo~t Time .Remarks

From To Ft. % LPonegest Mm Ft. Drilled Core Recovered %R

5/13/81 N/A 89 1374 1384 10 100 N/A 72 770.5 760.5 99 _

_____ 90 1384 1394 10 100 80 780.5 770.5 99

_____ 91 1394 1404 10 100 120 790.5 780.5 99

/18/8 _ 92 1404 1414 8.5 85 110 800.5 789 99 Lost 1.5'

93 1414 1423 10 110 130 809.5 799 99 Recovered 1'

5/19/8' 94 1423 1432 9 100 120 818.5 808 99

95 1432 1442 10 100 _ 192 828.5 818 99

_ 96 1442 1448 1 17 120 834.5 819 _ _ 98 Lost 5'

5/20/8' _ 97 1448 1453 10 183 120 839.5 829 99 Recovered 5'

_ 98 1453 1463 10 100 100 849.5 839 99

99 1463 1473 10 100 104 859.5 849 99

5/21/8 100 1473 1489 5 50 205 869.5 854 89 Lost 5'

5/22/8' 101 1483 1485.5 1.5 100 60 872 859.5 90 Recovered 4'

i/26/8 ' 102 1485.5 1494 8.5 112 240 880.5 869 99

/27/8'_ 103 1494 1504 10 100 333 890.5 879 99

5/28/81 104 1504 1506.5 2.5 100 60 893 881.5 99 -

_ 105 1506.5 1514 5.5 73 196 900.5 889 99

5/29/81 106 1514 1520 6 127 120 906.5 897 99 Recovered 2'

107 1520 1530 10 100 104 916 907 99 ___

5/1/81 108 1530 1534 4 100 20 920.5 911 99 _

109 1534 1544 10 10 72 930.5 921 99

A-6400-105 (N-7-79)
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'1 Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL-2

Contractor: Boyles Brothers
Core Size: 3.937"

CORING RECORD

Sheet 1 WofI 4

-!4

Interval Core Recovered Core Accumulative
Date Shift Core No. Longest Time Remarks

From To Ft. % Pietce Min. Ft. Drilled Core Recovered R

1/25/8 N/A 110 1545 1547 2 100 N/A 15 2 2 100

1/26/8_ 111 1547 1554 6 86 60 9 8 89

112 1554 1564 10 100 120 19 18 95

2/3/82 113 1564 1574 10 100 60 29 28 97

114 1574 1584 10 100 70 39 38 97

115 1584 1594 10 100 ___ 65 49 48 98

116 1594 1604 10 l O0 65 59 58 98 ____

117 1604 1614 10 100 105 69 68 99 _______

_____ 118 1614 1624 10 100 110 79 78 99

2/14/8 __ 119 1624 1632 8 100 105 87 86 99 _-

120 1632 1642 10 100 120 97 96 99 _-

121 1642 1652 10 100 120 107 106 99

122 1652 1661 9 100 __ 110 116 115 99 --- a

_ 123 1661 1671 10 100 120 126 125 99 __

124 1671 1681 10 100 _ 120 136 135 99

_____ 125 1681 1689 8 100 __ 90 144 143 99 __

/15/8 _ 126 1689 1690 1 100 15 145 144 99

127 1690 1694 4 100 30 149 148 99 _-

______ 128 1694 1704 10 100 _100 159 158 99

_____ 129 1704 1714 10 100 105 169 168 99 __ _

_17_8_ 130 1714 1716 1.1 _5 30 171 169.1 99

_____ 131 1716 1725 8.8 98 _ 150 _ 180 177.9 99 A-5400-105_________
A-6400-105 (N-7-781
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0 1 %Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL-2

Contractor: Boyles Brothers
Core Size: 3,937"

CORING RECORD

Sheet 2 of14

D3

Interval Core Recovered Core Accumulative

Date Shift Core No. 6 Longest TieRemarksFrom To Ft. PTicmien Ft. Drilled Core Recovered Xm

2/17/82 N/A 132 1725 1734 9 100 N/A 85 189 1B6.9 Rfi_.4

2/18/8 2 _ 133 1734 1744 10 100 90 199 196-9 _9

_ 134 1744 1754 9.8 983 _ 105 _ 9 2099
_ 135 1754 1764 10 100 80 219 216.7 99

_ 136 1764 1773 8 89 _ __ 130 228 _ 724-7 99
3/4/82 137 1773 1783 9 90 _ _ 122 238 233.7 9&

_____ 138 1783 1793 10 100 J _ 110 _248 243.J . __

___ 139 1793 1802 9 0 1 Q Im _2757_ _252_ Z_ .9&
3/ 5/82 _ _ 140 1802 1806 4 100 261 2_567 9R

__ __ 141 1807 1814 2 7R AfL 2 .2 L 9R

= ___ __ 142 1814 1820 A8 122 _ 7 775 27n0,7 QS

3/6/82 ___ 143 1820 1830 10 100 _ _ 80 2B5 ___ 2T 7 8
3/8/82 __ 144 1,830 1840 10 ion _13D _2_5_ 290 7 _

_____ -- JA5. 180.. lfl~fL i~h InLQD - - -f ---- ____ aon -- __q__
_ _ 145 ~~1840 1850 10 ion L 1 A305 _.305__ -9

_ _ 146 1850 1860 10 1(N) - 131 i15 R3Th ]9

_ - 147 _ 1860 1870 10 1(0 -_& 215, q2n 7 99CIA

___ _ 148 1870 1880 10 Im L n2n _5 _ ?i33 Z_ 0-

__ 149 1880 1888 8 iAL _ L 343 _ 33..Th 7 9

150 1888 1893 6 l _ _ 349 1 4.7 99
t/q/<-47 -_ 1894 1904 in inn -00 _ __ _ 359 ____________

152 1904 1914 10 100 _ 100 369 364.7 99

___ _ 153 1914 1924 10 100 _ 135 379 374.7 99
A-6400-105 (N-7-79)
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014 Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL-2

Contractor: Boyl es Brothers

Core Size: 3.937"

CORING RECORD

SheetOf 1 4

:D>

Interval core Recovered Core A ccumulative
Date Shift Core No. T Longest Time Remarks

From To Ft. % Piece Mmn. Ft. Drilled Core Recovered 9%

3/9/82 N/A 154 1924 1925 0.5 100 N/A 1 5 __37_5_ 375Z_ 99
_____ 155 1925 1926 0.8 100 __ 15 _38cL3 _ 377 .q

_____ 156 1926 1934 .7 100 90 389 385.7 99

157 1934 1936 2 100 __ _ 15 391 387.7 99

158 1936 1946 10 100 _ 75 _ 401 39L 9 99

_____ 159 1946 1954 8 100 __ 0 4n5.7 99

3/10/8 _ _ 160 1954 1964 10 100 _ __ 9__ 419 _415.7_ _99L__

_____ 161 1964 1974 96 996 _ _____________

162 1974 1980 6 100 _ 100 435 431 99 _

3/11 /8 _ _ 163 1980 1 9R0 .5 JL5 I -Q - 5 3n5__ 431 A 99

__ 164 1980.5 lQ .5 100 1 S_9 445 5_ 441A R 99 _

165 1990.5 1995.5 60 _ 100 60 45nL5 A46.8 9q

__ 166 1995.5 1996 - A.5 1f Q _ _451 4478 R _ _ -_

3/12/8 167 1996 2006 If0 100 7_ll 4 1 ___ 457 _ __

__ 168 2006 2014 Q. 100f _ S 46i9 _ 465.L.

_ _ 169 2014 2020 5 83 -5 475. _ _7 3___

170 2020 2030 10 100 __ 180 A85 4BDL3_ 99

171 2030 2040 Th 18000 - J 495 4 Q -L 99s

______ 172 2040 2045 5 100 60 500 495.3 99

___ _ - 173 2045 2052 1_10- -_ .. 105 __DS h __D2 4 _ 99

__ 174 2052 2062 7 70 __ 150 517 509.3 99 _ _

_____ ____ 175 2062 2068 9 150 120 523 518.3 99
A-6400-105 (N-7-79)
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Adh Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL-2

Contractor: Boyles Brothers
Core Size: 3.973"

CORING RECORD

4 14
Sheet _Of_

r-

Interval Core Recovered Accumulative

Etate Shift Core No. F To t. % ILponqest Time Remarks
dt Sift oe o F rom To Ft. % Piece Min Ft. Drilled Core Recovered %

3L1518 N/A 17f6 2a 20774 _5_5 _92 N/A -n _.529 523L8L a99

__- _ 177 2n74 208L 1n 1nn _ 120 _i53 9 F.3R 99 _

. - 12& 20 . ?nq4L J1b l7t - 120L 5C 49 43 -9 _

_ 17q 1q4 2104 _1Q lCL -. llQ _ 559 _ -9- 8 9_

_ 1~80- .Z104 21Q7 3 _lQ00 ___45 -- 562 556. 99 |

__ 2SL_ 92107- 2110 n - _._ - -45-- -565 559-8 5 99---

- _ _182_ 21IQ In l4-. -224 £ _ _ --- 6Q--4 569 -- 5622 -99
.__ _ - 183- 2114 2122__ 9 h1i2Q. 1 ._. _ 571_ _ _

3/168 -/, -_184 ?122 2127 5 00 582 60 582 56.8 _9 _

_ _ 1B&. 2127 2134 7 1n0n _ 85 _ 89 _ 3A A9_ __

_I Rh 14 14 n lQ_ 1? qq_ 538 G

_ 187 2144 2154 1 100 __ _- 13Q_ _ 609 603.ib 99 _-

- _89-. 2gTh4 215 4 Jib 100G __ _6 110 61 613iLL 9d __

_-_ 1R9. _ 2f1 64 2174 1n1 ln(_ __120L 629____ 623.8i 99 _ __- _

_ 1_ L~n 211. 284 J 100 -_ -2la 639 ___3.. 99- _

-_ 19_91 218L 194__ J 1QQ _ _ . h49- _ _ h3. 9T I

____ _ 19? ?194 22n4 1l 100 - _ _ 6_ | 4.L8 99 _ A

__* _ - 191 .2204 2214 if) in 75 669 . 6L_ 99_

____ _ 194 2214 2219-55- 55 100 in _ _ 60 6.5 669.3 99

_- 195- .2?19.5 J222 .5 221_.___ 3l30 67 _ 669.8 99

.31-2.3/8 , _ 19fr- 2222 2223 L _ 1 15 678 670.8 99 _

31241 _ 19L 222.3 .2233. Jln 100 _ _ 1207 688 680.8 99
A-6400-105 (N-7-79)
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Adlbk Rockwell International
Rockwell Hanford Operations
Energy Systems Group

CORING RECORD
Hole: RRL-2

Contractor: BoYl es Brothers
Core Size:-3.93Z7. Sheet 5 Of 14

I

Interval Core Recovered Core A Accumulative

Date Sift Core No. From To Ft. % LPnest Mimn, Ft. Drilled Core Recovered % Remarks

3/24/8 N/A 198 2233 2239 6 lJoo N/A __ lOf __ 694 686 8 99

3/25/8 199 239 2249-L 10 100 12L 704 696. 99 .
200 2249 2259 . 1no - 714A A706 8

_ _ 201 2259 2269 10 1nn - 7. 724 716- 8 99

_ - 202 2269 22Zo 1 lion - - 1 5 5JZ8 - 99_

_ _ 201 2.2zo- 22z4 A 11 __ -22 - -__Z21 -_99

_ - 2..04 2274__ 2284__IL 1A1 -60 7_39Q - 731_8- 99
3/26/8 -! 2.5 2284 2294 _ 1 1QL _ : - 90 _49_- _ 40 -4

_ - 2nfi 2294 2.34 jQ 1no _- .. _O _ _159 _5&1 8 99
_ - 207 2 .312-.8 10(1 90 7 - 8 --04-9-

208 2312 2322 _1 100 _7 I_ 121L 77 ._ 7fi9_8 9_
209 2322 2332 10 100 7120 787. 99

3/27/8 , _ 210 2332 2343 10 100 797 - 18ZaL - 99 _

3/31/8 , _ _ 211 2342 2347 5 100 6 0 802. _ _ 794.& 99

_____ 212 2347 2347.5 .1 I 0 10 70L. 594. A 99

__ 213 2347.5 2354 7 180 90 809 80L .- qq

214 2354 2357 3 100 _ A 45 812 8n4.s 99
__ 215 2357 2367 10 100 _ 120 822 814.9_ 99

_____ __ 216 2367 2382 8 100 _ _ 120 837 829.9 99

_____ __ 217 2374 2382 8 100 ___ 120 - 837 829.9 99 _

_____ 218 2382 2387 5 100 ____ 70 842 834.9 99

r _ ____ _ 219 2387 2394 6.5 93 _ 90 849 841.4 99
A-6400-105 (N-7-79)
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014 Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL-2

Contractor: Boyles Brothers

Core Size: 3-9371

CORING RECORD

Sheet 6.Of 14.

Dr-

Interval Core Recovered d Core Accumulative
Date Shift Core No. Longest Ti me F ~ oeRRemarks

From To Ft. % Piece Min. Ft. Drilled Core Recovered

4/1/82 N/A 220 2394 2404 10 100 N/A 90 859 851.4 99

_ 221 2404 2414 10 100 _ _ 100 869 861.4 99
222 2414 2424 10 100 120 879 871.4 99

_ 223 2424 2434 10 100 _ _ 120 889 881.4 99

224 2434 2444 10 100 _ 150 899 891;.4 99
225 2444 2448 4 100 __ 60 903 895.4 99
226 2448 2454 6 100 _ 90 909 901.4 99

227 2454 2464 10 100 120 _ 919 91L 99.

4/2/82 228 2464 2474 10 100 _ 120 929 921.4 99
229 2474 2484 10 100 120 _ 93 9 931.4 9 _

230 2484 2487 3 100 _ _ a18 _ 9 4;. . __934.4 9 .
231 2487 2494 7 100 _ 90 949 9414 99

___ 232 2494 2499 5 100 ___ 45 954 9464 __

_____ ___ 233 2499 2509 10 100 _9_ _ 120 964 ___ 956.L 99.
234 2509 2519 10 100 16 974 966.5 99

1/3/82 ___ 235 2519 2529 10 100 _ 120 984- 976.4 99
236 2529 2538 8.3 92 l_ 110 993 985.7 99

/5/82 _ _ 237 2538 2544 6 100 90 999 991.7 99

238 2544 2553 9 100 120 1008 100.7 99

_____ 239 2553 2563 10 100 _ 180 1027 _ 1019.7 99

_____ 240 2563 2572 9 100 l 180 1027 1019.7 99

_____ 241 2572 2578 6 100 120 1033 1025.7 99
A-6400-105 (N-7-79)

U,
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014 Rockwell International
Rockwell Hanford Operations
Energy Systems Group

RRL-2
Hole:-

Contractor: Boyles Brothers

Core Size: 3-937"

CORING RECORD

Sheet-7-Of 44.

D

Interval Core Recovered Accumulative
- ~~~~Core

Date Shift C ore No. From To Ft. % Longest Time Ft. Drilled Core Recovered Remarks

4/6/82 N/A 242 2578 2584 6 100 N/A 120 1039 1031.7 99
_ 243 2584 2594 10 100 180 1049 1041.7 99

_____ 244 2594 2604 10 100 150 1059 1051,7 99
245 2604 2614 10 100 180 1069 1061.7 99
246 2614 2624 10 100 _ 180 1079 1071,7 99

4/7/82 __ 247 2624 2634 10 100 180 1089 1081.7 99
248 2634 2644 10 100 120 1099 1091.7 99

4/16/8 __ 249 2644 2654 10 100 120 1109 1101 .7 99
250 2654 2663 9 100 105 1118 1110.7 99
251 2663 2673 10 100 120 1128 _ 1120.7 99

4/17/8i , 252 2673 2683 10 100 __ 130 1138 _ 1130.7 99
_____ ___ 253 2683 2693 10 100 _ 135 1148 1140.7 99

4/19/8 _ 254 2693 2703 10 100 - 85 1158 1150.7 99
_____ ___ 255 2703 2713 10 100 120 1168 1160.7 99

5/4/82 256 2713 2723 7 70 75 1178 1167.7 99
257 1723 2731 10 125 _ 50 1186 1177.7 99
258 2731 2741 9 90 40 1196 1186.7 99
259 2741 2750 10 110 60 1205 1196.7 99

_____ 260 2750 2759 9 100 60 1214 1205.7 99
_____ 261 2759 2769 10 100 _ 80 1224 1215.7 99

_____ 262 2769 2779 10_ 100 ___ _ 120 1234 1225.7 99
_____ 263 2779 283 4 100 50 1238 1229.7 99 __ __ _ __ _ __ _ __ _ __ _

A-6400-105 (N-7-79)



014 Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL-2
Contractor: Boyles Brothers
Core Size: 2.980"

CORING RECORD

8 14
SheetOf_

4d-

Interval Core Recovered Core Accumulative
Date Shift Core No.~ ~ ~ ~ ~~~~~~~or

Date Shift romoTo Ft.% Longest TirneReakDllto Shi t No. F rom To F t. % Piece Min. ft. Drilled Core Recovered Remarks

5/5/82 M./A 264 2783 2793 10 100 N/A 120 _128Aa 1239 7 9__

_ _ 265 2793 2803 9 90 _ - 21_ 1?5Q8 1 ?4R q 99

266 2803 2813 10 1 -Q 1? 1 2fi.R 1 ?258 7 99

_ _ _ - 6 z~z zam za2~ -2813 10 in( 1?27R 1 267 99

_ _ -28 -2823- 2I3 11 I Ih 10 -5 12288 l2 _ 99

_ - 283~ 2432 21l I Il 0ff 6QL. -129& _ 1288 79

_ _ 270 2843 2853 10 I00 _ 90f _130a 12 99

_ 271 2853 2863 10 100 - _ 120 1318_ 13 9
272 2863 2864 1 100_ 10 1319 1309.7 9L

273 2864 2873 9 100 _ 100 1328 1a1L 9

5/6/82 __ __ 274 2873 28483 10 10 __ - 4L. 1338 13?8L 7 -99

_ 275 2883 2893 10 100 0_ 134& 1338.7 99

__ 276 2893 2903 10 100 _ 60 13__ 134 2 99 .
_ _ 277 2903 2913_ ILL. 10ff_ 50. .136i8.. _ 58.7 99.._____

5/19/R; - __ 278 2913 2923 10 100 - 80 _ 1378 _ 1368f .7 99
______ - _- 279 2923 .2933 10 10Q - lL 1388 1317827 9

___ 280 2933 2943 iL 100 _ _ 60 J39&. 13.88.A 99 _

__ 281 2943 2951 8 0 -- - 60 1AQ6 1396f2 99

___ _ 282 2951 2961 10 10__ 60 1 1416 1406.7_ _ _ 99

__ - 283 2961 2969 8 100 _ _ 75 1 42A4 1414.7 99

___ _ _284 2969 2979 10 100 -- 60 _1434 1424.7 99

285 2979 2984.5 5.5 100 ___ 50 1439.5 1430.2 99 A4400-105 (N 7-79
A-6400-105 (N-7-79T
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04 Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL-2

Contractor: Boyles Brothers

Core Size: 2. 980"

CORING RECORD

Sheet 9 Of 14

en,

Interval Core Recovered Core Accumulative
Date Shift Core No. Lonest TimeReak

From To Ft. % Piece M.n Ft. Drilled Core Recovered Remarks

5/20/8E N/A 286 2984.5 2994 9.5 100 N/A 70 1449 1439.7 99
287 2994 3003 9 100 50 1458 1448.7 99

_____ ___ 288 3003 3013 10 100 70 1468 1458.7 99
289 313 3020 7 100 60 1475 1465.7 99

6/1/82 290 3020 3030 10 100_ 120 1485 1475.7 99

_____ 291 3030 3040 10 100 60 _ __1495 1485.7 99
292 3040 3050 10 100 120 1505 1495.7 99
293 3050 3060 10 100 75 1515 1505.7 99
294 3060 3070 10 100 75 1525 1515.7 99

6/2/82 _ _ 295 3070 3079 9 100 60 1534 1524.7 99

296 3079 3089 10 100 60 1544 1534.7 99
_____ 297 3089 3009 10 100 50 1554 1544.7 99
_____ 298 3099 3109 10 100 __ 50 1564 __ _ 1554.7 99

299 3109 3116 7 100 45 1571 1561.7 99
300 3116 3126 10 100 60 1581 1591.7 99
301 3126 3133 7 100 59 1588 1578.7 99

302 3133 3142 9 100 65 1597 1587.7 99

303 3142 3144 2 100 20 1599 1589.7 99
304 3144 3151 7 100 80 1606 1596.7 99

_____ 305 3151 1352 1 100 20 _ 1607 1597.7 99
6/3/82 306 3152 3162 10 100 84 1617 1607.7 99

_____ _____ 307 3162 3164 2 100 55 1619 1609.7 99
A-6400-105 (N-7-79)
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0 Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hale: RRL-2

Contractor: Boyles Brothers

Core Size: 2.980"

CORING RECORD

Sheet10 o014

0.n

Interval Core Recovered AccumulativeCore_
Date Shift C Fooreo Ft..% Longest Tm eakDate ShitCore No. F To Ft. % Piece Tme. Ft. Drilled Core Recovered ' Remarks

6/3/82 N/A 308 3164 3165_ )0 0 N/A 20 16 2 1609.7 99

_ _ 309 3165 3167 2 100 _4 0 1622 1611.7 99

__ 310 3167 3175 8 10 - 120 1630 1619.7 99

___ __ 311 3175 3183 8 100 90 1638 1627.7 99

312 3183 3193 10 100 120 1648 1637.7 99

___ __ 313 3193 3194 0.2 20 20 _ 1649 1637.9 99

314 3194 3195 0.2 20 _ ___ 20 1650 _ 1638.1 99
6l4/82 __ 315 3195 3203 9.3 116 150 _ 1658 1647.4 99

_____ __ 316 3203 3211 7 88 95 1666 1654.4 99

- 317]L 3211i 321L 5.5 92 _ _ _ 75 1672fi - 1659.9 99 _________19

_____ __ 318 3217 3224 75 16100 9 L_1667l 4 99

_ 319 3224 3233 9 100 __ 120 1688 1676.4 99

_____ __ 320 3233 3243 10 100 __ 120 1698 1686.4 99

_ 321 3243 3253 10 100 __ 60 1708 1696.4 99

_ 322 3253 3263 10 100 60 1718 1706.4 99

323 3263 3273 10 100 60 1728 1716.4 99

_ 324 3273 3283 10 100 _ 40 1738 1726.4 99

______ ___ 325 3283 3293 10 100 40 1748 1736.4 99

6/5/82 _ 326 3293 3303 10 100 45 1758 1746.4 99
327 3303 3313 10 100 50 1768 1756.4 99

328 3313 3323 10 100 _ 65 1778 1766.4 99
6/7/82 _ 329 3323 3333 9.5 95 _ 70 1788 1776.9 99 A4400-105 (N-7-79_

A-6400-105 (N-7-79)
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01 Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL-2

Contractor: Boyles Brothers

Core Size: 2.980"

CORING RECORD

Sheet 1 1 Of 14

-4

Interval Core Recovered Accumulative
- ~~~~Core

Date Shift Core No. Logs ieRemarks
Daw Shifx C No. From To Ft. % LPiece Mim. Ft. Drilled Core Recovered '

5/7/82 N/A 330 3333 3343 10 100 N/A 60 1798 1786.9 99

_ 331 3343 3343 9 100 60 1807 1795.9 99

_____ __ 332 3352 3353 0 0 20 1808 1795.9 99

_____ 333 3353 3354.5 1.5 100 90 1809.5 1797.4 99

_____ __ 334 3354.5 3363 7 82 105 1818 1804.4 _ 99-__

;/8/82 __ 335 3363 3367 4 100 45 1822 1808. 99

_____ 336 3367 3370 3 100 55 1825 1811.4 99

_____ 337 3370 3372 2 100 40 1827 1813.4 99

338 3372 3373 1 100 25 1828 1814.4 99

339 3373 3377 4 100 38 1832 1818.4_ 9

340 3377 3383 6 100 46 1838 1824_ 99 _

341 3383 3393 9 100 70 1847 1833.4 99

342 3393 3402 10 100 60 1857 1843.4 99

343 3402 3412 10 100 120 1867 1853.4 99

344 3412 3422 10 100 _ 90 1877 1863.4 99

345 3422 3432 _ 10 100 105 1887 1873.4 99

/9/82 _ 346 3432 3442 10 100 120 1897 1883.4 99

347 3442 3452 10 100 __ 120 1907 1893.4 99

______ 348 3452 3462 10 100 120 1917 1903.4 99

349 3462 3472 10 100 120 1927 1913.4 99

350 3472 3475 3 100 40 1930 1916.4 99_

;/11? /82,_ 3.51..... 3475 1 3483 . 10 ()0 _ 90 1938 1924.4 99
A-6400-105 (N-7-79)
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'1 % Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL-2

Contractor: Boyles Brothers

Core Size: 2.980"

CORING RECORD

Sheet 12 WUf14

I
co

Interval Core Recovered Core Accumulative

Date Shift Core No. ~~~~~~~Longest Time emrk
Date Shift Core No. From To Ft. % Piece Mi. Ft. Drilled Core Recovered Remarks

6/11/82 N/A 352 3483 3493 10 100 N/A 125 1948 1934.4 .91

6/12/8_ _ 353 3493 3503 10 100 90 1958 1944.4 99

354 3503 3513 10 100 115 1968 1954.4 99

6/14/8; 355 3513 3523 10 100 90 1978 1964.4 99

_________ 356 3523 3533 10 100 108 1988 1974.4 99

_ 357 3533 3543 10 100 - - 75 1998 1984.4 99

_ 358 3543 3553 10 100 80 2008 1994.4 99

359 3553 3555. 2.5 100 20 2010.5 1996.9 99

_________ 360 3555.5 3563 7.5 100 75 2018 2004.4 99

6/15/8; _ 361 3563 3573 10 100 110 2028 2014.4 99

_ 362 3573 3583 10 100 145 2038 2024.4 99

_ 363 3583 3593 9 90 120 2048 2033.4 99

_________ 364 3593 3598 4 80 90 2053 2037.4 99

_ 365 3598 3608 10 100 120 2063 2047.4 99

366 3608 3618 10 100 60 2073 2057.4 99

_ 367 3618 3628 10 100 90 2083 2067.4 99
368 3628 3638 9 90 120 2093 2076.4 99

369 3638 3643 4.5 90 60 2098 2080.9 99

6/16/8 , __ 370 3643 3653 9.5 95 _ 120 2108 2090.4 99

_ 371 3653 3663 10 100 120 2118 2100.4 99 __

_ 372 3663 3673 10 100 -- 120 2128 2110.4 99
_____ _____ 373 3673 3683 10 100 100 2138 2120.4 999

A-6400-105 (N-7-79)
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0@ Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL-2

Contractor: Boyles Brothers

Core Size: 2.980"

CORING RECORD

Sheet 13Of DLU

J-I.

Interval Core Recovered Core Accumulative

Date Shift Core No. From To Ft. % Longest Time d Cc Remarks
From To Ft. ~~~~ Piece Min. Ft. Drilled Core Recovered eak

6/161 2/A 374 3683 3691 _ 8 100 N/A 90 _ 2146 212aSA 99
_ 375 3691 3701 8 80 100 2156 2136.4 99

_ 376 3701 3711 10 100 120 2166 2146.4 99

_ 377 3711 3720 9 100 _ 120 2175 2155.4 99
_ 378 3720 3730 10 100 120 2185 2165.4 99

6/17/ 82 379 3730 3740 10 100 90 2195 2175.4 99

_____ _ 380 3740 3750 10 100 __ 60 2205 2185.4 99 __-

_ 381 3750 3756 _5 _83 60 _ 2211 2190.4 99 __

382 3756 3763 7 100 75 2218 2197.4 99

_ 383 3763 3773 10 100 ___ 90 2228 2207.4 99 _-

384 3773 3774 0 0 40 229 2207.4 99
385 3774 3775. 0 0 _ 90 2230.5 2207.4 99
386 3775.5 3782 0 0 120 2237 2207.4 99

6/18/82 387; 3782 3783 0 0 _ _ 2238 2207.4 99

388 3783 3792 7.5 82 _ 120 2247 2214.9 99
_ 389 3792 3802 10 100 l_ 120 2257 2224.9 99 _

6/19/8_ 390 3802 3812 10 100 __ 120 2267 2234.9 99

_ 391 3812 3822 10 100- 120 2277 2244.9 99

392 3822 3823 0.5 50_ _ 20 2278 2245.4 99
393 3823 3824 0.2 20 20 2279 2245.6 99

3 394 3824 3832_ 8 100 _ __ 75 2287 2253.6 99
_ 395 3832 3842 10 100 _ 80 2297 2263.6 99

A-6400-105 (N-7-79)
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011 Rockwell International
Rockwell Hanford Operations
Energy Systems Group

Hole: RRL-2

contractor: Boyles Brothers

Core Size: 2.980"

CORING RECORD

Sheetl4 of 14

D1

Interval Core Recovered CoeAccumulative
Date Shift Core No.~ ~ ~ ~ ~~~~~~~or

Date Shift Core Nlo. Frm To Ft H e Longest Time Remarks

From To Ft. % ~ Piece Min. Ft. Drilled Core Recovered %Rerk

6/19/81 N/A 396 3842 3852 10 100 N/A 80 2307 2273.6 99

6/21/8 ; 397 3852 3856 5.5 137 _ 90 2311 2279.1 99

398 3856 3861 5 100 60 2316 2284.1 99

6/22/8, 399 3861 3871 10 100 __ 120 2326 2294.1 99

400 3871 3876 5 100 _ 60 2331 2299.1 99

401 3876 3883 7 100 60 2338 _ 2306.1 99

402 3883 3893 10 100 _ 75 2348 2316.1 99

403 3893 3903 10 100 _ 60 2358 2326.1 99

404 3903 3913 10 100 90 2368 2336.1 99 __

405 3913 3923 10 100 75 2378 2346.1 99

406 3923 3933 10 100 60 2388 2356.1 99 _-

407 3933 3943 10 100 75 2398 2366.1 99

6/23/82 408 3943 3953. 10 100 _90 2408 2376.1 99

409 3953 3963 10 100 __ 75 2418 2386.1 99

410 3963 3973 10 100 90 2428 2396.1 99

-________________________________ ___________ _____________________________________________ 1-~ __________________________________A-6400-105 (N-7-79)
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SD-BWI-TI-1 13

9jik Rockwell Intemational
Rockwell Hanford Operations
Energy Systems Group

RRL-2
Hole:

BIT RECORD

Contractor Continential Drilling Co. Sheet 1 Of 2

Depth (Ft.)
Date Run No. Footage Size (In.) Type Serial No. Remarks

In Out

3/13/811 1 613.5 624 10.5 4.827 PQ3-1 S-891 nrillistiCs (rnnt-)

3/19/81 4 624 753.5I .12.9~5.5.. 4..8?7. P,°42_1 S-82 fnrilligticq (cnnt

3/25/81 ....19 753..5. 841.5 88 5.5 _ 4..S2.L PQ.3Jni 1 -sqi nrijlistirs (crnnt*

4/1/81 31 8415 994 152.5 48?27 Pni-i R,-9R4 Drilli ic-j' (cont j

4/10/811 51 994 1224 230 4.827 PQ3-1 S-895 Drillistics (cont.)

5/1/81 74 1224 1234 10 4.827 PQ3-1 T200 Drillistics (cont.)

5/4/81 75 1234 1294 60 4.827 P03-1 T201 Drillistics (cont.)

5/7/81 81 1294 1374 80 4.827 PQ3-1 T202 Drillistics (cont.)

5/12/81 89 1374 1544 170 4.827 PQ3-1 T345 Drillistics (cont.)

__ _ _ _ _ - _ I __ _ _ _

A- 21



SD-BWI-TI-1 13

9#k Rockwell International
Rockweull Hanford Operations
Energy Systems Group BIT RECORD

Ho[e: RRL-2

Contractor Boyles Brothers Sheet 2Of 2

Depth (Ft.l
Date Run No. Footage Size (in.) Type Serial No. Remarks

2/3/82 113 1545 1632 87 3.937 set 2S-0043 Christensen

2/4/82 119 1632 1714 82 3.937 set 2S-00435 Christensen

2/17/82 130 1714 1773 59 3.937 imp. 2S-01360 Christensen, red

3/1/82 1773 1802 29 3.937 set 2S-00431 Christensen

3/5/82 140 1802 1925 123 3.937 set 2S-0043 Christensen

3/9/82 154 1925 1980 55 3.937 set 2S-0043 Christensen

3/11/82 163 1980 2052 72 3.937 set 2S-00435 Christensen

3/12/82 174 2052 2220 168 3.937 imp. 2S01362 Christensen, red

3/17/82 195 2220 2222 2 3.937 imp. 2501261 Christensen, red

3/23/82 196 2222 2239 17 3.937 set 2S2937 Christensen

3/25/82 199 2239 2604 365 3.937 imp. 41791 Huddy, orange

4/6/82 245 2604 2713 109 3.937 imp 41801 Huddy, orange

5/1/82 256 2713 2864 151 2.980 imp. 1S12835 Christensen, red

5/5/82 273 2864 3020 156 2.980 imp. L40311 Longyear, green

5/26/82 288 3020 3144 124 2.980 imp. L41046 Longyear, copper

6/2/82 303 3144 3165 21 2.980 imp. L15854 Longhear, copper

6/3/82 308 3165 3353 188 2.980 imp. 700901-4 J. K. Smit

6/7/82 333 3352 3475 123 2.980 imp. L40320 Longyear, green

6/11/82 351 3475 3773 298 2.980 imp. L40319 Longyear, green

6/17/82 384 3773 3782 9 2.980 imp. 700905- 4 J. K. Smit

6/18/82 387 3782 3783 1 2.980 imp. 700904-14 J. K. Smit

6/19/82 388 3783 3852 69 2.980 imp. L43607 Longyear, green

6/21/82 397 3852. 3973 121 2.980 imp. L43609 Longyear, green

A-22



SD-BWI-TI-113

BOREHOLE RRL-2, MUD LOSS SUMMARY

FLOW

Mabton

Priest Rapids

Roza

Upper Frenchman Springs

Lower Frenchman Springs

Vantage

Upper Grande Ronde

Cohassett Vesicular Zone

Cohassett Interior

Cohassett Flow Top

Cohassett Flow Bottom

Umtanum Flow Top

Umtanum Interior

Umtanum Fracture Zone

Umtanum Flow Bottom

ESTIMATED LOSS IN GALLONS

None

4,000

11,000

16,000

100,000

None

16,500

None

None

None

21,000

103,950

None

25,000

3,000

A-23
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APPENDIX B

SUMMARY GEOLOGIC LOG--The sumrmary geologic log is based on both the
geologic logs and geophysical logs of the boreholes.

SUMMARY TABLE OF RQD VALUES FOR FLOW INTERIORS

B-1



SD-BWI-TI-113

MEMBER FLOW OR
FORMATION (ft) BED (It) FOOTAGE LITHOLOGY

c < 0-605 Overburden; alluvium, eolian

a _ n asediments and including the
o_ CZ qj Hanford and Ringold

Formations.
I QY D

605-618 Basalt, vesicular to 20%, 1-2 cm.
in size. Aphanitic, diktytaxitic in
places. Some secondary mineralization.

618-640 Basalt, dark gray, aphanitic. Vesicles
decreasing in size to 2 mm. Fractures
2/ft. with green clay filling fractures
to 3 mm width.

z CO 640-682 Basalt, dark gray, dense, aphanitic to
L ( finely phaneritic. Vertical fractures
,) z Oto 4 mm filled with green clay.

X: co o Abundant pyritization on fracture

surfaces.
:LO

IQ 682-686 Basalt, dark gray with scattered flow
H- _bottom vesicles, some vesicles partially

filled with clay
Ci.)

686-688 Tuffaceous sandstone, black to gray.
Baked or welded in upper portion.
Scattered basalt clasts.

H-

688-720 Clayey siltstone, dark gray to light
green. well consolidated with some

_j l =possible iron staining. One foot of
dark gray clay at 717-718 feet. Some

V) l Fcross bedding and lensing.

720-755 Sandstone, gray. Unconsolidated with
lenses of unbemented pebble-cobble

l0 = Xgravel 728-728.5, 738-738.5, 744-744.5,
748-755

LU 0755-782 Clay, green. Tuffaceous and sandy.
Hard to vitric. Some altered basalt

F- clasts 776-782 with a hard clay matrix.

_ _ _ _ _ I I_ _ 1 _ _ _ L _ _ _ _
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SD-BWI-TI-113

MEMBER BLOW OR
FORMATION] (fMBER) IBFO OR FOOTAGEI LITHOLOGY

782-796

796-800

800-813

813-856

856-941.5

Basalt, black.
25%. Vesicles
iron oxidation

Vesicular flowtop to
lined with dark clay,
stain in places

2:r-

C)

Basalt flow rubble. Angular vesicular
clasts in an oxidized red to light
brown clay matrix.

Basalt, gray phaneritic. Vesicular to
25% with green clay lining vesicles.

Basalt flow rubble. Highly fractured
with alternating pods of highly
vesicular basalt and oxidized flow
rubble.

Basalt, gray, phaneritic. Scattered
phenocrysts of plagioclase to 3 mm.
Fractures decreasing to 1/ft.
Fractures have alteration rims and
surface pyritization.I-_

Z:
-4:

CD
LU

-J
__

im

.4.~~~~~~~ .

C)
LU

0- -o

0-4
LUj

= M

941 .5-948

948-984

984-986

Clay, green. Tuffaceous, well indurated.

Sandstone.gray to dark green.
Tuffaceous, moderately consolidated.
Scattered very coarse pebbles. Bedding
at 968 feet dipping 10-15°. Becomes
more consolidated grading to bottom.

Conglomerate, pebble-cobble. Moderately
indurated, well-rounded. Matrix of
well cemented sand and clay.

I �i

-Jo

-cc

LU a

0-r

2:cO

986-992

992-1 ,010

1,010-1,051

1,051-1,104

Basalt flow breccia. Angular, vesicular
slightly oxidized clasts up to 4 cm
in a hard green clay matrix. Well
indurated.

Basalt, dark gray. Vesicular to 10%.
Oxidation and alteration in places
with some iron staining. Pods of
flow rubble with clay filling voids.

Basalt, gray, aphanitic. Scattered
phenocrysts of plagioclase to 3x5 mm.
Occasional scattered vesicles.

Basalt,dark gray, aphanitic to finely
nhAnja*riti niL-tv1-F4avi* -in n1ruic

L .~~~~~~~~~~~~~~~~~~ L 4 ~ ~ ~ ~ ~ ~ e '''-'
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SD-BWI-TI-113

MEMBER FLOW OR
fT( Bt) BED (ft) FOOTAGE LITHOLOGYFORMATION MEI E I FLO IRILTHLG

1 104-1 1111

F---

uI-

C-,

1,111-1,125

1,125-1,141

1,141-1,151

1,151-1,168

Clay, gray, baked. Contains oxidized
altered basalt clasts. Some apparent
slickensides in clay.

Clay, green. Hard, well consolidated.
Contains low angle bedding planes.

Sandstone, white to green. Coarse,
clean, well sorted. Contians occasiona
bedding planes.

Tuff. Brecciated vitric tuff in a hard
green clay matrix. Clasts range from
1 mm to 10 cm.

Clay, green with sand lenses.
bedding planes evident.

Some

Cl

I-_

C,,

F-

LU
-j

V)

*1* I

I-_
._1

-) M

I-

u-co

Or-I

1,168-1,188

1,188-1,247

1 ,247-1,3991

Basalt, vesicular clasts (1-4 cm) in
an indurated black to green clay matrix.
Clasts are sub-angular to angular,
partially altered and oxidized,

Basalt, black, aphanitic. Dense with
scattered vesicles. Slightly dikty-
taxitic in places. irregular to
vertical well healed fractures upoto
4 mm with green clay filling. Some
fractures have alteration margins.
Slightly phyric with phenocrysts of
plagioclase to 1 mm.

Basalt, black, medium phaneritic.
High angle, well healed fractures up
to 3 mm, typically filled with hard
green clay

t I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

W 0

I--

- M
CD

cc,,~

1 ,399-1 ,40~

1,407-1,42'

1,423-1,42E

1,426-1,43:

Lapilli tuff, baked, gray. Altered
tuff and clay zones.

Sandstone, green, micaceous. Well
sorted with intermixed clay layers.

Clay, gray to green.

Sand, green, quartzitic. Coarse, well
sorted.

I I______ L _______ I__________ l
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SD-BWI-TI-113

MEMBER FLOW OR
FORMATION I (II) BED (ft) FOOTAGE I LITHOLOGY

cjj

<C,

I-

Lii

I-J

I

I

Lii

Ucj

P-4,

= .~

1,433-1,450

1,450-1,463

1,463-1,518

1,518-1,523

Sand and clay, green to gray. Alter-
nating varves or layers. Micaceous.

Sandstone, gray to green, quartzitic.
Subrounded to angular, coarse. Bedding
planes 30-350 and 3-5 mm in width.
Uncemented.

Clay, green, hard with some apparent
slickensides. Occasional lenses of
sand, tuff and sideromelane.

Clay, brown and green. Scattered non-
petrified wood fragments. Vitrified
silica at 1,519 feet followed by soft
brown to green platy clay.

i 1-
1,523-1,524

1,524-1,544

1,544-1,564

1 ,564-1,688

1,688-1,689

I-
-J

0-

Basalt flow breccia, gray-brown.
Oxidized clast to 10 cm with a hard
green clay matrix.

Basalt, gray. Finely phaneritic with
occasional phenocrysts. Large open vugs
or fissures up to 20 cm long. Zeolites
as secondary mineralization. Irregular
fracturing to 4/foot.

Basalt, dark gray. Medium to coarsely
phaneritic, slightly diktytaxitic in
places with scattered vugs.

Basalt, dark gray. medium to coarsely
phaneritic, dense, 1-2 fractures foot.
Fractures mostly clay filled.
Horizontal layers of open matrix
coarse grained minerals having a
very high apparent intergranular
porosity at 1,573,1,576, 1,583
and 1,595 feet. Disking 1,603-1,604,
1,630-1 ,640.

Basalt flow-bottom breccia. Fractures
healed and mineralized.

1-d-

VI a

Lii

0-

o=co

- Ic
:nCy,1

C)LO,

Lii'
0_

0j

______ I I _ __ _
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MEMBER FLOW OR
FORMATION (II) BEO (ft) FOOTAGE ILITHOLOGY

.-0~

a- I

CLi

1--

1-4

-j

1,689-1,690

1,690-1,728
,j.

.-r

Basalt flow breccia, black, vesicular.

Basalt, dark gray, vesicular. Grades
from coarsely vesicular to finely
vesicular and diktytaxitic. A few
scattered vesicle sheets. Finely
phaneritic. Disked 1,693-1,714.

Basalt, dark gray, dense, finely
phaneritic.

Basalt, black, glassy, finely vesicular.

1,728-1,749

1 ,749-
1749.4

UNNAMLURl 749.4-
I NTE RBE~j 1 ,750

_ a. _

Clay, vitric, probable welded or altered
tuff. Dark gray.

1,750-1,761 Basalt, vesicular, black. Highly
phyric, tabular plagioclase phenocrysts
to 10%. Matrix finely phaneritic and
di ktytaxi tic.

L 1,761-1,775 Basalt, dark gray, dense. Moderately

1 phaneritic, profusely phyric, tabular
X .Lo plagioclase phenocrysts to 15%.

1,775-1,778 Basalt, brown gray, vesicular with
inclined flow bottom vesicles, phyric.

I-
-J:

1,778-1,785

0:)I
= C)

1,785-1,798

1 ,798-1,922

Basalt flow rubble, black. Highly
altered clasts in a clay ash matrix.
Clasts are phyric with tabular
plagioclase phenocrysts.

Basalt, gray, vesicular and vuggy.
Grades to scattered vugs. Moderately
phaneritic, phyric with plagioclase
phenocrysts.

Basalt, dark gray, dense. Moderately
phaneritic, phyric to 10%. Tabular
plagioclase phenocrysts. 0.2 foot
glass chill zone 1921.8-1,922.

I-

Or-.

a .a. .�
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MEMBER FLOW OR
FORMATIONI (ft) BED (i)I FOOTAGE I LITHOLOGY

L)

:C),

~-

LUJ

U-_

1,922-l,948

1,948-2,014

2,014-2,018

2,018-2,104

Basalt flow rubble, black. Highly
altered vesicular clasts in a dark
green and black clay matrix.

Basalt, dark gray, finely phaneritic.
Vesicular an'd vuggy grading to scattered
vugs. Aphyric. Moderately fractured;
(3-4 foot) becoming highly fractured

Basalt, dark gray, aphyric. Highly
fractured with some apparent gouge and
slickensides on fracture surfaces.

Basalt, dark gray, aphyric, moderate
to finely phaneritic. Mostly low
to medium angle fracturing 2-3 foot.
Flow bottom vesicles 2,103-2,104.

2,104-2,111

2,111-2,128

2,128-2,217

Ir-

VI,

M:

Basalt flow rubble, black. Angular
vesicular clasts, little cementation.
Finely phaneritic, aphyric.

Basalt, black, moderately vesicular with
scattered vugs. Finely phaneritic,
aphyric.

Basalt, dark gray, moderately fractured.
Finely phaneritic, aphyric. Scattered
amygdules mostly filled with green clay.
Disking; 2,146-2,149,intermittant-
2,158-2,205.

CD

(AC
= co

LUk

2,217-2,228

2.228-2,236

2,236-2,273

Basalt flow rubble, black, vesicular.

Basalt, dark gray.
sheets, small vugs
filled amygdules.
aphyric.

Scattered vesicle
to 1 cm and clay
Finely phaneritic,

(A

(Al
:-13c

= r'J

LL.

Basalt, dark gray to black. Finely
phaneritic, aphyric, finely di~ktytaxitic
moderately fractured. Disking;
2,239-2,240, 2,253-2,255, 2,268-2,270.
Flow-bottom breccia, 2,270-2,273.
Glass, inclined vesicles in breccia
clasts.

I _ _ _ _ _ __L_ _ _ _ _ _
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MEMBER FLOW OR I
(Nt) )BED 'ft FOOTAGE LITHOLOGY

CD

a- I

2,273-2,318

2,318-2,381

Basalt flow-top, black to gray,
vesicular. Some glass or sideromelane
near contact. Finely phaneritic, phyric
scattered plagioclase phenocrysts,
mostly tabular with sub-horizontal
orientation. Alternating zones of
vesicular basalt and lobes of denser
material. Disking; 2,277-2,285,
2,294-2 ,299.

Basalt, dark gray, diktytaxitic.
Finely phaneritic, phyric, scattered
plagioclase phenocrysts to 5%,
phenocrysts oriented sub-horizontally.
Moderate fracturing, most with alteratioi
borders. Disking intermittant 2,318-
2,354.

I-_

':1:

U,

a_

U,
CZ

=coJ

a. k
U-

LO

CD O1

1,'

-:Cco

LU

U-

2,381-2,409

2,409-2,454

2,454-2,489

Basalt, black, vesicular flow rubble.
Scoriaceous and vesicular clasts in
a green and black clay matrix.
Phyric with glomerophenocrysts of
plagioclase, less than 5%.

Basalt, dark gray, yesi-cular and vuggy,
Finely phaneritic, Phyric, scattered
phenocrysts of plagi'ociase.
Intermittant disking; 2,409-2,454.

Basalt, dark gray. Finely phaneriti'c,
slightly phyric- a few scattered
phenocrysts of plagioclase. Fracturing
moderate with some high andimedium
angle filled fractures. Some
intermittant .non-continous diski'ng.

Ln

CD

Ln

U-

2,489-2,500

2,500-2,525

2,525-2,617

Basalt flow rubble, black, vesicular.
Scoriaceous clasts with white silicates
lining some vesicles. Phyric - white
plagioclase phenocrysts, scattered and
unoriented.

Basalt, dark gray. Scattered vesicles,
vugs and amygdules. Phyric, plagioclase
phenocrysts less than 5%. Irregularily
fractured.

Basalt, black,
phyric to 5%.
Tne~ormi+ntn -

dense.
Disked;
9 qrn_9

Finely phaneritic
2,527-2,532,
rn nlL J ______________
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MEMBER FLOW OR]
FORMATION (ft) BED (ft) FOOTAGE LITHOLOGY

2,617-2,624 Basalt flow-top breccia, dark gray.
Vesicular clasts in a black sideromelane
matrix. Aphyric, finely phaneritic.

2,624-2,644 Basalt, dark gray. Grading from
vesicular to highly diktytaxitic
with sheet vesicles. Medium to

CZ CZ coarsely phaneritic with a few
F z O z ̂  scattered plagioclase phenocrysts.

00cc
< tZ tD z Moderately fractured 1-2/foot.

C\I C'
C< cr r 2,644-2,670 Basalt, dark gray. Coarsely phaneritic

=Cn =o m Iwith scattered plagioclase phenocrysts.
c z Q N Finely diktytaxitic.n' Moderately
:r zJ zfractured, mostly irregular filled

:3: U_ U- with dark green clay. Disked;
2,646-2,650.

2,670-2,683 Basalt flow-bottom breccia. Black
and highly altered. -Probable poorly
developed pillow structure. Highly
vesicular clasts with palagonitic

________ ___________ margins.

\c 2,683-2,687 Claystone, green-brown. Indurated at
\ LU C7 Ncontact, grades into massive gray
\ < = n siltstone then into black and brown

bedded claystone. Bedding planes
horizontal.

2,687-2,711 Basalt, dark gray. Vesicular and
vuggy grading to scattered vesicles

L- and diktytaxitic. Finely phaneritic,
aphyric.

F- oU z 2,711-2,721 Basalt, dark gray. Moderately fractured,
I < r co 1-2/foot. Diktytaxitic with a few
< U_ ko <@ .scattered vesicles. Aphyric, finely

= Cn CD phaneritic.

o , ..a 2,721-2,767 Basalt, dark gray. Vesicular and vuggy.
zM N diktytaxititc matrix. Some vugs up

oco to 5 cm. Medium phaneritic, aphyric.
LU C) o Relatively few fractures.

c" 2,767-2,823 Basalt, dark gray. Diktytaxitic,
< N finely phaneritic, aphyric. Moderately
(Z fractured, disked; 2,810-2,818.

B-9
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MEMBER FLOW OR
FORMATION (ft)BE D t) FOOTAGE LTHOLOGY

CI

C .D

2,823-2,842

2,842-2,872

2,872-2,904

2,904-2,993

(1*)

uJ

C)

C)

VI -
CJ

+

CD
-j

F-

LLO~

=LOi
CD ~

C.D

2,993-3,012

3,012-3,083

3,083-3,108

3,108-3,255

Basalt vesicular flow-top, dark gray.
Flow breccia at 2,830,2,836 and 2,838
feet. Vesicular clasts in an oxidized
clay matrix. Aphanitic, aphyric.

Basalt, dark gray. Aphanitic, aphyric.
Intraflow vesicular zones 2,849-2855,
2,856-2,862 feet. Moderately fractured,
mostly low angle. Disked; 2,853-2,858,
2,862-2,866.

Basalt, dark gray. Vuggy, mostly
unfilled, some partially quartz filled,
vugs are sub-horizontally elongated.
Basalt shows flow banding striations.
Finelv phaneritic, aphyric.
Intermittant disking.

Basalt, dark gray. Finely phaneritic,
aphyric, dense. Mostly medium to
high angle fratures. Disking: 2,910-
2,931, 2,934-2,939,2,967-2,982.

Basalt, gray. Vesicular and
amygdaloidal, cavity fillings and
linings are silica, dark green clay
and zeolites. Some low angle clay
and silica filled fractures. Some
vesicles and vugs may be connected.
Disked; 3,011-3,012.

Basalt, dark gray. Phaneritic, aphyric,
diktytaxitic. A few scattered vugs and
vesicles. Mostly high angle fractures
and disking; 3,012-3,054, 3*060-3,083.

Basalt, dark gray. Vesicular and
amygdaloidal to 40%. Finely
phaneritic, aphyric, diktytaxitic.
Cavity fillings and linings silica
and clay. Grades to scattered vesicles
and small amygdules. Disked
i ntermi ttantly.

Basalt, dark gray. Finely phaneritic,
aphyric. High and low angle clay filled
fractures. Scattered amygdules.
Disked; 3,175-3,217.

I I __ _I _ _ I_
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MEMBER FLOW OR
FORMATION (ftt BED (tt)1 IFOOTAGE LITHOLOGY

I -~~~~~~~~~~~~~~~~~~~~~

3,255-3,292

LOl

CD

3,292-3,335

Basalt flow breccia, gray. Vesicular
and altered. Several examples of
missing matrix between breccia clasts.
Breccia also oxidized to brown or tan.
Alternating pods of vesicular basalt
and breccia.

Basalt, dark gray. Vuggy grading to
vesicular and amygdaloidal. Filling
of silica and green clay. Vugs
sub-horizontally elongated. Finely
phaneritic, aphyric. Some disking;
3,297-3,298, 3,316-3,317

Basalt, dark gray. Finely phaneritic,
aphyric. Scattered vugs and amygdules,
slightly diktytaxitic. Mostly high
angle fractures, disking;3,335-3,380.

3,335-3,388

7--

LU

0~

LU

CD

LU

CD,

V( r-_

LL .

-)I

'I-
LU c,
PA

3,388-3,402 Basalt, dark gray. Vesicular flow-top
s.o LO with some brecciation. Some missing

matrix in breccia with alteration
CD Cn areas yellow-brown in color. Much
= 0| silica filling in voids.
, 0o

< ^ 3,402- Basalt, dark gray. Finely phaneritic,
CO 3,417 aphyric. Scattered vesicles. High

angle fractures with disking; 3,402-
3,414.

3,417-
3,448

Basalt vesicular flow-top, dark gray.
Vuggy, vesicular and amygdaloidal.
Finely phaneritic, aphyric. Many
cavities filled with silica and dark
green clay.

Basalt, dark gray. Finely phaneritic,
aphyric.slightly diktytaxitic.
Dense, a few high angle fractures,
no disking.

3,448-3,475

r-- LO
r".

LU zz

W r-..

CD

B-ll
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MEMBER FLOW OR
fORMATION I(11)I BED (it) FOOTAGE LITHOLOGY

LU

LU

Cr.

UJW.

=I-

LU j

(A

C>
-J

U_

> ^~
LU '
C] I

0 r

LU
0CD

3,475-3,491

3,491-3,508

3,508-3,525

3,525-3,551

3,551-3,599

3,599-3,607

Basalt flow breccia, dark gray.
Vesicular clasts in a tight matrix of
green clay, occasional missing matrix
fissuring. Some cavities filled with
silica and green clay.

Basalt, dark gray. Vuggy, vugs to 3 cm
and 20%. Mostly unfilled grading to
silica filled. Sub-horizontally
oriented. A few high angle fractures,
no disking.

Basalt, dark gray. Dense, aphanitic,
aphyric. A few scattered filled
vugs (large amygdules). Disked;
3,516-3,525.

Basalt, dark gray. Vesicular and
vuggy, some filled with silica and
pyrite. Finely phaneritic, aphyric,
diktytaxitic. Disked; 3,527-3,550.

Basalt, dark gray. Finely phaneritic,
aphyric, slightly diktytaxitic.
Dense with some healed high and low
angle fractures, disking; 3,553-3,561,
3,571-3,593.

Basalt, dark gray. Vesicular and vuggy,
some flattened, mostly unfilled.

I-_

A:

LU
c

LU

7 +

Lo <)
C, ,_
LU a

^

< ko

=: M
3-^
I )

03

CD

-J

C X:

I-

-00

LU r

CD '

3,607-3,755

3,755-3,839

Basalt flow breccia, dark gray.
Vesicular and vuggy clasts in a tight
matrix of clay cemented angular rubble
fragments. Matrix occasionally missin(
leaving fissures which are highly
mineralized. An intercalated lens
of denser competent basalt occurs at
3.653-3,658. Section from 3,666-3,717
becomes very poorly consolidated with
much open matrix between clasts.

Basalt, dark gray. Finely phaneritic,
aphyric. Dense, a few high angle and
irregular fractures. Some near
vertical high angle fractures occur
at 3,818-3,824 - fractures appear to
be open and have alteration borders.
Disking; 3,758-3,806, 3,829-3,838.

_______ _____ I _____ J .1.
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MEMBER FLOW ORI
FORMATION I (ft) IBED (ft) FOOTAGE LITHOLOGY

CD
__
Ij1 3,839-3,864

CD

=

C~0-

LU

Basalt flow rubble, dark gray. Clasts
of amygdaloidal and vesicular basalt
in a tight clay matrix. Some matrix
consists of silica, some is missing and
fissures are partially mineralized.

Basalt, dark gray. Relatively competent,
Finely phaneritic,aphyric. Mostly
high angle fractures. Scattered
amygdules 3,870-3,888.

3,864-3,89T

3,891-3,903 Basalt vesicular flow bottom, dark
gray. Tight vesicular flow breccia
with some open matrix fissures.
Some reddish oxidation and silica
filling vesicles.

__ ,_

to

I-_
-4

LU

W

CD

LU

CD

L-.)

LU C

W .'

=CD

C.,
LU 1-

WCD,

0CD

3,903-3,970

3,970-3,973

Total
Depth

Basalt vesicular flow-top. Red-gray
gray. Vesicles and vugs, most sub-
horizontally elongated. Many filled
with silica and green clay.
Moderately fractured, no disking.

Basalt, dark gray. Dense, aphanitic,
aphyric. A few low angle fractures

I1_ _ _ _ _ _ _ _
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SUMMARY TABLE OF RQD VALUES FOR FLOW INTERIORS

FLOW

Elephant
Mountain

Pomona

Esquatzel

Umatilla

Priest
Rapids II

Priest
Rapids I

Roza

Frenchman
Springs 1

Frenchman
Springs 2

Frenchman
Springs 3

Frenchman
Springs 4

Frenchman
Springs 5

Frenchman
Springs 6

Frenchman
Springs 7

Grande Ronde

Grande Ronde

Grande Ronde

Cohassett

Grande Ronde

Grande Ronde

Grande Ronde

McCoy Canyon

Umtanum

Grande Ronde

Grande Ronde

DEPTH (ft)

613-684

863-941

1024-1104

1194-1399

1534-1689

1716-1748

1794-1922

1954-2104

2114-2217

2230-2272

2313-23E1

2414-2489

2499-2617

RQD

96.5

91.5

97.5

95.9

96.8

95.5

99.1

72.0

77.8

82.7

86.9

80.5

53.5

79.2

94,3

90.5

63.2

53.1

63.1

76.1

100

53.1

43.1

92.3

87.4

CORE SIZE

PQ

COMMENTS

PQ

PQ

PQ

PQ, HQ

HQ

HQ

HQ

HQ Minor Disking

HQ

HQ Minor Disking

HQ Minor Disking

HQ Minor Disking

1

2

3

5

6

7

10

11

2634-2671

2693-2721

2759-2823

2903-2993

3010-3255

3293-3338

3402-3417

3432-3475

3493-3596

3757-3839

3861-3891

3923-3973

HQ

HQ

NQ

NQ

NQ

NQ

NQ

NQ

NQ

NQ

NQ

NQ

NQ

Moderate Disking

Disking

Disking

Disking

Disking

Disking

B-14
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Basalt Waste Isolation Project SD-BWI-AR-003

Exploratory Shaft - Phase I

DRILLING PROGRAM

For 144 Inch Surface Hole

I. Activities Prior to Commencement of Drilling Operations

A. Pick up Government furnished tools and drilling assembly,

consisting of the following:

1. Mandrel with integral reamer-stabilizer, dressed with:

a.) 144 inch bit body w/cutters (bolted on after mandrel

is dressed).

(1). A crows-foot will be installed in the bit per

the attached sketch (Exhibit 1).

b.) Reamer-stabilizer rollers with brackets and spacers

to full hole size.

c.) 21-22 ea. 60" diameter donuts.

d.) Top (spool type) stabilizer dressed with stabilizers,

rollers and brackets to 1/2" under hole diameter.

e.) 3-4 ea. 60" diameter donuts on top of top stabilizer.

f.) Donut hold-down clamp, bolted and safety-cabled.

2. One joint of drill pipe. It may be necessary to use I or 2

pup joints in lieu of a 30 ft. joint.

3. Air string (Exhibit 2). Air line joints will be locked.

1
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4. Kelly w/saversub.

5. Steel line measurements of all of the above will be made and

recorded. (All drill pipe used during the drilling operation

will be measured as above as it is picked up for use).

General Notes: All bolts (bit body, stabilizer brackets and rol-

lers) shall be made up to Drilco-specified torques, and nuts

locked with bar stock. (Drilco representative on site during

initial Installation).

Tool joints will be made up to Drilco-specified torques,

using Varco power tong.

All of the above will be verified by the Drilling Advisor

and recorded.

B. Physically check bottom of existing hole for junk. Remove same.

C. Run drilling assembly to bottom of dry hole. Stop at intervals

and slowly (manually) rotate assembly to check corrugated metal

pipe liner for alignment, clearances, out-of-roundness, etc.

Trip out.

D. If pre-existing 100 ft. shaft is satisfactory, fill hole with mud.

E. Go in hole with assembly, run Sperry-Sun surveys as directed.

F. Check all pertinent rig instrumentation (weight indicators, etc.).

2
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G. Continue rig-up of G.F.E. (swivel, rotary hoses, etc.). Timing

of this is coincident with dead time in above-listed operations.

H. Break circulation and condition mud.

II. Drilling Operation, -100 ft + to -180 ft +t (-180 ft. is anticipated

static water level)._

A. Employing reverse circulation with air assist, pattern bit slowly

and carefully as hole conditions warrant.

1. While patterning bit, bit RPM shall not exceed2 -E RPM and

weight on bit held from 10,000 lb. to not exceed 30,000 lb.

2. Continue drilling with light weights on bit and slow RPM

until mandrel is buried in new formation.

a.) Check drilling condition and fluid returns for presence

of cement (which would indicate sluffing of cement from

around bottom of CMP liner).

b.) After drilling approximately 15 ft. of new hole, pull

drilling assembly up into CMP casing; shut down circu-

lation for approximately 2 hours; trip in, check hole

bottom for-slough.
4herry 5,4v

c.) Repeat above after drilling 35-40 ft. ASurveysat bottom

of casing and,30 ft. + below casing 4G d

3
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d.) RPM and weights will be varied as formation changes

dictate. Although not anticipated, careful watch will

be maintained for the presence of large boulders that

may affect hole alignment.

3. Continue drilling to -180 feet.

4. After approximately 100 rotating hours, unless earlier as

dictated by surface indications, the drilling assembly will

be pulled out of the hole and completely checked. This

includes, but is not limited to, the bit body, cutters,

stabilizers, dowel pins, bolts, etc. At this time, and

each time the assembly is tripped, all bolts will be visually1'" 1o,"

checked for integrity. All bolts in the assembly will be

magnafluxed before re-using.

III. Drilling -180 ft to -640 ± ft.

A. Drilling will continue as outlined under 'A' above. Weight on

bit and RPM may be varied as hole condition permits. However,

the weight on the bit shall not exceed 60% of the combined buoyed

weight of the drilling assembly, and rotary torque shall not exceed

60,000 ft. lbs.

B. Upon completion of drilling with 144" bit, condition mud for

running casing.

4
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C. Run round-trip Sperry-Sun survey.

D. Trip out of hole.

E. Run caliper logs and other logs as directed.

F. Lay down tools, rig up to run casing.

IV. General Notes:

1. Should, at any time during drilling operations, severe loss

of circulation occur that does not respond to lost circulation

material treatment as outlined in the Mud Program, it will

be necessary to pull the drilling assembly from the hole and

set a cement plug. Details of this operation are covered

under the cementing program.

2. Records and Submittals

Records and observations will be kept and submitted in

accordance with the approved Construction Specifications.

5
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Basalt Waste Isolation Project

Exploratory Shaft Phase I

DRILLING MUD PROGRAM

For 144 Inch Surface Hole

I. GENERAL STATEMENTS

A. Trained mud engineering personnel with large diameter hole exper-

ience will be provided to furnish mud analyses and recommendations
bLy fAe ?5 CWda

each day. At least two mud checks daily will be posted~on the

rig floor, in the drilling advisorts trailer, and in the M-K office

on location. All recommendations for mud treatments conducted each

tour for drilling fluids system makeup and maintenance will be

written on each mud report (see attached Drill Mud Report form,

Testing Procedures and Mud Program Specifications - exhibits 1, 2

and 3). This information will also be conveyed verbally to the

M-K drilling advisor, and Geodril's rig pusher and rig crews.

B. All mixing of mud and materials will be supervised by the mud

engineer on location. He will advise the M-K drilling advisor

verbally, and in writing, as to the procedures to be followed and

the quantities of material to be mixed. The-drilling advisor will

convey this information to the rig personnel r exe0A;-',.

C. The M-K safety program and procedures will be strictly observed,

with particular emphasis on those operations involving the handling

1
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of caustic

3. Upon request of M-K, a qualified Mud Engineer shall be on site 24

hours a day during surface hole drilling and on call during casing

Installation and cementing.

E. A Corrosion Coupon will be attached to the air lift tube stinger,

and onto the bit body. These will be removed and replaced with

new Corrosion Coupons after approximately each 100 operating hours

or at bit changes. The removed coupons will be evaluated, and if

corrosion rates prove excessive, then based on the degree of scale

or damage, a blend of materials will be recommended for the spe-

cific problem.

F. Desanders will be utilized while tripping and/or while circulating

to aid in conditioning mud, or as a subsidiary mud cleaning tool

when mud conditions dictate.

G. A dragline will be utilized to remove cuttings from pit

bottoms. This will be the primary cuttings removal system: °, /74L

H. A water line will be an adjunct to the blooie line and fresh water

will be used to help reduce mud viscosity to facilitate cuttings

2
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settling. This water line can and will be utilized in any or each

pit segment as required.

II. ACTIVITIES BEFORE COMMENCEMENT OF DRILLING OPERATIONS

A. Line Ponds With Bentonite.

1. Start with pit #2.

2. Will require use of approximately 93-2400# bags to line ponds

(lining both pits is estimated to require approximately

3-4 days).

B. Commence Mud Mixing

1. Mix in 600 bbl batches.

2. Mix first 4,000 bbls at approximately 50 viscosity to help

seal ponds (use gel and caustic).

3. Next mix approximately 30,000 + bbl's at approximately 40 vis-

cosity (use gel, caustic and lost circulation materials -

L.C.M.). This operation is estimated to require 6-10 days.

III. DRILLING INTERVAL 104 FT. TO 180 FT. (180 FT. IS ANTICIPATED TOP OF WATER

TABLE).

3
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A. Mix 40 viscosity mud to attached specification, using gel, caustic

and L.C.M. (Exhibit 3).

B. Mix mud additives to maintain proper specifications.

C. Mud specifications can and will be varied if hole conditions dictate.

IV. DRILLING INTERVAL 180 FT. TO 640 FT.

A. Continue maintaining mud system and properties as per above

interval.

B. Additional water dilution may be required to maintain proper

weight ranges.

C. Mud specifications can and will be varied if hole conditions dictate.

V. CONDITIONING MUD FOR RUNNING CASING

A. Maintain mud specifications as per previous interval.

B. Circulate approximately 5 hours at total depth.

C. Short trip drill pipe and assembly and check for fill.

D. If hole conditions are satisfactory, trip drilling assembly from

4
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hole and run logs.

E. If downhole problems become evident under (C) above, mud proper-

ties may be adjusted to provide additional wall support.

Should minor seepage occur while drilling surface hole, additional L.C.M. will

be carried in mud system. Should total loss circulation occur, pull out of

hole and run in with 4½ inch drill pipe and set cement plug as described in

the cementing program. When drilling out cement plugs, additions of calcium

sequesters, lignite and water will be needed to maintain proper mud properties.

5
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TESTING PROCEDURES

FROM MAGCOBAR DRILLING FLUIDS HANDBOOK

I,

5. Page 1-1 - 1.1.1, 1.1.1.1, 1.1.1.2 - DENSITY (MUD WEIGHT)

Calibrate mud scales filled with fresh water should balance @ 8.33

#/gal. @ 700F. If not adjust screw or lead shot at end of gradu-

ated arm as required. Weigh the drilling fluid and record as ppg,

#/ft3, or SG.

For conversions to Specific Gravity refer to 1.1.1.2.

6. See Glossary - Page 15-14 - MARSH FUNNEL VISCOSITY IN CENTIPOISE

7. Page 1-8 - 1.1.3.2 - PLASTIC VISCOSITY IN CENTIPOISE

Take the 600 RPM reading - 300 RPM reading on the V.G. meter at

115 F.

See Glossary - Page 15-17 - Plastic Viscosity definition.

8. Page 1-8 - 1.1.3.2 - YIELD POINT IN LBS. PER 100 FT2

300 RPM reading - Plastic Viscosity

See Glossary - Page 15-25 - Yield Value definition.

9. Page 1-8 - 1.1.3.1 - GEL STRENGTH

PROCEDURE:

1. Stir sample at 600 RPM

2. Wait 10 seconds.

DETERMINATION

for approximately 15 seconds.

7
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3. Read maximum deflection of dial by turning knob counter

clockwise slowly and steadily (for 2 speed) or using 3 RPM

(for 6 speed). This is the 10 sec. gel strength in lbs. per

100 ft 2 .

4. Wait 10 minutes.

5. Repeat step 3. This is the 10 mins. gel strength, lbs per

100 ft 2 .

See Glossary - Page 15-10 - Gel Strength definition.

10. Page 1-13 - 1.1.5.1 - FILTRATE API SPECIFICATIONS

Filter loss is conducted at surface temp @100 psi pressure and

recorded as the cc's lost in 30 min. or double the cc's lost in

7½ min.

See Glossary - Page 15-9 - Definition of Fluid Loss.

12. FILTER CAKE THICKNESS - measured in 1/32nds of an inch.

13 Page 1-93 - 1.1.9.1 - SOLIDS AND LIQUID CONTENT
&14

PROCEDURE

1. Disassemble retort assembly and fill sample cup almost level full

of the fluid to be tested. Put sample cup cover in place firmly,

squeezing out excess fluid to obtain the exact 20 cc volume re-

quired. Clean spillover from cover and threads. (If threads are

coated with silicone grease, it will prevent sticking).

8
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2. Lift cover slightly and slide off so that fluid adhering to

bottom surface will be scraped back into the sample cup.

3. To prevent boil over, put 5 to 10 drops of the "liquid steel wool"

on top of the mud and attach the expansion chamber.

4. Select correct heater assembly for the available voltage and screw

into top of expansion chamber. Keep assembly upright so that mud

does not slosh into the drain tube.

5. Insert drain tube into hole at end of condenser, seating firmly.

Percentage graduated cylinder should be clipped in place to catch

condenser.

6. Plug in the correct condenser cord to the power supply and keep

power on until distillation stops, which should occur in 15 to 25

minutes depending on the characteristics of oil content, solids

content and atmosphere around the unit.

7. Read the percentage of water, oil and solids directly from the

graduate. A drop or two of areosol solution will help define the

oil-water interface.

8. At end of test, grasp rubber covered connector just above heater

and separate retort assembly from condenser. Handling the hot

retort by means of the connector cord, dip in water to cool. (Plug

is waterproof and may be immersed completely).

9. Most of the solids remaining in retort will adhere to the heater

where removal is easy. Use spatula to scrape out cup and expansion

chamber. Run short length of pipe cleaner through condenser hole

and retort drain tube to remove oil residue.

9
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See Glossary - Page 15-21 - Definition of Solids Concentration or Content.

15. Page 1-93 - 1.1.8 - SAND CONTENT

PROCEDURE

1. Fill the glass measuring tube to the indicated mark with mud.

Add water to the next mark. Close the mouth of the tube and

shake vigorously.

2. Pour the mixture onto the screen, add more water to the tube,

shake, and again pour onto the screen. Repeat until the wash

water is clear. Wash the sand retained on the screen to free it

of any remaining mud.

3. Fit the funnel down over the top of the sieve. Invert slowly and

insert the tip of the funnel into the mouth of the glass tube.

Wash the sand into the tube by means of a fine spray of water.

Allow the sand to settle. From the graduations on the tube, read

the percent by volume of sand.

See Glossary - Page 15-19 - Definition of Sand Content.

16. Page 1-96 - 1.1.10.1 - METHYLENE BLUE CAPACITY

PROCEDURE

1. Add 1 ml of mud (or suitable volume of mud to require 2

of reagent) to 10 ml of water in the Erlenmeyer flask.

of 3% hydrogen peroxide and 0.5 ml of 5 N sulfuric acid

and mix by swirling before heating. Boil gently for 10

Dilute to about 50 ml with water.

to 10 ml

Add 15 ml

solution

minutes.

10
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2. Add methylene blue solution, 0.5 ml at a time, from the buret or

pipet to the flask. After each addition, insert rubber stopper

and shake contents of the flask for about 30 seconds. While the

solids are still suspended, remove a drop from the flask with a

glass rod and place on filter paper. The endpoint of the titra-

tion is reached when the dye appears as a greenish-blue ring

surrounding the dyed solids.

3. When the greenish-blue tint spreading from the spot is detected,

shake the flask an additional 2 minutes and place another drop

on the filter paper. If the greenish-blue ring is again evident,

the endpoint has been reached. If the ring does not appear, con-

tinue as before until a drop taken after shaking 2 minutes shows

the greenish-blue tint.

4. Record the ml of methylene blue solution used.

Page 1-97 - 1.1.10.2 - CALCULATION

Cation exchange capacity = ml of methylene blue
mi of mud

Methylene blue capacity (Bentonite equiv.), lb/bbl = CEC X 5

17. Page 1-13 - 1.1.4 - pH PROCEDURE

PROCEDURE

1. Follow instructions on the instrument to put the amplifier into

operation and standardize the meter with the proper buffer solu-

tion.

2. Wash the tips of the electrodes, gently wipe dry, and insert them

11
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into the mud. Stir the mud about the electrodes by rotating the

container. CAUTION: Do not allow the electrodes to rub the side

of the container.

3. Measure the pH of the mud according to the directions. After the

meter reading becomes constant, which may require from 30 seconds

to several minutes, record the pH.

4. Report the pH of the mud to the nearest 0.1 unit.

See Glossary - Page 15-16 - Definition of pH.

18. Page 1-21 - 1.1.7.1 - MUD ALKALINITY

PROCEDURE:

1. Measure 1 ml of mud into the titration vessel using the syringe

or the serological pipet.

2. Dilute the mud sample with 25 to 50 ml deionized water.

3. Add 4 or 5 drops of phenolphthalein indicator.

4. While stirring, titrate rapidly with 0.02 N acid or 0.1 N acid

until the pink color disappears.

NOTE: If the sample is so colored that the color change of the

indicator is masked, the endpoint is taken when the pH drops to

8.3 as measured with the glass electrode pH meter.

5. Report the phenolphthalein alkalinity of the mud, Pm as the number

of millileters of 0.02 N (N/50) acid required per millileter of

mud.

NOTE: If 0.1 N acid is used, P = 5 X (millileters of 0.1 N acid

per millileter of mud).

12
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19. Page 1-20 - 1.1.7.1 - FILTRATE ALKALINITY

PROCEDURE

1. Measure one or more millileters of filtrate into the titration

vessel using the syringe or seriological pipet.

2. Add two or three drops of phenolphthalein indicator solution.

3. If the indicator turns pink, add 0.02 N acid, drop by drop

using a graduated pipet with stirring, until the pink color

just disappears.

NOTE: If the sample is so colored that the color change of the

indicator is masked, the endpoint is taken when the pH drops to

8.3 as measured with the glass electrode pH meter.

4. Report the phenolphthalein alkalinity of the filtrate, Pf, as the

number of ml of 0.02 N (N/50) acid required per ml of filtrate.

21. Page 1-43 - 1.1.7.8 - CHLORIDE DETERMINATION

PROCEDURE

1. Measure one or more milliliters of filtrate into the titration

vessel. Add 2 or 3 drops of phenolphthalein. If the indicator

turns pink, add acid drop by drop from a pipet, with stirring,

until the color is discharged. If the filtrate is deeply colored,

add an additional 2 ml of 0.02 N sulfuric or nitric acid and stir.

Then add 1 g of calcium carbonate and stir.

2. Add 25 to 50 ml deionized water and 5 to 10 drops of potassium

chromate indicator. While stirring continuously, add the silver

nitrate solution drop by drop from a pipet, until the color changes

13
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from yellow to orange-red and persists for 30 seconds.

3. Record the milliliters of silver nitrate solution required to

reach the endpoint. If over 10 ml of silver nitrate solution are

used, repeat the test with a smaller sample of filtrate.

CALCULATION:

mg/l Cl = ml of 0.0282 N silver nitrate X 1000
ml of filtrate

22. Page 1-36 - 1.1.7.6 - TOTAL HARDNESS AS CALCIUM

PROCEDURE

1. Add approximately 20 ml of deionized water to titration vessel.

2. Add 1 or 2 ml of the water or filtrate to be tested.

NOTE: The endpoint is occasionally difficult to see in the dark

colored filtrates. Reduce the sample size to d ml if the endpoint

cannot be seen with a 1 ml sample or follow procedure listed under

determination of total hardness, calcium and magnesium in dark

filtrates.

3. Add 1 ml of Strong Buffer solution.

4. Add 3 drops of Manver Indicator and mix with a stirring rod. A

wine red color will develop if hardness is present.

5. Using a pipet, titrate with Standard Versenate Solution, stirring

continuously, until the sample turns to blue (or green for dark

colored filtrates) with no under tint or red remaining. Record

the number of ml of Standard Versenate Solution used.

14
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CALCULATION

Total Hardness as calcium, mg/liter =

ml of Standard Versenate X 400
ml of sample

15
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Exhibit 3

MUD PROGRAM SPECIFICATIONS

INTERVAL:

0'-640'

144" Bit

FLUID TYPE: Non-dispersed Magcogel system.

PROPERTIES:*

Weight:

Viscosity:

PV/YP:

Gels:

pH:

Solids:

Fluid Loss:

8.7-9.5 ppg

36-44

10-15/4-12

2-4/8-12

11-11.5

3-5%

N/C

PROCEDURE:

Build a system using 10-15 #fbbl Magcogel and 1-2

#/bbl Caustic Soda or Lime/Caustic combination as

needed to maintain specified properties. Lost

circulation material will be carried in the system.

POTENTIAL PROBLEMS:

(with recommendations)

1. Solids Buildup - Control by adding water to

flowline. The use of a desander would be very

beneficial. If the solids and/or weight exceed

recommended limits, 1-3 #/bbl Tannathin may be

16
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INTERVAL:

0'-640'

144" Bit

POTENTIAL PROBLEMS (cont'd)

added to maintain mud properties.

2. Lost Circulation - Maintain mud weight as low

as possible compatible with hole condition.

Maintain viscosity to control seepages. Lost

circulation material in active system as required.

If this fails, set cement plug.

3. Unconsolidated Formations - (Caving)

Maintain viscosity necessary to stabilize hole.

If running sands become a serious problem, raise

viscosity as needed with additions of Magcogel.

If this is unsuccessful, set a cement plug.

4. Tight Hole - Introduce fluid loss control with

Magco-Ploy Pac or a Magco-Poly Pac and Tannathin

combination to build a thin tough wall cake.

Concentrations of 1/2 to l#/bbl Poly Pac and 1 to

3 #/bbl Tannathin will be required if it becomes

necessary to contorn fluid loss.

* All properties and product concentrations are preconstruction parameters.

Hole conditions may dictate changes in these ranges.

1.7
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QUALITY ASSURANCE PLAN

144" DIAMETER SURFACE HOLE DRILLING

I. Purpose

This document describes the data to be accumulated in the.Quality

Assurance files during the drilling of 'he 144" diameter surface

hole. This hole drilling is Quality Level II and III.

II. Responsibilities

A. The M-K BWIP QA Manager is responsible to maintain the files

of required accumulated data covering the drilling of the

144" diameter surface hole. This information shall be as

required in the Drilling Program for the 144 inch surface

hole.

B. The Mud Engineer is responsible to provide the M-K BWIP QA

Manager with the mud test data on a daily basis.

C. The Drilling Field Manager is responsible to provide the M-K

BW4IP QA Manager with copies of the daily records of the drill

rig operation.

D. The Sperry-Sun Manager is responsible to provide the M-K BWIP

QA Manager with the records of the down-hole surveys.

E. The M-K BWIP QA Manager shall verify, by initials and dates,
all submitted records are complete and legible.

F. The M-K BWIP QA Manager shall perform and document periodic
surveillances of the drilling operations to assure that spe-
cific requirements are being carried out.

III. Information Required

A. Drill Rig Information

I



1. The IADC Daily Drilling Report, form shall be kept as

the standard daily report. The original and two copies

shall be submitted daily to the Owner. The general re-

marks section shall contain an accurate record of work

conditions, work performed and time required for all

work to nearest quarter hour. Safety related activities

and events shall also be reported on a daily basis.

2. - Automatic drilling recorders shall be used to measure

the rate of penetration, drilling weight, rpm and torque.

All rig operations such as depth, round trip time, lost

circulation intervals, equipment breakdown, mud condi-

tioning time, and other important drilling data shall

be clearly identified on the recorder charts. An orig-

inal and one copy of the drilling recorder charts shall

be submitted daily to the Owner.

3. Bit and cutter records shall be maintained daily and

filed in the field office. A complete record shall be

furnished to the Owner weekly. Records shall show bit

type and serial number, footages, depths, rotary speeds,

bit weights, cutter serial numbers, replacements,

repairs, etc.

4. Accurate pipe tallies, including type, usage, measure-

ments, etc., shall be provided by the Subcontractor and

be available at the drill site for inspection at all

times. Copies of steel line measurements of pipe and

casing shall be furnished as directed by the Contractor-

2



The Contractor shall keep an accurate record of the

total number of joints of all'drill pipe, drill collars

and tubing on location at all times.

5. The Contractor will be responsible for the inventory

control of all Owner-furnished and reimbursable items.

6. Compressor records showing operating hours, discharge

pressures, and air volumes on a continuous record .hall

be submitted to the Owner with the daily drilling report.

B.

.I

7. Accurate records of water volumes and mud consumed or

lost shall be submitted with the daily drilling reports.

Mud Information

1. Trade name where applicable, and published performance

characteristics for all drilling fluid additives sup-

plied to the worksite.

2. A complete inventory control list of all drilling fluid

additives delivered, used and returned.

3. Complete daily records of job site examinations shall

be maintained and submitted containing all of the data

obtained from the measurements and tests listed herein

as well as an inventory of additives used. See Exhibit I

4. A program of expected additives used.

5. The testing' procedures to be employed are described in

the 'Drilling Mud Program for the 144 Inch Surface Hole'.

A.

3



C. Directional Survey Information

1. The results of the directional surveys to be run

every 30 feet of hole advanced shall be provided by

the Sperry-Sun Manager as delineated in the Directional

Survey Procedure.

4



A.

B.

C.

D.

QA Surveillance Activities

Drilling 144" Surface Hole

Check items under surveillance:

All pen recorders in drill rig operational.

Note Exceptions:

Drill rig log up to date.

Observed Sperry-Sun survey.

Observed mud analysis.

M-K check list up to date.E.

Surveillance by Date

Time --

5
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j F -twell Hanford Operations QUALITY ASSURANCE INSPECTION PLAN
Shoet 1 of 3

CA Level I I I

Item/Title 144" SHAFT DRILLING ACTIVITIES Drawing / Spec No.: B-314-P-X28018 Rev.: Q

Item Description: GENERAL DRILLING ACTIVITIES

Supplier: MORRISON-KNUDSEN CO., INC. Inspection No.: N/A

P.O., Subcontract or W.O. No.: N/A

Prepared by: W. A. HERBER Date: 2/17/83 Item No.: N/A Qty. N/A Inspected by: N/A Date:

Approved by: M. F. NICOL Date: 2/17/83 Reference:

INSPECTION STATUS
No. INSPECTION CHARACTERISTICS Acc HId Tag Rej NCR Cond, REMARKS

NO.~~~~~~~~~~ A.c

1. Verify M-K QA Manager maintains files of required

accumulated data on drilling activities of the 144" shaft.

(bi-monthly)

2. Verify that the Mud Engineer provides M-K QA Manager completed

-____ daily mud test data sheets. (weekly)

3. Verify that drilling field manager provides M-K QA Manager

completed daily records of drill rig operations. (weekly)

4. Verify that the directional hole survey is performed by

Sperry-Sun at specified intervals. (each occurrence)

5. Verify that Sperry-Sun manager provides M-K QA Manager completed

records of the down hole survey results. (each occurrence)

6. Verify that approved drilling report form is being used to

record drilling information and kept on file as the standard

daily report. (weekly)

A4700.119.1 (R.1-78)



Rockwell Hanford -Operations QUAL IT'.ASSURANCE INSPECTIOWIPLAN
I (Continuation Sheet

'94 Sheet 2 fs 3
CIA Level -III

lier/Title .DaigSeNo:B1P 808Rv:_____144" SHAFT DRILLING ACTIVITIESDrwnSpc.B31P28 8Re:
P.O. or W.O. No.: N/A_

Item No.: - N/A

CHAR. INSPECTION STATUS
NO. INSPECTION CHARACTERISTICS Cond. REA SAe Hid Tag Rej NCR Ace. REAK

7. Verify that the Automatic Drilling Recorder is used to measure___
drilling rate of penetration, drilling weight, RPM and torque.________

______(weekly)

8. Verify that the bit and cutter records are completed, showing
bit type and serial number, footage, depth, rotary speed, bit

______ weights, cutter serial number, maintained daily and kept on file ________

______ in the field office. (each bit change)

9. Verify that the subcontractor provides accurate records of
______ pipe tally sheets including type,_usage,_measurements,_and made_________
______ available at the site for inspection at all times. (Weekly) ________

.J.0... Verify that the drilling contractor performs periodic inventory____________
of all Owner-furnished and reimbursable items. (monthly)___

11. Verify that the compressor records indicate operating hours, ________

discharded pressures and air volumes, on'the continuous records
provides and submitted to the owner. (weekly)_________



Rockwell Hanford Op6rations QUALUIT\, ASSURANCE INSPECTION P.AN
( Continuation Sheet )

.I Sheet i of 3
OA Level III

Item/Title DrawingISpec No. B-314 P-X28018 Rev °

144" SHAFT DRILLING ACTIVITIES
P.O. or W.O. No.: N/A

Item No.: N/A

CHAR. INSPECTION STATUS
NO. INSPECTION CHARACTERISTICS Cond. REMARKS

Ac. Hid Tag Rej NCR Acc.

12. Verify that the accurate records of water volumes and

mud consumed/lost are submitted to the Owner. (weekly)

13., Verify that the contractor performs a complete inventory of

all drilling fluid additives, listing mud delivered, used, and

returned. (weekly)

14. Verify that the contractor (Magcobar) completes and maintains .

a daily record of the job site examination on their drilling

mud report form provided. (weekly) _


