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ABSTRACT I

This handbook contains refere..e.e information on parameters that should be

considered in analyzing or modeling a proposed nuclear waste repository site.
Only those parameters and values that best represent the natural environment
are included. Rare extremes are avoided. Where laboratory and field data are
inadequate, theoretical treatments and informed engineering judgments are
presented.

Volume 1 contains a data base on salt as a repository medium. Chapters

on the geology of bedded and dome salt, the geomechanics of salt, hydrology,
geochemistry, natural and~ man-made features, and seismology provide compiled
data and related information useful for studying a proposed repository in
s al t. These and other data will be needed to derive generic deep geologic

modeling parameters and will also serve as background for the verification of
source data that may be presented in licensing applications for nuclear waste
repositories. Volume 2 is the result of a scoping study for a data base on
the geology, geomechanics, and hydrology of shale, granite, and basalt as
alternative repository media. Except for the geomechanics of shale, most of
the sections contain relatively complete compilations of the available data,
as well as discussions of the properties : hat are unique to each rock type.
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f' FOREWORD
2

'

This occument supports the Nuclear Regulatory Commission's etforts on

nuclear waste management. It is the second volume of a study designed to

{ provide the NRC staff with an objective and representative presentation of the ,

data hat are available to the technical comunity and that should be
considered in the derivation of generic deep genlogic modeling parameters. ;

These data will also aid in the evaluation of licensing applications for deep

i geologic repositories.

l As principal author, I acknowledge with thanks the efforts and
contributions of the many individuals wno worked with me on this handbook. I

,

also appreciate the input and guidance provided by the NRC staff. The people;

listed below were especially helpful in providing technical input and were |

responsible for writing all or major sections of the several chapters.
4

Lawrence Livermore Laboratory ;
.

David Carpenter (Volume 1, Cnapter 6)
4

Willard Murray (Volume 1, Chapter 3)'

Abelardo Ramirez (Volume 1, Chapter 5)
.

Donald Towse (Volume 1, Chapter 6)4

,

Serata Geomechanics, Inc., Berkeley, Californiai

| Shosef Serata (Volume 1, Chapters 2 and 3)

Stefan Milnor (Volune 1, Chapters 2 and 3)

|
Geotechnical Engineers, Inc., Winchester, Massachusetts

|
Bartlett Paulding (Volume 1, Chapter 5)

,

| California State University, Hayward, California

! Alexis Moiseyev (Volume 2, Chapter 1)
!

! Willard Owen Associates,;Inc., Wheat Ridge, Colorado |
Scott Mefford (Volume 2, Chapters 2 and 3)

'/ Colorado School of Mines, Golden, Colorado
-

William Hustrulid (Volume 2, Chapters 2 and 3)-i
.
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l PREFACE TO VOLUME 2

The three chapters of Volume 2 are the results of a scoping study on the
geology, geomechanics, and hydrology of basalt and granite, and on the geology
and hydrology of shale. The chapters include relatively complete compilations

;

of the data currently available, as well as discussions of the properties that
are unique to each rock type. Most of the data are, however, undigested; rnany

$ of the figures and tabit.s were taken from the original sources without
extensive review. The use of symbols, especiall- in the sections on
geomechanics, has been made generally consistent with the chapters of
Volume 1; nonetheless, owing to the inconsistencies that pervade the
literature, some differences remain.

Volume 1 presented the available data on salt formations in the U.S. It

I also outlined general principles relevant to all geologic formations and rock
types, especially in the chapters on hydrology, geochemistry, natural and
man-made features, and seismology. The discussions of porous flow in.the

'

hydrology chapter and of nuclide retardation in the geochemistry chapter are
| especially important in understanding how the hydrologic data in Volume 2

| might be used. The thorough discussion of the geomechanics of salt in

j Volume 1, though not an elementary introduction, also provides a context in

| which the geomechanical data on basalt and granite can be better understood.
The discussion of shales in the'present volume presents brief. geologic.

descriptioris of shale formations in the U.S. and compiles extensive hydrologic.
data. The most thorough data are from the Great Basin, the Rocky Mountains,

i
and the Colorado Plateau. The data on basalts are less copious. Nonetheless,

geomechanical data are presented from a variety of places, notably Amchitka
Island, the Great Lakes region (the Dresser Basalt), and the Columbia-

Plateau. The most useful hydrologic data have been collected at the Idt50

i National Engineering Laboratory and the Hanford reservation on the Colu. ia
Plateau. The geological descriptions of oasalt flows' focus on the Pacific

- Northwest. Data'on granites come from widely scattered sources, including dam
sites, tunnel sites, and quarries-around the world. The most systematic

!geomechanical data, including the results of thermal modeling experiments,.

xxill-
i
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have been collected at the Stripa mine project currently underway in Sweden.
The chapter on granites also includes descriptions of the major granite
Oatholiths of the U.S. and a discussion of fracture flow that is equally
a1plicable to other rock types.

xxiv
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CHAPTER 1

SHALE
3

This chapter is a compilation of available data on the hydraulic
'

conductivity, porosity, and density of shales, and it provides a general
outlook on the relationships between these parameters. More importantly, it
outlines areas where more research is needed to allow better predictions to be
made or the long-term behavior of waste repositories in shale. Notably'

missing from this scoping study is a discussion of the geomechanical
properties of shale. Only a few values for geomechanical parameters, found
during the compilation of the hydrologic data, have been included. Time

constraints did not allow a thorough study of gaomechanics.
Shale and related rocks (including siltstone, mudstone, and claystone)

belong to a group of broadly represented, relatively impervious rocks which
offer some potential for long-term storage of radioactive wastes.

|

| Hydrologically, they are characterized by the uncomon combination of high
porosity and low permeability, a combination that is related in part to their

i very fine grain size. Their low permeability results in a scarcity of

hydrologic data: neitiier oil companies nor hydrologists have been
particularly eager to take measurements in rock of low economic importance.

j Furthermore, estimating shale permeabilities in the subsurface by producing

| fluids from wells is impractical, because shale normally produras no fluid.
.

!

GE0 LOGIC PROPERTIES OF SHALE

| Definitions

i

Shale is the generic name given to the widespread group of sedimentary.
rocks which is characterized by a predominance of silt- and clay-size

;
-

fractions. Variations in textures and structures are used to define specific
rock types--the most common being shale proper, mudstone, siltstone, and I

claystone.

1
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The following definitions are quoted directly from the Glossary of
Geologic Terms (AGI, 1972).

Shale. "A fine-grained, indurated, detrital sedimentary rock formed by the

{ consolidation (as by compression or cementation) of clay, silt, or mud, and
characterized by finely stratified (laminae 0.1-0.4 mm thick) structure and/or

! fissility that is approximately parallel to the bedding (along which the rock
breaks readily into thin layers) and that is commonly most conspicuous on
weathered surf aces, and by a composition with an appreciable content of clay
minerals and with a high content of detrital quartz; a thinly laminated or
fissile claystone, siltstone or mudstone. . . .The term ' shale' is regarded
sometimes as a structural term with the significance of thin bedding or
fissility and without implying a particular composition: it has been loosely
applied to massive or blocky indurated silts and clays that are not laminated,

to laminated silts and clays that are not indurated, to fine-grained and
thinly laminated sandstones, and to slates."

Mudstone. "(a) An indurated mud having the texture and composition, but
lacking the fine lamination or fissility, of shale; a mucky or massive,v

fine-grained sedimentary rock in which the proportions of clay and silt are
approximately the same; a non-fissile mud shale. . . . (b) A general term tha;
includes clay silt, claystone, siltstone, shale, and argillite, and that

should be used only when the amounts of clay and silt are not known."

: Siltstone. "An indurated or somewhat indurated silt having the texture and
composition, but lacking the fine lamination or fissility, of shale: a

massive mudstone in which the silt predominates over clay: a non-fissile
shale. Pettijohn regards siltstone as a rock whose composition is
intermediate between those of sandstone and shale and of which at least
two-thirds is material of silt size."

Claystone. "An indurated clay having the texture and composition, but lacking
,

the fine lamination or fissility, of shale: a massive mudstone in which the

| clay predominates over silt; a non-fissile clay shale."

2
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Other Types of Shales. Just about any type of fine-grained sedimentary rock
exhibiting laminations has been called shale by some field geologists. One
example is the Monterey Shale, a Miocene formation of coastal California.
Locally this rock is a finely layered diatomite entirely composed of siliceous'

remains of diatoms with minimal amounts of clay. Another example is the Oil
Shale, a hydrocarbon-rich member of the Green River Formation (Middle Eocene)

of Utah and Wyoming. This rock is unusually rich in calcium carbonate and
should be referred to as marl or marlstone, a European term sometimes used for

rocks containing clay and calcite with minor amounts of other constituents.
In sumary, the term shale has been applied indiscriminately to very>

diverse rocks: massive or finely layered, indurated or soft, rich or devoid
of clay minerals, fissile or not. This abusive labeling practice has led to
the inclusion of sedimentary rocks of widely different origins in a single
category. Unfortunately, by looking through a list of references, it is not
always possible to determine the actual meanings intended by the various

'

authors. This explains in part the wide variations in the hydrologic
properties of shale; for example, the hydraulic conductivity, which spans more
than ten orders of magnitude.

;

Mineralogy
1

(

Geologists have used the term clay to designate both a family of layered
silicate minerals and a very fine grain size (less than 4 pm). Most clay
minerals are, in f act, in the clay size range, but other minerals,

; particularly quartz, are also sometimes found in the clay fraction. In the

| Monterey Shale (Miocene) of California, for example, some sections are made up

| entirely of clay-size siliceous fragments. Another classic example is glacial
" clay," a rock flour generally composed of nearly unaltered clay-size rock
fragments. With this confusion between the mineral clay and the use of the'

word to denote a fragment size, there can be little doubt that the wide
l spectrum of hydrologic properties observed ir shale is partly due to

semantics. In this chapter, clay will be restricted to mean clay minerals,
and clay-size to mean a grain size smaller than 4 un.

Clays. A complete mineralogic description of the most important constituents
of shale is beyond the scope of this report. Only the general types of clays i

,

3
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are outlined here, with the emphasis on the major characteristics which affect
their physical and chemical properties. Clay mineral sorption
characteristics, as measured by the cation exchange capacity, is shown in
Table 1-1. The interested reader can find additional inf ormation in Grim

I (1%8), Weaver (1959), and Weaver and Pollard (1975). 1he clay minerals found
in shale include the following:

Kaolinite, which has a simple two-layer structure comprising one layere
'

of silica tetrahedrons and one layer of alumina octahedrons. It has little

capacity for ianic exchange and sorption. This clay somewhat lacks
*

plasticity.

j e Illite, which has a three-layer structure characterized by some
replacement of Si+4 h M+3, together with an addition of K* on the outside of

; the structure. Illite is sometimes called hydromuscovite, has moderate ion
exchange properties, moderate sorption affinities, and a variable plasticity,

o Smectite, also a three-layer clay characterized by the replacement of
Si+4 by Al+3 In this case, however, electronic imbalanc,e is compensateda .

for by the addition of various ions (magnesium, iron, zinc, etc.) in the

TABLE l-1. Cation-exchange capacity of clay
minerals, in milliequivalents per 100 g (from
Grim,1968).

i
.

K aolini te 3-15
Halloysite 2H 0 5-102

| Halloysite 4H 0 40-50
2

| Smectite 80-150

| Illite 10-40

Vermiculite 100-150

Chlorite 10-40

Sepiolite-attapulgite-palygorskite 3-15

|

* Plasticity is the property of the moistened material to be deformed under
pressure, with the deformed shape being retained when the deforming pressure
is removed (Grim,1%8, p.1).

4
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,

vacant octahedral sites inside the structure. Smectites have extreme

variations in plasticity and ion exchange capabilities (swelling clays can
sorb enormous amounts of fluids), and their physical properties are greatly
affected by the nature of the icas sorbed. Sodium ions make them sticky anc'

: plastic when wet; calcium ions make them less sticky and less prone to sorb
water. Other names used for minerals of this type are montmorillonite (when'

used in a generic sense) and bentonite.
e Chlorites, which have composite structures that can be regarded as

; derivatives of kaolinite structure or as two illite structures tied by Mg+2
I instead of K+. Rich in iron and magnesium, they lack the swelling

properties of smectite.
e Mixer-layer clays, which are combinations of two types of clays in a

large structure. In some instances the layers follow an orderly pattern, in

I others they are random. The illite / smectite mixed 'ayer clay is an important

constituent of shale. Its properties are depend greatly on the smectite
content, but as a whole, they are intermediate between those of smectite and
illite.

Other types. Among the less important clay constituents of shale are
sepiolite and attapulgite, consisting of hornblendelike chains of silica
tetrahedrons, linked together by octahedral groups of oxygens and hydroxyls

i containing aluminum and magnesium ions. Many clay minerals are very sensitive |

' to prevailing physical and chemical conditions. Their relative abundances
change during burial in response to changes in pressure or temperature, and
perhaps in response to the duratiori of burial.

;

1

; Nonclay Constituents. Among nonclay constituents are the following:
e Feldspars. These are comon clastic constituents of shale,

particularly in the silt-size fractions. Calcic plagioclase, albite, and
potassium feldspars are all present in shale, and like clays, their relative
abundances change during burial: potassium feldspar and calcic plagioclase

;

progressively disappear (Hower et al.,1976).

| e Quartz. Together with amorphous silica varieties, quartz is found in
all size fractions. These minerals are derived from terrestrial ande

!

biological sources (weathering, volcanism, sponges, diatoms), or are formedi

'
during diagenesis. All are mobilized by solution and deposition, and may

,

radically change the hydrologic properties of a rock by filling pore space
and/or making the rock brittle.

,

.

5
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e Carbonates, which are primarily found as calcite and aragonite of
,

| biogenic origin. Their tendency to mobilize is greater than that of silica
and results in concentrations in the form of concretions or pore space
fillings. Typical shale contains less carbonate than silica.

In sumary, the physical properties of shale depend mainly upon the
abundance of clay minerals and the relative proportions of clay types. When
kaolinite and illite predominate, rock properties are likely to remain fairly

! constant and predictable. When smectites and smectite-rich mixed-layer clays

| are the most comon, * ock properties can be unpredictable and are subject to
change by reaction with pore fluids. Other minerals that are present are len
likely to have a widespread effect on shale properties.

Environments of Deposition of Shale
3

i
!

Shale and related rocks are found in sedimentary units of both
continental and marine origin. The accumulation of fine-grained sediment
requires an abundant source of clay size fragments generally derived from the t

: chemical weathering of landmasses and a substantial reduction in the coarser

1 fractions through either sorting by a turbulent current (streams, surf, wind,
etc.) or rapid " dumping" of clays. Since such conditions can be realized in aj

multitude of different ways, beds or lenses of shales can be expected in
terrestrial environments (flood plains, lakes), near shorelines (lagoons,4

sheltered coves), on the continental shelf (the " normal" setting for shales),
'or in abyssal plains (turbidites, clays, oozes). Few shales are found without

other clastic sediments. When shales predominate, they usually give their
name to a stratigraphic unit: for example, Chinle Shale is a term sometimes

used to describe a Triassic unit of the Colorado Plateau which also contains
lenses of sandstones and conglomerates.

Large accumulations of shales are found in terrestrial environments (a
classic example is the Green River Shale (Middle Eocene), which has a
thicknm of 2100 m), but marine shales are usually thicker, especially in
areas c iigh subsidence rates and minimal deformation, such as miogeoclines
and stat i continental margins.

|
:
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|
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Diagenesis of Shale

'

Shale undergoes profound changes between the time it settles as a sof t
sediment and the time it acquires the appearance of a rock. This " curing"
process, or diagenesis, is quite complex: water is expelled by compaction, [

new minerals form, grain-size changes, the composition of pore fluids is

| modified, and occasionally, pores are filled with silica or calcite. The
,

i following discussion deals mainly with the diagenetic effects which may affect

| the hydrologic properties of shale.

!Compaction. The effect of compaction on the hydrologic properties of shale
has been well investigated (Smith, 1971, 1973; Magara,1973). Because of the

low permeabilities of clays, rapid burial of clay-rich sediments may result in
a build-up of fluid pressure, leading to abnormal porosity / depth '

relationships. Smith and Masara, using similar approaches, showed that these,

abnormally high pore pressures can persist for tens of millions of years, a
f act also observed by Magara in the Upper Cretaceous shale of Canada. Smith

(1971) has presented tables listing calculated variations in porosity,*

permeability, pressure, water velocity, etc. These calculated figures suggest,

that during compaction permeability increases in general (ip to tenfold) whilej

porosity decreases. However, Smith's assumptions about initiali

I porosity / permeability relationships disagree with the seemingly more accurate
estimates of Magara (1973). There seems to be a consensus that compaction *

overpressures are unlikely to extend into the Paleozoic strata.

Mineralogic Changes. Under the conditions of pressure and temperature likely
to prevail in a depositional basin (less than 10 km deep, less than 200 C),

! the changes in mineralogy affect mainly the smectites and illite / smectite

f mixed-layer clays. According to Powers (1%7), smectite undergoes dehydration

| and begins to change into illite at a depth of 2000 m; he found that the
- reaction is complete at about 3500 m. More recently, this transitional

process was thoroughly investigated by Hower et al. (1976), Aronscn and Hower

! (1976), and Yeh and Savin (1977). Results show that, between 1400.and 3800 m

j and at temperatures between 44 and 100 C shales from the Gulf Coast area
' exhibit a progressive enrichment of illite (from 20%_to 80%) in the .

! illite / smectite mixed-layer clays. -No.further change occurs until about

1

7
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07500 m (about 200 C), where both the remaining smectite and the illite
disappear, and shales evolve into an assemblage of dioctahedral mica
(muscovite), chlorite, albite, and quartz. The initial change follows the
scheme

smectite + K+ + Al+3 + illite + Si+4 + H O
2

and is not reversible. The potassim and aluminurn are supplied by potassium
feldspar, calcic plagioclase, and kaolinite, which show a conspicuous
disappearance at depth. The reaction is further complicated by a loss of iron
and magnesium.

Diagenetic changes that affect mineralogy have a tremendous impact on the
hydrologic properties of shale. Decreases in the smectite content lower the
variability in the plasticity, ion exchange characteristics, hydration-
dehydration characteristics, semipermeable behavior, etc. Water release,
increased compaction, silica release, and silicification may be equally
important in some cases (Towe, 1962). The extreme conditions needed to
eliminate completely the mixed-layer clays are not comon, except perhaps in
deeply buried (hence of ten the oldest) shale, such as the argillites of the
Precambrian Belt Series of Montana and Idaho (Maxwell and Hower,1967).

There is compelling tvidence that a relationship, perhaps unrelated to
burial, exists bet Aen clay mineralogy and the age of the shale. Kaolinite-
and smectite-rich mixed-layer clays are more common in Cenozoic shale, whereas
chlorite and illite predominate in pre-Mesozoic clays. This difference may
reflect variations in the source material, differences in burial depth, or a
dependence on the rate of reaction for diagenetic changes. The two latter
possibilities cannot be easily distinguished, but Hower et al. (1976) have
concluded that burial metamorphism is at least partly responsible for
age-related differences. They found that recent clays (which underwent
shallow burial) contain 30% illite, that Cenozoic and Mesozoic clays (buried
to variable depths) contain between 30% and 65% randomly stratified illite,
and that pre-Mesozoic clays contain 65% illite with ordered
interstratification. Similar age-related changer are found among other

| minerals. Such changes include the progressive disappearance of carbonates,
ca'cic plagioclase, and potassium feldspars and the progressive increase in
quartz and albite.

8
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Changes in Pore Fluids. The composition of pore fluids in the early stages of
,

burial is the same as that of the environment of deposition: fresh water or
lake brine for terrestrial sediments and seawater for marine deposits. Later,

:

interactions with the surrounding rocks occur: the transformation of smectite
into illite decreases the potassium / sodium ratio, and the Eh and pH undergo

changes which affect the concentrations of S0-23,HS,NH{,andN0~3 As
2

the ion exchange sites on the clays become saturated, the shale acts as ai

semipermeable membrane. The resultant osmotic pressures have been observed to

modify predicted patterns of fluid flow by their effect on hydraulic gradients
,

(Berry,1959).
The permeability of shale is likely to be affected during reactions with

pore fluids, but precise data are once again scanty. Samuels (1950) showed

that the dissolved ions (notably their charges) affect permeabilities (the
higher the charge, the greater the permeability). Smectites are more affected
than kaolinite (Fig.1-1); permeability ratios (Al/Na) are 0 and 3.5,
respectively. It is important to note that, although permeabilities decrease
with pressure, their ratios appear to remain constant. In terms of its
sensitivity to dissolved ions, illite would presumably lie somewhere between
smectite and kaolinite. A reasonable guess would be that the ionic
substitution effect would be reduced during the illitization of smectite-rich
sediments. Another guess would be that the permeability of shale can increase

l if different ions are introduced by ground water movements.

! Cementation. Since the illitization of clay is a possible source of soluble
silica (Towe,1962), drastic drops in porosity and permeability can be

| expected during burial. If such changes were to take place, however, they
would produce anomalous porosity / permeability relationships. Obviously, a

( silicified shale could also yield rocks of high fracture permeability, but

| such instances would be very difficult to predict.

! Other Changes. A consnon diagenetic change is the growth of larger grains at

! the expense of smaller fragments of the same materials. In shale the process
affects quartz and carbonates more often than clays, and it contributes to the

l filling of pores and the disappearance of plasticity. Locally, it may produce
a dense, massive rock in which later deformations may induce fracture
permeabilities much higher than those ordinarily found in shale.

9
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FIG. 1-1. Effect of ion adsorption on the permeability of two clay minerals:
(a) smectite (montmorillonite) and (b) kaolinite (from Samuels, 1950). In all!

! cases, clays are saturated with the indicated cations.
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To sum up, during diagenesis the physical, chemical, and hydrologic

; properties of shale can be modified by predictable regional factors--depth of
' burial, age, initial composition, etc.--or by local conditions which are more ,

! difficult to evaluate--osmosis, loss of plasticity, etc.
:

!

Major Shale Occurrences in the United States

;

f Shale appears on nearly all geologic maps of the United States. Many
units are thin interbeds in clastic sequences and, as such, offer limited

!

; potential for repository sites. Others, more suitable for such use, occur in
massive beds up to a thousand meters thick and have a wide areal extent.!

The thickest and widest shale units are Cenozoic and Mesozoic in age and

: are found mainly west of the Mississippi Valley. Believed to be the source of
many petroleum deposics, they have received more attention than the older
shale. A few widespread Paleozoic shales are found, mainly east of the Rocky
Mountains, and occasionally, thick Precambrian shales have been described in
scattered parts of the continent. The following major shale units are listed

i

in order of increasing age.

; Tertiary Shale. Shale of marine origin is found in the thick clastic wedges

| of California (Great Valley., Coast and Transverse ranges) and the Gulf Coast.

Its age ranges from Pliocene to Miocene in the Coast Range and to Eocene
elsewhere. Shale of continental origin reaches considerable thickness in the

I northern Colorado Plateau (Green River Basin of Eocene age).
|

|
j Cretaceous Shale. Shale of Cretaceous age occurs in several areas. Its

greatest extent is a vast blanket spread from the Colorado Plateau to the edge
4

| of the Appalachians and from the Canadian Rockies to the Gulf Coast. This
I broad unit has received various names: it is best known as the Pierre Shale

in the northern Great Plains and has been correlated elsewhere with such units
as the Adaville, Mentor, Benton, etc. Also, the thick Mancos Shale from the
Mesa Verde Wedge is partially contemporaneous with the Pierre Shale.

( Cretaceous shale is also found along the Atlantic Coast (Middendorf Shale) and

j in the Great Valley sequence of California.

11
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1

) Jurassic and Triassic Sha b. In contrast with younger groups, Jurassic and
Triassic shale is rather unconsnon. Occurrences include the continental shale
in the Colorado Plateau (Upper Jure.ssic Morrison Formation) and along the East

| Coast (Brunswick Shale in Triassic basins).

j Paleozoic and Precambrian Shale. A particularly persistent shale unit
occupies the Upper Paleozoic section between the Rocky Mountains and the East

*

Coast. It is best known as the Chattanooga Shale with other names being
approximate equivalents: Cherokee, Stanley, Hamilton, etc. However, this;

I unit does not have the same age everywhere (Clark and Stearn, 1968). Beyond

the limits of the Chattanooga Shale, a somewhat similar unit is found in the

Great Basin (eastern Nevada and western Utah). It is the Eleana Formation
i (Devonian-Mississippian), which is part of a thick flysch sequence in the

Antler Trough (Poole and Sandberg, 1977). Finally, a few instances of large
shale units have been reported in the Upper Precambrian; an example is the
Terrigenous Detrital sequence which occupies the same general area as the

Eleana Formation in the Great Basin and the Nonesuch Formation in the northern
Appal achi ans.

COMPILED HYDROLOGIC DATA

The following lists of hydrologic properties of shales are divided among;

six geologic regions (Fig. 1-2). Each list is preceded by a brief description
| of the geology of the region and a stratigraphic table designed to show the

position of the shales with respect to other geologic units.
; For each region, permeabilities, porosities, and densities are presented

first. Other parameters, for which fewer data are available are listed
; separately. Bibliographic references for the hydrologic data are listed in
i alphabetical order at the end of each section.
( In general, permeability values were changed into water conductivities at

15 C, assuming that 1 darcy is equivalent to 8.54 x 10-4 cm/s'(Davis and
Dewiest,1966).

|
|

|
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FIG. 1-2. Location of areas containing shales discussed in the table of
hydrologic properties.

Region 1: Pacific Coast, Great Valley, and Great Basin

The western edge of the American continent has been the site of
converging plate activity at least since mid-Paleozoic times. Activity
occurred intermittentiy until the Late Cenozoic, when subduction was replaced
by o combination of strike-slip movement along the San Andreas Fault system
and tensional deformation in the Great Basin (Atwater,1970). As plates were
constsned under North America, shale-rich sediments were laid down in a series

of linear basins more or less parallel to the present Pacific shoreline. The

oldest zone of deposition developed during the Paleozoic in an ares presently
located in eastern Nevada and western Utah; younger zones appeared in the

Great Valley of California and in the Coastal and Transverse ranges. The

following shales are associated with these zones.

13 )
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The Great Basin shales, which belong to the Terrigenous Detritale

sequence (Stewart and Suczek,1977) and the Eleana Formation (of

Eocambrian-Cambrian and Devonian-Mississippian ages, respectively). Stewart
{

and Suczek believe that their Terrigeneous Detrital sequence evolved during I

the early stages of the opening of the ancestral Pacific Ocean. The location
of this sequence is shown in Fig. 1-3. The Eleana Formation represents,
according to Poole and Sandberg (1977), a forearc assemblage of the Antler
geosyncline. Figure 1-4 shows its general location and thickness. The

stratigraphic of both shales of the Great Basin are included in Table 1-2.
e The Great Valley shales. These shales developed within a Mesozoic,

and perhaps Te, tiary, forearc basin which has persisted nearly unchanged until
the present. During that time alternations of shale and sandstone were
accumulated to thicknesses which locally exceed 10,000 m, mainly as
Cretaceous, flysch-type, Great Valley sequence. The Panoche Formation is an

' p_ .:

f $(

p
'i

~

;

' ,- .J.'

-

't

.._

;

FIG. 1-3. Map showing the location of the Cambrian Terrigenous sequence in
the Great Basin (from Stewart and Suczek, 1977). The stippled area shows the
zone where the thickness of the sequence exceeds 300 m.

i
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and Sandberg, 1977). Iscpacs are labeled in hundreds of meters.

i locally reaches thicknesses ofexample of a predominately shaly unit whit
Thebibliographicsearchundertakenforthischapterdidnotturnup6700 m.

parameter vsiues for this formation . Fur 49er search would be useful.
Cenozoic shale of the Great Valley is mucif thinner (less than 1000 m), but,
being associated with oil and gas fields, sche rock has undergone more
scrutiny. The many names of the shale fo[pations of that group (Eocene to

*

Pliocene) are shown in Table 1-3.

.
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e Coastal shale. This shale is Miocene and Pliocene in age and
represents western extensions of similar units in the Great Valley. It is

associated with hydrocarbon deposits. Examples of the structural style
characterizing the Great Valley and the Coastal Range are given in Figs. 1-5
and 1-6. Detailed stratigraphy is shown in Table 1-4.

Hydrologic properties for region 1 are given in Tables 1-5 and 1-6.
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TA8LE 1-2. Summary of Paleoroic rocks in the Great Basin (Eastern Nevada. Western Utah) (from $temert and Sucrek, 1977) Shafes
described in Tables 1 5 and 1 6 are followed by an asterisk.

Age Stratigraphic Unit Thickness, a Descriptiw

Persian Antler sequence 1500 Miogeosyncitnal timestones, dolaattes, and minor mudstone

Pennsylvanian Tipptpah Limestone approx 400 Massive limestone

Mississippian Eleana forination 1500 3000 Shales, sandstones, mudstones, and minor lir tones of the
Antler Flysch Trough

Devon 1an Upper

........ ......... _ __-__......Unconform1ty-

g
* Middle Nevada formation 450-1450 Stity dolomite

-Unconfore1ty. . . . . . . . . . . . . - -- ==-.-

Lorer Spotted Range Dolanite 50-500 Dolomite, dolomitic Ilmestone, with eine chert beds

51lurian Upper
;

Lower Ely Springs Dolomite 40-360 Massive crystalline dolomite

Ordow1cian

..........Unconforaity......___ =....-

Cambrian Upper Eureka Quartzite approx 1000 Mass se quartz 1te

Middle Antelope Limestone approx 1000 Limestone with a few interbeds of siltstone

Lower Terrigenous Detrital 6000+ 511tstone, carbonate rich siltstones, and fine.gratned
sequence * quert21te

Upperinost
Precambrian

I

t

- - _ - - _ _ _ . _ -- - - . -
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TABLE 1 3. Sunpary of rock units in the San Joaquin Valley area, Calif ornia (f rom Kirby,1943; Hachel,1966; Maher et al.,1975.) Shales
described in Tables 1 5 and 1-6 are followed by an asterisk.

Age Stratigraphic Unit Thtckness, a Description

Recent Alluvium 0-45 Poorly sorted, unconsolidated silts, clays, and sands and
pebbles

Pleistocene Tulare formation 0-915 Nonmarine: Contains Corcoran Clay member, interbedded non.
marine mudstones and pebbly sands

Pilocene San Joaquin 0-549 l Shale and interbedded clayey siltstone and silty sandstone
Formation *

Middle Etchegoin Formation *

Carmen Sandstone 394 Interbedded grayish green siltstone and feldspathic,
member glauconttic, fine. to medium-grained sandstone

Lower Tupman Shale member 406 Olive gray silty shale
N
O Miocene Upper Reef Ridge Shale * 56 176 Sof t blue clay shale, minor layers of sandy shale

.--Unconform1ty...................................-

Middle Monterey Snale*

fik Hills Shale 549-1000 Gray siliceous shale, siltstone, and minor claystone
Mcdonald Shale * 95 Massive brown silty shale
Gould and Devtlwater 59 235 3 Siliceous shale
Shale member * !g

Lower Temblor Formation * 457 Contains Media Shale member, alternating sandstone and shale
segaence

... Unconformity.................................-..

Oligocene Wagonwheel Formation 0-i52 Argillaceous sandy shale interbedded with sandy beds

Eocene Kreyenhagen 274 Fissile shales and fine. to coarse. grained arkosic sandstones
Formation *

Lobo Formation Shales, sandy shales, sandstones

Pal m ene

continued
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TABLE 1 3 continued.

Age Stratigraphic Unit Thickness, a Description

Cretaceous Upper Chico series
Moreno Formation 915 4- Interbedded organic shale and fine. grained sandstone

Panoche Formation 6708 ( Predaminantly shale with sandstone and conglomerate
Mudstone, siltstone, graywacke, conglomerate, and minorLower Shasta series 6098 xo

Itmestone

Jurassic Knoxville Formation 6098
~ Black, hackly, fracturing shales or mudstones; massive
g lenticular conglomerates

Franciscan 15,000+ 8U Graywacke, dark shale, volcanics, chert, Ilmestones,
K metamorphicsy
wW

=.........Unccnforaity.....................-_ --

Pre. Jurassic and
Palcoroic
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j 'ABLE 1-4. Summary of rock units in the California Coast ranges (from Page,1%6; Cunnings et al.,1%2; Kirby,1943.) Shales described
in Tables 1 5 and 1-6 are followed oy an asterisk.

Age Stratigraphic Unit Thirkness, a Description

! Pleistocene Terrace deposits 12 Interbedded coarse sand and gravels

Pito.Pleis'ocene Santa Clara 549 Poorly consolidated, interbedded conglomerates, sandstone and
.

Formation * mudstone !

r

Pltocene end. Purtstaa Formation 43 Sandstone, mudstone, siliceous mudstone and porcellantte,
Mio Pliocene voicenic standstones, diatomito, vitritic tuff s

!

Miocene Monterey formation * 2744 Light. colored, diatomaceous and siliceous shale and
N sandstones

Mindego Formation 610-1220 Complex interstrattfled basaltte volcanic rocks, mudstone, F

sandstone, and carbonates,

Oligocene vaqueros Sar.dstone 732 1372 Fine. to medium-grained arkoste arenite with interbedded shale
i

and mudstone

San Lorenzo Formation 3 % .823 Mudst,ne and shale

............ ......................... Unconformity

Eocere Sutano Sandstone Arkosic sandstone, including turbidite, with mudstone
interbeds |

Paleocene Logatellt Formation 76 244 Dark gray, massive siltstone

continued
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! TABLE 1-4 continued. |
r

i
i

Age Stratigraphic Unit Thickness, a Dascription
I
L

Cretaceous Upper Great Valley sequence ;

: Forbes Formation 640 Mudstone, interbedded siltstone and sandstone
i

Guinda Formation 335 Arkoste sandstone (turbidtte) |

Funks Formation 457 Mudstone, minor sandstone ;

Sites Fomation 162 Arkoste sandstone; mudstone and slitstone
yolo Formation 945 Mudstone, einor sandstone

Venado Formation 915 Arkosic sandstone (turbidtte); mudstone; local conglomerate

Fiske Creek 1220 Mudstone; minor interbedded siltstone; sandstone !
Formation

'O Lower .Brophy Canyon 457 Sandstone, mudstone, local conglomerate
'

,

Formation

,

Day's Canyon 1951 Mudstone and feldspathic sandstone (turbidite); mudstone !
! Formation [.

' Little Valley 1312 Mudstone and minor feldspathic sandstone (turbidite) t

Formation ,

i Crack Canyon 1098 Mudstone, minor arkose, conglomerate lenses t
*

Formation

i

Jurassic Upper Knoxville formation 2165+ Mudstone, shale, graywacke, conglomerate lenses, basalt ,

breccias and flows, detrital serpentine
' Franciscan Formation - 15,000+ Graywackes, shales, volcanics (ptllow lavas), chert, t

core limestone, met eorphics=

i . k
Cretaceous ! Granitic-met eorphtc' f

core,

h Granttic plutons Quartz diertte, grandodtorite, adamellite, 69-110 m.y.
*

.-

3 i
,

O Sur series Gnetsses, schists, quartaltes, marbles and granulites;paleozoic (7)d

metamorphic miogeoclynal equivalents'

i |

! t
I

b

t
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TABLE l-5. Hydrologic data for region 1: Pacific Coast, Great Valley, ano Great Basin.

Hydraulic conductivity,
Porosity cm/s

Geologic Depth, Number of
setting Age Locality a samples Av. Max. Min. Av. Max. Min. Ref. Method

Stits Recent Santa Barbara 1 79 6E-12 2 Graphical
clays,and basin off S. 2 77 3.9E-12Calif.

3 75 1.7E-12
4 74 7.7E-13
5 73 6.0E-13

Core-hole Recent- Santa Clara 4 Porosity: (d) dry unit

$ 75/1E-16C6 Pitocene Valley, Calif.b specific weight (s) measured,
''''''I#* then calculatedClayey stit 70.1 42.1 2.8E-8 from equation

Clayey stit 18.7 40.9 9.4E-9(Hh ra (sd/s)(1005)
Cl w y silt 84.0 al.8 3.3E-7(V) Permeability: measured using

1.9E-7(H) both a constant. head permea.
ww 5 es et h medt eClayey slit 101.9 40.7 9.4E-9(H) to high permeablitty and a

Stity clay 122.4 43.0 1.4E-8(V) variable-head permeameter for
4.7E-8(H) $aspies with low permeability

Clayey stit 247.5 40.9 4.7E-7(H)
Clayey stit 277.0 34.8 9.4E-9(V)

1.4E-8(H)
Clayey stit 285.9 40.8 4.7E-9(V)

9.4E-8(H)

_
continued

" Analysis of 100 cores,
baay sediments and Santa Clara Formation (boundary not located on cores). H = hortrontal hydraulic conductivity; V = vertical hydraulic

conducttv1ty.



- _ - - .- - _ _ _ . _ _ ___ _ _ _ _ __ _ -

t

TABLE 1-5 continued.

Hydraulic conductivity,
Porosity cm/s

Geologic Depth, Na ber of
setting Age Locality a staples Av. Mar. Min. Av. Max. Min. Ref. Method

Core-hole Recent- Santa Clara 4 S " ** #D ''

65/2W-24C7 Pliocene Valley, Calif.b

Clayey silt 15.3 40.8

Clayey silt 21.9 39.3 4.8E-5(v)
4.8E-5(H)

Silty clay 27.6 44.7 2.4E-5(V)
3.8E-5(H)

Stity clay 43.1 40.5 1.9E-5(V)
3.3E-5(H)

Silty clay 48.8 43.4 9.5E-5(V)
9.5E-5(H)

Clayey silt 54.4 41.0 1.9E-4(V)
9.5E-5(H)

Silty clay 58.4 36.8 2.8E-8(V)
3.3E-8(H)

Silty clay 67.9 43.4 1.9E-7(V)
4.7E-8(Hi

Clayey slit 93.7 37.1 9.4E 'gv)
1.9F 8(H)

Clayey silt 100.7 37.6 3.8E-7(V)
4.2E-7(H)

Clayey slit 124.5 36.4 4.9E-9(V)
1.4E-7(H)

Clayey sitt 139.8 39.3 4.7E-8(V)
2.4E-7(H)

continued

b8ay sediments and Santa Clara Formation (boundary not locaty on cores). H = horizontal hydraulic conductivity; V = vertical hydraulic
conductivity.

_ _ - _ _ --



_.._... __ _ -.______.________ _ _ _ _ _ _ . - ____ . . _ _ _ . . _ _ _ . _ _ . ,_ _ . _ . _ . . _ _ - __ _ - . . _ _ _ . _ . _ _ . _ _ . . _ ,

t

!

r

!

TABLE 1-5 continued. j

!:

a'
Hydraulic conductivity,

Porosity cm/s
,

Geologic Depth, humber of
i setting Age Locality a samples Av. Max. Min. Av. Max. Min. Ref. Method

(Core-hole
65/2W-24C7)

-Clayey-slit 166.3 38.5 1.4E-8(H) ;

Clayey-silt ' 171.8 39.9- 9.4E-8(V)
9.4E-8(H)

511ty-clay 218.3 37.8 3.3E-8(V) [
2.4E-8(H) ;

Silty-clay 227.2 44.9 2.4E-8(V)
.@ 4.7E-8(H)

'

1.9E-8(V'Clayey-sitt 247.6 37.4
4.7E-8(Hj

.

i

Silty-clay 263.8 40.1 9.4E-9(V) v
3.8E-8(H) ;

Clayey-silt' 266.0 31.4 9.4E-9(H) I

Silty-clay 274.5 39.4 1.9E-7(H)r

Clay 281.7 43.7 1.9E-7(V)
'

3.3E-7(H) ,

i

i

Core-hole' Upper Plio- Tulare-Wasco 4 Same as above t

24/26-36A2 cene to area, Calif.C
Pliocene (?) i

Clayey-slit' 257.2 N/A 48.9 1.4E-7(V) !

!Sitt 259.9 N/A * 46.0 2.8E-7(V)
continued !

t

CMarine strata. I

S

|

l

t

.
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TABLE 1-5 continued. .

!

| |Hydraulic conductivity.'
Porosity cm/s

Depth, haber of |,

!
Geologic

. Locality a samples Av. Max. Min. Av. Max. Min. Ref. Method
setting Age ,o

4

I (Core-hole
'

24/26-36A2)
Clayey-silt 279.5 46.9 2.8E-7(V) |

Stity-clay 316.1 50.2 1.9E-7(V) f
;

'

{.

Core-hole Pleistocene Tulare-idasco " 3 *"' "' 'N ''

23/25-16#1 to upper area. Calif.d [

Pitocene

Clayey-stit 87.T $0.7 1.9E-8(V)
2.4E-8(H)

; y
Clayey-stit 89.9 61.0 1.9E-8(V)

1.9E-8(H) j
Clayey-silt 104.7 39.5 4.7E-7(V)

1.9E 7(H) 6

4

4 Same as abweCore-hole Pleistocene.'Los Banos-
;

.
14/13-1101 to Upper KettlemanHijls '

1 Pliocene area, Calif.

! Stity-clay 131.8 42.8 3.3E-9(V)

Silty-clay 155.7 47.3 9.4E-9(V)

4 Same as aboveCore-hole Pleistocene Los Banos-
16/15-34#1 to Upper Kettleman Hijls

!Pliocene area. Calif.
* Cla ey-stit 154.8 42.9 9.4E-8(V)s

Clayey-stit 155.4 48.4 2.8E-7(V) ,
'- '

1.8E-h )
Clayey-silt 160.4 47.9 9.4E-8(V)'

1.8E-7(H)
continued

dCorcoran Shale.
i

I

,

I
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TA8t.E l-5 continued.
i

4
-

Hydraulic conductivity,
Porosity cm/sGeologic Depth, Number of

*
setting Age Locality a samples Av. Max. Min. Av. Mas. Min. Ref. Method

Core-hole Pleistocene Los Banos- 4 Same as at.0ve19/17-22J1,2 to Upper KettlemanHijls
Pliocene area, Calif.

Clayey-stit 237.5 42.9 1.9E-8(V)
,

Clayey-stit 247.1 43.4 2.4E-7(V)
3

i

Etchegoin Pliocene Naval Petroleum 6 Self-potential lag and coreFormation * Reserta #1, Elk analysis
Hills, Calif.

I Buliminella 1225- 14 28 32 24 IE-2 6.8E-2 0m' silt zone, 1236

Well 324-19R 1238- 60 (all wells = 0)
1136

Reef gidge Middle to Naval Petroleum 1439- 13 (all wells = 0) 6 Same as aboveShale late Miocene Reserve #1, Elk 1482
Hills, Calif.

i

Monterey Middle to Raval Petroleura 6 Same as aboveShale and late Miocene Reserve #1, Elk
Stevens all Hills, Calif.
zone

N-zone 9

358-22R 2220- 4 17 20 15 1.lE-2 2.3E-2 4E-3
2221 .

]378-!'R 2095 2 (all mells = 14) 3E-4 0
.

cont istued
d ,

corcoran Shale.
'Tupman Shale member; olive gray silty shale beds.!

I8cown clayey and silty shale beds.
9
8ronn to gray diatomaceous slitstones and lesser amounts of brown to gray, silty, partly siliceous shale, and very fine to medita-gratnedsitty sandstone.

4

4
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TABLE 1-5 continued.

,

Hydraulic conductivity,
1

Porosity cm/s i

Geologic Depth, Number of
! setting Age Locality a samples Av. Max. Min. Av. Max. Min. Ref. Method

i

I
,

(Monterey '

Shale and
Stevens oil.

zone)
hA-zone

342-3G 2139- 8 20 25 14 2.2E-2 7.3E-2 0
2150

362-3G 2125- 20 29 12 1.1E-2 3.6E-2 0
2143

! m
382-3G 2140- 20 15 19 12 1E-3 6E-3 0*'

2153
!

343-M 1984- 9 16 20 11 6E-4 4E-3 0

2044

382-M 2055- 16 15 21 8 3E-3 1.1E-2 0
20G7

378-22R 2099- 50 17 26 12 1.9E-2 3E-1 0
2204

322-254 1647- 19 16 23 8 2E-3 1E-2 0
1704

312-26R 1%2- 3 20 23 14 1.4 E-1 3E-1 IE-3
1%3

344-26R 1830- 10 19 26 13 5.2E-1 1.9E-1 0
1876

526-28R 1571- 5 ?.3 25 18 2E-3 6E-3 0
1576

continued

8rown to gray, diatomaceous, partly sandy dolomitic siltstone interbedded with broun to gray, silty, mostly siliceous shale; gray, silty,'h

very fine-grained sandstone in beds 1-4 ft thick; and same thin layers of dolomite.
.

_ - _ _ _ _ _ _ _ . _ - _ _ _ -



_ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ . . . _ , _ _ _ _ _ _ _ _ . . _ _ . . _ . . _ _ _ _ . . . . . _ _ . _ _ _ _ _ _ . . _ _ _ _ _ _ . . _ _ _ _ . . - . _ _ _ . _ . . . . _ . -

i
t
,

[
,

+

!
!

6

!

|

i I

taste 1-5 continued..

)
,

Hydraulic conductivity,t

Porosity en/sGeologic
. Age Locality a samples Av. Max. Min. Av. Max. Min. Ref. Method

1

Depth, Number of
setting

(Monterey
Shale and
Stevens oil r

'
zone)

| (A-rane)
.

344-305 2241- 14 14 - 21 9 IE-3 SE-3 0
.

2280

542-315 1530- 5 23 30 7 2E-3 SE-3 0 i
*

g 1537

366-325 1706- 33 14 23 10 1.4E-2 7.1E-2 0
1757

i

388-325 1866- 7- 18 19 16 4E-5 2E-3 0
,

1890
386-335 2076- 13 18 23 10 SE-3 2.2E-2 0'

2006

337-345 2020- 2- 16 19 13 - 3.5E-5 IE-3 0
20214

344-345 2137- 17- 17 20'- 13 3E-3 1.5E-2 0
2152

326-355 2027- 19 . . 17 22 11 4.6E-3 6E-3 0'

2043
j

344-355 2090- 8- 17 26 13 5.9E-2 2.5E-1 6E-3
2095

-364-355 2166- 7 19 21 16 1.2E-2. 4.5E-2 0,

2172 i

17 14Z 1513- 8 24 29 19 2E-3 1.1E-2 0
1518

continued
a

&

_. , - _ , _ _ . -.-- . , . , - . - .-- - . _ __ _ . _ _ _ .__
i
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TA8tE 1-5 continued. ;i

! |Hydraulic conductivity,
L'

Porosity cm/s

Geologic Depth, Number of
setting Age Locality a samples Av. Max. Min. Av. Max. Min. Ref. Method ;

(Monterey
.

Shale and
Stevens oil

| zone).
I! 8-zone

[
342-26 2218- 415 22 32 9 7.5E-5 7.9E-4 0 r

2420
a

342-3G 2152- 413 23 33 8 1E-4 8.7E.4 0 ~ r
;

2326' 'w
" 382-3G 2168- 402 22 29 12 1.8E-4 1.2E-3 0 t

|2346
[

343-4G 2064- 247 22 29 14 9.8E-5 7.9E-4 0
2221

346-4G 2211- 121 17 26 6 3.6E-5 3E-4 0
;

2334

382-4G 2118- 355 22 30 11 9.8E-5 1.9E-3 0-
2284

'321-5G 1830- 178 22 29 13 IE-4 6.1E-4 0
1940

362-5G 1976- -145 23 29 14 6.5E-5 6.9E 4 0
i

2063
i

342-6G
- 2205- 2 15 16 14 3.4E-6 4.3E-6 2.6E-6

2206 i

3 342-66 2236- 3 13 14 12 5.1E-6 1.1E-5 1.7E-6
2237-

,

362-6G 2141- 3 19 21 18 9.4E-6 1.7E-5 8.6E-7 j-
*

2145

322-23R 2709- 28 8 14 8 2.9E-7 6.6E-7 0 t

2719
continued i

i

Interbedded broun to gray diatomaceous siltstone; broun to gray, silty, mostly stitceous shale; and very fine grained silty sandstone, i

i
f
i

,

,
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TA8tE 1-5 continued.

.

Hydraulic conductivity,
Porosity cm/sGeologic Depth, Number of

setting Age Locality a samples Av. Max. Min. Av. Max. Min. Ref. Method '

(Monterey
Shale and
Stevens oil ,

2one)
| (B-zone)

388-23R 1876- 120 23 30 16 3.5E-5 5.5E-4 0
1991

322-25R 1711- 63 21 26 12 1.6E-5 1.8E-4 0
,

,w 1771"
335-25R 1641- 75 22 32 16 2.5E-5 1.8E-4 0

1700
348-25R 1679- 60 23 31 14 3.0E-5 1.2E-4 0

1767

362-25R 1842- 70 22 30 11 1.4E-5 9E-5 0
1909

368-25R 1589- 6 21 26 17 5.8E-5 1.5E-4 8.6E-6
1685

382-26R 1687- 115 21 29 6 2.1E-5 5.4E-4 0
1777

382-26R 1813- 56 21 27 13 3.3E-5 2.6E-4 0 I
1912

526-28R 1634 1 20 1.2E-5
526-2m 1656 1 25 1.9E-4

; 382-34R 2482- 18 13 19 7 3.6E-7 2.6E-6 0
2529

362-36R 1668- 65 23 32 17 5.9E-5 4.5E-4 8.6E-7
1771 *

326-305 1740- 63 24 31 14 1.4E-5 7.6E-5 0
1830

l

I

continued '

f

i

t
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TABLE 1-5 continued.

Hyorawlic conductivity,
Porosity cm/s

Geologic Depth, hsaber of ,

setting Age Locality a- samples Av. Man. Min Av. Man. Min. Ref. Method r
?

,
'

t

(Monterey !'

Shale and l
Stevens oil '

zone)
,

.:,-z one ) !

333-30s 1953- 4 17 20 14 1E-5 2.7E-5 2.6E-6
'

2025

322-315 1588- 70 21 29 11 2.3E-5 1.1E-4 8.6E-7 ,

1663 7w !

325-315 1716- 50 22 29 17 1.1E-4 4.5E-4 0"~
1769

366-315 1661- 103 25 36 15 8.6E-4 9.7C-4 0'

1740
a i

384-315 1644- 46 21 27 15 1.8E-5 6.2E-s 8.6E-7
I

1753
I,

388-315 '1860- 79 21 28 11 3.5E-5 5.4E-4 0
1993

542-315 1586- 33 29 35 15 9.7E-5 1.6E-3 0 .

1628 |

322-325 1842- 33 18 23 10 - 1,1E-5 9.9E-5 0 [

1917
-

326-325 1680- 119 23 30 14 4.9E-5 7.1E-4 0 ,

1752 f
L

366-325 1757- 183 17 29 8 EE-5 3.6E-4 0 ;

i,

1877 ,

384-325 1940 168 21 29 5 2.6E-5 1.6E-4 0
.)2069

388-325 1902- 193 22 29 17 4.6E-5 5.8E-4 0 ,!

2005
cont t rwed

,

I |

>

r
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TABLE 1-5 continued.

Hydraulic conductivity,
Porosity cm/sGeologic Depth, Number of

setting Age Locality a samples Av. Max. Min. Av. Max. Min. Ref. Method

(Monterey
Shale and
Stevens oil
zone)

(8-z one)

348-335 2005- 212 22 29 9 1.2E-4 3.9E-3 0
2122

386 335 2087- 274 21 28 10 6.lE-5 1.3E-3 0
2230

337-34S 2070- 1 15 5.lE-6
$$ 2071

337 345 2092- 271 22 29 15 1.4E-4 4.1E-3 0
2198

344-345 2153- 130 18 25 13 5.1E-6 8.5E-5 0
2226

366-345 2036- 268 21 28 5 IE-4 7.3E-4 0
2184

384-34 S 2091- 242 18 24 12 2.9E-S 2.1E-4 0
2220

326-350 2046- 437 21 30 5 8.9F-5 9.8E-4 0
2220

344-35S 2104- 218 21 28 11 1.2E-4 1.8E-3 8.6E-1
2271

366-355 2117- 3 98 21 30 6 5.1E-5 4.9E-4 0
2297

384-355 2212- 206 18 29 8 7.7E-5 6. 7E-4 0
2341

324-F.T 2588- 179 19 24 5 9.4E-6 2.4E-4 0
2747

343-31T 2637- 22 20 25 13 4.7E-5 4.8E-4 8.6E-6
2667

cont inued



TABLE 1-5 continued.

Hydraulic conductivity,
Porosity ta/s

Geologic Depth, Number of
setting Age Locality a samples Av. Max. Min. Av. Max. Min. Ref. Method

(Monterey
Shale and
Stevens oil
zone)

lC-zone

3A3-4G 2223- 27 18 22 14 4.3E-6 1.4E-4 0
2250

362-25R 1915- 12 21 26 18 3.6E-5 1E-4 1.7E-6

1922ca
382-26R 1788- 5 22 26 13 5.1E-6 1.6E-5 0

1812

386-26R 2046- 28 23 29 9 4.7E-5 1.7E-4 0
2070

122-36R 2019- 56 21 29 14 2.6E-5 1.6E-4 8.6E-7
2148

362-364 1772 10 16 24 11 5.1E 6 3.3E-5 0
1785

322-325 1934 1 15 8.6E-7

366-325 1912- 9 20 24 14 IE-5 2.8E-5 0
1918

326-355 2222- 9 15 21 10 1.7E-6 6E-6 0

2295

324-31T 2750- 252 16 24 5 1.2E-5 4.7E-4 0
2885

-
c oa'inuea

IGray, partly siliceous shale that includes some interbedded diatomaceous siltstone, some thin sandstone, and dolonite layers.

_ _ - .
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TABLE l-5 continued.

Hydraulic conductivity,
Porosity cm/sGeologic Depth, Number of -

setting Age Locality e samples Av. Max. Min. Av. Max. Min. Ref. Method

(Monterey
Shale and
Stevens oil
zone)

kD-zone

368-254 1794- 4 22 25 20 5.3E-5 1.4E-4 2.lE-5
1795

366-325 1%2- 5 14 19 11 4.3E-6 8.6E-6 0
1977

I
DD-zone

368-25R 1898- 53 21 31 15 3.3E-5 4.7E-5 0$ 1934

382-26R 2003- 115 20 27 8 2.9E-5 3.5E-5 0
2059

E- z one* * "'

343 4G 2486- 26 15 21 6 4.3E-6 1.5E-5 0
2501

343-4G 2636- 78 18 23 11 1.7E-6 1.lE-5 0
2692

343-46 2736- 41 14 17 11 3.4E-6 9.u-6 0'

2764

382-26R 2060- 33 18 26 12' (all wells = 0)'

2071

524-315 1870- 5 18 22 16 4.3E-6 1.5E-5 0
1973

continued
Not specified.

I
Brown to dar k silty shale, dark-gray siltstone, and in the lower half, some light gray silty sandstone.

beditan to dark gray siliceous and cherty shale abundant in lower part.
" Medium to dark gray partly sandy siltstone abundant in middle and upper parts.
'Several thin beds of fine-grained sandstone present in upper part.
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TABLE 1-5 continued.

Hydraulic conductivity,
Porosity cm/s

Geologic Depth, Number of
setting Age Locality a samples Av. Max. Min. Av. Max. Min. Ref. Method

6
Mcdonald Miocene Naval Petroleum
Shale of Reserve fl. Elk

Plor.a1 usage Hills, Calif.

343-46 2885- 98 18 24 12 8.6E-7 1.2E-5 0
2927

343-4G 2954- 24 11 16 3 5.1E-6 8.6E-6 0
2976

556-25R 2129- 18 10 12 8 1.7E-7 0
2154y

6
Gould and Middle to Naval Petroleum
Devilwater late Miocene Reserve #1, Elk

9Shale ammber Hills, Calif.

556-25R 2166 2 7.5 8 7 8.6E-8 0

6
Temblar For- Oligocene Naval Petrole m
mation, Medip to early Reserve fl. Ett
Shale member Miocene Hills, Calif.

556-25R 2251- 8 19 22 17 6E-8 8.6E-7 0
2263

continued

PMassive brown silty shale.
'Silicecus shale sequence.
" Dark, silty, foraminifera1 shale, cherty shale, fine-grained sandstone.

_ - - . _ _ _ _ _
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TABLE 1-5 continued. i

!,

! Hydraulic conductivity,
Porosity cm/sGeologic Depth, Nisaber of

. setting Age Locality a samples Av. Max. Min. Av. Max. Min. Ref. Method

Temblor For . . Oligocene Naval Petroleum
6mation,Santgstoearly Reserve fl. Elk

Shale member Miocene Hills, Calif.,

556-25R- 2154 2 20 20 1.6E-5 1.8E-5 1.4E-8
- 555-30R 1140 1 4 0

'

Fractured Miocene. Santa Mvia 6 (8.6E-3 3E-2 10,11 Empirical determinationshale reser. (Monterey) district,
to 1.3E-3) from production rates '

4

;
I $ voirs(cherty Calif.'

shale) history

Shale - Middle San Luis Obispo 3.4E-10 3 Streaming potential and $PMiocene County, Calif.
log"

.

.

Shale in . Miocene. . South Coles 2876- 1 8.0 8.6E-8 7 Estimated from region 1 data'Stevens sand' Levee Field, .2877
Calif. '

,

!

' . Tamble for- Middle Kettleman 1905- (many) 13 7artton - Miocene ~ . Hills, Calif. -2844 '

continued 5S
light gray -to tan and dark brown shale and siltstone.

.t
Fracturing the result of shrinkage during chemical changes.

" Measured using a 0.2N MaC1 solution.
'' Calk density, -

s

1
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TABLE l-5 continued.
I

_._

Hydraulic conductivity,
Porosit/ cm/s

Geologic Depth, NJnber of
setting age Locality a samples Av. Max. Min. Av. Man. Min. Refa Method

i

Shale Sn-3 Upper Kettleman North 6833- 1 2.9E-11 5 Measurements made on dis-

Miocene Dame oil field, 6838 aggregated shale.in lab"
Calif.

f Snale Sh-6 Upper ' Kettleman North 6833- 1 4.9E-12 5 Same as above 6000 psi ;

Miocene Dome oil field, 6838 compaction pressore
Calif.

Shale Sh-9 . Upper 'Wettleman North 6833- 1 8.1E-3 5 Same as above, 9000 pst .

'

i Miocene Dome oil field, 6838 compaction pressure
i Calif. ,

.

h$ Salings- Miocene Goleta Landing, out- 33.3 8.7E-4 8 Estimated from region I data
shale Calif. crop #

-

t
'

Kreyeghagen Upper North Seiridge. 3.9-4.3 1

shale Eocene- Calif.
Oligocene

!' i

Solid shale . Middle Rio Vista 25 9 Lacoratory estimate
t

body rith a Eocene field, Calif.

few fingers of
light.qtz Sand *#

,

!

Terrigenous ' Canbr i an, Yucca Flat, ID 2.0 3.6 0.7 9.5E-11 3.3E 10 3.3E-11 13 Eff ective porosity: mercury ;
'

Detrital uppers st Nev. injection or water
bb saturation methodssequence Precambr ian Permeability: lab test'

+

PMeasured at 3000' psi compaction pressure.'

3 3Censity: 1.78 g/cm dry; 2.11 g/cm satd. YDips 55 5, thin stratum.
3 3# ensity: 2.56-2.63 g/cm dry; 2.60-2.67 9/cm sat.D

''An elongate dome trending NW-SE, with a very complicated f ault pattern (Midland 5 zone).
bbSiltstone and ergillite f rom well 89-68.

| s
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-- - _ _ _ _ - . - . - - -

f

'

TABLE 1-6. Other properties for region 1.

Flow rate,
Formation Age Locality Ml/h-1000 psi Ref Notes

Shale Upper Kettleman North 5
Miocene Dome oil field,i

Calif.,

Well iE5(29-21-17)
! Sh-3 6.4 Measured in lab at 3000

psi compaction pressure
| Sh-6 12.1 Measured in lab at 6000

psi compaction pressure
Sh-9 2.25 Measured in lab at 9000

psi compaction pressure

,

I

|

!

40
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Region 2: Rocky Mountains and Colorado Plateau

| The region occupied by the Rocky Mountains and the Colorado Plateau

corresponds to the eastern edge of the North American cordillera. The area is '

part of a craton which felt the commotions of the continuous tectonic activity4

along the shores of the Pacific. The two zones responded rather differently:
the Colorado Plateau by isostatic motion and the Rocky Mountains as an
intracratonic folded mountain belt. During the Mesozoic, the Colorado Plateau
became a landmass where thick continental units were piled up; at the same,

!

time the Rocky Mountains occupied a zone of subsidence (e.g., the Denver
basin) where large amounts of marine sediments accumulated. With the close of,

the Cretaceous and folding of the Rockies the whole region emerged and became
a zone of deposition of continental shales rich in organic material (oil
shales) (Eardley, 1962).

Three shale units can be distinguished:
Triassic (Ankareh) and Jurassic (Morrison) shales are part of thee

! continental sequence preserved in the Colorado Plateau region.
e Cretaceous shales are of two types: continental in the Colorado

Plateau (Thermopolis); marine in the Rocky Mountain basins, extending into1

! adjacent regions. The most continuous of all is the Pierre Shale (Fig. 1-7).
Cenozoic shales are continental and belong to the oil shale group,e;

'

they are Eocene in age (Green River Formation).
Structural relationships involving these units are illustrated in

Fig. 1-8. The stratigraphy is summarized Table 1-7..

'

Hydrologic properties for the shales of the Ro;ky Mountains and the
i Colorado Plateau are compiled in Tables 1-8 :nd 1-9.
|

42
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FIG. 1-8. Structural sections showing typical relationships in the Colorado Plateau (top) and the Rocky
Mountains (bottom) (after Earley,1%2).



~ - -___ _ _ _ _ _ _ - - _ _ _ - _._

TABLE l-7. Sumary of rocky units in the Rocky Mountains, Colorado Platesa, and Great Plains (from Gill et al.,1970; Lee,1927). Snales
described in Tables 1-8 and 1-9 are f allowed by an asterisk.

Age Stratigraphic Unit Thickness, m Description

Pliocene Ogallala Formation 0-213 Interbedded sand, siltstone, clay, lenses of gravel, thtn
limestone, and caliche

.........................__..........-Unconformity
,

! Eocene Upg 'r Utnta Formatio.. 183 Mudstones, sandstones, marlstones, and t.;ffs

Mio le Bridger Formation 762 Marlstones, mudstone, claystone, sandstones, iuffs
*

Green River Formation 976 011 shale, marlstone, minor sandstone and limestone

Lower Wasatch Formation Carbonaceous shale, sandstone, conglomerate, lenticular coal
beds

*
Eocene to Fort Union Formation 1220 Alternating shale and sandstone; basal conglomerate
Paleocene

D= ** Paleocene to Lance Formation 230 Alternating shale and sandstone; lenticular sandstone beds
Uppe- Cretaceous

*

Cretaceous Upper Pierre shale ?t3 Massive gray shale, marine;
Niobrara formation 61 J , Fossiliferous limesto e

c,

Mancos Shale 915 2 3, e Marine shale
, o

Graneros Shale 61 g Massive, gray shale
*

Lower Monry Shale 46 Gray shales and thin-bedded sandstones
*

Thermopolis shale 213 Dark colored, flakey shales and shaly sandstones

*
Jurassic Morrison Formation 61 Variegated shale, irregular masses of sandstones, and few

thin layers of limestone

Triassic Ankareh Shale * ? Shale and sandy shale

................................____..-Unconformity

*
Permian Rustler Formatton 85 159 Anhydrite and rock salt with minor dolomite, sar,dstone, clay-

stone and polyhyalite
4

_ _ _ _ . _ _ _ _ _ _ _ _ ___
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TASLE l-8. Hydrologic data f or regior. 2: Rocky Mountains, Colorado Plateau, and Great Plains.
i

Den- Hydraulic conductivity,
No. sity, Porosity cm/s

Geological Depth, s am. (g/
setting Age Locality m ples cm3) Av Max Min Av Max Min Ref. Method

Lazert Forma- Eocene Southwest 7 Single and multiple holetion Wyo. permeability pumping
tests

Siltstone 6.8E-5 9.6E-6
Mudstone 1.0E-8

Green River Eocene Unitah 579.1- 4.4E-1 23 Based on transmissibility
Formation County, 901. 9 data

8$ Shale 579.1-Utah

985.7
Shale 579.1- 3.lE-7

860.2
.

Parachute Eocene Piceance 20 1.9E-3 5.9E-3 6.lE-4 21 Estimates of effective
Creek member, Creek basin, 22 porosity Desed on
GreenRivgr Colo. geologic e,timation of
formation salt amount originally in

place in leached zone.
Permeability based on
transmissivity pumping
tests.

continued

a"Oli shale"; Tmin * 7400 gpd/ft; Tma 50,000 gpd/ft; T = 10,000 gpd/ft. Thickness: max = 511 m, min = 400 m. permeability Highfractureporositycausedbyleachingofs=alts,remainingvo5dsweakened,a

o
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' TA8LE 1 8 continued.

Den- Hydraulic conductivity.
No. Sity. Porosity cm/s

(g'

cmf)
. Geological Depth, sam-

Av Max Min Av Max Min Af. Method
!

setting Age Locality a pies

7 i

Uinta and Eocene Piceance'

| GreenRive5 8'5'"-
f ormations Colo.

2.1E-4(H)Siltstone-
shale 2.1E-5(V)

2.1E-5(H)511tstone-
shale 3E-6(V) |

011 shale-- - 2E-3 Laboratory test t
'

4

Pentz zone I

Upper Para- 8 1.5E-4
+

chute Creeka
" 1.2E-5

.Mahogany

Lower Para- 8 2.1E-5
chute Creek ,i

Leached zone 6 2.8E-5

Garden Gulch. 2.3E-5

Silty carbo- -Eocene Northwest 1.2E-7 7 Laboratory test

naceous shale Colo.

7
Utnta and Eocene Piceance

;GreenRive5 885'"-
farmations Colorado,

shale 2E-6(H) Single and multiple hole
IE-6(V) permeability pumping i

tests

Siltstone- 1.5E-4(H)
shale 3E-6(V)

Shale 1.2E-5(H)
1E-7(V)

continued
i

b+205 accuracy; H = horizontal hydraulic conductivity. V = vertical hydraulic conductivity.

. - - _ _ _ - _ . _ - _ _ - _ . - - - _ .-- - .- - , . - . _ - _ _
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TA8tE l-8 continued.

Den- Hydraulic conductivity,
No. sity, Porosity cm/sGeological Depth, sam- (g

cm3')setting Age Locality a ples Av Man Min Av Max Min Ref. Method

Shale Cenozotc Piceance l' 1.86 1.5E-5 20
d* I 2.10 7.6E-6

Fort Union Eocene Rosebud dry 1.71 36.6 3Formation- County, sat 2.08
Mont.

dry 1.67- 23.5-36.9
[2,06

sat 2.04-
2.29 '

i~ ,

Fort Union Eocene Rosebud 128 Formation' County,
Mont.

Lebo Shale outcrop? I 2.07 21.2
member

Tongue River outcrop 2 1.87 30.2 36.9 23.5
member

'
Fort Union Eocene Rosebud 17
Formation County,

Mont.

Tongue River -1 2.06 23.5
member
(arenaceous4

shale)' i

Tongue River sub- 1 1.67 36.9 '
member surface
-(shale)'
Lebo $ hale 1 1.91 26.2
member
(Shale)

continued
C !n situ. Room permeability 1.3E-5 cm/s. d In situ. Room permeability 9.4E-6 cm/s.
' Values are for total porosity. !

?

i

._.
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TABLE 1-8 continued.

Den. Hydraulle conductivity,'

No. sity, Porosity cm/s
Geological Depth, sam- (gl

i setting Age Locality a ples cmJ) Av Max Min Av Han Min Ref. Method

Fort Union Eocene Rosebud dry 2.07 21.2 3
Formation, County, sat 2.28
Lebo Shale Mont.
member

Knight Eocene Afton quad, 3

Formation Wyo.

Sand clay dry 1.99 23.1
sat 2.22

511tstone dry 2.31 11.1-15.4
sat 2.44

b
* Lance Forma- Tertiary? Rosebud IT

tion Couty,
Mont.

Shale 1 1.65 40.1 2.3E-2

Tullock 1 1.92 29.8 7.2E-3
member.
(shale)

Graneros Upper Hamilton outcrop 2 1.98 24.9 25.2 24.6 IE-8 11 Melcher method
Shale Cretaceous County,
(511ptly Kan.
weathered)

Granego|.h upper Hamilton 923-926 1 2.39 11.6 4.5E-11 11 Melcher method
W ie Cretaceous County' 1202- 2 2.35 10.1 11.0 9.2 2.2E-11

. Kan. 1204

1367- 1 2.41 8.9 1.4E-11
1370

1462- 1 2.52 9.6 1.9E-11
1465

continued

# ansom mell. 9 Vertical succession. *Well cuttings.R

|

|

I
,

-
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TABLE 1-8 continued.

Den. Hydraulic conductivity,
No. sity. Porosity cm/s

Geological Depth, sam- (g
setting Age Locality a ples cm ) Av Max Min Av Max Min Ref. Method

(Graneros 1522- 1 2.45 8.7 1.7E-11
Shale) 1526

1626- 2 2.52 8.2 8.4 7.9 8.6E-12
1634

1657- 1 2.52 8.1 8.6E-12
1658

.

Shale Phillips 427 2 2.15 22.0 11

$ "}Y' 453 2 2.15 22.7 22.1 23.3n
785 2 2.31 17.1 16.5 17.8

Green Horn Upper Black Hills, approx 37.6 16
FormationJ Cretaceous Wyo, 1524

Niobrara Upper Black Hills, 1631 25.4
Formation Cretaceous Wyo.
(Beaver Creek
chalky member)g

Colorjdo Upper Bowdoin Dame, 10 1.3E-11 1 Measured
Shale Cretaceous Mont.

Upper Skull , Lower Third Creek 3 1.4 1.8 0.5 3.4E-13 15 Petrographic technioues
Creek member Cretaceous area, Denver

Basin, Colo.

continued
I dMari, 1 dip. Marl 10' dip, close to a fault.0 k
Phillips well,

I Sometimes referred to as a very fine grained, tight sand. Drillers log--producing Zone A shale.
" Highly variable, fine-grained units.
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TABLE 1-8 continued.

Den- Hydraulic conductivity,
No. Sity, Porosity cm/s

Geological Depth, sam- (g/
setting Age Locality a ples em3) Av Max Min Av Max Min Ref. Method

Cody Shale" Upper Powcer River 13 lE-5 13

Cretaceous Basin.
Wyo.

Shale Neves, 2155 9.5 5.lE-10 8 Streamfngpotentialand
Mont. SP log

Hovenweep, 1793 4.6 6E-12
Utah

Cretaceous Sydney, 12.7 3.4E-9
Neb.

U1
W

P
Bentonite Wyo. 1 34 4E-12 ? 4 Lab

9
Shale N.M. 1.7E-12 16 Lab

Shale Fallon dry 1.79 28.8 1.4E-8 7 3

Couat), sat 2.08
Mont.

Bentonite Utah 4.5E-8 15 Lab 'SF

Wyoming 34 3.4E-12

Wyoming 41 4.3E-12

Shale and Cretaceous Lane, 1415 7.0 2.5 5.3E-12 5.3E-13 9 Gami ray attenuatir.,n

siltstone Neb.
continued

" Thick, rippled..very fine grained sandstone and shale, enveloped entirely in gray shale.
* Conductivity values under "Av" were obtained with 0.02N Nacl; that under " Max" with 0.2N Nacl.

2P .5N Nacl solution as permeant; compaction load 2.76E10 dynes /cm .2
F 51 .2N Nacl solution as permeant. Sodium-water permeant, 7 psi. 40,000 psi load.0
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TABLE l-8 continued.

Den- Hydraulic conductivity,
No. sity, Porosity cm/s

Geological Depth, sam- (g(
setting Age Locality a ples cms) Av Max Min Av Max Min Ref. Method

Carlile Shale, Upper Weston approx 1 2.00 23.8 16
Turner $andy Cretaceous County, 1768

tmember Wyo.

Niobrara Upper Weston approx 1 1.99 7 ' .3 16
Fonnation, Cretaceous County, 1692
Sage Breaks " Wyo.
Shale member

$ Hilli aro Cretaceous Afton quad, outcrop? 1.98- 26. 1 13.8 12 Total porosity measured
Formation Wyo. 2.28
(shale)

Wayan Cretaceous Afton quad 12 Total porosity measured.
Formation Wyo.

Clay 1.8 25.3
Mudstone 1.9 28.6

Bear River Upper Afton quad 3
Formation Cretaceous Wyo.

Siltstone dry 2.47 7.4
sat 2.54

Shale dry 2.64 1.3
sat 2'.65

Frontier Upper Afton quad dry 1.89 22.1 3
Formation Cr accous Wyo. sat 2.11

continued
t 0 8Gray shale; dip 33 SW. uGray shale; dip 50 .S.
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TA8LE 1-8 continued.;

Den- Hydraulic conductivity,
,

No, sity, Porosity cm/s'

Geolostcal Depth. -sam- (g/,

setting Age Locality a ples em3) Av Max Min Av Mau Min Ref. Method,

;

Bearpaw Shale Upper Rosebud 1 1.57 41.1 17

Cretaceous County,
,

Mont.
;

Judith River Upper Rosebud 1 1.54 44.8 17

Formation ' Cretaceous County,
(sandy shale) Mont.

Mancos Shale Upper Black Mesa, 4.6E-6 4.6E-10 5 Hydrologiclaboratory
studies

m Cretaceous Ariz.,

ta

Clagget Shale' Upper Rosebud 1 1.81 36.3 17i

-

Cretaceous County, |

Mont.

.Cody Shale" 'Ipper Cebo oil . 220-404 2.53 9.1+1.7 2

Cretaceous field. Hot
-

Springs
-County, Wyo.

6

Mowry Shale * Lower Gebo oil 569-678 2.44 14.4+1.6 2

Cretaceous field, Hot '
~

i
'Springs

I County, Wyo.

Theragpolis Lower . Gebo oil 740-781 2.52 9.7+1.8 2

Shale. Cretaceous fleid. Hot
. Shell Creek'. Springs 678-733 2.44 14.6+1.72

< member County, Wyo.
continued

,

r

' vertical measurements only. ' Travel time' for contaminants, 126-1,260,000 y.
" Porosity'and density calculated from borehole gravity survey.

~

i

f

I

I
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TABLE 1-8 continued.

Den- Hy'fraulic conductiwity.
No. sity, Porosity cm/sGeological Depth, sam- (g

cmf)
-

setting Age Loc ali ty m pies Av Max Min Av Max Min Ref. Method

Graneros Upper Crook County, 16Shale Cretaceous Wyo.

Skullgreek approm 1 1.87 32.5
member 2164

Belle Fourche approx 1 1.78 33.3
member 7 1615

Pierre Shale Upper
16

Cretaceous

Gamen Crook approx 1 2.04 26.0

member} nous
County, 1509Ferrugm

a Wyo.

Mitten Black Weston approx 1 1.56 35.8aaShale member County, 1311
Wyo.

Upper part* approx 1 1.% 25.4
1113

Pierre Shale Cretaceous Cimarron, N.M . 2.5E-11 19
N.D., S.D., 1E-10 c 18

c

and Colo.

Pierre Shale Cretaceous 21 9.4E-11 15 Lab

Muddy Shale Cretaceous 4.7 <4.3E-S 15 Lab

Colorado Upper Fergus dry 2.07 22.6 5.8E-9 8Shale Cretaceous County, sat 2.30
Mont.

continued
" Black shale; dip 5 SW. YBlack shale; dip 4' NE. Dip 5' SW. Dip 45' SW. DD0 # aa Gray shale; dip 33' SW.
CC 0Regional permeability value; repo'.itory for cool (400 F) waste.

__ __
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TA8LE l-8 continued.

Den- Hydraulic conductivity,
No. sity, Porosity cm/s

Geological Depth, sam- (g/ -

setting Age Locality a ples cm3) Av Max Min Av Max Min Ref. Method

Muddy shale Cretaceous Logan 1490 13 Before deforma. 2.49E-7 8.58E-9 9 Lab

County, tion: 4.1-5.1
Colo. Af ter deforma-

tion: 4.4-10.9

12
Adaville Cret aceous
Formation

dd
Mudstone Afton quad, outcrop 2 2.07 23.0
Shale Wyo. outcrop 2.34 11.9"

ff* Shale Sublette 4151 1 7.8 Lab
m County, Wyo.

Shale 1474 1 5. 7" <8.58E-8 Lab

Cloverly Lower Gex oil 781-794 2.44 14.2+2.199 2

Formation Cretaceous field Hot
-

Springs
County, Wyo.

Morrison Jurassic Long Park, 62-75 6 16.5 20.3 8.8 12

Formation Colo.
(claystone)

dd
Ankaren Triassic Afton quad, outcrop 2.40 9.2 12

Shale Wyo.

dd
Woodside Triassic Afton quad, outcrop 2.24 16.1 12

Formation Wyo.

(shale) continued

II
# otal porosity. '' Total or effective porosity not specified. Effective porosity.

T

99Froa borehole gravity survey.

_ _ _ _ _ _ _
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TA8tE l-8 continued.
,

Den. Hydraulic conductivity,
No, sity, Porosity cm/sGeological Depth, sam- (g

cmf)
'

setting - Age Locality a ples Av Max Min Av Man Min Ref. Method
,

Crow Upper - Gebo oil 1107- 2.59 5.42.6 2 Borehole gravity survey1Mountain Triassic field, Hot 1111
Sandstone Springs

llH. 2A 11.7+2.2(upper County, ggg$ -

saltstone) Wyo,
1115- 2.55 7.0+2.1
1128

~

Red Peak Lower Gebo oil -1134- 2.67 1.6+1.2
Formation Triassic field. Hot 1247 ~ 2 Borehole gravity survey

f(calcareous Springs
1247- 2.63 3.9*l.8g- red $l1tstone County, g347 -

andclaystone) Wyo,
1347- 2.14 - 1.9 2.0

~
1371

Rustler Permian ' Eddy County. 6Formation N.M.

Tamartsk' 147 2.08 22.1
anuber

'

(claystone)
Forty-Niner 101 2.00 24.9
member ,

(siltstone)
Lower member ~ 160 - _l.91 29.6

; (claystone)
168 2.01 25.1

Lower member : 180 2.13. 21.3'IS'IISI'"'I
189 2.17 19.3

Benton %e Wyo. 2.8E-9 15 Labhh '

Utah 7.2E-7

continued
hhCalcium-mater solution used as permeant at 7 pst.

F

r %.. * e- -. - - - -y



- - - _ _ _ _ _ _ _ _ _ _ - - - _ _ . _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _

TABLE 1-8 continued.

Den- Hydraulic conductivity,
No. sity, Porosity em/s

(g
cm{)

Geologic-1 Depth, sam-
Av Max Min Av Max Mir Ref. Method

setting Age Locality m ples

II

Gros Ventre Cambrian Afton quad, Outcrop 2.38 11.I 12

Formation Wyo.

12Ophir Cambrian Ophir, Utah
Formation

33
Shale sub- 1 2.81 0.9

surface
33

Silicified sub- 1 2.8 0.6
m shale surface
u

II Total porosity.

d3 Effective porosity.

.

_ . _ _ . _ . . - _ .



TABLE 1-9 Other properties for region 2.

Compressive Ultimate
Geologic Depth, ho. of strength strength. Resistivity,Setting Age locality m samples lbs/in.'z 2bars ohm m /m) Ref.

Ophir Cambri an Ophir, Utah
12Formation

Shale subsurf ace 2 31,300
Silicified subsurface 1 33.500shale

Muddy Shale Cretaceous Logan County, 1490 13 400-4170 9Colo.

Cody shale upper Gebo oil field, 220-404 range: 4-9 2Cretaceous Hot Springs av: 5County. Wyo.

Mowry Shale Lower Gebo oil field- 569-678 range: 3-22 2
Cretact.ous Hot Springs av: 8County, Wyo.

Thernepolis Lower Gebo oil field, 678-733 range: 2-6 2Shale, Shell Cretaceous Hot Springs av: 4Creek member County, hyo.

Thermopolis Lower Gebo oil field, 740 794 range: 3-14 2Shale Cretaceous Hot Springs av: 5County, Wyo.

Cloverly Lower Gebo oil field, 781-794 range: 3-6 2Formation Cretaceous Hot Springs av: 4
County, Wyo.

Crow Mountain Upper Gebo oil field, 1107-1111 range: 20-25 2Sandstone, Triassic Hot Springs av: 23upper County, Wyo.
siltstone 1111-1115 range: 19-30

av: 25
1115-1128 range: 30-36

av: 33

Moencopi Shale Meteor crater, 2E-4 chm-cm 3Ariz.

i

I
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IRegion 3: The Mid-Contir it

The Mid-Continent region is broadly spread between the Rocky Mountains

and the Appalachians, and between the Canadian Shield and the Gulf Coast. It

is a craton whose southern portion underwent some deformation at the end of
the Paleozoic (Eardley, 1962), forming numerous domes and basins (Fig. 1-9).
This is the common setting for the Chattanooga Shale (Fig. 1-10). During the

Mesozoic the region was invaded by epicontinental seas where extensions of

Rocky Mountain units (e.g., equivalents of the Pierre Shale) were deposited.
Examples of the simple structural relationships characterizing the

Mid-Continent are shown in Fig.1-11. The stratigraphy is described in

Table 1-10. Hydrologic data are collected in Table 1-11.

__

(J. .z : :Mf ,

:,::::: .x - p .... . -*

2,< I ' ' ' 9 Wood River

y', . . .:*
,

', ;.f yg Northeast Nevada Central ,

^ '

,

%fr A' Kansas .. -sa *.'. ** I .* #
-

; / O quirth 9>, g-*

;'. ; , - q| M $ ; . .g
-

. . * * J: #U 4 /; h, 5 .'' ,"- j Hamilton p
~ a

,

, -

'ep p&
-

' ; :- :

; Emery q% -p. . .

'T
| Paradox % ffh

,

*
...

''' #
Pioche : Kaibab

- -
. - Anadarko f

* *- 5A-.

;--

& % tbuc%
'

.

Defiance ; /, ,

f;,

.

*''hi5 k1
.?Un'

. . : Red River * ' |,
[

.';) P os
, I'I

Diablo-- '
OS *

; ::.... . . . . . . .,

,., Ouachita geosyncline, y ,
,

i
|

1

FIG. 1-9. Distribution of Paleozoic structures in the Mid-rootinent and Great 1

Plains regions (from Mintz, 1977).

61

- - .



. _ __ __ __.

1

y

j;,/' ;,
;

. -

'

h
.

f$',

_ '/
- ,

I .

' Q.A |'),
'

2

'

.w
'e

j

,5^%
'

i

FIG. 1-10. Map showing the distribution of the Chattanooga Shale (Devonian- '

;Mississippian) in the United States (from Mintz, 1977). Darker shades show
the present extent of the unit.
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TABLE 1-10. Summary of rock units from the Mid-Continent region (from Ruedeman,1939). Shales described in Table 1-11 are followed by anastertsk.

Age Stratigraphic Unit Thickness, a Description

Tertiary

Mesozoic

Pennian Persian Red Seds
Quartermaster, 91-152 Soft, red sandstone, sandy clays and shales
Big Basin formations
Cloud Chief 0-35 Massive white-pink gypsum, irregularly bedded with red clay shales
Hackberry Group

Woodward Group 91-129 Red clay shales, dolamite, red sandstones, conglomeritic sandstones
Blaine Gypse 23 Massive white gypsum separated by beds of red clay shale and dolomite
Enid Group 366-457 Red clays and shales with occasional sandstone beds; gypsiferous
Asher Formation 76 Coarse red-gray sandstones and red-clay shale

&- Sumner Group

Wellington 183-207 Bluish gray, greenish and red shales, thin sandstone beds, important
Formation * salt beds in lower section
Marion Formation 122-152 Buff, thin-bedded limestones and thick shale beds

Chase Group 73-91 Interbedded limestones and shales with minor flint
Councti Grove Group 46 Massive shales, shaly timestones, yellow shales and thin limestones
Eskridge Shale 12-23 Green, brown, or yellow shales
Neva limestones 3-6 Massive gray limestone, one thin shale parting

Pennsylvanian Wabaunsee Group 152 Eight members, shales, sandstones, and limestones
Shawnee Group 111-152 Nine members, cherty-argillaceous shales, limestones, sandstones,*

some coal beds
Douglas Group 107-167 Four members including Weston Shale. Sandstones, argillaceous shales

and limestones
Lansing Group . 33-76 Four members. Clayey to sandy shales and massive limestones
Chanute Shale * 8-31 Clay shale to sandy shale
Cherokee Formation * 137-305 Variable colored shales with considerable 11thologic variation
Atoka Formation 60-2,134 Shales with lenses and thin ledges of brown sandstone
Wapanucka Limestone 0-244 Limestone, chert, sandstone, and shale

cont Mued

_ - - -.
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TABLE 1-10 continued.

Age Stratigraphic Unit Thickness, a Description

._

Mississippian Barnett Shale 0-15 Black shales and slates with a basal limestone member

Jack Fork Formation 0-2012 Gray sandstones with dark shales at wide intervals

Stanley Shale * 244-762 Irregularly bedded sandstones, shales, and states

Caney Shale 0-488 Black shales and slates with limestone lentils; blue shales with
sandy members

+
Pitkin Limestone 0-43 Rusty brown shaly strata to fine-textured, massive, bluish beds

Mayes Formation 0-40 Contains Fayetteville Shale. 81t winous shale, limestone, sandstone

Boone Limestone 18-168 Interstratified chert and cherty limestone

Chattanooga Shale * 2-70 Black, slaty, biteinous shale; basal sandstone unit

ch
Devonian- Sycamore Limestone 0-152 Hard slaty, blue limestone*'

MISSISS Y '" idoodford Chert * 61-213 Limey chert with shales

Arkansas Novacu11te 76-183 White to black novaculite thin to massive; slates

Dcronian Hunton Formation

Bois d' Arc 0-27 White to gray crystalline limestone with thin beds of chert
Limestone

Haragen Shale 0-51 Sof t marty shaly, gray to drab color with interbedded marty 11mestone

$11drian Henryhouse Shale 0-68 Gray to drab-colored shales and soft early limestone

Chimney Hill 0-16 Pink, crie;1dal, and oolitic limestone
Limestone

St. Clair Marble 0-61 Pinkish white, coarsely crystalline marble

81aylock Sandstone 244-457 Gray, hard sandstone and interbedded shaly sandstone

Talthina Chert 366 continued
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TABLE l-10 continued.

Age Stratigraphic Unit Thickness, m Description

Ordovician Upper Cason Shale ?

Fernvale Limestone 7 Gray, crystalline, fossiltferous limestone
Sylvan Shale * 18-91 Green to green blue
Polk Creek Shale 30 Black graphitic shales
Tyner Formation 18-79 Sandstone, shale, calcercous cherty limestones

Upper to Viola Limestone 0-288 Massive, heavy-bedded homogeneous Ilmestone
Middle Jasper Limestone 0-15 Noncrystalline Ilmestone with considerable sandstone

Joachim Limestone 29 Fine crystalline Mg-timestone with quartz sandstone
Big Fork Chert 152-244 Gray to black chert and ledges of cherty fosslitferous timestones

$ Womble Schistose 76-305 Micaceous, fine-grained sandstone interbedded with shales
Sandstone

Blakely Sandstone 0-15 Gray sandstone and black and green shale
L owe Simpson Group 61-976 Sandstones, thin 1;mestones interbedded with greenish clay, shales,

and earls
St. Peter Sandstone 0-61 Fine-grained, poorly cemented sandstone

*
Yelville Formation

Everton Limestone 0-30 Fine-grained limestone, basal sandstone
Powell Limestone 0-61 Mg-timestone, shale, basal conglomerate
Cotter Dolomite 152 Fine-grained, argillaceous dolomite; massive medium-grained with

shale and sandstone
Jefferson City 183
Dolomite

Mazarn Shale 305 Dark, carbonaceous hard clay shales and slates
Crystal Mt. 259 Uniform, medium-grained, massive sandstone. Basal conglomerate
Sandstone

Arbuckle timestone 1525-1829 Thin-bedded to massive Mg-limestone

continued
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TABLE 1-10 continued.

_.

Stratigraphic Unit Thickness, a Description
Age

Cambrian Reagan Sandstone C-152 Coarse, granitic sandstone to limey shale

Ellenburger 610 Crystalline dolomite
Limestone

W11berns Formation 61 Sandy, thin-bedded limestones; shale

Cap Mountain 27 Glauconite limestone and sandstore
Formation
Hickory Sandstone 0-107 Conglomerate

Collier Shale 61 Metamorphosed, graphitic, black shales capped by thin-bedded
limestones

Q Precambrian Basement Complex Enetss, schists, crystalline limestone and other metamorphic
sedimentaries and plutonic rocks.

_ _ _ _ _ _ _ _
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TABLE 1-11. Hydrologic data for region 3: the Mid-Continent.

Den- Hydraulic conductivity,
No. sity, Porosity cm/sGeological Depth, sam- (g

setting Age Locality m pies cm ) Av Max Min Av Mas Min Ref. Method

Wellington Permian Salina, Kaq. 2 2.39 15.4 15.5 15.3 5 Jolby balance *Shele
(calcercous)

Mentor beds (Creta- Falun, Kan. 2 2.06 23.1 23.3 22.9 5 Same as above(black shale) ceous)
Comanchean

Chanute Pensyl. Lynn well, 152-154 2 2.47 10.4 10.6 10.2 5 Same as aboveShale vanian Montgomery
297 2 2.54 7.8 8.2 7.3County,

Kansas 3 % -398 3 2.53 7.8 8.5 7.1

$ Fractured Middle Dawson 8 4.3E-7 12 Micrometer gauge measuredblac k, Permian County, Tex.
carbonaceous
shales and

bsilty shales

Shales Persi an Thomas Pool, surface 20 1
Okla.

Shales Pennsyl- Ponca City 150 2.13 33 1 Graphical"vanian and Garber
300 2.24 31oools,

Okla. 1220 2.57 8

1830 4

Chanute Pennsyl- Independence, outcrops 2 2.31 14.9 15.0 14.8 5 Jolly bdanceShale vanian Kan. (mines,
quarries..
shale
pits)d

continued
baAverages from vertical sequences. !nduced fracturation to conduct oli to well bore. CExtrapolated from depth vs porosity plot.dFrom areas of little or no deformation.



--

TABLE 1-11 continued.

Den. Hydraulic Conductivity,
No. $ tty, Porosity cm/s

Geological Depth, sam. (g/
setting Age Locality a ples cmJ) Av Max Min Av Max Min Ref. Method

-

Weston Shale Pennsy1 Bonner 2 2.28 15.8 16.0 15.5 5 % porosity = 100
dry rock densvantan Springs, " kg * dry mineral dens)Kan.

Cnerokee Pennsyl- Oklahoma 7 Core analysis
Shale vantan City, Okla.

Phillips 1606 3 17 19 15

well 1

m Phillips 1604- 5 21 23 19

*O well 2 1612

Phillips 1611- 8 19 22 15

well 1 1614

Phillips 1620 5 18 23 10

well 7
Phillips 1589- 21 18 23 11

well 2 1604

Well E' 5 12.7 1.2E-4

Shales Pennsyl- Kan.-Okla. 9.5E-5 1.0E-5 11 Streaming potential and
wantan region SP log

Shale Pennsyl- Stockholm, 1267 13.6 6.9E-10 4 Same as above#
vantan Okla.

Shale Penrsyl- Williams, 3426 3.8 1.7E-12 4 Same as above'

vantan N.M.
continued

' Newly constructed well.
# .2N haC1.0

. _ _ _ _ _ _ _ _ _ - -
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! TABLE l-11 continued.
,

Den- Hydraulic conductivity,
No. sity, Porosity cm/s

Geological Depth, sam- (g
cmf)setting Age Locality a pies Av Max Min Av Max Min Ref. Method

r

Shale Pennsyl. Hobbs 2623 7.0 4 Direct measurement with avantan wildcat,
gas porosimeter

W.M.
'

Shale Pennsyl- Reagan 6.2 4
vanian County, ,

Tex.

Shales and Persian Paduca, M.M. 1412 20 4.3E-6 2siltstones9a

y -
!O Stanley Pennsyl- Ouachita 26 0.5 2E-5 4.3E-8 9hsandstone venian Mountains,

Ark. and
Okla.

l

Shale Pennsyl- Ponca City 305 2.25 17 *
,

Direct measurement with avantan and and Garber
610 2.42 11 gas p ostmeter

iPersian areas,
!.Okla. 914 2.52 7

1219 2.57 5
'

1524 2.62 4 f

Surgess Pennsyl- South Moore 2381- 4 3 8
Sandstone vanian pool, Okla. 2384
(shale)

*

tShale, near Ponca 48 37 8 I

weathered City,
'

Okla.
,

i

continued i

9 Gentle homocline, dips to east. Turbidite sequence.
ih

Interbedded shales and sandstones.

- - . --- , _ _- _.
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TABLE 1-11 contt., wd.

Den- Hydraulic conductivity,
No. sity, Porosity cm/s

(gGeological Depth, s an-

Cmf) Av Man Min Av Man Min Ref. Methodsetting Age Locality a pies

Clay near Ponca 53' 8
City.
Okla.

l
Shale Oklahoma 6.9E-10 10 Lab

Shale N. Okla. dry 2.15 <20 3

sat <2.35

Shale N. Okla, dry >2.55 <4 3

sat 2.59

N Stanley Shale Pennsyl- Ouachtta dry 2.45- 6.8 2.5 3
# van 1an Mountains. 2.60

Okla. sat 2.52-
2.62

Fayetteville Mississip- Ozark dry 2.27- 14.1 8.6 3

Shale plan Plateau, 2.44
Okla. sat 2.41-

2.53

Sylvan Shale" Ordovician Murr ay outcrop 8 39.94-43.30 6 Lab
County,
Okla.

I
Shale Phi 111ps 42 453 4 2.15 22.5 23.3 22.0 8

Well, Russel
County, Kan.

Chanute Shale Pennsyl- Mont gomery 152-297 4 2.51 9.1 10.6 7.3 8

vantan County,
Kan.

IJ .2N Nacl solution used as permeant. Distributton coeff tetents available in Ref. 6. Total porosity.'Ef f ective porostty. 0

--
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References for Table 1-11 (Region 3)
:

1. Athy, F. L., 1930, " Density, Porosity, and Compaction of Sedimentary
Rocks," Bull. ,Nn. Assoc. Petrol. Geol.14,1.

'

2. Berg, R. R., 1975, " Capillary Pressure in Stratigraphic Traps," Bull. Am.
Assoc. Petrol Geol. 59, 939.

3. Birch, F., J. F. Schairer, C. H. and Spicer, 1942, Handbook of Physical
Constants, Geol. Soc. Am. Special Paper 36.

4. Gondouin, M., and C. Scala,1958, " Streaming Potential and the SP Log,"
Trans. A.I.M.E. 213, 170.

5. Hedberg, H. D., 1926, "The Effect of Gravitational Compaction on the

Structure of Sedimentary Rocks," Bull. Am. Assoc. Petrol. Geol. M , 1035.
6. Jennings, A. R., and M. C. Schroeder,1968, " Laboratory Evaluation of

'

Selected Radioisotopes as Ground-Water Tracers," Water Resources Res.
"

4_(4),829.
7. Katz, D. L., 1942, " Possibilities of Secondary Recovery for the Oklahoma

City Wilcox Sand," Trans. A. I.M.E.146, 28.
8. Manger, E. G., 1963, Porosity and Bulk Density of Sedimentary Rocks, U.S.;

Geol. Survey Bulletin 1144-E.
i 9. Morris, R. C., K. E. Proctor, and M. R. Koch, 1977, " Petrology and

Diagenesis of Deep-Water Sandstones, Ouachita Mountains, Arkansas and
Oklahoma," abstract in Bull._ Am Assoc. Petrol. Geol. 61, 1384.

; 10. Rieke, H. H., III, and G. V. Chilingarion,1974, " Compaction of
Argillaceous Sediments," in Developments in Sedimentology, Vol.16.

'

11. Schenck, K. D., 1955, An Investigation of the Streaming Potential
Developed in Formations of Low Permeability, University of Oklahoma,
M.S. Thesis.

12. Wilkinson, W. M., 1953, " Fracturing in Sprayberry Reservoir, West Texas,"
j Bull. Am. Assoc. Petrol. Geol. 37, 250.
,

|
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b

Region 4: Gulf Coast and Mississippi Dnbayment
.

|
The geologic history of the southeastern coast of the United States is ;

characterized by a Paleozoic episode of plate convergence, followed by a
'

period of diverging plates that began with the Triassie and is continuing
today.

With the end of the Paleozoic, ancestral North America and Europe
collided with Gondwanaland sSeyfert and Sirkin,1973) af ter the closing of the
Theic Ocean. This collision resulted in the formation of the Appalachian belt
and its southern extension into the Gulf Coast area, the Marathon-Ouachita
Mountains. After a brief continental episode (Permian), during which
evaporites were formed, subsidence and deposition of a clastic wedge began to
take place in response to the opening of the Atlantic Ocean. Most clastic
sediments are Mesozoic and Cenozoic, and the shales are regarded as the likely
source of the Gulf Coast oil and gas fields (many were formed by salt dome
tectonics). Although most shales are Tertiary and Cretaceous, Paleozoic
units, more representative of Appalachian and Mid-Continent regions,
occasionally crop out around the periphery of the basin or in domal uplifts.

i Figure 1-12 shows typical relationships of this region. Table 1-12 summarizes

j the stratigraphy. Data on these regions are compiled in Tables 1-13 and 1-14

|

|

|

|

|
|

|

<
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FIG. 1-12. Section across the Gulf Coast clastic wedge (after Murray, 1961). Abbreviations are: Kc,
Coahuila series; Kcm, Comanche series; Kg, Gulf series; Em, Midway stage; Es, Sabine stage; Ec, Claiborne
stage; Ej, Jackson stage; 4v, Vicksburg stage; 4f, Frio Formation; 4a, Anahvac Formation; Tm to Qp,
Mio-Plio-Pleistocene.

.
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TABLE 1-12. Sunnary of rock units in the Gulf Coast and Mississippi emoapent regions (from Murray,1%1). Units described in
7

Tables 1-13 and 1 14 are followed by an asterisk. ;

, .

Age Stratigraphic Unit Thickness, a Desertption f,

i

; Mio-Pliocene 600-1000 Marine clastics '

Oligocene Anahuac Formation * 300 Dark green shales and sandstones
! Hackberry-Frio 1000-2500 Sandstones interbedded with subordinate shale

formations,

Vicksburg stage 200 Limestone grading into clastics
.

Eocene Jackson stage 300-1000 Shale sequence with minor 11mestone

Claiborne stage 1000 Limestone with minor chert, gypswi shale au sandstone
Yegua Formationy

* Cook Mtn. Formation
Mt. Selman Formation

Sabine stage 1500 Sandstone, shale, with minor coal

| Wilcox Group !

Midway stage 400 Calcareous sandstone, siltstone, claystone, minor chalk

Cretaceous Upper Gulf series 570-1830 Sandstone, glauconitic sandstone, shale, chalk, earl. Ilmestone, i

coalNavarra stage

Taylor stage
' Austin stage

"Eagle Ford stage
' Middle' Comanche series 400-200 Limestone, shale, sandstone, minor annyorite

and Washita stage
! Lower Fredericksburg

stage

Trinity stage

!

Cretaceous Lower Coahuila series 300-1000 Limestone and shale, with sandstone

continued

*
!

i

, _ . _ _ . . _ _ _ _ . _ _ _ _ .
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TABLE 1 12 continued.

Age Stratigraphic Unit Thickness, a Description

Jurassic Upper Sabinas series 800 Red conglomerate and sandstone, limestone, shale, anhydrite

....................................... Unconformity

Palecro;c Basement (includes:)
Cherokee Shale (Pennsylvanian)*

Flint Clay (Pennsylvanian)*

Hamilton Shale (Devonian)*

N
O
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Hydrolo9 c data for region 4: Gulf Coast and Mississippi embayment.1TABLE 1-13.

Den. Hydraulic conductivity,
No. sity, Porosity cm/s

Geological Depth, sam- (g/
setting Age Locality a ples cmJ) Av Max Min Av Max Min hef. Method

Anahuac and Oligocene Pan American 1006 20 1.8E-7 17 Graphical: from porosity
vs bulk rock densityFrio forma- #5, farm

1524 18 2.6E-7
tions and land- plots

canal wel,, 1981 16 4.lE-9
Mancheste- 2438 14 7E-10
Field, Lt.

2896 12 1E-10

3048 12 IE-10

2079 14 7E-10

3139 16 4.1E-9
.a.

3566 16 4.1E-9'

Shales Cenozoic? Gulf Coast, surface 1.35 50 4,5 Laboratory measurement *

['**""d 610 2.03 25 2E-5

Cenozoic 1220 2.11 22

1830 2.19 19
taceous

2440 2.27 16

3049 2.35 13

3659 2.43 10

4269 2.43 10

4878 2.46 9

5486 2.46 9

6098 2.48 8

Shale Upper Houston 10.1 8 Direct measurement eith a
Cretaceous County, Tex. gas porosimeter and mea-

surement of grain volume
continued

aTypical well parameters.

. _ _ - - -
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i ' TABLE 1-13 continued.
i

'

Den- Hydraulic conductivity,
No. sity, Porosity cm/s

Geological Depth, sam- (g/
setting Age Locality a ples cm3) Av Max Min Av Max Min Ref. Method

Shales Uppe E. Tex. 1128 2.48 14.5 18 Same as above"
Cretaceous? -

I3336 2.30 27.5
r

Anamillna' Upper Martin Ranch, 15 10 8.6E-6 2
3 Bilaterata Cretaceous? Tex.
* zone

Upper Black Pennsyl- New Brazil, trench 1 19.1' 13
$ Underclay vanian Ind.

Consolidateg S. Tex. 2513 . 3 23 5.1E-5 1 Electrical resistivity
sandy shale 2514 data

,

Shale .Pennsyl- Centralia 425 14.2 1.7E-12 8.6E-12 8 Streamjngpotentialandvanian Field, Ill. SP log
tColorado 2761 7.4 2.6E-10 3.4 E-12

County,
Tex.

Houston ? 8.EE-13 6E-12
County,

1

Tex. '

,

Cherokee Pennsyl-. Fulton, Mo. outcrop 2 2.29 - 17.1 17.2 17.0 9 Melcher method |-
Shale vanian !

i

continued
|

bShale resistivities for these samples at 25"C and an effective stress of 1000 psi were 10.6 ohn-a (upper stratus) and 1.22 ohn-a (lower
stratum).
C d
Total porosity. Formation resistivity = 14

.

' Conductivity values under "Av were obtained with 0.02N NaC1; those under * Max" with 0.2N NaC1; that under " Min" with IN NaC1.a
*

?
'

i
,

__ --.r --- fw- e-- ,w, , . - .
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TABLE 1-13 continued.

__

Den. Hydraulic conductivity,
No. sity, Porosity cm/s

Geological Depth, s am- (g/
setting Age Locality a ples cm3) Av Max Min Av Max Min Ref. Method

-

f
Flint Clay Pennsyl- Fulton, Mo. outcrop 2 2.37 10.l 1.7E-Il 13

vanian

7
Shale 9 Pennsyl- Union

vanian County, Ky.

Core 3807

#1 9.6 1 8

#2 52.3 1 3.7

#3 64.6 1 15.2

E$ Core 3733
#1 27.0 1 8.9

#2 29.8 1 6.4

#3 52. 7 1 6.0

#4 76.3 1 5.8

#5 76.4 1 5.4

#6 76.6 1 5.8

#7 77.0 1 7.1

#8 77.3 1 5.0

#9 77.3 1 5.4

#10 ?7.5 1 4.0

#11 88.2 1 3.6

#12 110.7 1 4.3

#13 113.8 1 5.3

#14 155.9 1 6.0
continued

ITotal porosity.

95amples taken from two wire test holes drilled by the Peabody Coal Company. Core 3807 starts 300 f t strat1 graphically higher than
Core 3733. Porosity decreases with increasing depth of burial; negative correlation strongly influenced by illite content and clay mineral
orientation. Porosity decreases with an increase in preferred clay mineral orientation and an increase in illite cortent.

I
i
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M

2

> t..

!

i
L

1

!
; TA8tE 1 13 continued. '

.

Den. Hydraullc conductivity, *

>

No. 51ty. Pv osity cm/s !4 Geological Depth. Sam- (g
emf) |setting Age tocality u pies Av Mas Min Av Mas Min Ref. Method '

,

'

(Shale)
(Core 3733)

"
#15 164.3 1 6.1

<

,. 916 213.1 1 6.1
#17 236.7 1 5.8 !I N0 343.4 1 10.5 '

I #21 349.3 1 5.8
| 8 #22 3a6.3 1 4.5

#23 402.3 1 1.1
,

: #24 429.5 1 3.3
i

#25 '.2 1 3.6
.

Shale South Pass. 13eu many 15-20 15
l'La. 4270

Shale Pan American 2460- 17 1. E 2.04 17.8 13.1 15
Farmers A-1 3345 i

h[* 11 2.07-2.16 19.5 17.6 *-

; Fleid. La.
,

| Shale Gulf Coast 3350- 20" 18 15 !
h

5490
I.

'

Shale Ten. Gulf 3510 20 15
Coastj.

continued
" Porosity measured in lab using shale chips.

- ._ _ .. - ,_ .~ . . - . . . . _ . , _ _ - _ -. , ._
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TABLE 1-13 continued.
I

Den- Hydraulic conductivity,
No. sity, Porosity cm/s

Geological Depth, sam- (g(
setting Age Locality a ples cm3) Av Max Min Av Mas Min Ref. Method

Shale La. Gulf 3190- 71 22.5 10.8 15

Coast 5400

Shale Gulf Coast 121- 55 45 7.5 11
3688

579- 23 34 11
4267

Shale Tes. 6E-12 16 Lab'

Shale Gulf Coast 3 7.7E-14 10 Lab

$ 3 1.3E-14 10 Lab

S.58E-15 16 Lee
l2.1E-15 16 Lab

3 3.9E-9 12 Lab

1216- 20 14 1.8E-S 1.7E-10 12 Lab"
4257

Greengsh Shreveport, dry 2.10 22.6 3,14
shale La. sat 2.33

Seddtp Shreveport, dry 2.22 20.0 3,14
shale La. sat 2.42

Shale" Shreveport, dry 2.29 16.9 3,14
La. sat 2.46

Shale satesville, dry 2.85 1.5 3
ht , set 2.86

'O.2m meC1 solutten used as permeant. 3 10,000-pst load. "Estteates from graph for under-compacted shale.

"Just above. pay sand of Curtis 1. " Deep gas sand of Norges Ward 1.

_ _ - - _ _



_ _ _ . _ _ . _ _ _ ._..-_ ._ __ _ _ _ _ _ . _ _ _ - . - _ _ _ _ _ . . _ _ _ _ _ _ . _ _ _ - _ _ _ _

|

TABLE 1-14. Shale resistivity data for region 4. Values are from Ref. 6 for
southwest Louisiana.

,

Well location Shale zone Depth, m Resistivity, ohm-m

i 73-105-@E Bolivina-Mex 4660-4664 0.77
21-105-03t' U. Camerina 3643-3645 0.59:

| 20-105-03E L. Camerina 3625-3627 0.62
i 17-105-03E Bolivina-Mex 4060-4063 0.38
; 08-105-03E Discorbis 3047-3049 1.10
| 31-075-04E U. Nodosaria 3045-3048 1.02

i 20-075-03E Dai91e 2949-2954 0.83
| 76-075-03E U. Nodosaria 3064-3069 0.97

01-085-02E Struma 3318-3321 0.90
1 09-095-03E Klumpp-D 3661-3665 0.60
; 04-095-03E Frio 2927-2929 0.84

09-095-03E Frio 4037-4040 0.94 -

11-105-02E U. Texana 3529-3531 0.35
| 83-085-03E Frio 4389-4392 0.50
i 14-115-02E Marg Nowei 3765-3767 0.38
! 47-095-02E Klumpp-E 3496-3501 0.83
| 36-085-02E Nodosaria 3886-3891 0.95

02-115-02E Marg Tex 3734-3737 0.654 -

01-115-02E Marginulina 3744-3746 0.57,

i

!

i ,

i

c

f

!
!

i

i

i

!
!

82
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| Region 5: Appalachian Mountains and Great Lakes

The northern and eastern portions of the United States have evolved, much

like the Gulf Coast--along two opposing trends. During the Paleozoic, the
geologic history was characterized by collisions of plates, the disappearance

,

' of proto-oceans, and the building of one supercontinent (Pangea). In late
Devonian time, the northern Appalachians (New England) were formed as the

'

Iapetus Ocean disappeared (Mintz, 1977). In late Carboniferous time, the

southern Appalachian-Ouachita range formed a weld between Laurasia and
Gondwanaland, closing the Theic Ocean, but this union was short-lived: with'

the advent of the Triassic, the two continents began to part as the Atlantic
'Ocean started to grow.

Record of these geologic events has been preserved as Upper Precambrian
and Paleozoic remnants of oceanic basins folded into Appalachian structures
and as Triassic red beds (Newark series) occupying grabenlike basins. The

following shales are found within this geologic record.
e Late Precambrian (Nonesuch Shale), Late Ordovician (Martinsburg

,'

Shale), and Devonian-Mississippian (Chattanooga shales) deposits characterize
the early compressive tectonic style. Their relationship is illustrated in

i Fig. 1-13.
e Triassic (Brunswick Shale) is more representative of a setting found

in the Atlantic Plains, which are discussed as part of region 6.
The stratigraphy is described in Table 1-15; hydrologic and resistivity

j

data appear in Tables 1-16 and 1-17.

1

!

|

|
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TA8LE 1-15. Sumary of rock units of the Apslachian and Great Lakes regions (from Schucher (1943). Units des.rlbed in Tables 1 16 and j
<

1 17 are followed by an asterisk.
,

I.

i

Age Stratigraphic Unit Thickness, a Description

Lower Persian Cassaville and 0 366 Brown and red sandstone, t. hale, thin timestone and unimportant

and Upper ndashington coals j
-

Pennsylvanian formations

Pennsylvanian Upper Monongahela 79 91 Shale, li4estone, sandstone, and coals
Formation *

Middle Conemaugh 122 244 Red shale, massive pebbly sandstone, with coals and fire clays
!

Formation

Allegheny 85-122 $andstone, shale, limestone, coals, fire clays
Formation
(Fitnt Clay?)*

Lower Pottsville Group 91 1265 Sandstone, shale, coals
i

...- -._ - --- ...Disconfwelty ;

, I

Mississippian Upper Mauch Chunk 91 1052 Green sandstone, interbedded with red and green shale
Formation

-Disconformity. . . . . . . . - - -- ---...........-

!
Greenbrier 247-549 Fossiliferous limestone, with red and green shale

)
Formation,

---Disconformity......_
--- - .....---

Middle Maccrady Group 7 107 Red, purple and yellow shale, earthy timestone, and calcereous
sandstone

Lower ' Pocono Formation 213-668 Gray or red sandstone, sandy shale, unimportant coal ,

t

Devonian Upper Hampshire 945 1243 Red and green shale, sandstone'

Formation
(partly correlative
with the Chagrin Shale *

i and Chattanooga Shale *)

Chemung Formation 518-1067 Shale, sandstone, thin coals and underclay

Portauge formation 518 610 Shale and sandstone

sensee formation 15 91 Shale ,

,

....-Disconforaity........................-- -
continued ;

i

{
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Taste 1 15 continued.

Age Stratigraphic unit Thickness, e Description

(Deventan) Middle Hamtitan and Marcel. 480(eau) Shale
lus femattens* !

Lemer Ridgeley Format 1on 15-84 Sandstone !

Shriver Formation 0 56 Cherty lleestone
..... .........................._..D1sconfortdty

how Scotland 4 20 Limestone and calcercous sandstoneFormation

Cae p s Lleestone 3-30 Massive crinoidal lleestone

. .. ..... .. ............. ...D1seonform1ty

$11urtan Upper Keyser Limestone 56 Limestone with local shale, and sandstone
....................Disconforetty

... .---

Tonoloney Formation 168 Argillaceous Ilmestone, calcareous shale, sandstone at base
Wills Creek 0 183 Calcareous shale, argillaceous itsestone, sane sandstone !

Format 1on
... .... _- ......Dtsconfare11y

Middle McKentle Formation 15 122 Shale, argillaceous itsestone, scoe sandstone
Citnton Formation 122 183 Shale, sand?. tone, and limestone

Lower Tuscorora Formation 15 94 Masstve sar.dstone
,

,

..-..........-- ....... ............DIsccinforatty'

Ordovician Upper Juanita Formation 122 335 Sandstone
Upper Martinsburg 610 1067 Shale, sandstone, and limestone
to Formation *
Middle
Middle Chambersburg 146-175 Limestone with shale partings

Format 1on

. _ _ __ ==- .... ..-- ==....Dtsconforatty
,

Stones atver Group 113 223 Ltmestone
)....._ _ . .......... .... Disconformity

continued

_. - _ _
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TABLE 1 15 continued.

Age Stratigraphic Unit Thickness, a Description

(Ordovician) Loner 8eekmantown 610 762 Dolomite
Formation i

>

...-. Disconformity
........................_

Cambrian Upper Conococheague 488 549 Magnesian limestone
,

Formation
... Disconformity......._ .. - ...._

Middle Elbrook Limestone 427 762 Limestone, shaly timestone, shale

Lower Waynesboro Formation 488 Magnesian limestone, calcareous sandstene, red or purple
siliceous shale

$ --Unconf orsity. .__ .- .

Tomstoun Formation 111 319 Dolomite, marble limestone and shale r

Antietam formation 152 Q6artrite, sandstone

Harpers Formation 366 State, quartrite

Weverton Formation 152 183 Quartrite,congiamerate
.

-Unconfarmity- .... ........-

Precambrian Upper. Kemeenaean 15,500 Lava flous, red sandstone and shales

most (includes:) 12.200

menesuch 100 slack shale
'

Formation

. ..
i . .. . Unconfarmity

|

Proterozoic and
earlier

t

i
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i

l
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TABLE 1-16. Hydrologic data for region 5: Great Lakes and Appalachians.

;
Den. Hydraulic conductivity,; No. sity, Porosity cm/s ,

'Geological Depth, sam-! (g
cmf)setting Age Locality a pies Av Max Min Av Max Min Ref. Method

i
tBlue gray Mississip- Jerusalem, 440 dry 2.46 9.7 1,3 t

shale over- plan Ohio sat 2.56 ,
,

lying Keener )
sand Miltonburg, 450 dry 2.41 11.0 1,3

Ohto sat 2.52

Black shale Devonian - Floyd County, 669 dry 2.41 0.0 1Ky. sat 2.41

i
'

West Falls Upper Lincoln 2.5 4Formation, Devonian County, W.Va. From230matrixandgult ,

Chagrin density measurements L

Shale !
i

! $ Chattanooga Devonian Irvine sub- 2 2.38 7. 5 7.6 7.4 2
b

Shale and Mis- Ffeld, Ky. surface
sissippian

. .

near Smith- eine 2 2.53 1.7C 1.7 1.1 2
ville,

| Tenn. ;

,

LAllegheny Pennsyl- .Bakerton, approx 2 '2.72 1./ 2 l
C

Formation vantan Pa. 152
(shale and

i slate)

dMonongahela Pennsyl- Scotts Run, eine 5 2.5 6.1 2Formation vantan W.Va.

t

Martinsburg Ordovician Bangor, Pa. quarry 2.74 1.0 2 |
C

Shale (state)
i

Monesuch Precambrian White Pine, mine. 6 2.76 1.6 1.7 1.5 2
C

Shale
. Mich.

(Siliceous) L

i
b #81250-ft core, overall average. Total porosity. -C Effective porosity. Effective ,m osity. Compressive strength 11,600 lb/in.2

|

-, , . . - - _= -. -.
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TABLE 1-17. Resistivity data for region 5.

Resistivity,
Formation Age Locality ohm-cm Reference

4
Nonesuch Sha'e Precambrian White Pine, 10 1

(siliceous) Mich.
5

Shale ? Shamokin, Pa. 10 g

i

i

|

|

:

i

,

1
,

l
|

I
|

e

91
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Peferences for Tables 1-16 and 1-17 (Region 5)

i

1. Birch, F., J. R. Schairer, and C. H. Spicer, 1942, Handbook of Physical I

j Constants, Geol. Soc. Am. Special Paper 36.

; 2. Manger, E. G.,196L Porosity and Bulk Density of Sedimentary Rocks, U.S.
Geol. Survey Bulletin 1144-E.,

3. Melcher, A. F.,1921, " Determination of Pore Space of 011 and Gas Sands,"
| Trans. Am. Inst. Min. Engin. 6_5, 480,5

i 4. Nuhfer, E. G., and R. J. Vinopal, 1978, " Nature of Porosity in Upper
Devonian Shales of Lincoln County, West Virginia," Geol. Soc. Am. Abst.
Programs M (7), 464.
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Region 6: Atlantic Coastal Plain and Triassic Basin

The east coast of the United States is a transitional zone between the
Appalachian region and the Atlantic Ocean. Its geology contains a record of

Mesozoic seafloor spreading and also presents some analogies with the Gulf
,

Coast. Early stages of spreading are indicated by the Triassic basins of the
Appalachians (which contain Brunswick Shale), and later stages are found along
the Coastal plains to the east. A Cretaceous shale (Middendorf) is found in

this second zone.
Structural relationships between the various units are shown in

Figs. 1-14 and 1-15. The stratigraphy is sumarized in Table 1-18. Available

hydrologic data are gachered in Tables 1-19 and 1-20.
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FIG. 1-14. Generalized structural sections across the Appalachians and the
Atlantic Coastal Plain (from Mintz, 1977).
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TABLE 1 18.' Generalized stratigraphic column for hew Jersey (Atlantic Coastal Plain) (from Schuchert,1943). Units described in j

Tables 1 19 and 1 20 are followed by an asterisk.

. Age Stratigraphic Unit Thickness, a Description

" Pliocene? to Beacon Hill 0-15 Gravel.. occurs as isolated remnants (terrace gravels) (Archie,i

Pielstocene Format ton 1947)

. . . . . . . . . . . . . . . . . . . . . . . . . = -- ---Di sconf onnity
_

Miocene Upper? Cohansey Sand * 15 137 Quartz sand and lenses of clay and gravel
....................................... Disconformity

'

Middle Kirkwood Formation * 2 30 Banded micaceous quartz sands, lignitic clays and clay at base
;

.......................................Di$ conformity'

- Eocene Middle' Shark River 3 Glauconitic sand and clay
Formation

,

Lower Manasquan Formation 9 27 Nearly pure greensand earl

i
' Vincentown Formation 30 Yellow quartz sand facies grading into time. sand to the southwest [

Hornerstorn 0-9 Dark, sparsely fossiliferous, nearly pure greensand marlL

Formatton

.......................................Disconforaity

Cretaceous. Upper Tinton and Redbank 4 37 Tinton: glauconitic red sand
formations Redbanx: very ferruginous red sand,

,

f
Mount Laurel and 3-21 Mount Laurel: fossiliferous quartz sand with some glauconite
Navesink formations Navesink; nearly pure greensand earl ,

.

. enonah: black to reddish brown sand sometimes strongly |Wenonah,Marshalltown 15 43 W

formations micaceous with small amounts of glauconite '
Marshalltown: sandy clay to clayey greensand and earl, or
laminated micaceous clay or pure greensand earl

Englishtown Sand 0-30 Quartz sand

Woodbury Clay 15 Black, somewhat sicaceous and slightly sandy clay
_

*
;

Merchantv111e Clay 11-18 Black,' glauconitic, somewhat sandy clay earl
<

Marl

Magothy Formation * 3 53 Magothy: clay, white sand, with seans of black Ilgnite and thin ,

(Middendorf (30-60) beds of black clay-

. Formation in 5.C.) Middendorf: partly correlattwe with Magothy la New Jersey. Dark I

laminated clay and micaceous Sand (Archie, 1947). [
continued

|

!

!
*
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TA8LE 1 18 continued.

Age Stratigraphic Unit Thickness, a Description

Baritan Formation 46 152 Variable and variegated sands and plastic clays

....Uneonfarmity.............-

Triassic Upper leewark Group

Brunswick Shale * 1524-3658 Red shale and sandstone
Watchung Basalt 91 366 Basalt flows
Lockatong Formation 518-1097 Black shale, dark argillite, flagstone, and rare thin Ilmestone
Stockton Formation 701-945 Arkosic sandstone, conglomerate and red shale (lies ong Precanbrian)

Unconformity--- ._ _ -..==

Paleoroic basament

.

--
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TABLE 1-19. Hydrologic data for region 6: Atlantic Coastal Plain and Triassic basins.

Den- Hydraulle conductivity,
No. sity, Porosity cm/s

Geological Depth, sam- (gf
setting Age Locality a pies cW) As Max Min Av Max Min Ref. Method

Blue clay Miocene Salisbury, From Constant 3 Lab, for each sample,
Md. consol1det1on flow lower conductivity value

was measured at consoll.
23.7 1 5.3E-7 5.8E-78

dation load of1.5E-7 8.7E-8
b 8 kg/ca', higher value

23.6 1 4.2E-7 1.3E-7 at 4 kg/cm2
2.7E-7 5.5E-8

C24.4 1 6.4[-7 2.2E-6
3.5E-7 5E-7

d
24.1 I 1.9E-7 9.1E 7

e 1.5E-7 5.5E 7
%a

23.1 l' 2.5E 7 1.5E-8
6E-8 IE-8

#
24.7 1 1.8E-7 1.1E 7

1.4E-7 4.2E-8

25 19 1.4E-7 4.2E-8
3.8E-8 1.8E-8

1 Transmissibility computed
Kirkwood Miocene Yorktown, from ThetS nonequ111- ,

Format 1on N. J.
h brtum equation. Permes.

Ye11omish 1*2 1 1*3 51*9 blitty computed using the
CI8I rotation T = Kb, where

h
Yellowish 3 1 1.62 40.3 b is thickness.

(T,,, = m ft,clay
Blue clay 4 1 1.70 38.6" T, a 16,000 f t.)

continued

9 ample C-9. " Total porosity.b d I
a5 ample C-2. 5 ample C-11. * Sample C-7. 5 ample C-12. 'Suple C-8. sample C-14. 5

- - _ _ _ _ _ _ _ _ _
,
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TABLE 1-19 continued.

Den- Hydraulic conductivity,
No. sity, Porosity cm/sGeological Depth, sam- (g/i

setting Age Locality m ples cm3) Av Max Min Av Max Min Ref. Method

Cohansey Sand Miocene- Crossley, outcrop 2 1.67 37.0" 37.4 36.6 2(clay) Pliocene? N.J.

Brunswick Late Flemington,
Formatip Triassic N.J. 4

3
(shale) to early

Jurassic
Observation
well #1 3.7E-4 6.9E-4 2.6E-4

Observation
well #2 3.2E-4 5.9E-4 2.2E-4

Observation
well f3 2.5E-4 4.5E-4 1.7E-4

Observation
well #4 2.5E-4 4.5E-4 1. 7E-4

Middendorf ' Cretaceous Aiken and outcrop 2 1.55 40.7 42.3 39
1

h
Formation Richland
(white clay) counties..

S.C.

Claystone Triassic Savannah 4003 2.9E-10 2 Calculated from wellRiver Plant, k
388S.C. 3.9E-12 yield data

l L
Mudstone Triassic ~ Savannah' 1282 'sev- 3.3 1.16E-10 to 1.16E-11 2River Plant, eral

!5..C

Mudstone' Triassic Savannah 1010 sev- 1.7E-9 2(massive) River Plant, eral
S.C.

h iotal porosity.
I
Soft, hematite-stained red shales with some interbedded sandstone. Strike N53'E. ofp 25'NW. Alignment of major fracture system is parallel

-strike. Sedimentation basin block faulted and rotated to present position. Fracture porosity measured. Wells perpendicular to strike.
dwell P5R. "Well P12R. I Well DRB-10. Effective porosity 0.53L "Well ORB-11.

-
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TABLE l-20. Other properties for region 5 (laboratory
results from Ref. 3).

Consolidatignload, Diffusivity,
2

.i kg/cm cm js

Blue clay (Miocene)'

Salisbury, Md.
'

Sample C-2 4 2.3E-2 .

8 1.7E-2
I Sample C-7 4 1.3E-2

8 1.9E-2

Sample C-8 4 2.9E-2
,

8 2. 5 E-2

Sample C-9 4 2.3E-2

8 2.0E-2

,

Sample C-ll 4 1.4E-2

8 5.3E-3

Sample C-12 4 2.0E-2

8 1.8E-2

Sample C-14 4 5.0E-3
|

| 8 1.8E-3

1

|

|

|
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References for Tables 1-19 and 1-20 (Region 6)
f

j 1. Manger, E. G.,1963, Porosity and Bulk Density of Sedimentary Rocks, U.S.
I Geol. Survey Bulletin 1144-E.

2. Marine, I. W.,1963, "Geohydrology of Buried Triassic Basin at Savannah
River Plant, South Carolina," in Underground Waste Management and

Artificial Recharge, 2nd International Symposium, New Orleans, La. (Am.,

Assoc. Petrol. Geol.), Vol. 1, pp. 481-504.
3. Wolf, R. G., 1970, " Field and Laboratory Determination of the Hydraulic'

Diffusivity of a Confining Bed,'- Water Resources Res. 6(1),194.,

;

4. Vecchiolli, J.,1967, " Directional Hydrolic Behavior of a Fractured Shale
| Aquifer in New Jersey," in Hydrology of Fractured Rocks (Assoc. Intern.

D'Hyd. Sci.), pp. 318-326.

|
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CHAPTER 2

.

BASALT

GE0 LOGY
l

Basalt is a dark-colored, mafic, igneous rock composed of calcium
plagioclase and clinopyroxene. It is generally extrusive or volcanic in

|| origin, with a glassy or fine-grained texture. Most basalts occur in flows.
'

There are small near-surface intrusions of basalt, but their volume is
,

relatively small. Most of the great flow sequences underlie the oceans, but
major continental flow deposits also occur. The continental flow sequences,
known as flood or plateau basalts, spread to great thicknesses over various

; areas of all the continents during the Permian, Triassic, a'nd mid-Tertiary
~

periods. Because of their accessibility, these continental flood basalts
have, until recently, received more attention than the oceanic basalts. For

; the purposes of studying deep geologic disposal of nuclear waste, we will
consider only the characteristics of the largest flood basalts in the Unitedi

' States, which are' located in the Columbia Plateau region of the Pacific
i Northwest.

Classification and Composition

All igneous rocks, including basalts, are classified on the basis of
texture and mineralogy. By definition, basalts are all fine-grained, calcium
plagioclase-clinopyroxene rocks. Within this framework, several textures and
mineral subclasses specify different genetic types of basalt.

Basalts are divided into two main mineralogical subgroups (Fig. 2-1).
Each of'these is derived from.a distinct type of parent magma. The tholeiitic.

! magma is saturated with S10 and produces basalts consisting of calcium-poorp,

[ augite, (Ca,Na)(Mg,Fe,Al,Ti)(Si,A1)2 6; labradorite plagioclase,0

| (Ca,Na)Al(Si,A1)S1 0 3 'nd iron oxides. Olivine,(Mg,Fe)2SiO , may be28 4'

absent or, as in olivine tholeiite, present in accessory-amounts.
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The alkali basaltic magma is undersaturated with respect to SiO and
2

produces nepheline, (Na<.,;?'SiO , bearing calcium-rich augite. In the
4

resulting rocks, alkali feldspars often occur with the calcium plagioclases,
and in general, alkal basalts contain much more complex assemblages of

feldspars. As with the tholeiites, olivine may be absent or occur as an
accessory; however, it is more common in the alkalis. Also, alkali-basaltic

olivine occurs in the groundmass, and it tends to be zoned from magnesium-rich

to iron-rich. This is unusual for tholeiite olivine.
Two lesser suites of basalts are the calc-alkali series and the

high-alumina series. The genesis of both are controversial. The calc-alkalis
are thought to be high alkali differentiates of the tholeiitic magmas. The

1

high-alumina basalts contain more than 17% A1 023 and are also thought to
be derivatives of the tholeiites. Mineral and chemical analyses of three

typical basalts are summarized in Table 2-1.
Basaltic textures and their causes are almost as numerous as the various

basalt rock names. For practical purposes, particularly if the physical

properties of the rock are of concern, only a few textures are :. yortant.
Basalts tend to be porphyritic (having larger crystals set in a fine-grained
groundmass). The large crystals, or phenocrysts, are of ten aligned, creating
anisotropy. The groundmass may be vitreous or glassy. Although basalt
glasses, or obsidians, are rare, matrices can contain high proportions of
glass.

Genesis

Genetic theory for the basaltic rocks is extremely detailed and
complicated. Basaltic magmas develop directly from the earth's mantle
material (Carmichael et al., 1974; Hess and Poldervaart, 1967), but
controversies continue over where in the mantle the magmas deva' what

materials are involved, and how many primary basaltic magmas are oeveloped.
The major type of basalt in both oceanic and continental occurrences is

tholeiitic. The magma producing this basalt is thought to be a primary magma
generated form a garnet-peridotite, or eclogit, in the upper mantle.
Continental and oceanic tholeiites are slightly different in some respects,
particularly in their trace element suites. However, these differences are

i believed to be due to contamination as the magmas pass up through either the

I
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TABLE 2-1. Chemical composition and mineralogy of some basaltic rocks (from
Hess and Poldervaart,1%7).

Composition, wt%

High- Olivine
Olivine Alumina Alkali

Tholeiitea Basaltb Basaltc

Chemical constituents:
SiO 49.18 48.27 41.60

2
TiO 2.29 0.89 2.64

2,

Al 0 13.33 18.28 10.3823
Fe 0 1.31 1.04 3.5823
Fe0 9.71 8.31 9.07

Mn0 0.16 0.17 0.20

Mg0 10.41 8.96 14.38

Ca0 10.93 11.32 10.90

Na 0 2.15 2.80 4.32
2

K0 0.51 0.14 1.02'

2

H0 0.09 0.22 1.46
2
P0 0.16 0.07 0.3825

Mineral constituents:
Quartz, SiO ~~ ~~ ~~

2
Orthoclase, KAISi 0 * *

38
|

Albite, NaAlSi 0 17.82 23.58 --

38
Anorthite, CaA1 SI 0 25.30 39.97 5.842 28

( Diopside, CaMgSi 0 22.93 15.23 36.5426

f Hypersthene,(Mg,Fe)23I 0 15.35 -- --

26
Olivine, (Mg,Fe)SiO 9.14 20.55 20.37'

4
' Magnetite, Fe 0 2.09 1.39 5.1034

Ilmenite, FeTiO 4.41 1.67 5.02
3

Apatite, Ca (P0 )3(F,0H,Cl) 0.34 0.17 1.01
5 4

Nepheline,(Na,K)AlSiO
4

-- 19.88--

Leucite, KAISi 0 4.36-- --

26

aFrom Kilawea Caldera, Hawaii.i

bFrom Medicine Lake highlands, Calif.
cFrom Ponape Island.
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continental or oceanic crusts (Carmichael et al., 1974; Hess and Poldervaart,
1967).

Alkali, calc-alkali, and high-alumina basaltic magmas hypothetically
develop from tholeiite magma. For calc-alkali and high-alumina magmas, this
hypothesis is very tentative, because the data are insufficient and
inconclusive. Alkali magma can be differentiated from tholeiitic magma, but
an enormous volume of tholeiitic magma is requred. Proponents of the

tholeiitic origin of alkali magma popttdate a partial melting of tholeiites,
followed by filter pressing of alkali magma, to explain the differentiation.
Opponents invoke a separate primary alkalic magma (Hess and Poldervaart,
1967), which would imply that the concept of a relatively homogenous mantle is
suspect. The problem of the alkali basaltic magma source still awaits
solution.

Physical Characteristics of Basalt Flows

Lava Forms. Lava flows issting from fissure eruptions in the Pacific
Northwest are predominantly of two types, pahoehoe and aa. These two forms of
lava are distinguished by various flow features controlled by the viscosity
and degree of agitatior, in the extruded lava mass. Most flows issue as

pahoehoe, and as viscosity declines downslope, the pahoehoe flows change into
aa.

Pahoehoe flows are characterized by a rolling, billowy, or " ropy"
surface, which is produced by the deformation and folding of the thin, cooled
lava surface by deeper flowing lavas. Vesicles, resulting from the release of
gas by the lava, are abundant in pahoehoe flows. Spherical or nearly
spherical vesicles may fully permeate thin flows, whereas in thicker flows
vesicles are concentrated near the top of the flow. In some cases, vesicles
may also be found in a chilled layer near the base of a flow.

In contrast to the relatively smooth, undulating surface of a pahoehoe
flow, aa flows are rough, spiny, fragmented, and blocky. The surfact is
scoriaceous, the top and margins of the flow being covered with clinker.
Occasionally, a layer of clinker may also be found on the lower surface of the
flow; however, in the Columbia River and Cascade regions, flows generally lack
this feature. Aa flows are generally much less vesicular than pahoehoe
flows. Vesicularity may reach 50% in some aa flows, but is normally less than
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30% (MacDonald, 1966). Those vesicles present are generally less than 2 cm in

diameter and nonspherical.
A third type of subareal flow, block lavas, is rarely found in the

Northwest. Block flows are generally characteristic of siliceous lavas rather
than lavas of basaltic composition such as those 4 he Columbia Plateau
region.

Since lavas were extruded in some areas o' the Northwest into shallow
seas or freshwater lakes, subaqueous flows are also of some interest. The

predominant subaqueous form is pillow lava. These flows consist of stacked
ellipsoidal bodies of lava, generally ranging from 10 cm to 7 m in diameter.
Pillows may be compactly molded together or separated partly or wholly by
detrital materials. Most have glassy skins and are radially fractured.

Joints and Cooling Features. As a basalt flow cools, shrinkage of the lava
causes vertical tension fractures or joints to develop. In a massive flow,
these joints form in regular patterns. Thin flows are normally characterized

c

by rectangula or irregular polygonal joint configurations in the horizontal
pl ane. Thicke* flows exhibit more uniform hexagonal systems of joints in the
x-y plane, isoducing hexagonal columns. Holmes (1965) explains the formation

| of " columnar" joints:
When a hot homogenous rock cools uniformly against a plane

surf ace, the contraction is equally developed in all directions
throughout the surface. This is mechanically the same as if the
contraction acted towar .s each of a series of equally spaced
centres. Such centres [C,1,2,3, etc., in Fig. 2-2a] form the
corners of equilateral triangles, and theoretically, this is the
only possible arrangement. At the moment of rupture the distancei

| between any given centre C and those nearest to it-is such that the
contraction along lines such as C-1 is just sufficient to overcome

| the tensile strength of the rock. A tension crack then forms
| halfway between C and 1 and at right angles to the line C-1. As

j each centre is surrounded by six others [1-6 in Fig. 2-2a],-the
: resultant system of cracks is hexagonal. Once a crack occurs
i somewhere in the cooling layer the centres are definitely localized,

and a repeated pattern of hexagonal cracks spreads almost ,

simultaneously throughout the layer [ Fig. 2-2b]. As cooling
proceeds into the sheet of rock the cracks grow inward at right

,

| angles to the cooling surface and so divide the body into a system
of hexagonal columns.

' This description, although generally accepted in principle, is somewhat
oversimplified. A diagramatic cross section of the Pomona flow of the'

Columbia River Basalt (Fig. 2-3) shows jointing to be more complex. Ryan
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FIG. 2-2. Ideal hexagonal fracture pattern, formed by uniform contraction
toward evenly spaced centers (from Ryan,1974).

(1974) suggested that the Pomona flow consists of seven relatively distinct,
vertically distributed zones. The uppermost zone, Zone I, which he identified
as the flow top, consists of a 20- to 30-cm layer of weathered scoriaceous
lava and rubble, underlain by a 2- to 3-m-thick zone of high vesicularity.
Vesicles in this zone range form 5 to 25 mm in diameter.

Zone II is termed the upper colonnade. This region contains vertically
standing hexagonal columns 2 to 3 m in diameter, with face widths of 1 to 2 m
and heights of 4 to 8 m. These columns, the largest in the flow unit, often
bear f aces that are nonplanar and that appear warped or twisted. Some

cross-fracturiilg is evident in this zone, and it often coincides with
elliptical vesicles having horizontal major axes.

Underlying the upper colonnade is an upper transition zone, Zone III,
wherein both the diameters of the columns and the sizes of column faces
diminish rapidly. Within this 3- to 5-m-thick zone, the large columns of the

!
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FIG. 2-3. Simplified cross section of the Pomona flow unit (from Ryan, 1974):
(1) flow top, (II) upper colonnade, (III) upper transition zone,
(IV) entablature, (V) lower transition zone, (VI) lower colonnade, (VII) flow
base. Smaller structures are: (1) pahoehoe or ropy lava, (2) localized sags
in the flow top (not to scale), (3) blocky scoria, (4) small subvertical
jointing confined to flow top, (5) transition form spherical vesicles to
elongate ones, (6) large elliptical vesicles, (7) cross-fractures, (8) upper
colonnade column, (9) horizontal ridges, (10) cross-fractures, (11) undulating
fracture surfaces, (12) vesicular zone, (13) spiracles.

111

- _ _ - _ _ _ _ _ _ - - _ - _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ .



upper colonnade are subdivided into smaller and smaller polygons. The large
columns of the upper colonnade are thus transformed into bundles of smaller
columns which blend to form the next lower zone, known as the entablature.

The entablature, Zone IV, is characterized by slender, subparallel
columns 15 to 20 m in height. The joints bounding the columns of Zone II
often extend into the entablature, grouping columns in this unit into
"megacolumns." Individual columns within each megacolumn are often

cross-fractured, although fractures among columns are not generally coincident.
Below the entablature is a lower transition zone, Zone V, about 1 m

thick. This zone marks the abrupt boundary between the entablature and the
lower colonnade. The lower colonnade, Zone VI, consists of columns 6 to 7 m
high and 1 to 1.5 m in diameter. Symmetry among hexagonal columns is

generally most evident in the lower colonnade.
Ryan identified the lowermost zone in the Pomona flow, Zone VII, as the

flow base. This region consists of small vesicles and spiracles which result
from gases formed along the lower contact and which migrate upward into the
lava. The flow base, where present, is 20 to 30 cm thick.

Not all lava flows exhibit all the classical features described by Ryan
in the Pomona flow. However, the configurations of most are similar.

Flow Geometry. Individual flows are topographically controlled. In regions
of low relief, viscous lavas generally fill valleys or flow onto plains, then
solidify, leaving a basalt mass with a roughly convex cross section
perpendicular to the direction of flow. Lavas of lower viscosity or those
flowing in areas with greater topographic relief often produce basaltic masses
with a concave cross section. This feature results when cooling begins along
the margins of a flow while the core remains mobile. In many of the larger
flows of the Columbia Plateau, the convex or concave shape is apparent only in
terminating tongues of the flow. Because of the large quantity of lavai

| extruded and the great areas covered, the central portions of the flow may
appear nearly horizontal.

Interbeds.
| _

In the deeper parts of the Columbia Plateau, more than 50 Miocene
lava flows have been identified, many more than 10 m thick. Between flow

i events, the surf aces of the exposed flows were exposed to weathering and
erosion. Fluvial silts, sands, and gravels, as well as lacustrine silts and

|
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clays, were deposited in some regions, forming interbeds between the flows.
Strata consisting of tuff and volcanic ash can also be found interspersed in
the flows.

Tectonic Features. As volcanism proceeded, tectonic activity caused faulting
and folding of previously deposited sequences. Faults and structural axes
often control groundwater flow through basaltic aquifers. Also of some
importance are regional joint systems. These systems may be mapped throughout

most of the area of deposition of the northwest basalts; however, their
relation to lava emplacement and later tectonic activity is not well

understood.

Descrintion of Basalt Occurrences in the United States

Extensive areas of flood basalts occur in the northwestern United
States. This region, known as the Columbia Plateau, is the largest area of
basalt in the United States. All of the flows in this region are of the

continental tholeiitic type.

The Columbia Plateau flood basalt region consists of three distinct,
smaller areas of basalt flows (Fig. 2-4): the Columbia River Basalt, covering
a large area in central and southern Washington; the Modoc Plateau, extending
south to California; and the Snake River Plain, extending across most of
southern Idaho. The basalts of each area differ slightly in their

stratigraphic and water-bearing properties.
The following discussions of these three areas will concentrate on

general features that are consistent with the entire area. We will not
present geologic and hydrologic data (for example, data on small-scale
fracturing or jointing) that are applicable only to specific locales. Trends,

intensities, and depths for such small-scale features can only be measured,
and their importance to rock properties judged, for specific sites.'

Columbia River Basalts.

Description and Geologic History. The Columbia River flows cover an area
_

2of more than 150,000 km in southeast Washington, northeast Oregon, and
3adjacent Idaho. Their volume exceeds 300,000 km . The flows comprise a
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FIG. 2-4. Principal basalt flows in the Columbia Plateau region.
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thick sequence of layered lava flows and interbedded sediments (Newcomb,
1969). The thickness of individual basalt flows generally ranges from 1.5 to
about 61 m, averaging 24 m (Newcomb,1%9). The average thickness of the
entire sequence underlying the Columbia Plateau is greater than 500 m, and the
greatest known thickness in 3200 m (Deju et al.,1977).

During the middle and late Miocene, repeated eruptions of_ enormous

volumes of basaltic lava filled a s'.owly subsiding planoconvex basin. Between

each eruption, the surf aces of many flows were exposed to erosion. By the
late Miocene, the basin encompassed an area bounded by Mesozoic granites of
the Okanogan highlands on the north, the Precambrian to Mesozoic sequences of
the Rocky Mountains to the east, and the folded tertiary sediments of the
Cascades and Blue Mountains to the west and south (Deju et al., 1977). As
volcanism declined in the late Tertiary, a series of west -to northwest-
trending anticlinal ridges formed across the subsiding basin. Broad synclines
formed between these ridges, creating the (knatilla, Pasco, Quincy, and several
smaller structural basins.
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The Columbia River Basalt is tholeiitic. The rock is black to dark gray,

dense, and fine-grained. and is composed mostly of microscopic crystals, with
! some intercrystalline glassy groundmass. The average composition of this

basalt is labradorite, 50%; augite, 15%; magnetite, 15%; and brown glass and
microlites, 20%. Most of the basalt has an even, microgranular texture, but
in a few places the crystals are so small that the texture is flinty or nearly
glassy. The textural f abric of the rock indicates that most of the

,

crystallization occurred after the highly fluid lava had come to rest
(Newcomb,1969).

The two most distinctive petrologic structures in the Columbia River
Basalt are layers and joints. TM layering resulted form the accumulation of
successive flows of highly fluid lava of the same general chemical and mineral
type. The individual flows are generally separated by one or more features:

; e A change in jointing, texture, or color.
e A change in susceptibility to alteration.

: e Interbedded sedimentary material.

{ e A vesiculated top and a flinty basal section.
'Joints and fractures traverse the basalt. The main sets of fractures,

caused by shrinkage of the solidified rock during cooling, are arranged as

! vertical columnar joints, flat or sheeting joints, and unsystematic
miscellaneous partings. The joints separate some parts of the flows into
angular, irregular blocks of all sizes and shapes (Newcomb, 1969). Columnar
jointing systems are present in almost every flow.

I In addition to the shrinkage joints, the basalt is traversed by regional
joints. These long, straight sets of parallel vertical cracks trend in
various patterns across most of the basalt. They are believed to be extension

fractures (Newcomb, 1969).
The basalt has a thin, oxidation skin on all but newly exposed surfaces.

,

|

| Where basalt has been exposed, it may be weathered to depths of up to 50 or
60 m (Newcomb,1%9).

Stratigraphy of the Pasco Basin. The Pasco basin (Fig. 2-4) was chosen

as representative of basins of the Columbia Plateau for three reasons:
e It lies at the depocenter of the regional subsidence and thus

comprises the thickest and most complete sequence of basalts.

| e It is an attractive potential site for waste storage, since it

| contains less groundwater than the other basins of the plateau.
I
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o Because the Hanford facility is located there, a greater bank of rock
mechanic, hydrologic, and geologic data is available than for other basins.

The minimum thickness of the Miocene basalt sequence in the basin is
estimated to be 1500 m (Myers,1973; Myers and Brown,1973; Brown and

Ledgewood,1973). The maximum thickness of this sequence is not precisely
known; however, where these flows have been penetrated, they overlie older
basalts of Oligocene and Eocene age.

There are five principal accumulations of flows in the Columbia River
Group of the Pasco basin. The lower two units are the Picture Gorge Basalt
and the Imnaha Basalt. The upper three formations, identified on the

stratigraphic column in Fig. 2-5, are the Grande Ronde (Lower Yakima), Wanapum
(Middle Yakima) and Saddle Mountains (Upper Yakima) basalts. Each of these
formations contains numerous individual flows, many interbedded with
sandstones, siltstones, tuff, or diatomite. The geographic relationships of
these flows are identified in Figs. 2-6 through 2-8. Detailed physical and
chemical descriptions of individual flows may be found in a report prepared
for the National Waste Terminal Storage Program (NWTSP,1976).

Snake River Plain.

Description and Geologic History. The Snake River Plain is a structural
2basin covering an area of about 31,000 km in southern Idaho. As depicted

in Fig. 2-9, the basin is approximately 320 km long and 50 to 70 km wide. It

consists mainly of an accumulation of basalt flows with intercalated

lacustrine and alluvial sediments. The basalt fills a huge graben and is more
than 450 m inick (Walker,1964; Nace et al.,1972).

The eruptions that emplaced the basalt were intermittent, and the sheet
of lava that spread out during each event usually solidified before the next
sheet was laid down. Each sheet has an upper and lower chilled zone.
Commonly, the surface of a flow was exposed to erosion or depostion of

sediments before being covered by the succeeding flow (Walker, 1964). The

molten basalt was fluid enough to spread many miles over relatively low
gradients. The structure, chemistry, and mineralogy of the Snake River Basalt
are similar to the Columbia River Basalt.

Geologic data on the basin are limited because of the lack of economic
mineralization in the basalt sequence. However, since the siting of the Idaho
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1

National Engineering Laboratory (INEL) on the Snake River Plain in the early
1950s, sufficient work has been sponsored by the Department of Energy and the I
U.S. Geological Survey to produce a quantitative picture of the basin as a
whole and of the INEL site in particular.

The major regionai fractures in the basalt are vertical and trend
north-south and east-west. It is thought that a nerth-south-trending
geosyncline lay across southern Idaho in late Precambrian time. Sandstones
and shales were deposited in this broad depression through the early
Ordovician (Crittenden et al., 1971). As the Cordilleran geosyncline
developed, principally carbonate rocks were deposited during the later
Paleozoic.

Beginning in the Permian and continuing into the Mesozoic, tectonic
activity increased in the region. The Idaho batholith was emplaced to the
north and west, and the resulting uplift provided a source of detritus for
Mesozoic sedimentation on its flanks. By the middle of the Mesozoic,
approximately 15,250 m of Paleozoic and 10,700 m of Mesozoic rocks had filled
the basin. Uplift and tectonism continued, culminating in the Laramide
orogeny during the late Cretaceous.

By early Cenozoic time, deposition had ceased, and erosion of the
uplifted sediments had begun. Basin-and-range faulting during the Miocene
created a rugged mountain range in southern Idaho, bounded on the north and

west by the Idaho batholith and on the east by large basin-cnd-range horsts
and grabens. This topography persisted until the early Pliocene when tectonic
events began to create the basin which developed into the Snake River Plain.

A number of theories have been presented for the development of the basin
in which the basalts of the Snake River Plain were deposited (Lindgren, 1898;
Russell, 1902; Kirkham, 1931; Hamilton, 1963). Currently, the most widely
accepted theory postulates the development of a large downfaulted graben
inundated by flood basalts. The development of this graben is summarized by
Robertson et al. (1974):

This hypothesis proposes that in the late Miocene the granitic
terrain of the Idaho batholith extended southward to the south edge
of the present plain where it either thinned considerably or was
displaced westward. Tension during the early Pliocene, probably due

I to subcrustal forces similar to those envisaged by Hamilton and
Myers (1966), produced the present Snake River graben into which the,

! southern tip of the batholith subsided

Along with subcrustal tension directly responsible for the
'

grabening, magma developed in the subcrust, perhaps fractionated
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from a tholeiite into imiscible rhyolite and olivine basalt
(Hamilton, 1965), and erupted along tensional openings in the
averlying rocks. Sialic volcanism occurred first and covered the
floor of the graben as well as much of the surrounding region with
tuff and flows (Idavada Volcanics). Effusive removal of subcrustal
material f rom beneath the graben allowed downf aulting to continue
and the Snake River Plain crustal block settled into the mantle. By

middle Pliocene time all the rhyolite was gone from the magma
chamber and eruption of olivine basalt began. Basalt flows were
restricted to filling the graben though some flowed short distances
up valleys in the adjoining blocks (Crosthwaite and others, 1970).
It is the addition of this subcrustal material to the top of the
Snake River graben that accounts for the maintenance of isostasy.
[ Figure 2-10] depicts these stages in the hypothetical grabening of
the Snake River Plain.

Stratigraphy. The sequence of volcanic rock which fills the graben is

thought to range from 300 to over 3000 m in thickness (Robertson et al., 1974).
Early wells constructed at INEL showed the upper 450 m of the section to
consist of a series of thin basalt flows 3 to 25 m thick, interbedded with
fluvial, lacustrine, eolian, and pyroclastic sediments. A cross section of

the nuclear waste burial site at INEL (Fig. 2-11) identifies the interbedded
sediments in the upper portion of the sequence.

In May 1979, the Department of Energy completed a 3159-m geothermal test

well (INEL-1) at INEL, approximately 30 km north of the burial site. The

upper 745 m of this well penetrated basalt flows and sedimentary interbeds.
Below 745 m, a sequence was encountered which consists of rhyolitic welded
ash-flow tuffs, air-fall ash deposits, nonwelded ash-flow tuffs, and
volcaniclastic sediments. Doherty et al. (1979) suggested that these rocks
are part of an intracaldera fill and that a collapsed caldera approximately

' 25 km in diameter may exist in the region of well INEL-1.

Modoc Plateau Basalts. The Modoc Plateau is the region east of the Cascade

Mountains in southern Oregon and northern California and west of the Basin and

Range Province. The region consists predominately of a series of north- to
northwest-trending block-faulted mountain ranges. Tectonism on the plateau

culminated in the Miocene or Pliocene; however, faulting has continued into

Recent time. Intervening basins between block-fault ranges have been filled
with a series of lava flows ranging in age from Siiocene to Recent. These

lavas range in composition from rhyolite to basalt and are of ten interbedded
with lacustrine and fluvial mudstones, siltsones, and sandstones, and with
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volcaniclastic materials. Cinder cones rest on the surface. Because
tectonism has been continuous, many of he older flows are now f aulted and
tilted. The major basalt flows are the Warner Basalt (Miocene), Steens Basalt
(Miocene), Picture Rock Basalt (Pliocene), and Hayes Butte Basalt, (Pliocene).

i Every flow does not underlie the entire area. Individual flows commcaly fill
i grabens, and their surfaces are distinguished by pahoehoe or ropy lava
.I structures.

These Tertiary basalts are usually composed of dark gray olivine
i basalts. Commonly, the texture of the basalt is porphyritic with phenocrysts
| of olivine or labradorite (Hampton,1961).

Faults trending north to northwest are common and usually delineate;

! horsts and grabens. These normal high-angle faults show considerable
|- displacement, up to 305 m, and some strike-slip displacement (MacDonald,,

1966). The fault surfaces can be undulating or angular. Minor faulting can
be seen perpendicular to these faults.,

i Vertical shrinkage joints are very comon, especially in the tops or
bottoms of each individual flow. Individual flows range from 3 tc 15 m
thick. The thickness of the major basalt flows vary from a few tens of meters
to over 300 m and generally thin toward the south and east (Piper et al.,
1939; MacDonald,1966; Brown et al.,1962).

GE0M CHANICS
1

The engineering behavior of basaltic flows is expected to vary widely1

because of their unique Mpositional and cooling characteristics. Variations
within a flow are largely functions of the flow thickness, which determines;

the rate of cooling throughout the mass. Normally, thick flows have dense
basalt in their lower portions and are jo_inted. The jointing forms five- or
six-sided columns that average 0.6 to 0.9 m across. Cross joints, either
inclined or normal to the column, may also be present (ONWI, 1978).

In the Columbia River Basalt, columnar joints are the most :ommon:

internal structures within individual flows. Although the pattern of columnar
'

jointing varies, both within and between flows, a typical flow usually has a
lower zone, which is generally one-third to one-half of the entire thickness
of the flow and consists of nearly symmetrical columnar joints, and an upper
zone, which is generally one-half to two-thirds of the entire thickness of the
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1

flow and consists of an irregular jointing pattern (see Fig. 2-3, for
,

; example). The jointing pattern variations include fanlike columnar joints,
plating joints, swirling joints, brickbat joints, and cross joints. Abrupt
lateral changes in joint patterns can occur. At depth, most joints and
fractures are filled with secondary minerals such as zeolite, amorphous
iron-rich silicates, and fe ro-magnesium clays. The top of the flow may be a

slaggy, ropy, or clinker-type basalt (0NWI, 1978).
The geomechanical behavior of the basalt flows thus depends upon the zone'

deingstudied. Potential repository sites would logically be located in the

i most massive part of the flow, where the joints are the most widely spaced and :

the strength is the greatest. The behavior of the joints will be a major

consideration. Some of the necessary steps in any study of basalt as a

potential repository rock are indicated in Table 2-2. The list emphasizes the

need to define the major structural properties of the rock mass, as well as

the characteristics of the rock on a much smaller scale.
Tl geotechnical factors that influence design have been summarized very

well in a report prepared by Parsns, Brinckerhoff, Quade, and Douglas, Inc.
'

(PBQ&D,1978). Their discussions make clear the kinds of geomechanical

considerations that are important in any repository design. They concluded:

At high temperatures, the strength of rock diminishes as the rocke
I

crystalline structures begin to break down. In basalt, major losses of

0strength are expected at around 400 to 500 C. Thermal loading must be
' adjusted so that temperatures do not exceed critical values near the canisters,

The rock surrounding and overlying the repository will respond to theo

j stresses imposed by the mined excavation and by thermal loading from the
implanted waste materials. The repository layout and geometry and the

allowable thermal loading must be designed to minimize rock movements.
e When basalt is overstressed, it will' fail quickly, with little

warning. Accordingly, the main philos 6phy must be to limit stresses to a
value well below the level required for initial failure.

The rest of this section discusses the geomechanical characteristics of
basalts in general, providing information about the specific rock types as
appropriate. Where data are scanty or lacking, we can only look to work
currently underway, especially at Hanford. These current studies include both
laboratory and field measurements, as well as a large amount of modeling using
analytic, finite element, finite difference, and other types of models.
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TABLE 2-2. Requirements of any study of basalt as a potential repository
medium (from Deju et al., 1977).

Requirement Methods

Tectonics and seismology
___

Assess the tectonic stability of Regional geology; field studies;
the region. evaluation of seismic records; seismic

vonitoring; literature survey;
geophysical surveys.

Define major faults, fractures, Field studies in outcrops, trenches,
and fissures, and boreholes; remote sensing;

literature survey; geophysical surveys.

Document the seismic record. Examination and documentution of the
seismic record, including
microearthquake studies.

Assess the structural integrity Field analyses; laboratory and in situ
of the Lasalt mass. tests; geophysical surveys.

Define the frequency, orientation, Remote sensing.
and character of major lineaments.

Define the frequency and Core analysis, supplemented by borehole
orientation of fractures in basalt. geophysics.

Define the extent of folding and Integration of geologic and geophysicalthe forces that led to its present data,
state.

Rock properties and stratigraphy

Define the petrographic, Petrographic, mineralogic, and chemical
mineralogic, and chemical analyses of selected basalt flows;
characteristics of the basalts. literature survey.

Assess the stratigraphy and define Stratigraphic correlation usingvariations. petrographic, mineralogic, chemical,,

i paleomagnetic, and geophysical
! techninues.
i
! Define erosional stability over Regional geology, interpretation of
; geologic time. observations; geologic history;
i geomorphological studies.

Define the thermal properties of Laboratory tests on cores under
b; , alt (expansion, conductivity, simulated conditions.
and fracture potential).

continued
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TABLE 2-2 continued.

MethodsRequirement

Assess the effect of thermal stress Laboratory tests.
gradients on fractures and basalt
properties.

Assess the effect of fractures on Laboratory tests.
the heat transfer properties of
the basalt mass.

Examine the effect of radiation on Laboratory tests,
structural integrity of the basalts

Because of these activities, progress in evaluating and measuring important

geomechanical characteristics should be rapid.

Stres_s

In analyzing the stability of an underground excavation, one must
consider the stresses that are applied and the strength of the materials
involved. The stresses are of three types:

e In situ stresses--those that exist prior to excavation.
Stresses induced by the excavation process itself.e

e Stresses induced by the n'aterials that are placed within the

excavation. Before discussing each of these stresses in detail, we will
consider the methods by which stresses are evaluated.

| Measurement Techniques. Except in the cases of hydraulic fracturing and
flatjack-type measurements, stresses are not measured directly; instead, they
are calculated by introducing the results of strain (or displacement)
measurements, along with suitable elastic constants, into equations developed
from elastic theory. For example, the most common and widely accepted means

|
of obtaining in situ stress fields in the United States is by using a U.S.
Bureau of Mines borehole deforaation gauge. A 38-m-diameter hole is drilled,
a gauge that measures changes in borehole diameter in three directions is
inserted, and the hole overcored with a ISO- m -diameter bit. By measuring the
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j borehole deformations, knowing the elastic modulus and Poisson's ratio for the
f rock, and using the equations for a thick-walled cylinder, one can calculate
| stress magnitudes and directions. Three holes are required to determine the !

complete stress tension at any point. Because of the overcoring requirement,
<

this technique is generally limited to use in relatively short noles (less
than 30 m). Hence, measurements at depth must be obtained from underground
openings.

; Of the other techniques available, many suffer from both operational and '

i

calculational difficulties. Results obtained using several techniques at ths

|!
same location have generally shown wide variations. These variations may be

due to real variations; however, they are more likely due to the instruments,
I procedures, and evaluation techniques employed. Most techniques, for example,
I

assume that the rock is linearly elastic and isotropic--a good approximation
for some rocks, but not for others. The determination of absolute stress or
stress changes is complicated by moisture and by temperature variations. For

| nuclear waste applications, a great deal of development will be required
before measurement techniques can be considered adequate.

In Situ Stress.
_

As stated by Hardy and Hocking (1977), "No stress

measurements have been recorded in the basalt flows to our knowledge, but in
i other parts of the U.S. stress measurements have shown a trend toward [the]
; lithostatic case at depths of around a thousand meters." The stress

measurements referred to by Hardy and Hocking were those compiled by Lindner
and Halpern (1977), which are shown in Figs. 2-12 and 2-13. Contrary to Hardy.

and Hocking's statement, no definite trend towards a lithostatic stress field
,

at depth is obvious. Rather, there are only a few widely scattered data
4

points. Figures 2-14 and 2-15 show similar scatters. Clearly, more data are
; needed; from the few currently available, few quantitative conclusions can be

drawn.

Lindner and Halpern fit equations to the data for North America:

= (9.42113.1)kg/cm2 + (0.339 1 0.67) kg/cm ,,2oy

= (1351185) psi + (1.46910.289) psi /f t,
H = (43.6 1 8.15)kg/cm2 + (0.390 1 0.72) kg/cm _,2

j = (620 1 116) psi + (1.690 1 0.311) psi /ft,
,

where o is the vertical stress and a is the horizontal stress.y
H
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For the horizontal stress, Lindner and Halpern comment, "This curve fit2

is a poor one. The horizontal stress data indicate considerable scatter.
Cata vary from three to four times the least-square average, to less than
lithostatic. Hence, the curve fit is at best a trend rather than an average
that could be utilized in design."

The presence of the basalts themselves is evidence of previous tectonic
activity in the area where they are found. Therefore, one might expect to
find significant deviations from a stress state calculated on the basis of the
weight of the overburden. (Under lithostatic condii.lons, the three stresses
are equal to each other and equal to the weight of the overburden.) The

j presence of nearby f aults, dikes, or other major structures would also affect
the in situ stress field.

,

Stresses Induced by Excavation. Hardy and Hocking (1977) made a

two-dimensional analysis of the effect of various in situ stress fields on the
stresses around a typical waste repository room. The assumed excavation

'

geometry is shown in Fig. 2-16; the basalt properties used are listed in
Table 2-3. For the base case, the initial in situ field stresses were taken
as 25 MPa at a depth of 1000 m and the horizontal stress field was assumed to
be equal to the vertical.

In Fig. 2-17, the effect of areal thermal loading on the tangential
boundary stresses is shown for three points around the periphery of the

1

Corridors extend Corridors extend
~ outward outward

-

r

Corridor

24 m 6 m,,
' ' ' n :.

_

7.5 m
--

; ?
. . , .3.

| __ | 15m | |
8m

Radioactive wast
canister

FIG. 2-16. Excavation geometry assumed by Hardy and Hocking (1977) for stress,

analyses, showing locations of waste canisters,

i
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excavation geometry of Fig. 2-16 (from Hardy and Hocking,1977). Initial

horizontal and vertical stresses were taken to be 25 MPa.
I

i

|

TA8LE 2-3. Basalt properties assumed by Hardy and Hocking (1977)
for base case stress analyses.

j

Thermal conductivity 1.86 W/m 0C

| Specific heat 1030 J/kg 0C

| Density 2900 kg/m3

3
i Diff usivity 6.5 x 10-7 m /s

6 3Heat capacity -3.0 x 10 J/m - C
11

Elastic modulus 0.48 x 10 Pa

Poisson's ratio 0.2
Coefficient of linear thermal expansion 5.2 x 10-6 C-l'
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1

i

] corridor. Boundary stresses also depend on the ratio of horizontal to|

vertical stresses, as shown in Fig. 2-18. When the horizontal in situ stress
is equal to one-half the vertical, boundary stresses in the roof and floor are

j much smaller than when the in situ stresses are equal. In fact, tensile

stresses are present in the roof. When the in situ horizontal stress is one
and one-half times the vertical, the boundary stresses are much higher in the
roof and floor of the corridors than for the base case. The boundary stresses

,

in the side walls are lower than for the base case.
I In sumary, the boundary stresses in both the roof and floor of the

| corridor decrease as the ratio of horizontal to vertical in situ stresses
decrease. Conversely, the boundary stresses in the sidewall increase as the

i

stress ratio decreases. Hence, it is very important to know at least the
; ratios of the major principal stresses, and the5r direction. This information
; is not currently available.

|

t

60 g

.

50 - OB C -

!

:

E 40
2+

| 1 N A

. I
t u 30 - -

E 20 - -

'

S B

10 - -

1o.
0.5 1.0 1.5

Horizontatto vertical stress ratio

FIG. 2-18. Effect of the horizontal to vertical stress ratio on boundary
stresses for the excavation geometry of Fig. 2-16 (from Hardy and Hocking,
1977). Thermal loading was taken to be 25 W/m2, and the vertical stress was
held constant at 25 MPa.'
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Thermally Induced Stresses. Assuming the excavation geometry
illustrated in Fig. 2-16, Hardy and Hocking (1977) calculated the
temperature distribution around a corridor af ter five years (Fig.i

2
2-19). The areal thermal loading was taken as 25 W m , and the air in'

the room was analyzed as if it were stagnant. No convection or
radiation heat-transfer mechanisms were modeled. The magnitude and
direction of the thermal stresses at various points in the basalt around
the room are illustrated in Fig. 2-20. The magnitudes are indicated by
the distances between the ends of the crosses; double-headed arrows
denote tensile stresses. Only thermal stresses are presented in
Fig. 1-20; no account is taken of in situ stress fields.

! ,

Figure 2-21 shows the variation in stress (and temperatures) at the
boundary of a corridor. High stresses occur in the corners; however, it
should be kept in mind that no reduction in modulus or change in thermal
properties has been introduced to account for blasting damage around the

corridor.
Hardy and Hocking also calculated the dependence of boundary

stresses on Poisson's ratio, Young's modulus, and the coefficient of
linear thermal expansion (Figs. 2-22 and 2-23). Raising or lowering'

Poisson's ratio from its base case value of 0.2 has little effect on the
boundary stresses. On the other hand, both Young's modulus and the
coefficient of linear thermal expansion have substantial effects,

especially at the floor of the corridor. This suggests that an accurate

knowledge of Poisson's ratio is not necessary, whereas appropriate

l.

values of the coefficient of linear expansion and Young's modulus are of
great importance in estimating repository stresses.

!
Finally, Table 2-4 summarizes the sensitivity of boundary stresses

to the parameters studied oy Hardy and' Hocking. The effects of
variation tend to be smallest at the sides of the corridors. These

results are strictly qualitative and are not appropriate for detailed
I design because of insufficient input data. However, the results do

j suggest which parameters need to be measured accurately.

| -
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FIG. 2-19. Temperature contours five years after emplacement, assuming a
r

thermal loading of 25 W/m2 (from Hardy and Hocking,1977).
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,

TABLE 2-4. Effects of various f actors on boundary stresses (from Hardy and
Hocking,1977).

:

Boundary stress, MPa

Assumption at A at 8 at C

i Base case (Table 2-3) 19.5 26.6 34.9
2Thermal loading = 50 W/m 19.5 32.0 50.3

E = twice base case 19.8 32.0 51.4
! Poisson's ratio = 0.3 19.7 27.0 36.8

Poisson's ratio = 0.1 19.5 25.9 33.2
In situ horizontal stress = 12.5 MPa -0.7 36.0 14.7

,

j In situ horizontal stress = 37.5 MPa 39.7 17.3 55.1

:

Mechanical Properties of Intact Rock

!

Few data are available for the rock strength, Young's modulus, and
Poisson's ratio of basalt. The few that are available are for intact rock
samples. Furthermore, as shown in Fig. 2-24, rocks classified as basalts have
a wide range of compressive strengths and moduli; therefore, it is not
possible to adopt generic values for any analysis.

Table 2-5 sumarizes data compiled by ONWI (1978). They noted that their
information base was rather small and that properties. vary widely for
" basalts." The modulus varies between 5 x 106 6and 16 x 10 psi (34.5 to
110 GPa), for example.4

More detailed values, from other sources, for the Dresser Basalt are
I given in Tables 2-6 and 2-7 for tests conducted under conditions of
: atmospheric temperature and pressure. As might be expected, the strength
'

increases with the confining r,iassure. Engineering data for basalts tested
; from Amchitka Island are given in Tables 2-8 and 2-9. The data in Table 2-9

( are for dry rocks. (Moisture can have a significant effect on compressive and
I tensile strengths. Sharp (1972) compared the properties of Amchitka Island

samples that had been air dried for two weeks with those of samples that had

, 142
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' igneous rock (from Deere and Miller,1%6).
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TABLE 2-5. Intact properties for four basalts (from ONWI, 1978).

-

Origin of sample

Dresser Amchitka Nevada Columbia
oasalt Island Test Site River Basalt

Index properties:
3Unit weight; kg/m 3000 2700 2700 2403-3085

Natural moisture content, % -- -- -- --

Porosity (rock mass), % 0.19 2.8 4.6 --

Stress-strain properties:
Young's modulus, GPa 93 61.1 34.9 55.2-110
Poisson's ratio 0.264 0.19 0.32 0.22-0.30

$ Bulk modulus, GPa 32.8-- -- --

Shear modulus, GPa 4.15 25.7 -- --

Strength properties:
Uniaxial compressive 440.7 250 148 193.1-400.0
strength, MPa
Tensile strength. MPa 22.1 15.5 13.1 12.41-24.14

Thermal properties:
Coefficient of linear 8.9 8.90 16.7--

thermal expansion, 10-7 C'
Heat capacity, J/g- C 0. % 0.96 0. 72-0. %--

Thermal conductivity, W/m- C 1.30 1.30 1.00-1.35--

Hydrologic properties:
Permeability 0.0205 m/d 9.67 x 10-6--

to 3.87 x 10-5 m/s
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TABLE 2-6. Dresser Basalt test results (from Kreck et al., 1974).

Sample 1 Sample 2 Sample 3 Composite
a

Mean CVa Mean CV" Mean CV" Mean Cy

Porosity, % 0.16 9.0 0.15 0.05 0.25 12.7 0.19 57.3
~4 ~4

e'ermeability, p/s <10-4 -- <10-4 <10 <10-- -- --

3Density, g/cm 3.02 0.1 3.01 0.7 3.01 0.1 3.01 0.5

Shore hardness 95.0 3.1 93.2 2.5 94.2 1.9 94.1 2.6
2Compressive strength, MN/m 479 7.91 413 10.7 429 9.16 440 11.0

3, 10 psi 69.5 7.91 59.9 10.7 62.2 9.16 63.9 11.0
2Compressive Young's modulus, GN/m 88.5 2.43 82.1 2.18 87.5 2.42 86.1 4.1

6
, 10 psi 12.8 2.43 11.9 .''.18 12.7 2.42 12.5 4.1

2 ~d.0 17.6 57.0 22.1 39.7';;- Tensile strength, MN/m 22.9 24 24.0 3

* 3, 10 psi 3.33 14 3.48 38.0 2.56 57.0 3.20 39.7
2Tensile Young's modulus, GN/m 133 9 121 21 105 23 119 20.2

6, 10 psi 19.2 9 17.6 21 15.3 23 17.3 20.2

Pulse velocity, km/s 6.77 0.3 6.67 0.3 6.72 0.3 6.72 0.7

Bar velocity, km/s 6.12 0.2 5.99 0.4 6.04 0.5 6.05 1.0

Torsional velocity, km/s 3.86 0.2 3.76 0.4 3.80 0.6 3.80 1.2
2Dynamic Young's modulus,b GN/m 113 0.5 108 1.5 109 1.1 110 2.5

Dynamic shear modulus,c gyj,2 44.9 0.4 42.5 1.5 43.4 1.3 43.6 2.6
bPoisson's ratio 0.261 1.4 0.266 1.1 0.266 1.5 0.264 1.6

aCoefficient of variation, %.

bCalculation is based on the asstaption of isotropy.
Specimen prepared with the long axis peependicular to the top face (along z-axis).c
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TABLE 2-7. Properties of Dresser Basalt (from Morrell and Larson, 1974;
Agapito et al.,1977).

Locality Dresser, Wisc.
Compressive strength, MPa 439 .

Tensile strength, MPa 14

Shore hardness, scleroscope units 85.8
3Apparent density, g/cm 3.029

Static Young's modulus, GPa 98.3
Longitudinal velocity, m/s 6669

Bar velocity, m/s 5949

Shear velocity, m/s 37394

Dynamic Young's modulus, GPa 107.2
Poisson's ratio 0.2725
Snear modulus, GPa 42.3

2Tensile fracture stress, N/m 1.45 x 10-7!

Thermal conductivity coefficient A 1.45 x 10-5
Thermal conductivity coefficient B -0.15;

Coefficient of thermal expansion, O -1 3 x 10-6C

i
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,

TABLE 2-8. Average engineering properties of water-saturated Amchitka Island
rocks (from Sharp, 1972).

:

Increased Compressive Tensile Young's Violence
moisture, strength, strength, modulus, of

vol% MPa MPa GPa rupture

Chitka Point Formation, hornblende pyroxene andesite:

Av value 3.5 108.69 10.61 22.90 3.1

Max value 15.6 198.25 17.57 56.21 8

Min value 1.2 9.34 0.66 2.00 1

No. of samples 26 20 9 20 23
,

Std dev 4.0 62.05 5.03 14.76 2.0 :

,

! Chitka Point Formation, dense flow breccia:
Av value 6.4 73.95 11.86 17.79 2.8

'

l Max value 10.4 104.72 18.37 31.72 4
i

Min value 2.4 47.23 5.35 10.21 2
,

No. of samples 10 5 2 5 5

Std dev 2.9 22.86 9.20 8.34 0.8

i Chitka Point Formation, hornblende andesite breccia: *

; Av value 7.7 48.42 3.01 14.62 2.0
! Max value 17.9 117.92 6.01 25.24 3

Min value 3.2 13.32 1.47 4.00 1

No. of samples 9 8 3 8 7

| Std dev 4.5 32.57 2.59 8.21 1.0

.
l

|
| Chitka Point Formation, tuff breccia:

Av value 14.6 49.83 3.06 9.03 2.8 <

Max value 31.4 116.05 2.12 20.97 7

Min value 6.7 4.49 0.70 1.45 1

No. of samples 26 22 9 11 23

( Std dev 7.3 32.42 1.74 5.59 1.6
t

continued
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| TABLE 2-8 continued.

Increased Compressive Tensile Young's Violencemoisture, strength, strength, modulus, of
vo1% MPa MPa GPa rupture

Banjo Point Formation, breccia:

Av value 16.6 34.44 6.49 6.76 1.6,

Max value 29.2 157.96 17.11 19.03 4

Min value 3.7 9.33 0.92 1.79 1

No. of samples 18 11 7 7 11

Std dev 7.2 42.58 7.38 5.66 1.1

Dense basalts:
Av value 2.8 123.21 15.17 30.14 5.1
Max value 7.7 196.72 17.54 77.31 9

Min value 1.1 75.48 12.79 14.34 3

No. of samples 10 10 2 7 10
; Std dev 2.2 38.22 3.36 18.76 0.0

Amchitka Formation, Kirilof Point glassy breccias:
Av value 8.1 19.99 2.72 6.90 1.1
Max value 10.7 33.24 14.03 16.00 2

Min value 2.7 12.95 1.86 2.28 1

No. of samples 14 7 6 7 7

Std dev 2.8 8.06 0.69 6.07 0.4

Amchitka Formation, Kirilof Point pillow lavas:
Av value 9.2 111.90 16.28 3.7--

Max value 10.5 130.34 26.97 4--

! Min value 7.6 93.67 16.97 3--

No. of samples 5 3 3 3--

Std dev 1.1 18.34 2.28 0.6--

continued
|

:
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TABLE 2-8 continued.

Increased Compressive Tensile Young's Violence
moisture, strength, strength, modulus, of |

vo1% MPa MPa GPa rupturs

Anchitka Formation, dense older breccias:

Av value 3.3 1 % .56 18.15 44.90 6.7

Max value 6.9 304.87 23.65 98.48 6

Min value 0.4 37.90 13.22 11.79 3

No. of samples 17 11 4 11 11

Std dev 1.8 84.08 4.66 24.90 1.6

East Cape quartz diorite:

Av value 1.7 168.62 12.34 36.28 5.7

Max value 3.0 264.36 15.86 99.17 9

Min value 0.8 41.34 8.07 11.17 3

No. of samples 37 31 6 31 31

Std dev 0.5 62.43 3.13 17.52 1.3

,
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been submerged in water for one week. Wet compressive strengths declined by
at least 30%--for quartz diorite and pillow lavas--and as much as 67%--for the
Banjo Point Breccia. Tensile strengths showed greater variation: it did not

4

decline significantly for " dense basalts," but it declined by 70% for the
andesite breccia.)

Data for basalt tested from the Nevada Test Site are shown in Figs. 2-25
'

through 2 '7. Figure 2-26 shows the relationship between strength and
confining pressure for basaltic rocks of different porosities. The strength
can be seen to depend strongly on the porosity. Figure 2-27 shows only an
insignificant variation in Poisson's ratio with confining pressure for Test
Site basalt.

Values for the strength of samples from the Hanford reservation are shown
in Table 2-10. Of particular interest are the results from rock zone RM 4,
which illustrate the large effect of jointing on strength.

Tables 2-11 and 2-12 and Figs. 2-28 and 2-29 summarize the physical
properties of Columbia Plateau basalts. The figures show large variations in
strength with porosity and density, the values of which depend strongly on the
position of the sample within the flow. The same type of behavior for Test
Site basalt is shown in Fig. 2-30.

!

Tables 2-13 through 2-15 list some additional values for geomechanical
properties of basaltic rock samples.

In sumary, only sparse data are currently available on the mechanical

properties of basalt. Those that are available suggest great variability in;

compressive strength and modulus, and less variation in Poisson's ratio. All
three parameters vary with porosity and density.

,

,

|
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TABLE 2-10. Summary of triaxial compressior, strength tests on core from the
Hanford reservation (from Agapito et al.,1977).

!

|

Confining Average
Number of pressure, strength,

Rock zone tests MPa MPa

RM 1 3 0.0 212

3 3.5 287

3 7.0 305
3 14.0 350
3 21.0 400

RM 2 (solid) 2 0.0 266
'

2 7.0 361

2 14.0 481
1 21.0 562

1 28.0 638

RM 1 (with slip planes) 1 0.0 143

1 7.0 179
1 14.0 252

2 21.0 331

2 28.0 390

RM 3 (all specimens contained 3 0.0 69
many open vugs and pores)

2 7.0 93

3 14.0 145

3 21.0 172

3 28.0 152

RM 4 (solid) 2 0.0 216

2 7.0 307

1 14.0 434

continued
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TABLE 2-10 continued.

Confining Average
Number of pressure, strength,

Rock zone tests MPa MPa

RM 4 (with joints) 1 0.0 16

1 7.0 168

2 14.0 281

3 21.0 310

2 28.0 333

TABLE 2-11. Summary of rock properties for basalts from the Columbia Plateau
(DH-100 series samples) (from Agapito et al., 1977). All failed samples
fractured across their matrix and structure.

Secant Compressive .

;

Depth, elasticity,a strength, Absorption, Specific
| ft GPa MPa wt% gravity

!

88.3 43 81 3.9 2.57

101.9 53 98 3.7 2.61

i 120.9 23 216 2.1 2.74

| 148.7 22 83 3.9 2.58

152.8 22 137 3.7 2.62|

181.6 30 194 2.5 2.65
.-

aFor first cycle of loading, 7 MPa stress.

!

!

157
i

Ii

|

!
._



_______- _ - - _____ - _. - . - - _.

TABLE 2-12. Sumary of rock properties for basalts from the Columbia Plateau (DH-200 series) (fromAgapito et al., 1977).

Secant
Depth, elasticity,a Poisson's Compressive Absorption, Specific

ft GPa ratioa strength, MPa wt% gravity Porosity

133.21 45 0.09 176 1.6 2.76 4.4
135.58 74 0.16 204 0.8 2.78 2.2
148.75 59 0.05 109 4.1 2.56 10.4
149.75 49 0.31 39 5.3 2.46 12.9
166.06 54 0.10 125 1.5 2.73 4.2

h 166.42 55 0.14 104 1.5 2.73 4.0
232.69 58 0.14 180 1.5 2.68 4.2
233.50 66 0.22 192 1.1 2.70 3.1
235.54 36 0.10 179 2.3 2.65 6.0
239.53 139 3.1 2.58 8.0

-- --

239.31 125 3.7 2.54 9.4
-- --

120.33 77 0.18 293 0.2 2.86 0.6
133.60 72 0.26 229 0.3 2.88 0.9
147.98 80 0.23 241 0.2 2.90 0.6

aFor first cycle of loading, 7 MPa stress.
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TABLE 2-13. Strength data on various basalts (from Agapito et al., 1977).
;

,

Crushing Cohesive
strength, strength,

Rock MPa MPa Tan 4a

Miocene basalt, Ore. 169 32 1.2
Miocene basalt, Ore. 219 44 1.1

! Andesite hyperstene 133 29 1.0
Andesite hyperstene 129 28 1.0
Dresser Basalt 440 -- --

Dresser Basalt 363 -- --

4 Knippa Basalt 262 -- --

aTangent of angle o* internal friction.

TABLE 2-14. Elastic properties of various basalts (from Agapito,
et al . ,1977).

Young's
modulus, Poisso''s

Rock GPa ratio
4 e

Basalt, Ostritz, Germany 11.5 --

Basalt, Champion m.ne, Mich. 61 --

Basalt, Champion mine, Mich. 85 --

Dresser Basalt, Wisc. 88.5 0.26,

'

Frederick Diabase 99 --

Karroo Dolerite 84 --

! Gabbro, norites, diabases 78-99 0.11-0.31

|

|
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; TABLE 2-15, Geomechanical properties of various basalts a

Strength properties
$ tress-strain properties

Untasial
Young's Bulk Shear compressive Tensile

Rock type modulus, Oensigy,
modulus, modulus, Poisson's strength, strength,

and origin GPa g/cm GPa GPa ratio MPa MPa Reference

Vesicular basalt, 38.6(NR,5) 2.58(0.4,6) 0.14(NR,5) 82.1(37.9,2) Brandon, 1976

South Coulee dan site,
Colisabia Basin
project Wash.

Basalt, no location 3.07(2.95-3.15)
Morris and Johnson, 1967

Basalt, no location AO.4(79.2,9) 2.66(0.65.16) Judd, 1969

Basalt. Mich. 6.15 2.85 26.8 230.3 Windes, 1949

8asalt. Mich. 2.97 33.9 268.3 Windes, 1949

Basalt, Mich. 70.3 2.9'. 29.6 358.6 Windes, 1949

257.9 Windes, 1949
$ Sasalt. Mich.
t.a 81.4 Windes,1949

Basalt (altered),
Mich.

Heavily altered .

2.04 0.04 171.7 Windes, 1950

amygdula , tes11 tic
basalt, Mich.

Heavily altered 40.7 2.70 18.5 0.09 119.3 Windes, 1950

amygdul w , epidottred
basalt Mich.

Basalt, Sec 32, 62.3(32.4,6) 2.12(0.11,14) 0.234 168.6(68.1.3) US8R, 1953

T. 38 5., R. 4 E.,
Medford, Ore.

Basalt, Columbia 70.3(60.7-111.7) 2.9(2.4-3.1) 0.26(0.22-0.28) 200(0-4000) 14(0-23) Deju et al., 1978

Plateau

Vesicuir basalt, Kayna 36.2(NR,3) 2.54(0.5,4) 0.13(NR 3) 68(60.3.3) 2.2(2.8,6) Brandon, 1976

dam site, Bombay, India

Glassy basalt, Black 32.2(NR,6) 2.62(0.16,10) 0.10(m,6) 60(39.3.3) 1.1(0.69,2) Brandon, 1976

Canyon dam site,
Soise. Idaho continued

avalues se presented in the form A(8,C), where A is either the single value reported, the mean, or the range of values (A -Ap); 8 is either thet
Both 8 and C ordifference between the maximian and minimise reported values or the range of values (8g.8 ); and C is the number of samples tested.2

C alone may be absent. 18t signifies "not reported."

!
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' TABLE 2-15 continued,
i

Strength properties
Stress-strain properties

, Ontantal
Youn9's' Bulk Shear compresstwe TensiteRock type modulus. Denstgy, modulus, modulus, Poisson's strength, strength,and origin GPa g/cm GPa GPa ratio MPa MPa Reference

. Basalt, South 50.7(NR.3) 2.8(0.13,5) 0.18(NR.3) 171.7(NR.1) 8randon, 1976i f.oulee das site,
tolumbia 8asin
project, Wash.

Vesicular basalt, 59.3(NR,6) 2.62(0.04,10) 0.21(NR,6) 95.9(44.1.3) Brandon, 1976South Coulee dam site,
Columble Basin

; croject, Wash.

] Vesicular basalt, ,42.1(NR,6) 2,47(0.24.12) 0.19(NR,6) 61.4(7.03.3) Brandon. 1976South Coulee dan s1te,
Columbta 8asin >*

; project, Wash.

| Heavily altered
. 60.0 2.80 0.15 342.1 Windes, 1950' amygdular, calcitized

' $ basalt. Mich. i
'.>.

Dense basalt, 73.1 3.00 0.21 104.8 Kulhany, 1975lupta dem, Brazil

Dense basalt,. 61.0 2.97 0.19 137.4 K61hany, 1975Sonita dam, 8rattl
t

'

Dense basalt, 4?.8 2.71 0.16 133.0 Kulhany, 1975Turamirin dem, Brazil
'Dense basalt, 44.0 2.68 O.19 126.8 Kulhany, 1975Musse qua ry, 8ratt1

' very dense, 'ine- 61.8 2.73 0.23 194.1 Kulhany, 1975grained basalt, Howard
Prarie dam. Ori'.

-

- Lower Granite 8asalt - 50.2 2.73 0.24 228.1 26.3 Kulhany, 1975(massive, compact),
Medford, Ore.

Little Goose Basalt' 77.2 0.27 296.1 11.1 Kulhany,1975(massive, compact)
Walla Walla, Wash.

, John Day 8asalt 83.4 0.29 355.1 14.5 Kulhany, 1975(compact to vesicular)
,

8asalt 38.8 2.86 0.16 146.1 Kulhany, 1975

_ _



Thermal Properties

Several numerical techniques are available for calculating the thermal
distributions around an excavation due to the emplacement of radioactive

waste. In general, these techniques require as input the density, specific
heat, thermal conductivity, and/or the thermal diffusivity of the basalt
surrounding the emplacement site. The induced thermal fields are superimposed
upon the geothennal gradient at the point of interest. A geothermal gradient
from a hole at the Hanford f acility is shown in Fig. 2-31.

The density must be known, since it controls the initial stress gradient
and is needed to estimate thermal diffusivity. Table 2-16 summarizes the
values obtained for the density of some basalts. There is considerable
variability, as one might expect from the characteristics of basalt, and the
tabulated values must be used cautiously.

Many tests have been performed to determine thermal parameters for basalt
as functions of temperature. Thermal properties for Hanford basalt, for
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FIG. 2-31. Subsurface temperature as a function of depth in the DC-1 drill
~

hole at the Hanford reservation (from NWTSP, 1976, Vol. 1).

165

|



TABLE 2-16. Density of some basalts (from Agapito
et al . ,1977).

3Rock type Density, g/cm

Basalt 2.4-3.1
Gabbros, norites, diabase 3.0
Dresser Basalt 3.02

example, are shown as functions of temperature in Tables 2-17 and 2-18.

Values for the thermal conductivity and thermal diffusivity of basaltic rocks,
as collected by Agapito et al. (1977), are shown in Tables 2-19 and 2-20.

An equation for the inverse thermal conductivity as a function of.

temperature for Dresser Basalt is given in Fig. 2-32. The curve fits the data
for three of the five blocks tested. Values for the specific heat of several
rock types as functicns of temperature are given in Fig. 2-33. Both the
thermal conductivity and the specific heat are strongly dependent on the
chemical composition of the rock.

Using numerical models, it is possible to show the effect of uncertainty
in each thermal property on the thermal distribution around a repository. For
example, the effect of the thermal conductivity of the basalt layer on the
cavern temperature is shown in Fig. 2-34. Increasing the thermal conductivity
causes a large reduction in the maximum cavern temperature.

As this survey suggests, relatively little information regarding the
thermal properties of basalt is presently available. At least one study on
Hanford basalts is underway (at the Colorado School of Mines), and the results
shown be available soon.

1

|
t
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TABLE 2-17. Thermal properties of Hanford basalts as functions of temperature
(from NWTSP, 1976).

Heat Thermal Thermal

Densigy,
capacity, diffusivity, Conductivity,

2Temperature, OC kg/m J/g 0C 10-3 m /h W/m 0C

Sample 1005, depth = 306 m:

37.8 2941.3 0.728 1.91 1.12

93.3 2944.5 0.779 1.87 1.19

149 2947.7 0.829 1.82 1.24

204 2949.3 0.879 1.77 1.28

260 2952.5 0.929 1.73 1.32

316 2955.7 0.;s0 1.68 1.30

Sample 1084, depth = 330 m:

17.8 2660.9 0.737 1.86 1.02

93.3 2662.5 0.783 1.81 1.04

149 2665.7 0.825 1.76 1.07

204 2667.3 0.867 1.70 1.09

260 2670.5 0.908 1.64 1.11

316 2672.1 0.950 1.50 1.12

:

|
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'
,

!

TABLE 2-18. Heat capacity for Hanford basalts
at different temperatures (from ONWI, 1978).

I The values were taken originally from '

different sources.

i -

Temperature, Heat capacity,-
OC J/g 0C

20-100 0.837-

,
!

100 0.963
t

200 1.005

300 1.047
'

'

i
1

E

; 37.8 0.728-0.737
93.3 0.779-0.783

148.8 0.825-0.829
204.4 0.867-0.879
260 0.908-0.929
315.6 0.950-0.980

:

!

TABLE 2-19. Thermal conductivity of several basaltic rocks.(from-

; Agapito et al., 1977).

|
;

i Temperature, Thermal Conductivity,
- Rock OK -W/m 0C
:

I Basalt 1.8-2.2--

Basalt (Japan) -- 1.4

| Gabbro, norites, diabase 273-373 1.7-2.6
Columbia Plateau 3asalt 373 1.53 -

Dresser Basalt 373 3.0
Diabasic basalt 303 1.69

|
Diabasic basalt 348 1.73

|

| 168-
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TABLE 2-20. Thermal diffusivity of several
basaltic rocks (froo Agapito et al., 1977).

Thermal Conductivity,
Rock 10-7 m /s2

Gabbro 5.2

Fine-grained diabase 5.8

Silicified diabase 8.1

Basalt (Japan) 7.0

Gabbro (Japan) 8.0

Dresser Basalt 10.0

Columbia Plateau Basalt 6.5

15 i i i. i i

||i i
|

i i ii i i
|

114 Data points for analysis

1/k = 0.6272 + 2.965 X 10-4 T - 2.067 X 10-7 T2

+ 9.327 X 10-" T3

Standard estimate of error for 1/k is 0.03073
i 10 -

es eg
-e

q Computer curve
3 o

5 4 DOOnn _g
7 u9v

i

$ AA*
g _

_
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FIG. 2-32. Inverse thermal conductivity (1/k) as a function of temperature
for Dresser Basalt (from Morovelli and Veith, 1965). The different symbols
represent five sample blocks; the closed circles and triangles were not used
for the computer fit.
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|
Thermoelastic Properties

Elastic properties include Poisson's ratio, Young's modulus, and the
coefficient of linear thermal expansion. Tables 2-21 through 2-24 and
Fig. 2-35 show the effect of temperature on the elastic modulus and Poisson's
ratio of various basalts and basaltlike rocks. For Dresser Basalt, an

0increase in temperature from 297 to 866 K is accompanied by a reduction in
modulus from 100 to 66 GPa. For the same temperature range, Poisson's ratio

j is reduced by about half.
| Little data is currently available regarding the relationship between

L compressive strength and temperature. Figure 2-36 reveals that under static
1

i loading, the strength of Dresser Basalt decreases dramatically between 0 and

400 K but then levels off. The twofold decrease in strength between room

| temperature and 4000K is of great importance, since the rock near a waste

| canister would undergo such a change.
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TABLE 2-21. Influence of temperature and pressure on the elastic properties *

,

i of some basaltic rocks.
:

Temper- Young's

Densigy, ature, Pressure, modulus, Poisson's;

Rock and origin kg/m OK MPa GPa ratio
__.

Basalt, hornblende, 2586 298 50 67.5 0.246
Chaffee County, Colo. 500 70.8 0.269

573 50 63.7 0.240
i 500 69.7 0.276

" San Marcos" Gabbro, 2931 298 50 96.0 0.363
Escondido, Calif. 500 99.8 0.375

! 573 50 88.3 0.334
4

500 98.1 0.370

Gabbro, bylownite, 2885 298 50 90.1 0.343
Duluth, Minn. 500 95.3 0.362

573 50 78.1 0.303
500 90.1 0.344

Gabbro, hornblende, 2933 298 50 98.1 0.378
location unknown 500 105.4 0.407

573 50 87.8 0.345
500 103.7 0.403

,

TABLE 2-22. Experimental values of Young's modulus and
Poisson's ratio at elevated temperatures for Dresser Basalt
(from Wingquist,1969).

Temperature, Elastic modulus,
O

K GPa Poisson's ratio

297 100.7 0.24
395 98.6 0.24

'

533 95.1 0.22
! 644 87.6 0.19

755 83.4 0.18

| 811 79.9 0.16
.

866 66.5 0.11
i

!
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TABLE 2-23. Elastic moduli for Dresser Basalt (from Wingquist,1969).

Temperature, C

24 121 260 371 482 538 593 704 815.5

Young's modulus, GPa:

Sample 1 103.4 101.4 97.9 89.0 84.8 67.0 49.0 48.5--

Sample 2 99.3 97.2 93.1 86.2 82.1 80.0 65.0 44.6 44.9

Sample 3 99.3 97.9 94.5 86.9 82.8 80.0 67.7 48.3 48.1

Mean 100.7 98.6 95.2 87.6 83.4 80.0 66.6 47.3 47.2

Std dev 2.41 2.21 2.48 1.45 1.45 0.0 1.38 2.41 1.93

0
" Shear modulus,.GPa:

Sample 1 41.7 40.7 40.1 37.2 36.0 30.4 23.1 22.8--

Sample 2 40.0 39.1 38.1 36.0 34.8 34.1 29.5 20.6 21.6

Sample 3 40.5 39.9 38.8 36.6 35.4 34.3 30.3 22.9 22.6

Mean 40.7 3.99 39.0 36.6 35.4 34.2 30.1 22.2 22.3

Std dev 0.828 0.828 1.03 0.621 0.621 1.38 0.483 1.38 0.690

Poisson's ratio:
Sampie 1 0.24 0.25 0.22 0.19 0.18 0.10 0.06 0.06--

Sample 2 0.24 0.24- 0.22 0.20 0.18 0.17 0.10 0.08 0.04

Sampie'3 0.23 0.23 0.22 0.19 0.17 0.16 0.12 0.06 0.06

Mean 0.24 0.25 0.22 0.19 0.18 0,16 0.11 0.07 0.05

Std dev 0.01- 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01

_ _ - _ _ _ _ _
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TABLE 2-24 Properties of Dresser Basalt (from Lehnhoff and Scheller, 1975).

Coeff. of
Young's thermal

Temperature, modulus, Poisson's expansion,
OC 105 MPa ratio 105 oC-1

24 1.007 0.24 0.290

122 0.9860 0.24 0.500

260 0.9510 0.22 0.770

371 0.8760 0.19 0.940

482 0.8340 0.18 1.020

538 0.7990 0.16 1.080

593 0.6650 0.11 1.160

700 0.0010 0.10 1.160

!

|
|
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FIG. 2-35. Elastic moduli and Poisson's ratio as functions of temperature for
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Average values of the coefficient of linear thermal expansion for a
number of rocks are given in Table 2-25. This coefficient, however, has been
found for most rocks to depend on temperature, as shown for Dresser basalts in

Table 2-24.
If there is any gap between the canister and the rock (as will most

cetainly be the case in any practical situation), thermally induced stresses
and displacements can cause the material directly arouna the canister to
degrade or spall as it is heated. The effects of this thermal degradation can

be evaluated by numerical models. Hardy and Hocking (1977), for example,
examined the influence of changes in the thermal conductivity which result

from the failure of the basalt. The coupling between thermal and mechanical

response, which was used to model the effects of borehole decrepitation, was
based on a volumetric strain-dependent thermal conductivity (Fig. 2-37).
Hardy and Hocking argued that this type of coupling is supported by
observation, since during rock failure microcracks and void spaces develop and
hence the volumetric strain increases. The development of such voids in the
rock will lead to a reduced thermal conductivity, thereby restricting the flow
of heat from the canister into the rock. The assumed conductivity-strain

relationship leads to a radial variation in the thermal conductivity, as shown
in Fig. 2-38.

TABLE 2-25. Coefficient of linear thermal expansion for
several basaltic rocks (from Agapito et al., 1977).

Expansion coefficient
Rock type 10-6 oC-1

Basalts, gabbros, diabase 5.4

Basalt (300 K) 4.3-6.5
Fairfax Diabase 5.9

Cape Neddick Gabbro 8.5

Dresser Basalt 2.9-11.6
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FIG. 2-37. Thermal conductivity-volumetric strain relationship assumed by
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FIG. 2-38. Thermal conductivity as a function of radial distance after
28 days. This curve illustrates the result of Hardy and Hocking's (1977)
analysis, which assumed the conductivity-strain relationship of Fig. 2-37.

The expected temperatures for the case with thermomechanical coupling can
be compared with the case for constant thermal conductivity (Fig. 2-39). The
comparison shows that, for a 1-kW heat source, the reduced thermal conductivity
of the rock adjacent to the canister causes a 20% increase in the canister
temperature. This cannot be considered significant. For higher thermal

outputs, however, increased rock failure could produce a more extensive zonc
of reduced conductivity, thus leading to thermal runaway. No laboratory data
are available to support the thermal conductivity-volumetric strain curve
shown in Fig. 2-37, but since its consequences are so severe (breakdown of
waste forms, greatly reduced canister life, etc.), data must be made available.

A sumary of thermomechanical properties for basalt as prepared by
Agapito et al. is given in Table 2-26.

,
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FIG. 2-39. Comparison of temperature distributions for two cases: uniform
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Hocking,1977).

I

i

!
|

180

. _ _ - _ - - _ ._ - - .



- -_ _ _ _ _ - - . . ._ .

I

i

TABLE 2-26. Sumary of thermomechanical basalt properties (from Agapito
et al., 1977).

Estimated Major
Property value Range influence

3 6 6Density, g/m 2.9 x 10 2.4 x 10 Porosity
6to 3.1 x 10

Diffusivity, m /s 6.5 x 10-7 5.2 x 10-7 Porosity2

to 8.0 x 10-7
,

Thermal 1.5 1.4-4.28
conductivity, W/m 0C

Specific heat, kJ/kg- C 1.0 0.95-1.05

Thermal expansiog 5.4 x 10-6 2.9 x 10-6 Temperature
coefficient, C- to 11.6 x 10-6
Young's modulus, GPa 70 61-112

Poisson's ratio 0.26 0.22-0.28

Uniaxial compressive 200 0-400 Porosity,
strength, MPa jointing

Angle of internal 55 45-60 Jointing
friction, deg

Tensile strength, MPa 14 0-23.0 Jointing

Other Considerations

Because of the elevated temperatures and the long life of the repository,
the possibility of long-term creep deformation must be considered.
Unfortunately, the time-dependent behavior of basalt over the temperature and
stress ranges of interest for radioactive waste disposal is not well
documented.

The compressive strength as a function of creep rate for Amchitka basalt
is shown in Table 2-27. Dense basalts appear to have a low uniaxial creep
rate and seem to exhibit a minimum average amount _ of irrecoverable strain.

Some creep curves for basalt, as presented by Iida et al. (1960), are shown in

Fig. 2-40. All of the tests represented were performed at approximately room
temperature.
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:

I
:

TABLE 2-27. Creep and failure characteristics of Amchitka Island rocks under !'

uniaxial compressive stress (from Sharp,1972).

|it

!,

j Creep rate,a microstrains/h Irrecoverable strain,b %
!

T,

Chitka Point Formation, hornblende pyroxene andesite:
j Av value 1.3 4.7 t

{ Max value 4.0 10.9
3 Min value 0.1 0.2
: No. of samples 5 5

j Std dev 1.4 4.4
% variation 106 92

- Chitka Point Formation, dense flow breccia:;
:

j Av value 1.3 21.2
Max value

f
--

,,

Min value --
,,

| No. of samples 1 1

Std dev I

--
--

% variation --
,,

Chitka Point Formation, tuff breccias:
Av value 2.8 5.4
Max value 3.0 8.9;

Min value 0.8 '1.6
No. of samples 3 3
Std dev 1.2 8.6 !

I % variation 56 68
! Banjo Point Formation, breccia:

; Av value 1.0 4.7
i Max value 1.8 10.0

Min value 0.5 0.4
; No. of samples 6 6-

Std dev 0.5 3.1
% variation 47 67

; continued
; aExtrapolated to 200 minutes,

bAfter loading to one-half ultimate strength. '

!

i

{
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TABLE 2-27 continued.

Creep rate,a microstrains/h Irrecoverable strain,b g

Dense basalt:
Av value 1.0 2.7

Max value 1.1 4.5

Min value 0.9 0.8

No. of samples 2 2

--

Std dev
--

--% variation --

Amchitka Formation, Kirilov Point glassy breccia:

Av value 2.8 9.0

Max.value 3.0 10.6

Min value 2.6 7.3

No. of samples 2 2

--

Std dev --

--

% variation --

Amchitka Formation, Kirilov Point pillow lavas:

Av value 0.9 1.7
,

Max value 1.4 2.1

Min value 0.4 1.3

No. of samples 2 2

--

Std dev --

--

% variation --

Amchitka Formation, dense older breccia:

Av value 1.7 5.4

| Max value 2.5 8.2

Min value 0.7 2.6

| No. of samples 4 4

| Std dev 1.0 2.5

% variation 58 46i
!

continued
i

|

'

1
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TABLE 2-27 continued.

Creep rate,a microstrains/h Irrecoverable strain,D % j

East Cape quartz diorite
Av value 1.5 11.6
Max value 3.0 17.1
Min value 0.4 4.6
No. of samples 5 5
Std dev 1.1 5.7
% variation 71 51

250
, , ,

21: 32.6 kg/cm ,27.5'C -
22: 58.3 kg/cm ,28 C

2200 - 3: 161.7 kg/cm ,27.5 C -

24: 45.6 kg/cm ,28'C
25: 20.2 kg/cm ,27.5*C

26: 216.0 kg/cm ,16 C150 -

_

27: 138.9 kg/cm ,11 C
2g 8: 73.5 kg/cm ,18 C

'
29: 83.4 kg/cm ,28 Cx 100 -

2 _,g 10: 92.3 kg/cm ,28 C
E
us

50 -

2 -

3
. _ . _ . - . -p-- . - - . - . l C 4,_.

-5*

7/_. .-..-..-6.. ..
7,,

O 'i''----------------------8m,

_

i
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,

i-50 -

-j, ; ,
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Time - h

FIG. 2-40. Creep curves for basalt (from Iida et al., 1960).

184

. .__ _



_. . _ - ._ .

:|

Scaling cf Laboratory ResultsI

As described earlier, basalt can vary considerably in the flows, both
horizontally and vertically. A significant structural characteristic of many
basalts, one that varies widely, is their jointing pattern. Because of

joicting, among other f actors, it is expected that intact properties of basalt
will be considerably different from the rock-mass properties, which will be
products of the complex interaction of the intact rock, the joint system,
joint filling, and water.

In their report, ONWI (1978, Vol. 7) presented a discussion of how one'

might infer rock-mass values from intact values. They concluded that, for two

important design parameters, namely Young's modulus and unconfined compressive

strength, the rock-mass values are typically much smaller than the intact

values. The ratio of the fermer to the latter value is the reduction factor.
Reduction factors can be evaluated by directly measuring rock-mass properties,

but no large-scale field tests have been reported in the literature. Among
the structural variations that must be accounted for by reduction factors are

those listed in Table 2-28.
The rock-mass properties of a typical dense basalt, representative of the

! lower portion of a thics flow, are given in Table 2-29. The moduli and

TABLE 2-28. Partial description of typical structures in basalt (from ONWI,
| 1978).8

f Sample A Sample B Sample C Sample D

Type of joint Joint Joint Joint Joint

Filling Hematite Nontronite Calcite Clean

Orientation 9/85 100/90 230/80 160/10
|
'

Opening width Tigrt Tight Tight Tight

Spacing >2 m 0.3-2 m 0.1-2 m 0.1-1 m

Waviness Planar / rough Planar / rough Planar / rough Planar / rough

! Lengths of joints =6 m =4.5 m =9 m =3 m

!

a he typical rock quality designation for all samples was >95%; the typical| T

i fracture frequency was 0.5 to 6 per meter (horizontal) and 0.3 to 3 per meter
(vertical).

:
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TABLE 2-29. Intact properties for a typical dense basalt (from ONWI, 1978,
Vol. 7).

Intact Rock-mass
value value

Index properties:
3Density, g/cm 3.01 2.88.

Porosity, % 2.0 0.6
Stress-strain properties:

Young's modulus 69 12.4
Poisson's ratio 0.26 0.26

Strength properties:

Uniaxial compressive strength, MPa 276 124
Tensile strength, MPa 16 0

Thermal properties:

Coegficigntoflinearthermalexpansion,O-10' C
1.7 1.7

Heat capacity, J/g 0C, at:
0C 0.71 0.71

100 C 0.80 0.80
200 C 0.92 0.92
300 C 0.96 0.%

Thermal conductivity, W/M 0C, at:
0C 1.12 1.12

50 C 1.19 1.19
100 C 1.26 1.26
150 C 1.32 1.32
200 C 1.38 1.38
300 C 1.47 1.47

0400 C 1.56 1.56

|
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Thestrength characteristics were determined by using reduction factors.
!reduction f actor for Young's modulus was based in part on the work of Panek

(1970), which related the reduction f actor to the fracture spacing and the
width of the excavation. Joint spacing was taken to average about two feet in

basalt. Jointing was considered to be less significant in reducing the value

! of rock-mass strength, hence the value of 0.45 for the reduction f actor. Both

of the reduction f actors were based largely on intuition.
The nonlinear f ailure curve recommended by ONWI for a typical basaltic

4

rock mass at room temperature is shown in Fig. 2-41. The unit weight of the
,

3basalt rock mass was taken to be 2880 kg/m . Thermal properties at depth

were assumed to be similar to the intact properties.
Although ONWI assumed isotropic behavior, anisotropic behavior should be

investigated at the design stage for a specific repository. For instance,
detailed geological mapping and in situ testing will be required at the actual

I

[0og 3
- = Al i + 1.0

,o (yc/c, g
o

:

1.0 o = 124 MPa -

c-

A = 4.5
| k = 0.75

0
0

/883 c

FIG. 2-41. Nonlinear failure curve for basaltic rock mass (from ONWI, 1978).

The rock strength (01)trength (oc) depends on the confining stress (o3) and the assumedt

unconfined rock-mass s

187'
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site of the underground repository. Furthermore, since the value of the
unconfined rock-mass strength was based on an estimated reduction factor, the
failure curve of Fig. 2-41 must be used cautiously.

In Table 2-29, in which intact properties are compared to rock-mass

properties for a typical dense basalt, ONWI offered no justification for the
reduction factors (other than those for modulus and compressive strength).
Thermal expansion, for example, is indicated to be the same for the intact

"

rock and the rock mass. This is probably far from the case. The presence of

joints in a rock mass influences its elastic properties, strength, thermal
conductivity, and thermal expansion coefficient. The stress across the joint
influences all these properties, and since the stress of the joints will
change during the mining of the repository, the response of the joints during
and after this stress change is of primary concern. The effect of joints on
several rock properties is shown in Figs. 2-42 through 2-44. No quantitative

information was found on joint stiffness, either shear stiffness or normal

4

Normal stress

p u ir y Minimum

{ 7[rI | , * i;t| v V, ~,' ej y ~, ,
spacing (e)>;> J , d[c'

>I^fvfbj[ n
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E
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1
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1 e

FIG. 2-42. Influence of normal stress and joint closure on the normal
stiffness (K ) f a joint (from Agapito et al., 1977).
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FIG. 2-43. Idealized relationship for the thermal conductivity of porous
material with fluid-filled joints (from Agapito et al.,1977).
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a (a)
j Cohesive joint
!

E

! u
-

3 (b)
m Peak strength

Residual strength
,

) K, = stiffness
I

1

; Shear deformation
1

!

FIG. 2-44. Typical shear stress and shear deformation response of joints
(from Agapito et al., 1977). (a) Experimental responses of two joints, (b)

i idealized representation of joint response,

i

|
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stikfness. Coulson (1970) has performed shear strength testing on artificial
surf a;as which were cut and sandblasted, then lapped with various grades of

material. The data shown in Fig. 2-45 thus constitutes the current data base
for bas' alt regarding the behavior of joints.

Before scoping studies and detailed quantitative evaluations can be made,
the mechanical, thermal, and therr:al-mechanical properties of basalt must be
determined, both in situ and in the laboratory under carefully controlled
conditions. Currently, the data required for any significant modeling do not

exist. The modelers, however, should be working in close cooperation with the

experimentalists to construct the experiments required to provide the input

data. (For more on the modelers' role, see Chapter 3 of this volume.)

HYOROLOGY

Groundwater flow in a basalt sequence occurs through both porous

intergranular and nonporous fractured media. The mechanics of flow through

I both will be discussed in Chapter 3. This section presents a summary of the

hydrologic characteristics of basalt flows and discusses porosity,
permeability, and groundwater flow regimes through basalt sequences of the

I Columbia Plateau, the Snake River Plain, and the Modoc Plateau.

Porosity, Hydraulic Conductivity, and Groundwater flow Regimes

Variations in hydraulic conductivity (K) and porosity (4) among flows,
I
' and even within single flows, is so great that assigning average values of K

and 4 for a generic basalt would be arbitrary and misleading. However, some
|

! generalizations about groundwater flow through basalt may be offered without
trying to assign definitive or representative values for hydrologic parameters.

The permeability of basaltic sequences is highly anisotropic, dorizontal

| components of permeability generally greatly exceed vertical components.
Furthermore, within a given flow, permeabilities are generally much graater
near the upper and lower margins of the flow than in its center. While
jointing in the entablature and lower colonnade does contribute to groundwater

,

flow, permeabilities of Zones I, II, and VII of the flow unit (Fig. 2-3) are
generally much higher. Principal flow regimes within a basalt sequence may be |

I

categorized as follows:

191

. _ . - -. - -- . - _



I
i 1

0.9
; ; ; ; ; ; ;

_ (a) Dry
_

0.7[ -

Sandblasted,

+'

.E # 80 Grit
E -

-

0.5 -

-
_

| 0.3 I I I I I I '

O.9 ; ; ; ; ; ; g

-(b) Wet -

0.7 -
-

.g # 80 Grit
E

w j j
, ,

-

-

" *0.5 g *E E-
E a# 600 Grit

_
-

I I ' ' ' ' '0.3

O.9
; ; ; ; ; ; ;

_ (c) Dry
_

,

0.7 v Sandblasted - -+-

i' # 80 Grit
-

A
| 0.5 -

-

'

_ # 600 Grit
_

I I I I ' ' '0.3
| 0 1 2 3 4 5 6 7
i

Normal pressure - MPa

FIG. 2-45. Coefficients of friction as functions of normal pressure for
lower-granite basalt (from Coulson, 1970). (a) and (b) minimum coefficients,
(c) and (d) initial coefficients, (e) and (f) residual coefficients.
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e Interflow regions. Interfaces between flows, or the interfaces
tbetween flows and interbeds, provide some of the most permeable regimes for

flow within the basaltic sequence. Rubble zones, scorta, weathered surfaces,
fracture-connected vesicles, and interflow voids in Zones I and II on the
upper surface of a flow and in Zone VII of an overlying flow often provide
highly pervious media.

e Interbeds. Interbeds, or sediments deposited between volcanic events,
are highly varied in character. Fluvial sands and gravels, as well as some
sandy lacustrine deposits, constitute highly permeable zones between lava
flows. On the other hand, interbeds composed of lacustrine silts and clays
are much less permeable and of ten act as aquitards or aquicludes in the
sequence.

e Joints. Joints in flows on the Columbia Plateau range from less than
j a centimeter to several meters in width. These joints are the principal means

of vertical movement of groundwater through a basalt sequence and are also
often an important means of horizontal flow.

,

e Other features. Lava tubes, breccia pipes, and fault zones all form
! localized features which can dominate groundwater flow. However, these

features are uncommon in the northwest basalts, thus reducing their importance
'

for regional flow. A waste repository will probably not be sited near highly
permeable groundwater conduits such as these.

! Ranges of values of hydraulic conductivity, measured in various basalts
of the northwest United States, are summarized in Fig. 2-46. Specific
hydrologic data for a few Columbia River basalts will be presented later in
this section.

Hydrology of the Columbia River Basalt (Pasco Basin Sequence)

| The Pasco basin has often been suggested as a potential site for a deep
! repository, because it appears to possess the smallest quantity of usable
I ground' water per unit surface area of any of the structural basins (Deju
| et al., 1977). The basin has numerous thin beds of clay-rich sediment and

saprolite, which were deposited between outpourages of Columbia River Basalt.
This material has since plugged pore and fracture spaces, reducing the rate of
groundwater movement and hydraulically separating individual interflow zones.
Pumping data from the Columbia River Basalt within the Pasco basin show that

!
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FIG. 2-46. Hydraulic conductivity data from basalts in the northwest United
States. CRB denotes Columbia River Basalt.
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no large amounts of water have been obtained. The basalts themselves offer
zones as thick as 200 m that are fully dry (Deju et al.,1977).

Since the siting of the Hanford facility in the Pasco basin, more:

hydrologic data on deep rock units have been collected for this area than for
i most of the remainder of the plateau. Testing of the deep basalts at Hanford1

| began in 1969 with the drilling of well ARH-DC-1. Since then, several more4

, wells have been constructed, and additional wells have been proposed (Apps
{ et al., 1978, 1979). The results of the tests conducted at the DC-series

wells at Hanford constitute much of the geologic and hydrologic data available
for the basin and for the deep basalts of the Plateau in general.

At Hanford an unconfined aquifer overlies the basalts. This aquifer
consists of the basal portions of the glaciofluvial sediments and extends
downward to the clay layers at the base of the Ringold Formation. These
layers act as an effective aquitard, confining waters in lower formations. A

:

! large body of data is available on the shallow sedimentary aquifer. Sumaries
of these data are found in the reports of the NWTSP (1976) and the Comittee
on Radioactive Waste Management (CRWM) (1978).,

Of principal significance to the deep burial of nuclear waste are the
confined aquifers at Hanford. These comprise the lowermost portion of the

! Ringold Formation and the underlying Columbia River Basalt Group. The general
j hydrologic characteristics of the stratigraphic sequence at Hanford are
; summarized in Fig. 2-47.
,

General Characteristics of Groundwater Flow. Within the sequence of Miocene
basalt flows, the zones of highest permeability, as determined from packer
tests of the Hanford test wells, are the interflow zones separating basalt

i flows. These interflow zones consist of rubble and porous sediments deposited
'

between flow events. The central volume of most basalt flows is quite dense
; and has a very low permeability. Fractures, formed during the cooling of the

molten rock or during subsequent structural deformation, are the dominant,

hydraulic interconnection between basalt units. In many instances, secondary
mineralization has effectively sealed these fractures to furt-her groundwater
movement. In addition, fracture spacing diminishes as depth increases. The

'

hydraulic separation of individual water-bearing strata is apparent when the
water levels at the top and bottom of some basalt flows are compared (Deju
et al., 1977). Figure 2-48 illustrates this confinement of individual zones
of higher permeability in the Hanford well ARH-DC-1.,

,
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Porosity. The porosity of rocks in the flood basalt sequence is not well

defined. Porosity within flows is primarily attributable to fracturing and
voids in rubble zones at the flow margins. If the fractured rock is
vesicular, effective porosity is increased by the volume of vesicles that are
parted by fractures. For basalt penetrated by borehole ARH-DC-1, values of
mean porosity were calculated by a commercial' logging firm as follows: dense,

1%; vesicular, 5%; and zone of close fractures, 10% (Fenix and Scisson, 1969).
These estimates were developed using log interpretation principles designed
for sediments with intergranular porosity. They are not determinations of
effective porosity and should be considered only order-of-magnitude estimates.

Hydraulic Conductivity. Although additional well-testing work continues (Apps
et al., 1978, 1979), the bulk of published data on the hydraLlic conductivity
of the basalt sequences in the Pasco basin is from tests of well ARH-DC-1.
This well penetrated the basalts to a depth of 1725 m, and in-hole
permeability tests were conducted to 1305 m. In addition, laboratory

permeability tests were coriducted on core samples from specific zones of
interest.

Those zones identified in packer tests of well ARH-DC-1 as having the

highest hydraulic conductivities are identified in Table 2-30. These zones

TABLE 2-30. Principal zones of high hydraulic conductivity in well ARH-DC-1
(from CRWM, 1978).

Hydraulic Zone thickness,
Depth, m Description of beds conductivity,m/d m

147 Sands / sands and clay '

181 Sands / sands and clay
|

> 0.4-1.0 4.6-33! 226 Sands / sands and clay

254 Sands / sands and clay

344 Flow breccia .

626 2.7 2--

803 Sands and tuff 0.6 3.7

983 Scoria or breccia 2 3

1210 Fractured basalt 0.5 15
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) have hydraulic conductivities ranging from 0.4 to 2.7 m/d. In the intervening
zones, hydraulic conductivities were found to be much lower.

The CRWM (1978)
i

l has classified the intervening materials and has assigned representative ;

hydraulic conductivities to each class:
|

e Basalt, dense or with healed joints: about 67% of aggregate
thickness, mean hydraulic conductivity about 6 x 10-4 m/d.

: e Basalt, vesicular: about 7% of aggregate thickness, mean hydraulic
conductivity about 9 x 10~4 m/d.

e Basalt, weathered or jointed: about 17% of aggregate thickness,
hydraulic conductivity about 3 x 10~3 m/d.

| e Tuff or sand: about 9% of aggregate thickness, mean hydraulic
conductivity about 6 x 10-2 m/d.

To sumarize, all the cited values of conductivity for water-yielding
segments are of the order of 1 m/d; those for the remainder of the confined-
water zone range between about 10-1 and 10-4 m/d. All the basalt in the

| confined-water zone of the Hanford reservation must be considered potentially
I

transmissive, at least to some degree, for dissolved radioactive waste
constituents.

In a report prepared for the NWTSP (1976), ranges are presented for the
hydraulic properties of both the uppermost confined aquifer (Table 2-31) and

various forms of basalt from the Lower Yakima flows (Table 2-32). In the
Lower Yakima basalts, in situ measurements of hydraulic conductivity were
found to be as low as 10-6 m/d for dense basalt.

Laboratory tests of cores taken from well ARH-DC-1 show the hydraulic

conductivities to be about two orders of magnitude smaller than the average
values determined from injection tests (Table 2-33). The difference in thesei

'

measurements is explained by La Sala and Doty (1970):
These differences in values of hydraulic conductivity result because

these two types of tests measure different characteristics of the rocks.'

The field values of hydraulic conductivity were determined on a large
volume of in-place rocks. The basalt, as can be seen in outcrops, is cut

! by shrinkage cracks and other fractures which are capable of transmitting
I water. The field hydraulic conductivities, therefore, apply not only to

the ability of the basalt flows to transmit water through intergranular;

pore spaces, but also through fractures. The laboratory tests were made
on small cylinders of rock that were selected to be free of open
fractures and, therefore, indicate the hydraulic conductivity dependent,

'

on movement through intergranular pore spaces. The results of the tests
indicate that the hydraulic conductivity of basalt flows results mainly
from fractures.

200
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TABLE 2-31. Hydraulic characteristics of the uppermost confined aquifers of
the Pasco basin (from NWTSP, 1976). The porosity ranged between 0.3 and 0.4
(30% and 40%). The vertical hydraulic conductivity in the interbeds ranged
between 5 x 10-4 and 20 x 10-4 m/d. The storage coeffic'ent approached
the compressibility of water.

Hydraulic
Transmissivity conductivity

2 2Well number in ft /d in m /d in ft/d in m/d

Lower Ringold Formation:

699-84-35P 4 0.4 0.11 0.03

699-24-1P 90 8.3 5 1.5

699-511-E12 40 3.7 0.5 0.15

699-20-E12P 350 32 7 2.1

Mean 120 11 3 0.91

Rattlesnake Ridge:

199-B3-2P 3.5 0.3 0.25 0.08

199-H402 3 0.3 0.3 0.09

699-140E6Q 600 55 30 9.1

Mean 200 18 10 3.0

Mabton:

DH-8 600-2000 55-180 20-60 5.0-20.0

i

!

i

;

201
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TABLE 2-32. Hydrologic characteristics of Lower Yakima Bassit flows and interbeds (from NWTSP, 1976).

Hydrsaltc conducttw1ty Transaissieity
Effective Storage

1 2 a coeffIctentin ft/d in m/d in f t /d in m /d porosity

Dense basalt 1 = 10-5 to 3 = 10'3 3 = 10'' to 9 = 10'' I = 10~4 to 3 = tr'' 9 = 10-6 to 3 = 10-2 0.1 1 1 = 10-5 to 1 = 10~4
'

vestcular basalt 1 = 10-3 to 1 = 10-2 3 = 10-4 to 3 = 10'3 1 = 10-2 to 1 9 = 10'4 to 9 = 10' 5 <1 = 10'

Fractured. 3 = 10'3 to 5 3 = 10'' to 1.5 1 = 10-2 to 500 9 = 10'4 to 46 10 <1 = 10'3
weathered, or

brecciated basalt

O
N

Interbed 3 = 10'3 to 10 9 = 10'4 to 3 3 = 10-2 to 100 3 = 10-3 to 9 20 <1 = 10'2

* volume percent.
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TABLE 2-33. Sumary of laboratory analyses of rock cores from test well
ARH-DC-1 (from NWTSP, 1976). |

Core depth, m Hydraulic conductivity, m/d Porosity, %

725.7-726.8 1.12 x 10-5 9.8

1.18 x 10-5 10.5847.0-847.3
9.5 x 10-6 25.4898.1-899.2
5.79 x 10-6 2.1

'

953.1-953.4
1.12 x 10-5 10.91306.0-1306.2

.--

Although the bulk of the oermeability data currently available on basalts
of the Pasco basin has been taken from well ARH-DC-1, some additional data are
available. Tests conducted at Hanford on well RSH-1 in 1976 yielded hydraulic
conductivity values ranging from 2.5 x 10-5 to 1.5 x 10-2 m/d (Raymond and

,

Tillson,1968). In tests run in 1978 on well DC-6 at Hanford, hydraulic

conductivities ranged form 9.5 x 10-5 to 0.3 m/d (Apps et al., 1979). -

Vertical Permeability. Little work has been done to determine the vertical
compenent of permeability in the Columbia basalts. Vertical permeability is
difficult to evaluate !n situ since deep wells run parallel to vertical joint
systems. Ledgerwood and Deju (1976), using data obtained by La Sala et al.
(1972), suggested the vertical components of permeability to be approximately

3

one-tenth the horizontal permeability. Tanaka et al. (1974), in a mooeling
study of e.n area north of Hanford, attemotd to match hydraulic conductivity
to head response in an effort to develop a suitable value for verticalj

! conductivity. Tanaka concluded that the vertical component of X should be
between 3 x 10~7 and 1 x 10-5 m/d. Deju et al. (1977) concluded that

hydraulic cor.ductivities in the central volume of a dense., thick basalt are
usually about 10-11 or 10-12 m/d. An understanding of permeability
anisotropies is critical to effective modeling of a deep repository. Further
work on directional components of permeability nee'is to be done.

Vertical Hydraulic Gradients. In 1972, five piezometers were installed in

well ARH-DC-1, as depicted in Fig. 2-49. These piezometers have been
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- - _ . .



DEPTH DEPTH 3 2
METERS FEET {( o oo

_' * "0' O~ * * "_

NOTE: 2 y TD OF 13 3/8"
ALL TUBING IS 2-1/16" CSG.362'

300- EXCEPT #5 WHICH IS 2-7/8"

WATER IN HOLE ABOVE 2105' a-

1000 -

2 g TD OF 10 3/4"
CSG.1219'

500-

9-7/8" HOLE --*

2000|s _

CEMEN' FILL TO 2105'--* m m- .

800-
SAND & GRAVEL,

, y q.gg _ FILL TO 2913'
3000 - CEMENT FILL TO 2987'* .---- UM TA N U M ?

SAND & "^V''^ , . - a gCEMENT FILLTO 3242' r
O 77'

1100-

SAND & GRAVEL
4000 -

CEMENT FILL TO 4051- - FILL TO 3931'

1400~
SAND & GRAVEL

CEMENT FILL TO 4849'-*, WCJM%WF FILL TO 4760'

5000-

. TD OF 9 5/8"
HOLE 5661'

FIG. 2-49. Piez0 meters installed in well ARH-DC-1 (from NWTSP, 1976).
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monitored more or less continuously since. Data from these piezometers

indicate a potential interconnection of basalt beds above the 888-m level.
This is confirmed by the uniformity of the piezometric surfaces measured in
the injection tests summarized in Fig. 2-48. Data collected form 1972 to 1976

also indicate an interconnection of beds in the 970-to-1480-m interval.
Separating these two apparent flow regimes is the Umtanum flow unit.

During 1978, additional wells in the DC sequence were constructed, as
shown in Fig. 2-50. Although work with this series of wells continues and

'

full data are not yet published, Apps et al. (1979) suggested that there are
errors in piezometer readings from well DC-1, caused by leakage through cement
seals between piezometers 1, 2, and 3. Readings from well DC-1 indicated that
units below the Umtanum flow were hydraulically connected and that there was

an upward gradient across this flow unit. Piezometric readings made in well

DC-2, 40 ft from DC-1, confirm the hydraulic connection of beds above the
Umtanum, but show a sharp downward gradient immediately below this flow,

followed by a sharp upward gradient at a point approximately 1000 f t below the
Umtanum. As illustrated in Fig. 2-51, this pattern of gradient reversals was
also found in well DC-6. While some dense basalts within the Columbia River
Group are sufficiently impermeable to allow different heads to be maintained
on various portions of the aquifer, this does not signify an absolute
hydraulic discontinuity between these aquifers. The head differential between
beds continues to drive waters across the " confining layer" at a rate
proportional to the hydraulic conductivity of the strata and at a velocity
inversely proportional to its effective porosity.

Storage Coefficients. Available data on storage coefficients of basalts are

mi nimal . Estimates for confined basaltic flows, based on data from well

ARH-DC-1, are summarized in Table 2-34. These results, drawn from a single

well, are at best only order-of-magnitude estimates.
La Sala and Doty (1970) observed that "the storage coefficients of

basaltic rocks should generally be smaller [than those observed in well
ARH-DC-1] and, for the most dense, most competent rocks, should approach the

value for the compressibility of water."

Average Velocity of Groundwater. Average velocities for groundwater in
various zones of basalt have been estimated by La Sala and h ty (1970)
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;

TABLE 2-34. Storage coefficients computed from
hydraulic test data from well ARH-DC-1 (from La Sala
and Doty, 1976).

Depth interval, m Storage coefficient

110.3-126.8 6.6 x 10-5

405.4-463.3a 1.8 x 10-3

| 536.4-594.4 6.3 x 10-4

i 958.9-986.3 1.4 x 10-6

aThe comparatively high storage coefficient for this
interval may largely reflect the characteristics of two'

sections of sand interlayered with the basaltic rocks.

207 <



(Table 2-35). They concluded that average velocity ranges from 2 x 10-2
dh/dl to 20 dh/dl m/d, where dh/dl is the gradient. Assuming a mean gradient
in the confined aquifer at Hanford of 6 x 10-4 m/m (CRWM, 1978), average
velocities of groundwater would range from 1 x 10-5 to 1 x 10-2 m/d.

La Sala and Doty based their estimates on minimal porosity data and
limited information on hydraulic conductivity. Current programs should better
define average groundwater velocities.

Regional Groundwater Systems. Detailed piezometric surface maps indicating
the direction of groundwater flow have been developed for the unconfined and
the shallow confined aquifers in the Pasco basin (CRWM, 1978). However,

little is known of the direction of migration through deep basalts and
interbeds. La Sala and Doty (1970) discussed the effects of groundwater flow
through the deep basalts and interbeds and their potential recharge and
discharge areas. Their investigations were based upon meager data, and the
results remain unsubstantiated (NWTSP,1976).

Hydrology of the Snake River Plain Basalts

Groundwater flow in the Snake River Plain aquifer occurs principally
along the upper and lower contacts of successive basaltic flow, which have
large and irregular fractures, fissures, and other voids (Robertson et al.,
1974). The tops of many flows core-drilled at INEL are highly vesicular, with
numerous intersecting fractures, resulting in high porosity and
permeability. The centers of the flows are relatively dense and
significantly less porous and permeable (Barraclough et al., 1976). The

TABLE 2-35. Relative groundwater velocities in generalized
rock units of well ARH-DC-1 (from La Sala and Doty, 1970).

Rock type Relative groundwater velocity, m/d

Interbedded sand 5

Fracture zone in basalt 20

Vesicular zone in basalt 2 x 10-2
Dense basalt 5 x 10-2
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lowermost portion of the flow is vesicular and fractured, though to a lesser
degree than the flow top. Like basalts in other regions, the flows of the
Snake River Plain exhibit columnar jointing.

Groundwater flow paths are not well defined in the rhyolitic ash flow

sequence below 745 m. Doherty et al. (1979) noted that most of the rhyolitic
rocks are devitrified and dense. Nearly all fractures in recovered core are
sealed by alteration products, including calcite, quartz, hematite, pyrite, a
septechlorite mineral, and a variety of other clays. Although most of the
fractures, joints, and vesicles in the rhyolite rocks have been filled by
products of hydrothermal alteration, there may be large-scale fracture
features conducive to the flow of groundwater at these depths. Doherty et al.

(1979), in their study of geothermal potential, state, " Porous and fractured
rocks in ring fracture zones [around the collapsed caldera] provide channel
ways for circulation and storage of water, and therefore, rocks in these zones
may be likely targets for further geothermal explorations."

'

Hydraulic Conductivity. Few reliable hydraulic conductivity data exist for
the Snake River Plain aquifer. Data are available only from water-well tests
and from tests at INEL on wells generally less than 500 m in depth. These

data suggest that the greatest permeabilities may be found in the upper 200 m
of the aquifer and that permeabilities may significantly decline from this
point downward (Robertson et al., 1974). However, insufficient deep-well data
are available to fully confirm this conclusion.

Pumping tests conducted by Norvitch et al. (1%9) on irrigation wells
penetrating the basalt aquifer showed transmissivities to range from

4 4 21.25 x 10 to 1.25 x 105 ,2/d and to average 6 x 10 m /d. In similar tests
| at INEL, transmissivities ranged for 3.7 x 10 to 2.2 x 105 ,2/d, averaging2

4 22.5 x 10 m /d (Robertson, et al. 1974).

( Barraclough et al. (1976), in well tests at INEL, found hydraulic

( conductivity to vary substantially within very short distances: they observed

values between 30 and 3000 m/d. Barraclough et al. further observed that
vertical components of permeability are significantly less than horizontal

| components. Corroboration can be found in the results of King (1%8). In
tests of a 30-m-thick section of basalt, he found horizontal conductivities to
average 17 m/d, while vertical components averaged 4.5 m/d. His data,
however, were insufficicnt to allow generalizations about the rock mass as a-

whole.
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The sedimentary interbeds within the Snake River Plain aquifer generally
have more homogeneous hydraulic properties, greater porosity, greater
capillary pressure, and lower permeability than the basalt. (Barraclough,

i et al. 1976). Unlike the Columbia River region, sedimentary interbeds in the
Snake River Plain aquifer are generally barriers to the downward movement of
groundwater. Vertical hydraulic conductivities measured from cores of the 34-

and 73-m interbeds at the INEL burial site are summarized in Table 2-36.,

' The basalt-sediment interface is suspected of having vertical
permeabilities even lower than those of the interbeds. Barraclough et al.

'

(1976) suggests:

An additional and even greater constraint occurs at the base of
each sedimentary layer, at the sediment-basalt interface. This is
caused by the discontinuity of pore spaces from the sediment to the,

i basalt, due both to the lower porosity of the basalt and to the
relatively great distances between its fractures. In other words,
at the interface, perhaps only 10% of the basalt surface is composed
of permeable openings, and these are partially filled by sediment.
The other 90% is virtually impermeable. This, in effect, provides a
thin skin that is estimated to have one-tenth or less of the
permeability of the sediments alone.

In many areas of the Snake River Plain, the vertical permeabilities of
sediments lying above the zone of water saturation are sufficiently low to
allow perched water tables to exist locally. Perched waters have been

identified at the burial site at INEL. However, leakage of the TRA disposal
,

ponds at INEL and the subsequent contamination of the Snake River Plain

aquifer indicate that some vertical leakage does occur through the sediments.

Storage Coefficients. The literature provides few estimates of storage
: coefficients for the Snake River Plain aquifer. Norvitch et al. (1969)

determined the average storage coefficient for that portion of the aquifer
| penetrated by water wells on the plain to range from 0.001 to 0.2. In later

work at INEL, pumping test data on wells less than 500 m deep showed the
storage coefficient of the penetrated section to range from 0.01 to 0.06.

,

Average Velocity of Groundwater. With the minimal data available, average
flow rates are difficult to assess. Tracer tests at INEL identified zones
with flow rates of 1 to 7 m/d; however, these rates are not necessarily
representative of velocities throughout the aquifer. Barraclough et al.
(1976) suggested that the average effective porosity of the upper 610 m of the
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! TABLE 2-36. Vertical hydraulic conductivities for sedimentary interbeds of |

Ithe Snake River Plain aquifer (from Barraclough et al.,1976).t

Well no. Depth zone Vertical hydraulic conductivity, m/d ja

2.5 x 10-287 C

3.2 x 10-187 C

1.3 x 10-188 C

3.5 x 10-588 C
<

8 x 10-788 C'

3.1 x 10-688 C

1.6 x 10-7
| 89 C

6.1 x 10-5! 89 C

5.9 x 10-689 C

2.9 x 10-290 C

1.3 x 10-291 A

91 B 3.0 ,

'

7.1 x 10-1
,

91 C

2.6 x 10-191 C

5.5 x 10-4| 92 A

92 C 2.7

' 2.7 x 10-292 C

2.1 x 10-6
,

t 92 C

2.6 x 10-493 A
;

5.5 x 10-293 C

2.7 x 10-494 A

9.6 x 10-694 A

7.6 x 10-194 8

1.6 x 10-2'

94 C

2.3 x 10-194 C

7.3 x 10-5l 94 C

5.5 x 10-594 C

7.9 x 10-3
,

95 A

5.3 x 10-195 A;

1.5 x 10-195 8-
continued

Depth A signifies 0-8 m; B, 23-38 m; and C, 69-84 m.a
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TABLE 2-36 continued.

Well no. Depth zone Vertical hydraulic conductivity, m/d

95 B 3.1 x 10~D
95 C 2.8 x 10-1
95 C 9.3 x 10-1
96 A 5.9 x 10-1
96 8 6.7 x 10-6
96 C 1.9 x 10-3

aquifer is 5 to 10%. Utilizing Barraciough's conclusion and gradients
estimated by Mundorff et al. (1964), Robertson et al. (1974) estimated the
average flow through a 1-km section of the aquifer on the south edge of INEL

3 3 2to be 2 m /s. This is equivalent to a flow of 0.18 m /d/m normal to
the direction of flow, or assuming an 8% effective porosity, an average flow
velocity of 2.4 m/d.

Regional Groundwater System. Data from irrigation wells across the Snake
River Plain indicate that water in the upper 500 m of the aquifer migrates in
a generally southwesterly direction (Mundorff et al.,1964; Robertson et al.,
1974). The flow pattern is shown in Fig. 2-52. Little if any work has been
done to delineate the rate and direction of movement of deeper waters.
Although regionally deeper waters probably also migrate southwesterly, the
directions of groundwater flow may vary locally.

At INEL, Barraclough, Robertson, and others have studied in detail the
! groundwater flow patterns at the burial site and disposal ponds. These

studies, sunnarized in Barraclough et al. (1976), describe flow in the upperi

three basalt series and in the sedimentary interbeds. While regional water
movement through the area was to the southwest, local movement at the burial
site was northeasterly. This was attributed to recharge from the Big Lost
River and its flood diversion areas to the west.

<

212



!

|

|

49

0 10 2,0 30 miles

O' 1ii 3'O 4'S kilometers

,

|

Snake River
Plain boundary

Nuclear Waste fI

' ' Burial Site Nationa' Engineering g
Laboratory

% 7 F s
* #%|

<> ! // Blackfoot h,
Hagerman

|Twin Falise Burleygv~
Snake River

| Plain equifer

42* 111*3'
117 2*

|

FIG. 2-52. Regional groundwater flow in the Snake River Plain aquifer (from
Robertson et al.,1974).
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Hydrology of the Modoc Plateau Basalts

The intact basalt of the Modoc Plateau has low porosity and permeability.
Most groundwater flow occurs in breccia layers between flow units, and in
clinker zones, vesicular zones, joints, or lava tunnels (Mack,1960; Wood,
1960; Brown and Newcomb, 1962; Foxworthy, 1961; Newcomb, 1961). Faults in the

basalt flows usually form vertical conduits that enhance permeability, rather
than barriers to horizontal flow. Interbeds are discontinuous and generally
are of only local significance.

Specific hydrologic data on the aquifer are sparse. Although sustained
well yields of 50 to 100 gal / min are common, well production is highly
variable. Brown and Newcomb (1962) observed transmissivities between 1050 and

2
3720 m /d and storage coefficients between 1.4 x 10-3 and 2.4 x 10-3

,

Regionally, groundwater occurrences in the Modoc Plateau are restricted
to many structural basins or grabens between block-f ault sequences. These

basins are surrounded by crystalline rock of low permeability, which provide
little recharge. Most recharge occurs through precipitation or seepage from
irrigation facilities or streams.

|
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CHAPTER 3

!

GRANITES
!

The term granitic rock generally signifies :ay coarse-grained,

light-colored igneous rock containing quartz. In its broadest usage, it may'

be loosely applied to certain metamorphic rocks and to quartz-free,
light-colored igneous rocks. Although its broad, undefined use can be'

confused with the very specific rock name granite, the term granitic rock has
attained a wide casual acceptance. Perhaps the reason for this acceptance is

that it groups three important igneous rock types that have similar
petrographic, tectonic, and genetic characteristics. These types are the

granites, monzonites, and granodiorites, which commonly' occur as batholiths,i

huge rock bodies covering hundreds of square kilometers.
Together, granite, monzonite, and granodf orite constitute a major. portion

of the earth's igneous terrane. Although -less common rocks are sometimes
included in the definition of granitic rock, this report uses the term for the
three major common rock types.

:

GE0 LOGY
,

Classification and Composition of Granitic Rocks

Granitic rocks, and igneous rocks in general, are classified according-to
|

texture and mineralogy. Texture is the more obvious and less complicated

| means of classification. All igneous rocks are either phaneritic-(coarse >

l

|.
grained) or aphanitic (fine grained); if two distinct ' grain izes are present,

! they are also said to. be porphyritic. Granitic rocks are phaneritic; some are-
also porphyritic. However, in phaneritic rocks, the relative-differences in-
grain sizes are not great, and the physical properties of the rock-are not
greatly affected.

LThe classification of granitic rocks based on mineralogy is.shown in'

Fig. 3-1. The scheme is based on a changing ratio of potassium feldspar
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Potassium Feldspar Potassium Feldspar Plagioclase Feldspar
2/3 total feldspar 1/3 - 2/3 total feldspar 2/3 total feldspar

Quartz Quartz otassium Potassium
Quartz < 10% Feldspathoid Quartz < 10% Feldspathoid Feldspar Feldspar 10%

I

[e" l> 10% Feldspathoid > 10% > 10% Feldspathoid > 10% P
s fd a Sodic ocla<I" <l

Quartz 10% Quartz 10%
Chiefly: Hornblende, Biotite, Chiefly: Hornblende, Biotite, Chiefly: Hornblende, Biotite,

Characterizing Pyroxene, Muscovite Pyroxene Pyroxene(in Andesite)
accessory Also: Sodic Amphiboles, Also: Sodic Amphiboles, Also: PyroxeneFeldspathoid
minerals Aegirine, Cancrinite Aegirine Sodic Amphiboles

Sodalite, Tourmaline

SiO 71.5 60.4 56.0 66.0 57.0 | 54.1 65.3 61.6Alb 14.0 17.0 19.2 15.8 17.1 21.0 16.1 16.23
Average Fe2 3 1.5 2.7 2.9 2.3 3.4 1.8 2.1 2.5O

M chemical Feo 1.4 2.9 1.6 1.3 3.6 3.3 2.3 3.8" composition MgO 0.6 1.8 0.6 1.0 2.3 1.1 1.7 2.8% Ca0 1.6 3.7 2.0 2.8 5.4 3.2 3.9 5.4
Na2O 3.4 4.2 8.5 3.7 4.7 6.2 3.8 3.4KO 4.3 5.1 5.3 4.2 3.7 5.9 2.7 2.12

.9
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f

FIG. 3-1. Mineral composition of granitic rocks (from Travis, 1955).
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1

(K AlSi 0 ) to plagioclase feldspar ([Ca,NalAl[A1,Si]Si 0 ). As the percentage |
2 38 28

of SiO increases, potassium feldspars become dominant. Also, the amount of
2

quartz increases and the calcium to sodium ratio of the plagioclases decreases.
Average mineral compositions for granites, monzonites, and granodiorites,

the three major granitic rock types, are given in Table 3-1. (Table 3-1 and

Fig. 3-1 were taken from different sources; hence, the percentages differ
somewhat.) Even though variations occur in the types and percentager of minor
minerals present, the real differences in the rocks are the percentages of the!

potassium and plagioclase feldspars. In fact, all three rock types could have
the same minor minerals and still maintain their identity.

Since all granitic rocks consist of about 80% feldspar, and since the
various feldspars have similar physical properties, all graritic rocks have

;

similar physical properties.
Granitic rocks are unique in having a tremendously varied suite of trace

elements. The number and variety is different with each rock body, but almost ,

all bodies contain at least a trace concentration of some rare elements. Much
of the world's mineral wealth is associated with granitic rock bodies that
concentrated rare metals during formation. These metals, other rare elements,
and a few compounds, such as water, do not have the molecular properties

I necessary to fit the structures of common minerals that form during rock
crystallization. This saves these elements and compounds for the
low-temperature end of the igneous process, where granitic rocks crystallize.

Structure and Genesis of Granitic Rock Bodies

| Granitic rock bodies occur in any of the many forms assumed by plutonic

!
igneous rocks. Their coarse grain size requires the slow cooling of a deep
subsurf ace environment and precludes formation by any surf ace volcanic

mechanism. Although dikes, sills, stocks, and other smaller bodies are
|
| common, by f ar the greatest volumes of granitic rock now exposed at the

earth's surf ace occur as continental shield complex and orogenic belt
'

batholiths. Batholiths are igneous rock bodies with an exposed surface area
2in excess of 100 km . Their vertical dimensions are so great that no lower

boundaries have been located. These great rock bodies tend to be composed of

granite, monzonite, and/or granodiorite. The less common granitic rock types

are only rarely found in large bodies.
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TABLE 3-1. Average chemical and mineral compositions for granite, quartz
monzonite, and granodiorite (from Huang,1%2). The table summarizes the
analysis of 72 granites, 121 quartz monzonites, and 137 granodiorites.

Composition, wt%

Quartz'

Granite monzonite Granodiorite

Chemical constituents:

|
SiO 72.08 69.15 66.882
TiO 0.37 0.56 0.572
A1 0 13.86 14.63 15.6623
Fe o 0.86 1.22 1.33g3
Fe0 1.67 2.27 2.59
Mn0 0.06 0.06 0.07
Mg0 0.52 0.99 1.57
Ca0 1.33 2.45 3.56
Na 0 3.08 3.35 3.842
K0 5.46 4.58 3.072
H0 0.53 0.54 0.652

P0 0.18 0.20 0.2123
Mineral constituents:

Quartz, SiO 29.2 24.8 21.92
Orthoclase, KAISi 0 32.2 27.2 18.338
Albite, NaAISi 0 26.2 28.3 32.538
Anorthite, CaAl 3I 0 5.6 11.1 16.42 28
C 0.8 -- --

CaSiO '

3 -- -- --

MgSiO 1.3 2.5 3.93
FeSiO 1.7 2.2 2.93
Magnetite, Fe 0 1.4 1.9 1.924
Imenite, FeTiO 0.8 1.1 1.13

Apatite, Ca (PO )3(F,0H,C1) 0.4 0.5 0.55 4

|
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|

Description of Occurrences

!
| The nine areas shown in Fig. 3-2 were selected f or analysis in this

report. Certain specific geologic information for some of these areas is
lacking; futhermore, consideration of the geology of an area the size of a
batholith requires generalization of a great many variables. .These

2
generalizations are unimportant when more than 100 km are involved, but

2when 1 to 5 km are under study, they may not be at all applicable.

Northern Washington
batholith

4 '

h .

Boulder.

batholith |'l
' ~

' ' . ' Beartooth >' '
'

, . ' ' % uplift Wolf River'[
'

-

batholith '*

. * . - - y
Bighorn<

*

Idaho uplift
batholith

Sierra . *
Nevada ' /,

;k batholith ''
f

Front Range.

', uplift.

:. - I
:.

Southern.

California'-
,

batholith

_"
|

FIG. 3-2. Granitic occurrences chosen for this study.
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An example of this problem is the intensity and depth of fracturing at a
specific site. References on an entire batholith may generalize by saying,
for example, that there are three "well defined" joint trends. The references
may not mention minor or local fracturing at all. However, once a specific
site is chosen, we may find that locally this "well-defined" joint pattern is

: nonexistent or that it is oriented differently; or a local structure may have
caused extremely fine granulation of the rock. Depth of fracturing is even
more difficult to determine. It almost always requires drill hole data, which
are necessarily site specific.

The solution to this problem is simply to work with the generalizations
and the more consistent properties of the rock. Once local areas are chosen
for study, specific data can be gathered.

Front Range Uplift.

Location and Geology. The Front Range uplift extends from southern

Colorado to southern Wyoming along the eastern slope of the Rocky Mountains
(Fig. 3-3). Elevations range from 1500 to over 4000 m. The rugged terrain is
typical of youthful erosion surfaces superimposed on recently uplifted igneous
and metamorphic complexes.

! An outline of the geologic history of the area begins with the
1.7-billion-year-old metamorphic complex. Sediments deposited prior to this,

I
time were metamorphosed into the Idaho Springs series and intruded by the
Boulder Creek granodiorite batholiths. Major intrusions and diastrophism
occurred again at 1.4 billion years (the Silver Plume granitic suite) and at
1.1 billion years (the Pikes Peak Granite). During the Phanerozoic, uplift
occurred during the Carboniferous, the Cretaceous, and the Tertiary. Uplift !

| is still in progress and the present elevations are due to this recent
period. Terrestrial and marine sedimentary rocks deposited throughout the
Phanerozoic are still found. The last period of igneous intrusion,
responsible for volcanism and many small granitic rock bodies, began in the
Cretaceous and continued through the late Tertiary.

The various Precambrian intrusives are the major granitic rocks of the;

! Front Range uplift. These occur in an almost continuous series of batholiths
along its length. Their total area is many million square kilometers.

The southern Tarryall region, which lies about 100 km west of Colorado

Springs, Colorado, is typical of the geology and petrology of the Front Range

!
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KEY TO THE SYMBOLS

Ti Tertiary and younger intrusive rocks

Tv Tertiary volcanics

ni Mesozoic intrusive rocks

wi Mesozoic intrusive rocks not exposed
--

pg Paleozoic and Mesozoic sedimentary and volcanic rocks

TF 1, Paleozoic and Mesozoic sedimentary and volcanic rocks
| not exposed
4

Precambrian suprocrustal sedimentary rocks -Pcs

pts Precambrian supracrustal sedimentary rocks not exposed

Ria Precambrian supracrustal rocks of undetermined composition in
subsurface

ec Precambrian granites and granitic gneisses

N Precambrian granites and granitic gneisses not exposed

PT Precambrian rocks of undetermined composition in subsurface

u Ultramafic rocks

FAULTS
~~

Unclassified fouYts

Fault showing horizontal movement

H. igh-o. n.gle. faul.t .
. .

Thrust fault
i

FOLDS
\ '

Anti'pline

Syncline

| 3CALE
O SJ s00 w*LES

I
, O SO 800 RILOME TERS
I

l

FIG. 3-3 continued.
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uplif t (Hawley and Wobus,1977). This region is underlain by a large and
varied suite of Precambrian intrusive igneous rocks, locally covered by a
recently deposited veneer of sediments of the Tertiary and Quaternary
periods. Most of the intrusive rocks are related to one of the three main
granitic series of the Front Range: the Boulder Creek Granodiorite, the Silver
Plume Quartz Monzonite, and the Pikes Peak Granite.

Petrology. The composition of the Boulder Creek Granodiorite varies

widely from biotite-quartz diorite to granite. Three main lithology types can

be distinguished: quartz diorite, granodiorite, and quartz monzonite.
The dominant unit of the Boulder Creek rocks is a quartz monzonite.

Texturally, the rock can usually be classed as a gneiss because of the
.

foliation that separates the light and dark minerals. The potassium feldspar

present is microcline; the major plagioclases are oligoclase and andesine; and
quartz makes up roughly 30% of the rock.- Biotite is the main ferromagnesian
mineral, and accessory zircon, apatite, magnetite, and sphene occur with it.

The Silver Plume Quartz Monzonite is a massive to flow-foliated, plutonic
igneous rock correlated with the Silver Plume Granite of the central Front

2
Range. It occurs in igneous intrusions as large as 13 km and in many
dikes. Three varieties of the Silver Plume Quartz Monzonite are recognized,
according to differences in grain size and structure: fine to medium grained, i

fine grained, and medium to coarse grained. All three are found in the Front
Range plutons. The medium- to coarse-grained type forms separate plutons; the
two finer-grained varieties coninonly occur together in the same pluton. The

rock is generally red and porphyritic, and conta' ins microclines, oligoclase,'

! quartz biotite, and muscovite, with accessory apatite, zircon, monzite, and
opaque oxides.

The Pikes Peak Granite forms massive, sharp-walled plutons. The major
2

| Pikes Peak batholith covers at least 3100 km . A smaller batholith of Pikes
EPeak Granite, the Tarryall Mountains mass, underlies a 245-km area. Pikes

Peak Granite consists of a coarse sub-equigranular granite, coarse porphyritic

granite, and a heterogeneous medium- to coarse-grained granite. _The'

batholiths also contain small dikes of pegmatite or aplite and irregular
masses of fine-grained granite. The granite averages approximately 50%
microcline, 30% quartz, 15% sodic plagioclase, and 5% biotite.

Only thin soils have developed since the last uplift. In areas where

closely spaced joints occur, there has been significant mechanical and
.
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chemical weathering. The granitic rocks were exposed to intense weathering
during the late Paleozoic and mid-Tertiary. Paleosoils over 25 m thick can be
found where the old surface has been preserved.

Structure. The Front Range area has undergone at least three major
Precambrian deformations and three Phanerozoic uplifts. The granitic rocks
and, to a great extent, the entire area are affected most by the Precambrian
tec tonic s. Three major regional trends occur: northwest, northeast, and
east. Intense folding and fracturing follow all three, but the northwest
trend is the major one. The northeast trend is noted for its mineralization
during the Tertiary. All trends have continued to be active into recent times.

Bighorn Uplift.

Location and Geology. The exposure of granitic rocks in the Bighorn
uplift, located just west of Buffalo and Sheridan, Wyoming, occupies an area
of about 3100 km2 (Fig. 3-4). Its shape is roughly elliptical, about 100 km
long and 48 km wide at its greatest width. The Precambrian granitic rocks are
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FIG. 3-4. Bedrock geology of the Beartooth and Bighorn uplifts. See Fig. 3-3
for a key to the symbols,
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in contact with the Cambrian Deadwood Formation on all sides. In a few
localities, its boundary is defined by faults, along which it is in contact
with various formations.

The central portion of the uplift comprises mainly older, metamorphic
Precambrian gneiss. At the northern and southern ends of the uplift, the
major rocks are red to grey, younger Precambrian, igneous granitics. These

range in composition from granite to quartz diorite, and even though there has
been some mobilizatior., they have mostly been formed in place through

granitization of the older rocks (Osterwald,1955).

Petrology. Classified according to color, the granitics consist largely
of two varieties, a moderately coarse-grained red graaitic rock and a medium-
to fine-grained gray granitic rock. The boundary between the two rock types
is gradational, and both are believed to have originated frorr the same magma.
The feldspar in the red granite is mainly orthoclase and microcline with some
oligoclase. Quartz is also a ma.ior constituent. The red color is caused by

the dissemination of small particles of iron minerals in the orthoclase. In

some areas, the gray rock contains a higher proportion of more calcic

plagioclase and grades into a quartz monzonite or quartz diorite. Comon
accessory minerals in the gray granite are apatite, magnetite, titanite,
rutile, and zircon. Much of the gray granite shows evidence of shearing. In

weathered portions of the rock, biot'te is commonly altered to chlorite, and
some of the feldspar is altered to kaolinite and sericite (0sterwald, 1955;
Darton,1906).

Texture of both rock types is typified by migmatization and twin
|

| microshearing, gneissic foliation, and various sizes of inclusions. These are

! all comon in granitic rocks that have been granitized in pit.ce or formed from
! replacement by metasomatic fluids.

Structure. A widespread joint system is prevalent throughout the

j granitic outcrop area. This causes the granitics to weather into rour.ded
blocky boulders. Dikes are common. They are either granitic, granite aplites

t

and pegmatites, or diabasic. No pattern has been discerned.
Major faulting and folding is generally confined to the margins of the

granitic rocks. Thrust, normal,-and reverse faults occur with mainly dip
movement. These and the simple folds of the overlying sediments reflect the
movement of the uplift that produced the Bighorn Mountains.
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|

Beartooth Uplift.

; Location and Geology. The Precambrian Beartooth uplift is located in |
_

south-central Montana, north and east of Yellowstone National Park (Fig. 3-4).
|

The felsic batholithic mass trends northwest and is approximately 97 km long
'

and 48 km wide. The granitic core of the Beartooth uplift was formed by
granitization of early Precambrian sediments about 2.7 billion years ago. The

uplift that formed the present Beartooth Mountains started in the Cretaceous
and continued into the Tertiary. The volcanism that is still evident in

|
Yellowstone Park began with the later stages of the uplift.

:

Petrolog,t. The rocks of the granitic core consist mainly of granitic
| gneiss and granodioritic gneiss. The granitic gneiss consists of about equal

amounts of quartz, microcline, and sodic plagioclase. Minor minerals are
biotite, muscovite, magnetite, ilmenite, chlorite, apatite, zircon, and

|
epidote. The granodioritic gneiss is nearly half plagioclase with 43%

; quartz. Microcline is almost totally absent. Min'or minerals are similar to
the granitic gneiss. Both rocks are foliated.

;

Structure. The major structural trend in the Beartooth Mountains is

northwest. The present mountains parallel it; there are Precambrian dikes
that follow it; and the prominent Cooke City and Stillwater structures also
follow it. The only major variation in this trend is the Cretaceous-Tertiary
bounding faults and folds at the ends of the elongated uplift.

,i

Wolf River Batholith.

) Location and Geology. The Precambrian (1.5-billion-year-old) Wolf River
2batholith underlies an area of about 9300 km in northeastern Wisconsin

(Fig. 3-5). It is surrounded on three sides by older Precambrian plutonic and
volcanic rocks of the central and northeastern Wisconsin complexes. The

.

| batholith is not apparently related to an orogeny, and it is epizonal (formed
,

near the surface). Evidence for this conclusion includes widespread
development of porphyritic texture, local occurrences of chilled margins, and
sharp, discordant intrusive contacts with country rocks. Adjacent
metavolcanic and metasedimentary rocks have been contact metamorphosed to

! hornblende-hornfels, pyroxene-hornfels f acies (Van Schmus et al.,1975).
|
'
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FIG. 3-5. Bedrock geology of the Wolf River batholith. See Fig. 3-3 for a
| key to the symbols.
!

Petrology. The Wolf River batholith contains mappable units of granite,
quartz monzonite, syenite, monzonite, quartz and feldspar porphyry, and
monzonite porphyry. Quartz monzonite is the most common and the most

extensively exposed rock type.
Although a porphyritic texture is the most extensively developed in

! certain rock types of the batholith, Rapakivi texture is more spectacular.
I The Wolf River batholith is lithologically similar to the Rapakivi massifs of

Finland, and the classic texture (ellipsoidal potassium feldspar mantled by
plagioclase) is well developed in the Wisconsin quartz monozonites.

,

Perthitic alkali feldspar and quartz are the most abundant minerals in
l the batholith, which also contains smaller amounts of sodic plagioclase,

iron-rich biotite and amphibole, and (locally) olivine and pyroxene
(Van Schmus et al.,1975). Typical accessory minerals are fluorite, zircon,
apatite, allanite, ilmenite, and magnetite.

233

. .



___ _ - . .- - _ _

,

Jointing and Fracturing. Although numerous and well-developed near the

surface, fractures diminish in size and number with depth. Major fracture
0patterns in the batholith are oriented N. 75 W., N. 30 E.; and N. 30 W.,

"

N. 85 E. (Bell and Sherrill, 1974).

Sierra Nevada Batholith.

Location and Geology.
, _

The Sierra Nevada batholith comprises a group of
many granitic plutons which, collectively, form the northwest-trending Sierra
Nevada mountain range in east-central California (Fig. 3-6). The batholith is

2approximately 644 km long and 80 km wide, and covers approximately 77,700 km ,
The Sierra Nevada batholith was probably formed during the Mesozoic era when

the upper layers of the earth's crust were depressed into deeper, more mafic
regions. The more siliceous rocks melted, migrated upward, and crystallized
to form the batholith. For this reason, the base of the granitic batholith
grades into ultramafic rocks at an approximate depth of 35 km. TF oatholith

has been block-faulted on the east and tilted westward, so that sedimentary
rocks lap onto the west side, forming gentle slopes, while the east side is
steep.

Petrology. At least two parent magmas formed the batholith. The eastern
side of the batholith is 200 + 20 million years old (Triassic period).
Individual plutons there consist mainly of quartz monzonites and diorites
(Bateman et al.,1963). Plutons on the western side are from the Jurassic
period. They generally consist of quartz diorites and granodiorites. The
mineralogy of this massive batholith is difficult to typify, because the
composition of the rocks commonly vary from alaskite to quartz diorite within
the same subsidiary pluton. However, the rocks commonly have equigranular,
porphyritic, or seriate texture, and contain plagioclase, quartz, potassium

! feldspar, hornblende, biotite, and muscovite (in order of descending
abundance).

Structure. The Sierra Nevada batholith is thought to occupy the trough
of a large synclinorium. The dominant trend within this structure is N. 400 W.,

or parallel with the range itself. All the major strike, normal, and reverse
faults follow this trend and all faults have a main strike-slip component.

!
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Southern California Batholith.

Location and Geology. The Southern California batholith has beta described
as a huge, composite injection dike (Larsen and Schmidt,1958). Formed during

the middle Cretaceous period, the batholith is located in the southern part of
California and northern Mexico. The granitic mass is elongated in a
northwesterly direction and covers approximately 207,200 km2 (Fig. 3-7).

Petrology. Like the Sierra Nevada batholith, the Southern California
batholith is composed of several individual plutons. It consists of what is
thought to be a single magma series with rocks ranging from gabbro to granite.
The most comon rock composition of the batholith is quartz diorite. The
mineral percentages of a typical quartz diorite are quartz, 18%; microcline, 7%;
oligoclase, 58%; biotite, 7%; amphibole, 8%; and magnetite, 1%. Grain size is
irregular; oligoclase forms the larger grains, microcline and quartz occur as
the small grain and interstitial material.
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FIG. 3-7. Bedrock geology of the Southern California batholith. See Fig. 3-3
for a key to the symbols.
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Structure. The main trend of the Southern California batholith is
northwesterly. Excluding the Transverse Ranges in the same area, this is

typical of the rest of Southern California. All the sediments and
metamorphics that host the batholith, and most of the linear features within
the batholith, strike parallel to this trend. Individual intrusives are
elongate to the northwest, as are inclusions, gneissic foliation, and mineral
zones within the intrusions.

References show that the few faults mapped within and adjacent to the

granitics also trend northwest. No reference was found for jointing or minor
fracture patterns. However, these certainly exist and no doubt also follow
the regional trend (Larsen, 1948).

Northern Washington Batholiths.
_

Location and Geology. The Colville, Chelan, toon Lake, and Cathedral
2batt.sliths cover about 181 km in a nearly circular area in northeastern

Washington (Fig. 3-8). The four comparably sized batholiths merge toward the
south and are considered to be contemporaneous (Hutting et al.,1961). Age

dating of the batholiths is difficult, because few cross-cutting relationships
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between the batholiths and surrounding strata are evident. It is commonly
believed that the four Mesozoic batholiths are from the Cretaceous period.
Granitization produced the igneous as well as the gneissic rocks (Campbell,
1940; Krauskopf, 1941; Crowder, 1959; Hutting et al., 1961).

Petrology. In these four batholiths, rock composition ranges from
alaskite to granodiorite (Pardee, 1918; Waters and Krauskopf, 1941). The

centers of the batholiths commonly consist of light to pinkish grey,
medium-grained, porphyritic granite. This granite is composed of orthoclase
phenocrysts, quartz, plagioclase, and a smaller amount of biotite. Toward the
edges of each batholith, granodiorite and quartz diorite become the most
comon rock types, with hornblende content increasing to 30% of the total
rock. Lamprophyre and pegmatite dikes comonly intersect the edges of the
batholiths.

Quartz diorite gneisses display an unusual, but widespread, swirled
foliation in the Chelan and Colville batholiths (Waters,1938; Waters and
Krauskopf, 1941). The texture of the rocks near the contacts of the
batholiths varies. The Cathedral batholith border lacks the foliated and
cataclastic structure of the Chelan batholith. The Cathedral batholith is the
only pluton with extensive contact metamorphism, which produced a very unusual
breccia (up to four miles thick), with hornblende schist as the xenoliths
(Waters,1938).

Jointing and Fracturing. Northwest-trending faults which have had many
episodic displacements are comon. Joint patterns are less consistent than

the fault patterns. Three sets of widely spaced joints (two vertical and one
horizontal) are comon throughout (Pardee,1918).

Idaho Batholith.

Location and Geology. The Idaho batholith, of middle Cretaceous age,
extends from central Idaho into western Montana (Fig. 3-9). It underlies a
roughly rectangular area of about 41,440 km2 (Larsen and Schmidt, 1958).

The Idaho batholith is relatively flat-topped and is about 836 km long and
137 km wide at its widest point. It is bounded on the north, east, and west
by older rocks, while the southern contact is with younger rocks, chiefly
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FIG. 3-9. Bedrock geology of the Idaho and Boulder batholiths. See Fig. 3-3
for a key to the synbols.

;

lavas of Tertiary age. The batholith is in an area of high, rugged mountains,
yet over large areas weathering is so deep that the geologic character of the
rock cannot be determinea.
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Petrology. The Idaho batholith is made up of several individual rock
units. The extreme range in petrology of the rock units is from quartz gabbro
to granite, but many rock types occur in very small amounts. The range in
petrology of the main rock mass is from quartz diorite to quartz monzonite
(Larsen and Schmidt, 1958). The average composition is a granodiorite with

. major quartz, potassium feldspar, and plagioclase, and minor biotite.
Muscovite hornblende and pyroxene are rare, and sphene and apatite are
accessories (Ross, 1963). Generally, the rocks are coarse grained. Some,

especially the quartz monzonites and some of the granodiorites, contain
phenocrysts of microcline and microperthite as much as 8 cm long. The large
phenocrysts are unevenly distributed and are abundant in parts of some rock
bodies and absent in others. The principal dark minerals of the gabbro are
pyrexene and secondary hornblende, those of the tonalite are hornblende with

,

some biotite. The quartz monzonites are almost entirely biotite (Larsen and
Schmidt,1958).

The greater part of the Idaho batholith was probably intruded as a unit
or as a number of large, intimately related units'. Changes in fabric and
composition are comon, but in many places the different varieties merge into
each other without mappable boundaries. The changes record movement in the

'

magma, differentiation, and late-stage modifications during the long period
required for so large a mass to move into position and consolidate.

Structure. Because of the size of the Idaho batholith, the structure and
interrelations of the various plutons are complex. Anderson (1952) divided it
into two distinct age groups. The old rocks are related to the Sierra Nevada
orogeny granitics of Washington and Oregon. These cover the entire range of
compositions from diorite to granite, but granodforite and quartz monzonite

' are most comon. The younger plutons are also quartz monzonite and
granodiorite; however, they are Cretaceous to Eocene.

Once in place, the Idaho batholith played an important role in the,

'

crustal deformation that occurred in the western United States during the
early Tertiary. Along the edges of the batholith, the compressional forces
were transmitted to the surrounding rocks and there produced great thrust
faults and tight folds.

'

Within the batholith, northwest-trending thrusts were complemented by
northeast shear zones. The shear zones tend to have strike-slip movement and

|
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are accompanied by normal f aulting. Where these shears are aligned eith
regional transverse zones, major strike-slip shears developed. The Coeur
d'Alene's Osburn Fault is an example (Anderson, 1948).

Local fracturing intensities are related to the major structures. Where
1

a major thrust or shear occurs, the rocks are much more fractured and jointed
,

than elsewhere. |

Boulder Batholith.

Location and Geology. The Boulder batholith of southwestern Montana is
an elongated mass 100 km long and 50 km wide, trending north-northeastward'

around Butte, Montana (Fig. 3-9). This batholith is of late Cretaceous age

and consists of plutons of quartz monzonite, granodiorite, and other granitic

j rocks. It is believed to be a relatively thin mesozonal batholith that was
injected into a shallow floor of premagmatic rocks and then covered mainly by
its own volcanic ejecta. Geologic field relations and gravity data suggest
that the average thickness of the batholith is perhaps 5 km (Hamilton and
Myers,1974). .

Petrology. The composition of igneous rocks in the Boulder batholith
I varies from syenogabbro to alaskite, but approximately 75% of the batholith is

!
Butte Quartz Monzonite, which contains the following mineral percent ranges:

i quartz, 15-40%; plagioclase, 20-48%; feldspar, 15-45%; biotite, 1-12%; and
[

accessories, 1-3%. Accessories include magnetite, sphene, zircon, apatite,' -

| allanite, and rutile. Texture is generally equigranular; however, porphyries
with potassium feldspar phenocrysts up to 3 cm long do occur (Becraft et al.,

1962).

Structure. The thin disklike structure of the Boulder batholith
presented by Hamilton and Myers (1974) does contrast with the classic, thick,
no-bottom batholith shape. However, their theory is based on inward dipping
structures and floorlike features that appear to lie beneath the batholith at

|
its north and south edges. This shape makes this batholith the equivalent, on
a much larger scale, of a lopolith.

The area of Montana underlain by the Boulder batholith was caught up in
the extensive eastward thrusting that took place in the Cretaceous and
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Terti ary. In addition, smaller scale thrusting has occurred along the top of
the batholith chamber in conjunction with intrusion. Hence, thrust faulting,
with accompanying strike-slip, shear zones, and other union f aulting, is
Comon.

On a smaller scale, individual areas have well-developed joint and'

fracture patterns. Many dikes, veins, shear zones, and faults trend east,
northeast, and north. Yet, in the same area, no pattern for the ;.

well-developed joints could be identified.
4

GE0 MECHANICS

This section presents a review of the major rock mechanics considerations
which affect the evaluation of granite as a potential nuclear waste disposal
site. Its aim is not to be exhaustive, rather to present the major effects

.

and trends of the principal parameters. Definitions of the major terms used
in this discussion may be found in the appendix to this chapter.

The most important considerations in designing the excavations for an
! underground repository for radioactive waste are the safety, stability, and

longtime security of the excavations. Ideally, one would like to take the
results of laboratory experiments performed on small samples of rocks and

insert these values into theoretical analyses, thus to predict the stability
of the openings created. Such an approach, however, has not proven to be
realistic for a major underground structure. It is limited by the effects of

size and geologic structure on the strength of the rock.
Unfortunately, as will be discussed later, there is a great lack of

information regarding the effect of sample size on the property measured.<

Nonetheless, because of the great expense of large-scale in situ testing, the
primary source of information regarding the properties of rock are obtained-
from laboratory measurements. Many properties can be adequately described by
such laboratory testing procedures. Unfortunately, others cannot. Much work
remains to be done on the procedures by which the input parameters for
predictor models can be generated on the basis of laboratory data.

It is clear from a revie,< of available data that all of the thermal,
thermoelastic, and mechanical properties of rock are functions of
temperature. Until recently, however, most rock properties were determined
only at room temperature. The effects of_ temperature variations on several

' properties are sumarized in Table 3-2, with particular reference to the
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TABLE 3-2. Temperature dependence of rock properties and the effects of temperature on
' cavern stability (from Tsui, 1979).

1

Temperature dependence Consequence of temperature increase

Thermal properties:

Conductivity and Decrease with increasing '

diffusivity temperature. Combined effect increases thermal
gradient, hence increases thermal-

Specific heat Increases with increasing stress. Stability thus decreases.'

temperature.'
.

Density Negligible in nonporous rock.

Thermoelastic properties:

Coefficient of linear Increases with increasing Increases thermal stress, hence
thermal expansion temperature. decreases stability.

Young's modulus and Decrease with increasing (1) Decreases thermal stress, hence
gg Poisson's ratio temperature. increases stability.

(2) Increases radial deformation.''

Mechanical properties:
Strength parameters Decrease with increasing Decreases stability.

temperature.

Stress-strain behavior Ductility and flow tendency Increases radial deformation.
increase with increasing
temperature. .

!
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stability of an underground opening (Tsui, 1979). Both conductivity and4

diffusivity decrease with increasing temperature. Specific heat, on the other
hand, increases with increasing temperature. These changes, taken together,
increase the thermal gradient and hence increase thermal stress. The

coefficient of linear thermal expansion increases with increasing temperature,
likewise increasing thermal stress and decreasing the stability of an
opening. Young's modulus and compressive strength decrease with increasing
temperature; these changes combine to reduce structural stability.

Attempts have been made to classify rocks generically and to discuss
physical properties in the same way. One type of strength classification is
shown in Fig. 3-10 for several rock types (Deere and Miller,1966). Even for
small laboratory samples, the strength of granite varies about threefold. The

difference between intact rock properties and rock-mass properties is even
1 greater. These variability and scaling considerations should be kept in mind

during the following discussions.

In Situ Stresses

The stability of any underground opening is determined by the strength of
'

the rock materials and by the stresses applied. These stresses include those
.-visting in the ground prior to excavation, those induced during the
excavation process, and those induced af ter completion of the excavation, such
as the long-term effects of radioactive waste. This section discusses the
state of stress in the vicinity of a potential repository prior to excavation.

In general, the vertical component of the in situ stress has a value
close to that given by the weight of the overburden. It is, of course,

influenced by variations in topography and by the time which has passed since
the rock was deposited. Horizontal stresses, on the other hand, are highly
variable. In situ measurements of stress fields have revealed that the
horizontal components can range from approximately one-third of the vertical
stress to several times the vertical stress. These measurements have been
compiled by Hoek and Brown (in press), as shown in Fig. 3-11. Note that the
envelope at a 1000-m depth, which might be typical for a repository, shows

horizontal stress variations from about 0.5 to 1.75 times the vertical
stress. The exact stress state is highly site dependent; therefore, the
stress field must be carefully measured at the location of interest. The
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stability of an opening will vary considerably, depending on whether the major
principal stress is vertical or horizontal. The best design shape of the
opening will change accordingly.

Table 3-3 shows the relationship of the stresses for various ages of rock
j in Ontario. For Devonian rocks, the horizontal stress is expected to be less
i than or equal to the vertical, whereas, for the older Silurian, Ordovician,

and Precambrian rocks, the horizontal stress is expected to be greater than
the vertical stress.

A plot of stress variation with depth for Precambrian (primarily
granitic) rocks is shown in Fig. 3-12 for a number of locations. There is a
wide variation, but most of the sites and tests reveal a horizontal stress
greater than the vertical. Figures 3-13 and 3-14 show the results of some
stress measurenient work which was done at the Stripa mine in Sweden (Carlsson,
1978). The variation in principal stress magnitude is shown in Fig. 3-13.
The principal stress magnitude appears to vary threefold over a hole length of
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TABLE 3-3. Stress conditions for rocks in Ontario, Canada

(from Tsui, 1979; Lee, 1978).

aGeological period Probable stress conditions

Devonian oy > Ch (I)
Uplift
(20 million years)

Silur'an oh >> Ov

Ordov cian oh >> Uv
Uplift or(500 million years) h"8v

Precambrian oh> v

ao = horizontal stress; a = vertical stress.y

|

|
|

|

I
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about 5 m. Variability in principal stress direction is shown in Fig. 3-14.
Again, the variation is considerable. In general, stress fields are found to
be not only site specific but also significantly variable even within a
specific rock mass.

Mechanical Properties

Mechanical properties which are normally considered in any description of

a rock material include index properties (such as unit weight or density),
moisture content, porosity, stress-strain relationships (which yield Young's
modulus and Poisson's ratio), and rock strength as measured by the compressive
and tensile strengths.

A summary of properties for intact granite is given in Table 3-4. These

values were collected during a literature review of published reports. Even

properties such as unit weight, which is normally considered relatively
3constant for granite, varies considerably (from 2310 to 3040 kg/m ). Other

properties vary much more widely. (Tensile strength is shown to vary from
about 3.5 to 55 MPa; however, those samples which were already broken were, of

course, not tested. Thus, the variation should actually be from 0 to 55 MPa.)
A second suninary of properties for granite is shown in Table 3-5. The

granitic rock types and locations marked with asterisks are from quarries. As
a group, they can be considered typical granites. They were selected for

special mention because of their lack of jointing, lack of weathering,
homogeneous nature, uniform coloring and texture, and their proximity to the
surface. Some of these quarries exhibited very high in situ stress fields.
Table 3-6 presents a comparison of rock properties from the Climax stock at

the Nevada Test Site and the Stripa mine in Sweden. Notice that for any
particular site, the variation in properties is much smaller than the range
established for a generic granite.

The most coninon test performed in rock mechanics work is the uniaxial

compression test from which one can obtain Young's modulus (the ratio of

stress to resultant strain) and Poisson's ratio (the ratio of lateral to
longitudinal strain). At the edge of an underground opening, the confining
pressure is zero. As one progresses away from the opening, the stress state
becomes triaxial, The two minor principal stresses may or may not be equal.

250



TABLE 3-4. Properties of intact granite (from ONWI, 1978).

Mean value Range

Index properties:
3Unit weight, kg/m 2646.5 2306.9 .543.8

0-0.32Natural moisture content (intact), % --

Porosity (rock-mass), % 1.6 0.05-11.2

Stress-strain properties:
Young's modulus, GPa 50.3 15.9-83.4

Poisson's ratio 0.18 0.045-0.39

Strength properties:
Uniaxial compressive strength, MPa 175.1 35.2-353.1

Tensile strength, MPa 6.3 3.4-55.9

Thermal properties:

Coefficient of linear thermal 2.5 x 10-6 1.67 x 10-6
expansion, O -1 to 3.34 x 10-6C

Heat capacity, J/g 0C 0.92 0.67-1.38

Thermal conductivity, W/m 0C, at:

0C 2.86

50 C 2.70

100 C 2.56

150 C 2.44

200 C 2.34

300 C 2.15

400 C 1.99

|

|
|
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TABLE 3-5. Sumary of geomechanical prop:rties of granitic rocks,a See text for explanation ofgranites marked by asterisks.

Stress-strain properties Strength properties

Bulk Sheer Uniaa1at
Rock type and ortgtn modulus,'s

Density, modulus, modulus, Poisson *5 compressive Tenstle
Young

GPa g/cm3 GPa GPa retto strength, MPa strength MPa Reference
,

Grantte (coarse-grained), 26.6 12.1 2.63(0.03.9) U58R, 1953Polehill power plant, 25.4 52.6 0.02(0.0002,9)Loveland, Colo. 2.63(0.03,9)
Pegmatite granite, 2.62(0.09,27)
Polehill poner plant.
Loveland, Colo.

Group A 19.0 0.10 42.7(29.2.3) US8R,1953Group 8
58.2(0.69,2)

51tgntly altered granite, 7.59
Grand Coulee paping project. 0.13(m 3) 56.9 U58R, 1953
Grant County, Wash. 26.3

Slightly altered granite, 8.97 2.61(0.04.18) 0.126(NR,3) 64.8 US84, 1953Grand Coulee paping project, 8.28
Grant County, Wash. 33.2

Granite, 32.6 2.63(0.07,32) 0.14(NR 3) 148.8 US84,1953Grand Coulee p aping plant, 12.4
N Grant County, Wash.
U1
N Granite,

Nevada Test Site 64.8 Kunar 1968

Grantte, no location 31.0-58.6 0.15-0.24 2.99-4.8 Richey, 1963
Granite, 77.9(NR,2) 3.0 154.5 US8R, 1953Valencia County, N.M.

Granite, N.M. 77.9 2.80 32.3 0.27 81str. 1955
Granite (gneisses), Ga. 19.2 2.66 10.3 200.0 2.8 Blair, 1955
Granite, 53.8(M,5) 2.66(0.06,15) 0.00 144.8(66.2.4) 5.6(1.9,4) Brandon, 1976

,
'

Bridge Canyon dam site,
Mohave County, Ariz.

Granite, 7.24(E.2) 2.59(0.06,2) 0.07 25.5(9.7.2) Bra.Jon, 1976Valencia County, N.M.

Granite (meathered), no location 2.74(m,8)
Morris and
Johnson,1967

coatig
a
values we presented in the form A(8,C), where A is either the single value reported, the mean, or the range of values (A -Ap); 815 either the

difference between the maatam ud ninfes reported values or the range of values (8 -8 ); and C is the number of samples tested.3
1 2 60th 8 and C or Calone may be absent. tR signiftes *not reported.*

1
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-TABLE 3-5 continued,
t

Stress. strain properties Strength properties
'

Sulk Shear Unianial
Young's Densigy,

modulus, modulus, Potsson's compressive Tensile |

9/cP GPa GPa ratto strength, MPa strength MPa Reference i
Rock type and origin modulus, GPa

i
*

Granite, 21.9 2.69 0.08 164.8 4.17 81ste, 1956

Unareep granite site,
Grand Junction Colo.

,

Granite, Vt. 28.9 2.66 15.9 Windes, 1949

Granite, Md. 54.6 2.65 25.4 251.0 Wtades, 1949

Granite, tev. 51.3 2.63 22.5 272.4 windes, 1949;
i

Granite, N.C. 24.2 2.60 12.3 209.7 Wtndes, 1949 i

Granite, no location 48.1(71.65,93) 0.20(0.35,75) 6.62(16.6.22) .bdd, 1969

Granite, no location 52.1 2.67 0.16 202.7 Kulhany,1975
f62.8 Kuthany, 1975

Quadarrama Granite 24.4
I

Fremont Canyon Granite 64.1 2.62 0.14 8.62 Ku!hany,1975
|

(coarse-grained) *

Salida Granite 70.7 2.64 0.18 324.1 Kulhany, 1975

Porphyritte grantte, 69.06 2.74 0.24 91.7 Kulhany,1975

$ - Mitidlert Quarry

Granite Valinnos Quarry 65.8 2.72 0.18 107.2 Kulnany, 1975 j1

Granite, Cantaretra Quarry 64.1 2.81 0.25 111.3 K ulhary,1975

Tournaline grantte, 75.5 2.65 0.16 127.1 Kulhany, 1975

Piccicacco Quarry

'Ptaes Peak Granite 33.4 2.67 0.37 68.9 3.93 Kulhany, 1975

L, (coarse-grained, weathered)

Pikes Peak Granite 70.6 2.67 62.0 27.0 0.31 226.1 11.9 Kulhany, 1975

(dense, medte. to fine-grained)*

.

Barre Graatte 72.4 2.64 43.1 29.7 0.22 234.5 7.59 Kulhany, 1975

(dense, medium-grained)**

Silver Plume Grantte, 60.4(44.1.40) 0.205(0.31.38) 264.9 mer and
386.2 Richards, 1974

j Straight Creek tunnel site,
pilot bore, Colo.

Quartz monronite, 52.4 2.67(idt 30) 52.4 19.3 0.33 Carroll et al.,

1966
j Straight Creek pilot bore, Colo.

Quartz montonite, . 61.4-69.7 2.6-2.66 53.8 20.0 0.21-0.22 210.3 Carroll et al.,

1966
Climaa stock, hevada Test $tte

continued
r

h

.

k

|
!

. . . _ - - ._. . _ _ . - ___ - _



___ ___ _ _ _ _. - _ _ _ _ _ . -. . - .-. _. .- .- . .-- - ~ _ . - _ . - - - . . . _ -

;

!

l

TABLE 3-5 continued. !

t

Stress-strain properties Strength properties

8alk Shear UMantalYoung's Density, modulus, modulus. Potsson's compressive TensileRock type and origin modulus. GPa g/cm3 GPa GPa ratto strength MPa strength. MPa Reference
Manzontte porphyry. 41.4(3.4.3) 2.57(0.05.16) 0.18(m.3) 124.8(0.08.140) 058R. 1953

|

r

Grand Coulce pging plant,
Grant County. Wash.

Colville Granite 11.0 2.61 6.20 4.82 0.20 64.8 3.24 Onul. 1978(slightly colored)* *

fColville Granite (unaltered)* 35.9 2.63 17.2 15.9 0.15 144.8 7.45 ONw!,1978
r

Montentte porphyry, 42.8 )0.6 170.6 UsOR. 1953Grand Coulee pumping plant,
Grant County, Wash.,

Quartz montonite. Mont. 2.75 112.4 Blair. 1956
'
>

Quartz dtortte. 47.2(NR,2) 2.71(0.15.5) 0.07(hR.2) 118.6(19.3.2) 8.21 Brandon. 1976 IBridge Canyon den site,
Mohave County, Arts.

Quarta diorite, 25.5(11.45.3) !
Garden Valley dan site. 0.104(m.3) 87.4(9.7.3) U'.8R. 1953 '

Botte, Idaho t

$ Quarta diorite gneiss. 61.7(NR.4) 2.83(0.09,9) 0.ll(m.4) 81.4(13.1.3) 13.5(2.69,3) 8randon, 19764m Bridge Canyon den site.
Mohave County Arts. j

Dicrite gneiss. 68.4(13.4.2) 2.87((0.09,3)2.86 0.27.10) 0.88(NR.2) 64.2(mR,1) e58R, 1953 !See a. T. 6 5., R. 77 W.
104.4(mR,1)

Otortte, no locatten 69.7(72.4.12) 2.82(0.48.5)
.kod. 1969 t

Mineralized diorite. Utah 71.7(24.1.5) 2.71(0.08.5) 28.8(9.17.5) 0.26(0.08.5) 246.9(40.0.5) Windes 1950
Diartte. Mich. 98.6(23.7,5) 2.91(0.20.7) 35.9(12.6.2) 0.29(0.06.5) 227.6(0.09.2) Blatr. 1956Dlortte 71.l(31.6.2) 3.03(0.01.2) 32.5(9.45.2) 230.0(87.6.2) u t ndes.1949(gneissic.dtorite.gatero). N.Y.

.

Granodtortte. 63.1(m.6) 2.71(0.05.14) 0.16(m,6) 126.9(50.3.3) 1.45(0.97,3) Orandon 1976Tumut Pond den site.
Snowy Mountains project Australla

Pepsat tte. Morrow Point Dam, 18.5 20.6 2.64(m.4) 0.05-0.07 56.9 6.00 Dodd. 1967Montrose. Colo,

iSt. Cloud greg grandlortte 71.0 2.72 46.5 28.6 0.25 282.1 6.97 Onut. 1978(Precambrian)
.

i
t

h
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TABLE 3-6. Comparison of rock properties from two locations (from
Ramspott,1979).

,

Climax stock Stripa mine b
a

Property quartz monzonite Swedish granite

3Dry density, g/cm 2.6-2.66 2.6

Porosity, % 0.7-1.1 1.7

Compressive strength, MPa 210 217

Young's modulus, GPa 61.4-69.7 51.3

Poisson's ratio 0.21-0.22 0.23

Thermal conductivity, W/m 0C 3.0 3.5

Data from Maldonado,1977; Obert,1%3; Wright,1967.a

bData from Pratt et al.,1978.

Figure 3-15 shows the effect of confining pressure on the stress-strain
Figure 3-16 depicts the variation of Young's modulus and fracturecurve.

stress with confining pressure for Stripa granite. The modulus varies by

about 15% as the confining pressure increases from 0 to 30 MPa. The

compressive strength, on the other hand, increases from about 200 to about
550 MPa. Therefore, whereas the modulus is relatively insensitive, the

compressive strength is very dependent upon the confining pressure.
Tensile strength, as determined in the laboratory, is very dependent upon

the sample selection, the sample size, and the method used for measurement.
(Samples with preexisting fractures, which would produce a tensile strength of
zero, are discarded prior to testing.) An indirect way of determining tensile
strength is the Brazilian test. It is also the easiest technique and the one

most often employed. However, the results obtained are about twice those
,

I obtained using a straight-pull-type tension test. Both tests supposedly
measure the same property.
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FIG. 3-15. Axial stress-strain plots for confining pressures of 0, 10, 26,
and 30 MPa (from Swan, 1978).

|

Thermal Properties

Failure Modes. When the surface of an underground opening is exposed to a

heat source, heat transfer takes place from the source to the rock mass by,

conduction, and possibly by radiation. Thermal transients, or a
time-dependent temperature distribution, are generated across a heated zone in

; the rock around the opening. The temperature distribution is dependent upon a
combination of three thermal properties--conductivity, density, and specific
heat. These properties can be characterized by a single thermal parameter
known as diffusivity.;

If an analytic solution to the temperature distribution is sought, one,

must assume that the rock mass is a continuum and that the thermal properties
of the rock are independent of temperature and spatial location. If the
assumption of temperature independence is rejected, the problem becomes
nonlinear, thus requiring numerical methods. Numerical techniques are

i

|
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FIG. 3-16. Variation of Young's modulus and fracture stress with confining
pressure (from Swan, 1978).

currently available, but the appropriate values of the necessary thermal
properties are lacking.

The variation in thermal properties for intact rock samples is generally
In describing rock-mass prop' rties, the problem can become evenrather high. e

i more severe. If a piece of homogeneous material is free from constraint and
is heated uniformly, no stresses are generated, even though the material

changes size due to thermal expansion. However, in a rock mass that is

subjected to a temperature gradient, thermal stresses are induced. The stress
is due both to geometric constraint and to differences in the thermal
expansion coefficients of the various constituents within the rock. These,

intergranular thermal stresses can develop independently of the existence of a
thermal gradient or the geometric constraints. They can cause cracking along
grain boundaries and also within the grains themselves. Such cracking can

significantly affect both the mechanical and thermal properties of the rock.
As noted earlier, rock strength decreases with temperature. We now see that
stresses increase as well. When the thermally induced stress field is imposed
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upon the existing stress field (that due to the in situ stresses and the
excavation-induced stresses), the total may exceed the strength of the rock.

Another type of thennally induced f ailure is spslling. This is a
progressive failure induced by thermal shock or a sudden application of heat.

(Thermal loading of rock using the jet piercing system has been used for many
years as a technique for rock removal.) Hence, for waste repository
considerations, one must consider several thermal failure modes and have a
very clear understanding of the thermal properties of the rock, on both a
small and a large scale. These properties can vary widely between crystalline
rock types, and even within the same rock type.

Values for Thermal Properties. Thermal conductivity has been measured for

It depends upon both rock temperature and pressure, though theremany years.

are few data regarding the pressure dependency. The variation of thermal
conductivity with temperature, however, is shown for various rocks in Figs.
3-17 through 3-l'). Generally, a very rapid decrease in thermal conductivity
occurs between 0 and 250 C. Thereafter, the rate of decrease is
considerably slower. This lower temperature range is precisely that of most
repositories, however. As shown in Table 3-7, there can be a rather large
range of conductivities at any temperature for a group of samples. For any
one ro k. the variation is generally about 30%, but can be as great as 100%.
Hasan (1978) also compiled data on thermal conductivity as a function of
temperature. The many values reported near room temperature ranged between
1.51 and 4.48 W/m- C. He also proposed a best fit for Barre and Westerly
granites decreasing smoothly from about 2.5 W/m- C at 27 C to about 1.2 W/m- C

0at 750 c

At mentioned earlier, one of the factors that must be considered is the
spallability of the rock, since it affects the conditions directly surrounding
the borehole. The piercing rating or spallability index of a number of
different rocks is presented in Table 3-8. The spallability or piercing index
it based on a scale from 1 to 10, where 1 indicates the greatest degree of
spallability. Granites generally have high piercing indexes.

Specific heats of rocks are determined by heating specimens of known

weights to a given temperature, then measuring the heat content of the rock by
calorimetric methods. Figure 3-20 shows the variation of specific heat with
temperature for several different rock types. The rather strange behavior of
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Thermal conductivity, in 10-3 cal /TABLE 3-7.
1978). Themeasurementsweremadeatabout20gm-s-C,ofrocks(fromLee,unless otherwise noted.
Only cases in which there are five or more measurements from a single
lithologic unit are included.

Number of Mean
Rock type and origin determinations value Range

Granite and quartz monzonite, 59 7.89 6.7-8.6
Adams Tunnel, Colo.

Granite, Loetschberg Tunnel, Switzerland 12 7.77 6.2-9.0
Granodiorite, Steamboat Springs, Nev. 5 6.64 6.2-6.9
Granodiorite, Grass Valley, Calif. 14 7.61 7.0-8.3
Quartz-feldspar porphyry, Jacoba bore, 5 8.0 7.6-8.6
Orange Free State, South Africa (25 C)
Syenite and syenite porphyry, Kirkland 37 7.66 6.3-9.5Lake, Ontario

Altered rhyolite, Tinsnins, Ontario 6 8.23 7.4-8.8
Norite, Sudbury, Ontario 5 6.42 5.5-7.3
Serpentinized periodotite, Thetford 5 6.34 5.7-7.0mines, Quebec

Agglomerate, Roodepoort bore, Transvaal, 5 7.4 7.1-8.0South Africa

Karoo dolerite, Kestell bore Orange 9 4.8 4.0-5.5Free State, South Africa (35g )C
Ventersdorp lava, Jacoba bore, Orange 9 7.4 6.3-8.6
Free State, South Africa (25 C)
Ventersdorp lava, Roodepoort bore, 15 7.2 6.4-8.0Transvaal, South Africa
Portage Lake lava, Calumet, Mich.:

Dense flows 27 5.01 4.1-6.6
Amygdaloidal tops 10 6.4 5.5-9.0

Porphyrite and diabase, Grass Valiey, Calif. 21 7.14 6.2-8.2
| Quartz diorite gneiss, Adams Tunnel, Colo. 17 7.75 6.6-8.5
! Injection gneiss and schist, Adams Tunnel, 41 7.74 4.0-11.0
! Colo.

| Gneiss, Gotthard Tunnel, Switzerland 15 6.68 5.1'-8.0
) Gneiss, Simplon Tunnel, Switzerland:

Perpendicular. 22 6.34 4.6-7.7
Parallel 8 8.90 6.0-11.4

continued
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TABLE 3-7 continued.

Number of Mean

Rock type and origin determinations value Range

Gneiss, Simplon Tunnel, Switzerland:

Perpendicular 8 5.74 4.1-6.8

Parallel 7 7.50 6.8-8.9

Gneiss, Chester, Vt.:
Perpendicul ar 9 6.24 4.9-8.7

Parallel 9 8.33 6.1-10.4

Amphibolite, Homestake mine, Lead, S.D. 6 6.92 6.1-9.1

Calcareous mica phyllite, Homestake mine,
S.D.:

Perpendicular 7 7.89 6.5-9.0

Parallel 9 11.83 9.5-14.0

Quartzite, Homestake mine, S.D. 6 16.05 14.2-17.6

Witwatersrand que-tzite, Gerhardminnebron 17 14.3 8.7-19.2
bore, Transvaal South Africa (two 21 14.5 10.4-18.9

3experiments, 25 C)
Witwatersrand quartzite, Roodepoort bore, 7 10.1 7.4-12.7
Transvaal, South Africa

__

l
!

!
|

I
|

|
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TABLE 3-8. Composition and thermal properties of several igneous Canadian rocks and minerals (from Clark
et al., 1969).

Mineral composition, 1
% Therm. Specific

a Ferromagnesians and Piercing exp. to heat, Oensity,Rock class Quartz K-felds Na-felds Ca-felds miscell aneous Texture Index 5000C W/s-g oC g/cm3_

--
_

Gabbro (diabase) -- 12 46 24 aug; 11 hOde blot; M. diabasic. 2 0.45 0.945 2.98
--

(graphic) (An50) 7 mag hypidiomorphic
Nepheline syenite -- 23 52 -- 2 mag; 23 nepheline M. hypidio- 9 0.82 0.991 2.98

morphic
Rhyollte 23 52 51 -- 3 mag F. alletrio- 10 0.74 0.991 2.67

morphic
Hbde, syenite -- 73 17 -- 9 hbde; 2 biot; 3 mag M. hypidlo- 4 0.63 0.958 2.64(perthite) morphic
Nordnarkite 9 69 8 -- 7 hode; 2 aug; I mag + C. panidio- 5 0.68 0.966 2.66(perthite) hematite morphic
Anorthosite -- 1 -- 97 1 aug; I mag C. hypidio- 2 0.40 0.979 2.83

(An50) * FPhIC
Granite 34 31 31 -- 3 blot M. hypidio- 9 0.82 0.996 2.65

morphic
$ Granodforite 21 4 -- 51 12 hbde; 9 blot; 8 epidote M. hypidio- 6 0.82 0.991 2.77A

(An50) * SPh'"' "0"PhIC
Granite 33 29 25 -- 10 blot M. hyptdio- 8 0.82 0.991 2.66

'

morphic
Quartz monzonite 27 20 -- 42 10 biot; 1 muscovite C. panidio- 7 0.85 0.991 2.68

morphic

a
All homogeneous except the second granite entry, which was coarsely gneissic.
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quartz in the vicinity of 573 C is due to the transformation of quartz from
the alpha to the beta form. Over the temperature range shown in Fig. 3-20,
the specific heat varies by about 25%. Some additional values for mean

i specific heats between 25 and 625 C are given in Table 3-9.

The effect of temperature on the density of relatively nonporous rocks
such as granites is negligible. For other rocks, however, the density may
decrease with increasing temperature as a result of moisture changes.

Thermal diffusivity is a derived quantity which depends on thermal
conductivity, specific heat, and density. The results presented in Figs. 3-21
through 3-23 reveal that the thermal diffusivity decreases with increasing
temperature to at least 600 C. Above this temperature, as shown in
Fig. 3-23, the diffusivity may increase slightly.

The fusion temperatures of the rock, which may or may not be necessary
considerations in nuclear waste disposal decisions, are shown in Table 3-10.
The temperatures are in the range of about 1100 to 1300 C, well above the
proposed operating temperatures for repositories.

>

j

TABLE 3-9. Specific heats of various samples
(from Clark et al., 1969). The values given
are the means for two calorimetric runs
between 25 and 625 C for each sample.

Specific heat,
Common designation cal /g oC

Granite 0.241

Anorthosite (Peribonka black) 0.234
"Nepean sandstone" 0.246

i "Diabase" 0.226
Nepheline syenite 0.237

! " Basalt" 0.236
" Rhyolite" 0.237,

i

| Syenite (Sienna red) 0.229
Nordmarkite (Scots green) 0.231
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TABLE 3-10. Fusion temperatures for various rocks (from Clark et al., 1969).
_ - - - - - - . -

_
_

_ =_ -----

Pyrometric
cone

Fusion equivalent
Rock type and origin temp, OC (P.C.E.) No.

Crystalline igneous rocks

Basalt (traprock), N.J. 1152-1168 C-3
Diabase traprock (" black granite"), French Creek 1168-1186 C-4
Granite Co.

Medium red granite, Leeds County, Ontario 1168-1186 C-4
White granite (high mica content), Chelmsford, Mass. 1168-1186 C-4
Opalescent granite, Cold Springs, Minn. 1201-1222 C-6
Grey granite, Norway 1215-1240 C-7
Grey granite, Sa'isbury, N.C. 1236-1263 C-8
Collins pink granite, Salisbury, N.C. 1236-1263 C-8
"Syenite," Lake Asbestos, Quebec 1236-1263 C-8
Red granite, Wausau, Wisc. 1236-1263 C-8
Melrose pink granite, Guenette, Quebec 1236-1263 C-8
Granite gneiss, Mount Wright, Quebec 1236-1263 C-8
Grey granite, Chelmsford, Mass. 1285-1305 C-10

Quartz-rich crystalline igneous rocks (more than 10% quartz)

Granite, Stanstead, Quebec 1198-1221 C-5 1/3
" Granite" (Stanstead grey), Stanstead, Quebec 1201-1222 C-6
Granite (Saguenay red), Lake St. John, Quebec 1177-11 % C-5
Granite (Vermilion pink), Vermilion Bay, Ontario 1207-1232 C-6 1/2

i " Rhyolite," Havelock, Ontario 1215-1240 C-7

Quartz-poor crystalline igneous rocks (less than 10% quartz)

" Basalt," Havelock, Ontario 1149-1165 C-2 2/3
"Diabate," Bell's Corners, Ontario 1164-1179 C-3 2/3
Anorthosite (Peribonca black), Peribonca River, Quebec 1297-1319 C-11 1/3
Syenite (Sienna red), Rawcliffe, Quebec 1168-1186 C-4
Nordmarkite (Scots green), Mount Megantic, Quebec 1167-1184 C-3 4/5
Nepheline syenite, Methen Township, Ontario 1168-1186 C-4
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Thermoelastic Properties

Thermoelastic properties include the effect of temperature on strength,
Young's modulus, Poisson's ratio, and the linear coefficient of thermal
expansion. Figure 3-24 shows a typical stress-strain plot for an uniaxial
compression test conducted at 150 C on Stripa granite (Swan, 1978). Even at

this elevated temperature, the relationship between stress and strain is stil
fairly linear. Figure 3-25 shows the change in ultimate compressive strength
with temperature for a number of different rock types, including four
granites. The very severe decrease which occurs at about 1100 C corresponds

to the fusion temperature for these rocks. Otherwise, over the temperature
range of principal interest (from 20 to 400 C), the decrease in strength
varies, depending on the rock, from 0% to approximately 50%.

Figures 3-26 and 3-27 show the change in strength with temperature and
confining pressure. These tests were all done at a confining pressure of
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FIG. 3-24. Typical stress-strain plot from a uniaxial test at 150 C (from
Swan,1978).
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5 kilobars. Note that for the granite shown in Fig. 3-26 the decrease in
strength between 0 and 400 C is relatively small. In Fig. 3-27, the

compressive strength is plotted as a function of strain. With increasing
temperatures at 5 kilobars, the rocks become much more plastic and the
deviatoric stress required to cause extension becomes much smaller.

Figures 3-28 and 3-29 show Young's modulus and Poisson's ratio as
functions of temperature for Stripa granite. The error bars indicate 90%
confidence limits for these laboratory tests. Between 0 and 200 C, Young's
modulus decreases by approximately 30%, and Poisson's ratio decreases about-
50%. The variations of Young's modulus, shear modulus, and Poisson's ratio
with temperature are shown for four rock types in Fig. 3-30. Between room

0temperature and 400 C, Young's modulus for _ charcoal granite decreases by
about 50%. Poisson's ratio appears to change from positive to negative, which
is rather unusual. Ongoing work will help clarify some of these
relationships. In general, both the uniaxial and triaxial compressive
strengths of granite decrease markedly with increasing temperature. Both the

) elastic modulus and Poisson's ratio are reduced.
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FIG. 3-28. Young's modulus as a function of temperature (from Swan,1978).
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The coefficient of linear thermal expansion is very important for the
calculation of both the displacements and the stresses that will result from
the thermal field around a waste repository. The degree of temperature

dependence of thermal expansion varies widely among different rocks, as shown
in Figs. 3-31 and 3-32, and in Table 3-11. Thermal expansion coefficients for

granite are also affected by the alpha-beta inversion temperature (573 C) of
quartz (Fig. 3-32). It is interesting to note in Table 3-11 that the values
for most granites or granite-type rocks are relatively similar over a wide
temperature range.

The variation in percent volume expansion for some common igneous

minerals, shown in Fig. 3-33, illustrates the reason for high thermal stresses
in quartz-rich rocks, such as igneous rocks. This difference in volume

expansion is exploited in thermal rock removal processes. The rock removal
rate and average linear expansion for several quartz-rich and quartz-poor
rocks are shown in Tables 3-12 and 3-13, respectively. The percent elongation

as a function of temperature is shown in Figs. 3-34 and 3-35 for rocks having
various spallability indexes. Most granitic rocks have a very good
spallability and therefore would be expected to spall under high thermal
gradients.

Table 3-14 shows the effect of the combination of heat and moisture on
the strength of granite. When granite was tested at 240 C in a dry nitrogen
atmosphere, the compressive strength was 135.9 MPa. In an atmosphere

saturated with water vapor, the strength dropped to 41.4 MPa. Unfortunately,
few test data are currently available on the effect of environmental
conditions on the strength of rocks. However, this can be an extremely

,

important consideration in evaluating the long-term competence of a repository.
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,

TABLE 3-11. Measured coefficients of volumetric thermal
expansion (from Swan, 1978).

| Coeff of volumetric
| thermal expansion, 10-6 oC-1
j
,

|
Rock type at 250 at 4000 ,

Chelmsford Granite 21.5 73.3

Westerly Granite 24.8 67.0

I Wausau Granite 19.9 71.5

Graniteville Granite 25.1 76.8

Red River Quartz Monzonite 21.1 75.0
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TABLE 3-12. Mineralogical composition, rock rem 3 val rate, and percent elongation at 6000C for
quartz-rich (>10% quartz) crystalline igneous rocks (from Clark et al., 1969; Geller et al., 1962).

Rock type Granite Granodiorite Quartz Granite Granite Graphic
monzonite granite

Composition, %:
K-feldspar 21.2 3.8 19.5 28.6 31.1 51.5a

Plagioclase 44.8 50.5 41.4 23.0 31.3 20.5

b 2.4 0.9 --
--Perthite -- --

Quartz 29.3 20.6 27.4 33.5 32.8 23.2

-- -- -- 0.1
Amphibole 0.1 12.0

2.0 0.3 0.6 0.4 0.6
Other mafics --

Biotite 2.9 9.4 9.9 9.8 2.9 1.0

Muscovite. 1.7 1.1 0.3 0.1 0.6--

0.3 0.3 2.5--

Magnetite ----

0.1 0.3 -- --

$ Carbonate -- --

1.5 0.21.7 --
--

Others --

Rock removal rate, in.3/ft 0 1.0 1.5 2.4 3.1 3.1 3.43
2

% elongation at 6000C 1.4 2.0 1.4 1.5 1.6 1.5

aIncludes both orthoclase and microcline.
b Intergrown plagioclase and potassic feldspar.
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|

|- TABLE 3-13. Mineralogical composition, rock removal rate, and percent elongation at 600'C for
quartz-poor (<10% quartz) crystalline igneous rocks (from Clark et al.,1%9; Geller et al.,1%2).

Rock type Basalt Gabbro Anorthosite Syenite Nordmarkite Neph.
(saussurite) (diabase) syenite

Composition, %:
aK-feldspar 6.0 0.5 23.0-- -- --

Plagioclase 17.8 46.2 98.0 17.4 7.6 52.3
bPerthite -- -- -- 69.2 73.3 --

Nepheline -- -- -- -- -- 23.0
Quartz 5(?) 6.2 9.4-- -- --

Pyroxene 19.7' 23.8 1.0 -- 1.8 --

Amphibole 5.0 0.3 8.8 6.7-- --

Other mafics- 52.1 4.9 -- -- -- --

Biotite 1.0 0.2 2.3 0.1-- --

8 Muscovite 0.2-- -- -- -- --

Magnetite, Hem. 5.2 6.9 0.2 2.3 1.1 1.5
Carbonate 0.2 -- -- -- -- --

Rock removal rate, in.3/ft 0 0.4 0.6 1.0 1.5 2.0 3.9
3

2

% elongation.at 600 C 0.5 0.75 0.55 0.82 1.0 1.15

aIncludes both orthoclase and microcline.
Intergrown plagioclase and potassic feldspar.
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TABLE 3-14. Compression tests on granite under several atmospheric conditions
(from Charles,1959). The machine loading rate was 0.005 in./ min.

Prior Test Test Average failure
treatment temperature atmosphere stress, MPa

60 hours in 25 C Saturated 151.7

saturated steam water vapor

(2400C, 345 MPa)

None 240 C Dry nitrogen 135.9
U

None 240 C Saturated 41.4
water vapor

None 25 C Saturated 162.1
water vapor

t'one -195 C Liquid 257.9
nitrogen

0ther Considerations
_

To date, most studies have been performed using rock types which are
considered to be " homogeneous and isotropic." It is assumed that average

properties do not vary markedly from point to point within the rock mass, and
that they do not vary substantially with respect to orientation. The second
assumption has been borne out by a number of experimental investigations
carried out in the laboratory. Table 3-15, for example, shows the results of
measurements made on samples taken at various orientations from a biock of
Stripa granite. Young's modulus, wave velocity, compressive strength, and
density are relatively insensitive to orientation. Table 3-16, however,

-

f presents the results of another set of experiments that were done on a

| gneissose granite. These latter results suggest that directional properties

f must be considered in some rock masses.
Because of the long time frame in which repository behavior must be

! considered, it is important to evaluate the effect of creep on rock strength
and rock behavior. Although considerable information has been collected on
the behavior of salt and saltlike materials, relatively little work has been
done on the creep relationship for hard rocks, such as granite. Stress-time

,

and strain-time relationships for Westerly Granite are presented in Figs. 3-36

and 3-37. Figure 3-36 indicates that the strength of Westerly Granite
decreases as the period of applied stress increases. However, it is not clear
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i TABLE 3-15. Small-scale anisotropy test results for Stripa granite (from'

Swan,1978). A pair of specimens was taken from a block of Stripa granite at
each of four orientations in.the x-z plane.,

Wave Young's Compressive
Specimen Density, velocity, modulus, strength,

3orientationa kg/m m/s GPa MPa
:

; O 2616.9 5164.2 66.8 227.4
| 0 2616.9 5196.3 63.0 81.2

0

0
| 30 2614.4 5268.8 65.8 237.2
i 30 2609.8 5213.0 64.6 227.4
! 60 2613.8 5310.1 64.4 207.6

060 2616.3 5312.1 66.6 233.9
| 90 2617.8 5353.5 64.4 181.2

090 2619.7 5409.7 67.0 234.8,

4

4

;
a
Angle of specimen in original block, with respect to an arbitrary z-axis.

!

i

|
.

4

h

f

,

I

!

!

!
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TABLE 3-16. Summary of anisotropic properties of gneissose granite (from Rodrigues,1970).'
!

Maximum Maximum

anisotropy anisotropy,
Moduli of elastici.j,# GPa (e) Ultimate strength,a MPa (e ) e/e

Site

Alvarenga 76.9 42.9 30.3 2.54 126.8 132.6 99.8 1.33 1.91

-itwo specimens) 37.8 17.5 24.3 2.16 46.4 84.2 66.7 1.82 1.19

Alto Lindoso 37.4 48.3 30.4 1.59 112.5 108.8 123.6 1.14 1.39.

'

(three specimens) -49.9' 36.2 28.5 1.75 125.0 117.7 125.6 1.07 1.64

26.5 34.2 41.3 -1.56 74.6 110.2 99.0 1.48 1.05
,.

Vilarinho 48.1 42.3 38.3 1.25 132.7 123.8 109.8 1.21 1.03 1

-(two specimens) 48.6 34.6 36.3 1.41 134.6 101.5 %.8 1.39 1.01

Av = 1.75 Av = 1.35 Av = 1.31 f
__.

values are given for each of three orthogonal axes.a

E'
~

,

- ,

>

a

h
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FIG. 3-36. Time ree ]r failure at various stress levels, for WesterlyGranite (from Wawers, a/4).

whether the strength will continue to decrease beyond 250 or 300 hours, or
whether it will reach some plateau. This unsettled question is extremely
important when evaluating long-term behavior. For granite samples under a

constant load of 26,630 psi (Fig. 3-37), the strain increased rather rapidly,
then increased at a constant rate, then changed into tertiary creep. The
sample finally failed.

Table 3-17 is a sunenary of creep data collected at room temperature for
two granites and one granodiorite. The strain is proportional to the stress
raised to an exponent varying between 1 and 3.3.

>

Although important, the collection of good creep data is extremely
difficult, because of the very long time involved and the sophistication of
the equipment necessary to provide controlled loading. Curent data are
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!

insufficient to allow creep to be incorporated into predictive models for
hard-rock repositories.

Other geomechanical factors should be considered in evaluating

|
repositories in granite. One is tha behavior of rock under cyclic loading

The rock mass itself will undergo cyclic heating and cooling, andI conditions.
the effects of this cycling are not necessarily reversible. Very little

|
information exists regarding this phenomenon. Rock materials may also weaken
due to radiological or chemical effects.

289

_. . -



. - - _ -.

f

.

TABLE 3-17. Values of the exponent n in the relation between
strain (c) and stress (o): c = Ao . The data (compiled byn,

i Robertson, 1964) were collected at room temperature. The
hydrostatic pressure in each case was zero.

Maximum strain, Maximum stress,
Rock type 10-3 c./cm MPa Exponent (n).

!

| Granite 1 355 3.3
; Granite 0.08 101 2.1
! Granodiorite 0.2 10.1 1.0

,

!

Scaling of Laboratory Results
,

'

The discussion to this point has focused primarily on intact rock samples.
In underground excavations, however, it is not the intact rock that causes
problems, but rather the discontinuities, such as jointing, faulting, dikes,
etc. There are many ways of trying to incorporate such discontinuities into a
design. One method is to model individual features and to describe them in3

terms of normal and shear joint stiffnesses. Another approach is to treat the
entire rock mass as a continuum, but to reduce the modulus, strength, and
other properties obtained in the laboratory for intact rock. The most common

'

approach is to take laboratory properties and apply some sort of scaling
factor to them to obtain a first estimate of the field properties.

*

Table 3-18 compares the rock properties for intact granite to those for
i the rock mass. Only the values for Young's modulus, uniaxial compressive
' strength, and tensile strength vary; all the other values are assumed to be

the same in the two cases. For the rock mass, Young's modulus has been
reduced by a factor of three, the compressive strength by about 30%, and the

| tensile strength from 6.9 to 0 MPa. However, these figures are extremely
misleading and should not be used for modeling purposes.,

*

The apparent modulus of a rock mass can be very low under small loads,
since it is determined primarily by the closing of joints. Very large

'

deformations are thus possible under rather low stresses. When internal
' boundaries are present, discontinuities tend to absorb the displacement, and

290
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TABLE 3-18. Rock properties for a generic granite (from'ONWI, 1978).
,

4 _

Intact rock Rock mass,

i

i

Index properties:
3 2643.3 2643.3Unit weight, kg/m

|
Natural moisture content, % -- --

0.4 0.4Porosity, %
Stress-strain properties:'

50.3 17.2 r

Young's modulus, GPa
;

Poisson's ratio 0.18 0.18

Strength properties:
Strength parameters:

4.5 4.5
A

0.75 0.75
| k

Uniaxial compressive strength, MPa 182.8 131

Tensile strength 6.9 0'

Thermal properties: ,

! Coefficient of linear thermal expansion, 31.0
' 31.0

!

10-6 oC-1;

Heat capacity, J/g 0 , at:C

0.88 0.880C
100 C 0.92 0.92

200 C 0. % 0.96

1 300 C 1.05 1.05

400 C 1.09 1.09
f Thermal conductivity, W/m 0C, at:

0 2.86 2.860C
|
| 50 C 2.70 - 2.70 i0

100 C 2.56 2.56

i 150 C 2.44 2.44"

200 C 2.34 2.340

| 300 C 2.15 2.15

| 400 C 1.99 1.99

| Hydrologic properties:
Horizontal permeability, 10-8 m/ min 3.05 3.05

Vertical' permeability,'10-8 m/ min 3.05 3.05

.
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,

i Poisson's ratio may actually be close to zero. As a further consequence of
this scaling effect, the uniaxial compressive strength of cubes of some'

materials varies as the inverse of the square root of the length of the side.
(For samples of other shapes, the strength is dependent upon the
width-to-height ratio.) This leads to the relation

,

strength (large cube) = scaling factor x strength (small cube),
;

i where

/ side length (small cube)
scaling f actor = Nside length (large cube),

,

j

The scaling factor for the compressive strength in Table 3-18 is2

131/182.8 = 0.72. Typically, the values for the intact rock were determined
using samples 5 cm in diameter; therefore, the side length of the " rock-mass
sample" (corresponding to a scaling factor of 0.72) is about 10 cm.
Consequently, to use the values in Table 3-18 one would have to assume that

rock-mass properties are adequately represented by test results from a 10-cm
sample. This may or may not be appropriate.

The tensile strength of intact rock, as has been noted earlier, varies
from zero to some fraction, generally one-tenth to one-twentieth, of the

j compressive strength of the rock. If the tensile strength of the rock mass
were really zero, it would be extremely' difficult to support openings such as
those created underground every day in granitic rocks.

An example of variation in strength with sample size has been provided by
Pratt et al. (1972), as shown in Fig. 3-38. There appears to be a

characteristic length of 0.5 to 1 m, at which strength becomes relatively2

constant. The variation in strength with sample size, as shown in this
figure, suggests that the strength for large samples could be an order of
magnitude lower than that for smaller samples. (The 0.5-m characteristic

j length may not be at all appropriate when large openings are considered,'since
some other characteristic discontinuity would then be the determining factor
for rock-mass strength.)

The modulus would be expected to follow a trend similar to that for
compressive strength, since the two properties are closely related.,

'

,

I
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,

Figure 3-39 shows the relationship between the in situ modulus and the number
of fractures observed in the core. There is a rather strong correlation
between the two parameters, with the modulus decreasing as the fracture number
increases. Figure 3-40 shows in situ modulus results for Stripa granite. The

tests were conducted in 3.8-cm-diameter holes drilled into the rock mass. The
volume of rock tested in each case was relatively small, though much greater

than the volume that would have been tested had the core alone been examined.
Note that the average in situ modulus, even for this relatively small volume,
was about one-half the laboratory value.

All of these results emphasize the problem of scaling tests' performed on
small samples of rock to in situ values. In light of this difficulty, a number
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of in situ experiments are either underway or planned at Stripa. The purpose
is to gather thermal and mechanical data appropriate for loading conditions
similar to those that would be expected in an actual repository. Models are
being prepared for predicting the field behavior. Of crucial importance is
how well the input parameters describe the actual field situation.

The initial predictions will be made using laboratory values fc,e thermal
conductivities, specific heat, density, thermal diffusivity, coefficient of
linear expansion, Poisson's ratio, and Young's modulus (such as those in
Table 3-19, which were used at Stripa), or some scaled laboratory values. The

problem in the latter case is justifying the scaling values used for the
initial approximai. ion. Adjustments can then be made by comparing predicted
results with those actually measured. The adjustments can take the form of

either revised input parameters or a revised model. The new values (or model)
can then be verified by applying them to a new loading situation.

Figures 3-41 through 3-47 compare theoretical predictions based on the
properties of small intact samples with preliminary. field measurements from
the Stripa mine. Predicted temperatures (based on laboratory vaiues for
thermal conductivity, density, diffusivity, and specific heat) and actual
temperatures agree closely, suggesting that size effects on these thermal
parameters may be relatively small. As seen in Figs. 3-45 through 3-47,
however, the predicted and actual displacements are quite different, the
actual values being considerably less than those projected. These predictions
are based upon average laboratory values for Young's modulus and the linear
thermal expansion coefficient. The initial portions of the dispiacement

TABLE 3-19. Laboratory values for properties of Stripa granite.

Thermal conductivity 3.2 W/m- C
Specific heat 837 J/kg- C

3Density 2600 kg/m
2Thennal diffusivity 1.47 x 10 m /s

Coefficient of linear thermal expansion 11.1 x 10-6 C-1
Poisson's ratio 0.23
Young's modulus 51.3 GPa

l
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curves differ the most. The experimental results show essentially no
displacement for a considerable period of time. Eventually, the experimental
curves follow a slope not unlike that predicted from theory. These

observations can be easily explained by the presence of joints or other
discontinuities-between the measurement points which absorb internally any
displacement. They could also be explained by nonlinear modulus-temperature
or expansion co' efficient-temperature curves. There could, of course, be other
reasons for the disparity.

These findings should not be taken as evidence of the failure of theory
to adequately predict results. The disparity arises merely from the inability
of researchers to insert into models the appropriate rock-mass parameters,
whether they be mechanical parameters such as strength and density, thermal
parameters, or thermoelastic parameters. The major emphasis in the near
future will be on gathering and evaluating data on in situ rock-mass
characteristics which are adequate to current models.
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HYDROLOGY; '
; v

l-.

|
Fresh, unweathered granitic rocks have extremely low permeabilities. |

|

| Groundwater flow occurs almost entirely along fractures. Since porous flow is f
essentially nonexistent, this chapter deals primarily with fracture flow, ;

i
'

| including discussions of groundwater flow through single fractures, flow
through fracture networks, regional flow systems, hydraulic dispersivity, andi

,

the effects of temperature on the hydraulic characteristics of a rock mass.

(See Chapter 3, Volume 1, for a discussion of tne fundamentals of groundwater
flow through porous media.)

! Table 3-20 is a compilation of conductivity and porosity data. The

j conductivity data are from both lab and field measurements. In comparing the
Iconductivities for the various granitic rock types, remember that, whilei

'

j laboratory measurements generally measure the interstitial conductivity, field

tests reflect both interstitial and fracture flow characteristics. With
!

fresh, unweathered granite, we can generally assume that the conductivity
i values measured in the field are predominantly due to fractures. However, if

the rock is weathered, we will not be able to determine the relative

I contributions of fracture and interstitial flow.
.

Groundwater Flow through Fractured Rock

Although Darcy's law was developed from observations of porous flow, the
relationship may be extended to describe fracture flow in an effectively
nonpermeable rock mass. This extension of Darcy's law was first proposed in a

thesis by Snow (1965), who concluded that laminar flow through fractures is
analogous to flow between smooth parallel plates. Based upon this model, he

determined that hydraulic conductivity K may be expressed as
4

K = pg(2b)2 ,g(2b)2 (3-1)
'12 p 12v

i

where
1

p = fluid density,

g = acceleration of gravity,
2b = fracture aperture,

i
p = viscosity,

v = kinematic viscosity.*

1
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TABLE 3-20. Hydraulic and thennal measurements for granite." Letters in parentheses specify laboratory (L)
or field (F) measurements; where no letter appears, the type of measurement was not specified in theoriginal reference.

Hydraulic conductivity,Rock type and origin Porosity, % m/d Reference

-0Stripa granite (F) 1. 7 x 10 to 34 x 10-0 Lundstrom and
Stille, 1978

Metasediments, Straight Creek Tunnel (F) 2.1 x 10-3 Hurr and Richards,
1974

Granites (L) 7.4 x 10-8 to 3.3 x 10-4 Brace, 1979
Metamorphics (L) 4.4 x 10-7 to 8.3 x 10-5 Brace, 1979
White Lake Gneiss (L) 7.5 x 10-10 to 7.5 x 10-9 Brace, 1979
Fractured metamorphics, Front Range, 4.1 x 10-3 to 8.3 x 10-3 Brace, 1979
Colo.,(F)

O Crystalline rocks, dam sites in western 0.4-4.9 Brace, 1979* U.S.,(F)

Laramie Granite (F) 8.3 x 10- to 4.2 x 10-3 Brace, 1979
Crystalline basement rocks, Aiken, S.C. (F) 8.3 x 10-7 to 8.3 x 10-2 Brace, 1979
Stripa granite (F) 8.3 x 10-7 to 1.7 x 10-5 Brace, 1979
Granites and gneisses, Sweden (F) 8.3 x 10-7 to 0.4 Brace, 1979
Barre Granite (dense, medium-grained) 0.4 <9 x 10-3 Kulhany, 1975
Silver Plume Granite, 1.19(2.5,25)
Straight Creek Tunnel site, Hurr and Richards,

1974pilot bore, Colo,

continued
a
values are presented in the form A(B,C), where A is either the single va'ue reported, the mean, or the

range of values (A -A ); B is either the difference between the maximum and minimum reported values orlthe range of values (2Bg-B ); and C is the number of samples tested. Both 8 and C or C alone may be2absent. NR signifies not reported."
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TABLE 3-20 continued.

Hydraulic conductivity,
Rock type and origin Porosity, % m/d Reference

Quartz monzonite, Climax stock, 0.7-1.1 Carroll et al., 1966

Nevada Test Site
Monzonite porphyry, 2.32(2.44,16) USBR, 1953
Grand Coulee pumping plant,
Grant County, Wash.

Quartz diorite, Garden Valley dam site, 2.7 (0.1) USBR, 1953
Boise, Idaho
Diorite gneiss, Sec.1, T. 6 S., 0.49(1.07,10) USBR, 1953
R. 77 W., Montezuma quad, Colo. 0.22(0.10,3)

Diorite, no location 1.7(8.1,12) Judd, 1969

Mineralized diorite, Utah 0.94(1.65,5) Windes, 1949

Diorite (gneissic-diorite-gabbro), N.Y. 0.8(0.4,2) Windes, 1949
,,

S Pepatite, Morrow Point Dam, 0.93(NR,4) Dodd, 1967
Montrose, Colo.
St. Cloud gray granodiorite, Precambrian 1.5 <9 x 10-7 --

Granite, Md. 0.08 Windes, 1949

Granite, Nev. 0.09 Windes,1949

Granite, N.C. 0.07 Windes, 1949

Granite, no location 1.6(11.1,146) 1(1,41) Judd, 1969

Granite, no location 1.6 Kulhany, 1975

Fremont Canyon Granite (coarse-grained) 0.8 Kulhany, 1975

Mitidieri Quarry porphyritic granite 3.6 Kulhany, 1975

Valinhos Quarry granite 3.2 Kulhany, 1975

Cantareira Quarry granite 2.2 Kulhany, 1975
continued

|
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TABLE 3-20 continued.
,

Hydraulic conductivity,
Rock type and origin Porosity, % m/d Reference

s

Piccicacco Quarry tourmaline granite 1.2 Kulhany, 1975
Granite (coarse-grained), 1.0(1.4,27) USBR, 1953 !

| Polehill power plant, Loveland, Colo.
' Pegmatite granite, 1.0 USBR, 1953 1

i Polehill power plant, Loveland, Colo.
Slightly altered granite, 2.61(1.01,18) USBR, 1953 t

'

Grand Coulee pumping project,
Grant County, Wash.

Granite, Grand Coulee pumping plant, 1.59(1.48,32) USBR, 1953'

Grant County, Wash.

Gianite, Unaweep granite site, 0.6 Blair, 1956Grand Junction, Colo.

${ Granite, Vt. 0.9 Windes, 1949
: Lac du Bonnet batholith, Manitoba (F) 4.2 x 10-* to 4 Brace, 1979

,

Granodiorite, Los Alamos, N.M. (F) 5.8 x 10-6 to 6.6 x 10-2 Brace, 1979
.

Crystalline basement, 4.9 4 10-1 to 6.6 x 10-1 Brace, 1979
Rocky Mountain Arsenal (F)
Climax stock, Colo. (F) 2.5 x 10-1 to 7.5 x 10-1 Brace, 1979

____ _---- _---
_

a

:
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Intrinsic permeability k can then be expressed as

k= (3-2)

Relating this back to Darcy's law (Eq. 3-3, Vol.1), an equation describing
| the flow rate q per unit width in a single fracture can be written (Apps

et al., 1979):

(3-3)q=
12 9

'

:

This relationship, demonstrating discharge to be proportional to the cube of'

fracture aperture, is known as the cube law. It confirms that only slight

che'ges in aperture size can cause large changes in flow. Correspondingly,

; average, or effective, velocity may be expressed as

pg(2b)2g dh
= K dI (3-4)y=

; 12p

The area considered in determining velocity of flow , the cross-sectional

area of the fracture, and the porosity of the open fracture is unity.
i Table 3-21 illustrates the hydraulic conductivities and the average velocities

that result from Eqs. 3-1 and 3-4, for a range of aperture widths and assuming

f water at ambient conditions under a hydraulic gradient of 0.001.

( As flow velocities increase, roughness of the fractures will cause

l turbulence and nonuniform flow within the fracture plane. Louis and Maini

(1970), Sharp et al. (1972), and Gale (1975) have investigated nonlinear,

| non-Darcian flow through an " equivalent" aperture--a parallel-plate model
i having the same hydraulic behavior as the natural fracture.

Gale ran double-set packer tests on single fractures in a borehole.
Using a constant head, he was able to measure the rate at which a single
fracture would take water. With this information, he used a form of the cube
law to calculate the eqJi,clent aperture. A summary of Gale's work,
Table 3-22, shows the calculated equivalent apertures to differ from the true
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TABLE 3-21. Calculated hydraulic conductivity and effective velocit
for water flowing through a single fracture (from Apps et al.,1968)y ,

'

.

Hydraulic Effective velocity (v)
conductivity (K), --

Aperture (b), pm m/s in m/s in km/y

0.1 8.2 x 10-9 8.2 x 10-12 2.6 x 10-7

1.0 8.2 x 10-7 8.2 x 10-10 2.6 x 10-5
10.0 8.2 x 10-5 8.2 x 10-8 2.6 x 10-3

TABLE 3-22. Fracture data and equivalent fracture apertures for selected
fractures at Sambro, Nova Scotia (from Gale, 1975).

-- _ _--
= _ _ _.-..__ .- _ ......--_

Calculated
'

Fracture Excess hydraulic Flow rate, equivalentdepth, m Aperture size,a m head, m 10-3 3ft /s aperture, m

2.85 0.030-0.024 0.14 4.46 0.0011
4.020 0.0030-0.0061 3.8 0.98 0.00021

5.28 1.12 0.000207
5.063 0.0015 15.7 0.027 0.00004

22.9 0.45 0.00009
6.117 0.0015-0.0030 1.77 0.67 0.00026

4.02 1.29 0.00024
7.59 1.56 0.00021

8.806 0.0015-0.0030 6.05 1.29 0.000207
12.7 1.87 0.00019

7.315 0.0015 3.097 0.003 0.000034
7.251 0.005 0.000030

12.50 7.102 0.001 0.000046--

- - _ _-- . _ _ . _ . - - - -

aEstimated from borehole periscope log.

|
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(measured) apertures by at least an order of magnitude, the true apertures
being larger. Because roughness of fracture walls and nonuniform flow within

the fracture plane are very difficult to evaluate directly, the concept of
equivalent apertures is very significant in current approaches to modeling.

Fracture Networks

Many parameters have a bearing on the rate of groundwater flow through a
fracture network. Fracture spacing, aperture sizes, orientation, and
continuity are among the most significant f actors. Also of importance is the
roughness of fracture walls, wall coatings, fracture fillings, and the
uniformity of the apertures.

Joint and Fracture Systems. Early research in granitic tectonics conducted by

Hans Cloos (Kendorski and Mahtab,1976) identified an orthogonal system of

joints characteristic of nearly all granitic plutons:
Q-fractures or cross-joints result from extensive fracturing parallele

to the principal direction of stress in the rock mass.
S-joints or longitudinal fractures form parallel to the flow lines ore

crystal orientation end result from failure along the anisotropy resulting
from the flow,

L-joints are flat-lying joints resulting from variations in verticale

loading or rebound.
Although later tectonic activity may superimpose additional fracture

systems on a granitic mass, nearly *M such masses possess the primary set of!

I orthogonal joints identified by Cloos. Price (1966) confirms the basic
concepts of Cloos; however, he also concludes that these primary joints have
little hydraulic significance. Price proposes that brittle fractures
resulting from ualoading and uplift a e of the most significance to groundwater

I f1ow.

| Variations in Aperture and Fracture Spacing. Snow (1965,1%8a-c), Lewis and
f

| Burgy (1964), Uhl and Sharma (1978), and others concur that the permeability
and fracture porosity of crystalline rocks decrease with depth and that theI

rock type is of less importance in describing these parameters than is
fracture geometry. Snow (1%8b) found that fracture spacings generally
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increase with depth, while fracture openings generally decrease. In studies
of crystalline rock at four dam sites in Colorado, he found fracture spacings
at the weathered surface to range from 0.15 to 1.2 m, increasing to 1.5 to 4.6
m imediately beneath this surf ace, and to 5 to 11 m at a depth of 61 m.
Effective apertures inferred from packer tests were observed to range from 75i

to 400 pm in the upper 9 m of the rock mass, declining to 50 to 100 pm,

at depths of 15 to 61 m (Fig. 3-48).

| Corresponding to the observed change 3 of fracture spacing and aperture

sizes with depth is a decline in both fracture porosity and permeability.i

. Fracture porosity declines from 0.05% near the surface to approximately 0.0005%
at 122 m; it is generalized that fracture porosity decreases approximately
te sfold per 61 m of depth (Snow,1%8a). Permeability measured at equivalent

depths at the four dam sites varied; however, all followed a logarithmically,

declining trend with depth.
.
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FIG. 3-48. Fracture openings in the gneisses of the Front Range, Colorado',
computed from injection tests (from Snow,1968b).
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Based on data from the four dam sites, Snow (1968b) suggested a technique

for estimating the permeability of a fractured crystalline rock mass. By

plotting the mean permeability of each depth zone against mean depth
(Fig. 3-49), and constructing a line through these points by means of a
least-squares fit, Snow concluded that permeability varies with depth
according to the following equation:

log k = -8.9 - 1.67 log d (3-5),

3 ; , ii; ; ; ; ; ;i

.
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FIG. 3-49. The mean permeability in each depth zone at four dam sites,
)

plotted against the mean depth of the midpoints of the test sections (from
Snow,1968b).
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2there k is the intrinsic permeability in ft , and d is the depth below the
surface of the rock mass in feet.

Research conducted in Sweden concluded that permeability declines somewhat

more rfpidly with depth along an exponential curve (ONWI,1978, Vol. 21).
Laboratory work with fractured granite in artificial stress fields (Pratt
et al., 1971) correlates somewhat more closely with the conclusions of Snow;
however, this research considered only decreasing fracture density with
depth. At depths exceeding 450 m, the validity of either relationship is
uncertain. Pratt suggested that, as normal stress increases, fracture
permeability asymptotically approaches a value approximately ten times the
permeability of the rock matrix.

The fracture porosity of a rock mass with a specific permeability depends
on the fracture geometry and the fracture aperture. Snow (1968b) concluded
from his work that an orthogonally fractured rock mass at a specific depth
with uniform fracture openings has a porosity that is related to fracture
spacing by the following relation:

4 = 3(3k/2)1/3 (2 4 )2/3 = 5.45(k/A ) / (3-6)

where

4 = effective porosity,
2k = intrinsic permeability in ft ,

A = fracture spacing in feet.

The. apparent spacings of individual fractures within each of three assumed
orthogonal sets of water-bearing fractures as observed at the Colorado dam
sites is sumarized in Fig. 3-50. Snow assumed that fracture spacings are

j normally distributed. More recent work by Priest and Hudson (1976) suggests
that spacing is exponentially distributed. However, the effect this might
have on calculations of porosity or permeability was not studied.

In recent years, some disagreement has developed among authors as to
| whether this decreasing permeability is due in greater degree to decreasing

aperture size or increasing fracture spacing. Raven and Gale (1976) and
Kendorski and Mahtab (1976) found that aperture size decreases with, depth:
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while fracture geometry remains constant. Conversely, Swedish investigators
on the Stripa project concluded that fractures with significant apertures
persist to depth, but that fracture spacing increases (ONWI,1978).

It is generally accepted that stress can have a large effect on the
permeability of rock. The decrease in permeability with depth, as

demonstrated by Davis and Turk (1964) and by Snow (1968b), is often considered
to be stress related. Work by Iwai (1976) on man-made fractures in basalt,

granite, and marble generally supports the concept of decreasing aperture.
Under normal stresses ranging frGm 0 to 20 MPa, Iwai found both aperture and

hydraulic conductivity to decrease with increased stress. However, hydraulic
conductivity asymptotically approached a minimum value. Imperfect matching of

opposing surf aces caused apertures to approach a minimum of 15 wn as normal

pressures approached 20 MPa.
Recent work by Brace (1979) to some degree contradicts the accepted

concept of declining permeability with depth. Brace assembled laboratory and

in situ permeability measurements from a number of locations and presented

|
1
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this data in the form of a histogram (Fig. 3-51). From these data, Brace
draws the following conclusions:

The average intrinsic permeability of the more permeable crystallinee

rocks is about a thousand times that measured in the laboratory. This
'

variance is due in part to the dependence of permeability values on sample
i size in laboratory determinations.

There is a hint of a decrease in permeability with depth, but hardlye

enough to justify the exponential relationships suggested in the literature.
<

!

At nearly every site, some portion of the rock sampled by the drill; e

holes has a permeability of 1 to 100 m0. This relatively permeable zone may
; be as deep as 3.3 km.

Given the square relationship between flow velocity and aperture size, it
is particularly critical to define, at least on a site-specific basis, the,

; relationship between aperture size and depth.
!

Orientation and Continuity of Fractures. In many fractured crystalline,

'

bodies, the average aperture varies with fracture orientation. Given the
I

cubic relationship between aperture and flow, the orientation of large
fractures with respect to the potential gradient thus makes a major difference
in groundwater flow velocity and direction. The definition of fracture
orientations is critical to the determination of anisotropic permeability.

Fracture mapping in many geologic environments has shown that fractures

cannot be assumed to be continuous within their own planes (Apps et al., 1979).
Continuity is the most difficult of the fracture parameters to measure in
situ. However, defining the continuity of fractures is of prime importance in
describing groundwater movement. Long-duration well tests that involve large
volumes of rock and single-fracture cross-hole tests are currently most widely

i

used for determining fracture continuity.

Fracture Network Flow
,

Equations describing flow through a fracture network can be developed
| from the flow equation for a single fracture:
i

dh"
dT (3-7)
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9 Ouartzite
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11 Metamorphics-Colorado Front Range (well tests)
12 Crystalline rock at 38 western dam sites
13 Laramie Granite-well test
14 Crystalline basement rock-pump test from Aiken S.C.
15 Stripa granite-pumping tests
16 Granites and gneiss-500 pumping tests, Sweden
17 Lac dubonnet batholith-pumping tests, Pinawa, Manitoba
18 Granodiorite-pumping tests, Los Alamos, N.M.
19 Crystalline basement-injection tests, Rocky Mt. Arsenal, Denver, Colo.
20 Climax granitic stock-pressure decay tests
21 Quartzite

FIG. 3-51. Summary of laboratory and in situ measurements of permeability in
crystalline rocks, as compiled by Brace (1979).
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For anisotropic conditions in a rock mass, the equation can be rewritten as

{v}=}K}{1}p (3-8)
,

i

where

{v} = velocity vector,
{1} = potential gradient vector,
'K "
' p~ = a second-order tensor formed from the permeability terms of each

fracture set.

The derivation continues (see Apps et al., 1979) by defining the area
'

hydraulic conductivity K in terms of the gradient and the flow rate perp
unit area q

A

qA*Kip (3-9)
.

For a set of fractures with a frequency A, the single fracture conductivity K
can then be related to the area conductivity by

K = 2bA[K] .p (3-10)

Assuming a uniform set of fractures oriented in the x-y plane with aperture 2b,

g(2b)2 ig(2b)30 0 0 012v 2v

9f2b)2
'

Agf2b)3
~''

K = 2bA 0 0 0= 0 (3-11)_p

g(2b)2 Ag(2b)30 0 0 012v 29
.

. .
.

The principal permeabilities and their orientations are the eigenvalues
and eigenvectors.of the conductivity tensor formed from the combination of the
tensors for the individual fractures (Apps et al., 1979). A detailed summary

I

of the derivation of conductivity tensors from single-fracture data may be
<
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found in Bianchi and Snow (1969). Although K almost certainly varies with
direction in rocks, principal values of the conductivity tensor are rarely

given (Brace, 1979). Network flow studies using the conductivity tensor are,

to date, principally theoretical and have not been confirmed in the field.

Regional Groundwater Flow

While fluid flow through individual fractures is well understood and flow
through fracture networks has been studied theoretically, groundwater flow on
a regional sca!e is only beginning to be investigated.

Fundamental Regional Flow Characteristics. In a granite drainage basin,

groundwater movements vary laterally and vertically in the various fracture
networks that connect to allow groundwater flow through the region. In

general, water will be recharged into the country rock in topographically lower
In the recharge area, the direction of water movement is principallyareas.

downward, the depth of penetration depending upon fracture geometry,
continuity, and numerous other geologic parameters. Groundwater flow
eventually becomes roughly horizontal until a zone of discharge is reached
where the flow lines turn upward. The distance between recharge and discharge

points in a granite drainage basin may range from only a few tens of meters to
many kilometers.

In many granite drainages, the water table roughly parallels surface
topography. Water table configuration, and hence topography, often controls
the locations of recharge and discharge zones. As demonstrated on the flow

nets of Fig. 3-52, the size of recharge and discharge zones vary depending on
their position and the degree of topographic relief in the basin (Apps et al.,

1978).
Regional groundwater flow may also be interrupted by geologic anomalies

such as f aults or shear zones. These features occur on scales from a few
meters in length to tens of kilometers. If the fractures associated with
these features are open, they may channelize groundwaters and control the

movements of both surf ace waters and groundwaters within a basin. Such

features have been observed carrying significant groundwater flows at depths
in excess of 3.5 km (Brace, 1979; Robinson, 1978). Often, however, faults and
shear zones are filled with rubble which has undergone extensive chemical or
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FIG. 3-52. Effect of topo;,raphic relief on regional groundwater flow through
homogeneous, isotropic media (from Freeze and Witherspoon, 1967). The dashed
lines are contours of equal potential. In (b) and (c), one with flow lines,
one without, the effect of topographic relief can be seen, in contrast to (a).

mechanical alteration, producing a clay-rich material of very low permeability
known as fault gouge. In areas where fractures and voids associated with
faults or shear zones are filled with gouge, or with other fines or
precipitates, the feature may act as a barrier to groundwater flow.

Layer Models of Regional Systems. Various authors have attempted to identify
:

1

different horizons in crystalline aquifers to simplify descriptions of
groundwater flow. Hurr and Richards (1974) suggested breaking down each
aquifer into an active zone and a passive zone. The active zone was defined

I as that near-surface, weathered zone in which the water table is subject to
seasonal fluctuation, and in which significant flows may be observed. The

passive zone was defined as an underlying zone of lower permeability in which
water may be stored for tens to thousands of years. In research at the
Straight Creek Tunnel in Colorado, the depth of the contact between the active
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and passive zones was found to fluctuate; however, it was identified as the
point at which the seismic velocity increased from 3780 m/s to approximately

5400 m/s.
In modeling studies for the ONWI (1978), three zones of saturation were

considered. The upper zone was identified as that of the highest permeability,
14holding young waters containing both C and tritium. The intermediate zone

14
was identified as that bearing water of intermediate age containing C, but

lacking tritium. The deepest and least permeable zone was identified as
14

containing the oldest water which bears no measurable tritium or C.

Either technique for identifying specific horizons in crystalline
aquif ers can be a simplification of some assistance in modeling. However, the
boundaries between aquifer zones are of ten quite vague and are difficult to

define in the field.

Representative Elementary Volume. Regional evaluations of groundwater systems
are of ten done by continuum modeling. This technique requires that

representative values be assigned to parameters for a finite volume element.
Consequently, sme technique must be developed for establishing representative

values from field data. Bear (1972) has proposed the concept of the

representative elementary volume (REV). As illustrated in Fig. 3-53, the REV

(u ) is that volume for which a small increase in volume will have nog
significant effect on the value of the parameter measured.

For volumes smaller than the REV, discrete fracture effects will
influence the value of the parameter as the test volume is increased by small
increments. However, for a volume equivalent to or larger than the REV, we
move into the domain of porous media effects (ONWI, 1978). A list and ssgmary

of some of the models currently being used for regional flow analyses are
presented by ONWI (1978).

Effects of Temperature on Fracture Flow Systems

During the initial stages of repository construction and loading,
groundwater movement can be adequately defined by the approach outlined in
previous sections. However, as the repository becomes hotter in later stages

of its life, the rate and direction of groundwater flow may be altered.
Large-scale permeability tests at the Stripa Mine Project- (Lundstroit, and
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Stille, 1978) confirmed that the permeability of the rock mass decreased by
50% as the temperature increased from 10 to 35 C. This decline in
penneability can probably be attributed principally to a decrease in aperture
size along fractures--a result of thermal expansion of the rock mass.

Thennal convection may also alter groundwater movements in a crystalline
rock mass. In model studies conducted for the OWI (1978), large convection
cells were predicted to develop in the country rock surrounding a repository.
However, Apps et al. (1978) suggested that, in fractured rocks of very small
aperture, the Rayleigh number is so large that a local heat source is unlikely
to cause natural circulatory convection. To establish throughflow due to a

j buoyancy unbalance requires recharge from a surrounding rock mass that is
! filled with cold groundwater. If the repository is sited in nearly

impermeable rock, the low velocities of the regional system will restrict cold
water inflow and control overall fluid movement.

It should be noted that few, if any, large-scale field studies have been
undertaken to evaluate the effects of thermal convection in a granite rock

Most information now available is purely theoretical or is drawn frommass.

modeling studies which incorporate assumed hydraulic and thermal parameters.
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APPENDIX TO CHAPTER 3: GLOSSARY OF TERMS

Bulk Modulus (Modulus of Compression [: The ratio of the change in
average stress to the change in unit volume.

Hydraulic Conductivity: For a porous, isotropic medium and a homogeneous
fluid, the volume of fluid at the existing kinematic viscosity that will move
in unit time under a unit hydraulic gradient through a unit area measured at
right angles to the direction of flow.

Hydraulic Gradient: The change in static head per unit distance in a
given direction. If not specified, the direction is generally understood to
be that of the maximum rate of decrease in head. The gradient of the head is

a mathematical term that refers to the vector denoted by g or grad h, whose
magnitude dh/dl is equal to the maximtsn rate of change in head, and whose

direction is that in which the maximum rate of in' crease occurs. The hydraulic
gradient and the gradient of the head are equal but of opposite sign. Both
are dimensionless.

Modulus of Elasticity (Modulus of Deformation): The ratio of normal
stress to normal strain for a material under given loading conditions;
numerically equal to the slope of the tangent (hence, tangent modulus) or the
secant (hence, secant modulus) of a stress-strain curve. The use of the term
modulus of elasticity is recomended for materials that deform in accordance
with Hooke's Law, the term modulus of deformation for materials that deform
otherwise.

Permeability (Intrinsic): A measure of the relative ease with which a
porous medium can transmit a liquid under a potential gradient. It is a

property of the medium alone, dependent upon the shape and size of the pores,
and is independent of the nature of the liquid and of the force field causing

| movement.

| Poisson's Ratio: The ratio of the transverse normal strain to the
longitudinal normal strain of a body under uniaxial stress.

Porosity (Effective): The amount of interconnected pore space available
for fluid transmission. It is expressed as a percentage of the total volume
occupied by the interconnecting interstices. Although effective porosity has
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been used to mean about the same thing as specific yield, such use is

disccuraged.

Shear Failure: Failure resulting from shear stresses.
Specific Heat: Defined as

dO
C=g ,

where dQ is the quantity of heat necessary to raise the temperature of a unit
mass of the substance through the small temperature range from V to V + dV.

Specific heat depends on both the temperature and the assumed mode of
heating. It ic expressed in cal /g- C. The specific heat of water at 15 C

is 1 cal /gm- C. Some authors regard the above definition as that of heat
capacity or heat capacity per unit map of the substance, they define the"

specific heat of a substance as the ratio of its heat capacity per unit map to
that of water.

Storage Coefficent: The volume of water an aquifer releases from or

takes into storage per unit surface area of the aquifer per unit change in
head. In a confined water body, the water derived from storage with decline
in head comes from expansion of the water and compression of the aquifer;
similarly, water added to storage with a rise in head is accommodated partly
by compression of the water and partly by expansion of the aquifer. In an

unconfined water body, the amount of water derived from or added to the
aquifer by these processes is generally negligible compared to that involved

1

in gravity drainage or filling of pores; hence, in an unconfined water body,
the storage coefficient is virtually equal to the specific yield.

Strain: Deformation per unit length. Normal strain is the deformation
per unit length in the direction of the deformation. Shear strain is the
deformation per unit length at right angles to the deformation or, more
comonly, the relative change in the angle defining the sides of an
infinitesimal element.

Strength: The maximum stress that a body can withstand without failing
by rupture or continuous deformation. Rupture strength or breaking strength
refers to the stress at the time of rupture. If, after a certain stress has
been reached, a body deforms continuously without any increase in stress, this
is also called strength. By common usage, it can be described as the great':st
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stress that a substance can withstand in normal short-time experiments, or the
highest point on a stress-strain curve.

Stress: The force per unit area, as the area approaches zero, acting
within a body. Biaxial Stress: The state of stress where either the
intermediate or the minor principal stress equals zero. Effective Stress
(effective pressure, intergranular pressure): The average normal force per
unit area transmitted from grain to grain in a granular mass. It is the

stress that is effective in mobilizing internal friction. Field Stress: The
stress existing in a rock mass independent of any man-made works. Residual

Stress: Stress that exists in a formation owing to previously applied forces
or deformations. Triaxial Stress: A state of stress where the three
principal stresses have finite magnitudes, or simply a three-dimensional state
of stress. Neutral Stress (pore pressure, pore water pressure): Stress

transmitted through the pore water (water filling the voids of the mass).
Normal Stress: The stress component normal to a given plane. Principal

Stress: Stresses acting nonnal to three mutually perpendicular planes
intersecting at a point in a body on wMch the shear stresses are zero. Major
Principal Stress: The largest principal stress (without regard-to sign).

Thermal Conductivity: Defined as

Qd

K = (y0 ~ v )St '

l

where Q is the quantity of heat which flows in time t through a plate of a,

substance having a thickness d and cross-sectional area S; and V and V
O i

are the temperatures at the upper and lower surfaces of the plate. The
conductivity generally depends upon the temperature. For nonhomogeneous

solids, the conductivity varies from point to point, as well as in direction
at each point.

Thermal Diffusivity: The change of temperature which would be produced

in a unit volume of substance by the quantity of heat which flows in unit time
through a unit area of a layer of the substance of unit thickness with unit
difference of temperature between its faces. It is defined in terms of the,

i thermal conductivity K, density p, and specific heat c as
|

|

k=h.'
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Transmissivity: The rate at which water cf the prevailing kinematic ,

'

viscosity is transmitted through a unit width of the aquifer under a unit
hydraulic gradient. Though spoken of as a property of the aquifer, it also
depends on the saturated thickness of the aquifer (b_) and the properties of
'che contained liquid. It is equal to an integration of the hydraulic
conductivities across the saturated part of the aquifer perpendicular to the
flow paths.

Uniaxial Stress: A state of stress where the minor and intermediate
_

principal stresses are zero.

.

;

.

!

|

|
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