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NOTICE TU READER

The Department of Energy (DOE) is evaluating various geographic regions 

and rock types in the conterminous United States to determine their potential 

suitability for deep geologic disposal of commercial high-level radioactive 

wastes. The Office of Crystalline Repository Development (OCRD) of Battelle 

Memorial Institute's Project Management Division is responsible to DOE for co

ordinating the work of a number of National Laboratories and subcontractors 

with geological and environmental expertise in studies of crystalline rock.

The evaluation process is one of screening successively smaller units of land 

containing potential host rock types. Eventually, one or more repository 

sites may be selected from a number of potentially suitable alternatives.

Salt domes, bedded salt, tuff, and basalt are being considered for the 

nation's first repository. Status of the investigations in crystalline rock 

will allow their consideration for a second or subsequent repository.

This report is being issued to describe the geologic reconnaissance that 

has been completed in the national survey of crystalline rocks and the 

decision process applied in evaluating and recommending regions for further 

study. This document supersedes the earlier draft 0NWI-50 entitled "Crystal

line Intrusives in the United States and Regional Geologic Characteristics 

Important for Storage of Radioactive Waste". It is not simply a revision of 

draft 0NWI-50. but a document which provides additional information and logic 

to support the regional recommendations resulting from the national reconnais

sance and evaluations. As such, the document incorporates some of the draft 

0NWI-50 data base as well as other relevant data from more recent sources. It 

is responsive to and includes resolutions of, pertinent issues and substan

tive comments raised through state reviews of draft 0NWI-50.

This document will serve as the basis for the regional phase of activi

ties for the Crystalline Rock Project of the National Waste Terminal Storage 

(NWTS) program. In issuing this document. DOE is completing the national 

phase of reconnaissance and evaluations for crystalline rocks. The regional 

surveys that characterize the regions of crystalline rock recommended in this 

report are nearly complete and will be released in draft form for review by 

involved states in May 19*33.
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ABSTRACT

A reconnaissance of the geological literature on large regions of exposed 

crystalline rocks in the United States provides the basis for evaluating if 

any of those regions warrant further exploration toward identifying potential 

sites for development of a high-level radioactive waste repository. The recon

naissance does not serve as a detailed evaluation of regions or of any smaller 

subunits within the regions. Site performance criteria were selected and 

applied insofar as a national data base exists, and guidelines were adopted 

that relate the data to those criteria. The criteria include consideration of 

size, vertical movements, faulting, earthquakes, seismically induced ground 

motion. Quaternary volcanic rocks, mineral deposits, high-temperature convec

tive ground-water systems, hydraulic gradients, and erosion. Srief summaries 

of each major region of exposed crystalline rock, and national maps of rele

vant data provided the means for applying the guidelines and for recommending 

regions for further study.

It is concluded that there is a reasonable likelihood that geologically 

suitable repository sites exist in each of the major regions jf crystalline 

rocks. The recommendation is made that further studies first be conducted of 

the Lake Superior, Northern Appalachian and Adirondack, and the Southern 

Appalachian Regions. It is believed that those regions could be explored more 

effectively and suitable sites probably could be found, characterized, veri

fied, and licensed more readily there than in the other regions.
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FOREWORD

The National Waste Terminal Storage (NWTS) program was established in 

1976 by the Department of Energy's (DOE) predecessor agency, the Energy Re

search and Development Administration (ERDA), to develop th<? technology and 

provide the facilities for the safe, environmentally acceptaole, permanent 

disposal of high-level radioactive waste (HLW). High-level radioactive wastes 

are produced by both commercial and defense activities, and include spent fuel 

from nuclear power reactors, accumulations of wastes remaining from production 

of nuclear weapons, and solidified wastes from the reprocessing of commercial 

reactor fuel. DOE's responsibility for the long-term management of HLW is de

fined in regulations which specify that DOE must provide facilities for the 

successful isolation of HLW from the environment in federally licensed, 

federally owned repositories for as long as the wastes represent a significant 

hazard.

To meet its major objective of isolating HLW, DOE is developing a tech

nical program that will meet all relevant radiological protection criteria as 

well as other applicable regulatory requirements established by the U.S. Nu

clear Regulatory Commission (NRC) and the Environmental Protection Agency 

(EPA). DOE's program emphasizes disposal in mined repositories deep under

ground in geologically stable formations. Several types of rock are being 

studied in several states. Rock types include bedded salt deposits, salt 

domes, basaltic lava flows, tuff, and crystalline rocks.

Steps leading to the permanent disposal of HLW are:

t Studying, characterizing, and recommending potential sites for 

repositories

• Developing and providing waste packaging facilities

• Developing and providing for transportation requirements

• Designing, constructing, obtaining licenses for, and operating

commercial repositories

• Studying alternative disposal methods as long-range options to 

the geologic disposal program

• Developing the technology to support the above steps.

Four separate but coordinated projects are involved in the NWTS mined 

geologic disposal program: the Office of Crystalline Repository Development

(OCRD), the Office of Nuclear Waste Isolation (ONWI), the Basalt Waste Isola

tion Project (BWIP) at DOE's Hanford Site in Washington state, and the Nevada



Nuclear Waste Storage Investigations (NNWSI) at the federal Nevada Test Site. 

All these projects focus on different rock types and conduct studies in site 

evaluation, technology development, facility design, and field testing. They 

share mutually beneficial data and information. In addition, the Subseabed 

Disposal Project is assessing the technical, environmental, engineering, and 

institutional feasibility of disposing of processed HLW and/or repackaged 

spent fuel in sediments of the deep ocean basins.

The national need for a radioactive waste repository is reflected by 

passage of the Nuclear Waste Policy Act (NWPA) of 1982. By March 1987, DOE 

will recommend a site for construction of the first repository from among 

sites in salt, basalt, and tuff. DOE will apply to the NRC in 1987 for a 

license in accordance with applicable parts of Title 10 of the Code of Federal 

Regulations, particularly 10 CFR 60, which addresses th^ procedures and 

technical criteria to be used for licensing repositories for disposal of HLW. 

The first federal repository is expected to be in operation as early as 1998. 

The NWPA (1982) also calls for three sites to be selected for characterization 

for a second repository by no later than July 1989 and recommendation of a 

second repository site by March 1990.

The policies, plans, and technical guidance of the NWTS program are pre

sented in detail in the following public documents and statements:

t Nuclear Waste Policy Act, 1982. Public Law 97-425.

• U.S. Department of Energy, 1982. National Plan for Siting High-Level

Radioactive Waste Repositories and Environmental Assessment, 

D0E/NWTS-4, Washington, DC, draft.

• U.S. Department of Energy, 1981. "Program of Research and Develop

ment for Management and Disposal of Commercially Generated Wastes;

Record of Decision (to adopt a strategy to develop mined geologic 

repositories -..)“, Federal Register, Vol. 46, No. 93, May.

• U.S. Department of Energy, 1981. NWTS Criteria for the Geologic

Disposal of Nuclear Waste: Site Performance Criteria, NWTS-33(2),

Office of Nuclear Waste Isolation, Battelle Memorial Institute, 

Columbus, OH.
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• U.S. Department of Energy, 198U. Final Environmental Impact

Statement--Management of Commercially Generated Radioactive Waste, 

D0E/EIS-0046-F, Washington, DC, October.

• U.S. Department of Energy, 1980. In the Hatter of Proposed Rulemak

ing on the Storage and Disposal of Nuclear Waste (Waste Confidence

Rulemaking) PR-50, 51 (44 FR 61372)--Statement of Position of the 

United States Department of Energy, D0E/NE-0007, Washington, DC,

April.

c U.S. Department of Energy, 1980. In the Matter of Proposed Rulemak

ing on the Storage and Disposal of Nuclear Waste (Waste Confidence 

Rulemaking), PK-50, 51 (44 FR 61372;) Cross-Statement of the United 

States Department of Energy, DOE/NE-0007, Suppl., Washington, DC

• U.S. Department of Energy and U.S. Geological Survey, 1980. Earth 

Science Technical Plan for Mined Geologic Disposal of Radioactive 

Waste, TID-29018, Office of Nuclear Waste Management, draft, April.

• U.S. Nuclear Regulatory Commission, 1981. "[Technical Criteria for] 

Disposal of High-Level Radioactive Waste in Geologic Repositories 

(10 CFR 60)", Federal Register, 46 FR 35280, Washington, DC, July 8.

• U.S. Department of Energy, 1983. Proposed General Guidelines for

Recommendation of Sites for Nuclear Waste Repositories; Proposed Rule 

(10 CFR 960), Federal Register, 48 FR 5670, Washington, DC, February 

1983.

• U.S. Environmental Protection Agency, 1982. Envrionmental Standards 

for the Management and Disposal of Spent Nuclear Fuel , High-Level and 

Transuranic Radioactive Wastes, Proposed Rule (40 CFR Part 191) 

Federal Register, 47 FR 58196, Washington, DC, December 29, 1982.
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Throughout the NWTS program, opportunities are provided for public and 

peer review and comment. OOE riintains an open information program for nu

clear waste management activities and has long had a policy of consultation 

with state and local officials and with representatives ot affected Indian 

tribes. These consultations are now codified into law by the NWPA of 1982. 

Information is provided both to technical and nontechnical groups and to 

government officials through major reports and other printed material, brief

ings, conferences, and public meetings. Additional opportunities for public 

input will occur at public hearings and reviews that are part of the siting 

and licensing processes.
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1.1 PURPOSE

The purpose of this report is (1) to present a summary of the results of 

a reconnaissance of the geologic literature on exposed crystalline rocks1 in 

the conterminous United States, (2) to evaluate the possible suitability of 

those rocks as sites for repositories, and (3) to recommend regions of exposed 

crystalline rocks for further exploration for repository sites on the basis of 

evaluations of the likelihood of sites being expeditiously found, character

ized, and verified.

1.2 BACKGROUND OF THE WASTE DISPOSAL PROGRAM

The need to find a permanent solution for disposing of the nation's 

nuclear waste has been apparent almost since the nuclear age began nearly 40 

years ago, but there is now an increasing sense of immediacy (Cruickshank, 

1981). Currently, commercial nuclear wastes are in storage pools at nuclear 

reactor sites, and defense wastes are being held at government storage areas. 

Both are temporary measures for management of the waste prior to disposal.

The authority and responsibility for carrying out the programs for man

agement of such wate and spent fuel is derived from federal law, specifically; 

the Atomic Energy Act of 1954, the Energy Reorganization Act of 1974, and the 

Department of Energy Organization Act of 1977. The Nuclear Waste Policy Act 

of 1982, inacted January 6, 1983, confirms the Department of Energy's con

gressional mandate, and directs the Department to provide for the long-term 

disposal of such waste.

1 INTRODUCTION

iFor the purpose of this report, "crystalline rocks" are defined as 

"intrusive igneous and high-rank grade metamorphic rocks rich in silicate 

minerals with a grain size sufficiently coarse that individual minerals can 

be distinguished with the unaided eye", (see Glossary in Appendix B.)
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The National Waste Terminal Storage (NWTS) Program was established in 

1976 to develop a system for the long-term isolation of nuclear wastes. The 

activities of the program include:

• Site exploration, characterization, and recommendation

• Design, licensing, construction, and operation of commercial 

geologic repositories

• Provision of facilities for packaging high-level radioactive 

wastes (HLW) and for transportation of those packages to the 

repos i tori es

• Technology to support these steps.

In 1981, the Department of Energy formally declared a strategy for waste 

isolation based upon the development of mined geologic repositories (U.S. DOE, 

1981a). Construction of these repositories will likely involve sinking ver

tical shafts some 300 to 1,000 meters (1,000 to 3,000 feet); developing a grid 

of horizontal drifts and chambers in stable geologic formations at the bases 

of the shafts; and placing the waste in corrosion-resistant containers to be 

placed in holes drilled into the floors or walls of the drifts. After the 

waste is emplaced, the chambers, drifts, and shafts will be backfilled and 

sealed.

The DOE is conducting an exploration nrogram to locate sites which will 

provide multiple natural geologic and hydrologic barriers to the migration of 

radionuclides from a repository. Technical criteria have been established and 

have formed the basis of the search for viable sites for the first repository 

(U.S. DOE, 1981b).

In accordance with the provisions of the Nuclear Waste Policy Act of 1982 

(U.S. Congress, 1982), three of the sites will be recommended to the President 

for the site of the nation's first repository. For the second repository, DOE 

must nominate, by mid-1989, five more sites, at least three of which were not 

nominated previously.

Although crystalline rocks have been considered at least as early as 1957 

as candidates for repositories (National Academy of Science, 1957), passage of 

the Nuclear Waste Policy Act of 1982, which calls for selection of a second 

repository site by March 1990, has resulted in additional emphasis on the 

evaluation of crystalline rock as a potential host.
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Un October 5, 19B2, DOE transferred the responsibility for program 

management of the Crystalline kock Program within the Chicago Operations 

Office (CH) from the NWTS Program Office (NPO) to the Technology Management 

Division (TMD). Within the TMO, the Crystalline Kock Project Office was 

created to implement and supervise all activities for this project.

In response to DOE's increased emphasis on investigations of crystalline 

rocks, Battelle Project Management Division created a new divisional program 

office, the Office of Crystalline Repository Development (OCRU), on October

15, 1982. The major programmatic activity of the OCRD will be to conduct the 

technical studies required (geologic, environmental, engineering, and socio

economic) to identify bodies of crystalline rock having the highest potential 

for qualifying as repository sites.

Crystalline rocks are the most abundant rocks in the upper part of the 

earth's crust and provide great volumes of rock potentially suitable for re

positories. They occur widespread, usually in large, deep-seated, relatively 

homogeneous masses. They are exposed at the surface in stable mid-continent 

shield areas, in the cores of many mountain ranges, in broadly uplifted 

regions, and at depth beneath younger sedimentary or older metamorphic rock 

(Smedes, 1980a).

Some of the advantages of developing a repository in crystalline rocks

are:

• Unweathered crystalline rocks generally have gr«at strength, inherent 

mechanical stability, and reasonably predictable engineering char

acteristics. Some underground excavations in crystalline rock have 

remained intact without support for centuries.

• The rocks are composed of interlocking silicate minerals formed at

high temperature which are likely to remain stable during the period 

within which heat is generated by the waste.

• The quantity of any water present usually is low. Crystalline rocks

have low primary permeability and generally do not constitute deep 

aquifers. In effect, ground water is restricted to fractures.

• Large volumes of crystalline rock occur in many places which are char

acterized by low seismic and very low tectonic activity. Many of

these places have been geologically stable for millions of years.

• Many bodies of crystalline rock, especially granites, are large and 

relatively homogeneous. These features are desirable because they
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simplify design, reduce uncertainties of rock behavior, and enhance 

the stability of an excavation.

• It is likely that large volumes of rock within these relatively 

homogeneous masses can be found that are free of economic mineral 

deposits, thus minimizing present resource conflicts and the

possibility of inadvertent intrusion of a repository due to future

mineral exploration.

All of these attributes help ensure that existing favorable conditions 

will remain during the long hazardous life of the waste. They include the 

reasons for recommendations by the National Academy of Science (1957) that 

occurrences of crystalline rocks be considered as repository sites.

A generally perceived disadvantage of crystalline rocks is that the flow

of ground water through fractures in the rocks is difficult to model 

(Bredehoeft et al, 1978). However, fractures are known to diminish in 

frequency with depth in some places, and many may be hydraulically insignif

icant at the depths planned for repositories (Smedes, 1980a and 1980b; Yardley 

and Goldich, 1975; Seeberger and Zobark, 1982; Haimson and Doe, 1981).

1.3 SCOPE OF THIS INVESTIGATION

The scope of this national reconnaissance and evaluation is specified by 

the following four objectives which provided the basis for the investigative 

approach used:

1. To screen the categories of criteria established for site selection 

(U.S. DOE, 1981b; U.S. NRC, 1982a) and select those for which 

adequate nationwide data exist.

2. To translate these largely qualitative criteria into guidelines for 

use in evaluating the different regions of exposed crystalline rock.

3. To prepare a concise summary of the regional geologic characteristics 

which relate to the potential suitability of crystalline rocks as 

repositories for high-level radioactive waste in those regions.

4. To evaluate the regional geologic characteristics and recommend the 

first regions that warrant further study.

This investigation was primarily geologic in nature and conducted solely 

from a survey of the existing literature. It addressed those geologic 

criteria that were deemed feasible to consider on a national scale: the
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distribution of rocks, structural and tectonic conditions, earthquakes and 

seismicity, possible mineral resource potential, topographic relief and 

probable hydraulic gradients, and possible future geologic events (e.g., 

volcanic activity). No consideration was given to nongeologic factors such as 

socioeconomic, demographic, engineering, or environmental concerns. Regional 

studies, the next step after national screening, also will involve analysis of 

existing data only, but will emphasize the use of the socioeconomic, demogra

phic, and environmental factors as well as more-detailed geologic information.

Bredehoeft and Maini (1981) proposed a concept that repositories be 

located in crystalline rocks that are buried beneath sedimentary rocks where 

ground-water flow is well understood or can readily be determined and 

modeled. The feasibility of this concept is being studied by the U.S. 

Geological Survey. Although potentially suitable crystalline rocks that occur 

in the subsurface at repository depth may eventually be studied as the program 

progresses, the national reconnaissance upon which this report is based was 

limited to masses of crystalline rocks which are largely exposed. By 

"exposed" is meant rock bodies which would be shown on a small scale geologic 

map as bedrock rather than surficial deposits even though bedrock in those 

areas invariably has a discontinuous cover of sediments (e.g., alluvium or 

glacial till) or saprolite, with thicknesses ranging from less than a ineter to

a few tens of meters or more. The following general considerations provide

the basis for the decision to limit the present investigations in crystalline

rock to those rock masses which are largely exposed:

• Considerably more information exists on exposed crystalline rocks, 

Figure 1), relative to what is known about the enormous volumes of 

crystalline rock which lie buried beneath younger rocks (Figure 2). 

These exposed crystalline rocks, occupy vast volumes, occur in a wide 

variety of geologic and geographic environments, and consequently have 

a reasonable likelihood of occuring in regions which contain suitable 

sites.

• Exposed crystalline rock can be mapped, studied, and sampled directly 

to determine and evaluate factors that relate to criteria for site 

suitability, whereas deeply buried rock masses can only be evaluated 

through time-consuming drilling and geophysical surveys.



Figure 1. Distribution of Exposed Crystalline Rocks
Modified from Bayley and Muehlberger (1968).
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Figure 2. Major Regions Where Crystalline Rocks are Known to Occur Within 1.000 Meters (— 3.000  
feet) of the Ground Surface
Diagonal lines in  the western states indicate where insufficient data exist 
to delineate the subsurface extent o f the rock bodies. O n ly  exposed  
crystalline rocks are show n in those states. From  Sm edes (1980 a).
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Proposed technical site-performance criteria have been promulgated by the 

Nuclear Regulatory Commission (U.S. NRC, 1982a). Only two quantitative geo- 

technical requirements were presented: minimum depth of 30G meters to the

repository horizon and a minimum of at least l.OJO years for ground-water 

travel time from a repository to the accessible environment. All other geo- 

technical criteria were qualitative. This is in keeping with the "system" 

concept whereby the presence of highly favorable attributes may compensate for 

some others that are less favorable. The net result of the system concept is 

a high degree of confidence that isolation of the waste will be achieved.

All of the geologic aspects of the U.S. NRC site performance criteria are 

summarized in Table 1. Those criteria that are feasible for a national eval

uation and were used in this reconnaissance are underlined. Certain criteria 

are intended to reduce uncertainties by avoiding environments where the poten

tial ef fect on a repository is difficult to analyze (e. g., proximity to lakes 

or reservoirs, or potential chemical incompatibilities between the host rock 

and the waste package); others are intended to promote public health and 

safety in repository development (e.g., avoiding sites with potentially 

exploitable mineral deposits).

As indicated in Table 1, the U.S. NRC siting criteria are divided into 

two fundamental groups comprising favorable conditions (A in Table 1) and po

tentially adverse conditions (B in Table 1). The criteria specify that the 

geologic setting should exhibit an appropriate combination of the conditions 

specified in Table 1 so that, together with the engineered barrier system 

(waste form, waste package, and backfill), they provide reasonable assurance 

that the waste will be isolated from the human environment. If any of the 

potentially adverse conditions specified in Table 1 are present, they may 

compromise the ability of the repository to isolate the waste. Therefore, 

detailed studies would be required to determine whether the potentially 

adverse conditions actually occur and, if so, whether they could compromise 

the site.

2 GEOLOGIC CRITERIA FOR SITE PERFORMANCE
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Those criteria that are feasible to use for a national evaluation M d  were 
used in this reconnaissance are under!ined. Statements in this trole are 
taken directly from or paraphrased from the U.S. NRC draft regul?tions (U.S. 
NkC, 1982a).

Table 1. Site Performance Criteria of the U.S. NRC

A. FAVORABLE CONDITIONS

1. Conditions that permit the emplacement of waste at a minimum depth of 
300 meters from the ground surface.

2. For disposal in the saturated zone (i.e., below the water table), 
prewaste-emplacement travel time of ground water along the fastest 
path of likely radionuclide travel from the disturbed zone to the 
accessible environment (U.S. Environmental Protection Agency, 1982) 
that substantially exceeds 1,000 years.

3. The nature and rates of tectonic, hydrogeologic, geochemical, and 
geomorphic processes operating within the geologic setting during the 
Quaternary period, when projected, would not affect or would favorably 
affect the ability of the geologic repository to isolate the waste.

4. For disposal in the saturated zone (i.e., below the water table), 
hydrogeologic conditions that provide --

(a) A host rock with low horizontal and vertical permeability;

(b) Downward or dominantly horizontal hydraulic gradient in the host
rock and in immediately surrounding hydrogeologic units;

(c) Low vertical permeability and low hydraulic potential between the 
host rock and surrounding hydrogeo logic units;

5. Geochemical conditions that --

(a) Promote precipitation or sorption of radionuclides;

(b) Inhibit the formation of particulates, colloids, and complexes
(inorganic and organic) that increase the mobility of 
radionuclides; or

(c) Inhibit the transport of radionuclides by particulates, colloids, 
and complexes.

6. Mineral assemblages that, when subjected to anticipated thermal 
loading, will remain unaltered or alter to mineral assemblages having 
equal or increased capacity to inhibit radionuclide migration.
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Table 1. Site-Performance Criteria of the U.S. NRC
(continued)

B. POTENTIALLY ADVERSE CONDITIONS

The following conditions are considered as potentially adverse conditions if 
they are characteristic of the geologic repository area (the "controlled 
area") or may affect isolation within that area:

1. Potential for flooding of the underground facility, whether resulting 
from the occupancy and modification of floodplains or from the failure 
of existing or planned man-made surface water impoundments.

2. Potential for natural phenomena such as landslides, subsidence, or 
volcanic activity of such a magnitude that large-scale surface water 
impoundments could be created that could change the regional ground
water flow system and thereby adversely affect the performance of the 
geologic repository.

3. Potential for the water to rise sufficiently so as to cause saturation
of an underground facility located in the unsaturated zone. [This 
criterion probably is applicable only in parts of the Basin and Range 
Region where the water table is sufficiently deep to permit location 
of a repository above itj.

4. Structural deformation, such as uplift, subsidence, folding, or fault
ing, that may adversely affect the regional ground-water flow system.

5. Potential for changes in hydrologic conditions that would affect the
migration of radionuclides to the accessible environment, such as 
changes in hydraulic gradient, average interstitial velocity, storage 
coefficient, hydraulic conductivity, natural recharge, potentiometric 
levels, and discharge points.

6. Potential for changes in hydrologic conditions resulting from 
reasonably foreseeable climatic changes.

7. Ground-water conditions in the host rock, including chemical composi
tion, high ionic strength, or ranges of Eh-pH, that could increase the 
solubility or chemical reactivity of the engineered barrier system.

8. Geochemical processes that would reduce sorption of radionuclides, 
result in degradation of the rock strength or adversely affect the 
performance of the engineered barrier system.

9. For disposal in the saturated zone, ground-water conditions in the 
host rock that are not reducing.
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Table 1. Site-Performance Criteria of the U.S. NRC
(continued)

10. Evidence of dissolutioning such as breccia pipes, dissolution 
cavities, or brine pockets. (.Not applicable to crystalline rocks.]

11. Structural deformation such as uplift, subsidence, folding, and 
faulting during the Quaternary period.

12. Earthquakes which have occurred historically that, if they were to be
repeated, could affect the site significantly.

13. Indications, based on correlations of earthquakes with tectonic pro
cesses and features, that either the frequency of occurrence or 
magnitude of earthquakes may increase.

14. More frequent occurrence of earthquakes or earthquakes of higher mag
nitude than is typical of the area in which the geologic setting is 
located.

15. Evidence of igneous activity since the start of the Quaternary period.

16. Evidence of extreme erosion during the Quaternary period.

17. The presence of naturally occurring materials, whether identified or 
undiscovered within the site, in such form that:

(i) economic extraction is currently feasible during the foreseeable 
future; or

(ii) such materials have greater net value than the average for other 
areas of simitar size that are representative of and located in 
the geologic setting.

18. Evidence of subsurface mining for resources within the site.

19. Evidence of drilling for any purpose within the site.

20. Rock or ground-water conditions that would require complex engineer
ing measures in the design and construction of the underground 
facility or in the sealing of boreholes and shafts.

21. Geonechanical properties that do not permit design of (stable) under
ground openings that will remain stable through permanent closure.
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2.1 FEASIBLE CRITERIA FOR NATIONAL EVALUATION
AND GUIDELINES FOR THEIR APPLICATION

Regions will be preferred that possess overall characteristics favorable 

to long-term containment and isolation of the waste. In those regions, it 

will be easier to show that the performance criteria have a high likelihood of 

being met, rather than having to demonstrate that a site is satisfactory even 

though the reconnaissance data suggest that some potentially adverse condi

tions exist. As a result, there is higher likelihood that sites can be found, 

characterized, and licensed more readily in those regions. Nevertheless, dur

ing the detailed study of sites, acceptability cannot be presumed but must be 

determined with a high degree of confidence.

The scale and scope of this national investigation necessitated generali

zations, in keeping with the fact that the information needed to address the 

geologic criteria is unevenly known for many conditions and sparse or nonexis

tent for some others. This limited data base, together with the qualitative 

aspect of the criteria and the concept of favorable versus potentially adverse 

conditions, dictated the approach to application of the criteria. In order to 

evaluate and compare the suitability of each region as potentially having one 

or more locations for a repository, the same criteria must be applied for each 

region. For that purpose, those site-selection criteria were used whose con

ditions can be recognized or knov*^ to occur over land regions of thousands of 

square kilometers. Only a few conditions car be approximated for such large 

regions. These conditions are underlined in Table 1 and discussed below. The 

suitability of a body of crystalline rock cannot be determined solely on the 

basis of generalized data for these few conditions, nor is it expected that 

locations will be found where every characteristic is ideal. Ideal conditions 

are not necessary as long as the total geologic-hydrologic system functions to 

ensure isolation of the waste. It is not feasible (or even possible, in many 

cases) to apply other geologic criteria until subsequent detailed phases of 

the site exploration program. As the program progresses, additional data on 

geologic* environmental, engineering, and socioeconomic conditions will be 

used to make a continual assessment of potential sites, leading to a final 

determination of the suitability of a site.
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It is logical to attempt to avoid potentially adverse conditions. Con

sequently, consideration of where these adverse conditions exist provides the 

most feasible approach for a national evaluation (Hollister and Smedes, in 

press). Regions known or thought to possess potentially adverse conditions 

may contain sites which do not possess those conditions. Also, certain sites 

which possess adverse conditions may be demonstrated to be suitable nonethe

less. However, there is a higher 1 ike!ihood that many sites in such a region 

would be less suitable. A responsible first approach is to select those 

regions which are known or thought to contain the fewest adverse conditions, 

the idea being that there should be a high likelihood that many sites in those 

regions would be suitable.

This concept of increased likelihood for selection of suitable sites was 

used in the reconnaissance without any statistical treatment. Regions will be 

favored that contain extensive and large occurrences of crystalline rocks 

because of the increased likelihood of finding suitable sites in those regions 

compared to regions where occurrences of crystalline rock are small or scat

tered. Although this appears to be the most feasible approach at the national 

level, it should be kept in mind that, because of the generalized and broad 

nature of the data used, suitable sites may be available within regions which 

(because of the existing data base) are shown on the maps as having poten

tially adverse geologic conditions. These sites are thus overlooked in a 

national reconnaissance. Similarly, some areas presently shown as having 

favorable attributes may, on detailed examination, turn out to be unfavorable. 

Alro, what are shown on small-scale maps as single, large and presumably homo

geneous masses may actually be complex composites of several different plutons 

and/or masses of metamorphic rock of differing rock type, structure, and age.

2.1.1 Depth, Thickness, and Lateral Extent (A.l of Table 1)

As part of the geologic criteria for this national investigation, the 

potential host rock was required to be present at or near the land surface and 

overlain by a minimum of surficial materials to make it easier to observe and 

characterize, particularly in the more detailed studies performed in later 

stages of site selection.
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The disposal horizon (the repository) is required to be at least 300 

meters below the land surface, a depth presently believed to be sufficient to 

isolate the waste, the encapsulating rock, and the engineered barriers from 

such things as erosional processes and near-surface circulating ground water.

The host rock should have sufficient thickness and lateral extent to pro

vide adequate space to develop arvl operate a repository and to provide a zone 

of undisturbed rock on all sides. A buffer zone may be required in order to 

minimize the potential of breaching by drilling operations. While the total 

dedicated area for a repository is a site-specific determination, general con

siderations suggest that the areal extent for the rock mass itself may range 

between 50 and 180 km2 (square kilometers).

Adequate lateral extent must be available at a site to provide for place

ment of a repository and to accommodate induced stresses and the thermal out

put of the waste. However, for regional evaluation, quantification of "ade

quate lateral extent" is not necessary because other requirements appear to be 

ample. A favorable site should provide sufficient space so that there are 

several options for the layout of facilities. Therefore, sites within those 

large areas might be relocated to avoid major potential impacts within the 

surface and subsurface environments.

The requirement for this study that the rocks be largely exposed, taken 

with the consideration of minimal depth, result in the requirement that the 

host rock extend to a depth greater than 300 meters. This requirement will 

very likely be met because many of the bodies of crystalline rock considered 

in this study (Figure 1) are deep-seated masses that probably extend downward 

hundreds or thousands of meters.

The guideline for this criterion is to include only those regions (Figure 

1) which contain bodies of crystalline rock, as shown on a bedrock geologic 

map, within which one or more 50 to 180 km? bodies can be placed. The scale 

of the map used* effectively incorporates this guideline.

iThe scale of the map used for the study was 1:2,500,000. At this scale, 

acceptable circular rock masses would be about 2.5 to 5 mrn (about 0.1 to 

0.2 inches) in diameter. A greatly reduced copy of that map is shown in 

Figure 1, wherein such rock masses would be less t^an 1 mm (about 0.04 

inches) in diameter.
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2 . 1 . 2  Low H y d r a u l i c  G r a d i e n t  and Low P e r m e a b i l i t y  
(A .4 c  o f  T a b l e  l )

E v a l u a t i o n  o f  g r o u n d - w a t e r  movement i n  t h e  e n v i r o n s  o f  a s i t e  i s  c r u c i a l ,  

but  r e l e v a n t  h y d r o l o g i c  d a t a  a r e  s p a r s e  a n d ,  f o r  t h e  mos t  p a r t ,  s i t e - s p e c i f i c .  

C o m p i l a t i o n  and a n a l y s i s  o f  t h e s e  d a t a  a r e  b e y o n d  t h e  sc ope  o f  a n a t i o n a l  s u r 

vey .  However ,  some i n f e r e n c e s  a b o u t  h y d r o l o g y  w e re  g a i n e d  f r om  r e g i o n a l  e v a l 

u a t i o n  o f  g r o u n d - w a t e r  p r o d u c t i o n ,  ge ne r a l  l o c a t i o n  and d e n s i t y  o f  f a u l t s ,  

t e c t o n i c  h i s t o r y  and i t s  r e l a t i o n  t o  p e r m e a b i l i t y  o f  r o c k s  o f  d i f f e r e n t  ages 

and c o m p o s i t i o n ,  r e g i o n a l  t o p o g r a p h y  as a g u i d e  t o  h y d r a u l i c  g r a d i e n t s ,  r e 

cha rge  and d i s c h a r g e  a r e a s ,  and d r a i n a g e  b a s i n s .  Inasmuch as  r e g i o n a l  

h y d r a u l i c  g r a d i e n t s  b r o a d l y  r e f l e c t  t h e  t o p o g r a p h i c  r e l i e f  o f  an a r e a ,  and 

c r y s t a l l i n e  r o c k s  a s  a c l a s s  h a v e  low  p r i m a r y  p e r m e a b i l i t y ,  t h e  g u i d e ! i n e  f o r  

a p p l y i n g  t h e s e  c r i t e r i a  i s  t o  f a v o r  r e g i o n s  i n  w h i c h  a l a r g e  p r o p o r t i o n  o f  t h e  

exposed c r y s t a l l i n e  r o c k s  i s  l o c a t e d  i n  p l a c e s  o f  r e l a t i v e l y  l o w  r e l i e f  as 

i n d i c a t e d  i n  t h e  N a t i o n a l  A t l a s  ( U . S .  G e o l o g i c a l  S u r v e y ,  1970 ,  p .  5 5 - 6 3 ) .

2 . 1 . 3  S t r u c t u r a l  D e f o r m a t i o n  ( B . 4  and B . l l  o f  T a b l e  1)

U p l i f t ,  s u b s i d e n c e ,  f o l d i n g ,  o r  f a u l t i n g  may a d v e r s e l y  a f f e c t  t h e  r e 

g i o n a l  g r o u n d - w a t e r  f l o w  s y s t e m .  T h e r e f o r e ,  a r e p o s i t o r y  s h o u l d  be l o c a t e d  

away f rom t e c t o n i c  b o u n d a r i e s  a n d  i n  a r e g i o n  w he re  p r e d i c t a b l e  l o n g - t e r m  

r e g i o n a l  u p l i f t ,  s u b s i d e n c e ,  o r  t i l t i n g  w i l l  n o t  po se  a t h r e a t  t o  r e p o s i t o r y  

pe r f o rmance .  Inasmuch  a s  m o s t  o f  t h e  e v i d e n c e  f o r  t h e  d e g r e e  o f  t e c t o n i c  

s t a b i l i t y  must  a w a i t  d e t a i l e d  s i t e - s p e c i f i c  s t u d i e s ,  g u i d e l i n e s  a t  t h e  

n a t i o n a l  l e v e l  a r e  e v a l u a t i o n s  o f  (1) r e l a t i v e  a bu ndan ce ,  s p a c i n g ,  a g e ,  and 

magn i tude  o f  f a u l t s  and f o l d s ,  and (2 )  b r oad  e x t r a p o l a t i o n  o f  t h e  r a t e s  and 

magn i tudes  o f  known l o n g - t e r m  p a s t  v e r t i c a l  movem en ts .

The g u i d e l  i n e  f o r  a p p l y i n g  t h i s  c r i t e r i o n  i s  t o  a v o i d  a r e a s  o f  a c t i v e  and 

r e c en t  f a u l t i n g  ( F i g u r e  3 ) a n d  a r e a s  where  v e r t i c a l  movement d u r i n g  t h e  l a s t  10 

m i l l i o n  y e a r s  e x c e e d e d  1 , 0 0 0  m e t e r s  ( F i g u r e  4 ) .  I t  s h o u l d  be e m p h a s i z e d  t h a t  

much rema ins  t o  be  l e a r n e d  a b o u t  t h e  l o c a t i o n s  o f  f a u l t s ,  and i t  seems t h a t  

t h e  wore an a r e a  i s  s t u d i e d  i n  d e t a i l ,  t h e  g r e a t e r  t h e  l i k e l i h o o d  t h a t  p o s 

s i b l e  (Quaternary  o r  o l d e r  f a u l t s  may be f o u n d .  The m ag n i t u d e  o f  v e r t i c a l  

movement used i n  t h i s  r e p o r t  a p p e a r s  t o  be a r e a s o n a b l y  c o n s e r v a t i v e  v a l u e  f o r
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Figure 4. Magnitude of Vertical Movements of the Crust During the Past 10 Million Years
Contours are in 1,000-meter intervals. Shaded regions indicate places where data are 
insufficient. Modified from Gable and Hatton (1980).
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national reconnaissance and evaluations. The prime reasons for selecting the 

time frame of 10 million years are that this value is the only one for which 

uniform national data have been compiled (Gable and Hatton, 1980), and it 

provides an ample time base.

Data on specific magnitudes of vertical movements in post-glacial and 

historic times are from geodetic leveling and, to a lesser extent, from tide 

gages, geologic features such as terraces and strand lines, and radiocarbon 

dating. These data result in many inconsistencies (Gable and Hatton, 1980) 

which make the application of the data questionable; therefore, specific local 

magnitudes of young vertical movement (within the last 11,000 years) were not 

used in this study.

2.1.4 Earthquakes (B.12 of Table 1)

Historic earthquakes that, were they to recur, could significantly affect 

the site are potentially adverse conditions, as are those earthquakes which 

may increase in frequency of occurrence or magnitude. The guideline for 

applying this criterion is to favor regions which have the most limited extent 

of both historic earthquakes and high seismically induced ground motion, 

because there are more complete records of historic earthquakes in parts of 

the country that have been most heavily populated for the longest time, the 

data base is not evenly known nationwide. Nevertheless, the available data 

are considered suitable for a qualitative comparison of large regions. It was 

reasoned that, for a comparative evaluation, an acceptable measure of the 

relative degree of potentially adverse seismic conditions could be achieved by 

considering the maps which show the spatial frequency of earthquakes of inten

sity V or greater (Figure 5) and ground motion of 10 percent g (gravitational 

acceleration) or greater (Figure 6). These maps were overlaid with the map of 

exposed crystalline rocks (Figure 1). Those regions are favored which have 

the least extent of exposed crystalline rock that is coincident with these 

seismic conditions.

The value of V or greater for earthquake intensity was chosen because 

national compilations exist, suggesting technical consensus that intensity V 

is a suitable cutoff value. In addition, the low intensity provides conserva

tism. The U.S. NRC (1982b) requires that the design of nuclear-reactor facil

ities assume a possible maximum vibratory acceleration of at least 10 percent 

g for design purposes. If the acceleration is greater than 10 percent g,
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Figure 6. Areas Where Maximum Horizontal Acceleration of the Ground Surface Will 
Probably Exceed 10 Percent g Sometime During the Next SO Years
Modified from Afgermissen and others (1982).
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additional design efforts are required. Although there are significantly 

different requirements for reactors and repositories, the selection of a 

cutoff value of 10 percent g nevertheless affords a useful means of comparing 

different regions in terms of the relative likelihod of the existence of 

potentially adverse seismic conditions. The fact that the intensity of an 

earthquake generally attenuates rapidly with depth also makes this selection 

very conservative.

2.1.b Quaternary Volcanism (B. 15 and part of B.2 of Table 1)

Evidence of igneous activity since the start of the Quaternary period is 

a potentially adverse condition. This condition is known to exist only in 

some of the western states. The guideline for applying this criterion is to 

avoid all areas of Quaternary volcanism (Figure 7). The application of this 

factor is of limited consequence because masses of crystalline rocks in close 

proximity to Quaternary volcanic rocks are sparse, being limited mainly to 

small parts of California and Arizona (compare Figures 1 and 7).

Locations of known convective ground-water systems with temperatures 

greater than 150 C (Figure 8) are restricted to the same nine western states 

as are the Quaternary volcanics.

2.1.6 Extreme Erosion (B.16 of Table 1)

Evidence of extreme erosion duriny the Quaternary period is considered to 

be a potentially adverse condition because of the possibility of erosion ex

huming a repository. Areas of extreme erosion are found principally in the 

western states where they are largely related to vertical tectonic movement. 

The potential for high rates of erosion to exhume the repository could be 

mitigated by placing the repository at greater depth. Because erosion caused 

by glaciation is not considered to pose a threat to the post glacial biologic 

environment (U.S. NRC, 1982b, p. 44), it is not dealt with in this national 

survey. (See Subsection 3.3.7.)

A more critical aspect of extreme erosion is that it results in high top

ographic relief (which tends to make access difficult) and high regional 

hydraulic gradients (A.4c of Table 1). Because data on the deep hydrologic 

system are lacking, the probable relative gradients of the deep ground-water
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Figure 7. Approximate Distribution of Quaternary Volcanic Rocks
From King and Beikman (1978).



Figure 8. Locations of Known High-Temperature (>150°C) Convective Ground-Water System
From Renner and others (1975).
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system can be considered only on the basis of the gradients of the shallow 

ground water, which follows the topography in a subdued way. That is, in 

regions where topographic relief is high, the water table will have a steeper 

gradient than that in regions of low relief. In the absence of data to the 

contrary, the gradient of the deep ground water can only be presumed to follow 

the same relative pattern.

Deeper burial and difficult access result in higher costs of developing 

and operating a repository. The likelihood of unacceptably high hydraulic

gradients in regions of high relief also is a consideration (see Section

2.1.2). The guideline for applying this criterion is to favor regions in 

which a large proportion of the exposed crystalline rocks is located in places 

of relatively low relief as indicated in the National Atlas (U.S. Geological

Survey, 1970, p. 5S-63), as was done for Section 2.1.2

2.1.7 Mineral Deposits (B.17 and B.18 of Table 1)

In order to avoid resource conflicts and to minimize the possibility of 

inadvertent human intrusion in the future, the presence of mineral deposits is

considered to be a potentially adverse condition if %my of the following

factors apply:

(a) Economic extraction currently is feasible or potentially feasible in 

the foreseeable future

(b) Such materials have greater value than the average value for other 

areas of similar size that are located in the surrounding geologic 

setting

(c) There is evidence of subsurface mining for resources

(d) There is evidence of drilling for any purpose within the site.

Guideline - Consideration of data on mineral deposits mitigates or avoids 

conditions (a), (b), and (c). Condition (_d) must await subsequent detailed 

study of smaller regions. Application of this guideline was achieved by 

overlaying the map of known mineral deposits (Figure 9) and the map of exposed 

crytalline rocks (Figure 1); those regions are favored which have the least 

extent of exposed crystalline rock that is coincident with known mineral 

deposits.



Figure 9. Known Major Metallic and Nonmetallic Mineral Deposits (Except Sand, Gravel, and Quarried Rock )
Black areas represent widespread mineralization which cannot be s h o w n  separately at this scale.

Deposits include asbestos, beryllium, bismuth, borates, brucite. chromite, copper, gold, iron, lead, 

magnesite, mercury, molybdenum, phosphate, potash, rare-earth elements, silver, thorium, 

titanium, tungsten, uranium, vanadium, and zinc.

Generalized from data in the U.S. Geological Survey Mineral Investigations Resource Maps (MR).
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Initial evaluation of the conterminous United States was made to select 

places containing crystalline rock with sufficient depth, thickness, and lat

eral continuity to be considered further. This evaluation was accomplished by 

using the Basement Rock Map of the United States (Bayley and Muehlberger,

1968), the Basement Map of North America (American Association of Petroleum 

Geologists and U.S. Geological Survey, 1967), and the Geologic Map of the 

United States (King and Beikman, 1974). Only regions where crystalline rocks 

were largely exposed were considered, in accordance with the rationale pre

sented in Section 1.3.

The United States was subdivided into six regions on the basis of geo

graphic continuity, geologic similarities, and physiography (Figure 10). The 

regions are named on the basis of the physiographic province in which they 

predominantly lie (Table 2). The general geology of these six regions is 

described in Chapters 4 through 9 of this report. Scattered occurrences of 

small bodies of crystalline occur rock outside the six major regions.

3.1 THE ROCKS

It is noteworthy that some regions and parts of regions contain large 

widely distributed bodies of crystalline rock which are likely to provide 

ample space for options in siting to avoid possible localized environmental or 

socioeconomic conflicts. Other regions contain only scattered small masses, 

each of which offers limited space for adjusting to possible conflicts. 

Although the regions with scattered small rock masses may contain suitable 

sites, exploration of the many scattered small areas within these regions 

would be considerably more time-consuming.

3.2 WATER

The most important criterion that must be considered for site selection 

and evaluation is hydrology. Detailed hydrologic evaluations must consider, 

among other factors, fracture and matrix permeabilities, hydraulic gradients, 

ground-water flow patterns, and relationships to aquifers and drainage basins. 

On a national basis, however, such data are extremely scarce and incomplete.

3 REGIONAL CHARACTERISTICS OF CRYSTALLINE ROCKS IN THE UNITED STATES



Figure 10. Major Regions of Crystalline Rocks Referred to in This Report
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Table 2. Comparison of Regions of Crystalline Rocks 
and Physiographic Provinces

Major Regions of Exposed Physiographic Provinces (Hunt, 1967)
Crystalline Rocks Included

Pacific Border Region

Basin and Range Region 

Rocky Mountain Region

Lake Superior Region

Northern Appalachian and 
Adirondack Region

Southern Appalachian Region

Pacific Border Province 
Sierra Nevada Province 
Cascade Province

Basin and Range Province

Northern Rocky Mountains Province 
Middle Rocky Mountains Province 
Southern Rocky Mountains Province 
Wyoming Basin Province

Central Lowland Province 
Superior Highland Province

New England Province 
Adirondack Province

Valley and Ridge Province 
Piedmont Province 
Blue Ridge Province
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Therefore, although it is recognized as an extremely important site-selection 

factor, hydrology is generally not evaluated on a national basis.

At shallow depths, crystalline rocks are cut by fractures which control 

the flow of water. The frequency of these fractures tends to decrease with 

depth. In some plevos fractures are thought to be virtually nonexistent.

Many may be closed by lithostatic pressure, or sealed by infilling of minerals 

at depth (Carlsson and Olsson, 1977 and 1978). Average permeabi1ities 

approach matrix permeability in some rock masses at depths of 500 to 800 

meters (Smedes, 1980a). Low hydraulic conductivities (10-8 t0 m/sec) 

have been found in U.S. granites (Hocking, 1978; Brace, 1980). Large volumes 

of homogeneous crystalline rocks in Sweden have hydraulic conductivities of 

iO~y m/sec and less, and the total flow of water is extremely low 

(Karnbranslesakerhet, 1977).

3.3 STABILITY

Isolation requires that the host-rock mass in the repository area have 

low permeability, and that this low permeability be maintained in the future. 

Causes of potential changes in permeability are related to changes in the 

stability of the site and the region, including such factors as (1 ) the 

strength of the rock; (2 ) forces and processes related to the presence of the 

repository, such as the mechanical and chemical effects of heat; and (J) 

natural forces and processes unrelated to the presence of a repository, such 

as tectonism, faulting, folding, earthquakes and seismicity, volcanism, ero

sion, and glaciation.

Repositories should be in rocks that are strong enough to provide stabil

ity of the underground excavations, at least during the waste emplacement 

phase of the repository and, preferably, during the principal heat-production 

period of the waste (i.e., a few hundred years). "Strong enough" involves 

more than laboratory measurement of rock strength. Strength must be con

sidered in context with other physical properties of the rock mass such as 

fracture geometry and the in situ and heat-induced stresses, which also must 

be considered in the determination of mining methods, and waste package design 

and layout.

The physical properties of crystalline rock generally are adequate to 

meet the requirements of inherent strength before and after emplacement of the
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waste (Factors 1 and 2 above). The natural forces and processes (Factor 3) 

must be analyzed by using seismic and geologic data in order to determine that 

the rock mass will not be subject to adverse variations in these forces or 

processes which might weaken the rock mass, complicate or prevent retrievabil- 

ity, or allow surface or ground water to enter the repository and transport 

the waste away at a rate faster than acceptable. The natural forces and 

processes are addressed below.

3.3.1 Tectonism

A widely and long-proclaimed requirement for site suitability has been 

tectonic stability. Therefore, it is essential to select areas that can be 

demonstrated to be stable enough to provide a high degree of confidence that 

sites which presently are suitable will remain so during the hazardous life of 

the waste.

The most readily available and interpretable measure of tectonism is that 

of vertical movements. The map of magnitudes of vertical movement (Figure 4) 

is currently the only readily accessible quantitative guide to relative tec

tonic stability. These data indicate that the Lake Superior Region has been 

uplifted less than 500 meters over the last 10 million years and, along with 

certain parts of the Midcontinent region, is technically the most stable 

region in the U.S. The Northern and Southern Appalachians have undergone 

vertical movements of as much as 700 meters over the past 10 million years.

The Rocky Mountain Region has undergone vertical movement of about 500 to more 

than 3,000 meters, with most areas experiencing more than 2,000 meters of 

movement. The Pacific Border Region has experienced uplift in some areas and 

relative subsidence in others: the Sierra Nevada Mountains of this region

have risen (relatively) as much as 3,000 meters in the past 10 million years, 

while parts of the Peninsular Range Batholith have subsided relatively more 

than 1,000 meters. The Basin and Range Province also has experienced both 

relative uplift and subsidence, with relatively large variations in movement: 

large areas in Nevada have moved upward more than 3,000 meters, whereas areas 

in southern Arizona have moved relatively downward in excess of 2,000 meters.

Horizontal movements are also important and must eventually be evaluated, 

but they have not yet been analyzed at the national scale as have the vertical
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movements. Horizontal movements are considered, in part, in the data dis

cussed in the following section on faulting.

As numerous writers have reported (e.g, Hobbs, 1911; Sederholm, 1913; 

Sonder, 1938; Vening Meinesz, 1947; Thomas, 1974; Gale et al, 1976; Smedes, 

1980a), the continents are broken by major faults into a complex pattern of 

blocks that are structurally intact. Considering these structural blocks, and 

the incomplete nature of data on tectonic stability, the following conditions 

may occur: (1) suitably stable blocks of sufficient size to be a host for

repositories may exist within large areas that are indicated as having high 

magnitudes of vertical movements, and (2) although large areas may be t e c h n 

ically stable, they may be composed of several structural blocks whose boun

daries could strongly influence the hydrology even though little or no 

relative vertical motion has occurred across them in the past 10 m.y. or more. 

The importance of determining the locations of these blocks and their boun

daries is to make it possible to consider only sites centrally located within 

a block or located closer to one boundary than another depending upon the 

direction of ground-water flow in the boundary zones.

3.3.2 Faulting

The presence of faults of any age constitutes a potentially adverse con

dition because they could be zones of weakness or pathways for ground-water 

movement. However, older faults may be healed and form effective barriers to 

ground-water flow. Faults of Quaternary age are to be avoided.

Major faults are shown on the Tectonic Map of the U.S. (Cohee, 1968). 

Quaternary and active faults are included on the map by Howard and others 

(1978), which shows "young" faults (15 million years old or younger) and is 

the map upon which Figure 3 in this report is based. Figure 3 illustrates 

that most of the young faults lie west of the Great Plains. Notable excep

tions include occurrences of young faults near the exposed Precambrian 

crystalline rocks of the St. Francois Mountains in southeastern Missouri and 

in the Gulf Coast area where there are no exposed crystalline rocks.
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3.3.3 Folding

Some crystalline rocks have been folded. Principally, these are older 

rocks which were involved in ancient and deep-seated episodes of metamorphism 

and mountain-building. The stress effects of such deformation may have been 

largely healed or annealed in some places and, hence, are of little conse

quence in terms of consideration of potentially adverse conditions. However, 

high in situ horizontal stresses are known to occur in crystalline rocks in 

some regions (Lee et al, 1979). Determination and evaluation of in situ 

stress must be made on a site-specific basis.

Younger folds are of concern only for sedimentary and volcanic rocks.

The forces that produced them may have resulted in faults and joints in the 

underlying crystalline rocks, and would be dealt with in a study of faults 

(Section 3.3.2).

3.3.4 Seismicity

Although there is some aseismic faulting, faulting generally gives rise 

to earthquakes. Until recently, the probable intensity of seismic motion was 

a criterion of high rank. This is understandable because of the common asso

ciation, in our memory, of earthquakes, faulting, and great destruction. How

ever, recent data summarized by Pratt et al (1978) and by Marine et al (1982) 

show that seismic motion is rapidly attenuated downward. The result is that 

in an area where surface structures are damaged by an earthquake, the vibra

tion is weak (one-third or one-quarter the surface intensity) or largely 

imperceptible by people in underground structures. According to Bartlett and 

Koplik (1979), most portions of an underground repository would not experience 

structural damage from any but the closest of earthquakes if normal design 

procedures were followed.

The conclusion is that the intensity and frequency of ground motion 

(i.e., seismic vibration) need be of concern primarily in providing a base for 

establishing design parameters for (1) the structures at and near the surface 

which are to be used for handling the waste during the phase of loading the 

repository; (2) rock bolts and other methods of preventing damage to the free 

surfaces underground; and (3) possibly for appropriate backfill material to 

match the vibration period of the host rock.
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The degree of seismic risk is determined by a consideration of historic 

earthquakes and the tectonic zones with which they are associated. For the 

purpose of comparing regions, the locations of epicenters of earthquakes with 

intensity V or greater on the Modified Mercalli Scale are considered. The 

epicenters are most prevalent in the western states (Figure 5).

Figure b illustrates the probable horizontal motion of the surface 

resulting from earthquakes. This figure is based on a probabilistic approach 

which assesses the maximum probable horizontal motion of the ground during the 

next 50 years (Algermissen et al, 1982). This probabilistic approach includes 

consideration of “capable" faults and the relation between intensity and 

recurrence interval of an earthquake. As the data are analyzed for suc

cessively longer periods of time, the areas of each specific increment of 

probable maximum ground motion become successively more extensive (approaching 

some limit) than on the 50-year map shown in Figure 6. However, it is 

anticipated that the relative ordering of regions from most seismically active 

to least seismically active will remain the same.

The value of 10 percent g was arbitrarily selected from the published 

data. It is thought to be a reasonably conservative guide for the national 

investigation as discussed under Section 2.1.4. Ground accelerations greater 

than 10 percent g coincide with extensive areas of exposed crystalline rocks 

only in California, and to far less extent in Nevada, central Idaho, western 

Washington, western Montana, the southern part of the Northern Appalachian 

Region, Virginia, and South Carolina.

3.3.5 Quaternary Volcanism

Quaternary volcanic rocks (Figure 7) are restricted to parts of nine 

western states (Luedke and Smith, 1978a, 1978b, 1981, and 1982), although they 

coincide with or occur in close proximity to crystalline rocks only in 

northern Washington, California, Utah, Arizona, and New Mexico, and then only 

to a 1imi ted extent.

Locations of known convective ground-water systems with temperatures 

greater than 150 C (Figure 8) are restricted to the same nine western states 

as are the Quaternary volcanics.
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3.3.6 Erosion

Because the rate of erosion is an exponential function of elevation of 

the drainage basin (Schumro, 1963), rates of erosion increase rapidly with 

tectonic uplift. Therefore, there is a correlation between erosion rate and 

the degree of tectonic stability as well as between erosion and relief.

Of principal concern is the incision of stream channels, for that is more 

effective in erosional lowering of an area than is slope erosion. It has been 

estimated that a time on the order of 15 to 110 million years is necessary for 

the erosional planation of an area that is tectonically uplifted 5,000 ft 

(1500 m) (Schumm, 1963). These rates are lower in humid areas.

This factor will be of greatest consideration for crystalline rocks in 

parts of the Rocky Mountains, Colorado Plateau, Sierra Nevada Range, Cascade 

Range, and Klamath Mountains, where extensive areas of high relief occur as 

shown in the National Atlas (U.S. Geological Survey 1970, pp. 62-63). Limited 

areas of high relief occur in the Ozark Plateau (Arkansas and Missouri), Basin 

and Range Region, Appalachians (including the Adirondacks), Coast Ranges 

(California), and Black Hills.

3.3.7 Glaciat ion

Discussions of potentially adverse conditions commonly include the 

effects of glaciation in terms of (1) glacial scouring and deepening of stream 

valleys, (2) changes in the hydrologic regime, and (3) broad regional elastic 

response of the earth's crust first to the slow addition of the weight of the 

ice as the glacier grows and advances, and subsequently to the slow removal of 

that weight as the glacier diminishes and retreats.

The Nuclear Regulatory Commission (U.S. NRC, 1982c, p. 44) considered the 

problem and agreed with the National Research Council Committee (National 

Academy of Sciences, 1980) that, although there is a possibility that glacia

tion might disrupt a high level waste repository, it is hard to imagine any 

combinations of circumstances that would pose a threat to the post-glacial 

biosphere. As a result of this concurrence and in keeping with earlier con

clusions (Smedes, 1980a), glaciation is not considered to be a potentially 

adverse condition and was not used in the regional evaluations in this report.
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Major mining districts and ore deposits in crystalline rocks are widely 

distributed in the U.S. (Figure 9). Numerous major mineral deposits occur in 

the Rocky Mountains, in regions west of the Rockies, and in scattered parts of 

the Northern and Southern Appalachians and the Black Hills. Comparatively few 

mining operations are currently located in crystalline rocks of the Lake 

Superior Region. Nevertheless, this region may contain undeveloped deposits 

with high potential.

The data of Figure 9 were used for this national survey. Additional 

evaluation of regions and smaller areas will need to consider whether deposits 

constitute a potentially adverse condition by creating resource conflicts at 

present or by providing prime targets for exploration in the future. Deposits 

that are shallow and known not to extend to great depth pose no threat to a 

repository. These deposits are analogous to sand and gravel pits and stone 

quarries, and need only be avoided in the controlled area of a repository -- a 

site-specific consideration.

Energy resources such as coal, oil, and gas are extremely rare in 

crystalline rocks. However, some bodies of crystalline rock have been dis

placed along low-angle faults which dip beneath the body, and there may be a 

potential for these energy resources in the sedimentary rocks lying beneath 

these displaced bodies. This occurrence is possible in the central Rocky 

Mountain Region and perhaps in the Southern Appalachians Regions. Uranium 

deposits in crystalline rocks in the U.S. are limited. Geothermal energy 

associated with crystalline rocks is of importance, and so far as known is 

primarily restricted to parts of states in and west of the Rocky Mountains 

(Figure 8). Those occurrences should be avoided because of resource conflicts 

as well as the problem of dissipating the extra geothermal heat.

3.4 POTENTIAL FOR MINERAL RESOURCES
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Pacific Border is a term used here for a diversity of geologic and 

tectonic terranes. It includes the Cascade, Sierra Nevada, Klamath, Coast, 

Transverse, and Peninsular Ranges. The region extends from the Canadian to 

the Mexican borders and from the Pacific coast inland to the Basin and Range 

Region and the Columbia Plateau (Figures 10 and 11).

4.1 GEOLOGIC FRAMEWORK

The Sierra Nevada is a north-northwest trending tilted block of crystal

line rocks about 650 km long. The eastern slope is a series of steep fault 

scarps that face the Basin and Range province to the east; the western slope 

is a long, gently dipping surface, deeply dissected in places. Faults are 

exposed along the western edge in places, and also lie buried beneath the 

sediments of the Great Valley (Bateman et al, 1963). The maximum relief is 

more than 4,200 meters (13,800 feet). The Sierra Nevada is made up of a thick 

sequence of complexly deformed and metamorphosed sedimentary and volcanic 

rocks which were intruded by large masses of granitic rocks collectively known 

as the Sierra Nevada batholith (Bateman et al, 1963). This batholith is a 

complex of plutons of different ages, ranging from late Triassic to late 

Cretaceous.

The south end of the Sierra Nevada (and the south end of the Coast Ranges 

as well) is terminated against the east-west-trending Transverse Ranges. The 

eastern ranges (the San Gabriel and San Bernardino Mountains) were uplifted 

more than those 1n the western part, and expose mainly crystalline rocks. The 

Transverse Ranges are part of a complex fault-block network which is asso

ciated with the San Andreas Fault.

The northerly trending Peninsular Ranges lie south of the Transverse 

Ranges and extend Into Baja California. These ranges consist mainly of meta

sedimentary rocks Invaded by large masses of granitic rock called the 

Peninsular batholith which Is mainly of middle Cretaceous age (Larsen, 1948).

West of the Sierra Nevada, across the low, sediment-filled trough of the 

Great Valley, H e  the Coast Ranges. These are a series of subparallel ridges 

broken at midlength by a local subsidence that formed San Francisco Bay.

4 PACIFIC BORDER REGION
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Figure 11. Index Map of Pacific Border Region (Shaded)
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The Coast Ranges are cut by a series of faults, including the San Andreas 

Fault, which trend north-northwestward at a slight angle to the coast.

The Coast Ranges in California are interrupted at their north end by the 

Klamath Mountains, described below. North of the Klamath Mountains, the Coast 

Ranges extend along the coastal region of Oregon and Washington, ending in the 

Olympic Peninsula. Maximum elevation is in the Olympic Mountains, whose 

highest peak is a little more than 2,400 meters (7,900 feet). The Coast 

Ranges consist of Tertiary sedimentary and volcanic strata which are broadly 

folded in Oregon but are complicated in Washington by a series of south

easterly warps which created a succession of mountain knobs and intervening 

sags. Thrust faults in strata of the Olympic Mountains are interpreted to 

have formed at the edge of the continent as the oceanic plate was subducted 

beneath it (Tabor and Cady, 1978).

Northwest of the north end of the Sierra Nevada, and separated from it by 

a narrow gap covered by younger deposits, are tne Klamath Mountains of north

ern California and southern Oregon. These mountains form arc, concave 

eastward, of complexly deformed and metamorphosed Paleozoic and Mesozoic sedi

mentary and volcanic rocks. They were intruded by igneous rocks of a wide 

range of composition. The rocks are broken into a series of broad thrust 

slices which moved westward and piled older strata on top of younger. Ultra- 

mafic rocks are abundant, though the largest masses of igneous rock are 

Jurassic granitic bodies.

To the northeast, the arc of crystalline rocks of the Klamath Mountains 

is buried by younger rocks of the southern Cascades and the Columbia Plateau. 

It emerges again in the Blue Mountains and Wallowa Mountains of northeastern 

Oregon which lies near the axis of the Columbia arc (King, 1977, p. 165).

The Cascade Range extends from northern California northward into Canada. 

Its high summits are large composite volcanoes which developed during rela

tively recent geologic time. Their foundation consists of older Tertiary 

volcanic strata that extend from Oregon into central Washington, and complex 

crystalUne-rock basement of Paleozoic and younger age to the north. The 

older terrane, described in detail by Misch (1966 and 1977), probably also 

lies completely buried beneath the Tertiary foundation of the southern 

Cascades. The major volcanic peaks include Mt. Baker, Mt. Rainier, Mt. St. 

Helens, Mt. Hood, Mt. Mazama (which is largely occupied by Crater Lake),
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Mt. Shasta, and Lassen Peak. Mt. St. Helens has erupted a number of times

since 1980. Lassen Peak last erupted in 1914.

The Cascades are separated from the Coast Ranges by a belt of topographic 

depressions, including the Willamette Valley in Oregon, and the Puget Trough 

in Washington. The Cascades owe their elevation to broad uparching along a 

north-south axis, and buildup in late Cenozoic time of volcanic materials.

The entire Pacific Border Region has undergone vertical movement of as 

much as 3,000 meters or more in the last 10 million years (Figure 4). The 

Coast Ranges of northern California and the Olympic Mountains have experienced 

the least net vertical movement (less than 1,000 m), while the high Sierra

Nevada has experienced the most (3,000 m or more).

The bulk of the region is characterized by low heat flow (Blackwell,

1978). Exceptions are the Coast Ranges of California (>2 HFU) and the 

Transverse Ranges which have moderate to high heat flow.

Crystalline Rocks

Bodies of gneiss of Precambrian X age are preserved locally. These 

gneisses have complex structural and metamcrphic histories and were intruded 

by granitic rocks about million years ago (King, 1976a). A large mass of 

anorthosite occurs in the western part of the San Gabriel Mountains (of the 

Transverse Ranges); it was intruded 1,200 million years ago (Crowell and 

Walker, 1962). Sometime after the Precambrian, this anorthosite was greatly 

sheared and metamorphosed (Carter and Silver, 1971).

Ordovician ultramafic rocks are widespread in the Klamath Mountains of 

northern California and southern Oregon, and in the Coast Ranges (Hotz, 1971). 

These igneous bodies generally occur as elongated plutons several kilometers 

long. Although many occur along fault zones, some show no association with 

known faults. Serpentinized mafic rocks commonly accompany these bodies of 

ultramafic rocks. The mafic rocks range in structure from massive to highly 

sheared and brecciated (Hotz, 1971).

Triassic granitic rocks which have been radiometrically dated as 220 

million years old (Silver, 1971) occur in the Mount Low pluton in the San 

Gabriel Mountains in California. Other Triassic granitic rocks occur as small 

scattered plutons along the eastern edge of the Sierra Nevada and eastward in 

the Basin and Range Region. These are dated as 195 to 210 million years old
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(Evernden and Kistler, 1970). The core of the Northern Cascades in northern 

Washington is the Triassic Marblemount pluton (Misch, 1966). Jurassic 

granitic rocks of the Toats Coulee Magma Series are found in the Okanogan 

Range in Washington and have been radiometrically dated at 194 million years 

(Hibbard, 1971). Dates of coexisting hornblende and biotite from the Jurassic 

Toats Coulee pluton are 170 million years and 151 million years old, respec

tively (Fox et al, 1977). The discordance in ages of coexisting minerals in 

other plutons increases dramatically to the northeast, resulting from later 

metamorphism. Bodies of tectonically emplaced ultramafic rocks are found in 

fault 2ones bordering the Cascades {Misch, 1966).

Jurassic granitic rocks are widespread in the Sierra Nevada and Klamath 

Mountains. The Jurassic intrusive rocks of the Sierras were emplaced during 

two pulses. Some of the early plutons were cut by faults, whereas later in

trusive rocks invade or cut across the faults. The first pulse, the Inyo and 

White Mountain intrusive rocks, is dated at 160 to 180 million years, and the 

second, the Yosemite intrusivas, has been dated at 132 to 148 million years 

(Evernden and Kistler, 1970). Jurassic and Cretaceous granitic rocks are also 

found in the Klamath Mountains as elongated bodies located in a metamorphic 

belt (Hotz, 1971). There were three intrusive episodes in the Klamath 

Mountains between 127 to 167 million years ago.

Cretaceous granitic rocks are the most abundant intrusive rocks of the 

Pacific Border Region. The largest representatives of this series are the 

Sierra Nevada and the Peninsular Range Batholiths which consist of numerous 

plutons which range in composition from granite to gabbro. Cretaceous rocks 

are also found in the Coast Ranges of California (Compton, 1966).

Approximately 560 km of the Peninsular Range Batholith is exposed in the 

United States. It is nearly 100 km wide and extends southward into Mexico 

approximately another 1,000 km. The Sierra Nevada Batholith has a width of 55 

to 115 km and a length of more than 600 km. It is composed of a number of 

rock types ranging from calcic gabbro to granite (Larsen et al, 1958; Hamilton 

and Myers, 1967). Radiometric dates yield a mean age of 102 million years for 

the Sierra Nevada Batholith (Larsen and others, 1958). Five intrusive pulses, 

spanning from 79 to 210 million years, have been dated in this region 

(Evernden and Kistler, 1970). Plutons of two larger pulses, Lower Cretaceous 

Huntington Lake Epoch and Upper Cretaceous Cathedral Range Epoch, have been 

mapped. The dominant body includes the more siliceous, younger
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intrusive rocks such as the Half Dome pluton, Cathedral Peak granite, and 

Johnson granite (King, 1976b). Mafic plutons of the Sierra Nevada Range are 

found as small bodies occurring as inclusions or as small roof remnants within 

individual plutons of more silicic rock. These mafic plutons commonly are 

associated with metamorphic rocks (Bateman et al , 1963). Ultramafic rocks of 

the Sierra Nevada batholith are primarily located on its western side. They 

occur as elongated bodies coincident with fault zones and appear to have been 

sheared during later faulting (Ferguson and Gannett, 1932). Rocks of the 

White Mountain Pluton of the Inyo Batholith are quartz-poor and have undergone 

postmagmatic alteration (Crowder and Ross, 1973). Tertiary intrusive rocks 

are found primarily in the Cascade and Oregon Coast Ranges. The Snoqualmie 

and Tatoosh Batholiths of the Washington Cascades were emplaced during the 

Miorene and were later explosively deroofed. Many intrusive rocks of the 

Cascades were pervasively altered and the primary minerals are partially 

replaced (Peck et al, 1964). The Cloudy Pass Batholith is capped by a thin 

roof of metamorphic rocks (Tabor and Crowder, 1969). Tertiary mafic sills are 

found over large areas in the Oregon Coast Ranges (Zing and Beikman, 1978), 

but are too small for consideration for repository sites.

Hydrology

Hydrologic data on the crystalline rocks of this region are scarce, as in 

other regions. There are hundreds of thermal springs in the area, indicating 

zones of deep circulating ground water (Waring, 1965). Numerous areas have 

high-temperature connective systems (Figure 8). A survey of 239 water wells 

in crystalline rock of the Sierra Nevada indicates that 8 percent had yields 

above 340,0U0 liters per day (about 60 gallons per minute), 16 percent had 

yields of 3,800 liters per day (0.7 gpm) or less, 8 percent were classed as 

dry holes, and the remaining 78 percent produced about 3,800 to 340,000 liters 

per day (less than one to about 60 gpm) (Davis and Turk, 1964). The Sierra 

Nevada serves as a source recharge area for important aquifers in the Great 

Valley and Owens Valley in California. The Sierra Nevada has high surface 

and, presumably, subsurface hydraulic gradients. It serves as headwaters for 

several large rivers.
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Numerous normal, reverse, and strike-slip faults are found in the Pacific 

Border Region. Probably the best known is the San Andreas Fault in western 

California. It is a strike-slip fault along which the rocks on the east side 

of the fault moved southward relative to those on the west. The fault extends 

from north of San Francisco to the Imperial Valley of south-central California 

and thence into the Gulf of California. Other major young faults are shown in 

Figure 5. The crystalline rocks of the Coast and Transverse Ranges have 

undergone extensive faulting. Other large bodies of crystalline rocks, such 

as the Sierra Nevada Batholith, have relatively few recent faults. Most of the 

faults associated with the batholith are located along its eastern side where 

they form a discontinuous chain of normal faults for more than 600 km.

A regional system of conjugate, steeply dipping joints exists throughout 

the Sierra Nevada. These joints are most obvious in areas of low topographic 

relief where they form linear depressions which control drainage. Where joint 

frequency is low, topographic domes occur, such as those in Yosemite. The 

widest spacing of joints occurs in the very coarse-grained rocks, where joints 

are most conspicuous. In the Sierra Nevada, joints tend to be continuous 

across the boundaries between intrusive masses, indicating they are younger 

than the batholith. They probably are the product of regional tectonic forces 

(Bateman, 1965).

Seismically, this area is part of the very active circum-Pacific belt of 

earthquake centers and volcanic activity. The California segment has experi

enced more than 200 earthquakes classed as destructive in the past 100 years 

(Hunt, 1967).

With the exception of southern Oregon and the Coast Ranges of Washington, 

this region probably will experience seismically induced ground motion greater 

than 10 percent g sometime during the next 50 years (Figure 6). The same area 

has had numerous earthquakes in the past (Figure 5). Major earthquakes in the 

region ranged in intensity from VIII to XI on the Modified Mercalli Scale 

(Coffman and von Hake, 1973; Coffman, 1979). The inland part of the region 

contains numerous Late Tertiary and Quaternary volcanoes and associated 

volcanic rocks (Figure 7). There are areas of high heat flow in this region;

4.2 STRUCTURE AND SEISMICITY
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the observed heat flow in the Coast Ranges may result from heat generated 

mechanically in the upper 10 to 15 km of the crust as rocks of an oceanic 

plate plunge under the continental plate by the process referred to as 

subduction (Lachenbruch and Sass, 1973).

4.3 MINERAL DEPOSITS

Most ore deposits in this region are genetically related to the intrusive 

rocks; many are important mining districts. There are three principal types 

of primary mineral deposits found in this region: (1) magmatic-segregation

deposits, which usually are associated with the mafic rocks and contain iron 

and chromium; (2) igneous-metamorphic deposits which usually are associated 

with the intrusive rocks of intermediate composition and contain iron, 

tungsten, copper, lead, and zinc (including the Bishop tungsten district, the 

Eagle Mountain magnetite deposits, the Cerro Gordo lead deposits in 

California, and mineral deposits containing cerium and other rare-earth 

elements at Mountain Pass, California); and (3) hydrothermal deposits which 

include the California gold deposits of the Mother Lode, Grass Valley, and the 

Klamath Mountains; and the mercury deposits in the New Idria and Opalite 

districts (Park, 1970). Nickel-rich saprolite occurs at Riddle, Oregon and 

sedimentary deposits of industrial and nonmetal lie minerals are scattered 

throughout the region.

Known geothermal resource areas are located in Washington, Oregon, and 

California. Locations of high-temperature convection systems are shown in 

Figure 80.

4.4 SUITABILITY FOR REPOSITORY SITES

The Pacific Border Region was evaluated in terms of those conditions, 

relevant to exploration for repository sites in crystalline rocks, for which 

regional data exist. In summary,

• Because most bodies of exposed crystalline rock occur in areas of high 

relief, the gradients of the water table in most crystal line-rock 

terrane will be high to very high, though numerous exceptions exist.



44

• The Coast Ranges of northern California have had 500 meters or less of 

vertical movement and the Coast Ranges of Southern California have had 

less than 1,000 meters movement (Figure 4). Much of the Cascades have 

had 1,000 to 2,000 meters movement and the Sierra Nevada has had as 

much as 3,000 meters or more of vertical movement in the last 10 

million years. Although the magnitude of vertical movement is high 

for the Sierra Nevada, much of the interior of the range probably 

behaved as a structural unit and was not internally deformed by the 

movement. In contrast, the Coast Ranges, which had a low magnitude of 

vertical movement, would present potentially adverse conditions 

because of the extensive amount of horizontal movement that has taken 

place along the San Andreas and related faults which cut the ranges 

(Figure 3).

• Numerous large young faults occur in the region, especially in the 

Coast, Transverse, and Peninsular Ranges of California.

• Historic earthquakes have occurred repeatedly in the Coast Ranges of 

California, the Transverse Ranges, along the east escarpment of the 

Sierra Nevada, and along the Puget Trough-Willamette Valley depression 

and bordering areas (Figure 5). Except for the eastern boundary of 

the Sierra Nevadas, they are virtually free of strong earthquakes 

(Smith, 1978, Plate 6-1).

• Quaternary volcanic rocks and deposits are widespread. Two volcanoes 

have erupted during the last 70 years.

• Erosion has been extreme in the Northern Cascades and substantial in 

parts of the Sierra Nevada.

• Mineral deposits are a common occurrence in crystalline rocks of the 

region.

• Some very large (though composite) bodies of crystalline rocks occur.

• Alpine glaciation affected the high areas; and a few glaciers still 

exist.

• Areas of geothermal anomalies occur in all three states in this 

region, though most of the crystalline rocks are characterized by low 

heat flow.
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The Basin and Range Region (Figure 12) encompasses a large area in the 

southwestern and central-western U.S. It occupies virtually all of Nevada, 

parts of seven adjoining states, and extends far into Mexico. It includes the 

Great Basin which is a vast region of interior drainage from which no streams 

flow to the sea. It also includes additional areas, all of which are char

acterized by subparalle ranges and intervening desert plains. The Panamint 

Range and Death Valley are impressive examples of the ranges and basins of 

this region.

This region is bordered by the Sierra Nevada, Columbia Plateau, Colorado 

Plateau, and Southern Rocky Mountains. The eastern limit is marked by the 

Wasatch Fault in Utah which produced the mountain front just east of Salt Lake 

City. The more than 200 individual mountain ranges of the region form roughly 

north-south-trending parallel chains with peaks rising nearly 4,000 meters 

above sea level. The intervening basins range in elevation from a little 

below sea level to more than 1,500 meters above sea level. Many of them 

contain playas.

5.1 GEOLUGIC FRAMEWORK

Late Cenozoic extensional tectonics and related faulting produced the 

characteristic topography and structure, in which the escarpments of the moun

tain ranges generally are exceedingly rugged, bare, steep rock surfaces that 

rise abruptly from the floors of valleys which are the surface features of 

deep sediment-filled basins. The faults are superimposed upon older geologic 

patterns, particularly those of Mesozoic and early Tertiary structures and of 

middle Tertiary volcanic activity (King and Beikman, 1978). In the Great 

Basin, the faults are superimposed on pre-Tertiary rocks which comprise thick 

sequences of marine sedimentary strata that were deposited in a vast, deeply 

subsiding trough and were later complexly deformed and translated great 

distances along low-angle thrust faults. In New Mexico the basin and range 

structure is superimposed upon rocks that formed a thin sequence of strata 

that has been only slightly deformed. In southern Oregon the basin and range 

structure involves, at the surface, only Tertiary and younger volcanic rocks 

whose unexposed basement rocks are not known.

5 BASIN AND RANGE REGION
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Figure 12. Index Map of Basin and Range Region (Shaded)
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This fault-blork structure resulted from extension of the earth's crust 

in the Basin and Range Region, which is estimated to be an increase of 10 to 

35 percent of the original width of the region, and as much as 100 percent in 

a few specific areas (Stewart, 1978). The region has been subjected to uplift 

of 1,000 m to 3,00U m or more in places.

Most ranges are tilted to the east or west, generally from a few degrees

to about 30 degrees, although some ranges have been tilted even more. In

places, Tertiary units are overturned near the margins of the ranges. The 

sedimentary and volcanic deposits in the basins are from a few hundred to more 

than 3,000 meters thick.

Faults whose movements are dominantly horizontal (strike-slip) locally 

are important parts of the structural framework. Most prominent is the 

northwest-trending belt of the "Walker Lane" and associated Las Vegas Shear 

Zone. Several east-trending structural lineaments occur in central and sou

thern Nevada. These may be partly a result of conjugate faults developed at

the inception of the strike-slip faults of the Walker Lane or they may be due

to other regional fracture systems (Ekren et al, 1976).

The region is characterized by high heat flow. The energy-flux map of 

the western U.S. (Blackwell, 1978, p. 199) shows that zones of >3 HFU 

(Heat-Flow Units) bound the eastern and western margins of the region; parts 

of central and southern Nevada and southern Arizona are characterized by 1.5 

to 1 HFU; and the balance of the region is characterized by 2 to 3 HFU.

Crystalline Rocks

The crystalline rocks of this region range in age from Precambrian to 

Tertiary. The oldest are the Precambrian W mantled gneiss domes of the Albion 

Range in southern Idaho and northwestern Utah. These rocks have been radio- 

metrical ly dated as 2,460 million years. They represent the farthest known 

western extension of the Canadian shield into the U.S. (Armstrong and Hills, 

1967).

Precambrian X gneisses are found in the Wasatch and Uinta Mountains in 

Utah. The largest areas of gneissic terranes are found in western Arizona and 

southern California. Precambrian X granites occur in Arizona as synorogenic
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and postorogenic plutons which have extensively invaded the metamorphic rocks. 

Uranium-lead data yield ages of 1,760 to 1,775 million years, which indicate 

intrusion contemporaneous with the Yavapapai volcanic series (King, 1976a). 

Other scattered bodies of granitic rocks occur in Nevada, California, and New 

Mexico.

Precambrian Y crystalline rocks are represented by granites in Arizona. 

The largest of these bodies is located between Tucson and Sierra Ancha, 

Arizona, and includes the Ruin and Oracle granites. The Oracle granite, which 

is the host rock of the San Manuel copper mine, has been dated as 1,420 to 

1,450 million years old (Damon, 1959).

Jurassic crystalline rocks are virtually all felsic. The Triassic 

granites are primarily concentrated along a belt east of the Sierra Nevada 

batholith and are dated as 195 to 210 million years old (Evernden and Kistler, 

1970). Jurassic granitic rocks also are concentrated on the eastern side of 

the Sierra Nevada batholith. They are predominantly less silicic than the 

later, Cretaceous granitic rocks. Small, scattered Jurassic granitic bodies 

are also found in the Great Basin of Nevada. Jurassic mafic intrusive rocks 

are found in the Stillwater and Humbolt Ranges in Nevada where they occur as 

shallow sills (Page, 1965) that probably are too thin to be hosts for a 

repository.

Cretaceous granites are located in western Nevada, southeastern Cali

fornia, and southern and southwestern Arizona. Some are bodies of moderate 

size; they yield radiometric dates of 64 to 95 million years (Armstrong and 

Suppe, 1973).

Tertiary intrusive rocks are widely scattered throughout the Basin and 

Range Province and are predominantly felsic. In the trans-Pecos area of Texas 

they are related to early Tertiary volcanism and are characterized by their 

high alkali contents (Maxwell and others, 1967).

Hydrology

Hydrologic data 1n some parts of this region are more abundant than in 

other regions, partly because of the extensive deep drilling in Nevada by the 

Atomic Energy Commission and its successor agencies. Tests were conducted in 

numerous drill holes there to determine permeability, porosity, and other 

hydrologic parameters at sites for underground nuclear tests. Data on other
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physical properties from in situ tests of granitic rocks are limited, although 

tests were conducted around the Climax stock at the Nevada Test Site, north

west of Las Vegas (Walker, 1962; Price, 1960; Boardman, 1966). Supplies of 

ground and surface water are scarce. Across much of the region, water of poor 

quality has been found at depths greater than 60 meters. In places, the water 

table is more than 1,500 meters below the suface. As a result, the Basin and 

Range Region is essentially the only region which offers the potential of 

finding a repository site above the water table, in what is referred to as the 

unsaturated zone.

5.2 STRUCTURE AND SEISMICITY

The Basin and Range Region is characterized by the numerous steep, north

erly trending normal faults that bound the ranges. In the Mojave Desert sec

tion in California, faults trend northwesterly and a set of cross faults 

trends westerly. The largest of the cross faults is the Garlock Fault, a 

fault of large horizontal displacement in which the north side moved westward 

relative to the south. Faulting in the Mexican Highland section in southern 

Arizona is primarily of Tertiary age (Hunt, 1967). The region presently 

appears to be undergoing considerable tectonic movement (Gable and Hatton,

19UU), as indicated by numerous recent fault scarps, tilted and faulted 

shorelines of lakes, and displaced geodetic benchmarks. There are numerous 

young and active faults present in the region (Figure 3). The entire region 

has undergone vertical movement of 1,000 to more than 3,000 meters in the last 

10 million years (Figure 4).

Numerous earthquake epicenters are located in the region (Figure 5).

They are especially abundant along the east edge of the Sierra Nevada; in 

western Nevada, especially east of Walker Lake; in an east-trending belt north 

of Las Vegas (Rogers et al , 1981); and along the east rim of the region where 

it abuts the Colorado Plateau and the central Rocky Mountains. That eastern 

rim is part of the Intermountain Seismic Belt (Smith and Sbar, et al, 1974). 

Three earthquakes with a Modified Mercalli Intensity of X have been recorded 

in Nevada -- in Pleasant Valley, 1915; western Nevada, 1932; and Dixie Valley, 

1954 (Coffman and von Hake, 1973). Earthquake activity has been sparse in 

northern Nevada and Arizona.
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Most of Nevada, southeastern California and central Utah probably will 

experience seismically induced ground motion greater than 10 percent g some

time during the next 50 years. Other parts of this region probably will 

experience ground motion less than that (Figure 6).

5.3 MINERAL OEPOSITS

The mineral resources of this region include copper, gold, silver, lead, 

zinc, molybdenum, tungsten, mercury, uranium, and evaporite deposits. The 

Basin and Range Region accounts for over 85 percent of the annual U.S. copper 

production; most comes from the low-grade, open-pit deposits in granitic 

rocks. Examples are the deposits at Bingham Canyon, Utah (near Salt Lake 

City); Globe-Miami, Ajo, Bagdad, Bisbee, Jerome, Ray, Superior, and Clifton- 

Morenci, Arizona; Santa Rita, New Mexico; and Ely, Nevada.

There are over 100 mining districts in the province and the occurrence of 

ore deposits correlates well with certain rock types. For example, Stringham

(1958) found that 86 percent of significant ore bodies are located within 2

miles of large intrusive masses of very-fine-grained rocks.

Gold and silver deposits have been mined in crystalline rocks at Tonopah, 

Virginia City, and Goldfield, Nevada. Crystalline rock, as a source of dimen

sion and crushed stone, is relatively minor in this region, accounting for 

less than 1 percent of the U.S. total in 1975 (U.S. Bureau of Mines, 1977).

Known geothermal resource areas are located in California, Nevada,

Oregon, and Washington (Godwin et al, 1971). Some high temperature convective 

ground-water systems occur that have potential for the generation of 

electrical power (Figure 8). Other geothermal potential for this area lies in 

the regional conductive heat-flow environment and from hot Igneous systems,

although these are much less economic (Smith and Shaw, 1975).

5.4 SUITABILITY FUR REPOSITORY SITES

The basin and Range Region was evaluated in terms of those conditions, 

relevant to exploration for repository sites in crystalline rocks, for which 

regional data exist. In summary,
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• Because the exposed crystalline rocks generally are in areas of high 

topographic relief, the hydraulic gradients are anticipated to be 

high.

• The region has undergone from 1,000 to greater than 3,000 meters of 

vertical movement during the last 10 million years.

• Recent and active faults are abundant and closely spaced.

• Earthquake epicenters are concentrated in the Intermountain Seismic 

Belt which extends from central southern Nevada through central Utah 

and into Idaho and Montana. Epicenters also occur in a north-trending 

zone centered about Walker Lake and lying along the eastern side of 

the Sierra Nevada Mountains.

• Quaternary volcanic rocks are abundant in Arizona and New Mexico and 

also occur in small areas in parts of Nevada and Utah.

• Although topographic relief is high, erosion rates are low due to the 

aridity of the region.

• Mineral deposits are widespread and include some major mining 

districts.

• The entire region is characterized by high heat flow and contains 

numerous hot springs.
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The Rocky Mountains are a diverse group of mountain ranges that extend 

from Canada to New Mexico (Figure 13). They are more of a geographical than a 

geological entity. They mark the west edge of the Great Plains and form a 

generally continuous demarcation in the pattern of deformation. Subdivisions 

are the northern, central, and southern Rocky Mountains, whose character

istics, similarities, and differences are summarized below.

6.1 GEOLOGIC FRAMEWORK

As delineated for the purpose of this report, the northern Rocky Moun

tains lie in Montana and northern Idaho. They are a series of closely spaced, 

narrow, elongate, northerly trending, intensely folded and thrust-faulted 

Precambrian and younger sedimentary strata that formed as a thick sequence de

posited in a deeply subsiding regional basin at the western edge of what was 

the stable continental platform (craton) at that time. They are somewhat anal

ogous to the Appalachian fold and thrust belt (Valley and Ridge Province) 

except that the direction of thrusting and overturning of folds in the 

northern Rockies was eastward rather than westward, and they formed near the 

close of the Mesozoic rather than earlier.

In the northern Rocky Mountains, the older sedimentary rocks were trans

lated eastward for tens of kilometers over younger sedimentary rocks which 

were deformed in a zone beneath the thrusts and in a narrow zone in front of 

(east of) the thrusts. No Precambrian crystalline-rock basement is exposed in 

these ranges. However, masses of granite and other igneous rocks were 

intruded into sedimentary and volcanic strata in middle to late Mesozoic time 

to form the large Idaho and Boulder batholiths, the smaller Philipsburg and 

Marysville batholiths, and various smaller bodies that lie mainly between the 

Idaho and Boulder batholiths.

The south end of the northern Rocky Mountains is located in different 

places by various authors. For the purpose of this report, 1t 1s placed at 

the northernmost edge of exposed Precambrian crystalline rocks 1n Montana, to 

emphasize the difference 1n rock type and structural style of ranges to the 

north which have cores of Precambrian sedimentary rocks (Precambrian Y) and 

those to the south which hve cores of older Precambrian crystalline rocks.

6. ROCKY MOUNTAIN REGION
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Figure 13. Index Map of Rocky Mountain Region (Shaded)
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This boundary lies just south of the Boulder batholith -- it is straddled by a 

large satellitic body of the Boulder batholith -- and marks a zone of recur

rent faulting since Precambrian time (McMannis, 1955; Robinson, 1963; Smedes 

and Klepper, 1968).

Folds and thrusts of the northern Rocky Mountains are offset along a 

structural zone which is considered, in this report, to delineate the southern 

end of the northern Rockies in Montana. This zone is marked in the fold- and 

thrust-faulted structure by a major east-trending tear fault along which rocks 

to the north moved eastward tens of kilometers (Smedes and Klepper, 1968).

The main body of the southern Rocky Mountains is in Colorado, where it 

forms a wide body across the central part of the state. A prong of it extends 

westward into Utah (as the Uinta Range). Another prong extends northward into 

Wyoming (as the Laramie Range and Medicine Bow Mountains) where the Rocky 

Mountains break up into a series of uplifts, basins, and plains.

The southern Rockies are steep broad-backed uplifts which have Precam

brian crystalline-rock cores and are separated by semi arid basins. At their 

eastern edges, a narrow zone of sedimentary strata of the Great Plains is 

turned up steeply or cut off by steep faults associated with the uplift of the 

ranges. Eastward, beyond this zone, there is little deformation of strata of 

the plains. In contrast to the Paleozoic and most of the Mesozoic strata of 

the northern Rocky Mountains, the sequence here is thin and was laid down on 

the continental platform (craton), as summarized by King (1977).

Principal ranges of the southern Rocky Mountains that have cores of 

crystalline rocks are uplifts of the Front, Park, Sawatch, Laramie, and Sangre 

de Cristo Ranges, and the Needle Mountains. The highest summit of the entire 

Rocky Mountains -- 4,389 meters -- is in the Sawatch Range. The White River 

Plateau of Colorado and the Uncompahgre uplift of Colorado and Utah are 

uplifts whose core of Precambrlan crystalline rocks 1s only sparsely exhumed 

by erosion. Large mountains not containing cores of Precambrian crystalline 

rocks are the San Juan Mountains, a complex volcanic edifice, and the Wasatch 

Mountains of Utah.

Between the northern and southern Rocky Mountains 1s a more heterogeneous 

set of ranges that lie mostly In Wyoming, but Include some ranges In southern 

Montana, southeastern Idaho, and northeastern Utah. These are the central 

Rocky Mountains. They consist of (1) 1n the east, widely-spaced broad-backed
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uplifts of diverse trend, most of which have exposed Precambrian crystalline 

rocks in their cores; and (2) in the west, a northerly trending fold and 

thrust belt that is interpreted as the westerly offset part of the fold and 

thrust belt of the northern Rocky Mountains and also has Precambrian 

sedimentary rocks as the cores of the ranges.

Some uplifts in the eastern and central part of the central Rockies rise 

to imposing heights of more than 4,Out) meters. These ranges are separated by 

broad basins whose surface rocks are of early Tertiary age. Principal moun

tain blocks in Wyoming are the Bighorn, Wind River, Beartooth, Granite, and 

Teton Mountains, and the Laramie Range which links with the southern Rockies.

In Montana, the uplifts include the Highland, Pioneer, and Tobacco Root 

Mountains, and the Madison, Gallatin, and Gravelly Ranges. Just south of the 

crystal line-rock mass of the Beartooth Plateau, and partly overlapping it, is 

the large deeply dissected Eocene volcanic edifice of the Absaroka Range. The 

Quaternary volcanic rocks and the geothermal features of Yellowstone National 

Park are in this region, mostly in Wyoming, where they lie at the east end of 

the Snake River Plain. Most of the ranges were uplifted, probably along steep 

normal and reverse faults, near the end of the Mesozoic.

In some uplifts, the faults dip under the range at moderate angles; an 

example is the Wind River Range whose southward edge is a thrust fault that 

dips 30 to 35° northeastward under the range for an extent of at least 24 km 

(Smithson et al, 1978).

The ranges in the western part of the central Rockies extend from the 

east-trending tear fault at the south end of the northern Rockies, southward 

to the Snake River Plain. Across the Snake River Plain, this belt continues 

on the same projection into Utah where it forms the Wasatch Mountains east of 

Salt Lake City, and other pa 'a 1 lei ranges extending into Wyoming. Thus, the 

structural style of the northern Rockies extends into the western part of the 

central Rockies in the ranges that lie west of the region of uplifted blocks 

of Precambrian crystalline rocks.

The entire Rocky Mountain Region has undergone 1,000 to more than 3,000 

meters of vertical movement in the last 10 million years (Figure 4). Cenozoic 

volcanic and related intrusive rocks are widespread (Steven et al, 1972).

The northern Rockies are characterized by heat flow of 1.5 to 2 HFU. The 

western part of the central Rockies 1s 1.5 to 2 HFU except in the vicinity of


