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UNITED STATES
DEPARTMENT OF THE INTERICR
GEOLOGICAL SURVEY

GEOLOGIC AND HYDROLOGIC CONSIDERATIONS FOR VARIOUS CONCEPTS
OF HIGH-LEVEL RADIOACTIVE WASTE DISPOSAL IN
CONTERMINOUS UNITED STATES

By

E. B. Ekren, G. A. Dinwiddie, J. W. Mytton,
William Thordarson, J. E. Weir, Jr.,
E. N. Hinrichs, and L. J. Schroder

ABSTRACT

The purpose of this investigation is to evaluate and identify
which geohydrologic environments in conterminous United States are best
suited for various concepts or methods of underground disposal of high-
level radioactive wastes and to establish geologic and hydrolegic
criteria that are pertinent to high-level waste disposal. The unproven
methods of dispesal include (1) a very deep drill hele (30,000-50,000 ft
or 9,140~15,240 m), (2) a matrix of (an array of multiple) drill holes
(1,000-20,000 ft or 305~6,100 m), (3) a mined chamber (1,000-10,000 ft
or 305~3,050 m), (4) a cavity with separate manmade structures (1,000~
10,000 ft or 305-3,050 m), and (5) an exploded cavity (2,000-20,000 ft
or 610~6,100 m).

The geohydrologic investigation is made on the presumption that
the concepts or methods of disposal are technically feasible. Field
and laboratory experiments in the future may demonstrate whether or
not any of the methods are practical and safe., All the conclusions
drawn are tentative pending experimental confirmation. The investigation
focuses principally on the geohydrologic possibilities of several
methods of disposal in rocks other than salt. Disposal in mined chambers
in salt is currently under field investigation, and this disposal methaod
has been intensely investigated and evaluated by various workers under
the sponsorship of the Atomic Energy Commission.

0f the various geohydrologic factors that must be considered in
the selection of optimum waste-disposal sites, the most important is
hydrologic isolation to assure that the wastes will be safely contained
within a small radius of the emplacement zone. To achieve this degree
of hydrologic isolation, the host rock for the wastes must have very
low permeability and the site must be virtually free of faults. In

(1)



addition, the locality should be in (1) an area of low seismic 1isk
where the possibility of large earthquakes rupturing the emplacement
zone is very low, (2) where the possibility of flooding by sea-level
rise is very low, (3) where a possible return of glacial cr pluvial
climate will not cause potentially hazardous changes in surface- ox
ground-water regimens, and (4) where danger of exhumation by erosion
is nil. The geographic lccation for an optimum site is one that is far
removed from major drainages, lakes, and oceans, where population
density is low, and where the topographic relief is gentle in order to
avold steep surface-water drainage gradients that would allow rapid
distriburion of contaminants in case of accident.

The most suitable medium for the unproven deep drilil-hole,
matrix-holes, and exploded-cavity methods appears to be crystailine
rocks, either intrusive ignecus or metamorphic because of their
potentially low permeabilities and high mechanical strengths., Salr
{either in thick beds or stable domes), tuff, and possibly shale appear
to be suitable for mined chambers and cavities with separate manmade
structures. Salt appears to be suitable because of its very low
permeability, high thermal conductivity, and natural plasticity. Tuff
and shale appear suitable because of their very low permeabilities and
high ion-exchange capacities. Sedimentary rocks cother than shale and
volcanic rocks, exclusive of tuff, are considered to be generally
unsuitable for waste emplacement because of their potentially high
permeabilities.

Areas that appear to satisfy most gechydrologic requirements for
the deep drill hole and the matrix holes include principally (1) the
stable continental interior where the sedimentary cover is thin ox
absent, (2) the shield area of the North-Central States, and (3) the
metamorphic belt of Eastern United States-~-primarily the Piedmonct.

These areas are possibly suitable also for the expleded cavity and the
mined chamber because the possibility of finding rock with very low
permeability at depths from 1,000% feet (305+ m) to 20,000 feet (6,100 m)
appears to be high.

The Basin and Range province of Western United States, particularly
the Great Basin exclusive of seismic-~risk zome 3, appears tc have
potential for mined chambers above deep water tables in tuff, shale, or
argillite. In addition, some granitic stocks, for example the Climax
stock at Nevada Test Site, may be suitable for matrix holes, mined
chambers, and exploded cavities.

Other parts of the United States which have rocks and terrains
possibly suitable for scme of the disposal methods include the
sedimentary basins in the continental interior and coastal plain that
contain salt--principally for mined chambers or exploded cavities at
depths of about 3,000 feet (910 m) or less (the natural plasticity of
salt appears to rule out disposal at greater depths). The preferred



environments for salt emplacement are those wheve oil and gas potential
is low and where no important aquifers are present above the salt bed
or stable dome. Using shale for waste disposal in the sedimentary
basins appears to be hazardous because most shale contains thin
permeable interbeds of sandstone and limestone that could serve as
passageways for contaminated ground water to reach aquifers and oil

and gas reservoirs, The possibility exists that saturated shale below
depths of about 7,000 feet (2,130 m) has such low permeability that it
could safely contain the wastes,; but this remains to be demcmstrated by
exploratory drilling and extensiwve hydrauliec testing. The greatest
potential for using shale for waste disposal is in arid and semiarid
parts of the United States where chambers can be mined well abowve
existing water tables.

Areas considered to be unsuitable for waste disposal are those
where seismic risk is high, where possible sea-level rise would inundate
potential sites, where high topographic relief coincides with high
frequency of faults, where there are unfavorable ground-water conditions,
and where no suitable rocks are known to be present to depths of
20,000 feet (6,100 m) or more, and where these strata either centain
large volumes of ground water or have high oil and gas potential.

Geohydrologic environments that are concluded to be potentially
suitable for waste disposal in this investigation should be further
evaluated at State- and county-wide levels in order to pinpoint the
most suitable locations. The localities should then be (1) mapped in
detail and seismically monitored to delineate active fault zones and
areas of crustal unrest, (2) surveved by geophysical techniques (where
applicable) to locate buried faults and to better define subsurface
conditions, and (3) drilled and hydraulically tested to locate the
zones having the lowest permeabilities. Finally, the drill core should
be analyzed physically and chemically in order to predict the nature
of the rock-waste interaction.

INTRODUCTION

Purpose and scecpe of investigation

In late 1972, the U.S. Geological Survey was requested by the
U.S. Atomic Energy Commission, Division of Waste Management and
Transportation, to participate in a study of potential alternative means
for long~term management of high—-lewel radioactive waste being performed
for the AEC by the Pacific Northwest Laboratories of Battelle Memorial

Institute (BNW). The purpose of the Survey participation would be to



evaluate the geohydrologic possibilities of placing high-level wastes

in geoclogic formations in terrestial locations; principally, to consider
placement in formations other than salt. Geologic disposal in mined
chambers in bedded salt deposits is, at present, under study by the

Oak Ridge National Laboratory for the Atomic Energy Commission.

The contract that was agreed upon between the Atcmic Energy
Commission and the U.S. Geological Survey specified thatr the USGS
part of the study should consider emplacement of wastes in:

a. A very deep drill hole (30,000-50,000 ft, or 9,140-15,240 m
deep) for solid or liquid wastes;

b. A matrix (geometric array) of shallow to moderate~depth
drill holes (muitiple holes 1,000-20,000 ft, or 305-6,100 m deep) for
solid wastes;

c. Shallow depth mined chambers (1,000-10,000 ft, or 305-3,050 =
deep) for solid or liquid wastes;

d. Cavities with separate manmade structures {(1,000-10,000 ft,
or 305-3,050 m deep) for solid wastes; and

e. Exploded cavities (2,000-20,000 ft, or 610-6,100 m deep) for
liquid wastes.

The methods of disposal of high-level radicactive waste listed
above were conceived by BNW. Field and laboratory experiments and
pilot studies in the future may demonstrate whether or not any of the
disposal methods are practical and safe. The USGS study is based on the
presumption that the modes are technically feasible, but all the

conclusions drawn are tentative pending experimental confirmation.



The contract specified that the USGS report should establish for
the various modes of disposal:

(1) Geohydrologic criteria.

(2) Preferred geohydrologic environments (report shall include
a discussion of why other environments are less preferable).

(3) Specific geologic and hydrologic problems that may be
encountered within the preferred environments including:

(a) State-of-the-art in terms of geologic and hydrologic
knowledge.

(b) Research and development, including field exploration
needed to solve specific geohydrologic problems.

(4) General distribution and number of preferred environments.
Specific sites shall not be evaluated in this initial phase of the
study, although some examples of the types of preferred environments
shall be identified.

(5) Summary and conclusioms.

In addition to the above major items, the contract specified
that the final report should include the following:

1. Overall description of Earth systems.

2. Geologic characteristics/descriptions of lithology
and geochronology.

3. Hydrologic considerations (including above-versus-below
saturated zone).

4. Physiographic considerations.

5. Geotectonic considerations.

6. Geochemical considerations.



7. Continental glaciation.
8. Climate consideratioms.
9., Résumé of preferred geologic/hydrologic and related characteristics.

10. A list of selected properties of important rccks which are

pertinent to waste disposal (for example, thermal conductivity, specific
heat, permeability, strength, and so forth).

11. Seismic risk and (or) earthquake map(s) within the U.S.A.

12. Simplified rock distribution map{s) within the U.S.A. fox
important waste disposal.

13. Favorability maps may be included.

14. A good list of key references.

15. A glossary of geohydrologic terms used in the report.

The contract alsc specified that parts of the USGS report would
be used within the framework of a larger report by BNW. The larger
report by BNW contains descripticns of the systems requirements for
waste management including drilling modes, cooling techniques for
solid and (or) liquid wastes, vapor processing, types of drill hole,
types of hole completion, and other management considerations. Other
topics discussed by BNW include detailed descriptions of the dispesal
methods listed above and also others, technical feasibility of the
methods, safety methodclogy, anticipated period of required isclation
of wastes, research and development requirements, general environmental

impact, heat sources, heat-transfer problems, and geochemical considerations.



The geochemical considerations outlined by BNW include a brief
discussion of waste and rock interaction, leaching rates, and transport
characteristics of some radionuclides. The USGS report confines itself
to ion—-exchange characteristics of a few selected chemical species
and rock types. The transport characteristics of plutonium and other
transuranic isotopes are not discussed because these are not fully
understood and must be evaluated by field and laboratory investigations.

Some basic assumptions, in addition to presuming that the modes
are technically feasible, had to be made in order to proceed with the
study. The assumptions include: (1) that the wastes can be made
chemically compatible with the host environment, (2) that injection
pressures of liquid wastes will not cause hydrofracturing of the host
rock, (3) that the final waste form is a solid, regardless of phase
during emplacement, and (4) that a plant on the site can operate for
a period of some 25 years in producing, processing, and handling the
wastes without releasing hazardous constituents to man's environment.

The disposal of wastes considered in this report requires that
the wastes be isolated from man's environment for a period of 1 m.y.
(million years). This requirement was set by BNW and is based on the
anticipated dangerous life of some of the constituents of the wastes,
principally the transuranium isotopes.

The term "disposal' as used in this investigation is defined by
Rubin (1972) as '"planned emplacement of radioactive materials without

2 " o P
any intent to recover them. The term "storage," in contrast, is

applied to those concepts of waste management whereby retrieval is



intended and is within the realm of available technclogy (Rubin, 1972).
From the standpoint of geology and hydrology, the cavity with separate
manmade structures (item d, above) for permanent disposal of waste
must be considered as equivalent to a shallow-depth mined chamber.
This is because of the impossibility of predicting what the long-term
{1 m.y.) effect of the waste products on the structure will be and
how long any manmade structure can withstand the ravages of geologic
processes through time.

The following geohydrologic environments will be briefily
described and evaluated: (1) sedimentary basins, (2) complexly folded
mountain belts, (3) areas of intrusive igneous and metamorphic rocks,
(4) areas of gently folded volcanic terranes, (5) Colorado Plateau
and central interior areas exclusive of basins, and (6) Basin and
Range province. Within each environment the principal roccks will be
evaluated in terms of apparent ability to satisfy required conditions
for each proposed but untested waste-disposal method. The deteirmination
of suitability is based mainly on our evaluation of the ability of
the rocks in the various environments to effectively "contain" the
waste products. The term "contain" as used herein denctes the ability
of a rock to limit the movement of radionuclides to an acceptable
radius of the disposal site-—a radius that precludes contaminating man's
environment for a period of about 1 m.y.

The disposal of wastes is a special problem in each environment,
and the occurrence of suitable rock types and favorable local geohydrologic

conditions will dictate whether a particular area is suitable for waste



disposal. However, the general and very basic considerations listed
in the contract specifications must be evaluated for all sites and for
any disposal method. The most important of these considerations are:
(1) hydrology, (2) possible climatic changes, (3) effects of ercsiom
and rates of denudation, (4) long-term tectonic effects, and (5) seismic
risk and its bearing on site selection. These considerations and the
various rocks that could be used for waste disposal are briefly
discussed and evaluated in the Appendixes. Additional information
can be obtained from standard geologic, hydrologic, seismic, and
climatologic textbooks.

In the discussion that follows, specialized geoclogic and
hydrologic terms are kept to a minimum. Those used are defined in a

glossary of geohydrologic terms in Appendix D.

Previous studies

Under the sponsorship of the Atomic Energy Commission, many
studies concerning the feasibility of radicactive-waste storage or
disposal have been made. Because of the short time (sbout 7 weeks)
allowed for the basic USGS report, a comprehensive review of all
existing literature on the subject of terrestial waste disposal could
nct be made and, undoubtedly, many studies have been overlooked. Most
previous work, however, has been oriented toward the feasibility of
injecting liquid wastes deep into the ground. Clebsch and Baltz (1967}
review the progress in the United States toward deep-well disposal.
This technique requires formations that are sufficiently porous and

permeable to receive large quantities of waste. These formations are



found principally in deep sedimentary basins. The possibiiity cf
disposal in such basins has been reviewed by Galley (1968).

Repenning (1959, 1961), deWitt (1961), Love and Hoover (1961), Colton
(1962), Beikman (1962), LeGrand (1962), Sandberg (1962, 1966), and
MacLachlan (1964) describe various basins and their stratigraphy-
Additional reviews have been made by the American Association of
Petroleum Geologists (1964, 1972).

The possibility of using salt beds or domes for storage and
disposal has been reviewed by the National Academy of Science® National
Research Council (1970), Anderson, Eargle, and Dawvis (1973), Hite and
Lohman (1973), Gera and Jacobs (1972), Gera (1972), and Brokaw, Jones,
Cooley, and Hays (1972). These reports contain a host of many
additional pertinent references. The potential for using crystalline
rocks at the AEC Savannah Plant in South Carclina for dispesal of
wastes has been described by Proctor and Marine (1965), Parker (1969},
and Christl (1964). Birch (1958), Skibitzke (1957), and Nace (1960)
consider the thermal factors that bear on the problem of deep waste
disposal. Theis (1955, 1956b, and 1959) and Piper (1969} consider
various problems concerning waste disposal in a hydrologic environment.
Many other pertinent references can be found in an annotated

bibliography prepared by Rima, Chase, and Myers (1971).
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ANALYSIS OF GEOLOGIC AND HYDROLOGIC FACTORS AFFECTING
EACH DISPOSAL CONCEPT

All the concepts for disposal of radioactive wastes considered in
this report require that the wastes be completely isolated from man's
environment for a period of about 1 m.y. To achieve this, many
requirements have to be met, and, although the disposal methods are
similar in many ways (all entail emplacement of wastes at some depth
within the ground), they nevertheless differ sufficiently that the
best location for one mode of disposal may not necessarily be the
best location for another. The purpose of this part of the report is
to outline geologic and hydrologic environments that appear to provide
required conditions for each disposal method and to outline reasons

why a certain environment(s) may be more suitable than others.

Deep drill hole (30,000~50,000 ft or 9,140-15,240 m)

Geologic and hydrologic setting

Because of the great depth involved in this method and the
great physical separation of wastes from man's environment that it
will provide, it seemingly matters little what climatic or other
changes might eventually occur that could affect surface conditioms.
The principal geohydrologic requirement is the necessity for a fairly
thick sequence of rock having very low permeability to occur at some
depth within the 30,000-50,000-foot (9,140-15,240-m) deep hole,
preferably below a depth of about 25,000 feet (7,620 m), to achieve

maximum vertical isolation. This requirement can be found in a

11



variety of terranes, but the preferred setting is one where homogeneous,
low permeability, metamorphic, and intrusive igneous rocks (Appendixes B
and C) persist from on or near the surface to great depths. Deep
sedimentary basins of interbedded rocks having varying degrees of
permeability are generally not suitable for this method because of the
great potential for contaminating regional aquifers and (or) oil-bearing
strata by lateral and (or) vertical movements of contaminated ground
water.

If actual field experiments demonstrate that after the wastes
are emplaced the hole can be effectively and permanently sealed,
then the upper several thousand feet (a few thousand metres) of strata
above the waste emplacement zone can be safely ignored regardless
of its characteristics. This would allow the use of many parts of
the United States that are mantled by thin (5,000% ft or 1,520+ m)
layers of permeable sedimentary rocks but are underlain by metamorphic
or igneous rocks having very low permeabilities, provided that other
requirements are satisfied (see below).

The conclusion that metamorphic rocks beneath a thin sedimentary
cover might be suitable for high-level waste disposal is based on
studies at the Savannah River Plant near Aiken, S. C., and the
knowledge that some deep mines in crystalline rocks, for example, at
Sudbury, Ontario, and in Michigan, are extremely dry in their lower
levels (Appendixes B and C). According to Proctor and Marine (1965),
Parker (1969), and Christl (1964), disposal of high-level wastes

at depths of 1,300-1,700 feet (400-520 m) beneath the surface at the

12



Savannah Plant is technically feasible because the basement (crystalline)
rocks have very low permeability, and a layer of clay between the
basement rocks and the sedimentary rock would serve as a barrier
that would prevent the upward migration of the radionuclides.
Proctor and Marine (1965) feel that the radionuclides would be
confined to a radius well within the plant boundaries for a period
much greater than the 600~year period required to render the wastes
innocuous. It seems possible that at depths greater than 5,000 feet
(1,520 m) at Savannah, S. C., and in other areas, especially in

the stable continental interior, crystalline rocks would have even
less permeability than that encountered at the shallow depths
considered at Savannah.

An important consideration if liquid wastes are emplaced in the
drill hole is whether or not extensive fractures will develop as a
result of the expansion of molten rock owing to radiogenic heat.

Such fracturing may not extend far into the medium but could,
nevertheless, result in leakage to adjacent, possibly permeable,
saturated zones. Field experiments must be performed prior to any
attempt to inject liquid high-level wastes into crystalline rocks

to determine the extent and nature of possible fracturing, and also

to determine precisely the potential for geysering that might result
from the buildup of heat after final sealing of the drill hole.
Conductivities of the crystalline rocks are comparable to that of salt
(Appendix C). Birch (1958), Skibitzke (1961), and Nace (1960) consider
the thermal factors that bear on the problem of waste liquid injected

into a deep formation.
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Areas of high heat flow such as coastal California, the Basin
and Range province, and Columbia Plateau (including the Snake
River Plain) must be regarded as less suitable for the deep drill
hole than areas of normal flow. Volcanic activity has occurred in
all these areas in the past few million years, and, locally,
molten rock may even exist at levels considerably above 49,200 feet

(15,000 m) (Tuttle and Bowen, 1958).

Seismicity and faults

Crustal stability is of extreme importance when evaluating
terranes for any waste—disposal method. For deep drill hole disposal
the greatest threat to safety, assuming that the wastes are emplaced
in suitable media, is the possibility of fault movements rupturing
the contaminated zone in or near the waste column and creating
passageways for ground water to carry contaminants to the surface.
In addition to this obvious hazard there is a dire need for crustal
stability in order to even drill such a hole. Even moderate
earthquakes, if in close proximity to the drill hole, could cause
the loss of the hole. Therefore, all areas of seismic risk zone 3
(for definitions of seismic risk, see Appendix B) must be precluded
from deep drill hole consideration, and the selection of sites in
other seismic zones must await seismic monitoring and detailed
geologic and geophysical mapping to establish the existence of

fault systems and the locations of seismically active zones.
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The emplacement zone of the hole must be free of faulte, whether
currently active or not, because most faults provide potential avenues
for fluid movement. Apparently, great depth does not necessarily
guarantee that faults and fractures will be closed and healed despite
the knowledge that porosity and permeability generally diminish with
depth (McCulloh, 1967) (fig. l). Hydrologic testing at Nevada Test Site
reveals that fractures have low to moderate permeability (see Appendix B)
at least to 13,686 feet (4,170 m) (Blankennagel and Weir, 1973), and
fractures below 20,000 feet (6,100 m) in the Ralph Lowe Estate drill hole
in the Delaware basin of Pecos County in Texas were found to be permeable
(H. N. Frenzel, written commun., 1973). Potential sites must also be
carefully evaluated to ascertain the possible presence of buried faults

adjacent to the drill hole site.

Geographic setting

A site for deep drill hole disposal should be (1) as far removed
from oceans and major lakes and streams as is practicable to keep the
transit time of contaminants into man's environment as long as possible
in case of accident during transport, loading, or emplacement of wastes$
(2) the site locality should be as far removed from human population
centers as is practicablej and (3) the site should be in as gentle
terrain as possible in order to avoid steep drainage gradients that

would allow rapid distribution of contaminants in case of accident.
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Figure 1.--Total porosities of sedimentary rocks versus depth.
Modified from McCulloh (1967).
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Advauntages and disadvantages of deep drill hole methods
versus other disposal methods

The principal advantages of the deep drill hole method when
compared to all others include (l) great versatility-~the possibility
of providing safe emplacement of high-level radioactive wastes at
desirable geographic locations where suitable rocks do not exist at
shallow or moderate depths, and (2) the ability to place the wastes
as far from man's environment as possible-~the longer the flow path,
the longer the time required for contaminants to reach man's enviromment,

Cther attractive features of the deep drill hole (assuming that
the top of the wastes is at least several thousand feet, a few thousand
metres, deep) are (1) elimination of danger of exhumation of wastes by
any erosional process, including glaciation, and (2) elimination of
dangers from flooding, including rising sea levels (assuming complete
sealing of unused portion of drill hole).

The principal disadvantages of the deep drill hole include
tremendous drilling expense and long drilling times, especially in
hard metamorphic and igneous rocks. In addition, exploratory or pilot
holes to assure suitable rocks at depths of 30,000-50,000 feet

(9,140-15,240 m) seemingly are ruled out by factors of time and expense.

Matrix holes (1,000-20,000 ft or 305-6,100 m)

Geologic and hydrologic setting
A geometric array of multiple holes drilled om 200-foot* (6l-mt)
centers to depths of as much as 20,000 feet (6,100 m) with as large

diameters as practical, provides a possible means of disposing of
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wastes without the complexities of mining or exploding a cavity.
This method requires a thick sequemce of rock media having very low
permeability in order that the necessary waste-holding capacity be
obtained without drilling an impractical number of holes, each of
which must be considered a potential avenue for the escape of
contaminants. The principal geohydrologic requirement, then, is
similar to the deep drill hole. The main difference is a need for
rock having very low permeability to be present at shallower depths
than is necessary for the very deep drill hole (30,000-50,000 ft or
9,140-15,240 m), and a need for a larger surface area to accommodate
several holes on about 200-foot (6l-m) centers. This last requirement
ig not a critical factor because, in an environment where a vertical
column of thick very impermeable rock is present, areas can certainly
be found where such rock is contiguous over l<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>