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ABSTRACT 

One of the options for disposing of excess 
weapons plutonium is to place it near the base of deep 
boreholes in stable crystalline rocks. The technology 
exists to immediately begin the design of this means of 
disposition and there are many attractive sites available 
within the conterminous United States. 

The borehole system utilizes mainly natural barriers 
to prevent migration of plutonium and uranium to the 
Earth's surface. Careful site selection ensures favorable 
geologic conditions that provide natural long-lived 
migration barriers. These conditions include deep, 
extremely stable rock formations, strongly reducing brines 
that exhibit increasing salinity with depth, and most 
importantly, demonstrated isolation or non-communication 
of deep fluids with the biosphere for millions of years. The 
isolation is the most important characteristic, with the 
other conditions mainly being those that will enhance the 
potential of locating and maintaining the isolated zones. 
The candidate sites will probably be located on the craton 
in very old Precambrian crystalline rocks, most likely the 
center of a granitic pluton. The sites will be located in 
tectonically stable areas with no recent volcanic or seismic 
activity, and situated away from tectonic features that 
might become active in the near geologic future. 

I. INTRODUCTION 

One of the options for disposing of surplus fissile 
materials (SFM) is to place them near the base of deep 
boreholes in stable crystalline rocks. The technology exists 
to begin design this means of disposition and there are 
many attractive sites available within the conterminous 
United States. There are even more potential sites for this 
option within Russia. 

The successful design of a borehole system must 
address these two main criteria: 

A. How to successfully dispose of 50 metric tons 
of weapons Plutonium while making it inaccessible for 
unauthorized retrieval. 

B. Prevent contamination of the accessible 
biosphere, defined here as the Earth's surface and 
usable groundwaters. 

The required timeframe for this isolation cannot be 
specified at this time, since it is unclear which regulations 
might be applied (National Research Council 1992). 
However, consideration of the half-lives of ̂ 39pu (2.4xl()4 
yrs) and its fissile daughter 2 3 5 U (7xl0 8 yr) (Lide 1995), 
indicates that a projection as far as possible into the future 
would be useful. This can be carried to an extreme, and is 
brought into better perspective when events on equivalent 
past timescales are compared to future events (Chapman 
andMcKinley 1987). The non-retrievability requirement is 
easily met by the emplacement design and the extreme 
depth. The key performance issues to be examined are: (1) 
that there is no migration to the biosphere and (2) the 
processes involving the engineered and natural systems. 

The borehole system utilizes mainly natural barriers to 
prevent migration of SFM to the Earth's surface. Careful 
site selection ensures favorable geologic conditions that 
provide natural long-lived migration barriers. These 
conditions include deep, extremely stable rock formations, 
strongly reducing groundwaters (brines) that exhibit 
increasing salinity with depth in the Earth's crust, and 
most importantly, demonstrate that there is isolation or has 
been no communication of deep fluids with the biosphere 
for millions of years. The isolation is the most important 
characteristic, with the other conditions mainly being those 
that will enhance the potential of locating and maintaining 
the isolated zones. The expected site will probably be 
located on the craton in very old Precambrian crystalline 
rocks, most likely the center of a granitic pluton. The site 
will be located in a tectonically stable area with no recent 
volcanic or seismic activity, and situated away from 
tectonic features that might become active in the near 
geologic future, such as intracratonic uplifts or plate 
boundaries. 



Qualifying conditions for a potentially acceptable deep 
borehole site are specified by emplacement design and 
regulatory guidelines. Emplacement design refers to 
engineering parameters of the repository environment that, 
if left unchallenged, isolate the fissile materials from the 
biosphere and retain a measure of material safeguards and 
security. Regulatory guidelines are the institutional 
criteria that enhance confidence in the technical suitability 
of sites to isolate radioactive materials from the 
environment. 

Since many provisions of 10 CFR Part 960, which were 
developed for high-level radioactive waste, are not 
appropriate to siting or characterizing deep borehole 
disposal sites, it is the intent of the guidance that should be 
used to formulate specific guidelines and not the guidelines 
verbatim. The types of information that provide a 
reasonable basis for assessing the merits or shortcomings 
of a deep borehole site in the framework of these regulatory 
guidelines are provided in the Part 960 Appendix IV 
categories of geohydrology, geochemistry, rock 
characteristics, erosion, dissolution, and tectonics. 

Engineering parameters for siting the deep borehole 
repository within the continental US landmass are found in 
the text of the National Academy of Sciences report 
"Management and Disposition of Excess Weapons 
Plutonium" (NAS, 1994). The regulatory framework for 
licensing a deep borehole repository, unfortunately, has not 
been addressed by the Nuclear Regulatory Commission and 
would require new regulations (NAS, 1994). In the 
absence of this regulatory framework, it is suggested that 
site suitability guidelines such as those of 10 CFR Part 
960 may have useful application to deep borehole siting. 

Technical guidelines measure the performance of geological 
and hydrological evidence to meet the qualifying conditions 
of either the engineering parameters or the regulatory 
guidelines. 

Proposed technical guidelines for deep borehole geological 
and hydrological evidence are presented in the table below. 
Compliance to these qualifying conditions is categorized by 
the abilities of the evidence to display favorable conditions, 
potentially adverse conditions, or disqualifying conditions. 

n. TECHNICAL GUIDELINES FOR SITE SCREENING 

(Based on National Academy of Sciences [1994] qualifying conditions for a crystalline host rock at 2 to 4 km depths.) 

FAVORABLE 
CONDITION 

POTENTIALLY ADVERSE 
CONDITION 

DISQUALIFYING 
CONDITION 

DEPTH TO 
BASEMENT 

The crystalline 
"basement" rocks are 
generally no deeper than 2 
km over a wide region of 
the tectonic block. 

1) The basement structure is 
known to contain mappable thrust 
faults that have displaced rock 
over younger or contemporaneous 
rock units. 
2) There are extensive portions of 
the tectonic block with a 
sedimentary and volcanic rock 
veneer thicker than 2 km which 
would significantly reduce the 
flexibility of selecting a 
repository horizon in basement 
rock at 2-4 km depth. 

The crystalline "basement" rocks 
are generally deeper than 2 km. 

RADIOGENIC AGE 
OF BASEMENT 
ROCK 

Radiometric ages provide evidence 
that the granitic rock represents 
intrusive granites that are younger 
than the generally unique 
radiometric age pattern for other 
basement rocks of the tectonic 
block. 

The pattern of radiometric dates for 
the basement rock strongly 
suggests nonuniformity among 
characteristics of rock deformation, 
recrystallization, and cooling. 



TECHNICAL GUIDELINES (cont.) 
FAVORABLE 
CONDITION 

POTENTIALLY ADVERSE 
CONDITION 

DISQUALIFYING 
CONDITION 

ROCK TYPE IN 
BASEMENT 

Reasonable projection of 
the geology and structure 
of basement rock to the 
2-4 km interval suggests 
the rock type is, in the 
broadest definition, a 
granitic rock or 
dominantly granitic rock. 

Projection of the geology or structure suggests 
either that the lateral extent is not sufficient to 
allow significant flexibility in selecting the 
location of a deep borehole facility or that 
granitic rocks form structures that 
significantly reduce the flexibility for selecting 
a location with granite at the 2-4 km depth 
interval. 

1) Little or no 
evidence exists of 
granitic rock in the 
basement. 
2) Granitic rock is 
known to be strongly 
foliated. 

HISTORIC 
SEISMICITY 

The nature and rates of 
ground motion associated 
with historic seismic 
events occurring within 
the tectonic block would 
not likely lead to releases 
of radionuclides to the 
accessible environment. 

1) Historic earthquakes within the tectonic 
block are of such magnitude that, if they 
recurred, could affect repository engineering 
structures and operations. 
2) Historic seismic events suggest there is a 
potential for landslides or subsidence that 
could create large-scale surface water 
impoundments that may change the regional 
groundwater flow system. 

The historic nature and 
rates of fault 
movement or other 
ground motion can 
reasonably be expected 
to jeopardize the 
natural barrier 
capability of the 
repository. 

CRUSTAL STRESS 
DATA 

Stress profiles with depth 
compare to known 
crustal averages of 
similar tectonic setting. 

The maximum to minimum horizontal 
stresses are of such relative magnitudes as to 
potentially cause borehole breakouts at a 
repository interval of 2-4 km depth. 

HEAT FLOW Low regional heat flow, 
although variable, is 
relatively uniform across 
the surface and 
comparable in magnitude 
to similar geologic 
provinces. 

1) High geothermal gradients require the use 
of special engineering skills, tools, 
techniques, and hardware for repository 
construction, material emplacement, and 
closure, thereby challenging the technologic 
feasibility of repository construction and 
adding undue costs. 
2) Regions of high heat flow may 
significantly contribute to the difficulty of 
characterizing or modeling the geohydrologic 
system. 

Projected in-situ 
thermal conditions 
combined with heat 
loading from materials 
radioactive decay and 
published parameter-
model hydrologic 
scenarios for deep 
borehole repositories 
suggest transport times 
ofless than 1,000 
years to the accessible 
environment for 
circulating water. 



TECHNICAL GUIDELINES (cont.) 

FAVORABLE 
CONDITION 

POTENTIALLY ADVERSE 
CONDITION 

DISQUALIFYING 
CONDITION 

FAULT TRACES The tectonic block lacks 
evidence for active 
faulting during the 
Quaternary Period. 

1) Evidence of active faulting during the 
Quaternary Period. 
2) Historic seismic events located along the 
trace of mapped fault planes. 
3) Near vertical fault planes may provide 
groundwater circulation from deep repository 
to accessible environment. 

The nature and rates of 
fault movement during 
the Quaternary Period 
are significantly great 
as to jeopardize waste 
isolation of the 
conceptual repository 
design. 

STRATIGRAPHY Stratigraphy overlying 
the basement rock is not 
intensely deformed and 
maintains a mechanical 
advantage feasible for the 
construction, operation, 
and closure of the 
facility. 

1) Rock conditions could require engineering 
measures beyond reasonably available 
technology for the construction, operation, and 
closure of the repository, if such measures are 
necessary to ensure waste containment or 
isolation. 
2) Potential exists for hydration or 
dehydration of mineral components, brine 
migration, or other physical- or chemical-
related phenomena that could be expected to 
affect waste containment or isolation. 
3) Geologic setting shows evidence of 
extreme erosion during the Quaternary Period. 
4) Rocks in the stratigraphy overlying 
basement rock have geomechanical properties 
that could necessitate extensive maintenance of 
the borehole during repository operation and 
closure. 
5) Deformed stratigraphic section could 
diminish the certainty for modeling post-
closure hydrologic condition surrounding the 
repository. 

DISSOLUTION 
FEATURES, 
PRECIPITATION, 
DIAGENESIS 

Evidence exits for breccia pipes, dissolution 
cavities, caverns significant volume reductions 
in the sedimentary stratigraphy, or structural 
collapse that could indicate hydraulic 
interconnectivity. 



TECHNICAL GUIDELINES (cont.) 
FAVORABLE POTENTIALLY DISQUALIFYING 
CONDITION ADVERSE CONDITION CONDITION 

REGIONAL 1) Absence of aquifers Groundwater conditions could require complex Expected groundwater 
HYDROGEOLOGY between the repository engineering measures for repository conditions are likely to 

host rock and the land construction, operation, and closure. require engineering 
surface. measures that are 
2) Availability of water beyond reasonably 
required for repository available technology as 
construction, operation, required for repository 
and closure. construction, 

operation, or closure. 

m. GENERIC SITE DESCRIPTION: 

We will be looking for an "ideal site" with the 
following attributes: A nearly ideal site for a deep borehole 
facility is in the midcontinent of the United States, 
surrounded by farmland and characterized by low, rolling 
terrain. The nearest city with a population of greater than 
500,000 should be at least 200 km from the site. 

Precambrian crystalline rocks of the craton, with rock 
formation ages ranging from 1.1 to 3.6 billion years (Reed 
et al., 1993), are either exposed or overlain by <1 km of 
Phanerozoic sedimentary rocks (ages ranging from 540 
million years to the present). Much of the midcontinent U. 
S. is extremely stable tectonically; there are few recorded 
earthquakes with a Mercalli intensity of over V. Thermal 
gradients within the "basement" rocks are also low (15° C/ 
km of depth to as high as 30°C/km of depth) (Kron and 
Stix, 1982). Heat flow patterns at the site would indicate 
little or no movement of fluids within the crystalline 
basement rocks. Long-term changes in conditions at depths 
of 3 to 4 km are most likely minimal and would be related 
to the drilling process. Changes in stress regime related to 
regional uplift (post-glacial) are documented, but only at 
the surface. 

The stable cratonic environment in the mid-continent 
offers many candidate sites for deep-borehole disposal of 
excess SFM. The limited information that we have 
indicates that the rock types consist of a complicated 
mixture of granites, ortho- and para-gneisses, mafic 
granulites, and anorthosites. Such environments have not 
been subject to volcanic, tectonic, or seismic activity for 
billions of years. In addition, they are most likely 
anhydrous with little potential for internal generation of 
crustal fluids. However, fluid infiltration of a deep 
borehole is of concern because the borehole itself represents 
a potential pathway for surface fluids. 

To minimize heterogeneities within the target rocks, 
we will be looking for a plutonic body with a map area of 
>100km2, which is relatively homogeneous texturally and 
structurally. Should this not be possible, then we would 
search for plutonic complexes with little structural 
heterogeneity at the target depth. 

A. Estimated Conditions at a Depth of 4 Kilometers: 

1. In most deep boreholes in crystalline rocks, 
there is great petrologic and structural variability in 
crystalline rock types—granites, ortho- and para-gneisses, 
mafic granulites, and anorthosites. For this project, we will 
focus our efforts in locating the boreholes over the center 
of a homogeneous plutonic body. 

2. There is a rapid increase in seismic velocity in 
crystalline rocks with depth within the upper 1000 m and a 
stable average velocity below 1000m, implying that there 
are few open fractures (SKB, 1992). Permeabilities at a 
depth of 4 km may be low as lO"™ m 2 

3. Rock composition is the controlling factor in 
determining the average velocity and a few, shallow 
fracture zones are responsible for low velocity zones along 
short intervals. Stress at the site is compressional. 

4. If there are distinct, compartmentalized fluid 
systems at all depths, then salinities of fluids (as known in 
other deep drillholes) will generally increase with depth, 
once the 1000-m depth has been passed. This is particularly 
evident in the 12-km-deep Kola Peninsula hole in Russia. 
The expected trend of decreasing permeability and 
increasing salinity with depth is, however based on a sparse 
data set (SKB, 1992). 

5. The thermal gradient should be in the range of 
<15° to 30° C/km. Bottomhole temperature is predicted to 
range from <60°C to 100° C. 



DEFINITIONS REFERENCES 

Pluton: Includes all intrusive igneous rocks, usually a 
mass of more silicic magma (e.g., granite, granodiorite, 
diorite) intruded into the shallow (less than 20 km depth) 
Earth's crust. Plutons associated with concentric dike 
systems may have underlain a caldera at the Earth's surface; 
these are commonly associated with large volcanic fields 
also at the surface. Map scale ranges from tens to hundreds 
of km 2. In map view, these range in shape from nearly 
circular to oval, to polygonal (where there is strong 
structural control of the shape). 

Batholith: Large, intrusive bodies with steeply-
dipping walls, covering hundreds to thousands of km 2, 
composed of overlapping silicic plutons. The growth of a 
batholith can span millions of years. 

Craton: "A part of the Earth's continental crust that 
has attained stability and has been little deformed for a 
prolonged period"—AGI Glossary. 

Archean: Time period from >3.4 to 2.5 billion years 
before present (Fig. 1). 

Proterozoic: Time period from 2.5 to 0.57 billion 
years before present (Fig. 1). 

Phanerozoic: Time period from 0.57 billion years 
before the present to the present (Fig. 1). 
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