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Strategy for Radioactive Waste
Disposal in Crystalline Rocks

John D. Bredehoeft and Tidu Maini

Public acceptance of a waste reposi-
tory depends on credible predictions of
waste movement. Such predictions are
difficult because the waste movement (or
nonmovement) must be predicted for pe-
riods approaching geologic time. For nu-
clear wastes, predictions for periods of
at least 1000 years are required, and,

tive waste disposal much more difficult.
In many engineering problems, the peri-
od of observation is often approximately
equal to the period of prediction; for
example, a 10-year forecast is usually
based on at least 10 years of observa-
tions of the system behavior. For the
long-term predictions of waste move-

Summary. A strategy for waste disposal is proposed in which the repository would
be situated in a crystalline rock mass beneath a blanket of sedimentary rocks whose
ground-water flow characteristics are well understood. Such an approach exemplifies
the concept of multiple barriers to the isolation of radicactive wastes from the
biosphere. This strategy has the advantages that (i) ground-water flow within the
sedimentary rocks can be investigated and modeled by conventional, well-under-
stood theory and technology; (ii) under favorable circumstances, the flow system
operates as an active barrier, so that a long migration path and extremely low flow
rate to the biosphere can be assured; and (iii) since, in many locations, ground water
is nonpotable, the possibility of future human intrusion can be minimized.

depending on the particular nuclide, per-
haps 100,000 years or even longer. Toxic
chemical wastes may be even more trou-
blesome; some of them appear to be
stable indefinitely, and when disposed
of, they may not decay, but remain in the
environment to pose a potential threat
indefinitely.

Any prediction method requires an
understanding of the processes that are
involved and an assessment of the de-
gree of uncertainty associated with the
parameters that control each process.
For predictions of waste movement, un-
certainties in our knowledge of the geo-
logic media are important in both a spa-
tial and time framework, and the uncer-
tainties associated with very long term
predictions make the problem of radioac-

SCIENCE, VOL. 213, 17 JULY 1981

ment, a short period of system observa-
tion may not be meaningful.

In an earlier statement on waste dis-
posal the concept of multiple barriers
was suggested (/).

The inability to predict can be offset in part by
adoption of a multiple-barrier or ‘‘defense-in-
depth’’ philosophy for radionuclide contain-
ment. Such a philosophy provides a succes-
sion of independent barriers to nuclide migra-
tion. The waste form, the host rock, and the
ground-water flow path all provide potential
barriers.

One example of the multiple-barrier con-
cept of isolating wastes from the bio-
sphere utilizes the ground-water flow
characteristics of a geologic environment
consisting of crystalline rocks beneath a
blanket of sedimentary rocks.

SCIENCE

Ground-Water Flow

Crystalline rocks commonly referred
to as ‘‘granite,”” which include common
rocks such as gneiss and granite, have a
number of apparent advantages for the
site of a waste repository: (i) they are
readily mined; (ii) they are stable at
relatively high temperatures; (iii) they
have a reasonably high thermal conduc-
tivity; (iv) in the absence of fractures
they have very low permeability; and (v)
they are an abundant rock type within
the earth’s crust, although in many
places on the continents they are cov-
ered by a blanket of sedimentary rocks.

One current proposal for locating a
repository entails finding a granitic body
that extends from great depth to the land
surface, where it can be easily explored.
The intent is to mine into this body to
some depth, perhaps 1 kilometer, where
the rock would be relatively unfractured
and low in permeability over an area
extensive enough to develop a reposi-
tory. In this design concept, the low
permeability of the host rock would re-
tard ground-water movement.

The natural process most likely to
move wastes from a repository to the
biosphere is transport by ground water.
Unfortunately, most explored crystalline
rock masses, even those in mines and
boreholes at depth, contain fracture sys-
tems. In a deep waste-disposal well. at
the Rocky Mountain Arsenal near Den-
ver, fractures were encountered in the
Precambrian crystalline basement at a
depth. of 3.7 km, and earthquake data
suggest that these fractures transmitted
fluids to a depth of 7 km at this site (2).

Because of the very low intercrystal-
line permeability, the fracture system in
crystalline rock dominates the ground-
water flow. Definition of ground-water
flow through typical porous media—
sand, gravel, sandstone—is well under-
stood. On the other hand, flow through a
fractured rock mass is much less predict-
able because of a poor understanding of
fracture aperture, orientation, spacing,
and continuity. Neither the theory nor
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the field technology required to measure
or model the flow characteristics of a
ground-water system in a fractured me-
dium is very advanced (3). The uncer-
tainties in the predictions are thus high in
both time and space.

One of the principles that govern the
regional ground-water flow is that differ-
ences in hydraulic head produced by
topography on the boundaries of the flow
system are, in most instances, the driv-
ing force for the flow. Freeze and With-
erspoon (4, 5) demonstrated that the

smaller scale topographic effects are
damped out with depth and therefore
deeper ground-water flow reflects only
the major topographic features (Fig. 1).

Although on a local scale ground-wa-
ter flow may be distorted by the distribu-
tion and nature of the fractures, on a
large scale the flow within the buried
crystalline rocks is controlled by that in
the overlying sediments. Figure 2 illus-
trates the effects of flow in a layered
ground-water system (5). The rocks can
be thought of as consisting of an aquifer
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Fig. 1. Flow net showing the effect of water-table configuration on regional ground-water flow
through a homogeneous isotropic medium. S is the total horizontal length of the flow system.
This flow net demonstrates that the smaller scale topographic effects are damped out with
depth. Equipotential lines are dashed; flow lines are solid; the scale is not distorted. [Reprinted

from ()]
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Fig. 2. This flow net illustrates the effect of layering on the ground-water flow system. The
values for the hydraulic conductivity (K) are relative. A layer with lower permeability
(confining layer, K = 1) overlies a layer with higher permeability (aquifer, K = 10), which in
turn overlies a material with lower permeability (K = 1) that might be visualized as crystalline
rock. Clearly the potential distribution and therefore flow pattern in the deeper low-permeabili-
ty rock is controlled by the overlying layered system. Equipotential lines are dashed; flow lines
are solid; the scale is not distorted. [Reprinted from (5)]

Fig. 3. Geologic cross
section of the coastal
plain of Maryland il-
lustrating a hypotheti-
cal situation in which

) Series Tertiary[~1000
it salt waNmm a crystalline rock
Upper Cretaceous Series ~2000 waste repository

i might be built below a

>
o
@

©
x

©

o

a
©

@

3
£
(&)

— — - Sea
g e IR T £ tevel
" Miocene Series

Potential

/e
mined ' X
repository \Q 3000 blanket of sedimenta-
ry rocks. The ground-
4000 water flow character-

istics within the sedi-
mentary cover can be
defined and predicted

System |-5000

{8000 utilizing  well-estab-
0 10 20miles \ lished techniques as
N — | 7000 well as theory. [Modi-
Potential M fied from (7)]
og
deep-hole 36 ~8000
emplacement @ b feet
<a

Vertical exaggeration §6x

294

with an overlying confining layer and an
underlying crystalline rock mass., The
aquifer dominates and controls the flow
pattern within the underlying crystalline
rock mass.

In Fig. 2 and our other examples, a
tenfold contrast in hydraulic conductiv-
ity is assumed in order to permit a rea-
sonable graphical representation. Be-
cause most natural settings would have
contrasts of 100-fold or more, the actual
situation would be even more favorable
than shown by the figures.

Coastal Site

We propose that a repository be locat-
ed in crystalline rock overlain by a blan-
ket of sedimentary rocks. In this way it
would be possible to retain the major
advantages of crystalline rock and at the
same time gain confidence in predicting
the ground-water movement because of
the sedimentary rocks overlying the re-
pository. In such a setting, the ground-
water system can be used as an active
barrier to waste migration to the bio-
sphere. A hypothetical situation is
shown in Fig. 3 for the Atlantic coastal
plain; comparable sites exist in many
parts of the world. In this situation (con-
sidering only geohydrologic conditions),
wastes could be emplaced in the crystal-
line basement below the coastal plain
sediments. The maximum depth of fresh
ground water within the sediments is 600
meters; over much of the Delaware-
Maryland-Virginia peninsula, fresh wa-
ter does not extend below 150 m.

On the coastal plain of Maryland,
which is typical of much of the Atlantic
coastal plain, little flow of salt water
takes place in the Cretaceous sediments.
The head difference at the boundaries of
the flow system is too small, less than 60
m, and too distant to provide significant
gradients in head within this zone. Flow
within the sedimentary section can be
investigated and predicted with reason-
able confidence by use of well-estab-
lished techniques and theory.

Figure 4 shows an idealized flow net of
a hypothetical coastal setting of the type
described above. In this example, no
salt-water interface is considered. Again,
flow in the crystalline rock mass is con-
trolled by flow in the overlying sedimen-
tary system. Little flow takes place with-
in the crystalline rocks beyond the coast-
line. Under such circumstances, the
waste would be exposed to a well-de-
fined flow system with little flow in the
deeper portions of the system beyond
the coastline.
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Inland Site

In large portions of the continental
areas of the world, crystalline basement
rocks are covered by a blanket of sedi-
mentary rocks. This makes the proposed
strategy possible over wide areas of the
globe. Many sedimentary sequences
contain salt, shale, and other tight geo-
logic deposits that further isolate the
ground-water flow in the deeper sedi-
ments and the basement rocks.

Emplacement in the buried basement
could be within a mined repository or by
means of drill holes. An overlying sedi-
mentary rock, which is more or less
plastic, would in time flow back and plug
the emplacement hole, thus providing an
added benefit in some areas.

A typical cross section of the mid-con-
tinental area of the United States is
shown in Fig. 5. In this example, the
Denver Basin contains a Cretaceous
shale sequence approximately 1500 m
thick. Hydraulic head in the so-called
Cretaceous D and J sands beneath the
Cretaceous Pierre Shale over much of
the western part of the Denver Basin is
approximately 700 m below the land sur-
face. Measurements at a depth of 3.7 km
in the Precambrian granite at the Rocky
Mountain Arsenal also indicate a head
more than 700 m below the land surface,
in close agreement with the head in the D
and J sands. This head difference indi-
cates a downward flow of ground water
from the shallow aquifers near the land
surface to the deeper sediments of the
basin; the magnitude of the head differ-
ence also indicates a high degree of hy-
draulic isolation of the deeper sediments
from the near surface.

Figure 6 is a hypothetical flow net
showing idealized flow in a layered sedi-
mentary system such as the Denver Ba-
sin. In the Denver Basin, the confining
layer, which is Cretaceous shale, over-
lies a more permeable sequence of Meso-
zoic and Paleozoic sedimentary rocks.
This in turn overlies a less permeable
body of rock, the Precambrian crystal-
line basement. The crystalline rock mass
contains a hypothetical zone of higher
permeability, which represents a dis-
turbed region caused by the mining of a
hypothetical repository. Flow within the
Precambrian is again shown to be con-
trolled by the flow system in the overly-
ing sedimentary rocks.

Although the hydrology of the Denver
Basin is suited to deep waste disposal,
other factors make its suitability ques-
tionable. Oil and gas are produced from
the deeper sediments of the basin; the
state of stress in situ, as determined at
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the Rocky Mountain Arsenal, indicates
that there would be a problem in rock
mechanics in emplacing wastes in the
Precambrian granite. Despite the diffi-
culties of locating a specific repository,
the Denver Basin serves to illustrate the
principles under discussion; a thick blan-
ket of low-permeability shale can serve
to isolate hydrologically the wastes em-
placed in the crystalline basement.
Another example is provided by the

Illinois Basin. The deep sedimentary for-
mations of this basin contain concentrat-
ed brines containing dissolved solids in
excess of 160,000 milligrams per liter. All
indications are that the fluid circulation
within these formations is extremely
slow. The deep sedimentary rocks of the
Illinois Basin are devoid of oil and gas.
In relation to ground water, this is anoth-
er example of a crystalline basement
overlain by sedimentary formations in
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Fig. 4. Idealized flow system in a hypothetical coastal setting. Equipotential lines are
numbered; the scale is not distorted. The hydraulic head is arbitrary. The net is distorted
slightly by the plotting program.
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Fig. 5. Cross section from the Rocky Mountains of Colorado to central Kansas showing the
relationship of the Precambrian basement to the overlying Paleozoic and Mesozoic sedimentary
rocks. The Denver Basin contains a Cretaceous shale sequence approximately 1500 m thick that
effectively isolates ground-water flow in the deeper sedimentary rocks within the basin from the
surface. In the western portion of the basin, in the vicinity of Denver, there is a downward
difference in head in excess of 700 m between the sedimentary rocks above the Pierre Shale and
the sedimentary rocks below the Pierre. This downward gradient isolates the deep sedimentary
rocks over much of the western part of the basin, [Modified from (8)]
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Fig. 6. A hypothetical flow net for a layered system such as the Denver Basin. The Cretaceous
shale confining layer (K = 0.1) overlies a more permeable layer (K = 1.0) representing the
Mesozoic and Paleozoic sedimentary rocks. The Precambrian crystalline rocks are represented
by the deeper low-permeability layer (K = 0.1). A zone of higher permeability in the low layer
(K = 1) represents a region disturbed by the construction of a hypothetical repository.
Equipotential lines are numbered; the scale is not distorted; the hydraulic head is arbitrary. The
net is distorted slightly by the plotting program.
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which the sedimentary layers would iso-
late fluids from the surface for long peri-
ods.

In our previous examples of a strategy
for waste disposal in crystalline rocks,
the role of buoyancy-induced flow pro-
duced by heat generated in the reposi-
tory has not been mentioned. This driv-
ing mechanism could be significant for
inducing flows and transporting nuclear
wastes. Recent work (6), however, shows
that if the waste is allowed to cool for 40
to 60 or 70 years, depending on the waste
type, the heat would be reduced to the
point where buoyancy-induced flow
would not be significant.

Conclusions
The examples presented above illus-

trate relatively simple alternatives to the
current concept of a repository situated

in a single geologic medium. With very
little change in the present approach,
additional natural barriers can be
brought into play. There are a number of
barriers to migration of the wastes: (i)
the waste form and its capsule; (ii) engi-
neered barriers within the repository,
such as a low-permeability, highly sorp-
tive backfill; and (iii) the migration path
back to the biosphere through the
ground-water flow system, which in our
examples includes flow through the crys-
talline rocks as well as overlying sedi-
mentary rocks in which sorption could
provide yet an additional barrier.

By selecting an environment in which
a crystalline rock mass is beneath a
sedimentary rock blanket with suitable
hydrologic characteristics, one has the
advantage that (i) ground-water flow can
be investigated with conventional, well-
understood technology; (ii) under favor-
able circumstances, the flow system can

Dissections and Reconstructions of
Genes and Chromosomes

The Nobel lecture affords a welcome
opportunity to express my gratitude and
admiration to the numerous students and
colleagues with whom I have worked
and shared, alternately, the elation and
disappointment of venturing into the un-
known. Without their genius, persever-
ance, and stimulation much of our work
would not have flourished. Those who
have worked with students and experi-
enced the discomfort of their curiosity,
the frustrations of their obstinacy, and
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the exhilaration of their growth know
firsthand the magnitude of their contri-
butions. Each in our common effort left a
mark on the other and, I trust, each
richer from the experience. I have also
been fortunate to have two devoted re-
search assistants, Marianne Dieckmann
and June Hoshi, who have labored dili-
gently and effectively, always with un-
derstanding and sympathy for my idio-
syncracies.

I have also been blessed with an amaz-
ing group of colleagues at Stanford Uni-
versity who have created as stimulating
and liberating an environment as one
could long for. Their many achievements
have been inspirational, and without
their help—intellectually and material-
ly—my efforts would have been severely
handicapped. I am particularly grateful
to Arthur Kornberg and Charles Yan-
ofsky, both longtime close personal
friends, for their unstinting interest, en-
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work as an active barrier, so that a long
migration and very slow path for the
wastes to the biosphere can be assured;
and (iii) the wastes can be emplaced in a
setting in which the ground water is
nonpotable (salty) and not a potentially
attractive resource, thus minimizing the
possibility of future human intrusion at
the site. This is a disposal strategy wor-
thy of careful evaluation.
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Although we are sure not to know every-
thing and rather likely not to know very
much, we can know anything that is known to
man, and may, with luck and sweat, even find
out some things that have not before been
known to man.—J. ROBERT OPPENHEIMER

Although the concept that genes trans-
mit and control hereditary characteris-
tics took hold early in this century, igno-
rance about the chemical nature of genes
forestalled most inquiries into how they
function. All of this changed as a result
of several dramatic developments during
the 1940’s to 1960’s. First, Beadle and
Tatum’s researches (/-3) lent strong sup-
port for earlier (4) and widespread specu-
lations that genes control the formation
of proteins (enzymes); indeed, the dic-
tum, ‘‘one gene-one protein,’’ intensi-
fied the search for the chemical defini-
tion of a gene. The discovery by Avery
and his colleagues (5) and subsequently
by Hershey and Chase (6) that genetic
information is encoded in the chemical
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