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Radioactive Waste Disposal in
Thick Unsaturated Zones

Current Department of Energy plans
(1-3) for the disposal of both high-level
and transuranic (TRU) radioactive
wastes (4, 5) involve placement of these
wastes in underground workings at
depths of 600 to 900 meters in geologic
media such as bedded salt, basalt, gran-
ite, or tuff. Burial at such depths in
tectonically stable areas, the concept fa-
vored since 1957 (6), is generally held to
provide assurance against (i) exhumation

Isaac J. Winograd

burial (within 15 to 100 m of the surface)
of TRU wastes in tectonically active
environments appears to offer as com-
plete isolation of such wastes from the
biosphere as deep burial in bedded salt,
basalt, tuff, or granite. Moreover, such
relatively shallow disposal can be imple-
mented at a fraction of the cost of
schemes for deep geologic disposal (7).
This article was prompted by former
President Carter’s Interagency Review

Summary. Portions of the Great Basin are undergoing crustal extension and have
unsaturated zones as much as 600 meters thick. These areas contain multiple natural
barriers capable of isolating solidified toxic wastes from the biosphere for tens of
thousands to perhaps hundreds of thousands of years. An example of the potential
utilization of such arid zone environments for toxic waste isolation is the burial of
transuranic radioactive wastes at relatively shallow depths (15 to 100 meters) in
Sedan Crater, Yucca Flat, Nevada. The volume of this man-made crater is several
times that of the projected volume of such wastes to the year 2000. Disposal in Sedan
Crater could be accomplished at a savings on the order of $0.5 billion, in comparison
with current schemes for burial of such wastes in mined repositories at depths of 600
to 900 meters, and with an apparently equal likelihood of waste isolation from the

biosphere.

of the wastes by erosion; (ii) catastrophic
release of the wastes following meteorite
impact; and (iii) future human intrusion,
provided, of course, that economic min-
eral deposits are not associated with the
host media. In addition, and to varying
degrees—dependent principally on the
waste form and on the hydrogeologic and
geochemical setting of the repository—
deep burial retards transport of radio-
nuclides to the biosphere by ground
water.

1 suggest in this article that there are
thick and relatively dry environments in
the Great Basin where relatively shallow
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Group report (3) on high-level radioac-
tive waste (HLW) disposal, which
strongly endorsed evaluation of multiple
geologic media in different hydrogeolo-
gic environments before selection of a
repository for either HLW or TRU
wastes. The major findings of the inter-
agency report were endorsed by Carter
in a special message to Congress on 12
February 1980.

It has been recognized for nearly two
decades that the thick (as much as 600 m)
unsaturated zones of the southwestern
states are potentially suitable environ-
ments for the disposal of solidified radio-
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active wastes (8—~10). The perceived as-
sets of waste burial at relatively shallow
depths, hundreds of meters above rather
than in deep mines hundreds of meters
below the water table, include: (i) ex-
tremely low flux of water in the unsatu-
rated zone under present arid and semi-
arid climatic conditions; (ii) high sorptive
capacity for radionuclides of valley-fill
sediments, which commonly occur in the
unsaturated zone; (iii) ability to bury the
wastes in man-made stratigraphic config-
urations that can significantly inhibit ver-
tical movement of water, (iv) absence of
water-related problems during construc-
tion and after sealing of a shallow reposi-
tory; and (v) accessibility of the wastes
for monitoring or for removal if a superi-
or disposal scheme is developed. The
perceived principal concerns about shal-
low burial include the possibilities of (i)
exhumation by erosion, tectonism, or
meteorite impact prior to decay of the
actinide elements to acceptable levels of
radioactivity; (ii) possible flooding or
flushing of the disposal site by a major
rise of the water table or by increased
deep percolation of precipitation during
future pluvial—that is, glacial age-relat-
ed wetter—climates in the Southwest;
and (iii) exhumation by our uninformed
descendants.

The past proposals (8-/0) for utiliza-
tion of the thick unsaturated zones of the
Southwest to isolate solidified radioac-
tive wastes from the biosphere have in-
cluded placement of the wastes in
trenches, tunnels, mines, and drill holes,
but at depths of hundreds of meters
above the water table. Because of the
paucity of hydrogeologic, soil physics,
geochemical, tectonic, and other data for
the unsaturated zone, these proposals
have, at best, been conceptual in nature.
As result, the idea has received only
peripheral attention to date. In this arti-
cle T discuss a specific intermountain
basin, Yucca Flat, Nevada, for which
there are sufficient data to estimate, to a
first approximation, the ability of such
zones to isolate solidified radioactive
wastes for tens of thousands to perhaps
hundreds of thousands of years. Al-
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Fig. 1. Sedan Crater, Yucca Flat, Nevada Test Site, Nye County, Nevada (view is to the north-
northeast). Crater diameter is 370 m, depth 98 m, and volume 5.0 x 10° m3. Crater formed in
1962 by a 100 * 15 kiloton nuclear device detonated at a depth of 190 m in valley fill. Water
table is about 580 m below land surface. Vehicles, left side of photo, provide scale. [Photo from

W. D. Richards (11)]

though I focus on the potential emplace-
ment of TRU wastes (5) in a man-made
crater, Sedan Crater, the conclusions
reached apply equally to emplacement of
other solidified radioactive and chemical
toxic wastes in trenches, drill holes, or
shallow mines in Yucca Flat. The con-
clusions are also generally applicable to
other valleys in the Great Basin having
hydrogeologic, tectonic, and geochemi-
cal characteristics similar to those of
Yucca Flat.

Transuranic Radioactive
Waste Disposal in Sedan Crater

Sedan Crater (Fig. 1), the product of a
100 = 15 kiloton nuclear cratering ex-
periment conducted in Yucca Flat (Figs.
1 and 2) by the Atomic Energy Commis-
sion (AEC) in 1962, has an average diam-
eter of 370 m, a depth of 98 m, and a
volume of 5.0 x 10° m3 (/7). The detona-
tion, one of several in the AEC’s Plow-
share Program, occurred at a depth of
about 190 m in Quaternary-Tertiary val-
ley-fill deposits (12) that underlie the site
to a depth of approximately 250 m (Fig.
3). The water table occurs in Paleozoic
carbonate rocks at a depth of about 580
m. The climate of the Sedan site is arid
(13). Annual precipitation at the site is
about 120 millimeters (4.7 inches); the
mesas and ridges flanking northern Yuc-
ca Flat receive as much as 254 mm (10
inches).

The volume of Sedan Crater is about
12 times the total volume of TRU wastes
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of military origin (0.4 x 10° m?) project-
ed to be at Department of Energy sites
by the year 1986 (3) and proposed (/) for
burial at the Waste Isolation Pilot Plant
(WIPP) site near Carlsbad, New Mexico.
The crater volume is roughly 25 times
the volume of military and commercial
TRU wastes (0.2 X 10° m®) projected to
be generated between 1980 and 2000 (3).
The volume of Sedan Crater is adequate
to receive several times the existing and
projected volumes of TRU wastes to the
year 2000 even if burial occurs only in
about the lower 85 m of the crater, which
would provide a 13-m buffer against ex-
humation by erosion or man and space
for placement of a capillary barrier
above the wastes.

One of several possible modes of em-
placement of TRU wastes in Sedan Cra-
ter is shown diagrammatically in Fig. 4.
The lower ~ 85 m of the crater would
contain TRU wastes in a matrix of valley
fill previously washed and sieved to re-
move fragments smaller than coarse
sand. The coarse-grained valley fill and
its contained waste would be covered by
an 8-m-thick layer of clay-sized to silt-
sized valley fill. The remaining 5 m of
crater would be filled with unsorted val-
ley fill, that is, fill containing all natural
size fractions. The topmost fill would be
landscaped to conform to precratering
topography and vegetation. The physi-
cal, chemical sorptive, and hydrogeolog-
ic properties of the valley fill and its
prominent zeolitized tuff component
have been described (/14-17). Reasons
for covering the coarse valley fill by a

layer of fine-grained fill are discussed
later.

Can such a simplistic scheme isolate
TRU wastes from the biosphere over
periods of geologic time—say for at least
tens of thousands and preferably hun-
dreds of thousands of years? Specifical-
ly, how does such a waste disposal
scheme compare with ‘‘conventional’
deep-mined geologic repositories? In the
remainder of this article I address these
questions. Although the computations
and arguments I present suggest a favor-
able prognosis, detailed studies of sever-
al years’ duration will certainly be re-
quired for a thorough analysis of the
proposed scheme.

Assets and Concerns

The perceived assets of, and concerns
about, use of the unsaturated zone as a
disposal environment for solidified ra-
dioactive waste have been discussed in
detail by Winograd (9) and outlined
above. These matters are discussed be-
low with special reference to a hypo-
thetical repository for TRU wastes in
Sedan Crater.

Exhumation is an obvious major con-
cern, because the wastes could be buried
within as little as 15 m of the surface.
Accordingly, I will first address the like-
lihood of exhumation of the wastes by
tectonism, by normal erosion processes,
by meteorite impact, by direct intrusion
of volcanic rocks, and by man.

Yucca Flat is within a portion of the
Great Basin undergoing ¢rustal exten-
sion (18, 19) in a northwest-southeast
direction. Parts of Yucca Flat have been
sinking relative to its margins for at least
the last 3 million to 4 million years (18);
that is, the floor of Yucca Flat is an
active and tectonically induced aggrada-
tional (depositional) environment. Sedan
Crater is 1200 m east of Yucca fault, a
major fault trending north-south across
most of the length of Yucca Flat (see
cover photo and Fig. 2). The latest sur-
face displacement on Yucca fault proba-
bly took place between 1,000 and 10,000
years ago. The east side of the fault is
downthrown and, along most of its
length, separates areas with relatively
thick valley-fill deposits east of the fault
from relatively thin deposits west of the
fault. The valley fill immediately east of
the fault is 75 to 380 m thicker than the
fill west of the fault (20). At the latitude
of Sedan Crater, this difference amounts
to about 200 m (Fig. 3). Carr (18), using
gravity surveys by D. L. Healey,
showed that Yucca fault is also an impor-
tant factor in the depth of burial of the
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Paleozoic strata underlying Yucca Flat.
Evidently, Yucca fault has been an ac-
tive and major structural element in the
tectonic development of Yucca Flat dur-
ing at least the Quaternary Period (21).
Thus TRU wastes buried in Sedan Crater
would—to the degree that the recent
geologic past is an indicator of the fu-
ture——not be exhumed as a result of
tectonism; on the contrary, they would
tend to be buried to still greater depths as
rock debris is shed from ridges and me-
sas flanking the valley and as the valley
floor east of Yucca fault subsides. Even
should crustal extension cease, aggrada-
tional conditions would persist in Yucca
Flat because the surrounding uplands are
hundreds of meters to more than 1000 m
higher than the floor of this topographi-
cally closed basin (22).

Possible exhumation of the wastes due
to a future climate-induced integration of
the drainage of Yucca Flat and French-
man Flat appears unlikely. Frenchman
Flat (Fig. 2), like Yucca Flat, is a topo-
graphically closed basin, but its playa
(Frenchman Lake) level is 256 m lower
than the playa at the south end of Yucca
Flat. Sedan Crater is about 30 kilometers
north of and 120 m higher than the sur-
face of Yucca playa. Could pluvially
induced headward erosion from French-
man Flat, and ensuing capture of the
Yucca Flat drainage, result in waste ex-
humation at Sedan Crater? The work of
Leopold and Bull (23) suggests other-
wise. A change in local base level of a
major drainage is normally not propagat-
ed far upstream. That is, the longitudinal
profile of a stream is controlled more by
aggradation and degradation in closely
adjoining reaches than it is by a distant
base level. Moreover, relatively resistant
welded tuffs underlie the drainage divide
between Yucca and Frenchman flats.
The presence of these rocks would re-
tard vertical changes in profile even at
the divide. A future event more likely
than headward erosion from Frenchman
Flat to Yucca Flat is the filling of Yucca
playa (altitude, 1195 m) (Fig. 2) to the
altitude of the present low divide (about
1210 m) that separates these valleys,
followed by transport of sediments
across Yucca Flat into Frenchman Flat.
Sediments entering Frenchman Flat
would be retained by an 180-m topo-
graphic closure.

Are the consequences of meteorite im-
pact considerably more severe for shal-
low than for deep burial of TRU or other
toxic wastes? The probability of an im-
pact capable of causing atmospheric re-
lease of wastes buried at 600 m in a
repository mined in salt has been esti-
mated (24) as about 107'* per square
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kilometer per year. The probability of a
meteorite impact resulting in catastroph-
ic exhumation of TRU wastes buried up
to 100 m beneath the surface, as in Sedan
Crater, is on the order of 107!2 per square
kilometer per year (25). These low prob-
abilities indicate that meteorite impact is
not a serious liability to TRU waste
disposal in Sedan Crater (25).
Breaching of radioactive waste in Se-
dan Crater by future volcanism also ap-
pears extremely unlikely. Explosive si-
licic volcanism terminated in the Nevada
Test Site region 6 million to 7 million
years ago (26); moreover, no vents for
such volcanism occurred in Yucca Flat.
The youngest basaltic lavas known in the
region are about 300,000 years old and
occur about 65 km southwest and 55 km
west of Sedan. Basaltic lavas thought to
be between 2 million and 7 million years
old are buried in alluvium or crop out 12
to 20 km southwest of Sedan Crater (26).
The joint probability of volcanism occur-
ring and of exhumation of the wastes, by

intrusion of basaltic dikes or by an explo-
sive volcanic eruption beneath Sedan
Crater, is very small; probabilities of
volcanic disruption on the order of 10~°
per year have been computed for a po-
tential repository site in the southwest-
ern portion of the Nevada Test Site (26).

The concept of burial of TRU wastes
within shallow underground workings in
valley fill in eastern Yucca Flat, and
specifically in Sedan Crater, appears sat-
isfactory with respect to the unlikelihood
of exhumation by natural forces such as
tectonism, erosion, meteorite impact,
and volcanism over hundreds of thou-
sands of years. Exhumation by man is
another matter and is one of the most
difficult problems for any proposed re-
pository of any depth in any geologic
terrane. The absence of known mineral
deposits beneath Yucca Flat, coupled
with the aridity of the region and the
water-table depth of about 580 m at the
latitude of Sedan Crater (Fig. 2), might
tend to discourage future human intru-
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Fig. 3. Diagrammatic geologic section through Sedan Crater (no vertical exaggeration). Abbreviations: QTal, Quaternary-Tertiary valley fill; 7t,
Tertiary ash-flow and ash-fall tuff, massively zeolitized in lower two-thirds; Pzc, Paleozoic carbonate rocks. Stratigraphy and inferred buried
faults are from isopach maps by A. T. Fernald (1978 and 1979) and D. L. Healey (1977), Geological Survey, Denver, Colorado.

sion. I return to this intractable matter in
a concluding paragraph.

Aside from the question of exhuma-
tion, the presence of a major young fault,
such as Yucca fault, at a similar or even
greater distance from a proposed deep
(600 to 900 m) geologic repository below
the water table might disqualify such a
site from serious consideration because
of (i) the possibility of earthquake dam-
age during the construction and opera-
tional period of the repository, and (ii)
the possibility of major shortening of
natural ground-water flow paths by
earthquake-induced fracturing after seal-
ing of the repository. Such short-circuit-
ing could occur as a result of either
fracturing of the seal around the shaft
and (or) drill holes, or creation of new
and (or) extension of old water-bearing
fractures, None of these problems are
possible, however, for wastes buried in
Sedan Crater, because no underground
workings are required and, more impor-
tantly, because the wastes at the bottom
of the crater would be about 480 m above
rather than hundreds of meters below the
water table.

I turn next to matters that, in my
estimation, are more difficult scientific
questions pertinent to the disposal
scheme presented for evaluation. What
is the flux of water through the unsatu-
rated zone beneath Yucca Flat under
present climatic conditions? What fluxes
occurred during the wetter (pluvial) cli-
mates of the Wisconsin Stage of the
Pleistocene and hence, by analogy,
might occur during a future ice age?
What backup systems exist should the
unsaturated zone fail as the primary buff-
er to percolation of precipitation to the
buried wastes, and thence to the water
table, during future wetter climates?

Direct measurements of the flux of
vadose water (that is, moisture in the
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unsaturated zone) toward the deep water
table beneath Yucca Flat have not been
made, and indeed few measurements of
such fluxes have ever been attempted,
even at depths of a few tens of meters, in
similar arid zone environments (27).
However, indirect estimates of maxi-
mum flux and flow velocities are feasible
from hydrogeologic data and interpreta-
tions presented by Winograd and Thor-
darson (13). Based on their calculations
of downward flux of water through satu-
rated Tertiary tuffaceous rocks of central
Yucca Flat into underlying Paleozoic
carbonate rocks (Fig. 3), and on the
physical property data for the overlying
unsaturated valley fill presented by Car-
rol and Muller (14), I computed potential
downward vadose water velocities on
the order of 2 X 1073 m per year (200 m
per 10° years) through the unsaturated
valley fill. This computation (28) is con-
servative in that steady-state conditions
were assumed, that is, that modern re-
charge is occurring through the valley fill
into the tuffaceous rocks and that none
of the vertical leakage through the tuff is
derived from lateral flow; if either condi-
tion does not obtain (28), the velocity
through the valley fill is less than that
cited. The flow rate cited is consistent
with conclusions from data in other areas
(27, 28). Ambient flow of vadose water
through thick unsaturated zones beneath
interfluvial areas of the southern Great
Basin is extremely small; it may not be
readily measurable with present instru-
mentation.

Granted that present fluxes through
the unsaturated zone in Yucca Flat are
insignificant, and thereby favorable (28)
to the disposal of TRU in Sedan Crater,
what fluxes are expectable should the
climate of the region once again become
as moist as it was during the Wisconsin?
Also, would the water table rise to inun-

date the wastes, or a lake form over the
waste burial site, following a return to a
wetter climate? With regard to the mag-
nitude of water-table rise during past
wetter climates, and therefore by analo-
gy during future ones, the recently com-
pleted work of Winograd and Doty (30) is
pertinent. From studies of tufa (or
spring) deposits and by consideration of
the regional hydrogeology, we conclud-
ed that water-table rises of more than 30
m during the Late(?) Pleistocene were
unlikely beneath Frenchman Flat; future
rises are likely to be less than 30 m. The
permeable Paleozoic carbonate-rock
aquifer underlying much of the Nevada
Test Site, and saturated at about 580 m
beneath the Sedan site (Fig. 3), acts as a
regional “‘tile field’’ controlling the mod-
ern deep (as much as 660 m) ground-
water levels beneath the valleys of the
southern Great Basin (13, 30). Deep wa-
ter tables and long ground-water flow
paths characterized the region during
Late(?) Pleistocene pluvial climates and
are likely to characterize it during similar
future conditions.

No geomorphic or stratigraphic evi-
dence suggesting the presence of Pleisto-
cene lakes has yet been found in Yucca
Flat, nor is there evidence for such lakes
in Frenchman Flat (31, 32). Moreover,
the data from dozens of drill holes in
Yucca Flat and observations made in a
168-m shaft (13, 33) penetrating valley fill
have not yielded evidence of lake depos-
its interbedded with the valley fill in
northern Yucca Flat. Finally, under tec-
tonic and topographic conditions similar
to those that existed in Yucca Flat for
the last few million years, a future lake
would be located in the south part of
Yucca Flat (Fig. 2) and would be of very
limited extent. Only 15 m of relief exists
between the playa and the drainage di-
vide separating Yucca Flat from French-
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man Flat (Fig. 2). The land surface at
Sedan Crater, in contrast, is 120 m high-
er than Yucca playa.

The magnitude of moisture flux
through the thick unsaturated zone be-
neath Sedan Crater during past and fu-
ture pluvials is crucial and is not known.
That the climate of the Great Basin was
wetter during the Pleistocene is well doc-
umented by various lines of evidence. At
the Nevada Test Site, direct evidence for
an increase in effective moisture (due to
some combination of reduced tempera-
ture and increased rainfall) derives from
classical studies of fossil pack rat (Neo-
toma sp.) middens by Wells and Jorgen-
sen (34). They showed, as have others
(35) for adjacent areas, that woodland
xerophytic plants (for example, juniper)
grew at altitudes as much as 600 m below
their present lowest occurrences. Yet
desert or semidesert shrubs grew along-
side these trees. The work of these
paleobotanists, while clearly indicating
wetter soil conditions during pluvial
times, is also indicative of semiarid con-
ditions on the valley floors of the region.
Hydrologists (32, 36) have reached simi-
lar conclusions regarding the magnitude
of climatic change in the Great Basin,
particularly the southern Great Basin,
during the pluvials of the Wisconsin
Stage. Additional evidence for the ab-
sence of frequent deep percolation of
precipitation through the valley-fill de-
posits of Yucca Flat during the Pleisto-
cene (and Pliocene?) comes from the
valley-fill sediments themselves. Valley
fill observed and sampled in a 168-m-
deep shaft in northwestern Yucca Flat
contained caliche (calcium carbonate) as
a cementing material at all depths (33).
The caliche occurred as thin white
stringers, as veinlets, and as coatings on
most of the cobbles and boulders. At
several depths caliche layers 5 to 15 cm
thick were noted (33). Such calcareous
deposits in the Southwest are believed
(37) to result from shallow infiltration
and subsequent evapotranspiration of
soil water in slowly aggrading semiarid
aeolian environments. The increased di-
versity and density of plants growing on
the valley floors during wetter climates
might have prevented a significant in-
crease in deep percolation compared
with that occurring today, despite lower
temperatures and (or) increased precipi-
tation.

The cited interdisciplinary evidence
for semiarid climates on the valley floors
of the region during the Late(?) Pleisto-
cene is strong. Nevertheless, the possi-
bility of volumetrically significant perco-
lation of precipitation to the water table
during both past and future pluvial cli-
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Fig. 4. Diagrammatic section of Sedan Crater showing proposed placement of transuranic
radioactive waste (TRU) in a matrix of coarse-grained valley fill covered by fine-grained fill (Z).
Contact of clay-sized to silt-sized valley fill (Z) and underlying coarse-sand to granule-sized fill
constitutes a proposed capillary barrier to flow in the unsaturated zone. Symbols QTal and Tt
are defined in the legend to Fig. 3. Thickness of valley-fill layers above TRU waste is
exaggerated for clarity; otherwise there is no vertical exaggeration. Dimensions of present and
prefallback crater are from Richards (/7); section bearing is N58°W.

mates must be acknowledged (38). Such
percolation does not, however, lessen
the suitability of Sedan Crater (or the
unsaturated zone elsewhere at the Neva-
da Test Site and adjacent portions of the
Great Basin) as a host for TRU wastes.
Several additional major backup systems
are naturally present or can be construct-
ed to increase the travel time and (or)
reduce the concentration of dissolved
radionuclides reaching the water table
following deep percolation. These back-
ups are (i) the sorptive properties of
unsaturated valley fill and underlying
zeolitic tuffs; (ii) the probable dilution,
by one or more orders of magnitude, of
the radionuclide content of vadose water
if it were to enter and move through the
Paleozoic carbonate-rock aquifer; (iii)
the construction of a capillary barrier
above the crater backfill; and (iv) the low
solubility of the waste form itself. The
pertinence of these barriers to Sedan
Crater is discussed briefly below.

With regard to sorption of dissolved
radionuclides by unsaturated valley fill
and unsaturated tuff beneath Sedan Cra-
ter (Fig. 3), the current work of Wolfs-
berg and his colleagues (/6) is especially
pertinent. The sorption ratio that they
determined, which they label Ry rather
than K, (distribution coefficient) in order
to signify the probable absence of ex-
change equilibrium, ranged from 100 to
8000 milliliters per gram for Pu and 100
to 2000 for Am, dependent on the type of
tuff. This preliminary work (done at 22°
and 70°C) suggests that the zeolitized tuff
beneath the valley fill at Sedan (Fig. 3)
and the valley fill itself, because of its
significant content of zeolitic, clayey,
and other tuffaceous detritus, are suffi-
ciently sorptive to be capable of retard-

ing transport of actinide radionuclides in
vadose water by two or more orders of
magnitude in comparison to the move-
ment of the water (39). Earlier work by
Wolfsberg (15) had shown Ry’s for valley
fill on the order of 200 ml/g for ¥Sr and
8000 ml/g for '*’Cs. Despite several ca-
veats (40), all the work to date (15, 16)
indicates that the zeolitic-rich valley
fill and underlying zeolitic tuffs are ex-
cellent sorbing media for most fission
products as well as for the transuranic
elements.

The radionuclide content of vadose
water at the Sedan site will be diluted by
one to perhaps several orders of magni-
tude if such water ever reaches the Pa-
leozoic carbonate-rock aquifer, 480 m
beneath the crater (Fig. 3), and moves
therein toward Frenchman Flat. Assum-
ing steady-state conditions, downward
flux of vadose water through a cylinder
of valley fill with the radius of Sedan
Crater would be on the order of 7 X
10* of the previously cited (I3, 28)
downward flux through the tuffaceous
rocks in the central part of Yucca Flat,
about 1 X 10 of the total flux out of
the carbonate-rock aquifer at the south
end of the flat, and about 1 x 107 of
the total water stored in the carbonate-
rock aquifer beneath the flat (47). These
volumetric comparisons are particularly
meaningful because any downward flow
of vadose water reaching the water table
beneath Sedan Crater occurs in the up-
per reach of the flow system in the
carbonate-rock aquifer beneath Yucca
Flat. That is, the bulk of the south-
flowing ground water (Fig. 2) enters the
carbonate-rock aquifer south of the lati-
tude of Sedan Crater. Moreover, the
aquifer is extremely heterogeneous; dis-
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persivities of hundreds of meters to per-
haps kilometers can be expected in this
dense but extensively fractured aquifer
(42). Both factors—volumetric dilution
and dilution by dispersion—should
greatly reduce the concentration of dis-
solved or colloidal radionuclides moving
through the aquifer to Frenchman Flat;
dilution of one to several orders of mag-
nitude does not appear unreasonable to
me for dissolved radionuclides reaching
the south end of Yucca Flat in the car-
bonate-rock aquifer (43). A further dilu-
tion, possibly 50-fold, is likely during
flow within the carbonate-rock aquifer
between Frenchman Flat (Fig. 2) and the
natural discharge area at Ash Meadows,
Nevada, about 55 km southwest of cen-
tral Frenchman Flat. This final dilution
represents the ratio of the volumetric
flux in the aquifer beneath Frenchman
Flat and Mercury Valley (Fig. 2) to that
leaving Yucca Flat (/3).

The barriers to transport of radionu-
clides from Sedan Crater discussed here-
tofore rely on natural processes. Two
additional major barriers could be ‘‘engi-
neered”’ into the Sedan or other waste
repositories built in unsaturated valley
fill. The first involves the construction of
capillary barriers to vadose water move-
ment. Retardation of downward infiltra-
tion of soil moisture at the contact of
fine-grained and underlying well-sorted
coarse-grained soils or sediments is well
documented in the soil physics literature
(44). This phenomenon, popularly re-
ferred to as the wick effect, reflects the
difference in matric potential (the suction
exerted by a porous medium on its con-
tained moisture) between fine- and
coarse-grained porous media. Down-
ward drainage of vadose water from un-
saturated fine into unsaturated coarse
sediments begins at the saturation level
(in the fine material) at which gravita-
tional forces exceed interstitial tensional
forces. In very fine grained sediment (for
example, clayey silt) that overlies rela-
tively well-sorted coarse sediment, this
level may approach complete saturation
before vertical drainage occurs. This
phenomenon can be utilized as an engi-
neered barrier to keep soil or vadose
water away from buried radioactive
wastes, as has been recognized for near-
ly a decade. Several recent studies (45,
46) confirm its efficacy, but the work of
Rancon (¢6), at the Centre d’Etudes Nu-
cléaires de Cadarache, France, is espe-
cially pertinent. In a 6-year field experi-
ment in a humid climate, Rancon demon-
strated that no infiltration entered an
experimental trench filled with gravel
and capped with fine soil. Even the ap-
plication of 40 centimeters of water
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(about half the annual precipitation) in a
several-hour irrigation experiment did
not result in water entering the coarse
layer. Wick or capillary barriers serve
two general purposes. First, they keep
infiltration close to the surface, where,
particularly in an arid and semiarid cli-
mate, soil water can be removed by
evaporation and transpiration. Second,
they appear to divert percolation lateral-
ly away from wastes buried in trenches,
even in humid climates.

In Sedan Crater, clay-sized to silt-
sized valley fill and coarse-sand to gran-
ule-sized fill may be used for construc-
tion of a capillary barrier when emplaced
as shown in Fig. 4. Such a barrier at
Sedan would be two orders of magnitude
larger than Rancon’s experimental
trench and would undoubtedly require
extensive engineering pilot studies to de-
termine the degree to which various fine-
coarse geometries can retard or divert
deep percolation (¢7). On the other hand,
annual precipitation at the crater is about
one-seventh of that at Rancon’s field
site. The prognosis appears favorable
that the wick effect should work at the
Sedan and other arid or semiarid sites to
greatly retard or even prevent percola-
tion to the depths of TRU burial during
future pluvial climates (48).

The second potential man-made barri-
er to radionuclide transport is the waste
form itself. A final decision has not been
made on the physical and chemical
form(s) into which TRU wastes will be
fabricated prior to burial. Tentative
plans exist (I, pp. 5-1 to 5-10) for con-
verting TRU waste to siliceous slag after
incineration. Obviously, an additional
major barrier to waste mobilization by
vadose water can be achieved by fabrica-
tion of the wastes in a form that has
relatively low solubility and is also phys-
ically and chemically compatible with
the valley fill surrounding the waste.
Discussion of possible waste forms, their
resistances to leaching in an unsaturated
environment, and the state [ionic, colloi-
dal(?)] of the leached actinide elements is
beyond the scope of this article.

Are the natural and man-made barriers
to radionuclide transport, discussed
above, reasonably independent, or will
one or two fail on failure of a third? This
question deserves detailed thought prior
to a commitment to TRU waste disposal
in Sedan Crater or other sites in thick
unsaturated zones of the region. If one
accepts the likelihood that, due to tec-
tonic subsidence, the wastes will not be
exhumed by erosion in the next 10% to
10° years, then the remaining barriers—
slow vadose water flow, sorption, dilu-
tion in carbonate aquifer, wick effect,

and low solubility of waste form—appear
to be largely independent of each other
in that time frame. If, after detailed
study, the probability of exhumation
proves significant, then the attractive
hydrogeologic, tectonic, and geochemi-
cal features of the very thick unsaturated
zone beneath Yucca Flat (and selected
adjacent valleys) might still be utilized
by burying TRU wastes in shallow (say
100 to 200 m) mines at greater depths
than provided by Sedan Crater, but still
well above the water table.

The matter of future human intrusion
is the crucial unresolved, and perhaps
unresolvable, issue. The Interagency Re-
view Group report (3) on radioactive
waste disposal explicitly acknowledges
that we cannot predict the behavior of
our descendants, and that therefore dis-
posal site characteristics must not en-
courage future human intrusion. Obvi-
ously, areas containing economic miner-
als, oil, or gas should be avoided. Pota-
ble water supplies are also economic
resources to be protected. As mentioned
earlier, Yucca Flat is underlain by a
carbonate-rock aquifer containing pota-
ble water. This aquifer is buried as much
as 1200 m beneath the valley floor. Wa-
ter levels in wells tapping it range from
470 to 660 m beneath the surface, de-
pending on their position in Yucca Flat;
beneath the Sedan site the water table is
projected to be at depth of about 580 m.
This aquifer is capable of yielding 100 to
1000 m? per day with drawdown of a few
meters to tens of meters. In northern
Yucca Flat the carbonate-rock aquifer
has a low transmissivity (49). Neverthe-
less, what is the likelihood of humans
tapping this aquifer in the future for
domestic or municipal water? And what
are worst-case scenarios for the radionu-
clide content of the well water at various
distances from Sedan Crater? Answers
to such questions will fall in the domain
of risk analysts and mass-transport mod-
elers. I point out, however, that contami-
nation of this aquifer, caused by TRU
waste burial in Sedan Crater, appears
possible only if there is a sequential
failure of the several barriers discussed
above. Finally, it should be pointed out
that federal control of the Nevada Test
Site area for military uses appears likely
as long as our government survives or
until nations beat their swords into plow-
shares. Are there better places to dis-
pose of nuclear wastes of all kinds—from
the standpoint of maintaining institution-
al control over the wastes—than at a
major military nuclear installation that
also has hydrogeologic, tectonic, and
geochemical conditions highly favorable
for waste isolation?
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Conclusion

The association together in Yucca Flat
of a thick unsaturated zone comprised of
rocks with high sorptive capacity for
radionuclides, very slow flow of vadose
water through this unsaturated zone, and
crustal extension provides a series of
natural and apparently independent bar-
riers to the exhumation, mobilization,
and transport to the hydrosphere of ra-
dionuclides buried in Sedan Crater.
These primary barriers can be augment-
ed by engineered ones to provide addi-
tional safeguards against radionuclide re-
lease in the event of return of the some-
what wetter climates which occurred in
the Great Basin during the Pleistocene
Epoch. The hydrogeologic, geochemi-
cal, and tectonic environment of Yucca
Flat, and adjacent portions of the Great
Basin, appears capable of isolating bur-
ied radioactive waste from the hydro-
sphere for times on the order of tens of
thousands to hundreds of thousands of
years.

Waste burial at relatively shallow
depths (15 to 100 m) hundreds of meters
above the water table obviates concern
about the durability of shaft and bore-
hold seals—a major unknown in the de-
sign and risk analyses of waste reposi-
tories mined hundreds of meters below
the water table. Relatively shallow waste
burial also permits ease of monitoring,
waste retrieval if needed, and can be
accomplished, in the case of Sedan Cra-
ter, at a saving of perhaps $0.5 billion (7)
in comparison with presently authorized
plans to dispose of transuranic wastes in
a deep-mined repository. On the other
hand, several potential liabilities, includ-
ing one specific to Sedan Crater, are
evident. First, burial of radioactive
waste at shallow-depth in a tectonically
active area—both matters at odds with
currently favored concepts for waste dis-
posal—may initially face adverse public
reaction. Second, waste burial in Sedan
Crater might be preempted by joint De-
partment of Defense-~Department of En-
ergy defense-related activities. Third,
unresolved technical matters—some
equally pertinent to migration of radio-
nuclides from deep waste repositories—
remain. For example, our knowledge of
the physicochemical mechanisms con-
trolling sorption of dissolved (colloidal?)
actinide species by common minerals in
unsaturated or saturated environments is
in its infancy. In addition, direct mea-
surements of the downward(?) flux of
water through natural and disturbed (as
at Sedan) unsaturated zones, even to
depths of only tens of meters, remain
sparse, yet such data are needed as a
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check on the flow rates estimated by
indirect methods.

To the degree that detailed -geotechni-
cal studies endorse the ideas proposed
here for TRU wastes, the thick unsatu-
rated zones beneath Yucca Flat, and
adjacent valleys of the Great Basin un-
dergoing crustal extension, also warrant
consideration for the disposal of solidi-
fied low-level and high-level radioactive
wastes and solidified highly toxic chemi-
cal wastes (50). On the basis of available
knowledge, such environments appear
capable of isolating solidified toxic
wastes from the hydrosphere for perhaps
hundreds of thousands of years, barring
future human intrusion.
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holes, or deep (20 to 30 m) trenches. Mining in
the unsaturated valley fill at the Nevada Test
Site has posed no particular problems to date [P.
D. Pack and E. H. Skinner, in Site Character-
ization, 17th U.S. Symposium on Rock Mechan-
ics, W. S. Brown, S. I. Green, W. A. Hustrulid,
Eds. (Utah Engineering Experiment Station,
Univ. of Utah, Salt Lake City, 1976), p. SA3-1].
A preliminary appraisal [J. R. Smyth ef al., Los
Alamos Sci. Lab. Informal Rep. LA-7962-MS
(1979)] of the thermal aspects of an HLW reposi-
tory in valley fill concluded that such disposal
was feasible provided the heat production of the
waste is tailored to the thermal conductivity of
the valley fill. Placement of spent fuel in the
unsaturated zone would necessitate careful
study of the diffusion of gaseous products to,
and their concentration at, the surface. A vari-
ety of rocks occur in unsaturated-zone environ-
ments of the Great Basin, although only valley
fill has been discussed. I have focused on these
unconsolidated sediments primarily because of
their excellent sorptive properties for radionu-
clides and their ability to act as a buffer to deep
percolation. However, toxic waste disposal is
also feasible in other rocks found in unsaturated-
zone environments—for example, welded tuff,
zeolitized tuff, sandstone, and basalt—particu-
larly where such media are overlain by valley
fill; the alluvium would serve as a buffer to store
precipitation near the surface and to return it to
the atmosphere via evapotranspiration. Utiliza-
tion of unsaturated basalt, even in the absence
of an alluvial cover, was suggested by the Na-
tional Academy of Sciences (10) for HLW dis-
posal at Hanford.
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