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INTRODUCTION

The vadose zone cr that subsurface region lying between
the surface and the watar table, is wall developed in arid
and semi-arid regions. In arid regions the vadose zZone may
be ssveral hundred mstars thick while in areas of higher pre-
cipitation it say be nonexistant or cnly a few msters thick.
in the vadose zone, whars the pore spaces beatwesh grains and
where fractures in hard zock are not saturated with ground
wator, thero would ba a long hydraulic flow path between the
nuclear vaste repository and the saturated regims beneath the
watsr table ard thus a long, tims-consuming pathway for radio-
nuclides to be transported, ultimataly to the biosphere.
Primarily in this pact, ths . zone in arid regions is
considered as a possibls cnvircnllnt for geologic isolation
of nuclear waste.

There ars aeveral topographic and lithologic combinations
in the wadose zone of arid regions that may lend themselves to
wasts isclation considerations. In some cases, topographic
highs such as mesas and interbasin rances--—comprised of sevw
oral rock types, may contain essentially dry or partially
saturatad conditions faverable for isolation. The adiacent
basins, especially in the far western and southwestern 0. S.,
may have no aurface cor subsurface hydrologic connections with
systems ultimately leading to the ocean. Some ruck types may
have the favorable characteristics of very low permeability
and contain appropriate minsrals for the strong chemical
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retardation of radionuclides. Environments exhibiting these
hydrologic and geochemical attributes are the areas underlain
by tuffacecus rocks, relatively common in the Basin and Range
geomorphic province. Adjacent valley areas, where tuffaceous
debris makes up a significant component of valley fill allu-
vium, may also contain thick zones of unsaturated material,
and as such alsc lend themselves to strong consideration as
repository environments. The distribution of tuffaceous high-
lands and adjacent alluvial valleys in the northwestern Basin
and Range province is shown in Pigure 1.

An appraisal of wazte isolation in the Sedan Cratar of
the Nevada Test Site [1] brought to the attention of the
scientific and engineering communities the attributes of
alluvial environwments. Partly for thie reason and alsc be-
cause of the present focus of wvaste repository investigations
at the Nevada Test Site, this paper summarizes the aspects of
nuclear waste isolation in unsaturated regims. in alluvial-~
£illed wmlleys and tuffacecus rocks of the Basin and Range
province. (A mcre detailed report which furnishes the basis
for thia paper is in preparation (2].) Highland and alluvial
areas in other arid regions underlain by other rock types mey
serve equally well or better than those described hsre, Such
areas include rangas and hills of basaltic and other wolcanic
rock in the Columbia Platsau, and large mesas underlain by
sandstone in the Colorado Plateau and Great Basin.

REQUIREMENTS FOR A WASTE REPGSITORY SITE

The principal requirement ol a high-level waste reposi-
tory site is that it provide long-term (10° years cor ecre)
isolation of radionuclidas. The engineering aspects of the
gite sust also be suitable for waste repository comstruction
and for smintenance of styvuctural intagrity during repository
operations.

The primary mechanism for radicnuclide escape will be
migration of contaminated groundwater. The requirament, at
present, is that the groundwater travel time from the repeosi-
tory to the ible envir t must substantially exceed
1,000 yeara (3], In order to mset this requirement, the pro-
posed site must exhibit a number of favarahle conditions:

« Groundwater acceas to and transport from the reposi-
tory must be minimized; therefore, the site should
have low groundwater content and its lithology should
inhibit circulaticn within the host rock and between
hydrogeologic units., Conaideration must be given to
potential changes in regional groundwater flow due to
human activity or climatic changes.
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Figure 1.
mrovince, showing highland areas that contain tuffaceous
Valleys with appreciable components of tuffa-

rocks.
csous alluvium lia between these highlands.
[XBL 8112=4898)



+ The host rock must ba of sufficient thickness and
extent to maximize groundwater transit time to other
geologic units.
The sineralogical ard geochemical characteristics
should be such that they promcote precipitation and
sorption uf radionuclides and do not increase but
possibly decrease, groundwatsr mobility. In response
to thermal loading, these properties should reamain un-
altered or be enhanced.
The response of the rock encompassing the repocitory
to its excavation and to the heating caused by the
wasze should haw mirimal effect on the hydrological
integrity of the repository.
. Any major geologic discontinuity should contribute to
isolation (such as a fault zone acting as an aquitard).

Another possible source of radionuclide escape is exhu-
mation by natural processes, tectonism, volcanism and erosica,
or by man. Human intrusion could be deliberite or inadver-
tent. Therefore the site should offer little resourcs value,
bs geologically stable, and be at sufficient dapth to make
cxhupation by man difficult and by erosion highly improbable.

A given site may be determined to mset the requiremsnts
as that site exists today but, aside from the changas induced
by construction and wasts storage, the site is subject to
long-tern natucal procesass. It will be necessary to predict
those processes for tens and possibly hundreds of thousands
of years. For this purpose the assumption will be mde that
those processes which hive buen opsrating on the site during
the Quaternary Period will continus to operate. Therefors,
it will bs necessary to evaluate the hydrogsclogic, geochem=
ical, geocmorphic, structural and tectonic stability, and cli-
satologic conditions since the start of the Quatermary Period.

It is not likely that an ideal rock type or an ideal
site will be found. Each sust be analyrzed and avaluated with
an open maind and any conditions, natural or man-made, which
detract from isclaticn must bes judicicusly weighed against
those which favor the site.

GEOTECHNICAL FLCTORS

The unsaturated zone in alluvial-filled valleys of the
Basin and Range province aoffers several factors that would
help inhibit the migration of radionuclides from discrete
sitos into and through the hydrologic system: (1) the flux
of moisture inte and through the alluvium is extremesly low;
(2) the components of the alluvium at apecific locatians
favor the sorption of radionuclides if they should escape
from caste canisters; (3) at some locations the alluvium is



underlain by tuffaceocus rock above the water table, which
also provides a lower-permeability, scrptive barrier to down-
ward sigration of radionuclides (This is illustrated in an
idealized geoclogic cross section in Figuze 2.); {4) the thick-
ness of the alluvium exceeds 1000 m at many localities and
the thickneas of the Q zone ds SO0 m. These fac-
tors, together with the presence of a tuff aquitard helow the
alluviua, provide & substantial hydrologic flow path between
a repository at a dapth of a few hundred msters and the under-

lying saturated zomm.

Besin Margin
Foult Zone

Pigure 2. Schematic geclogic crcss saction through an
idealized Basin and Range valley, showing alluvium (Qal)
overlying tuff (Tt) and Paleczoic carbonate rock (Pze),
with the watar table at dspth in the Paleozoic rock
(based oo {1]). {XBL 821-1621]

Several of tha advantages of waste isolation in the
vadoss zone of alluvium also pertain to isolation in tuffa-
c3cus rocke-e-low moisture flux, high sorptive capacity, and
substantial thickness of rock above the water table. Speci-
fic to tuff is the attribute of having competent rock units,
anenable to machine mining and requiring minimal ground
support in underground workings, sandwiched betwesn less
competent but highly sorptive geclitized units.

It is esphasized that even though tuffs underlie high-
land areas, the depths at which a repository would be located
should be deterained primarily by the occurrence of a faver-
able stratigraphic setting. Whether the repository is in the
tuff sequence comprising a topographic high (a mesa or range)
or at a depth well below tha local topographic r=lief, is
less important than its location above the water table in a
competent tuff unit encompassed by zeolitized units. It is
conceivable that a favorabls setting might b a tuff unit
overlain by alluvium beneath a Basin and Range valley {1].
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Tectonics, Volcanism and Seismlcity

Properly chosen sitas in alluvium of tsctonically active
areas may take acventage of local tactonlsm--situztion of a
repository on the basinward side of an active normsl foult
would insure that an incresasing thickness of —aterlal would
accumulate above the repository with tiss, alleviating the
concern of future tsctonic-erosive exhumation of the site [1].
Unless a site in tuff is unfortunately located in or closely
adjacent to a caldera which will have volcanic activity asso-
ciated with it in the nsar geologic future (a possibility
which should be laid teo rest by zppropriate geological and
geophysical investigations in the course of site selection)
the concerns of volcanism and seismicity aze similar to thcose
for the case of an alluvial repository. Obvicusly, the loca-
tion of tha repository astride an uctive Basin and Range
fault msust be avoided. The relatively kigh seismicity of the
Basin and Range region requires that the response of surface
and underground facilities to ground motion associated with
earthquakes of given mgnitude and epicentral distance be
assessed for given pite locations, and these should bes taken
izto account in the design of the facilities.

Climatological Considerations

Evidence of the climats in the Basin and Range province
during Pleistocena pluvial periods, whan precipitation was
50 to 100% greater thin today's (7, 8], indicates that future
pluvial peric<s would result in increases in moisture infil-
traticn rates. However, the saturation conditions and water
table elevations &t alluvial sites away from obvious loca=-
tiona of playa lakes would not differ significantly from
those of today (9] insofar as affecting a repository in
alluvium. Climatological considerations for a site in tuff
are essentially tha saze as those for alluvium; significantly
increased moisture infiltration rates in a future pluvial
period may affect the position of the water table. However,
as with alluvial areas in arid regions, the effect of even
dovbling the infiltration rate should be insignificant be-
cause the xates are s¢ low and the additional vegetative
cover would enhance moisture transpiration.

Thermal Response

A principal concern of waste jaclation in the unoatura-
ted zone is the responam of the hoat rock to heating. For a
given waste form and thermal loading, the maximum temperature
rise in the plane of a repository dus te the introduction of
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Pigure 3. Thersal conductivities msasured in situ in the
southern Black Rock Desert (average value = 1.05 t Q.15
W/m°C, 71 samples over 12 holss, data from [14]).

[XB1 8111-4849]

the waste varies with 1/vKpc, where K i3 the rock's thermal
conductivity, p its denaity, and ¢ its specific heat 110]).
The thermal conductivity of alluvium covers a large range, as
chown in Figqure 3, and depends stroagly on the degzee of sat-
uration. The influence of thermal conductivity on repository

speraturc i has been calculated [9] based on proce-
dures developed by Wang et al. [10] and is illustrated in
Pigqure 4. Calculations were based on a rspository depth of
150 m, an area of 2000 acres (radius 1605 m), and a thermal
loading of 40 k%/acre with 10~year-old spent fuel. The range
of thersal conductivities shown is that which could be
expacted for dry, poorly indurated alluvium, 0.5 W/m°C, to
saturated indurated alluvium, 1.5 W/m*C. Peak repository
temperature increasss are 130°C and 75°C, respsctively, and
occur 53 years after emplacement of the waste package. These
maxisum tarperatures ars an average for the repository as a
whole; the actual saxizum local temperature will strongly
depend on the¢ smmplacemant geometry and the thermal loading
of sach canister.

Repository taspsratures in excess of 100°C can result

in accelesratod drying of saturated or partially saturzted
alluvium, and a correspondinc decrease in thermal conductive
ity. Given a material vith 308 porosity, a saturated thermal
ennductivity of ¥ W/m®C, and a geometric asan model for the
depand of ductivity on watsr saturation, thea increase
in repository tvwaperature with reduced watsr contest wvas
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Figqures 4. Effects of thermal conductivity on alluvial
repository tsmperature, spent fuel, 10 yesara out of the
reactor. [XBL 825-1391)

detsrained. Pigure 5 presents the temperature rise, AT, nor-
salized with resipsct to the parature i for a fully
saturated (wet) or dry alluvium. As indicated, ths reposi-
tory in dry alluvium can have a temperature increaso of 1.5
times that of a rwpository in saturated material.

The ramifications of drying saturated or partially satu-
rated alluvium have led to a consideration of the areal ther-
mal loading needed to keep the maximun repository temperature
at or below 100°C. FPFor a thermal conductivity of 1 W/a°C,
this is 33 kW/acre, and for a dry alluvium of conductivity
0.38 W/m*C, loading would be limited to 20 kW/acre, assuming
an ambjent tsmpesrature of 25°C.

These results aud thoss in Pigure 5 are conservativs as
they ars based on constant material properties for all the
saterial surrounding the repository. They do not coasider
the beneficial affect of heat transport by vapor diffusion.
In reality, the properties will vary with distance from the
repository hsat source, and anly the ground nearest the
repository openings will experience a large decrease in
thermal conductivity due to drying. Teo establish a realistic
areal thermal loading for alluvium, it is necessary to be
site- and satserial-apecific and to emdloy improved predictive
sodels with variable therzal properties.
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Figure S. Variation of tssperature rise with water
saturation. {XBL 8111-4883)

Othexr factors affecting repository vemperature in allu-
vium are waste form and repository depth, while repository
area has little effect on tamperaturs. Disposal of reproc-
essed wasts results in a maximsum tesperature incraase of 76°C,
35 ysars after emplacemsnt, compared with 92°C for spent fuel,
assuming a thermal coaductivity of 1 W/m®C and 40 kW/acre
thermal loading. Varying the repository depth from 150 to
600 a3 has negligible effect on the maximum temperature, but
rasults in & reductiin in temperature for repositories at
shallowsr depths after 300 years o storage.

Similar calculations to thoss for alluvium have been
made for the thermal response of a repository in tuff. Basged
on a repository depth of 800 m, an arsa of 2000 acres (radius
of 1605 m), and a thermal loading of 40 ké/acre with 1Q-year-
old spent fuel, the influance of thermal conductivity on
repository tsmparature increase has been calculated, curves
are shown in Figure 7. (The rangs of conductivity in tuff
is shown in Figure 6.; PFor a conductivity of 0.9 W/m°C,
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Figqure 6. Histogram on the thearsal conductivity of wff;
data from [35], [XBL 8171-4850]
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representative of a dry, nonwaldea tufi and 2.7 W/m°C for a
ssturated welded tuff, the increases in temperature are 87
and 51°C, respectively. These maxima occur 58 years after
eaplacement of the waste and, as for alluvium, are average
temperatures for the repository.

Comparison of Pigures 4 znd 7 ryveals the significant
difference in predictad repository tharsal responses for
underground waste dispcsal in tuff and alluvium. This dif-
ference is not only relatsd to the relatively higher thermal
conductivity of tuff as compared to alluvium, but also the
higher density of tuff. In both cases the maxzimum tempera-
tures occur at approxisately the same time.

The accelerated increese in tsmperature due to dehydra-
tion of tuff (especially nonwelded units) is, as for alluvium,
a factor limiting the maximum repceitory temperatura and
hence areal thermal loading. On establishing a 100°C maxizum
temperature for the repository, the permissible thermal locad-
ing in dry tuff (thermal conductivity of 1.0 W/m°C) ig
27 kW/acre; for saturated or partly srturated tuff
(1.8 W/m*C) the loading is 3S kW/acre. This assumss a 44°C
ambiant tampsrature based on a 20°C surface temperature, and
a 30°C/km geothermal graient with the repository horizon at
800 m derth. To more accurately determine the allosable
areal theraal loading for a prescribed tempezature requires
detailed modeling of the dehydration process, including the
fluid and vapor pressure, heating rate, aad presgsure releasa
path length.
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Pigqure 7. Effacts of thermal conductivities cn tuff
repository tesperature, spent fuel, 10 years aut of the
rsactor. [XBL 8112-4888)

Czlculations, similar to those for alluvium, wers rxade
for tuff, taking into account othsr factors influeccing
repository tasparature--wasts fora, raspository dept, and re-
pository area. Disposul of reprocessed waste results in a
BAYiBUE temperature increase of 51°C, 25 years aftar esplace-
aant as cospared to 62°C for spent fuel, assuking a thermzl
conductivity of 1.8 W/m"C and 40 kW/acrs thermal lozding.
Altering repository depth from 4300 m to 1600 m and arez from
500 2o 800C acres has nagligible effect on the thermal
response up to 2000 years after vast: esplacament. PFor a
longer storage time, L.e inf'-ence is relativaly minor with
a greater depth and largur ai.d, resulting in slightly
increased tesperature rices.

Laboratory experiments on cores of saturated tuff were
performed to msasure the rate of watsr loss on heating from
25 to 150°C, and two models were formilated to pradict the
neasured results {12], In one mudel, the transpcrt of vapor
was treated as Darcy flow driven by the higher partial pres-
sure of water vapor at the liguid-vapor front. The other
@odel assumes that sclecular diffusion is the doninant mode
of water vapcer transport. A compariscn of the two predicted
rooults with the experimcntal msasuremants clearly indicatsd
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the dominance of the diffusion mechaniam. Purthersore, an
in situ heater experiment at G tunnel in the Grouse Canyon
tuff (13) basically confirms the results of the luboratory
experiment,

The thermal-hydrological properties of densely welded,
strongly fractured tuff units which may contain lithophysal
zones must also be considered. Congiderations of rock mass
parmsability in tuff, in the coataxt of waste isolation,
would be similar to those of othar hard rock types--princi-
pally the effect of heating on the near-field and mid-field
hydrologic aystems. The coupled thermomechanical-hydrologic
effects of heating are also of concern, as are the presence
of sinerals subject to wlume change in response to heating
[14] and the sffects of varying degrees of saturation om
these responses.

Construction Considerations

Construction of & relatively shallow repository in
alluvium, either by underground mining mssthods if the dapth
exceeds 100 m or by open pit msthods at shallower dapths, is
cosparable to construction costs in hardsr iock under satur-
ated conditions [4]. Based on experiance at the Nevada Test
Site [5], the strangth charactsristics of alluvium ars such
that extensive ground support fcr undergrsund workings is not
required to depths of 200 m. Open pit construction would
permit installation of barrier materials cosmpletely encompass~
ing the repository !f necessary. In either case, a reposi-
tory at a relatiwely shallow depth in alluvium, compared with
a deep hard rock site, permits relatively comparable esase of
amplacesent and if necessary retrieval of the waste.

Only underground construction is consigered applicable
to a site in unsaturated tuff. This would take advantage of
a competent, most likely densely welded unit, amenable to
machine mining, and requiring minimal ground support of the
workings ([6]. The stratigraphic position of such a unit be-
twaen zeclitized units to furnish sorxptive barriers would be
highly desirabli.

Rescurce Potential

The Bagin and Range province has a very low population
density--tho vast majority of the land is under fedaral jur-
isdiction; large alluviated areas exist where there is no
present mining activity. The future mineral resource poten—
tial of thege areas is not considered o be gignificart. At
sites . ognable to waste isolation, the depth of the water
tzble .. excossive for development of groundwater resouzrces.
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Cospared with alluvial sites, thzre is a greater poteatial
for conflict of a waste rspository location with mineral
resource potsntial in the tuffaceous rocks. The occurrence
of precious metals is relatively widespresad in ash flow tvffs
associated with sageatic-hydrothersal systems of Te.tiaxy
caldaras. A resoucce assessmunt should therefcre bs an im-
portant part of the site invaistigations.

Advantages and Concerns of Waste Isclation in the Unsaturated
and Saturated 2Gias

In cosparing the attributes of wests isclaticn in the
unsaturated zone of arid regions and saturated hydrologic
regimes, major advantages and concerns are clearly identifi-
able in the considerations of transport of radionuclidss,
thermal effacts, and the potential for human intrusion.

These are presented in brief in Table 1. Given appropriate
atudy, beyord the scope of this paper, similar cocxpariscns of
advantages and concerns of unsaturatad and saturnicd regimes
a2y e made for the consideratiocns of the effect: con the
waste fora and cn its surrounding canister and ovi.rpack mat-
erial. Considerations woula include the affect cof saturated
and unsaturated conditions at repasitnry temperature and
presaure on corzosicn of the canisters, on the leaching of
waste forms, and on the mechanical and hydrological integrity
of overpack and backfill matsrial.

It is concluded that the unsaturated zones in alluvium
or tuffaceous rocks of the Basin and Range province are
strong candidats environasnts for consideration as sites for
nuclear wasts repositaries, and as such should be investi-
gated as comprehensively as the other geologic settings pres-
ently being considered.
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