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ABSTRACT

By designing the engineered barrier system in an unsaturated tuff repository to
constructively use heat, the waste containers can be kept dry for hundreds of
years. Without water, the aqueous processes that release and transport radio-
nuclides do not operate. In the plans of most international programs, waste is
cooled prior to disposal in granite or salt. For these rocks there are technical
issues favoring reduced heat. Recently, it has been suggested that the U.S. Pro-
gram adopt a strategy of cooling nuclear waste prior to disposal. This paper
reviews technical issues associated with the role of heat in an unsaturated tuff
repository and concludes that the overall effect of heat in such a setting appears to
be beneficial to waste isolation.

INTRODUCTION

In 1982, tuff in the unsaturated zone was chosen in preference to three saturated units as the
target horizon for a proposed repository at Yucca Mountain, Nevada. This selection recognized the
numerous virtues of the unsaturated zone for waste disposal as summarized by the U.S.
Geological Survey.l:2.2 Among many reasons for the selection was the recognition that, in
unsaturated rock, decay heat from high-level nuclear waste may be beneficial for a repository.
Given the repository schedule and young age of waste then being considered, calculations showed
that many waste containers might be kept above 100° C (and hence dry) for the entire "contain-
ment" period of 300 to 1000 years required in the NRC regulation 10 CFR 60.4 Because water is
required as a transpert medium for all but gaseous radionuclides, more than 99.9 % of the curies in
such dry containers would remain immobile even if the container were breached by some process
other than liquid aqueous corrosion. Although the DOE Site Characterization Plan 5 does not
explicitly allocate functional performance to the constructive use of heat, this concept underlies the
conceptual designs for the waste packages and the repository.6

*This work was performed under the auspices of the U. S. Department of Energy by Lawrence Livermore National
Laboratory under coniract No. W-7405- Eng-48.
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Eriksson has recently advocated 78 that the US high-level waste program adopt an approach
wherein a maximum temperature of the geologic setting of 90° C is maintained in the repository.
The essence of Eriksson's argument is that "temperatures induced into the geologic setting reaching
levels above the boiling point of water will seriously complicate and increase the uncertainty of
predicting resulting processes and events." 7 After noting DOE published estimates that the surface
" of the rock adjacent to the waste canister may reach temperatures as high as 235° C, Eriksson states
"A temperature of this magnitude will induce severe stresses and trigger complex coupled pro-
cesses and events in a large volume of the geologic setting that cannot be credibly predicted today.
Conversely, a lowering of the maximum temperature of the geologic setting below the boiling point

of water would eliminate most of these uncertainties." 7 Eriksson and Pentz 8 state that “The most
apparent benefit of reducing the temperature to this level is the simplification and possible elimina-
tion of coupled multi-phase flows and complex geochemical and hydrogeochemical reactions.”

The U.S. Nuclear Waste Technical Review Board (NWTRB) has also raised the issue of

reducing the thermal loading of a repository in order to reduce uncertainty.  Both Eriksson and
the NWTRB base their suggestions in part on the common plans in the international nuclear com-
munity to cool waste prior to disposal. For media other than unsaturated rock, there are technical
issues favoring reduced heat. In salt, brine migration, rapid closure of openings, and possible
fracture of cap rocks have been raised. In saturated granite, the bentonite packing material is the
major issue. The purpose of the present paper, however, is to review the role of heat only in an
unsaturated tuff repository. o ;

DISCUSSION

Two key assumptions appear to underlie the concept of limiting the temperature to below
boiling or 90° C: (1) processes and events at higher temperatures have deleterious consequences,
and (2) uncertainties in predicting processes and events are significantly greater for temperatures
above the boiling point of water than below. In order to determine whether these assumptions
apply at Yucca Mountain, one has to look at related information such as the volume of rock heated
to atl);)ve boiling, the processes and associated uncertainties, and finally at the engineered barrier
itself.

Volume of rock heated to greater than 100° C

In the conceptual design for a Yucca Mountain Repository, the volume of rock heated to
greater than 100° C is relatively small compared with the distance to the accessible environment
(The boiling point of water at the Yucca Mountain repository level is about 97° C; 10 the value of
100 is used for convenience). It is less than about 30 m thick for various vertical hydrological

fluxes and times out to 400 years post-emplacement.!! Because the thermal peak at the emplace-
ment hole wall is attained at about 20 to 40 years post-emplacement, this volume grows little
beyond 100 years.

Not only is the volume of rock heated to greater than 100° C small, but also the volume
heated as high as 150° C is still smaller. While the calculations cited by Eriksson 7 show maximum
temperatures at the emplacement hole wall as high as 235° C, the reference he cites 10 also shows
the maximum rock temperature one meter from the borehole wall peaking at 185° C ten to twenty
years after emplacement and declining to 150° C by 100 years. Five meters from the borehole
wall, the temperature in the reference design never exceeds 150° C. Even assuming uncertainty
and deleterious processes at these temperatures, the rock volume affected is small relative to the
scale of the geologic setting that will provide isolation.



Processes and uncertainties

Fluid flow: There are two fluid-flow systems that need to be modeled in order to understand
the aqueous transport of radionuclides from an unsaturated repository: the natural system and the
perturbed system. The natural system includes the large-scale infiltration of pulses of liquid water
originating at the land surface and the potential for vapor-phase water transport and capillary
condensation redistributing water through the vadose zone. The perturbed system is the response
of the natural system to heat from the introduced waste. Both fluid-flow systems will have to be
modeled regardless of the temperature limit of the repository. For both systems, the models used
will have to handle two fluid phases: liquid water and water vapor. Thus keeping the temperature
below 90° C does not result in the “possible elimination of coupled multi-phase flows and complex

geochemical and hydrogeochemical reactions™.8

The moedeling of processes involved in drying the rock at the repository horizon due to
heating above the boiling point of water is easier than modeling sub-boiling processes. First the
drying involves one geologic unit, whereas modeling pulses of liquid water from the surface
involves multiple units. Second, the scale of the drying is much smaller (vertical 60 m) than the
500-600 m from the surface to the water table. Third, some drying will occur for any temperature
above ambient, and this will have to be modeled even if temperatures are held below 90° C
Fourth, experimentally validating the model is more feasible for the smaller scale, more rapid
boiling process. Experiments demonstrating the feasibility of such validation have already been
conducted.12 Fifth, modeling the flow of water vapor is less sensitive to variations in fracture

geometry and presence of fracture coatings than modeling the flow of pulses of liquid water.13
The last is true even at the local scale in the repository, so that it is easier to model the drying of the
rock around waste canisters than the flow of sub-boiling fluid in a thermal field.

To reiterate, the uncertainties of modeling fluid-flow in an unsaturated tuff repository are not
reduced by maintaining a temperature below the boiling point of water.

thmmm_mm The ambient rock temperature at Yucca Mountain at the
proposed repository level is about 30° C. While it is possible that having no elevation of
temperature at all may reduce uncertainty by removing an entire process from those that need to be
modeled, the benefit of restricting temperature to about 90° C is not clear. Temperature accelerates
the rate at which most reactions proceed in liquid water under hydrostatic pressure, following an
Arrhenius relationship for which the boiling point of water has no special significance.

While water held under high capillary pressure may remain liquid to 140° C, 1 most water
will boil at 100° C. Therefore, in rock at or above 100° C aqueous reactions will take place only
with a small volume of residual capillary water, while rock at 90° C will react with a much larger
volume of contzined water. Even if the rock did alter in the presence of heat and liquid water, the
alteration products would favor waste containment, being hydrous clays and zeolites that sorb
radionuclides. Alteration in the presence of steam is most likely to take place along fracture
surfaces, which is the exact place it would be most useful in inhibiting migration of radionuclides.

The chemical changes in the residual liquid during open system boiling need to be
considered, because a more aggressive solution could be produced. Compared to the rock, the
volume of water available to boil is small, less than ten volume percent. The time period during
which boiling will occur is short for any discrete volume of rock. By contrast, evaporation of
water at 90° C will occur slowly, producing a concentrated solution over long time periods. In
either case, due to the chemical buffering available from the rock itself, the consequences are
unlikely to be significant.



The same arguments that favor a dry environment for inhibiting reactions involving the
container material or the waste form pertain to the rock itself. The rock where the waste would be
emplaced consists predominately of non-hydrous silicate minerals. Even though thermo-
dynamically metastable at ambient Yucca Mountain conditions, the kinetics of alteration to more
stable mineral assemblages are very slow. These volcanic rocks have not altered their mineralogy
despite hundreds or even thousands of years at temperatures between 100 and 235° C following
their formadon. '

A few minerals contained in the tuff exhibit reversible changes in crystallographic structure at
a certain temperature. Because these phase transitions produce a volume increase, this has been
cited as a possible deleterious effect of heat. However, the significant transitions are not near 90°
C. The alpha-beta cristobalite transition, which occurs at 225 *25° C and results in a volume
increase of about 5%, is the only one within the possible range of repository rock temperature.10
Because cristobalite is generally less than 30% of the rock volume and is distributed in small
grains, there would likely be little effect even were this transition temperature reached in a few cm
of rock around the borehole.

Hydrous clays and zeolites dry in the presence of heat and lose volume, some ultimately
undergoing irreversible transformations. These reactions are inhibited by the presence of liquid
water and water vapor, and are also compositionally dependent. The important considerations for
this discussion are that:

(1) aithough significant in the underlying geologic unit, hydrous clays and zeolites are
present only in very small amounts in the repository unit,

(2) there are measureable effects in both smectite clays and clinoptilolite zeolite as low as
50° C with no sharp discontinuity in the effect at the boiling point of water (For certain
compositions, total reversible smectite collapse could occur at or lower than 90° C), and
(3) irreversible effects at the expected (~ 1 ATM) water vapor pressures tend to occur in
excess of 150° C, a temperature that only a very small volume of rock will exceed.

Rock Mechanics: Heat-induced stresses are well below strength of the rock for designs in
both granite and welded tuff. Concern over either borehole stability or drift stability have not been
significant in conceptual design studies at Yucca Mountain. Matrix thermal expansion is first
accommodated by closure of fractures. For the temperatures expected, the total volume change of
the rock due to isobaric thermal expansion is less than one percent.

Only for the designs in basalt at Hanford, where the repository was very deep and the
ambient temperatures and lithostatic stresses were already high, has rock stability been a concern in
the U.S. Program. In the Hanford case, intact (unfractured) rock was essential as a barrier to
underlying and overlying aquifers, whereas at Yucca Mountain the repository horizon is
extensively fractured and induction of new fractures is not a concern.

The engineered barrier system

Elevated temperature in a saturated site involving liquid water under hydrostatic pressure
would accelerate reactions involving many components of the engineered barrier system, A
number of these aqueous reactions could be deleterious, including container corrosion and waste
dissolution. In contrast, an unsaturated repository above the water table leads to a condition of
elevated temperature in the presence of air at atmospheric pressure. The deleterious aqueous
reactions noted for the saturated case do not occur.

While it is generally true that material degradation phenomena increase with temperature,
there are exceptions. For example, the general corrosion and oxidation rates of candidate austenitic

stainless steels for a Yucca Mountain container declined from 50 to 150° C.14 In many aqueous



solutions, pitting susceptibility of certain austenitic alloys reaches a maximum in the 50 10 90° C

range and improves above that.15 Protective oxide layers (which are statle in the Yucca Mountain
oxidizing environment) on nickel-chromium-iron alloys and titanium alloys are thicker, more

adherent, and denser at elevated (200° C) temperatures. 16

- An argument commonly made for limits on heat output of the waste is the ability to use
packing material. Limits similar to the 90° C limit suggested by Eriksson originated for a Swedish

repository in a saturated granite with bentonite packing.!7 Because of its low thermal conductivity,
packing at Yucca Mountain could raise the peak cladding temperature of spent fuel above

established limits.!8 Either older cooler waste or a reduction in the amount of waste in each
container would be required. However, assuming these design adjustments are made, is packing
really an advantage for a repository in unsaturated tuff?

Because it provides a solid matrix with a suction potential, packing assures that water
arriving at the edge of the borehole wall eventually will contact containers. Packing also provides a
reactive interface for corrosion and a medium for diffusion of waste radionuclides from the
container to the rock. This is true for both saturated and unsaturated sites. With an air gap in an
unsaturated site, it is possible that a single package could remain uncontacted by liquid water from
the borehole wall for 10,000 years. Liquid water draining along a fracture could enter the
borehole, drain down the wall and out the bottom of the hole without contacting the container.

A concern about heat specific to a Yucca Mountain repository is its potential for increasing
the rate at which any UO» in spent fuel that is exposed to air will oxidize to U3Og, thereby
disaggregating the fuel.19 For this reason, containers are filled with an inert gas and sealed before
being emplaced in the repository. In this case, heating to above the boiling point of water can keep
the container dry (hence intact and filled with inert gas) during the exact time the spent fuel is most
reactive (due to heat). By the time that the container temperature falls below boiling and aqueous
corrosion can occur, the reactivity of the UO is significantly lower and the short-lived highly
soluble and gaseous radionuclides have decayed.

Although current engineered barrier system designs would lead to a small volume of rock
heated above boiling, having a larger volume would not necessarily be deleterious. Danko 20 has
proposed techniques for distributing heat in a Yucca Mountain repository that would lead to a
larger volume heated above 100° C, but in which the heat is more evenly distributed and maximum
rock temperatures reduced. Eriksson in the paper suggesting a temperature limit below 90° C
discusses a design concept (Minimum Disturbance to the Geologic Setting or MD) wherein heat
could be redistributed and removed in a repository instead of storing waste on the surface to cool. 7
Such concepts that allow the rock to dry while not greatly exceeding 100° C offer the potential
benefit of combining constructive use of heat to dry the rock while moderating processes that
accelerate with increasing temperature.

CONCLUSIONS

In order to evaluate whether possible deleterious effects of heat outweigh the beneficial
effects, the following questions need to be answered:
1. Is the volume of rock heated above 100° C significant?
2. Are the processes in this heated zone deleterious to waste isolation?
3. Are there significantly greater uncertainties in this zone compared with surrounding areas
of lower temperature?

Volume: The volume of rock heated to greater than the boiling peint of water is about 30
meters thick. At Yucca Mountain the boiling point isotherm is unlikely to extend into overlying



and underlying rocks that have a higher percentage of hydrous minerals affected by temperatures as
low as 100° C. The volume heated above 150° C is small, extending only a few meters arcund
each waste package. Even if such temperatures were deleterious to the rock’s capability to isolate
waste, these volumes are small compared with the overall scale of the mined geologic disposal
system.

Processes: The fluid flow processes at temperatures above the boiling point of water dry the
containers and adjacent rock and are thus favorable to waste isolation. The geochemical and
mineralogical processes at elevated temperatures may lead to a slight decrease in sorptive capability
near the waste that is reversible upon resaturation and cooling and which can occur even below 90°
~ C. The heat-induced stress may close fractures and induce loss of permeability immediately
adjacent to the waste packages--an effect which is also continuous with respect to temperature and
therefore present below 90° C. Neither the loss of sorptive capability nor permeability in the very
near-field has been shown to be deterimental to waste isolation. Therefore the processes that take
place in the rock at temperatures greater than 90° C are either favorable or benign to waste isolation.

Uncertainty: Because most of the effects of temperature on geochemical processes are con-
tinuous rather than discontinuous with respect to the boiling point of water, there is no discrete
increase in uncertainty at 100° C. While it is true that a great deal more information exists for many
materials and processes at room temperature than at elevated temperatures, the difference between
90 and 110° C is not nearly as pronounced. Furthermore, because of the acceleration of reaction
rates with increasing temperature, the certainty of information becomes greater at higher tempera-
ture for many reactions because they are more easily measured experimentally. The uncertainty of
predicting liquid pulses in the unperturbed environment is much greater than the uncertainty of pre-
dicting the location and effects of a drying front. Because tracking of a drying front is discrete,
more and better data can be obtained than for a sub-boiling condition in rock.

Overall, the effect of heat in an unsaturated tuff repository appears to be beneficial to waste
isolation.
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