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ABSTRACT: Heat-generating nuclear waste disposal in [ penydration of salt samples | vicde! for water release
bedded salt during the first two years after waste emplacement s 3 *
is explored using numerical simulations tied to experiments of
hydrous mineral dehydration. Heating impure salt samples to
temperatures of 265 °C can release over 20% by mass of
hydrous minerals as water. Three steps in a series of : :
dehydration reactions are measured (65, 110, and 265 °C), ; 0
and water loss associated with each step is averaged from L& e '
experimental data into a water source model. Simulations using

this dehydration model are used to predict temperature, moisture, and porosity after heating by 750-W waste canisters, assuming
hydrous mineral mass fractions from 0 to 10%. The formation of a three-phase heat pipe (with counter-circulation of vapor and
brine) occurs as water vapor is driven away from the heat source, condenses, and flows back toward the heat source, leading to
changes in porosity, permeability, temperature, saturation, and thermal conductivity of the backfill salt surrounding the waste
canisters. Heat pipe formation depends on temperature, moisture availability, and mobility. In certain cases, dehydration of
hydrous minerals provides sufficient extra moisture to push the system into a sustained heat pipe, where simulations neglecting
this process do not.
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B INTRODUCTION for HGNW and natural gas storage.”” Bedded salt has been
studied at the Waste Isolation Pilot Plant (WIPP) in southern
New Mexico, and elsewhere in the U.S.” Recently, a new “in-
drift” waste emplacement strategy for disposal of HGNW has
been proposed.'® In this method, waste canisters are placed
directly on the floor of horizontal drifts, and run-of-mine

The question of where to store the nation’s heat-generating
nuclear waste (HGNW) provides motivation for scientific
research on disposal options. HGNW is composed of both
high-level nuclear waste (HLW) from nuclear weapons

production and spent nuclear fuel (SNF) from civilian and o )
defense reactors. A number of potential geologic media have (RoM) excavated material is used as backfill over them (Figure

been proposed for HGNW repositories, including volcanic tuff, 1). In the configuration used for this study, RoM salt fills the

shale, clay, crystalline rock, and both bedded and domal salt.' drift to the back, to both sides, and leaves an air gap between
Multiple geologically stable salt formations in the U.S. may the top of the backfill and the roof of the drift. Bedded salt is far

be suitable for nuclear waste disposal! Salt has unique more hetefogeneous and contains a higher mass fraction cl)lf
temperature-dependent viscoplastic properties that contribute hydrou§ m1peral§, such as clay and gypsum, than d9mal salt.
to self-sealing of tunnels and other disturbed zones to low Tl'lus, 1n-dr#t 41sposal mn bgdded salt will result in hydrous
permeabilities associated with intact salt* in relatively short time minerals 'belng incorporated into the RoM sal_t backﬁll.
periods (tens to hundreds of years) ;% it also has a high thermal Clays in bedded salt may ]?e present both n relatl\;e})zr pure
conductivity when intact or reconsolidated; and salt is relatively layers up to .se\'reral cm thick, or finely dispersed.”" The
easy to mine. These characteristics make salt a favorable option temperature, timing, and amount of water released from c?ay
for locating a nuclear waste repository.' Long-term perform- dehy‘dr.atlon depends on the presenlcse of electr.olytes, relative
ance of a potential HGNW repository in salt will be dominated buml_dlty, temperature, and pressure. ” Sulfate minerals are also
by the mechanical deformation of salt surrounding the waste, 1dent1ﬁ_ed in WIPP samples, sucb as gypsum (CaSO,-2H,0),
which will ultimately lead to room closure of the drifts and anhydrite (CaSO,), and polyhaht'e_ (KZCaZMg(SO4)4'2HZO)-
isolation of the waste canisters in low-permeability intact salt, Gypsum (21 wt % water) can transition directly to anhydrite or

but physical and chemical processes functioning around the

HGNW in the first few years have implications for extended Received: February 25, 2015
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Figure 1. Schematic of the in-drift waste disposal concept.

to metastable bassanite (CaSO,-0.5H,0), followed by a
bassanite to anhydrite transition. Other hydrous minerals that
may be present include carnallite (KMgCly-6H,0), kieserite
(MgSO,-H,0), and bischofite (MgCl,-6H,0)."* Temperatures
for dehydration transitions have been measured for several
scenarios by previous authors, with varying results.">~'¢

Heating at the base of a high-permeability pile of RoM salt
leads to natural convection and the creation of a chimney with
hot air rising above the waste packages. If there is sufficient
mobile water and heat supplied by the waste, a three-phase heat
pipe may form in the RoM salt. In a heat pipe, liquid water is
vaporized in a boiling region, convects and diffuses along vapor
concentration gradients to cooler regions where it recondenses
and flows back toward the heat source by a combination of
gravity flow and capillary pressure gradients.'”'® If brine re-
enters the boiling region, it will vaporize and deposit dissolved
salt as a precipitate, contributing to the buildup of a low-
porosity rind around the waste.

Bench-scale laboratory investigations have produced heat
pipes in moist salt under relevant repository conditions.'* One
component of the heat pipe process has been observed in situ
at WIPP: deposition of low-porosity salt during boiling of
brine.”® Numerical simulations of in-drift disposal of HGNW
show that if a heat pipe forms, the process can cause significant
changes in the time evolution of temperature, saturation, and
porosity of the backfilled RoM salt around the waste in the first
few years after waste disposal.”’

Numerical modeling of HGNW disposal in salt has been
performed by multiple groups for WIPP and for other salt
repositories worldwide,” but simulation of the strongly coupled
thermal, hydrological, mechanical, and chemical (THMC)
processes have been done only at small spatial scales.”* Current
state-of-the-art simulators for repository-scale simulations have
been limited to incomplete coupling, e.g., only simultaneous
coupling of THM processes to capture the viscoplastic
reconsolidation behavior of salt, or only coupled THC
processes to include the effects of porosity change from
precipitation and dissolution across temperature gra-
dients.*>*"® The THC model developed here does not
include mechanical effects that lead to room closure and RoM
reconsolidation. However, the modeled THC processes
operating on short time scales may be important to the salt
repository safety case because of impacts including different
rates of reconsolidation of RoM backfill based on moisture
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content,””” altered potential for corrosion of the waste
canisters, gas generation, and a modified thermal regime (e.g,,
maximum temperatures reached) immediately surrounding the
waste.

Initial coupled THC simulations indicated that the amount
and mobility of water in the RoM backfill would play an
important role in governing whether an active heat pipe would
form.”" Considerable uncertainty exists in the amount,
production, and retention characteristics of water in bedded
salt formations.'* Water in the system is found as fluid
inclusions in salt crystals, within the boundaries between salt
grains, or associated with hydrous minerals. The mobility of
these different populations of water, their chemical composi-
tion, and their relative amounts vary significantly within bedded
salt. Among these different water populations, water associated
with hydrous minerals may represent a substantial fraction of
moisture contained in salt.> This paper presents a synthesis of
ongoing model development research®" related to the impact of
water-producing physicochemical processes caused by the
heating of hydrous minerals. Our research advances prior
HGNW models for bedded salt and presents an example that
shows the potential importance of including mineral dehy-
dration in salt repository calculations.

The goal of this study is to incorporate a new empirically
derived hydrous mineral dehydration model for bedded salt
into a state-of-the-art coupled numerical simulator to predict
the impact of available moisture on fluid and heat transport. In
the following sections, we first present recent experimental
hydrous mineral dehydration data from bedded salt samples.
Next, these data are used to develop a simple model for
hydrous mineral water releases as a function of temperature.
This model is then implemented into a numerical porous flow
simulator. Simulations are run for 2 years of heating by HGNW
canisters emplaced using the in-drift disposal method. Because
of large uncertainties in flow properties, hydrous mineral mass
fraction, and initial water content of RoM salt, many
simulations were performed across parameter space. We
present a subset of these simulations that highlights the
importance of including the hydrous mineral water source.

B MATERIALS AND METHODS

Salt Sampling and Characterization. Thirteen RoM salt
samples (100—200 g) were collected from WIPP, which is
mined in a bedded Permian-age salt formation 650 m below the
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surface, that represented a range of impurity content and mass
fractions in the salt, including mapped units such as clay seam
F, the orange marker bed, and relatively pure halite from the
drift floor in a freshly excavated room.*'> The samples were
sealed in plastic bags using an impulse heater immediately after
exiting the underground mine, and were kept in a sealed, large
plastic container until utilized. Residual minerals from the
samples were analyzed by X-ray diffraction (XRD). Residues
from clay seam F and orange marker bed samples were
composed primarily of corrensite—(Mg,Fe,Al)o((Si,Al)5O,0)-
(OH),;-4H,0—with minor amounts of quartz, magnesite,
mica, kaolinite (or possibly chlorite), hematite, and anhydrite.
All samples contained halite.

Gravimetric Characterization of Salt Dehydration. The
bulk samples (100—200 g) were weighed at the start of the
experiment, heated to certain designated temperatures, and
weighed again every 8—12 h until the weight stabilized
(typically, within 24—72 h). Once a constant weight was
achieved at the first temperature, the sample was heated to the
next desired temperature and the process was repeated. The
temperatures were 65, 110, 165, and 265 °C. These
temperatures were chosen based on expected dehydration
reactions. A portion of the samples were removed from the
heaters after 65 and 110 °C and allowed to rehydrate. The
maximum vacuum applied was 15 mmHg at 265 °C to ensure
the release of all water associated with the rock salt. The
moisture released from these experiments was not collected.

Thermogravimetric Analysis of Salt and Accessory
Minerals. Thermogravimetric analyses (TGA) of natural clay-
rich samples and washed clay samples were obtained using a
TA Instrument Inc. Q500 coupled with a mass spectrometer
that allows resolution of ion masses 1.0 amu. The instrument
was operated by equilibrating the samples at room temperature
for 2.0 min followed by a constant temperature ramp of S °C/
min from room temperature to 350 °C. The instrument was
operated under a constant 40 mL/min flow of high-purity
nitrogen. All experiments were performed on clay specimens of
1.5-2.0 mg collected from WIPP salt samples obtained from
clay seam F. A fraction of the gas flow through the sample was
continuously run through the mass spectrometer, allowing
characterization of the ion masses of the substances released
from the sample as a function of temperature.

Numerical Model. The porous media flow and transport
simulator FEHM was used to explore the impacts of mineral
dehydration on mass transfer for an in-drift repository-scale
example. FEHM uses the control volume finite element method
to solve the governing equations of mass and momentum
conservation, assuming a multiphase form of Darcy’s Law is
valid for all phases across the domain, and includes advection,
diffusion, and phase changes.”® Many new capabilities have
been added to FEHM to model the tightly coupled THC
processes of fluid transport in heated salt in the RoM backfill
and DRZ, including the following:21 porosity change from
precipitation/dissolution of salt; salt solubility increasing with
temperature; permeability increasing with porosity using a
power law model with experimentally derived coefficients;”’
thermal conductivity of salt as an empirical function of porosity
and temperature;>> vapor pressure of water as an empirical
function of concentration and temperature;>° and water vapor
diffusion as a function of saturation, porosity, pressure, and
temperature. The Millington—Quirk approach® is used to
calculate the tortuosity (7), which modifies vapor-phase free-air
diffusivity based on air saturation (S,) and porosity (¢), by
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A hydrous mineral dehydration model based on our
experimental results was developed and used in numerical
simulations of a drift in a HGNW repository. Five heated waste
canisters, each a fixed enthalpy source of 750 W, 0.3-m radius,
and 2.4-m length, were spaced 0.3 m apart on the floor of a 4.9
m wide by 3.0 m high drift. Salt backfill over the canisters
extended 1.8 m in height above the drift floor, to the sides of
the drift (4.9 m), and 8.5 m in length at the bottom, tapering
toward the top (total volume of RoM salt: 57 m?). A section of
the numerical mesh developed for simulations of this
experiment is shown in Figure 2. The model represents a

Intactsalt

Figure 2. Numerical mesh showing the zones of the model: intact salt,
damaged rock zone (DRZ), air, run-of-mine (RoM) backfill, and the
heated waste canisters.

quarter space, with reflection boundaries on both faces seen in
Figure 2. The zones represent the undisturbed, intact salt of the
repository; the damaged rock zone (DRZ) with enhanced
permeability due to damage related to excavating the drift; air;
the RoM salt backfill; and the heated waste canisters.

The DRZ permeability was initially 107" m? while the intact
salt permeability was 107! m” This model, which was used for
short-term calculations, does not include any mechanical
deformation of salt. Following excavation of the drifts, the
permeability of the DRZ is expected to evolve anisotropically
due to fracture healing and viscoplastic creep that eventually
leads to room closure;* in the current work, permeability
change in the DRZ is only caused by salt precipitation and
dissolution. RoM backfill reconsolidation may affect the
porosity structure and have important feedbacks on hydro-
logical parameters, as investigated by multiple experiments and
TM and THM models.>***%**

The RoM backfill was modeled to contain accessory hydrous
minerals. The typical accessory mineral content (f.) in bedded
salt formations is highly variable, ranging from very little (<1 wt
% for nearly pure halite)' to argillaceous halite (up to 5 wt
%),"> with even higher amounts (up to 16 wt % in our samples)
found in the thin clay seams and marker beds.">'*'3

The simulations are performed in volumetric saturation
space, with initial volumetric saturations (S;) varying from 0.01
to 0.07 (1—7%), while the experimental data are presented in
water mass fraction units (mass of water/mass of sample). At a
porosity of 0.35 and salt density of 2165 kg/m?, volumetric
saturation of 1% corresponds to mass fraction of 0.25 wt %, and
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7% volumetric saturation is 1.8 wt %. Maximum capillary
suction (P, ,,,,) at residual saturation and S; are highly uncertain
and are varied in our simulations. The parameters used in the
simulations discussed in the main text and Supporting

Information (SI) are shown in Table 1. Values of P, ., greater

Table 1. Simulation Parameters

1. (%) S; (%) P oy (MPa)
case 1 (a) 0 1 0.2
(b) 10 1 0.2
case 2 (a) 0 7 1.0
(b) 10 7 1.0
case 3 (a) 10 1 0.2
(b) 10 1 1.0
case 4 (SI) (a) 0 S 0.2
(b) 0 10 02
(c) 0 10 1.0

than those observed® are included because of uncertainty in
the grain size distribution in RoM salt as well as extrapolation
to very low saturation (e.g., in the boiling front very near the
canisters). An inverse linear relationship between capillary
suction and saturation was used due to large uncertainties in
the retention characteristics of mixed-grain size, consolidating
RoM salt under conditions of changing porosity.”"*

B RESULTS AND DISCUSSION

Moisture Release from Run-of-Mine Salt as a Function
of Temperature. In the dehydration experiment, an initial
weight gain ranging from 0.1—0.8 wt % occurred for all
samples, which was due to moisture absorption during
equilibration of samples at room temperature before the start
of the dehydration experiment. Heating clay-rich salt samples to
65 °C resulted in total sample weight loss of 1.2—2.1 wt %. By
fraction of clay and other accessory minerals, the loss was 12.1—
19.6% of hydrous mineral mass (average 14.8%) at 65 °C. Clear
salt samples, which contained very small amounts of accessory
minerals, lost less than 0.25 wt % of their total weight at 65 °C.
Dehydration of the clay rich samples at 65 °C was reversible; 3
samples removed from the oven and placed in a moist chamber
recovered their weight and then continued to accumulate water
rapidly.

The clay-rich samples heated to 110 °C lost 1.3—2.5 wt %.
By hydrous mineral fraction this was 14.6—20.4% of clay mass,
with an average of 17.3% (or 2.5% additional mass loss from
dehydration following the water loss at 65 °C). Clear salt with
minimal accessory minerals had water loss of less than 0.06 wt
%.

At 165 °C, the samples lost no additional weight after heating
for 15 h. The dehydration process was still reversible; a subset
of samples removed from the experiment to a moist
environment rapidly recovered all the moisture lost and then
accumulated additional moisture due to the abundance of clay
in the samples, which can undergo rapid and reversible
hydration/dehydration processes, and water sorption onto the
surface of both the clay and RoM salt grains.

The temperature was raised to 265 °C for the final test of
water loss. Samples lost a total of 0.09—-3.5 wt %, or 20.1—
28.7% of hydrous mineral mass (average of 24.0%, or 6.7%
more following the previous dehydration to 110 °C).

The total weight loss is correlated with samples’ accessory
minerals content, rejecting the hypothesis that the water
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released upon heating is primarily intergranular pore fluid or
intragranular brine inclusions for the clay-rich samples.
Furthermore, the reversible water loss for T < 110 °C is
consistent with temperatures under which corrensite undergoes
hydration/dehydration processes: the XRD and TGA results
provide stron% evidence of loss of interlayer water (S—13 wt %)
at 65—75 °C.1® Concurrently, at around 75 °C, the gypsum to
bassanite phase transformation can release up to 15 wt % water.
The cause of the water loss at higher temperatures may be from
further dehydration of both mineral groups, particularly
bassanite to anhydrite, which can release an additional 6 wt
% water.

TGA experimental and mass spectrometer data are shown in
Figure 3, showing the weight loss and heat flow recorded
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Figure 3. Dehydration of accessory minerals from a sample obtained
from clay seam F at WIPP. The blue line shows the weight loss as a
function of temperature, the red line indicates the heat flow during
dehydration, and the green line indicates the ion current for m/e = 18.

during the dehydration of a clay-rich sample, along with the ion
current for mass to charge ratio (m/e) of 18 (water). The data
show an increase in the ion current indicating an initial water
release, additional water release just below 50 °C and slightly
above 50 °C, between 90 and 100 °C, and between 140 and
170 °C. The weight loss and energy flow curves show
significant changes in the same temperature domains, with
decreases in heat flow during mass loss indicating endothermic
processes. Similar experiments performed on clay samples that
have been washed repeatedly to eliminate any soluble minerals
show a more pronounced weight loss between 50 and 70 °C
and lose the features visible between 90 and 100 °C and
between 140 and 170 °C (SI Figure S1). The weight loss
observed at 50 °C is most likely from water absorbed to mineral
grain surfaces, primarily clays. The second weight loss (70 °C)
is coincident with dehydration experiments of corrensite clay
from previous experiments,'> along with the transition of
gypsum to bassanite. The third weight loss, occurring near 100
°C, is most likely due to initial phase transformation of
bassanite to anhydrite.>® The water loss at 150 °C may also be
due to the bassanite to anhydrite phase transformation, which is
kinetically driven and may occur in stages. Alternatively, the
water loss at 150 °C may be due to another mineral breakdown
(such as MgCl,) which undergoes several dehydration stages,
one of which occurs between 140 and 170 °C. Polyhalite loses
its hydrate water at temperatures above 250 °C, and can lose up
to 6 wt % as water. Carnallite, kieserite, and bischofite may also
contribute to water loss of RoM samples under heating.'
Above 250 °C, water loss may be contributed from intra-
granular fluid inclusion release due to decrepitation.** Although
the measured weight loss curves are highly useful for
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developing a water source term model, additional experimental
characterization of the clay composition and the dehydration of
the different species is needed to confirm the processes
producing the temperature-dependent weight loss curves.
Numerical Dehydration Model. Averages of the water
loss data as a function of temperature from the bulk salt
samples were used to develop a hydrous mineral dehydration
water release model (Figure 4).”' The model uses a simple

30
+ Water loss (%) i
2] | X Averages *
3 25 g |
°e —Model f
T o - 265°C
E ‘E 20 r3 .
3 8 15 . f
2% 1 *110°C
g g 10 65°C
SE
x 5
0 T T T T T
0 50 100 150 200 250 300

Temperature (°C)

Figure 4. Weight lost as a percentage of hydrous mineral weight
during the heating experiment and the stepwise dehydration model.*"

stair-step function, and does not allow rehydration. Because
temperatures monotonically increase and remain elevated in
the backfill salt around the waste for the short-term (<2 years)
duration of these model runs, rehydration is not expected.
Representing hydrous mineral dehydration as one-time releases
is a simplification of kinetically driven water release as a
function of temperature, justified by uncertainty due to
heterogeneity in hydrous mineral quantities and relative
abundances in a repository setting, and with the caveat that
this dehydration model is used only to demonstrate order-of-
magnitude effects that may be of importance to the repository
safety case.

As implemented in FEHM, the hydrous mineral dehydration
model can be applied to selected nodes or zones within the
model, and differing mass fractions of hydrous mineral content
can be specified across the model, e.g, if clay seams are
explicitly modeled. On the basis of the averaged experimental
data discussed above, at 65 °C, 14.8% of the mass of hydrous
minerals in the node is added as a source term in a one-time
release. At 110 °C, an additional percentage is released as water
(2.5%), and at 265 °C, more water is released (6.7%) for a total
mass release of 24.0% of the hydrous mineral weight. For a
given node for which the dehydration model is invoked, for a
specified mineral mass fraction f,, the mass of water produced
for the first 65 °C dehydration is given by

Mw zflfc(l - (pi)pcxlce]l (2)

where f; is the fractional weight in water released at the first
dehydration (0.148), ¢, is the initial porosity of the node, p, is
the density of clay, and V_, is the volume of the node. The
water mass production for the second and third dehydration
temperatures follows similarly, with f, = 0.02S and f; = 0.067
replacing f; in eq 2 (Figure 4). The release of pure water from
mineral dehydration causes dissolution of solid salt and a
corresponding change in porosity.”' The implementation of the
new hydrous mineral dehydration model in FEHM was tested
in a simplified 6-node simulation and it compared closely to
calculated values.*"
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Numerical Model Results. For a Case 1b, Figure 5 shows
the porosity and temperature at 460 days. The initial porosity

Porosity

Figure 5. Porosity and temperature around the heaters at 460 days for
a case with f, = 10% in the RoM salt. RoM @, = 0.35, S; = 1%, and P .,
= 0.2 MPa (Case 1b).

in the DRZ above and below the drift is 0.01, porosity in the air
is 0.999, and initial porosity in the RoM salt pile, where
significant precipitation and dissolution would be expected if a
heat pipe were to form, is ¢; = 0.35. After 460 days of heating,
however, the porosity is not significantly changed from the
initial state, in this case. This indicates very little heat pipe
activity.

The saturation, porosity, and temperature differences at 460
days between 10% clay and the corresponding simulation with
no clay are shown in Figure 6. Only minor differences are
observed in this example in the temperature and porosity. That
is, the dehydration process has only a minor impact on the final
state of the system in Case 1.

In Figure 6c, a ring of higher saturation persists outside the
boiling region for the hydrous mineral-bearing case. The core of
the RoM salt is also cooler because of latent heat transfer. The
total amount of water produced in the simulation with 10%
hydrous minerals in the RoM salt pile in the model (one-
quarter of the full salt pile) is 119 kg at 460 days. By
comparison, the total initial amount of water in the RoM salt
with S; = 0.01 and porosity 0.35 is 50.4 kg.

The preceding example is a case where hydrous mineral
dehydration causes only small changes in the final temperature
and porosities observed after 460 days of heating. Case 2 shows
that the presence of hydrous minerals can cause major
differences, with evidence for heat pipe activity when
dehydration releases additional water (Figure 7). Evidence for
heat pipe activity includes lower porosity around the heaters
from evaporating brine, a high-porosity region where water
vapor condenses and dissolves the RoM solids, and a flatter
temperature gradient around the canisters™> (Figure 7b).
Differences in temperature and porosity at 460 days are
shown in Figure 8 for simulations with and without hydrous
mineral dehydration. This time, the difference in final
temperature (Figure 8a) is significant, with heater temperatures
up to 25 °C cooler. The heat pipe efficiently transports heat
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17 . .
away from the waste, " leading to cooler maximum temper-
atures and less dry-out around the canisters. Beyond the
condensation front, the higher saturations of the case with the
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0%, Case 2a) at 460 days with S, = 7% and P,,,,, = 1 MPa: (a)
temperature and (b) porosity.

hydrous mineral dehydration model leads to lower thermal
diffusivity and thus hotter temperatures.

The choice of P, at zero saturation has an effect on the
moisture distribution as well (case 3), as discussed in the SI
(Figures S2 and S3).

Implications for Disposal of Heat-Generating Nuclear
Waste. Depending on uncertain factors such as initial moisture
content and retention properties of the RoM salt, the addition
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of water from hydrous mineral dehydration may make a
significant difference in final temperature, moisture, and
porosity redistribution. The redistribution of mass, moisture,
and temperature at early times may impact the time evolution
of salt plasticity and mechanical deformation at longer time
scales. Additionally, other strongly coupled thermal, hydro-
logical, and chemical processes around heat-generating nuclear
waste in bedded salt formations are modified by water released
from minerals. Ongoing model development research and
experimental work will improve the ability to make longer-term
predictions, such as by including mechanical effects related to
viscoplastic creep in the host rock and reconsolidation of the
RoM salt.
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