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Abstract: Brine availability in salt has multiple implications for the safety and design of a nuclear
waste storage facility. Brine availability includes both the distribution and transport of brine through
a damaged zone around boreholes or drifts excavated into the salt. Coupled thermal, hydrological,
mechanical, and chemical processes taking place within heated bedded salt are complex; as part of
DECOVALEX 2023 Task E this study takes a parsimonious modeling approach utilizing analytical
and numerical one-dimensional simulations to match field measurements of temperature and brine
inflow around a heater. The one-dimensional modeling results presented arrive at best-fit thermal
conductivity of intact salt, and the permeability and porosity of damaged salt of 5.74 W/m ·K,
10−17 m2, and ≈ 0.02, respectively.
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1. Introduction

1.1. Background

The United States has been interested in disposing of radioactive waste in geologic salt since
the 1950s when Hess et al. [1] recommended the direct disposal of liquid reprocessing waste into salt
caverns. Since then, several underground field studies have investigated the feasibility of nuclear
waste disposal within salt formations across the United States, Project Salt Vault [2], Avery Island [3–5],
the Deaf Smith site [6,7], and most recently the Waste Isolation Pilot Plant (WIPP) (e.g., [8–14]), which is
currently an active research and disposal (non-heat generating transuranic defense waste) facility. What
makes salt such an interesting and potentially effective disposal medium is its low permeability [15]
to brine transport and high thermal conductivity relative to other media, such as clay or granite.
This makes its thermal and hydraulic diffusivities the same order of magnitude [16,17], which means
that the interplay between thermal, hydrological, mechanical, and chemical (THMC) processes are
critically important (Figure 1). While undisturbed rock salt has almost immeasurably low porosity
and permeability, upon excavation, a damaged region develops surrounding the excavation [18].
As a result, this region is referred to as a “disturbed rock zone” (DRZ) and introduces significant
changes around a borehole or access drift that impact the near-field transport of brine and gas through
the salt [19]. The mechanical damage caused by stress relief during excavation leads to increased
permeability and porosity of the salt and induced fractures which provide high permeability pathways
for brine transport [20]. Since brine migration is the primary off-site radionuclide transport vector,
understanding and characterizing the near-field conditions (i.e., DRZ) and processes is an important
initial condition to predicting the long-term safety of the system. Open excavations in salt will

Minerals 2020, 10, 1025; doi:10.3390/min10111025 www.mdpi.com/journal/minerals

http://www.mdpi.com/journal/minerals
http://www.mdpi.com
https://orcid.org/0000-0002-3980-2989
https://orcid.org/0000-0003-3397-3653
http://dx.doi.org/10.3390/min10111025
http://www.mdpi.com/journal/minerals
https://www.mdpi.com/2075-163X/10/11/1025?type=check_update&version=2


Minerals 2020, 10, 1025 2 of 19

eventually creep closed and fractures will heal, but we seek to understand the short-term transport
properties of the DRZ.

Figure 1. Thermal–Hydrological-Mechanical–Chemical (THMC) coupled processes in salt [21].

Salt presents a unique challenge with respect to the coupled processes affecting mass and heat
transport (Figure 1). The coupled nature of salt behavior in the context of radioactive waste disposal
was first explored in the 1950s [1,22,23]. By the late 1980s many of the major important processes
impacting heated bedded salt were confirmed through large scale experiments at WIPP, Avery Island,
and Asse [24]. Brine migration within bedded salt varies by driving mechanism and type of brine.
Figure 2 illustrates the brine migration mechanisms and how they are related to type of brine and
driving force. Intra- and inter-crystalline brine can both be directly affected by pressure or temperature.
The excavation of boreholes and tunnels in the salt creates a connected network of damage-induced
porosity, and causes significant changes to the stress and pore pressure within the salt. This driving
force causes brine to migrate towards a low-pressure drift or borehole via new DRZ connected porosity.
Most inter-granular brine is associated with disseminated clay within the salt formation. The addition
of heat from a waste package creates two different driving forces for intra-crystalline brine: (1) high
temperatures can cause decrepitation of fluid inclusions [25] and (2) an elevated temperature gradient
causes fluid inclusions to migrate towards the heat source [26]. Once liberated, fluid starting as fluid
inclusions becomes more mobile as inter-crystalline brine, which flows through new interconnected
pores of the DRZ down a pressure gradient. Intact salt is an ideal medium to dispose of nuclear waste,
but the excavation and introduction of heat causes the thermal and pressure regimes to drastically
change within the salt causing a near-excavation high permeability pathway to allow inter- and
intra-crystalline brine to migrate towards the excavation, leading to a more complex short-term and
near-field flow system.
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Figure 2. Brine types and flow mechanisms in salt (modified from Shefelbine [27]).

To better understand the effects the DRZ and higher temperatures have on brine availability and
migration within salt, several salt heater tests have been implemented since the 1960s to investigate
these engineered systems. In the 1960s in Lyons, Kansas, Project Salt Vault carried out four different
salt heater experiments in bedded salt to investigate creep, viscoplastic flow of salt, room closure,
and simulate disposal of high-level waste (HLW) containers in vertical boreholes [2]. During these
heater tests in boreholes with less shale, brine inflow remained relatively low until an abrupt 40%
increase in heater power when a large increase in brine inflow was observed and another pulse of
brine inflow occurred when the power was shut off [2]. The observed water release after turning off
the heaters was believed due to the reduced tangential compressive stress caused by the reversal of
the thermal gradient near the borehole. The Avery Island project ran three separate heater tests in
a salt dome in the 1970s and 1980s to estimate salt thermal conductivity, simulate disposal of HLW,
and study the feasibility of granular salt as a backfill material with the overall goal to test temperature
and displacement of salt over the course of 32 months [3,4,28]. Gas permeability tests were conducted
in packer-isolated boreholes [29] during an additional heater test at Avery Island [30]. Results showed
salt permeability was several orders of magnitude lower in boreholes reaching higher temperatures
during the test, this lowered permeability was credited to salt expansion closing off damage-induced
fracture porosity [29]. In the 1980s and 1990s in bedded salt at WIPP, three major drift-scale heated
thermal/structural interactions (TSI) demonstrations (Rooms A1–A3, B, and H) were conducted to
illustrate stability of excavated rooms, possible retrieval of disposed waste, and long-term disposal
room deformation [31]. At the Asse II mine in Germany three large-scale heater tests were carried out
in domal salt to investigate low- to medium-level radioactive waste disposal with a focus on salt/waste
interactions and various emplacement technologies [32]. Understanding and quantifying heat and
mass transport in salt during a salt heater test is a complex problem that requires complex numerical
models informed by field observations and state-of-the-art knowledge of the system.

1.2. Brine Availability Test in Salt

Currently, the Brine Availability Test in Salt (BATS) is being conducted underground at the WIPP
(near Carlsbad, NM) in the US Department of Energy (DOE) Office of Environmental Management’s
(DOE-EM) facility, funded by the DOE Office of Nuclear Energy (DOE-NE) as part of a field-testing
campaign investigating the effect of an embedded heat source (mimicking heat generating waste) in
salt. A multi-lab effort at DOE-NE Spent Fuel and Waste Science and Technology (SFWST) program
is investigating generic (i.e., non site-specific) disposal concepts for heat-generating radioactive
waste in crystalline, argillite, and salt formations. The focus of BATS is brine availability in salt,
which is important to understand because: brine transport of radionuclides is a potential repository
release mechanism, brine can corrode metallic and glass waste forms and waste packages, chloride in
hypersaline brine can reduce in-package criticality concerns, and accumulated brine in an excavation
can provide back-pressure that resists long-term creep closure of porosity associated with mining
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the repository. BATS is a meter-scale borehole heater test, with the goals of: (1) improving the
understanding of brine availability and brine chemistry in the DRZ for bedded salt; (2) collecting
data for validating numerical models, populating constitutive models, and improving process model
understanding; (3) revitalizing in-house expertise at participating institutions in implementing in situ
experiments in salt [20]. The experimental setup for BATS includes two arrays of boreholes, each with a
3-m long, 12-cm diameter horizontal, central heater borehole surrounded by sampling and monitoring
boreholes (Figure 3). One array was heated, the other was at monitored at ambient temperature.
An earlier phase of BATS was conducted in 2018 in existing (rather than drilled for purpose) boreholes
in a different drift at WIPP to test aspects of experiment design while collecting brine inflow and
temperature data [33]. Staff from Sandia, Los Alamos, and Lawrence Berkeley National Laboratories
are working with the WIPP Test Coordination Office to implement the BATS field test, which is a
major part of DECOVALEX 2023 Task E. In January 2020, the first phase of the BATS experiment began
heating experiments in the new horizontal boreholes. The heater was set to constant temperature
for 28 days, the heater was then shut off and the salt was monitored while cooling for 13 days [34].
During the 41-day experiment, temperature data and brine inflow rate were measured at a high
frequency (15 min averages), along with attempted weekly brine composition samples, daily electrical
resistivity tomography surveys, continuous monitoring of acoustic emissions, and high-frequency
water isotopic gas composition data by in-drift spectroscopy. In this study we used the observed
temperature and total brine inflow data with one-dimensional models to investigate the thermal and
hydrologic properties of the DRZ.

Intact salt is considered an effective disposal medium for heat-generating nuclear waste because
of its high thermal conductivity and almost immeasurably low permeability and porosity [15],
but excavations causes stress changes, which lead to a damaged zone consisting of fractures and
increased permeability and porosity for brine migration [10]. The presence of this damage introduces
significant uncertainty in the distribution of hydraulic and thermal properties across the DRZ, which is
often considered to extend approximately one excavation radius into the salt [35]. Openings in
salt will eventually (i.e., after tens to hundreds of years) creep closed and heal over time to the
very low porosity and permeability of intact salt. Increased temperatures further accelerate the
creep closure process. However, brine availability during the operational and early post-closure
phases of a salt repository is controlled by the transport properties and brine distribution within the
DRZ. The early time distribution and mobility of brine within the DRZ is the initial condition for
long-term repository performance assessment (PA), and will significantly impact any early releases
in an off-normal disturbed scenario (e.g., unintentional human intrusion). This study seeks to infer
hydraulic and thermal properties of the DRZ from the BATS heater test and illustrate their impact on
temperature and brine migration within a bedded salt formation. Due to the interdependent non-linear
nature of coupled processes in heated salt relevant for nuclear waste disposal, a fully-coupled THMC
model that can accommodate large deformations (e.g., TOUGH-FLAC Rutqvist [36]) would be required
to model and incorporate the major coupled processes. Not only does a fully-coupled THMC model
require significant computational resources, the complexity of the problem itself can obfuscate some
relationships. Instead, we take a parsimonious modeling approach that utilizes a one-dimensional
(1D) spherically symmetric analytical heat conduction solution for parameter estimation and a 1D
cylindrically symmetric thermal-hydrological (TH) model of heat and mass flow in order to investigate
the hydraulic and thermal properties of the DRZ by matching both temperature and brine output
measured in the field during a salt heater test. We have chosen these methods because compared to the
analytical thermal model, the thermal–hydrological model is a relatively small step up in complexity
that includes more physical processes, without the much bigger step up complexity of a large-scale
three-dimensional (3D) TH or THMC model.
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Figure 3. Borehole configuration for each array in the BATS field test (from Kuhlman et al. [34]).
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2. Methods

This study combines parameter estimation, an analytical solution for heat conduction, and TH
numerical modeling to investigate the influence of the fractured nature of the DRZ on brine flow and
migration within bedded salt. The models represent the BATS field experiment, where a 69-cm long
interval 2.75 m deep into in the central borehole is heated to a constant temperature. Water inflow to
the heated borehole is monitored through removal of the moisture with circulating dry nitrogen gas
behind an inflatable packer, and temperature is monitored at 66 thermocouples (72 total thermcouples
at the BATS site, 66 of which produced useable data) grouted into satellite boreholes around the heater
(see Kuhlman et al. [34] for sensor locations and detailed test and data descriptions). While thermal,
hydrologic and mechanical properties of bedded salt have been studied extensively at the WIPP site
and other historical salt underground research laboratories, the steep spatial variability of material
properties across the DRZ (e.g., pressure varies from atmospheric at the drift to lithostatic in the
intact salt) makes it difficult to accurately constrain these properties. As a result, this study uses
two computational methods in tandem to investigate the thermal and hydrologic parameters of the
DRZ. First, an analytical heat conduction solution [37] is fit to observed data at 66 thermocouples
through time using a Markov chain Monte carlo (MCMC) parameter estimator [38]. The best-fit
thermal parameters (thermal conductivity and heat capacity) are then used within a 1D cylindrically
symmetric TH TOUGH2 [39] model to solve for both heat and mass transport to match data collected
at the BATS site in order to constrain the hydrologic parameters of the DRZ that control brine inflow.

2.1. Analytical Solution

An analytical solution for heat conduction into an infinite medium from a spherical cavity, with the
cavity wall held at constant temperature [37], is

TI(r, t) =
r0Twall

r
erfc

(
r− r0

2
√

κt

)
, (1)

where TI is the temperature ◦C due to a type I (i.e., specified temperature) boundary condition, r0 is
the radius (m)of the spherical cavity (approximating the 69-cm interval of heated 12-cm diameter
borehole), erfc(·) is the complementary error function, Twall is the specified temperature on the cavity
wall, κ = kT/ρcp is the thermal diffusivity (m2/s) kT is the thermal conductivity (W/m ·K), ρ is the
density (kg/m3), and cp is the heat capacity (J/kg ·K). With this solution we are approximating the
cylindrical-shaped heat source as a sphere. At distances further from the heater this approximation
may be adequate, but close to the heater (e.g., within one heater length) the shape of the heater may
influence the observed temperature. The analytical solution also assumes parameters are homogeneous
in space and linear (i.e., no temperature-dependent thermal conductivity) to allow for superposition
of solutions.

Parameter estimation with the analytical solution was performed using DREAM, a Markov
chain Monte Carlo (MCMC) global gradient-free optimizer [38]. DREAM was used to estimate five
parameters, kT , ρ · cp, two borehole wall temperatures Twall,0, Twall,1, and r0. Each of the parameters
was given a wide parameter range and a uniform prior distribution across that range. The cavity radius
was estimated because treating the borehole as a spherical cavity is an idealization. The temperature
applied to the borehole wall was also estimated to account for some uncertainty in the applied
temperature (the controlling thermocouple on the borehole wall was set to 120 ◦C) and possible
inefficiencies in heat transfer to the salt (e.g., some applied heat is re-radiated back to the equipment
in the borehole or carried away in the stream of dry nitrogen gas). By using all the temperature and
applied power data to constrain the solution, and allowing the major parameters in the solution to be
fit, we are trying to better understand the actual information content in the data.

During the first 149 min of the test the heater controller inadvertently switched off several times,
so Twall,0 was applied to the borehole wall from the beginning of the test, and at the end of the initial
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149 min of heating, a second source was added at Twall,1. To include the effects of cool-down (no applied
power, not a constant-temperature boundary condition), an analytical solution for a type II boundary
condition (i.e., specified temperature gradient) on the wall of a spherical cavity was turned on at the
end of heating

TI I(r, t) =
r0Fwall

kTr

[
erfc

(
r− r0

2
√

κt

)
− exp

(
r− r0

r0
+

κt
r2

0

)
erfc

(
r− r0

2
√

κt
+

√
κt

r0

)]
, (2)

where Fwall is the gradient applied on the cavity wall (◦C/m). The gradient applied on the borehole
wall was equal in magnitude and opposite in sign to the sum of the derivatives of the two type-I
sources (1) used to represent the heating portion of the test. The power delivered is proportional to the
gradient of the type-I source (1)

PI(r = r0, t) =
(

1
r0

+
1√
πκt

)
Twall AkT , (3)

where A = 4πr2
0 is the cavity surface area and Fwall = −∑ PI/A. The appearance of kT alone in the

denominator of Equation (2) (rather than only κ appearing in Equation (1)) is what allows individual
estimation of kT and ρ · cp from the analytical solution. Estimating both the heating and cooling
portions of the test improves the identifiability of the parameters from the data.

For the MCMC parameter estimation, the analytical solution was fit to the observed change in
temperature above background at each location (Figure 4) and the applied power was compared
against the measured power applied to the heater (lower right panel of Figure 4). The model–data
misfit at each location (sum of squared residuals through time, with data approximately every 15 min)
was weighted by 1/

√
max(T) at each location and the power data were weighted by 0.2, to improve

the fit to all the locations simultaneously (66 thermocouples and power applied to the heated borehole
wall). Without these weighting factors, the optimization tends to just fit locations where the solution is
numerically largest (e.g., applied power was between 500 and 700 W, while change in temperature
ranged from >18 to <1 ◦C at the monitored thermocouples).

2.2. Heat and Brine Flow Model

The 1D TH model is conceptualized as a single, cylindrically symmetric layer with 0.7-m thickness
and a 100-m lateral extent, the latter of which approximates a semi-infinite radial dimension for the
time-scales of interest for this study (Figure 5). The heater is represented by a single grid cell with
a radius of 0.03 m and is the inner boundary for the model domain. Beyond the heater, 499 0.01-m
grid cells grew up to 5.0 m, then from 5 m to 100 m—the grid cells grow with a constant factor
compared to their neighbor. The high resolution of the grid near the heater is chosen to minimize
discretization errors where strong gradients and abrupt changes in hydrgeologic parameters are
expected to occur [40]. This one-dimensional model treats the heater geometry more realistically than
the spherical analytical solution, but it does not represent the presence of the access drift or the unheated
portions of the borehole. The DRZ is defined as the 1.25 m after the heater element within the model
domain. To model the effects of fracture-matrix flow within the DRZ, the multiple interacting continua
(MINC) method is utilized to produce a dual-porosity model representative of fractures induced by
drilling/excavation in salt. The MINC method allows for the partitioning of the flow domain into
separate computational volumes within each physical element [41]. Since the MINC method is used to
represent matrix-to-fracture heat transfer, here the volumes are partitioned into matrix and fracture
volumes. We parameterize the MINC formulation by assuming parallel-plate fractures and assigning
98% of the total grid cell volume to the matrix continuum and the remaining 2% to the fracture
continuum. This results in the DRZ, being composed of the 124 matrix and the 124 fracture grid cells.
Matrix blocks are assumed to have the same properties as intact salt because fractures are characterized
by much larger diffusivities than intact salt, which results in early system response being dominated
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by fractures, whereas late time response is more influenced by the matrix. The MINC method has
been implemented in numerous modeling studies focusing on engineered geologic systems, such as
CO2 sequestration [42], enhanced geothermal systems [43], waste water disposal [44], and petroleum
reservoirs [45]. Initial conditions involve two different boundary conditions, an atmospheric boundary
condition (75% relative humidity, 0.101 MPa, and 29.5 ◦C) at the heater representing connection of
the borehole to the drift air and a far-field condition of fully saturated (Sl = 1), 12 MPa, and 29 ◦C
representative of the conditions at 640 m depth at the WIPP [46]. These initial conditions on the
borehole and in the far field were held constant during the transient simulation. With these boundary
conditions and a 1.25-m region defined as the DRZ, both pressure and gas/liquid saturation are
allowed to equilibrate for roughly 5 months, to account for pressure reduction and desaturation that
occurred in the time between the drilling of the boreholes at the BATS site and the beginning of
testing (Figure 6).

Figure 4. Thermocouple temperature and heater power through time during the BATS heater test
(from Kuhlman et al. [34]).

To account for the interfering effects of air and water occupying the same pore space within the
DRZ, we use the Van Genuchten [47] constitutive relationships for relative permeability and capillary
pressure as a function of saturation. While there are few data available to constrain multiphase
properties of salt, we use a model similar to relative permeability models of Blanco-Martín et al. [48]
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and Rutqvist et al. [49]. Figure 5 presents the complete parameter set for the relative permeability and
capillary pressure models used in this study.

Figure 5. Schematic illustration and model properties for the 1D cylindrical model domain used for this
study. The permeability and porosity values shown cover the ranges for both fracture (10−15–10−18 m2

and 0.001 to 0.10 for ensemble simulation) and intact salt (10−22 m2 and 0.001, respectively). The heater
grid cell radius is 0.03 m. The next 500 0.01-m grid cells reach 5.03 m, another 250 grid cells increase with
a constant factor compared to their neighbor and are added to represent semi-infinite later dimensions
of 100 m. The DRZ is defined as an area extending 1.25 m from the heater. The DRZ is composed of
124 matrix and 124 fracture grid cells as described by the MINC method.

Figure 6. Pressure and liquid/gas saturation initial conditions for each 1D simulation. The shaded grey
region represents the extent of the DRZ and the double-porosity portion of the mesh, which extends
1.25 m from the heater.

The code used in this study is TOUGH2 [39] compiled with the EWASG fluid property module [50].
TOUGH2 solves the TH energy and mass conservation equations for nonisothermal, multiphase flows
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in geologic porous media. The EWASG module can simulate three-component mixtures of water,
sodium chloride, and a non-condensible gas up to 350 ◦C, and salt mass fraction up to halite saturation.
The TOUGH2 capability to maintain mass balance of sodium chloride in the solid and liquid phases
was not used in our simulations.

To model the effects of fracture-matrix flow within the DRZ an ensemble of 1D simulations
comprising 249 individual simulations with different combinations of permeability and porosity were
run to replicate the heating and cooling cycle in the January 2020 BATS experiment. The hydrological
parameters for the DRZ range from 10−17 to 9× 10−15 m2 for permeability and from 0.001 to 0.10 for
porosity. Since these hydrological parameters are first-order controls on brine flow, the thermal
parameters are held constant, at the values estimated from the analytical solution, throughout
the ensemble.

3. Results & Discussion

The MCMC parameter estimation using DREAM resulted in the best fit parameters for fitting
66 thermocouples and the applied power. A maximum of 90,000 total iterations were run with three
Markov chains, the first 20,000 iterations of each chain were thrown out as part of the burn-in process
(last 30,000 iterations were kept to estimate the posterior distribution). The variance in the parameter
estimates, as given by the width of the posterior distribution of chains, is small (Figure 7). The fit of
the model to the temperature and power data is relatively unique.

Figure 7. Posterior density estimates for each parameter using DREAM. Applied borehole wall
temperature is T0 + T1 + 29.5 ◦C (background). Red curves are best-fit Gaussian, illustrating mean and
variance of entire chain;mode (tallest bar in histogram) was used as measure of best estimate.

Figure 8 illustrates that the analytical solution with the best-fit parameters (i.e., mode of the
posterior distributions) underestimates the temperature at thermocouples closer to the heater and
matches temperature measured at the thermocouples in the far field. This result however is not
surprising, the analytical solution only considers linear heat conduction through homogeneous
medium in an infinite spherical domain. In the far field it is much more likely that intact salt is
the dominant material type at the BATS site, but closer to the heater there are numerous fractures
present due to coalescing DRZs associated with the BATS boreholes (Figure 3). The presence of
these air-filled fractures within the salt cause the thermal conductivity within the DRZ to decrease.
The thermal conductivity of salt is also known to be a non-linear function of temperature, decreasing
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at higher temperatures [51–53]. Lower thermal conductivity near the heater would result in higher
temperatures at the thermocouples closer to the heater. This is further supported by the shape of
the temperature curves in Figure 8; the results from the analytical solution produce curves similar
in shape and magnitude of those measured in the field. This is crucial because changing thermal
conductivity shifts the curves up or down but does not change the overall shape. This suggests that
the incorporation of the DRZ is an important component when modeling this system.

The best fit parameters to match temperature at every thermocouple at the BATS site is a thermal
conductivity of 5.74 W/m ·K, heat capacity of 620 J/kg ·K, and an assumed density of 2160 kg/m3

(ρ · cp = 1.33× 106). These parameters are in general agreement with values presented in previous
studies for WIPP salt [34,51–53]. For example, Bauer and Urquhart [53] conducted laboratory tests
on single salt crystals to measure thermal conductivity, the results showed that at room temperature
(25 ◦C) pure salt has a thermal conductivity of 6.05 W/m ·K. Kuhlman et al. [34] performed laboratory
measurements of bedded salt conductivity in 6 to 7 cm thick and 10 cm in diameter salt cores from the
BATS boreholes. The results from Kuhlman et al. [34] showed that the thermal conductivity of salt cores
range from 4.5 to 5.0 W/m ·K at 40 ◦C. This range of thermal conductivites from 4.5 to 6.0 W/m ·K
is a range that covers thermal conductivity of damaged salt to intact salt crystals, which could be
representative of the BATS field site where the thermal conductivity of the DRZ is 4.5 W/m ·K and
far-field intact salt should be closer to 6.0 W/m ·K. The thermal conductivity values presented here
are closer to the higher end of the range of thermal conductivities measured in the lab, which can give
some insight into the proportion of damaged to intact salt around the BATS boreholes. The analytical
solution solves for heat conduction through a homogeneous domain, if that domain was completely
intact salt we would expect the thermal conductivities to be near 6.0 W/m ·K, whereas if damaged
salt (i.e., DRZ) was the dominant media then thermal conductivity should be closer to 4.5 W/m ·K.
With the analytical solution resulting in best fit curves for 5.74 W/m ·K. This suggests that there
is more intact salt than damaged salt at the BATS field site. While this is a qualitative observation,
it supports the decision made to only parse 2% of the volume of grid cells within the DRZ into fractures
for the 1D cylindrically symmetric model.

In order to model both heat conduction and brine flow, a single 1D cylindrically symmetric TH
TOUGH model is run with the best fit thermal parameters from the analytical solution to compare
the measured temperature vs. the modeled temperature at eight representative thermocouples at the
BATS site. Figure 9 shows the temperature measured in the field (solid lines) versus the simulated
temperature (circles). While the temperature curves are not perfect matches, these results provide
confidence that the TOUGH2 model and the discussed conceptualization can accurately reproduce
heat conduction at the BATS site within a few tenths of a degree. This verifies the MINC method in
this modeling scenario can accurately represent heat flow. Unlike the analytical solution in Figure 8,
this model includes non-idealities in the forms of a pressure gradient, brine movement driven by
differential thermal expansion of brine and salt, an unsaturated zone near the heater (Figure 6),
fully saturated conditions in the farfield, and brine flow within fractures. Even with these complexities
present, the thermal parameters provided from the analytical solution still result in a “good” fit for
temperature, further supporting that heat conduction is the dominant process for heat flow within
salt. The modeled temperature in the TOUGH TH simulation does not under-predict temperature at
thermocouples closer to the heater. This is due to using MINC to represent the presence of the DRZ and
its associated fractures. Because of how the MINC method works by partitioning the flow domain into
different computational volumes, the bulk thermal conductivity of the matrix and fracture volumes present
within the DRZ is lower than intact salt due to the low thermal conductivity of the fractures. This overall
lower thermal conductivity near the heater allows the TOUGH TH model to predict higher temperatures in
the near-field. In addition to fractures lowering the thermal conductivity of the salt, thermal conductivity
is known to change as a function of temperature—as temperature increases the thermal conductivity
decreases [53]. Both Bauer and Urquhart [53] and Kuhlman et al. [34] measured thermal conductivity
of salt at a range of temperatures. Bauer and Urquhart [53] shows that the thermal conductivity of
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a single salt crystal will range from 6.05 to 3.4 W/m ·K as temperature increases from 25 to 200 ◦C.
Similarly, results from Kuhlman et al. [34] show that the thermal conductivity of a salt core ranges
from 5.0 to 2.9 W/m ·K as temperature increases from 40 to 200 ◦C. The BATS field test does not reach
200 ◦C, the salt around the heater reaches approximately 100 ◦C and at the nearest thermocouple a max
temperature of 47 ◦C, which would result in a slight decrease in thermal conductivity. This temperature
dependent thermal conductivity is not accounted for in either the analytical solution or the 1D TOUGH
simulations. While temperature dependent thermal conductivity would have an effect on the results
presented here, the difference in thermal conductivity of salt at 25 ◦C (6.05 W/m ·K-Bauer and
Urquhart [53]) and 50 ◦C (5.5 W/m ·K—Bauer and Urquhart [53]) would only affect a small volume
of salt around the heater. For example, the highest temperature measured at a thermocouple is roughly
47 ◦C (Figure 4) and this thermocouple (HE1-TC3) is 0.4 m away from the center of the heater and
the furthest thermocouple is 2.98 m away (HT1-TC16). Additionally, the salt surrounding the heater
is assumed to be damaged (i.e., part of the DRZ) and the results from Kuhlman et al. [34] show that
at 40 ◦C the thermal conductivity of a salt core is 4.9 W/m ·K and 4.8 W/m ·K at 50 ◦C. At higher
temperatures, temperature dependent thermal conductivity can have a significant impact on these
results, but for the temperature ranges encountered during the January 2020 heater test, this effect is
assumed to be of less importance than the distinction between intact and damaged salt.

To further characterize the BATS field site, an ensemble of 1D TOUGH TH simulations is run
to investigate brine inflow into the heater borehole. This ensemble consists of 249 combinations of
permeability and porosity for the DRZ. Each parameter combination is shown in Figure 10 by dark
gray triangles, the ensemble covers permeability ranging from 10−17 to 10−14 m2 and porosity from
0.001 to 0.10. Each simulation is run for 41 days corresponding the heating and cooling phases of
the field test. The brine production response of a heated borehole is complex, with exponentially
decaying brine production due to pressure changes, and changes in bulk permeability due to thermal
expansion, stress changes, and changes in fracture aperture in the salt. We simplify the very complex
brine production problem by examining cumulative brine production at the end of a heating and
cooling cycle. A brine surface response map of total brine inflow during these 41 days is shown in
Figure 10. Varying the hydrological parameters of the DRZ results in the total brine inflow varying
from roughly 15 to 565 g. The actual amount of brine inflow measured in the field is 180 g over
the course of the experiment, the best parameter combination (two black circles in lower-right of
Figure 10) to match this volume of brine inflow are for a permeability of 2.5× 10−17m2 with a porosity
of 0.02 and 0.03. To provide context on how much heat has an effect on the amount of brine and
brine inflow, these two best-fit simulations were run again without a heat source. Each simulation
resulted in ≈35 g less brine flow into the heater borehole, which illustrates the coupled nature of just
the TH response in the salt. The temperature distribution, derived here solely from heat conduction,
is responsible for a large portion of the brine production (i.e., thermal expansion of brine as an
additional driving force). These permeability values fall within the range of expected permeability
from 10−16 to 10−23 m2 reported in Beauheim and Roberts [15]. This range of permeability over
seven orders of magnitude exemplifies the possible values present with the DRZ. However, more
recently borehole permeability testing was conducted as part of BATS in a heated borehole within the
WIPP underground [54]. The results from a series of pressure decay tests resulted in a permeability
value between 2.0 to 3.0 × 10−17 m2, which agrees with the results presented here within a very
narrow range. These permeability values are also comparable to two well-known studies conducted at
WIPP. Stormont [19] utilized gas permeability measurements in salt to quantitively delineate the DRZ
from intact salt. Stormont [19] showed that permeability within the DRZ can range from 10−14 m2

near the borehole/excavation and decreases to ≈10−19 m2 up to 2 m away. Pfeifle and Hurtado [55]
presents laboratory data from creep and hydrostatic compression tests in order to characterize the
evolution and healing of damaged salt. These laboratory tests resulted in permeability values of
damaged salt ranging from 10−16 to 10−13 m2.
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Figure 8. Analytical solution for best fit parameters at 8 thermocouples. The top panel shows the
predicted temperature at each thermocouple in linear time and the bottom panel shows the temperature
fits in log-time. The field data are denoted by solid lines and the modeled temperature are the
corresponding colored circles.
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Figure 9. Numerical modeling results for change in temperature at three thermocouples in-plane with
the heater over time. The solid lines represent the temperature measured in the field and the dots
represent the modeled temperature at each location.

Despite to the complex coupled processes that are relevant to salt and the computational resources
required to model all relevant processes, we take a simplified approach to analyzing an extremely
complex system. This parsimonious modeling approach utilizing analytical and numerical 1D
simulations to match field data does not account for all the known coupled processes in salt, it is
important to note that these methods reproduce the order of magnitude in measurements made in
the field and are therefore representative of effective hydrologic and thermal parameters of bedded
salt during a salt heater test. With the analytical solution, we were able to utilize a global nonlinear
MCMC optimizer using 90,000 iterations. The results were then transferable into the more complex
TH model. It would not have been computationally feasible to perform DREAM MCMC parameter
estimation on the TOUGH2 simulations directly. These results offer important insights for future
modeling studies by providing constraints on the hydrologic and thermal systems of a geologic salt
system and highlights components that are crucial for accurately modeling and matching field data.
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Figure 10. Cumulative brine inflow into the heater borehole during both heating and cooling phases
of experiment. Black triangles show parameter combination for individual simulations (N = 294).
Black dots represent hydraulic parameters that have total brine inflow within ±10 g of brine inflow
measured in the field.

4. Conclusions

The safe disposal of radioactive waste in geologic salt has been a topic of research and
demonstration since the 1950s. The safety of nuclear waste disposal within bedded salt is contingent
on the long-term isolation capabilities of the salt formation as a whole. Understanding short-term
heat and brine flow within the DRZ surrounding excavations is an important part of the whole safety
assessment for radioactive waste disposal in salt. This study implements a numerical modeling
experiment to compare both thermal and hydrological processes during a salt heater test within a
bedded salt formation.

The findings from this study are as follows:

1. Heat flow in damaged salt around the heater requires reduced thermal conductivity
(e.g., heat conduction between intact salt and fractures) to accurately model, while heat flow
within undamaged intact salt can be modeled with purely heat conduction.

2. Including fractures as part of the DRZ is crucial in matching both the thermal and hydrologic
response of salt to heat. The MINC method implemented here illustrates the importance of
matrix-fracture heat conduction when matching temperature measured in the field along with
fluid flow during a salt heater test.

3. The combination of thermal property estimation with a computationally efficient analytical
solution and a global optimizer, and 1D TH simulations to estimate hydrologic properties, is a
computationally economical approach to constraining effective reservoir properties through
matching field data.
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In conclusion, results from this study yield insights into heat and fluid flow during a salt heater
test, as well as providing an effective way to constrain thermal and hydrological parameters within
the highly heterogeneous DRZ. While this study utilizes a simplified approach to modeling an
extremely complex system, this study yields important guidance for future modeling studies that aim
to incorporate more complex processes.
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