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ABSTRACT: The forms of water and their thermal stability in
bedded salt are crucial in determining the material’s suitability
for heat-generating nuclear waste storage. Here we show first-
of-its-kind incoherent inelastic neutron scattering (IINS)
results of bedded salts to distinguish three water environments:
intergranular water molecules confined to grain boundaries,
water trapped as brine in fluid inclusions, and structural water
in intracrystalline hydrous minerals. Sixteen spectral lines can
be distinguished unambiguously in the 0−1100 cm−1 multi-
phonon and librational domain, yielding an unprecedented
high resolution for a natural material. The spectral response to
temperature illustrates the bimodality of the technique
enabling the intergranular water component to be distin-
guished from that of brine, shedding light on a nearly 30-year-
old problem in characterizing different forms of water in rock salt. This pioneering study shows that IINS provides insight into
the cause and effect of moisture migration and its coupling to thermomechanical properties in salt formations. Our results are
pertinent to subsurface energy exploration and storage, including nuclear waste storage, in salts.

■ INTRODUCTION

Deep geological storage including salt deposits is the ultimate
solution in nuclear waste management for long-term safe
disposal of nuclear waste.1−8 Permian salt located near the
waste isolation pilot plant (WIPP)9 in southeast New Mexico is
the nation’s only licensed deep geologic repository for
permanent disposal of defense transuranic (TRC) waste. Its
suitability for storage of heat-generating nuclear waste
(HGNW) is currently being studied.10−12

A homogeneous salt (e.g., Domal salt formations)13 provides
a well-defined, predictable geological barrier. However, bedded
Permian salt formations commonly found in the United States
are heterogeneous. They contain hydrous minerals, such as
gypsum, clay, and polyhalite, providing brine mobility paths not
found in Domal salt.14,15 Thus, research into water content and
transport behavior in bedded rock salt is one of the key focus
areas, having historically been of concern for performance
assessment of nuclear waste storage,11,16,17 and is essential to
justify using Permian salt formations as repositories for the
disposal of HGNW.10,18

Water in salt and its role in deformation and weakening of
rock salt during long-term creep have been studied
extensively.14,15,19−25 In addition, brine migration in salt

under thermal gradients has been reported by numerous
researchers.18,26−30

Previous studies indicate that water occurs in rock salt in
three forms: bound water in hydrous minerals (e.g., clays and
hydrated salts),2,17,18,20 intergranular pore water in grain
boundaries,20,29−31 and free water trapped as brine in fluid
inclusions.20,29,30 However, as pointed out three decades ago by
Roedder and Bassett,17 errors and problems persist in assigning
these three water forms unambiguously, leading to incom-
patibilities among published results.
Two major problems impede progress in determining water

content and study of its transport behavior in rock salt. One is
the experimental lack of a technique to distinguish and quantify
the three different water forms, particularly for intergranular
water. The second problem is intrusive sample preparation
required by analytical techniques, causing changes in brine
analysis.17 However, progress in micrography has made
chemical analysis of 30 μm brine inclusions feasible.32,33

Another important unexplored issue is the effect of water
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release and movement of nanoscale pore water confined in
grain boundaries, as opposed to bulk water, on the coupled
thermomechanical behavior of intact and crushed salt.32,34

To characterize specific water forms in rock salt and
investigate the release of water, including nanoscale pore
water, at elevated temperatures, we explored incoherent
inelastic neutron scattering (IINS), using the filter difference
spectrometer (FDS) at the Los Alamos Neutron Science
Center (LANSCE).
IINS, a vibrational spectroscopic method, is an energy loss

spectroscopy in which a fraction of the incident neutrons loses
energy by exciting vibrational modes of the scatterer.35 It is
selectively sensitive to the dynamics of hydrogen atoms, has no
selection rules, and is nondestructive and thus easily penetrates
large samples.36−40 We use this technique in a first exploratory
effort to characterize water in rock salt. Our principal result
shows that the observed spectral lines discriminate unambig-
uously among multiphonon, librational, and O−H stretching
modes of intergranular pore water, brines, and bound water in
hydrous minerals. This capability has profound implications in
unveiling the fundamental aspects of moisture migration in rock
salt, a prerequisite for safe and robust sequestration of HGNW
in bedded salt formations.

■ MATERIALS AND METHODS

Two samples, unadulterated rock salt and its insoluble residue
from the Permian salt formations located near Carlsbad, New
Mexico, were loaded in the instrument cylinder sample cell (ϕ2
cm, L15 cm), which can hold up to 150 g of intact rock salt.
The sample must be carefully selected as it has been well-
known since the pioneering studies of Usiglio41 and van’t
Hoff42 that salt deposits are laterally inhomogeneous: calcium−
magnesium carbonates as least soluble minerals precipitating
first, followed by gypsum, halite, magnesium sulfate, potassium
chloride, and magnesium chloride, as most soluble, precipitat-
ing last in the center of the basin. The Permian bedded salt in
the WIPP area is inhomogeneous, mainly halite (NaCl) and
polyhalite [K2Ca2Mg(SO4)4·2(H2O)], with minor amounts of

magnesite (MgCO3), clays, gypsum (CaSO4·2H2O), and quartz
(SiO2).

43 This phase assemblage is characteristic of late
Precambrian, Permian, and ternary seawater precipitates with
high Mg/Ca ratios, polyhalite being one of the characteristic
phases.32 The rock salt sample we selected is nearly pure halite
with a small amount of magnesite. The residual (∼0.5 wt %)
consists primarily of quartz and corrensite (an interlayered
smectite/chlorite swelling clay) and kaolinite, with still some
halite and magnesite.
Our thermogravimetric analysis (TGA) results resemble

those published for halite,44 modified by the small amount of
corrensite.43 Pristine halite in our sample contains 0.07 wt %
moisture (combined intergranular pore water and brine). The
insoluble residue (0.5 wt % of the total sample) contains 22.5
wt % moisture (H2O and OH), 4.1 wt % of which is released as
H2O by 150 °C. The water content due to corrensite in our
rock salt sample is 0.02 wt %.

IINS Spectroscopy. The filter difference spectrometer at
LANSCE is used for IINS molecular vibrational spectroscopy.
Technical details can be found at http://lansce.lanl.gov/lujan/
instruments/FDS.shtml. The room-temperature (RT) samples
and those heat treated at 100 and 150 °C for rock salt, at 150
and 450 °C for the insoluble residue, were loaded in cylindrical
aluminum sample holders, mounted in a closed-cycle
refrigerator, and measured at 10 K. A vanadium rod was used
as background.

■ RESULTS AND DISCUSSION

IINS Spectra of Rock Salt at Elevated Temperatures.
Figure 1 shows the IINS rock salt spectra of the RT sample and
those after heat treatment at 100 and 150 °C. The frequency in
inverse centimeters (1 meV = 8.065 cm−1) is given above each
peak. Three frequency domains occur (1) the multiphonon
modes-H2O between 1 and 300 cm−1 (Figure 1a), (2) the
water libration modes between 300 and 1100 cm−1 (Figure 1b),
and (3) the intramolecular vibrations as referenced by the H−
O−H bending mode around 1660 cm−1 (Figure 1b).

Figure 1. Three IINS spectra of rock salt in (a) the multiphonon domain and (b) librational domain and a small segment of the vibration domain at
room temperature (RT, red), dehydrated at 100 °C (blue), and at 150 °C (black). The dots represent the experimental data; the lines are fitted
results using Gaussians. Disappearance of the 1662 cm−1 bending mode after treatment at 150 °C indicates the absence of water in the sample within
the IINS detection limit.
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Our focus is on the first two domains and their scattering
intensity variation as a function of temperature. Though
detailed assignment of the vibrational modes falls outside the
scope of this study, some generalities may be observed. The
first domain is characteristic of interaction of water with NaCl
lattice vibrational modes. There are six of these modes in NaCl,
the highest-energy, optical modes occurring at ∼240 cm−1.45

The domain has exceedingly narrow resonances with a full
width at half-maximum (FWHM) approximately half that of the
narrowest and most intense translational peak in crystalline ice,
[iceh].

39 It represents specific coupling between a water
molecule and the halite phonons. They must be associated
with grain boundaries for two reasons. First, the halite crystal
structure has no sites to accommodate water molecules.
Second, the extreme narrowness of the resonances precludes
coupling between different water molecules. Such modes are
well-known for hydrogen atoms riding on catalyst supports, in
which they follow adiabatically the plane motions in so-called
riding modes.35,46,47 They have never been observed for
moisture in zeolites37,39 or clays.48 We designate these water
modes “Chladni modes” to honor the father of acoustics Ernst
Chladni (1756−1827). At higher frequencies, the multiphonon
domain is followed by three resonances with somewhat broader
FWHMs representing hydrogen stretches from intergranular
moisture as well as fluid inclusions.49

The sudden rise in intensity around 300 cm−1 is designated
the librational edge (LE). It marks the onset of the second
domain representing interactions of water molecules with one
another. These interactions are historically assigned to three
modes around the center of mass of the water molecule: rock,
twist, and wag, their energy sequencing being a matter of
continuous debate as recently described by Parker et al.50 This
domain occurs as bands with or without structure in zeolites
and clays.37,39,48 It is characterized in our case by three high-
intensity resonances with a number of subsidiary ones with very
large FWHMs. Their intensity is a consequence of the large
amplitude motion of librations in the brines; their width reflects
the multiple interactions of water with the multiple brine
constituents and the 0.02 wt % moisture in corrensite.

What marks the utility of IINS is the difference in the
response of the two spectral domains to heat treatment of the
sample. After heat treatment of the sample at 100 °C, the
resonances in the first domain tend to coincide in position and
intensity with those of the RT sample, except for the two
resonances at 65 and 225 cm−1, which are possibly associated
with corrensite dehydration. The librational mode intensity in
the second domain, on the other hand, is nearly halved together
with a variation in the intensity ratio of the modes. It indicates
primarily loss of the 0.02 wt % of moisture associated with
corrensite that occurs between 65 and 75 °C. Thus, the
spectrum of the sample heat treated at 100 °C shows the
proportion of water confined in grain boundaries and that of
brines included in fluid inclusions.
TGA results as well as the absence of the 1662 cm−1 bending

mode in the 150 °C heat-treated sample indicate beyond 150
°C the absence of water in the sample, corrensite hydroxyl
release taking off at 450 °C. Accordingly, the IINS spectra show
virtually no resonances for the rock salt sample after treatment
at this temperature

IINS Spectra of the Insoluble Residue at Elevated
Temperatures. Figure 2 shows IINS spectra of the insoluble
residue at RT and after heat treatment at 150 and 450 °C. Our
results show an almost identical spectrum for the RT and 150
°C samples. On the other hand, the sample heat treated at 450
°C differs significantly, consistent with the onset of
dehydroxylation of corrensite at ∼450 °C.

Moisture Release in the Multiphonon and Librational
Domain. The temperature-dependent release of water in the
multiphonon scattering domain depends on the tenacity with
which it is attached to the Chladni modes of the lattice. In the
librational domain, it depends on the strength of the walls of
the fluid inclusions. To analyze these effects more precisely, we
assume that at 150 °C, all moisture has been released and the
moisture-free 150 °C halite spectrum is the same as the RT
spectrum. Thus, the difference spectrum between RT and 150
°C is the total moisture contribution to the sample, i.e., the 0.07
wt % in pristine halite and 0.02 wt % in corrensite. The
difference spectrum between 100 and 150 °C on the other
hand is the contribution of the remaining moisture in the

Figure 2. Three IINS spectra of the insoluble residue in (a) the multiphonon domain and (b) the librational domain at room temperature (RT, red),
dehydrated at 150 °C (blue), and at 450 °C (black). The dots represent the experimental data; the lines are fitted results using Gaussians.
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sample treated at 100 °C. Figure 3 illustrates these two derived
spectra fitted with an adequate number of Gaussians. Results
are given in Table 1, indicating which modes release the most

intergranular water or brine. The multiphonon frequency range
for NaCl varies between ∼80 and ∼240 cm−1, with the soft
modes being designated the acoustic modes and the most
energetic ones the optic modes. Inspection of Table 1 indicates
the mode-dependent moisture release. The mode at 172 cm−1

represents the most tightly bound moisture. In general, the
librational modes tend to release, as anticipated, more moisture

over the considered temperature range relative to the
multiphonon modes.
Our results show that it is possible with IINS to discriminate

two moisture environments in halite due to a difference in the
response of the sample to heat treatment at 100 °C. The first
one, with very narrow resonances, is indicative of individual
water molecules vibrating cooperatively with lattice vibrational
modes of halite on grain boundaries. They are not affected by
moderate sample heating. The second is the result of fluid
motion in brines that become visible once the signal due to
corrensite moisture release is eliminated. The ability to
partition the 0.07 wt % moisture in pristine halite over these
two environments makes it possible to target the proper
moisture moiety responsible for hydrolytic weakening of halite.
In our open system, this moisture will be released to the
surroundings. In a closed system, the communication between
brine-released moisture, the source, and intergranular thin film
growth, the sink, will show up in spectral intensity variations
between the two domains. This spectral capability is a definite
significant advance urgently needed to place thermomechanical
studies of halite on firm footing and to make pertinent
robustness assessments of HNGW storage in bedded salt
formations.
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Table 1. Calculated Peak Areas at Corresponding
Frequencies and Moisture Releasea

frequency
(cm−1)

peak area
(RT −
150 °C)

peak area
(100 °C − 150 °C)

% water
remaining
at 100 °C form of water

65 36 0 0 intergranular
pore water

87 158 63 39.87
98 48 64 133.33
117 180 115 63.89
139 180 133 73.89
175 236 215 91.10
194 63 14 22.22
225 13 0 0.00
255 135 67 49.63
278 37 49 132.43

460 2454 979 39.89 fluid inclusion
568 1163 604 51.94
648 1574 802 50.95
716 1058 648 61.25
797 1563 888 56.81
935 1778 1278 71.88

aCalculated weight percent loss per formula unit. Corrensite: 13.3 wt
% H2O at 65−75 °C, 13.9 wt % OH at 450 °C. Gypsum: 20.9 wt %
H2O at <100 °C. Polyhalite: 6.0 wt % OH at ∼250 °C. Kaolinite: 26.4
wt % OH at >550 °C.
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