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ARTICLE INFO ABSTRACT

Keywords:

The contributions of external and internal hydration (OH and H30) on the shape and strength of hydration

Moon related features at 3 and 6 pm for lunar relevant nominally anhydrous minerals were investigated under vacuum

Infrared spectroscopy
Lunar regolith

conditions. Understanding the effect of hydration on the reflectance spectra of lunar analog materials in the
laboratory can provide insights into remote sensing observations of the lunar surface and the potential for 3 and/

or 6 um observations to determine the speciation of hydration on the Moon. We demonstrate changes in the
shape and strength of the broad 3 pm absorption feature in olivine and anorthite that is associated with the
removal of hydration under changing environmental conditions. The overlapping nature of OH and HO related
absorption features in the ~3 pm region makes it difficult to uniquely determine the speciation of hydration.
Despite evidence of H3O loss in the 3 pm region, we do not observe the fundamental bending mode of H2O at 6
pm, posing potential challenges for the detection H2O on the lunar surface and throughout our solar system.

1. Introduction

Reflectance spectroscopy has played a prominent role in detecting
hydration on the lunar surface. Water exhibits several absorption fea-
tures in the near infrared spectral region, including the asymmetric and
symmetric stretching vibrations of molecular water (H20) between 2.85
and 2.95 pm and the first bending overtone of the HoO bending vibration
at ~3.1 pm. Hydroxyl (OH) also exhibits its fundamental stretching vi-
bration in this wavelength region, commonly between 2.7 and 2.9 pm,
with the cationic environment and degree of hydrogen bonding heavily
influencing the band position of this feature (Libowitzky, 2006). Three
independent spacecraft - Chandryan-1 (Pieters et al., 2009), Deep
Impact (Sunshine et al., 2009), and Cassini (Clark, 2009) - indepen-
dently detected the widespread presence of a broad and asymmetric
absorption feature near 3 pm, consistent with the presence of OH and/or
H50 on the lunar surface.

The lunar 3 pm “hydration” feature was initially identified in mod-
erate and high latitude soils, with the relative strength of the 3 pm
feature decreasing systematically with latitude and local time of day
(Clark, 2009; Pieters et al., 2009; Sunshine et al., 2009). Several sub-
sequent investigations have further acknowledged the correlation

between the strength and distribution of the 3 pm hydration feature to
instantaneous surface temperature and diurnal temperature variations
(e.g., Chauhan et al., 2021; Grumpe et al., 2019; Honniball et al., 2020;
Laferriere et al., 2022; S. Li and Milliken, 2017; McCord et al., 2011;
Wohler et al., 2017; Wohlfarth et al., 2023), suggesting that a portion of
the observed hydration is surfical in nature and is influenced by local
thermal conditions. The overlapping nature of HyO and OH features in
the 3 pm wavelength region, however, poses significant challenges in
discerning the speciation and abundance of either species on the lunar
surface. Neutron remote sensing from the Lunar Exploration Neutron
Detector (e.g., Livengood et al., 2015) and ultraviolet spectroscopy from
the Lyman Alpha Mapping Project (e.g., Hendrix et al., 2019) onboard
the Lunar Reconnaissance Orbiter further support diurnal variations in
lunar hydration, though are unable to distinguish OH and H»0.
Fortunately, in addition to the HoO/OH absorption features in the 3
pm region, molecular H,O exhibits its fundamental bending mode at ~6
pm, where there are no overlapping OH vibrations, potentially circum-
venting the ambiguity and need to distinguish between H,O and OH
features. Stratigraphic Observatory for Infrared Astronomy (SOFIA)
telescopic observations have inferred the existence of H,O on the lunar
surface via the presence of a weak emission feature at ~6 pm (Honniball
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et al., 2021, 2022; Reach et al., 2023). As such, repeated and coordi-
nated 3 and 6 pm observations has the potential to resolve the speciation
of hydration on the lunar surface and capture the migration of this
volatile across the surface.

Wilk et al., 2024 assessed spectral variations at 3 and 6 pm due to the
thermal removal of surface adsorbed H>O under dry air conditions for
nominally anhydrous minerals (including olivine, pyroxene, and
plagioclase) and mature lunar soils. Clear and systematic changes in the
strength and shape of the 3 pm feature associated with the removal of
Ho0 were well documented. No distinguishable features, however,
could be attributed to the presence or removal of HyO at 6 pm, calling
into question the possibility of observing diurnal variations in HyO
content on the lunar surface. Additional laboratory work is needed to
understand the effect of a vacuum environment on hydration related
features at 3 and 6 pm.

In addition to any surficial hydration on the lunar surface, Li and
Milliken, 2017 and Milliken and Li, 2017 have suggested that hydration
encapsulated within volcanic, agglutinitic, and impact glasses likely
contributes to the observed 3 pm hydration feature and would remain
unaffected by diurnal temperature variations. In situ analysis of
returned lunar samples have measured detectable amounts of water in
mare basalt melt inclusions (e.g., Hauri et al., 2011; Hu et al., 2021;
Stephant et al., 2020), pyroclastics (e.g., Saal et al., 2008, 2013), and
apatite (e.g., Barrett et al., 2023; Boyce et al., 2010), further suggesting
that interior water contents likely contribute to the strength of hydration
related features in both remote sensing and laboratory spectra.

In this work, we build on the work of Wilk et al., 2024 to continue
exploring the nature of hydration related features in the 3 and 6 pm
region for two lunar relevant nominally anhydrous minerals, olivine and
anorthite. Here we assess the effect of a vacuum environment on hy-
dration related features at ambient temperatures. The samples were
further thermally processed to evaluate internal hydration contributions
to the strength and shape of hydration related features. Investigating the
effects of internal and external hydration on the reflectance spectra of
lunar relevant minerals can offer valuable insights into what may be
observed on the lunar surface and the feasibility in which 3 and/or 6 pm
observations may be able to address the speciation of hydration on the
Moon.

2. Methods
2.1. Experimental procedure

Several grams (~3-4 g) of relatively pure terrestrial olivine (San
Carlos, Mg#90) and anorthite (Miyake-Jima; An>90) were dry sieved to
<45 pm particle size separates. Bi-directional and hemispherical
reflectance measurements (1-25 pm) of the unaltered samples were
acquired using a Bruker Fourier Transform IR (FTIR) spectrometer under
vacuum conditions (103 Torr) in the Planetary Spectroscopy Labora-
tory at the German Aerospace Center (DLR) in Berlin. Reflectance
measurements were first acquired under vacuum conditions once the
vacuum system reached its target pressure (10~ Torr), followed by two
more measurements at 15 min intervals to demonstrate measurement
consistency and that the vacuum system was stabilized. Following these
measurements, the samples were later prepared in a steel sample dish
(depth = 1.5 mm) and gradually heated under a ~ 10~ Torr vacuum for
approximately 9 h, with the olivine and anorthite sample dish reaching a
maximum temperature of 873 K and 887 K respectively. This heating
processes was employed as a mechanism to dehydrate the samples and
to evaluate irreversible changes in hydration content (i.e., internal
water).

After heating, the samples were removed from vacuum and subse-
quently cooled in a desiccator at ambient pressures overnight. Bi-
directional and hemispherical reflectance measurements of the dehy-
drated samples were acquired under vacuum conditions the following
day, again including an initial measurement once the sample chamber
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reached is target pressure and twice more at 15 min intervals. These
measurements were obtained at a spectral resolution of 4 cm ™! using a
MCT detector, with 500 and 1000 scans per measurement for the bi-
directional and hemispherical measurements respectively. Reflectance
measurements were made relative to a diffuse gold standard positioned
in vacuum conditions for 10 min before the reference measurement was
taken. Additional measurements (0.3-99 pm) of the samples under
purged gas conditions were acquired using a Nicolet NEXUS 870 FTIR in
the NASA Reflectance Experiment LABoratory (RELAB) at Brown Uni-
versity, with a 4 cm™! resolution relative to a diffuse gold standard in
purged dry air gas conditions. This interlaboratory comparison allowed
us to assess the reliability of our results and to more readily compare our
spectra to the extensive catalog of samples, including lunar soils, that
have also been measured at RELAB under identical conditions.

2.2. XRD

X-ray diffraction (XRD) measurements were acquired on a subset of
the sample prior to and after heating to evaluate the purity of the
original endmember samples and to assess any possible changes to the
crystal structure in the heated samples. Samples were analyzed with a
Bruker D2 Phaser XRD equipped with a Cu Ka X-ray source, a 0.6 mm
divergence slit, 0.3 mm anti-scatter shield, 2° soller slits, a Ni filter, and
a LYNXEYE detector. Each sample was measured from 10°-90° 26 with a
0.02° 20 step size and a 6 s/step dwell time. The resultant diffraction
patterns were evaluated with the Bruker DIFFRAC.EVA software pack-
age in tandem with the International Centre for Diffraction Data (ICDD)
PDF-2 crystallographic database and mineral abundances were deter-
mined via Rietveld refinement (see supplemental text). XRD data of the
pre- and post-heated samples are provided in Supplementary Fig. 1.

2.3. Spectral parameters

To evaluate differences between samples in the shapes and slopes of
spectral features in the 3 pm region, we first normalized the spectra at
2.4 pm. We then calculated several spectral parameters to characterize
the strength and shape of the 3 pm hydration feature, including the 3 pm
band minimum position, band depth (BD), integrated band depth (IBD),
and full width half maximum (FWHM). Each spectrum was divided by its
continuum (defined between 2.4 and 4.0 pm for the ~3 pm band) to
produce a continuum removed spectrum. The band depth is defined as 1
minus the continuum removed reflectance at a given wavelength (3).
Both the olivine and anorthite sample had ~3.4 and ~ 3.5 pm C—H
absorptions we attribute to minor hydrocarbon organic contamination.
Given this, when calculating the FWHM and IBD (eq. 1), reflectance
values for the wavelength channels between 3.35 and 3.55 pm were
removed and linearly interpolated over this wavelength regime. The
FWHM is defined by the width (measured in pm) of the absorption at
half of the maximum strength of the feature. The IBD is normalized by
the integrated maximum band depth (BDypp), where the normalized
depth has a maximum possible band depth (MBD) value of 1 for each
measured wavelength and Ayjp is 2.4 pm and Apax is 4 pm.

*max BD()) o dA
S BDC) )

IBD = —/mn T
J7™ BDygp (1) @ dA

Additionally, we converted our reflectance spectra to single scat-
tering albedo to estimate water (OH/H20) content in the 3 pm region
using the Effective Single-Particle Absorption Thickness (ESPAT) func-
tion. The single scattering albedo represents the interaction of a photon
with a single particle and Hapke, 2012 demonstrated the reflectance
spectrum, R, can be related to single scattering albedo (w) by

. w
R(i.€.8) = 2 cos(®) + cos(@))
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where i, e, and g are the incidence, emergence, and phase angle
respectively. For the spectral measurements acquired at the DLR, the
viewing geometry is i = 30°, e = 0°, and g = 30° and for the RELAB
measurements the viewing geometry isi = 30°, e = 30°, and g = 60°. We
follow the parameterization of the Hapke model demonstrated in S. Li
and Li, 2011, where the backscattering function, B(g), is approximated
to be

B(g) = (1 + <%> tan(%) >71 3)

and the angular width parameter of the opposition effect, h, is h = —3/
8In(1- ¢). We set the filling factor, ¢, to be consistent with the lunar
regolith (¢ = 0.41) (Bowell et al., 1998). The H function, H, is approx-
imated by

H(x,w) = {1 —(1—y)exe |ro+ (1 —0.5r —roX) OIn(l :x] }—1
4

where x is either the cosine of the incidence or emergence angle, y =

V1—w,andry = % Finally, the phase function, P(g), is

P(g) = 1+ bcos(g) + c(1.5¢cos*(g) — 0.5 ) (%)

where the forward scattering of the minerals, b and c, are set to —0.4 and
0.25 respectively (Mustard and Pieters, 1989). Eq. [2] can then be solved
for w at each wavelength using the observed reflectance values.

Due to differences in absolute reflectance between the spectra
measured at RELAB and at the DLR, we scale the DLR bi-directional
reflectance spectra to the RELAB spectra at 2 pm where there are no
mineral or water related absorptions. The reflectance spectra are then
converted to single scattering albedo, and we remove the continuum
between 2.4 and 4.0 pm in the 3 pm region to account for any differences
in spectral slopes between the samples. The ESPAT parameter [Eq. 6] is
linearly proportional to water content and the empirical relationship
between total water content and the ESPAT parameter at ~2.9 ym has
been described as the weight percent water = 4.9130-ESPAT -2 9um
(Milliken and Mustard, 2005).

1-w(l)
w(A)

To evaluate changes in the 6 pm region, we normalized the reflec-
tance spectra to unity at 5.7 pm and provide spectral ratios of the un-
heated olivine and anorthite sample to the most dehydrated sample (i.e.,
bottom olivine and mixed anorthite).

ESPAT(3) = (6)

3. Results

Following the heating of the olivine and anorthite samples to 873 K
and 887 K respectively, the samples cooled down in a desiccator at
ambient temperatures and pressures overnight and were subsequently
distributed into new sample dishes. During the dehydration process, the
olivine sample at the bottom of the dish oxidized, indicated by its red in
colour appearance. The olivine sample was then partitioned into 3
separates: sample from the top of the dish, sample from the bottom of the
dish, and a mixed sample from the dish. The anorthite sample did not
experience a similar oxidation reaction and was consequently only
partitioned as a mixed sample from the dish. The nomenclature of a top
sample, mixed sample, and bottom sample is used going forward and
this order can generally be thought of as the samples becoming pro-
gressively more dehydrated, as the bottom sample had more direct
contact with the heated sample dish. XRD of the olivine sample from the
bottom of the dish indicates the formation of ~1 wt% hematite (Sup-
plementary Fig. 1), which is not observed in the unheated olivine sam-
ple, and the abundance of any hematite in the mixed and top olivine
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sample is likely <1 wt%.

Reflectance spectra [0.3-8 pm] of the olivine and anorthite samples
measured in RELAB under dry purged air conditions are shown in Fig. 1
and the RELAB specimen identifiers are provided in Supplementary
Table 1. We note that the heated olivine samples measured in RELAB
exhibit stronger organic features at 3.4 and 3.5 pm than observed in the
bi-directional and hemispherical spectra measured at DLR. This is most
likely attributed to increased organic contamination during sample
handling. The RELAB reflectance spectra, which were acquired under
purged dry air conditions, otherwise exhibit the same sample absorption
features and relative changes as the reflectance spectra measured under
vacuum conditions. As such, we discuss only the bi-directional spectra
(Fig. 2) in further detail below and provide additional hemispherical
spectra in Supplementary Figs. 2-4.

3.1. The 3 um region

All the samples exhibit a broad absorption feature in the 3 pm region
(Fig. 3). When measured at ambient conditions, the samples display
sharp atmospheric components shortward of 2.83 pm and all samples
contain minor organic contaminants that contribute three narrow
spectral bands at ~3.37, 3.42, and 3.51 pm, characteristic of aliphatic
CH stretching vibrations (e.g., Bishop et al., 1998). These features were
carefully avoided, as described in section 2.3 during the data analysis to
avoid interference with the interpretation of the much stronger hydra-
tion related features. In Fig. 4 we present the IBD, band minimum po-
sition, and FWHM parameters of the 3 pm absorption for each of our
samples, in addition to the total water content derived from the ESPAT
parameter. Total water contents derived from the RELAB spectra can be
found in Supplementary Fig. 5.

At ambient conditions, both olivine and anorthite have a broad 3 pm
feature with their band minima centered at ~2.9 pm and an estimated
water content of 320 and 409 ppm respectively. Exposure to a vacuum
environment for 30 min decreased the olivine sample’s water content by
160 ppm and the anorthite sample’s water content by 209 ppm, with a
notable 35 % and 30 % decrease in the IBD for each sample. The relative
appearance of the 3 pm feature remains unchanged, with negligible
differences in the FWHM value between the ambient and vacuum
environment measurements.

The dehydration process removed considerable amounts of hydra-
tion from the samples. The bottom olivine sample exhibited a 90 %
decrease in IBD resulting in a derived total water content of 21 ppm
while the mixed anorthite sample experienced a 66 % decrease in IBD
and a derived total water content of 57 ppm. Olivine’s 3 pm feature
became considerably narrower with progressive dehydration and its
band minimum remained near ~2.91 pm (though it visually appears to
shift towards short wavelengths due to the bottom of the absorption
feature being relatively flat). In addition to the band minimum within
the broad 3 pm feature, there is a clear additional inflection at 3.1 pm for
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Fig. 1. RELAB reflectance spectra (0.3-8 pm) of olivine and anorthite before
and after heating to 873 K and 887 K, respectively. RELAB specimen identifiers
can be found in Supplementary Table 1.
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Fig. 2. DLR bi-directional reflectance spectra (2-8 pm) on the left and reflectance spectra normalized to unity at 2.4 pm on the right, of anorthite and olivine
acquired under ambient and vacuum (~10~2 Torr) conditions before and after heating to 873 K and 887 K respectively. For the unheated ambient spectra,
wavelengths between 4.1 and 4.4 pm were removed due to large atmospheric CO, absorptions. All the heat-treated samples were measured under vacuum conditions
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Fig. 3. Continuum removed bi-directional reflectance spectra of anorthite and
olivine acquired under ambient and vacuum (~10"2 Torr) conditions before
and after they have been heated to 873 K and 887 K respectively. Both olivine
and anorthite exhibit absorption features near ~2.9 and ~ 3.1 pm (represented
by a gray dashed line).

the unheated vacuum, top, mixed, and bottom olivine sample’s spectra.
Anorthite’s 3 pm feature was centered at ~2.94 pm and remained broad
following dehydration. The band minimum shifted towards slightly
longer wavelengths, with a clear inflection in the 3 pm feature at 3.1 pm
in addition to the band minimum at ~2.94 pm.

3.2. The 6 um region

In the intermediate infrared (IMIR; 4-8 pm) region, HO exhibits its
fundamental bending mode between 6.0 and 6.2 pm (Nyquist et al.,
1997) and silicate minerals also have several absorption features in this
wavelength region (e.g., Lane and Bishop, 2019; Salisbury et al., 1987).
Combinations and overtones of fundamental silicate vibrations in the
mid infrared (MIR; 8-15 pm) create a plethora of absorption features in
the IMIR region. Most notably, olivine has two prominent absorption
features at 5.6 and 6.0 pm whose band minimum position shift sys-
tematically with Mg content (Kremer et al., 2020). Additionally, anor-
thite exhibits a weak absorption feature at ~5.4 ym and a broad flat-
bottom absorption feature near ~6.2 pm. We provide a zoomed in
normalized view of the 6 pm region and ratioed spectra of the olivine
and anorthite samples in Fig. 5 and Fig. 6 to evaluate the role of HyO in
this wavelength region.

Contributions from atmospheric water vapor occur between 5 and
7.5 pm in the ambient sample measurements, making it difficult to assess
the presence of surface adsorbed water in the 6 pm region and conse-
quently differences in surface hydration between ambient and vacuum
conditions. We do, however, observe no difference or change in reflec-
tance between the three vacuum measurements at 6 pm for both the
olivine and anorthite samples (Fig. 5A,C). Dehydration of olivine
exhibited no discrete features or changes in reflectance that could be
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Fig. 4. Spectral parameters of the 3 pm absorption feature, including the integrated band depth (IBD), band minimum position, and full width half maximum
(FWHM) were calculated using the 3 pm continuum removed reflectance spectra. Water content is estimated using the ESPAT parameter from single scattering
albedo. The unheated olivine sample measured under ambient conditions has an estimated water content of 320 ppm and 160 ppm when measured under vacuum
conditions. The top, mixed, and bottom olivine sample have 69 ppm, 30 ppm, and 21 ppm water contents respectively. The unheated anorthite sample measured
under ambient and vacuum conditions is 409 ppm and 200 pm, with the mixed sample having an estimated 51 ppm water content. Green squares represent olivine
and gray triangles represent anorthite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Bi-directional reflectance spectra (5.4-6.4 pm) of olivine and anorthite, normalized to unity at 5.7 pm indicated by the gray dashed line. The expected band
position of the 6 pm H,O absorption is shaded in gray. Differences in reflectance spectra between the ambient measurement and the sample under vacuum conditions
for 0, 15, and 30 min are shown in A and C. Reflectance spectra of the sample pre- and post-heating are shown in panels B and D.
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Fig. 6. Normalized bi-directional reflectance spectra (5-7 pm) of olivine and anorthite normalized to unity at 5.7 pm and a ratioed spectrum of the unheated sample
to the most heated sample. The expected band position of the 6 pm H,0 absorption is shaded in gray. A zoomed in view of the ratioed reflectance spectrum is shown
on the right. Neither olivine nor anorthite exhibit a water related feature at 6 pm in the ratioed spectra. The gray arrow in the olivine plot indicates the location of the
6.26 pm absorption feature that increases in strength with progressive dehydration.
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attributed to the presence and/or removal of water in the 6 pm region
(Fig. 5D). The top, mixed, and bottom heated olivine samples exhibit a
flatter spectral slope between 6.1 and 6.6 pm compared to the unheated
olivine sample which has a much steeper spectral slope in this wave-
length region. In addition to the 5.6 and 6.0 pm features, all the olivine
samples exhibit an absorption feature with a band minimum centered
near 6.26 pm that increases in strength with progressive dehydration
(Fig. 7). In the ratioed spectrum, the removal of H»0 in the 6 pm region
should manifest as a negative feature. While the changes in spectral
slope, as well as the strengthening of the 6.26 pm absorption feature is
evident in the ratioed olivine spectrum, we do not observe any negative
features that can be associated with the removal of H,O between the
unheated and bottom olivine sample (Fig. 6). Dehydration of the anor-
thite sample resulted in no observable changes in reflectance between
the unheated and mixed anorthite sample under vacuum conditions in
the 6 pm region (Fig. 5B). The ratioed anorthite spectrum provides no
further evidence of water removal, with 0.006 % maximum variation
between the unheated and mixed anorthite sample in the 6 pm region.

4. Discussion
4.1. State of hydration

Nominally anhydrous minerals, including olivine and anorthite,
have a variety of mechanisms in which they can incorporate OH/H>0.
Externally, monolayers of water molecules may exist on mineral surfaces
via chemisorption, in which H,0 covalently bonds at electropositive
surface sites causing the dissociation of HoO and the formation of OH
groups or through the hydrogen bonding of Hy0 to other H,O and OH
molecules (Dyar et al., 2010; Hibbitts et al., 2011). Chemisorbed OH is
more thermally stable than chemisorbed H20, with HyO desorption
typically occurring between 180 and 400 K and terminally bonded OH
desorption occurring between 500 and 600 K (Dyar et al., 2010; Hibbitts
et al., 2011). We measured our samples under vacuum (1072 Torr) to
remove loosely bound hydration, with the predominant species removed
likely being H2O given that OH is more strongly bound and consequently
more stable than H20. Despite the presence of a vacuum environment
surface hydration likely persists, as small amounts of hydration can exist
stably on the surface of minerals even under ultra-high vacuum (<108
Torr) (Hibbitts et al., 2011).The effect of removing the loosely held
surficial component is discussed in further detail in Section 4.2.

Water can also be incorporated into olivine and anorthite internally
in the form of Hy0 within fluid inclusions and OH as structural defects.
We gradually heated our samples to upwards of ~870 K to remove
interior hydration components and assess their contribution to the

1.00 T T T
5 [ ]
3
£ 8 099} 4
L C
s
Es L ]
2@
5
g 098 |

Olivine
0.97 1 1 L
6.15 6.2 6.25 6.3 6.35

Wavelength (um)

Unheated sample; Vacuum
Post heat top of sample cup; Vacuum
Post heat mixed sample; Vacuum

= Post heat bottom of sample cup; Vacuum

Fig. 7. Continuum removed reflectance spectrum (6.15-6.35 pm) of olivine’s
6.2 pm absorption feature. The strength of the feature increases with progres-
sive dehydration and oxidation of the sample.
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observed hydration features. Changes in the strength and shape of the 3
pm feature in consequence of the heating are both permanent and non-
reversible, indicating that interior hydration was lost albeit not
completely removed due to the 3 pm feature remaining even in our most
heated samples. The effect of removing interior hydration is discussed in
further detail in Section 4.2.

4.2. Variability in the 3 ym Region

At ambient pressures and temperatures, external hydration exists on
the surface of the olivine and anorthite samples, influencing the strength
and shape of the 3 pm feature. The introduction of the olivine and
anorthite samples to a vacuum environment decreases the strength of
the 3 um feature and is consistent with the loss of surface adsorbed H,0,
rather than surficial OH. Approximately 160 ppm and 209 ppm of water
was removed from the olivine and anorthite samples, respectively, via
exposure to a vacuum environment. While the removal of surface
adsorbed H,0 via vacuum decreases the 3 pm band strength, we observe
little change in the FWHM of the 3 pm feature of either sample and see
only minor shifts in the band minimum position (Figs. 3,4). Wilk et al.,
2024 performed low temperature heating experiments under ambient
pressures to remove surface adsorbed HoO and noted much greater
variability in the strength and shape of the 3 pm feature than what is
observed here. Most notably, they found olivine’s 3 pm feature became
considerably narrower, with a band minimum that shifted towards
lower wavelengths with surficial HyO loss. The difference in 3 pm
behavior between these two studies is likely due to the degree in which
H,0 has been removed from the mineral surfaces, where the thermal
removal of HyO performed in Wilk et al., 2024 was a more efficient
mechanism to remove surficial HyO, resulting in greater spectral vari-
ability. We postulate we would observe similar changes in band shape
and minimum position with the introduction of low temperature heating
to remove additional hydration from the surface. Future investigations
performing low temperature heating under vacuum conditions, while
collecting in-situ reflectance measurements, would be valuable to un-
derstand fully how temperature and vacuum work in tandem to influ-
ence the behavior of the 3 pm hydration feature for a variety of mineral
compositions.

While it is probable that small amounts of hydration persist on the
surfaces of the olivine and anorthite grains, the incomplete removal of
the 3 pm feature in vacuum further suggests that internal hydration, in
the form of structural OH and potentially H»O in fluid inclusions, con-
tributes to the observed 3 pm feature. Indeed, the progressive removal of
internal hydration in the 3 pm region can be observed in the top, mixed,
and bottom olivine and anorthite samples (Fig. 3). Structural defects in
olivine provide a mechanism for hydrogen bearing species, such as OH,
to be incorporated into olivine’s crystal lattice and there have been
numerous studies that have correlated specific defects to OH absorption
features in the infrared (see Le Losq et al., 2019; Y. (Will) Li et al., 2022
and references therein). Hydroxyl associated with silicon vacancies may
produce absorption features between 2.75 and 2.85 pm, OH associated
with trivalent cations in Mg vacancies may produce absorptions between
2.94 and 3.0 pm, and OH associated with metal (Mg>* or Fe?*) va-
cancies may produce absorption features near ~3.1 pm. Our olivine
samples’ 3 pm feature (Fig. 3) is centered near 2.91 pm, with an addi-
tional absorption feature near 3.1 pm, which may be attributed to OH
associated with trivalent cations in Mg vacancies and metal vacancies
respectively. It is important to note, however, that H,O gives rise to the
asymmetric and symmetric stretching vibrations of the water molecule
between 2.85 and 2.95 pm as well as the first bending vibration overtone
of Hy0 near 3.1 pm. Olivine can host small amounts of HyO in fluid
inclusions and the presence of water cannot be excluded, as both the
band minimum and 3.1 pm absorption are also consistent with HyO.
Fig. 8 highlights the overlapping nature of HyO and OH related ab-
sorptions in olivine and anorthite, illustrating that the presence of an
absorption or band minimum may not reliably indicate speciation in the
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Fig. 8. The expected band positions of OH and H,O related features in olivine
(green) and anorthite (pink). While the ability of olivine to host HO in fluid
inclusions is noted in the literature, there were no specific band assignments for
H50 fluid inclusions as there were for anorthite. As such, we also note the
expected band positions of general H,O combinations and overtones in gray.
Many of the expected band positions in the 3 pm region overlap, making it
difficult to uniquely determine the speciation of hydration. Band assignments of
OH and H»0 in olivine and anorthite are from Le Losq et al., 2019, Y. (Will) Li
et al., 2022 and Johnson and Rossman, 2004. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

3 pm region. Irrespective of the speciation, the bottom olivine sample
lost ~140 ppm of water during the dehydration process and the pro-
gressive removal of interior hydration is evident in the top, mixed, and
bottom olivine sample via the permanent weakening and narrowing of
the 3 pm feature.

Anorthite, the calcium endmember of the plagioclase feldspar series,
can structurally incorporate small amounts of OH and non-structurally
incorporate small amounts H5O into its aluminosilicate network, and
the assignment of hydrous species in the infrared spectra of feldspars has
been reviewed in depth by Johnson and Rossman, 2004. Type Ila OH
defects in feldspars, which are commonly found in plagioclase, are
characterized by their broad absorption bands centered near 2.89-2.98
pm and 3.12-3.28 pm. Fluid and melt inclusions are non-structural
mechanisms in which HoO may be incorporated into plagioclase. Ab-
sorption features due to fluid inclusions are characteristically broad,
with absorption minimums occurring near 2.9 pm and shoulder features
near 3.05 pm, with melt inclusions giving rise to asymmetric absorptions
centered near 2.8 pm. Anorthite’s broad 3 pm feature (Fig. 3) whose
band minimum is centered at 2.94 pm with an additional absorption
feature at 3.1 pm is consistent with both type IIa OH defects and H,0 in
fluid inclusions. Given the overlapping nature of OH and HyO features,
the exact speciation of the interior hydration component cannot be
uniquely determined in the 3 pm region though an estimated ~143 ppm
of water was permanently removed during the heating process.

4.3. The 6 um region

4.3.1. Fundamental bending mode of H20

The fundamental bending vibration of water gives rise to an ab-
sorption feature between 6.00 and 6.2 pm (Nyquist et al., 1997) and can
be used to distinguish the presence of HoO from OH. We analyzed our
reflectance spectra for absorption features and changes in reflectance we
could attribute to the presence and/or removal of HyO. We estimate
~320 ppm of water is present in the olivine sample and ~ 400 pm of
water is present in the anorthite sample when measured under ambient
conditions. While we interpret the changes in the strength of the 3 ym
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feature with vacuum exposure to be consistent with the removal of
surface adsorbed H-0O, in addition to internal HyO in fluid inclusions
being perhaps partially responsible for the observed 3 pm character, we
do not observe the fundamental bending absorption in the 6 pm region.

We present three possible explanations as to why the 6 pm feature is
not discernible in these samples:

1. Water is not present and OH is the only hydrous species responsible
for the 3 pm feature.

2. Silicate related absorption features in this region suppress the
detection of H5O.

3. The amount of Hy0 present is not sufficient to produce a 6 pm
feature.

We find explanation 1 to be the most unlikely scenario, as we
postulate the exposure to the vacuum environment primarily removed
surficial HyO rather than OH. The inability to resolve surface adsorbed
H50 on nominally anhydrous minerals in the 6 pm region is consistent
with Wilk et al., 2024, where surface hydration was thermally removed
in temperature regimes expected for HoO desorption, not OH, yet the 6
pm feature remained undetected. We do note, however, that while the
2.9 and 3.1 pm absorption features in olivine and anorthite are consis-
tent with both internal OH and H,0, we have no independent mecha-
nism to determine the speciation of the hydration in either sample. It is
possible that only OH is incorporated internally and largely contributes
to the 3 pm feature, though this cannot explain why we do not observe
the surfical HoO components in the 6 pm region. It has been previously
noted that strong absorptions due to the aluminosilicate network of
feldspars can prevent the detection of the fundamental HyO absorption
at 6 pm (Johnson and Rossman, 2004). Olivine also exhibits strong sil-
icate related absorption features in the 6 pm region (Kremer et al., 2020)
and it would not be unreasonable to expect that the presence of these
features could stifle the detection of HoO as well. Finally, differences in
the absorption coefficient values of HoO at 3 and 6 pm may be respon-
sible for the lack of an observable 6 pm feature. The strength of an ab-
sorption for any given absorbing species will be governed by the
absorption coefficient, which is nearly 4.5 times stronger at 2.9 pm than
at 6.1 pm for liquid water (Wilk et al., 2024). The small amount of Hy0,
incorporated externally and/or internally in these samples, may be
insufficient to produce a discernable 6 pm feature but sufficient to
produce discernible changes in the 3 pm region. We find explanation
three to be the most plausible scenario for the data presented here but
note that the detection of HyO in nominally anhydrous minerals will be
complicated by the presence of other absorption features in this wave-
length region.

4.3.2. Silicate related absorptions

Though there was no HyO related activity in the 6 pm region for any
of the samples in this study, there were notable changes in the spectral
slope and strength of non-water related absorptions in the olivine
sample following heating. Olivine exhibits a series of fundamental sili-
cate absorptions in the mid-IR region (e.g., Hamilton, 2010; Lane et al.,
2011) and has combination-overtone absorptions in the IMIR region,
though the associated fundamental absorptions have yet to be identified.
We observe no changes in olivine’s 5.6 and 6.0 pm silicate features but
we do observe changes in spectral slope longward of 6.1 pm for the top,
mixed, and bottom sample in addition to a weaker absorption feature at
6.2 pm increasing in strength. The 6.2 pm absorption feature increases in
band strength with decreasing strength in the 3 pm hydration feature
(Fig. 7), indicating that the observed changes in band strength and
spectral slope are due to changing mineralogy, not HyO related activity.
Oxidation of the olivine sample occurred during the heating process and
facilitated the formation of hematite, with the most hematite (~1 wt%)
in the bottom olivine sample and lesser amounts in the mixed and top
olivine sample. The spectral changes are likely attributed to the
increasing amounts of hematite in the sample but at present we are
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unable to link these changes to the fundamental absorptions in the mid-
IR region.

4.4. Implications for lunar remote sensing

Hydrogen bearing volatile species, such as OH and H»0, can exist on
the surface of the lunar regolith or internal to the regolith material.
These volatile species may have various origins, including space
weathering processes such as solar wind irradiation, the indigenous
material during lunar accretion, and cometary or asteroid delivery (e.g.,
Cernok et al., 2020; Greenwood et al., 2011; Lucey et al., 2021; McCord
et al., 2011). The source of hydration in our terrestrial samples may
differ from that in lunar regolith but studying the effects of internal and
external hydration on the reflectance spectra of these lunar relevant
minerals can provide insights into what we may expect for the lunar
surface.

The lab experiments presented here have applications to ground and
space based observations of a 3 pm feature on the lunar surface that is
consistent with the presence of OH and/or H,O (e.g., Clark, 2009;
Pieters et al., 2009; Sunshine et al., 2009). Here we observe the effects of
a vacuum environment on the strength of the 3 pm feature due to the
removal of weakly bound H20 on olivine and anorthite, though diurnal
variations of the 3 pm feature on the Moon will be driven by thermal
processes rather than physical removal from the vacuum environment.
Both olivine and anorthite have a band minimum position near 2.9 pm
and with progressive dehydration an additional absorption feature near
3.1 pm becomes more evident. These absorption features are consistent
with both OH and/or H;O. Initial observations by Deep Impact observed
a 3 pm feature whose band minimum was centered at 2.95 pm, which
could be consistent with the asymmetric and symmetric modes of HyO or
OH (Sunshine et al., 2009). Sunshine et al., 2009 notes that the presence
of the 3.1 um bending overtone could be diagnostic of HyO in those
observations but because of calibration uncertainties the absorption
could not be distinctly resolved. We caution that while the presence of a
3.1 pm absorption feature may be an indicator of Hy0O, that OH ab-
sorptions may also be produced longward of 3 pm in minerals such as
olivine and anorthite due to bound protons on mineral surfaces,
potentially from solar wind. While the Moon Mineralogy Mapper (M)
provides spectral coverage of more than 95 % of the lunar surface, the
spectral range (430-3000 nm) of the instrument can detect but not fully
resolve the full 3 pm feature (Green et al., 2011). Datasets that resolve
the full lunar 3 pm feature (i.e., Lunar Trailblazer, Chandrayaan-2) will
be fundamental for our understanding of the lunar water cycle, though
special care needs to be taken when interpreting absorption features
(OH vs H20) in the 3 pm region.

Despite having upwards of 300-400 ppm of water in our most hy-
drated samples, we are unable to resolve a 6 pm feature associated with
the presence or removal of surficial and internal water in both olivine
and anorthite. Telescopic observations from SOFIA, however, detect a
weak 6 pm emission feature that has been interpreted to be H,O trapped
in impact glasses (Honniball et al., 2021; Reach et al., 2023). An esti-
mated 100-400 ppm of HO has been derived from the strength of the 6
pm emission feature in SOFIA data, which is well within the estimated
water contents of our samples. Our inability to detect a 6 pm feature in
terrestrial analog samples may suggest that the lunar regolith contains a
higher abundance of internal water than the samples presented here,
implying that either 1) the water content derived from the 3 pm feature
in the terrestrial samples is overestimated, or 2) the 6 pm SOFIA ob-
servations underestimated water content. It is a possibility that the weak
6 pm emission feature detected by SOFIA may have been erroneously
attributed to the presence of water, though it is unclear as to what SOFIA
would have otherwise detected. Assuming the lunar 6 pm feature is
indeed due to water trapped in impact glasses, understanding how the
bonding environment of water affects its detection at this wavelength is
crucial and may reconcile why a 6 pm feature is observed in both
terrestrial mid-ocean ridge basalt glasses (S. Li and Milliken, 2017) and
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impact glasses on the lunar surface, yet remains undetected in our
terrestrial analog samples with similar water abundances. Ultimately,
the detection limits of HyO at 6 pm merits further laboratory in-
vestigations, however, our results indicate that even with derived total
water abundances of up to 400 ppm, the 6 pm feature remains unde-
tectable in olivine and anorthite. Given that the SOFIA telescope detects
emission rather than reflectance, conducting similar laboratory experi-
ments in emission would yield a more direct comparison to remote
sensing observations of the Moon. At present it is unclear as to whether
diurnal variations in the strength of the 6 pm feature exist on the lunar
surface but our failure to detect surficial HyO under terrestrial atmo-
spheric conditions, which contains more H,O than the lunar exosphere,
suggests diurnal variations are unlikely.

5. Conclusion

Our study highlights the complexities involved with the detection
and interpretation of hydration related features in the 3 and 6 pm re-
gions for lunar relevant nominally anhydrous minerals. Under ambient
conditions, our unheated olivine and anorthite samples have derived
total water contents of 300-400 ppm and we demonstrate that both
external and internal hydration components contribute to the overall
shape and strength of the 3 pm hydration feature. We interpret at least a
portion of the observed changes to be associated with the removal of
H>0 under vacuum conditions or from heating. Our inability to observe
the fundamental bending mode of HyO at 6 pm prevents an unambigu-
ous detection of HyO and highlights the complications in speciating
hydration in nominally anhydrous minerals using 3 and 6 pm observa-
tions in the laboratory.

Enhanced resolution reflectance data spanning the entire 3 pm
feature will be a welcome addition to existing lunar remote sensing
datasets, however we caution that distinguishing between OH and H0
in this wavelength region may be challenging. Although we were unable
to detect a 6 pm HyO feature in the laboratory, SOFIA observations do
reveal a 6 pm HyO feature. Joint 3 and 6 pm observations of the Moon
may still provide valuable insights into the speciation of hydration and
continued laboratory and in-situ investigations probing the nature of
what is being detected on the lunar surface would be valuable. Under-
standing the nuanced nature of 3 and 6 pm observations should be of the
utmost importance, as the James Webb Space Telescope also covers
these wavelengths and could be utilized to detect hydration on bodies
throughout our solar system.
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