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Abstract—Beidellites may exist on Mars and represent intermediate alteration products; their presence
would indicate different alteration environments than previously identified because montmorillonite is a
low-grade alteration mineral whereas beidellite is a higher-temperature alteration mineral, and often
represents a step toward illite formation. The reflectance spectra of beidellites are under study to support
their orbital detection on Mars, where spectral signatures of other Al-rich phyllosilicates have been
observed. Reflectance spectra of ten Al-rich smectites are presented here which include pure beidellites
and Al smectites having compositions between those of beidellite and montmorillonite, and emphasis is
placed here on the OH combination bands near 4545 cm™' (2.2 um) as these vibrational features are
commonly used in the identification of phyllosilicates on Mars. Shifts were observed in the AI,OH band
centers, which occur near 4590 cm ™' (2.18 pum) in reflectance spectra of beidellite and near 4525 cm ™!
(2.21 pm) in reflectance spectra of montmorillonite. These are compared with the Al,OH bending
vibrations observed near 941—948 cm™' (10.5—10.6 pm) for beidellite and near 918—926 cm™'
(10.8—10.9 pum) for montmorillonite. Although the octahedral site cation composition provides the
greatest influence on the vibrational energies of the M>OH groups, the tetrahedral site cation composition
also influences these vibrations. Shifts were observed in the Si—O—Al bending vibrations from 552 and
480 cm™!' (18.1 and 20.8 pm) in beidellite spectra to 544 and 475 cm™' (18.4 and 21.0 pm) in
montmorillonite spectra. Gaussian modeling of the 4545 cm ™' (2.2 pm) bands led to the discrimination of
four overlapping bands in each of the ten Al smectite spectra examined in this study. Shifts in the band
center and area of the primary spectral band are coordinated with substitution of Al for Si in the tetrahedral
sheet. This is consistent with beidellites having a greater tetrahedral layer charge than montmorillonites.
The observed spectral differences were sufficiently large that these Al-rich smectites can be differentiated
in orbital data of Mars. A pure beidellite-type spectrum is observed in an isolated Al phyllosilicate-bearing
outcrop in Libya Montes, a region where Fe-rich smectite is common but Al-rich smectite is rare.
Beidellite-type reflectance spectra were also observed in one area of the Nili Fossae region. In contrast, a
variety of Al phyllosilicates were found in the ancient rocks at Mawrth Vallis, including some smaller clay-
bearing regions exhibiting spectral signatures more consistent with beidellite-like than montmorillonite-
like chemistry.
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INTRODUCTION

The spectral properties of beidellites are investigated
in order to gain a better understanding of how the
structure and chemistry of these Al smectites affects their
spectral properties. Visible/near-infrared (VNIR) reflec-
tance spectra of beidellites exhibit an OH combination
band due to stretching and bending vibrations of OH
connected to the octahedral cations. This band is centered
near 4590 cm ' (2.18 um), which is measurably different
from the 4525 cm ' (2.21 pm) band observed in
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reflectance spectra of montmorillonite (e.g. Post and
Noble 1993; Bishop et al., 1994; Gates, 2005).
Reflectance spectra of smectites with compositions
intermediate to beidellite and montmorillonite (biedel-
lite/montmorillonite) exhibit bands centered near
4525 cm™!' (2.21 pm) with a shoulder near 4590 cm '
(2.18 pm) (e.g. Post and Borer, 2002; Gates, 2005). This
asymmetric band observed for intermediate beidellite/
montmorillonite reflectance spectra is different from the
character of the broader Si-OH band observed in this
wavelength region that is often present in opal reflectance
spectra as a shoulder-like feature at longer wavelengths,
but somewhat more related to that of montmorillonite-
kaolinite mixtures (McKeown et al., 2011).
Phyllosilicate-bearing outcrops on Mars exhibit a
range of mineralogical and spectral properties (e.g.
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Poulet et al., 2005; Bishop et al., 2008b; Mustard et al.,
2008; Ehlmann et al., 2009). Many reflectance spectra of
these Martian clay-bearing regions exhibit a band near
4545 cm ' (2.2 pum) that is characteristic of
Al phyllosilicates, opal, and hydrated silica glass (e.g.
Milliken et al., 2008b; Noe Dobrea et al., 2010). Another
purpose of this study was to provide spectral analyses of
beidellites that will facilitate identification of this
mineral on the Martian surface in cases when a spectral
feature is observed near 4545 c¢cm~' (2.2 pum) and
questions arise as to whether it is due to
Al phyllosilicates or to hydrated silica.

BACKGROUND

Beidellite was first identified and characterized by
Larsen and Wherry (1925) and is named after Beidell,
Colorado, where an early sample was collected.
Beidellite is differentiated from the other aluminous
smectite, montmorillonite, by the degree of tetrahedral
and octahedral substitution and resulting distribution of
layer charge (e.g. Grim, 1968; Schultz, 1969; Brindley
and Brown, 1980; Malla and Douglas, 1987; Wilson,
1987; Chamley, 1989; Velde, 1995). These studies
employed Li" exchange, heat treatment, X-ray diffrac-
tion (XRD), and infrared (IR) spectroscopy to differ-
entiate beidellite from montmorillonite. In general,
beidellite has greater substitution of Al for Si in the
tetrahedral sites and less substitution of ferric or ferrous
Fe and Mg for Al in the octahedral sites than does
montmorillonite. Thus, beidellites are defined as having
greater tetrahedral than octahedral layer charge com-
pared to montmorillonites. Beidellites are structurally
similar to nontronites and ferric smectites, having a
trans-vacant (M1 site) dioctahedral array, whereas
montmorillonites are usually cis-vacant (one of the
symmetric M2 sites is vacant) (Lanson and Champion,
1991; Lanson and Besson, 1992).

The IR spectral properties of beidellites have been
studied and related to those of other phyllosilicates
(Farmer, 1974; Grauby er al., 1993; Post and Noble,
1993; Kloprogge et al., 1998; Post and Borer, 2002;
Gates, 2005; Kloprogge, 2006). Most of these studies
focused on transmission spectra in the mid-IR wave-
length range. The focus here is placed instead on
reflectance spectra of the OH combination bands in the
near-infrared (NIR) wavelength region for comparison
with remote sensing data. The NIR reflectance spectra of
beidellites have been reported to exhibit bands near
4548—4585 cm ' (2.181—2.199 um) (Post and Noble,
1993) and near 4577 cm ' (2.185 pm) (Gates, 2005).
This band is assigned to AI,OH combination modes of
one stretch and one bend for each Al,OH site in the
structure (e.g. Bishop et al., 1994, 2002a, 2002b).

The primary influence on the vibrational energy of
the OH bond in smectites is the type of octahedral
cation, as summarized in previous studies (e.g. Farmer,
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1974; Bishop et al., 2002a; Gates, 2005). A secondary
influence on the OH bond is the tetrahedral cation
composition and the resulting influence on H-bonding. A
reduction in charge on the apical O occurs for increased
octahedral Al abundance that allows for increased
H-bonding to the OH proton (Gates, 2005). An earlier
study of OH-stretching bands in micas postulated that
the bond strength at the apical O connecting the
tetrahedral and octahedral sheets governs the vibrational
frequency of the OH bond (Robert and Kodama, 1988).
The OH proton was shown (Besson and Drits, 1997a) to
form weak H bonds with apical oxygen ions residing
across the octahedral vacancy, and those authors
postulated that the strength of the H bond is influenced
by the presence of isomorphic substitution in octahedral
or tetrahedral sites adjacent to the vacant site.
Tetrahedral substitution of Al for Si was shown to
increase M-OH stretching (Besson and Drits (1997b) and
bending (Gates, 2005) frequencies, whereas octahedral
substitution of Mg for Al tended to decrease the
frequencies of these stretching and bending vibrations.
From a thermal and XRD study of 83 aluminous
smectites, Schultz (1969) suggested that beidellites
form due to protonation of the apical oxygens with the
H" of these OH groups directed toward the vacant
octahedral cation sites. Madejova et al. (1996) observed
a shift in the mid-IR OH-bending vibrations toward
higher frequencies (shorter wavelengths) with increasing
charge reduction in Al-rich smectites (e.g. AIMg-OH to
Al,-OH), interpreting this as introducing more beidel-
litic character to the spectra, as an increasing proportion
of the residual charge resides in the tetrahedral sheet.
Gates et al. (2000) evaluated reduced-charge smectites
using **Si NMR and found that shifts in band positions
were related to the average electronic density of the
tetrahedral Si—O bonds.

Additional bands are also present in smectite spectra
from 4000 to 4200 cm ' (2.38—2.50 um) that appear to
be associated with tetrahedral substitution (Bishop et al.,
2002a). Gates (2005) hypothesized that these bands are
due to coupled vibrations of the OH-stretching with the
Alye-O-Sieq modes. These bands are observed near
4104 cm ™' (2.44 pum) for beidellites (Gates, 2005), near
4080 cm ™' (2.45 pm) for montmorillonites (Petit et al.,
2004; Gates, 2005; Bishop et al., 2008a), near
4155 cm™ ! (2.41 pm) for nontronite (Gates, 2005;
Bishop et al., 2008a), and near 4200 em~ ! (2.38 um)
for saponite (Bishop et al., 2008b).

METHODS

Samples

Ten natural beidellite and beidellite/montmorillonite
samples were studied from a collection of well
characterized smectites (Gates, 2005). The samples
were purified via sediment fractionation and Ca-satura-
tion of the interlayer exchange sites. The origin and
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Table 1. Beidellite sample information.

Sample 1D Name Mineral Details
B34 JB919* Delamar (Glen Silver Pit) Beidellite Ca-sat, <0.2 pm (Idaho, USA)
B35 JB920" SBId-1 Beidellite Ca-sat, <0.2 um (Idaho, USA)
B36 JB921* SBCa-1 Beidellite Ca-sat, <0.2 pm (California, USA)
B37 JB922" 3™ Bench Beidellite Ca-sat, <0.2 um (Idaho, USA)
B38 JB923" Cameron Beidellite Ca-sat, <0.2 pm (Arizona, USA)
B39 JB924" Mt Binjour Beidellite-Montmorillonite Ca-sat <0.2 pm (Queensland, Australia
B40 JB925%* Binjour Plateau 4a Beidellite-Montmorillonite Ca-sat, <0.1 pm (Queensland, Australia)
B41 JB926* Binjour Plateau 4a Beidellite-Montmorillonite Ca-sat, 0.1—0.2 pm (Queensland, Australia)
B42 JB927* Binjour Plateau 4a Beidellite-Montmorillonite Ca—sat, 0.2—0.5 pm (Queensland, Australia)
B43 JB928”+ Binjour Plateau 4a Beidellite-Montmorillonite Ca—sat, 0.5—2 pm (Queensland, Australia)
IB174 JP Montmorillonite <2 pm (JelSovy Potok, Slovakia)
JB874 46-E5888 Opal-CT Natural sample (Virgin Valley, Nevada)

* sample from Gates (2005)
f data prepared for the present study

sample from Madejova et al. (1994) and Bishop et al. (2002a)
" sample collected by S. Hillier, described in McKeown et al. (2011)

mineral classification for each sample are presented in
Table 1. Beidellites were identified as such using a
combination of IR (Post and Borer, 2002) and XRD on
the <0.1 pm size fraction by sedimentation as discussed
by Gates et al. (2002). Many samples were Li-saturated
prior to dialysis and washing to ensure their purity. The
montmorillonite sample (JB174) used for comparison
with these is the <2 um fraction of a Slovakian
montmorillonite from JelSovy Potok (Madejova et al.,
1994; Bishop et al., 2002a). The opal-CT sample is from
Virgin Valley, Nevada, USA and was prepared by Steve
Hillier for a separate study (McKeown et al., 2011).

X-ray diffraction

The XRD patterns were measured on randomly
oriented powders back pressed into aluminum sample
supports using a Phillips 1710 diffractometer modified
with an electronic stepper motor and CuKo radiation
source. All samples in this study showed XRD patterns
consistent with smectite, with only minor impurities
(e.g. illite in B35 and B38; apatite in B43; example
patterns for three samples are presented in Figure 1).

Chemical analysis

Elemental analyses were performed on most samples
(reported as oxides in Table 2) using X-ray fluorescence
(XRF) spectrometry on ~1 g of Ca-saturated samples
melted in alkali flux after heating to ~1100°C, as in
previous studies (e.g. Norrish and Hutton, 1967) and
following standard procedures (e.g. Battaglia et al.,
2006). Chemical analysis of two samples, B35 (JB920)
and B38 (JB923), revealed sufficient K,O to consider
the presence of illite, probably as interstratified illite-
smectite (I-S). Estimates indicate that ~17% and ~44%
of this phase occur in samples B35 and B38, respec-
tively. These levels of impurities may present some error

in the chemical relations, but could also potentially
provide support for geological implications of beidellite
as an intermediary to illitization reactions discussed
later.

Insufficient material was available for XRF analysis
of one sample (B39/JB924), thus its chemistry was
determined from scanning electron microscopy (SEM)
and energy dispersive X-ray (EDX) analysis using a
Philips XL20 scanning electron microscope operating at
20 kV with a tungsten filament and EDAX Genesis
components. Three EDX spectra were collected on
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Figure 1. XRD powder patterns for beidellite samples JB919
(B34) and JB921 (B36) and beidellite/montmorillonite sample
JB927 (B42): (a) from 3 to 80°26 and (b) from 3 to 12°26.
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Table 2. Major oxide content of ignited (1100°C) Ca-saturated samples.
Sample S102 T102 A1203 F6203 MnO MgO CaO Na20 KzO Sum
B34 JB919* 62.11 0.00 32.09 0.50 0.011 1.330 3.298 0.009 0.711 100.1
B35 JB920" 60.29 0.51 30.96 3.12 0.000 0.932 2.809 0.148 1.228 100.0
B36 JB921* 60.77 0.00 31.99 2.02 0.005 0.859 3.012 0.015 0.660 99.33
B37 JB922" 62.48 0.18 31.60 0.59 0.015 1.209 3.376 0.010 0.607 100.07
B37 JB922"" 64.7 0.3 28.7 1.1 n.d. 1.3 3.1 0.0 0.7 99.9
B38 JB923" 57.90 0.21 25.23 8.32 0.020 2.330 2918 0.009 3.058 99.99
B39 JB924" 66.0 0.3 24.0 23 0.0 32 4.0 0.0 0.2 100.0
B39 JB924™° 63.7 0.2 26.4 1.2 0.0 3.0 4.4 0.0 0.2 99.1
B40 JB925* 62.93 0.06 24.59 3.30 0.008 2.842 2.832 0.071 0.047 98.81
B41 JB926* 63.77 0.01 26.25 1.71 0.010 3.868 4.052 0.074 0.016 99.76
B42 JB927* 62.62 0.15 25.25 2.44 0.063 4222 4.749 0.019 0.037 99.54
B43 JB928" 61.57 0.68 22.77 5.42 0.000 4339 4.558 0.028 0.306 100.0
JB174" 64.52 0.40 23.36 4.20 n.d. 3.55 3.38 0.09 0.35 99.85

The maximum error is f:xpected to be 10% of each elemental analysis; all Fe is shown as Fe,O5 and could include both
oxidation states of Fe; = as published in Gates (2005); * data prepared for the present study; " chemistry by EDX for the
present study; *° XRF equivalent values determined by correcting the EDX values by the difference factor from sample JB922;

"

chemistry from Madejova et al. (1994).

particles (spot sizes between 10 and 50 nm in diameter)
positioned within the field of view to maximize the O 1s
signal. Counts for each element were converted to oxides
and the major oxides were normalized to sum to 100%
after ignoring the small residual O 1s signal. The short
wavelength of the O 1s X-rays makes direct quantitative
analysis of O content challenging. An example SEM
image and the corresponding EDX spectra from one
location illustrate this procedure (Figure 2). The EDX
spectra of the beidellite from the 3" bench (JB922) were
also collected to ensure direct comparison between the
two methods. The EDX data gave slightly larger Si, Fe,
and Mg abundances and slightly lower Al and Ca
abundances. This arises from the need to normalize the
EDX values to the O signal, which can be affected by
water loss during analysis. The XRF and EDX values
from the 3rd bench sample (JB922) were used here to
apply a correction factor to the JB924 sample to obtain
‘XRF equivalent’ values for comparison with the other
samples analyzed by XRF. Both sets of data are reported
in Tables 2 and 3. Structural formulae calculations (after
Bodine, 1987) were based on the chemical analyses
assuming full occupancy of the tetrahedral sheet and a
22 oxygen anionic lattice per unit cell (Table 3).

Reflectance spectra

Reflectance spectra were measured on undiluted
powders in a horizontal sample dish using a bi-
directional VNIR spectrometer and a Nicolet FTIR
spectrometer at the Reflectance Experiment
LABoratory (RELAB) at Brown University
(Providence, Rhode Island, USA) as in past studies
(e.g. Bishop et al., 2002a). Spectra were measured
relative to Halon from 0.3 to 2.6 pm under ambient
conditions with 5 nm spectral sampling. Infrared
reflectance spectra were measured relative to a textured

1

gold surface in a biconical configuration with 2 cm™
spectral sampling from 1—100 um in an environment
purged of H,O and CO, for 10—12 h. Composite,
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Figure 2. SEM image of the <2 um fraction of the Mt Binjour
smectite (JB924): (a) a high-resolution image showing surface
detail of a smectite particle; and (b) an EDX spectrum (one of
five) collected from the center of the particle on the right.
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Table 3. Structural formula per O,o(OH),.

Atoms per O,0(OH)4

— Layer charge characteristics —

Sample 1D Tetrahedral sites — Octahedral sites — e” per Oy0(OH)4
Si Al Al Fe Mg Tet Oct Tot Tet/oct

B34 IB919 7.29 0.71 3.73 0.05 0.23 0.71 0.23 0.94 3.1
Delamar”
B35 JB920 7.20 0.80 3.56 0.28 0.17 0.80 0.14 0.94 5.7
SBId-1
B36 JB921 7.21 0.79 3.69 0.18 0.15 0.79 0.08 0.87 9.9
SBCa-1"
B37 JB922 7.35 0.65 3.74 0.05 0.21 0.65 0.21 0.86 3.1
3rd bench”
B37 JB922 7.61 0.39 3.59 0.10 0.23 0.39 0.49 0.88 0.80
3rd bench™
B38 JB923 7.14 0.86 2.81 0.77 0.43 0.86 0.40 1.26 22
Cameron”
B39 JB924 7.80 0.20 3.14 0.20 0.57 0.20 0.83 1.03 0.24
Mt Binjour™
B39 I1B924 7.59 0.41 3.29 0.11 0.53 0.41 0.74 1.15 0.55
Mt Binjour ™
B40 JB925 7.52 0.48 2.99 0.30 0.76 0.47 0.63 1.10 0.75
BP <0.1"
B41 JB926 7.51 0.46 3.21 0.15 0.68 0.46 0.59 1.05 0.78
BP 0.1-0.2"
B42 JB927 7.48 0.52 3.04 0.22 0.75 0.52 0.71 1.23 0.73
BP 0.2-0.5"
B43 JB928 7.48 0.52 2.74 0.50 0.79 0.52 0.72 1.24 0.72
BP 0.5-2.0"

JB174 7.70 0.30 2.99 0.38 0.63 0.30 0.64 0.94 0.47
JP <2 ym"

The maximum error is expected to be 2% for Si and 5% for the others; "~ as published in Gates (2005); " data prepared for the
present study; " from EDX values; " from XRF equivalent values determined by correcting the EDX values by the difference
factor from sample JB922; " determined from values in Madejova et al. (1994); tet refers to tetrahedral, oct refers to

octahedral, and tot refers to total.

absolute reflectance spectra were prepared by scaling
and splicing the FTIR data to the bidirectional data near
1.2 pm.

Spectra were measured of two textures of each
sample: fluffy, loose particles (A) and pressed particles
(B). The two textures were intended to provide different
sample configurations that may be observed on the
surface of Mars: loose texture relating to surface dust/
soil and compressed texture relating to lithified/
consolidated sediments and clay-bearing rocks. Each
powder sample was placed in a black teflon dish for
spectral measurement. The fluffy samples were prepared
by pouring loose powder into the dish, tapping the dish
gently to settle the particles, and refilling the dish until
full. The surface was not scraped with a spatula. For the
pressed samples, a heaping amount of material (about
double the volume of the fluffy texture samples) was
poured into the Teflon dishes and then compressed until
most of the sample fit in the dish using a manual press
with a textured glass contact surface. The sample surface
was shaved off with a spatula, and then cleaned with a
brush.

Gaussian modeling of spectra

Modified Gaussian Modeling (MGM) was performed
using new automated procedures (Makarewicz et al.,
2009; Parente et al., 2011) based on the MGM technique
developed for modeling reflectance spectra of mafic
minerals (Sunshine et al., 1990; Sunshine and Pieters,
1993). The Sunshine procedure models both the
continuum slope and the absorption bands of interest.
Another technique implemented has been a double linear
continuum removal (Hiroi and Pieters, 1998). In the
present study the continuum was modeled with a convex
hull as described by Parente et a/. (2011). Quantitative
analyses were performed using MGM analyses of
pyroxene mineral mixtures (Sunshine and Pieters,
1993) and pyroxene and plagioclase in Lunar soils
(Noble et al., 20006).

This method has been extended to model spectral
features due to phyllosilicates using Gaussians from 0.5
to 2.6 um (Makarewicz et al., 2009; Parente et al.,
2011). An automatic parameter initialization step, based
on the features of the spectrum being modeled, was used
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in order to determine the optimum number of Gaussians tion. For this study, CRISM image processing included
needed to fit the spectral features. This was accom- subtracting the instrument background, dividing by
plished by computing the 1°' and 2™ derivatives of the processed measurements of the internal calibration
reflectance spectrum and identifying local extrema and standard, and dividing the at-sensor radiance by the
inflection points to automatically select starting points solar radiance. The resulting I/F image was divided by
for the initial Gaussian parameters. This differs from the the cosine of the incidence angle to account for
Sunshine method that requires initial estimates of the photometric effects. In addition, the effects of atmo-
Gaussian parameters from the user. Both methods then spheric molecular opacity were minimized by dividing
iteratively determine the best-fit Gaussians for the each spectrum by a scaled atmospheric spectrum derived
spectrum. from a CRISM image acquired over Olympus Mons. The
CRISM I/F spectra were ratioed to spectrally neutral
CRISM spectra regions in the same column and smoothed as in previous
The Compact Reconnaissance Imaging Spectrometer  studies (e.g. McKeown et al., 2009) in order to better
for Mars (CRISM) instrument on the Mars illustrate the spectral features of interest related to
Reconnaissance Orbiter (MRO) spacecraft acquires surface properties.
reflectance spectra in a high-resolution targeted mode
using two detectors: a VNIR detector covering the RESULTS
spectral range 0.36 to 1.05 pm and an IR detector
covering 1.00 to 3.92 pm (Murchie et al. 2007, 2009). Reflectance spectra of loose and compressed textures of
Full-resolution targeted (FRT) images include 544 beidellites
channels across the full spectral range from 0.36 to Reflectance spectra of three beidellites prepared with
3.92 um with a spectral sampling of 6.5 nm in loose and pressed textures (Figure 3a) show that spectra
~10—12 km wide swaths at ~18 m/pixel spatial resolu- of the loose samples exhibit greater reflectance values at
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Figure 3. Reflectance spectra of beidellite samples measured with loose (“A”, dashed line, open symbols) and pressed (“B”, solid
line, closed symbols) textures. (a) VNIR spectra of three beidellites from 0.3 to 3.3 um. Each pair of spectra is similar to the loose
spectrum having somewhat brighter reflectance. The pressed texture might better simulate cemented clays or clay-bearing rocks.
Each pair of AB texture spectra is offset for clarity. A VNIR spectrum of sample JB921 measured under ambient conditions is shown
in a dash dot pattern and exhibits stronger water bands near 1.4 and 1.9 um due to adsorbed water. (b) Mid-IR spectra of one beidellite
and one beidellite/montmorillonite from 200—1300 cm™' (~7.7—50 um). The compressed spectra exhibit substantially greater
reflectance in this region. Small shifts are observed in the Si/AlO, stretching and bending modes for the beidellite and beidellite/
montmorillonites. A bigger shift is observed in the Al,OH bending vibration from 942 cm ™" for beidellite JB919 to 925 cm ™! for
beidellite/montmorillonite JB927.
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NIR wavelengths and exhibit greater spectral contrast
near 3 pm (~3200-3400 cm™') than their pressed
counterparts. The pressed sample texture may be more
consistent with cemented soils or clay-bearing rocks
compared to the commonly used loose sample texture for
reflectance measurements of particulate samples; how-
ever, both sets of spectra in the present study exhibited
similar spectral features. The NIR bands due to
structural OH occurred near 1.4, 2.2, and 2.7 um
(~7140, 4545, and 3700 cmfl), whereas bands due to
interlayer and/or adsorbed water occurred near 1.4, 1.9,
and 2.7—3.2 pm (~7140, 5260, and 3700—3125 cm ')
(e.g. Hunt and Salisbury, 1970; Bishop et al., 1994).
Most spectra presented in this study were measured after
purging H,O from the spectrometer sample chamber
overnight, which was shown to remove most of the
adsorbed water from the samples (Bishop er al., 1994).
One spectrum measured under ambient conditions was
analyzed for comparison (Figure 3a). The ambient
spectrum of beidellite JB921 exhibited much stronger
features near 1.4 and 1.9 pm (~7140 and 5260 cm™") due
to water, whereas the 2.2 pum (~4545 cm™ ') band was
unchanged, or perhaps reduced in intensity due to
masking from the wings of the large and overlapping
~3 um (~3200—3400 cm™') water bands. Due to the
restricted moisture levels on Mars (Farmer et al., 1977),
adsorbed water cannot be abundant. Thus, measuring
reflectance spectra of clay minerals in an environment
where the adsorbed water is minimized is expected to
represent better the CRISM spectra of these minerals on
Mars.

Sample texture and bulk density/porosity have a
much greater influence on the spectral brightness at mid-
IR wavelengths. Mid-IR reflectance spectra of the
pressed beidellite samples exhibited significantly stron-
ger features than spectra of the loosely prepared samples
(Figure 3b). The band centers for the strong reststrahlen
bands occurred near 1148, 1062, 551, and 481 cm™ ' or
8.7, 9.4, 18.1, and 20.8 pum for beidellite and near 1139,
1062, 539, and 481 cm™ ' or 8.8, 9.4, 18.6, and 20.8 pm
for intermediate beidellite/montmorillonite samples. The
Christiansen feature occurred near 1250 cm ™' (8.0 pum)
for beidellite and near 1230 cm ™' (8.1 pm) for beidellite/
montmorillonite. The positions of these features were
similar for the spectra of samples with both textures.
Some of the weaker bands (e.g. ALLOH bending
vibrations) occurred as absorptions or reflectance
troughs on the wings of the reststrahlen bands. These
features exhibited some differences in the spectra of the
loose textured material and compressed texture samples.
The feature near 250 cm ' (40 pum) appeared as an
absorption band in the reflectance spectra of the loose
material and as a reflectance peak in the spectra of the
compressed material. This difference is due to variation
in the single scattering albedo and whether the particles
are scattering individually (loose textures) or as a
surface (pressed texture), and is consistent with previous
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spectral studies of the effects of mineral texture
(Salisbury et al., 1991). Transmittance spectra of
smectites exhibit absorptions for the Si—O and OH
bands (e.g. Farmer, 1974), whereas reflectance spectra
of smectites exhibit reflectance peaks for the Si—O
bands and absorptions for the OH bands. Whether
reflectance peaks or absorption bands are observed
depends on the particle size and refractive index of the
material (Salisbury and Wald, 1992).

Near-infrared combination and overtone vibrations

Visible/near infrared reflectance spectra for loose
particulate samples of two beidellites and two inter-
mediate beidellite/montmorillonites (Figure 4) were
compared to spectra of montmorillonite and opal. The
dominant NIR absorptions in Al smectite spectra as
summarized by Bishop et al. (1994) are due to a bound
H,O stretching overtone near 1.41 um, an OH stretching
overtone near 1.41 pm (7092 cm™'), an H,O stretch+
bend combination near 1.91 pm (5235 ¢cm™ '), and an OH
stretch+bend combination near 2.18—2.21 pm
(4525-4587 cm™'). In addition, the OH stretching
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Figure 4. Reflectance spectra of selected beidellites, beidellite/
montmorillonites, montmorillonite, and opal from 0.3 to 3.3 um.
All of these spectra exhibit bands near 1.4, 1.9,2.2, and 2.7-3.2
pm due to OH and H,0. The spectra are offset for clarity.
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fundamental absorption occurs near 2.7—2.8 um
(3501-3703 cm™"), the H,O symmetric and asymmetric
stretching bands occur near 2.7-3.1 um
(3226—3703 cm™") for a distribution of water sites,
and the H,O bending overtone near 3.2 pm (3125 cm ™)
(Figure 4). Reflectance spectra of opal have generally
similar features related to Si-OH and H,O species
(Anderson and Wickersheim, 1964).

Differences were detected in the OH-stretching
vibrations for beidellite and montmorillonite
(Figure 5). The OH-stretching overtone occurred at
1.399—1.401 pm (7138-7148 cm™ ') for the beidellites
in the present study, at 1.412—-1.413 pm
(7077—7082 cm ") for the intermediate beidellite/mon-
tmorillonites, and at 1.413 pum (7082 cm™') for the JP
montmorillonite (Figure 5a, Table 4). The corresponding
OH-stretching vibrations exhibited a similar trend in

Wavenumber (cm-)
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shifting from shorter wavelength (higher frequency)
vibrational bands for beidellite spectra to longer
wavelength (lower frequency) vibrational bands for
montmorillonite spectra (Figure 5b).

The reflectance spectrum of pure beidellite had a
band centered near 2.18 pm (4587 cm™'), while
smectites exhibiting intermediate beidellite/mont-
morillonite compositions in the present study exhibited
a dominant band near 2.21 pm (4525 cem™ ') with an
additional band or shoulder near 2.18 pum (4587 cm™")
(Figure 6). Montmorillonite spectra commonly exhibit a
band centered near 2.21 pm (4525 cm™') and often
display a shoulder toward longer wavelengths if
sufficient Fe or Mg is present in the octahedral sites
(e.g. Bishop et al., 1993, 2002a; Gates, 2005). Opal
spectra also have a band centered near 2.21 pm
(4525 cm™") (Figure 6) that can be highly asymmetric,
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Figure 5. Reflectance spectra of selected beidellites, beidellite/montmorillonites, montmorillonite, and opal highlighting the OH
stretching vibrations: (a) the OH-stretching overtone region from 1.34 to 1.50 pm; and (b) the OH stretching region from 2.5 to
3.3 pm. Shifts in the OH-stretching vibrations are observed from near 1.40 and 2.72 pm for beidellite to near 1.41 and 2.75 um for
montmorillonite. The H,O stretching overtones are marked in light gray for bound (~1.41 pm) and adsorbed (~1.47 pm) H,O in
smectites in part a and the H,O bending overtone is marked in light gray near 3.1 pm in part b. The H,O stretching vibrations were

broadly distributed from ~2.7 to 3 pm (not marked).



386

Bishop et al.

Clays and Clay Minerals

Table 4. Band centers from Gaussian modeling and related features.

Sample 1D OH combination bands Measured Calculated
Band # OH v+d OH v+3 OH v+3 OH 5 OH v
(um) FWHM (em™h (em™h (em™h
B34 JB919A 1 2.177 0.0262 4593 946 3647
B34 JB919A 2 2.189 0.0451 4568 918 sh 3650
B34 JB919A 3 2.204 0.0187 4537
B34 JB919A 4 2232 0.0202 4480
B35 JB920A 1 2.169 0.0308 4610 947 3663
B35 JB920A 2 2.196 0.0512 4554 920 sh 3634
B35 JB920A 3 2.208 0.0093 4529
B35 JB920A 4 2.241 0.0212 4463
B36 JB921A 1 2.177 0.0294 4594 941 3653
B36 JB921A 2 2.191 0.0498 4564 918 sh 3656
B36 JB921A 3 2.208 0.0098 4530
B36 JB921A 4 2.233 0.0194 4477
B37 JB922A 1 2.175 0.0223 4598 942 3656
B37 JB922A 2 2.186 0.0443 4574 918 sh 3656
B37 JB922A 3 2.208 0.0087 4529
B37 JB922A 4 2.219 0.0316 4507
B38 JB923A 1 2.181 0.0311 4585 928 3657
B38 JB923A 2 2211 0.0481 4522 919 sh 3603
B38 JB923A 3 2.208 0.0000 4529
B38 JB923A 4 2.249 0.0340 4447
B39 JB924A 1 2.178 0.0301 4592 945 sh 3647
B39 JB924A 2 2.208 0.0433 4530 928 3602
B39 JB924A 3 2213 0.0150 4519
B39 JB924A 4 2.243 0.0261 4457
B40 JB925A 1 2.178 0.0303 4591 945 sh 3646
B40 JB925A 2 2.209 0.0415 4527 924 3603
B40 JB925A 3 2213 0.0140 4519
B40 JB925A 4 2.243 0.0263 4458
B41 JB926A 1 2.177 0.0301 4592 945 sh 3647
B41 JB926A 2 2.207 0.0431 4531 918 sh 3613
B41 JB926A 3 2213 0.0157 4518
B41 JB926A 4 2.241 0.0282 4463
B42 JB927A 1 2.182 0.0324 4583 939 sh 3644
B42 JB927A 2 2.210 0.0339 4525 918 sh 3607
B42 JB927A 3 2213 0.0135 4519
B42 JB927A 4 2.239 0.0289 4466
B43 JB928A 1 2.185 0.0327 4576 940 sh 3636
B43 JB928A 2 2.210 0.0297 4525 923 3602
B43 JB928A 3 2213 0.0107 4519
B43 JB928A 4 2.237 0.0296 4469

OH, .5 = OH-stretching plus bending combination band; OH, = OH-stretching vibration; OHs = OH bending vibration; FWHM

= full width at half maximum, sh = shoulder feature.

depending on the degree of H-bonding (e.g. Anderson
and Wickersheim, 1964; Milliken et al., 2008a). Weak
bands were also observed in beidellite spectra near 2.34
and 2.44 pm (~4100 and 4275 cm™') and in mont-
morillonite spectra near 2.45 pm (~4080 cm™ ).

Mid-IR OH-bending vibrations

Mid-IR reflectance spectra (Figure 7) indicated a
shift in the AlL,OH bending band from ~920 cm™'
(~10.9 pum) for montmorillonite to ~940—942 cm™'
(~10.6 pm) for beidellite. Differences were also
observed in the band centers for the AIMgOH and
AlFeOH vibrations for beidellites and montmorillonites.

A band was observed near 868 cm ™! (~11.5 pm) in the
reflectance spectrum for the beidellite sample JB919a
and a shoulder was observed here for the beidellite
JB921a spectrum. In contrast, the montmorillonite and
beidellite/montmorillonite reflectance spectra exhibited
bands near 844 cm ™' (~11.8 pm). Although the NIR OH
combination band for opal appeared near the Al smectite
band, the mid-IR OH-bending vibration occurred near
816 cm™' (~12.2 um), a much lower frequency.

Mid-IR Si/AlO, bending and stretching vibrations

Mid-IR reflectance spectra of silicate minerals are
dominated by SiO, reststrahlen bands near 500 and
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Figure 6. Reflectance spectra of beidellites and beidellite/montmorillonites from 2.1 to 2.5 um highlighting the region of
OH-combination bands. Montmorillonite and opal are also shown for comparison and the spectra are offset for clarity. The beidellite
spectra have a band centered at 2.18 um, while the montmorillonite and opal spectra have a band centered near 2.21 pm.

1100 cm ™' (~9.1 and 20 pum) in the surface scattering
regime (e.g. Salisbury, 1993). The silicate reststrahlen
features generally occur as multiple bands for clay
minerals (e.g. Salisbury, 1993). The SiO, bending
vibration is observed as a doublet for dioctahedral clay
minerals but as a single band for trioctahedral clay
minerals (e.g. Farmer, 1974; Russell and Fraser, 1994),
presumably due to asymmetry in the structure from the
octahedral holes. Substitution of Al for Si in some
tetrahedral sites results in further loss of symmetry and,
therefore, also influences the vibrations due to AlOy4
groups in addition to SiO4 groups.

This lowering of symmetry gives not only
Aly.(—O—Sie¢, but also Al,..—O—Al.; and
Mye;—O—Si/Al, bending modes for M other than Al.
Mid-IR reflectance spectra of beidellites exhibited a
doublet at 551 and 481 cm™' (~18.2 and 20.8 pm),
whereas montmorillonite spectra contained a doublet
closer to 533 and 472 cm™' (~18.8 and 21.2 pm)
(Figure 8). The intermediate beidellite/montmorillonite

samples gave spectral features at positions between these
two sets. In contrast, the spectrum of opal in this region
exhibits only one Si—O bending vibration near 480 cm ™'
(~20.8 pm). Although not the focus of this study, the
Myo—O—Si/Al, vibrational modes where M is a
trioctahedral cation (e.g. Mg) give rise to only a single
band, rather than a doublet in this region (e.g. Stubican
and Roy, 1961; Michalski et al., 2005).

Similar variations were observed in the stretching
modes of the SiO4 and AlO, groups (Figure 3b).
Beidellite spectra contained a doublet at 1148 and
1062 cm ™" (8.71 and 9.42 pum), whereas the intermediate
beidellite/montmorillonite spectra had a doublet at 1139
and 1062 cm ™' (8.78 and 9.42 pm).

Mid-IR low-energy vibrations

Additional IR absorptions were observed on the
flanks of the (Si;_,Al,)O4 bending vibrations. These
included a weak shoulder feature near 590—620 cm™'
(~16—17 pm) between the reflectance minimum near
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650 cm ' (~15.4 pm) and the reflectance peak near
550 cm™' (~18.2 um) that is similar to a feature in
transmission spectra of montmorillonite and attributed to
Mg,i—O—Si; (Madejova et al., 1996). A shoulder
occurred near 600 cm~!' (~16.7 pm) in the reflectance
spectra of intermediate beidellite/montmorillonite and
near 590 cm ™! (~16.9 pm) in the reflectance spectra of
beidellite (Figures 3b, 8). Additional reflectance peaks
were observed near 415, 354, and 251 cm ™! (~24.1,28.2,
and 39.8 um) in the beidellite spectra that are probably
due to lattice deformations and are much stronger in the
spectra of the compressed samples (Figure 3b). Previous
studies have noted an absorption in transmission spectra
of beidellites near 420—430 cm™' (23.2—23.8 um)
(Farmer, 1974; Kloprogge, 2006) and near
411-421 em™ ' (23.7—24.3 pm) in reflectance spectra
(Post and Borer, 2002; Gates, 2005).

Gaussian modeling

Gaussian modeling was performed using an auto-
mated method on the overlapping bands near 2.15 to
2.25 pm (~4440—4650 cm~ ') in order to characterize
better this absorption feature and associate the individual
bands with the mineral chemistry. The resulting fit was
then analyzed and the number of Gaussians used in the
model was varied until the residuals were highly
correlated after automated fitting as in previous studies
(Makarewicz et al., 2009; Parente et al., 2011).
Examples of the Gaussian modeling results are shown
for spectra of the beidellite samples JB919A, JB920A,
and JB921A (Figure 9) and the intermediate beidellite/
montmorillonite samples JB924A, JB925A, and JB927A
(Figure 10). Four bands were fit with centers near 2.18,
2.19-2.21, 2.21, and 2.23 pm (~4587, 4525-4570,
~4525, ~4485 cm™!). These bands were determined
within the fitting algorithm and were not pre-assigned
by the user or constrained in any way. Band 1 was
attributed to beidellite, band 2 appeared to span
beidellite and montmorillonite, and bands 3—4 were
attributed mostly to montmorillonite. Variations in the
centers and areas of these four bands were ascribed to
differences in the OH-bonding energy resulting from the
types of cations occupying the octahedral and tetrahedral
sites.

DISCUSSION

The present study investigated relationships between
the OH combination bands near 2.2 um (~4545 cm ')
and the OH-bending vibrations near 10—12 um
(~830—1000 cm™'). Gaussian modeling of the 2.2 pm
region enabled more precise examination of the vibra-
tions due to individual AIMOH (M = Al, Fe, Mg) bonds.
Quantification of the variations in the amount of Al in
tetrahedral sites and Fe and Mg in octahedral sites
(Table 3) for this sample suite enabled characterization
of these features.
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Figure 9. Plots of Gaussian modeling results for three beidellite
spectra. Each spectrum is processed with a continuum removal
and then fit by four bands. The residual error is given at the top of
each plot.

Correlating spectral features with sample chemistry

The four bands established in the Gaussian modeling
of beidellites and intermediate beidellite/montmorillonite
samples have been correlated with chemistry for samples
with assigned octahedral and tetrahedral cation popula-
tions (Gates, 2005). Band centers for the four bands
determined in the Gaussian modeling (Table 4) were also
compared with the amount of Si in tetrahedral sites for
several samples (Figure 11a). The centers for bands 1
(2.169—2.185 pm or 4577—4610 cm ') and 3
(2.204—2.213 um or 4519—4537 cm™') were not found
to vary much with Al substitution for Si, while the centers

2.10 2.12 2.14 2.16 2.18 2.20 2.22 2.24 2.26 2.28 2.30
Wavelength (um)

Figure 10. Plots of Gaussian modeling results for three
beidellite/montmorillonite spectra. Each spectrum is processed
with a continuum removal and then fit by four bands. The
residual error is given at the top of each plot.

for bands 2 (2.186—2.211 um or 4523—4575 cm™ ') and 4
(2.219—2.249 pm or 4506—4446 cm™ ') varied to a greater
extent with Al substitution for Si. The minimum band
center value occurred for Si abundance of ~7.3 (Al ~0.7)
but increased for smaller Si values (greater Al values).
Band 2 shifted from 2.191 um (4564 cm ') for sample
JB921, the SBCa-1 beidellite from California with 7.21 Si
and 0.79 Al in the tetrahedral sites per formula unit, to a
band center of 2.209 pm (4527 cm™") for sample JB925,
the Binjour 4a beidellite-montmorillonite from
Queensland with 7.52 Si and 0.48 Al in the tetrahedral
sites per formula unit.
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Band-area ratios were determined as the area of each
band divided by the area of all bands. The area ratio was
greatest for band 2 at 60—80% of the total area
(Figure 11b). Band 1 contributed ~15—30% of the total
area and bands 3 and 4 were <10% of the total area
(Figure 11b). The band centers and area ratios for the
same bands 1—4 from the Gaussian modeling were
compared to Al abundance in the octahedral sites in
Figure 12. The centers for bands 1, 3, and 4 all shifted
toward longer wavelengths with increasing substitution of
Fe and Mg for Al (Figure 12a). The center for band 2 also
shifted towards longer wavelengths with increasing
octahedral substitution for Al but the trend was less
consistent (Figure 12a). The area ratios for bands 3 and 4
showed generally consistent trends with octahedral
substitution but comprised only a minor amount of the
total band area. The area ratios for bands 1 and 2 followed
opposite trends at higher and lower octahedral substitution
levels (and also higher and lower tetrahedral substitution
levels), suggesting that these two bands were compensat-
ing for each other (Figures 11b, 12b). In other words, as
one band area ratio increased the other decreased.
Multiple regression analysis of bands 2 and 3, incorporat-
ing the contributions of tetrahedral and octahedral Al
content (Figure 13), indicated that not only can the
positions of these bands be accurately predicted from
beidellite/montmorillonite chemistry, but that the tetra-
hedral and octahedral aluminum contents can be reason-
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ably predicted from the spectra, providing a potentially
useful tool for remote sensing. Future studies will test
fixing the centers of bands 1—4 to determine whether it
improves the separation of the bands due to OH vibrations
in beidellite and montmorillonite.

The Gaussian modeling data showed that the Al-
smectites with greater amounts of Fe and Mg in
octahedral sites had greater contributions in bands 3
and 4 centered near 2.21 and 2.24 pm (4525 and
4464 cm™"), respectively. These samples with elevated
Fe and Mg also had the lowest tetrahedral Al-for-Si
substitution and were classified as intermediate beidel-
lite/montmorillonite smectites. Band 2 contributed the
bulk of the OH combination feature and correlated best
with tetrahedral Al for Si substitution. The center of this
band shifted from ~2.19 um (4566 cm™") for beidellite
samples with low Mg-for-Al substitution in octahedral
sites and high Al substitution in tetrahedral sites to a
center of ~2.21 pm (4525 cm™') for intermediate
beidellite/montmorillonite samples with greater Fe/Mg-
for-Al substitution in octahedral sites and lower Al-for-
Si substitution in tetrahedral sites.

Estimating OH vibrational bands from measured and
modeled data

Gaussian modeling of the OH stretch + bend
combinations resulted in centers and full width at half
maximum values for four individual bands (Table 4).
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Figure 11. Comparisons of the spectral features with Si abundance in the tetrahedral sites: (a) band center vs. Si; and (b) band area
ratios vs. Si. These data show the greatest shifts in the band center for band two (centered near 2.19—2.21 um) with varying amounts
of substitution for Si in the tetrahedral sites. Band two has the greatest area of all four bands and increases with decreasing Si
(increasing Al substitution). Error bars are given from the Gaussian fits. Note that the XRF equivalent value was used for sample
JB924 for consistency throughout the chemical analyses.
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Figure 12. Comparisons of the spectral features with Al abundance in the octahedral sites: (a) band center vs. Al; and (b) band area
ratios vs. Al. These data show the greatest shifts in the band center for band two with varying amounts of substitution for Al in the
octahedral sites. Bands one and two have the largest area and show the greatest change in band area with variation in Al in the
octahedral sites. Error bars are given from the Gaussian fits. Note that the XRF equivalent value was used for sample JB924 for

consistency throughout the analyses.

The wavelength values for the modeled OH combination
bands were converted from wavelength to wavenumber
(em™") for comparison with the OH-bending vibrations.
The position of the OHg feature near 945 cm™'
(10.6 pm) associated with Al,OH bending in beidellite
was used for band 1 for all samples and the position of
the OHj value near 920 cm ™' (10.9 pm) associated with
AlL,OH bending in montmorillonite was used for band 2
in all samples. In many cases, obvious bands were
observed in the spectra for the fundamental OHgs bending
vibrations (Table 4). In some cases only a shoulder
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feature was present and the band center was estimated
and labeled as a shoulder feature. Band positions were
then calculated for the fundamental OH-stretching
vibrations based on the modeled OH combination
features (bands 1 and 2, which comprised most of the
band area). Band 1 resulted in OH, values of
3644—3663 cm ™! (2.73—2.74 um) (excluding the spec-
trum of sample JB928A which had a lower value). Band
2 resulted in estimated OH, stretching values of
3603—3656 cm™' (2.74—2.78 pm) for the beidellite
samples and 3602—3613 cm ™' (2.77—2.78 pm) for the
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Figure 13. Predicted values for the wavelength of (a) NIR band 2; and (b) NIR band 3 from regression analyses of tetrahedral and
octahedral AI>* content on the measured NIR positions of ten beidellite and montmorillonite samples.
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intermediate beidellite/montmorillonite samples. These
bands were consistent with the OH,, bands observed in
the reflectance spectra in Figure 5b, although separating
the OH and H,O stretching vibrations in this region was
difficult due to saturation effects. These estimated bands
were generally in line with the measured values of OH-
stretching vibrations observed in transmission spectra
from previous studies (Farmer, 1974; Post and Borer,
2002; Kloprogge, 2006). Post and Borer (2002) found
OH, bands spanning 3651—3655 and 3630—3636 cm ™'
(2.736—2.739 and 2.750—2.755 pm) in transmission
spectra of a group of natural beidellites, many of them
the same samples as those studied here. Transmission
spectra of reduced-charge montmorillonites (Li-
exchanged and heated) contained OH bands at 3671
and 3639 cm ™' (2.724 and 2.748 pm) (Komadel et al.,
2005). These beidellite OH values were all higher than
the OH, values typically observed near
3620—3630 cm ™' (~2.75—2.76 pum) for ALLOH sites in
transmission spectra of montmorillonites (e.g. Farmer,
1974; Madejova et al., 1994; Bishop et al., 2002a).
Another approach was used to estimate the OH, and
OH,.s bands as well. The OH-stretching overtone
(OH,,) was measured for spectra of both the loose and
pressed textures of the samples (Table 5). The beidel-
lites exhibited OH,, bands at 1.399—1.400 pm
(7141-7148 cm™"), while the intermediate beidellite/
montmorillonites had OH,, bands at 1.411—1.413 pm
(7079—7086 cm™'). These overtone values were con-
verted to OH, values using the method developed by
Petit et al. (2004) where an anharmonicity constant of
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—85.6 cm™" is used. The resulting OH, values (Table 5)
of 3656—3659 cm™' (2.733—2.735 um) for beidellite
and 3625—-3629 cm ™! (2.756—2.759 pm) for beidellite-
montmorillonite were consistent with the observed bands
in Figure 5b.

Geologic implications of beidellites and beidellite/
montmorillonite mixtures in clay systems

Dioctahedral smectites could be indicator minerals
for geothermal reservoirs as shown through a study of
the montmorillonite—beidellite transition at a geothermal
field at Guadeloupe, Lesser Antilles (Guisseau et al.,
2007). That study showed that crystallization of mont-
morillonite occurred where cool (~<100°C) surface
water entered the system, whereas beidellite formed
where hot (~110—160°C) Mg-free fluids entered the
system from below. Similar studies (Papapanagiotou et
al., 2003) of a geothermal field at Chipilapa, El
Salvador, also found montmorillonite formation at the
upper part of the sequence (<130°C) and beidellite
formation in deeper, hotter fluids (130—-200°C).
Additional montmorillonite to beidellite transitions
were observed with increasing depth and temperature
of the fluids in other active geothermal systems (Yang et
al., 2001; Inoue et al., 2004). An example of mont-
morillonite and beidellite precipitation is illustrated in
Figure 14 where both could be forming in the same
geothermal system, but separately such that mont-
morillonite occurs at the surface where meteoric water
infiltrates the system and beidellite occurs where hot
fluids ascend from deeper geothermal reservoirs.

Table 5. Measured and calculated band centers.

Sample 1D OH 2v (pm) OH 2v (cm™ ") OH v (cm™") OH 6 OH v+38 (cm™ ")
Measured Measured Calculated Measured Calculated
B34 JB919A Delamar 1.4004 7140.8 3656.0 946 4602.0
B34 JB919B Delamar 1.4003 7141.3 3656.3 948 4604.3
B35 JB920A SBId-1 1.3993 7146.4 3658.8 947 4605.8
B35 JB920B SBId-1 1.3995 7145.4 3658.3 949 4607.3
B36 JB921A SBCa-1 1.3998 7143.9 3657.6 941 4598.6
B36 JB921B SBCa-1 1.3997 7144 .4 3657.8 945 4602.8
B37 JB922A 3rd bench 1.3991 7147.5 3659.4 942 4601.4
B37 JB922B 3rd bench 1.3991 7147.5 3659.4 946 4605.4
B38 JB923A Cameron 1.4113 7085.7 3628.5 928 4556.5
B38 JB923B Cameron 1.4115 7084.7 3628.0 927 4555.0
B39 JB924A Mt Binjour 1.4115 7084.7 3628.0 928 4556.0
B39 JB924B Mt Binjour 1.4113 7085.7 3628.5 926 4554.5
B40 JB925A BP <0.1 1.4127 7078.6 3624.9 924 4548.9
B40 JB925B BP <0.1 1.4117 7083.7 3627.5 925 4552.5
B41 JB926A BP 0.1-0.2 1.4121 7081.7 3626.5 918 45445
B41 JB926B BP 0.1-0.2 1.4117 7083.7 3627.5 926 4553.5
B42 JB927A BP 0.2—-0.5 1.4121 7081.7 3626.5 918 4544.5
B42 JB927B BP 0.2—0.5 1.4121 7081.7 3626.5 926 4552.5
B43 JB928A BP 0.5-2.0 1.4123 7080.6 3625.9 923 4548.9
B43 JB928B BP 0.5-2.0 1.4123 7080.6 3625.9 922 45479

OH,.3 = OH stretching plus bending combination band; OH, = OH stretching vibration; OHs = OH bending vibration.



Vol. 59, No. 4, 2011

%

B

<100°C

~110-
160°C

Figure 14. Diagram of possible beidellite formation: beidellite
(B) generally precipitates from geothermal fluids entering a
system from below, while montmorillonite (M) normally forms
at lower temperatures, often where cool water enters the system
from above.

Alternatively, a transition from montmorillonite to
beidellite could occur during the initial phase of
illitization as observed in burial diagensis (Saito et al.,
2003). Beidellite formation occurred gradually through a
mechanism of Al substitution for Si in a solid-state
process. This transformation mechanism is supported by
laboratory experiments where montmorillonite was
converted to beidellite and illite over the temperature
range 100—200°C (Beaufort et al., 2001). Beidellite is
frequently mixed with montmorillonite in soil smectites
(Wilson, 1987) and has occurred as an intermediary in
the formation of mixed-layer illite/montmorillonite from
montmorillonite (observed as regions of increased
tetrahedral substitution of Al-for-Si in montmorillonite)
(Frank-Kamenetski et al., 1979). In addition, the
temperature sensitivity of cis-vacant and frans-vacant
sites in beidellite may be related to the transformation of
montmorillonite to illite via beidellite (Lantenlois et al.,
2008). Study of illitization of montmorillonite suggests
formation of triple-layer type materials where a normal
low-charge montmorillonite unit is surrounded by high-
charge vermiculite or beidellite-type units above and
below that are then neighboring illite-type units
(Meunier et al., 2000). These studies together support
the process of montmorillonite alteration to beidellite
then illite and chlorite (Guisseau et al., 2007). Other
illitization studies have also observed transformations
from beidellite to illite then muscovite rather than
chlorite (e.g. Gharrabi et al., 1998; Drief and Nieto,
2000; Meunier and Velde, 2004). These studies also
suggest the presence of mixed-layer illite-smectite and
illite as end-member species for temperatures below
~360°C. Thermal experiments have also shown that
beidellite is more stable than montmorillonite or
intermediate beidellite/montmorillonite samples at ele-
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vated temperatures (Yamada et al., 1991; Yamada and
Nakazawa, 1993).

Importance for Mars

Beidellites have been suggested as a possible
phyllosilicate present on Mars through analyses of
hyperspectral CRISM data in the Mawrth Vallis region
(Noe Dobrea et al., 2010). The reflectance spectra of
some surface units in the Libya Montes and Nili Fossae
regions may be consistent with the presence of
beidellite. Identifying locations of beidellite vs. mont-
morillonite on Mars is important because these Al-rich
smectites form under different geologic conditions
(Papanastassiou and Wasserburg, 1974; Guisseau et al.,
2007) and may thus be able to provide information about
the ancient geologic history of Mars.

Beidellite outcrops have been observed in CRISM
images of the Libya Montes, Nili Fossae, and Mawrth
Vallis regions of Mars (Figure 15). The Libya Montes
scene from image FRTO0O00BOCB (Figure 15b) is
dominated by mafic rock and sand but has a small
outcrop of clay-bearing material with spectral character-
istics of beidellite. The strongest beidellite signature in
the image is indicated by the arrow. Al-rich clays are
rare in this region and spectra consistent with mont-
morillonite have not yet been observed. The most
common clay signatures detected are consistent with
Fe/Mg-smectite that may be accompanied by carbonate
in some regions (Bishop et al., 2010). These Fe/Mg-
smectite outcrops are found only in the ancient Noachian
rocks that have been exposed underneath olivine- and
pyroxene-bearing material. The Libya Montes region is
similar to the Nili Fossae region nearby, where larger
clay outcrops have been detected using the Observatoire
pour la Minéralogie, I’Eau, les Glaces et 1’Activité
(OMEGA) spectrometer on Mars Express (Poulet et al.,
2005) as well as CRISM (Mustard et al., 2008; Ehlmann
et al., 2009). Illite, chlorite, and prehnite have been
detected in the Nili Fossae region and hydrothermal
processes are thought to have occurred there, but
montmorillonite has not yet been identified (Ehlmann
et al., 2009). However, beidellite may be present at Nili
Fossae as well (Figure 15c). Phyllosilicate outcrops
marked by 1 and 2 (Figure 15c) are consistent with
mixtures of prehnite and beidellite, where type 1 exhibits
stronger prehnite signatures and type 2 exhibits stronger
beidellite signatures. The presence of beidellite and
apparent absence of montmorillonite at Libya Montes
and Nili Fossae could indicate a hydrothermal origin of
this Al smectite in outcrops surrounding the Isidis
impact basin.

The Mawrth Vallis region, in contrast to Libya
Montes, contains a wealth of clays, both Fe/Mg rich and
Al rich that have been identified using hyperspectral
images collected by OMEGA (Poulet et al., 2005; Loizeau
et al., 2007) and CRISM (Bishop et al., 2008b; Mustard et
al., 2008; McKeown et al., 2009; Noe Dobrea et al.,
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Figure 15 (a—c above, d,e facing page). Beidellite outcrops in CRISM images with Mars Orbiter Laser Altimer (MOLA) data for
context on Mars: (a) MOLA image of Isidis Planitia region; (b) FRTO000BOCB from Libya Montes; (¢) FRT0000454E from Nili
Fossae; (d) MOLA image of Mawrth Vallis region; and (¢) HRLO0O0043EC from Mawrth Vallis. The strongest beidellite occurrences
are marked by the arrows. Al phyllosilicates are rare in the Libya Montes region. This beidellite outcrop occurs as a single clay unit
among basaltic rocks. Small isolated phyllosilicate outcrops occur in this Nili Fossae image, where site 1 is amixture of prehnite and
beidellite dominated by prehnite and site 2 is a similar mixture dominated by beidellite. In contrast, the Mawrth Vallis region
contains multiple, large outcrops of phyllosilicate-rich material including an upper unit spectrally dominated by Al smectites,
hydrated silica, and kaolinite. The arrow marks the region of intermediate beidellite/ montmorillonite smectite.

2010). The Fe/Mg smectite unit is 100—200 m thick and is
covered by a thinner 10—40 m thick unit of
Al phyllosilicates (Wray et al., 2008; Loizeau et al.,
2010). The Al phyllosilicate unit was observed to contain
montmorillonite, kaolinite, and hydrated silica (Bishop et
al., 2008b), and more recently beidellite was also reported
(Noe Dobrea et al., 2010). Clay signatures are present in
about one third of CRISM image HRLO0043EC over
Mawrth Vallis (Figure 15e), where Al smectite spectral
signatures are observed. An outcrop with an example of
an intermediate beidellite/montmorillonite signature is
marked by the arrow. Pockets of such beidellite/mont-
morillonite materials in a region of montmorillonite-type
material could indicate that higher-temperature alteration
occurred in some regions.

The CRISM ratio spectra of the regions marked in
Figure 15 were compared with lab reflectance spectra of a
beidellite and intermediate beidellite montmorillonite

sample (Figures 16, 17). The clay signatures found in
these regions on Mars exhibit absorption features near 1.4,
1.9, and 2.2 pum that are consistent with spectra of Al-rich
smectites (Bishop et al., 1994); variation in the position of
the band centered at 2.2 um was observed, consistent with
the presence of intermediate beidellite/montmorillonites
and montmorillonite, as presented in Figure 6 and
previous studies (Post and Noble, 1993; Gates, 2005). In
some cases the exact position of the 1.4 um band in the
CRISM spectra does not match perfectly with the
positions observed in laboratory spectra of intermediate
beidellite/montmorillonites, but this feature is often very
weak and not as reliable for phyllosilicate detection as the
2.2—2.3 pum region in CRISM spectra.

The Al smectite spectrum (Figure 16) from Libya
Montes (Figure 15b) contains a band centered near
2.18 um which is most consistent with beidellite,
whereas the corresponding band in the spectrum from
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(Figure 16) Mawrth Vallis (Figure 15¢) is broader and
asymmetric, with a minimum near 2.205 and a shoulder
near 2.18 pum, which is most consistent with an
intermediate beidellite/montmorillonite. Each of these
spectra includes a band near 1.9 pm typical of interlayer
water in smectites, plus a band near 1.4 pum due to both
the AI,OH stretching overtone (1.40 pm in beidellite and
1.41 pm in montmorillonite) and the H,O stretch plus
two bend combination (1.41 pm). The Al smectite
signature in the Libya Montes scene is weaker than
that observed at Mawrth Vallis, probably because a
lesser abundance of smectite is present at Libya Montes.
The band center at 1.4 um for this outcrop is broadened
but does not match perfectly the lab spectra of
beidellites; this may be due to admixtures or noise in
the spectra.

Spectra of two phyllosilicate outcrops from Nili
Fossae image FRT0000454E were compared to lab
spectra of beidellite, intermediate beidellite/mont-
morillonite, and prehnite (Figure 17). The Nili Fossae-1
spectrum exhibits stronger bands near 1.48 and 2.36 pm

that are characteristic of prehnite, whereas the Nili
Fossae-2 spectrum exhibits stronger features near 1.4
and 2.19 pm that are consistent with beidellite. Spectra
from related outcrops in this image were reported by
Ehlmann ef al. (2009) to contain mixtures of illite,
chlorite, and prehnite; however, mixtures of beidellite
and prehnite were found to be better matches to the
spectra reported in the present study.

CONCLUSIONS

The spectral reflectance properties of Al-rich smectites
included measurable differences for beidellites (greater
tetrahedral charge than octahedral charge) and montmor-
illonites (greater octahedral charge than tetrahedral
charge). The study of ten beidellites and intermediate
beidellite/montmorillonites summarized the differences in
their spectral signatures. The Al,OH stretching overtone
was observed at 1.399—1.400 pm (7141—7148 cm™") for
beidellite and at 1.411—1.413 pm (7079—7086 cm ') for
intermediate beidellite/montmorillonite smectites. The
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Figure 16. Relative CRISM I/F spectra from 1 to 2.65 pm of
beidellite outcrops in Libya Montes and Mawrth Vallis
compared with lab reflectance spectra of beidellite (JB921A)
and beidellite/montmorillonite (JB927A). The Libya Montes
spectrum is a 3 x 3 pixel spot centered at x228 y367 (non-
projected) ratioed to a spectrally unremarkable region of the
same size in the same column from image FRT0000BOCB,
version TRR3. The Mawrth Vallis spectrum is a 10 x 10 pixel
spot centered at x186 y505 (non-projected) from image
HRLO00043EC, version TRR2, also ratioed to a spectrally
unremarkable region in the scene. The CRISM spectra were
treated with a 2- (Libya Montes) or 3- (Mawrth Vallis) point
sliding window smoothing routine to reduce noise. The Libya
Montes spectrum more closely resembles the lab spectra of
beidellite, while the Mawrth Valles spectrum is more consistent
with the beidellite/montorillonite lab spectra.

ALL,OH stretch plus bend combination band was observed
near 2.18 pm (4587 cm™ ') for beidellite and near 2.21 pm
(4525 cm™") with an additional band or shoulder near
2.18 pum (4587 em™ ') for intermediate beidellite/mon-
tmorilonites. Beidellite spectra also exhibited weaker
bands near 2.34 and 2.44 pm (~4275 and ~4100 cm "),
whereas reflectance spectra of montmorillonite exhibit a
weak band near 2.45 pum (~4080 cm™'). The ALOH
bending vibrations were observed near 941—948 cm ™!
(10.5—10.6 pm) in the beidellite spectra and near
918—926 cm ' (10.8—10.9 pm) in the montmorillonite
and intermediate beidellite/montmorillonite spectra. Shifts
were also observed in the Si—O-Al bending vibrations
from 552 and 480 cm ™' (18.1 and 20.8 pm) for beidellite
spectra to 544 and 475 em ! (184 and 21.0 pm) in
montmorillonite spectra.

Gaussian modeling of the 2.2 pm (~4545 cm ')
combination band region for ten beidellite and beidellite/
montmorillonite spectra resulted in four overlapping
bands attributed to OH combination bands in beidellite
and montmorillonite. The wavelength position of the
band center and area ratios of these four bands resulting
from the Gaussian modeling generally exhibited con-
sistent trends associated with the octahedral and tetra-
hedral cation compositions of the beidellites,
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Figure 17. Relative CRISM I/F spectra from 1 to 2.65 pm of
phyllosilicate outcrops in Nili Fossae image FRT0000454E,
version TRR3. The projected image was ratioed toa 10 x 10 spot
centered at x255 y370, then spectra were collected from this
image at 5 x 5 pixel spots centered at x437 y135 and x572 y86.
These were compared with lab reflectance spectra of beidellite
(JB921A) and beidellite/montmorillonite (JB927A) from this
study, and USGS prehnite (GDS613) from http://speclab.
cr.usgs.gov/spectral-lib.html. The CRISM spectra were treated
with a 2-point sliding window smoothing routine to reduce
noise. Both spectra are consistent with mixtures of beidellite and
prehnite. The Nili Fossae-1 spectrum has stronger prehnite
features, while the Nili Fossae-2 spectrum has stronger
beidellite features.

intermediate beidellite/montmorillonites, and mont-
morillonite samples studied.

The VNIR Al smectite reflectance spectra described
here were compared with the Al smectite type reflec-
tance spectra observed in two locations on Mars. A
spectrum with a 2.19 pm (4566 cm ') band consistent
with beidellite was observed in an isolated Al phyllo-
silicate-bearing outcrop in Libya Montes. Reflectance
spectra consistent with beidellite were also found in the
Nili Fossae region. Both of these regions border the
Isidis Basin and are thought to have experienced
hydrothermal alteration (Ehlmann et al., 2009; Mustard
et al., 2009). A reflectance spectrum more similar to the
intermediate beidellite/montmorillonite samples was
observed in one location in Mawrth Vallis, a region
dominated by thick Fe/Mg smectite units covered by thin
units of montmorillonite, other Al phyllosilicates, and
hydrated silica (Bishop et al., 2008). Based on the lower-
temperature formation conditions typical of mont-
morillonite and higher-temperature formation conditions
typical of beidellite, detections of these Al smectites on
Mars could act as geothermometers or indicators of
alteration conditions.
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