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Abstract—The Al-clay-rich rock units at Mawrth Vallis, Mars, have been identified as mixtures of
multiple components based on their spectral reflectance properties and the known spectral character of
pure clay minerals. In particular, the spectral characteristics associated with the ~2.2 mm feature in Martian
reflectance spectra indicate that mixtures of AlOH- and SiOH-bearing minerals are present. The present
study investigated the spectral reflectance properties of the following binary mixtures to aid in the
interpretation of remotely acquired reflectance spectra of rocks at Mawrth Vallis: kaolinite-opal-A,
kaolinite-montmorillonite, montmorillonite-obsidian, montmorillonite-hydrated silica (opal), and glass-
illite-smectite (where glass was hydrothermally altered to mixed-layer illite-smectite). The best spectral
matches with Martian data from the present study’s laboratory experiments are mixtures of
montmorillonite and obsidian having ~50% montmorillonite or mixtures of kaolinite and montmorillonite
with ~30% kaolinite. For both of these mixtures the maximum inflection point on the long wavelength side
of the 2.21 mm absorption feature is shifted to longer wavelengths, and in the case of the kaolinite-
montmorillonite mixtures the 2.17 mm absorption found in kaolinite is of similar relative magnitude to that
feature as observed in CRISM (Compact Reconnaissance Imaging Spectrometer for Mars) data. The
reflectance spectra of clay mixed with opal and of hydrothermally altered glass-illite-smectite did not
represent the Martian spectra observed in this region as well. A spectral comparison of linear vs. intimate
mixtures of kaolinite and montmorillonite indicated that for these sieved samples, the intimate mixtures are
very similar to the linear mixtures with the exception of the altered glass-illite-smectite samples. However,
the 2.17 mm kaolinite absorption is stronger in the intimate mixtures than in the equivalent linear mixture.
Modified Gaussian Modeling of absorption features observed in reflectance spectra of the kaolinite-
montmorillonite mixtures indicated a strong correlation between percent kaolinite in the mixture and the
ratio of the area of the 2.16 mm band found in kaolinite to the area of the 2.20 mm band found in
montmorillonite.
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INTRODUCTION

Clay minerals on Mars are nearly always associated

with ancient, Noachian-aged terrains (>3.5 Ga; clay

detections in younger outcrops have been described by

e.g. Marzo et al., 2010; Fairén et al., 2010), causing

Bibring et al. (2006) to name this period of time the

‘‘phyllosian.’’ At Mawrth Vallis, Mars, nontronite,

montmorillonite, and a kaolin-family mineral are

observed in distinct geologic units (Poulet et al., 2005;

Bibring et al., 2007; Bishop et al., 2008b; Wray et al.,

2008; McKeown et al., 2009; Loizeau et al., 2010; Noe

Dobrea et al., 2010). However, some of the reflectance

spectra of kaolin-family minerals appear to be mixed

with another component: the 2.21 mm absorption feature

indicative of AlOH stretching and bending vibrations is

broader than in reflectance spectra of pure kaolinite and

the spectra exhibit a distinct 1.9 mm H2O band that is not

observed in spectra of pure kaolinite. This 1.9 mm band

may be due to the presence of halloysite, though

broadening of the AlOH band indicates that another

non-kaolin, hydrated component is present. Some

reflectance spectra of possible Martian montmorillonite

deposits also exhibit broadening of the 2.21 mm band.

Laboratory reflectance spectra of intimate mixtures of

these minerals are presented here in order to determine

which mineral(s) could account for the features observed

in CRISM (Compact Reconnaissance Imaging

Spectrometer for Mars) data. The present study focuses
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on the 2.2 mm wavelength region where CRISM spectra

exhibit subtle variations in absorption features that have

important implications for mineralogy. Variations are

also observed in the 1.4 mm region due to OH overtone

vibrations, but often these features are too weak in

CRISM data for reliable discrimination of bands.

BACKGROUND

Mawrth Vallis

Mawrth Vallis is located at 25ºN, �20ºE at the

boundary between the southern highlands and northern

lowlands (Figure 1). It is one of the oldest outflow

channels on the planet (Scott and Tanaka, 1986; Edgett

and Parker, 1997) and the nearby plains contain some of

the most extensive clay deposits known on Mars (Poulet

et al., 2005; McKeown, 2009; Michalski and Noe

Dobrea, 2007; Bishop et al., 2008b; Loizeau et al.,

2010; Noe Dobrea et al., 2010). Analyses of OMEGA

(Observatoire pour la Minéralogie, l’Eau, les Glaces et

l’Activité) and CRISM (Compact Reconnaissance

Imaging Spectrometer for Mars) visible-near infrared

reflectance (VNIR) data have identified a nontronite-

bearing unit overlain by an Al-phyllosilicate-bearing

unit containing two subunits � a montmorillonite-

bearing zone and a zone containing a kaolin-family

mineral. The two zones of this upper unit also contain

hydrated silica (Poulet et al., 2005; Bibring et al., 2007;

Bishop et al., 2008b; Wray et al., 2008; McKeown et al.,

2009; Loizeau et al., 2010; Noe Dobrea et al., 2010).

The clay units are capped by a dark, spectrally

unremarkable unit that is probably basaltic in composi-

tion (Bishop et al., 2008b; McKeown et al., 2009;

Loizeau et al., 2010; Noe Dobrea et al., 2010). The

present study focuses on evaluating reflectance spectra

of mixtures of Al-rich phyllosilicates and Si-OH species

in order to better characterize this upper AlOH- and

SiOH-bearing unit at Mawrth Vallis.

Spectral mixtures

In remote-sensing spectroscopy, materials can appear

mixed in two ways � areally or intimately. Areal (or

checkerboard) mixtures, where two (or more) spatially

distinct materials are present within a single pixel,

combine in a linear fashion at VNIR wavelengths: the

resultant reflectance spectrum is a proportional addition

of the reflectance spectra of the individual end members

weighted by their cross-sectional area. Intimate mixtures

occur when two (or more) materials are mixed together

over short spatial scales, such as at the scale of grains.

The spectra of these mixtures generally do not behave in

a linear fashion in the VNIR (e.g. Nash and Conel, 1974;

Singer, 1981; Mustard and Pieters, 1989) due to factors

such as grain size and differential scattering. For

example, Nash and Conel (1974) found for mixtures of

ilmenite, pyroxene, and plagioclase that ilmenite greatly

reduced the overall albedo, that even small amounts of

pyroxene produced a 0.9 mm absorption band in the

Figure 1. MOLA elevation map of Mars with box showing location of Mawrth Vallis at 25ºN, �20ºE. The inset is an enlargement of

the Mawrth Vallis region with regional range of elevations; scale bar = 200 km. The small symbols are CRISM image footprints.
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spectra, and that plagioclase was nearly undetectable at

concentrations <75%. Bishop and Dummel (1996) found

that for intimate mixtures of ferrihydrite-montmorillon-

ite the reflectance spectra behaved in a non-linear

fashion with 5% ferrihydrite, reducing the brightness

by as much as 50% at near IR wavelengths.

METHODS

Samples

The kaolinite end member used in the present study

was KGa-1 from the Source Clays Repository of The

Clay Minerals Society sieved to <125 mm (although the

individual particles were finer than this) to remove

clumps. The montmorillonite end member used was

another source clay, SWy-2, also sieved to <125 mm
prior to weighing and mixing (compositions for this and

the other samples studied are included in Table 1). The

siliceous sample from Kilauea is composed primarily of

opal-A and was collected and characterized by Bishop et

al. (2005) and was ground and sieved to <125 mm. The

kaolinite-montmorillonite and kaolinite-opal-A mixtures

were prepared under ambient laboratory conditions.

Separates were weighed and then mixed together

followed by sieving through a <125 mm mesh to ensure

homogeneous mixing.

Seven obsidian-montmorillonite samples were pre-

pared in the same way with relative montmorillonite

weight proportions of 0, 2 (actual 1.9%), 5 (4.9), 8 (8.2),

10 (9.9), 20 (20.2), 50, 80 (80.2), and 100%. The

montmorillonite used in these mixtures was the Al-rich

Belle Fourche clay (South Dakota, USA). The obsidian

was a sample of rhyolitic composition from Lipari, Italy

(Table 1). X-ray diffraction (XRD) analysis of this

obsidian showed only silica glass and no sign of

alteration minerals. The set of samples containing

smectite and either opal-CT or opal-C are naturally

occurring bentonites collected by Hillier and Lumsdon

(2008) and were characterized by XRD.

The final set of samples was created in the laboratory

by hydrothermal alteration of a rhyolitic pumice from

Cabo de Gata, Almerı́a, Spain (de la Fuente et al., 2000).

Five samples that contain various amounts of mixed-

layer illite-smectite (I-S) formed by alteration were

examined: 1af with 3.4�6.1% I-S, 7aff with 5.2�6.2%

I-S, 12af with 4.8�8.2% I-S, 37af with 6.3% I-S, and

39af with 7.7�8.7% I-S (sample numbers from de la

Fuente et al., 2000). The compositions of these samples

were determined using XRD (de la Fuente et al., 2002),

transmission/analytical electron microscopy (TEM-

AEM) (de la Fuente et al., 2002), IR reflectance, and

transmission spectroscopy (de la Fuente et al., 2000).

The percentages of mixed-layer I-S were determined by

Fourier-transform infrared (FTIR) spectroscopy using

both diffuse reflectance and transmission modes on

samples separated by centrifugation to <2 mm. The

reflectance spectra presented here are of the same

samples, passed through a 125 mm sieve to homogenize

the samples. They are compared to sample ISMt-2 from

the Source Clays Repository of The Clay Minerals

Society (composition listed in Table 1).

Reflectance spectra

Visible/near-infrared and mid-IR reflectance spectra

were measured at the Reflectance Experiment Laboratory

(RELAB) at Brown University, Providence, Rhode Island,

USA. Bi-directional VNIR spectra from 0.32�2.55 mm
were measured relative to Halon under ambient condi-

tions, whereas a Nicolet Nexus 870 FTIR spectrometer

equipped with a diffuse reflectance attachment was used

to measure off-axis reflectance spectra from 1.0�99.0 mm
relative to brushed gold. The samples were measured

under H2O- and CO2-purged air for the FTIR measure-

ments. Composite, absolute reflectance spectra were

Table 1. Compositions for sample end members.

Sample Composition

KGa-1 (Si3.85Al0.15)(Al3.88Ti0.10Fe
3+
0.02)(Ca0.005Na0.009) O10(OH)8

*{

SWy-2 (Si¡7.89Al0.11)(Al2.23Fe
3+
0.42Mg0.56)(Ca0.52Na0.14K0.01) O20(OH)4

*

Kilauea silica
(in wt.%) SiO2 73.67, Al2O3 0.52, Fe2O3 1.03, MnO <0.01, MgO 0.23, CaO 0.12, Na2O 0.02,
K2O 0.02, TiO¡2 10.15, P2O5 0.087, Cr2O3 0.142{

Belle Fourche (Si7.92 Al0.08)(Al3.12Fe
3+
0.34Mg0.50Ti0.02)(Na0.50K0.02Ca0.06) O20(OH)4

D

Obsidian
(in wt.%) SiO2 76.7, Al2O3 12.0, FeO 1.26, K2O 4.77, Na2O 3.99, CaO 0.69, TiO2 0.07,
MnO 0.06, MgO 0.04 (total oxide 99.58%)D

Smectite-opal Naturally-occurring samples of varying composition^

Rhyolitic pumice (in wt.%) SiO2 72.89, Al2O3 14.47, Fe2O3 1.25, MgO 1.44, CaO 0.86, Na2O 3.34, K2O 4.97&

ISMt-2
(in wt.%) SiO2 50.65, Al2O3 25.69, Fe2O3 1.94, MnO 0.01, MgO 3.14, CaO 0.21, Na2O 0.08,
K2O 4.84, TiO2 0.15, P2O5 0.03}

* Mermut and Cano (2001); { Bishop (2002); { Bishop et al. (2005); D Cuadros (2002); ^ Hillier and Lumsdon (2008);
& de la Fuente et al. (2000); } Vogt et al. (2002).
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prepared by scaling and splicing the FTIR data to the bi-

directional data near 1.2 mm. The spectral resolution is 5

nm for the bi-directional data and 2�8 cm�1 for the FTIR

data. Using the reflectance spectra of the pure end

members, linear mixture spectra were calculated numeri-

cally as an addition of the two end-member spectra

weighted by their respective proportions.

Spectral modeling

Modified Gaussian Modeling was performed to

characterize the bands in the 2.2 mm wavelength region

of the kaolinite-montmorillonite mixtures using techni-

ques described by Sunshine et al. (1990) and Sunshine

and Pieters (1993), with the exception that a linear spline

was used here to define the continuum slope

(Makarewicz et al., 2009a). Reflectance values were

typically not constant outside of absorption features and

needed to be continuum-removed in order to model

absorption features as Gaussians properly without the

influence of spectral slope affecting the modeled band

center, depth, or area. This technique was shown to be

successful in identifying components for mixtures of

enstatite and clinopyroxene with variable grain sizes

(Sunshine and Pieters, 1993). Gaussians have been

shown to provide a better fit for reflectance spectra of

clays in the OH-stretching region than Lorentzians (e.g.

Michaelian et al., 1991) and have been used in several

studies to model mixtures of clay minerals in laboratory

spectra as well as CRISM spectra (Makarewicz et al.,

2008, 2009a; Parente et al., 2011).

CRISM data

Full-resolution targeted (FRT) images from the

CRISM instrument on the Mars Reconnaissance

Orbiter (MRO) consisted of 544 channels covering the

spectral range from 0.36 to 3.92 mm at a spectral

sampling of 6.5 nm, in ~10�12 km wide swaths at

~18 m/pixel (Murchie et al., 2007). CRISM data were

converted to reflectance by subtracting the instrument

background, dividing by processed measurements of the

internal calibration standard, and dividing by solar

irradiance (Murchie et al., 2007, 2009; Mustard et al.,

2008). Images are atmospherically corrected using a

ratio with an atmospheric transmission spectrum derived

from a CRISM scene acquired over the summit of

Olympus Mons, scaled to the same column density of

CO2 as discussed by Mustard et al. (2008). Images were

then processed using a cleaning algorithm to remove

noise and large spikes within the data due to instrument

effects (Parente, 2008).

Reflectance spectra were retrieved from a 363 pixel

or 565 pixel region of interest and from a similarly

sized spectrally unremarkable region (e.g. lacking strong

absorption features) within the same image (detector)

columns. These were then ratioed, with the spectrum of

interest in the numerator, to reduce systematic instru-

ment noise (e.g. McKeown et al., 2009).

RESULTS: SPECTRAL MIXTURES

The spectral properties of clay-bearing mixtures were

evaluated here as multiple sets of binary mixtures. A suite

of kaolinite-montmorillonite mixture spectra exhibited

variations in brightness and band shape in the VNIR

range (Figure 2). Although these spectra were measured

under H2O-purged conditions that should remove the

adsorbed H2O (e.g. Bishop et al., 1994), the kaolinite

spectrum contains a weak band near 1.95 mm that is

attributed to H2O in minor admixture components of

crandallite (1%) in the KGa sample which was identified

in XRD by Chipera and Bish (2001). Changes in the band

shape were observed in the spectra near 1.4 mm (Figure 2)

for the OH-stretching overtone for kaolinite (e.g. Petit et

al., 1999) and montmorillonite (e.g. Bishop et al., 1994)

and near 2.16�2.21 mm for the OH combination band

(stretch plus bend) in kaolinite and montmorillonite. The

present study focuses on the latter region, near 2.2 mm,

where CRISM reflectance spectra show subtle variations

in spectral character that have important implications for

mineralogy.

Kaolinite-montmorillonite

The reflectance spectrum of the pure kaolinite sample

exhibited a narrow doublet at 2.17 and 2.21 mm
(Figure 3a), consistent with previous studies (e.g. Petit

et al., 1999; Bishop et al., 2008a). The montmorillonite

spectrum has a single absorption at 2.21 mm which is

asymmetric toward longer wavelengths (Figure 3a), also

consistent with previous studies (e.g. Clark et al., 1990;

Bishop et al., 1993). All of these features are due to OH

vibrations bound to the two Al cations within the di-

octahedral sheet of the mineral structure (relatively little

Fe or Mg is present in this sample). The differences

observed between kaolinite and montmorillonite spectra

are due to variations in the OH bonds. For kaolinite, four

individual OH absorptions occur between 2.16 and

2.21 mm due to differences in the OH sites (Delineau

et al., 1994; Petit et al., 1999). Reflectance spectra of

kaolinite-montmorillonite mixtures exhibit changes in

the wavelengths of the maximum inflection point on

both sides of the ~2.2 mm band. With decreasing

kaolinite abundance, the maximum inflection point on

the longward side of this absorption shifted to longer

wavelengths from 2.23 to 2.27 mm, more similar to

montmorillonite (Figure 3). This shift was probably due

to a decreased contribution from the kaolinite spectrum,

which has a maximum inflection at 2.23 mm, and an

increased contribution from the montmorillonite spec-

trum, which has a maximum inflection at 2.27 mm. The

predominance of montmorillonite in this spectral feature

is evident with a fairly large percentage of kaolinite still

in the mixture (60%) and the inflection point was only

shifted by 5 nm from pure montmorillonite when 15%

kaolinite was present (Figure 3b). In addition, the

absorption at 2.17 mm was reduced as the amount of
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kaolinite decreased. At 60 wt.% kaolinite this feature

occurred as a distinct shoulder, whereas at 50 wt.% it

occurred as a more gradual shoulder, and at 25 wt.% it

was barely detectable (Figure 3a). The band center

occurred at 2.209 mm in all mixture spectra as both

minerals have a strong absorption at this wavelength.

The effects of intimate mixtures on the reflectance

spectra were compared with the effects of linear

mixtures in order to evaluate the differences in spectral

character expected for rocks on Mars which contain

kaolinite and montmorillinite mixed at the grain level vs.

separate, small outcrops of kaolinite and montmorillon-

ite below the size of CRISM pixels. Comparing the

linear (numerical) mixture spectra to spectra of physical

mixtures (Figure 3a), the 2.17 mm feature is stronger in

spectra of the intimate (physical) mixtures compared to

those of the linear mixtures at equivalent phase

abundances, suggesting that a simple linear mixing

model cannot properly account for spectral variations

of intimate mixtures. For shorter wavelengths

(0.3�2 mm, e.g. Figure 2), the intimate mixture spectra

appeared to behave in an approximately linear fashion.

Given this similarity, weight percent mixtures were

assumed here to have been approximately equivalent to

volume percent mixtures, especially as both materials

have very similar densities and are finely ground white

powders, limiting any differences due to differential

scattering.

Kaolinite-Opal-A

The opal-A sample exhibited an asymmetrical

absorption centered at 2.21 mm (Figure 4) due to

Si�OH vibrations. With lesser amounts of kaolinite in

the kaolinite-opal-A mixtures, the absorption at 2.17 mm
was reduced but still distinctive down to 30 wt.%

kaolinite. At 25 wt.% kaolinite the 2.17 mm absorption

was a shoulder on the stronger 2.21 mm absorption

(Figure 4). Due to the asymmetric nature of the SiOH

absorption, kaolinite band depth was reduced on the

longward side of the 2.21 mm feature but was not

broadened. Many of the smaller absorption bands in

kaolinite in the 2.3�2.4 mm region were reduced in

strength as the amount of kaolinite decreased. On the

short wavelength side of the kaolinite doublet, the

addition of a ~1.9 mm hydration band (not seen in

Figure 4) due to opal made the slope from 2 to 2.1 mm
flatter rather than negative.

Montmorillonite-obsidian.

Reflectance spectra of montmorillonite exhibited an

absorption band centered near 2.209 mm due to Al2OH

(described above) and obsidian spectra had a broader

band centered at 2.216 mm due to SiOH stretching and

bending vibrations (similar to the SiOH described

above); therefore, the center of this band in reflectance

spectra of these mixtures did not shift greatly

(Figure 5a). The absorption at 2.21 mm was still more

characteristic of montmorillonite in the 50-50 mixture,

but was much broader and less than half as intense at

20 wt.% montmorillonite.

However, because the obsidian feature was broader,

the maximum inflection point on the long wavelength

side of the band shifted to longer wavelengths (the

2.21 mm band broadens asymmetrically) with increasing

Figure 2. Spectrum of kaolinite-montmorillonite mixtures from 0.3 to 2.6 mm. The brightness increased with increasing amounts of

kaolinite in the 0.3�2.1 mm region. The differences are more subtle in the >2.1 mm region and are shown in more detail in Figure 3.
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amounts of obsidian. The spectrum of 100% mont-

morillonite had a maximum inflection point at 2.272 mm.

At 50 wt.% montmorillonite the maximum inflection had

shifted slightly to 2.276 mm, but was not as sharp as pure

montmorillonite (Figure 5). At 20 wt.% the maximum

inflection point had shifted to 2.287 mm, a shift that

should be detectable in CRISM data. At 10 wt.%, the

inflection point jumped to 2.335 mm, indicating a

stronger spectral influence of the obsidian; at 8 wt.%

montmorillonite, it was at 2.348 mm; and at 5 wt.% the

maximum inflection point was very nearly in the same

position as pure obsidian (2.362 mm vs. 2.368 mm for

pure obsidian). The maximum inflection point for the

spectrum of 2 wt.% montmorillonite was at a shorter

wavelength � 2.357 mm � but the spectra of both 2 wt.%

Figure 4. Spectra of kaolinite-opal-A mixtures from 2.0 to

2.4 mm. The band strength longward of 2.21 mm is greatly

reduced with increasing opal. The 2.17 mm band is detectable

down to 30% kaolinite. The line indicates the inflection point

due to kaolinite that did not shift, although the spectral

continuum at longer wavelengths increased with increasing

opal-A.

Figure 3. (a) Spectra of linear (calculated spectra, dashed lines)

and intimate (physical mixtures, solid lines) mixtures of

kaolinite and montmorillonite. In the intimate mixtures (solid

lines), the 2.17 mm feature is a distinct absorption down to 50%

kaolinite, then is detectable as a strong shoulder down to 30%, a

weak shoulder at 25%, and is undetectable at 15% kaolinite. The

band strength is slightly reduced and broadened to longer

wavelengths with decreasing kaolinite. Comparing the linear

and intimate mixtures, the 2.17 mm band is consistently stronger

in the intimate mixtures than in the equivalent linear mixtures.

Additionally, the maximum inflection point on the longward

side shifts from 2.23 mm (pure kaolinite) to 2.26 mm at 40�50%

kaolinite, more consistent with montmorillonite. (b) Wave-

length of the maximum inflection point longward of 2.21 mm
plotted against percent kaolinite in the mixture.
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and 5 wt.% montmorillonite were very flat in this region,

and the next highest reflectance value of the 2 wt.%

montmorillonite spectrum in this region was at

2.362 mm, the same as the 5 wt.% mixture (Figure 5b).

Opal-montmorillonite

The natural bentonite samples of Hillier and

Lumsdon (2008) were comparable to the previous

montmorillonite-opal-A physical laboratory mixtures

because non-crystalline silica tetrahedra are a major

component. This series of bentonites showed that when

550% montmorillonite is present the reflectance spectra

exhibited characteristics of montmorillonite and little

broadening of the 2.21 mm band due to the presence of

opal was observed (Figure 6a). However, the samples

with >70% montmorillonite had spectra with a band

center at 2.210�2.213 mm, whereas the spectra of

samples with smaller amounts of montmorillonite had

a band center at 2.207�2.209 mm (Figure 6b). Ongoing

Gaussian analyses may help resolve these features.

Small differences in band depth at ~2.2 mm were

detectable, especially when scaled to the band depth of

the montmorillonite spectrum (Table 2).

Hydrothermally altered glass-I-S

The glass-illite-smectite samples, altered in con-

trolled conditions in the laboratory, were again similar

to the montmorillonite-opal-A samples (although they

contain no opal). They contained very small amounts of

mixed-layer illite-smectite (no more than 8.7%; de la

Fuente et al., 2000); however, this is enough to

substantially change the spectral character in the 2.2

mm region (Figure 7a). The reflectance spectra of the

samples containing <6% I-S1 were essentially unchanged

from those of the initial glass, and they exhibited a broad

shallow absorption centered at 2.23 mm. Milliken et al.

(2008) found that reflectance spectra of unaltered

hydrated volcanic glasses had an SiOH absorption

band at longer wavelengths (2.23 mm) than spectra of

Figure 5. (a) Mixtures of montmorillonite and obsidian from 2.1

to 2.4 mm. At 50%, the spectrum is dominated by montmor-

illonite, at 20% montmorillonite the 2.21 mm band strength was

reduced by more than half and it was broadened slightly to

longer wavelengths; by 5% montmorillonite the spectrum was

almost identical to that of obsidian. The vertical line marks the

maximum inflection point of pure montmorillonite near

2.27 mm. (b) Plot of maximum inflection point vs. percent

montmorillonite. A distinct shift occurs between 30% and 25%

montmorillonite from values near 2.27�2.28 mm to values

>2.33 mm.

1 For all but one sample, a range of percent I-S was given

due to different results from diffuse reflectance and

transmission FTIR. In this discussion, the lowest value

was used e.g. ‘‘<6% I-S’’ means that the lowest measured

value was <6%.
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volcanic glasses that were hydrated due to alteration

(e.g. opaline weathering rinds; feature at ~2.21 mm). The

spectra of samples with 6�8.7% I-S have a much

stronger absorption feature centered at 2.23 mm. This

stronger band was reminiscent of the 2.21 mm feature in

the I-S spectrum but occurred at a slightly longer

wavelength and was broader than the feature in the I-S

spectrum, probably due to the large amounts of the

original silica glass still present in those samples

(Figure 7a).

Unlike the other mixtures presented here, significant

differences were observed in the spectra at both longer

and shorter wavelengths with increased I-S abundance

(Figure 7b,c). In the two samples with >6% I-S (solid

symbols on Figure 7), the 1.4 and 1.9 mm features due to

H2O stretching and bending vibration overtones and

combinations were stronger than in the other samples

(Figure 7b). Additionally, a weak, sharp absorption due

to water was present at 1.15 mm and a broad absorption

due to electronic transitions of Fe3+ was present at

0.95 mm (Burns, 1993). In the samples with <6% I-S, a

broad feature was observed centered at 1.14 mm due to

electronic transitions of Fe2+ (Burns, 1993). Thus, the

band shifted due to the presence of greater Fe2+ in the

samples with less I-S to greater Fe3+ in the samples with

more I-S. The continuum shape for <6% I-S samples is

relatively flat, whereas for the >6% I-S samples, the

continuum was convex, with a strong drop off toward the

strong 3 mm water feature that is consistent with highly

hydrated samples (Figure 7b). Differences were also

observed in the shape of the 3 mm ‘hydration’ feature. In

the <6% I-S samples, the feature had relatively straight

sides and returned to almost the same level of

reflectance as at 2.5 mm (Figure 7c). In the two samples

with >6% I-S, the 3 mm feature had a much more gradual

rise on the long wavelength side due to additional water

in the sample, creating additional absorptions in this

area, similar to the shoulder of the I-S spectrum at 3.0

mm (Figure 7c). In addition, the reflectance value on the

long wavelength side only returns to ~60% of the

reflectance at 2.5 mm. The strength and shape of the 3,

1.9, and 1.4 mm water absorption bands and the presence

of a 1.15 mm band indicated that the samples with more

I-S were much more hydrated than the samples with less

I-S.

Figure 6. (a) Spectra of opal-smectite natural samples. Most

were dominated bymontmorillonite, but at 54.5% smectite some

broadening of the band was visible on both the longer and shorter

wavelengths. The pure montmorillonite spectrum shown here

was the SWy-1 standard to provide an example end member.

(b) Plot of the 2.21 mm band center vs. the percent montmor-

illonite in the sample.

Table 2. Band depths of the 2.21 mm feature in the opal-
smectite natural samples in reflectance and the relative
percentage of the pure montmorillonite band depth1.

Band depth at 2.21
mm (reflectance)

% strength of pure
montmorillonite

99.2% opal 0.0639 37.23
54.5% smectite 0.0915 53.36
58.2% smectite 0.1086 63.27
69.2% smectite 0.1182 68.92
70.3% smectite 0.1173 68.35
72.2% smectite 0.1223 71.29
Montmorillonite 0.1716 100.00

1 The scaled values appear to follow closely the percentage
of montmorillonite in the mixture, down to at least 50%.
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RESULTS: GAUSSIAN MODELING

Modified Gaussian Modeling (MGM) of the 2.2 mm
band in reflectance spectra of kaolinite-montmorillonite

mixtures identified four bands (Figure 8a): one due

exclusively to kaolinite (band 1, centered at 2.16 mm),

two due to both kaolinite and montmorillonite (band 2:

2.20 mm and band 3: 2.21 mm), and one due exclusively

to montmorillonite (band 4, centered at 2.24 mm). The

number, position, and magnitude of these bands were all

determined by the modeling algorithm. First, the spectral

continuum slope across the absorption feature of interest

was determined by the algorithm and removed. Next, the

number, position, and magnitude of Gaussian curves

required to fit the absorption(s) were determined by the

algorithm (Makarewicz et al., 2009b). The four bands

identified in the present study were, therefore, not pre-

determined or constrained in number, position, or

magnitude. However, they show remarkable consistency

in Gaussian band position and number, with only

magnitude varying significantly (Table 3, SOM 1�6.

Plots of the MGM results for the linear mixtures are

available in SOM 7�151). The area of each band was

also calculated and in this case was a better measure of

the contribution of that band to the overall spectrum than

simple band strength (magnitude).

As the amount of kaolinite decreased, the ratio of the

area of band 1 to the area of band 2 decreased linearly

(Figure 8b). The same was true of the ratio of the area of

band 1 to the sum of the areas of bands 2, 3, and 4

(Figure 8c). The ratio values for the linear mixtures were

consistently larger than for the intimate mixtures, as

demonstrated by dividing the intimate mixture ratio by

the linear mixture ratio (Figure 8d), indicating that the

2.16 mm band was stronger in the numerical linear

mixtures than the intimate mixtures. However, the

numerical models of the linear mixture spectra with

>50% kaolinite have band area ratios which were closer

to each other (ratio >0.65) than those ratios of mixture

spectra with <50% kaolinite (ratio <0.6). The differences

in the band area ratios (and, therefore, the strength of the

bands) were probably due to effects such as multiple

scattering in the intimate (physical) mixture spectra that

were not well modeled in the linear mixture spectra.

Nonetheless, the linear behavior of the band area ratios

indicates that using reflectance spectra to estimate the

abundance of kaolinite relative to montmorillonite in

binary mixtures of these two components should be

possible. Additionally, because the slope of the ratios of

the linear mixture spectra (SOM 16, 17) was different

from the slope of the ratios of the intimate mixture

Figure 7 (above and facing page). Spectra of hydrothermally

altered glass-I-S samples. (a) Spectra from 2.0 to 2.4 mm. At

<6 wt.% I-S, the spectra resembled that of altered glass but at

6�10% I-S, the spectra begin to resemble the spectrum of I-S;

however, the band is broader and occurs at 2.23 mm rather than

2.21 mm. (b) Spectra from 0.5 to 2.6 mm. In the samples with

>6 wt.% I-S, features due to H2O were detectable at 0.95 and

1.15 mm and the 1.4 and 1.9 mm features due to OH and H2Owere

stronger than in the <6 wt.% I-S samples. (c) Spectra from 0.3 to

4.0 mm. The shapes of the 3 mm water bands for the <6 wt.% I-S

samples were straight-sided and return to almost the same level

of reflectance as at 2.5 mm. The >6 wt.% I-S samples had a

broader feature and only returned to ~60 wt.% of the 2.5 mm
reflectance, probably because they contained more water than

the <6 wt.% I-S samples. The I-S spectrum has a sharp

absorption at ~2.7 mm characteristic of smectites and a broad

shoulder at 3.0 mm.

1 Supplementary figures SOM 1�17 have been deposited

with the Editor in Chief and are available at www.clays.

org/JOURNAL/JournalDeposits.html
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spectra (Figure 8b,c), determining whether a spectrum

from Earth, Mars, or another surface is due to areal

mixing or physical mixing within an outcrop should be

possible.

COMPARISON WITH CRISM SPECTRA

Comparison of montmorillonite-hydrated silica mixtures

The CRISM reflectance spectra interpreted as con-

taining montmorillonite and a form of hydrated silica

most closely resemble the laboratory mixtures contain-

ing montmorillonite and obsidian (Figure 9). Performing

a simple least-squares fitting, the mixture containing

50% montmorillonite and 50% obsidian most closely

matches the CRISM spectrum 848D-a with an R2 of

0.888 (Table 4). The next closest matches are 80%

montmorillonite and 848D-a (R2 = 0.877), 50% mont-

morillonite and 848D-c (R2 = 0.866), and 20% mont-

morillonite and 848D-a (R2 = 0.863). None of the

montmorillonite-obsidian mixtures provided a particu-

larly good match to spectrum 848D-b (all R2 values are

<0.68, Table 4). This spectrum is possibly better

matched by a different form of hydrated silica, similar

to spectra discussed by Milliken et al. (2008).

Table 3. Average band centers and standard deviation from the average for the four bands identified by MGM in kaolinite-
montmorillonite mixtures.

Band 1 Band 2 Band 3 Band 4

Average band center 2.172 2.201 2.218 2.255
Standard deviation 0.0168363 0.00584858 0.0138495 0.0277112
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Figure 8 (above and facing page). (a) MGM result for 40 wt.% kaolinite-montmorillonite intimate mixture. The bottom panel shows

the spectrum with the continuum and fit result (dashed line; in this case, it overlies the spectrum almost perfectly), the middle panel

shows the calculated Gaussians, and the top panel plots the residuals, which are all <0.025 here. The Gaussian band numbers used for

the ratio calculations are indicated. (b) FromMGM, the area of band 1 (kaolinite 2.17 mm) divided by the area of band 2 (kaolinite and

montmorillonite 2.20 mm) plotted against the amount of kaolinite in the sample, scaled to unity for pure kaolinite. The ratio of these

areas increases linearly with the amount of kaolinite in the sample. (c) FromMGM, the area of band 1 (kaolinite 2.17 mm) divided by

the sum of the areas of bands 2, 3, and 4 (kaolinite and montmorillonite 2.20 mm and 2.21 mm, and montmorillonite 2.24 mm,

respectively) plotted against the amount of kaolinite in the sample, scaled to unity. The ratio of these areas increased linearly with the

amount of kaolinite in the sample. (d) Plot of the ratio of the area of band 1 to the area of band 2 in the kaolinite-montmorillonite

intimate mixtures divided by the same ratio in the linear mixtures. In all cases, the ratio is <1, indicating that the proportional

relationship of the areas is always larger in the linear mixtures than the intimate mixtures. In addition, the ratios appear to break down

into two groups: the mixtures with >50% kaolinite all have ratios >0.65 and those with <50% kaolinite are <0.6, indicating that the

intimate mixture spectra with >50% kaolinite behave more similarly to the linear mixture spectra than those spectra of mixtures with

<50% kaolinite.

410 McKeown et al. Clays and Clay Minerals



The spectra of the hydrothermally altered glass-I-S

samples exhibited a ~2.2 mm absorption at a longer

wavelength (2.23 mm) than the CRISM spectra

(2.21 mm), although they are both broad. The spectra

of the natural samples containing opal and smectite

showed no broadening of the 2.21 mm band to longer

wavelengths, though some broadening to shorter wave-

lengths was observed in the spectra of the sample

containing the smallest amount of smectite (54.5%). Due

to these dissimilarities, neither the glass-I-S samples nor

the opal-A-smectite samples were as good a match to the

CRISM spectra as the montmorillonite-obsidian

samples.

Comparison of kaolinite-bearing mixtures

For the spectra of the kaolinite mixtures, none

provided a good match to the CRISM spectra that

exhibited kaolinite-like features (Figure 10, Table 5).

The closest match was 30% kaolinite�70% mont-

morillonite for spectrum 43EC-b, with an R2 of 0.639

(Table 5). In general, the kaolinite-montmorillonite

intimate mixture spectra had higher R2 values for a

given CRISM spectrum than the kaolinite-opal-A

intimate mixture spectra, although the fits to the

CRISM spectrum 848D-a were comparable (Table 5).

Mixing kaolinite with montmorillonite broadens the

band at 2.21 mm but does not reduce the band strength,

unlike mixtures with opal-A or silica. The continuum

across the 2.21 mm feature in CRISM data was close to

flat, which is more similar to the spectra of the

montmorillonite-kaolinite mixtures than those of kaolin-

ite-opal-A, although all of the continua for the labora-

tory spectra were negative.

Other minerals are probably also present in the clay-

bearing rocks at Mawrth Vallis, so although mixtures of

Table 4. R2 values fitting the montmorillonite-obsidian
mixtures to the Mawrth Vallis CRISM spectra from 2.0 to
2.4 mm. The best match with an R2 value of 0.888 is the 50%
montmorillonite spectrum to the 848D-a spectrum.

848D-a 848D-b 848D-c

B579 0.860 0.632 0.833
JB586-80% 0.877 0.654 0.853
JB585-50% 0.888 0.688 0.866
JB584-20% 0.863 0.676 0.840
JB583-10% 0.666 0.652 0.659
JB582-8% 0.653 0.637 0.645
JB581-5% 0.375 0.452 0.369
JB580-2% 0.444 0.491 0.439
JB578-obsidian 0.260 0.363 0.260
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certain minerals can be demonstrated to be more likely

than others to be responsible for the observed band

shape, no specific conclusions can be drawn about the

weight- or volume-percent abundance of specific phases

in the whole rock. Data from the Thermal Emission

Spectrometer (TES, on board Mars Global Surveyor)

indicate the presence of abundant plagioclase in this

region (Michalski and Fergason, 2008), which is

difficult to uniquely identify at VNIR wavelengths.

Modeling by Poulet et al. (2008) also suggests the

presence of ferrihydrite, minor amounts of pyroxene, and

Martian dust in this region in addition to plagioclase and

phyllosilicate minerals.

CONCLUSIONS

The spectra of intimate mixtures of kaolinite, mont-

morillonite, obsidian, and opal-A, when sieved to

<125 mm, are very similar to linear (numerical) mixtures

in the 0.3�2.0 mm wavelength region. In the 2.0�2.5 mm
wavelength range, slight variations between intimate and

linear mixture spectra were observed; the kaolinite

Figure 9. Spectra of select montmorillonite-obsidian mixtures

compared to CRISM spectra from image FRT0000848D. The

mixture with 50% montmorillonite most closely matches the

shape of the CRISM spectra but this cannot be used to determine

modal mineralogy.

Figure 10. Spectra of kaolinite-montmorillonite and kaolinite-

SiOH mixtures compared to CRISM spectra from images

FRT000043EC and FRT0000848D. The 30% kaolinite mixtures

most closely match the 848D spectrum and the broadened nature

of the 43EC spectra. Differences in the 2.17 and 2.21 mm bands

could be due to a different kaolin-family mineral such as dickite

being present, rather than kaolinite.
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absorption at 2.17 mm was stronger in intimate mixtures

with montmorillonite than in equivalent numerical linear

mixtures. When this and the 2.21 mm absorption were

modeled using MGM, the ratio of the area of the 2.17 mm
band to the 2.21 mm band was linearly proportional to

the amount of kaolinite in the mixture, as was the ratio

of the area of 2.17 mm band to the sum of the areas of the

2.20, 2.21, and 2.24 mm bands. In spectra of altered

glass-illite-smectite mixtures, however, non-linear var-

iation was observed in the spectral shape throughout the

VNIR-SWIR wavelength region between samples with

<6% I-S and those with 6�8.7% I-S.

Comparing the mixture spectra to CRISM spectra, the

montmorillonite-obsidian mixtures with ~50% mont-

morillonite provided the closest match, whereas the

montmorillonite-Kilauea silica (dominated by opal-A)

mixtures provided a poorer match to the CRISM

montmorillonite-like spectra. The montmorillonite-

kaolinite mixtures with ~30% kaolinite are most similar

to the CRISM spectra of Mawrth Vallis that exhibit some

kaolinite character. The kaolinite-opal-A mixtures with

30�50% silica have a similar shape at 2.1�2.22 mm, but

the band is not broadened to longer wavelengths, making

it a less likely candidate. The results of this laboratory

mixture study identify a variety of plausible clay/silica

mixtures that could be contributing to the reflectance

spectra observed by the CRISM instrument at Mawrth

Vallis, Mars.

ACKNOWLEDGMENTS

Support of this study from the Mars Fundamental
Research program, the MRO-CRISM mission, NASA’s
Graduate Student Researcher’s program, and the Naval
Postgraduate School in Monterey, California, is much
appreciated. The authors thank T. Hiroi at RELAB for the

reflectance spectra. Brown University’s RELAB is sup-
ported by NASA grant NNG06GJ31G. The authors also
thank E. Finley at the National Institute for Nanotechnol-
ogy, National Research Council, Canada, for the spectral
curve fitting to CRISM data and are grateful also to R.E.
Milliken and two anonymous reviewers for their helpful
comments which greatly improved this manuscript.

REFERENCES

Bibring, J.-P., Langevin, Y., Mustard, J.F., Poulet, F.,
Arvidson, R., Gendrin, A., Gondet, B., Mangold, N., Pinet,
P., and Forget, F. (2006) Global mineralogical and aqueous
Mars history derived from OMEGA/Mars Express data.
Science, 312, 400�404.

Bibring, J.-P., Loizeau, D., Pelkey, S.M., Murchie, S.,
Mustard, J.F., Bishop, J.L., Ehlmann, B.L., Gondet, B.,
Mangold, N., Poulet, F., Roach, L.A., and Seelos, F. (2007)
Coupled OMEGA-CRISM Observations of Marwth Vallis.
Lunar and Planetary Science Conference XXXVIII, Lunar
and Planetary Institute, Houston, Texas, USA..

Bishop, J.L. and Dummel, A. (1996) The influence of fine-
grained hematite powder on the spectral properties of Mars
soil analogs; VIS-NIR bi-directional reflectance spectro-
scopy of mixtures. Lunar and Planetary Science Conference

XXVII, Lunar and Planetary Institute, Houston, Texas, USA.
Bishop, J.L.,Pieters, C.M., and Burns, R.G. (1993) Reflectance
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