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a b s t r a c t
Hydrated silica-rich materials have recently been discovered on the surface of Mars by the Mars Exploration Rover (MER) Spirit, the Mars Reconnaissance Orbiter (MRO) Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM), and the Mars Express Observatoire pour la Minéralogie, l’Eau, les Glaces,
et l’Activité (OMEGA) in several locations. Having been interpreted as hydrothermal deposits and aqueous alteration products, these materials have important implications for the history of water on the martian surface. Spectral detections of these materials in visible to near infrared (Vis–NIR) wavelengths have
been based on a H2O absorption feature in the 934–1009 nm region seen with Spirit’s Pancam instrument, and on SiOH absorption features in the 2.21–2.26 lm range seen with CRISM. Our work aims to
determine how the spectral reﬂectance properties of silica-rich materials in Vis–NIR wavelengths vary
as a function of environmental conditions and formation. Here we present laboratory reﬂectance spectra
of a diverse suite of silica-rich materials (chert, opal, quartz, natural sinters and synthetic silica) under a
range of grain sizes and temperature, pressure, and humidity conditions. We ﬁnd that the H2O content
and form of H2O/OH present in silica-rich materials can have signiﬁcant effects on their Vis–NIR spectra.
Our main ﬁndings are that the position of the 1.4 lm OH feature and the symmetry of the 1.9 lm feature can be used to discern between various forms of silica-rich materials, and that the ratio of the
2.2 lm (SiOH) and 1.9 lm (H2O) band depths can aid in distinguishing between silica phases (opalA vs. opal-CT) and formation conditions (low vs. high temperature). In a case study of hydrated silica outcrops in Valles Marineris, we show that careful application of a modiﬁed version of these spectral parameters to orbital near-infrared spectra (e.g., from CRISM and OMEGA) can aid in characterizing the
compositional diversity of silica-bearing deposits on Mars. We also discuss how these results can aid
in the interpretation of silica detections on Mars made by the MER Panoramic Camera (Pancam) and Mars
Science Laboratory (MSL) Mast-mounted Camera (Mastcam) instruments.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
Determining the extent and form of water on the surface of
Mars is crucial to understanding the planet’s evolutionary history
and habitability. Identifying aqueous minerals at the surface is an
important aspect of the search for evidence of past and present
water. In the past decade, sulfate and phyllosilicate minerals have
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been detected across the planet by multiple investigations (e.g.,
Bibring et al., 2006; Mustard et al., 2008). Discoveries of carbonates
have been more elusive in orbital measurements, but they have
been identiﬁed in small (2–5%) concentrations in martian dust
(Bandﬁeld et al., 2003) and more recently within rocks in the Nili
Fossae region (Ehlmann et al., 2008) and in the Columbia Hills
within Gusev Crater (Morris et al., 2010a,b). Opaline silica (SiO2nH2O) is the most recent addition to the classes of known hydrated minerals on Mars, having been detected from orbit by
multiple instruments (e.g. Bandﬁeld, 2008; Milliken et al., 2008)
and with rover-based observations (Squyres et al., 2008).
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On Earth, hydrated silica-rich materials can occur in a variety of
forms, such as the weathering products of volcanic rocks under a
wide range of conditions (e.g., Ugolini, 1986), as coatings and rinds
on volcanic materials (Minitti et al., 2007), as sedimentary silica
(McLennan, 2003), or as precipitates from high- and low-temperature geothermal ﬂuids (e.g., Ellis and Mahon, 1977; Farmer, 1996;
Channing and Butler, 2007). Discoveries of opaline silica on Mars
have been anticipated for many years based on evidence for past
hydrothermal activity (Farmer, 1996; Bishop et al., 2004) and geochemical arguments (Gooding and Keil, 1978; Burns and Fisher,
1993; McLennan, 2003). Because the precipitation of silica from
ﬂuids can provide a mechanism for preserving evidence of microbes, detections of silica on Mars may have astrobiological significance as well (e.g. Cady and Farmer, 1996; Konhauser et al., 2003).
The Mars Exploration Rover (MER) Spirit discovered the ﬁrst
unequivocal occurrence of silica on Mars (Squyres et al., 2008). This
subsurface deposit of bright, whitish silica-rich soil (Fig. 1b) was
exposed within the rover’s wheel trench in a topographic lowland
called the Eastern Valley in the Inner Basin of the Columbia Hills of
Gusev Crater, and it has been interpreted to have formed under
hydrothermal conditions (Squyres et al., 2008; Ruff et al., 2011).
Observations of the brightest exposure by the rover’s Alpha Particle
X-ray Spectrometer (APXS; Gellert et al., 2006) instrument show
that its composition is 90.1 wt.% SiO2 (98 wt.% SiO2 when corrected for dust contamination; Squyres et al., 2008). Spectra of this

trench from Spirit’s Miniature Thermal Emission Spectrometer
(Mini-TES; Christensen et al., 2003) are consistent with the presence of opaline silica (Ruff et al., 2011). Other light-toned nodular
outcrops (e.g., Fig. 1a) in the Eastern Valley region also have high
silica compositions; for example, four nodular outcrops measured
by APXS contain 63–73 wt.% SiO2 (Ming et al., 2008b).
Observations by Spirit’s Pancam multispectral imager (Bell
et al., 2003) indicate that the silica-rich soil and outcrops exhibit
characteristic spectral properties in visible to near-infrared (Vis–
NIR) wavelengths. These include a much higher reﬂectivity and
the presence of a reﬂectance downturn in the last two Pancam
channels, from 934 to 1009 nm (Wang et al., 2008; Rice et al.,
2010) (Fig. 1c). A similar spectral feature was also associated with
exposures of subsurface ice imaged by the Surface Stereo Imager
(SSI) on the Phoenix spacecraft (Smith et al., 2009). Because this
downturn is also associated with a generally ﬂat reﬂectance spectrum in the 864–934 nm region, the source of the spectral downturn must be conﬁned to wavelengths longer than 934 nm. Pure
silica, in its various forms, does not exhibit an absorption feature
in the 934–1009 nm region (e.g. Clark et al., 2007), although Elliott
and Newns (1971) noted the occurrence of a weak 938 nm feature in the spectrum of H2O dissolved in fused silica. Many minerals, including the abundant maﬁc silicates at the Gusev site, do
exhibit absorption bands in the 1000 nm region that could potentially be detectable in a multispectral imaging system such as

Fig. 1. Silica-rich materials in the Columbia Hills of Gusev Crater, discovered by the Mars Exploration Rover (MER) Spirit: (a) Panoramic Camera (Pancam) approximate true
color (ATC) image (blue = 482 nm, green = 535 nm, red = 601 nm) of the Elizabeth Mahon nodular outcrop (sol 1174, P2588), which contains 72% SiO2 (Ming et al., 2008b).
The extent of the outcrop is 60 cm; (b) Pancam ATC image of the Gertrude Weise soil (sol 1187, P2533), which contains 98% SiO2 (Squyres et al., 2008). The width of the
wheel track is 16 cm; (c) Pancam relative reﬂectance spectra of silica-rich targets (see Rice et al. (2010) for further discussion). All spectra exhibit a relatively ﬂat nearinfrared proﬁle (864–934 nm) and a characteristic downturn in the longest-wavelength ﬁlter (1009 nm) due to H2O and/or OH absorptions near 1000 nm (Rice et al., 2010).
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Pancam (e.g., Cloutis and Bell, 2003; McSween et al., 2006); however, these bands are wide enough that the downturn in reﬂectance begins shortward of 934 nm, and thus they are not viable
candidates to explain the 1009 nm Pancam feature. Rice et al.
(2010) suggested that the 1009 nm feature arises from the presence of H2O ice, adsorbed H2O/OH, or H2O/OH bound in the structure of an additional mineral component. H2O exhibits an
absorption band near 950 nm that is attributable to a combination of the 2v1 and v3 vibrations (e.g., Herzberg, 1945; Bayly
et al., 1963), and a weak vibrational overtone of OH (3vOH) occurs
in this wavelength region as well.
Silica has also been detected from orbit by the Mars Global Surveyor (MGS) Thermal Emission Spectrometer (TES) in outcrops exposed in western Hellas Basin (Bandﬁeld, 2008), by the Mars
Express Observatoire pour la Minéralogie, l’Eau, les Glaces, et
l’Activité (OMEGA) in Acidalia Planitia and in the north polar region (Horgan and Bell, 2012), and by the Mars Reconnaissance Orbiter (MRO) Compact Reconnaissance Imaging Spectrometer for
Mars (CRISM) instrument near the Valles Marineris canyon system
(Milliken et al., 2008; Bishop et al., 2009; Weitz et al., 2010; Wendt
et al., 2011), in the Syrtis Major region (Mustard et al., 2008; Ehlmann et al., 2009; Skok et al., 2010; Marzo et al., 2010), Mawrth
Vallis (e.g., Bishop et al., 2008; McKeown et al., 2009; Noe Dobrea
et al., 2010), Terra Sirenum (Wray et al., 2011) and Antoniadi Crater (Smith et al., 2011). The CRISM detections of silica are based on
the position and width of an OH overtone band at 1.41 lm, an
H2O overtone band at 1.9 lm, and SiOH bands near 2.2 lm
(Fig. 2a). In some CRISM observations, where the 1.41 and
1.9 lm features are weak or absent, detections of silica have been
based solely on the 2.2 lm bands (Fig. 2b), as OH and H2O features may have been lost during dehydration of silica, they may
be too weak to be detected by CRISM, or they may be obscured
by additional constituents such as iron oxides (Skok et al., 2010).
Phyllosilicates have also been identiﬁed on Mars based on absorption bands centered near 2.2 lm (e.g., Murchie et al., 2009), and
sulfate minerals exhibit features in this wavelength region as well
(e.g., Clark et al., 1990); therefore the width, symmetry, and number of local minima of these bands must be used to distinguish between SiOH in opaline silica and bonds in other minerals.
Absorption bands in the Vis–NIR spectra of hydrated silica are
sensitive to environmental conditions during and since the mineral’s genesis. Understanding how these factors affect reﬂectance
spectra will aid interpretations of recent and future detections of
opaline silica on Mars. In this study we have undertaken a comprehensive examination of how silica formation, crystallinity, and
variations in the physical forms of H2O and OH associated with silica-rich materials can affect reﬂectance spectra. First we present a
review of the spectral properties of terrestrial silica and H2O speciation in silica-rich materials (Section 2). We then describe our
acquisition of spectra of a diverse suite of silica-rich materials,
including cherts, opals, quartzes, natural sinters, and synthetic silica at varying grain sizes and temperature and humidity conditions
(Sections 3.1–3.3). We have also subjected a silica-rich sinter (opalA) to a simulated Mars surface environment for more than 1 year
and have recorded its spectral changes while equilibrating
(Section 3.4).
Because of their signiﬁcance to recent Pancam, OMEGA, and
CRISM detections of opaline silica on Mars, as well as to potential
detections by the Mars Science Laboratory (MSL) Mast-mounted
Cameras (Mastcams), we focus our analysis on the H2O absorption
near 1 lm, which has not been previously studied in detail, and
on the OH, H2O and SiOH absorptions near 1.4 lm, 1.9 lm
and 2.2 lm (Section 4). The goal of this study is to identify ways
in which the band depths, positions, and widths of these features
can constrain the depositional environment of silica-rich materials.
Section 5 presents a discussion of the implications of our results for
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Fig. 2. Examples of hydrated silica detections in CRISM spectra: (a) CRISM ratio
spectra for deposits in Terra Tyrrhena (image FRT00003A2B) and Nili Fossae (image
FRT000051EE) from Milliken et al. (2008). Both spectra exhibit diagnostic features
in the 1.4, 1.9 and 2.2 lm regions; (b) CRISM ratio spectra for Nili Patera cone with
deposits (image FRT00010628) from Skok et al. (2010). The detection at this
location was made based solely on the position of the 2.2 lm feature, as the 1.4
and 1.9 lm bands are absent or unresolvable.

MER Pancam and MSL Mastcam observations. In Section 6 we discuss correlations we have found between our measured spectral
parameters and the content and form of H2O. We also present a
case study in the Valles Marineris region on Mars in which we
demonstrate methods for applying our laboratory derived spectral
parameters to CRISM spectra. Section 7 outlines our plans for future work and implications of this study for future spectral detections of silica on Mars.
2. Background
The spectral reﬂectance properties of H2O- and OH-bearing silica-rich materials can be largely interpreted from the perspective
of the spectral properties of H2O and OH and how these molecules
interact with and bind to a Si–O framework. In this section we provide an overview of the spectral properties of H2O and OH, the
structure of silica, the nature of H2O in silica, and the Vis–NIR spectral properties of silica.
2.1. Spectral properties of H2O and OH
Because H2O is a polar molecule, it can interact with adjacent
H2O molecules or to solids with which it is in contact. For example,
H2O in different states shows differences in the wavelength position of the H–O–H bending (v2) fundamental vibration: 6.27 lm
in the vapor state, 6.08 lm in the liquid state, and between 6.10
and 6.12 lm when adsorbed on silica gel (e.g., Irvine and Pollack,
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1968; Eisenberg and Kauzmann, 1969). When examined in more
detail, H2O exhibits a large number of fundamental, combination,
and overtone bands (e.g., Herzberg, 1945; Bayly et al., 1963) (Table 1) which show variations in spectral shape depending on the
number of hydrogen bonds in each H2O molecule (Van Thiel
et al., 1957; Buijs and Choppin, 1963). With increasing temperature, the number of hydrogen-bonded H2O molecules decreases,
and the average band position of various overtones and combinations moves to shorter wavelengths (Bayly et al., 1963). In addition,
different types of anions and cations can either increase or decrease the amount of ordering (hydrogen bonding) in liquid H2O
(Buijs and Choppin, 1963). These variations explain, in large part,
the minor disagreements between the laboratory analyses of different investigators (e.g., Hornig, 1964; Buijs and Choppin, 1964).
The wavelengths of the fundamental bands in liquid H2O are
intermediate between those of solid and vapor, consistent with differences in the degree of hydrogen bonding between these three
phases (Irvine and Pollack, 1968; Eisenberg and Kauzmann,
1969) (Table 2). Solid H2O shows diagnostic shifts in absorption
band positions and changes in band intensities as a function of
temperature (e.g., Grundy and Schmitt, 1998), and the absorption
bands in amorphous H2O ice are weaker and at shorter wavelengths than for crystalline solid H2O (e.g., Mastrapa et al., 2008).
The implications of these observations are that reﬂectance spectra
of the same target at different temperatures may show differences
in H2O band positions that could be due to changes in the degree of
hydrogen bonding or to phase changes.
In addition to H2O, many minerals also possess OH in the form
of ‘‘structural OH’’ or hydroxyl. Technically, such phases are anhydrous rather than hydrated minerals (see Ming et al. (2008a) for a
review of hydrated mineral terminology), even though they are
still formed by aqueous processes. The OH- anion in minerals is
necessarily bonded to adjacent atoms to preserve charge neutrality, and because it is diatomic, it does not possess bending vibrations except in the context of the adjacent atoms to which it is
bound. The only stretching vibration of OH appears in minerals
near 2.8 lm (sometimes as high as 3.45 lm), and its overtones

Table 1
Wavelength position of H2O absorption bands (from Bayly et al. (1963)).
Modea (v1v2v3vL)

Wavelength (lm)

Intensity (cm1 mol1)

0001
0100
0101
1000/0200
0010
0011
0110
0111
0020/1010/0210
1110
2010
2110/0130
3010

13–20
6.079
4.706
3.048
2.865
2.551
1.934
1.787
1.449
1.219
0.981
0.880
0.749

–
20.8
3.23
54.54
62.7
0.83
1.05
0.095
0.28
0.01
0.0044
0.0011
0.0007

a
v1: symmetrical stretching;
stretching; vL: libration.

v2:

symmetrical bending;

v3:

antisymmetric

Table 2
Absorption band positions for H2O (from Irvine and Pollack (1968) and Eisenberg and
Kauzmann (1969)).
Modea (v1v2v3vL)

Solid (lm)

Liquid (lm)

Vapor (lm)

1000/0200
0100

3.12
6.06

2.86
6.08

2.66 and 2.73
6.27

a
v1: symmetrical stretching;
stretching; vL: libration.

v2:

symmetrical bending;

v3:

antisymmetric

are present near 1.4 lm (2vOH) and 0.95 lm (3vOH) (e.g., Clark
et al., 1990).
2.2. Structure of silica-rich materials
Silica occurs in the Earth’s crust in a variety of mineral forms,
and this has given rise to a broad range of names for materials that
are composed essentially of a three dimensional network of Si–O.
The type of silica-rich materials that form by various processes
can be sensitive indicators of petrogenesis, diagenesis, and/or biological processes; a summary of different silica-rich materials and
their formation environments is provided in Table 3. Factors such
as abundance of accessory elements and presence and abundance
of ﬂuid inclusions can also be affected by formation conditions
(Wang and Merino, 1990). Chemical factors, such as the presence
of organic material, can also affect silica crystallization reactions
as well (Hinman, 1990).
In Table 3 and in the sample descriptions for this study, we categorize ‘‘opals’’ as the natural non-crystalline silica samples that were
deposited in rock ﬁssures at low temperatures (e.g. Jones and Segnit,
1966). However, ‘‘opal’’ can more generally indicate any hydrated
silica (SiO2nH2O) without crystalline order (as opposed to macroor microcrystalline SiO2 polymorphs), as determined by X-ray diffraction (XRD), and with H2O contents higher than 1 wt.% (e.g., Langer and Flörke, 1974). Although the term ‘‘opaline’’ has often been
used synonymously with ‘‘amorphous’’ (e.g. Jones and Segnit,
1966), there is an ongoing debate in the literature about the appropriate use of ‘‘amorphous’’ in reference to silica (Smith, 1998; Rodgers et al., 2004). In this study we adopt the terminology of
Rodgers et al. (2004) and use ‘‘non-crystalline’’ or ‘‘X-ray amorphous,’’ where appropriate, in place of ‘‘amorphous.’’
Over a dozen distinct varieties of opals have been identiﬁed in
the literature, which differ largely in the arrangement and size of
voids located between silica spheres (e.g., King, 1986). Gem-quality
and other opals do not differ in terms of many common properties
such as X-ray diffraction pattern, trace element content, and thermogravimetry (Bayliss and Males, 1965); however, nuclear magnetic resonance can provide limited discrimination (e.g., Adams
et al., 1991), as can XRD discrimination for some silica types
(e.g., Herdianita et al., 2000b).
Opals are generally divided into four groups, listed here in order
of increasing structural order: (1) opal-AN, sometimes referred to
as ‘‘hyalite,’’ which is X-ray amorphous and has a network-like
structure similar to glass; (2) opal-AG, which includes ‘‘precious’’
and ‘‘potch’’ opals and consists of aggregated spheres of non-crystalline silica (a gel-like structure) with H2O ﬁlling the gaps between spheres; (3) opal-CT, which exhibits the beginnings of
short-range ordering; and (4) opal-C, which consists of short-range
cristobalite-like order (e.g., Langer and Flörke, 1974; Herdianita
et al., 2000a; Gaillou et al., 2008). Groups (1) and (2) are both commonly referred to as ‘‘opal-A.’’ Opal-A and opal-CT are easily distinguishable in thermal infrared spectra (Michalski et al., 2003) but
are signiﬁcantly more difﬁcult to discern in Vis–NIR wavelengths
(e.g., Milliken et al., 2008).
When deposited, most opal consists largely of non-crystalline
silica spheres of opal-A with disordered packing, low densities,
high porosities and large H2O contents. Over typical timescales of
tens of thousands to millions of years, opals can incrementally
crystallize to become opal-CT and/or opal-C, and eventually microcrystalline quartz. Therefore, as these materials age, changes to silica properties (e.g., H2O content, void size) accompanying increases
in order are amenable to characterization by reﬂectance spectroscopy; as a result, these spectral changes can potentially be used for
relative age dating (Herdianita et al., 2000a).
In terrestrial rocks, opals older than a few million years are extremely rare (Maliva et al., 1989). On Mars, opal in contact with
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Table 3
Descriptions of silica-rich materials used in this study.
Material

Representative
chemical
formula

Formation environment

Description

Selected references

Amethyst

SiO2 with Fe
impurities

A variety of quartz; violet crystals found
within hollow rock chambers

Proust and Fontaine (2007)

Chalcedony

SiO2

A ﬁbrous cryptocrystalline variety of quartz;
called ‘‘agate’’ when concentrically banded

Frondel (1982), Graetsch et al.
(1985)

Chert

SiO2

Consists of microcrystalline or
cryptocrystalline quartz

Laschet (1984), Knauth (1994),
and McDowell et al. (2009)

Chrysoprase
Cristobalite

SiO2 with Ni
impurities
SiO2

SiO2

Lechatelierite

SiO2

A green, gemstone variety of chalcedony;
consists of cryptocrystalline quartz
White octahedral crystals or spherulites;
persists as metastable phase at low
temperatures;
A variety of chert, but typically darker in
color; consists of microcrystalline or
cryptocrystalline quartz
Amorphous silica; a component of tektites;
varieties include Dakhleh glass and Darwin
glass (impactites)

Graetsch et al. (1985) and
Graetsch (2011)
Reich et al. (2009) and Flörke et al.
(2000)

Flint

Novaculite

SiO2

Occurs as geodes in sedimentary and volcanic
rocks; deposited from groundwater or
hydrothermal solutions rich in dissolved
silicates
Occurs as nodules within rock cavities,
typically volcanics; can precipitate from lowtemperature (<100 °C) solutions
Forms in layers and nodules in sedimentary
rocks as a replacement mineral; can be
recrystallized from siliceous grains of
biological origin (e.g., diatoms)
Results from weathering of ultramaﬁc rocks
(e.g., serpentine)
A low-pressure, high-temperature polymorph
of silica; occurs in volcanic rocks and
converted diatomaceous deposits
Occurs as nodules and masses in chalk and
limestone formations as a replacement of
calcium carbonate with silica
Natural glass formed from high pressure
shock metamorphism (e.g., meteorite
impacts) or from lightening strikes in SiO2rich sediments (e.g., quartz sand fulgerite)
Siliceous layers found in the Ouachita
Mountains, may be a product of low-grade
metamorphism of chert beds

Lowe (1975)

Opal

SiO2nH2O

Deposited from silica-rich solutions at low
temperatures in rock ﬁssures; can replace
organic remains

Quartz

SiO2

Rose quartz

SiO2 with Fe
and Ti in
nanoinclusions

One of the main products of slowly cooled,
silica-rich magmas (e.g., granites and
granodiorites); also a primary mineral of
pegmatites and hydrothermal veins formed
during late stages of magmatic processes; a
major constituent of metamorphic rocks
Occurs in pegmatites; forms at high
temperatures (400–700 °C); sometimes
occurs in hydrothermal veins

A variety of chert; consists of microcrystalline
or cryptocrystalline quartz; rock is
particularly hard and dense due to
interlocking structure
Referred to as ‘‘precious’’ when a play of color
is displayed, otherwise called ‘‘common’’ or
‘‘potch’’ and has a milky appearance;
composed of spheres of amorphous silica
(close-packed for precious opals, irregularly
packed for potch opals)
Made up of a continuous framework of SiO4
tetrahedra; colorless and transparent; few
impurities, but water can be incorporated in
concentrations from hundreds to several
thousands of parts per million

Silica gel

SiO2nH2O

Synthetic silicon dioxide prepared by the
neutralization of aqueous alkali metal silicate
with acid

Silica residue

SiO2nH2O

Forms when H2S emissions (e.g., from
fumaroles) oxidize and condense to produce
low pH (<2) solutions that react with volcanic
rocks, producing alteration assemblages
enriched in silica

Silicic acid

SiO2nH2O

Sinter

SiO2nH2O

Synthetic silicon dioxide, formed by the
acidiﬁcation of silicate salts (e.g., sodium
silicate) in aqueous solution
Precipitates from high-temperature solutions
in volcanic settings

Tektite

SiO2

Natural glass formed during meteorite
impacts; precursor material is the impact
target

A variety of quartz; rose-pink colored due to
submicroscopic mineral ﬁber inclusions; hazy
to translucent character; occurs as massy
aggregates rather than as single crystals
Solid, amorphous; distinguished by its
microporosity and hydroxylated surface; an
interconnected random array of spherical,
polymerized silicate particles called
‘‘micelles’’
Amorphous silica (opal-AG, opal-CT and/or
opal-C); morphologically similar to silica
sinter; can preserve primary structures and
textures of the original rock; can contain
kaolinite, sulfates like jarosite and alunite,
TiO2 and other components
White solid in powder form

Deposited as spheres of opal-AG with
disordered packing; typically porous and
friable; called ‘‘geyserite’’ when found in
proximity to a hydrothermal vent; can
incorporate large amounts of water; can
preserve fossil evidence of organic material;
transitions to more crystalline polymorphs
(opal-CT and/or opal-C) with age and/or due
to high temperature
Amorphous silica with very low water
contents; range in color from green to brown

Laschet (1984) and Knauth (1994)

Moroz et al. (2009) and Bouška
and Bell (1993)

Bayliss and Males (1965), Segnit
et al. (1965), Jones and Segnit
(1966), and Gaillou et al. (2008)

Kekulawala et al. (1981), Paterson
(1982), Flörke et al. (1982), and
Cordier and Doukhan (1991)

Flörke et al. (2000) and Goreva
et al. (2001)

Flörke et al. (2000)

White et al. (1988), Rogers et al.,
2002, and Ruff et al. (2011)

Flörke et al. (2000)

Herdianita et al. (2000a,b), Jones
and Renaut (2004), Konhauser
et al. (2003), Cady and Farmer
(1996), and Preston et al. (2008)

Koeberl (1990) and Bouška and
Bell (1993)
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0 °C water has been estimated to convert completely to quartz in
300–400 myr (Tosca and Knoll, 2009). However, transitions can
sometimes occur more rapidly; for example, Jones and Renaut
(2007) and Jones et al. (2007) reported opal-CT in the sinter mound
at Geysir, Iceland that was <103 years old based on stratigraphic
relationships to known volcanic ash horizons. The original opal-A
was altered rapidly by dissolution–reprecipitation reactions a
few meters below the surface (Jones and Renaut, 2007).
2.3. The nature of H2O in silica
H2O is ubiquitous in both natural and synthetically produced silica, and can occur in a variety of forms related to formation conditions and subsequent diagenesis (e.g., Anderson and Wickersheim,
1964). H2O content can also be indicative of silica formation conditions, as it can be related to the rate of precipitation (Jones and Renaut, 2004). H2O can also enter silica via diffusion and can react
with silica to form SiOH complexes (e.g., Doremus, 1998).
The total H2O content (wt.% H2O) in a hydrated silica phase is the
sum of the H2O present in the form of molecular H2O and in the form
of SiOH-groups. Silanol (Si–O–H) can be present in three broad
forms: (1) vicinal (hydrogen-bonded); (2) geminal (two silanol
groups attached to the same Si); or (3) isolated (no hydrogen bonds)
(e.g., Hockey and Pethica, 1961; Anderson and Wickersheim, 1964;
Graetsch, 1994; Dijkstra et al., 2002), each of which exhibits absorption bands at different wavelengths. H+ in the form of OH may also be
present to balance the charge when cations such as Al3+ substitute
for Si4+ in the silica framework (Webb and Finlayson, 1987).
The size of any voids or bubbles that contain H2O is also a signiﬁcant factor in controlling the spectral properties of silica. This
arises from the fact that, at a minimum, the ﬁrst monolayer of
H2O molecules lining a void are strongly affected by strong hydrogen bonding to the underlying silica; in the case of voids that are
60 nm in diameter, approximately one-third of the H2O molecules
comprise this monolayer (e.g., Kekulawala et al., 1981). In larger
voids, multilayers of adsorbed H2O can build up on the silanol surface by hydrogen bonding to the surface hydroxyls, and these multilayers then grade into capillary adsorbed H2O (Segnit et al., 1965).
If the voids are sufﬁciently large, some of the H2O molecules exist
as liquid H2O and can freeze upon exposure to low temperatures to
result in the appearance of solid H2O (ice) absorption bands (Aines
et al., 1984). However, some H2O that may be present in silica cannot be ‘‘frozen’’ into an ice structure because it occurs in monolayer-size ﬁlms that are adsorbed on and react with the silica
surface (Kekulawala et al., 1981). H2O adsorbed on silica gel is
spectrally similar to liquid H2O (Benesi and Jones, 1959).
2.4. Vis–NIR spectral properties of silica
The presence of H2O in silica gives rise to a broad absorption
feature between 2.8 and 3.3 lm due to O–H stretching in H2O
(Kekulawala et al., 1981). Spectral variations between different silica-rich materials, which can be related to petrogenetic conditions,
are present in this wavelength region (Paterson, 1982). The way in
which nearest-neighbor silanol groups interact affects the wavelength position and intensity of the associated O–H stretching
vibrations in this region, and likely the combination bands in the
2.2–2.3 lm region as well (Langer and Flörke, 1974).
Effects such as heating lead to changes in spectral properties
associated with H2O/OH absorption bands, as H2O in ﬂuid inclusions can be lost and silanol-associated spectral features become
more apparent (Frondel, 1982). Some structural/compositional
changes accompanying diagenesis of silica-rich materials appear
to be irreversible, thus potentially providing a record of past conditions that can be accessed spectroscopically (e.g., Hambleton et al.,
1966). Differences in the appearance of the H2O/OH fundamental

bands in the 2.7–3.2 lm region and SiOH combination bands in
the 2.2–2.3 lm region are associated with different types of silica-rich materials and are affected by factors such as sample heating and the temperature at which the spectra are measured (e.g.,
Segnit et al., 1965; Langer and Flörke, 1974; Graetsch et al.,
1985). Because different types of H2O (e.g., adsorbed, capillary)
are lost at different temperatures upon heating and may have different spectral properties (depending on degree and nature of
hydrogen bonding), analysis of the constituent H2O absorption
bands may be useful for constraining initial H2O contents and/or
subsequent diagenesis (Thompson, 1965).
The 2.2 lm region in spectra of hydrated silica exhibits two
overlapping absorption features near 2.21 and 2.26 lm (Table 4). Both are attributable to Si–OH rotation plus stretching,
but with differences in hydrogen bonding. The constituent band
near 2.21 lm (type-A) has been reported as being the strongest
in opal-A (consistent with isolated OH present within the silica
matrix), whereas the band near 2.26 lm (type-B) is strongest in
opal-C (consistent with geminal SiOH-groups with stronger hydrogen bonds) (Langer and Flörke, 1974). The 1.9 lm region is similarly characterized by two overlapping bands due to differences in
hydrogen bonding. The higher energy (type-A) band at 1.91 lm is
attributed to isolated H2O molecules encased in the silica structure,
and the broader, lower energy (type-B) band at 1.96 lm is attributed to H2O molecules in larger voids that are hydrogen-bonded to
other H2O molecules as in liquid water (Langer and Flörke, 1974).
Similar to the 2.2 lm behavior, the strength of the 1.9 lm B
band relative to the A band tends to increase from non-crystalline
to partially ordered opal (Langer and Flörke, 1974).
The 1.4 lm region exhibits ﬁne structure as well, due to the
H2O combination band near 1.46 lm and the OH overtone near
1.41 lm (Table 4). A weaker H2O combination band near
1.36 lm can add structure to this region as well. Another weak
band that appears near 1.8 lm has been assigned to an O–H
stretching combination band (Bayly et al., 1963), but it is likely
due to a combination of an O–H stretch and H–O–H bend and O–
H libration (Table 4). Fine structure in the lower-wavelength bands
(near 0.95 lm and 1.14 lm) has previously not been examined
in as much detail. In the visible region, the presence of substitutional or interstitial components other than Si, or exposure to heat
or ionizing radiation can also give rise to additional absorption features (e.g., Rossman, 1994).
From this brief overview, it is evident that silica-rich materials
yield a variety of OH, H2O, and SiOH absorption bands that can
potentially provide clues to both formation and environmental
conditions. Conditions such as desiccation and freezing (Aines
et al., 1984) should have variable effects on Vis–NIR reﬂectance
spectra. For example, the loss of readily removed H2O molecules
should change the structure of the 1.9 and 2.2 lm regions; speciﬁcally, band depths in the 1.96 and 2.26 lm (type-B) regions
should decrease relative to those near 1.91 and 2.21 lm (type-A).
Upon freezing, spectral changes are expected in all of the H2Oassociated absorption bands except for the 1.91 and 2.22 lm
features; i.e., all of the H2O bands where H2O is present in clusters
signiﬁcantly large to form an ice-like structure (Aines et al., 1984).
It is worth noting that the ﬁrst few layers of H2O molecules in contact with silanol groups may not be capable of forming an ice-like
structure at lower temperatures due to strong hydrogen bonding
with the underlying silanol groups (e.g., Kekulawala et al., 1981).

3. Experimental procedures
In order to address the effects of various sample properties on
reﬂectance spectra of H2O/OH-bearing silica-rich materials, we
measured the Vis–NIR spectra of a wide range of naturally-occurring

M.S. Rice et al. / Icarus 223 (2013) 499–533

505

Table 4
Expected Vis–NIR absorption features of H2O, OH and SiOH (from Herzberg (1945), Bayly et al. (1963) and Langer and Flörke (1974)).
Band position

Band attributiona

0.95 lm

H2O
OH
H2O
H2O
OH
H2O
H2O
OH
H2O
H2O
SiOH
SiOH

1.14 lm
1.36 lm
1.41 lm
1.46 lm
1.78 lm
1.91 lm
1.96 lm
2.21 lm
2.26 lm
a

Notes
2 v1 + v3
3vOH
v1 + v 2 + v3
v1 + v 3
2vOH
2 v2 + v3
2d + v1 or v3 or
2d + vOH
v2 + v 3
v2 + v 3
d + vOH
d + vOH

vL
type A; attributed to H2O molecules in silica cages (almost free from hydrogen bonding)
type B; attributed to hydrogen-bonded H2O molecules in voids or ﬁlms on silica surfaces
Type A; isolated SiOH present within the silica matrix
Type B; geminal (two silanol groups) SiOH-groups with stronger hydrogen bonding

v1: symmetrical stretching; v2: symmetrical bending; v3: antisymmetric stretching; vOH: OH-stretching; d: SiOH-bending (in plane).

and synthetic samples, including four cherts, four glasses, seven
opals, seven quartzes, 11 naturally occurring silica sinters, and three
synthetic silica materials. These samples represent a wide range of
H2O/OH content and form, as well as variety of silica structures,
from the more crystalline quartzes and cherts, to poorly crystalline
and amorphous opals and sinters, to more polymerized glasses. Tables 5–7 provide details on the samples and experimental measurements used in this study.
3.1. Collection of laboratory spectra
Reﬂectance spectra were measured with an Analytical Spectral
Devices FieldSpec Pro HR spectrometer at the University of Winnipeg HOSERLab (Cloutis et al., 2006). This instrument acquires data
from 0.35 to 2.5 lm, with a spectral resolution of between 2 nm
and 7 nm. The data are internally resampled by the instrument,
which ultimately produces data at 1 nm intervals. All spectra were
measured at a viewing geometry of i = 30° and e = 0°. Incident light
was provided by an in-house 50 W quartz–tungsten–halogen collimated light source. Sample spectra were measured relative to a
SpectralonÒ standard and corrected for minor (<2%) irregularities
in its absolute reﬂectance. The spectra were also corrected for
small occasional offsets at 1000 nm and 1830 nm where detector
changeovers occur (Cloutis et al., 2008a). The offsets are due to
the fact that different ﬁbers in the spectrometer’s ﬁber optic bundle have overlapping, but not identical, ﬁelds of view. These offsets
are minor and do not affect the spectral interpretations. In every
case, 1000 spectra of the dark current, standard, and sample were
acquired, to provide sufﬁcient signal to noise for subsequent
interpretation.
Each sample was crushed by hand and dry sieved to several
grain sizes (provided in Table 5). The ﬁnest grain size (<45 lm)
was chosen as an analog to windblown martian dust and heavily
eroded deposits. The larger grain size fractions (<250 lm and 90–
1000 lm) are used as analogs to uneroded surfaces or particulate
deposits in which the ﬁnest fraction has been removed by winds,
and they also allow for detection of weak absorption features that
may not be seen in the ﬁner-grained fraction spectra (e.g., Clark
and Roush, 1984). Differences between the ﬁne- and coarsegrained fraction spectra, including the presence of additional
absorption bands in the coarser fraction, may be useful tools for
constraining grain sizes of silica-rich exposures.
For direct comparison with the Pancam observations of nodular
outcrops in Gusev Crater (Rice et al., 2010), spectra of natural sinters were also acquired on whole-rock samples (i.e., not crushed
and sieved). For these rocks, which have large surface texture variations, the distance between the sample and the spectrometer can
vary slightly depending on the speciﬁc spot analyzed. This distance
varied during the pressure-controlled (Section 3.4) experiments as

well, as the sample surface can deﬂate during dehydration and desiccation (Cloutis et al., 2008a). Because the sample-spectrometer
distance can affect absolute reﬂectance, we analyzed all of our results as normalized reﬂectance. All spectra were normalized to
unity at a featureless wavelength position of 1.6 lm for glasses
and 1.25 lm for all other samples.
All samples were characterized by X-ray ﬂuorescence (XRF),
and H2O contents (wt.% H2O) were measured as the weight
losses upon heating the samples to 950 °C for 1 h, as described
by Mertzman (2000). During our sample preparation (grinding
and sieving), we observed no physical change in any of the hydrated silica materials that would indicate changes to H2O content (such as color changes, clumping during grinding, or
changes in silica opacity). The compositions and H2O contents
of each sample are provided in Tables 8a–8d. The samples were
structurally characterized using X-ray diffraction (XRD) to ascertain the phases present in the samples (speciﬁcally to categorize
the silica samples as predominantly opal-A, opal-CT or opal-C)
and to verify the phases determined by XRF; results are given
in Table 9. XRD data were measured using a Bruker D-8 diffractometer with Cu Ka radiation and an energy-dispersive SolX
detector. Data were generally measured on sample powders
mounted in 1-mm deep cavities, collecting data from 2° to 70°
2h with 0.02° steps. Phase identiﬁcation was accomplished by
comparison with standard patterns measured in our laboratory
and with data in the ICDD database. Diffraction patterns for
opal-A, opal-C, and opal-CT were distinguished as described by
Jones and Segnit (1971) and Guthrie et al. (1995).

3.2. Temperature-controlled experiments
We acquired spectra of 11 high-silica samples at room temperature and after being frozen to 13 °C (the lowest temperature setting of the available laboratory freezer). For comparison with a
pure H2O spectrum, we also included observations of freshly fallen
snow (10 °C). For select samples, after freezing to 13 °C, spectra
were taken immediately after removal from the freezer and periodically thereafter, until the sample equilibrated with room temperature (23 °C); details of these experimental runs are given in
Table 6. Spectra were acquired at both ambient and cold temperatures because liquid H2O and H2O ice exhibit different spectral
properties (e.g., Irvine and Pollack, 1968; Table 2). By freezing
and thawing the samples while performing continuous spectral
measurements, we can trace the spectral changes accompanying
the phase changes. These observations also allowed us to acquire
spectra over a range of temperatures consistent with temperatures
measured at the CCD during Pancam observations of silica-rich targets on Mars (21.5 °C to 8.9 °C; Rice et al., 2010).
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Table 5
Details of samples used in this study for grain size analyses.
Sample
ID

Origin

Grain sizes (lm)

Cherts
Chert
Chert
Flint
Novaculite

SIL105
SIL208
SIL103
SIL112

Mississippian Period, Boone Formation, Jefferson City, MO, USA; from Minerals Unlimited
Lake Magadi, Kenya; from Robin Renaut, University of Saskatchewan
White Cliffs of Dover, England; from Minerals Unlimited
Hot Springs, Garland Co., Arkansas, USA; from Minerals Unlimited

<45;
<45;
<45;
<45;

90–1000
90–1000
90–1000
90–1000

Glasses
Dakhleh glass
Darwin glass
Lechatelierite
Tektite
Tektite

SIL131
IMP001
SIL130
TEK001
TEK003

Dakhleh, ROM #M48024
Mount Darwin, Tasmania, Australia; from S. Atkinson
Libya; ROM #M26692
Indochina; from Houston Museum
Australia; from Collector’s Marketing Corp.

<45;
<45;
<45;
<45;
<45;

90–1000
90–1000
90–1000
90–1000
90–1000

Opals
Opal-CT
Opal-CT
Opal-CT
Opal-CT
Opal-CT
Opal-A
Opal-CT

OPA001
OPA002c
OPA002r
OPA002o
OPA002y
SIL115
SIL106

Locality unknown, U. Winnipeg Dept. of Geography
Locality unknown, U. Winnipeg Dept. of Geography
Locality unknown, U. Winnipeg Dept. of Geography
Locality unknown, U. Winnipeg Dept. of Geography
Locality unknown, U. Winnipeg Dept. of Geography
Coober Pedy, Australia; from Bill Buhay
North Edwards, Kramer Hills, Kern Co., CA, USA; from Minerals Unlimited

<45;
<45;
<45;
<45;
<45;
<45;
<45;

<250; 90–1000
<250; 90–1000
<250; 90–1000
<250; 90–1000
<250; 90–1000
90–1000
90–1000

Quartz and critobalite
Amethyst
Chalcedony
Chrysoprase
Cristobalite
Quartz
Rose quartz
Sulfur-bearing quartz

QUA108
SIL113
SIL108
SIL114
QUA101
QUA107
SIL104

Locality unknown; from Mineral Society of Manitoba
Near El Sueco, Chihuahua, Mexico; from Minerals Unlimited
Minas Gerais, Brazil; from Minerals Unlimited
Glass Mountain, near Coso, Inyo Co., CA, USA; from Minerals Unlimited
Locality unknown; from National Museum of Nature, Ottawa
Locality unknown; from Mineral Society of Manitoba
Kalahari Desert, Namibia; from Minerals Unlimited

<45;
<45;
<45;
<45;
<45;
<45;
<45;

90–1000
90–1000
90–1000
90–1000
90–1000
90–1000
90–1000

Sinters
Efﬂuent sinter

SIL206
SIL302

Silica sand

SIL303

West of Champagne Pool, Waiotapu, New Zealand; from Bruce Mountain

Sinter

ICE102

Reykjanes Gullbringusýsla, Iceland; from Bjarni Gautason

Sinter

Geysir, Iceland; from Melissa Rice

Sinter

Geysir02
Geysir04
SIL200

Sinter

SIL201

Wairakei, New Zealand; from Robin Renaut, University of Saskatchewan #NZ042

Sinter

SIL203

Wairakei, New Zealand; from Robin Renaut, University of Saskatchewan #NZ028

Silica residue on
rhyolite

SIL306

Rotokawa, New Zealand; from Bruce Mountain

<45;
rock
<45;
rock
<45;
rock
<45;
rock
<45;
rock
<45;
rock
<45;
rock
<45;
rock
<45;
rock
<45;
rock

90–1000; whole

Laminated sinter

Wairakei geothermal power station, New Zealand; from Robin Renaut, University of Saskatchewan
#NZ092
Rotokawa, New Zealand; from Bruce Mountain

SIL002
SGE001
SGE001

Synthetic; from Alfa Aesar stock #33270, lot #H03S028; CAS #7699–41-4
Synthetic; from Guangyi Food Additive Co. Ltd.
Synthetic; from Guangyi Food Additive Co. Ltd.

Material

Sinter

Synthetic silica
Silicic acid
Silica gel
Humidiﬁed silica gel

Geysir, Iceland; from Melissa Rice
Wairakei, New Zealand; from Robin Renaut, University of Saskatchewan #NZ007

3.3. Humidity-controlled experiments
To examine the effects of humidity on the spectra of silica-rich
materials, we collected spectra of opal, quartz, and synthetic silica
samples in ambient conditions and after exposure to a water-saturated atmosphere (100% relative humidity) for one hour. With our
driest quartz sample (QUA101, 0.2 wt.% H2O), we created a quartz
‘‘slurry’’ by bathing the sample in water and observed the spectra
as the ‘‘slurry’’ desiccated after sample preparation. Table 7 provides details of these experiments.
3.4. Pressure-controlled experiments
One silica sinter sample (SIL203 ground and sieved to <45 lm)
was exposed to simulated Mars surface conditions using the Uni-

90–1000; whole
90–1000; whole
90–1000; whole
90–1000; whole
90–1000; whole
90–1000; whole
90–1000; whole
90–1000; whole
90–1000; whole

<45; unsorted
<250; 250–1000
<90; <1000

versity of Winnipeg’s miniature Mars Environment (mini-ME)
chamber (Craig et al., 2001). A constant atmospheric pressure
was maintained at 660 Pa CO2 (0.0065 atm; 5 Torr), and the sample
temperature was restricted to a maximum close to maximum surface temperatures on present-day Mars (20 °C), as described by
Cloutis et al. (2008a) and Rice et al. (2011). We note that the partial
pressure of water vapor (pH2O) was not monitored during the
experiment; however, we maintained a continuous ﬂow of dry carbon dioxide to ensure that any liberated H2O was carried away
from the sample. Reﬂectance spectra of the sample were acquired
through a 10 mm-thick sapphire window every few days for the
ﬁrst month, and then on a roughly monthly basis (19 spectra acquired over 442 days of exposure). After the sample appeared to
have equilibrated to 5 Torr CO2 conditions (i.e., when spectral differences between measurements were no longer observed), we
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Table 6
Details of samples used in this study for temperature analyses.
Material

Sample ID

Grain size (lm)

Temperatures (°C)

Notes on spectra acquisition

Milky quartz

MIS015

<250

Quartz

QUA103

<250

Quartz vein

MSI-A2–05

<250

Opal

OPA001

<250

13
23
13
23
13
23
13
23
13
23
13
23
13
23
13
23
13
23
10
13
13

0, 3, 5, and 7 min after exposure to 23 °C

Opal

OPA002c

<250

a

SGE001

<90

Humidiﬁed silica gelb

SGE001

<1 mm

Silica gel

SGE001

<250

Silica gel

SGE001

250–1000

Fresh snow
Silica gel slurryc
Quartz slurryc

Fresh snow
SGE002
QUA101

Unsorted
Unsorted
<45

Humidiﬁed silica gel

a
b
c

0, 1, 3, 5, 8, 17, 19, 38, and 62 min after exposure to 23 °C
0, 2, 10, and 17 min after exposure to 23 °C
0, 2, 11, and 16 min after exposure to 23 °C
Every 30 s for 5 min after seconds after exposure to 23 °C
0, 3, 5, 9, and 20 min after exposure to 23 °C
0, 3, 5, 20, and 22 min after exposure to 23 °C

Exposed to 100% relative humidity for 1 h.
Exposed to 100% relative humidity for 22 h.
Saturated with water prior to freezing.

Table 7
Details of samples used in this study for humidity analyses.
Material
Opal
Quartz
Quartz vein
Silica gel
a

Grain size (lm)

Sample ID
OPA002c
QUA101
MSI-A2-05
SGE002

RH conditions

Notes on spectra acquisition
a

<250
<45
<250
Unsorted

Ambient 100%
Ambient bathed in water
Ambient 100%a
ambient 100%a

0, 2, 5, 7 min after sample preparation
1, 4 min after sample preparation

Exposed to 100% relative humidity for 1 h.

Table 8a
Composition of samples used in this study.
Wt.%

a

c

Glasses
Chert
SIL208

Flint
SIL103

Novaculite
SIL112

Dakhleh glass
SIL131

Lechatelierite
SIL130

Darwin glass
IMP001

Tektite
TEK001

Tektite
TEK003

56.22
0.71
11.29
(4.59)
0.56
4.69
0.11
4.96
17.11
2.29
1.78
0.52

97.44
0.16
2.01
(0.15)
0.12
0.02
0.01
0.08
0.09
0.02
0.02
0.04

84.25
0.58
8.41
(2.90)
2.38
0.25
0.03
1.40
0.28
0.13
1.92
0.09

71.47
0.80
14.15
(5.60)
4.67
0.42
0.11
2.22
1.98
1.37
2.57
0.07

72.54
0.78
13.29
(5.20)
4.10
0.64
0.09
2.12
2.08
1.54
2.51
0.08

100.24

100.01

99.72

99.83

99.77

0.50

0.71

33
418
70
3
193

146
271
110
4
71

146
303
108
4
76

SiO2
TiO2
Al2O3
(Fe2O3)a
FeO
Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
SO3

99.01
0.02
0.99
(0.00)

96.81
0.01
1.29
(0.01)

97.88
0.01
1.29
(0.00)

99.17
0.04
0.55
(0.08)

0.002
0.04
0.08
0.03
0.05
0.02
0.03

0.004
0.04
1.24
0.29
0.06
0.03
0.08

0.002
0.04
0.16
0.04
0.02
0.03
0.03

0.002
0.04
0.06
0.04
0.03
0.02
0.03

Totalb

100.27

99.86

99.50

100.06

c

b

Cherts
Chert
SIL105

LOI (wt.%)

0.68

2.6

1.41

0.24

2.81

0.5

Sr (ppm)
Zr (ppm)
V (ppm)
Co (ppm)
Cr (ppm)
Cu (ppm)
Ni (ppm)

53
18
22
<1
<1
715
<1

146
62
22
<1
1
3730
25

29
18
23
2
<1
690
<1

39
47
28
<1
<1
425
30

454
339
133
2
88

44
167
31
<2
14

All Fe expressed as Fe2O3.
Total expressed on a volatile-free basis and with all Fe as Fe2O3.
Loss on ignition after heating sample to 950 °C.
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Table 8b
Composition of samples used in this study.

a
b
c

Wt.%

Synthetic silica

Opals

Silica gel SGE001

Silica gel SGE002

Silica gel SIL002

OPA001

OPA002r

OPA002y

SIL115

SIL106

SiO2
TiO2
Al2O3
(Fe2O3)a
MnO
MgO
CaO
Na2O
K2O
P2O5
SO3

98.57
0.08
0.27
(0.15)
0.00
0.06
0.13
0.30
0.01
0.02
0.08

98.99
0.02
0.08
(0.01)
0.00
0.05
0.14
0.08
0.00
0.02
0.04

98.43
0.03
0.53
(0.00)
0.00
0.05
0.07
0.30
0.00
0.01
0.03

98.60
0.02
0.52
(0.01)
0.00
0.07
0.13
0.04
0.02
0.02
0.03

98.71
0.01
0.39
(0.32)
0.00
0.06
0.11
0.03
0.00
0.02
0.03

98.64
0.01
0.40
(0.19)
0.00
0.08
0.09
0.02
0.01
0.03
0.03

96.40
0.01
1.94
(0.10)
0.00
0.08
0.52
0.27
0.18
0.02
0.06

64.26
0.01
0.16
(0.04)
0.00
0.60
35.11
0.13
0.00
0.03
0.03

Totalb

99.67

99.43

99.45

99.46

99.68

99.5

99.58

100.37

LOIc (wt.%)

16.69

5.7

59.71

3.67

3.22

3.09

6.37

22.17

Sr (ppm)
Zr (ppm)
V (ppm)
Co (ppm)
Cr (ppm)
Cu (ppm)
Ni (ppm)

39
165
31
>1
8
155
<1

26
89
23
2
<1
15
<1

26
65
29
<1
<1
110
<1

29
13
34
<1
<1
535
<1

28
16
32
<1
10
465
10

25
16
33
<1
<1
335
<1

223
163
27
<1
<1
385
<1

408
18
32
<1
1
230
<1

All Fe expressed as Fe2O3.
Total expressed on a volatile-free basis and with all Fe as Fe2O3.
Loss on ignition after heating sample to 950 °C.

Table 8c
Composition of samples used in this study.
Wt.%

a
b
c

Quartz and cristobalite
Amethyst
QUA108

Chalcedony
SIL113

Chrysoprase
SIL108

Cristobalite
SIL114

Milky quartz
MIS015

Quartz
QUA101

Quartz
QUA103

Rose quartz
QUA107

Sulfur-bearing quartz
SIL104

SiO2
TiO2
Al2O3
(Fe2O3)a
MnO
MgO
CaO
Na2O
K2O
P2O5
SO3

99.13
0.01
0.50
0.19
0.003
0.05
0.05
0.03
0.01
0.01

98.31
0.01
1.21
(0.01)
0.00
0.05
0.17
0.17
0.01
0.03
0.08

95.04
0.01
0.22
(0.61)
0.02
2.78
0.11
0.10
0.00
0.02
0.02

75.78
0.07
12.71
(1.17)
0.03
0.15
0.58
5.05
3.56
0.08
0.08

99.29
0.01
0.43
0.08
0.003
0.06
0.04
0.03
0.00
0.02

98.98
0.02
0.95
(0.24)
0.01
0.03
0.04
0.01
0.00
0.02
0.02

98.60
0.01
0.43
0.00
0.002
0.04
0.04
0.04
0.00
0.01

98.12
0.01
1.02
0.12
0.006
0.10
0.13
0.05
0.00
0.01

98.85
0.01
0.86
(0.04)
0.00
0.06
0.05
0.08
0.01
0.02
0.03

Totalb

99.981

100.05

98.93

99.26

99.963

100.32

99.172

99.566

100.01

LOIc (wt.%)

0.34

1.06

2.82

0.68

0.12

0.2

0.17

0.46

0.3

Sr (ppm)
Zr (ppm)
V (ppm)
Co (ppm)
Cr (ppm)
Cu (ppm)
Ni (ppm)

15
15
10
<1
33

30
59
28
<1
<1
415
<1

26
15
31
20
125
415
10,200

39
144
29
<1
<1
510
<1

8
12
8
<1
25

27
18
26
<1
1
365
<1

10
10
5
<1
<2

12
10
5
<1
154

<5

<5

24
15
27
5
<1
440
<1

<5

<5

All Fe expressed as Fe2O3.
Total expressed on a volatile-free basis and with all Fe as Fe2O3.
Loss on ignition after heating sample to 950 °C.

irradiated the sample with UV light using two 25 W deuterium
lamps. The incident UV radiation during 1 day of laboratory irradiation was determined to equal approximately one decade of UV
ﬂux as presently received on the martian surface (Cloutis et al.,
2008a). UV irradiation began on day 259 of the experiment and
ended on day 319.

rials given in Table 4. Band depth DB was measured by constructing
a straight line continuum on either side of the absorption feature of
interest and measuring the depth as described by Eq. (32) of Clark
and Roush (1984):

3.5. Analysis of spectral features

where RB is the reﬂectance at the band center and RC is the reﬂectance of the continuum at the band center (Fig. 3). The band center
in Eq. (1) was deﬁned as the wavelength of the minimum reﬂectance of the feature of interest after dividing out the continuum

Spectral analysis involved measuring the positions and depths
of the H2O, OH and SiOH bands expected for hydrated silica mate-

DB 

RC  RB
RC

ð1Þ
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Table 8d
Composition of samples used in this study.
Wt.%

SIL206

SIL302

SIL303

ICE102

Geysir-02

Geysir-04

SIL200

SIL201

SIL203

SIL306

95.89
0.01
0.84
(1.50)

94.22
0.17
5.01
(0.19)

97.62
0.44
1.37
(0.00)

99.30
0.01
0.07
0.31

97.72
0.06
0.99
(0.30)

96.69
0.04
1.56
(0.35)

96.93
0.12
1.36
(0.39)

96.13
0.03
0.68
(0.18)

98.51
0.59
0.79
(0.00)

0.03
0.17
0.29
0.42
0.24
0.03
0.07

0.00
0.09
0.07
0.10
0.11
0.06
0.03

0.00
0.05
0.07
0.04
0.02
0.01
0.07

0.003
0.06
0.08
0.07
0.00
0.01

0.01
0.17
0.53
0.27
0.18
0.02
0.04

82.54
2.34
12.25
(1.55)
0.54
0.95
0.02
0.36
0.30
0.32
0.11
0.03
0.03

0.03
0.12
0.59
0.10
0.21
0.02
0.06

0.02
0.13
0.24
0.20
0.08
0.02
0.08

0.01
0.15
1.91
0.48
0.41
0.02
0.08

0.00
0.05
0.06
0.03
0.03
0.02
0.05

99.49

100.05

99.69

99.913

100.29

99.85

99.77

99.57

100.08

100.13

LOI (wt.%)

6.4

11.09

1.91

5.82

6.46

8.55

7.82

4.88

9.69

1.83

Sr (ppm)
Zr (ppm)
V (ppm)
Co (ppm)
Cr (ppm)
Cu (ppm)
Ni (ppm)

43
27
24
<1
<1
1950
<1

140
110
40
<1
10
665
<1

39
299
28
<1
2
2050
<1

13
10
5
<1
35

46
19
33
<1
<1
375
<1

37
128
131
5
225
310
<1

66
26
34
<1
<1
520
<1

37
49
28
<1
<1
560
<1

79
23
38
<1
<1
685
<1

38
306
28
<1
1
490
<1

SiO2
TiO2
Al2O3
(Fe2O3)a
FeO
Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
SO3
Totalb
c

a
b
c

Sinters

<5

All Fe expressed as Fe2O3.
Total expressed on a volatile-free basis and with all Fe as Fe2O3.
Loss on ignition after heating sample to 950 °C.

Table 9
Sample mineralogy from XRD.
Material

Sample ID

Mineralogy

Cherts
Chert
Chert
Flint
Novaculite

SIL105
SIL208
SIL103
SIL112

Quartz
Quartz, calcite, sulfur
Quartz, microcrystalline
Well-ordered quartz

Glasses
Dakhleh glass
Darwin glass
Lechatelierite
Tektite
Tektite

SIL131
IMP001
SIL130
TEK001
TEK003

Amorphous silica, augite,
Opal-A
Opal-A
Opal-A
Opal-A

Opals
Opal
Opal
Opal
Opal
Opal
Opal
Opal

OPA001
OPA002c
OPA002r
OPA002o
OPA002y
SIL115
SIL106

Opal-CT
Opal-CT
Opal-CT
Opal-CT
Opal-CT
Opal-A
Opal-CT + quartz + major calcite

Quartz
Amethyst
Chalcedony
Chrysoprase
Cristobalite
Quartz
Rose quartz
Sulfur-bearing quartz

QUA108
SIL113
SIL108
SIL114
QUA101
QUA107
SIL104

Quartz
Microcrystalline quartz
Microcrystalline quartz, serpentine
Cristobalite, sanidine
Quartz, well-ordered
Quartz
Quartz

Sinters
Efﬂuent sinter
Laminated sinter
Silica sand
Sinter
Sinter
Sinter
Sinter
Sinter

SIL206
SIL302
SIL303
ICE102
Geysir-02
Geysir-04
SIL200
SIL201

Opal-A
Opal-A, sulfur, kaolinite
Almost pure quartz + minor cristobalite
Opal-CT
Opal-A
Kaolinite + quartz + opal-CT
Opal-A
Opal-A

Notes

Trace calcite

All OPA002 specimens are from the same hand sample

Trace smectite

Sulfur not detected

(continued on next page)
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Table 9 (continued)
Material

Sample ID

Mineralogy

Sinter
Silica residue

SIL203
SIL306

Opal-A
Major quartz + opal-C

Synthetic silica
Silicic acid
Silica gel
Humidiﬁed silica gel

SIL002
SGE001
SGE001

Opal-A
Opal-A
n.a.

Fig. 3. Illustrations of spectral parameters used in the band analyses for this study:
(a) Straight-line continua (red) drawn for H2O, OH and SiOH absorption bands in the
spectrum of opal (black; sample OPA001; grain size 90–1000 lm). Shoulder
positions (red dots) are provided in Table 10; (b) Band depth measurements for
the 1.41 and 1.46 lm features. Equations for the band depth D and the 1.41/1.46
ratio are provided. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

line. The left and right ‘‘shoulder’’ wavelength positions used for
each continuum line are shown graphically in Fig. 3. The same
shoulder wavelengths were used for each spectrum (Table 10)
and were chosen as locations that are unaffected by the bands of
interest in all of our sample spectra.
Because we were unable to resolve the minima and depths of
the lower energy features of overlapping bands in the 1.4, 1.9,
Table 10
Shoulder positions used in deﬁning continuum lines for band depth analysis.
Band (lm)

Left shoulder (lm)

Right shoulder (lm)

0.95
1.14
1.41
1.78
1.91
2.21

0.800
1.050
1.250
1.700
1.820
2.125

1.050
1.250
1.700
1.820
2.125
2.350

Notes

and 2.2 lm regions, we measured the ratio of the depths at
1.41 and 1.46 lm, 1.91 and 1.96 lm, and 2.21 and 2.26 lm, respectively. These ratios provide us with the relative strengths of the
type-A and type-B bands that comprise the 1.9 and 2.2 lm features (similarly to the ‘‘relative band areas’’ measured by Langer
and Flörke (1974)), and the relative strengths of the OH and H2O
features in the 1.4 lm region (Fig. 3). These ratios also allow us
to quantify the symmetry of the broad features in these wavelength regions; for example, a perfectly symmetrical feature with
two overlapping H2O bands at 1.91 and 1.96 lm will have a
1.91/1.96 band depth ratio of 1.0.
We also calculate the ratio of the 2.2 lm band depth to the
1.9 lm band depth for each spectrum as another potential metric
for distinguishing between different types of silica. Langer and
Flörke (1974) quantitatively determined the abundances of SiOH
and H2O in opals from the integral absorbances of the 2.2 lm
and 1.9 lm features, respectively, in transmission spectra. For
comparison with their results, we used the 2.2/1.9 lm band
depth ratio as a crude estimate of the relative abundances of these
different types of hydration that can be inferred directly from
reﬂectance spectra. However, this ratio may not always indicate
relative abundances of SiOH and H2O; for example, Milliken and
Mustard (2005) have shown that the strength of the 1.9 lm band
is not uniquely correlated to water content for different samples.
To simulate Pancam observations of these minerals on the martian surface, we multiplied the high-resolution laboratory spectra
by the solar spectrum, convolved the resulting radiance spectra
to the 13 Pancam spectral bands (Bell et al., 2003), and divided
the radiance value at each band by the solar spectrum convolved
to that band. We also performed the same procedure for the nine
Mastcam spectral bands (Ghaemi, 2009; Malin et al., 2010) in order
to address the implications of our results for future observations by
the Mars Science Laboratory (MSL) rover.
3.6. CRISM case study
CRISM full resolution targeted (FRT) observations include 430
channels between 1.0 and 3.9 lm, with a maximum spatial resolution of 18 m/pixel (Murchie et al., 2007). A previously studied
CRISM observation (FRT 5814; Milliken et al., 2008) of silica-bearing units in the Valles Marineris region (296.39°E, 4.65°S) was obtained from NASA’s Planetary Data System (PDS). Atmospheric,
instrumental, and phase contributions to the spectra were suppressed or removed using the CRISM Analysis Toolkit (CAT) for
ENVI (version 4.8), also available from the PDS. Atmospheric contributions were suppressed using the volcano scan algorithm in
CAT. To reduce noise and allow identiﬁcation of signiﬁcant spectral
features, all resulting estimated Lambert albedo spectra in the image were then smoothed with a minimal boxcar-smoothing ﬁlter
with a width of three channels.
Due to optical distortions in the CRISM spectrometer, the wavelength-dependent sensitivity of each channel is distorted toward
the edges of the image, creating variations as large as 16 nm in the
effective detected wavelength of light in each column. This effect is
known as a ‘‘spectral smile’’, and also results in lower overall
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Table 11
Shoulder positions used for CRISM band depth analysis. Wavelengths listed correspond to ‘‘sweet spot’’ wavelengths.
Band (lm)

Left shoulder (lm)

Right shoulder (lm)

1.41
1.91
2.21

1.349
1.750
2.179

1.553
2.153
2.311

sensitivity toward the edges of the image (e.g., Ceamanos and Doute,
2010). While most CRISM spectral parameters can be calculated using
the effective wavelengths detected by pixels in the less distorted center of the image (the ‘‘sweet spot’’ wavelengths), some parameters are
sensitive to the wavelength variations, and the full wavelength array
must be used in place of the sweetspot wavelength list.
Spectral parameters derived in the laboratory portion of this
study include the band depths of the 1.41, 1.46, 1.91, 1.96, 2.21,
and 2.26 lm absorption bands, calculated with ﬁxed band shoulder and center positions, as well as the speciﬁc band minimum
positions and associated band depths of the 1.4, 1.9, and
2.2 lm bands, calculated individually for each spectrum. The ﬁxed
band depth parameters derived for laboratory spectra in this study
require some modiﬁcation in order to be applied to CRISM spectra,
due to differences in the shape of the overall spectral continuum
envelope, the strength of silica absorptions, and the presence of
absorptions due to atmospheric CO2 and other mineral phases.
The sweetspot wavelengths of shoulder and center channels used
in this case study are listed in Table 11. Band minima wavelength
positions were determined for each spectrum in the image by ﬁnding the channel of the minimum of the smoothed spectrum between the shoulder positions listed in Table 11, relative to a
continuum calculated between those points. The wavelength of
the minimum channel was then extracted from the full wavelength
array to account for spectral smile. The band depth at the minimum was then calculated relative to the continuum.
The spectral effects of dust and atmospheric water vapor as well
as remaining instrumental artifacts can be suppressed by dividing
the spectrum by a dusty, spectrally neutral spectrum within the
same column. For ratio spectra used to calculate spectral parameters in Fig. 20, a reference spectrum was found for each column in
the array based on a lack of detectable 1.91, 1.96, and 2.21 lm
bands (band depths less than 1%, 3.5%, and 1%, respectively) and
a 1.33 lm albedo similar to the silica outcrops (0.16–0.17). This
automated approach allows evaluation of spectral parameters for
a much larger number of spectra than would be possible with manual selection of reference spectra. For local average ratio spectra
presented in Fig. 22, local average reference spectra were found
manually from a spectrally neutral area of the same size and shape
and in the same column as the spectral region of interest.
4. Results
We have measured the positions and depths of each band listed
in Table 4 (all Vis–NIR H2O, OH, and SiOH features) for each spectrum acquired, and our results are provided in Tables 12–15. The
formation environments of the samples used for this study, and
descriptions of their silica structure, are provided in Table 3. Details of spectral features observed under varying conditions (grain
size, temperature, humidity and pressure) are discussed below.
4.1. Grain-size experiments
The results of our band position and depth analyses for the samples listed in Table 5 for varying grain sizes are provided in Tables
12a–12c and discussed in detail below.
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4.1.1. Cherts
In all ﬁne-grained (<45 lm) chert samples (Fig. 4), the features
at wavelengths below 1.4 lm are unresolvable, and those at
longer wavelengths are very weak (band depths <0.04;
Table 12a). At coarser grain sizes (90–1000 lm), however, the
1.4, 1.9 and 2.2 lm features are prominent in the chert and
ﬂint spectra (SIL105, SIL208 and SIL103 (chert and ﬂint). The
novaculite (SIL112) spectrum is largely featureless, except for the
shallow, narrow bands at 1.41 and 2.21 lm. The absence of strong
H2O and OH features is likely due to the low H2O content of the
sample (0.24 wt.% H2O; Table 8a).
The 1.4 lm region displays at least two partially overlapping
absorption bands, near 1.41 and 1.46 lm, in spectra of the coarser-grained chert and ﬂint samples. The shorter-wavelength band
is assigned to the 2vOH overtone, and the longer-wavelength band
is associated with the H2O 2v2 + v3 combination/overtone (Table 4).
The OH band (1.406–1.420 lm) is most prominent, with 1.41/1.46
band depth ratios between 1.3 and 1.6 (Table 12a). The
1.9 lm feature is similarly wide, with overlapping absorption
bands centered near 1.91 and 1.96 lm. The shorter-wavelength
type-A band (1.903–1.925 lm) is dominant, with 1.91/1.96 ratios
ranging between 1.3 and 1.6 (Table 12a). The behavior in the
2.2 lm region varies considerably between samples, where two
bands occur at 2.21 and 2.26 lm from the SiOH-bending and
OH-stretch combination (d + vOH). For example, the type-A band
(centered at 2.198 lm) in the spectra of the chert sample SIL105
is predominant (2.21/2.26 band depth ratio 1.9), whereas in the
ﬂint sample SIL103, the broad 2.2 lm feature is nearly symmetrical (2.21/2.26 band depth ratio 1.1).
The reﬂectance maximum near 0.6 lm in the spectra of the
ﬁne-grained SIL208 sample (Fig. 4) is also observed in spectra the
ﬁnest-grained (<45 lm) fraction of several other samples (e.g.,
SIL104 in Fig. 7; SIL303 in Fig. 8). Spectra of the ﬁner-grained samples are, in general, less red than spectra of the coarser-grained
samples. Shortward of 0.6 lm, the inﬂuence of the UV metal–
oxygen charge transfers is observed (e.g., Cloutis et al., 2008b).
The reﬂectance maximum near 0.6 lm may be due to the short
wavelength wing of long wavelength absorptions coupled with
the long wavelength wing of the UV charge-transfer.
4.1.2. Glasses
The most notable features in the spectra of glasses (Fig. 5) are
the broad bands centered near 1.1 lm. All glass samples examined contain some iron (Table 8a), and the 1.1 lm features likely
correspond to spin-allowed crystal-ﬁeld transitions in octahedrally
coordinated Fe2+ ions, as has been observed in spectra of natural
and synthetic glasses (e.g., Adams et al., 1974; Minitti et al.,
2007; Moroz et al., 2009). In our samples, this band is superimposed by a much broader Fe3+ absorption that extends throughout
the entire wavelength range observed (Moroz et al., 2009), and is
responsible for the positive continuum slope in the near-infrared
for samples IMP001, TEK001 and TEK003 (the impactites). The
depths of these bands, and hence the slopes of the near-infrared
continua, are greater in spectra of the coarse-grained (90–
1000 lm) samples than in those of the ﬁner-grained (<45 lm) fraction. The spectra of the impactites lack features due to H2O and
structural OH bound to metal cations, indicating an absence of hydrated or hydroxylated phases in these samples.
The spectra of lechatelierites (SIL131 and SIL130) do, however,
exhibit weak OH and H2O bands in spectra of the coarse-grained
fraction (Fig. 5). The 1.4 lm region exhibits the narrow OH feature centered at 1.48–1.49 lm (Table 12a) but lacks the H2O combination 1.46 lm that broadens this feature in the spectra of other
silica-rich materials. The 1.41/1.46 band depth ratios for the lechatelierites are therefore large (up to 3.3). The Dakhleh glass
sample (SIL131) is hydrated (2.81 wt.% H2O; Table 8a) and its
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Table 12a
Band position and depth analyses for chert, glass and opal samples at all grain sizes. All spectra were acquired at standard temperature and pressure.
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Table 12b
Band position and depth analyses for grain size experiments, continued (quartz and sinter samples).
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Table 12c
Band position and depth analyses for grain size experiments, continued (synthetic silica samples).

spectra contain a broad and nearly symmetrical 1.9 lm H2O feature (1.91/1.96 band depth ratios between 0.9 and 1.1). A distinct
band near 2.31 lm appears in the spectrum of coarse-grained Dakhleh glass, but no 2.2 lm feature is observed; this sample contains a large fraction of calcium (17.11 wt.% CaO; Table 8a) and
contains calcite (Table 9), and the longer-wavelength absorption
is consistent with the calcite band between 2.30 and 2.35 lm
(e.g., Clark et al., 1990). Dakhleh glass is known to contain calcite
(Osinski et al., 2007). The spectra of the lechatelierite sample
SIL130, however, exhibit the overlapping SiOH bands at 2.21 and
2.26 lm; the prominence of the 2.21 feature (2.21/2.26 band
depth ratio 1.7) is consistent with the spectra of impact glass
from Haughton Crater measured by Craig et al. (2011).
4.1.3. Opals
The opal spectra shown in Fig. 6 provide good illustrations of
the characteristic spectral features of silica-rich materials. The
1.4 lm region exhibits the two overlapping bands near 1.41
and 1.46 lm, and the separate minima of these features are resolvable in all spectra except those of SIL106. In the OPA002 spectra,
the H2O combination near 1.36 lm contributes to the width
and asymmetry of the 1.4 lm feature, adding a shoulder to the
short-wavelength limb of the band. The separate 1.91 and
1.96 lm H2O features are not clearly resolvable in any opal spectrum, as they overlap to form a wide, asymmetric feature with a
band minimum near 1.91 lm. Similarly, the 2.21 and 2.26 lm
SiOH bands contribute to a single, wide, asymmetric feature with
a band minimum near 2.21 lm; only in the spectra of the coarsegrained fraction (90–1000 lm) can the separate minima of the
two features be resolved. For all bands, the depths decrease from
the coarsest grain size (90–1000 lm) to the ﬁnest (<45 lm) by
more than 50%. However, all band depths do not decrease uniformly; for most samples, the ratio of the 2.2 lm band depth to
1.9 lm band depth decreases with smaller grain sizes. This
change may be due to the increased surface area at small grain
sizes, which allows a larger fraction of molecular H2O to become
adsorbed onto silica surfaces. The variation may also be due in part
to changes in volume vs. surface scatter at different grain sizes
(e.g., Hapke, 1993).
The OPA002 spectra exhibit broad absorptions centered near
0.9 lm, likely due to the iron impurities that give the samples their
yellow to reddish hues (these samples contain 0.19–0.32 wt.%
Fe2O3). This band obscures the subtle 0.95 lm H2O and/or OH
feature in the spectra of these samples; however, the 0.95 lm
feature can be resolved in the spectra of coarse-grained OPA001
and SIL115 (band depths 0.013–0.023; Table 12a). The weak
1.14 lm feature can also be resolved in the spectra of the coarse
grained fraction of all samples (band depths 0.005–0.018). Sample
SIL106 contains a large fraction of calcium (35.11 wt.% CaO), and
calcite has been identiﬁed as a mineral phase by XRD (Table 9);
thus a 2.3 lm calcite band due to the 3v3 overtone of C–O is
the likely cause of the band minimum near 2.31 lm.
4.1.4. Quartz and cristobalite
The spectra of macrocrystalline quartz varieties (amethyst,
quartz, rose quartz and sulfur-bearing quartz; Fig. 7) and hightemperature SiO2 polymorphs (cristobalite) are largely featureless
in Vis–NIR wavelengths, with the exception of absorptions in the
visible range due to the impurities that give amethyst and rose
quartz their characteristic violet and pink hues (see Table 3). The
spectra of coarse-grained (90–1000 lm) amethyst, cristobalite,
rose quartz and sulfur-bearing quartz also exhibit weak, broad
absorptions centered near 1.91 lm (band depths up to 0.077) that
may be due to molecular H2O adsorbed on the mineral grains and/
or incorporated into the silica framework (e.g., Flörke et al., 2000);
these samples do contain small amounts of H2O (0.30–0.68 wt.%

Table 13
Band position and depth analyses for temperature experiments.
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a

Time after sample preparation.
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Time after sample preparation.
a

Table 14
Band position and depth analyses for humidity experiments.

H2O; Table 8c). In the spectra of the ﬁne-grained (<45 lm) fraction
for these samples, however, these features are not observed. The
reﬂectance maximum near 0.6 lm in the spectrum of the ﬁnegrained SIL104 (sulfur-bearing quartz) sample may be due to UV
metal–oxygen charge transfers coupled with longer-wavelength
absorptions (see Section 4.1.1) and/or the presence of sulfur; previous studies of the spectra of sulfur-coated volcanic glasses have
shown similar reﬂectance maxima in their Vis–NIR spectra (e.g.,
Minitti et al., 2007). Although the measured SO3 content of
SIL104 is small (0.03 wt.%; Table 8c), it is important to note that
this is a minimum SO3 value, as some sulfur is lost during sample
preparations prior to major element analysis.
The spectra of cryptocrystalline quartz varieties (chalcedony
and chrysoprase; Fig. 7) exhibit features in the 1.4, 1.9 and
2.2 lm regions indicative of hydrated silica. These samples contain
larger amounts of H2O than macrocrystalline quartz (1.86–
2.82 wt.% H2O; Table 8c). Although the shape of the wide
1.4 lm feature in the coarse-grained chalcedony (SIL113) spectrum indicates a signiﬁcant contribution from the 1.46 lm H2O
combination band (1.41/1.46 band depth ratio = 1.81; Table 12b),
the relative contribution of this band is less in the coarse-grained
chrysoprase (SIL108) spectrum (where the 1.41 lm OH overtone
dominates; 1.41/1.46 band depth ratio = 1.25). This discrepancy
may be attributed to a greater fraction of the H2O in the chrysoprase sample incorporated as SiOH (as opposed to molecular
H2O). The relative depths of the 2.2 lm (SiOH) vs. 1.9 lm
(H2O) features are consistent with this interpretation (the 2.2/
1.9 band depth ratio is nearly 1.0 for chrysoprase, but less than
0.5 for chalcedony).
The spectrum of coarse-grained chrysoprase (SIL108) exhibits a
visible reﬂectance maximum near 0.55 lm due to a broad absorption centered at 0.7 lm due to Ni2+ in octahedral co-ordination
(Graetsch, 2011), and this is responsible for giving this mineral
its distinctive green color. In the ﬁne-grained (<45 lm) fraction,
however, this band is no longer present. The impurities in the
chrysoprase sample also give rise to an absorption centered at
2.35 lm which broadens the long-wavelength edge of the
2.2 lm SiOH band; this speciﬁc feature may be attributable to
serpentine (the sample contains 2.78 wt.% MgO (Table 8c) and serpentine has been identiﬁed by XRD (Table 9)).
4.1.5. Sinters
The spectra of natural sinters exhibit a range of behaviors in the
1.4, 1.9 and 2.2 lm regions (Figs. 8 and 9). The separate 1.41 and
1.46 lm bands are clearly discernible in the spectra of coarsegrained (90–1000 nm) and whole-rock samples of opal-A sinters
(SIL206, Geysir-02, SIL200, SIL201 and SIL203). In the sinters consisting of other silica polymorphs (opal-CT, opal-C, quartz and/or
cristobalite), however, the 1.4 lm feature is more symmetrical
(the 1.41/1.46 band depth ratio is closer to 1.0; Table 12b), and
the distinct minimum of the 1.46 lm band is not resolvable. The
1.9 lm feature also appears highly asymmetrical in spectra for
the opal-A samples, with a narrow band centered at 1.897–
1.901 lm and a weaker 1.96 lm feature contributing to the band
proﬁle. The 1.91/1.96 band depth ratios for the spectra of the other
silica polymorphs are lower, and the band proﬁles are wider and
more symmetrical. We discuss possible correlations between these
band behaviors and the speciﬁc silica polymorph (opal-A vs. opalCT) further in Section 6.
The short-wavelength H2O features at 0.95 and 1.14 lm are
seen in the spectra of some whole rock sinters (ICE102, Geysir02, Geysir-04, SIL200 and SIL203); the near-infrared proﬁles of
other H2O-bearing whole rock sinters, however, are featureless.
For all samples, these bands cannot be resolved for the ﬁne-grained
(<45 lm) fraction. The band depths of most features decrease with
grain size; however, as also observed in the spectra of opals, all

M.S. Rice et al. / Icarus 223 (2013) 499–533

517

Fig. 4. Normalized reﬂectance spectra (0.35–2.5 lm; normalized to 1 at 1.25 lm) of chert samples at varying grain sizes: 90–1000 lm (solid black line) and <45 lm (solid
gray line). Sample information provided in Table 5.

Fig. 5. Normalized reﬂectance spectra (0.35–2.5 lm; normalized to 1 at 1.6 lm) of glass samples at varying grain sizes: 90–1000 lm (solid black line) and <45 lm (solid gray
line). Sample information provided in Table 5.

bands do not decrease uniformly. For example, the depth of the
2.2 lm feature is greater in the spectra of each sinter sample at
90–1000 lm than it is in the corresponding whole rock spectra
(Table 12b). Consequently, the ratio of the depths of the bands in
the 2.2 and 1.9 lm regions decreases with smaller grain sizes,

possibly due to additional H2O adsorbed onto silica surfaces at
smaller grain sizes (because of increased surface area). In the spectrum of Geysir-04 as whole rock, the 2.2 lm feature disappears
almost entirely as the overall spectral proﬁle becomes dominated
by the 3 lm H2O band.
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Fig. 6. Normalized reﬂectance spectra (0.35–2.5 lm; normalized to 1 at 1.25 lm) of opal samples at varying grain sizes: 90–1000 lm (solid thick black line), <250 lm (solid
thin black line) and <45 lm (solid gray line). The silica polymorph identiﬁed by XRD (Table 9) is provided for each sample. Sample information provided in Table 5.

The sample Geysir-04 contains a large fraction of kaolinite (Table 9), and the anomalous shapes of the 1.4 lm and 2.2 lm features (Fig. 8) in its spectra can be attributed to the doublets that
arise from Al–OH overtones in kaolinite (e.g., Clark et al., 1990).
The spectra of sample SIL302 exhibit similar structures in the
1.4 and 2.2 lm regions, which may also arise from kaolinite.
The sample is enriched in Al2O3 (5.01 wt.%; Table 8d), and the
XRD data conﬁrm the presence of kaolinite in SIL302. We note that
we are unable to address the inﬂuence of moganite on the spectra
of our silica samples for this study (moganite is a polymorph of
SiO2 that is present in most natural sinters but is not clearly distinguishable from quartz in XRD data) (Rodgers and Cressey, 2001).
4.1.6. Synthetic silica
Like the spectra of opals and natural sinters, the spectra of synthetic silica samples (silicic acid and silica gel; Fig. 10) exhibit the
characteristic overlapping features in the 1.4, 1.9 and 2.2 lm regions. However, the spectra of synthetic samples are distinct in the
prominence of the short-wavelength H2O features at 0.95 and
1.14 lm. The spectra of these materials exhibit the largest band

depths for these features (up to 0.073 and 0.097, respectively;
Table 12c) of any silica-rich material examined in this study. These
spectra are also distinct in that they exhibit the weak 1.78 lm
feature (band depth up to 0.05 for coarse-grained silica gel). As observed in the spectra of all other materials, the depths of these features decrease signiﬁcantly with decreasing grain size. Unlike for
other materials, however, the shapes of individual bands can also
change signiﬁcantly with grain size. For example, the symmetries
and band minimum positions of the 1.4 and 1.9 lm features
are clearly different between the unsorted and <45 lm fractions
of silicic acid (SIL002); this may be indicative of the same rearrangement of H2O during the grinding and sieving process that
leads to the increased 2.2/1.9 band depth ratios in spectra of
the ﬁner-grained fractions. These relative differences may also be
caused by band saturation in the course-grained samples.
4.2. Low-temperature experiments
Spectra of quartz samples (Fig. 11), opals (Fig. 12), silica gels
(Fig. 13), and water-saturated samples (Fig. 14) were acquired at
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Fig. 7. Normalized reﬂectance spectra (0.35–2.5 lm; normalized to 1 at 1.25 lm) of quartz and cristobalite samples at varying grain sizes: 90–1000 lm (solid black line) and
<45 lm (solid gray line). Sample information provided in Table 5.

13 °C and +20 °C. Upon freezing, H2O molecules in larger clusters
can assume an ice-like structure, which has different band positions than liquid H2O (Aines and Rossman, 1984; Table 2). All spectral features move to longer wavelengths at lower temperature
(13 °C) for all silica samples, by 0.01–0.24 lm (Table 13). The
shapes of the 1.4, 1.9 and 2.2 lm features also change when
the samples are frozen. For example, the strength of the 1.96 lm
B-type H2O band increases relative to that of the 1.91 lm A band
when opal samples are frozen (Fig. 12), increasing the symmetry
of the 1.9 lm feature and thus decreasing the 1.91/1.96 band
depth ratio (Table 13). The spectra of the water-saturated samples
(fresh snow, silica gel and quartz bathed in water; Fig. 14) are
dominated by the H2O features, and no SiOH absorption near
2.2 lm is observed. The 1.4 and 1.9 lm features are saturated
in these spectra, but the 0.95 and 1.14 lm features can be more
clearly observed than in other silica-rich spectra, as they are significantly deeper. These and all other H2O and OH features occur at
longer wavelengths in the water-saturated samples, where the
spectra are dominated by H2O ice, than in spectra of hydrated silica
materials.

4.3. Humidity experiments
Fig. 15 shows spectra of silica-rich materials after exposure to
100% RH and under ambient conditions for comparison. The major
spectral differences are the depths of the 1.4 and 1.9 lm H2O features, which increase for the samples under increased humidity.
The shapes of these features also appear to be affected by humidity, as those under 100% RH conditions exhibit smaller 1.41/1.46
and 1.91/1.96 band depth ratios in the opal and silica gel samples
(Table 14). The shape of the 2.2 lm SiOH feature does not change
consistently with humidity, nor does the band depth in this region.
Therefore the 2.2/1.9 lm band depth ratio tends to decrease with
humidity for hydrated silica, by as much as 35% (Table 14). These
spectral changes are consistent with adsorbed molecular H2O
being added to the samples under high humidity conditions (as
indicated by the increased 1.4 and 1.9 lm band depths) and
becoming hydrogen-bonded to silica surfaces (as indicated by the
increased 1.96 type-B feature) without much apparent incorporation into the silica structure (as indicated by no change to the
2.2 lm SiOH feature).
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Fig. 8. Normalized reﬂectance spectra (0.35–2.5 lm; normalized to 1 at 1.25 lm) of silica sinter samples (1 of 2) at varying grain sizes: whole rock (dashed line), 90–1000 lm
(solid black line) and <45 lm (solid gray line). The silica type identiﬁed by XRD (Table 9) is provided for each sample. Sample information provided in Table 5.

Fig. 9. Normalized reﬂectance spectra (0.35–2.5 lm; normalized to 1 at 1.25 lm) of silica sinter samples (2 of 2) at varying grain sizes: whole rock (dashed line), 90–1000 lm
(solid black line) and <45 lm (solid gray line). The silica type identiﬁed by XRD (Table 9) is provided for each sample. Sample information provided in Table 5.

These results are in contrast to those of previous studies, which
show that hydration in high-humidity environment led to increases in the number of SiOH bonds in silica-rich materials (more
so in opal-CT than opal-A), mainly as an increase in the type-A
2.21 lm band (Langer and Flörke, 1974). In that previous study,

this spectral change reversed after reequilibration at room temperature, implying that H2O diffused from the surface layer of H2O
ﬁlm into the silica matrix when exposed to high humidity. This
process may have occurred to some extent during our experiment
as well, but we observe the dominant effect of high-humidity to be
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Fig. 10. Normalized reﬂectance spectra (0.35–2.5 lm; normalized to 1 at 1.25 lm) of synthetic silica samples at varying grain sizes: (Upper Left) unsorted (dashed line) and
<45 lm (solid gray line); (Upper Right) 250–1000 lm (solid gray line) and <250 lm (dashed line); (Lower Left) <90 lm (solid gray line) and <1000 lm (solid black line).
Sample information provided in Table 5.

Fig. 11. Normalized reﬂectance spectra (0.35–2.5 lm; normalized to 1 at 1.25 lm) of quartz samples at room temperature (black line) and at 13 °C (gray line). All samples
were crushed and sieved to <250 lm. (Upper Left) Milky quartz (MIS015); (Upper Right) quartz (QUA103); (Lower Left) quartz vein (MSI-A2-05). Details of the experimental
runs are given in Table 6. Compositions of the samples are given in Table 8.

Fig. 12. Normalized reﬂectance spectra (0.35–2.5 lm; normalized to 1 at 1.25 lm) of opal samples at room temperature (black line) and at 13 °C (gray line). All samples
were crushed and sieved to <250 lm. Details of the experimental runs are given in Table 7. Compositions of the samples are given in Table 8.
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Fig. 13. Normalized reﬂectance spectra (0.35–2.5 lm; normalized to 1 at 1.25 lm) of synthetic silica samples at room temperature (black line) and at 13 °C (gray line).
(Upper Left) <90 lm fraction of humidiﬁed silica gel (SGE001); (Upper Right) <1 mm fraction of humidiﬁed silica gel (SGE001); (Lower Left) <250 lm fraction of silica gel
(SGE001); (Lower Right) 250–1000 lm fraction of silica gel bathed in water (SGE002).

simply the addition of surface H2O layers. Such differences in spectral behavior could be related to differences in texture, porosity, or
composition of the samples, or to the amount of SiOH initially
present.

nit et al., 1965). Our results also indicate that exposure of silicarich materials to Mars surface conditions can have dramatic spectral effects due to loss and rearrangement of any preexisting H2O.
The exposure to UV radiation on day 259 of the experiment does
not appear to have accelerated the observed spectra changes.

4.4. Low-pressure experiments
The spectra of the natural sinter SIL203 after 1 day, 215 days,
and 294 days (including 35 days of UV) of exposure to simulated
martian surface conditions (a 5 Torr CO2 atmosphere), as well as
under ambient conditions, are shown in Fig. 16. The behavior of
the 1.4, 1.9, and 2.2 lm band centers, depths and depth ratios
with time after exposure are plotted in Fig. 17 and listed in Table 15. The spectral changes include a shift of the 1.4 lm absorption feature to shorter wavelengths, a decrease in the 1.9 lm
absorption feature depth, and an unmasking of the absorption feature near 2.2 lm within 1 day of exposure. In the spectrum acquired under ambient conditions, the 2.2 lm feature was likely
masked by the short wavelength wing of the 3 lm H2O band. Differences between the spectrum of SIL203 outside the chamber
(Fig. 12) and within the chamber under ambient conditions are largely a result of ‘‘white noise’’ due to scattered light. As described in
Cloutis et al. (2008a), scattered light in the environment chamber
leads to a loss of contrast and a general increase in overall reﬂectance, which causes mineral absorption bands to be shallower in
the chamber spectra than in the spectra of the same minerals acquired outside the chamber.
The observed trends continue during equilibration to 5 Torr
conditions over the full 442 days of the experiment (Fig. 17). Subsequently, the 2.2/1.9 band depth ratio increases steadily from
0.18 towards 1.0 over the course of the experiment (Table 15).
The shapes of the 1.4 and 1.9 lm features also change with time
during exposure to low-pressure conditions, as quantiﬁed by the
increasing 1.41/1.46 and 1.91/1.96 band depth ratios plotted in
Fig. 17. Collectively, these spectral changes suggest a change in
the form of the H2O (from the symmetry of the 1.4 and 1.9 lm
features) and a loss of molecular H2O (from the depth of 1.9 lm
feature). Previous work has shown that up to 80–90% of the total
H2O content can be removed from opals under low-pressure (Seg-

5. Discussion of the 1 lm region: implications for MER Pancam
and MSL Mastcam observations
The 0.95 lm H2O and/or OH feature is the only spectral feature associated with hydrated silica that occurs in the Vis–NIR
wavelength range accessible to the MER Pancam and MSL Mastcam
instruments. This feature is seen as a weak absorption (band depth
<0.08) in the spectra of some natural sinters (ICE102, Geysir-02,
Geysir-04, SIL200 and SIL203), two opal samples (OPA001 and
SIL115) and all synthetic silica samples (SGE001, SGE002 and
SIL002) included in this study. While we would expect the
0.95 lm band to be present in all hydrated samples (those with
strong 1.4 and 1.9 lm absorptions), we only observe it a subset
of our spectra; it may be that this weak band is only resolvable
in the spectra of the most transparent samples that contain the
most water and/or samples with surﬁcial water.
Because this band center occurs between the wavelengths of
the two longest-wavelength Pancam ﬁlters (934 and 1009 nm; Bell
et al., 2003) and the two longest-wavelength Mastcam ﬁlters (937
and 1035 nm; Malin et al., 2010) for all samples, it may be undetectable with these instruments. Although some of the integrated
area of the Pancam R6 and Mastcam R5 ﬁlters extend past
950 nm, and thus could be sensitive at some level to the
950 nm band, whether the band affects the NIR proﬁles of these
instruments will depend on the strength of the H2O/OH absorption
and the signal to noise ratio of the data. Fig. 18 shows example
spectra of whole-rock sinters convolved to Pancam and Mastcam
bandpasses, and the feature centered at 0.95–0.96 lm falls between the two Pancam band passes and therefore does not affect
the Pancam proﬁles. We also do not expect these materials to inﬂuence Pancam or Mastcam spectra at the lower pressure and temperature conditions of the martian surface; although the band
center of the 0.95 lm feature moves to longer wavelengths at
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trum where the 0.95 lm feature is observed. The observed
depths of the 0.95 and 1.14 lm features also correlate
(R2 = 0.76 and 0.78, respectively) with the H2O content of the sample (Fig. 19).

6. Discussion of the 1.4, 1.9 and 2.2 lm regions
6.1. Implications for CRISM and OMEGA observations

Fig. 14. Normalized reﬂectance spectra (0.35–2.5 lm; normalized to 1 at 0.6 lm) of
water-saturated samples when frozen (black line) and at times after exposure to
+20 °C (gray lines). (Top) Fresh snow observed at 10 °C, and 30, 60 and 90 s after
exposure to ambient temperature; (Middle) silica gel (SGE002; unsorted) bathed in
water observed at 13 °C, and 3, 5, 9 and 20 min after exposure to ambient
temperature; (Bottom) quartz (QUA101; <45 lm) bathed in water observed at
13 °C, and 3 and 5 min after exposure to ambient temperature.

lower temperatures, these shifts (typically <0.02 lm) are insufﬁcient to move the band into the bandpass of the 1009 nm Pancam
ﬁlter or that of the 1035 nm Mastcam ﬁlter. Only the spectra of
water-saturated silica (e.g., SGE002 in Fig. 18a) reproduce the spectral downturn at 1009 nm that characterizes the Pancam spectra of
silica-rich materials at Gusev Crater (shown in Fig. 1). This result
adds credence to the interpretation by Rice et al. (2010) that the
silica-rich materials observed by MER Spirit must contain large
amounts of free H2O contained in voids or adsorbed onto the silica
surface. At Mastcam wavelengths, the spectra of water-saturated
silica (e.g., SGE002 in Fig. 18b) are also the only spectra that exhibit
a signiﬁcant downturn in the longest-wavelength ﬁlter.
For those materials that do exhibit a 0.95 lm absorption, the
depth of this feature correlates with the measured H2O content
of the sample (Fig. 19). However, whether or not hydrated silicarich materials exhibit a 0.95 lm absorption does not seem to
be a function of the H2O content (for example, the spectra of the
sinter with the largest H2O content (SIL302) exhibit featureless
proﬁles between 0.8 and 1.2 lm). The 1.14 lm H2O absorption
is stronger than the 0.95 lm feature and occurs in every spec-

The measured depths of the 1.4 and 1.9 lm features, like
those of the weaker 0.95 and 1.14 lm bands, weakly correlate
with the H2O content of the silica-rich material (R2 values between
0.39 and 0.49) (Fig. 19). The band depth ratios (1.41/1.46, 1.91/1.96
and 2.21/2.26) do not appear to correlate with H2O content as well
as the absolute band depth measurements (R2 values between
0.002 and 0.07) (Fig. 19); this result is expected, as our laboratory
study has revealed that the band depth ratios are mostly sensitive
to differences in the style of hydrogen bonding (not total H2O or
SiOH content). The 1.91/1.96 band depth ratio weakly correlates
with H2O content for all materials except the synthetic materials,
though, suggesting that the relative strength of the type-A
1.91 lm band to the type-B 1.96 lm band may be an indicator of
the overall amount of H2O present for most silica-rich materials.
However, the LOI value that we use to estimate H2O content
may be inﬂuenced by the presence of other volatiles in the sample.
During the heating process, which is similar to TGA (thermogravimetric analysis) except without incremental heating, SO3, CO2,
CH4, and NH3 can also be expelled with a concomitant loss in
weight. Furthermore, the LOI determination is complicated by oxidation (e.g., of Fe, Mg, or Cr) during the heating process, which can
produce a weight gain. The measured LOI, therefore, is the sum of
the weight loss due to volatile release and the weight gain due to
oxidation, and will provide a more accurate estimate of H2O content for our nearly-pure SiO2 samples than for those with more
varied chemistries.
In addition to using band measurements of silica-rich materials
to infer the amount of H2O in the sample, a major objective of this
study is to identify spectral parameters that can be used to distinguish between different types of silica-rich materials. Table 16 lists
the ranges of spectral parameters measured for each type of silicarich material that exhibits strong H2O, OH, and SiOH spectral features. The parameters we have identiﬁed that best distinguish between these materials are plotted in Fig. 20. In the plot of the ratio
of the 1.91 and 1.96 lm band depths (1.91/1.96 depth) vs. the position of the 1.4 lm band minimum (Fig. 20, top), the hydrated
silica glass, cryptocrystalline quartz (chert and chalcedony), noncrystalline silica (opal, sinter and synthetics), and dehydrated silica
materials fall into distinct regions of this parameter space. We ﬁnd
that the position of the 1.9 lm band minimum, however, cannot
be used to distinguish between these different forms of silica.
Our results (Table 16) disagree with the band attributions of
Milliken et al. (2008), who interpreted spectra with bands centered
at 1.38–1.39 lm as being most consistent with dehydrated opaline
silica, and those with bands centered at 1.41 lm as being most
consistent with maﬁc and hydrated impact and/or volcanic glasses.
Our sample set included two silicic glasses exhibiting 1.4 lm features (the lechatelierites SIL131 and SIL130), both of which were
centered at 1.38–1.39 lm. Our collective results (Fig. 20 top) suggest that spectra with bands centered at 1.38–1.40 lm are with
consistent with both dehydrated silica and hydrated silica glasses,
whereas those with bands centered at 1.40–1.43 lm are consistent
with opaline and cryptocrystalline silica under ambient conditions.
These results suggest that factors other than just the glassy structure are affecting the position of the 1.4 lm absorption. Therefore, we caution against using the position of the 1.4 lm
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Fig. 15. Normalized reﬂectance spectra (0.35–2.5 lm; normalized to 1 at 1.25 lm for all spectra except for those of QUA101, which are normalized to 0.6 lm) of silica-rich
materials after being exposed to 100% relative humidity (RH) (black lines) and under ambient conditions (gray lines). (Upper Left) opal (OPA002c) crushed and sieved to
<250 lm; (Upper Right) quartz (QUA101) crushed and sieved to <45 lm, observed under ambient conditions (ﬂat spectrum), at 100% RH (black line) and 5 min after sample
preparation; (Lower Left) quartz vein (MSI-A2-05) crushed and sieved to <250 lm; (Lower Right) unsorted silica gel (SGE002).

Fig. 16. Normalized reﬂectance spectra of the silica sinter sample SIL203 (ground and sieved to <45 lm) during the low-pressure experiment, normalized to 1 at 1.25 lm. The
sample was exposed to simulated martian surface conditions (5 Torr CO2 atmosphere and temperatures below +20 °C) for a total of 442 days. Major spectral changes include
the shift of the 1.4 lm H2O/OH feature to shorter wavelengths, the decrease in the 1.9 lm H2O band depth, and the appearance of the 2.2 lm SiOH feature. See text for
further description of the experiment.

feature alone to distinguish between opaline silica and hydrated on
in spectra of the martian surface. The nature of the disagreement
between our glass spectra and those of Milliken et al. (2008) may
be due to differences in sample characteristics (such as textural
variations or silica content), spectral resolutions, or classiﬁcation
(many names ascribed to silica-rich samples are descriptive rather
than being linked to speciﬁc genetic conditions). Future spectral
studies of hydratech silica glasses of varying compositions may
help to resolve these discrepancies.
Although the 1.4 lm band positions and 1.91/1.96 band depth
ratios can be used to broadly distinguish between different types of
silica-rich materials, based on our sample set we note that these

parameters cannot be used to uniquely identify a material as
opal-A, opal-CT, opal-C, or cryptocrystalline quartz. The chert and
chalcedony samples appear spectrally distinct from the opals, sinters and synthetics (the non-crystalline silica samples) in that their
1.4 lm features are typically centered at longer wavelengths
(1.42 lm, as opposed to 1.41 for opals). However, a 1.4 lm
band minimum at wavelengths longer than 1.418 lm does not uniquely identify a cryptocrystalline silica-rich material, as some
opal-A bearing sinters exhibit this band at wavelengths as long
as 1.43 lm (Fig. 20). The forms (opal-A vs. opal-CT) of the opal
and sinter samples also cannot be uniquely distinguished in this
parameter space.
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Fig. 17. Changes to band centers, band depths and band depth ratios over time during the pressure-controlled experiment (see text for description of band measurements).
Silica sinter sample SIL203 was exposed to simulated martian surface conditions (5 Torr CO2 atmosphere and temperatures below +20 °C) for a total of 442 days. On day 259,
the sample was illuminated with UV light until the bulb died on day 319; the measurements acquired during UV illumination (on days 267 and 294) are indicated by the
vertical lines in the plots. Band measurements are also provided in Table 14.

Table 15
Band position and depth analyses for the spectra of SIL203 during exposure to a 5 Torr CO2 environment over a period of 442 days.
Days after exposure

0a
0b
0.2
1
5
9
16
23
38
63
91
146
215
258
267c
294d
350
379
442
a
b
c
d

1.41 lm

1.41/1.46

1.91 lm

1.91/1.96

2.21 lm

2.21/2.26

2.2/1.9

Position

Depth

Ratio

Position

Depth

Ratio

Position

Depth

Ratio

Ratio

1.411
1.409
1.408
1.408
1.401
1.404
1.400
1.402
1.402
1.401
1.390
1.381
1.382
1.399
1.391
1.407
1.407
1.402
1.392

0.117
0.033
0.030
0.027
0.025
0.029
0.028
0.029
0.026
0.025
0.025
0.032
0.029
0.027
0.025
0.028
0.027
0.028
0.025

1.390
1.313
1.764
2.743
3.178
2.461
2.688
2.983
2.871
3.445
3.423
3.858
4.123
4.842
3.006
3.451
3.357
3.377
3.018

1.903
1.910
1.901
1.896
1.899
1.899
1.901
1.903
1.897
1.896
1.901
1.899
1.903
1.903
1.896
1.897
1.899
1.899
1.903

0.287
0.078
0.072
0.050
0.050
0.052
0.044
0.042
0.041
0.034
0.035
0.025
0.031
0.042
0.041
0.036
0.039
0.040
0.040

1.477
1.645
1.819
4.468
3.500
2.465
3.300
3.892
3.727
7.743
15.577
26.143
4.799
4.056
3.912
6.319
5.991
4.271
4.312

2.219
2.221
2.236
2.207
2.202
2.204
2.206
2.180
2.188
2.206
2.206
2.192
2.215
2.196
2.194
2.203
2.198
2.203
2.194

0.052
0.005
0.011
0.024
0.028
0.034
0.026
0.030
0.025
0.030
0.034
0.042
0.044
0.041
0.046
0.044
0.027
0.026
0.039

1.011
1.156
1.600
1.488
1.439
2.296
2.156
2.063
1.466
2.233
1.681
1.474
1.700
2.321
1.630
2.185
1.560
2.072
1.534

0.181
0.065
0.158
0.480
0.569
0.653
0.596
0.731
0.620
0.888
0.975
1.682
1.409
0.975
1.115
1.218
0.689
0.666
0.958

Sample in ambient conditions outside of Mars chamber.
Sample in ambient conditions inside of Mars chamber (through the sapphire window).
8 days of UV exposure.
35 days of UV exposure.
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Based on our measurements of the 2.2 lm SiOH feature in a
wide variety of samples, we ﬁnd that the position, width, and
number of absorptions in the 2.2 lm region cannot be used to
distinguish reliably between different types of silica-rich materials.
Although multiple studies of silica-rich materials on Mars have
used the position and shape of the 2.2 lm feature in CRISM spectra to distinguish between hydrated silica glasses and opaline silica
phases (e.g., Milliken et al., 2008; Ehlmann et al., 2009; Skok et al.,
2010), our measurements indicate that the ranges of 2.2 lm position and 2.21/2.26 band depth ratios for different materials overlap considerably (Table 16 and Fig. 21). The only exceptions are the
spectra of synthetic silica samples, which exhibit SiOH bands centered at anomalously long wavelengths (2.25 lm, as opposed to
<2.24 lm for all other materials), and the spectra of dehydrated silica, which have SiOH bands at anomalously short wavelengths (as
low as 2.18 lm) due to the diminished inﬂuence of the type-B
2.26 lm band as H2O is removed. Although the spectra of synthetic, unaltered glasses exhibit a single band in the 2.2 lm region, as opposed to overlapping 2.21 and 2.26 lm bands (e.g.,
Moroz et al., 2009), the natural high-silica glasses analyzed in this
study do exhibit structure in their 2.2 lm SiOH bands (Fig. 5)
indistinguishable from that of other silica-rich materials. We have
identiﬁed no means of distinguishing between chert, chalcedony,
opal-A, opal-CT, opal-C, and hydrated silica glass using the
2.2 lm behavior. Although many detections of silica-rich materials on Mars from CRISM spectra are based solely on the presence
and width of the 2.2 lm feature (e.g., Fig. 2b), we caution against
using the band position and symmetry of this feature to draw conclusions about the type of silica-rich material present.
We also caution against using any single band position to attempt to make detailed interpretations about the type of silica-rich
material. Based on the large band position shifts observed for the
sample of opal-A exposed to martian surface conditions (Fig. 17
and Table 15), we conclude that the spectra of silica-rich materials
on Mars may not be the same as those observed in terrestrial laboratories under ambient conditions. More studies of silica varieties
exposed to low temperature and pressure conditions for extended
periods are needed to better quantify the expected band positions
on the surface of present-day Mars.
Langer and Flörke (1974) found that opal-A and opal-CT can be
distinguished in Vis–NIR spectra based on the shape of the
1.9 lm feature. Speciﬁcally, the band area of the type-A
(1.91 lm) absorption relative to the band area of the type-B
(1.96 lm) absorption was found to be larger in opal-A spectra than
in opal-CT spectra. In our analysis, we measure band depth as a
proxy for band area, but we ﬁnd that the measured ratios of the
1.91–1.96 lm band depths are not diagnostically larger for our
opal-A samples than the opal-CT samples (Table 16). We ﬁnd that
the depth of the 2.2 lm feature relative to that 1.9 lm region is
a better indicator of opal type. This band depth ratio is an approximation of the ratio of SiOH to molecular H2O in the sample. Langer
and Flörke (1974) quantitatively determined the amounts of SiOH
and molecular H2O from the integral absorbances of the 2.2 lm
and 1.9 lm features, and found that opal-A materials contained
greater amounts of SiOH (0.8–0.9 wt.%) than opal-CT materials
(0.2–0.4 wt.%). Therefore, we hypothesize that the spectra of
opal-A sinters and opals included in this study should exhibit
greater 2.2/1.9 band depth ratios than the opal-CT samples.
The ratio of the 2.2 and 1.9 lm band depths vs. the ratio of the
1.41 and 1.46 lm band depths for all samples is plotted in Fig. 20
(bottom). The opal-A and opal-CT samples fall into separate, yet
overlapping, regions of this parameter space, with opal-A materials
typically exhibiting larger 2.2/1.9 band depth ratios than opal-CT
materials as expected. These opals typically exhibit differences in
the shapes of their 1.4 lm bands as well, as the 1.41/1.46 band
depth ratio for opal-A materials is typically larger than for opal-

CT materials. These differences are consistent with disordered silica (opal-A) containing proportionately more SiOH than more ordered silica (opal-CT). The overlap between the ranges of the
2.2/1.9 band depth ratio for opal-A and opal-CT materials (i.e.,
the fact some opal-A materials plot with opal-CT materials) may
be attributed to textural irregularities in the natural sinters (e.g.,
bubbles, voids and ﬁssures) that could contain relatively large
amounts of liquid H2O and hence decrease the 2.2/1.9 band depth
ratio. Very little (<1 wt.%) SiOH has been shown to be present in
cryptocrystalline quartz varieties as well (Scholze, 1960), and the
2.2/1.9 band depth ratios we measured for cherts and chalcedony
samples fall within the full range of those observed for opal-A and
opal-CT.
Among the different opal-A materials, we observe that the 2.2/
1.9 band depth ratios are larger for the sinter samples (0.22–0.23)
than for the opal samples (0.40–0.87) (Table 16). We ascribe this to
differences in the formation mechanisms of these materials (summarized in Table 3). For example, sinters result from the rapid precipitation of silica from high-temperature solutions onto colder

Fig. 18. Example spectra of silica-rich materials exhibiting 0.95 lm and 1.14 lm
absorption bands: whole rock natural sinters (Geysir-02, Geysir-04 and SIL203) and
silica gel (SGE002) bathed in water and frozen to 13 °C. Measured laboratory
reﬂectance spectra are shown as black lines. (a) Spectra convolved to Pancam
bandpasses (Bell et al., 2003) are shown as colored circles. (b) Spectra convolved to
Mastcam bandpasses (Malin et al., 2010) are shown as colored squares. The SGE002
spectrum was normalized to 1.0 at 1.25 lm. For all spectra except that of SGE002,
the 0.95 lm feature occurs between the two longest-wavelength Pancam and
Mastcam ﬁlters and is undetectable to these instruments. The wet SGE002
spectrum, however, exhibits the 1009 nm downturn in Pancam bandpasses that
characterizes the spectra of silica-rich materials at Gusev Crater (Fig. 1). SGE002
also exhibits a 1012 nm downturn in Mastcam bandpasses. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)
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substrates in hydrothermal environments, and this process incorporates relatively large amounts of H2O into the silica matrix and
many OH groups are retained. Opals that form in rock ﬁssures at
low-temperatures, however, incorporate fewer OH groups into
the silica structure because they form more slowly (e.g., Flörke
et al., 2000). Among the different opal-CT materials, however, the
sinters exhibit lower 2.2/1.9 band depth ratios than the opals
formed at low temperatures.
6.2. Applications to CRISM observations: case study at Valles Marineris
A major potential application for the spectral parameters developed in our laboratory study is the identiﬁcation and characteriza-
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tion of silica phases on Mars. However, analysis of Mars surface
near-infrared spectra presents many challenges that laboratory
studies do not, including the effects of atmospheric CO2 absorptions, surface dust, adsorbed water, and atmospheric water vapor,
along with instrumental limitations. As such, in this section we will
demonstrate best practices and evaluate the limitations for applying the silica spectral parameters to high-resolution CRISM spectra
through a case study of silica outcrops previously identiﬁed by Milliken et al. (2008) in the Valles Marineris region.
Milliken et al. (2008) identiﬁed layered outcrops of hydrated silica and hydrated sulfates throughout the Valles Marineris region
based on the presence and band minimum position of the
2.2 lm band. Here, we have focused on layered silica outcrops

Fig. 19. Plots of band measurements vs. water content (an upper estimate of wt.% H2O taken from loss on ignition (LOI) measurements, see text for discussion) for silica-rich
materials (all crushed and sieved to 90–1000 lm). For all band measurements (0.95, 1.14, 1.4, 1.9 and 2.2 lm), the band depth correlates with water content (the weakest
correlation is with the depth of the 2.2 lm SiOH feature). The band depth ratios (1.41/1.46, 1.91/1.96 and 2.21/2.26) do not correlate well with water content, with the
possible exception of the 1.91/1.96 ratio for natural silica materials.
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Table 16
Generalizations of band positions and ratios for possible discrimination of different silica-rich materials. The ranges presented here are only from spectra with resolvable bands in
the relevant wavelength regions, and include all grain sizes and temperatures measured.
Material

Water
content

1.4 lm
Position

1.41/1.46
Ratio

1.9 lm
Position

1.91/1.96
Ratio

2.2 lm
Position

2.21/2.26
Ratio

1.9/2.2
Ratio

Chalcedony
Cherts
Hydrated glass

1.06
0.68–2.60
0.5

1.418–1.421
1.418–1.420
1.386–1.384

1.245–1.810
1.285–1.776
0.025–0.275

1.912–1.912
1.903–1.925
1.932–1.943

1.349–1.808
1.280–1.715
0.887–0.901

2.200–2.214
2.198–2.219
2.210–2.211

1.208–1.516
1.123–1.919
1.695–1.722

Opals (opal-A)
Opals (opal-CT)
Opals (all)
Sinters (opal-A; martian
pressure)
Sinters (opal-A)
Sinters (opal-C)
Sinters (opal-CT)
Sinters (all)
Synthetic silica
Opal-A (all)
Opal-CT (all)

6.37
3.09–3.22
3.09–9.96
Unknown

1.410–1.411
1.407–1.413
1.405–1.413
1.381–1.411

1.317–1.702
1.029–1.746
1.029–1.746
1.313–4.842

1.901–1.903
1.901–1.905
1.901–1.905
1.896–1.910

1.315–1.797
1.215–1.784
1.215–1.797
1.645–7.743

2.213–2.215
2.209–2.216
2.209–2.216
2.180–2.236

1.199–1.343
1.039–1.612
1.039–1.612
1.156–2.321

0.463–0.906
0.396–0.890
2.706–
15.648
0.216–0.232
0.174–0.392
0.174–0.392
0.260–0.932

4.88–9.96
1.83
5.82
1.83–9.96
16.69–59.71
4.88–9.96
3.09–5.82

1.405–1.411
1.408–1.414
1.425–1.431
1.405–1.431
1.409–1.412
1.405–1.411
1.407–1.431

1.332–2.966
1.364–1.738
0.972–1.045
0.972–2.966
1.105–1.234
1.317–2.966
0.972–1.746

1.897–1.901
1.901–1.905
1.914–1.920
1.897–1.920
1.899–1.903
1.897–1.903
1.901–1.920

1.346–2.381
1.423–1.672
1.202–1.280
1.202–2.381
1.162–1.491
1.315–2.381
1.202–1.784

2.209–2.217
2.209–2.213
2.206–2.212
2.206–2.217
2.246–2.250
2.209–2.217
2.206–2.216

1.045–1.406
1.078–1.546
0.271–2.374
0.271–2.374
0.841–0.940
1.039–1.406
0.271–2.374

0.400–0.871
0.263–0.458
0.001–0.070
0.001–0.871
0.212–0.486
0.216–0.871
0.001–0.392

Fig. 20. Parameter space plots of the band measurements of silica-rich materials. Top: ratio of the 1.91–1.96 lm band depths vs. the position of the 1.4 lm band minimum.
Hydrated silica glass, cryptocrystalline quartz (chert and chalcedony), amorphous silica (opal, sinter and synthetics) and dehydrated silica materials fall into distinct regions
of this parameter space. Bottom: ratio of the 2.2–1.9 lm band depths vs. the ratio of the 1.41–1.46 lm band depths. Opal-A and opal-CT silica varieties fall into separate, yet
overlapping, regions of this parameter space. Measurements at all grain sizes are shown. See text for further discussion.
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Fig. 21. Parameter space plot of the 2.2 lm band measurements of silica-rich
materials. The various forms of silica do not fall into distinct regions of this
parameter space (see Fig. 20 for comparison), and thus we caution against use the
position of the 2.2 lm band minimum or the 2.21/2.26 lm ratio as tools for
distinguishing between various types of silica-rich materials. Measurements at all
grain sizes are shown. See text for further discussion.

located in Juventae Chasma. While the sulfates at this location also
exhibit 2.2 lm absorptions, the silica and sulfates here can be differentiated based on their 2.2 lm band minimum position, which
falls closer to 2.21 lm for silica and closer to 2.23 lm for the sulfates, as mapped in Fig. 22a and shown in Fig. 23a. The silica and
sulfates also exhibit different 1.4 lm band minimum positions,
between 1.37 and 1.39 lm for the silica and 1.43–1.46 lm for
the sulfates (Fig. 23b), although the signiﬁcant fraction of spectra
with silica-like 2.21 lm bands and 1.45 lm band minima may
suggest that some mixing is occurring at the pixel level
(Fig. 23c). As discussed in Section 6.1, a short 1.4 lm band minimum position is more consistent with hydrated silica glass or
dehydrated silica than with a hydrated opaline phase (under ambient conditions). Representative local average spectral ratios from
these units are shown in Fig. 22b.
The band minima calculations presented were performed on albedo spectra, which still exhibit residual atmospheric CO2 absorptions near 2 lm. Thus, while the band depth, ratio, and minima
parameters derived in this study can be successfully applied to
the 1.4 and 2.2 lm bands in CRISM albedo spectra, the
1.9 lm band is obscured by the CO2 band and cannot be used
for spectral analysis. While some interpretations can be made
based on just the 1.4 lm band, our laboratory results show that
the 1.9 lm band is critical for making unique interpretations.
For example, the Juventae Chasma spectra have 1.4 lm band
minimum positions consistent with both hydrated silica glass
and dehydrated silica, and these phases could be differentiated
using the 1.9 lm band ratio (Fig. 20).
Atmospheric contributions, like the 2 lm CO2 absorption, may
be suppressed by dividing by a reference spectrum. We have calculated over 500 of these ratio spectra (see Section 3.6), allowing us
to characterize the range of silica spectral parameters in the image,
as shown in Fig. 24. While there is some spread in the parameters
(standard deviations provided in Table 17), the values are generally
more consistent with a hydrated silica glass than either a dehydrated silica or opal, supporting our initial band minima
calculations.
The hydrated silica glass that our calculations suggest is more
consistent with the Valles Marineris silica outcrops is a lechaterlerite, formed when lightning strikes quartz sand. While this particular glass formation process is almost certainly not responsible for
the Valles Marineris silica, these results may suggest that the Valles Marineris silica phase does not have the structural or chemical

Fig. 22. Silica and sulfate detections in CRISM observation FRT5814 west of
Juventae Chasma, originally reported by Milliken et al. (2008). (a) Outline of the
CRISM observation projected over a THEMIS day IR map in Juventae Chasma (b)
Unprojected 1.33 lm estimated Lambert albedo overlain with detections of sulfate
(green) and silica (blue), as determined from the location of the 2.2 lm band
minimum (2.195–2.223 lm for silica, 2.223–2.245 lm for sulfates, 2.2 lm band
depth >0.3%). (c) CRISM local spectral averages consistent with sulfates (top
spectrum) and silica (bottom 5 spectra), after ratio with same-column dusty
spectra. Sampling locations indicated by yellow points in (b). Thick spectra have
been smoothed with a boxcar width of three channels, overlain on thin, noisy and
un-smoothed spectra. Vertical lines indicate positions of classical silica absorptions
at 1.41, 1.46, 1.91, 1.96, 2.21, and 2.26. Not that the 1.41 lm absorptions in the
silica spectra are shifted to 1.38–1.39 lm. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 24. Silica parameters calculated for ratio spectra in CRISM observation
FRT5814, plotted in the same parameter space as Fig. 20. Mean values are indicated
by the red dots, and the error bars indicate the standard deviation. All albedo
spectra with 1.4 and 2.2 lm band centers consistent with silica were divided by a
spectrally neutral pixel in the same column prior to parameter calculation. All
parameters were calculated for ratio spectra with band depths in each parameter
>0.1%. See text for details. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

Fig. 23. Band minima locations for spectra in CRISM observation FRT5814. (Top)
Band minima for the 2.2 lm band (2.2 lm band depths >0.3%). Minima below
2.223 lm are consistent with silica, minima between 2.223 and 2.245 lm are
consistent with sulfates, and minima above 2.245 lm are associated with instrumental noise. The step-like shape of the histogram is due to spectral smile. (Middle)
Band minima for the 1.4 lm band. Minima are clearly present in two populations,
1.37–1.39 lm, consistent with hydrated silica glass or dehydrated silica, and 1.43–
1.46 lm, consistent with a hydrated sulfate. (Bottom) Subset of spectra in (Middle)
with 2.2 lm band minima consistent with silica, showing a signiﬁcant increase in
the number of spectra with 1.4 lm band positions consistent with silica (1.37–
1.39 lm) relative to those with band positions consistent with sulfates (1.43–
1.46 lm). All minima presented here were calculated using albedo spectra.

character of more crystalline or more amorphous phases, or the
maﬁc composition of the hydrated glasses investigated by Milliken
et al. (2008). One possibility is that the phase may be more polymerized in structure and more silica-enriched in composition,
and such high-silica glass phases have been previously identiﬁed
on Mars (Horgan and Bell, 2012). Silica-enriched leached glass
rinds form when glass of any composition is exposed to acidic ﬂuids, causing the removal of non-silicic cations from the upper several microns of the glass surface (Chemtob et al., 2010). This
process results in a rind with the original glassy network structure

Table 17
Median and standard deviations for laboratory silica parameters applied to CRISM
ratio spectra in observation FRT5814, calculated for ratio spectra with band depths in
each parameter >0.1%.
Parameter

Median

Standard deviation

Number of spectra

1.91/1.96
1.4 minimum
1.41/1.46
2.2/1.9

0.871
1.390
2.070
1.529

0.727
0.021
1.022
1.052

356
558
167
552

but a high-silica composition, with distinct spectral characteristics
that have been identiﬁed in near-infrared spectra of the martian
northern lowlands, suggesting a glass-rich composition for this region (Horgan and Bell, 2012). While the spectral characteristics of
the Valles Marineris silica do not appear to be consistent with a
rind (Minitti et al., 2007; Seelos et al., 2010), high-silica glass
phases are not outside the realm of possibility on Mars. More detailed studies of the spectral properties of hydrated glasses will
be necessary to fully understand the geological implications of
these results.
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In summary, the band positions and ratios of the 1.4, 1.9 and
2.2 lm doublets in these representative ratio spectra can be used
to constrain the types of high-silica phases present. Application
of these techniques to the previously studied occurrences of hydrated silica in Valles Marineris indicates that the outcrops have
spectral characteristics more consistent with some sort of hydrated, silica-enriched glass than the opaline silica suggested by
previous authors (Milliken et al., 2008).

7. Conclusions and future work
We have observed a great amount of diversity in the spectra of
silica-rich materials at varying grain sizes, temperatures, relative
humidity conditions and pressures. Based on our analyses of the
band depths, positions and symmetries of the characteristic spectral features of hydrated silica (the bands listed in Table 4), we
draw the following conclusions that can aid in the interpretation
of the form and content of H2O associated with silica detections
on Mars:
1. The depths of all bands decrease with grain size, and the
weakest features at 0.95 and 1.14 lm are only observed
in course-grained or whole-rock samples of opals, natural
sinters, and synthetic silica.
2. The only spectra that reproduce the 1 lm absorption in
Pancam wavelengths observed by MER Spirit are those of
water-saturated materials (ﬁne-grained samples that were
mixed with enough water to form a thick paste or gel).
3. At low temperatures, all spectral features move to longer
wavelengths, and the shapes of the 1.9 and 2.2 lm features
change as the relative strengths of the type-B bands
increase.
4. At high humidity, the depths of the H2O features at 1.4 and
1.9 lm increase, yet a lack of changes to the 2.2 lm region
implies that very little H2O is adsorbed onto or diffuses into
the silica matrix.
5. Under simulated martian surface conditions (low pressure
and temperature), the 1.4 lm feature shifts to lower wavelengths (from 1.411 to 1.381 lm) and the ratio of the 2.2
and 1.9 lm features increases as molecular H2O is lost and
SiOH dominates. These results suggest that, more generally,
the spectra of silica-rich materials on Mars may not be the
same as those obtained in terrestrial laboratories under
ambient conditions.
6. The depths of features at 0.95, 1.14, 1.4 and 1.9 lm correlate with H2O content, as does the ratio of the type-A to
type-B bands that comprise the 1.9 lm absorption feature.
7. Based on our data, the 2.2 lm band depth and shape cannot be used to reliably distinguish between chert, chalcedony, opal-A, opal-CT, opal-C, and hydrated silica glass
with low water contents.
8. The position of the 1.4 lm feature and the symmetry of the
1.9 lm feature can be used to discern between various
forms of silica-rich materials (hydrated silica glass vs. noncrystalline silica vs. cryptocrystalline silica vs. dehydrated
silica) in our sample set.
9. The ratio of the 2.2 lm and 1.9 lm band depths, and the
symmetry of the 1.41 lm feature, can be used to distinguish between opal-A and opal-CT materials (although not
unambiguously).
10. The ratio of the 2.2 lm and 1.9 lm band depths can be
used to distinguish between opal-A materials formed under
high-temperature conditions (sinters) and those formed at
low temperatures (opals).
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11. The band positions and ratios of the 1.4 and 2.2 lm features can be used to constrain the types of high-silica phases
present in CRISM and OMEGA observations. The position and
ratio of the 1.9 lm features can also be used following a
correction for atmospheric CO2 absorptions.
Our future work on the spectral diversity of silica-rich materials
will include using mathematical models of absorption bands (e.g.,
Sunshine et al., 1990) to more accurately quantify the relative contributions of the overlapping type-A and type-B bands in the 1.9
and 2.2 lm regions, and the overlapping OH and H2O features in
the 1.4 lm region (for example, the shape of OH bands in opals
has been described as Gaussian by Langer and Flörke (1974)). For
more direct applications to detections of silica on Mars, we plan
to expose a large set of silica-rich samples (including hydroxylated
glasses of varying compositions) to simulated martian surface conditions, and to compare the effects of low-pressure exposure vs.
heating on the dehydration observed in reﬂectance spectra. We
also plan to reverse the low-pressure experiment and quantify
the spectral changes to silica that accompany rehydration as the
sample reequilibrates to ambient pressure and temperature conditions. We predict that some spectral changes will be irreversible,
based on heating experiments by Morris et al. (2010a,b) that show
irreversible changes to the 1.4 and 1.9 band depths for nontronite
samples. XRD analysis of the reequilibrated sample will indicate
whether the structural ordering has increased during exposure to
simulated martian surface conditions (e.g., whether the silica polymorph evolved from opal-A to opal-CT or opal-C), which may have
implications for future detections of silica on the surface of Mars.
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