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a b s t r a c t

Hydrated silica is found in a variety of martian deposits within aqueously altered mineral suites. Its com-
mon occurrence is attributed to its ease of formation in different weathering environments. Because of its
presence in disparate units, hydrated silica makes a good tracer mineral to compare otherwise dissimilar
martian deposits and relate their relative degrees of aqueous alteration. This work combines near-
infrared and thermal-infrared spectroscopy to determine the relative degree of crystallinity and bulk
SiO2 abundance of surfaces containing hydrated silica. A range of crystalline structures are present, from
non-crystalline (hydrated glass) to weakly crystalline (opal) to crystalline (quartz), implying a range in
the maturity of these silica deposits. However, bulk SiO2 contents show less diversity, with most martian
hydrated silica deposits having SiO2 abundances similar to Surface Type 2 (basaltic andesite or weathered
basaltic composition)—a widespread and common surface composition that suggests limited interaction
with water. We also find that hydrated silica crystallinity—as a proxy for degree of alteration—is corre-
lated with the geochemistry of the deposit as inferred by its associated minerals: highly crystalline
hydrated silica is found with Fe/Mg-phyllosilicates, moderately crystalline hydrated silica is associated
with Al-phyllosilicates, and poorly crystalline phases are associated with sulfates. This corroborates pre-
vious predictions of the waning of surficial water from the Noachian ? Hesperian and demonstrates the
usefulness of hydrated silica as a stand-alone mineral for predicting the degree of alteration of ancient
mineral suites.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Hydrated silica is a common and widespread mineral phase on
Mars, detected in many recent studies using both orbital and in situ
measurements. Orbital instruments have detected hydrated silica
in a variety of terrains (Table 1 and Fig. 1), in association with
phyllosilicates (Ehlmann et al., 2009; Marzo et al., 2010; Wray
et al., 2011; Weitz et al., 2011) and sulfates (Milliken et al., 2008;
Squyres et al., 2008) in both Hesperian (Skok et al., 2010; Amador
and Bandfield, 2011) and Noachian-aged units (Bandfield et al.,
2004a; Bandfield, 2006; Smith and Bandfield, 2012). In two loca-
tions, the mineral phase of the hydrated silica has been determined
using thermal spectroscopy: opaline silica at Western Hellas
(Bandfield, 2008) and quartz at Antoniadi Crater (Bandfield et al.,
2004a; Bandfield, 2006). In situ observations by the Spirit Rover
have also been used to identify the presence of hydrated opaline
silica (Rice et al., 2010) in nodules and in bright white soils, esti-
mated to contain up to 98 wt.% silica (Squyres et al., 2008;
ll rights reserved.
Ruff et al., 2011). Because it is found in a variety of altered mineral
suites, hydrated silica may be a useful tracer mineral across eras in
ancient martian geologic history thought to represent varying
amounts of water and pH conditions.
1.1. Nature and varieties of hydrated silica

Previous work on martian hydrated silica has focused mainly on
its detection and general characteristics but has omitted discussion
of its many forms and pathways of formation. Because we discuss
the different phases of hydrated silica and their implications for
aqueous history at length, we will begin with a more detailed sum-
mary of hydrated silica drawn from the terrestrial literature.

The term ‘hydrated silica’ is commonly applied to a family
of minerals that are comprised almost entirely of SiO2�nH2O
(<0.5–1 mol% non-volatile impurities; Graetsch, 1994) with water
and/or hydroxyl (OH�) either structurally bound or adsorbed on
surfaces (Flörke et al., 1991). Water molecules are associated with
the silica in two ways: as isolated single molecules of non-
hydrogen-bonded H2O that are trapped in isolated ‘‘cages’’ in the
silica structure (‘H2O Type A’), and as strongly hydrogen-bonded
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Table 1
Published locations of martian hydrated silica detected with CRISM as of April 2012.

#* Location Center lat., lon. References

1 N. Syrtis Major (near Antoniadi Crater) 18.5�N, 65.15�E Ehlmann et al. (2009) and Smith and Bandfield (2012)
2 Isidis Basin 23.54�N, 69.54�E (1) Ehlmann et al. (2009)
3 20.75�N, 75.81�E (2)
4 Toro Crater 17.36�N, 71.86�E (1) Marzo et al. (2010)

17.07�N, 71.90�E (2)
5 Nili Patera 8.92�N, 67.29�E (1) Skok et al. (2010);

9.13�N, 67.59�E (2) Amador and Bandfield (2011)
6 Western Hellas 43.42�S, 48.13�E Bandfield (2008)
7 Terra Sirenum (near Columbus Crater) 33.20�S, 192.56�E Wray et al. (2011)
8 Noctis Labyrinthus 10.44�S, 261.55�E Weitz et al. (2011)
9 Plains near Melas Chasma 11.09�S, 281.99�E Milliken et al. (2008)

10 Plains near Juventae Chasma 4.65�S, 296.39�E Milliken et al. (2008)

* Corresponds to locations in Fig. 1.

Fig. 1. Map of locations of hydrated silica detected using CRISM data. Numbers correspond to locations in Table 1.
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water molecules (‘‘liquid water’’) that form interstitial films on sil-
ica surfaces and within micropores (‘H2O Type B’) (Langer and
Flörke, 1974). Also, hydroxyl (OH�) is similarly found as two vari-
eties within hydrated silica associated with Si–OH bonding: as iso-
lated Si–OH molecules within the crystal structure at structural
defects (‘Si–OH Type A’), and as hydrogen-bonded Si–OH along
mineral surfaces (‘Si–OH Type B’) (Langer and Flörke, 1974). The
relative amounts of the Types A and B of water and Si–OH that ex-
ist within hydrated silica are found in varying proportions depend-
ing on the crystalline structure of the hydrated silica phase (Langer
and Flörke, 1974; Flörke et al., 1982).

There are many varieties of natural hydrated silica, with both
non-crystalline and microcrystalline structures, and with varying
amounts and types (Type A or Type B) of water (Table 2). The vari-
eties of hydrated silica may be divided into three categories,
ranked in order of increasing degree of crystallinity as follows: hy-
drated silicate glass, opal, or microcrystalline quartz (Flörke et al.,
1991; Smith, 1998). Excluded from this description is macrocrys-
talline quartz, which has a very regular crystalline structure and
lacks void space that allows for only trace amounts of water/hydro-
xyl (<0.1 wt.%) along dislocations and defects within the crystal lat-
tice (Aines and Rossman, 1984), and therefore is not generally
regarded as hydrated.

Hydrated silicate glass is an igneously derived phase that forms
directly from hydrous melts through rapid quenching and consists
of a poor crystalline structure with bound H2O and OH. Though not
typically discussed alongside the purer phases of hydrated silica,
silicate glasses have likewise been shown to contain OH, H2O and
Si–OH bonds that make their near infrared spectra closely mimic
those of other silica phases (Wu, 1980). Stolper (1982) also showed
that all H2O, OH, and Si–OH molecules in silicate glasses are iso-
lated and structurally bound (Type A) because they do not exhibit
infrared absorptions of ice when frozen, suggesting that the water
molecules are not hydrogen-bonded to one another.

More crystalline than hydrated glass are opals, which may be
subdivided further into opal-A, opal-CT, and opal-C. Opal-A is a
non-crystalline form of hydrated silica, and is made of a random
network of silica tetrahedra. Compared to hydrated silicate glasses,
more of the bound water in opal-A is Type B (surficial, not structur-
ally bound), meaning that a greater amount of water forms intersti-
tial films or fills void spaces in the more porous microstructures of
these phases (Langer and Flörke, 1974). Opal-CT and opal-C are
composed of intermixed cristobalite (C) and tridymite (T), and con-
sidered ‘‘paracrystalline’’ polymorphs because their crystal struc-
ture is made of stacked parallel layers of the two minerals instead
of a full three-dimensional structure (Flörke et al., 2008). The geom-
etry of the layer structure of cristobalite and tridymite share similar
ring shapes and are largely interchangeable (Heaney, 1994), result-
ing in the common and relatively stable polymorphs that are
intimate intergrowths of the two minerals: opal-CT (�50% cristoba-



Table 2
Crystallinity and water content of hydrated silica species.

Silica phase Crystallinity Water content (wt.%) % Bound water (H2O) Reference

Type A Type B

Hydrated glass Noncrystalline 0.06–6.8 �100 �0 Stolper (1982)
Opal-AG Noncrystalline (particulate) 5–8 50 50 Langer and Flörke (1974)
Opal-AN Noncrystalline (massive) 3–8 33 66 Langer and Flörke (1974)
Opal-CT Paracrystalline (2-D stacking of cristobalite/tridymite) 3–10 27 73 Langer and Flörke (1974) and

Graetsch et al. (1994)
Opal-C 1–8 �0 �100 Graetsch et al. (1985) and

Graetsch et al. (1994)
Chalcedony Micro- or cryptocrystalline (50–100 nm quartz crystallites) 0.5–2 �0 �100 Flörke et al. (1982)
Microquartz Microcrystalline (620 lm quartz grains) <0.3–1.5 �0 �100 Flörke et al. (1982)
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lite, 50% tridymite) and opal-C (mainly cristobalite, possibly 20–
30% tridymite; Graetsch et al., 1994). The water within opal-C/CT
has a greater proportion of Type B water than opal-A and is attrib-
uted to two factors: (1) the increasing amount of void space that
may be occupied by interstitial water, and (2) the increasing degree
of crystallinity which disallows H2O to exist in structural defects or
cages, as it does in opal-A.

The most crystalline varieties of hydrated silica are the micro-
crystalline quartz types: chalcedony and microquartz. Chalcedony
is composed of bundles of radial fibers of crystallites or individual
spherulites between 50 and 100 nm in size (Flörke et al., 1982).
Chalcedony, unlike macrocrystalline quartz, has small-scale poros-
ity and is able to incorporate water along its microscopic grain
boundaries and within pores. Much of this pore water exists within
closed pores (�0.1 lm in diameter; Folk and Weaver, 1952), and is
not easily lost when subject to temperatures >100 �C (Flörke et al.,
1982). Chalcedony has a more rigid three-dimensional structure
than opals, and consequently has less water (Graetsch et al.,
1985; Flörke et al., 1991). Furthermore, water in chalcedony cannot
exist within isolated ‘‘cages’’ such as those that exist in the rela-
tively loose silica network of opals, and therefore nearly all water
in chalcedony is Type B hydrogen-bonded water (Flörke et al.,
1982). Microquartz is a microcrystalline equigranular variety of
quartz, composed of 620 lm grains (Folk and Weaver, 1952;
Flörke et al., 1991). Like chalcedony, microquartz may contain
many micropores that are capable of housing small amounts of
water (<0.3–1.5 wt.%; Flörke et al., 1982, 2008), which is mainly
in closed pores and not lost easily when heated (Flörke et al.,
1982). The type and varieties of structural and liquid water have
been less thoroughly studied in microquartz than in other varie-
ties, though they are thought to be similar to chalcedony; water
is likely housed along grain boundaries and micropores and is
hydrogen-bonded rather than isolated, confirmed through spectro-
scopic investigation of laboratory samples (Flörke et al., 1982).

As shown in Table 2, there is a trend of decreasing water content
with increasing crystallinity, which is most apparent with the large
decrease between the opals and microcrystalline quartz (chalce-
dony, microquartz). However, a stronger trend among all phases
is the shift in the types of bound H2O water, which vary from almost
entirely Type A in hydrated silicate glasses to entirely Type B for
opal-C and microcrystalline quartz. This decrease in structurally
bound Type A water reflects the increase in structural order of the
microcrystalline varieties, which are less likely to incorporate
structural water impurities into their regular structure, and instead
carry water in pore space and hydrogen-bonded to silanol groups
along their internal surfaces (Iler, 1979; Dove and Rimstidt, 1994).

1.2. Formation of hydrated silica

On modern-day Earth, formation of hydrated silica is dominated
by the influence of oceanic benthic organisms (Carozzi, 1993).
However, because this discussion is framed in the context of
martian mineralogy, we will focus on abiotic formation mecha-
nisms. Hydrated silica can form abiotically in one of three ways:
as (1) a primary precipitate from solution, (2) a diagenetic alter-
ation product, or (3) a replacement mineral. Each of these forma-
tion methods will be briefly described here.

1.2.1. Primary silica precipitation
The precipitation of hydrated silica directly from solution is the

main formation method for opal-A, a common formation method
for chalcedony, and a minor contributor to terrestrial deposits of
opal-CT, opal-C, and microquartz.

Opal-A typically forms as a primary precipitate through the
mobilization and reprecipitation of silica through chemical weath-
ering (Frondel, 1962). Silica is easily liberated when silica-bearing
rocks are subjected to even minor aqueous alteration (McLennan,
2003), with dissolution rates increasing with greater pH, tempera-
ture, pressure, or decreased salinity (Williams et al., 1985; Dove
and Rimstidt, 1994). As silica becomes supersaturated, opal-A is
energetically favored to precipitate at terrestrial and martian sur-
face temperatures and pressures (Rimstidt and Barnes, 1980; Dove
and Rimstidt, 1994).

Chalcedony commonly forms as a primary precipitate in late
stage hydrothermal systems in igneous rocks, lining walls of veins
or vugs (Frondel, 1962). It requires specific conditions to form: slight
silica supersaturation, possibly acidic conditions (Heaney, 1993),
temperatures below 180 �C, and low pressures (Fournier, 1985).

Quartz may also precipitate directly from solution that is
originally in equilibrium with rocks at temperatures between
200–340 �C and cooled slowly enough so that only a weak super-
saturation is attained (Fournier, 1985).

1.2.2. Diagenetic alteration sequence of hydrated silica
The most common formation mechanism for paracrystalline

(opal-CT, opal-C) and crystalline (microquartz) phases is through
the diagenetic alteration of an opal-A precursor (Hesse, 1989;
Knauth, 1994). Opal-A is metastable at terrestrial surface temper-
atures and pressures, and will undergo a reorganization of its
structure through dissolution and reprecipitation in water, with
the common pathway of opal-A ? opal-CT ? opal-C ? chalce-
dony ? microquartz (Williams and Crerar, 1985; Herdianita
et al., 2000; Lynne et al., 2005). This transformation requires the
dissolution of silica, and thus proceeds more rapidly in conditions
where silica solubility is higher: elevated temperatures, higher pH,
lower salinity, and higher pressures (Williams et al., 1985). How-
ever, this process will proceed in the same manner, albeit more
slowly, in any system with liquid water and has been estimated
to proceed entirely to quartz in a maximum of 400 Ma at 0 �C (Tos-
ca and Knoll, 2009).

1.2.3. Secondary mineral replacement
Silica also commonly replaces pre-existing minerals in sedi-

mentary rocks. Most often this occurs in limestone or dolostone
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beds, with opal-A or opal-CT precipitating as nodules and undergo-
ing diagenetic transition to more crystalline phases (Maliva and
Siever, 1988; Gao and Land, 1991). Silica also commonly replaces
terrestrial evaporites, including replacement of magnesium or sul-
fate-bearing evaporites with chalcedony (Folk and Pittman, 1971),
or the formation of chalcedony through replacement of hydrous
sodium silicates (magadiite, kenyaite) derived from alkaline brines
(Eugster, 1967, 1969; Rooney et al., 1969).

1.2.4. Summary of crystallinity as an indicator of formation conditions
Though hydrated silica may form in several ways, there is a gen-

eral observable trend: increased crystallinity is correlated with an
increased degree of aqueous alteration. The ‘‘degree of aqueous
alteration’’ here is defined as the reaction of precursor rock or reg-
olith with water and the combined effect of variables that affect
the rate of alteration: heat, pressure, alkalinity and salinity. For
example, as it is used here, a deposit may experience a similar
degree of aqueous alteration when it interacts with a hot solution
for a short time versus cooler solution for a longer amount of time.
Because these variables are difficult to uncouple when detecting
remote surfaces, they will be discussed here collectively.

In the case of diagenetic formation of crystalline species, the
relationship between the degrees of crystallinity and aqueous
alteration is straightforward: as opal-A is subjected to a greater
degree of aqueous alteration, it will progressively transform via
diagenesis to more crystalline phases: opal-CT ? opal-C ? chalce-
dony ? quartz (Williams et al., 1985).

For the primary precipitation of hydrated silica, this trend is
also observed. Unlike opal-A, which precipitates in deposits subject
to only minor alteration (e.g., Carozzi, 1993), chalcedony and
microquartz typically form as primary deposits as late-stage pre-
cipitates from hydrothermal systems (Frondel, 1962). This is be-
cause crystalline forms of silica require very slight degrees of
supersaturation to precipitate, which only occurs in long-lived
hydrothermal systems after the more easily dissolvable fraction
of the host rocks has been removed and precipitated as opaline sil-
ica (Fournier, 1985). In early-stage hydrothermal systems in igne-
ous rocks, the fluids are commonly in equilibrium with volcanic
glass, which results in high silica concentrations as the system
cools at the surface or comes into contact with more alkaline
waters, preferentially precipitating opal-A. After volcanic glass is
flushed from the system, typically within several weeks (Rimstidt
and Barnes, 1980), hydrothermal systems then establish equilib-
rium with quartz, and achieve the slightly supersaturated
Table 3
Near-infrared vibrational species in hydrated silica. Modified from Rice et al. (20

k (lm) t (cm�1) Vibrating molecule*

1.38 �7250 OH [2mOH]a,b,c,d,e

1.41 �7090 OH [2mOH]c,d,f,g

1.46 �6850 H2O [2m2 + m3
e,h; 2m3

h; m1

1.91 �5240 H2O [m2 + m3]e,h,i

1.96 �5100 H2O [m2 + m3]h,i

2.21 �4520 SiOH [d + mOH]i

2.26 �4420 SiOH [d + mOH]i

* m1: symmetric stretch; m2: bending; m3: asymmetric stretch; mOH: OH-stretch
� Types A and B are described in Section 1.1, and defined in Langer and Flörke

a Errera and Mollet (1936).
b Buswell et al. (1937).
c McDonald (1958).
d Anderson and Wickersheim (1964).
e Herzberg (1945).
f Hunt (1977).
g Aines and Rossman (1984).
h Bayly et al. (1963).
i Langer and Flörke (1974).
conditions required for quartz or chalcedony precipitation. Thus,
the degree of alteration also increases for more crystalline species
during primary precipitation.

The most poorly constrained formation mechanism is that of
the magadi-type cherts, due to their scarcity on Earth. Chert is a
rock that is primarily composed of microcrystalline quartz with
minor chalcedony (Knauth, 1994), and magadi-type cherts form
from the slow replacement of the relatively rare mineral magadiite,
which precipitates in alkaline lakes. However, the formation of
magadi-type cherts may also involve an opal-A precursor, and
the conversion from the precursor magadiite to chalcedony is esti-
mated to take hundreds of years under wet conditions (Eugster,
1969), also suggesting that the presence of chalcedony indicates
a relatively high degree of aqueous alteration.

1.3. Spectroscopic detection of hydrated silica

Both near-infrared and thermal-infrared spectroscopy have
been used to detect and discriminate between different silica
phases from both orbital and in situ measurements. These two
wavelength regions provide a unique and complementary set of
sensitivities.

1.3.1. Near-infrared (NIR) spectroscopy
With near-infrared (defined here as roughly 1–3 lm, though

sometimes also referred to as shortwave infrared; SWIR) spectros-
copy, there are several diagnostic absorption features in the reflec-
tance spectrum of hydrated silica caused by the combinations of
vibrational overtones of hydroxyl, water, and silanol (SiOH) that
have been used to identify and characterize hydrated silica (Ander-
son and Wickersheim, 1964; Langer and Flörke, 1974; Flörke et al.,
1982; Aines and Rossman, 1984; Graetsch, 1994; Goryniuk et al.,
2004). The locations and attributions of the different hydrated-sil-
ica near-infrared absorption bands are listed in Table 3 and shown
in Fig. 2.

Studies by Anderson and Wickersheim (1964), Langer and
Flörke (1974) and Flörke et al. (1982) further demonstrated that
there are unique contributions of the different types of water –
‘‘Type A’’ or ‘‘Type B’’ H2O and Si–OH described in Section 1.1 –
to the near-infrared spectra for different varieties of hydrated
silica. More importantly, they showed that the spectral differences
among the varieties of hydrated silica reflect the varying propor-
tions of different water/hydroxyl types in their crystal structure,
suggesting that hydrated silica species may be spectroscopically
13).

Notes

Isolated (non H-bonded); sharp, clear band
Hydrogen (H)-bonded

+ m3
h,i] H-bonded H2O; vibrational modes are debated

Type A (isolated)�

Type B (H-bonded)�

Type A (isolated)�

Type B (H-bonded)�

; d: SiOH-bending.
(1974).



Fig. 4. Change in spectral indices for a single opal-A sample under martian
conditions (modified from Rice et al., 2013). As opal-A loses its interstitial water, its
band indices move toward the upper left of the plot, accentuating the trend of
crystallinity, where more crystalline forms of hydrated silica plot in the lower right.
Points marked by boxes (e.g., ‘‘hydrated glass’’, ‘‘opal-A’’) are from Fig. 3.

Fig. 2. Near-infrared spectra of varieties of hydrated silica. Absorption bands are
labeled with their causal molecule. Further information on vibrational modes is
given in Table 3.
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discriminated by the differences in the way they hold their bound
water. This was confirmed in a recent study by Rice et al. (2013)
that analyzed the near-infrared spectra of laboratory silicas and
found systematic differences in their near-infrared spectra related
to the bands attributed to water/hydroxyl (Fig. 3). Rice et al. (2013)
showed that the location of the absorption band minimum of the
1.4 lm OH–H2O band and the relative strengths of the 1.91 and
1.96 lm H2O bands were the most diagnostic indicators in distin-
guishing between silica phases (Fig. 3). Specifically, they showed
that a higher degree of crystallinity was correlated with both a
longer-wavelength band minimum for the 1.4 lm feature and a
lower ratio of 1.91/1.96 lm band depths.

However, a majority of the spectra used by Rice et al. (2013)
were collected primarily under ambient terrestrial conditions,
and previous studies have shown that martian conditions are capa-
ble of changing the near-infrared spectrum of hydrated minerals
(Bishop and Pieters, 1995). However, this change in the NIR spec-
trum is predictable based on laboratory observations of how hy-
drated silica loses its loosely bound water. Studies by Langer and
Flörke (1974) and Graetsch et al. (1985) demonstrated that the
most easily liberated water in hydrated silica was molecular inter-
stitial water (Type B), and that the proportion of water lost under
similar heating conditions decreased from opal-A ? opal-CT/
C ? microcrystalline quartz. When Type B water is lost, the effect
Fig. 3. Diagnostic band indices to distinguish between silica species, calculated
from spectra collected on laboratory samples (modified from Rice et al. (2013)).
on the spectral shape is a shift of the 1.4 lm band toward shorter
wavelengths and an increase of the 1.91/1.96 lm band ratio. This
was confirmed by Rice et al. (2013), who subjected a single opal-
A sample to martian atmospheric conditions (5 Torr CO2) for
442 days and observed the band indices shift in the predicted
direction (Fig. 4). The trend observed by Rice et al. (2013) occurs
along roughly the same trend direction as that between opaline
and crystalline silica varieties measured under ambient conditions.
Because these changes in hydration are more pronounced among
noncrystalline and paracrystalline varieties of silica than with
microcrystalline varieties (Langer and Flörke, 1974; Graetsch
et al., 1985), subjecting them to martian conditions would presum-
ably act to accentuate the trend empirically derived by Rice et al.
(2013). Thus, it is still valid to use the overall trend shown in
Fig. 3 as an indicator of the relative degree of crystallinity, though
not as a direct relationship between indices and crystal phase. This
allows for the determination of relative crystallinity between
different martian surfaces.

1.3.2. Thermal-infrared (TIR) spectroscopy
Compared with near-infrared spectroscopy, a more direct meth-

od of inferring silica phase is with thermal spectroscopy, which has
often been used as a reliable method to differentiate between silica
species both in the laboratory (Lippincott et al., 1958; Michalski
et al., 2003), as well as on natural surfaces on Earth (Vaughan
et al., 2003, 2005) and Mars (Bandfield et al., 2004a; Bandfield,
2006; Glotch et al., 2006; Ruff et al., 2011). Thermal spectroscopy
is sensitive to Si–O bending and stretching vibrations between 3
and 30 lm, which differ between silica phases (e.g., Lippincott
et al., 1958). However, many detections of hydrated silica on Mars
(except at two locations: Antoniadi Crater (Bandfield et al., 2004a)
and Western Hellas (Bandfield, 2008)) are too small to be resolved
with Thermal Emission Spectrometer (TES; Section 2.2) data,
which has sufficient spectral resolution to differentiate between
silica phases. Thus, remote detection of silica phase using ther-
mal-infrared spectroscopy is not currently possible in most cases
on Mars.

However, an advantage of thermal spectroscopy is the ability to
measure quantitative abundances of minerals, as has been demon-
strated effectively on Earth (e.g., Ramsey and Christensen, 1998;
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Adams and Gillespie, 2006) and Mars (e.g., Bandfield et al., 2000a),
though shown to be more difficult with near-infrared spectroscopy
(e.g., Stack and Millken, 2011). Thermal spectroscopy is specifically
well-suited for determining bulk SiO2 abundances of surfaces, by
measuring the location of a diagnostic Reststrahlen band (funda-
mental molecular vibration) between 8 and 12 lm, which shifts
to longer wavelengths with lower bulk SiO2 abundances (Fig. 5;
Lyon, 1965), and is measurable even with few spectral bands (Vin-
cent and Thomson, 1972; Gillespie and Abbott, 1984; Walter and
Salisbury, 1989). Thus, the relative SiO2 abundance may be deter-
mined with the higher spatial resolution (100 m/pixel) Thermal
Emission Imaging System (THEMIS; Section 2.3) that is capable of
resolving the small hydrated silica deposits.

If we assume that Mars is primarily composed of low-SiO2

materials—Surface Types 1 (basaltic composition) and 2 (basaltic
andesite or weathered basaltic composition)—then it may be as-
sumed that, when analyzing a surface determined to contain
hydrated silica, that any elevated SiO2 abundance could be attrib-
uted to a greater degree of aqueous alteration. This argument
was made by Ruff et al. (2011) who stated that the hydrated silica
deposits at Gusev Crater necessitated high water-to-rock ratios for
sustained periods of time to mobilize and concentrate the large
amounts of silica that are observed. On Earth, a common process
and possible analog for martian aqueous alteration is the semi-arid
weathering of Hawaiian basalts, where surfaces coated with basal-
tic dust are leached to form a surficial high-silica coating that
grows with age (Farr and Adams, 1984) and exhibits a detectable
increase in multispectral thermal-infrared spectroscopy between
younger and older deposits (Kahle et al., 1988). Thus, for martian
hydrated silica deposits, if we assume that the silica content of a
hydrated silica-bearing surface is controlled through the produc-
tion of silica from weathering, then we may use the SiO2 abun-
dance of the surface as a proxy for their degree of alteration.

With this in mind, this work has two goals:
Fig. 5. Thermal infrared spectra of many igneous compositions, depicting the
negative trend between decreasing silica content with increasing Reststrahlen band
minimum wavelength (located between 1300 and 800 cm�1 [8–11 lm]). The
location of this band minimum may be used to ascertain relative bulk silica content
of hydrated silica deposits. Representative SiO2 values are from Lyon (1965).
1. Compare all detections of hydrated silica on Mars to determine
the relative degree of crystallinity, using the near-infrared spec-
tral indices of Rice et al. (2013).

2. Determine the bulk SiO2 abundances of the hydrated silica
deposits using thermal-infrared spectroscopy to infer the
degree of aqueous alteration.

2. Methods

To satisfy these goals, we used multiple spectral and imaging
datasets to characterize martian surfaces containing hydrated sil-
ica. Locations of hydrated silica were taken from all published ac-
counts of silica detections using the CRISM spectrometer, which
are listed in Table 1.

Previously published accounts of hydrated silica in Mawrth Val-
lis (Bishop et al., 2008) and the greater Arabia Terra region (Noe
Dobrea et al., 2010) were omitted from this study because the pub-
lished spectral shapes are not a good match for purely hydrated sil-
ica, specifically the shape and location of the 2.2 lm feature (Fig. 6).
Both Bishop et al. (2008) and Noe Dobrea et al. (2010) state that
their hydrated-silica-bearing surfaces are likely a mixture with
Al-phyllosilicates (montmorillonite/kaolinite), affecting the shape
of the 2.2 lm feature that indicates that, at minimum, the spectrum
reflects the contribution of other components. Furthermore, the
shape of the 2.2 lm feature was analyzed by McKeown et al.
(2011), who measured the near-infrared spectra of several labora-
tory mixtures of phyllosilicates, glasses, and hydrated silica, and
determined that the best fit to the observed spectra was a mixture
of only phyllosilicates and no hydrated silica. Therefore, hydrated
silica is not a necessary surface component to explain the observed
spectra. A possible spectral fit for the observed Arabia Terra spectra
is an Al–Si–OH glass from alkaline basaltic ash altered in a cinder
cone (Bishop et al., 2007). It has an 2.2 lm feature that has a similar
breadth and leans toward shorter wavelength (Fig. 6), and provides
a suitable match with the observed features without the presence
of hydrated silica glass.

Another location that has been omitted are the Gusev soils that
were also found to contain hydrated silica by the mini-TES instru-
ment (Squyres et al., 2008; Ruff et al., 2011) and confirmed to be
hydrated using its diagnostic spectral shape in Pancam images
(Rice et al., 2010). However, because of their limited exposure,
no near-infrared spectra of these deposits have been acquired from
orbit, and thus they cannot be compared with similar deposits
Fig. 6. Comparison of 2.2 lm Si–OH feature from Arabia Terra, relative to
laboratory samples. The shape of martian spectra are not a good match for
hydrated silica, but appear to be a better match with amorphous Al–Si–OH glass
from Haleakala, Maui, Hawaii (Bishop et al., 2007).
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elsewhere. Comparison between Gusev silicas and orbitally de-
tected silicas will be discussed further in Section 4.2.

2.1. Compact Reconnaissance Imaging Spectrometer for Mars (CRISM)

2.1.1. Instrument and data processing
CRISM is a hyperspectral imaging visible/near-infrared spec-

trometer onboard the Mars Reconnaissance Orbiter (MRO) (Mur-
chie et al., 2007). CRISM has 544 spectral bands between 0.4 to
4.0 lm and there are two data collection modes that were used
for this study: full-resolution targeted (FRT) observations (spatial
resolution of 15–19 m/pixel) and half-resolution long-targeted
observations (HRL) (spatial resolution of 36 m/pixel and double
the spatial coverage of FRT images).

All CRISM data used for this study were derived from the TRR3
data products that incorporate improved destriping and noise
reduction over the previous TRR2 products (Seelos et al., 2011).
Atmospheric gas absorptions were removed using the scaled vol-
cano-scan method described by McGuire et al. (2009). Briefly, the
method uses the difference spectrum between the summit and
base of Olympus Mons to isolate the gas absorption features. The
resulting spectrum is scaled to the depth of the 2.0 lm CO2 absorp-
tion feature for each pixel in the image and subtracted to remove
its effects. Scenes are converted to I/F—defined as the ratio be-
tween the radiance measured by the sensor divided by solar irradi-
ance divided by p—and corrected for solar incidence angle.

2.1.2. Spectral analysis
CRISM scenes were first analyzed by use of spectral index maps,

where the spectrum of each pixel in the scene is analyzed for diag-
nostic absorption features to determine the distribution of specific
minerals (e.g., Pelkey et al., 2007). The hydrated silica index map
developed for this study is sensitive to the diagnostic reflectance
absorption at 2.21 lm due to vibrational overtones of Si–OH bonds,
and explicitly calculated as the ratio between the average of the
CRISM I/F values between 2.10 and 2.16 lm (CRISM bands 262–
271) relative to the average CRISM I/F between 2.19 and 2.29 lm
(CRISM bands 243–257). However, the hydrated silica spectral in-
dex map is not uniquely sensitive to hydrated silica and is also
somewhat sensitive to other minerals with absorptions in this
spectral range (e.g., kaolinite, montmorillonite, illite). To avoid
false detections that may arise in index maps, analysis is then cor-
roborated through visual examination of the full spectrum to lo-
cate diagnostic absorption features.

When an area is identified that warrants further analysis, an
average surface spectrum is calculated over the area for compari-
son of the spectral shape. The average spectrum is ratioed against
a nearby region that is lacking narrow absorption features (null re-
gion) to further reduce noise, cancel systematic errors and residual
atmospheric effects in the data and accentuate mineral absorption
features (e.g., Milliken et al., 2008; Ehlmann et al., 2009). In nearly
all cases, the target and null regions are located in the same col-
umns to reduce the impact of cross-image artifacts (e.g., spectral
smile, column correlated noise; Parente, 2008). Locations of all col-
lected CRISM spectra are listed in Supplementary Table 1.

To ascertain the relative degree of crystallinity of the surface,
quantitative comparison of the ratioed spectrum is performed by
calculating the ‘‘crystallinity indices’’ (Section 1.3.1) determined
by Rice et al. (2013). However, many of our CRISM spectra are
too noisy to confidently determine specific band minima and rela-
tive band depths, especially for those collected for surfaces that are
smaller than ten CRISM pixels (�0.004 km2). To reduce the effects
of noise, we fit our absorption features at 1.4, 1.9, and 2.2 lm with
a continuous best-fit function meant to approximate their spectral
shape. The function that we used was a sum of Gaussian functions
similar to the technique employed by Sunshine et al. (1990) for
near-infrared laboratory spectra of minerals, and shown to be ade-
quate for approximating the shapes of water and hydroxyl bands
(Wilkins, 1967; Langer and Flörke, 1974).

For our spectra, the individual features are isolated and contin-
uum removed (e.g., Clark and Roush, 1984). The isolated features
are then inverted, and their minimum values set to zero, so that
their shapes could be fit with traditionally described Gaussian
functions. Each inverted and normalized feature is then fit with a
sum of Gaussian functions (inputs into our band-fitting algorithm
are listed in Supplementary Table 2):

f ¼ a1e
�ðk�b1Þ

2

2w2
1 þ a2e

�ðk�b2Þ
2

2w2
2 ð1Þ

where a represents the depth of the feature at its peak, b is its cen-
ter wavelength, and w relates to its width. The subscripts 1 and 2
indicate the two individual features that are being summed to
approximate each feature – �1.41 and 1.46 lm for the 1.4 lm fea-
ture, �1.91 and 1.96 lm for the 1.9 lm feature, and �2.21 and
2.26 lm for the 2.2 lm feature. Curve fitting was performed using
a non-linear least-squares best-fit algorithm that uses Eq. (1) to
iteratively determine the optimal a1,2, b1,2, and w1,2 for each absorp-
tion feature. The initial condition for the band centers are the theo-
retical centers, stated above and in Supplementary Table 2 (e.g.,
1.41 lm, 1.46 lm, etc.). The initial conditions for band width and
depth are arbitrary, and only chosen so that they converge on a sta-
ble solution. Examples of fits to detrended and normalized data are
shown in Fig. 7. From these Gaussian fits of our retrieved martian
spectra, we determine the indices for silica phase defined by Rice
et al. (2013): band minimum for the 1.4 lm feature and the ratio
of band depth for the 1.91 and 1.96 lm features.

A common feature of martian near-infrared spectra of alteration
minerals is a weak or missing 1.4 lm OH vibrational overtone,
because hydration features tend to wane under cold and dry con-
ditions (Clark, 1981; Bishop and Pieters, 1995) and from interac-
tions with olivine and pyroxene iron absorptions at �1 lm. In
cases where the band depth of the continuum-removed 1.4 lm
feature was less than 0.007, it was determined to be unresolvable
below the level of noise and excluded from study.

2.2. Thermal Emission Spectrometer (TES)

TES is a Fourier transform Michelson interferometer (FTIR), with
a spectral range between 6 and 50 lm (�1650–200 cm�1), with
spectral resolution between 5 and 10 cm�1 (Christensen et al.,
1992). TES is comprised of three cross-track and two along-track
detectors with a spatial sampling of 8.3 mrad, which corresponds
to a spatial footprint of 3 � 8 km from its orbiting height of
380 km.

TES atmospheric correction is done by performing a linear
deconvolution – a linearly squared fit of retrieved spectra – using
atmospheric and surface spectra as endmember inputs (Bandfield
et al., 2000b; Smith et al., 2001). More details of the instrument
specifications, including radiometric and operation calibration
are found in Christensen et al. (2001). For this study, TES was used
primarily to enable atmospheric correction for the higher-spatial
resolution THEMIS data.

2.3. Thermal Emission Imaging System (THEMIS)

THEMIS is a multispectral visible, near-infrared, and thermal
imager onboard the Mars Odyssey orbiter. It has 10 thermal spec-
tral channels that are spaced between 6.5 and 15 lm, and has a
spatial sampling of �100 m/pixel and swath width of 32 km. The
thermal portion of the sensor is an uncooled 320 � 240 element
microbolometer array which produces calibrated radiance images
using an internal calibration flag and instrument response func-



Fig. 7. Example of the summed-Gaussian fits for the 1.4, 1.9 and 2.2 lm features of hydrated silica. In the middle panel, a large atmospheric CO2 feature in the CRISM data was
removed at �2 lm to allow for fitting of the non-atmospheric hydration features Blue curves: ratioed and continuum-removed CRISM data. Red curves: summed-Gaussian
model fits. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Depiction of the wavelength of the ‘center of gravity’ (Vincent and Thomson,
1972), described in Section 2.3 and Eq. (2). The ‘center of gravity’ wavelength is able
to describe the location of the Reststrahlen band minimum in multispectral thermal
data, which is related to the bulk silica content of the sample.
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tions assembled from pre-launch data. Some effects of focal-plane
temperature drift are determined from variations in measured
radiance within the 15 lm CO2 band (THEMIS band 10) and re-
moved. The calibration procedures and errors are described further
by Christensen et al. (2004) and Bandfield et al. (2004b).

We corrected THEMIS data for atmospheric effects using a two-
step process: (1) isolate a large, spectrally uniform region with a
variety of surface temperatures (e.g., shaded and sunlit slopes)
and use the range of values to isolate and remove the additive con-
tributions of atmospheric emission and scattering, and (2) use
atmospherically corrected TES data from the same region as the
THEMIS scene to provide the multiplicative contributions for
atmospheric attenuation in each band. Assuming that the atmo-
sphere is constant across the image (this is generally the case in
areas of limited elevation differences and periods of low water–
ice opacity), we can then apply these multiplicative terms on a
per-pixel basis to retrieve atmospherically corrected surface emis-
sivity spectra at the full spatial resolution of THEMIS (Bandfield
et al., 2004b).

For each location in Table 1 that was resolvable with THEMIS
resolution, atmospherically corrected surface emissivity data were
used to describe the bulk composition with thermal spectroscopy.
Locations used for THEMIS analysis and their associated TES atmo-
spheric correction data are listed in Supplementary Table 3. In or-
der to determine the SiO2 abundance of the surface, we needed to
evaluate the wavelength of the diagnostic Reststrahlen Si–O
absorption between 8 and 12 lm for each THEMIS surface emissiv-
ity spectrum. This band location correlates with bulk SiO2 abun-
dances of materials (e.g., Walter and Salisbury, 1989). Due to the
relatively coarse (8 surface wavelengths) spectral resolution of
THEMIS, we employed a method developed by Vincent and Thom-
son (1972) that identifies the ‘center of gravity’ of the spectrum
from multispectral data, defined by the following equation and de-
picted graphically in Fig. 8:

Z kg

k0

ð1� eÞ@k ¼ 0:5
Z kmax

k0

ð1� eÞ@k ð2Þ

where kg is defined as the ‘center of gravity’ wavelength, k0 and kmax

are the minimum and maximum wavelengths and e is emissivity. kg

is a reasonable approximation of the location of the true band
minimum from multi-spectral data, and is well-correlated with
the true bulk silica content of rocks (Vincent and Thomson, 1972).

A caveat to this technique is that the ‘center of gravity’ of a ther-
mal spectrum is not a direct measure of silica content, but only of
the spectral shape that correlates with the SiO2 abundance of
materials. There are other minerals (clays, zeolites, serpentine)
that also have spectral features in the TIR and would affect this
index. However, these other minerals are not detected using
near-infrared spectroscopic datasets. Near-infrared spectroscopy
is typically sensitive to these materials in sufficiently small
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concentrations as to be undetectable with thermal spectroscopy
(Rogers and Bandfield, 2009). Because these minerals are not de-
tected with CRISM, this indicates that they are likely present in
small concentrations that would not contribute in a significant
manner to their thermal spectrum.
Fig. 10. Parameters describing the relative degree of crystallinity of martian silica.
Terrestrial silica decreases in crystallinity from lower right to upper left in this same
plot, suggesting that N. Syrtis Major is the most crystalline of these deposits. The N.
Syrtis Major site has been independently determined to be the only detection of
crystalline quartz, consistent with these findings.
3. Results

3.1. Determination of relative crystallinity from CRISM

All CRISM spectra collected from the sites in Table 1 are shown
in Fig. 9. The ‘crystallinity indices’, calculated using the methods
described in Section 1.3.1, are shown in Fig. 10 and listed in Table
4. Juventae Chasma, Nili Patera 1, Isidis Basin 1, and Terra Sirenum
2 were excluded from analysis due to weak 1.4 lm features.

A few things may be inferred from the near-infrared indices.
First, a trend similar to the laboratory studies of Rice et al.
(2013) is observed (Fig. 3): a negative slope between opal-A/CT
and microcrystalline quartz species (increasing 1.4 lm band mini-
mum wavelength, lower 1.91/1.96 lm band depth ratio) that was
correlated with increasing crystallinity. This agrees with prior
determinations of crystallinity from TES measurements; Western
Hellas was found to contain primarily non- or paracrystalline opa-
line silica (Bandfield, 2008), and the N. Syrtis Major location con-
Fig. 9. CRISM spectra for all resolvable deposits of hydrated silica listed in Table 1.
tains predominantly quartz (Bandfield et al., 2004a,b). From
these results, the thermal and near-infrared spectral determina-
tions of relative degrees of crystallinity appear to be in good agree-
ment. Furthermore, the most crystalline silica phase yet detected
on Mars in the TIR is in the N. Syrtis Major region, and this is sup-
ported by the near-infrared analysis.

Second, there is a large variability of the ‘‘crystallinity indices’’
between different deposits globally. Though band indices cannot
be used as direct indicators of silica phase, TIR determinations of
silica phase (opaline silica at Western Hellas Basin, quartz at N.
Syrtis Major) may be used to provide constraints on the crystallin-
ity for other martian silica phases. For instance, all silica deposits
with lower crystallinity indices than the Western Hellas Basin sil-
ica bearing surfaces (Fig. 10) can be assumed to be either less or
equally crystalline phases. Thus, martian silicas display a range of
crystallinity from amorphous (e.g., Melas Chasma, Nili Patera) to
crystalline varieties. This range of crystallinities may indicate a
range of exposures to variables that increase the rate of diagenesis,
including heat, water, alkalinity or some combination thereof, as
discussed further in Section 4.1.

Finally, there is relatively little small-scale variability of the de-
gree of crystallinity between nearby deposits. Multiple spectra
examined from adjacent deposits (e.g., Toro Crater, Noctis Labyrin-
thus) show similar degrees of crystallinity, indicating locally
homogeneous amounts of alteration, despite variable degrees of
crystallinity detected globally.
3.2. SiO2 abundances from thermal spectroscopy

THEMIS spectra were collected over all resolvable hydrated sil-
ica deposits and analyzed using the ‘center of gravity’ determina-
tion described in Section 2.3. Values are given in Table 4 and
plotted in Fig. 11. Mars Surface Types 1 and 2 and laboratory spec-
tra of a variety of terrestrial samples are also plotted for
comparison.

First, the ‘center of gravity’ determinations appear to match
well between compositions that are known to be similar. Martian
TES Surface Type 1, a basaltic composition (Bandfield et al.,
2000a), has values close to that of laboratory basalt spectra. Simi-
larly, Surface Type 2, determined to have an andesite-like SiO2

abundance, and laboratory andesite have similar values as well.



Table 4
Calculated parameters for the amount of silica and degree of crystallinity. The 1.91/1.96 ratio is negatively correlated with increased crystallinity; the 1.4 band
minimum location is positively correlated (Rice et al., 2013). The ‘center of gravity’ wavelength is negatively correlated with silica content (Vincent and
Thomson, 1972). Values are omitted due to weak 1.4 lm values (for NIR indices) and unresolvably small areas (for the ‘Centers of Gravity’). Values are plotted
in Figs. 10 and 11.

Location name 1.91/1.96 lm band depth ratio �1.4 lm band minimum location (lm) ‘‘Center of gravity’’ wavelength (lm)

Isidis Basin 2 1.125 1.415 9.87
Juventae Chasma – – 9.96
Melas Chasma 1.340 1.388 –
N. Syrtis Major 0.806 1.432 9.56
Nili Patera 2 1.149 1.391 9.86
Noctis Labyrinthus 1 1.425 1.403 –
Noctis Labyrinthus 2 1.423 1.411 –
Terra Sirenum 1 1.348 1.402 9.68
Terra Sirenum 2 – – 9.77
Toro Crater 1 1.171 1.430 –
Toro Crater 2 1.232 1.418 9.94
Western Hellas 1.064 1.415 9.27

Fig. 11. ‘Center of gravity’ wavelengths for martian hydrated silica deposits,
compared with Mars Surface Types 1 and 2 and several lab samples of common rock
forming minerals. The ‘center of gravity’ of a thermal spectrum is illustrated in Fig. 8
and is a measure of the bulk SiO2 content of the surface. Other minerals (illite,
serpentine, nontronite) also have TIR absorptions in this region and are capable of
contributing to this signal, but have not been detected with NIR spectroscopy and
are unlikely to be affecting these spectra.
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In most cases, it appears that the hydrated silica deposits are
not markedly different from the composition of Surface Type 2, a
composition that has been calculated to contain 25% amorphous
Si-rich components (Bandfield et al., 2000a). Surface Type 2 has
been postulated to be a basaltic andesite (Bandfield et al., 2000a)
or an aqueously altered basalt (Kraft et al., 2003), though neither
mechanism requires large amounts of water to elevate their overall
SiO2 abundances (Wyatt and McSween, 2006). Based on their sim-
ilar SiO2 abundances, it does not appear that many of these hy-
drated silica deposits reflect more advanced episodes of alteration.

A prominent exception to this is in Western Hellas Basin. Here
the ‘center of gravity’ values suggest SiO2 abundances similar to
granite, which commonly has a SiO2 abundance of �70 wt.% (Lyon,
1965). This is similar to modeled SiO2 abundance of the Western
Hellas deposits from TES that found roughly 75 wt.% amorphous
silica (Bandfield, 2008), providing a close agreement between the
‘center of gravity’ SiO2 estimates and more detailed models from
TES.

There is also a weak correlation between SiO2 abundance and
relative degree of crystallinity from near-infrared band indices
(Fig. 10). The most siliceous surfaces shown in Fig. 11 – Western
Hellas, Isidis Basin – are also some of the most crystalline. This
trend also holds for Nili Patera, which is among the least siliceous
surfaces and among the least crystalline. However, this trend does
not hold for many of the intermediate cases, suggesting that the
SiO2 abundance of the surface is an unreliable indicator of the silica
phase.

The case of N. Syrtis Major is unique among the sites discussed
here. As discussed in Smith and Bandfield (2012), the silica at this
location does not appear to be associated with any rock unit, but is
instead concentrated in mobile, ripple-forming units. Furthermore,
the apparent source rocks for the sediment show no detectable sil-
ica. Therefore, the bulk SiO2 abundances do not describe the in situ
alteration of these deposits, though the high crystallinity of these
deposits relative to other exposures is still noteworthy.
3.3. Spatial relationships between thermal- and near-infrared
hydrated silica detections

In addition to analysis of the spectral information of both ther-
mal- and near-infrared spectroscopy in isolation, it is also useful to
combine them and infer spatial distributions of the silica detected
from the two different wavelength ranges. Here, three specific
examples representing the different types of SiO2 abundance-
crystallinity relationships will be explored further: N. Syrtis Major
(high crystallinity), Nili Patera (low crystallinity, low SiO2
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abundance), and Toro Crater (moderate-to-high crystallinity, low
SiO2 abundance).

To examine the spatial distributions of the silica detections
from thermal and near-infrared datasets, spectral mixture analysis
of atmospherically corrected THEMIS data is performed. For each
scene, the spectral endmembers used in the unmixing algorithm
were Surface Type 1, surface dust, and one or more high-silica
components chosen based on previously detected phases at each
location. For Toro Crater and Nili Patera, opal was used as the
high-silica endmember, and at N. Syrtis Major both quartz and opal
were used as endmembers. Though these endmembers are unlikely
to be the only mineral contributors to the scene, they provide a
qualitative description of the distribution of silica within the THE-
MIS scene and allow for comparison with spectral index maps with
CRISM.

N. Syrtis Major. Examining the spatial distribution of high-SiO2

phases (THEMIS) and hydrated silica (CRISM) on the floor of a cra-
ter near Antoniadi Crater (Fig. 12), there is an excellent agreement
between the two datasets. In both images, the highest concentra-
tions of silica are found in the lowest points of the crater floor
and ringing the central peak. The origin and distribution of silica
here and nearby is discussed in detail in Smith and Bandfield
(2012).
Fig. 12. Distribution of silica phases in crater in N. Syrtis Major. (A) High-silica phases (
silica index maps overlain on THEMIS mosaic. (C) THEMIS spectrum of hydrated silica u
Locations of N. Syrtis Major spectra shown in (A) and (B).
Nili Patera. In Nili Patera, hydrated silica detections are located
within and near a lobe of a high-SiO2 lava flow that appears to have
emanated from a breached cone (Christensen et al., 2005). This
SiO2-rich primary igneous composition contributes to a more spa-
tially extensive high-SiO2 signal in THEMIS data than is seen with
CRISM. In contrast, elevated hydrated silica detections with CRISM
are only found in very isolated spots on and near the Si-rich lobe.
These deposits have been previously interpreted as small hydro-
thermal mounds within the larger igneous surfaces of the caldera
(Skok et al., 2010; Amador and Bandfield, 2011). It is also apparent
that not all hydrated silica detections are associated with an ele-
vated SiO2 abundance with THEMIS, especially near the proposed
volcanic vent (Fig. 13A). The low degree of crystallinity and SiO2

abundance is consistent with prior models of short-lived fumarolic
activity in small vents associated with volcanism to account for sil-
ica formation (Skok et al., 2010).

Toro Crater. Toro Crater contains hydrated silica in deposits that
exhibit low abundances of SiO2 with THEMIS, but relatively high
degrees of crystallinity. The low SiO2 abundance is evident in
Fig. 14A, where there are no detectable high-SiO2 components
within Toro Crater in contrast to Nili Patera and the N. Syrtis Major
sites. Despite the low concentrations, hydrated silica is still appar-
ent in CRISM data (Fig. 14D), found in deposits in the central peak
opal and quartz) determined through deconvolution of THEMIS data. (B) Hydrated
nit compared with Surface Types 1 and 2. (D) CRISM spectrum of hydrated silica.



Fig. 13. Distribution of silica phases in crater in Nili Patera. (A) High-silica phases (opal) from THEMIS data. (B) Hydrated silica index maps overlain on THEMIS mosaic. White
arrows indicate small (�1–2 pixel) locations of elevated hydrated silica deposits. (C) THEMIS spectrum of hydrated silica unit compared with Surface Types 1 and 2. (D) CRISM
spectrum of hydrated silica. Locations of Nili Patera spectra shown in (A) and (B).
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and western portions of the crater. As mentioned previously, the
presence of prehnite in nearby deposits suggests formation at
depth and at elevated temperatures (200–350 �C) (Schiffman and
Day, 1999) that is sufficient to diagenetically produce opal-CT in
short timescales (�1 day; Kastner et al., 1977) without significant
volumetric alteration of the deposits.
4. Discussion

4.1. Implications for alteration environment

From the analysis of the spectral characteristics of the hy-
drated-silica-bearing deposits in the NIR and TIR, it may also be
possible to infer something about the environmental conditions
that formed them. Specifically, the relative degree of crystallinity
and the relative bulk abundance of SiO2 may place some con-
straints on the degree of alteration.

The most common pathway to produce more crystalline silica
phases is through slow diagenetic transformation to more stable,
crystalline species through a gradual dissolution and reprecipita-
tion in water (as described in Section 1.2). Thus, one way to pro-
duce the range in the degrees of silica crystallinity is to vary the
amount of time in contact with water, thereby allowing the reac-
tion to progress to different degrees.

However, this diagenetic process is predicated on silica dissolu-
tion and will proceed more rapidly in systems where silica solubil-
ity is increased, of which there are many (as summarized by Dove
and Rimstidt (1994)): increased temperature, greater pressure,
higher pH, smaller grain sizes, and a lesser concentration of dis-
solved solutes in solution (e.g., NaCl). If it is assumed that one or
more of these factors is influencing the increased crystallinity of
the observed silica phase, it would be reflected as an increased
amount of alteration of the entire deposit, as expressed by the bulk
SiO2 abundance. Many of the factors that increase silica solubility
will also increase the chemical weathering of rock-forming miner-
als and glasses, so it may also be expected to increase the bulk SiO2

abundance as the rock is weathered if diagenesis is the predomi-
nant cause of increased crystallinity.

So, is this the case? From these data, there is a weak, but not
insignificant, correlation between greater crystallinity and higher
bulk SiO2. At some locations, such as Nili Patera and Terra Sirenum,
the surfaces are comprised of less crystalline silica within a low-
SiO2 deposit, suggesting little alteration of the surface. In the
near-infrared, Nili Patera and Terra Sirenum show strong SiO2

absorption features, though this may be attributed to effects of
grain size between sites. Conversely, at Isidis Basin and Western
Hellas, higher degrees of crystallinity are associated with higher-
SiO2 surfaces, indicating that the deposits were subjected to a
greater degree of alteration. In these types of cases, the general
agreement between crystallinity and SiO2 abundance is consistent
with a diagenetic origin for the silica.

In other cases, there is a stark contrast between the degree of
crystallinity and overall surface SiO2 abundance. For example, the
two deposits of Toro Crater (Toro Crater 1 and 2) both have higher
degrees of crystallinity relative to other deposits studied, despite



Fig. 14. Distribution of silica phases in Toro Crater. (A) Distribution of high-silica phases (opal) from THEMIS data. (B) Hydrated silica index maps overlain on THEMIS mosaic.
(C) THEMIS spectrum of hydrated silica unit compared with Surface Types 1 and 2. (D) CRISM spectrum of hydrated silica. Locations of Toro Crater spectra shown in (A) and
(B).
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lower SiO2 abundances. In Toro Crater, the hydrated silica is found
associated with prehnite (Marzo et al., 2010), a high-temperature
mineral that forms in buried hydrothermal systems. In hydrother-
mal systems, the conversion from opal-A to opal-CT may occur in
as short as 1 day at �150 �C in laboratory experiments (Kastner
et al., 1977). If the hydrothermal alteration of the country rock
was rapid, the precipitation and diagenesis of opal-A to more crys-
talline phases may occur quickly enough to suppress large-scale
alteration of the rock.

4.2. Comparison of orbitally detected and ‘‘Home Plate’’ hydrated silica

The only in situ identification of hydrated silica on Mars was
made using data returned from the Mars Exploration Rover near
‘‘Home Plate’’ in the Gusev Crater Husband Hills (Squyres et al.,
2008; Ruff et al., 2011). Because the rover measurements allow
for a greater level of detail into the origin and formation environ-
ment for the silica, it is useful to compare the observations de-
scribed here with those at ‘‘Home Plate’’ to determine if the
Gusev-type hydrated silica formation is a good analog for other
sites on Mars.

‘‘Home Plate’’ hydrated silica has many distinct characteristics
that allow for direct comparison with other types of martian hy-
drated silica. It is found in very high concentrations (�65–
92 wt.%) within friable nodules and in isolated light-toned soils.
Despite the high SiO2 contents, the limited exposures and burial
by basaltic sands make them invisible to orbital spectrometers
(Arvidson et al., 2008). Analysis with the Miniature Thermal Emis-
sion Spectrometer (Mini-TES) suggests that the silica phase is
mostly opal-A, and microscopic imager data reveals a spongy and
porous microtexture that has eroded to form a sediment with par-
ticle sizes ranging from <30 lm to 1 cm (Ruff et al., 2011).

An inherent problem in comparing ‘‘Home Plate’’ silica with
other orbital detections is that surfaces near ‘‘Home Plate’’ showed
no detectable silica prior to landing. Therefore, if one of the sites
analyzed as part of this study does not exhibit similar characteris-
tics as ‘‘Home Plate’’, this does not preclude a similar formation
mechanism due to the limitations of the ability to make detailed
observations from orbit. However, there are some locations that
appear to share some properties with ‘‘Home Plate’’ silica, possibly
suggesting some commonalities in formational style.

The site that is most akin to the Gusev Crater deposits is in Wes-
tern Hellas Basin. There, abundances of SiO2 from orbit (�75%;
Bandfield, 2008) are within the range of the samples at ‘‘Home
Plate’’ (�65–92%) and the silica phase is similarly noncrystalline.
Furthermore, the silica in Western Hellas appears to be friable
and in some locations may have been transported by wind, imply-
ing a similar physical strength as the Gusev silica.

Another family of sites that exhibit similarities with Gusev Cra-
ter silica are located in the region just north of Syrtis Major: Toro
Crater, Isidis Basin, and N. Syrtis Major/Antoniadi Crater. The Isidis
Basin and Toro Crater sites have similarly noncrystalline silica
phases, and the N. Syrtis Major and Toro Crater deposits are associ-
ated with mobile, aeolian sediments that indicate a friable deposit.
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This family of sites appears to have formed from a similar alkaline
origin as ‘‘Home Plate’’ silicas, as inferred by their association with
phyllosilicates.

Other sites appear to represent a different style of hydrated sil-
ica formation. Silica deposits adjacent to Valles Marineris (Juventae
Chasma, Melas Chasma, Noctis Labyrinthus) are all found in con-
junction or mixed with sulfates: jarosite at Juventae and Melas
Chasma (Milliken et al., 2008) and a variety of polyhydrated and
monohydrated sulfates and clays at Noctis Labyrinthus (Weitz
et al., 2011). Furthermore, Terra Sirenum silica is found next to
kaolinite in a mound to the south of Columbus Crater (Wray
et al., 2011). At all of these sites, the association of hydrated silica
with sulfates and kaolinite implies acidic conditions at the time of
silica precipitation, and is most consistent with the acid-leaching
model for the precipitation similar to that originally proposed to
have formed the Gusev silica (Squyres et al., 2008) and since re-
futed (Ruff et al., 2011). If the Valles Marineris and Terra Sirenum
deposits formed under acidic formation conditions, this implies a
different regime of alteration than hydrated silica deposits associ-
ated with alkaline systems elsewhere.
4.3. Hydrated silica as an indicator of geochemical evolution

Based on the information gained from the near-infrared ‘crys-
tallinity indices’ with CRISM, we established a relative degree of
alteration among hydrated-silica-bearing mineral suites in Section
3.1 and plotted them relative to one another in Fig. 10. To deter-
mine how this fits into the larger picture of the mineralogic history
of early Mars, we replicated the plot from Fig. 10, but colored each
location based on its associated mineral phases to display the con-
nection between hydrated silica crystallinity (as a proxy for its de-
gree of alteration) and the associated minerals in each of the suites.
The resulting plot is shown in Fig. 15. Previous studies have shown
a trend of decreasing aqueous activity through time (e.g.,
Golombek et al., 2006), and an evolution of mineralogical suites
dominated by Fe/Mg-phyllosilicates ? Al-phyllosilicates ? sul-
fates through the Noachian and Hesperian (Bibring et al., 2006;
Mustard et al., 2009; Murchie et al., 2009), though isolated excep-
tions of Hesperian–Amazonian alteration have been discovered
within Noctis Labyrinthus (Weitz et al., 2011). A similar trend is
also seen in our analysis. We interpret the crystallinity of the hy-
Fig. 15. ‘Crystallinity indices’ of martian hydrated silica deposits, colored according
to their predominant associated minerals. Locations with the most crystalline
hydrated silica phases tend to be co-located with phyllosilicates; moderate
crystallinities are associated with Al-phyllosilicate-bearing deposits and low
crystallinities are associated with sulfates.
drated silica phases as a proxy for the degree of alteration, which
may relate to the duration of water. During the Noachian, when
water is inferred to have been most abundant, hydrous alteration
produced phyllosilicate-dominated mineral suites that were
associated with the most crystalline phases of hydrated silica. Fur-
thermore, subsequent kaolinite-dominated mineral suites are
associated with moderately crystalline hydrated silica phases,
and the relatively young Hesperian-aged sulfate-bearing mineral
suites near Melas Chasma are associated with the least crystalline
phases of hydrated silica during the time that surficial water
waned (Golombek et al., 2006; Fassett and Head, 2011).

The correlation between hydrated silica crystallinity and the
predicted evolution of martian geochemistry corroborates the
majority of previous scenarios for decreasing surficial water from
the Noachian to the Hesperian, and the geochemical evolution from
neutral/alkaline alteration to acidic conditions reflected in the
change from Fe/Mg-phyllosilicates ? Al-phyllosilicates ? sulfates.
5. Conclusions

Hydrated silica forms easily in nature and is commonly one of
the first minerals to precipitate during low-temperature aqueous
alteration of rocks. Because of this, it may be found in a variety
of aqueously altered environments on Earth regardless of solution
chemistry, temperature, pressure, water availability, or protolith
composition. It is this indiscriminate formation that makes hy-
drated silica both a useful and difficult mineral for reconstructing
the past aqueous histories of martian surfaces. It exists in a variety
of deposit types with disparate ages, and within acidic-, neutral-,
and alkaline-derived mineral suites. In this capacity, hydrated sil-
ica is the only mineral that can be used to directly compare these
many aqueously altered martian deposits with one another. How-
ever, its nonselective formation conditions make it difficult be-
cause the presence of hydrated silica alone can reveal very little
about the specific conditions present when it was formed. There-
fore, the question becomes: what can hydrated silica tell us about
its past?

It is with this in mind that these studies were performed. All
detections of hydrated silica were analyzed to determine the rela-
tive degrees of silica crystallinity and the SiO2 abundance of each
deposit, both of which were used as proxies for the relative degree
of alteration between deposits. The crystallinities of the hydrated
silica varied between quartz (N. Syrtis Major) to amorphous phases
(Western Hellas, Isidis Basin, Terra Sirenum, Noctis Labyrinthus,
Toro Crater), and possibly to hydrated silicate glass (Melas Chasma,
Nili Patera). These crystallinities are indicative of a range in the de-
gree of alteration that each deposit was subjected to, defined as a
combination of water–rock contact, temperature, pH, pressure,
and salinity. The silica concentrations of these deposits were sim-
ilar to that of Surface Type 2—a basaltic andesite composition
(�58% SiO2; Hamilton et al., 2001)—although some locations had
elevated compositions similar in SiO2 content to that of granite
(�70%, Western Hellas). If the orbital silica detections are true
reflections of the bulk SiO2 of the deposit, those with SiO2 abun-
dances similar to Surface Type 2 do not indicate high volumes of
water–rock contact to alter rock and deposit large amounts of
silica.

Combined, the crystallinity and SiO2 abundance estimates are at
times consistent. At both the low and high extremes of crystallin-
ity, there is good agreement with the estimated abundances of
SiO2, suggesting that these deposits are more accurately recording
the amount of alteration that they have been subjected to. How-
ever, in some of the intermediate cases, there are deposits (Toro
Crater, Terra Sirenum) that show discordant silica crystallinities
and SiO2 abundances, suggesting that either additional processes
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may be affecting the properties of the silica (elevated temperatures
and low water–rock contact), or the silica that may be detected
from orbit is not an accurate depiction of the total nature of the de-
posit, such as the case with silica deposits at Gusev Crater.

In a broader scope, we show that hydrated silica is available as a
proxy for the degree of alteration of aqueous mineral suites, or the
duration of water at these sites, as demonstrated by the good cor-
relation between the relative crystallinity of hydrated silicas and
their associated mineral suites. In future studies, we may apply this
same analysis to those yet undiscovered locations where the min-
erals associated with hydrated silica are ambiguous or absent to
gain a greater view of its degree of alteration and place it within
a broader geologic and aqueous context for Mars.
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