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[1] To understand the aqueous history of Mars, it is critical to constrain the alteration
mineralogy of the Martian surface. Previously published analyses of thermal infrared

(X = 6-25 pm) remote sensing data of Mars suggest that dark regions have ~15-20%
clay minerals. However, near-infrared (A = 1-3 pm) spectral results generally do not
identify widespread clay minerals. Thermal infrared detections of clays on Mars are
difficult to interpret owing in part to the relative paucity of published spectral analyses
of clay minerals and clay-bearing materials using similar spectra (thermal infrared
emission spectra). In this study, we present an analysis of the thermal emission spectral
features (\ = ~6-25 pm or 400—1650 cm™ ") of a suite of clay mineral reference
materials and clay-bearing rocks, linking their spectral features to the crystal chemical
properties of the clays. On the basis of this context provided by the emission spectral
analysis of clay minerals and clay-bearing rocks, we reconsider the evidence for

clay minerals on Mars from Thermal Emission Spectrometer (TES) results. We propose
that global-scale clay abundances determined from TES probably represent a geologically
significant surface component, though they may actually correspond to poorly
crystalline aluminosilicates with similar Si/O ratios to clay minerals (0.3—0.4), rather than
well-crystalline clays. If clay minerals or clay-like materials on Mars are poorly
crystalline and/or dessicated, they may be detectable in the thermal infrared, but not easily

detected with near-infrared data sets.
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1. Introduction

[2] In this manuscript, we report the results of a labora-
tory analysis of the thermal emission spectral properties of
clay minerals and we consider the spectral evidence for clay
minerals on Mars from Thermal Emission Spectrometer
(TES) surface spectra. The spectral identification and anal-
ysis of clay minerals is critical to understanding lithologies
and chemical weathering of geological materials from
thermal infrared remote sensing analyses. On Mars, there
is abundant evidence for present-day water [Feldman et al.,
2002, 2004], past aqueous geomorphic systems [Baker et
al., 1992; Carr, 1996; Malin and Edgett, 2000a; Mustard et
al., 2001; Malin and Edgett, 2003; Christensen, 2003],
diverse and wide-spread sedimentary deposits [Malin and
Edgett, 2000b, 2001, 2003; Edgett and Malin, 2002; Tanaka
et al., 2003; Squyres et al., 2004], magma-ice interactions
[Chapman, 2003; Fagents et al., 2003], and impact into
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ice-rich terrains [Squyres et al., 1992], suggesting that
hydrous secondary phases may be important components
of the Martian geologic record. The observation of hydro-
gen, even at low Martian latitudes where ice is likely
unstable, suggests that weakly hydrated secondary phases
are probably present at the Martian surface [Feldman et
al., 2002; Fialips et al., 2005], and clay minerals are a
possible candidate. However, if Mars was only episodically
wet or chemically weathered under dry and cold conditions,
amorphous or poorly ordered silicate alteration products
might be favored over clay minerals as chemical weathering
products [Gooding et al., 1992].

[3] Remote sensing results provide a test for the question
of clay occurrences on Mars. Previous spectral analyses of
Mars using visible/near-infrared spectra (VNIR) (A = 0.5—
3 pm) have not shown clay minerals to be widespread
and abundant [Singer et al., 1979; McCord et al., 1982;
Soderblom, 1992; Murchie et al., 1993; Beinroth and
Arnold, 1996; Bell et al., 1997, Murchie et al., 2000;
Bibring et al., 2005; Mustard et al., 2005]. Recent results
from the Mars Express OMEGA Experiment have shown
that clay minerals occur locally in a limited number of
places, but are not observed at regional or global scales on
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Mars [Bibring et al., 2005; Mustard et al., 2005]. Thermal
infrared (\ = ~6—-25 pum or 400—-1650 cm™ ") TES data
have been used to constrain the global surface mineralogy
of Mars (at spatial scales of ~1000s of km?), including clay
mineral abundances, from linear spectral deconvolution of
global spectral surface types. Most TES studies report some
component of clay minerals in linear spectral deconvolution
results [Bandfield et al., 2000; Christensen et al., 2000a;
Hamilton et al., 2001; Christensen et al., 2001; Bandfield,
2002; Wyatt and McSween, 2002; Rogers and Christensen,
2003; McSween et al., 2003; Minitti et al., 2002], but the
meaning of clay abundances returned from spectral decon-
volution of TES data has been debated. The problem is
complicated by the lack of published, detailed spectral
analyses discussing the emission spectra of clay minerals.
This is important because the spectral features of clay
minerals that cause them to fit into a TES spectral model
could potentially be shared by other minerals, but this is
difficult to evaluate without background research linking the
spectral features of clays to their mineralogical properties.
In addition, it is not clear whether the linear spectral
deconvolution approach used to analyze TES data provides
meaningful results with regard to clay abundances (com-
pared with other mineral groups).

[4] It is possible that linear spectral deconvolution pro-
duces accurate abundances of clay minerals in altered rocks,
but this has not been demonstrated. The linear spectral
deconvolution technique employs a least squares minimi-
zation algorithm to model observed emissivity spectra with
an input library of spectra [Ramsey and Christensen, 1998].
The fundamental assumption in linear spectral modeling is
that spectral features of a mixed scene are in fact a result of
the linear spectral combination of the spectra of separate,
distinct phases within that scene. Linear deconvolution has
been rigorously tested on mineral particulate mixtures
[Ramsey and Christensen, 1998], igneous rocks [Hamilton
et al., 1997; Ruff, 1998; Feely and Christensen, 1999; Wyatt
et al., 2001; Michalski et al., 2004], and metamorphic rocks
[Feely and Christensen, 1999], but never on sedimentary
rocks and rarely on altered, clay-rich rocks [Christensen and
Harrison, 1993; Michalski et al., 2004]. In the case of
metamorphic rocks, Feely and Christensen [1999] reported
difficulty in modeling abundances of phyllosilicates (mostly
micas). On theoretical grounds, it is possible that clay
minerals could be more difficult to model using this
technique than other mineral groups. One of the assump-
tions in linear spectral deconvolution is that intimately
mixed minerals have thicknesses greater than their optical
thicknesses (~40—-60 pm for silicates [Ramsey and
Christensen, 1998]). Clay minerals can occur as coarse
particulates in some cases, but commonly the size of clay
crystals or aggregates of clay crystals in rocks and soils is
<40 pm. Therefore photons emitted from individual phases
in a clay-bearing mixture may interact with more than one
phase before reaching the detector, resulting in nonlinear
spectral mixing. It is important to test the linear spectral
deconvolution approach on TES-like thermal infrared spec-
tra of clay-bearing materials on Earth, to help understand
the meaning of modeled results at Mars.

[s] This paper is an attempt to deal with some of the
complications of interpreting clay mineral abundances from
TES spectra and to reconcile their potential detection with
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lack of evidence for clays in VNIR data by linking the
thermal emission spectral properties of clay minerals to their
crystal chemistry. Section 2 of the manuscript contains
background information about clay minerals and infrared
spectroscopy. Thermal emission spectra of clay minerals are
presented in section 3, including spectra from previous
studies and new spectra of clay reference materials. In that
section, the relationships of infrared spectral absorptions to
the mineralogical properties of clay minerals are discussed.
The assumption of linear spectral mixing of clay minerals in
thermal emission spectra of clay-rich rocks is tested and
discussed in section 4. In section 5, we discuss the
geological implications of TES analyses of clay minerals
on Mars.

2. Background and Methods
2.1. Basic Clay Mineralogy

[6] Clay minerals are phyllosilicates that commonly have
crystal sizes <2 pm in average dimensions, though some
clay minerals can be coarsely crystalline. The structure of
clay minerals can be discussed in terms of “‘sheets” and
“layers.” Two types of sheets occur in clay minerals,
octahedrally coordinated sheets (O) and tetrahedrally coor-
dinated sheets (T). The sheets are stacked together to form
TO or TOT layers. The T sheets consist of TO, tetrahedra
where the T cation (T = Si*", AI*", and Fe’") exists in
fourfold coordination with O*~ anions. The Si/O ratio of the
tetrahedral layer in phyllosilicates varies from 0.3 to 0.4,
depending on the amount of AI** and Fe®* substitution
for Si*" in the tetrahedral sites. The O sheets consist of
M-(0,0H)s octahedra (predominantly, M = AI’", Fe’",
Fe**, and Mg®"), where M cations exist in 6-fold coordi-
nation with O*~ and OH™ anions. If the M cations are
divalent, all of the octahedral sites are filled and the clay is
considered trioctahedral. If the M cations are trivalent,
only two thirds of the octahedral sites are filled and it is called
dioctahedral. In reality, both divalent and trivalent cations are
commonly present; clays are commonly considered domi-
nantly trioctahedral (e.g., saponite) or dioctahedral (e.g.,
nontronite). When the net charge balance of the TOT sheets
is negative owing to cation substitutions (termed ‘‘layer
charge”), large cations such as K*, Na*, or Ca" can occur
in interlayer sites between TOT layers to achieve charge
balance [Moore and Reynolds, 1997]. Clay minerals are
classified according to: (1) their structure (TO, e.g., kaolinite,
versus TOT, e.g., montmorillonite), (2) the dioctahedral or
trioctahedral nature of octahedral sheets, and (3) their degree
of expandability (which is high for clays with small layer
charge, low for clays with high layer charge, and essentially
zero for clays with no appreciable layer charge). Clay
minerals can also occur as mixed-layer varieties, the most
common of which is mixed-layer illite-smectite (I/S) [Hower
and Mowatt, 1966]. During diagenesis, smectite clays re-
crystallize to illite; therefore the degree of illitization is a
reflection of the degree of diagenetic recrystallization that
smectite-bearing sediments have experienced, as a function
of temperature and pressure.

2.2. Previous Studies of Clay Spectroscopy

[7] The application of spectroscopy as an analytical tool
has become commonplace in the study of clay minerals.
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Most recent spectroscopic analyses of clay minerals deal
with specific problems in clay mineralogy, and there are too
many to cite properly. We are concerned with understanding
the relationship of emission spectral features to basic clay
mineralogy for the purpose of remote geological studies,
and as such, we point the reader to many early references on
the subject of clay spectroscopy, which discuss these basic
relationships. The foundation for our spectral interpreta-
tions, the relation of certain spectral features to specific
crystal chemical properties, comes from these references.
Many previous studies have demonstrated the use of infra-
red transmission [e.g., Keller and Pickett, 1950; Launer,
1952; Farmer, 1958; Brindley and Zussman, 1959; Stubican
and Roy, 1961a, 1961b; Farmer and Russell, 1964; Farmer,
1974] (and reviews by Madejova [2003], Gates [2005],
Madejova and Komadel [2005], and Petit [2005]) or reflec-
tion spectroscopy [e.g., Hunt and Salisbury, 1970; Hunt et
al., 1973; Abrams et al., 1977; Hunt and Ashley, 1979;
Hunt and Evarts, 1981; Hunt and Hall, 1981; Goetz et al.,
1983; Mustard and Pieters, 1987; Lang et al., 1990;
Bishop et al., 1993, 1994, 1998; Bishop, 2002; Bishop et
al., 2002] for mineralogical studies. Transmission spectra,
despite containing similar spectral information, are not
easily applied to analysis of infrared remote sensing data;
therefore it is necessary to study the emission spectra of
materials for comparison with thermal infrared remote
sensing data. There have been published reports of emis-
sion analyses of clay minerals [Kloprogge et al., 2000;
Kloprogge and Frost, 2005], but this terminology is a
misnomer with respect to traditional spectroscopy and
remote sensing literature. Kloprogge et al. [2000] mixed
terminology for radiance and emissivity and measured the
emission of sample cups through thin clay films on the
cups, which by common definition is a transmission
measurement. Various authors have dealt with the emission
spectra of clay-bearing materials [e.g., Christensen and
Harrison, 1993; Roush and Orenberg, 1996; Piatek, 1997,
Stefanov, 2000; Michalski et al., 2005], but none of these
studies focused on the emission spectral features of rela-
tively pure clay minerals and their relationship to miner-
alogical properties. Piatek [1997] published the first
analysis of the emission spectral features of clay minerals,
but that study had some limitations: (1) The clays used
were impure; particle size separation was not performed on
the clay reference materials, which is necessary in order to
minimize the impurities present in the samples. (2) As a
result, spectra produced in that study have some spectral
features which seemingly correspond to impurities. (3)
Although samples were characterized by X-ray diffraction
(XRD), the diffraction studies were not performed by
standard practices for analysis of clay-bearing materials
(refer to Moore and Reynolds [1997]), which results in
difficulty characterizing the samples used. (4) No standard
physical sample preparation was utilized, and as a result, it is
not clear which features of the clay spectra are a result of
physical variability between samples or mineralogical var-
iability. (5) Spectral features of clay minerals were ana-
lyzed by structure type (TO versus TOT, etc.), but not
related to the crystal chemistry of the samples used. (6)
Spectral features are misinterpreted in some cases. Al-
though Piatek’s study provided spectra that are widely
used in the planetary community in the analysis of spectral
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data from TES, the uncertainties surrounding that spectral
study contribute in part to uncertainties in interpreting clay
detections on Mars with the TES data.

[8] In a previous study, we discussed the emission spec-
tral features of smectite clay minerals [Michalski et al.,
2005], but that study was focused on the topic of silica-rich
materials observed on Mars. In that work, the question of
whether clay minerals could satisfy the observation of a
silica-rich surface component observed at Mars in TES
data was addressed. This work differs from that study in
several ways. In this study, we (1) extend the previous
work to discuss spectra of several of the most common
clay minerals on Earth and provide a more comprehensive
analysis of emission spectral features of diverse clay
minerals, (2) discuss the spectral features of clay-bearing
rocks, and (3) specifically address the topic of clay mineral
abundances on Mars from TES data, aside from the topic
of high-silica materials.

2.3. Sample Geology, Characterization, and
Preparation

[v] Here we compare the emission spectra of smectite
clay minerals from Michalski et al. [2005] with emission
spectra of kaolinite, halloysite, serpentine, illite, and illite/
smectite (I/S) mixed layer clay. All samples, except where
otherwise noted, are from the Clay Minerals Society
(CMS) repository and have been well characterized pre-
viously [Post et al., 1997; Keeling et al., 2001; Borden
and Giese, 2001; Chipera and Bish, 2001; Guggenheim
and Koster Van Groos, 2001; Kogel and Lewis, 2001;
Madejova and Komadel, 2001; Mermut and Cano, 2001,
Moll, 2001; Wenju, 2001]. The saponite and serpentine
were characterized by Eberl et al. [1982] and Piatek
[1997], respectively. To minimize impurities present in
our samples of the reference clays, we separated out the
fine-size fractions (either <0.2 or <2 pum) [Table 1]. The
coarse-size fraction (>710 pm) of serpentine (antigorite)
was used because this mineral was available in coarsely
crystalline form with adequate purity. To supplement
previous characterization, we carried out additional XRD
analyses and thermal infrared transmission spectroscopy
(KBr pellet technique, commonly referred to simply as
“FTIR’’) on each sample. Details of the preparation and
characterization procedure are reported by Michalski et al.
[2005].

[10] In addition to spectra of relatively pure clay refer-
ence materials, we analyzed the emission spectral features
of heterogeneous clay-bearing rocks (mudstones). Mud-
stone samples were collected near Walsenburg, Colorado.
The mudstones are from the Cretaceous Pierre Shale where
a mafic dike intruded the mudstone causing illitization of
smectite clays in a contact aureole around the dike [Pytte,
1982; Lynch, 1985; Williams et al., 2001]. The mudstone
samples were characterized by XRD of both the bulk rock
powders and the clay-size fractions.

2.4. Emission Spectroscopic Methods

[11] Emission spectra of clay mineral standards and
rock samples were acquired at Arizona State University
(ASU) using a Nicolet Nexus 670 spectrometer, which has
been modified to measure emitted energy, rather than
transmitted energy. The instrument setup and calibration

3of 14



Table 1. Characteristics of Clay Minerals Used in This Study”

Al/Si ratio

Si/O ratio

Structural Formula
(Aly,isFe, .84Mg0,0_2)(A10.5 1 Si3~4.9)0 10(OH),
(Feg21AlL 51Mgo.27Tip.01)(Alp.01513.09)019(OH),

(Fe3+0_ 10Al} 70Mg0 05 Tig.05)(Alg 23Si3 77)O10(OH),

Source Size Fraction

Sample Number

Name
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0.15
0.00
0.06
0.02
0.01
0.04
0.02
0.04
0.18
0.13

0.349
0.399
0.377
0.388
0.396
0.386
0.392
0.374
0.337
0.354

(Mgz.sglieas)(szil.87A10.07)05'(0H)4'_
Mgo.04Ca.03Ko.87(Al1 asFe” 0. 38F€” 0.03ME0.22Ti.03)(Si3.37Al0,62)O10(OH)

(Al1.94Tio.05F€0.01)(Si1.93A10.07)05(OH)4
Cayg 01 Nag g2(Al; 95Feq.05)(Si1 .96 A10<04)05,(OH)4
Mg0.03caO<IKO<42(A1l<68F63+0.08Fez+0.01Mg0.23TiO<O1)(Si3.54AlO.46)010(0H)2

(Lio.7Mgz.3Tig£1)(Feo.03Alo.ogsi3.§s)O10(OH)2
(Lig.00Mg2 72Fe™ .03A10.07)(Alp.04513.96)010(OH),

“Interlayer chemistry is not reported for smectites because they were k-saturated.
YKeeling et al. [2000].
°Eberl et al. [1982] and Khoury et al. [1982].

‘Mermut and Cano [2001].

dpost et al. [1997].
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procedure for a similar spectrometer that previously
existed in this laboratory are described by Christensen
and Harrison [1993] and Ruff et al. [1997]. A description
of the spectrometer instrument setup used to collect spectra
of clay pellets is discussed by Michalski et al. [2005].
Rock spectra were collected using the instrument settings
discussed by Michalski et al. [2004].

[12] Thermal infrared spectra of the mudstones were
analyzed quantitatively using a linear spectral deconvolution
technique developed by Ramsey and Christensen [1998].
The input library used for this analysis consisted of 15 end-
members, including a range of feldspar compositions
(microcline, orthoclase, albite, oligoclase, and andesine),
quartz (both coarsely crystalline and microcrystalline), clay
minerals (illite, montmorillonite, I/S, and kaolinite) and a
blackbody component to account for differences in spectral
contrast that are unrelated to composition. The deconvo-
lution algorithm was applied to the spectral range from
350 to 1400 cm™'. The results of linear spectral deconvo-
lution are considered reliable to +£10% abundance (by
volume) for most igneous minerals based on empirical
data [Feely and Christensen, 1999].

2.5. XRD Methods

[13] We performed XRD on the clay standards and rock
samples using a Siemens D-5000 X-ray diffractometer
with Cu-Ka radiation. Clay mineral standards were ana-
lyzed as oriented slide mounts of the finest size fraction
(Table 1) according to methods described by Moore and
Reynolds [1997]. XRD analysis was performed on the
mudstones in two steps. The first phase involved identifi-
cation of individual phases by peak matching of the bulk
powder XRD patterns using Jade™ software. The second
phase involved quantification of known mineral abundan-
ces using the RockJock program developed by Eberl
[2003]. Each rock was gently ground into a powder and
passed through a 45-um sieve. Each powder was side
loaded and gently packed into a disk-shaped (~1 cm thick
x ~2 cm diameter) sample holder; the top of the disk was
then removed to collect diffraction data from the upper
portion of the packed powder. Data were collected from
5-65° 26, in 0.2° steps. Quantitative analyses include
modeling of bulk powder XRD data using the methods
described by Srodon et al. [2001]. The modeling process is
an interactive process by which the library input was
selected (on the basis of a priori information) to provide
a reasonable fit. By “reasonable fit,” we mean uncon-
strained totals close to 100% (+5%). In this case, the
library input included albite, microcline, illite, I/S mixed
layer clay, montmorillonite, quartz, and kaolinite. In pre-
senting the results, we group the abundances of the
members of each mineral group into total clay, total
feldspar, and quartz. Reported errors for this technique
are <5% absolute abundance for each phase for artificial
mixtures, but difficult to determine for natural samples
[Srodon et al., 2001]. We acknowledge that errors could be
>5% for our samples, but consider unconstrained sums of
close to 100% to be an indication that modeling results are
accurate. Weight percent abundances determined by XRD
modeling were converted to volume modes using approx-
imate mineral densities for comparison to abundances
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Figure 1. Thermal infrared emission spectra of all clay

pellets. The clays are grouped by spectral and crystal
chemical similarity into (a) aluminous clays, (b) ferruginous
clay, and (c¢) magnesian clays.

determined by linear deconvolution of thermal emission
spectra.

3. Emission Spectra of Clay Minerals
3.1. Tetrahedral and Octahedral Sheets

[14] Thermal infrared emission spectra of clay minerals
have absorptions corresponding to the various bonds within
the structure. Absorptions related to (Si,Al)-O stretching in
the tetrahedral sheets occur between 900 and 1300 cm ™'
[Keller and Pickett, 1950] and are centered near 1050 cm™".
Between 500 and 930 cm ™', librational (rotational vibra-
tion) absorptions correspond to M-OH bonds in the
octahedral sheets [Farmer, 1958; Brindley and Zussman,
1959; Stubican and Roy, 1961a]. The M-O-Si bonds
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between octahedral and tetrahedral sheets absorb between
450 and 550 cm ! [Stubican and Roy, 1961a; Farmer,
1974]. Si-O bending absorptions corresponding to the tetra-
hedral sheet occur near 470 cm™'. M-O bonds absorb
between 250 and 450 cm ™' and interlayer cations absorb
at <200 cm~ ' [Farmer, 1974]. Thermal infrared emission
spectra of all of the pelletized samples are shown in Figure 1.
As a group, the clay minerals all have Si-O stretching
absorptions centered between 1000 and 1100 cm™'. All of
the clay minerals have molar Si/O ratios between 0.3 and
0.4, intermediate between that of the most polymerized
silicates (quartz, Si/O = 0.5) and the most depolymerized
silicates (e.g., olivine, Si/O = 0.25). As a result, the clay
minerals exhibit Si-O stretching absorptions at an interme-
diate energy between those of tectosilicates and nesosili-
cates. Within the clay minerals the exact placement of the
Si-O stretching absorption is a complex function of the
chemistry of the tetrahedral sheet and the symmetry of
the crystal structure. Substitution of AI** for Si*" into the
tetrahedral sheets shifts the Si-O stretching absorption to
lower wave numbers. However, this is not a simple linear
relationship as a function of tetrahedral sheet chemistry; the
Si-O stretching absorption of trioctahedral clay minerals
occurs at lower wave numbers than that of dioctahedral clay
minerals. This occurs because some of the tetrahedral 0%~
anions are bonded to the octahedral cations, and therefore,
Si-O tetrahedra are affected by the identity of octahedral
cations. Absorptions related to Si-O bending in the tetra-
hedral sheets of our samples occur near 470 cm ™.

[15] Absorptions related to the octahedral sheets and
bonds between the octahedral and tetrahedral sheets occur
between 300 and 950 cm~'. The placement of M-OH
(predominantly, M = AI’"Fe*", Fe*', and Mg*") absorp-
tions is a function of the bond strength and is related to ionic
radius and charge of the M-cation. For each clay mineral,
individual absorptions are present that are related to each of
the octahedral cation species; these are observed in trans-
mission spectra, which are highly sensitive to even minor
absorptions (Figure 2). However, on the basis of this
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Figure 2. Comparison of the thermal infrared emission
spectrum and thermal infrared transmission spectrum of
montmorillonite (SWy-1). Gray arrows point to absorptions
present in the transmission spectrum; black arrows identify
the same absorptions in emission. Minor absorptions are
easily observed in the transmission spectrum, but not in the
emission spectrum.
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1630 cm™!

in the TOT clays and halloysite, but an absence of the water feature in the TO clays,

serpentine, and kaolinite. “C” corresponds to a minor carbonate absorption in the saponite sample.

analysis, emission spectra of clays do not appear to have the
sensitivity to identify absorptions related to each cation
vibration in the octahedral sheet. Only the most abundant
octahedral cations produce significant absorptions in the
emission spectra. This is not a problem for identifying the
major crystal chemical features of clay minerals; most clay
minerals are dominantly aluminous, ferruginous, or magne-
sian. In each of these cases, the absorptions related to Al-
OH, Fe-OH, or Mg-OH can be resolved. However, in a
dominantly aluminous clay mineral, the Mg-OH absorption
related to a minor Mg-component in the octahedral sheet is
not resolvable with emission spectroscopy.

[16] The absorption in the 490—550 cm ' region of
spectra of dioctahedral clay minerals results from the
M**-0-Si bonds between the dioctahedral and tetrahedral
sheets [Stubican and Roy, 1961a; Farmer, 1974]. Whereas
the frequencies of M-OH absorptions appear to be cation-
specific, the frequency of the M-O-Si absorption appears to
be a linear function of the average ionic radius of the
cation(s) in the octahedral site [Stubican and Roy, 1961a;
Michalski et al., 2005]. The M**-O-Si bonds in trioctahedral
minerals absorb at lower energies than that of dioctahedral
minerals and overlap with the Si-O bending absorption in
the tetrahedral sheet. As a result, the absorption related to
Mg?*-0-Si deformation in trioctahedral smectites is not
uniquely identifiable in emission spectra.

3.2. Effects of Interlayer Cations and Interlayer Water

[17] Absorptions related to the interlayer cations (such as
Na®, Ca®", K", and Mg®") are of low energy and therefore
occur at low wave numbers (<250 cm™") [Farmer, 1974].
This spectral range is accessible with Raman spectroscopic
techniques, but is not easily accessible by thermal emission
or reflection techniques. Therefore it is not currently possi-
ble to determine the interlayer chemistry of clay minerals
from thermal infrared remote sensing data.

[18] The transmission spectra of all of our clay samples
show evidence for the presence of interlayer water with
minor absorptions near 1630 cm™'. However, the emission
spectra of pressed clay pellets do not show this absorption.
The most likely explanation is that the emission spectra of
indurated samples are less sensitive to minor absorptions,
such as the bound water absorption near 1630 cm '. By
contrast, the emission spectra of powdered clay samples do
show evidence for hydration in some cases (Figure 3). The
nonlinear spectral effects that result from small particle
sizes make some minor spectral components visible in the
powdered spectra that are not present in the spectra of
pressed pellets. While none of the pellet spectra show
evidence for interlayer water at 1630 cm ™', the water band
is observed in powder spectra of all of the TOT clays and
halloysite. The spectra of serpentine and kaolinite pow-
ders, which have essentially zero interlayer water, show no
spectral evidence for interlayer water. We acknowledge
that equilibration of the clays with the atmosphere during
pellet pressing and during spectral analysis likely resulted
in changes in the hydration state of the clays. However,
because we are unconcerned with quantifying the amount
of water in the clays, we do not consider this to be a
problem.

3.3. Orientation Effects

[19] The pressed clay pellets used in this study may have
preferred orientations from compression. To test whether
spectral differences could arise due to the orientation of
crystals in the pellets, the pellets were cut in half and spectra
were recorded from an edge-on view. Emission from the
normal and edge-on views of the clay pellets produced no
significant spectral differences for either trioctahedral or
dioctahedral clay minerals, suggesting that either (1) the
clay crystals were not significantly oriented during pressing
or (2) the optical axes of triclinic an monoclinic clay
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Figure 4. Thermal infrared emission spectra of two
nontronite samples at (a) full laboratory spectral sampling
(2 cm™") and (b) TES spectral sampling (10 cem™ ). The
coarser spectral resolution of the TES instrument, compared
to laboratory spectrometers, and the existence of atmo-
spheric absorption features at Mars, limit the precision of
crystal chemical assignments from TES data. See text for
more discussion. Emission spectra of aluminous, magne-
sian, and ferruginous clays are compared at TES spectral
sampling (Figure 4c). At TES sampling, major spectral
groups of clay minerals can be identified (magnesian,
aluminous, or ferruginous), but the dominant spectra
features are related to tetrahedral (Si,Al)-O bonds.
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minerals do not become oriented as a result of clay particle
orientation.

3.4. Considerations for Remote Sensing of Mars

[20] The high spectral resolution of laboratory data allows
precise qualitative assessments of crystal chemistry of clay
minerals. For example, at the resolution of the laboratory
spectrometer, the difference in the relative Fe-content of two
nontronites can be determined by the placement of their
M-O-Si absorptions near 510 cm™~'. TES spectra of Mars
have slightly degraded spectral sampling (10 cm™') rela-
tive to 1aborat0r¥ data (2 em™ "), and TES spectra from
~500-800 cm ~ are dominated by atmospheric absorp-
tion. It would therefore be impossible to make precise
interpretations of clay chemistry from TES spectra (e.g.,
the relative Fe-content of two nontronites) (Figure 4).
However, the major spectral classes of clay minerals,
Fe-, Al-, or Mg-rich, have spectral features that are
different enough to be identified with TES-resolution
spectra. Perhaps most importantly, the dominant spectral
features of clay minerals at TES resolution are the
absorptions related to (Si,Al)-O stretching and bending
related to the tetrahedral sheets. This is fundamentally
disconnected from the diagnostic spectral features clays in
VNIR data, which are related to the M-OH and O-H
absorptions in the octahedral sheets or H-O-H absorptions
of interlayer water of clay minerals.

4. Emission Spectra of Clay-Bearing Rocks

[21] In this section, we discuss the spectral features of
clay-bearing rocks (mudstones). We do not propose that the
rocks presented here are a direct analog for expected
Martian materials. However, these results demonstrate the
principles involved in analysis of clay-bearing rocks with
emission spectroscopy.

4.1. Qualitative Mineralogical Analysis of
Clay-Bearing Rocks

[22] Analysis of the mudstone samples by XRD and
thermal emission spectroscopy indicate that the samples
are composed of quartz, alkali feldspars, and I/S clay
minerals. Bulk powder XRD data of the mudstone samples
indicate the presence of quartz, orthoclase, albite, and clay
minerals. Analysis of oriented slide mounts of the <2 pm
size fraction of the mudstones shows that the clay minerals
are dominantly I/S mixed layer clay (though the degree of
expandability is different for each sample). All of the
mudstone spectra display absorptions between 950 and
1250 em ™', which indicate the presence of silicates with
intermediate to high Si/O ratios (Figure 5). The most
prominent absorptions observed in the shales correspond
to the Si-O stretching of quartz, feldspar, and clay at
1200 ecm™', 1049 cm™', and 1072 cm™', respectively.
Al-O-Si absorptions corresponding to the illite-smectite
phase are observed at 535 cm . AIl-OH deformation
absorptions near 915 cm ™' are subtle, but present in the
shale spectra. The placement of the Si-O stretching
absorptions corresponding to the clay component suggest
that the clay is dioctahedral with a moderate amount of
AP*" substituting for Si*" in the tetrahedral sheet. The
strong band at 535 cm ™! indicates that the clay component
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Figure 5. Thermal infrared emission spectra of all
mudstone samples compared qualitatively with K-feldspar
(orthoclase), montmorillonite, and quartz spectra. Specific
absorptions are discussed in the text.

has an aluminous octahedral layer. Taken together, the
qualitative inspection of these rock spectra suggests the
presence of a clay component that is illite- or montmoril-
lonite-like. The identification of quartz in the shale spectra
is unambiguous. The presence of a silica phase is indicated
by the strong absorption at 1200 cm™'; that absorption,
coupled with the local emissivity peak at 1160 cm ',
cannot be explained by spectra of any other silica phases

[Michalski et al., 2003].

4.2. Quantitative Mineralogical Analysis of
Clay-Bearing Rocks

[23] Quantification of mineral abundances in our mud-
stone samples by modeling of XRD data and modeling of
thermal emission data are in general agreement (Figure 6).
All of the mineral abundances reported here have been
recast into volume modes. Quantitative analyses of random
powder XRD mounts indicate that the mudstones are
composed of 20—44% total clay minerals, 16—36% total
feldspar, and 33—53% quartz, which is generally consistent
with previous results [Pytte, 1982; Lynch, 1985; Williams
et al., 2001]. The average mineralogy of the mudstone
samples determined by modeling of XRD data is 32% total
clay, 27% total feldspar, and 41% quartz, with standard
deviations of 6%, 5%, and 5%, respectively. Total abun-
dances of modeled phases in rock samples using the XRD
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approach ranges from 95 to 104 wt%, which is an
indication of relatively good model fits [Srodon et al.,
2001]. On the basis of linear spectral deconvolution of
thermal emission spectra, the mudstone compositions range
from 25 to 57% total clay minerals, 12 to 33% total
feldspar, and 30 to 46% quartz. The average mineralogy
of the mudstone samples determined by linear spectral
deconvolution of thermal emission spectra is 39% total
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Figure 6. Scatterplots comparing the abundances of clay,
feldspar, and quartz derived for mudstone samples by XRD
modeling and spectral deconvolution of thermal infrared
spectra. A one-to-one correlation line is shown for
reference. The shaded area delineates the scatter in
determination of clay mineral abundances. One error bar
is shown for reference; errors are +£10% for infrared spectral
deconvolution results and +5% for XRD results.
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Figure 7. Thermal infrared emission spectrum of mudstone sample WD03-14 compared with the model
spectrum from spectral deconvolution. Visually, there is a relatively poor fit between the spectra.

clay, 23% total feldspar, and 38% quartz, with standard
deviations of 8%, 5%, and 6%, respectively.

[24] Despite the overall agreement between the average
compositions of these rocks determined by both tech-
niques, there are considerable differences in the abun-
dance values in sample to sample comparisons (Figure 6).
Some of the disagreement between abundance values
determined by these two techniques should be attributed
to the fact that comparisons are being made between two
models, both of which have some intrinsic error. Errors
associated with the XRD abundances are commonly <5%
[Srodon et al., 2001] and errors commonly associated
with TIR spectral deconvolution are ~10% (for igneous
and metamorphic rocks) [Feely and Christensen, 1999].
Some error associated with the modeling of both XRD
and thermal emission data is attributable to compositional
differences between the phases present in the rocks and
the phases present in the respective libraries used for
modeling. In addition, one might suspect some nonlinear
spectral mixing of individual phases present in the mud-
stone samples. Petrologic inspection of the samples shows
that clasts of quartz, feldspars, and clays are intimately
mixed at scales of tens of pm, which could lead to
photons interacting with multiple phases, multiply scat-
tering, as they leave the rock surface. Visual inspection of
some of the model spectra suggest relatively poor fits
(Figure 7), which is an indication of potentially erroneous
abundance values. However, despite the likelihood of
some contribution of nonlinear mixing, the linear spectral
deconvolution technique produces mineral abundances
comparable to those determined by alternative techniques.
If the rock spectra are resampled to the spectral resolution
of the TES instrument, the results are relatively unchanged
(Figure 6), which lends confidence to the use of this
technique to analyze clay-bearing rocks with the TES data
set. From this, we conclude that linear spectral deconvo-
lution is a viable technique for estimation of clay mineral
abundances in certain rock types, but we acknowledge that
textural variations in different rock types could strongly

bias the perceived abundance of clay minerals using this
technique.

5. Application to TES Results

[25] The TES experiment has returned global thermal
infrared spectra for Mars, which have been separated into
atmospheric and surface components [Bandfield et al.,
2000; Smith et al., 2000]. Surface emissivity spectra from
300—1600 cm ™' have been used to constrain the surface
mineralogy of Mars, and Bandfield et al. [2000] determined
that most of the spectral variability in Martian dark regions
can be explained by combinations of two major spectral
surface types: surface-type 1 (ST1) and surface-type 2
(ST2). The presence of broad absorptions between 850
and 1200 cm ™' provides definitive evidence of intermediate
and mafic silicate materials on the Martian surface. Previous
workers have demonstrated that qualitatively, ST1 is
similar to spectra of some basaltic rocks (Deccan basalt,
in particular) and ST2 is spectrally similar to andesitic
rock from the Medicine Lake Caldera or to a weathered
Columbia River Basalt [Bandfield et al., 2000; Wyatt and
McSween, 2002]. Because these two spectral shapes span
most of the spectral variation of Martian dark regions,
linear spectral deconvolution of these spectral shapes
provides an approximation of the global-scale mineralogy
of Martian dark regions.

5.1. Detection of Clay Minerals on Mars With TES

[26] Descriptions of the application of linear spectral
deconvolution to analysis of TES data are provided by
Bandfield et al. [2000], Christensen et al. [2000b],
Hamilton et al. [2001], Bandfield [2002], Rogers and
Christensen [2003], Rogers et al. [2005], and Hamilton
and Christensen [2005]. All previous mineralogical inter-
pretations from spectral deconvolution generally agree that
equatorial dark regions of Mars (where ST1 is common)
are dominated by plagioclase feldspar (33—-55%) and
clinopyroxene (25—41%); the precise mineral abundances
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Table 2. Summary of Linear Spectral Deconvolution Results of TES Spectral Surface Types®
JLB VEH MBW HYM This Study

ST1 ST2 ST1 ST2 ST1 ST2 ST1 ST2 ST1 ST2
Feldspar 50 35 55 49 33 39 35 18 49 43
Pyroxene 25 10 29 8 41 16 29 8 13 8
High silica 0 25 9 28 . . 2 34 0 16
Clay minerals 15 15 5 8 14 31 22 18 22 15

“ST1, TES surface-type 1; ST2, TES surface-type 2; high silica, high-silica glass (78% SiO,). JLB data are from Bandfield et al. [2000]. VEH data are
from Hamilton et al. [2001]. MBW data are from Wyatt and McSween [2002] HYM data are from McSween et al. [2003].

depend on the spectral model used in each study. Many
higher-latitude regions, including Acidalia Planitia and
Vastitas Borealis (where ST2 is observed), have modeled
mineralogies dominated by feldspars (18—49%) and a
high-silica spectral component (25—-34%).

[27] The mineralogical interpretation of the high-silica
spectral component has been debated [Bandfield et al.,
2000; Wyatt and McSween, 2002; Hamilton et al., 2002;
Minitti et al., 2002; Morris et al., 2003; Ruff, 2003; Kraft et
al., 2003; Wyatt et al., 2004; Michalski et al., 2005]. Felsic
volcanic glass (78 wt.% SiO,) provides a reasonable spec-
tral fit in modeling the ST2 spectra, which could indicate
the widespread occurrence of primary felsic volcanic
glasses on Mars. The high-silica component could also be
explained by the occurrence of aluminous or ferric opaline
silica or an intimate mixture of pure silica and other
aluminosilicates (such as clay minerals or clay precursors)
[Kraft et al., 2003; Michalski et al., 2005]. Abundances of
felsic volcanic glasses and clay minerals derived from
spectral deconvolution of TES data are sometimes grouped
together [e.g., Bandfield, 2002], but are often reported
separately [e.g., Bandfield et al., 2000; Hamilton et al.,
2001; McSween et al., 2003]. Recent spectral deconvolution
analysis of mathematical spectral mixtures by Koeppen
and Hamilton [2005] show that many high-silica materials
and clay minerals can be distinguished on the basis of
spectral deconvolution, provided that all phases present are
included in the input library. It therefore seems reasonable
to report abundances of high-silica phases and clay minerals
separately.

[28] In addition to the high-silica spectral component,
which may or may not include an admixture of clay
minerals, past deconvolution results have yielded ““sheet
silicate” abundances (which probably do not include high-
silica materials) ranging from 5 to 22% (Table 2). Reported
abundances of sheet silicates are typically dominated by
smectite clay minerals. The highest reported abundances of
clay minerals from deconvolution of TES data is 31%
[Wyatt and McSween, 2002]. However, in that study, Wyatt
and McSween [2002] excluded felsic volcanic glass from
the input library, which forced higher deconvolved abun-
dances of clay minerals.

[20] We also used linear spectral deconvolution to model
TES surface spectra and thereby estimate mineral abundan-
ces on the Martian surface, including the abundance of clay
minerals. The analysis presented here differs from previous
spectral deconvolution analyses of TES data primarily in
that our spectra library contains newly acquired clay spectra
in addition to typical igneous minerals. Previous researchers
used clay mineral emission spectra acquired by Piatek
[1997] and presented by Christensen et al. [2000a] in their

analyses. We tested the hypothesis that the model results
might be significantly different given a different suite of
input clay mineral spectra. However, our spectral modeling
results of global TES surface spectral types ST1 and ST2
are not significantly changed from those of previous authors
[Bandfield et al., 2000; Hamilton et al., 2001; Christensen
et al., 2001; Christensen et al., 2000b; Wyatt and McSween,
2002; Bandfield, 2002; Rogers and Christensen, 2003]
(Table 2). ST1 can be modeled with a combination of
feldspars (mostly andesine and labradorite), pyroxene
(mostly augite), and clay minerals. ST2 can be well mod-
eled with a combination of alkali and plagioclase feldspars,
high-silica (Si/O > 0.4) material, and clay minerals. Mod-
eled clay minerals (for ST1 and ST2) include halloysite,
beidellite, and montmorillonite.

5.2. Geologic Implications of TES Detection of Clays

[30] The TES results provide evidence for modest abun-
dances (~15-20%) of clay minerals in Martian dark
regions, at the global scale. The fact that most reported
analyses of TES spectra include abundances of clay miner-
als strongly suggests that the Martian surface has thermal
infrared spectral characteristics that are clay-like. Although
these clay abundances are only slightly above estimated
detection limits, these observations should not be ignored;
even rocks that are clay-rich by terrestrial standards, the
mudstones, for example, may contain only 30% clay min-
erals. These abundances of clay minerals could have sig-
nificant geologic meaning for the history of water on Mars.

[31] The possible detection of clay minerals with TES
must be reconciled with the lack of detection of clay
minerals, at global scales, using VNIR techniques [Singer
et al.,, 1979; McCord et al., 1982; Soderblom, 1992,
Murchie et al., 1993; Beinroth and Arnold, 1996; Bell et
al., 1997; Murchie et al., 2000; Bibring et al., 2005;
Mustard et al., 2005]. Reconciliation of these seemingly
conflicting results depends on understanding of the miner-
alogical meaning of the different spectral results. It is well
known that VNIR spectra of clay minerals contain diagnos-
tic absorptions related to O-H stretching of the octahedral
sheets (at X = 1.4 pm), H-O-H deformations related to
interlayer water (at X = 1.9 um), and, perhaps most
diagnostically, M-OH stretching absorptions related to
the octahedral layer (at X = 2.2-2.35 pm). Over the
spectral range of the TES instrument, the relevant spectral
features of clay minerals are predominantly absorptions
corresponding to tetrahedral (Si,Al)-O stretching and bend-
ing modes (Figure 8). Detection of clay minerals using
linear deconvolution of TES surface spectra is, fundamen-
tally, detection of a material that (1) has an intermediate
Si/O ratio (0.3-0.4), and (2) has limited spectral structure,

10 of 14



E03004

1.00

0.90 =

~Y
\Jc-

Montmorillonite

@
o
I

Beidellite

Emissivity ©

Halloysite

0.60 —
i : ) <>
- Si-O stretching Si-O bending 7
L tetrahedral sheet tetrahedral sheet]
0050 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

1200 1000 800

_,.600
Wavenumber (cm™)

400

Figure 8. Qualitative comparison of the major Martian
surface spectral types from TES [Bandfield et al., 2000]
with clay minerals. The spectral features of clay minerals
that are modeled in spectral deconvolution of TES data are
the absorptions corresponding to tetrahedral (Si,Al)-O
bonds.

which is a reflection of limited crystalline ordering
[Parke, 1974]. The TES detection of clay minerals is
not directly tied to the hydration bands of clay minerals.
In addition, the (Si,Al)-O spectral bands present in the
thermal infrared are stronger spectral features than the
hydration features present in the near-infrared (at X = 1—
2.35 um).

[32] We propose that the spectrally clay-like materials
detected by TES may correspond to aluminosilicate alter-
ation materials present in Martian dark regions that are
compositionally similar to clay minerals, but perhaps lim-
ited in their crystallinity and/or hydration state. Such
materials could exist in several contexts that are plausible
for Mars: (1) within immature sediments and sedimentary
rocks, (2) within weathering rinds on volcanic rocks
exposed at the surface, and (3) within rock or particle
coatings. High-resolution imaging has shown that the
Martian surface is nearly everywhere layered, suggesting
that unconsolidated sediments and sedimentary rocks may
cover significant portions of Mars [Malin and Edgett,
2000b, 2001]. Poorly crystalline aluminosilicate weather-

MICHALSKI ET AL.: EMISSION SPECTRA OF CLAYS ON MARS

E03004

ing products are common in immature sediments on Earth
[Weaver and Pollard, 1973]. Such materials could exist as
cements and grain coatings in immature sediments on
Mars. Rocks exposed at the Martian surface may have
weathering rinds and/or rock coatings. Textural [McSween
et al, 2004] and mineralogical [Schréder et al., 2005]
evidence for weathering rinds has been reported for
basaltic rocks on the Martian surface at Gusev Crater.
On Earth, poorly crystalline silicate weathering products
occur as replacements of minerals or mesostatic phases in
the rinds and as fracture fill in weathering rinds on
volcanic rocks [Colman, 1982]. The presence of poorly
crystalline silicate weathering products on Mars, in any of
these contexts, indicates that aqueous alteration during
their formation probably occurred in situations of relatively
low water/rock ratios, or during wet conditions that were
only episodic and transient. It is also possible that clay
minerals formed earlier in Martian history have been
oxidized at the surface, resulting in disruption of their
octahedral sheets [Burt, 2002].

[33] If aluminosilicate weathering products occur on
Mars, they must have formed by the chemical breakdown
of igneous aluminosilicate starting materials. The presence
of A" in the weathering product implicates plagioclase or
glass, in addition to pyroxenes or olivine, in the weathering
process. The differential chemical breakdown of primary
phases in Martian surface materials should affect igneous
interpretations [e.g., Bandfield et al., 2000; Hamilton et al.,
2001; McSween et al., 2003] of remote sensing data
[Michalski et al., 2004].

6. Conclusions

[34] On the basis of our analysis of clay mineral standards
and a suite of clay-bearing rocks, and consideration of
Martian surface spectra from TES, we draw the following
conclusions.

[35] 1. The mineralogical characteristics of clay minerals
which are most important for remote geological studies
using thermal emission spectra are (1) the Si/O ratio of the
tetrahedral layer and (2) the major element chemistry of the
octahedral layer (i.e., whether it is Mg-, Al-, or Fe-rich; and
dioctahedral or trioctahedral). At high spectral resolution,
differences in bulk chemistry of the octahedral sheets are
observable. Trace element occurrences, interlayer cations,
and interlayer water have no direct effect on the emission
spectra of indurated clay minerals from 300—1700 cm ™.

[36] 2. Linear spectral deconvolution can provide esti-
mates of clay mineral abundances in fine-grained rocks, but
the recovered mineral abundances are somewhat imprecise
when the clay minerals are intimately mixed with other
minerals.

[37] 3. TES spectra of Martian dark regions lack unequiv-
ocal evidence of widespread crystalline, indurated clay
minerals. However, the incorporation of clay minerals into
spectral deconvolution analyses of TES data could indicate
that materials which are spectrally similar to clays (from
3001300 cm™") are present on Mars. Because the most
important spectral features of clays in this spectral range are
Si-O stretching and bending features, spectrally similar
material could include poorly crystalline aluminosilicates
with Si/O ratios similar to clay minerals (Si/O = 0.3—0.4).
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Such materials could be detectable on Mars with TES owing
to their strong (Si,Al)-O vibrational absorptions, but go
undetected by VNIR techniques, which are dependent on
the materials hydration state and crystallinity.

[38] 4. The occurrence of a global spectral component
(at high and low latitudes) of poorly crystalline alumino-
silicate material with a clay-like composition indicates that
much of the Martian surface is chemically weathered.
Such materials could correspond to immature sedimentary
materials, alteration products within weathering rinds on
igneous rocks exposed at the surface, or thin coatings on
surface rocks and rock particles.
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