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Abstract

We investigated the mineralogy of basalt weathering rinds and fresh basaltic rocks using visible/near-infrared (VNIR) (λ=0.4–
2.5 μm) and thermal emission (λ=6–30 μm) spectroscopy to 1) constrain the effects of chemical weathering on rock spectra, and 2)
further understand the context of infrared spectra ofMars,whichmay contain evidence for weathered rocks and particulates derived from
them. VNIR spectra of weathered rock surfaces are generally redder and brighter than fresh surfaces. Thermal infrared spectra of
weathered basalts show evidence for aluminous opal and clay minerals (or clay precursor mineraloids) in natural surfaces. Supporting
VNIR observations generally do not show the same evidence for neoformed clays or silica because of their textural occurrence as thin
coatings andmicrofracture-fill, and possibly due to poor crystallinity of the aluminosilicate weathering products in this context. Spectral
trends observed atMars, such as the detection of low tomoderate (10–25%) abundances of silica and clay that are observed in the thermal
infrared but not in the VNIR, are therefore consistent with trends observed for natural rock surfaces in the laboratory. The combined use
of thermal infrared and VNIR suggest that vast areas of martian dark regions contain sandy–rocky basaltic materials with weathering
rinds and thin coatings that could have formed in conditions of relatively low water/rock ratios.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction and background

Weathering rinds and rock coatings form on
subaerially exposed or shallowly buried rocks as a
function of their mineralogical and textural susceptibil-
ity to weathering, the availability of water, and the
amount of time the rocks were exposed to particular
environmental conditions [1]. On Mars, rocky and
sandy surface materials may develop weathering rinds
and coatings through time depending on their mineral-
ogical and textural susceptibility, surface exposure age,
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availability of water, or exposure to acid volatiles.
Revealing the mineralogy and distribution of weathered
rock surfaces on Mars is central to understanding the
climate history of Mars, constraining styles of aqueous
alteration, and establishing geologic surface ages.

Spectroscopic measurements of martian dark regions
provide insight into weathering processes affecting sandy
and rocky materials on Mars. Visible/near-infrared
(VNIR) (λ=0.4–2.5 μm) reflectance spectra indicate
thatmartian dark regions are largely composed of variably
oxidized basaltic materials [2–4]. VNIR data show
evidence for clay minerals in a limited number of sites
representing ancient alteration of possible sedimentary or
hydrothermal origin [5], but do not show evidence for
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widespread, abundant clay minerals [2,4]. From these
data, it seems that martian dark regions are composed of
relatively unaltered basaltic materials, as they appear
oxidized, but clay-poor. Thermal emission (λ=6–30 μm)
spectra of Mars show evidence for widespread basaltic
materials in dark regions as well [6–9]. However, thermal
emission spectra also show evidence for low abundances
(∼15%) of clay minerals (or poorly crystalline alumino-
silicates similar to clays) throughout dark regions [10] and
moderate abundances (5–25%) [9] of aluminous silica
[11]. Originally these results were thought to represent
purely igneous diversity ofMars [6–8], but the possibility
that much of the spectral diversity is related to chemical
weathering is an open question [10–16]. The northern
lowlands of Mars, where high concentrations of silica
and/or clays are observed in the thermal infrared, are
devoid of VNIR spectral features related to igneous or
alteration minerals [17]. However, these regions do
exhibit a blue-slope in the VNIR which could indicate
the presence of coatings and rinds on rockymaterials [17].

Interpretations of infrared measurements for weath-
ering on Mars are fraught with questions and complica-
tions. Infrared spectroscopic data provide mineralogical
information about the uppermost 10s of μm of geologic
materials and could well be sensitive to thin weathering
rinds and coatings on martian rocks and sand. But, the
differences between thermal infrared and VNIR obser-
vations of Mars are cause for concern. If thermal
emission data show evidence for widespread silica and
clays (or clay-like mineraloids) on Mars, why are they
not observed in the VNIR? Given that spectra of Mars
contain abundant evidence for primary minerals, can the
surfaces be chemically weathered? In this paper, we
present the results of a spectroscopic study of “weath-
ered” and “fresh” basalts from the Columbia River
Basalt Group (CRBG) employing both VNIR and
thermal emission wavelengths. We demonstrate some
of the spectral trends observed for weathered surfaces
and consider the implications for interpreting martian
surface alteration from infrared spectral data.

2. Methods

Thirty cobble-sized (6–10 cm-diameter) rock sam-
ples of basalt–icelandite were collected from the CRBG
in central to southeastern Washington State. Samples
were collected from all major formations of the CRBG,
including (in decreasing age from approximately 17 to
6 Ma) the Imnaha Formation, Grand Rhonde Basalt,
Wanapum Basalt, and Saddle Mountains Basalt. For
more information on the volcanology, petrology, and
geochemistry of CRBG rocks sampled, see [18–20].
Absolute surface exposure ages are not known for the
sample sites, but rocks were collected from a range of
relative exposure ages from old (≤10 ka), rocky
surfaces on top of topographic highs to young
anthropomorphic exposures.

All rock samples were analyzed by bulk-powder X-
ray diffraction (XRD), VNIR spectroscopy, and thermal
emission spectroscopy. Select samples were analyzed by
optical petrography and scanning electron microscopy
(SEM). Detailed mineralogical analyses of selected
samples have been reported by [21]. XRD analyses were
performed from 5 to 65° 2θ on bulk-powders and from 2
to 70° 2θ on selected <2 μm size fractions. Bidirectional
VNIR spectra of rock chips were collected (from
λ=0.35 to 2.55 μm) at the Brown University RELAB
facility. Rock chips were prepared by cutting or
breaking open the interior of the rock into 1–2 cm-
sized pieces, in the case of “fresh samples,” or breaking
off 1–2 cm-sized pieces of the natural surface in the case
of “weathered surfaces.” The field of view for each
spectral measurement was an ellipse with a major axis of
∼3–10 mm, which is sufficient area to sample the bulk
composition of these aphanitic to plagioclase-porphy-
ritic rocks. Band depth measurements [22] were applied
to rock spectra using the Eq. (1), where BD is the band
depth, Rc is the reflectance of the continuum slope, and
Rb is the reflectance of the band center.

BD ¼ 1−
Rb

Rc
ð1Þ

Thermal infrared emission spectra of fresh and
weathered surfaces of the same samples were acquired
at Arizona State University (from λ=5–50 μm) [23].
These spectra were quantitatively analyzed by a linear
spectral deconvolution, which mathematically constrains
mineral abundances bymodeling amixed scene (i.e. rock)
spectrum [24–26]. Spectral deconvolutionwas performed
over the 7.7–28.6 μm (350–1300 cm−1) spectral range
using input library end-members including a range of
plagioclase and K-feldspar compositions, felsic and
basaltic volcanic glasses, various pyroxenes, several Fe-
and Fe–Ti-oxides, and various clay minerals. See [27] for
more background information on spectral data
processing.

3. Spectra of fresh basalt surfaces

VNIR spectra of fresh CRBG rock surfaces contain
fivemajor absorptions at (λ≅) a) 0.7–1 μm, b) 1.05 μm, c)
1.41 μm, d) 1.91 μm, and e) 2.32 μm (Fig. 1), corres-
ponding to a) Fe3+ electronic absorptions in oxides/



Fig. 1. Average VNIR (A) and thermal emission (B) spectra of fresh and weathered surfaces of CRBG samples. Major absorptions are shown. TES
surface type spectra (Bandfield et al., 2000) are also shown (but are missing the spectral range where CO2 absorbs at Mars).
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hydroxides, b) Fe2+ electronic absorptions in pyroxene, c)
O–H vibrations in hydroxyl, d) H–O–H vibrations in
mineralogic water, and e) M–OH vibrations in clay
minerals (M=metals, Fe2+ or Mg2+ in this case). The Fe3+

absorption at short wavelengths is generally weak in fresh
surfaces. The placement of the pyroxene absorption near
1.05 μm indicates the presence of a high-calcium
pyroxene (HCP) in all samples, consistent with detection
of augite in all samples by XRD. The broad 2 μm
pyroxene band observed in spectra of pure pyroxene
samples is weak in these rocks, masked by the presence of
hydration bands (c–e). The absorptions at 1.41 μm,
1.91 μm, and 2.32 μm can all be satisfactorily explained
by the presence of a Mg-rich TOT clay mineral such as
saponite (by TOT,wemean sheet silicate containing layers
composed of bonded tetrahedral, octahedral, and tetrahe-
dral sheets, i.e. a 10.5 Å phyllosilicate). The three
hydration absorptions are mutually correlated suggesting
that a single phase (or multiple phases with similar
mineralogical characteristics) is responsible for these
absorptions in most rocks (Fig. 2). A broad XRD-peak
located near d=13–14.5 Å in many of the data is
interpreted as evidence for expanded TOT (smectite?) or
chlorite clay and a random mount of the <2 μm size
fraction indicates the presence of trioctahedral clay, based
on the observation of a {060} diffraction peak near
d=1.535 Å. Patchy brown replacements of interstitial
glass observed petrographically are the likely context of



Fig. 2. The scatter plot shows that the 1.9 μm H–O–H absorption
strength is correlated with the M–OH absorption strength, suggesting
that both absorptions are caused by a single phase or multiple phases
with similar characteristics.
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theMg-rich claymineral(s) detected spectroscopically and
with XRD. Mg- and Fe-bearing clay minerals observed in
the same context in CRBG rocks by [20] were interpreted
as a low-temperature, hydrothermal phenomenon, and we
agree with this interpretation.

Thermal emission spectra of fresh surfaces contain
strong, overlapping absorptions at (λ≅) a) 8–12 μm, b)
20–25μm, c) 15–20μm, and d) 25–30μm(Fig. 1) related
to a) (Si, Al)–O stretching vibrations, b) (Si, Al)–O
bending vibrations, and c) MIV–O vibrations, and d)
MVI–O vibrations. Linear spectral deconvolution of fresh
surface spectra suggests average compositions of 58%
plagioclase feldspar (generally andesine), 15% CPX (usu-
ally augite), 10% basaltic glass (50% SiO2), 5% felsic
glass (78% SiO2), 5% clay minerals (saponite, serpentine,
and nontronite), and trace abundances of olivine, Fe-ox-
ides, and alkali feldspars. These results are consistent with
the detection of andesine and augite by XRD in all rocks.

4. Spectra of weathered basalt surfaces

VNIR spectra of natural, weathered surfaces exhibit
the same five absorptions as the fresh rock spectra, but
there are some important differences. Overall, the
weathered surfaces are brighter (∼16% greater reflec-
tance) than the fresh surfaces. The Fe3+ absorption is
much stronger for natural surfaces, giving them a
brown-red color. The average band depths of the 1 μm
pyroxene absorption in weathered surfaces is ∼23%
weaker than for fresh surfaces (BD=0.125 for average
fresh surfaces compared to 0.097 for average weathered
surfaces). Hydration bands at 1.41 μm, 1.91 μm, and
2.32 μm have slightly higher band depths for weathered
surfaces than fresh on average, suggesting either
increased hydration due to the weathering process, or
higher relative stability of the bulk-rock Mg-clay
minerals compared to igneous phases in the weathered
surfaces. Al-OH absorptions located near (λ=) 2.2 μm in
spectra of aluminous clays are not observed in
weathered CRBG spectra, except for an extremely
weak, broad absorption in one sample.

Thermal emission spectra of weathered surfaces are
generally similar to spectra of fresh surfaces, but there
are some key differences. Weathered surfaces have
slightly less overall spectral contrast and less absorption
near (λ=) 11–12 μm, in the position where absorptions
related to depolymerized silicates such as pyroxene
occur. The spectral minimum of average weathered
surface spectra is located near (λ=) 9.6 μm compared to
10 μm in fresh rock surfaces, indicating an overall higher
silica content of the weathered surfaces. Linear decon-
volution of weathered surface spectra indicates average
surface compositions of 30% plagioclase feldspar, 8%
alkali feldspar (albite and orthoclase), 11% CPX
(dominantly augite), 5% basaltic glass, 5% felsic glass
(or aluminous, amorphous silica), 5% opal-A, 26% clay
minerals, and 9% Fe-oxides. Modeled clay minerals
include Mg-bearing trioctahedral clays (saponite, ser-
pentine), Fe-bearing dioctahedral clays (nontronite), and
abundant Al-bearing dioctahedral clays (illite and
montmorillonite). Spectral model results for each
weathered sample generally include high abundances
(∼20–40%) of only one of the following: 1) aluminous
clay minerals, 2) K-feldspar, or 3) felsic volcanic glass/
aluminous silica, suggesting that these three materials
are somewhat interchangeable in the modeling process.
K-feldspar is only a trace mineral in these rocks, primary
felsic glass is not enriched in rock surfaces, and
supporting evidence for crystalline clay minerals (within
rock surfaces) is tenuous at best; the reason for these
incorrect model results is an open question. Do they
correspond to actual aluminosilicate alteration products
that are not currently represented by spectral library
minerals? Do they result entirely from geometric effects
producing non-linear mixing of spectra of natural
surfaces? Or, is it a combination of these effects?

5. Discussion

There are several important differences between the
spectral properties of basalt weathering rinds in the VNIR
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versus the thermal infrared. Thermal emission spectra of
many of the weathered surfaces are similar to spectra of
clay minerals, and aluminous clay minerals in particular
(Fig. 3). However, the VNIR spectra of these same surfaces
do not show evidence for aluminous clay minerals.
Similarly, many of the thermal emission spectra of
weathered surfaces contain strong absorptions indicative
of (aluminous) opaline silica, while the VNIR spectra of
these same surfaces do not show evidence for opal (Fig. 3).

The spectral disconnect between the two techniques
can be understood in terms of the differences in type and
strength of absorptions observable in the two wavelength
ranges. Thermal emission spectra of clay minerals are
dominated by (Si, Al)–O stretching and bending absorp-
Fig. 3. Examples of the spectral differences observed between VNIR and
weathered surfaces show evidence for aluminous clay-rich or silica-rich sur
opaline silica or aluminous clays.
tions related to the tetrahedral sheets of the clays. These
absorptions are strong (have high absorptions coefficients)
and therefore the thermal infrared technique is sensitive to
even small abundances or thin coatings of clayminerals or
clay-like materials. In the VNIR, clay absorptions
correspond to O–H and M–OH bonds in the octahedral
sheets, and toH–O–Hbonds in interlayer sites. In general,
these bands are weaker than the thermal infrared
absorptions, in particular if the physical nature of the
materials is such that multiple reflections are limited (as is
the case in rockymaterials). This is further complicated by
the issue of crystallinity; spectral absorptions become
more spread out and therefore weaker at a specific
wavelength with decreasing crystal ordering. The spectral
thermal emission measurements. Thermal emission spectra of many
faces (A), but VNIR of these same surfaces do not show evidence for
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disconnect with regard to CRBG rock surfaces can
therefore be explained if the thermal emission spectra
are detecting small abundances of clay minerals or poorly
crystalline aluminosilicates that are compositionally
similar to clay minerals, but the abundances, crystallinity,
and geometry of such materials in the rock surfaces
renders them undetectable to VNIR. Similar to clay
minerals, opaline silica is a strong absorber in the thermal
infrared. In theVNIR, opal is only detectable by its weaker
Si-OH absorptions located near (λ=) 2.23 μm. Thin
coatings of silica and clay-likematerials on rocky surfaces
may be much less detectable with VNIR spectroscopy
compared to thermal infrared spectroscopy. Even thin
silica coatings (<5 μm-thick) have a strong impact on
emission spectral measurements [13].

Petrographic observations provide context for the
spectroscopic interpretations discussed above. Optical
and SEM observations show that the weathering rinds of
these rocks are composed mostly of primary igneous
phases, but contain microcracks filled with aluminosil-
icate material. The aluminosilicate fracture fill and coat-
ings are compositionally similar to clay minerals and
aluminous silica (Fig. 4). Silica-rich coatings are ob-
served on the exterior of some rocks, and in some cases it
is philosophically difficult to distinguish between pene-
trative rock coatings forming in near-surface fractures
and in-situ weathering of primary phases in fractures.
The aluminosilicate weathering products found in near-
surface voids are compositionally distinct fromMg-rich,
hydrothermal alteration products found throughout the
samples. We attribute the thermal emission spectral
signature of glass, silica, and clay minerals in weathered
Fig. 4. Backscattered electron image of a basalt weathering rind (sample CRB
and apatite (Ap). Cracks are filled with aluminosilicate materials. More alum
disseminated Fe-oxides/hydroxides.
surfaces to these near-surface aluminosilicate materials
that occur as fracture fill, rock coatings, and/or
penetrative coatings [21].

The spectral features of basalt weathering rinds
provide insights into weathering processes affecting
rock surfaces. In both the VNIR and thermal infrared, the
spectral character of weathering rinds is usually
dominated by primary phases. Spectral evidence for
neoformed crystalline clay minerals within weathering
rinds is lacking, though there is abundant evidence for
poorly crystalline aluminosilicates. The well-crystalline
clays that are detected in our rocks are related to ancient
hydrothermal activity and these clays, similar to pyrox-
ene and plagioclase, are weathering out of rock surfaces.
Our results are consistent with other studies of
weathering rinds on volcanic rocks. Colman [28 29]
points out that aluminosilicate materials, which are
compositionally clay-like but x-ray amorphous, are
much more common than crystalline phyllosilicates in
weathering rinds. Formation of x-ray amorphous
aluminosilicate is regarded by some as the usual initial
phase of rock weathering, where the degradation of rocks
ultimately leads to formation of crystalline clay minerals
in soil environments [30]. In addition, amorphous silica
(relatively pure or aluminous opal-A) is a common
constituents of rock coatings (in addition to weathering
rinds) in arid climates [1].

6. Conclusions

These results have important implications for inter-
preting chemical weathering processes on Mars from
04049). Mineral phases include plagioclase (Plag), clinopyroxene (Px),
inous materials also have higher Fe-content, possibly related to finely
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spectral data. Based on these results, which are admittedly
of limited scope, the spectral trends expected for natural,
weathered basalt surfaces are: 1) reddening and brighten-
ing of rocks in the VNIR region, 2) increase in apparent
silica content from thermal infrared spectra, and 3)
increase in clay content from thermal infrared measure-
ments. Martian surfaces show these same trends–variably
oxidized surfaces and the presence of amorphous silica
and clay-like materials in the thermal infrared. Although
VNIR instrumentation does not see enhanced features
related to silica or crystalline clays in the vast areas where
thermal infrared instruments see clays and silica, this is
not a contradiction if the materials occur in weathered
rock surfaces as fracture fill and thin coatings; a plausible
context for alteration materials on Mars. Sandy–rocky
surfaces made up of impact ejecta, dunes, flood
sediments, and eroded lavas may have been exposed to
acid volatiles in the atmosphere or surface water (related
to frosts, snowmelt, or other transient events) over vast
periods of time. It is possible that small volumes of poorly
crystalline alteration products are present within surface
materials, related to relatively recent chemical weathering
in conditions of low water/rock ratios. Further analyses of
these spectral trends on Mars, especially at higher spatial
resolution, will likely lead to breakthroughs in establish-
ing surface exposure ages and understanding past
occurrences of near-surface water.
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