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Abstract—Altered basaltic tephra from Haleakala, Maui, are characterized using multiple techniques in
order to identify the minerals formed under a variety of conditions and to understand the soil formation
processes here. We collected samples that are representative of typical bulk weathered material in the
crater, as well as solfataric alteration in a hydrothermal environment. For this study X-ray diffraction,
electron probe microanalysis, scanning electron microscopy and transmission electron microscopy are
coupled with spectroscopic techniques including Mössbauer, visible-infrared reflectance, transmission
infrared, and thermal infrared emission spectroscopies to analyze these samples. The unaltered tephra are
composed of feldspar, glass, pyroxene and olivine. Observed alteration products include Fe oxides,
phyllosilicates and sulfates, as well as SAED amorphous Al-Si-bearing material. These samples are
potential analogs for altered volcanic material on Mars as the pedogenic influences and contact with plants
and animals are minimal. Results from this study may help to determine spectral signatures of these
samples that could be used for identification on Mars of the minerals observed here.

Key Words—Altered Tephra, Alunite, EMPA, Infrared Spectroscopy, Jarosite, Mars, Mössbauer,
SEM, Smectite, Solfataric Alteration, XRD.

INTRODUCTION

Haleakala is a basaltic volcano located on the island

of Maui near 20.7ºN and 156.2ºW (Stearns, 1942;

MacDonald, 1978). Its major shield-building stage, the

Honomanu volcanic period, culminated ~0.95 Ma ago

(Chen et al., 1991). The subsequent Kula volcanic period

that ended ~0.15�0.12 Ma ago (Sherrod et al., 2003)

built the summit to its present altitude, (~3055 m), and

developed some of the cinder cones that decorate

Haleakala’s main crater. The most recent Hana period

volcanism has produced many of the colorful cinder

cones in the crater, the youngest of which are late

Holocene (~8000 y). One of the youngest flows in the

crater emanated from the Ka Lu’u o ka ‘O’o cinder cone

~970 y ago. A combination of tholeiitic, transitional and

alkalic basalts has been observed with tephra containing

olivine, pyroxene, feldspar and glass (Chen and Frey,

1985; Chen et al., 1991).

The compositions and mineralogy of tephra and ash

at Haleakala crater, Maui, have been analyzed in order to

characterize the alteration processes and products

formed and to differentiate the types of alteration that

are taking place at different places in the crater. Related

studies of volcanic material have compared palagonitic

and pedogenic alteration of tephra and ash in Iceland

(Bishop et al., 2002) and near Kilauea, Hawaii

(Schiffman et al., 2000, 2002). Solfataric alteration, or

alteration in the presence of S-bearing gases, has been

shown to play an important role in the alteration of

volcanic material near Kilauea (Schiffman et al., 2006)

and may be an important soil-forming process. A

previous study of altered volcanic material from

Haleakala and elsewhere (Bishop et al., 1998) noted

mineralogical variations in samples collected at different

sites at the crater. These studies have shown that there is

a substantial clay fraction in the altered tephra and ash.

One of the goals of the current study is to characterize

the minerals in the fine (<45 mm) fractions of altered

tephra and ash associated with weathering along the

walls of the crater, in contrast to weathering products on

or near cinder cones. Multiple analytical techniques are

utilized so as to illustrate the advantages and limitations

of individual methods for identification of individual

minerals and phases. A significantly greater detection

accuracy of these minerals and phases was achieved

when combining several techniques.
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Basaltic material altered via palagonitic processes

typically contains altered glass, phyllosilicates such as

smectite, some Fe oxides/oxyhydroxides (FeOx), and

X-ray amorphous phases (e.g. Schiffman et al., 2002).

Volcanic material altered via pedogenic processes

typically contains altered glass, phyllosilicates such as

kaolinite or halloysite, goethite and other FeOx, plus

organic material (e.g. Parfitt et al., 1988). Basaltic

material altered via solfataric processes frequently

contains sulfates, silica, phyllosilicates and/or FeOx

(e.g. Schiffman et al., 2002, 2006). In some dry

environments, alteration may be limited by low water

activity; in such cases, altered glass and amorphous

material occur as the primary phases (Morris et al.,

2001).

The principal reason for studying the alteration

products of volcanic material from sites such as

Haleakala is to characterize the pathways of alteration

there. Solfataric alteration contributes to the soil-

formation processes near cinder cones, while palagonitic

and pedogenic alteration are more pervasive processes in

the crater, although the degree of weathering, especially

along crater walls, is sometimes constrained by low

moisture levels. These processes also have implications

for the surface of Mars where volcanic material has been

exposed to substantial physical weathering and at least

some aqueous activity (Carr, 1981). Evidence for

phyllosillicates and sulfates in several small and isolated

locations on the planet has been provided recently using

the Observatoire pour la Minéralogie, l’Eau, les Glaces,

et l’Activité (OMEGA) hyperspectral image cubes on

Mars Express (Bibring et al., 2005; Gendrin et al., 2005;

Poulet et al., 2005). Evidence for the presence of sulfates

in Meridiani Planum and Gusev crater has also been

provided using Mössbauer spectroscopy, a miniature

thermal emission spectrometer (Mini-TES) and other

instruments on board the Mars Exploration Rovers

(MERs) (Christensen et al., 2004; Klingelhöfer et al.,

2004; Squyres et al., 2004b).

METHODS

Samples

Several altered tephra pieces and some fine-grained

material were collected inside the crater basin, ~1 m

away from the Sliding Sands Trail and along the rim of

the Ka Lu’u o ka ‘O’o cinder cone. A map of Haleakala

crater is shown in Figure 1, images of the collection sites

are shown in Figure 2, and sample descriptions are

provided in Table 1. The fine grains at all sample

locations reacted to a hand-held magnet. Physical

locations and colors of the samples were used to make

field assignments of their type: sample 399 was thought

to be an example of alteration of the dominant ash/tephra

in the Haleakala crater basin, sample 397 exemplifies the

alteration near cinder cones where airborne sulfuric

fumes would have provided low-level, and probably

long-term, solfataric alteration, sample 391 shows

solfataric alteration from proximal cinder cone fumes

plus additional fumes from small vents/fumeroles near

the cinder cone, and samples 394�395 typify alteration

in close contact with high-temperature fumes from the

cinder cone.

Bulk tephra samples were gently crushed and dry

sieved to ‘A’ <45 mm and ‘B’ <125 mm or 45�125 mm
for further studies. The particulate samples were sent to

the University of Massachusetts at Amherst and to

ACME labs, Vancouver, British Columbia, for X-ray

fluorescence (XRF) and inductively coupled plasma

(ICP) measurements of the major elements and for C

and S measurement by LECO (combustion at ~1650ºC,

followed by absorption spectroscopy).

Electron microprobe analysis and scanning electron

microscopy

Sieved tephra, as well as consolidated tuffs, were

impregnated with epoxy resin for preparation of polished

mounts for back-scattered electron (BSE) imaging and

electron microprobe analysis (EMPA). Quantitative,

Figure 1. Map of collection sites at Haleakala crater basin, Maui: (a) view of Maui showing Haleakala National Park; (b) expanded

view of Haleakala National Park showing the Sliding Sands Trail and Ka Lu’u o ka ‘O’o cinder cone. Stars on the map mark the Ka

Lu’u o ka ‘O’o cinder cone and the trail leading to it from the Sliding Sands Trail. Samples were collected north and northwest of this

cinder cone and along the Sliding Sands Trail, about 800 m down from the trailhead.
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wavelength dispersive analyses by EMPA were con-

ducted using a Cameca SX-100 microprobe operated at

15 keV, 5 or 10 nA beam current, and variable spot size.

Net analyte intensities were converted to concentrations

using standard ZAF correction techniques (Schiffman

and Roeske, 2002).

Transmission electron microscopy

Transmission electron microscopy (TEM) was per-

formed using a Topcon EM 002B in the Lawrence

Berkeley National Laboratory. A thin-section was pre-

pared for each sample. Copper rings were attached to

selected areas and detached afterwards by gentle heating.

The sample obtained was then thinned with a Fischione

ion mill and carbon coated for TEM observation. The

microscope was operated at 200 kV. An objective aperture

of 40 mm was used as a compromise between optimum

amplitude and phase contrast for images. Chemical

analyses were obtained using a JEM-200CX electron

microscope equipped with two Kevex EDX (energy-

dispersive X-ray analysis) detectors. The microscope was

operated at 200 kV (TEM or STEM mode).

X-ray diffraction

X-ray diffraction (XRD) was carried out on a Bruker

D8 diffractometer equipped with a Cu tube and a

diffracted-beam graphite monochromator. Samples

were mixed with ethanol and precipitated on zero-

background silicon slides and step-scanned from 5 to

70º2y in 0.02º2y increments for 45 s per increment.

Selected diffraction peaks were fitted with Voigt

functions using a program described by Stanjek and

Friedrich (1986).

Reflectance spectra

Visible/near-infrared (VNIR) and mid-IR reflectance

spectra were measured at the Reflectance Experiment

Laboratory (RELAB) at Brown University. Bidirectional

VNIR spectra were measured relative to Halon under

ambient conditions, while biconical on-axis reflectance

spectra were measured relative to a rough gold surface

using a Nicolet 740 and off-axis reflectance spectra

using a Nicolet Nexus FTIR spectrometer. Only small

differences in the on-axis and off-axis spectra were

observed and are not the focus of this study. The samples

were placed in a H2O- and CO2-purged chamber for at

least 10 h prior to measurement and during measurement

in order to remove adsorbed water from the samples.

Composite, absolute reflectance spectra were prepared

by scaling the FTIR data to the bidirectional data near

1.2 mm. The spectral resolution is 5 nm for the bidirec-

tional data and 2�8 cm�1 for the FTIR data.

Figure 2. Images of sample collection sites at Haleakala crater basin, Maui: (a) view of cinder cones in the crater basin; (b) view of Ka

Lu’u o ka ‘O’o cinder cone where samples were collected (~50 m diameter); (c) view of altered tephra on the walls of the crater basin

near the collection site for sample 399.

Table 1. Sample descriptions.

391 basaltic ash and tephra (pieces up to ~2 cm in size), collected from the surface of a yellowish orange deposit off the
path ~200 m north of Ka Lu’u o ka ‘O’o cinder cone.

392 basaltic ash material, buried ~1 cm below sample 391.

394 collected from a bright red soil deposit, on the northern rim of Ka Lu’u o ka ‘O’o cinder cone; reacted very strongly
to a hand-held magnet, similar to sample 250 from Bishop et al. (1998).

395 collected just east of samples 394 and 250 along crater rim where the tephra are darker red in color.

397 basaltic ash and tephra (pieces up to ~2 cm in diameter) collected from the surface of an orange-colored deposit off
the path ~100 m northwest of Ka Lu’u o ka ‘O’o cinder cone.

399 collected inside the crater basin ~1 m away from the Sliding Sands Trail, far from any cinder cones or steam vents.
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Emission spectra

Emission spectra were measured at the Mars Space

Flight Facility at Arizona State University using a

Nicolet Nexus 670 E.S.P. FTIR spectrometer. This

spectrometer has been modified for emission measure-

ments and is equipped with a thermoelectrically

stabilized DTGS detector and a CsI beam splitter that

allows the measurement of emitted radiation from heated

samples over the mid-IR range of 2000 to 200 cm�1. To

reduce and maintain the amount of water and CO2 vapor

inside the spectrometer and external sample chamber

and glove box (and to reduce the degradation of the

hydrophilic CsI beam splitter) the entire system is

continuously scrubbed using a Parker Balston com-

pressed air and gas in-line filter.

Transmittance spectra

Transmittance spectra were obtained, using a Nicolet

Magna 550 FTIR spectrometer, of samples pressed into

KBr pellets prepared in order to minimize adsorption of

water. 300 mg of dehydrated KBr powder were mixed

with 1 mg of sample, pressed and measured against a

pure KBr pellet as a background using a DTGS detector.

Data were recorded from 4000 to 400 cm�1 at a spectral

resolution of 4 cm�1.

Mössbauer spectra

Mössbauer spectra were acquired at 295 and 12 K

using a source of 100�90 mCi 57Co in Rh on a WEB

Research Co. model W100 spectrometer equipped with a

Janus closed-cycle He refrigerator. Run times were

12�48 h, and the results were calibrated against a-Fe
foil. The majority of the spectra were processed using the

MEXDISDD program, an implementation of software

described by Wivel and Mørup (1981) and written by De

Grave and colleagues at the University of Ghent,

Belgium. The program uses quadrupole-splitting distribu-

tions with Lorentzian lineshapes and an assumed average

correlation between the isomer shift and quadrupole shift

in each of two valence states. It can find a distribution for

magnetic fields, rather than a single value. It calculates

the full Hamiltonian and therefore is appropriate for

ferrous sextets where approximations do not apply. The

spectrum of sample 399 (only) was fitted using

DIST3EDD, a variation of the fitting routines that is

optimized for samples without magnetic phases.

Colorimetry

Quantitative color measurements were carried out by

measuring the light reflected perpendicular to the dry

sample surfaces over an area 8 mm in diameter using a

Minolta Chroma-Meter CR-300. At least three measure-

ments per sample were carried out using the CIE

illuminant C, and data output was registered in the

Munsell and CIE L*a*b* chromaticity systems. Redness

ratings and fictive hematite contents were determined

using the method of Barrón and Torrent (1986).

Figure 3. Back-scattered electron images of ash samples:

(a) 391, (b) 397 and (c) 399. The ash contains fresh glass as

well as microphenocrysts of fresh olivine, plagioclase and Fe-Ti

oxides. Vesicle walls are coated, and glass-replacing veins are

filled with an X-ray amorphous alumino-silicate (Al-Si). The

original texture of the 391 ash fragment is preserved in the

upper-right hand corner of a, although the fragment is coated

with an Fe oxide or oxyhydroxide (Fe-Ox), an aluminous sulfate

(Al-sulfate), and X-ray amorphous silica. A larger proportion of

crystalline alteration minerals was observed in the solfataric

samples 391 and 397 compared with sample 399.
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RESULTS

Composition and character of tephra and altered phases

A BSE image of sample 391 is shown in Figure 3a.

The original texture of the ash fragment was an

intergrowth of coarse-grained olivine and Fe-Ti oxides

as well as fine-grained plagioclase, pyroxene and glass

(upper-right hand corner of this image). The outer few

hundred micrometers of the ash particle are seen on the

left side of the image and are mainly composed of

concentrically zoned alteration materials: (1) a <10 mm
thick discontinuous FeOx-rich outer rim; (2) a

20�30 mm thick sulfate layer; and (3) a 20�50 mm
thick silica-rich layer.

The BSE image of basaltic ash 397 shown in

Figure 3b displays fresh glass, as well as micropheno-

crysts of fresh olivine, plagioclase and Fe-Ti oxides.

X-ray amorphous aluminosilicates (Al:Si molar ratio

~1:1) make up the coatings of the vesicles and replace

glass in veins. The Al:Si molar ratio in the vein-filling

material is closer to a smectite-like ratio of 1:2, and also

contains abundant Fe and Ti. Samples 391 and 397

probably originated from the same magma based on their

chemistry and location; however, the more crystalline

groundmass in sample 391 compared to sample 397

suggests differences in eruption temperatures (or cooling

rates). Sample 397 has also experienced less solfataric

alteration in that only vesicles/veins are observed around

the glass veins and no distinctive coatings and alteration

rinds as in sample 391 were found here.

Figure 3c shows a BSE image of basaltic ash

fragment 399 that contains fresh glass and plagioclase,

and has an X-ray amorphous aluminosilicate (with Al:Si

> 1:1) rind replacing the glass. The apparent concentric

banding of the rind is attributed to desiccation as highly

variable water contents were observed in the alumino-

silicate material. This aluminosilicate also contains

significant Fe and Ti, but is highly depleted in alkalis,

consistent with aqueous leaching. However, only very

minimal palagonitic alteration has taken place in this

sample.

The major elements from bulk analyses of the altered

fines are given in Table 2 and results of EMPA analyses

for fresh and altered zones are presented in Table 3.

These are all consistent with altered alkaline basaltic

ash. The chemistry of the glass components in samples

391, 397 and 399 indicates that these ash samples were

very similar when deposited. Differences in the rinds,

veins and other alteration fronts are attributed to

variations in their alteration histories and locations

relative to the steam vents. Higher S values were

measured for the samples collected near the cinder

cone (2.2�4.7 wt.% SO3) compared to sample 399

(~0.9 wt.% SO3), which was collected near the Sliding

Sands Trail far from the cinder cones. The EMPA

analyses of the glass and rind of sample 399 gave even

lower S abundances (<0.1 wt.% SO3). The Mg, Ca and

Na values are always lower in the altered phases, while

Si, Al, Fe and Ti are sometimes elevated and sometimes

reduced in the altered phases. Total C was measured at

Table 2. Bulk chemistry of dry sieved fractions of altered tephra.

SiO2 TiO2 Al2O3 Fe2O3* MnO MgO CaO Na2O K2O P2O5 SO3 LOI Total

391
(A) <45 mm 29.5 5.0 17.8 17.5 0.1 1.8 3.1 2.2 1.5 1.0 4.7 15.4 99.6
(B) 45�125 mm 39.7 4.8 14.2 14.1 0.1 3.9 6.8 2.3 1.2 0.7 n.d. 11.8’ 99.8

392
(B) 45�125 mm 37.3 4.6 15.4 13.9 0.1 3.1 5.8 2.1 1.4 0.8 4.0 10.8 99.1

250
(A) <45 mm 27.4 2.2 11.7 38.7 0.1 1.9 4.5 1.3 1.2 0.7 3.9 5.3 99.0

394
(A) <45 mm 18.0 1.7 10.9 48.4 0.1 1.3 2.7 1.7 0.9 0.6 4.6 9.1 99.9
(B) 45�125 mm 23.5 2.4 12.1 39.8 0.1 2.2 4.7 2.0 1.0 0.6 n.d. 9.4’ 97.8

395
(A) <45 mm 36.3 4.0 15.8 17.9 0.2 3.4 7.0 2.3 1.2 0.8 3.2 6.2 97.9
(B) 45�125 mm 40.3 3.9 15.4 15.8 0.2 4.4 8.7 2.7 1.2 0.7 n.d. 6.2’ 99.5

397
(B) 45�125 mm 38.2 4.2 15.3 17.2 0.2 3.5 5.9 1.0 0.8 0.7 2.2 9.9 99.1

399
(A) <45 mm 32.2 4.2 21.0 16.8 0.3 2.5 5.0 1.8 0.5 0.8 0.9 13.8 99.8
(B) 45�125 mm 39.3 3.8 18.6 15.8 0.2 4.4 7.2 3.2 1.0 0.7 n.d. 5.4’ 99.7

Data are given in wt.%, Fe2O3* is total Fe and includes both Fe2+ and Fe3+; n.d. indicates that SO3 was not determined for
these samples and that the LOI (marked by ’) includes SO3. The elemental abundances of the <45 mm fraction of sample 250
are similar to those reported for the <53 mm fraction of this sample reported previously (Bishop et al., 1998).
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Figure 4. TEM images depicting the mineralogical composition of solfataric samples: (a) alunite, Fe oxide/oxyhydroxide and silica

in sample 391; (b) silica, smectite and alunite in sample 391; (c) glass and fibrous clay-like material in sample 397; (d) glass, jarosite

and SAED amorphous material in sample 397; (e) EDX data corresponding to jarosite from sample 397 shown in d; and (f) EDX data

corresponding to the SAED amorphous material from sample 397 shown in d.

Table 3. Major element measurements of tephra portions from EMPA.

SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O P2O5 SO2 Total

391
glass 46.41 3.11 18.24 11.75 0.19 3.15 10.28 4.34 1.09 0.91 0.08 99.54
silica 72.71 6.11 3.92 3.82 0.06 0.87 0.32 0.42 0.52 0.5 2.91 92.13

sulfate 0.16 0.18 38.94 5.69 0.02 0.23 0.57 1.09 2.66 1.34 31.25 82.13

397
vesicle Al/Si 41.7 0.25 32.63 2.59 0.06 0.84 2.54 0.24 0.23 0.99 0.19 82.25

vein Al/Si 36.22 7.48 22.69 14.9 0.18 1.02 3.08 0.18 0.26 0.74 0.14 86.89
glass 44.22 3.68 15.98 12.6 0.22 3.98 10.0 2.8 1.85 0.89 0.12 96.32

399
glass 45.57 3.16 16.96 11.54 0.2 3.69 7.11 4.8 2.19 0.96 0.08 96.26
rind 24.29 5.48 29.89 19.35 0.04 0.07 0.7 0.21 0.04 1.16 0.0 81.21

Ave. glass 45.4 3.32 17.06 11.96 0.2 3.61 9.13 3.98 1.71 0.92 0.09 97.38

Data are given in wt.%, FeO* includes both Fe2+ and Fe3+.
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<0.5 wt.% for the <45 mm fractions of samples 250, 394

and 399.

Transmission electron microscopy images are shown

in Figure 4a�d of the altered fractions of samples 391

and 397 that contain silica, glass, FeOx, alunite-jarosite,

and selected area electron diffraction (SAED) amor-

phous material. Energy-dispersive X-ray plots are shown

in Figure 4e,f of two regions of sample 397. Several

grains of the alunite-jarosite group were observed, some

with more Al and others with more Fe. The SAED

amorphous material has a Si-Al-Fe composition similar

to smectite minerals. For sample 391 there are also some

portions that exhibit phyllosilicate-like fibrous textures.

Some of the Fe oxide-bearing phases have high Ti

contents, indicating that Ti-rich magnetite, ilmenite or

rutile might be present. The TEM analyses of sample

399 (not shown) indicate the presence of glass, altered

glass and other amorphous material with Al-Si-Ti-Fe

composition in varying abundances. Some of the

amorphous phases exhibit a feldspar-like composition,

suggesting alteration of that mineral.

X-ray diffraction

The XRD was carried out on one or more of the

<125 mm, 45�125 mm and/or <45 mm fractions of the

total samples, on magnetic separates of the <125 mm or

45�125 mm fractions, and on selected samples from

which magnetic fractions had been extracted using a

hand magnet. Many of these are shown in Figure 5. All

samples exhibit complex mineralogy including plagio-

clase, pyroxene, Na-alunite, Na-jarosite, hematite and

magnetite in proportions ranging from dominant to

barely detectable. Most samples also contain some

glass, indicated by a broad background centered near a

d value of ~0.35 nm. An additional minor bulge at a d

value of ~0.40 nm in the background of two samples

Figure 5. XRD traces of the Haleakala samples with characteristic peaks marked for mineral identification: plagioclase (Pl),

pyroxene (Px), olivine (Ol), magnetite (Mg), Na-jarosite (Ja), Na-alunite (Al) and hematite (Hm). The positions of primary mineral

peaks are indicated with broken lines, whereas those of secondary minerals are indicated with dotted lines. XRD data of the magnetic

separates (M) from samples 397 and 399 are shown in lighter shades. The vertical axes are scaled such that the tick marks correspond

to 100 counts/s.
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(391 and 392) suggests the possible presence of opal,

and one sample (397) contains a phyllosilicate. As the

feldspar and pyroxene may vary widely in chemical

composition and even crystallographic symmetry, defi-

nitive mineral identification is difficult due to the

presence of multiple constituents in these samples.

The XRD indicated Na-alunite and, to a lesser extent,

plagioclase to be the principal constituents of samples 391

and 392; the mineralogy of 394 is dominated by hematite,

a less marked content of Na-jarosite, and lack of glass,

while a relatively intense peak at 0.251 nm in the

magnetic extract of this sample points to the presence of

a maghemite 313 peak in addition to remnant hematite

(whereas no magnetite could be observed); 395 also

contains significant proportions of hematite and plagio-

clase, whereas the mineralogies of 397 and 399 are

dominated by plagioclase. Sample 394 differs from the

other samples in that it contains significantly less

(possibly even no) glass, and sample 399 differs from

the others in that no alunite, jarosite or hematite could be

detected by XRD. It is also the only sample in which

peaks that can be attributed to olivine were observed.

Quantification of magnetite and maghemite in the

magnetic separates is challenging because of parallel

extraction of other minerals. However, a comparison of

XRD data for the bulk samples and the magnetic

separates indicates a significant proportion of magnetite

in sample 397. An unequivocal identification of

maghemite proved impossible because of multiple

mutual interferences from other minerals. Even in the

magnetic separates, the principal maghemite peaks (313

and 220) are difficult to use for identification of this

mineral because of interferences from peaks of concur-

rently extracted pyroxene (present in all magnetic

samples) or remnant hematite. This coexistence of

pyroxene with magnetic minerals indicates that the latter

formed at least in part by exsolution from pyroxenes that

had originally been rich(er) in Fe.

VNIR spectroscopy

In Figure 6, visible/near-infrared (VNIR) spectra are

shown of the <45 mm fractions, and of multiple grain-

size fractions in Figure 7. The VNIR spectra of all

samples are dominated by a strong band near 3 mm
attributed to water bound in glass and X-ray amorphous

phases as these spectra were measured under controlled

dehydrated conditions where the adsorbed water was

very low. In the spectrum of sample 399, this is a broad

Figure 6. VNIR reflectance spectra of fines: (a) 0.3 to 5 mm; (b) relative reflectance of OH combination band region.

Figure 7. VNIR reflectance spectra of multiple grain sizes of

samples 391 and 397. Both on-axis and off-axis reflectance

spectra were measured in the IR region for the coarser-grained

(45�125 mm) samples and only minor differences were

observed.
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rounded feature, centered near 2.9 mm, which is

characteristic of adsorbed water or water in glass.

Spectra of samples 394 and 395 exhibit a shoulder

near 2.75 mm (attributed to Al-OH in montmorillonite

and other phyllosilicates, e.g. Bishop et al., 1994), and a

doublet at 2.90 and 2.97 mm (consistent with alunite and

jarosite, e.g. Bishop and Murad, 2005). Spectra of

samples 391 and 397 are consistent with alunite, and

an Al-bearing phyllosilicate plus alunite, respectively,

due to features at 2.75 and 2.89 mm. Spectra of samples

391, 394 and 397 are compared with lab reference

spectra of alunite and jarosite in Figure 8. Structural OH

(rather than bound water) is spectrally dominant in the

spectrum of sample 394. A broad shoulder near

2.9�3.2 mm in spectra of samples 391, 395 and 397 is

consistent with some bound water � probably in X-ray

amorphous aluminosilicate phases.

All spectra also exhibit an Fe band near 0.9�1.0 mm
and hydration features near 1.4, 1.9 and 2.2�2.3 mm that

vary in intensity and spectral character. The extended

visible region band centers occur near 0.89 mm for

samples 391, 392, 395, 397, near 0.87 mm for sample

394, and near 0.93 mm for sample 399. The extended

visible region spectra of samples 391, 394 and 399 are

compared with spectra of selected Fe oxide/oxyhydr-

oxide minerals in Figure 9. Due to the weak, broad band

observed here for many samples, the Fe-bearing

components probably include nanophase, poorly crystal-

line and/or amorphous phases. The spectrum of sample

394 is clearly dominated by hematite, although other

Fe-bearing phases such as jarosite, maghemite and

ferrihydrite may also be contributing to this spectrum.

The 399 spectrum is consistent with both poorly

crystalline and/or X-ray amorphous Fe3+ phases plus

Fe2+-bearing species. The Fe bands in this region tend to

be shifted towards longer wavelengths for spectra of the

coarser size fractions, indicating that Fe2+ components

may be present in the >45 mm fractions of these samples.

The feature near 1.4 mm is due to both OH and water,

while the band near 1.9 mm is due only to H2O. These

features are typical of smectites and other phyllosilicates

and are also observed for hydrated silica (e.g. Bishop et

al., 2004). These bands are very weak and broad for the

spectra of <45 mm Haleakala samples. As shown in

Figure 7, these bands are much stronger for the spectrum

of the sample 397 tephra chip. This spectrum exhibits a

doublet at 1.38 (Si-OH) and 1.41 (Al-OH) mm with a

shoulder at longer wavelengths due to the water overtone

vibration.

The spectra of samples 391�392 in Figure 6b exhibit

a band from 2.18 to 2.21 mm that is broader than

typically observed for the Al-OH combination band in

e i the r a lun i t e (2 .17 mm) or montmor i l lon i t e

(2.20�2.21 mm), plus weak shoulders that are character-

Figure 8. VNIR reflectance spectra of samples 391 and 397

compared with spectra of reference minerals jarosite and

alunite. The spectra of samples 391 and 397 have well developed

broad alunite-like bands centered near 4.5 mm, while the

spectrum of sample 394 has some alunite-like character near

4.5 mm overlain by jarosite-like features near 4.6, 4.8 and

4.9 mm. The spectra of samples 391 and 397 also exhibit weak

bands near 1.77 mm that are characteristic of alunite. This band

is somewhat enhanced in the 397 chip spectrum in Figure 7.

Figure 9. Extended visible region spectra of samples 391, 394

and 399, along with spectra of several Fe oxide/oxyhydroxide

minerals for comparison. Multi-channel Mars spectra of Gusev

soil (Bell et al., 2004) and Mars Pathfinder soil (Smith et al.,

1997) are also given.
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istic of the Fe-OH combination band in jarosite

(2.27 mm) spectra. The spectrum of sample 394 has a

well-defined band at 2.21 mm, a strong shoulder at

~2.27 mm, and a weak inflection near 2.17 mm that is

consistent with the presence of montmorillonite, jarosite

and perhaps alunite in that order. The 395 spectrum

exhibits weaker features near 2.205 and 2.27 mm,

indicative of montmorillonite and jarosite. The 397

spectrum has a sharp band at 2.208 mm and a shoulder at

longer wavelengths consistent with Fe-OH species. The

399 spectrum has a broad feature consistent with mostly

Al-OH and some Fe-OH species in a poorly crystalline

matrix. The presence of OH-bearing sulfates such as

jarosite and alunite can be distinguished from phyllosi-

licates by the sulfate bands near 1.7�1.85 and 4�5 mm.

Mössbauer spectroscopy

The complex mineralogy of the Haleakala samples

combined with the high Fe contents of the original lavas

leads to intricate Mössbauer spectra comprising multiple

doublets and sextets that are difficult to fit and interpret

(Table 4). Due to the complexity and overlapping nature

Table 4. Mössbauer parameters.

Sample T (K) Phase d D g Field %
assigned (mm/s) (mm/s) (mm/s) (Tesla)

JB391-A 293 hematite 0.37 �0.25 0.40 51.9 21
jarosite 0.36 1.26 0.38 26
Fe3+ 0.35 0.67 0.48 13
Fe2+ silicate 1.03 2.35 0.76 39

12 hematite 0.48 �0.14 0.40 53.3 20
hematite 0.47 �0.15 0.46 50.1 9
hematite 0.49 �0.19 0.56 47.0 26
jarosite 0.46 1.12 0.76 26
Fe2+ silicate 1.28 2.72 1.27 19

JB392 293 hematite 0.37 �0.23 0.38 51.2 22
jarosite 0.35 1.24 0.43 24
Fe3+ 0.33 0.66 0.60 36
Fe2+ silicate 1.11 2.54 0.54 8
Fe2+ silicate 1.05 1.91 0.49 9

12 hematite 0.47 �0.13 0.58 53.0 27
hematite 0.46 �0.14 0.46 49.0 19
jarosite 0.43 1.19 0.47 14
Fe2+ silicate 1.26 2.50 1.34 31
Fe3+ silicate 0.17 0.35 0.59 8

JB395-A 293 hematite 0.36 �0.21 0.43 51.0 35
jarosite 0.36 1.25 0.41 17
Fe3+ 0.35 0.72 0.63 29
Fe2+ silicate 1.05 2.23 0.85 20

JB397-A 293 hematite 0.35 �0.22 0.33 51.3 21
jarosite 0.36 1.19 0.39 17
Fe3+ 0.36 0.67 0.51 43
Fe2+ silicate 1.04 2.27 1.03 19

JB399-A 293 jarosite�alunite 0.33 1.12 0.60 38
Fe3+ 0.32 0.54 0.30 42
Fe2+ silicate (Px) 1.12 1.84 0.49 10
Fe2+ silicate (Px) 1.12 2.16 0.30 4
Fe2+ silicate (Ol) 1.13 3.02 0.30 6

JB394-A 293 hematite 0.36 �0.22 0.35 51.1 82
jarosite 0.36 1.16 0.45 14
Fe3+ silicate 0.16 0.46 0.93 4

12 hematite 0.47 �0.11 0.40 53.8 83
hematite 0.50 �0.04 0.30 48.2 9
jarosite 0.43 1.50 0.80 6
Fe3+ silicate 0.15 0.44 0.50 1

‘Jarosite’ refers to any composition along the alunite-jarosite solid solution; ‘Fe3+’ refers to a paramagnetic
Fe3+ component or a superparamagnetic Fe oxide; ‘Fe2+ silicate’ refers to Fe2+ in silicate minerals or glasses;
‘Px’ refers to pyroxene and ‘Ol’ refers to olivine.
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of these spectra, errors in isomer shift and quadrupole

splitting are unusually high, probably V0.05�0.10 mm/s,

and errors in the hyperfine fields are at least V0.15 T.

With the exception of the spectrum of sample 394, the

room-temperature spectra are dominated by Fe3+

doublets that may result from either genuinely para-

magnetic minerals or glasses, or oxides that, because of

small particle size, are subject to superparamagnetic

relaxation (Murad and Johnston, 1987). Magnetically

ordered components with hyperfine fields >51 T at room

temperature that are dominant in sample 394, subordi-

nate in samples 391, 392, 395 and 397, but absent in

sample 399, can be unequivocally attributed to hematite.

Figure 10 shows spectra of selected Haleakala samples

and of two soils taken by the Mössbauer spectrometers

on the Mars rovers for comparison. The lines of these

magnetic components of the Haleakala samples are

asymmetrically broadened towards lower hyperfine

fields, indicating either poorly-crystalline oxides (e.g.

Murad and Johnston, 1987; Morris et al., 1989) or

admixtures of a low hyperfine field mineral such as

maghemite. Subordinate Fe2+ doublets are attributed to

unweathered remnants of the original pyroxene and

olivine. Because we used unconstrained fits (peak

positions, widths and areas were allowed to vary freely),

the results often yielded parameters that were difficult to

assign to a specific mineral (Table 4).

In contrast to the room-temperature spectra, spectra

taken at 12 K (Figure 11) display multiple magnetically

ordered constituents in addition to the paramagnetic

components, enabling better resolution of these compo-

nents at lower temperature than at 293 K and producing

slight variations in the component percentages.

Furthermore, poorly-crystallized Fe oxides and oxyhydr-

oxides tend to have distributions of magnetic hyperfine

fields rather than unique well-defined fields (e.g. Murad

and Johnston, 1987; Morris et al., 1989); such distribu-

tions required multiple hematite components in our

spectra (Table 4). So, although we acquired both 293

and 12 K spectra of all samples in this study, we were

able to obtain useful fits to 12 K spectra only for

samples 391, 392 and 394. Fortuitously, in the other

cases, the oxide components were sufficiently well

resolved at 293 K that interpretations could be made.

Comparison of Mössbauer results for samples 391,

392 and 394 (Figure 11) shows that the amount of Fe2+ is

greatest in 392, which was underneath 391 and thus

experienced less surface weathering. Sample 391 has

more Fe3+, suggestive of alteration of tephra and ash

particles to more oxidized phases. Sample 394 contains

no Fe2+ and the Fe mineralogy is dominated by hematite.

The Mössbauer spectrum of sample 399 was the only

one in which a contribution from olivine could be

resolved, which is consistent with the XRD analyses. In

395 and 397, there is also a well-defined doublet with

parameters of ~1.04 mm/s for isomer shift (IS) and

~2.25 mm/s for quadrupole splitting (QS). Based on the

TEM and XRD results and through analogy with

previous Mössbauer studies of pyroxene, this doublet

probably represents Fe2+ in pyroxene.

Figure 10. Room-temperature Mössbauer spectra of samples

391, 394, 397 and 399, compared with spectra of Martian soil

from Meridiani Planum and Gusev crater. The Martian spectra

have been processed and calibrated using the MERView

software package described by Agresti et al. (2006); data are

available at http://www.mtholyoke.edu/go/mars/.

Figure 11. Low-temperature Mössbauer spectra of samples 391,

392 and 394.
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Nearly all of the spectra contained doublets corre-

sponding to Fe3+ in different types of octahedral sites:

one with IS ~0.33 mm/s and QS = 1.15 mm/s, and a

second doublet with IS = 0.36 mm/s and QS

~0.70 mm/s. We assign these doublets to jarosite,

though we note that the second doublet could also be

assigned to ferrihydrite (which was not seen in the XRD

results). We note that there are many other silicates,

oxides and sulfates with similar parameters, and stress

that mineral identifications here are facilitated by

corroborating data from other methods.

Color measurements

Because of the strong pigmenting power of hematite,

soil colors determined using the CIE L*a*b* system,

recalculated to give a ‘redness rating’, can give an

indication of the hematite contents of soils and synthetic

hematite/goethite/soil mixtures (Barrón and Torrent,

1986). Color measurements on the samples studied

here � with the exception of sample 399 � confirm

this, indicating hematite contents to decrease in the order

394 >> 395 >> 391 ~ 392 ~ 397, in agreement with the

Munsell hues and the relative hematite contents indi-

cated by XRD (Table 5). The failure of this relation to

explain the color of sample 399 probably arises because

this sample is relatively fresh, and the primary minerals

are determining the colors rather than secondary Fe

oxides.

Mid-IR spectroscopy

Mid-IR reflectance and transmittance spectra of

samples 391, 392, 394 (and 250), 395, 397 and 399 are

shown in Figure 12. In many cases for fine-grained

materials in this spectral region, the transmittance

spectra provide more spectral character than reflectance

and emission spectra. A water-bending vibration is

observed in all spectra near 1630�1640 cm�1

(~6.1 mm). Additional features are observed near

1000�1200 cm�1 (~8�10 mm) and 450�600 cm�1

(~17�22 mm) that are primarily due to silicate, sulfate

and oxide vibrations in minerals (Farmer, 1974;

Salisbury et al., 1991). Some differences are observed

here with particle size, due in part to a larger fraction of

Figure 12. Mid-IR reflectance and transmittance spectra:

(a) reflectance spectra of samples 391 and 392 compared to

transmittance spectra of sample 391; (b) reflectance spectra of

samples 250, 394 and 395 compared with transmittance spectra

of 250 and 394 (sample 250 was re-measured after heating for

49 h at 100ºC and is marked with an h); (c) reflectance spectra of

three size fractions of 397; and (d) reflectance spectra of two size

fractions of 399.

Table 5. Colors of altered Haleakala tephra fractions.

Sample Munsell L* a* b* RR Hm %1 Hm104
2

JB391 <45 mm 7.2 YR 6.0/3.2 60.54 7.22 18.87 1.48 0.75 6
JB392 <125 mm 6.8 YR 5.8/2.6 58.48 6.35 15.17 1.61 0.81 7
JB394 <45 mm 9.3 R 4.5/5.7 45.63 22.78 19.17 26.01 11.19 100
JB395 <45 mm 3.1 YR 4.8/3.4 49.33 11.78 15.93 8.36 3.68 16
JB397 <45 mm 7.8 YR 5.6/3.1 57.02 6.47 18.17 1.90 0.93 7
JB397 45�125 mm 8.9 YR 5.3/2.3 54.06 4.13 14.16 1.67 0.83 5
JB399 <45 mm 8.6 YR 5.2/3.1 52.69 5.80 18.81 2.73 1.29 13

1 Redness ratings and fictive hematite contents after Barrón and Torrent (1986); 2 relative intensity from fitted XRD 104 peak;
3 not significant (<H(36background)).
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alteration minerals in the finer fractions. Coarse particles

also exhibit stronger fundamental features in this region

due to increased surface scattering compared to the

dominance of volume scattering in fine-grained samples

(e.g. Salisbury and Wald, 1992) as seen in the stronger

Reststrahlen band near 1100 cm�1 for the 397 chip

spectrum compared to the 397 powder spectra.

Figure 13 shows transmittance spectra of samples 391

and 394 (plus 250) compared with spectra of several

minerals. The spectra of samples 394 and 250 are very

similar and exhibit a strong triplet at 1026, 1096 and

1188 cm�1, plus a shoulder near 628 cm�1, attributed to

jarosite, and a strong doublet at 487 and 545�590 cm�1,

attributed to hematite. Phyllosilicates and/or X-ray

amorphous Al-Si-Fe are also likely to be present with

a broad Si�O stretching band near 1000�1100 cm�1

and an Al-OH bending vibration at 912 cm�1. Jarosite

and montmorillonite both have features near 500 cm�1

that would be consistent with the 394 and 250 spectra;

maghemite, magnetite, and alunite could also be

contributing to features in this region. The spectrum of

sample 391 exhibits a strong band at 1092 cm�1 and

additional features at 443, 593, 625, 665, 1026, 1092 and

1200 cm�1 that are consistent with alunite. The band at

468 cm�1 is consistent with montmorillonite and the

band near 790 cm�1 may be due to an X-ray amorphous

Si-OH phase.

Emission spectra of fine-grained fractions and tephra

chips of the Haleakala samples are shown in Figure 14;

all show water bands near 1640 cm�1. Some also show

additional features in the ~1400�1500 cm�1 range. A

related doublet has also been observed for ferrihydrite

collected in Iceland (Bishop and Murad, 2002), selected

hydrated iron sulfates (Lane et al., 2004), and neutra-

lized acid mine drainage material (Bishop et al., 2005).

Detailed analyses of this feature for hydrated iron

sulfates suggests that this doublet is due to a splitting

of the water bending vibration in some minerals (Lane,

2007). At longer wavelengths the emissivity is close to 1

with some weak features.

Summary of alteration phases formed

Table 6 presents a summary of minerals and phases

detected by our integrated analytical studies of the

Haleakala tephra samples. The EMPA/SEM analyses

coupled with bulk major element analyses of the tephra

fragments of samples 391 and 397 indicate that these are

altered alkaline basalt. The tephra fragments include

fresh glass, olivine, pyroxene, plagioclase and Fe-Ti

oxides. The thickness and abundance of coatings and

alteration rinds indicates that sample 391 experienced

greater alteration than sample 397. Samples 391 and 397

were collected near the Ka Lu’u o ka ‘O’o cinder cone

and experienced solfataric alteration. Transmission

electron microscopy of the altered phases of 391 and

Figure 13. Transmittance spectra of samples 391 and 394 (plus

250) are compared with spectra of the minerals jarosite,

montmorillonite, hematite, maghemite, magnetite and alunite.

All samples and minerals were dry sieved to <45 mm particle

size.

Figure 14. Emission spectra of the fine-grained fractions of

samples 391, 394, 395, 397 and 399, plus spectra of tephra chips

of samples 391 and 397.
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397 showed glass, altered glass, Fe oxides/oxyhydr-

oxides, and X-ray amorphous material. The presence of

some X-ray amorphous or nanophase Fe oxides/oxy-

hydroxides is supported by TEM and extended visible

region spectra, but was not sufficiently abundant to be

detected by XRD. Some phyllosilicate texture was

observed in TEM of sample 391 and phyllosilicate

features were observed in IR spectra of sample 391,

while XRD only showed evidence of a phyllosilicate in

sample 397. Na-alunite and jarosite were observed in

XRD of all samples except 399, which is consistent with

the IR spectra; Mössbauer spectra showed the presence

of alunite/jarosite in all samples. Alunite-jarosite grains

were observed by TEM analyses of both 391 and 397 and

it is likely that these have formed as something like a

solid series with some Al-dominated and some Fe-

dominated samples. Sample 392 was collected under-

neath sample 391 and has a similar composition with

less extensive alteration.

Sample 399 was collected far from any cinder cones

and represents a more typical alteration environment for

the Haleakala crater. The XRD and Mössbauer spectro-

scopy showed the presence of pyroxene and olivine in

sample 399, which is consistent with the VNIR spectra

showing more Fe2+ material in this sample compared to

the others. The TEM of the altered fraction of 399

showed glass, altered glass, other amorphous material

and Fe oxides/oxyhydroxides. The IR spectra of this

sample showed the strongest bound water features and

weakest OH features.

Sample 394 is the most highly altered and is similar

to sample 250 collected earlier. Both were collected on

the rim of the Ka Lu’u o ka ‘O’o cinder cone at the

brightest red region. Samples 394 and 250 exhibit the

strongest response to a magnet and are dominated by

hematite, magnetite, Na-jarosite and an Al-phyllosili-

cate. In contrast to the others, sample 394 did not show

evidence of glass by XRD. It appears that samples 394

and 250 were altered directly by the steam emanating

from the cinder cone that completely removed the glass

and primary minerals. Sample 395 is similar, but also

contains some X-ray amorphous Al-Si material and

altered glass. Sample 395 was collected just east of this

area and probably experienced significant alteration

from steam, but this sample was not as completely

altered as samples 394 and 250.

APPLICATIONS TO MARS

The Mars Exploration Rovers (MERs) have on board a

Mössbauer spectrometer, a multi-channel panoramic

camera (PANCAM) and a miniature thermal emission

spectrometer (Mini-TES) that are providing mineralogical

information on the surface of Mars (Squyres et al.,

2004a). Figure 9 contains PANCAM multi-channel spec-

tra of soil from Gusev crater (Bell et al., 2004), along with

an average soil spectrum from Mars Pathfinder (Smith et

T
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al., 1997). These Martian soil spectra are very similar to

the Haleakala sample 399 spectrum.

Figure 10 shows our results compared with

Mössbauer spectra of Martian soil from the Meridiani

(Klingelhöfer et al., 2004) and Gusev (Morris et al.,

2006) regions. Our data, which have twice the resolution

of the MER results, and were acquired using long run

times, optimal laboratory conditions and thin absorber

geometry, proved extremely difficult to interpret

because of the presence of multiple, strongly over-

lapping peaks from oxide sextets. Based on this

experience, it is likely that unequivocal identification

of specific Fe oxides in the MER data will be

problematic. However, Mössbauer spectra in our study,

and in Martian data, contribute greatly towards mineral

characterization by providing the relative abundance of

Fe2+ to Fe3+ components and by enabling identification

of some specific minerals and/or mineral groups such as

pyroxene, olivine, magnetite, hematite, other FeOx

minerals, and jarosite-like ferric sulfates.

An emissivity doublet initially attributed to carbo-

nates (Bandfield et al., 2003) has been identified in TES

data of Martian dust material near 1380 and 1580 cm�1

(or ~6.3 and 7.2 mm). Similar features have been

observed for the fine-grained Martian surface material

by the Mini-TES spectrometer on the MERs

(Christensen et al., 2004). These spectra are compared

to mid-IR spectra of selected Haleakala samples in

Figure 15. Spectra of the <45 mm fractions of samples

394 and 250 contain a broad band spanning this range

and spectra of the <2 mm fraction of sample 250 exhibits

a doublet very similar to that observed in the TES and

Mini-TES spectra of Martian fines. Because carbonates

were not detected by any technique in this study, they do

not need to be invoked to explain these features, which

are in this case produced by altered volcanic tephra. We

attribute this doublet to a splitting of the water

deformation band observed in some hydrated Fe oxides

and sulfates (Lane, 2007).

SUMMARY AND IMPLICATIONS

The altered fractions of basaltic tephra from the

crater wall, the rim of a cinder cone and near a cinder

cone in Haleakala, Maui, have been characterized using

multiple techniques. A number of alteration products

have been observed including Fe oxides/oxyhydroxides,

phyllosilicates and sulfates. The samples collected on

the crater rim are extremely altered and contain the

largest abundance of Fe oxides/oxyhydroxides, some

jarosite, and a minimum of glass and silica phases. The

samples collected near the cinder cone contain altered

glass, X-ray amorphous material, Fe oxides/oxyhydr-

oxides, alunite, and in some cases a montmorillonite-like

phyllosilicate.

Mössbauer spectra of these samples provided defini-

tive Fe2+/Fe3+ information about the samples and could

be combined with other data in many cases to make

assignments of the Fe mineralogy. This is similar to

Mössbauer results for the complex fines covering the

surface of Mars, where Fe2+/Fe3+ results can be

definitively assigned, but mineralogical assignments

must be made in conjunction with other techniques.

Greater Fe2+/Fe3+ ratios were observed for the Martian

fines than the Haleakala fines, suggesting that the

Martian fines are less altered (i.e. less oxidized).

Figure 15. Emission spectra and converted reflectance spectra (E=1�R) of selected fine-grained samples compared to TES

(Bandfield et al., 2003) and Mini-TES (Christensen et al., 2004) spectra of Martian fines.
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Specific sulfate minerals such as alunite and jarosite

were identified in the VNIR spectra and could be

identified on Mars as well using OMEGA or CRISM

hyperspectral images. The presence of OH-bearing

minerals such as phyllosilicates was also indicated, but

specific mineral assignments were difficult. Variations

in the water bands near 1.9 and 3 mm can be used to

detect hydrated components as in a recent study by

Milliken and Mustard (2005).

In the mid-IR region the transmittance spectra were

best for identification of small amounts of alteration

minerals; however, differences in spectral character near

500 and 1000 cm�1 (10 and 20 mm) are significant

enough to differentiate these samples using the emissiv-

ity data from TES or Mini-TES. The spectral character

of the Haleakala samples near 1300�1650 cm�1 con-

tains a water band plus additional features for some

highly altered samples that may have implications for

Mars as well. The doublet observed here is not yet well

understood, but is probably due to water deformation

modes in some combination of Fe oxides/oxyhydroxides,

jarosite/alunite, and/or phyllosilicate, all of which are

present in these samples. Further study of these features

may help explain the enigmatic doublet observed here in

the TES and Mini-TES data of Martian fines.
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