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Abstract

The visible to near-infrared spectral reflectance properties of intimate and areal pyroxene+ palagonitic material mixtures as well as pu
mafic silicates (low-calcium pyroxene, high-calcium pyroxene, pigeonite, olivine) and mixtures of these minerals were analyzed at
spectral resolution (5 nm) as well as with non-contiguous band passes equivalent to recent HST observations and the Pathfinder IMP in o
to determine the quality and quantity of mineralogical information (end member compositions, abundances, and grain sizes) derivable
the presence of palagonitic material. In the case of pyroxene+ palagonitic material mixtures, pyroxene is detectable at abundances as
as 10 wt%, and its composition can be constrained because (a) its diagnostic absorption feature (located near 1000 nm) persists even f
high palagonitic material abundances, and (b) palagonitic material does not appreciablyalter the wavelength position of this band (< 4 nm
variation). For broad band data (such as Pathfinder IMP band passes), different mafic silicates can be discriminated and palagon
abundances constrained using a variety of reflectance ratios and three-point “absorption band depths.” However, other properti
silicate± palagonitic material assemblages, such asmafic silicate major element compositions, grain sizes, and end member abundan
generally cannot be rigorously quantified. The use of multiple reflectanceratios can, however, be used to identify relative changes in t
properties, as most changes in mafic silicate± palagonitic material assemblage properties are characterized by aunique corresponding se
of reflectance ratio variations. The observed spectral-assemblage property trends are consistent with those expected from the kno
properties of the end members.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Pyroxenes are among the most widespread mafic
cates in the inner Solar System (e.g.,McCord et al., 1970
McCord and Clark, 1979; Feierberg et al., 1980; Basa
Volcanism Study Project, 1981; Dodd, 1981; Surkov et
1983; Huguenin, 1987; Cruikshank et al., 1991; Gaffey
al., 1993a, 1993b; McSween and Treiman, 1998) and one
of the most well-characterized minerals spectrally (e
Adams, 1974; Hazen et al., 1978; Cloutis and Gaf
1991a). A knowledge of the compositional, structural, a

* Corresponding author. Fax: (204)-774-4134.
E-mail address:e.cloutis@uwinnipeg.ca(E.A. Cloutis).
0019-1035/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2004.06.002
textural properties of mafic silicate-bearing assemblage
can provide important constraints on the formation c
ditions of targets in which these minerals reside (e
Wood and Banno, 1973; Morse, 1980; Lindsley, 19
Lindsley and Andersen, 1983).

Pyroxenes are thought to be widespread on the sur
of Mars on the basis of spectral studies (e.g.,Singer, 1985;
Pinet and Chevrel, 1990; Mustard et al., 1993b; Ro
et al., 1993; Bell, 1996; Christensen et al., 1998, 20
Bandfield et al., 2000; Morris et al., 2000) and known to be
present from direct examination of martian meteorites (e.g
Wood and Ashwal, 1981; McSween and Treiman, 19
Folco et al., 1999). Spectral deconvolution has been succe
fully applied to martian meteorite spectra to derive ma
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silicate compositional information(Sunshine et al., 1993
Bishop et al., 1998a).

For the martian meteorites, major element (Mg, Fe,
composition, relative proportions of mafic silicates, a
grain size/textural observations all allow the composition
parental magmas and formation conditions to be infer
such as late stage differentiation, oxidation state, degre
partial melting, parental magma composition, cumulus
mation, and degree of fractionation(Mason et al., 1975
Boctor et al., 1976; Floran et al., 1978; McSween et
1979; Smith and Hervig, 1979; Stolper and McSween, 19
Stolper et al., 1979; Berkley et al., 1980; Wood and Ashw
1981; Smith et al., 1984; McSween and Jarosewich, 1
McSween, 1985; Lundberg et al., 1990; Treiman, 19
Murchie et al., 1993; Mikouchi et al., 1998). Conditions of
formation as well as subsequent alteration/weathering
also be augmented with information from analysis of
ditional mineral phases that may be present. A knowle
of the mineralogy of martian extrusive lava flows and (
posed) intrusive igneous bodies (e.g.,Mustard et al., 1997)
can augment geomorphological (e.g.,Mouginis-Mark, 1981;
Cattermole, 1990; Greeley and Crown, 1990; Lopes and
burn, 1990; Greggand Williams, 1996) and modeling stud
ies (e.g.,Solomon and Head, 1982; Finnerty et al., 19)
of these targets to help place constraints on mantle ev
tion, heat loss, viscosities, effusion conditions, rheology, an
density. A more detailed knowledge of the mineralogy co
prising these features would help to further constrain pe
genetic conditions derivable from geomorphology alone

On Earth, economic deposits of metals such as chrom
platinum and platinum group metals, titanium, iron, a
copper-nickel-iron are frequently associated with mafic
icate minerals (e.g.,Evans, 1980; Eckstrand, 1984). Conse-
quently an ability to detect mafic silicate occurrences
derive some compositional information could assist in
detection and mapping of similar deposits on Mars if th
exist.

One of the major uncertainties inherent in constra
ing the composition and abundance of mafic silicates
Mars from analysis of reflectance spectroscopic data a
the spectrum-altering effects of other phases which ma
present (e.g.,Cloutis and Gaffey, 1991b). A related problem
is determining the minimum spectral resolution and wa
length coverage necessary for quantitative analysis of m
silicate compositions from reflectance spectra. In the ca
of Mars, the major phase which may affect mafic silic
reflectance spectra is poorly crystalline ferric iron-bearing
material (e.g.,Bell et al., 1993; Morris et al., 1993, 199
Murchie et al., 1993; Morris and Golden, 1998) which is
spectrally similar to terrestrial palagonitic material, a co
mon weathering product of basaltic tuffs(Moore, 1966;
Hay and Iijima, 1968). A material spectrally similar to ter
restrial palagonitic material has been found to be pre
across much of the martian surface and commonly b
kets (partially or fully) outcrops of basaltic/andesitic ma
f

,

rials (Johnson et al., 1999; McSween and Murchie, 19
McSween et al., 1999; Bell et al., 2000).

Few visible to near-infrared (VIS-NIR) spectral reflec
tance studies of Mars have combined high spectral and
tial resolution on a planetary scale. Planetary-scale nea
infrared observations at high spatial resolution gener
have been conducted at low spectral resolution (e.g.,Bell
et al., 1997) or over only limited regions of the surfac
(Murchie et al., 1993; Mustard et al., 1993a). Similarly, lan-
ders such as Viking and Pathfinder have acquired high
tial resolution data around their landing sites but at on
few discrete wavelengths(Adams et al., 1986; McSween
al., 1999; Bell et al., 2000). For future lander/rover or or
biter regional- or global-scale multispectral geological m
ping studies, it would be useful to determine what type
compositional information can be derived from quantita
analysis of existing or planned low spectral resolution ob
vational data sets.

This study was designed to: (1) study the spectr
altering effects of palagonitic material on pyroxene
flectance spectra, particularly in the 300–1000 nm reg
in order to determine whether compositional informat
can still be derived in the presence of palagonitic mate
(2) determine whether different mafic silicates can be di
criminated using lower spectral resolution data such as
available from recent observations of Mars using the H
ble Space Telescope (HST) Wide Field/Planetary Came
(WFPC2)(Bell et al., 1997), the Imager for Mars Pathfinde
(IMP) camera(Smith et al., 1997), and the upcoming Mar
Exploration Rover Pancam investigation(Bell et al., 2003);
and (3) determine whether mafic silicate±palagonitic mate
rial assemblage properties, such as end member abunda
compositions, and grain sizes, can be quantified or
strained using this lower spectral resolution data. This s
extends the work done on analysis of Pathfinder IMP d
for constraining the nature of Mars surface materials at
Pathfinder site (e.g.,McSween et al., 1999; Bell et al., 200
Morris et al., 2000) by examining in more detail mafi
silicates± palagonitic material and terrestrial ferric iro
bearing minerals.

2. Experimental procedure

In order to understand the spectrum-altering effect
palagonitic material on mafic silicates, a series of i
mate mixtures of orthopyroxene+ palagonitic material an
orthopyroxene+ hematite were spectrally characteriz
We retain the convention of referring to low-calcium p
roxenes as orthopyroxenes and high-calcium pyroxene
clinopyroxenes, even though some low-calcium pyroxe
may have a monoclinic rather than orthorhombic str
ture. A representative orthopyroxene (PYX110,Table 1)
was used to produce intimate mixtures with palagonitic
terial or hematite. This pyroxene was used because
spectrally most similar to martian meteorite pyroxenes
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Table 1
Compositions of the main samples used in this study

wt% PYX110 PAL101a PAL102b

SiO2 56.65 41.24 45.5
Al2O3 0.03 25 18.4
FeO 9.19 2.77
Fe2O3 0.44 12.58 13.1c

MgO 33.92 3.52 3.91
CaO 0.30 5.11 6.02
Na2O 0.00 2.74 3.24
TiO2 0.03 3.24
Cr2O3 0.05 0.01
V2O5 0.01 0.02
CoO 0.01
NiO 0.02
MnO 0.04 0.29 0.22
K2O 0.67 1.07
P2O5 1.34 0.59
LOId 13.89 4.77
Total 100.69 99.19 100.4

a analysis of 5–53 µm size fraction fromMorris et al. (2000).
b analysis of< 2 mm size fraction fromBanin et al. (1997).
c All Fe reported as Fe2O3.
d loss on ignition. Sample PAL101 was heated in air at 950◦C for one

hour and samples PAL102 was heated to 950◦C for an unknown period o
time to determine volatile content.

the 300- to 800-nm region(Salisbury et al., 1975; Gaffey
1976; McFadden, 1987; Wagner et al., 1987; Morris, 19
Sunshine et al., 1993; Schade and Wäsch, 1999). It was
characterized compositionally and structurally(Cloutis and
Gaffey, 1991a)and was found to be free of any contam
nating weathered phases. Palagonitic material samples
kindly made available by Dick Morris at JSC (sample nu
ber HWMK 600; PAL101 in this study)(Morris et al., 2000)
and Ted Roush at NASA Ames Research Center (sam
number 91-16; PAL102 in this study)(Banin et al., 1997).
Dick Morris also provided the synthetic hematite sam
used in this study (sample number HMS3; HEM101 in t
study)(Morris et al., 1985). The palagonitic material sam
ples were dry sieved, without crushing, to obtain a< 45 µm
fraction. The pyroxene sample was crushed in an alum
mortar and pestle and dry sieved to produce the various p
dered size fractions.

The various samples were characterized by X-ray diffr
tion at the University of Manitoba. Continuous scan X-r
diffraction data were collected from 3◦–65◦ 2-θ on a Philips
PW1710 automated powder diffractometer, using a PW1
Bragg-Brentano goniometer equipped with incident- a
diffracted-beam Soller slits, 1.0◦ divergence and anti-scatt
slits, a 0.2 mm receiving slit and a curved graphite diffract
beam monochromator. The normal focus Cu X-ray tube
operated at 40 kV and 40 mA, using a take-off angle
6◦. The pyroxene XRD trace showed only pyroxene pea
while the palagonitic material XRD traces showed a f
broad diffuse peaks which could not be uniquely assig
with any confidence to any particular mineral phases;
closest match being to plagioclase feldspar.

Reflectance spectra were acquired at the NASA-supp
RELAB spectrometer facility at Brown University(Pieters,
e

Table 2
End member abundances and grain sizes of minerals used to genera
mate mixtures

Sample No. PYX110 PAL101 PAL102 HEM101

Size wt% Size wt% Size wt% Size wt%
(µm) (µm) (µm) (µm)

MIX501 45–90 90 < 45 10
MIX502 45–90 80 < 45 20
MIX503 45–90 70 < 45 30
MIX504 45–90 60 < 45 40
MIX505 45–90 50 < 45 50
MIX506 45–90 40 < 45 60
MIX507 45–90 30 < 45 70
MIX508 45–90 20 < 45 80
MIX509 45–90 10 < 45 90

MIX510 < 45 80 < 45 20
MIX511 < 45 60 < 45 40
MIX512 < 45 40 < 45 60

MIX515 45–90 80 < 45 20
MIX516 45–90 60 < 45 40

MIX517 45–90 80 < 0.14 20
MIX518 45–90 60 < 0.14 40

See Table 1 for composition of the end members. PYX110= ortho-
pyroxene; PAL101, PAL102= palagonite; HEM101= hematite.

1983; RELAB, 1996). Reflectance spectra were measu
from 0.3- to 2.6-µm at 5 nm spectral resolution withi = 30◦
ande = 0◦, and were measured relative to halon The sp
tra were acquired under dry air conditions. Heating of
palagonitic material samples was undertaken in air and
samples were placed in sealedcontainers immediately af-
ter heating and weighing, and kept in these containers
they were spectrally characterized. It is likely that the sa
ples adsorbed some moisture from the atmosphere du
the short times that they were out of their containers. Th
the absorption bands seen in the 1.4- and 1.9-µm region
likely due to a combination of structural water and adsor
water, as spectral measurements under dry air measure
conditions probably did not liberate all the adsorbed wa
We intend to remeasure these samples under Mars su
conditions in the future.

Intimate mixtures of PYX110 and palagonitic material
hematite were prepared at various wt% intervals for sp
tral measurements (Table 2). Equivalent areal mixtures wer
generated by applying appropriate weighting factors to
end member spectra in an additive (linear) fashion. As an
example, a 20/80 areal mixture of pyroxene+ palagonitic
material would be the sum of 0.2 times the pyroxene sp
trum plus 0.8 times the palagonitic material spectrum. B
depths(Db) for the high-spectral resolution data were m
sured using Eq. (32) ofClark and Roush (1984). Band depths
for the broad-band data were measured using the same
tionship. For the Pathfinder data, the continua for the
and 531 nm “bands” were straight lines connecting the
and 1003 nm, and the 480 and 600 nm data points, res
tively; for the HST data, the continua for the 955 and 501
“bands” were straight lines connecting the 860 and 1044
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and the 409 and 673 nm data points, respectively. Band
ima for the high resolution data were determined by fittin
third order polynomial to between 10 and 20 data points
either side of a visually determined band minimum. Cha
ing the number of data points used for band minimum
termination caused band minimum positions to vary by
than±2 nm. The spectra used in this study were augme
by additional spectra available in the literature for mafic
icates, mafic silicate-bearing mixtures, Mars Pathfinder an
telescopic Mars spectra, and various ferric iron-bearing
ides and hydroxides. Band widths (full width half maxim
(FWHM)) are the width, in nanometers, at half the depth
the band after removal of a straight line continuum.

3. Palagonitic material as a martian bright region or
“dust” spectral analog

Analysis of pyroxene reflectance spectra for deriv
compositional information is most robust when both
1000 nm and 2000 nm region absorption bands (comm
referred to as Band I and Band II regions, respectively)
available(Adams, 1974; Cloutis et al., 1986; Cloutis a
Gaffey, 1991a). Palagonitic materials, containing nanophas
iron oxides as a pigmenting agent, are spectrally simila
martian bright region spectra and serve as a spectral
perhaps compositional) analog for martian fines at wa
lengths below∼ 1000 nm (e.g.,Morris et al., 1989, 1993
Bell et al., 1993; Golden et al., 1993; Morris and Gold
1998). Both the PAL101 and PAL102 samples are suita
spectral analogues for the shorter wavelength portion
martian bright region spectra and both are spectrally s
lar (Fig. 1). Both sample spectra exhibit H2O/OH-associated
absorption features in the 1400 and 1900 nm regions. S
bands are weak or non-existent in martian surface sp
(Murchie et al., 1993).

Attempts to remove or diminish the intensities of t
1400 and 1900 nm region bandsfrom the palagonitic ma
terial spectra by heating the samples (to 160 and 60◦C
for 2 hours) were unsuccessful and produced other und
able spectral changes (Fig. 1), probably due to recrystalliza
tion, incomplete dehydration, and resorption of atmosph
moisture, similar to the results found byBruckenthal (1987).
Many of the spectral changes accompanying heating are
ilar to those found in a naturally thermally altered pala
nitic tephra(Bell et al., 1993). X-ray diffractograms of the
heated and unheated samples showed no significant differ
ences in terms of the appearance of new diffraction pe
the only noticeable changesaccompanying heating we
reductions in the FWHM of some of the broad and d
fuse peaks. The only mineral phase that could be ident
with certainty in all of the diffractograms was plagioclas
feldspar.

Total weight losses upon heating were 9.6 and 6.7 w
for PAL101 and PAL102 heated to 160◦C, respectively, and
16.4 and 14.8% for the same samples heated to 60◦C.
-

-

;

(a)

(b)

Fig. 1. 300–4300 nm reflectance spectra of palagonitic material sam
PAL101 (a) and PAL102 (b), unheated and heated in air to 160 and 60◦C
for 2 hours. SeeTable 1for compositional information.

These values exceed those measured by the original i
tigators, likely due to the fact that volatiles are expec
to be concentrated in the finer fractions; volatile cont
measurements for the originalsamples involved larger gra
size fractions than those used here (Table 1). The< 45 µm
fractions of both samples exhibit overall reflectance in
1000 nm region that is similar in both shape and abso
value to the martian bright regions, as well as to so
Pathfinder bright soil spectra; absolute reflectance of t
martian spectra generally range from∼ 0.3 to ∼ 0.4 at
800 nm (Murchie et al., 1993; Bell, 1996; Bell et a
1997, 2000; McSween et al., 1999), while the palagonitic
material spectra have absolute reflectance of 0.35–0.3
this wavelength.

Due to the persistence of a 1900 nm feature in
palagonitic material spectra, the 2000 nm region of th
pyroxene+ palagonitic material mixture spectra was n
used for derivation of spectral-assemblage property rela
ships. However mafic silicate compositions can be der
solely from the 1000 nm absorption feature(Cloutis and
Gaffey, 1991a, 1991b), so omission of the 2000 nm region
this stage is not a significant impediment to analysis of mafi
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silicate-bearing assemblages. In addition, while palago
material may be a reasonable spectral analogue for ma
fines, it would be useful to have a better understanding o
optical properties of this material, as even spectrally “n
tral” components can affect band area ratios(Moroz and
Arnold, 1999).

4. Pyroxene + palagonitic material mixture spectra

Pyroxene+ palagonitic material mixtures were produc
at 10 wt% intervals for the main series involving 45–90
fractions of pyroxene (PYX110) and< 45 µm fractions of
palagonitic material (PAL101), as both intimate and ar
mixtures as described above (Fig. 2). This was designed t
simulate expected differencesin grain size between the fine
grained martian “dust”(Pollack et al., 1977; Clancy et al
1995)and coarser-grained martian pyroxene(McSween and
Treiman, 1998). Additional, but more limited, series wer
produced using a smaller grain size of PYX110 (< 45 µm)
with PAL101, and 45–90 µm sized PYX110 with PAL1
and hematite (HEM101) (Table 2).

Quantitative analysis of reflectance spectra to derive c
positional information for pyroxenes and other mafic s
cates is based on absorption band wavelength position
major element composition(Cloutis and Gaffey, 1991a), and
band depths for the coupled effects of grain size and rela
abundance in the presence of other phases(Cloutis et al.,
1986). In cases where absolute reflectance values are kn
grain size and relative abundance effects may be partiall
solvable.

The wavelength position of the pyroxene Band I c
ter varies between 911 and 914 nm for all of the intim
mixture series (10–100 wt% pyroxene) with no system
trends apparent. The areal mixture series exhibits absor
band center positions between 912 and 916 nm, with a s
(1–2 nm) increase in band position for those samples

Fig. 2. Reflectance spectra of 10 wt% interval intimate mixtures of orthopy
roxene (PYX110, 45–90 µm grain size) and palagonitic material (PAL
< 45 µm grain size). wt% palagonitic material increases with decrea
band depth in the 900 and 1900 nm regions.
r

,

l

taining> 80 wt% palagonitic material. This slight increa
in band position at high palagonite abundances is due to
fact that the palagonitic materials used in this study b
exhibit a weak (Db = 2–3%) absorption feature located
926 nm (PAL101) or 958 nm (PAL102). The range of ba
position variations is less than the spectral resolution of
laboratory data (5 nm) and much less than the variat
in band positions associated with pyroxene compositio
changes (> 100 nm for Band I)(Cloutis and Gaffey, 1991a.

Full width half-maxima (FWHM) values of Band I hav
been found to be relatively constant for orthopyroxe
clinopyroxene mixture series(Sunshine and Pieters, 1993.
In our study, where the orthopyroxene has a band widt
either 200 (for the< 45 µm size fraction) or 250 nm (for th
45–90 µm size fraction), and the palagonitic material ha
band width of 225 nm for PAL101 and 240 nm for PAL10
decreases in band width were generally found for decr
ing pyroxene content for all pyroxene abundance for both
intimate and areal mixture series; the only major exceptio
being the pure palagonitic materials (Fig. 3). This is consis-
tent with the behavior associated with dilution of a spectr
featured material mixed with a relatively spectrally neut
and bright, component(Cloutis and Bell, 2000). It was also
found that the FWHM is a function of pyroxene compo
tion. FWHM of < 45 and 45–90 µm size samples of t
orthopyroxenes fromCloutis and Gaffey (1991a)range from
190–270 nm; the range for clinopyroxenes is slightly larg
180–297 nm. Since FWHM is also a function of pyroxe
grain size and palagonitic material abundance, it canno
used in isolation to uniquely constrain pyroxene comp
tion, abundance, or grain size.

Band depths for the orthopyroxene+ palagonitic ma-
terial spectra (Fig. 4) converge rapidly to a single tren
for the intimate mixture series, while the areal series sh
more scatter. The trends are as expected because fines w
dominate the spectral properties. This kind of mixture
often non-linear for greatly different particle sizes. Ba
depths for theCloutis and Gaffey (1991a)orthopyroxenes
range from 47 to 82%, close to the range of the sin
pyroxene used in the intimate mixtures. The fact that
band depth values for the palagonitic material-bearing
ries rapidly converge to a single trend with decreasing
roxene abundance suggests that band depths can be
to constrain orthopyroxene abundances across a rang
compositions and grain sizes, assuming that pyroxene
palagonitic material are (optically) intimately mixed and a
the spectrally dominant phases. Terrestrial clinopyroxe
are more spectrally diverse than martian pyroxenes (
Adams, 1974, 1975; Cloutis, 1985; Morris, 1989, Clou
and Gaffey, 1991a, 1991b; Morris et al., 2000), largely as
a result of greater compositional variations and the p
ence of appreciable amounts of ferric iron in many terres
clinopyroxenes, which has its major effect at shorter wa
lengths (� 1000 nm); this results in clinopyroxene Band
depths ranging between 3 and 74% for all the available
restrial samples used in this study. The data shown inFig. 4
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(a)

(b)

Fig. 3. Variation in full width half maxima of the Band I featu
in the intimate (a) and areal (b) mixtures of orthopyroxene (PYX110
< 45 and 45–90 µm grain sizes) and palagonitic material (PAL
< 45 µm grain size; PAL102,< 45 µm grain size) or hematite (HEM10
< 140 nm grain size).2—PYX110 (45–90 µm)+ PAL101;"—PYX110
(45–90 µm)+ PAL102;a—PYX110 (< 45 µm)+ PAL101;Q—PYX110
(45–90 µm)+ HEM101. End member abundances are provided inTable 2.
Interpolating values between points separated by more than 20 wt%
thopyroxene may not be valid.

can be used to place a lower limit on pyroxene abunda
given the fact that the pyroxene used in this study (PYX1
exhibits the largest band depth of all the pyroxenes ex
ined.

4.1. Systematic spectral variations

Analysis of martian reflectance spectra for pyroxene m
ping would ideally provide information on pyroxene co
position, abundance, and grain size. Under the assum
that a material spectrally similar to palagonitic materia
the major spectrally-dominant accessory phase, the re
of this study suggest that pyroxene composition should
derivable from the position of Band I(Cloutis and Gaffey
1991a), since it is relatively unaffected by the presen
of palagonitic material (up to 90 wt% palagonitic mat
ial) in either intimate or areal mixtures. Additional co
straints could be placed on pyroxene abundance thro
s

(a)

(b)

Fig. 4. Variations in depth of the Band I feature in the intimate (a)
areal (b) mixtures of orthopyroxene (PYX110) and palagonitic mate
(PAL101, PAL102) or hematite (HEM101). Symbols are the same as t
in Fig. 3. Interpolating values between points separated by more
20 wt% orthopyroxene may not be valid.

the use of Band I depth determinations, if intimate mix
with palagonitic material is assumed(Mustard et al., 1993a
Mustard and Sunshine, 1995).

The relative constancy of the pyroxene Band I wa
length position at palagonitic material abundances up
90 wt% is related to the decreasing optical density of pa
onitic material with increasing wavelength and the re
tively flat slope of palagonitic material in the 1000 nm
gion (Singer and Roush, 1983). Palagonitic material mor
strongly affects spectral properties at progressively sho
wavelengths, when palagonitic material is present as
ther a surface coating or intimately mixed with other ma
terials (e.g.,Singer and Roush, 1983; Morris et al., 199
Johnson and Grundy, 2000). A similar invariance in band
positions for features near 1000 nm is also seen in m
naturally weathered basalts(Singer, 1980; Pieters, 1989.
These results collectively suggest that where mafic silica
bands are resolvable, their wavelength position can be
to constrain mafic silicate composition(Cloutis et al., 1986
King and Ridley, 1987; Cloutis and Gaffey, 1991b).
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Complications in deriving mafic silicate compositio
from absorption band positions will arise when other m
erals with absorption bands inthe same wavelength regio
are present. This appears to be the case for at least so
the Pathfinder IMP spectra(Bell et al., 2000; Morris et al.
2000). Possible candidate minerals identified byMorris et
al. (2000)that possess an absorption feature near 930
(and which could affect mafic silicate compositional det
minations) include nanophase goethite, maghemite, akagen
ite, and schwertmannite. The possible complications in
duced by the presence of such a material on the inter
tation of rock type diversity at the Pathfinder site has b
described byYingst and Smith (2000). The ability to dis-
criminate spectral variationsassociated with mafic silicat
compositional variations as opposed to palagonitic mate
abundance variations is discussed more fully below.

Band depths and widths did not appear to be stron
correlated with composition for either orthopyroxenes
clinopyroxenes. The available data suggest that band de
and widths increase with increasing iron and calcium con
tents, however, grain size variations are the dominant fa
controlling these spectral parameters(Sunshine and Pieter
1993; Cooper and Mustard, 1999). Therefore, absorptio
band wavelength position remains the most reliable me
for determining pyroxene chemistry even in the presenc
palagonitic material. If a moreaccurate spectral analogue
martian fines beyond 1200 nm is identified, in terms of sh
ing no resolvable water-associated absorption bands, inte
pretation of reflectance spectra to 2500 nm may allow a m
comprehensive and robust interpretation of mafic silicate+
martian fines to be undertaken (e.g.,Cloutis et al., 1986
Cloutis and Gaffey, 1991b).

The results for our intimate mixtures of pyroxene+
palagonitic material are broadly consistent with the result
previous investigations. Palagonitic material is increasin
transparent at longer wavelengths and mafic silicate absor
tion band positions are largely unaffected by the prese
of palagonitic material coatings until the coatings are th
enough to obscure the mafic silicate absorption bands (
Singer and Roush, 1983; Pieters, 1989; Johnson and Gr
2000; Morris et al., 2001b). The major difference betwee
the intimate mixtures and palagonitic material-coated m
rials is that the palagonitic material-coated sample spe
generally show negative spectral slopes while the intim
mixture spectra do not (Fig. 2).

5. Effects of degraded spectral resolution

To date, most VIS-NIR spectral reflectance-based ma
ping of the martian surface has involved either high spec
resolution for limited areas (e.g., Mariner 6, 7 IRS, Ph
bos ISM) or low spectral resolution for larger regions (e
Viking Orbiter, Mars Odyssey THEMIS/VIS). We exam
ined the quantity of information derivable from analysis
multispectral data for mapping of mafic silicate geologi
f

s

,
,

variations by degrading the spectral resolution of labora
reflectance spectra of mafic silicates, ferric iron-bearing ox
ides and hydroxides, mixtures of these phases, pyroxe+
palagonitic material mixtures, Marts meteorites, and Ea
based Mars telescopic spectra; approximately 700 sp
were used in the analysis. The specific band passes that
chosen were those used for recent global mapping of Mar
with the WFPC2 on the Hubble Space Telescope(Bell et
al., 1997), and the imager on Mars Pathfinder(Smith et al.,
1997)(Table 3). The general approach outlined here sho
be applicable to any multispectral observations in which
sorption features are represented by only a few data p
and for limited wavelength coverage. Compositionally di
nostic spectral properties of mafic silicates, such as abs
tion band wavelength positions or band widths will genera
not be obtainable with a high degree of precision from mu
spectral data. Ideally, we would like to analyze such spe
to derive composition, grain sizes, and end member a
dances for mafic silicates and any accessory phases.

The mafic silicate mineralogyof Mars, inferred from
SNC meteorites, consists largely of orthopyroxene, clino
roxene, and olivine, with lesser amounts of other mine
(McSween and Treiman, 1998). This is consistent with spec
troscopic studies of Mars, particularly in the dark regio
(Soderblom, 1992; Mustard et al., 1993a; Roush et al., 1
Bell, 1996; Christensen et al., 1998, 2000). Therefore, we
focused on the spectral variations accompanying cha
in end member abundances, grain sizes, and major ele
compositions of these materials.

5.1. Spectral trends for individual mineral parameters

An examination of the spectral properties of pure pha
and mixtures involving orthopyroxene, clinopyroxene, o
vine, and palagonitic material degraded to the bandpass
a recent HST observational campaign and Pathfinder
(Table 3; Fig. 5) failed to reveal a full suite of unique sy

Table 3
Band centers and full width half maxima of HST WFPC2 observations
Bell et al. (1997)and of Pathfinder IMP(Smith et al., 1997)

HST WFPC2 Pathfinder IMP

Center
wavelength,
nm

Full width
half maximum,
nm

Filter Center
wavelength,
nm

Full width
half maximum,
nm

256 41 L0, R0 443.3 26.2
333 37 R10 479.9 27.0
409 15 R9 530.8 29.6
501 3 R8 599.5 21.0
673 5 R5 671.2 19.5
740 10 L5 671.4 19.7
860 11 R6 752.0 18.9
955 5 L6 801.6 21.0

1044 61 L7 858.4 34.4
L8 897.9 40.8
L9 931.1 27.0
R11 966.8 29.6
L11 968.0 31.4
L10 1002.9 29.1
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(a) (b)

(c) (d)

(e) (f)

Fig. 5. Reflectance spectra of various mineral and mixture spectra deconvolved to Pathfinder IMP band passes. (a) Clinopyroxene (this study;< 45 µm) [2],
olivine (this study;< 45 µm) [1], orthopyroxene (PYX110; 45–90 µm) [a], and palagonitic material (PAL101;< 45 µm) [e]. (b) Pathfinder soils fromBell
et al. (2000): Bright I soil spectrum 19-1 [2], Bright II soil spectrum 36-1 [1], Bright III soil spectrum 58-1 [a], Bright IV soil spectrum 07-1 [e], Surface
Dust spectrum 21-2 ["], Dark soil spectrum 21-1 [!], Disturbed soil spectrum 47-2 [Q]. (c) Pathfinder rock spectra fromMcSween et al. (1999): Booboo [2],
Half Dome [1], Scooby Doo [a], Valentine [e], Baker’s Bench ["], and telescopic spectra fromBell (1996): Bright region 88-41 spectrum [!], Dark region
88-22 spectrum [Q]. (d) Pyroxene+ palagonitic material series fromTable 2: PYX110 (45–90 µm grain size) [2], MIX502 [1], MIX504 [a], MIX506 [e],
MIX508 ["], PAL101 [!]. (e) iron-bearing oxides and hydroxides: akagenite (sample SAK1 fromMorris et al. (2000); < 90 µm) [2], maghemite (sample
LPS2-3-265 fromMorris et al. (2000); < 90 µm) [1], schwertmannite (sample BT-4 fromMorris et al. (2000); < 90 µm) [a], hematite (this study;< 45 µm)
[e], jarosite (this study;< 45 µm) ["]. (f) iron-bearing oxides and hydroxides: lepidocrocite (sample LPS2 fromMorris et al. (2000); < 90 µm) [2], goethite
(this study;< 45 µm) [1], ferrihydrite (sample H3 fromMorris et al. (2000); < 90 µm) [a], ferroxyhyte (synthetic sample delta-1 fromSherman et al. (1982);
< 1.5 µm) [e], limonite (sample Lim41 (< 74 µm) fromHunt et al. (1971)) ["].
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tematic spectral trends that could be used to quantify
possible combinations of mineralogical factors for ma
silicate+ palagonitic material mixtures (i.e., end memb
abundances, grain sizes, and compositions). This is du
the natural spectral variability of some of these pha
particularly clinopyroxenes, as well as the coarse spe
resolution of the data, which precludes precise determ
tion of absorption band minima. It is worth noting th
the mafic silicates (Fig. 5a) all exhibit relatively flat spec
tra in the 0.4- to 0.7-µm interval, while all the Mars su
face and telescopic spectra, ferric iron-bearing sample an
pyroxene+ palagonitic material mixture spectra all exhib
red slopes in this region.

Based on previous work involving the spectral pro
erties of palagonitic materials and other basaltic we
ering products, it has been found that basaltic altera
products most strongly affect the wavelength region
low ∼ 800 nm (Singer and Roush, 1983; Pieters, 19
Morris et al., 2001b). In the case of mafic silicates plus iro
oxides, ferric coatings on basalt experiments(Fischer and
Pieters, 1993)indicate that increases in the thickness of
ferric coating (on basalt) lead to decreases in reflectanc
tios of bands below∼ 700 nm ratioed to longer waveleng
bands (> 750 nm). As an example, the 600/1003 nm
flectance ratio of a ferric coated basalt decreases from 0
for a 4-µm thick coating to 0.633 for a 225-µm thick coat
(20% decrease). However, the 750/1003 nm reflectance
only differs by 8% between these two samples. This supp
the contention that ferric iron-bearing coatings of fine pa
cles have their greatest impact at� 750 nm. With increas
ing wavelength, the optical density of palagonitic mate
decreases and mafic silicate absorption features become in
creasingly apparent. Given these observations and the
that the 1000 nm region is more useful for compositio
determinations in mafic silicates than lower wavelengths
focused on the bandpasses longward of 800 nm for their
ity to provide information concerning the mafic silicates, a
the bands shortward of 800 nm for their ability to constr
ferric iron-bearing phase abundances.

Ratios of reflectance values involving the various ba
passes provide the most diagnostic information becaus
flectance ratios, at least for mafic silicates, appear to be
atively insensitive to modest variations in viewing geome
(Pieters, 1983). As an example, the 600/1003 nm reflectan
ratio of olivine is 2.11 fori = 45◦ ande = 60◦ (15◦ phase
angle) and 1.96 fori = 35◦ ande = −60◦ (95◦ phase angle)
a difference of∼ 7%(Mustard and Pieters, 1989).

In the case of ferric coatings on basalt(Fischer and
Pieters, 1993), viewing geometry variably affects reflectan
ratios in a wavelength-dependent manner. For 225-µm t
ferric coatings on basalt, the 600/1003 and 750/1003 nm
flectance ratios vary by< 3% when the phase angle vari
between 30◦ and 90◦. For a thinner coating (4-µm), the s
uation is more complex: the 600/1003 and 750/1003
reflectance ratios vary by up to 50 and 3%, respectiv
for phase angle ranges of 15◦ to 60◦. Viewing geometry ef-
-

t

-

fects have been invoked to account for spectral differen
in Pathfinder rock spectra(Yingst and Smith, 2000). Col-
lectively, these results suggest that viewing geometry eff
will be most important for shorter wavelength regions,
that determinations involving longer wavelength bands
be minimally affected by modest variations (a few tens
degrees) in viewing geometry.

Changes in all the possible reflectance ratios of all
available bands were examined relative to changes in
end member abundances and compositions for pure
mixed end member mafic silicates, the orthopyroxen+
palagonitic material mixtures, and various ferric iron-bear
phases. These were augmented by various measures o
depths involving three band passes (e.g.,Morris et al., 2000).
The spectral trends which were found are summarize
Table 4and are discussed in more detail below. Over 7
spectra were used in the analysis from a variety of sou
(seeTable 4for data sources which augmented the data g
erated for this study).

Prior to the ensuing discussion it should be emp
sized that many of the reflectance ratios can be affecte
changes in more than one assemblage property. As an e
ple, the 1044/955 nm reflectance ratio (Table 4) is a func-
tion of palagonite abundance, orthopyroxene, clinopyrox
and olivine ferrous iron contents, orthopyroxene and oliv
grain sizes, pyroxene calciumcontent, and clinopyroxen
and olivine abundances (in the presence of orthopyroxe
Consequently attempting to use this spectral paramet
quantify any of these assemblage properties cannot yie
unique solution. The best that can be derived is to determ
relative changes in target properties, and even this appr
requires the application of multiple spectral parameter
provide a constrained solution. For this reason, uncertain
inherent in the use of the spectral parameters for quantif
assemblage inTable 4cannot be assigned.

5.1.1. Palagonitic material abundance variations
The spectral properties of palagonitic material at wa

lengths shorter than∼ 800 nm are most strongly affecte
by their included ferric iron-bearing compounds(Morris et
al., 1993, 1997; Morris and Golden, 1998). As a result,
this wavelength region was found to be most diagno
for determining palagonitic material abundances in m
silicate+ palagonitic material mixtures. Of the various r
flectance ratios examined, the 740/501 nm (for HST)
752/480 nm (for IMP) reflectance ratios were found to
most sensitive to palagonitic material abundance. This v
ranges from 1.3 to 10.2 for the 740/501 nm ratio and fr
1.4 to 10.6 for the 752/480 nm ratio, for the< 45 µm
palagonitic material separates, Pathfinder bright soil s
tra, and Mars bright and dark region spectra(Singer, 1985,
Bell et al., 1990, 2000; Soderblom, 1992; Roush et al., 19
Bell, 1996; McSween et al., 1999; Morris et al., 2000)(Ta-
ble 5). Palagonitic materials most similar to Mars brig
region spectra have 740/501 nm and 752/480 nm ratio
3.0–3.2 and 3.5–4.1, respectively (Fig. 6). Values above 4.1
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Table 4
Summary of systematic spectral variations for mafic silicates and palagonitic material

Petrologic variable (increasing) Reflectance ratio (values in nm)

HST
740/501 860/955 1044/955 860/1044 740/955 740/1044 740/860

PAL content + n.t. → 1 → 1 → 1 → 1 → 1
OPX Fe2+ content n.c. + − n.t. n.t. n.t. n.t.
OPX grain size n.c. n.t. + − + + +
CPX grain size n.c. + n.c. + + + n.t.
CPX Fe2+ content n.t. n.t. + − + n.t. n.t.
PYX Ca content n.c. n.t. − + − n.t. n.t.
CPX content (+OPX) n.t. + − + − n.t. −
OLV grain size n.t. + − + + + +
OLV Fe2+ content + n.t. + − n.t. n.t. −
OLV content (+CPX) − − n.t. − n.t. n.t. −
OLV content (+OPX) n.t. n.t. − + − + −
Pathfinder IMP

752/480 1003/931 1003/967 858/1003 752/967 752/1003 752/858 858/96
PAL content + → 1 → 1 → 1 → 1 → 1 → 1 n.t.
OPX Fe2+ content n.t. − − n.t. n.t. n.t. n.t. +
OPX grain size n.t. + + − + + + n.t.
CPX grain size n.t. − n.c. + + + n.t. +
CPX Fe2+ content n.t. + + − + n.t. n.t. n.t.
PYX Ca content n.t. − − + − n.t. n.t. n.t.
CPX content (+OPX) n.t. − − + − n.t. − +
OLV grain size n.t. − − + + + + +
OLV Fe2+ content + + + − n.t. n.t. − n.t.
OLV content (+CPX) n.a. n.t. n.t. − + + + n.t.
OLV content (+OPX) n.t. − − + n.t. n.t. n.t. n.t.

+—reflectance ratio increases with increase in petrologic variable;−—reflectance ratio decreases with increase in petrologic variable;→ 1—approaches
value of 1; n.t.—no systematic trend; n.c.—no or minor change; n.a.—not available (insufficient data to establish a trend). OPX—orthopyroxene; CP
clinopyroxene; OLV—olivine; PAL—palagonitic material; PYX—pyroxene (orthopyroxene and clinopyroxene).
Sources of data: this study;Hunt et al., 1971, 1973; Gaffey, 1974; Adams et al., 1979, 1986; Gaffey and McCord, 1979; King et al., 1981; Miyamoto et a
Sherman et al., 1982; Miyamoto et al., 1983; Morris et al., 1983, 1985, 1986, 1989; Hiroi et al., 1985; Singer, 1985; Crown and Pieters, 1987; King and Ridley,
1987; Mustard and Pieters, 1987, 1989; Roush et al., 1987; Wagner et al., 1987; Azuma and Fujii, 1989; Bartels and Burns, 1989; Hiroi and Takeda, 198
Taranik and Kruse, 1989; Bell et al., 1990, 1993, 2000; Clark et al., 1990; Kinoshita and Miyamoto, 1990; Morris and Lauer, 1990; Sunshine et al., 1
Besancon et al., 1991; Cloutis and Gaffey, 1991a, and references therein; Farrand and Singer, 1991; Straub et al., 1991; Grove et al., 1992; Johnson
al., 1992; Allen et al., 1993; Golden et al., 1993; Mustard et al., 1993b; Sunshine and Pieters, 1993, 1998; Sunshine et al., 1993; Hiroi and Pieters,94;
Bishop and Pieters, 1995; Bell, 1996; Bishop and Murad, 1996; Mustardand Hays, 1997; Lucey, 1998; Bishop et al., 1998a, 2001; Buemi et al., 1
McSween et al., 1999; Schade and Wäsch, 1999; Morris et al., 2000, 2001a.
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were found for some of the Pathfinder soil and rock sp
tra and some Mars bright region telescopic spectra (
Bell, 1996) and most pure ferric iron-bearing minerals (Ta-
ble 5); this indicates that the palagonitic material samp
used as spectral analogues for telescopic spectra of
tian bright regions may not be appropriate for simulat
the spectral properties of all occurrences of dust at s
(landing site) scales. However, it should be noted that b
Mars bright region spectra and volcanic alteration pr
ucts are highly variable in composition and spectral pr
erties (Bell et al., 1990); consequently, the full range o
possible spectral variability of Mars is under-represen
here.

The magnitude of these reflectance ratios decreases in t
laboratory spectra with increasing mafic silicate abunda
regardless of mafic silicate grain size, type, and composi
ranging between∼ 0.7 and 1.7 (740/501 nm) and betwe
∼ 0.6 and 2.0 (752/480 nm) for all terrestrial mafic silicates
martian meteorites, and a few of the Pathfinder rock spe
-

(Fig. 6). These ratios are also lower for Mars dark reg
spectra than bright region spectra, consistent with the
terpretation that the dark regions are more dust-free (
Singer, 1985; Soderblom, 1992; Roush et al., 1993).

When the short wavelength reflectance ratios are plo
against a reflectance ratio based on longer wavelength b
(which should be less affected by the presence of pal
nitic material), such as the 1044/955 nm versus 740/501 n
ratios (Fig. 6a), and 1003/931 nm versus 752/480 nm
tios (Fig. 6b), the presence of as little as 10 wt% pal
onitic material intimately mixed with mafic silicates shi
the 740/501 or 752/480 nm reflectance ratios outside
the field of the pure mafic silicates and Mars meteori
Thus the 740/501 or 752/480 nm reflectance ratios ca
used to detect the presence of palagonitic material (or s
tral equivalent) and constrain its abundance (Fig. 6, Ta-
ble 4). Increasing palagonitic material abundance cau
the 740/501 and 752/480 nm reflectance ratios to shi
higher values. The reflectance ratios involving any comb
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Table 5
Reflectance ratios for Pathfinder, telescopic spectra, and ferric iron-bearing minerals

Category 740/501 nm ratio 752/480 nm ratio Source of data

Pathfinder soils n.a. 2.3–6.0 1
Pathfinder rocks n.a. 1.8–4.5 2
Mars bright regions 3.2–3.6 3.6–4.4 3, 4, 5
Mars intermediate regions 2.5–3.4 2.8–3.9 5
Mars dark regions 2.0–2.7 2.3–3.1 3, 4, 5
Akagenite 6.4–7.5 6.1–8.1 6, 7
Maghemite 2.4–11.5 2.4–15.6 6–9
Schwertmannite 4.9–5.6 6.0–7.0 6, 29
Hematite 0.9–17.0 0.9–18.9 6–9, 10–17
Jarosite 2.1–5.3 2.4–7.1 6, 10, 11, 14, 18
Lepidocrocite 4.3–7.1 5.3–9.7 6, 7
Goethite 1.3–9.1 1.3–10.8 6, 7, 9–14
Ferrihydrite 3.9–13.8 5.2–14.6 6–8, 19
Ferroxyhyte 8.0–8.1 9.4–11.7 7
Limonite 6.8–14.5 7.5–14.6 14
Hematite+ silica gel 1.1–33.2 1.2–33.5 20–21
Palagonitic material 1.3–10.2 1.4–10.6 6, 10, 13, 19, 22–28

n.a.= not available.
Sources of data: 1: Bell et al. (2000); 2: McSween et al. (1999); 3: Singer (1985); 4: Bell (1996); 5: Bell et al. (1990); 6: Morris et al. (2000); 7: Sherman et
al. (1982); 8: Bishop et al. (2000); 9: Morris et al. (1985); 10: this study; 11:Grove et al. (1992); 12: Adams (1974); 13: Adams et al. (1986); 14: Hunt and
Salisbury (1971); 15:Morris et al. (1983); 16: Taranik and Kruse (1989); 17: Wagner et al. (1987); 18: Clark et al. (1990); 19: Bishop and Pieters (1995;
20: Morris et al. (1989); 21: Morris and Lauer (1990); 22: Bell et al. (1993); 23: Bishop et al. (1998); 24:Buemi et al. (1998); 25: Bishop et al. (2001);
26: Farrand and Singer (1991); 27:Golden et al. (1993); 28: Morris et al. (2001); 29:Bishop and Murad (1996).
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tions of the bands above∼ 880 nm generally range betwee
∼ 0.95 and∼ 1.1 for pure palagonitic materials and b
tween∼ 0.92 and 1.09 for Mars bright regions(Bell, 1996)
and Pathfinder bright soils(Bell et al., 2000); exceptions
occur for some iron oxides such as hematite (e.g.,Bell et
al., 1990). Consequently, mixtures of palagonitic mater
and mafic silicates approach a value of∼ 1 with increasing
palagonitic material content for reflectance ratios involv
only longer wavelength (� 800 nm) bands. This is seen
Fig. 6 where the long wavelength reflectance ratios of
orthopyroxene+palagoniticmaterial series approach a va
of ∼ 1 with increasing palagoniticmaterial abundance. Th
utility of the 1044/955 nm and 1003/931 nm band ratios
mafic silicate characterization are discussed in more d
below.

5.1.2. Orthopyroxene compositional variations
It is known that an increase in ferrous iron content, fo

fixed grain size, results in an increase in the depth and w
of Band I (e.g.,Cloutis and Gaffey, 1991a). This relationship
manifests itself in changes in a number of the reflecta
ratios in the broad band data. The reflectance ratios w
showed correlations with orthopyroxene ferrous iron c
tent (Table 4) were the 860/955 and 1044/955 nm ratios
HST, and the 858/967, 1003/931, and 1003/967 nm ratio
Pathfinder. However other factors such as changes in g
size, degree of crystallinity, cation site occupancy variatio
and the presence of additional cations will also affect this
tio. Thus, changes in these ratios are best applied to dete
relative changes in orthopyroxene ferrosilite (Fs, FeSi3)
content but are less reliable for determining absolute Fs
tents because of the confounding effects of grain size v
g

ations and the presence of additional mafic silicates. V
ations in these reflectance ratios reliably attributable to
content variations account for∼ 50% of the total variation
in these reflectance ratios.

5.1.3. Orthopyroxene grain size variations
Variations in the grain size of mafic silicates are kno

to produce changes in overall reflectance and band de
both of which will manifest themselves in broad band
flectance ratios. The depth of Band I increases with increas
ing grain size up to a size of approximately 150 µm, bey
which trends are less systematic, probably due to band
uration effects(Hunt and Salisbury, 1970; King et al., 198
Cloutis, 1985; Crown and Pieters, 1987; Azuma and
jii, 1989; Mustard et al., 1993b; Hiroi and Pieters, 199.
This increase in band depth with increasing grain size re
sults in increases in the reflectance ratios that are sens
to band depth, most prominently those involving the ba
near the Band I center position (Table 4). In the HST data
increasing orthopyroxene grain size results in increases
the 1044/955, 740/955, and 740/1044 nm ratios and a
crease in the 860/1044 nm ratio. This is due to the
that reflectance at 860 nm, being closer to the orthopyrox
ene band minimum, decreases ata greater rate than the r
flectance at 1044 nm. Equivalent relationships exist for
Pathfinder band passes: increases in the 1003/931, 1003
752/967, 752/1003, and 752/858 nm ratios, and a decr
in the 858/1003 nm ratio. Grain size variations generally
count for between 80 and 100% of the total variation see
these reflectance ratios (50% in the case of the 1003/931
1044/955 nm ratios). The combination of reflectance r
changes associated with orthopyroxene grain size varia
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Fig. 6. 740/501 nm versus 1044/955 nm (a) and 752/480 nm ve
1003/931 nm (b) reflectance ratios of laboratory spectra of orthopyroxene
pigeonites, clinopyroxenes, olivines, Mars meteorites, Mars telescopic a
Pathfinder IMP rock and soil spectra, and orthopyroxene+ palagonitic ma-
terial intimate mixture spectra (points connected by line). The fields o
pied by each of these groups are delineated by ellipses. The vertical lines in
dicate the values of the 740/501 nm (a) and 752/480 nm (b) ratios for 20
60 and 80 wt% palagonitic material in the main orthopyroxene+palagonitic
material intimate mixture series. The pure palagonitic material and pur
thopyroxene are the rightmost and leftmost points, respectively in the serie

is unique (Table 4). Once again, because of the compli
tions introduced by compositional and structural factors,
ative changes in grain sizes are more tractable than absolu
values.

5.1.4. Clinopyroxene grain size variations
Reflectance ratios for clinopyroxenes also exhibit a n

ber of systematic variations as a function of grain size va
tions. With increasing grain size, the ratios involving wa
length bands in the 750–930 nm range versus the lon
wavelength bands (1044 and 1003 nm) all generally incr
with increasing grain size for a fixed composition up to
proximately 150 µm grain size, beyond which the trends
less systematic, again probably due to band saturation e
in some cases (Table 4). This is expected from the fact th
increasing grain size leads to increasing band depth(Azuma
t

s

and Fujii, 1989; Mustard et al., 1993b; Lucey, 1998). The
differences between orthopyroxene and clinopyroxene s
tra in terms of the sign of the correlations (positive or ne
tive) are related to the fact that the clinopyroxene Band
located at longer wavelengths than the corresponding
in orthopyroxenes(Cloutis and Gaffey, 1991a, 1991b). Once
again, the combination of reflectance ratio variations for thi
parameter is unique (Table 4). Clinopyroxene grain size var
ations can account for∼ 80% of the total range exhibited b
these reflectance ratios.

5.1.5. Clinopyroxene iron content variations
The wavelength position of Band I in clinopyroxenes h

been found to decrease with increasing iron content in h
resolution spectra(Cloutis and Gaffey, 1991a). When decon
volved to the HST and Pathfinder band passes, increasin
iron content results in a number of trends that are ge
ally consistent between the equivalent HST and Pathfi
band passes (Table 4). These trends are in the directio
expected from the relationship between iron content and
sorption band position. Approximately 100% of the variat
in the 1044/955 and 1003/967 nm and 50% of the varia
in the other ratios for which trends were found (Table 4) can
be attributed to clinopyroxene iron content variations. O
again, these trends are most reliable for determining r
tive changes in iron content as opposed to deriving abso
values because of the confounding effects of grain size
ations and the presence ofadditional mafic silicates.

5.1.6. Pyroxene calcium content variations
Most martian meteorites contain abundant calcium-b

ing pyroxenes such as pigeonite and augite(McSween and
Treiman, 1998). Previous studies of pyroxene spectra de
mined that the wavelength position of Band I increases w
increasing calcium content(Cloutis and Gaffey, 1991a). This
relationship manifests itself in systematic variations in so
of the reflectance ratios of the broad-band data. The
ous trends found (Table 4) are consistent with expectation
as the absorption band moves progressively toward lo
wavelengths with increasing calcium content. The va
tion in reflectance ratios attributable to wollastonite (W
CaSiO3) content variations is in the neighborhood of 50
Once again, relative changes in the various reflectance ratio
are more robust for determining relative changes in Wo c
tent as opposed to deriving absolute values because o
confounding effects of other assemblage parameters.

5.1.7. Clinopyroxene abundance variations
The effects of increasing clinopyroxene abundance

clinopyroxene+ orthopyroxene mixtures) are quite simil
to the trends found for olivine+orthopyroxenemixtures (se
below) due to the fact that clinopyroxene and olivine
spectrally rather similar in the 400–1050 nm region: b
are characterized by a broad absorption band in the 105
region. With increasing clinopyroxene, the Band I absorp
tion feature moves toward longer wavelengths, and this t
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is expressed in the relevant reflectance ratios. The va
systematic trends that were found enable relative cha
in clinopyroxene abundance to be discriminated from o
variations in assemblage properties (Table 4). In addition,
it was also found that the 673/740 (HST) and 671/752
reflectance ratios allow for discrimination of olivine (rati
generally> 1) versus clinopyroxene (ratios generally< 1)
as pure end members. However, in the presence of p
onitic material or other mafic silicates, the two ratios te
to converge to values of< 1, reducing its utility for dis-
criminating these two mafic silicates in palagonitic mater
bearing mixtures.

5.1.8. Olivine grain size variations
Olivine is present in many martian meteorites and is

dominant phase in chassignites(McSween and Treiman
1998; Folco et al., 1999). As was the case with pyroxene
olivine shows a number of systematic changes in reflecta
ratios involving the absorption feature in the 1050 nm
gion (Table 4). These trends are valid up to approximat
150-µm grain size, beyond which the trends are not
tematic. Once again these systematic variations are re
to the increase in the depth of the main absorption
ture located near 1050 nm with increasing grain size(Hunt
and Salisbury, 1970; Miyamoto et al., 1981; Cloutis, 19
King and Ridley, 1987; Azuma and Fujii, 1989; Mustard
al., 1993b; Hiroi and Pieters, 1994; Mustard and Hays, 19
Sunshine and Pieters, 1998).

5.1.9. Olivine iron content variations
The absorption feature of olivine located near 1050

moves to longer wavelengths and becomes broader wit
creasing iron content. This trend is expressed in expect
trends in various reflectance ratios involving the bands n
est the major absorption feature located near 1050 nmTa-
ble 4). The variations of the ratios for an increase in gr
size of a single olivine from< 45 to 45–90 µm are greate
than the same variations across the olivine compositi
space. In addition, the 740/501 nm (HST) and 752/480 nm
(Pathfinder) reflectance ratios increase with increasing iro
content. This is probably due to the increase in absorp
in the 300–500 nm region that accompanies increasing
content.

5.1.10. Olivine abundance variations
Both orthopyroxene+olivineand clinopyroxene+olivine

mixtures were available for this study. Olivine, clinop
roxene, and orthopyroxene exhibit enough spectral dif
ences to allow for detection of increases in olivine ab
dances in mixtures with one or both of types of pyroxen
Generally, less systematic trends were found for olivin+
clinopyroxene mixtures versus olivine+ orthopyroxene
probably because clinopyroxenes are more spectrally
erogeneous and similar to olivines than are orthopyroxe
(Table 4). Once again the various systematic trends that w
found allow for relative changes in olivine abundance to
-

discriminated from other variations in assemblage pro
ties.

5.2. Systematic spectral variations

Systematic variations were found for all of the param
ters of interest (compositional changes, end member a
dances, and grain size variations), as discussed abov
order to reduce ambiguities and uncertainties in interpr
tion, robust analysis should include all of the relevant b
ratios presented inTable 4. This is because most reflectan
ratios show variations as a function of changes in end m
ber compositions, abundances, and grain sizes, but not
the variations are systematic.

Given the large number of factors which can influence
flectance ratios and the limited number of useful reflectanc
ratios and band depth measurements which can be g
ated from broad band data, deriving absolute quantities
all mafic silicate± palagonitic material mixture paramete
is not robust. Consequently, the greatest utility of the v
ous trends described above is to determine relative cha
in assemblage parameters as opposed to deriving abs
values.Figure 7shows the relationship between the pa
of reflectance ratios that permit the greatest discriminatio
of mafic silicates as well as expected trends (shown by
rows) with changes in mafic silicate parameters such as
member abundances, grain sizes and compositions. W
the fields for most of the pure end members are largely
arable, mineral mixtures (not shown) and the presenc
palagonitic material (which causes the band ratios to
proach a value of∼ 1) complicate the analysis. Note th
many of these changes are similar in terms of how they a
these band ratios, and, as mentioned, in order to reco
ambiguities, the full range of available band ratios (Table 4)
should be utilized. As an example, the 1044/955 nm r
increases as a function of multiple assemblage prope
Additional reflectance ratios arerequired to determine whic
of these parameters may be thelikeliest cause of this varia
tion.

Extending these results to deriving quantitative or se
quantitative mineralogical information requires that mu
ple spectral parameters be considered simultaneously and/o
that certain simplifying assumptions be made. As discus
previously increasing palagonitic material content affects
of the spectral ratios, including those involving the ban
beyond∼ 700 nm which are most useful for mafic silica
mineralogical determinations. In order to derive quantita
mineralogical information, the 740/501 nm (for HST) a
752/480 nm (for Pathfinder) ratios (which are most eff
tive for deriving palagonitic material abundances) must
coupled to the analysis so that the effects of changing pa
onitic material abundance can be separated from chang
mafic silicate mineralogy. The data presented here are
strictly valid for the spectra included in this study since,
noted, palagonitic materials are highly variable both com
sitionally and spectrally.



246 E.A. Cloutis, J.F. Bell III / Icarus 172 (2004) 233–254

r-
yrox-

by
n
sing
py-
g
:
a
tance
t,

e
h
-

ed
ave

on

are
they
ns,
and
s.
atios

x-
l
erial
onitic
apply
r
xene
re for
sed
n, as-
tails

tes

e
ene
on-
e ra-

5–
.
ds for
o
rox-

/955
(a)

(b)

Fig. 7. (a) 1044/955 nm versus 860/1044 nm reflectance ratios of o
thopyroxenes, clinopyroxenes, pigeonites, and olivines, and orthop
ene+ palagonitic material intimate mixture series (points connected
lines). Arrows indicate trends in reflectance ratios that are tabulated iTa-
ble 4: arrow 1: increasing clinopyroxene Fs content; arrow 2: increa
pyroxene Wo content, olivine grain size, olivine content (with ortho
roxene), clinopyroxene content (withorthopyroxene); arrow 3: increasin
clinopyroxene grain size, olivine content (with orthopyroxene); arrow 4
increasing orthopyroxene Fs content, orthopyroxene grain size, olivine F
content. (b) Same as (a) for the 1003/931 nm versus 858/1003 reflec
ratios. Arrow 1: increasing clinopyroxene Fs content, olivine Fa conten
olivine content (with clinopyroxene); arrow 2: increasing clinopyroxen
grain size, pyroxene Wo content, olivine grain size, olivine content (wit
orthopyroxene), clinopyroxene content (with orthopyroxene); arrow 3: in
creasing orthopyroxene grain size.

Dark region spectra and less bright soils (presum
to contain some contributions from mafic silicates) h
752/480 nm ratios as low as 1.8, suggestive of up to∼ 90%
mafic silicates (Fig. 6). This is based on the assumpti
that the intimate mixtures of pyroxene+ palagonitic ma-
terial are spectrally representative of Mars fines+ mafic
silicates. As discussed previously, intimate mixtures
reasonable analogs of dust coatings in terms of how
affect mafic silicate absorption band wavelength positio
and they also simulate the reductions in mafic silicate b
depths that accompany increasing thicknesses of coating
Martian meteorite spectra have 740/501 reflectance r
(a)

(b)

Fig. 8. Same asFig. 6, with the addition of dashed lines indicating the e
pected trends for orthopyroxene or clinopyroxene+ palagonitic materia
series. The intersection of the vertical lines (showing palagonitic mat
abundance) with the dashed lines can be used to constrain both palag
material abundance and pyroxene composition. The Wo abundances
to the orthopyroxenes, pigeonites, and clinopyroxenes, while the top fou
dashed lines in (a) and top three dashed lines in (b) are for orthopyro
Fs compositions, and the bottom three dashed lines in (a) and (b) a
clinopyroxene Fs compositions. A point plotting in this field can be u
to constrain palagonitic material abundance and pyroxene compositio
suming a pyroxene+ palagonitic material assemblage. See text for de
on its application and constraints.

of between 1.0 and 1.7, well within the pure mafic silica
field (Fig. 6).

The 1044/955 nm ratio shows correlations with the F2+
and Wo contents of both orthopyroxene and clinopyrox
(Table 4), consequently Wo and Fs contours can be c
structed in the 1044/955 versus 740/501 nm reflectanc
tios field of Fig. 6a (Fig. 8a). The main orthopyroxene+
palagonitic material series used in this study involving 4
90 µm sized orthopyroxene (Fs 13;Table 1) is also shown
The dashed lines are the expected reflectance ratio tren
mixtures of pyroxene+palagonitic material involving 45- t
90-µm sized mafic silicates. Note that the pure orthopy
ene point for this suggests that its Fs content is< 5. This is
attributable to the scatter in the data relating the 1044
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ratio to Fs content and the variations in this ratio attribu
to grain size variations (and other factors for more comp
assemblages) (Table 4); the data inFig. 8are generally accu
rate to within± 5% Fs with the assumption of 45- to 90-µ
sized pyroxene. This example serves to illustrate some o
ambiguities which can arise from incomplete interpretat
of broad band spectral data. Similar relationships have b
established for the Pathfinder IMP band passes (Fig. 8b). The
limited data for mixtures involving< 45-µm sized mafic sil
icates (Table 2) suggests that for fine-grained mafic silica
mafic silicate abundances would be underestimated by a
20% using the trends presented inFig. 8. This is probably
due to the fact that finer-grainedmafic silicates have a great
surface area than a comparable abundance of coarse-gr
samples, resulting in a thinner average coating of the gr
by palagonitic material.

One source of ambiguity that was found involves oliv
versus clinopyroxene. The wavelength positions of the
jor absorption features in the 1000 nm region can ove
and the various reflectance ratios (Table 4) do not provide
a robust unambiguous method for discriminating them
all cases. However, the major difference between these
minerals is the fact that olivine Band I consists of three p
tially overlapping absorption bands(Burns, 1970), and the
shortest wavelength band affects both the 860 and 955
bands of the HST band set and 858, 931, and 967 b
of the IMP band set. Band depths at 860 and 955 nm w
calculated as the difference between reflectance at 86
955 nm and a straight line continuum connecting the nea
available data points on either side of this value(Clark and
Roush, 1984). Band depths at 858 and 931 nm were cal
lated in the same way but using reflectance values at 752
931 nm (for 858 nm band depths) and reflectance value
858 and 1003 nm (for 931 nm band depths). When the
sets of band depths are compared, olivine and clinopyro
become largely separable (Fig. 9; see alsoFig. 5 for exam-
ples of the resampled spectra). Palagonitic material has
depths of∼ 1. Thus with increasing palagonitic mater
abundance, values will converge toward the origin, poss
leading to ambiguities in distinguishing clinopyroxene from
olivine. However, this method appears to be the best a
able method for distinguishing these two minerals with
available broad-band data band passes.

While the fields for the pure mafic silicate end me
bers are largely separable using the various available s
tral criteria, mixtures of the various mafic silicates (e.g
orthopyroxene+ clinopyroxene) can fall within the pur
mineral fields or between them, depending on both the c
position of the mafic silicates and their abundances. In
latter case, a number of data points which fall in the
gion between the orthopyroxene and clinopyroxene fie
of Fig. 7 (the area which would be connected by strai
lines joining these two fields) would be readily recognized
two-pyroxene mixtures rather than single pyroxenes. In
former case, where two-pyroxene mixtures fall within the or-
t

d

r
t

t

-

(a)

(b)

Fig. 9. 955 nm versus 860 nm (a) and 931 nm versus 858 nm (b)
depths for various mafic silicates. See text for description of band d
calculations.

thopyroxene or clinopyroxene fields ofFig. 7, they cannot be
uniquely recognized using the data inFig. 7alone.

However, constraints can be placed on the compositio
a possible two-pyroxene mixture. The 1044/955 nm (HS
and 1003/931 nm (Pathfinder) reflectance ratios, that
vide good discrimination between pure orthopyroxene
clinopyroxene, can be used to place such constraints.
trends expected for clinopyroxene+orthopyroxenemixture
as a function of Fs content are shown for both the H
(Fig. 10a) and Pathfinder (Fig. 10b) band passes. In th
case of the HST band passes, since the 1044/955 nm
tio increases with decreasing clinopyroxene Fs content an
increasing orthopyroxene Fs content, the trend lines c
each other at various points in the region. As an example o
how this relationship can be used to constrain the pro
ties of a two-pyroxene mixture consider an unknown sp
trum with a 1044/955 nm reflectance ratio of 2 (Fig. 10a).
Such a value constrains the orthopyroxene content of a
pyroxene mixture to at least∼ 60 wt% (where the horizonta
line constructed at a 1044/955 nm ratio of 2 intersects
Fs 5 line), and less than∼ Fs 15 (where the same horizo
tal line intersects the vertical axis at 100% orthopyroxe
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Fig. 10. 1044/955 nm (a) and 1003/931 nm (b) reflectance ratios
orthopyroxene+ clinopyroxene mixtures versus orthopyroxene cont
The dashed lines are the reflectance ratio trends for two-pyroxene eq
rium assemblages (for a given orthopyroxene Fs content).

A reflectance ratio of 2 can be accommodated by incr
ing orthopyroxene content accompanied by a decrease
content because an inverse relationship exists between o
thopyroxene Fs content and orthopyroxene abundance
given 1044/955 nm value. A similar relationship exists
the Pathfinder band passes (Fig. 10b).

As noted earlier, the most robust application of the
rived spectral trends is for ascertaining probable variat
in end member properties (abundances, compositions
grain size variations) in a relative sense; e.g., determi
whether one area is more orthopyroxene-rich than ano
area. Reflectance ratios have been successfully employ
the past for examining spectral (and geological) variabil
ity on a hemispheric/global basis on Mars (e.g.,Pinet and
Chevrel, 1990), while differences in spectral properties ha
been used to infer geological variability on Mars(McSween
et al., 1999; Bell et al., 2000). The rest of this discussion fo
cuses on the use of multiple band ratios for deriving rela
changes in target properties.

Of the mafic silicate parameters, end member abunda
may be the most tractable parameter due to the fact
s

d

r
n

s
t

the end member group spectra are sufficiently differen
allow changes in relative end member abundances to b
certained. If a four-component mixture of orthopyroxe
clinopyroxene, olivine, and palagonitic material is assum
the effects of changes in the relative abundances of the
phases are largely separable (Table 4). However the spec
tral variability of the end members and the limited num
of useful band ratios precludes the use of such ratios
rigorous quantitative characterization of either end mem
abundances or absolute changes in end member abund
for such four-component mixtures.

Increasing grain sizes result in changes in spectral
rameters that are different from those associated with
member abundance variations when multiple reflectanc
tios are considered together (Table 4). The signs of thes
variations (positive or negative) are different for each m
eral because of the unique spectral properties of each mi
class. Mafic silicate compositional variations are the m
difficult parameter to derive due to the fact that the ass
ated spectral changes are of lower magnitude than for g
size and end member abundance variations. As mentio
inferred mineralogical variations are strengthened thro
the application of multiple reflectance ratio trends. The la
number of non-systematic trends that were found (Table 4)
add a level of complexity and uncertainty to the analy
since these can affect the interpretation. While many p
meters do not show trends when the full suite of sample
considered, smaller subsets of samples may exhibit tre
Therefore the data presented inFigs. 6, 7, and 8and Ta-
ble 4should be used with caution and with an awareness
unique mineralogical interpretations may not be possibl
all cases.

One of the major assumptions inherent in this anal
is that terrestrial palagonitic material is optically similar
the martian surface fines.Bell et al. (2000) and Morris e
al. (2000)have shown that the spectral properties of m
tian surface fines, at least at the Pathfinder site, ex
some diversity. From the perspective of deriving mafic
icate compositions from analysis of absorption feature
the 1000 nm region, a number of ferric iron-bearing ma
rials, such as hematite, maghemite, akagenite, schwert
nite, jarosite, lepidocrocite, goethite, and ferrihydrite exh
an absorption feature in the 800–950 nm region that c
superficially be confused with pyroxene. However asBell
et al. (2000)noted, if this feature is attributed to these f
ric iron-bearing phases, an increase in the abundance o
material should also be accompanied by increasing abs
tion shortward of∼ 700 nm. With the exception of a fe
of the hematite and goethite samples, the spectra of t
phases exhibit 740/501 and 752/480 nm reflectance r
of > 2. By contrast, pure mafic silicates and martian m
teorites have 740/501 or 752/480 nm reflectance rati
< 2 (Fig. 11). As a result, increasing band depths in th
900–1000 nm region due to increasing pyroxene abund
will be accompanied by a decrease in the 740/501 nm
752/480 nm ratios, whereas increasing ferric iron-bea
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Fig. 11. 955 nm band depth versus740/501 nm reflectance ratio (a) an
931 nm band depth versus 752/480 nm reflectance ratio (b) for the variou
spectra used in this study.2—orthopyroxene+ palagonitic material inti-
mate mixture series;1—akagenite;e—maghemite;P—schwertmannite;
+—hematite; ×—jarosite; �—lepidocrocite; !—goethite; �—ferri-
hydrite; |—ferroxyhyte;�—limonite. The regions occupied by mafic s
icates (orthopyroxenes, pigeonites, clinopyroxenes, olivines) and martia
meteorites, and Pathfinder IMP soil and rock spectra and telescopic sp
are delineated by polygons. The main orthopyroxene+ palagonitic mater-
ial intimate mixture series is represented by the solid squares connect
the solid line.

phase abundance will generally be accompanied by an
crease in these ratios. Such a relationship was also foun
Bell et al. (2000)from analysis of Pathfinder IMP spectra.

These results are consistent with the interpretation ofBell
et al. (2000)for Pathfinder soils presumed to contain cr
talline ferric oxides. Hematite appears to be the most diffi
ferric iron-bearing phase todistinguish from mafic silicate
using reflectance ratios beyond∼ 750 nm because its ove
all spectral shape in this region is most similar to pyroxe
(e.g.,McSween et al., 1999; Bell et al., 2000). The most re-
liable spectral discriminators which were found involve
depth of the “bands” at 530 nm (IMP) and 501 nm (HST) a
reflectance ratios of the longer wavelength bands (Fig. 12).
All of the hematite samples, including those which over
the mafic silicate fields ofFig. 11, have larger 530 nm ban
(a)

(b)

Fig. 12. 501 nm band depth versus740/1044 nm (a) and 530 nm band dep
versus 752/1003 nm (b) reflectance ratios for hematite (P), and mafic sili-
cates and martian meteorites (!).

depths than the mafic silicates; most of the hematite sam
have larger 501 nm band depths than the mafic silicate
the case of the longer wavelength bands, reflectance r
involving the longest wavelength band with the next sh
est bands (e.g., 1003/967 nm and 1003/931 nm for HST,
1044/955 for Pathfinder) have ratios of generally> 1 for the
mafic silicates versus generally< 1 for hematite, providing
a second reliable spectral discriminator.

The various reflectance ratios that are described abov
discriminating crystalline ferric oxide minerals from ma
silicates complement those of other investigators. As an
ample,Bishop et al. (1998b)used Pathfinder reflectance r
tios in the 600 nm region to discriminate ferrihydrite- fro
schwertmannite-bearing soils.Morris et al. (2000)advocates
the use of the peak band (at either 752 or 801 nm) as an
ditional indicator of ferric mineralogy.

6. Summary and conclusions

The simplified geology of large regions of Mars seems
consist of mafic silicates (primarily pyroxenes) and a fi
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grained, windblown dust component. Palagonitic materia
has been found to be a reasonable spectral analogue fo
dust component at wavelengths below∼ 1200 nm. The in-
ferred widespread presence of mafic silicates on Mar
strengthened by the fact that mafic silicates are the petro
ically and spectrally dominant component of martian me
orites. Laboratory spectra of pyroxene+palagoniticmateria
mixtures show that palagonitic material has little effect
the wavelength position of pyroxene absorption bands in
1000 nm region, and allows pyroxene composition to
determined even in the presence of 90% linear or intim
mixtures of palagonitic material.

When remote sensing measurements of Mars are obta
using broad band passes typical of past or planned fu
multispectral imaging systems, the uniqueness of minera
ical information that can be derived decreases. Simp
ing assumptions are required to enable absolute assem
properties such as mafic silicate compositions, abunda
and grain sizes to be derived. However the use of m
ple reflectance ratio trends still allows relative change
mineralogy, particularly mafic silicate end member ab
dances, to be determined. This is due to the fact that w
some trends are common to more than one mineralo
parameter, the full suite oftrends is generally unique t
a particular assemblage parameter (e.g., end-member
positions, end-member abundances, grain sizes). In
eral, reflectance ratios involving the lowest wavelength ban
passes (� 750 nm) are most useful for assessing the p
ence and relative abundance of palagonitic material-like
ric alteration products, while longer wavelength band pa
(� 750 nm) are most useful for characterizing mafic s
cates. Our results indicate that ferric iron-bearing material
can be discriminated from mafic silicates based on the di
ences in spectral slope below about 750 nm and absor
features in the 500–550 nm region. These differences ca
used in conjunction with other reflectance ratios to prov
discrimination of these two groups of materials.

Spectral analysis using broad band data is most ro
when these various trends are used together to ascerta
ative changes in assemblage parameters as opposed
solute variations. These results could also help optimize
selection of wavelengths and band widths on future M
VIS-NIR multispectral remote sensing instruments.
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