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ABSTRACT

The dark regions on Mars contain the surface
materials most likely to resemble unmodified crustal
rock, but their compositions have yet to be determined
directly. New near-infrared (0.65-2.50um) telescopic
spectrophotometry for dark regions is presented here
and interpreted using laboratory studies of iron-
bearing mineral mixtures and terrestrial oxidized and
unoxidized basalts. Upon closer inspection (by
spacecraft) the telescopic dark regions have been
found to consist of large scale intermixtures of
bright soil (aeolian dust) and dark materials. Refle^-
tance studies indicate that areal coverage of spec-
troscopically observed dark regions by bright mater-
ials does not exceed 40%, and is probably more
generally 20 to 30% maximum. The dark materials
themselves consist of an intimate physical association
of very fine-grained ferric-oxic,e-hearing material with
relatively high near-infrared reflectance and darker,
relatively unoxidized rocks or rock fragments. While
these two components could exist finely intermixed
in a soil, a number of lines of evidence indicate that
the usual occurrence is probably a thin coating
(20 to 30 micrometers thick) of oxidized material
physically bound to the rock surfaces. These coating
thicknesses are greater than previously thought and
should serve to inhibit further gas-solid weathering.
With this type of coating geometry the spectral proper-
ties of dark materials are largely independent of grain
size,from sand (ti1/2mm) to large outcrops. The
oxidized coatings seem likely to be derived by alter-
ation of the underlying rocks, although deposition of
genetically unrelated dust is not ruled out. The coated
rocks	 are dark and generally clinopyroxene bearing.
The shallow band depths and low overall ref lectances
indicate that opaque minerals such as magnetite are
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probably abundant. Regional variations in band posi-
tions indicate differing clinopyroxene compositions,
mainly augites with varying calcium and iron content.
Pigeonite or orthopyroxene may be present but cannot
be unambiguously detected in existing data. Low-iron
orthopyroxene is particularly difficult to detect
because of interference from ferric-oxide absorptions.
Contrary to previous interpretations of other data no
spectral indication of olivine or basaltic glass is
found. ,Re-examination of previously interpreted data,
in the light of recent studies of mineral-mixture
spectra and dark region spectral behavior beyond 1.1 um,
also shows no unambiguous evidence for olivine or glass.
Spectral study of terrestrial basalts implies that
possibly 5% or at most 10% modal olivine could be
present in observed martian dark materials without
being apparent in existing reflectance spectra. Ultra-
mafic (high-olivine) lavas such as suggested for Mars
by a number of researchers are not consistent with
these interpretations. Mafic igneous rock types,
similar to many terrestrial basalts, seem likely to
predominate in observed dark regions. Since earlier
data does indicate compositional variability, obtaining
high quality near-infrared observations for additional
dark regions around the planet is an important task
for the future.

Thesis supervisor: Thomas B. McCord, Professor of
Planetary Geology
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PREFACE

I began my graduate studies in the Department of

Earth and Planetary Sciences in 1975. During my

residency at M.I.T. I did research with Profs. Roger

G. Burns and Thomas B. McCc,d. In the spring of 1977

I passed my general examination and left to continue

research in absentia with Tom McCord at t ► ,e University

of Hawaii. The move was of course disruptive and

isolated me from the M.I.T. faculty. Overall, however,

I feel that it was worthwhile to have spent time at

bc:th locations. The resources available through the

Institute for Astronomy and the Hawaii Institute for

Geophysics are very good, both in terms of faculty

and research staff and in terms of facilities, inclu-

ding Mauna Kea Observatory. In addition, that part

of my training as a planetary scientist which has

come from firsthand exposure to the many aspects of

Hawaiian volcanism is not insubstantial.

My initial interest when I arrived at M.T.T. was

in terrestrial remote sensing. While working for

Roger Burns I received my basic training in the

theoretical and laboratory measurement aspects of

reflectance spectroscopy. After I began work for Tom

McCord (still at M.I.T.) I gained experience with

reflectance spectroscopy as a tool for remote deter-

mination of planetary surface composition. Throughout

this period my general knowledge of planetary science
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(in contrast to my classical geology undergraduate

training) .increased.

Sometime after arriving at the University of Hawaii

Tom McCord suggested that I take on a project involving

multispectral imaging from Viking. This was my intro-

duction to Mars. While little of this work is included

in this thesis I am still involved with an outgrowth

of the original project. My interest in Mars grew

concurrently with the design and construction of a

spectrogoniometer system for our laboratory, largely

conducted by myself and described in Chapter IV. Tom

McCord and John ndams (University of Washington) jointly

suggested that the composition of the martian dark

-regions was a topic in need of both telescopic and

laboratory study, and that I might consider this for my

thesis. I am indebted to Tom and John for the

original suggestion and for many follow-up discussions.

As my work progressed I became increasingly involved

with basalts and their alteration products. I can

foresee coming full-circle, back to using remote sensing

as a tool for investigating planetary science problems

on Earth.

This thesis was prepared in the form of six papers

also intended for publication. Two have been published

already (Chapters I and III) and three others have been

submitted as of this writing (Chapters IV, V, and VI). I

4
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chose this format (before the papers were written) as

an efficient way to conduct tad report various free-

standing segments of a scientific research program.

A disadvantage of this thesis format is that some

introductory and descriptive material is of necessity

repeated. Chapter I is a re-lew paper and serves as

an introduction to Mars science from reflectance

spectroscopy. The reader may wish to only skim the

introductory material in subsequent chapters, although

each paper does have a somewhat different emphasis.

i



CHAPTER I

Mara Surface Composition From

Reflectance Spectroscopy: A Summary

This paper has been published in J. Geophys. Res., 84,

8415-8426, 1979. Authors: R.B. Singer, T.B. McCord,

R.N. Clark, J.B. Adams, and R.L. Huguenin.

L
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ABSTRACT

Visible and near-infrared (0.3 - 2.6 um) refle-tance

spectra of the martian surface have been obtained

primarily from earth-based telescopic observations, and

multispectral images have been obtained both from space-

craft and earth-based observations. Observations in this

wavelength region have confirmed the bimodal albedo

distribution of surface materials, first observed

visually. All spectra of Mars are characterized by

str,.)ng Fe s+ absorptions from the near-UV to about

0.75 ism. Darker regions show this affect to a lesser

degree, and are interpreted to be less oxidized materials.

in addition, dark areas have Fe 2+ absorptions near

1.0 Um, attributed primarily to olivines and Pyroxenes.

There is evidence at infrared wavelengths for highly

dessicatod mineral hydrates and for 11 20-ice and/or

adsorbed 11 2 0. Observations of the north polar cap show

a strong 1120-ice spectral signature but no spectral

evidence for CO2 -ice, while only CO2-ice has been

identified in spectra of the south polar cap. while

the brightest materials on Mars are widespread and

correlate with acolian dust, darker materials show

greater minera]ogic variability and are thought to be

closer in petrology and physical location to their

parent rock. At present the best model for the dark

materials is somewhat oxidized basaltic or ultramafic
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sock, regionally variable in composition and details of

oxidation. The bright materials appear to be finer-

grained assemblages of primarily highly oxygen-sharing

dessicated mineral hydrate, some ferric oxides, and

other less major constituents, including a small amount

of relatively unaltered mafic material. The bright

materials seem likely to be primary and/or secondary

alteration products of the basaltic or ultramafic dark

materials.

i
i
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INTRODUCTION

To understand the current state and the geologic

evolution of Mars it is necessary to characterize

surface materials in terms of composition and mineralogy

and to define the distribution of these materials around

the planet. Remote sensing techniques will continue to

be necessary to derive this information on regional and

global scales, even if an Apollo- or Luna-type sampling

program is carried out (Head et al., 1978).

The primary compositional remote sensing techniques

so far app?ied to Mars are visible and near-infrared

reflectance spectroscopy and multispectral mapping

(emission spectra of dust clouds have yielded some

important compositional information about airborne -ist).

Multispectral mapping has been done on a global scale

from Viking images (Soderblom et al., 1978) and on a

very detailed scale at the Viking landing sites (e.g.,

Evans and Adams, 1979; Guinness et al., 1980; Strickland,

1979). Low spectral resolution reflectance spectra have

been generated from Viking lander images for some

materials surrounding the spacecraft (Huck et al., 1977).

Most of the reflectance spectra and some of the multi-

spectral images have been obtained using earth-based

telescopes. Earth-based observations will be the

primary source of new data, at least until the Galileo

spacecraft passes Mars in 1984 en route to Jupiter,
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and perhaps until the next Mars mission, hopefully by

the late 1980'x. Other remote sensing techniques, such

as X-ray spectroscopy and X-ray fluorescence, are

dependent on future spacecraft missions.

It is the purpose of this paper to discuss available

reflectance spectra (primarily telescopic) and multi-

spectral maps, including some new data, and their

interpretations. Ongoing analysis and laboratory studies

will be reviewed as well as prospects for the future.

L



15

OB-SERVATIONS

Earth-Based Observations

McCord and Adams (1969) reviewed available reflec-

tance data prior to that :ate. The bulk of the measure-

ments were integral disk and in the spectral range from

0.3 to 1.2 um. Agrec; 	 among the data sets is good,

and the basic shape of ,e reflectance curve is well

defined.

During the 1969 apparition (L s = 162° - 163°),

McCord and Westphal (1971) observed seven regions on

the surface, approximately 200 km in diameter: five

from 0.3 to 1.1 pm (24 filters) and two from 0.3 to

2.5 um (52 filters). At the same time, Binder and

Jones (1972) observed a much larger number of 300- to

500-km-diameter areas from 0.6 to 2.3 jim, but with only

10 filters. Binder and Jones were able to develop good

statistics on the Martian albedo distribution, but the

spectral resolution is too low for much compositional

analysis. in addition, the spectral slopes in the

infrared do not agree with more recent observations;

this may be due to the standard star calibration

problems Binder and Jones described.

During the 1973 apparition (L s = 301 0 - 3020),

McCord et al. (1977x) observed 26 areas on the surface

of Mars, using 25 filters covering the wavelength

region from 0.3 to 1.1 um. Near-simultaneous
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multispectral images were taken through 20'filters in

the same spectral region (McCord et al., 1977b; using

a silicon diode vidicon system. These observations

occurred during a dust storm originating in Solis Lacus

and include some spectra and spectral images of optically

thick dust clouds. In 1976, McCord et al. (1978)

obtained the first high-precision, lh% spectral resolu-

tion data from 0.6 to 2.6 um for the integral disk of

Mars (Ls = 58°), using a circularly variable filter

(CVF) and an indium antimonide detector. During the

1978 apparition (L s = 48° - 50°), an improved version

of this instrument was used to obtain spectra of 11

regions, 1000-2000 km in diameter, from 0.6 to 2.5 um

-(McCord et al., 1980). The relatively large size of

these areas was due in part to the unfavorable appari-

tion. With further improvements in instrumentation and

increasingly favorable oppositions much smaller regions

can be observed in the future.

Figure 1 is a map of area locations for data taken

by McCord et al. in 1969, 1973, and 1978. Locations of

dust cloud spectra, or spectra of areas partially

obscured by dust clouds, are not shown on this map.

An additional spectrum, 78-11, was taken of the north

polar cap.
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Spacecraft Observations
I

Spectral reflectance observations from spacecraft

consist mainly of multispectral images from Viking

orbiters and Landers. Soderblom et al. (1978) have

prepared three-color photometric maps for a large

portion of the planet between latitudes 30°N and 60°S

from VO 11 approach images (Ls = 105 0 ). These have

good spatial resolution (1020 km) but limited spectral

coverage and resolution (throe broad bands: 0.45 t

0.03 vim, 0.53 1 0.05 1►m, and 0.59 4 0.05 1►m) .	 Soderblom

and others are proparing additional multispectral maps

using Vikinq orbital imaRrs of selected regions and at

higher spatial resolution (L.A. Soderblom, Personal

communication). Viking landor cameras are capable of

taking images in six spectral bandpas us from 0.4 to

1.0 pm. Huck et al. (1977) developed a tochn_iquo for

transforming these six ba.i(litness values into an

estimate of spectral reflectance. These data are being

used successfully for determining color differonces and

properties of the surface at the two landing sites

(Evans and Adams, 1979; Strickland, 1979). As with

orbital data, repeat coverage is availal,le throughout

a martian year, permitting monitoring of variations in

surface optical properties (Guinness et al., 1979).

The Viking infrared thermal mapper (TRTM) includes

the visible and near infrared in one of its six

r
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bandpasses. Kieffer et al. (1977) used this instrument

to generate a global map of bolometric normal albedo

from latitudes 30 0N to 30 0 S for Ls - 124 0 - 129 0 . A

histogram presented with the map demonstrates a distinct

bimodal albedo distribution. Farmer et al. (1977)

combined the continuum bandpasses in the Mars atmospheric

water detector (MAWD) to gonerate a narrow bandpass

global map of surface brightness at 1.4 pm for VO I and

VO 11.. Combined coverage extends from latitudes 65°N

to 50°S. Both these maps and the IRTM albedo map agree

rather well with earth-based observations of bright and

dark markings.

Mariner 9 carried an ultraviolet spectrometer (UVS)

.and a thermal infrared interferometrie spectrometer

(IRIS). UVS observations were almost entirely dominated

by light scattered from atmospheric dust particles

(Barth et al., 1972). The IRIS produced emission spectra

from 5 to 50 pm of dust clouds and many areas on the

surface (Hanel et al., 1972). Mariner 6 and 7 each

carried an infrared spectrometer (IRS) covering the

spectral region from 1.9 to 14.4 um. The instrument

and some results are described by Pimentel et al., (1974).

Comparison of Viking and Earth-based Observations

The agreement between Viking orbiter and lander

multispectral observations and earth-based reflectance

spectroscopy is generally good. A comparison of Viking
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Orbiter I1 and earth-based reflectance data for 4 few

regions on Mars is shown in Figure 2 (Singer and McCord,

1980). All spectra have been scaled to a value of 1.0

at 0.56 um. These and other VO 11 approach data have a

tendency to be slightly le gs 'red' than corresponding

earth-based observations, that is, the slope from 0.95

to 0.59 um is lower. The Viking images were taken

during a martian season (L 5 = 105 0 ) characterized by

white condensates (presumably water ice) at certain

locations (Smith and Smith, 1972). Soderblom et al.

(1978) demarcated areas where they felt that clouds and

frost significantly obscured the surface; it is possible

that smaller amounts of condensate over much of the

rest of the planet could account for the observed

differences in spectrum slope.

Comparison between Viking lander and earth-based

observations are less straightforward because telescopic

spectra do not yet exist for the exact landing sites

and because the lander cameras view the surface on a

much more detailed scale. Soil color at both Lander

sites agrees closely with telescopic reflectance data

for bright regions, and spectral reflectance estimates

from 0.4 to 1.0 um are very similar to telescopic

spectra (Huck et al., 1977). More detailed studies of

spectral comparisons are currently being performed.

I

I
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SPECTRAL REFLECTANCE PROPERTIES OF

MARTIAN SURFACE MATERIALS

To a visual observer, Mars shows a generally

bimodal albedo distribution: bright and dark, with
	 I

some areas of intermediate albedo. This has been

confirmed as a general relationship in the visible and

near-infrared by ear l--h-based telescopic observations

(e.g. Binder and Jones, 1972) and spacecraft observations

(e.g. Farmer et al., 1977; Kieffer et al., 1977).

Measurements of bright area to dark area albedo ratios

vary from a low of about 1.8 to a high near 3.0 (McCord

and Westphal, 1971; Binder and Jones, 1972). Super-

imposed on these overall albedo differences are more

subtle but very important spectral variations.

A composite average spectrum of several typical

bright areas is shown at the top of Figure 3, scaled to

unity at 1.02 um (McCord et al., 1977a, 1980). Bright

area spectra are characterized by strong Fe 34 absorptions

from the UV to 0.75 um with a slope change at about

0.6 um and a weaker Fe 3+ absorption near 0.87 um. These

features are attributed to a ferric oxide content of

about 6-8 wt. % (Huguenin et al., 1977). From the band

minimum near 0.87 µm to about 1.3 um the spectrum slopes

upwards. Between 1.4 and 1.7 um there is a broad

absorption which has been interpreted as H 2O in a

hydrate or ice (McCord et al., 1978, 1980). Superimposed
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on this are sharper Mars atmospheric CO2 absorptions,

most noticeably at 1.45 and 1.62 um. From 1.8 to 2.2 pm

the spectrum is dominated by a deep Mars atmospheric

CO2 absorption. Removal of a model CO 2 atmosphere

(McCord at al., 1978) yields a fairly flat spectrum from

1.7 to 2.5 I.im, with the possibility of an additional

H2O absorption near 1.9 jim (McCord at al., 1980)

Dark area spectra are substantially different from

bright area spectra. The bottom of Figure 3 shows a

composite spectrum of visible and infrared data in

Iapygia (69-6 and 78-10), also scaled to unity at 1.02 pm
!	 1i

(McCord and Westphal, 1971; McCord at al., 1980). The

slope from UV to red is reduced compared with that for

bright region spectra; the absorption near 0.87 Um is

also weaker. Thesc two features indicate a lower Fe3+

content (Adams and McCord, 1969; Huguenin et al., 1977;

McCord et al., 1977a). In addition, dark area spectra

show Fe 7+ absorptions around 1.0 Um. These vary with	 +l

Location on the planet and are thought to represent

differences in mafic mineralogy, mostly pyroxenes and

olivines (Adams and McCord, 19697 Huguenin at al., 1977;

McCord at al., 1977x; Singer, 1.980b). In contrast to

the bright area spectra, dark area spectra have a

distinctive peak near 0.75 Um and slope fairly uniformly

downwards from 1.1 to 2.5 µm (after martian atmospheric

CO2 effects are removed) (McCord et al.,, 1980).

L.
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Reflectance spectra from 0.3 to 1.1 um of dust

clouds are very similar to the spectra of the brightest

regions on Mars, which appear fairly uniform. This

correlates with other evidence that the source for the

brightest surface material is rather homogeneous

aeolian dust (McCord at al., 1977a). As discussed

above, dark area spectra show less uniformity and

indicate less oxidized (weathered) material, so they

may represent compositionally varied mater4als closer

in optical properties, petrology, and physical location

to their parent rocks.

Based on the likelihood that many spectroscopically

observed dark areas have partial coverage by streaks and

splotches of bright material, Singer and McCord (1979)

have applied a simple additive or checkerboard model to

investigate the effects of bright spectrum contamination

of dark region observations. In this two-component

model the observed spectrum is the average, weighted

for relative areal coverage, of the spectra of bright

and dark surface types. It was assumed that the bright

streaks have the same spectral characteristics as observed

bright regions and dust clouds and that the observed

dark area spectra are actually mixtures of bright and

dark spectral components. The spectral influence of

varying amounts of bright material is then algebraically

removed (subtracted) from observed dark region spectra.
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This model it appropriate only where the characteristic
size of bright and dark patches is much greater than the

mean optical path length in those materials. This

assumption is felt to be valid for much of the martian

surface.

The results of an analysis for a dark area spectrum

using an additive model as described above is shown in

Figure 4. Spectral coverage is essentially complete

from 0.3 to 2.5 um and represents a composite of two

data sets (McCord and Westphal, 1971; McCord et al.,

1980). A model Mars atmosphere (Kieffer, 1968) was

used to remove martian CO 2 absorptions in the infrared.

The top curve, labelled 'B3i ht,' is the average of a

number of typical bright region spectra. The next

lower curve, labelled 'Dark.' is the observed spectrum

for the telescopic dark region Iapygia. The curves

below this show the results of the analysis described

above for removal of the influence of 10%, 20%, 30%, and

10% areal coverage by bright material. With removal of

increasing amounts of the bright material spectrum the

'dark material' spectra show reduced UV absorption and

less indication of an absorption near 0.87 um. This is

consistent with a lower Fe 3+ content in the dark

material. In addition, the Fe 2+ absorption near 1 um

becomes more apparent, and the peak reflectance shifts

slightly toward shorter wavelengths. Removal of bright
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material effects corresponding to greater than about

40% areal coverage results in an unrealistically low

albedo dark material spectrum; this places an approximate

upper limit for coverage for dark regions by bright

material. A 20%-30% contamination by bright material

seems to be a reasonable estimate for a 'typical' dark

region; better estimates for specific regions could be

obtained using high-resolution Viking images processed

to maintain albedo information.

There is some telescopic evidence for spectral

variation of high albedo areas with location and/or

time. Huguenin of al., (1977) have attributed some of

the spectral difference between bright regions and

airborne dust to changes in the degree of hydration of

the dust, which they suggest becomes dessicated, possibly

by UV radiation, after it has been exposed. The bright

areas observed in 1969 (McCord and Westphal, 1971) such

as 69-1 in Arabia have similarities to those observed in

1973 (McCord et al., 1977a)	 as 73-1 and 73-2, but

the 69-1 spectrum has a slightly less intense absorption

in the blue UV, and the weak Fe 3+ band near 0.87 Um is

not apparent. Instead, a weak band is present near

0.95 pm, a wavelength more characteristic of Fe 2+

mineralogy. The interpretation is that Arabia, at least

in 1969, showed an incomplete masking of a ferrosilicate

surface component by a bright surface component having
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a considerably higher ferric oxide content (Huguenin

et al., 1977).
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COMPOSITIONAL INTERPRETATION OF

SPECTRAL OBSERVATIONS

Ferric Oxide

Because of the visual red color and the polarization

,properties of Mars, ferric oxides have long been consid-

ered likely candidates for surface materials (e.g. Wildt,

1934; Dollfus, 1957; Sharonov, 1961; Draper et al., 1964;

Sagan et al., 1965; Binder and Cruikshank, 1966; Younkin,	
a

1966). At wavelengths greater than about 1 um, however,

all Mars spectra, especially for dark regions, deviate

substantially from the spectra of pure iron oxides.

Huguenin et al. (1977) have interpreted bright region

spectra to indicate soils with about 6-8 wt. % ferric

oxide. The major absorption edge which dominates the

visible spectrum arises from a pair of 0 2- -► Fe3+

charge transfer bands centered near 0.34 and 0.40 um.

. Slope changes near 0.6 '1.°n are due to Fe 3+ interelectronic

transitions. Another absorption band occurs centered

at 0.84-0.89 um, depending on the type of ferric oxide,

and is also due to an interelectronic transition in

Fe 3+ . The details of ferric oxide absorptions depend on

the crystal structure and the degree of hydroxylation.

It is felt that telescopic spectra are consistent with

dessicated goethite as the dominant ferric oxide species

(Anderson and Huguenin, 1977).

Because the three Viking orbiter bandpasses fall

on intense Fe 3+ absorptions, multispectral maps
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generated from these data primarily show differences in

ferric oxide mineralogy and content. Soderblom et al,

(1978) .gave identified a num.Der of regional units of

uniform color. The highest albeO.) surface unit

(excluding condensates) is rather 'red' and correlates

with a►eolian dust. (For Viking orbiter observations

the team 'red' is used to mean a high reflectance in

the 0.59-um bandpass relative to the 0.45-um bandpass.

This definition is usually, but not always, in concur-

rence with colors perceived by the eye.) A somewhat

less red and less bright soil unit is observed to be

stratigraphically lower, a relationship also observed

at the Viking Lander I site. Significant color differ-

ences are also seen by Viking orbiter in the dark

regions; in fact, both the reddest and least red

geologic units observed are low in albedo.

A photost;nulated oxidation mechanism has been

demonstrated for magnetite, olivine, and basaltic glass

which could occur at realistic rates in the present

martian environment (Huguenin, 1973a, b, 1974). This

permits extensive weathering of Fe e+ bearing minerals

to ferric oxides, other transition metal oxides,

hydrated clay minerals, and carbonates. Hydrothermal

alteration of mafic or ultramafic materials, associated

with volcanic activity, could also be a source for

ferric oxides and clay minerals. Palagonitization,

. . r
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caused by volcanic eruption in the presence of water-ice,

has been suggested as an alteration mechanism to produce

iron-rich clays on Mars (Toulmin et al., 1977; Soderblom

and Wenner, 1978).

Mafic and Ultramafic Materials

Adams and McCord (1969) successfully modeled both

bright and dark area spectra from 0.4 to 1.1 um using

an olivine basalt with different degrees of oxidation

(Figure 5). An acid solution was used to induce oxida-

tion of the basalt; analysis showed that magnetite was

the only mineral phase affected but that the weathering

product, limonite, precipitated as a partial. coating

over other mineral grains. This laboratory modeling

reproduces well the characteristics of spectra than

available but does not address the spectrum beyond

1.1 um nor does it fully explain some details seen in

more recent spectroscopy of Mars. Updated laboratory

modeling (Singer, 1980a) has concluded that a thin Fe 3+

rich layer coating a dark substrate can properly

reproduce the characteristic shape of dark region

spectra from 0.3 to 2.6 um without fully masking

infrared absorptions in the substrate. In the visibly:,

Fe 3+ absorptions dominate the spectrum and account for

the rise in reflectance to the spectrum peak near

0.75 Um. The long-wavelength side of this peak is

defined by the 0.84- to 0.89-um ferric oxide band and



1

29

by the continuing decrease in infrared reflectance as

the thin ferric-oxide layer becomes increasingly trans-

parent to longer wavelengths. At some wavelength the

spectrum will theoretically converge with that of the

dark substrate. Diagnostic Fe 2+ absorptions near 1 um

in such mafic minerals as pyroxenes and olivines are

reduced in spectral contrast and somewhat modified but

do persist in the spectrum. These conclusions are taken

as confirmation and extension of the work by Adams and

McCord (1969) ano Huguenin (1973a).

Telescopic spectra of martian dark areas that were

measured during the 1969 and 1973 (McCord and Westphal,

1.971; McCord et al., 1977a) and spectra derived from

1973 telescopic multispectral images (McCord et al.,

1977b) have been interpreted by Huguenin et al. (1977,

1978). Each spectrum showed a different composite of

absorption bands in the 0.7- to 1.1-um wavelength

region. (A study by Singer and McCord [1979) has shown

that the variation seen in these absorptions can not

merely be due to variable mixing of bright dust and a

single dark material.) While a few of the constituent

band positions could be determined directly from the

spectra, most band positions were derived by additional

data processing. The principal technique used was

relative reflectance spectroscopy: all spectra were

divided by the spectrum of a standard area, which
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emphasizes relative differences in absorptions. Recog-

nizing the relatively large uncertainties in the band

positions derived by this ratio technique and noting

the restricted wavelength range and resolution, tentative

mineral identifications were made according to the

interpretation scheme outlined by Adams (1975).

Most of the interpretations by Huguenin et al.

i	 (1977, 1978) were for dark areas within the Margaritifer

S. and Coprates quadrangles (longitudes 0 0 -90 0 and

latitudes V -30°S). The spectra were used for deriving

the average mineralogies of dark areas within the

quadrangles, and spectrophotometric images used in an

attempt to define the spatial extent of the mineralogic

units. Nine dark area units were defined, but the

average mineralogies for only six of the units were

characterized due to band masking by contaminant dust.

The spectra showed features that were attributed to

mixtures of orthopyroxene (or pigeonite) + clinopyroxenes

+ olivine (or glass). The relative strengths of the

features attributed to these minerals varied from unit

to unit, and this was interpreted to indicate possible

variations in their relative proportions. Most of the

units were interpreted to be olivine-rich, and one of

the units in central Erythraeum M. was proposed to

contain a titaniferous clinopyroxene based on apparent

absorption features at 0.6-0.77 um (attributed to Fee+ .^
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T1 2+ charge transfer in augite-diopside) and 0.96-

1.00 um (attributed to an Fe 2+ interelectronic transi-

tion in augite-diopside).

Huguenin et al. (1978) further noted several

correlatio;is between their 'petrologic' (mineralogic)

units and geologic and albedo units. The lower albedo

units, for example, were interpreted to have relatively

more clinopyroxene + olivine (or glass) and less ortho-

pyroxene (or pigeonite) than the higher albedo units.

One petrologic unit in western Erythraeum M. corresponded

closely in location with a cratered plains unit in the 	 r

Ooprates Quandrangle. In addition, chaos and channeled

terrain appeared to occur preferentially in the areas

characterized by low orthopyroxene/clinopyroxene +

olivine (or glass) ratios,

Other dark area interpretations were proposed by

Huguenin et al. (1977). The spectrum of an area in

Marc Acidalium, for example, showed a unique complex of

absorption features between 0.7 and 1.1 um that is very

similar to the spectra of iron-rich calcic pyroxenes

discussed by Adams (1975). The higher spectral resolu-

tion data now available (McCord et al., 1980) and

obtained in the future will allow more positive identi-

fication of mineralogy and mineralogic variations

(e.g. Singer, 1980b).

Interpretations of reflectance spectra For dark

regions on Mars indicate a basaltic or ultramafic source
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rock. This is consistent with independent proposals by

Maderazzo and Huguenin (1977) and McGetchin and Smyth

(1978) that martian crustal rocks may be derived from

iron-rich ultramafic primary lavas.

Water

Water was first discovered on Mars by Sinton (1967),

who observed the strong absorption near 3 um. This band

was further defined by Beer et al. (1971) and Houck

et al. (1973). k'imentel et al. (1979) found evidence

for at least small amounts of water in or on the surface

using the Mariner 6 and 7 TRS instruments in the 3-pm

region. An analysis of an integral disc spectrum of

Mars by McCord et al. (1978) also shows absorptions in

the 1.9- to 2.0-}im region that were attributed to water

in the form of ice plus a highly dessicated mineral

hydrate. New data and analysis (McCord et al., 1980)

have shown additional evidence for a mineral hydrate

and/or solid H2O.

All martian IR spectra observed so far show a drop

in reflectance from 1.3 to 1.9 pm, independent of Mars

atmospheric CO2 absorptions. This effect is greater

for bright areas than for dark areas. In order to

understand the reason for this drop, Clark (1980) and

McCord et al. (1980) approximated the reflectance of

Mars with spectra typical of basalts and their oxidation

products. The light areas were modeled with a spectrum
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consistent with heavy oxidation, and the.dark areas

with a spectrum typical of thin oxidized layer over

basaltic material (as discussed above). These spectra

were scaled in the same manner as the telescopic spectra

and nave a smooth reflectance beyond 1.1 um. To these

spectra, an ice spectrum was algebraically added in

small amounts to match the apparent 1.9-um drop observed

in the martian spectra. The ratio of the martian spectra

to the simulated spectra shows absorption features which

correlate with the expected martian atmospheric CO2

bands (Figure 6a and 6b). The simulations fit the bright

area spectra better than the dark spectra and indicate

that the relative band intensities are weaker and

different for dark areas than bright areas. The results

show that the water is present in the martian surface

in different forms (e.g., frost or ice sheets on the

surface, ice mixed in the regolith, or bound). Clark

(1980) has shown that bound water bands which typically

occur at 1.9 and 1.9 um do not shift appreciably ( ,I-'100 A)

with temperatures from 300 1 to 150°K and that bound water

can be spectrally distinguished from free ice. The

simulation of martian spectra described above shows that

free water ice is the primary cause of the 1.3- to

1.4-um drop in reflectance and that there is more water

in the bright areas than in the dark areas. The physical

details of this ice/regolith combination have yet to be



34

determined and may be difficult to determine with the

existing data. There is some evidence for bound water

in the martian surface at 1.4 and 1.9 um, but these txv.

difficult regions to observe from the earth because of

uncertainties in telluric water removal and the strong

2-Um martian CO2 atmospheric absorption.

A spectrum of the north polar cap of Mars (McCord

et al., 1980), taken in the northern spring (Ls - 50°)

with extent of the cap to about 60 0N, shows very strong

water-ice bands. Clark and McCord (1980) have success-

fully modeled this spectrum by assuming that 60% of the

light is reflected by water ice and 40% of the light is

reflected by grey material (same reflectance at all

wavelengths) (Figure 7). The actual amount of water

present is difficult to determine because of the

variation in grain size and/or hydration state. There

is good evidence that there was not polar hood or clouds

present at the time of this observation (Tames et al.,

1979, also personal communication, 1978). A spectrum

of the south polar cap taken by Larson and Fink (1972)

with a fourier spectrometer (1.2-2.8 um) shows 11

narrow absorptions, which they identified as solid CO2.

No water could be identified in this spectrum, at least

in part because of discontinuities in the spectral

coverage caused by telluric 11 2 0.	 i

UL
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Composition of Martian Dust

Most of the compositional in-formation currently

available for martian dust comes from analysis of

Mariner 9 IRIS observations of dust suspended in the

atmosphere. While this is not reflectance data, a

short discussion is included here for completeness.

Hanel et al. (1972) concluded from infrared features

that the primary constituent of the dust has an Si02

content of 55-65%, consistent with a rather acidic rock

or mineral composition. It was argued by Hunt et al.

(1973) that certain other infrared features expected

for acidic materials are not present. From comparisons

of the IRIS data to infrared transmittance of terrestrial

materials, they concluded that a montmorillonite-type

clay provided the best match to the reststrahlen band

near 9 um. Aronson and Emslie (1975) have shown that

there are several other minerals which could also

produce the 9-Eim feature, including some feldspars and

micas. Like montmorillonite, these minerals are strongly

Si-0 bond sharing. Toon et al. (1977) concluded that

the 9 um feature could not be accounted for by pure

montmorillonite. They suggest that the observed feature

is dominated by acidic or intermediate igneous silicates

and/or clays, but could also include a significant

component of lower Si0 2 material such as basalt.

Additional results are that limonite, carbonates,

i

»I
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nitrates, and carbon asuboxide are excluded as major

(greater than 5 or 103) constituents of the airborne

dust (Hunt et al., 1973: Toon at al., 1977).

Earth-based reflectance spectra of optically thick

dust clouds have been shown to be very similar to

spectra of uniform bright regions on the surface (McCord

et al., 1977a). This material has been interpreted as

6--8 wt. % ferric oxide, with the remaining bulk largely

composed of an Fe e+-poor dessicated mineral hydrate,

possibly a clay mineral (Huguenin et al., 1977).

Huguenin et al. (1977) also suggested that the airborne

dust might be less dossicated than apparentl y similar

materials on the surface. Newor infrared reflectance

spectra of bright surface materials on Mars (McCord

et al., 1978, 1980) are consistent with the presence of

dessicated mineral hydrates and are actively under

study. At this point, however, a positive mineral

identification is not possible for this rather spectrally

neutral (in the visible and near-infrared) strongly

oxygen-sharing component of the dust.
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PROSPECTS FOR THE FUTURE

Earth-based spectrophotometric observations of Mars

will continue to be important as a major and perhaps the

only source of new compositional information through the

next decade. Oppositions, approximately every 26 months,

will become increasingly favorable through 1988 as the

angular size of Mars as seen from the earth increases.

I£ appropriate instrumentation is available, worthwhile

observations can be made with the space telescope.

Interpretation of existing data is of course a continuing

process. Several groups are involved in laboratory

studies aimed at bettor understanding the mateilals and

processes on Mars. Results of these programs are helpful

-in planning future observations, both from the earth and

from spacecraft.

We strongly emphasize the need for high spectral

resolution mapping of a significant fraction of the

martian surface in the visible and near-infrared from a

spacecraft. The first opportunity for data of this

type is when the Galileo Near Infrared Mapping Spectro-

meter (NIMS) flies by en route to Jupiter. Up to one

third of the martian surface could be mapped with high

spectral quality at spatial resolution better than that

possible from the earth. Full coverage at far better

resolution would be possible as part of an orbital

science package on the next Mars mission, hopefully by
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the late 1980'x. This type of global study is necessary

to expand on and place in context results from local

exploration or sample return.
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FIGURE CAPTIONS

Figure 1. Locations on Mars for spectrophotometric

observations by McCord and others. The first two digits

represent the year of observation (e.g., 69-1 was

observed-in 1969). observations made in 1969 are

described by McCord and Westphal (1971); 1973 observa-

tions are described by McCord et al. (1977a); 1978

observations are described by McCord et al. (1980).

Locations of observations for which the surface was

partially or wholly obscured by atmospheric dust are

not shown. (Base map: USGS topographic map of Mars 1-

961, 1976.)

Figure 2. Comparison of Viking orbiter and ground-

based spectrophotometry for identical areas on Mars

(see Figure 1 for locations). All data are scaled to

unity at a wavelength of 0.56 um. Vertical bars on

Viking data points do not represent observational errors;

rather they show the to variation of spectral reflectance

characteristics within each region of ground-based

observation. Horizontal bars on Viking data points

show the half amplitude band widths (from Singer and

McCord, 1980).

Figure 3. Representative bright and dark region

reflectance spectra, scaled to unity at 1.02 um. The

bright region spectrum (top) is composed of an average
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of the brightest areas observed in 1973 (visible) and

1978 (infrared). The dark region spectrum (bottom) is

a composite of data from two nearby locations in

Iapygia: 69-6 (visible) and 78-10 (infrared).

Figure 4. Demonstration of the effects of bright

material contamination in observed dark regions.

Details of the analysis are described in text. Curves

labelled 'observed bright' and 'observed dark' are

observational data for bright and dark regions, respec-

tively, with a model CO 2 atmosphere removed. The curve

labelled '-10% brt' is the dark material spectrum

resulting from the assumption of 10`b areal coverage of

the observed dark region by bright material, and

similarly through '-40% brt.' Notice that an assumption

of more than 40% coverage by bright material would

yield an unrealistically low reflectance for the dark

material (from Singer and McCord, 1979).

Figure 5. Comparison of observed Mars bright and

dark region spectra with laboratory spectra of weathered

basalt. A single olivine basalt, oxidized in the

laboratory, provided the best match for both bright and

darn regions in this spectral range; the bright region

spectrum requires a higher degree of oxidation and a

finer grain size than the dark region spectrum (from

Adams and McCord, 1969).



50

Figure 6a. The average of the brightest region

spectra from McCord et al. (1980) is shown (top)

compared with an additive model (simulation) of a

spectrum characteristic of a combination of oxidized

basalt and water ice. The ratio of the bright area to

the simulation (residual) is shown (bottom) and compared

with a standard martian CO2 transmittance spectrum

(Kieffer, 1968; McCord at al., 1978).

Figure 6b. Same analysis as in Figure 6a but

compared with a model (simulation) based on an H2O-ice

spectrum and a spectrum characteristic of photo-oxidized

magnetite, where the oxidation layer is about 1 ^jm

thick (Huguenin., 1973a) (from McCord et al., 1980).

Figure 7. The martian north polar cap spectrum

compared with an additive simulation of ice and a grey

material (top). The ratio of the polar cap spectrum to

the simulation is then comapred with the expected CO2

martian transmittance (bottom). (From Clark and McCord,

1980).

i
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CHAPTER II

MARS: Near-Infrared SFactral Reflectance

of Surface Regions and Compositional Implications

This paper is by T.B. McCord, R.N. Clark, and R.B.

Singer. It will be submitted to J.Geophys.Res. in

1980 in revised form.
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ABSTRACT

Reflectance spectra (0.65 - 2.50 um) are presented

for 11 martian areas. The spectral resolution is tilh%

and the spatial resolution is 1000 - 2000 km. These are

the first high quality spectrophotometric data at these

wavelengths for regions on the surface. Spectral features

previously observed are confirmed and better defined,

and a number of important spectral properties are charac-

terized for the first time. The spectra show water-ice

absorptions in the 1.5 and 2 um regions, which if due to

surface frost would imply the presence of 1 to 2 mg/cm2

H 2C. However, other studies have shown that the presence

of a frost on the surface is unlikely. Water-ice may

exist in the pore structure of clay minerals if the clay

structure is saturated. The dark region spectra indicate

about four times less water ice than seen in bright

regions. Since some bright material is present in dark

regions there may be no water ice associa`ed with the

dark materials themselves. The presence of weak 2.3-um

absorption bands in many of the spectra imply the

presence of hydroxylated magnesium-rich minerals such

as amphiboles (anthophyllite) and sheet silicates

(serpentine ; talc, and magnesian smectites). The

apparent absence of a 2.2-um absorption implies that

montmorillonite may not be a major component of the

martian regolith. Many of the spectra also show
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apparent absorptions at 1.9 um, in the wing of the

2.0-um mrrtian atmospheric CO2 absorption, which are

due to bound water, strengthening the previous conclu-

sions. Observed dark regions have previously not well

determined near-infrared spectral shapes characteristic

of thin semi-transparent alteration coatings overlying

dark unaltered rock. Previously observed ferrous- and

ferric-iron absorptions in the 1-um region are better

defined by these new data. Clinopyroxene (augite) is

definitely present but olivine is not spectrally

apparent.

0
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INTRODUCTION

In order to define and characterize surface

geologic units on Mars, one needs both morphological

and compositional information. Although the recent

spacecraft missions to Mars have provided a wealth of

data on the type of surface features present, limited

compositional and mineralogical information was returned,

and most of that information was obtained only in the

immediate vicinities of the two Viking landers. The

reflectance spectrum of minerals, rocks and soils often

contain electronic and molecular absorptions which are

diagnostic of surface mineralogy. A review of this

technique for geochemical remote sensing as applied to

Mars is provided by Singer, et al. (1979). The Viking

+ orbiters provided 3-color images, some of which have

been processed into multispectral maps showing the

extent of compositionally different surface color units

(Soderblom, et al., 1978; Strickland, 1979; McCord et al.,

1980b). The visible spectral region is dominated by

strong ferric-oxide absorptions and most other

mineralogic information is masked. Reflectance spectra

covering a broader spectral region, particularly at

near-infrared wavelengths, are required to further

investigate the mineralogy and petrology of the martian

surface.

The ideal source for this type of data would be a

visible and near-infrared spectral mapper in orbit
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around Mars; this experiment is unfortunately not

likely to be flown for a number of years to come. The

Galileo mission to Jupiter provides an excellent

opportunity to obtain this type of data on its swingby

of Mars, but the passage will be rapid and data will

not be available until 1982 at the earliest. It is

clear that earthbased telescopic reflectance spectros-

copy will be an important source of compositional

information for many years to come.

We report here on new, near-infrared reflectance

spectra (0.65 to 2.50 um) `c- r.tgions on the martian

surface observed in 1978. 	 high photometric quality

of these data combined with increased near-infrared

spectral coverage compared to previous regional observa-

tions provide new information about the spectral

behavior and therefore the composition and physical

nature of martian surface materials.



64

OBSERVATIONS AND DATA REDUCTION

The spectral reflectance (0.65 to 2.50 um) of 11

regions on Mars, 1000-2000 km in diameter, were obtained

during the 1978 apparition using the University of

Hawaii 2.2m telescope located on Mauna Kea, Hawaii. A

cooled (to 77 K) CVF (circular variable filter) spectro-

meter with an InSV detector was used to measure alter-

natively Mars and the standard star Beta Geminorum.

The instrument and the method are described in detail

by McCord et al. (1978, 1980a).

The CVF scans the spectrum from 0.65 um to 2.50 um

every 10 seconds with 1 ;1% spectral resolution. Succes-

sive scans were co-added and then written onto magnetic

tape after 10 scans (100 seconds) which we call a run.

The spectrum is divided into 120 data points (separate

spectral channels). A mirrored chopper rotating a 24 Hz

was used to chop between the object and sky. The sky

signal was subtracted from the object signal by the

digital data system. Two chop cycles make up one data

channel. The aperture consists of a cooled mirror (at

77 K) mounted 45 0 to the optical axis at the cassegrain

focus with the aperture hole in the center. Thus the

location of the aperture appears as a black spot in the

field of view. A beam splitter in the viewing optics

allows photographs of the aperture location and the
r

field of view to be taken while data is being obtained.
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The apertures location during each observation was deter-

mined from the photographs using an orthographic- to

mercator- projection computer program; areas of multiple

observations of a region were combined to obtain the

composite locations displayed in Figure 1.

The reflectance of each Martian area was determined

using the star Beta Geminorum as a standard flux source

and performing an extinction analysis as described by

McCord and Clark (1979). The Beta Geminorum/Sun spectrum

was measured on previous observing runs using the

Apollo 16 lunar landing site and returned samples as

intermediate standards (McCord et al., 1978, 1980a).



j	 66

RESULTS

The reflectance spectra of 11 regions on Mars are

shown in Figures 2 and 3. The spectra have been scaled

to unity at a wavelength of 1.02 um. The error bars

represent + 1 standard deviation of the mean of several

independent measurements of the same region. Bright

region results are shown in Figure 2, arranged with

spectra most characteristic of bright regions at the

top grading into spectra showing some intermediate

characteristics at the bottom. Figure 3 shows spectral

results for five dark regions and for the north polar

region.

The locations of the bright and dark areas observed

during the 1978 apparition, as well as those previously

observed by this group (McCord and Westphal, 1971;

McCord et al., 1977) are shown in Figure 1. Tnr larger

size of the 1978 regions is due to poor observing condi-

tions and the relatively small angular size of Mars

(12.( aresec.) at the time of these observations.

Nevertheless these new near-infrared data substantially

increase our knowledge of the martian surface. The

dates, times, earth air mass range, integration time,

and martian central meridian for each observation are

given in Table 1.

A comparison of representative martian spectra

types is given in Figure 4. Included is an average of

the highest quality bright region spectra, the spectrum



67

for area 78-5, which has predominantly bright region

characteristics but with some indication of intermediate

to dark material, and the spectrum for area 78-10, which

is the highest quality dark region spectrum.

These observations were made during a period

(La-48-54°) of nearly maximum transparency of the

martian atmosphere as measured directly by the Viking

landers (afternoon visible optical depth =0.4, Pollack

et al•r 1979). observational problems caused by the

Earth's atmosphere are responsible for ,much of the

variation in data quality. Bright region spectra 78-1B

and 78-2 show rather sharp but repeatable features near

0.75 um, 0.93 um, and from 2.2 to 2.5 um. A careful

study of these and other data obtained on the same

nights has shown that these features are probably

instrumental in origin and do not represent martian

phenomena.
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ANALYSIS AND INTERPRETATION

General Spectral Characteristics

Bright region ,spectra are characterized from the

visible to 0.75 um by the wing of intense Fe 3+ charge-

transfer absorptions centered in the U.V., and by a

weaker, asymmetric Fe 3+ crystal-field absorption near

0.87 um. These features have been attributed to a

ferric-oxide content of about 6 to 8 wt. % (Huguenin

et al., 1.977). From the band minimum near 0.87 pm to

about 1.3 pm the spectrum slopes upwards. Between 1.4

and 1.7 um there is a broad absorption which has been

interpreted as H 2O ice from previous integral disc

observations (,:cCord et al., 1978). Superimposed on

this are narrower Pars atmospheric CO 2 absorptions, at

1.34, 1.45, and 1.62 um. From 1.8 to 2.2 Vim the spectrum

is dominated by a deep, partially resolved triplet

absorption also caused by martian atmospheric CO2.

In contrast to bright region spectra, dark region

spectra have a more distinctive peak near 0.75 um and

slope fairly uniformly downwards to 2.5 um. This

infrared spectral shape was not previously'well defined

and has important implications for compositional

analysis, as discussed below. The martian CO2

absorptions are of course the same as those discussed

for bright regions. Dark region spectra show Fe 2+

crystal-field absorptions near 1 pm as well as the Fe 3+
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band near 0.87 u m described for bright regions.

Dark regions observed in 1978 had approximately

one-half the reflectance at 1 um as bright regions.

This value is consistent with previous observations

of regional reflectance differences made by McCord

and Westphal (1971) and Binder and Jones (1972).

Typical bright and dark region spectra from 0.3 to

2.5 um are shown scaled to approximate normal reflec-

tance in figure 5. The spectra are composites of

infrared data presented here and visibie data from

McCord and Westphal (1971) and McCord et al. (1977).

Spectral effects of a model martian CO 2 atmosphere

have been removed (Kieffer, 1968; McCord et al., 1978).

This CO2 correction is approximate, neglecting

variations in surface topography.

Spectrum 78-5 is for Arabia, which although con-

'Wered a classic bright region shows characteristics

in some ways intermediate between bright and dark

regions. The near-infrared absorption minimum occurs

at longer wavelengths than for other bright regions

and the slope is much flatter from 1.0 to 1.3 um,

although not negative as it is for dark region

spectra. The implic^tion here is that Arabia has a

moderate amount of exposed dark material, or at least

an excess ferrosilicate soil component compared to

some other bright regions. Similar proj^ .; .7° ties were

noted by Huguenin et al. (1977) in 1969 oi.servations of
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this area (McCord and Westphal, 1971). If these

characteristics have in fact survived through nearly

ten years of global dust cyclying, a surface composed

of dark boulders scattered on a L, ^' -mound of bright

soil seems plausible. Such a situation is observed at

both Viking lander sites, for which no detailed spectra

have yet been obtained.

The spectrum of the martian 7-orth polar cap

region is shown in Figure 3. Th spectrum appears

similar to the dark region spectrum 78-10 shortward of

1.3 um. Longward of 1.3 jim is a relatively strong

water ice absorption extending from 1.9 to 1.8 jim.

Centered at 2.0 jam is the strong CO2 (atmospheric)

absorption and the 2-um ice band. Beyond 2.2 um the

reflectance decreases as seen in spectra of water

frost. This spectrum is analyzed in detail in Clark

and McCord (1980a).

Dark Region Composition

The earliest positive determination that dark

regions on Mars consist largely of mafic igneous rocks

was provided by Adams and McCord (1969) who successfully

modeled a dark region spectrum from 0.3 to 1.1 pm using

basalt grains with artificially induced surface

oxidation. Huguenin (1973a, b,1979) proposed that

UV-photostimulated oxidation on Mars would produce
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surface alteration layers about 1 micrometer thick on

basaltic rocks. He interpreted previously obtained

spectrophotometry from 0.3 to 1.1 um (McCord and

Westphal, 1971; McCord et al., 1977) to indicate such

a thin oxidized layer (Huguenin, 1976).

The'near-infrared dark region spectra presented

here provide new information about dark region spectral

shape. The negative slope from about 1.1 µm to 2.5 um

had not been previously determined, and is atypical of

unweathered or homogeneously oxidized rocks and

minera^.s. Singer (1980a) has shown that this

distinctive shape is in fact indicative of a brighter,

oxidized layer overlying a dark unoxidized iron-bearing

substrate, such as basaltic or ultramafic rock, in

agreement with the earlier work described above.

Analogy to naturally occuring alteration layers on

terrestrial basalts indicates that the coatings on

martian rocks (or rock fragments) are thicker than

originally suggested by Huguenin (1973a, 1976),

probably being about twenty to thirty micrometers in

thickness. (Singer, 1980a).

Absorptions near 1 um, observed in nearly all

previous dark region spectra, are defined significanity

better in the new data, particularly for region 78-10.

Adams (1968) was the first to suggest that these might

be caused by Fe 2+ in ferromagnesian minerals such as

pyroxenes and olivines. Huguenin et al. (1977, 1978)
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have provided detailed interpretations of the dark region

spectra obtained in 1969 (McCord and Westphal, 1971)

and 1973 (McCord et al., 1977). Spectrum 78-10 shows a

compound structure near 1 um, with a band centered near

0.88 pm and one near 0.99 um. Detailed analysis by

Singer (1980b) has shown that the 0.88 um band is most

likely caused by Fe 3+ crystal-field transitions in the

oxidized coating, with the possibility of some contribu-

tion fro,n Fe 2+ crystal-field absorptions in orthopyroxene

or low-calcium pigeonite in the underlying rocks. The

0.99-lim band is firmly interpreted as indicating an

augite cla.nopyroxene as a major component of these

dark region rocks. Olivine, interpreted by Huguenin

et al. 1,1977, 1978) to be abundant in most previously

observed dark regions, was found to not be a major

constituent in dark regions observed in 1978. A

detailed discussion about olivine determination and the

petrologic significance of olivine on Mars is given

by Singer (1980b).

S2ectral Evidence for Water

The spectra in Figures 2 and 3 all show a drop in

reflectance from 1.3 to 1.4 um. McCord et al. (1978)

interpreted integral disc spectra with features

similar to those seen here to be due to water ice plus

a highly desiccated mineral hydrate. In order to

investigate this possibility further the martian
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spectra were modeled using an ice spectrum and spectra

typical of oxidized basalt. Figure 6 show the spectra

used in the simulation. The simulated spectrum for the

bright area is typical of alteration products of mafic

igneous rocks. The simulated spectrum for the dark area

is typical of spectra of a thin (a few to over 10

micrometers thick) layer of alteration product overlying

unweathered basalt (c.f. Adams and McCord, 1969; Singer,

1980a) .

The ice spectrum is typical of a medium grained

frost with grain sizes around 200 micrometers (see

Clark, 1980a) and is scaled to a value of 0.18 at

1.02 Um. This scaling gave the best fit in the

simulation below. The reflectance of an optically

thick, medium grained frost is above 0.9 at 1.02 um.

If the simulated bright spectrum and the ice spectrum

are added, then rescaled to 1.0 at 1.02 um, the result

can be compared to the Mars average bright area spectrum

as seen in Figure 7a (top). The resultant simulation

shows a reasonable match to the Mars spectrum.

Dividing the bright area spectrum by the simulated

spectrum gives the residual s pectrum shown in Figure 7a

(bottom). This residual spectrum agrees very well with

the martian atmospheric CO 2 transmittance spectrum

(described previously).

A similar analysis for the dark area spectrum

78-10 is shown in Figure 7b (top). The fit is not as
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good as that obtained for the bright area although some

of the apparent drop beyond 1.4 um may still be

explained by water ice. If the water ice absorption

features were only about half as deep as those in

Figure 7B, the fit would be better. Also, since the

dark areas have a reflectance about half that of bright

areas, the amount of water contributing to the dark

area 78-10 spectrum is less. Thus the amount of water

ice present is at least four times less in the dark

areas.

The water ice spectrum fit to the bright area in

Figure 7a indicates that an optically thick patch

medium grained frost covers approximately 5% of the

area measured if the --* cc and bright material are in

large scale patches. If the frost were evenly

distributed on the surface, approximately 1 to 2 mg/cm2

would be present based on laboratory studies by Clark

(1980b). If the water ice is mixed with the other

minerals in the surface, the amount of water in

the top few millimeters would be about 5-10 wt. % (see

Clark, 1980b) . This amount- of ice is difficult to

explain based on current models (e.g. Clark, 1978; Farmer

and Doms, 1979) unless the amount of bound water in the

regolith is saturated.

The residual spectrum in Figure 7a shows apparent

absorptions around 2.3 jam and at 1.9 um in the wing of

the 2.0-um martian atmospheric CO 2 band. These
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absorptions are indicative of bound water, the 1.9 Um

absorption due to the v  + v 2 and v 3 + v2 overtones

and that at 2.3 um due to an overtone of an Mg-OH

bending mode and the OH stretch (e.g. Hunt and

Salisbury, 1970; Hunt et al., 1971). Clark (1980b)

has shown that bound water absorptions do not shift in

wavelength appreciably (<100 X) in the temperature
Iu

range 290K to 150K. Clark (1980a, b) also showed that

the bound water absorptions ate distinguishable from

pure water frost or ice. Anderson et al. (1967)

showed the amount of water bound to montmorillonite

decreases as the temperature is decreased below 273K.

As the temperature decreases, bound water is forced out

of clay structures and forms micro-crystals of ice in

the pore structure. This would tend to occur during

the martian night. As the temperature rises the next

day, the ice will sublime if the H 2O vapor pressure in

the atmosphere is too low. However, the ice crystals

are within the clay mineral grains and as the temperature

rises the clay minerals will tend to reabsorb the water.

Thus an increase in vapor pressure may never be seen

above the surface. Further study is needed to test this

hypothesis.

The dark area simulation shows that there is

about four times less water ice apparent than in the

bright area simulation. The dark area observed was

over 1000 km in diameter and some bright area material
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is almost certainly present in patches. Singer and

McCord (1979) investigated the affects of streaks and

splotches of spectrally isolated bright material on

the spectral reflectance of dark regions. Their

results-show that the drop in reflectance from 1.3 to

1.4 um and the other signatures of water .ice are

decreased when the contribution of bright material to

the spectrum is removed. Although a unique soluton

cannot be obtained, the water ice signature appears to

be absent in spectra of "pure" dark materials.

The 2.3 = Absorption

Nearly every spectrum in Figures 2 and 3 shows the

presence of a 2.3-um absorption feature. Because of

the subtlety of these features a detailed examination

was conducted of observations of Saturn's rings, the

Gallilean satellites, and the Moon taken with the same

instrument and two different calibration routes (Clark

and McCord, 1980b,c; McCord et al., 1980a). No

similar bands were found in other data, even those

taken the same nights; therefore it is quite certain

that these absorptions are characteristic of Mars.

The presence and center wavelengths of these features

can be determined well from these data, but the band

depths, or even the relative depths, are much less

certain.
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A single absorption at this location (ti2.3 um)

indicates an Mg-OH bond; often a weaker band of similar

origin appears near 2.4 um (Hunt and Salisbury, 1970).

An absorption near 2.4 um is possibly also present in

some of these spectra, but the depth is approaching the

noise limit of the data. Absorptions near 2.2 um,

characteristic of Al-OH bonds, may also be weakly

present but are much less certain than the bands near

2.3 um. One reason for this might be masking of any

2.2-um features by the wing of the strong atmospheric

CO2 absorption. Weak absorptions just longward of 2.3

and 2.4 um, and perhaps a very weak absorption just

longward of 2.2 um, are apparent in a spectrum of the

integral martian disk obtained in 1976 by McCord et al.

(1978). Carbonates are apparently not detected in any of

the neap-infrared data since a stronger 2.55 Pm absorption

would be expected to accompany one near 2.35 um (Hunt and

Salisbury, 1971).

In addition to providing evidence for hydroxylated

minerals on Mars, a 2.3 um band has interesting petro-

logic implications. Mg content greater than Al content
in an unweathered igneous rock is characteristic of a

mafic to ultramafic composition, generally with abundant

olivine. Relative enrichments of Mg are also seen

in certain pyroxenites, relatively uncommon terrestrial

ultramafic rocks consisting primarily of pyroxenes

(Nockhold et al., 1978). These observations correlate

with the Viking XR1F analysis team conclusions.
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that the measured soil chemistry is most consistent

with the weathering products of mafic igneous rock

(Toulmin et r.l., 1977); more recently a pyroxenite

parent composition has been considered (B.C. Clark,

personal communication, 1979). Very mafic to ultra-

mafic average compositions for martian lavas have also

been suggested by Maderazzo and Huguenin (1977) and

McGetchin and Smyth (1978).

Mg-OH features would most probably be characteristic

of alteration products of mafic igenous rocks rather

than the rocks themselves. Possible Mg-rich minerals

which might form by such alter-ition are anthophyllite

(£erromagnesian amphibole) and a variety of trioctohadral

sheet silicates such as serpentine, talc, and magnesian

smectities (saponite, hectorite). The apparent absence

(or at least extreme weakness) of any 2.2 um Al-OH

absorptions would seem to argue against montmorillonite

as a major component martian soils.
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TABLE CAPTIONS

The martian observational parameters for the

spectra in Figures 2 and 3 are tabulated. The times

are the beginning times of the first and last runs

(100 seconds per run). The air mass values are also

the values at the beginning of the first and last

run. The last column, CMO , is the central meridian

longitude in degrees of the Martian sub-earth

point at the mid-point of the observation. The

spectrum 78-10 in Figure 3 is the average of data

from two nights (February 14 and lb). The martian

north pole was tilted toward the earth 9°25 and toward

the sun 18°70. The planetocentric longitude of

the sun, Ls , was 49° (spring in the northern hemisphere.
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FIGURE CAPTIONS

Figure 1: Locations on Mars for spectrophotometric

observations by McCord and others. The first

two digits represent the year of observation

(e.g. 69 -1 was observed in 1969). The 1969

observations (0.3 to 1.1 um ) are described

by McCord and Westphal (1971); the 1973

observations (0.3 to 1.1 um) are described by

McCord et al. (1977); The 1978 observations

(0.65 to 2.50 um) are presented in this

paper. The locations of observations for which

the surface was partially or wholly obscured

by atmospheric dust are not shown. (Base

map: USGS Topographic Map of Mars I-961,

1976.)

Figure 2: The reflectance spectra of bright regions

obtained in this study are plotted here

scaled to a value of 1.0 at 1.02 um. The

error bars represent + standard deviation

of the mean of several independent observa-

tions.

Figure 3: The reflectance spectra of the dark regions

and the north polar region obtained in this

study are plotted here scaled to 1.0 to

1.02 um. The error bars represent +1 standard

deviation of the mean of several independent

observations.

.,7
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Figure 4: The reflectance spectra of three characteristic

martian surface types are compared: 	 (top)

the average of three bright region spectra

(78-1A, 3, and 4)	 from Figure 2,	 (middle)	 an

intermediate type spectrum (78-5), and (bottom)

a dark region spectrum (78-10).

Figure 5: Composite reflectance spectra from 0.33 to

2.50 um are shown for typical bright and dark

region spectra scaled approximately to

normal reflectance.	 A model atmospheric CO2

spectrum has been removed so that these

spectra are more representative of surface

material.	 The visible data are from McCord

and Westphal	 (1971)	 and McCord et al.	 (1977).

Figure G: The reflectance spectrum representing the

continuum or the bright (top) and dark

(middle) regions are shown. 	 These spectra

were chosen as described in the text. 	 The

top spectrum is approximately that of a

heavily oxidized basalt and the'middle

spectrum that of a thin layer of oxidation

layer on basalt.	 The bottom spectrum is

that of 13 20 ice	 (Clark, 1980a).	 These

spectra are used in producing those shown in

Figure 7.

Figure 7: The reflectance spectrum of the average

bright area shown in Fi gure 4 (top) is shown
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here (a) with an over-plot of a combination

of the bright area continuum and the H 2O ice

spectrum shown in Figure 6. Beneath is shown

the residual spectrum created by dividing

the two spectra shown at top. Plotted on

the residual spectrum is the transmission

spectrum of CO2 for the path length of the

Mars atmosphere as described in the text.

Most of all of the features in the residual

spectrum are accounted for by the CO2

absorptions. In part (b) of this figure a

similar sequence to part (a) is shown, but

for the dark area spectrum 78-10. The

simulation, which represents about half the

water ice in the part (a) simulation does

not fit as well as for bright area spectra

and indicates even less water ice

is present in the dark region.
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CHAPTER III

MARS: Large Scale Mixing of Bright and

Dark Surface Materials and implications

for Analysis of Spectral Reflectance

This paper has been published in Proc. Lunar Planet.

Sci. Conf. 10th ; 1835-1848, 1979. Authors: R.B. Singer

and T.B.  MCCo <i .
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ABSTRACT

l

	

	
Earthbased observations of the spectral reflectance

of Mars have a spatial resolution of 300 km or larger.

Spacecraft observations have shown that many of the

telescopic dark regions on the planet have substantial

mixing of bright and dark materials. It is therefore

probable that at least some spectral observations in-

clude significant contributions from multiple surface

components. A model was developed to describe spectral

reflectance from a two-component surface with large

scale (greater than centimeter size) mixing. This

model involves significant simplifications but is felt

to be adequate for present purposes. Using this model

the influence of differing degrees of bright material

(aeolian dust) coverage in observed dark regions was

removed. With increasing bright spectrum removal the

reflectivity of the inferred dark material decreases,

particularly in the infrared. Fe 3+ spectral features

are reduced in magnitude but not eliminated. The broad

absorption near 1 km, attributed to Fe e+ in mafic

minerals such as pyroxenes and olivines, is progres-

sively enhanced. Within the constraints of this analy-

sis an upper limit of about 40% is placed on physical

coverage of observed dark regions by bright dust. The

two-component reflectance model was also used to inves-

tigate spectral differences observed among dark

regions. We conclude that in most cases the observed
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spectral variety cannot be fully explained by differen-

tial coverage of dark regions by discrete patches or

streaks of bright dust. This is taken as confirmation

of previous conclusions that there is a compositional

variety of dark materials on Macs.
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INTRODUCTION
i To a visual observer Mars shows a generally bi-
i	 Spacecraft observations of Mars have shown that

modal albedo distribution: 	 bright and clerk, With some

many of the telescopic low and intermediate albedo
of intermediate or mixed albedo. 	 Groundbased andareas

regions are covered with discrete streaks and splotches spacecraft observations have confirm-ad  this as a gener-
of-bright and dark materials on a scale of tens of

al relationship from the visible into the infrared
kilometers down to the limit of resolution (e.g. Sagan

(e.g.	 Binder and Jones, 	 197:1 ; ;: armer at al.,	 1977;

et al., 1972, 1973; Veverka at al., 1977; Greeley at
-- Kieffer at al., 1977; Soderblom at al., 1978) but some

al., 1978).	 The Viking lenders provide a much more
important spectral variation has been demonstrated.

detailed look at two particular locations on the mar-
Measurements of bright area to dark area albedo ratios

tian surface.	 They show a varlet y of surface types
1	 from a low of about 1.8 to a high ofnear	 pm vary

(rocks, dust, and soils); the overall impression is
about 3.0 (McCord and Westphal, 1971; Binder and Jones,

still one of separation of surface components an a
1972).

scale of meters to centimeters, rather than a more A map showing locations on Mars for which ground-
homogeneous mixing.	 (Binder et al., 1977; Mutch et

---- based reflectance spectra have been measured (McCord
al.,	 1977;	 Guinness et. al., 	 1979;	 Strickland,	 1979). and Westphal, 1971; McCord at al., 1977, 1980) is given

This apparent tendency towards discrete distribution
in Figure 1.	 All spectrum and location numbers used in

is consistent with the observed and implied grain size
this paper refer to this map.	 For 1969 observations

distribution and aeolian sorting of martian surface
L	 = 162-163°, for 1973 observations L s - 301-302 0 , and

materials	 (Mutch et al.,	 1976, Chapter 7).
S

for 1978 observations L s = 48-500.

Earthbased reflectance spectra of Marg (e.g. McCord A composite spectrum typical of bright areas -is

and Westphal, 1971; McCord et al., 1977, 1980) integrate
shown at the top of Figure 2, scaled to unity at

light over regions 300 km or greater in diameter. 	 it 1.02 um.	 The visible portion is an average of 73-1,

therefore seems li.kel} that at least some of these obser-
-21 and -3 while the infrared is an average of 78-1,

vations show significant spectral contributions from multi-
, -2, and -3.	 Bright area Spectra are characterized by

ple types of surface materials.	 This paper describes some the edge of a steep Fe	 chargecharge transfer absorption

analyses designed to investigate this possibility and
band from the UV to 0.75 um with a slope -hange at

the implications for interpretation of martian spectra. about 0.6 um, and a weaker Fe 
3+ interelectronic
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To a visual observer Mars shows a generally bi-

modal albedo distribution: bright and dark, with some

areas of intermediate or mixed albedo. Groundbased and

spacecraft observations have confirmed this as a gener-

al relationship from the visible into the infrared

(e.g. Binder and Jones, 197.'; :,armer et al., 1977;

Kieffer et al., 1977; Soderblom et al., 1978) but some

important spectral variation has been demonstrated.

Measurements of bright area to dark area albedo ratios

near 1 14m vary from a low of about 1.8 to a high of

about 3.0 (McCord and Westphal, 1971; Binder and Jones,

1972).

A map showing locations on Mars for which ground-

based reflectance spectra have been measured (McCord

and Westphal, 1971; McCord et al., 1977, 1980) is given

in Figure 1. All spectrum and location numbers used in

this paper refer to this map. For 1969 observations

Ls = 162-163 0 , for 1973 observations L s = 301-302 0 , and

for 1978 observations Ls = 48-500.

A composite spectrum typical of bright areas is

shown at the top of Figure 2, scaled to unity at

1.02 um. The visible portion is an average of 73-1,

-2, and -3 while the infrared is an average of 78-1,

-2, and -3. Bright area spectra are characterized by

the edge of a steep Fe 3+ charge transfer absorption

band from the UV to 0.75 Vim with a slope change at

about 0.6 um, and a weaker Fe 3+ interelectronic
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absorption near 0.86 um. These features are attributed

to a ferric oxide content of about 5 to 8% (Huguenin

et al., 1977). From the band minimum near 0.86 um to

about 1.3 um the spectrum slopes upwards slightly.

Between 1.4 and 1.7 pm there is an absorption which has

been interpreted as H2O in a hydrate: or i ze (McCord

et al., 1978, 1980). From 1.8 to 2.2 um the spectrum

is dominated by a deep Mars atmospheric CO 2 absorption.

Removal of a model CO 2 atmosphere (McCord et al., 1978)

yields a fairly flat spectrum from 1.7 to 2.5 um, with

the possibility of an additional H 2O absorption near

1.9 um (McCord et al., 1980).

Dark area spectra are substantially different from

bright area spectra. A composite spectrum of visible

(69-6) and infrared ( 78-10) data from the region
rapygia is shown at the bottom of Figure 2, also scaled

to unity at 1.02 um. The slope from UV to red is

reduced compared to that for bright region spectra; the

absorption near 0.86 Iam is also weaker, and it is super-

imposed on a sharp decrease in reflectance from the

peak near 0.75 um. These two features indicate a lower

Fe' + content (Adams and McCord, 1969; Huguenin et al.,

1977; McCord et al., 1977). in addition, dark area

spectra show Fe e+ absorptions centered near 1.0 um.

These vary with location on the planet and are thought

to represent differences in the compositions and rela-

tive abundances of the mafic minerals, primarily
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pyroxenes and olivines (Adams and McCord, 1979;

Huguenin et al., 1977; McCord et al., 1977). In sharp

contrast to the bright area spectra, dark area spectra

slope fairly uniformly downwards from 1.1 to 2.5 um

(after Martian atmospheric CO 2 effects are removed)

(McCord et al., 1980).

Reflectance spectra from 0.3 to 1.1 um of dust

clouds are very similar to the spectra of the brightest

regions on Mars, which appear uniform. These observa-

tions correlate with other evidence that the source for

the brightest surface material is rather homogeneous

aeolian dust (McCord et al., 1977). As discussed above

dark area spectra show less uniformity and indicate

less oxidized (weathered) material, so they may repre-

sent a variety of materials closer in composition to

unmodified surface rock.
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REMOVAL OF EFFECTS OF BRIGHT MATERIAL

FROM DARK REGION OBSERVATIONS

Since there is evidence that some of the spectral

observations of dark regions on Mars may include light

reflected from bright dust on the surface, a two-

component model for reflectance from the surface has

been developed and used to investigate the removal of

contributions by bright dust from martian spectral

observations. Two major simplifying assumptions have

been made. First, we deal with the bulk spectral

reflectivity of each component, as would be measured

when remotely observing ji=-st this material. Second, we

assume that the distribution of the two surface compo-

nents is completely discrete, as discussed above. With

more intimate mixing a significant proportion of

observed photons will have passed through grains of

both types, and spectral mixing models must increase in

complexity.

A schematic representation of this model for an

area in the field of view of a spectrometer is shown in

Figure 3. Light reflected from only dark material or

bright material has the spectral characteristics of

that bulY material. If there is physical relief, such

as a boulder or an outcrop, light reflected from bright

material can also reflect off dark material, or vice

versa, before reaching the instrument. In this case

the spectral properties of the two materials combine in
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a multiplicative fashion. The y relative importance of

multiple reflection is heavily dependent ^$. geometry.

Based on various distributions of one-metier boulders

with a reflectance of 15 to 20% on a flat surface with

a reflectance of 30 to 40%, we have estimated that an

upper limit of 5 to 10% of the total observ,3 flux is

likely to be contributed from multiple reflections. As

shown in the enlargement, light entering the surface

very near a boundary can be scattered by grains of both

materials before reaching the instrument. In this case

the resultant spectrum would also be some multiplica-

tive combination of brig!'. and dark spectral

characteristics. This effect can only be significant

within about one mean optical path length of the

boundary; a few millimeters would seem to be a reason-

able upper limit, based on terrestrial analogs for

martian surface materials. If the minimum dimensions

of surface streaks and splotches are a few centimeters

or larger, which we assume here, this contribution from

the boundaries is negligibly small compared to the

total observed flux.

The model can be written as the following equa-

tions:

ROBS,a :_ (XB RB,a ) + (XD RD,X ) + (XBD RB,X RD,X ) (1)

and

X  + XD + XBD = 1
	 (2)

where

I fir -

L
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X - wavelength

ROBS - 
observed reflectivity

RD - ref_ ctivity of bright material

RD - reflectivity of dark r serial

X  - weighting factor for bright material term

XD - weighting factor for dark material term

XBD weighting factor for first order multipli-

cative term

Negative values for the weighting factors would be

physically meaningless and are not allowed. Higher-

order multiplicative terms have been neglected. The

justification is twofold. First, as discussed above,

we feel that the apparent physical distribution of

materials on Mars and the current level of knowledge

about these materials do not warrant the complication

of additional terms. Second, given the measured

reflectivities of bright materials (<40%) and dark

materials (<20%), higher-order multiplicative terms

quickly decrease in relative importance.

If the first-order multiplicative term is neglec-

ted also (X BD = 0), which we feel is probably a valid

approximation for parts of Mars, then what is left is a

simple additive or "checkerboard" model of spectral

combination. In this case X  represents the relative

areal coverage in the field of view by bright material,

and XD represents the relative coverage by dark

material.
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By taking an observed dark region spectrum for

ROBS , an observed bright spectrum (assumed to be
f

aeolian dust deposits) for RB,X , and choosing values

for XB O' XD , and XBD , equation (1) can be solved for

RD ^ X , the dark material spectrum. Thus we can inves-

tigate what the spectral characteristics of the dark

material would be for various amounts of contamination

of the observed region by bright d:lst.

Because the available spectra are not reduced to

albedo or absolute reflectance it was necessary to

determine a reasonable scaling for the observed bright

area spectra relative to the observed dark area

spectra. A literature search (Adams and McCord, 1969;

McCord and Westphal, 1971; Binder and Jones, 1972) and

examination of unscaled telescopic data showed a range

of bright area to dark area reflectance ratios of about

1.8 to 3.0 at 1 um, with a strong tendency for values

near 2.0. Therefore, all analysis were performed with

a bright to dark spectrum ratio of 2.0 at ] um, with an

investigation of the possible errors caused by such an

assumption.

The results of such an analysis are shown in

Figure 4. In this case XBD was chosen to be zero.

Spectral coverage is essentially complete from 0.3 to

2.5 um and represents a composite of visible data

(McCord and Westphal, 1971) and infrared data (McCord

et al., 1979). A model CO 2 atmosphere has been removed
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1
	

from the infrared data (McCord et al., 1980). The top

curve, labeled "Observed Bright", represents the

i
	 brightest region spectra observed and is used as RB,X

(69-1 visible, average of 78-1, -2, and -3 infrared).

Tho next lower curve, labeled "Observed Dark", is a

spectrum for part of the telescopic dark region Iapygia

and is used as ROBS,X (69-6 visible, 79-10 infrared).

The curve below that, labeled "-10% Brt" is the dark

material spectrum which results when equations (1) and

(2) are solved for RD,X with X  = 0.1 and XD - 0.9 (10%

areal coverage by bright material, 90% areal coverage

by dark material). Similarly, the remaining curves

represent the dark material spectra derived by removing

the influence of 20%, 30%, and 40% coverage of t,.e

observed dark region by bright dust. With the removal

of increasing amounts of bright material spectrum the

dark mater:xr.t1 spectra show reduced U9 to visible absorp-

tion and less indication of an absorption near 0.86 um.

This is consistent with a lower Fe 3+ content in the

dark material. The Fe 2+ absorption near 1 um becomes

more apparent, although superimposed on a steeper spec-

tral falloff towards longer wavelengths. The peak of

the spectrum shifts to slightly shorter wavelengths

with increased bright removal.

It can be seen that the :-emoval of more than about

40% bright material influence leads to an unreasonably

i	 low reflectance for the deduced dark material in the

4
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infrared. This places an upper limit of about 40% on

coverage of this dark region by bright dust. The pri-

mary dependence of this value on the model is in the

choice of observed bright spectrum (R B,X ) to observed

dark spectrum (ROBS,X) scaling (discussed above). A

value of 2.0 (at 1 um) yields an upper limit of about

40%; a value of 2.5 yields an upper limit of about 33%;

and a value of 3.0 yields an upper limit of about 25%.

There is also a minor change in shape of the deduced

dark material spectrum with varying observed bright to

observed dark spectrum scaling, mostly along the UV-

visible slope. This is because scaling is multiplica-

tive, while the analysis is subtractive. For our pre-

sent purposes the magnitude of this effect is not

significant.

This analysis involves a number of simplifications.

The surface of Mars is not a two-component system (see

the next section) and there must certainly be sltua-

tions where higher-order multiple scattering cannot be

ignored. With these qualifications it is not certain

that any of the deduced dark material spectra represent

actual single petrologiz units. The probability of

contaminal.ion of observed dark regions by bright dust

is quite high, however; we feel that some of these

deduced dark material spectra are likely to be a closer

approximation to physical reality than direct observa-

tions, and should be considered when performing spectral



111

analyses and laboratory simulations.

r-
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ANALYSTS OF SPECTRAL UNIQUENESS

OF LOW ALBEDO REGIONS

As noted above the brightest regions observed on

Mars have very similar Spectral characteristics, while

lower albedo areas demonstrate ; . er spectral

diversit%r . We investigated these aifferences by

removing the effects of potential coverage of the

observed lower albedo regions by bright material. The

goal was to better understand actual variability among

dark materials on Mars.

This technique is based on the model described

above [equations (1) and (2):]. An "intermediate" spec-

,%-.rum is assumed to be produced by some mixture, as per-

mitted by the model, of a "bright endmember" (aeolian

dust) and a "dark endmember". Differing amounts of

bright endmember spectrum are removed from the inter-

mediate spectrum while other free parameters are varied

until the optimum fit is obtained between the modified

intermediate spectrum and the dark endmember spectrum.

The quality of this fit is a measure of similarity,

within the limitations of this analysis, between the

dark material in the intermediate region and the dark

material in the dark endmember region. A poor fit

demonstrates that the intermediate spectrum cannot be

produced by large scale mixing between the dark endmem-

ber and the bright endmember (aeolian dust). We feel

confident in this negative conclusion because this

r
a



113

technique is most likely to err by producing an artif:.

-cially favorable match. Because the absolute reflec-

tances of the observed regions have not been determined,

this parameter is allowed to vary in the analysis and

there is no direct justification for the scaling rela-

tionship which yields the optimum fit. A good fit

demonstrates %he possibility that the primary differ-

ences between intermediate and dark endmember regions

is the amount of coverage by bright dust. Because of

the limitations discussed above, a good fit does not

prove that the dark material is identical in the inter-

mediate and dark endmember regions. As will be shown

below, however, in a few cases the similarity is

striking.

An interactive computer program was developed to

perform this analysis. The user chooses three spectra,

one each to serve as bright end:;,:mber, dark endmember,

and intermediate. A value for the multiplicative

weighting factor, X BD , is also entered. The program

then increments the scaling of the intermediate spec-

trum between bright and dark endmember spectra and uses

equations (1) and (2) for varying degrees of bright

spectrum removal from the intermediate spectrum. For

every scaling increment equations (1) and (2) are

solved for each wavelength channel in the spectra

separately, yielding the value of X  (bright removal)

which results in a perfect fit (solves the equations)
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for that channel. The mean value (XB) and standard

deviation (a) of X  are then calculated from tho 3ndi-

vidual values for each channel. (The value of XD is

not independent of the value of XB.) a is used as an

indication of quality of fit between the two spectra.

For each set of input parameters the program auto-

matically finds 4he scaling which yields the minimum

value of a, and displays these two numbers as well as

X  and XD.

Some results from this analysio are shown in

Table 1. This is a matrix of eight Mars spectra

(McCord et al., 1977) fitted to each other as described

above. 73-17 is classified as an intermediate albedo

region. The remaining seven represent observations of

different dark regions. An average of 73-1, 73-2, and

73-3, the brightest areas observed, was used as the

bright endmember in all calculations. This bright

average was scaled to have twice the reflectance at

1 Um as 73-26, the darkest region observed. For each

combination two parameters for the optimum fit are

tabulated: a and XB . Where a spectrum is fitted to

itself, both parameters are equal to zero, indicating

a perfect fit with no modification of the intermediate

spectrum. A crossed-out box indicates that the best

fit was obtained with a negative value of XB , which is

not physically meaningful. This is generally an indi-

cation that the spectrum used as the dark endmember is

a.
t
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more like the bright endmember than is the intermediate

spectrum. The spectra were numbered by McCord et al.

(1977) in order of decreasing bright characteristics;

inspection of Table 1 shows general agreement with this

ordering,, with a few exceptions.

Calculations for these data were performed in the

infrared only, from 0.67 to 1.10 Um. The emphasis of

this work was to examine similarities or differences

among mafic surface components, which are best charac-

terized by Fe 2+ crystal field absorptions near 1 put.

Attempts to match the entire spectrum from 0.3 to

1.1 pm using the method described above produced sub-

jectively poorer fits, particularly in the region of

greatest interest, the near-infrared. A contributing

factor might be variations in atmospheric opacity,

which arc not dealt with in this model and become

increasingly significant at shorter wavelengths.

It is interesting to note that in all but one case

the optimum value for the multiplicative coefficient,

XpD , was zero. This means that the best matches were
.^

obtained with just an additive, or "checkerboard" model.

Spectra for a few of these results are shown in

Figure 5 matched to 73-26, the region with the darkest

characteristics observed in 1973. The top curve shows

the best match obtained: that of 73-24 to 73-26. Here

a = 0.009, and X  = 0.084, indicating that the effect

of 8.4% bright material coverage was removed from 73-24

1 __
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to make it best resembles 73-26. The agreement between

the two curves is excellent from 0.33 to 1.10 um. The

implication is that the dark materials at both loca-

tions are very similar, but that region 73-24 has

slightly more coverage by bright dust.

The next lower curve shows 73-17, originally

classified as an intermediate albedo region, best

matched to 73-26. Here a = 0.012, and KB - 0.326,

indicating the removal of 32.6% bright influence. In

the infrared the overall agreement is good, with some

potentially significant differences in detail, pri-

marily between 0.7 and 0.9 p.m. Thus there is a possi-

bility of dark material in the 73-17 region similar but

not identical to that seen at 73-26. From the red to

the near UV, however, the curves diverge. This could

be due to a relatively higher degree of oxidation of

the dark materials at 73-17.

The third curve from the top shows the best fit to

73-26 obtained for the dark area 73-23, with a = 0.031.

The general shape of the curves is similar. In the

infrared, however, there are extensive differences

larger than the formal errors and involving more than

one data point. In remotely analyzing the occurrence

and composition of minerals with reflectance spectro-

scopy, it is these types of variations which have

proven very significant (see Pieters, 1978, for a

summary of variation in spectral details seen in lunar

i
k
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basalts). The conclusion here is that the dark

materials in 73-23 are mineralogically different than

those in 73-26.

It is not unreasonable that spectra of dark

regions on Mars have similar overall shapes even if

they differ in spectral details. There is strong evi-

dence for mafix composition of the dark materials

(Adams and McCord, 1979; Toulmin et al., 1977; Smyth

et al., 1978) oxidized at the time of implacement (e.g.

palagonitization, Soderblom and Wenner, 1978) and/or

subsequently (e.g. photostimulated oxidation, ffuguenin,

1973a, b). Fe 
3+ 

characteristics dominate the spectrum

in the UV and visible and continue to influence it into

the near infrared. Much of the shape of the spectrum,

then, is controlled by the degree and nature of the

oxidation. The infrared spectral features which con-

tain information about mafic mineralogy are more subtle

by comparison.

An example of an exceedingly poor fit is shown at

the bottom of Figure 5. This is the best match possi-

ble (with this model) of 73-20 to 73-26. here

a = 0.040 and the differences between the two curves

are not subtle. Inspection of Table 1 shows that 73-20

cannot be made to match any of the spectra well. It

would appear that the dark material(s) in 73-20 are

substantially different from those in other observed

dark regions.
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The quality of fit parameter, a, has two compo-

nents: a component due to observational uncertainty

and a component due to true differences in spectral

reflectivity. Since the best fit obtained in this

analysis was a - 0.009, the random (observational)

component is estimated to be on the average somewhat

less than this value. Based on visual inspection of

a number of spectral fits, including those presented

in Figure 5,.we have chosen a value of .a = 0.015, above

which we feel that a good match has not been attained

in the infrared portions of these spectra. This choice

was somewhat arbitrary, and a should be used only as a

relative guide to the quality of the fit. More de-

tailed analysis would require the inspection of each

set of fitted spectra individually.

We conclude from this analysis that the spectral

. variety observed among the telescopic dark regions of

Mars cannot be fully explained by differential coverage

of these regions by patches or streaks of bright dust.

In approximately 20% of the cases analyzed.this mechan-

ism appears to be sufficient, but is not Proven to be

SO. From the remaining cases it seems highly probable

that there are true spectral vaLiations. This is taken

as confirmation of previous conclusions that there is a

compositional variety of dark mate-Aals on Mars.

(Huguenin et al., 1977; McCord et al., 1977; SoOerblom

et al., 1978).
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it is almost certain that still greater variation

could be detected and analyzed with higher spatial and

spectral resolution. Much of the variation among lunar

basalts, for comparison, occurs on a scale of tens of ,r

kilometers and is lost in observations made with a much

larger field of view. Observations of Fars with

greater spectral resolution would allow compositional

interpretation to be carried out in more detail and with

greater certainty. The best way to meet both these

requirements is with a spacecraft-borne mapping spectro-

meter.
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TABLE CAPTION

Table 1. Numerical results of spectrum fitting analy-

sis described in text. "Bright Endmember"

used for all calculations was an average of

spectra 73-1, 73-2, and 73-3. Unless other-

wise noted, the multiplicative coefficient,

XBQ , equals zero.



TABLE 1

SPECTRUM U5r•^ As "DARK OMMEMBE 2"

*XBD = 0.002

73-17 73-20 73-21 1 73-22 73-23 73-24 73-25 73-26

73-17 d 0.000 0.025 0.033 0.025 0.011 0.018 0.012

XB 0.000 0.232 0.012 0.272 0.242 0.197 0.326

73-20 a 0.090 0.000 0.056 0.027 0.039 0.032 0.035 0.040

XB 0.245 0.000 0.414 0.130

0.018

0.426

0.029

0.377

0.020

0.339

0.022

0.527

0,02273-21	 cr 0.000

}CB
0.000 0.151 0.080 0.063 0.003 0.152

*

73-22 a 0.041 0.024 0.000 0.019 0.012 0.020 0.017

XB 0.016 0.215 0.000 0.259 0.239 0.185 0.324

73-23	 a 0.000 0.031

XB 0.000 0.076

73-24	 o 0.022 0.000 0.009

XB 0.005 0.000 0.084

73-25	 ct 0.032 0.019 0.012 0.000 0.019

XB 0.010 0.078 0.066 0.000 0.157

73-26 a 0.000

XB 0.000

ar

d

x

6.
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FIGURE CAPTIONS

Figure 1: Locations on Mars for spectrophotometric ob-

servations by McCord and others. The first

two digits represent the year of observation

(e.g. 69-1 was observed in 1969). 1969

observations (0.3 to 1.1 um) are described

by McCord and Westphal (1971); 1973 observa-

tions (0.3 to 1.1 um) are described by

McCord et al. (1977); 1978 observations (0.7

to 2.5 }am) are described by McCord et al.

(1980). Locations of observations for which

the surface was partially or wholly obscured

by atmospheric dust are not shown. (Base

map: USGS Topographic Map of Mars I-961,

1976.)

Figure 2: Representative bright and dark region reflec-

tance spectra, scaled to unity at 1.02 l,m.

The bright region spectrum is composed of an

average of brightest areas observed in 1973

(visible) and 1978 (infrared). The dark

region spectrum is a composite of data from

two nearby locations in lapygia: 69-6

(visible) and 78 -10 (infrared) .

Figure 3: Schematic representation of a model. for spec-

tral reflectance from the martian surface,

with two surface components with large scale

mixing only. Light reflected from just
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bright material (B) or dark material (D) has

the spectral distribution characteristic of

the bulk reflectivity of that material.

Light reflected from both surface types

before observation has a spectral distribu-

tion determined by a multiplicative combin-

ation of bright and dark reflectivities.

See text for full discussion of this model.

Figure 4: Removal of the effects of bright material

contamination in observed dark regions.

Details of the analysis are described in

text. Curves labelled "observed Bright" and

"Observed Dark" are observational data, for

bright and dark regions, respectively, with

a model CO 2 atmosphere removed. Curve

labelled "-10% Brt" is the dark material

spectrum resulting from the assumption of

10% areal coverage of the observed dark

region by bright material, and similarly

through "-40% Brt". Notice that an assump-

tion of more than 40% coverage by bright

material would yield an unrealistically low

reflectance for the dark material.

Figure 5: Four examples of best fits to 73-26.

Matching was performed by procedure de-

scribed in text, using only the infrared

portion of the spectra. a is a measure of

L410-
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the error in fit, XB represents the fraction

of aeolian dust spectrum removed. Error

bars represent it standard deviation of the

final results. Error bars for it standard

deviation of the mean would be smaller.

s

t
^.r•w



a1

W
.r_4

w

130
i z

	

•^	 o	 •
o
co

C6

N	 •	 '^ ,	 1

h	 s	 t

i
•	 -	 9D

o	
to

N	 ''	 of f	 h^	 N

CDt

In

CD

CID

Lo

ti

	

'	 a	 { ► , ,$	 N	
Y^	 we •^t 

O 

,x ' ' ..^•Or '

M

	.^	

4µI ,-M1ti	 ^.,i'•^.

to

C-i
In	 I

fn

a

tD	 ^.	 ^ ...	 •. ti,	 N	 ,. M ^.	 J:	 O

	

to	

' ^.	 '^P	 ^^+ .	 .`* • j id -0,

•O	 • ^.	
w `ir•	 i	 om	 '`	 w

	

z	 Z	 Q	 In	 vJ

	

0	 00	 00	 o

r

1

oh;tx^': -.T PAGE IS

OF Pt.K)R QUALITY

L__.—



Y

•r	

in

Q

m
..i
0f-
a
W

U^
Nv

J

N

m

m

to
m

m

131

1

m	 Ri^'•ti

•

BRIGHT REGION SPECTRUM	 • •

t

+
rM►

A
•

	X 	 DARK REGION SPECTRUM

n

x

Figure 2

we
^

	L.S0	 1.00	 1.50	 2.00	 2.50
WAVELENGTH IN MICRONS



E

0

w

ET

El
2 -

132



s,

n
n

m z
NV

N
E
2M

0Z
r-1 W

J
W
D
Q
3

w.^	 r

133

i

f
1

^i - 1	 '	 1 1	 1 1 '	 !	 1 r

W ►̂-^	 W Q

^ ^ N m
o	 o

m

N

O

♦ o

^♦ • xxx D 0 -l	 xx	 o-2
Nod 	 Z• 9	 S0 -
n ♦ • 	 x	 O

♦ 	 x	 O -

r` ♦• ♦ • x	 O

C	 _

k

o-

m
m

•-t

m
Ln

m

0b► '0	 OE'O	 OZ'O	 OT '9

30MU103IJ38 IU8133dS 30Ild13H

Figure 4



0
aa

1

c
c

c
w
U
z
a

cU C
LL)

J -
ww
a

Ca ^;
C

Uw
aN
w c
> c
Q
Jww

c
c

c`

c
Lr
c

isa

0.40	 0.60	 0.80.	 1.00

WAVELENGTH IN MICRONS

Figure 5



CHAPTER IV

Near-Infrared Spectral. Reflectance of

Mineral Mixtures: Systematic Combinations of

Pyroxenes, Olivine, and Iron Oxides

This paper has been submitted to J.Geophys.Res., 1980.

Author: R.B. Singer.
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ABSTRACT

Near-infrared spectral reflectance has been

measured for two-component mixtures of ferro-magnesian

and iron-oxide minerals at ambient temperatures.

Results are presented for systematic variations 44,n

weight percent of each component. Minerals and combi-

nations were chosen for application to the study of the

dark materials on Mars but the results are equally

useful for interpretating spectral reflectance of

potentially oxidized mafic and ultramafic assemblages

elsewhere in the solar system, including on Earth.

Olivine spectral features are Greatly reduced in inten-

sity by admixture of other phases but remain recogniz-

able on a subtle level, even for low olivine contents.

Clinopyroxene and orthopyroxene mixtures show spectrally

resolved "2-pm" pyroxene absorptions but unresolved

composite absorptions near 1 um. The addition of

limonite greatly modifie p pyroxene and olivine reflec-

tance but does not fully eliminate distinctive spectral

characteristics. Orthopyro:^ene and limonite

(goethite) Gpectral signatures in a mixture can be

difficult to differentiate in the 1-um region and

additional evidence is desirable for a unique interpre-

tation. All composite mineral absorptions observed in

this study are either weaker than or intermediate in

strength to the e,sdmember absorptions, and have
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bandwidths greater than or equal to those for the

erdmembers .
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INTRODUCTION

Analysis of near-infrared absorptions in

reflectance spectra is a powerful tool for remote

mineralogic determination (e.g. Adams, 1975; McCord

et al., 1980b). Much laboratory work has been performed

to understand the spectral behavior of minerals and

rocks and to calibrate systematic changes in spectral

reflectance with compositional variation (Burns, 1970;

Burns et al., 1972; Hunt and Salisbury; 1970a, 1971;

Hunt et al., 1971, 1973x, b, 1974x, b; Adams, 1974,

1975; McCord et al., 1980b). Fewer studies have bee-

performed to investigate the ways in which individual

components combine spectrally to produces rock and soil

reflectance characteristics. As discussed by McCord

et al. (1980b) intimate mixtures of several mineral

components produce a reflectance spectrum that is

considerably more complicated than a simple additive

combination of individual spectral characteristics.

Laboratory studies of combinations of ferric oxides and

basalts were conducted by Adams and McCord (1969) to

help interpret reflectance spectra of Mars. Investiga-

tions of lunar analog mixtures (pyroxene, plagioclase,

and an opaque) have beer_ published by Pieters (1973)

and Nash and Conel (1974). Examples of laboratory

mineral combinations involving two pyroxenes and a

pyroxene and olivine have been presented by Adams
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(1974, 1975). Some discussion of qualitative and

quantitative analysis of spectra for mineral mixtures

is also provided by Adams (1974, 1975), Gaffey (1976),

and Gaffey and McFadden (1977).

Thd use of reflectance spectroscopy for remote

compositional analysis of Mars, Earth, the moon, and

asteroids has reached a level of data quality and

sophistication of technique which requires additional

knowledge of the ways in which mineral-spectral signa-

tures combine. For non-lunar-like objects there is the

additional complication of possible Fe 3O 3 content, a

major consideration for Mars and Earth. The laboratory

studies presented here were specifically designed to

aid interpretation of reflectance spectra for dark

regions of Mars. These results are nevertheless

generally applicable to remote sensing of potentially

oxidized mafic and ultramafic assemblages elsewhere in

the solar system, including on Earth. Application of

these results to spectral interpretation of the dark

regions on Mars can be found in a separate publication

(Singer, 1980b).

s
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PROCEDURE

Instrumentation

Laboratory data were obtained with the Hawaii

Institute of Geophysics/Planetary Sciences spectrogoni-

ometer, largely designed and assembled by the author.

This device can be used for bidirectional reflectance

measurements of virtually any material with independently

adjustable incidence and emission geometry (±85° from

normal). Samples are oriented horizontally and a wide

variety of sample holders, including environment

chambers, may be used. All optics are reflecting and

arranged to minimize instrumental polarization. The

collimated light source consists of an f/8 off-axis

parabolic mirror illuminated by a 250W, 3400K quartz-

halogen bulb in an integrating enclosure. The aperture

of this bulb enclosure is located at the focal point of

the mirror and may be varied in diameter to produce

collimations of 1.75 0 to about 0.25°. The integrating

enclosure, coated with a diffuse white reflector,

dramatically increases the useful flux and provides

excellent uniformity of illumination across the 5 cm

diameter maximum sample size.

A variety of instruments may be mounted, two at a

time, for use at the focal plane (photometers or multi-

spectral imaging devices). This allows use of state-of-

the-art astronomical instrumentation, providing high
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sensitivity and a direct means of comparison to

telescopic observations. Field of view, and therefore

size of the spot measured on the sample, is selected by

choice of aperture in each instrument. The optical

path may be switched rather quickly between the two

mounted instruments to provide increased spectral range

or any other combination of near-simultaneous

observations.

The laboratory reflectance data presented in this

paper were obtained with the instrument and under the

observing conditions described below. Near-infrared

coverage (0.7 and 2.6 Um) was provided by a cooled

circularly variable filter (CVF) spectrometer with an

InSb detector, all operating at liquid nitrogen tempera-

ture (77K). This is the same instrument used telescopi-

cally for Mars observations in 1978 (McCord et al.,

1980a), with a resolution ( AX) of about 1.5%. An
earlier version of this instrument, using an uncooled

CVF, is described in detail by McCord et al. (1978).

All laboratory measurements were made with an incidence

angle (I) of 10° and an emission or viewing angle

(E) of 0 0 (measured from normal), giving a phase angle

(a) of 10°. Collimation of the light source was 1.7°,

and the viewed beam was collimated to 1.1 0 . Light was

measured from a spot on each sample about 6mm diameter.

Reproducibility of laboratory data has proved to

be excellent: routinely a fraction of one percent at

i



142

each spectral channel for the Halm standard over a

period of many hours. Each spectrum consists of a

number of separate observations of the sample which are

averaged to improve signal-to-noise and then divided by

an average of reflectance standard observations taken

near-contemporaneously. All data processing is carried

out in digital form using an interactive computer

system (Clark, 1980) and formal errors are calculated

for each operation. Data are presented here with ±1

standard deviation of the mean error bars.

Reflectance standard

Halon powder was used as a diffuse reflectance

standard, gently packed with a roughened tool to a

density of 0.8 gm/cc in a cavity 1.5cm deep and 3.Ocm

in diameter. Manufactured by Allied Chemical Corpora-

tion, Halon consists of 50-micrometer sized beads of

fluorocarbon plastic which, in thicknesses greater than

0.6cm, has an absolute reflectance ?0.99 from the near-

UV to 1.2 um and 00.98 from 1.2 um to 2.O,1im. At wave-

lengths between 2.0 and 2.5 um there is more variation

in the absolute reflectance,although at all wavelengths

it is greater than 0.96. Halon was chosen over MgO as

a standard because a) Halon has a greater reflectance

than MgO over this spectral range, b) Halon is easier

to handle and prepare, giving more reproducible results,

and c) Halon does not absorb water or suffer UV radiation
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damage, as does MgO. Documentation of the reflectance

properties of Halon were obtained from Venable et al.

(1976) .

Because of the potential mineralogical significance

of subtle features in the 2 um region, laboratory spectra

presented here were corrected for the slightly imperfect

reflectance of Halon. The correction was developed

from the absolute reflectance measured for compacted

Halon by the National Bureau of Standards (Venable

et al., 1976). The final results are felt to be within

a few percent of absolute bidirectional reflectance.

Sample preparation

Individual samples were chosen to represent

characteristic spectral properties of mineral classes

prominent in mafic to ultramafic assemblages. Crystal-

line samples were examined for obvious impurities,

crushed with a hardened steel mortar and pestle, and then

ground further with an alumina mortar and pestle.

Particle size fractions were obtained by wet sieving

with methanol. Relative proportions in mixtures

represent weight percent. After thorough physical

mixing in a vial samples and mixtures were poured into

cylindrical cavities in horizontally oriented sample

holders and gently tapped to produce a level surface.

No other form of compaction or surface preparation was

t
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employed. Particle size was not used as a variable

in these studies.
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SAMPLE DESCRIPTIONS

Olivine OLV01, 45-90 micrometer grain size

This sample was prepared from unaltered transparent

green crystals sorted from green beach sand found near

South Point on the island of Hawaii. This olivine has a

chemical composition of Fo 85 ; a full chemical analysis

is given in Table 1. In reflectance this specimen

demonstrates well the olivine three-component Fe 2+

crystal field absorption centered just longward of 1 lim

(Figure 11. The weaker side bands appear as shoulders

on the strong central absorption. Individual band

components, in order of decreasing strength, are centered

at 1.06 um, 1.33 um, and 0.86 um (determined by non-

linear least-square fitting of three gaussian bands).

Assignments of these components to specific crystal-

lographic sites and electronic transitions is provided

by Burns (1970). With increasingly fayalitic composi-

tion all three absorptions shift to slightly longer

wavelengths and increase in depth, with a larger

proportional increase of the shoulders (Burns, 1970;

Hunt and Salisbury, 1970a; Adams, 1975). The net

effect is a broadening of the total absorption envelope,

especially on the long-wavelength side (due to enhance-

ment of the 1.3-um band).
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t
Orthopyroxene PYX02, 45-90 micrometer grain size

This sample is from a massive rock labeled

I
	 "enstatite" from Bamble, Norway (Wards's Natural

j

	

	 Science Establishment). There is a small :mount of

white fibrous contaminant, suspected to be anthophyllite

or chrysotile. Chemical analysis (Table 1) shows this

sample to be a

in Figure 1 dei

about 0.92 and

(Adams, 1974).

caused by Fe 2+

hypersthene, En 86* The spectrum shown

nonstrates two major bands centered at

1.67 um, characteristic of a hypersthene

These are crystal-field absorptions

in a preferentially occupied rather

distorted octahedral site (Burns, 1970). With increasing

iron content both absorptions move to slightly longer

center wavelengths (Burns, 1970; Adams, 1974, 1975).

The narrow, weak absorptions seen for PYX02 near

1.4 and 2.3 um are respectively vibrational overtone

and combination bands of OH in the incompletely removed

hydroxylated contaminant ( Hunt and Salisbury, 1970a).

Clinopyroxene PYX07, 45-90 micrometer grain size

This sample was separated from a granular

peridotite found as the core of a volcanic bomb on the

upper slopes of Mauna Kea. Chemical analysis (Table 1)

shows this mineral to be a diopside or diopsidic augite

(Wo41En51Fs 8 ) with some aluminum, titanium, and ferric

iron. The spectrum shown in Figure 1 displays two

prominent Fe 2+ crystal field absorptions, at about

rI_
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1.03 and 2.31 um. These band center positions and the

general shape of the spectrum yield an estimate of

composition very close to that calculated from the

chemical analysis (Adams, 1974, 1975). Clinopyroxenes

have cation sites analogous to orthopyroxenes, but Ca 2+

preferentially fills the more distorted M2 sites,

increasing the occupancy of the somewhat less distorted

Ml sites by Fe2+ . These changes and the modified

crystal structure account for the occurrence of clino-

pyroxene absorptions at longer wavelengths than for

orthopyroxene, and cause a different dependence of

band location on composition (Burns et al., 1972;

Adams, 1975). For this sample the band near 2 um is

shallower compared to the 1 -um band than for the

orthopyroxene PYX02. This appears to be a characteristic

of clinopyroxenes in general (M. Gaffey, personal

communication, 1979; Adams, 1975). The downturn from

0.85 to 0.66 might represent an absorption caused by a

small amount of Cr 3+ ( n l% Cr2O3 ) located in Ml sites

(Adams, 1975). The break in spectral slope at 1.2 um

and the near linearity from there to 1.55 um probably

indicates that a small amount of olivine was included

with the hand-picked pyroxene grains. This will be

discussed further in the next section.
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Limonite FOX02, very fine powder

This sample is a very fine-grained brownish-yellow

limonite, variety yellow ocher, from Cartersville,

Georgia (Ward's Natural Science Establishment).

Particle size is much smaller than a 38 micrometer

sieve. Limonite is a loosely used term for hydrated

ferric oxides showing no obvious evidence of crystal-

linity. Most materials identified as limonite are

actually very fine-grained goethite, Fe0 . OH, frequently

containing additional water and silicate impurities.

The term yellow ocher implies fine clay as a contaminant

(Hurlbut, 1959), which is consistent with the chemical

analysis (Table 1). The spectrum of this sample in the

visible and near-infrared is described elsewhere in

detail (Singer, 1980a). Of interest here is the

asymmetric absorption centered near 0.9 um, shown in

Figure 1. This band is caused by an Fe 3+ interelectronic

transition forbidden by ionic crystal-field theory.

As explained by Huguenin (1975; McCord et al., 1980b)

however, ferric oxides are not strictly ionic because

of the intense 0 2  -Fe 3+ charge transfers which show

strong absorption centered in the near-W. The asymmetry

of the 0.9-um band is also attributed to its location

on the wing of the charge transfer absorptions. Less

hyrdroxylated ferric oxides have an analogous band

centered at wavelengths as short as 0.85 um (Huguenin

et al., 1977; McCord et al., 1980b).

.	 1

It-,
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Magnetite MAGO1 f <45 micrometer grain size

This admple was ground from a massive block of

magnetite from Marmora, Ontario (Ward's Natural Science

Establishment). The chemical analysis is given in

Table 1 0 and the spectrum is shown at the bottom of

Figure 1. The magnetite was prepared to a finer grain

size than the ferrosilicate sample bec "n se that is the

usual situation for opaques in terrestrial basalts,

meteorites, and lunar basalts. The reflectance is quite

low with a very shallow, broad absorption centered near

1 um and a slight positive slope overall. The continuum

optical absorption of magnetite is due to high rate

Fe2+-Fe3+ charge transfers as is discussed in detail by

Huguenin (1973).
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RESULTS AND DISCUSSION

Two-component mixtures of pyroxenes and olivine

1) Olivine and clinopyroxene, Figure 2.

The maximum band depth or contrast In the

spectral reflectance of powders occurs when the grain

size is about one optical depth (Adams and Filice, 1967;

McCord et al., 1980b). Here the more opaque clino-

pyroxene is closer to that condition that is the olivine,

and therefore the spectra of mixtures are dominated by

pyroxene characteristics. Because the 1-um band

minima for these two minerals are close there is little

change in the locations of the mixture band minima

(Figure 5a). The shape and width of the total absorp-

tion envelope, however, change dramatically as the

olivine side bands are masked by increasing pyroxene

content. With pyroxene contents of 50% or greater the

curve looks similar to that of pure pyroxene. The

location of the pyroxene reflectance minimum at 2.3 µm

remains unaltered by even large amounts of olivine.

Observation of more subtle changes can identify

the presence of olivine in rather small amounts.

Adams (1974) suggested that the shift caused by olivine

in the apparent position of the pyroxene 1-um band, in

conjunction with the usrchanged 2-um band location, will

cause the spectrum of a mixture to deviate from the well

defined 1-Um vs. 2-um band plot for pure pyroxenes. This
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method is not effective for calcic clinopyroxenes,

such as the one used in this study, which have band

center locations close to those for olivines. A very

diagnostic feature for olivine is the persistent

visibility of the 1.3-um band even for small quantities

of the mineral. This appears as a depression or

shoulder on the pyroxene spectrum between about 1.15 and

1.55 um. The spectra of olivine, clinopyroxene, and the

50-50 mixture are shown overlaid in Figure 3. The

spectrum of the mixture agrees very closely with that of

the clinopyroxene at wavelengths shorter than about

1.1 ^tm, and fairly closely at wavelengths greater than

about 1.5 um. In the middle region, however, centered

on 1.3 um, the mixture is spectrally much more similar

to olivine. Another diagnostic characteristic is that

increased oAvine content raises the reflectance of the

mixture for wavelengths longer than about 1.5 um. This

makes the 2-um band appear weaker and gives a line

connecting the pyroxene band minima an increased posi-

tive slope (Figure 5b). Because many variables can

affect spectrum slope this is not by itself an unambig-

uous indication of olivine content. It is useful,

however, in conjunction with other indications. As an

example plagioclase mixed with pyroxene gives rise to

a shoulder centered near 1.25 um which might be mistaken

for olivine. Plagioclase, however, does not affect the

overall slope of the mixture spectrum and leaves the
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pyroxene bands with more nearly equal depths (c.f.

Adams (1574), Figure 11, examples 2 and 3).

From the last two criteria it appears that this

clinopyroxene sample is itself contaminated by a small

amount of olivine, indicated primarily by the break in

slope at 1.2 um and the flatnet% of the spectrum from

there to 1.5 um. It is estimated that at most a few

percent olivine could have passed the separation

procedure, indicating the 9-eat persistence of the

1.3-um absorption. Olivines with more fayalitic compo-

sitions have enhanced 1.3 um absorption and are expected

to be even more readily detectable.

2) Olivine and orthopyroxene, Figure 4.

This combination o- 'nerals exhibits much of the

same behavior described for olivine and clinopyroxene.

A significant modification is caused by the difference

in band minima positions for the olivine (1.06 um) and

the orthopyroxene (0.92 µm). As discussed by Adams

(1974), the minimum for the composite band of a mixture

such as these occurs at an intermediate wavelength.

However, as shown in Figure 5a, the band minimum position

for these mixtures is not a linear function of composi-

tion. Because the orthopyroxene has a more nearly

optimum grain-size to optical-depth ratio it tends to

dominate the mixture spectra. With quantities of olivine

up to 50% the minimum of the 1-Um band occurs at

i
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virtually the same wavelength as for pure orthopyroxene,

and the 1-um and 2-um band positrons fall on the trend

for pure pyroxenes (Adams, 1974). This band location

criterion, then, does not appear to be a sensitive test

for olivine content less than or equal to pyroxene

content.

The shape of the orthopyroxene absorption near

1 um is more radically altered by olivine than was the

clinopyroxene. The center and 1.3-um olivine absorptions

broaden the long wavelength side of the orthopyroxene

band, giving the composite band a marked asymmetry. As

with clinopyroxene, the olivine 1.3-jim band causes a

shoulder of reduced reflectance. With increasing

olivine content the point of maximum reflectance between

1 and 2 um shifts to longer wavelengths. This effect

is more dramatic for the orthopyroxene than for the

clinopyroxene because the clinopyroxene reflectance

maximum occurs at a wavelength where olivine is not

strongly absorbing. As with the clinopyroxene, increased

olivine content with this orthopyroxene dijuinishes the

depth of the 2-um band with respect to the 1-um band

(Figure 5b). The trends for this orthopyroxene and

clinopyroxene are very similar, with slightly lower

slopes for the orthopyroxene over most of the mixing

range.
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3) Clinopyroxene ,nd orthopyroxene, Figure 6.

Examination of Figure 6 shows that these samples

have similar optical-depth to grain-size ratios, with

the orthopyroxene being slighty dominant. The 1-um

absorptions are not resolved for these mixtures, but

rather show broadening and asymmetry, particularly

noticeable for 25% and 50% orthopyroxene content. The

wavelengths of the minimum reflectance points for these

bands vary non-linearly with composition between the

two endmember positions. The 2-um absorptions are

resolved, shown most clearly in the same mixtures which

best show asymmetry in the shorter wavelength band.

Terrestrial basalts with two pyroxenes (such as an

augite and a pigeonite) frequently display this double

structure in the 2-pm region even if the band near

1 pm resembles that for a single pyroxene. Composite

absorptions are either intermediate in strength to

or less intense than absorptions for either individual

component. In the multiple-pyroxene case (Figure 6)

reduction of band contrast in the 2-um region due to

only partial absorption overlap causes an overall

increase in spectral slope similar to that observed for

olivine-pyroxene mixtures. They most generally applicable

indication of two pyroxenes is a very broeA double

structure in the region around 2 pm. The most useful

indication of olivine content in a pyroxene bearing

assemblage is a broadening of the long wavelength side
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of the 1-Um band and a shoulder or shallow depression

centered near 1.3 um.

Two-component mixtures of limonite with pyroxenes and

olivine

This series of measurements was performed to

investigate the ways in which ferric oxide masks or

complicates Fe 2+ crystal-field absorptions in ferro-

magnesian minerals. The limonite sample used is very

fine grained (typical of many natural ferric oxide

occurrences) and tends to form a coating on the larger

pyroxene and olivine grains. For this reason the

limonite has a greater spectral effect in a mixture than

might be expected from its weight percent, and a maximum

of 50% limonite content was used for these measurements.

Other aspects of the spectral effects of ferric-oxide

coatings and mixtures, and spectra of limonite-magnetite

mixtures, are discussed in detail by Singer (1980a).

1) Olivine and limonite, Figure 7.

As little as 5% limonite significantly alters the

olivine spectrum but leaves the three-band structure

near 1 pm recognizable. With 25% limonite the 0.9-pm

Fe 3+ band in limonite and the central olivine band are

of equal strength, producing a very flat-bottomed

composite absorption which is quite distinct from that

s.ten for pure limonite. There is also a clear

i
i
i
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I

depression around 1.3 pm caused by the long wavelength

olivine band. With 50% limonite the spectrum shape

looks very similar to that for pure limonite. Careful

inspection shows a broadening and slight shift to

longer wavelengths of the band near 0.9 um, and a

flattening of the characteristic ferric-oxide reflectance

turnover which normally occurs near 1.25 um. As seen in

the previous section, a depression or shoulder near

1.3 Um is one of the most persistent indications of

olivine in a mineral mixture. It is of major importance

to remote sensing of Mars and Earth that weathering

(oxidation) does not automatically negate our ability

to spectrallyidentify ferromagnesian minerals in rocks

and soils.

2) Clinopyroxene and limonite, Figure 8.

The most noticeable spectral effect of mixing 5%

limonite with this clinopyroxene is an asymmetry of the

1-um band caused by a slight broadening of the short

wavelength side. Also, the band at 2.3 lim is somewhat

reduced in depth. With 25% limonite content the band

near 1 pm has become broader and very asymmetric, but

is still dominated by the clinopyroxene component. The

spectrum for a limonite content of 50% largely resembles

that of pure limonite, except for the persistent

broadening of the 1-um band to longer wavelengths by

the pyroxene absorption. The primary remaining
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evidence for the 2.3-um pyroxene aboorption is a slight

convexity of the mixture spectrum, peaking at about

1.8 Um. The lack of this convex shape and the slightly

lower reflectance around 1.3 um are the only features

which distinguish 50% olivine + 50% limonite from 50%

clinopyroxene + 50% limonite.

3) Orthopyroxene and limonite, Figure 9.

This case is of particular interest because the

minerals have band minima almost overlapping: 0.92 um

for the orthopyroxene and 0.90 pm for the limonite.

Inspection of this figure shows that the pyroxene

spectral character is very persistent, showing a quite

recognizable 2- ,pm band even with 50% limonite. This is

largely because the orthopyroxene, unlike the clino-

pyroxene, has both sides of this band fully occurring

within this spectral region. For wavelengths shorter

than about 1.3 um there is a marked increase in spectral

slope wi-h increasing limonite content, caused by the

wings of intense 0 2 _Fe3+ charge transfer absorptions

which are centered in the near-UV (Huguenin, 1975;

Huguenin et al., 1977).

The composite bands near 0.9 Um become shallower

monotonically with increased limonite content, but this

effect can be caused by other mechanisms as well (see

next section). The most diagnostic difference between

the 1-um absorptions of these minerals is the difference
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in band symmetry. The vertical line drawn through the

band minima in Figure 9 bisects the pyroxene absorption

quite evenly. The limonite band, in contrast, has a

broader, shallower absorption envelope on the long

wavelength side of the minimum; this is not just a

geometric effect of the band being superimposed on the

wing of another absorption. The spectra for mixtures of

these minerals vary regularly between the endmembers in

degree of band symmetry.

The presence of a broad absorption near 2 um and a

matching absorption near 1 um (in accordance with the

band vs. band plot developed by Adams, 1974, 1975) is

the most solid spectral determination of a pyroxene.

If the absorption near 2 um is somehow masked, or data

is not available at those wavelengths, it becomes

difficult to differentiate relative contributions to a

band near 0.9 um from orthopyroxene and ferric oxide.

The occurrence of ferric oxide in an unknown assemblage

is readily determined by spectral behavior in the

visible (e.g. McCord et al., 1980b). However, some

ferric-oxide-bearing substances with strong visible

absorptions have little or no absorption between 0.85

and 0.90 um (Singer, 1980a). The source of an absorp-

tion near 0.89 - 0.92 um observed for a ferric-oxide-

bearing unknown is therefore not uniquely determined by

only the location of the band minima. If data through

the 2-pm region is not available or useful, the symmetry
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of the band in question might be the primary criterion

for determining its source.

Two-component mixtures of olivine and magnetite

A series of mixtures of olivine and magnetite were

observed spectrally (Figure 10) to determine the effects

of an opaque mineral on Fe 2+ crystal-field absorptions.

Olivine was chosen because it has a more complicated

band structure than the pyroxenes; the general optical

effects of mixture with an opaque phase are expected to

be similar for many combinations of minerals. Magnetite

is a common opaque accessory mineral in mafic and ultra-

mafic assemblages, usually fine grained. Note that

Figure 10 has a continuous reflectance scale and that no

scaling or "stacking" has been performed to the data.

It is immediately apparent that a small amount of

magnetite is very effective at reducing the reflectance

and spectral contrast of the mixture. This is consistent

with previous studies of opaque + non-opaque mineral.

assemblages (Johnson and Fanale, 1973; Pieters, 1973;

Nash and Conel, 1974). Fifty percent magnetite content

reduces the reflectance of the mixture to less than

0.1 but does not entirely eliminate the olivine absorp-

tions. Figure 11 shows the data for this half-and-ha-'f

mixture with a greatly expanded vertical scale overlaid

on an unscaled spectrum of 100% olivine. Scaling of the

mixture spectrum was performed to provide a good
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subjective fit at the band minimum and near 2.5 ;,m.
i

The agreement between 0.8 and 1.1 um is excellent. The

well defined concavity caused by the 1.3 um band and the

fairly sharp change in slope observed near 1.7 Um for

pure olivine are replaced by a more uniform rise in

reflectance into the infrared, a characteristic of

magnetite. The modified absorption envelope for the

mixture is rather like a check mark; despite the

reduction of absorption around 1.3 um the shape and

width are still distinct from that of a pyroxene hand.

While the spectra of these mineral: : 'nitely do not

combine in a linear or additive man. . Fi qure 11 shows

that some combination of multiplicative and additive

scaling can be used to approximate the qualitative

spectral effects around 1 um of adding an opaque phase

to olivine. Other ferromagnesian minerals such as

•	 pyroxenes are expected by analogy to show similar

spectral variations when mixed with opaque minerals;

the distinguishing characteristics are not likely to

be altered beyond recognition, given adequate data

quality (c.f. Fieters, 1973; Nash and Conel, 1974).
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SUMMARY OF CONCLUSIONS

Olivine and pyroxenes

Because olivine tends to be more transparent than

pyroxene, for a mixture of equal grain sizes the spectral

contribution from olivine is disproportionately low.

Large olivine contents (about 50% or greater) produce

substantial distortion of the composite band near 1 pm

from that for pure pyroxene. Certain indications of

olivine content are distinctive and persistent though,

even for smaller amounts of the mineral. These features

are a shallow depression or shoulder centered near 1.3 um

and a reduction in depth of the pyroxene absorption near

2 um, giving the overall spectrum a greater positive

slope. The location of the pyroxene band near 2 um

remains virtually unchanged. The shift in wavelength

of the compositQ band minimum near 1 um is not an ideal

indication of olivine because of the non-linearity of

this effect with olivine content and the small difference

in position for this feature between olivine and calcium-

rich clinopyroxenes.

Clinopyroxene and orthopyroxene

The pyroxenes used in this study have similar

transparencies, with the orthopyroxene showing a

slightly greater influence on the half -and-half mixture.

The absorptions near 1 um combine for mixtures to form

W
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a single, somewhat broadened, and in some cases

asymmetric composite band with a minimum located at

wavelengths intermediate between the endmembers. The

absorptions near 2 um have a larger wavelength spread

as a function of composition and are resolved into two

weaker absorptions for spectra of mixtures (this effect

was also observed by Adams (1974)). The increase in

overall spectrum slope caused by the reduced depth of

the individual 2-um absorptions in two-pyroxene mixtures

is roughly similar to the effect caused by olivine, but

can be distinguished by the presence of double band

structure.

Limonite and ferromagnesian minerals

An important conclusion from this series of

measurements is that characteristic olivine and pyroxene

absorptions are suppressed but not eliminated when the

minerals are mixed with up to 50% fine-grained ferric

oxide. With 50% limonite the central olivine band is

still apparent as a broadening of the long.wavelength

side of the 0.9 um Fe 3+ absorption, and reflectance

around 1.3 um is noticeably lowered relative to pure

limonite. The clinopyroxene causes a similar effect

near 1 um without the change in shape around 1.3 um, and

in addition retains a trace of the band near 2.3 um.
,

This band would be more recognizable if the long-

wavelength side was defined by spectral observations
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further into the infrared. The orthopyroxene

demonstrates a more persistent band near 2 pm when mixed

with limonite but is more ambiguous near 0.9 pm because

the two minerals have bands at nearly the same location.

If the presence or absence of a 2-um band is undetermined

in observations of an unknown, then the symmetry of the

0.9-um absorption could be the primary clue as to the

responsible mineral(s).

Olivine and magnetite

The addition of magnetite to olivine causes a

drastic reduction in reflectance and spectral contrast

compared to a pure olivine spectrum. The olivine

characteristics are retained in a modified but recogniz-

able form, however, even for a mixture with 50% magne-

tite. There is no change in band width or Location.

Other minerals such as pyroxenes are expected to behave

in a similar fasnion spectrally when mixed with opaque

minerals (Piete:s, 1973; Nash and Conel, 1974).

General

Spectral properties of minerals in an intimate

mixture combine in a non-additive, generally unique

manner. Features demonstrate a regular but usually

non-linear variation as a function of proportion of

endmember phases. The locations of unresolved composite

band centers fall between those for endmember spectra,
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while the spectral contrast of composite bands is

either intermediate to or less than that for pure

endmember absorptions. In no case was a composite band

observed to have greater intensity or lesser bandwidth

than the bands for either endmember phase.

This work covers only a small number of the

possible combinations of different mineral compositions,

relative abc, ►fiances, and grain sizes. Additional .-dudies

are necessary to fully quantify the spectral properties

of key mineral mixtures, so that those results can be

applied to the near-infinite variety of naturally occur-

ring assemblages. The results presented here neverthe-

less provide important new qualitative and to some

extent quantitative information about the ways in which

spectral properties combine for mixtures of geologically

important minerals. This work has seen immediate

application to the interpretation of spectrophotometry

of Mars (Singer, 1980b) and is expected to be important

for spectral studies of terwt3trial basalts and asteroids

in the near future.
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FIGURE CAPTIONS

i

Figure 1: Bidirectional reflectance spectra of the five

mineral samples used in this study. Samples

and spectra are described in the text. The

reflectance scale of this figure and most

others in this paper is discontinuous
("stacked") to avoid overlap of curves. All

spectra presented here were obtained with an

illumination angle of 10 0 and an emission

angle of 0 0 (normal). Error bars represent

±1 standard deviation of the mean.

Figure 2: Reflectance spectra of weight-percentage

mixtures of olivine and clinopyroxene.

Pyroxene dominates the mixture spectra but

olivine remains apparent as a depression or

shoulder centered near 1.3 um.

Figure 3: Overlay of spectra for olivine, clinopyroxene,

and a half-and-half mixture. The mixture

spectrum is dominated by that of pure clino-

pyroxene except near 1.3 um, where it more

closely resembles the olivine spectrum.

Figure 4: Reflectance spectra of weight-percentage

mixtures of olivine and orthopyroxene. As

with clinopyroxene, orthopyroxene dominates

the mixture spectra. The olivine causes

broadening of the pyroxene 1-um band and is

f

r

N	 ..
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most persistent as a shoulder centered near

1.3 um.

Figure 5: a) Plot of wavelength position of reflectance

minimum near 1 pm for olivine-pyroxene mix-

tures. Note small magnitude of change for

clinopyroxene series and non-linearity of

change for both clinopyroxene and ortho-

Pyroxene.

b) Plot of slope between pyroxene band minima

as a function of olivine content. The slope

is calculated as the difference between 2 -um

and 1-pm band minimum reflectances, divided

by the wavelength separation between the band

minima.

Figure 6: Reflectance spectra of weight-percentage

mixtures of clinopyroxene and orthopyroxene.

Note that the 2 um bands are separated enough

in wavelength to be resolved, while the 1 um

bands combine to form a single but sometimes

asymmetric composite band.

Figure 7: Reflectance spectra of weight-percentage

mixtures of olivine and limonite. Despite

the strong masking effect of the ferric

oxide the olivine spectral signature persists

as a broadening of the long wavelength side

of the 0.9 -um limonite band, and as a dizpres-

sion centered near 1.3 um.

`	 I
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Figure 8: Reflectance spectra of weight-percentage

mixtures of clinopyroxene and limonite. The

clinopyroxene absorption persists strongly

near 1 um, either dominating the limonite

0.9 um band or broadening it to longer

wavelengths. The pyroxene band near 2.3 um

appears somewhat less pronounced, in part

because the long wavelength side of this

absorption occurs partially beyond the

observed rage.

Figure 9: Reflectance spectra of weight-percentage

mixtures of orthopyroxene and limonite. The

2-um pyroxene band persists as a very recog-

nizable feature. Because of the near-

coincidence of bands shortward of 1 um for

both samples there is little shift of center

wavelength. With increased limonite content

this composite band becomes broader on the

longer wavelength side only and it increas-
ingly superimposed on the steeply sloping

ferric-oxide continuum.

Figure 10: Reflectance spectra of weight-percentage

mixtures of olivine and magnetite. Note that

the reflectance scale is continuous for this

figure and somewhat exaggerated compared to

other figures. Magnetite severely reduces

overall reflectance and spectral contrast
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but does not fully eliminate the characteris-

tic olivine spectral shape in amounts up to
t	 at least 50%.

Figure 11: Reflectance spectrum of 50% olivine - 50%

magnetite mixture, with greatly expanded

reflectance scale, overlaid on normal

olivine spectrum. In spite of drastic non-

linear decrease in reflectance caused by

magnetite the characteristic olivine absorp-

tion persists and is unambiguously identifi-

able.
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CHAPTER V

The Composition of the Martian Dark Regions,

I: Visible and Near-Infrared Spectral

Reflectance of Analog Materials and

Interpretation of Telescopically Observed

Spectral Shape

This paper has been submitted to J. Geophys. Res.,

1980. Author: R.B. Singer.
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ABSTRACT

The compositions of dark materials on Mars, more

closely related to their parent rocks than the brighter,

finer-grained materials, have yet to be directly

determined. A number of lines of evidence, including

earth-based spectral reflectance, Viking XRF analyses

of Fright fines, and morphology of volcanic features,

point to a basaltic to ultranafic parent composition.

Previous intorprctations of dark region spoctrophotom-

etry from 0.3 to 1.1 ,.m are c:on!2 i.,ftent with a rogionally

variablo,	 Oxidi7t-d	 MiatLrial pr(.'-seiit]y

expc soO on the surfac:t- , (Adams and YcCord, 1969; IIu;Iuellin

et al., 191 77).	 R CtLt hitjh quality infriirC'Cl t;Ole:iC0jIiC

data (0.65 to 2.50 ;.m) havo cii::t i jict spcet ral rhar,xc=t or-

istics not	 of	 oxidized Inaturiai:. Nov,

laboratory st_uc.i es p. oso t o.? hc r c :show that the ob::c,rr(,d

vi sihlc, and nelur-infrarc d	 shape and al'Drc.(_) for

mart - zin dark r y j ions i S MOSS	 exp l a i necl by a thin

coat i nq of a bright: F o 3+ -beari nI,, Inatorial over. ly i n j a

dark substrata, as previously suk!tj `stc-d from loss cv-,i-

ploto spectral information by a nuI1ber of researchers.

The generation this spectral shapo dopends on the trans-

opaclur behavior ofFe	 bearing material ,,:. Both coat inch

and substrate contribute importantly to the net spoctral

reflectance of the combination. Overall sp-ctral shape

I

is sensitive to coatincl thickness, composition, and



189

packing. Physical thicknesses of coatings for observed

dark regions on Mars are estimated to be as great

as 30 micrometers, in contrast to previous estimates of

only a few micrometers. The periodic auolian clearing

of global dust from dark regions suggests that the

coating is mechanically bound to the substrate, either

resistant to abrasion or regenerated. The coating

geometry described here is spectrally insensitive to

substrate dimensions and is equally effective for

particle sizes from sand (dirk dunes) to large outcrops.

These results are not necessarily in conflict: with

Viking larder XRF results which constrain bright: soil

particles to have coatings F:hich are either discontinuous

or less than I4 micrometer thick, since quite different

surface materials are being discussQd. Spectral data

excludes homogcncously oxidized rocks as major surface

components in dark regions observed from Barth.

•
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INTRODUCTION

The very successful Viking program, still in

progress, has enormously increased our available

information about Mars and provided an entirely new

perspoctivo: detailed examination of the surface at

two locations. Yet: in a key aria of investigation,

mineralc,,ic identification of surface materials, Viking

can providt , only limited inforr.:at tun. Chemical analyses

of b2 i.;i:t fine- orccincd material at both sites are

oxc:eedl i n:; l y va'I.". llal, to but it does 1 -lot cC3ra(- as a compl of o

surpri: ,-k . that tactIx landors fc 1 In l similar :.oi 1 c llumi.s-

tric a.: (r.cl. B.C. c'lark t_t^a]., 1 0 77).	 Both Viking

1antii I: , ; .-itt-:; (-° your ill r1,c:', its int rtr,^ iiatc^- t o hicltl-

alue.lo i . t , ("i 1:: , ",Iltt.°rprt. t a'cl ':ror, i I'tv i cu s ob!.('I'vittiont

to ho 1 orq, 1. • surfa:c;t al wit:I f inc •-.: I 'a`I i n,A aeol i a ll

II1tiItC .' i:t l .a ' t 2 ao,.v*.'a:'rt L.d on ii	 t,-.(,-a l c (o. q. Saf,,aY1n

of al., '-4 73;  .'•ie.'l.'( `rd Cet^iil . , 1977) .	 ga'hv dark rogi ons

oil Malt-, felt to contain	 I'c°trologic ally

closui tc• t tioi r pai ont rook (edam ; anti McCord, 1969;

Iivaluoni n, 1974; tiuquon i n et_ kil . , 1977) have yet to be

o .amin,. ,O at this: close rands.'. it has not be en posyiblea

to anal y ze ch c—,l i val l r any dark mat cri als, including

rocks found at each landing site.

The best source: of comijos.itional data for the dark

materials on Mars, at least for the next several years,

is earthbased	 and near-infrared reflectance

it
a

4
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spectroscopy. The purpose of the research presented

here is to interpret the composition and mode of

occurrence of these dark materials from existing data,

including now near-infrared spectrophotometry analyzed

here for the first time. This paper addresses the

significance of the very distinctive spectral shape of

observed dark regions. In addition, the bidirectional

reflectance spectra presented here of geologic materials

and their mixtures should be valuable for future inter-

prrtation of spectral reflectance data for many solar

system objects including the Earth. A separate paper

(Singer, 1980a) deals with i.nturpretating the petrology

of martian dark materials £,am specific absorptions in

earth-based spectral observations.
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BACKGROUND

it is beyond the scope of this paper to provide: a

complete summary. of Mars surface composition interpreted

from spectral observations; only specific; topics and

references will bt, disoussed. Comprehensive reviews of

Mare spectra and interpretations up to 1969 were pub-

lis11L•d by M1c:C'ord and Adams (1969) and Sal sl ury and

Bunt (1969) . A more rocent suranary is provided by

Singer cat al.	 (1979).

The laboratory	 pros (Aitc-d by Adam--, and McCord

(19(%(I) (jives al, t-xculle-nt match for dark region spc°ct -a

the11 ava i l,lb i t ^ (0.3 to 1.1 ;Tm) us.i n j c;r-a i r!: of a

pztrtic,ul,tr llttr:«lt artificiall y oxitlizcd on tho surfac t,

wi th all ctc id t10 i ut i oll . ThC :1 oet ra 1 behavior of d ;I 11'.

regi '3 n!l from 1 . l t0 2 .5 jlm, 110 1.1.7 0V  r, t•:as 1)ciearIy kIl^:n

of that, time .ald could not bo	 Ilutjuc-Itin

(1973L-t, W pro, C ' SL'd a VV Photusti;:;t.1^i;e.i o:-:idcltion

me chani = which c an p1'e;l;h!Q'e £;urfavci 'I t(- L't' ()n 1 c1yC"r:;

on mufio ignouils rocks under press nt *mal tiara conditions.

tie i ntrrprotod Mars clar. k rogion ,,j , t , ct i-ophot o!!,otry from

0.3	 to 1.1 i:m	 (A.r.Cord an;l Westphal, 1971; mcCord ot^al . ,

1977) as i ndic,tt i n^j thcN occurr. e:nco of sucli oxidation

layers, estimatod to bo roughly a few mic,`onietcrs in

thickness (Iiuguonin, 1976). Larlier suggestions that

the rttart:ian surface might consist of relatively

unoxidized rocks covered with a surface coating or
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stain of ferric oxide were made by Bander and Cruikshank

(1963, 1966). Using thermal infrared observations

and experiments, Van Tassel and Salisbury (1964)

suggested that the observed properties of the martian

surface gould be produced by either fine-grained

silicates with ferric-oxide impurities or a wider

s.;z,: range of silicates with fine-grained ferric-oxide

coatings. Viking lander XRF measurements have been

interpreted to constrain ferric-oxide coatings on silicate

soil particles to be discontinuous and/or less that

micrometer thick (Clark et al., 1976). The Viking

inorganic chemistry team concluded that ferric oxides

present in the landing site soils exist either as

discrete grains or as inclusions in silicates (Toulmin

et al., 1977). Warner (1979) observed that rocks near

the Landers whi;;h have been poked or scraped show

neither scratch marks nor flakes of weathering coating,

and took this to indicate that the observed red color

might be due to primary oxidation throughout these rocks.

When the first high quality near-infrared

(0.65 to 2.50 pm) spectrophotometry of dark regions was

obtained during the 1978 Mars apparition (McCord et al.,

1980a) the results were puzzling. Composite spectra

from 0.3 to 2.50 for typical bright and dark regions

are shown in Figure 1. These curves have been scaled to

unity at 1.02 um; dark regions have an average 1 um

reflectance of about 17 to 18%, while bright regions are

— --
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1	 about a factor of two more reflective at 1 p m (Binder

and Jones, 1972). Both spectra show moderately sharp

Mars atmospheric CO2 absorptions at 1.34, 1.45, and

1.62 um as well as the deep CO 2 triplet (not resolved

here:) located near 2.0 lam (Kieffer, 1968) . Dark region

spectra arc characterized by a marked weak reflectance

near 0.75 lim, well known from previous observations.

At wavelengths shortward of this peak the spectrum is

dominated by re 3+ absorptions of sinti lar origin but

lesser intensit ices than for the bricllat rovions . As

wavelenrTth incre0ses from the spectrum peak there is a

shallow al)s orpt ion band compl ox around I ttm (discussed in

detail by Singer, 1980a) suporimposod on a smooth

dverease in rofloct:anco out to 2.5 l+m (e%cludincl

tli(, erloots of mar tiara atmospheric CO 2) . This novativr

slope throu^ihout tho nevi- infrarod i.s a-a noway Observed

but Woll subst ant iatf.'d l)larr101110raon (Mccord Ot ,e 1. , 1980r1)
not	 in any prcl^vioU.s intorp.7ci rations. This

spectral 11c--havior is not charaact cri st is of lun,ar and

terrestrial basalts or other rocks and mineaals, which

genera-ally havo positively slopincl near-infrared spectra

(1laant araci SillisLAury, 1970, 19'11; Bunt ot°Y al., 1971,

1973ca b 1974a,	 b; Adams, 1974, 1975; McCord of al.,

1980b) . Taken as a whole t .)ose visible and near-

infrared spectral characteristics plaice significant

constraints on the compositions and physical occurrence

of materials in the dark regions.
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A few laboratory spectra found in the literature

do bear a resemblance to the-an dark region observations

and influenced the planning of the laboratory studies
presented here. A spectrum of photostimulated oxidized

magnetite published by Huguenin (1973a) was found to

have the proper characteristics, i.e. a steep positive

visible slope, a peak near 0.75 um and a negative slope

out to 1.7 um, w),ere it converged with the spectrum of

unaltered magnet'*e. Huguenin stated ehat this behavior

was typical of a ferric-oxide thin film or layer,

prolaably about 1 } gym thick, on a mactnetite substrate.

Johnsen anal I'anaie (1973) presented laboratory spectra of

a number of rieteorite samples which show steep positive

slopes in the visible and loss Sevrro noq,<, tive slopes

in the near-infrared, although the reflectances

are generally lower than observed for Mars dark regions.

They modeled this spectral shape approximately with

a mixture of Sac. Fe 3+_ or ferric-oxide-

bearing montmorillonite and 58 carbon black; no mechanism

for the spectral behavior of this mixture was discussed.

A consideration when analyzing earthl :sod

spectrephotometry of regions hundreds of kilometers or

larger in size is the homogeneity of the surface. Many

dark regions on Mars have been shown by spacecraft

imaging to be composed of streaks and splotches of

bright and Clark material on scales of tens of kilometers

down to tie limit of resolution (Sagan at al., 1973;

Veverka at al., 1977; Greeley at a1., 1978). This
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prompted stud b Singer and McCord (1979) into thep	 a	 Y Y	 g

likely spectral effects of large scale additive or

"checkerboard" mixing of bright and dark surface

materials on Mars. With the removal of increasing

amounts of bright material influence from dark

reon observations: a) the UV-visible slope

decreases in intensity but always remains significant,

b) tho near-infrared drop-off in reflectance becomes

more pronounced, and c) the spectrum peak, while moving

to slightly shorter wavelengths, increases in prominence.

These results imply that the distinctive dark region

spectral characteristics are inherent to the dark

materials thetiselves on a scale of a few millimeters.,

or smaller (Sin(jor and McCord, 1979) .

a
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LABORATORY INVESTIGATIONS.

The bidirectional laboratory reflectance spectra

presented here were obtained with the Hawaii. Institute

of Geophysics/Planetary Sciences spectrogoniometer.

This facility is described by Singer (1980b). All

observations were made with an incidence angle (1) of

loo and an emission or viewing angle (E) of 0  (normal).

Data are presented with a +1 standard deviation of the

mean error bars except where this would confuse

comparison of many overlapping curves. In most cases

errors are 0.5; or less. Near-infrared spectral

coverage (0.65 to 2.55 pm) was provided by a cooled

circularly variable filter (CVF) spectrometer with an

InSb detector, all operating at liquid nitrogen

temperature (77F). This is the same instrument used

telescopically for 1978 Mars observations (McCord et al.,

1980a) . Near-U17 and visible coverage (0.33 to 0.75)

was provided by a simili.ar CVF spectrometer operating

at ambient temperature and using as the detector a

S-1 phototube cooled with dry ice (195K). Halon powder,

discussed by Singer (1980b), was used as the reflectance

standard. The absolute reflectance of Iialon deviates

from perfect by less than 9% throughout the visible and

near-infrared; these variations have not been removed

from the data presented here. The most noticeable effect

of this is a slight artificial rise in apparent
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reflectance cantered near 2.15 pm in the laboratory

spectra. Halon was chosen over MgO as a standard be-

cause of its higher reflectance and reproducibility.

Ilomognneously - oxidized materials

The laboratory spectra of Four homogeneously

oxidized materials are shown in Figure 2. Note that

the curves are "stacked": the reflectance scale is

discontinuous to prevent overlap.

The top two spectra are ferric oxides shown for

comparison purposes. FOXO1 is a reagent grade syn-

thctic hematite, Fe203 (Alfa Proaucts and has an oxcoodingly

fin( particle size (a few micronot.ers or smaller) .

FOX02 is a naturally occurring limonite, variety

yellow ocher, from Cartersville, GA (Ward's Natural

Science Estal)lishment) . Mean particle size is greater

than tho hematite but still much finrr than a 38-micro-

motor sieve. Limonite is a loosely used germ for

hydroxylatod ferric oxides showing no definite evidoncc

of crystallinity. Most materials identified as limonite

are actually very find- grained gorthite, CXF00,01f.

Chemical analysis (Singer, 1980b)

has shown that this sample has substantial (-.30wt.%)

silicate impurities, t robably in the form of clay

minerals.

Both of these spectra are dominated by an in-

tense absorption edge in the visible caused by

F
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02- - Fe 3+ charge - transfer absorptions in the near -

UV and by Fe 3+ crystal. - field absorptions in the

visible (Huguenin et al., 1975; McCord et al., 1980b;

R.G. Burns, personal communication, 1980).

Huguenin (1975) has shown that the intensities

of these UV - visible absorptions decrease with in-

creased hydroxylation if the mineral; this is demon-

strated by the band saturation from the near - UV

to 0.53 um for the non-hydroxylated hematite,

while the reflectance of the hydroxylated limonite

starts to rise by 0.40 um. In familiar terms hema-

tite appears blood red, while limonite and goethite
appear yellow to yellow-brown. When compared spec-

trally to Figure 1 or visually to a properly color

balanced Viking lander frame, hydroxylated ferric

oxides seem more reasonable for most of the martian

surface.

In the context of Mars dark region spectra

(Figure 1) these ferric oxide curves are of interest

because of their steep slope in the visible and the

relative spectral peak near 0.75 um (defined by an

absorption to each side). Spectral details in the

visible are, however, quite disparate. Even

more significantly, the ferric-oxide spectra

continue to rise in reflectance sharply to a break

in slope near 1.25 um and maintain a high reflectance

to beyond 2.5 um, very much different from Mars

observations.
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i

	

	 Spectra of two homogeneously oxidized mafic

materials, in which ferric oxide is a less significant

component, are shown at the bottom of Figure 2. BAS05

basalt is from the Keweenawan lava group found in

northeas f orn Minnesota (Basaltic Volcanism project

sample KEW-12). This hydrother •mally altered, weakly

alkaline basalt contains a total of 13.3 wt. I iron

oxide, with three times as much Fe20 3 FeO by weight

(Green, 1980). The Fe 3+ absorptions in the visible

are recognizable but distorted. The shallow asymnic-

tric absorption centered near 1 i,m is a composite of

Fe 3+ and Fe2+ crystal-field absorptions (cf. Singers

1980b). A major flaw with this sample as it dark

mato ial analog is the continued (if gradual) rise in

ref loci ance out to 2.5  ltm, rather than the required
a

rcfloctanco decrease. Sample VOLO1 has a :,iwi.lar

deficiency as a Mar.= analog. This material is a

brick-rod glassy tei^hra, uniformly oxidized and

cruptcd from a cinder cone near the summit of Mauna

Kea. It contain 4.7 timer as much 1•'0 2 0 3 by weight

as FeO. This sample is spoct°rally very similar

to red cinders from Sunsot Grater, Arizona (C.M.

Pieters, personal communication, 1919).

The oxidized basalt and cinder are representa-

t

	 tive of a class of materials which are geologically

.	 reasonable.but which cannot explain the spectral

shape scan for martian dark materials. It must be

concluded that
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homogeneously oxidized mafic silicates, as proposed

by Warner (1979), are not a major surface component

in observed dark regions on Mara.

Additive spectral combinations

Because a single homogeneous geologic material is

ruled out on spectral grounds as an important dark

region component, multiple-component surfaces must

be considered. The simplest such surface would consist

of discrete exposures of two materials. if the exposures

have dimensions of about a centimeter or greater there

will be very little optical interaction and the resultant

spectrum will be a simple average of individual spectra,

weighted for the relative surface area covered by each

component. This is an additive or "checkerboard"

combination.

It has already been demonstrated that removing a

"checkerboard" component of martian bright material

enhances, rather than eliminates, the distinctive

spectral shape of the dark materials (Singer and

McCord, 1979) Is there any possibility that the dark

materials themselves could be composed of smaller scale

discrete exposures of some oxidized (Fe3+-rich)

material and fresh exposures of unoxidized rock?

Such a case has been simulated here and is

displayed in Figure 3. For an oxidized material the

limonite sample discussed above (FOX02) was used.

41
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A specimen of magnetite (Fe 3O4 ) (Ward's Natural Science

Establishment), ground and passed through a 45 micro-

motor sieves, was used as the dark unoxidized component.

The pure magnetite spectrum (bottom of Figure 3) is

relatively featureless with a slight positive slope. it

represents the general shape, but not the detail, of

many mafic igneous rock spectra. The additive combinations

were calculated based on relative areal coverage by the

two endmomber components. Note that this figure has

a continuous reflectance scale; it is not stacked,

and the refloctunco crossover near 0.45 txm is a real

phenonionon. clearly an additive situation such as this

is in 4dequate to ^xplain the spoctral reflectance of

the dark materials. The wuightoa averag;.i of two

posit ivoly sloping spoot-ra will always have an inter.-

modiato poi ;it ivc :.lope. Taken together, these last

two sections lead to the conclusion that the dark

materials on mars must consist of physically close

(mean optical path length) assocititions of multiple

components.
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Intimate physical mixtures

The spectral properties, or ,t fine intermixture

of bright Fe 3
+_ 

rich material And darker unoxidized

material were tested with physical mixtures of the

limonite and magnetite samples described above. Results

are shown in Figure 4, which ha g the same continuous

reflectance scale as Figure 3.

it is immediately apparent that mixtures with

25% and 50% limonite have spectra with the desired

peak near 0.75 um and a decrease in reflectance

extending uut beyond 2.5 um. For 5% limonite the

spec trrtmi also has A decreased slope relative to pure

magnetite, although the slope is still positive. It

appears that spectra for all three mixtures would

converge on tht pure magnetite spectrum if these curves

were extrapolated to a wavelength of about 4 jim. While

none of these mixtures provides an excellent match

for dark region observations they demonstrate a way to

produce a sharp reflectance rise in the visible followed

by a decrease in reflectance in the infrared, a

characteristic not seen for either single component.

The responsible mechanism for this optical

behavior is a wavelength dependent transparency for

thin particles or layers of ferric oxides. In the visible

region the intense absorbance corresponds to a low

transmittance, making even a thin layer of ferric oxide

optically thick. The reflectance increase with
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wavelength exhibited by 100% limonite (for example)

corresponds to decreasing absorbance and therefore

in.creasi j transmittance. Hunt cat al., (1971) refer

to this as "trans-opaque" `-.savior. Each particle of

a good diffuse reflector, such as MgO or IIalon, is

quite transparent; many scattering events in a thick

layer are required for the highest return of flux

(Wendlandt and Hecht, 1966). Operating in )parallel with

this mechanism is the general increase in radiation

penetration depth with increasing wavelength. For the

physical mixturos described here the finer-grained

limonite can be thoucllit of as forming a coating on the-

larger magnetite ;rains. At short wavelengths this

coating is optically thick and tho resultant reflectance

is nearly that of Kure limonite. At some longer wave-

length, dependant on coating thickness, the coating

is transparent onough that- net reflectance is equally

influenced by the coatinci 4nd the substrate (magnetite) .

Beyond this wavelength the substat.e increasingly dominates

the resultant spectrum and the curves appear to converge.

Microscopic examination of these limonite-magnetite

mixtures showed that not all magnetite grains were

completely coated, particularly for the mixture

with only 5% limonite. This implies a subsidiary

additive spectral contribution from magnetite; the net

reflectance is then determined in a slightly more

complicated manner than discussed above. Nevertheless

i
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this experiment serves to demonstrate a speciLic

mechanism by which the characteristics of observed

Mars dark region spectra can be generated.

The incomplete coverage of magnetite was at

least in part due to the cohering of very fine

limonite particles into larger grains. This effect

is largely caused by physica'.ly adsorbed water. After

dessication for 48 hours at 100-110 0C and re-mixing,

the limonite exhibited far less clumping and covered

the magnetite grains more evenly. This case is

probably similar to what might occur in the highly

dessieating martian environment.

Trams-opaque behavior :,uch as described abcve

can also account for the sT?ectral behavior of the

montmor illorii te-carbon black construct of Oohn6un

and Fanale (1973). The spectrum fox the physical

mixture has a peak in the visible and a negative

slope throughout the near-infrared. When the mixture

was fused by melting the sample was converted into

a homogeneous mass, and the distinct spcctxal pro-

perties of the two-component mixture were destroyed.

r
1

C
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a

Thin oxidized surface coatings

Based on the work of Adams and McCord (1969) and

Huguenin (1973a, b, 1976), as well its the results

presented above, dark unoxidized rocks with thin Fe 3+_

rich coatings would appear to be excellent candidates

for Mars dark materials. A number of naturally occurring

samples of this type were collected and examined in the

laboratory. Coating thicknesses were measured from

hand samples and/or epoxy impregnated thin sections,

cut perpendicularly through the coated surface.

Sample BAS10 'Figure 5a) is from a mass`..ve, fine-

grained, dark gray hawaiite boulder with a heavily

oxidized exterior, found on Mauna Kea. Hawaiite is the

name given to andcsine andcsi.tes which predominate

during the late stages of Iiawaiian volcanoes. These

rocks grade into alkalic olivine basalt and are basaltic

in appearance; the term hawaiite is used to differentiate

the:; from continental andesites, which are quite

dissimilar (MacDonald and Abbott, 1970). The altered

zones are medium to light brick red with sortie areas

slightly snore yellow. The oxidized material is

genetically related to the rock and has a gradational

inner boundary; in some locations it penetrates centi-

meters deep. The reflectance spectrum was taken of a

spot where the surface alteration varied from one-half

to cwo millimeters thick. The reflectance rises very
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steeply in the visible, peaks at about 1.2 um, and shows

a slight average decline out to 2.5 um. The high value

of the peak reflectance (0.37) and its location at a

wavelength longer than the well defined 0.87 lam Fe 3+

band are indicative of a very strong ferric-oxide influence

quite unlike Mars. This sample provides an example

of an oxidation layer too thick to allow much spectral

influence from the dark substrate.

Sample BAS12 (Figure 5b) is a Mauna Ken hawaiite

similar to BAS10 but with a much thinner, more uniform

oxidation rind. This surface appears dark reddish-

bro.:n and is genetically related to the rock, with

plagioclase phenocrysts protruding to the surface.

The oxidized layer over most of this sample averages

25 micrometers iii thicknesses, varying from about 16

to 36 micrometers. In addition there are scattered

areas where oxidation penetrates the rock further,

generally a few hundred micrometers or less but

occassionally as deep as a millimeter.

The peak reflectance of this sample is lower (0.24)

and at a slightly shorter wavelength than for the previous

case. The 0.87 lam Fe 3+ band is less prominent, while

the infrared drop in reflectance is more pronounced.

These spectral characteristics are consistent with the

thinner oxidation layer. The coating is optically thin

enough to show some transparency as discussed in the

previous section but is apparently still too opaque

x,
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to generate the spectral shape observed for martian

dark regions.

Sample IIAS09 (Figure 5b) is also a massive rock

from Mauna Kea but compared to the previous two

sapples ,is somewhat coarser grained, and lighter i.n

Color becauso of much more abundant plagioclase.

The coining is slightly redder in appearance than that

on RAS12 but is of similar subjective brightness.

The alteration layer consists of an irregular heavily

oxidived surface layer, genorally 10 to 25 micrometers

thick, backotl up by a zone of lass severe oxidation and

staining which varies in thickncss from about 100 to

200 wicroinoL o rs. Spcactr_ally BAS09 behaves as though

its oxidizod layer is more traninparont thin the

previous samples. `!ho peak rofootanco near 0.77 11111

is similar to that for I3AS 12 but represents a real

rathor than a local maximum. The near--infrared Fo3^

absorption appears brocidened and apparently shifted to

longor wavelc-ngt:lis. This effect was also suon for the

50s magnotite-50`t limonite physical mixture (Figure 4)

and can be attributed to the lowering of the long

wavelength e0ge of the band by tho increasi pg influence

of the low reflectance substrate. BAS12 is spectrally

more like martian dark regions than the previous examples,

with visible reflectance smoothly rising to a peak

reflectance near 0.77 Iim and a more gradual negative

slope throughout most of the infrared. Dissimilarities

I
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include too low a reflectance in the mid--visible

(BAS12 is too "red") and too high a reflectance

from about l to 2 t,m.

Sample BAS11 (Figure 5b;', also from Mauna Kea,

is somewhat different from the previous rocks. It

is of similar dark gray o• ,- and fine grain size as

BAS10 and BAS12 but is son«:w,.at vesicular and contains

abundant plagioclase phennc-cysts up to lmm in length.

This rock was found buried about 20cm deep in a layer

of yellow-brown heavily weathered tephra and has a thin

tightly bonded coating of yellow-brown material. The

oxidation process in the tophra seems currently active

and involves liquid water (J. Adams, personal

communication, 1979). The surface coating appears

to be a composite of oxidation products from this

rock and from the surroundin g{ tophrex. In some cases

plagioclase laths penetrate the coating, but many

are coated as thickly as the surrounding more mafic

groundmass. Some alteration is also present lining

vesicles up to a few millimeters from the surface. The

mean surface coating thickness is 30 micrometers, with

extremes of 15 and 60 micrometers. Spectrally the

coated BAS31 shows a smooth rapid rise in reflectance

from the UV to a rounded peak near 0.76 um, and then a

more gradual slightly concave decrease in reflectance

out to 2.5 dim. There is no indication of Fe 3+ or Fe2+

absorptions in the 1 -um region. Nevertheless this
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curve is very similar to dark region spectra in

overall. shape.

The bottom spectrum in Figure 5b is presented

for refcronce rather than for geologic plausibility.

This is of a thin slightly discontinous r.xidation

surface on a massive block of magnetite (Ward's

Natural. Sr-Lence Fstablishmont). The Coatinq appears

slightly pinkish-red on the magnetite and a more

intonSO rctl when scraped of f: it is very hom y t i t i c.

This oxidation layer is very thin and Droved diffi-

cult to moaswre; its thickrwss is c.;timatod to be a

fc•w mic-rometor ; of l os s in plaoos. The spoctruin

shows 11i l-Oriq f 0l'H e-oxi do foaturos in th y.° visible

and	 and a gx°r,;rtcr d groo o f

transpar onoy out to a 2.5 jun than swt • rr for othor.

samp1( , :. Tht, e' 1wn( le fron t nctlativo to positive S10110

bet wt • c n 1 . G and l . 7 itni is t hought to c o i esponti to

the converq;0110e Of oxidi zod and unoxidi-n , d spectra

discu::;t^d by llu^7uoiii n (1973a) .

Despite tht, variations in rock and coating

composition and morpholo jy for the examples in this

section, it has cloarly been demonst.ratcti that a thin

alteration layer overlying a dark unoxi di fcd rock is

a succc:;aful mechani: m for c a^rZeratincl t-lie observed

visible and near-infrared spectral refloctance,

for dark materials on Mars. One of these e=xamples
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in particular deserves further attention. There is

an excellent correlation between the coated BAS11

spectrum and the dark material spectrum .inferred by

the removal of 20% coverage by bright material from

the dark region observations shown in Figure 1

(Singer and McCord, 1979). An overlay of both spectra,

scaled for best fit, is shown in Figure 6. Multiplicative

scaling is necessary because the absolute reflectance

of these Mars data has not been determined, and is

legitimate because the relative data values (e.g. slope,

ratios) remain unchanged. Nevertheless the 1-Vm

reflectance of coated BAS11 is 18%, strikingly close

to the the 17 to 184 average value measured for

dark regions by Binder and Jonas (1972). The dark

material spectrum in Fiquro 6 has a model CO 2 atmosphere

spectrally removed. The dips in the BAS11 data near

1.9 and 1.9 tam and the docline in reflectivity beyond

2.1 or 2.2 tam care due to adsorbed H 2O in the coating.

The correspondence in the visible*, dependent; primarily

on the spectral properties of the coating, is excellent.

The correspondence beyond 1.2 um, dependant on both the

high reflectivity of the coating and low reflectivity of

the substrate, is also very good,. The primary discrepancy

is between 0.8 and 1.2 tam, the important "l pm"

absorption region. For Mars these absorptions are

interpreted to be caused by ferromagnesian minerals

(Adams, 1968; Huguenin et al., 1977; Singer, 1980a);

s
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such absorptions can be observed, with reduced con-

trast, through a semi-transparent surface coating.

Tho implications of at least part of the discrepancy

soon in Figure 6 are that while the surface coating

on BAS11 is spectrally very much like those observed

on Mars, the underlying rock is not as mafic as thc

coatod rocks or rock fragments that cover most of

surface in martian dark regions.

The yc:l low-Fbrown material coat incl BAS11 and the

vory similar weathcrccl tophra from tho saliio location

are of exti-cme interest. Lvans and Adams, (1979)

have i dent i f i od this weathered tophra, which they

refer to an III-34, a.- having spoc:tral characteristics

VQr)' IWarly tho same' as c f.`rtain martian Surface

matorials imaciod by Vikinq lander l in six visible

anc3 noai -infr.irod banctpassos. of .intorest in the

laboratory rpoc.trum of II1-34 is the ab.sonce of a

prowilIC-11t IT-3+, band 1j<,twc.('n 0.8 and 0.9 j.-m. 	This

is also apparont from Ficiure 5b for coated BAS11.

Tho potential si gni f i cancc of the absence of this

band is discussed by Singer (1980a). Studies of

this material are continuing, including chontical

and mincralogic analyses currently being performed

by D. I,vans (personal communication, 1979).
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DISCUSSION AND CONCLUSIONS

Observed spectral reflectance from 0.3 to 2.5 Pm

for dark regions and Mars has been shown to be quite

distinctive and is not characteristic of a single

homogeneously oxidized material such as suggested by

Warner (1979). It has also been shown that discrete

exposures of different surface components can not

produce the observed spectral shape for the dark materials

themselves, although this situation does occur on a

larger scale.' with partial coverage of the classic

dark regions by streaks and splotches of bright material

(e.g. Singer and McCord, 1979). it is concluded here

that the preponderaiit dark. matcri als on Mars consist

of close physical associations of find-grained Fe 3+ -

bearincJ materials with high near-infrared reflectance and

unoxidized material with lower and morn uniform spectral

reflectance.
Based on many lines of evidence and much work by

others it seams almost certain that the darker unoxidized

component is mafic to ultramafic rock, of somewhat

variable composition around the planet. The fine-grained

oxidized component appears to be of uniform composition

from earth-based spectrophotometry; global three-color

mapping by Viking Orbiter II, however, has shown certain

dark regions which are anomolously red (Soderblom et al.,

1978; McCord et al., 1980c). These redder dark regions

have color characteristics unlike any widely distributed

surface material on Mars and appear to have a different 	 ^
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oxidized component. These areas have yet to be

I	 spectroscopically observed and are important targets

for future earth-based work. The more common

oxidized component of the dark materials is spectrally

similar to global dust. If these two materials are in

fact the same then the dark materials could be a

current or fossil source of global dust, although

deposition of genetically unrelated dust is not

ruled out by this study.

The results presented here do not by themselves

resolve the question as to whether dark materials

occur prodominantly as soil mixtures or as coated

rocks or rock fragments. The persistent recovery

of low salbedo features from episode -, of acolian

inunda l-ion, howevor, along with the observed

consistency of the overall spectral shape for dark

regions, provide. evidence for oxidized coatings bound

to substrates of rocky material. The sizes of the

coated materials could ranee from sand (ti 'z mm) to

large outcrops and lava flows without major- variation

in spectral properties.

Based on the properties of the surface-altered

terrest=rial rocks discussed in the previous section,

dark region spectral observations are interpreted here

to indicate alteration coatings on the order of 20

to 30 micrometers average thickness, dependent on

the optical properties of the specific- coating substances)
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These results are not necessarily in conflict with

Viking lander XRF results which constrain any ferric-

oxide coatings on silicate particles to be discontinuous

or less than 4 micrometer thick (Clark et al., 1976).

Both landers sampled very fine-grained bright soils

which may resemble the coatings found in the dark

regions, but which are not representative of the

composite dark materials discussed hare. Huguenin (1976)

concluded that an alteration-layer thickness of about

10 micrometers or greater would significantly inhibit

cation migration and therefore gas-solid alteration

rates of mafic materials. Variation of such factors

as coating continuity, porosity, and composition

could alter the actual equilibrium thickness attained

• by such layers on martian rucks. As discussed by

Huguenin (1974) aeolian abrasion is likely to be

the major process on Mars for removing "surface clogging"

alteration rinds. The implication is that aeolian

abrasion is presently operating slowly enough in spectrally

observed dark regions to allow alteration layers to

reach an equilibrium thickness and substantially reduce

the rate of further reaoti.on. if dawagod or removed

such a coating would be ragenerated at a higher reaction

rate. To have derived the ob[arved global dust

inventory by gas-solid surface alteration in the

scenario described above might °equire periods and/or

regions characterized by aeolian abrasion greater

00"
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than than apparently now operating in observed dark

regions.

C.



21, 7

ACKNOWLEDGEMENTS

The author is grateful to J. Adams for suggesting

Mauna Kea as a Mars analog, for other helpful discussions

during this research, and for supplying a number of the

samples. Thanks go to C. Pieters for initiating

my quest for naturalll occuring alteration layers.

Additi=-1 helpful suggestions and reviews of the

manuscript were kindly provided by T. McCord, R. Huguenin,

R. Burns, D. Cruikshank, R. Hawke, and R. Clark. Much

of this research was conducted at the Institute for

Astronomy, University of Hawaii.

Funding was provided bi NASA giant NSGO i590.

R



!	 3

218	 1

REFERENCES
i

Adams, J.B., Lunar and Martian surfaces: Petrologic

significance of absorption bands in the near-infrared,
i

Science, 159, 1453-1455, 1968.

Adams, J.'B., Visible ai,d near infrared diffuse

reflectance spectra of pyroxenes as applied to remote

sensing of solid objects in the solar system, J.

Geo
'
})hys , Res. 79, 4329-4336, 1974.

Adams, J.B., Interpretation of visible and near-

infrared diffuse reflectance spectra of pyroxenes and

other rock forming minerals, in Infrared and Raman

ectro^sco ^^r of Lunar and Terrestrial Minerals,

C. Karr, Jr., eel., headamic Press, 91-116, 1975.

Adams, J.B., and T.B. McCord, Fars: Int^rpretation of

spuctrcal reflectivity of light and dark regions,

J._Geophyr. nos. 74, 4851--4856, 1969.

Binder, A.B., and D.P. Cruikshank, Comparison of the+

infrared sepctrum of liar, with the spccIra of se-lected

terrestial rocks and minerals: Commun. Lunar

Planet, Lab. 2, 193-196, 1964.

Binder, A.B., and D.P. Crlaikshank, Lithological and

mineralogical investigation of the surface of blars,

Icarus, 5, 521-525, 1966.

Binder, A.B., and J.C. Jones, Spectrophotometric studies

of the photometric function, composition, and

distribution of the surface materials of Afars,

J. Geoph,ys. Res., 77, 3005-3019, 1972.



219

Clark, B.C., III, A.K. Ba ird, H.J. Rose,.Jr.,

P. Toulmin III, K. Keil, A.J. Castro, W.C. Kelliher,

C.B. Rowe and P.H. Evans, Inorganic analysis of

14artian surface samples at the Viking landing sites,

Science, 194, 12831288, 1976.

Clark, B.C., 111, A.K. Baird, H.J. Rose, Jr.,

P. Toulmin 111, R.P. Christian, W.C. Kelliher,

A.J. Castro, C.D. Rowe, K. Keil, and G.H. Buss,

The Viking X ray fluorescence experiment: Analytical

methods and early results, J. Geo)hys .Res., 82, 1977.

Evans, D,,L. and J.B. Adams, Comparison of Viking lander

multispectral images and laboratory reflectance spectra

of terrestrial samples, Proc. Lunar and Planet. Sci.

Conf. 10th, 1829-1834,1979.

Greeley, R., Papson, R. and W-verka, J., Crater streaks

in the Chryse^ Planitis rogion of liars: Early Viking

results. Icarus 34, 55G-567, 1978.

Crecn, J.C., Pro-Tertiary plateau basalts, in

Basaltic volcanism on the terrestrial planets, Lunar

and Planetary Science InL,:itute, Houston, TX, in

press 1980.

Huguenin, R.L., Photostimulated oxidation of magnetite.

1. KineticF and alteration phase identification,

J. Geophys. Res., 78, 8481-8493, 1973a.

Huguenin, R.L., Photostimulated oxidation of magnetite.

2. Mechanism, J. Geophys. Res., 78, 8495-8506, 1973b.



220

Huguenin, R.L., The formation of goethite and hydrated
I

i	 clay minerals on Mars, J. Geojhys, Res., 79, 3895--

3905, 1974.

Huguenin, R.L., Mars: Chemical weathering as a massive

Volatile sink, Icarus 28, 203-212, 1976.

Huguenin, R.L., Crystal--field and charge-transfer band
i

assignments in iron (III) oxides and oxyhydroxides:

Application to Mars, (abstract) Bull. Am. Astron.

Soc. 7, 370, 1975.

Huguenin, R.L., J.B. Adams, and T.B. McCord, Mars:

Surface mineralogy from reflectance spectra, in Lunar

Science: WIT, 478-480, Lunar Sc;irnce Institute,

Houston, 1977.

Aunt, G.R., and J.11. Salisbury, Visible and near

infrared spectra of minerals and rocks: 1. Silica-e

mineral:, Mod. Goal. 1, 283-300, 1970.

Iiunt, G.R., and J.11. Salisbury, Visible and near

infrared spectra of minerals and rocks: II.

Carbonates, Mod. Geol. 2, 23-30, 1971.

Hunt, G.R., J.11. Salisbury, and C.J. Lenhoff, Visible

and near infra::ed spectra of minerals and rocks:

III. Oxides and hydroxides, Plod. Geol. 2, 195-205, 1971.

Hunt, G.R., J.11. Salisbury, and C.J. Lenhoff, Visible and

near infrared spectra of minerals and rocks: VI.

Additional silicates, Plod. Geol, 4, 85-106, 1973a.
K
R

}

.M 

r

f



221

Hunt, G.R., J.W. Salisbury, and C.J. Lenhoff, Visible and

near infrared spectra of minerals and rocks: VII.

Acidic 3geneous rocks, Mod. Geol. 4, 217-224, 1973b.

Hunt, G.R., J.11. Salisbury, and C.J. Lenhoff, Visible and

near infrared spectra of minerals and rocks: VIII.

Intermediate igneous rocks, Plod. Geol., 1973c.

Hunt, G.R., J.W. Salisbury, and C.J. Lenhoff, Visible and

near infrared spectra of minerals and rocks: IX.

Basic and ultrabasic igneous rocks, Pod. Geol., 1974.

Johnson, T.V., and F.v. Fanale, Optical properties of

carbonaceous chondrites and their relationship to

astc,_roids, J. Goo hvs. Res. 78, 8507-3518, 1973.

Kieffer, H.H., Near infrared spectral reflectance of

simulated Martian frosts, Ph.D. Thesis, Cal. Inst. of

Tech., 1968.

MacDonald, G.A. and A.T. Abbott, Volcanoes in the Sea,

Univ. Press of Hawaii, Honolulu, 1974 .

McCord, T.B. and J.B. Adams, Spectral reflectivity of

Mars, Science, 163, 1058-1060, 1969.

McCord, T.B. R.L. Huguenin, D. Mink, and C. Pieters,

Spectral reflectance of Martian areas during the

1973 opposition: Photolectric filter photometry

0.33-1.10 um, Icarus 31, 25-39, 1977.

McCord, T.B., R.N. Clark, R.B. Singer, and R.L. Hugugenin,

Mars: Near infrared reflectance spectra of surface

regions and compositional implication, to be submitted

to J. Geophys. Res., 1980a. Thesis
Ch. 11



222

McCord, T.II., J.B. Adams, and R.L. Huguenin, Reflection

spectroscopy: A technique for remotely sensing

I
	 planetary surface mineralogy, to be submitted to

S acc, Sci. Rev., 1980b.

McCord, T.I., R.B. Singer, J.R. Adams, B.R. Hawke,

J.W. Head III, R.L. Huguenin, C.M. Pieters, S. 2isk,
3
I	 and P. blouginis-Mark, Definition and characterization

of Mars surface units, Icarus, to be

submitted, 1980c.

McCord, T.B.  , and O. A.  Westphal, Mars: Nz: rrowband

photomet r^ , , from 0.3  to 2.5 microns, of surface

regions during the 1969 apparition, APt rn^l^ s. J. ,

168, 141-15 -4, 1971.

Saga I1, C. , Voverka, J. , Fox, P. , Dubisch, R. , French,

R., Gir.rrasoll, P., Q)uam, L., Lcdorborg, J., Lovinthal ►
•	 B., Tucker, R., Lross, B. and Pollack,J.I.. , Variable

featuros on burs, 2, Marinor 9 global results.

J. Geoph%s. Res. 78, 4163-4196, 1973.

1	 Salisbury, 0.11. anc3 G.R. Hunt, Compositional implication.:

of tho :spectral boh.avior of the martian surface:,

Nature 222, 132-136, 1969. 

Sincicr, R.B., The composition of the martian dark region::

II. Analysis of elescapieally observed ab.s.orptions

in near-infrared sprctrophotomotry, submitt:od

to ,3. Geophys . Res., 1980a. 
Ctiesi

Singer, R.B., Near-infrared spectral reflectance of

mineral m 4.xtures: Systematic combinations of



223

pyroxenes, olivine, and iron oxides,sniDmitted to

J. Geophys. Res. , 1980b. Thvs.is
Ch. IV

Singer, R.B. and T.B. McCord, Mars: Large scale

mixing of bright and dark surface materials and Thrsi:;CIi. I11

implications for analysis of spectral reflectance,

Proc. Lunar and Planet. Sci. Conf. 10th, 1835-1848, 1979.

Singer, R.B., T.B. McCord, R.N. Clark, J.B. Adams, and

R.L. Huguenin, Mars surface composition from

reflectance spectroscopy: A sum-nary, J. Gcophys.
Thesis	

f

Res., 84, 8415-8426, 1979. (;h. 1

Suderblom, L.A., . Edwards, E.M. Eliason, I.M. Sanchoz,

and M.P. Charotte, Global color variations on the

Martian surface, Icarus. 34, 446-464, 1978.

Toulmin, P., III, A. K. Dai rd, B. C. Clark, K. Kei1,

F.J. Roso, Jr., R.P. Christian, P.Ii. Evans and

W.C. Kellilic:r, Geochcmical and mineralo(ical

interprotation of the Viking inorganic chemical

results, J. Geophys. Res., 82, 4625-4634, 1977.

Van 'Passel., R.A. , and J. W. Salisbury, The composition

of the martian surface, Icarus 3, 264-269, 1964.

Veverka, J., Thomas, P. and Greeley, R., A study of

variable features on Liars during the Viking primary

mission. J. Geophys. Res. 82, 4167-4187, 1977.

Warner, J., Oxidation state of martian basalts, (abstract)

Second Intorn. Coll. on Mars, NASA Conf. Pub. 2072,

86-87, 1979.

Wendlandt, W.W „ and H.G. Ilecht, Reflectance spectroscopy,

Interscience Publishers, N.Y., 1966.



t

i

224

FIGURE CAPTIONS

Figure 1:	 Representative bright and dark region

reflectance spectra, scaled to unity at

1.02 jim. The bright region spectrum is

composed of an average of the brightest

areas observed in 1973 (visible, McCord

et al., 1977) and 1978 (infrared, McCord

et al., 1980a). The dark region spectrum

is a composite of data from two nearby

locations in lapygia: 69-6 (visible,

McCord and Westphal, 1971) and 78-10

(infrared, McCord of al., 1980x).

Figure 2:	 Laboratory reflectance spectra of four

homogeneously oxidized powders: two

ferric oxides and two heavily oxidized

volcanic products. Reflectance scale

is discontinuous to avoid overlap of

curves.

Figure 3:	 Calculated results for additive or

"checkerboard" mixing of limonite and

magnetite samples. The reflectance

scale here is continuous; the spectral

crossover near 0.45 pm is not an artifact

of scaling.

Figure 4:	 Laboratory reflectance spectra for

physical mixtures of limonite and
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magnetite powders, The reflectance scale

is continuous and identical to Figure 3.

Note that two of the mixture spectra have

negative infrared slopes, a property

not seen in either endmember spectrum.	
I

Figure 5:	 Laboratory reflectance spectra for five

naturally occurring alteration layers

on dark rocks. They progress in order

of increasingly transparent alteration

layers from BAS10 to I%IAG01. The rocks

for spectra labeled "basalt" are

technically hawaiite, a basaltic andesite

characteristic of late stage Hawaiian

volcanism.

Figure G:	 Laboratory spectrum for coated rock BAS11

(Figure G) scaled to match a Mars dark

region spectrum with the effects of

20% areal contamination by bright material

removed (Singer and McCord, 1979).

Overall correspondence is excellent,

deviating primarily in the "1 tam"

absorption region.
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CHAPTER VI

The Composition of the Martian Dark Regions, II:

Analysis of Telescopically Observed Absorptions

in Near-Infrared Spectrophotometry

This paper has been submitted to J.Geophys.Res., 1980.

Author: R.B. Singer.
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ABSTRACT

Interpretation of visible and near-infrared

spectrophotometry of dark regions on Mars has shown

that the dark materials consist of a close physical

combination of unweathered dark rock or rock fragments

coated by (or possibly mixed with) fine-grained oxidized

(Fe3*-bearing) material. Specific absorptions in new

high quality near-infrared (0.65 to 2.50 um)

spectrophotometry are analyzed here more precisely than

possible for previous data to determine the mineralogy

and petrology of the dark materials. A spectral

continuum, characteristic of a thin oxidized layer on

a dark substrate, was removed from the data to isolate

specific mineralogy: absorptions. Non-linear least-

squares fitting with gaussian band shapes defines two

overlapping absorptions, centered at 0.88 and 0.99 um.

The 0.88--	 band is due at least primarily to ferric

oxide i;	 c fin.:-grained coating. Possible ,

butions to this absorption by orthopyroxene in the

unweathered substrate cannot be reliably ascertained

with existing data. The source of the 0.99-um absorp-

tion is firmly interpreted to be augite clinopyroxene

in the unweathered rock. Contrary to previous

interpretations of other data no spectral indication

of olivinQ or basaltic glass is found. Re-examination

of previously interpreted data, in the light of recent

studies of mineral-mixture spectra and dark region
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spectral behavior beyond 1.1 um, yields•similar

conclusions. Spectral study of terrestrial basalts

implies that possibly 5% or at most 10% modal olivine

could be present in observed martian dark materials

without being apparent in existing reflectance spectra.

Ultramafic (high-olivinel lavas such as suggested for

Mars by a number of researchers are not consistent
with these interpi.stations. Mafic igneous rock types,

similar to many terrestrial basalts, seem likely

to predominate in observed dark regions. Since earlier

data does indicate compositional variability, obtaining

high quality near-infrared observations for additional

dark regions around the planet is an important task

for the future.



j	 INTRODUCTION
i

All reflectance s pectra obtained for dark

regions on Mars show a broad absorption complex

centered near 1um, at too long a wavelength to be

explained entirely by ferric oxides (McCord and

Adams, 1969; McCord and Westphal 1971; McCord et

al., 1977; McCord et al., 1980). Adams (1968) was

the first to associate these features with Fe 2+

crystal-field absorptions in iron-bearing olivines

and/or pyroxencs, common basaltic minerals. The

details of observed absorptions vary with location

on the planet (McCord et al., 1977; Huguenin et al.,

1977, 1978; Singer and McCord, 1979) and indicate

some mineralogic variety of dark surface materials.

A series of experiments presented by Adams and

McCord (1969) demonstrated that the general char--

acteristics of both bright and dark re(' 	 spectra

from 0.35 to 1.151im could be well r.eproduZed by

varying the grain size and degree of surface oxida-

tion of a particular olivine-bearing basalt. This

led to the conclusion that the dominant rock types

on Mars are probably basaltic. Mariner 9 provided

dramatic evidence of volcanism on Mars: ancient

volcanic constructs, enormous relatively young

shield volcanoes, and extensive lava flows. The

morphology of these flows indicates very low

i	 J
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viscosity lavas, lending support to low-silica

iron-rich compositions (Carr et al., 1977).

Independent conclusions supporting the presence

of abundant basaltic to ultramafic rocks on Mars

come from Maderazzo and Huguenin (1977) based on

reflectance spectroscopy and Viking XRF data,

Toulmin et al. (1977) based on Viking XRF data, and

McGetchin and Smyth (1978) based on petrologic

models for the martian mantle.

The most detailed mineralogic interpretations

of dark region reflectance spectra previously

available are provided by Huguenin et al. (1977,

1978). These are based on filter photometry and

multispectral images with average bandpasses of
O

about 300 A and infrared coverage to wavelengths as

long as l.lpm. New near-infrared spectrophotometry

(0.7 to 2.5um) of Mars dark regions (McCord et al.,

1980a) has recently becon ►e available. With increased

spectral resolution and greater infrared spectral

coverage these data substantially improve our

knowledge of dark region spectral characteristics.

Certain aspects of the interpretation of these

new infrared dark region data have been discussed in

a previous paper (Part I: Singer, 1980b). A major

conclusion of that work is that the overall shape of

the spectrum from 0.3 to 2.5um can be readily 	 '
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i
explained only by an intimate physical combination

of an Fe 3+-bearing material which has high infrared

Teflectance and a darker, less oxidized material.

A thin coating (estimated to be 20 to 30 micrometers

thick) of the oxidized material bound to a substrate

of darker unoxidized rock is the most likely

physical situation for the dark materials on Mars.

Presented here are analyses of specific absorp-

tions in the newly obtained near-infrared data and

interpretation of the mineralogy of the dark sub-

strate rocks. Previously interpreted dark

region spectra are re-examined, using new laboratory

feflectance studies of mineral mixtures (Singer,

1980x). Recent results are then synthesized and

petrologic implications are discussed.
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DATA USED

Near-infrared (0.7-2.5Vm) spectrophotometry of

five dark regions on Mars, 1000 to 2000 km in

diameter, were obtained during the 1978 apparition

(Ls = 48-50°) (McCord et al., 1980a). These spectra

and an average of the three brightest region spectra

observed at this time are shown in Figure 1. The

instrument used was a cooled circularly variable

filter (CVF) photometer with an InSb detector,

mounted on the Mauna Kea Observatory 2.2m telescope.

Data for this instrument are recorded in 120 spectral

channels and the effective spectral resolution (Ax)

is about lh%. The size of the regions observed in

1978 is due to the combined effects of an unfavor-

able opposition and less than ideal observing

conditions. These infrared spectra are nevertheless

of good quality, with improved spectral resolution

and coverage compared to previous observations.

Visible and near-infrared (0.3 - l.lum) spectro-

photometry of 200 to 500 km diameter regions on the

surface of Mars was obtained during the 1969 appar-

ition (Ls = 162-163°) by McCord and Westphal (1971)

and during the 1973 apparition (Ls = 301-302 0 ) by

McCord et al. (1977). A total of nine dark region

spectra from these data sets as well as representa-

tive bright region spectra are shown in Figure 2.

r
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Both sets of observations were obtained with double-

beam photometers equipped with phototube detectors

and up to 25 discrete interference filters with
0

bandpasses on the order of 300 A.

A composite map showing the surface locations

for all data obtained in these 1969, 1973, and 1978

observing programs 4 s given in Figure 3. individual

spectra are referred to by the year of observation

and the number assigned in previous publications

(McCord et al., 1977, 1980x).

For the interpretions which follow much use was

made of laboratory reflectance studies performed by

Singer (1980a) of iron-bearing mineral mixtures.

The observational details for that laboratory data,

as well as for the laboratory data presented here,

are described in that paper.

w.
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APTALYSIS OF ABSORPTIONS

IN 1978 DARK REGION SPECTRA

The overall shape of Mars dark region spectra

from 0.3 to 2.5vm has been discussed in detail in a

previous paper (Singer, 1980b). The steep rise in

reflectance through the visible to a peak near 0.75 um

and the more gradual decline in reflectance from this

peak to 2.5um is characteristic cf a trans-opaque

ferric-oxide-bearing coating overlying a dark substrate.

The resultant spectrum is sensitive to the composition

and thickness of this oxidized layer; study of ter-

restrial analogs implies an average thickness of

about 20 to 30 micrometers for rock coatings in

observed dark regions on Liars. The absorptions at

1.34, 1.45, and 1.62wn as well as the intense absorp-

tion complex centered just longward to 2.Oum are

caused by CO2 gas in the martian atmosphere. Water

ice features occur most strongly for bright regions

and appear as broad absorptions centered near 1.6

and 2.OUm (McCord et al., 1980a). The short wave-

length edge of the 1.61im ice band causes at least

part of the apparent discontinuity seen in the

spectra between 1.3 and 1.4um. This also tends to

be a region of lower quality data +and low transmit-
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tance of the CVF. Removal of the spectral effects

of patches or streaks of bright material from dark

region spectra (Singer and McCord, 1979) greatly

reduces indications of weter ice, implying that for

these observations ice was not present in significant

amounts on or in the dark materials themselves

(McCord et al., 1980x). The rather sharp absorption

near 2.3Iim is noisy but real and is present for

both bright and dark regions on Mars. This feature

is most likely due to a combination of oil stretch

and Mg-0II bending modes (Bunt, 1977) and implies the

presence of magnesian amphibole, serpentine, and

or triocthhedral clay minerals (McCord et al., 1980,1).

While the five dark regions observed in 1978 have

similar spectral characteristics, they do differ some-

what in near-infrared spectral slope. These differ-

ences are probabl y due to variations in rock dating

thicknesses and./or amount of bright material included

in each region. Because of variations in observing

conditions, region 78-10 has the highest quality

spectrum and is best suited for detailed analysis.

The other spectra show similarity to 78-10 in the

1-um region but are too noisy for determination of

subtle differences.

Of particular importance of interpretation of

surface mineralogy and petrology is the spectral

0
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region near lum, actually extending from the

spectrum peak at 0.75um to beyond 1.31im. Many

diagnostic mineral futures occur at these wave-

lengths, primarily due to Fe 2+ crystal-field

transitions (e.g. Burns, 1970; Adams, 1975). Fe2+

absorptions observed for Mars occur in ferromagnesian

minerals in the dark substrate rock, visible through

the semi-transparent ferric-oxide bearing coating.

For spectrum 78-10 there are apparently two slightly

resolved bands superimposed on the negatively

sloping continuum. Examination of the other dark

region spectra in Figure 1 shows similar behavior

to the limit of data quality. Filter photometry

from 1969 and 1973 (Figure 2) also has similar

structure in the 1-Um region but exhibits more vari-

ation and will be discussed later.

To allow observed mineral absorptions to be

interpretated and compared to unoxidized (uncoated)

terrestrial materials it is desirable to remove a

spectral continuum or baseline, which isolates and

better defines the absorption features of interest

(e.g. McCord et al., 1980c). In the case of dark

regions on Mars the appropriate continuum is the

spectral shape produced by a thin Fe 3+-bearing coating

over a featureless dark substrate (c.f. Singer, 1980b,

Figure 6)..
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A continuum such as discussed above was

generated for spectrum 78-10 and is displayed in

Figure 4a. Certain assumptions must be made in such

a procedure about the details of the continuum and

its fit to the data; the effects of varying these

assumptions are discussed with the results. To

remove the continuum shape the observed data were

divided by the continuum. The results are given in

Figure 4b, showing two overlapping absorptions of

similar intensity and width. To better define and

quantify those absorptions a non-linear least squares

analysis routine was used to find the optimum fit of

two gauss an bands to the data (software adapted from

Kaper et al., 1966). The generated bands are mathe-

matical gaussians in log-intensity and energy spare,

which is appropriate for Most crystal-field absorp-

tions. Figure 4c shows the individual gaussian

components and the combined absorption envelope

(converted to wavelength) overlying the data points.

Band center positions are at 0.881im and 0.99um, with
0

half-height bandwidths of 0.092;;m (920 A) and 0.09911m
0

(990 A) respectively, and nearly equal depth. Other

analyses performed with reasonable variations to the

continuum produced some changes in relative band

depths, less variation in widths, but virtually no

alteration of band center positions.
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Subjectively, at least, the double nature of the

absorption is based primarily on the four high data

points from 0.90 to 0.94um. The most successful

single gaussian fitted to this same data is shown in

Figure 4d. It can be seen that, even disregarding

the high central data points, the observed feature is

too steep-sided and flat-bottomed to be represented

by a single gaussian band. Investigations using the

gaussian fitting routine on this data set excluding

the four high data points confirmed that two

gaussians provide a better fit than obtainable with

only one. Because data in the 0.90 to 0.941b region

appear relatively high in most of these Mars spectra

(within noise limitations), a careful examination was

conducted of observations of Saturn's Rings, the

Galilean satellites, and Mercury taken with the same

instrument (Clark and McCord, 1980a, b; McCord And

Clark, 1979).	 Two different calibration techniques

and a number of repeated observations were repre-

sented. No conclusive systematic errors were found.

As will be shown below, a similar double-band

structure was also observed for certain dark regions

in 1973 using different instrumentation and cali-

bration techniques. In conclusion, it appears likely

that at least part of the increased reflectance

observed for Mars around 0.92um is attributable to
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the spectral properties of the surface materials.

Bright region spectra obtained in 1978 and 1973

have asymmetric absorptions with band minima located

near 0.86 to 0.87m. These features have been inter-

preted as Fe 3+ crystal-field absorptions, charac-

teristic of many ferric-oxide-beaving materials

(Huguenin, et al., 1977; McCord et al., 1980x).

Because telescopic dark regions are known to contain

streaks and splotches of bright materia) , the possi-

bility exists that the 0.88t.m band observe-d for dark

regions is not inherent to the dark material itself.

Singer and McCord (1979) have investiclatod some

spectral effects of bright material contamination of

dark regions. For spectrum 78_ , 10, as an example,

removal of the spectral contribution of up to 307

coverage by bri(Tht material leaves a recognizable

two-band structure in the resultant dart; material

spectrum (Singer and McCord, 1979, Figure 4).

Continuum removal and gaussian fitting to these

"bright-material removed" spectra yields two bands

with nearly equal depth and with center positions

like those for the unmodified suectrum 78-10. The

percentage band depths increase substantially,

however, as increased amounts of bright material

spectrum are removed. This implies that both the

r '	 0.88 and 0.991em absorptions are intrinsic to the
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dark materials themselves,
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MINFRALOGIC INTEPPRETATION

DARK REGION ABSORPTIONS OBSERVED IN 1978.

It has been shown in the previous section that

the dark materials observed in 1978 are characterized

by two just-resolved absorptions of roughly equal

depth, centered near 0.88um and 0.99pm. Based

strictly on band locations, a search of the litera-

ture suggests that the shorter wavelength band is

caused primarily by a ferric oxide (with some

possible contribution from an iron-poor ortho-

pyroxene) and that the longer wavelength band is due

primarily to a clinopyroxene (Hunt and Salisbury,

1970, 1971; Hunt et al., 1971, 1972, 1973; Adams, 1974,

1975) .

The 0.88µm band

As has been long suspected, ferric oxides (or

conceivably Fe 
3+ in some other structure) are

ubiquitous on Mars; they need not, however, be a

major surface component to produce the observed

spectral properties (Adams and McCord, 1969; Huguenin

et al., 1977; Singer, 1980b). While pure ferric

oxides have a prominent Fe 3+ crystal field absorption

centered between 0.85 and 0.891jm, 'in a mineral

mixture this feature may be suppressed far more
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rapidly than the stronger UV-visible charge transfer

absorptions (Huguenin, 19 7 9, personal communication).

In addition some naturally occurring oxidation

products of mafic rocks have spectra in which the

0.85-0.89um feature is absent or reduced to a shoulder

on the strong Fe 3+ charge-transfer absorption wing

(Evans and Adams, 1979; Singer, 1980b). Because of

these uncertainties the c .itinuum used in the previous

section for band fitting did not assu;ne any Fe3+

crystal-field absorption in the near-infrared.

Spectra of brigh` regions observed in 1978 all

have asymmetric absorptions with a minimum reflect-

ance near 0.86 to 0.871im (no continuum removed) . By

shape and location these are quite certainly caused

by Fe 3+ (McCord et al., 1980a). The correspondence

between absorptir" % s near this wavelength for 1978

bright and dark regi ,:,ns is very good, leading to the

conclusion that the 0.88um band observed for dark

regions is at least primarily due to ferric oxide.

The band position implies a somewhat hydroxylated

(goethitic) riet composition, consistent with previous

interpretations and the observed color over most of

the planet (Anderson and Huguenin, 1977; Adams, 1975;

McCord et al., 1980b). Singer (1980b) has demon-

strated that for dark materials the ferric oxide

occurs as part of a fine-grained component mixed
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with, or more likely coating relatively unoxidized

rocks or rock fragments (also see Adams and McCord,

1969; Huguenin, 1976).

It is possible that some amount of iron-poor

orthopyroxene is present in the rocky components of

observed martian dark materials, contributing to the

ferric-oxide band and shifting the composite band

minimum to slightly longer wavelencgths. As has been

shown by Singer (1900x), however, it is difficult to

distin^juish the relative spectral contributions near

0.9 11m in a mixt.urc of t.heso two phaser.. The fact

that the 0.88- 11m band can br fit rather well with

a gaussian band shape, despite the known asymmetry

of ferric:-oxide crystal-field absorptions, miciht

imply some orthopyroxene cost oonent ; other factors

may be more important in this case, though, such as

data duality and the details of the fitted continuum.

other strong evidence for ferric oxide indicates that

it is they major contributor in this martian case.; a

definitive conclusion about orthopyroxene content in

dark maul°ials on Mars requires even higher quality

data for an additional number of reckons.

The 0 .9^ band
The observed absorption centered near 0.991 Am for

78-10 is best explained by clinopyroxone. Using

systematics developed by Adams (1974) the composition

I

L
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appears to be that of an augite, with about 30 to

45 mol. 8 calcium, and greater than or equal to

15 mol. % ir.-	 Generally a pyroxene with one absorp-

tion at 0.99pm would be expected to have a second

broader absorption centered between 2.15 and 2.25um.

This feature would overlap the long wavelength side

of the 2um martian atmospheric CO 2 absorption and

would be difficult to detect with these infrared

data. Removal of CO2 absorptions based on a simple

model atmosphere (McCord et al., 1980x) shows the

2.2-um region to be fairly flat but with large

uncertainties, due to data quality and imperfect

removal of terrestrial and martian atmospheric effects.

Higher precision data and more exact removal of

• atmospheric effects are required to determine the

presence or absence of a pyroxene feature near 211.

There is evidence that clinopyroxenes in general have

shallower bands near 2pm than near ljim (Adams, 1974,

1975; Gaffey, 1979 personal communication). Also,

when mixed with other minerals, particularly opaques,

the long wavelength band of most pyroxenes loses

spectral contrast to a greater extent that the short

wavelength band (Dieters, 1973; Nash and Conel,

1974). The augite structure can more easily accommo-

date Fe3+ and Ti 4+ than other pyroxene structure-

types (e.g: Deer et a`.., 1966); Fe 3+ "-e-tent, in an
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augite tends to ir;.rease the spectral slope and mask

the 1-um and particularly the 2-um bands. An absorp-

tion centered between 0.75 and 0.80um is also intro-

duced, due to Fe 2+ -Fe 3+ charge transfer (Adams, 1975).

Titanium content will suppress this charge-transfer

feature without masking the 1-um band (Adams, 1975).

No 0.75 to 0.80um absorption is apparent in these dark

region spectra, although if present it might be

difficult to recognize superimposed on the spectrum

peak. It is possible that some combination of

ferric iron and titanium in this martian augite acts

to diminish the 2.2-lim band while leaving the 0.99-um

band well defined. Higher quality spectral data for

martian dark regions is required to further invos-

tigate these possibilities concerning detailed

pyroxene chemistry.

Band widths

An anomaly of the dark region 0.88 and 0.99pm

absorptions as analyzed and interpreted here is that

they are spectrally resolved, and appear narrower

than similar absorptions observed in the laboratory.

Adams (1974) showed that for orthopyroxene-clino-

pyroxene mixtures an unresolved, broadened composite

band occurred near 11,m, while the longer wavelength
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bands were sufficiently separated to be xesolved.

Singer (1980a) confirmed this, and additionally

demonstrated that ferric-oxide/clinopyroxene mixtures

also have an unresolved composite absorption

centered at some wavelength between the endmember

band positions. These discrepancies in apparent band

width do not seem so severe as to alter the miner-

alogic interpretations presented above; nevertheless

one or more mechanisms must be invoked to explain the

differences. Variation in particle size changes

spectral contrast but is not expected to alter the

sharpness of sepctral features. This is generally

borne out by examin.,tion of spectra with differing

particle sizes, such as presented by Hunt and

Salisbury (1970). In two cases, however, there does

appear to be some sharpening of spectral detail with

reduced grain size: amphibole S-1C and chlorite S-7B.

A perhaps more important mechanism is the reduction

of vibrational amplitude with reduced temperature of

Fe2+ cations about their mean lattice positions.

Thermal vibrations contribute to the broadness of

crystal field bands by rapidly varying the metal-

oxygen distances, and therefore the energy of the

Fe2+ interelectronic transitions (Burns, 1970).

While some very low temperature transmission spectra

have been measured for ferrosilicates (e.g. Runciman
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2t !^I., 1973) there is an additional need for

laboratory diffuse reflectance measurements of

rock forming minerals and their alteration

products at realistic temperatures for Mars and

the outer solar system.
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The olivine question

Olivine has previously been identified from dark

region reflectance spectra (Adams and McCord, 1969;

Huguenin et al., 1977, 1978) and might reasonably be

expected from petrologic arguments (McGetchin and

Smyth, 1978). A careful study including new labora-

tory data for mineral mixtures (Singer, 1980x) and

terrestrial basalts has shown, however, that there is

no indication of olivine in the 1978 dark region spectra

The question of how much olivine can be present but

spectrally undetectable in a basalt is also addressed

below.

Because olivine is considerably more transparent

than equivalently-sized pyroxenes, mixtures of these

minerals tend to have spectra dominated by pyroxene

characteristics. Olivine content causes some shift

of the 1-jim band minimum to longer wavelengths,

increases near-infrared spectral slope (reducing

2-um band contrast), and most importantly broadens
s

the long wavelength side of the pyroxene band near

1um. This broadeninq is primarily caused by the

1.31im component of the three-part olivine absorption

envelope (see Singer, 1980a, for details and spectra;

also Adams, 1974; Gaffey and McCord, 1979). The
i

absorption, envelope for low-iron olivine is very

broad compared to pyroxene absorptions near ljim.
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With more fayalitic olivine (higher iron content),

as has been proposed for Mars (McGetchin and Smyth,
i

1978), the 1.3um olivine absorption becomes stronger,

broadening the total feature even further (Hunt and

Salisbury, 1970; Adams, 1975).

Plagioclaso can also produce a weak band

centered near 1.25 to 1.30um, caused by Fe 2+

impurities (Aunt and Salisbury, 1970; Adams, 1975).

Because of the great transparency of plagioclase

relative to olivine and pyroxene this band is

generally suppressed in spectra of rocks and

mineral mixtures, but can appear as a shoulder or

weak depression near 1.31,m in spectres of assemblages

with very abundant plagioclase (Nash and Conel,

1979; Adams, 1979).

The srectral effects of olivino in mafic assem-

blagos were also studied by examination of terrestrial

ba:;alts, in an effort to determine how much olivine

content is nrcossary in fine-grained igneous rocks

to produce an unambiguous olivine spectral signature.

The reflectance spectra of three powdered rocks are

presented in Figure 5; grain size was 95 to 90 micro-

meters and phase angle (a) was 10 0 . Thin sections

were used to observe the occurrence of olivine and

other major minerals.
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BAS06 is a Servilleta olivine tholeiite from

Taos Plateau, N.M., similar to samples discussed by

Dungan et al. (1980). This is a massive basalt with

olivine phenocrysts (lmm and less in length) and very

abundant plagioclase laths (1/2 to lmm long) set in a

fine-grained (O.C5 to 0.20 mm) groundmass of primarily

pyroxene and plagioclase. Opaques are abundant

(estimated ? 10%) and occur as 0.1 to 0.2mm grans

concentrated in bands. Olivine content is estimated

to be as much as 10%, in genera	 Bement with

olivine norms given by Dungan	 (1980) for

similar Servilleta basalts.

BASO1 is a tholeiitic basalt from Mauna Loa,

Hawaii. It is slightly vesicular, with phenocrysts

of olivine (1 to 3mm diameter), very abundant

plagioclase (1/2 to lmm long) and less abundant

pyroxene (2 to 3mm diameter) set in a very fine-

grained ( 0.05 to O.lOmm) around mass of plagioclase,

pyroxene, and opaques. The abundance of opaques is

high (estimated , 15%) and they occur as very small,

evenly distributed ,articles. Despite the prominence

of olivine crystals in hand samples of this rock,

total olivine content is estimated to be somewhat

less than the 5% required for definition as an

olivine basalt (MacDonald, 1949).

UWE01 is a highly vesicular tholeiite from
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Kilauea, Hawaii, similar in some respect to BAS01.

The phenocrysts of olivine and pyroxene are smaller

than in the previous sample but somewhat more

abundant. Plagioclase laths are of quite uniform

length (0.2 to 0.3mm long) with larger and smaller

crystals nearly absent. The groundmass as a whole is

coarser than BAS01, averaging greater than O.Imm.

Opaques are about as plentiful as in BASOI but

are less evenly distributed, tending to occur in

aggregates. Olivine content is probably slightly

greater than for BAS01, perhaps making MIP01 tech-

nically an olivine basalt.

Spectrally, these rocks have certain charac-

teristics in common (rioure 5): they have well-formed

absorptions centered near 1t.m, and less well-formed

shallower absorptions at 21^m and beyond. A closer

exami. ! iation shows that the 2--lim regions include two

partially resolved bands, one near 2.2 to 2.311m

(clinopyroxene) and one closer to 2.011m (ortho-

pyroxene or pigeonite). Additional features,

frequently seen in spectra of basalts and basalt

powders but not yet well understood, complicate

reflectance around 21:m compared to simple mineral

mixtures (c.f. Singer, 1980a). As expected from

previous laboratory studies (Adams, 1974; Singer,

1980a) the two pyroxene absorptions near 111m are not
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resolved and combine to form one composite band,

relatively stronger than the bands near 2um. Because

these are tholeiitic basalts it is reasonable that two

pyroxenes are present (Deer et al., 1966; Nockolds et

al., 1978). Spectral differences among these rocks

include near-infrared spectral slope, relative band

depths, overall reflectance, and behavior of the long

wavelength shoulder of the 1-Um band.

Increased olivine content has the property of

increasing the near-infrared spectral slope for many

mineral mixtures. Here BAS06, with the highest

olivine content, has the steepest slope. UWE01,

however, with a slightly greater olivine content than

BAS01, has the least slope. Factors controlling

apparent mineral abundances in the spectra of

natural assemblages include relative actual abun-

dances, compositions, mineral grain sizes, and rock

particle size. Apparently factors such as phenocryst

size or groundmass crystal size are in this case more

significant in controlling spectal slope than is a

difference of few percent in olivine content.

To circumvent certain complications which

varying slope and reflectance add to spectral

comparisons it is desirable to fit and remove a

spectral continuum for each curve, similar to the 	 ,

technique used earlier for Mars. The continua
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Ishown in Figure 5 consist of a constant slope in the

infrared smoothly blended into the visible charge-

transfer absorption characteristic of iron-bearing

silicates; they were generated using interactive

mathematical-operation and cubic-spline-interpolation

routines (Clark, 1980). Clearly the exact choice of

continuum is somewhat subjective, but it is not

arbitrary. Keeping in mind the nature of the

uncertaiistics involved, continuum removal is a

valuable tool for interpretation of spectral data

(c.f. McCord et al., 1980c).

Tho three basalt spectra divided by their

respective continua are shown in Figure 6. The

striking difference is the broad absorption shoulder

extending from 1.151,m to beyond 1.51,m for BAS06.

This is caused primarily by the 1.3-t,m component of

the olivino absorption discussed above. A small

part of this feature is probably also due to Fe 2+

in plagioclase, which as discussed above has much

weaker abso-bance than olivine but which is also

more abundant than olivine in this rock. By

comparison the spectra of BAS01 and LR E01 have minor

absorptions around 1.31sm; this is consistent with

their lower spectral slopes and olivine contents.

The obsozved shoulders for the Hawaiian basalts may

in fact be . largely due to the abundant plagioclase
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re.ther than olivine.

These three cases are only a very small sampling

of terrestrial basalt types but nevertheless can

provide an approximate lower limit for unambiguous

olivine determination in fine-grained mafic rocks.

BAE01 has the lowest reflectance for this group

(Figure 5) but the greatest spectral contrast

(Figure 6). The slight infrared contin n slope is

probably at least partially controlled by the olivine

content of roughly 3€. The shoulder near ],.31im is,

however, not very prominent, and may be primarily

due to the abundant ( 40% of greater) plagioclase,

as discussed above. By contrast UWE01, with perhaps

5% olivine, is slightly brighter overall but has

reduced spectral contrast and a flat infrared

continuum. This spectrum also shows little

conclusive evidence of olivine. BAS06, with about

10% olivine content and similar plagioclase content

to the other basalts, is also somewhat ,..,fighter

overall and shows a very strong olivine signature.

These three examples certainly do not cover all

possibilities but do show that up to about 5%

olivine content can be spectrally unapparent, while

10% olivine is very apparent spectrally in another

rock. Unknown at present is what, for instance, the

spectrum of UWE01 would be like if the sample
i
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contained 10% olivine rather than 5%. Nevertheless

it appears that an olivine content of between 5 and

10% is about the maximum that a mafic igneous rock

can have without showing a clear indication of

olivine in its reflectance spectrum.

The continuum-removed spectrum for dark region

78-10 (Figure 4) is shown overlaid in Figure 7 by

similarly treated spectra of basalts BAS06 and

UWE01. The terrestrial basalt spectra have been

contrast reduced by adding a constant and then

resealing (dividing by a constant). This method

has been shown to yield nearly correct qualitative

results for olivine opaque-mixtures in the 1-um

region (Singer, 1980a). The relative weakness

of martian absorptions comparad to those for

terrestrial basalts is presumably due to partial

spectral masking by the oxidized surface coatings

and perhaps by dark, less spectrally featured

components in the rocks. Spectrum 78-10 does not

show any indication of a shoulder or broadening

on the long wavelength side of the 0.99-um absorp-

tion. From 1.07 to 1.301:m the continuum-removed

data show considerable scatter but have a high

averar;e relative reflectance (ti1.0). The absorp-

tion for.BAS06, in contrast, is broader, occurs

at a longer wavelength, and has a low relative
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reflectance out to 1,3pm and beyond. These are

all indications of olivine. The spectrum for

UWE01 shows little or no sign of olivine and more

closely matches 78-10. This basalt absorption is

less broad than for BAS06, has its reflectance

minimum at a shorter wavelength, and has risen to

almost continuum reflectance by 1.2j,m.

Modification of the 78-10 continuum in any

believable manner does not produco apparent absorp-

tion in the 1.2- to 1.3-}im region. With the

effects of 20 to 304 briolit material removed

from spec • ' rum 78-10 (Sinyor and McCord, 1979)

some continua can be fit which define a possible

band shouldor between 1.1 and 1.3tim, but. confidence

in this feature is limited by tho noise in the

data. These continua are not the ones which

proviki the most precise fitting of gaussians to	 f

the 0.88- and 0.99-t,m bands. Improved data are

required to further investigate they reality of

such subtle features. Nevertheless the amornt

of olivine that would be indicated by such a

weak shoulder is small.

In conclusion, obsor •„ations for dark region

78-10, and by similarity other dark regions

observed in 1978, do not show spectral indic;,':.ons
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of olivine in the martian surface rocks. As

discussed above, olivine in quanl^ i ns up to 5%

or even 104 might exist in these dare, materials

and still escape detection in existing data.

However, the 35 to 40% high-iron olivine contont.s

for martian laves proposed by madera:;^.o and llu^tuonin

(1977) and McGetexlin and Smyth 1770) are not

consi ;.tout withth the so spec tral ref l rct alnce C>bsorval-

tions .

Volcanic of as';

Ba s, IItl	 l'is's s I a y"t' overalll rofloct aI It, o.o'

similar to basalt.-• and two	 shallow and li'l'y

broad Pt` 4 a1..soi'pt i on,;, I ooat otl alt or ,.l .i (Illt l y

lollgword of l;:m a n(i at or s l i <Iat 1 y shor i ward of	 2	 ,,m

(sc'o	 Atlanis,, l97`;, sca r	 exalt;} 1cj.;).	 llevau:o	 cif t he Wi dth

and position cif t ho	 short of	 w.° volonoth 1).ind it can bo

soon thalt Such g l.cl iso g 4a11111ot be prov1tlillcl a siglli-

f ant spectral contr ibuti on  to tho dalrk rc, cl i cul;;

clbsorvod in 1978. Because of the u.siial woa11 nos._; o f

glass bands, howovor, it is nevortholoss possible

that sonic glassy basaltic matori al is present but not

specti-ally distinquishablo With currant delta.
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RE-EXAMINATION OF DARK REGION-SPECTRA

OBTAINED IN 1969 and 1973

Minexalogic interpretations of the 1969 and 1973

dark region spectra (ti0.3 to 1.1 um) have previously

been published by Huguenin et al. (1977) describing

the spectral features and their probable interpretations.

Huguenin et al. (1978) used these data and multispectral

imaging to define and characterize compositional units

based on the presence and relative abundances of

mineral classes. In light of new laboratory studies

of mineral mixtures (Singer, 1980x) and the 1978

near-infrared dark region data discussed at length

above and by Singer (1980b) it seems appropriate

.to re-examine the earlier data and their interpretations.

The reflectance spectra obtained in 1969 and 1973

do not lend themselves to band fitting because of their

lower spectral resolution and the lack of spectral

coverage much beyond 1 iim. Some of the data in

particular have rather large formal errors. Despite

these limitations these spectra as a whole provide

useful information about spatial and temporal variability

of martian dark regions.

The question of olivine content must be discussed

for these data as well, because of its petrologic

importance .and because most previous interpretations
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have concluded that olivine (or glass) is as abundant

or more abundant than clinopyroxene. Data which extends

to only 1.05 or 1.10 um cannot fully define the long

wavelength side of a band near or longer than 1 um

(such as clinopyroxene). This makes olivine determination,

which is largely based on band asymmetry as discussed

in the previous section, somewhat uncertain. A

common assumption for observations from 0.3 to 1.1 um

of many astronomical objects has been that when the

reflectance for the last few filters (1.0 to 1.1 11m)

is low, olivine: is present, because its absorptions

extend to long;hr wavelengths than pyroxenes (glasses

will be discussed below). This assumption is not

unreasonable, when used with caution, for objects with

flat or positively sloping spectral continua such

as many asteroids (e.g. Gaffey and McCord, 1978).

The near-infrared spectral shape for dark regions

on Mars, however, has only recently been well

determined (McCord et al., 1980a) and has a negatively

sloping continuum. In defining the mechanism responsible

for this shape, Singer (198010 showed that the details

of the negative slope depend on the thickness and

composition of the oxidized rock coatings, and therefore

might be expectod to vary around the planet. A

conclusive determination of olivine, then, requires

the definition and removal of the appropriate spectral
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continuum. This is not rigorously possible for data

which does not extend beyond the absorption(s) in

question, although some estimate may be made based on

newer data with full near-infrared coverage. Many

aspects of the discussion above also apply to the

identification of basaltic glass based on the 1.00

to 1.15 um band, although as mentioned in the

previous section the very broad and shallow nature of

glass bands implies that they might be more easily

masked than most mineral absorptions.

An absorption between 0.85 and 0.90 dam is present

for all 1973 spectra but absent for most of the 1969

spectra, including the bright regions (refer to Figure

2). Huguenin et al. (1977) have suggested that

this feature is due to ferric oxide in contaminant

dust, on the surface and in the atmosphere, because

1973 observations were made durin g the initia3 stages

of a global dust storm originating in Solis Planum.

The 1969 observations were made during a clear period

(Ls=162-1630). All 1978 observations have significant

absorptions near 0.87 to 0.88 um, but atmospheric

transparency at this time (L s=48-500) was also high,

having fully recovered from the previous dust storms

(Viking Lander measurements, Pollack et al., 1979).

This correlates with evidence discussed previously

that Fe IF 
absorptions not only originate on the surface

but are likely to be characteristic of the surface
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coatings bound to rocks and rock particles. This

difference between 1969 and other observations remains

unresolved and warrants additional attention in the

future. In addition, 1969 bright regions have an

,absorption centered near 0.95 pm, not apparant for

bright regions observed in 1973 and 1978. As discussed

by Huguenin et al. (1977) this may indicate incomplete

masking of a ferro-silicate surface component in these

bright regions. This could be a spatial and/or

temporal effect. Repeat coverage of region 69-2 by the

larder region 78-5 (Figure 3) does not show identical

spectral proportion; nevertheless of all the bright

regions obsorvod in 1978, 78-5 is the only one

which appears to have some dark region characteristics

McCord et a1., 1980a).

The spectra for roUions 73-22, -24, and -26 are

quite similar, particularly in the infrared, and have

no analog amoung the 1969 spectra. This group is

characterKed by a drop in reflectance from 0.84

to 0.87 Pm, a smooth gradual increase in reflectance

to 0.93 pm, a drop in reflectance to 0.97 pm, and

another smooth gradual increase in reflectance out to

1.06 dim. The three regions in this group were observed

on the same night as was 73-20, which is significantly

different spectrally. A comparison of the 73-22, -•24,

and -26 average to spectrum 78-10 is shown in rigure 8.

It can be seen that these 1973 data have a similar
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double structure to that observed in 1978, adding sup-

port to the validity of these resolved absorption bands.

The 1973 spectra are consistent enough with spectrum

78-10 to justify a similar mineralogie interpretation.

The long wavelength absorption might be centered at a

slightly shorter wavelength for these 1973 data,

which would indicate a lower calcium clinopyroxene

(augite) composition. The 1973 spectra also have

flatter slopes in the infrared which could be explained

by differences in bright material coverage of the

various areas (Singer and McCord, 1979) or by differ-

ences in thickness and/or composition of the rock

coatings (Singer, 1980b). Calibration differences

between the two sets of observations cannot be entirely

ruled out, however, as contributing to the differences

in slope. Working with criteria discussed at great

length above, no convincing evidence is found in

these three 1973 spectra for orthopyroxene, olivine,

or basaltic glass. This does not eliminate the

possibility that they occur in quantities too low

to be detected with these data.

Regions 73-21 and 73-25 have considerable overlap

on the surface, were observed within 30 minutes of

each other (McCord et al., 1977), and are spectrally

quite similar but not identical. The abruptness of

some of these spectral differences implies that the
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uncertainty in the data is larger than indicated by the

formal error bars. Averaging these two observations

smooths out some of these discontinuities and shows

more clearly a two-band structure. While there appear

to be real differences between these two spectra and

the ones previously discussed, the data are not felt

to be of sufficiently high quality to discuss specific

Mineralogic differences. As pointed out by Huguonin

et al. (1978),spectrum 69-5, despite large formal

errors, is similar to 73-21 and "3-25. 69-5 has

only a very shallow band near 0.85 pm but a deep, well

defined band at 1.0 um. Again, neither 69-5, 73-21,

or 73-25 shows unambiguous spectral indications of

olivine.

Spectrum 69-G has a singlo shallow depression at

:savolengths lon,,ter than 0.85 j.m. If a typical dark

rcgio; , continuimi is sketched in (c.f. F igurer 4a)

connecting the spectral peak and the longest wavelongt.h

data point a broad band with a center wavolencjth near

0.96 is defined. This could be caused by a single

pyroxone (low-.:alcium augite) or a composite of two

pyroxones in roughly equal quantitites (higher.-calcium

augite and pigeonite or hypersthene). Without specific

knowledge of a continuum more correct than the one

assumed above, there is no spectral evidence here for

olivine.

Area 73-20 is unique in that its spectrum displays



271

a double structure in the near-infrared ,(minima at about

0.87 and 0.99 um) superimposed on a rather flat near-

infrared continuum compared to other dark region spectra

(Figure 2). The visible slope of spectrum 73•-20 clearly

identifies it as a dark region, however (McCord et al.,

1977). While Huguenin et al. (1978) attribute the

suppression of the 0.75 um peak to titaniun; content

in a clinopyroxene, the work by Adams (1975) indicates

that Fe 3+ in the pyroxene might be a more likely

mechanism. An Fe 2+-Fe3+ charge transfer occurs between

0.75 and 0.80 um which might function to flatten the

peak. Laboratory studies of such pyroxenes in dark region

simulations would be desirable to test these possibilities.

It would be interesting to know the near-infrared (to

2.5 jim) spectral behavior of reetion 73-20; if the continuum 	 1

I

remained level or rose into the infrared, a very 	 C

different relationship between rocks and oxidized

materials would be implied for this region (c.f. Singer,

1980b).

The remaining three spectra, 73-23, 69-7, and 69-4,

(Figure 2), differ substantially but have in common

relatively featureless negatively slopes near the 1-Um

region. Spectrum 73-23 bears a strong resemblance up to

1 um to 73-21 and 73-25, although it was observed on

a separate night and is not fcr a region located

near the other two. Spectral comparisons based primarily

on the data for the last filter (73-25) or two filters
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(73-21), a somewhat risky proposition, show that

spectrum 73-23 appears to have additional absorption

beyond 1 um and therefore may be showing spectral

indications of olivine. Once again, however, without

further infrared coverage to define the spectral

continuum, such an interpretation is not very firm.

Spectrum 69-7, although having rather large error

bars, has relatively low reflectance from 0.93 to

1.10 Jim. The primary cause could be either multiple

overlapping torromagnesian absorptions (clinopyroxene

and olivine) in the underlying rock or a steeper

nogatively-slopin g continuum char-ctcristic of a

thinner or otherwise more transparent coating on the

rock sum faces. Thr fact that 69-7 also his a relativelyy

low visible spectral slope ( %IcCord et al., 1977)

]ends support to tho latter possibility. Spectrum 69-4

is unique in that it has a sharp refloc.tance peak. located

at a shorter wavel enc;th than other observed dart: regions.

This spectrum also has a rather uniform steep negative

slope in the near-infrared. The source of these

spectral differences are not yet well understood. It

would be desirable to obtain additional spectral data

for Acidalium Planitia and other dark regions in the

northern hemisphere to see whether 69-4 is representative

of a different class of dark materials.

in conclusion, the greatest value of 1969 and

1973 spectral data is that they indicate mineralogic
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diversity in the mafir, surface components and perhaps

variation in coating/mixing geometries for dark regions

around more than halt the planet. Because of limitations

in spectral resolution and coverage, and in some cases

data quality, specific mincralogic interpretations

should be made and usoci cautiously. The discussion

here of olivine in particular has been porhaps somewhat

conservative, but this scams appropriate for an issue of

*uch potrolo !ir- im.portancr.
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SYNTHESIS A14D DISCUSSION

The telescopic martian dark regions have been

found upon closer inspection to consist of large

scale intermixtures of bright soil, much of which is

probably aeolian dust deposits, and dark material.

Reflectance studies indicate that areal coverage of

spectroscopically observad dark regions by bright

materials does not exceed 40%, and is probably more

generally 20 to 30% maximum (Singer and McCord, 1979).

For regions studied the dark materials themselves consist

of an intimate physical association of very fine-

grair^d re 3+-bearing material with relatively high

near-infrared reflectance and darker relatively

unoxidized mafic rock or rock fragments. While these

two components could exist finely intermixed in a soil,

a number of lines of evidence indicate that the usual

. occurrence is probably a thin coating (about 20 to 30

micrometers thick) of oxidized material physically

bound to the rock surfaces (Singer, 1980b; cf. Huguenin,

1976). With this type of coating geometry the sp..ctral

properties of dark materials are largely independent

of partical size, from sand ( u -^ mm) up to boulders

and larger. The oxidized coatings seem likely to be

derived by alteration of the underlying rocks, although

deposition of genetically unrelated dust has not been

ruled out. The oxidized coating material is
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spectrally similar to bright regions and airborne

dust (Singer, 1980b), although Viking orbiter three-

color mapping has shown certain dark regions, not

yet measured spectroscopically, which are unusually

red (Soderblom et al., 1978) and may represent a

different weathering process (McCord et al., 1980b).

The rocks undo lying the coatings are dark and

generally clinopyroxene-bearing. The shallow depth

of the pyroxene bands combined with the low overall

spectral reflectance indicates that opaque minerals

such as magnetite are probably abundant. Regional

variation in clinopyroxene band position indicates

differing compositions, mainly augites with varying

calcium and iron content. Low calcium clinopyroxene

(pigeonite) and orthopyroxene may be present in some

regions but are not unambiguously deflected in existing

data. Low- and moderate-iron orthopyroxenes (enstatite,

hypersthene) are particularly difficult to detect

in current data because of interference from ferric-

oxide absorptions. Fe 2+ absorptions from olivine or

basaltic glass are not apparent in new near-infrared

dark region spectra and do not seem unambiguously

evident in earlier observations either, contrary to
r

previous interpretations (Huguenin et a1., 1977, 1978).

Nevertheless it seems likely that quantities of olivine

as great as 5% or even 10% could be present in observed

dark regions without being apparent in these spectral
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•	 data. Some amount of basaltic glass may also be present,

particularly for dark regions which show less spectral
r

detail noar 1 pm. Phases which have subtle spectral

signatures, such as plagioclase feldspars, are not

apparent in existing data but cannot be excluded either.

The overall conclusion is that the rocks in observed

dark regions on Mars are primarily basaltic, ,oith

regional variation in mineralogy but withnut abundant

olivine present. Lased on studies of the spectral

properties of terrestrial basalts, an ultramafic

composition for martian lavas is not required to explain

the spectral properties of the regions observed.

The primary discrepancies between these

conclusions and results of some other workers in the

fi,Ad concern olivine content and the related question

of silica content. The suggestion by Maderazzo and

Huguenin (1977) that the average crustal composition

is unsaturated picrite basalt (low silica, high

olivine) is based in part on the identification of

abundant olivine in most 1969 and 1973 dark region

spectra. If olivine is in fact not prevalent over

much of the surface these conclusions require

modification. Low olivine content (5 to 10% or less)

would imply lavas which are less mafic and perhaps

silica saturated (tholeiitic), although a pyroxenite

source rock for martian soils has recently been
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proposed (B.C. Clark, personal communication, 1979).

The Viking XRF analyses at both landing sites show

soils high in iron and low in silica, alumina, and

potassium (Clark et al., 1977) These characteristics

have been interpreted to indicate that the soils are

largely alteration products of mafic igneous rocks

(Toulmin et al., 19 7i7); an ultramafic parent

composition is not required in this case either.

Working from estimates of mantle densities

McGetchin and Smyth (1978) calculated mineral

assemblages for the martian mantle particularly rich in

olivine compared to the earth's mantle. Partial melting

of such a martian assemblage was calculated to yield an

ultramafic (Si0 2=41 to 44%) picritic alkalic basalt

lava with 37% normative high-iron olivine, similar to

that suggested by Maderazzo and Huguenin. Such a low

silica lava is attractive because it has very low

viscosity, consistent with the morphology of volcanic

features observed on Mars (Carr et al., 1977). If the

martian crust were predominantly of this composition	 r

the soils sampled by Viking could consist of relatively

uni.-x,athered material. Weighing against this possibility

is strong spectral and albedo evidence that soils such

as seen at the landing siteF re related to global dust

and are heavily weathered (e.,, Adams and McCord, 1969:

McCord et al., 1977; Maderazzo and Huguenin, 1977;

Evans and Adams, 1979)

It
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The primary martian lavas predicted by McGetchin

and Smyth (1978) would contain much more olivine than is

apparent spectrally. Two variables are discussed

by those authors which could substantially reduce

surface olivine content. They state that sulfur

reactions with olivine in the interior could produce

an olivine depleted mantle assemblage of clinopyroxene,

orthopyroxene, oxide, and sulfide. 'liking XRF

measurements indicate that at least the soils at the

landing sites contain abundant sultur (Clark et al., 1977).

McGetchin and Smyth (1978) also state that an assumption

of abundant volat.iles in tho martian interior would

cause partial malting to occur: at lower temperatures,

and low-olivino silica-rich lavas (tholeiitic basalts

or uvon andesitos) could bo generated as early partial

molts. Thoso lavas would also have relatively low

viscosity duo to Choir high %olatile content. Surface:

depletion of olivine could nave boon brought about even

with olivine-rich partial ML., if crystal settling

occurred in either a subsurface cummulatc stage or in

thick surface flows	 In either of these cases regional

variation in surface olivine content would be expected,

since materials from various depths should be exposed

by impact and erosional processes. This possibility

can bo readily explored as additional high-quality

near-infrared spect::ophometry becomes available for

more dark regions on Mars.
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Thermodynamic studies of chemical weatherer. ;, ,.n

the present martian environment, such as performed

by Gooding (1978), show that mafic igneous assemblages

are not stable. The same statement is certainly true

for the earth, yet even with its far more active

weathering environment there is no lack of exposed

igneous rock, some quit-- ancient. The point, also

discussed by Huguenin (1976) and Gooding (1978), is

that other factors such as reaction rates and physical

geometry can be more significant on a practical level

than ultimate thermodynamic stability. Relatively

unaltered mafic igneous materials currently exist

over much of the martian surface. Many of these

regions are ancient, as indicated by cratering density.

Reaction rates for weathering of mafic rocks

on Mars, then, would appear to have proceeded quite

slowly on the average over geologic time. This is

consistent with the existence of alteration layers 20

or 30 micrometers thick on martian rocks,which would

severly inhibit reaction rates for further gas--go:l.id

weathering (Huguenin, 1976; Singer, 1980b).

Visible and near-infrared spectrophotometry of

regions on Mars has proven to be an exceedingly usefct.

tool for investigating the maitian surface. For a

number of years to come it will be our primary source

of m1neralogic and other compositional informatijn.

The field is approaching beinc- data-limited; the

further inv,^.­,t.igation of many specific geologic
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problems requires new observations. While high

spatial resolution, as would be provided by

spacecraft observations, is a major goal for the

future, the enormous value of earthbased telescopic

observations has been proven repeatedly over the past

10 years. Observations of this type should continue

az a high priority task in the future.
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FIGURE CAPTIONS

Figure 1:	 Near-infrared (0.65 to 2.50 um)

spectrophotometry of regions on Mars

observed by McCord et al., 	 (1980a).

a These curves are scaled to unity at a

-.-wvelength of 1.02 um. 	 At the top is

an average for three characteristic

bright regions presented for

comparison purposes. 	 The other five spectra

are for dark regions.	 Locations on Mars

for these observations are shown in

Figure 3.

Figure 2:	 Visible and near-infrared (0.3 to 1.1 um)

+ spectrophotometry for regions on Mars

observed in 1969	 (:McCord and Westphal,

1971)	 and 1973	 (McCord et al.,	 1977).

.	 These spectra are scaled the same as

those in Figure 1 to facilitate comparison.

All data are for dark regions except the

1973 bright region average and 69-1.

Locations on Mars for these observations

are shown in Figure 3.

Figure 3:	 Locations on Mars for spectrophotometric

observations by McCord and others.	 The

first two digits represent the year of

observation (e.g. 69-1 was observed in

1969	 1.11969).	 The	 observations	 (0.3 to	 um)
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are described by McCord and Westphal

(1971); the 1973 observations (0.3 to

1.1 Um) are described by McCord et al.

(1977). The 1978 observations (0.65 to	 {

2.50 Um) are described by McCord et al.

(1980a). The locations of observations

for which the surface was partially or

wholly obscured by atmospheric dust are

not shown. (Base map: USGS Topographic

Map of Mars 1-961, 1976.)

Figure 4:	 Continuum removal and gaussian band-

fitting analysis for dark region spectrum

78-10: A) observed data from 0.65 to

1.35 um fitted with continuum as described 	 b

in text; B) residual data after removal

of continuum (data divided by continuum).

The relative depth of the absorption
i

feature is in excess of 4%; C) two gaussian

bands fitted to the data by simultaneous

least-squares routine discussed in text.

Band centers are at 0.88 and 0.99 jam; D)

best attempt to fit one gaussian band to

the data. Match is poorer than that

obtainable with two bands.

Figure 5:	 Laboratory bidirectional reflectance

spectra for three basalt powders (grain

$ize=45 to 90 micrometers). Incidence
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i

^^	 r

Vr

r

t

r

{
L Ono -

angle - 10°, emission angle	 0°. Note

that fhe reflectance scale between BAS06 and

BAS01 is continuous; between BAS01 and

UWE01 it is discontinuous, to prevent

overlap. Spectral continua, synthesized

as described in text, are shown overlaid

on the data.

The three laboratory spectra from Figure 5

are shown here with continua removed

(data divided by continuum). This method

facilitates comparisons of absorption

))and strengths, locations, and s4:1pes.

Note broad absorpi ion shoulder, centered

near 1.3  Iim, for BASOG : this is indicative

of olivine.

Continuum removed data for Mars dai-k

region 75--10 compared to: Top) continuum

removed spectrum for basalt BASOG, and

Bottom) continuum removed : pvctk-um for

basalt 1114I;01. moth basalt spectra have

calculated reductions in contrast to

match tho band dopth displayed by spuctrwn

78-10. The strong olivine signature in

BAS06 (containing about 10% modal olivine)

is soon as a broadening and depression

of the Long wavelength lido of the pyroxonc

band near 1 Iim. MIE01, with about 5% modal

i

Fiqure 7:
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olivine, shows little or no spectral

indication of olivine, and is spectrally

similar to these Mars data.

Figure 8:	 A comparison of some 1978 and 1973

martian dark region observations.

Observations for regions 73-22, -24,

and -26 are similar and have been

averaged for this comparison. A similar

double structure is apparent near 1 um	 ..

for both of these quite independent data

sets.
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