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Through the application of new analytical techniques to high spatial resolution imaging 
spectrometer data, the ferrous mineralogy of major volcanic terrains on Mars is shown to 
consist of significant fractions of both low- and high-calcium pyroxene. Changes in the 
relative abundances of these pyroxenes are observed for units of different age and 
morphology, even in regions with higher degrees of alteration and contamination from 
dust. Volcanic rocks with these characteristics are uncommon on Earth but are typical of 
the basaltic SNC meteorites (shergottites, nakhlites, and chassignites) thought to be from 
Mars. Thus, it is possible to infer, even through the veil of dust, that the SNC meteorites 
have mineralogic affinities to major volcanic provinces on Mars and are therefore truly 
representative of the heterogeneity observed on the surface of the "red planet." 

Knowledge of the composition of planetary 
crusts is fundamental for deducing impor- 
tant stages and processes of planetary evo- 
lution. For Mars, our current understanding - 
stems from information gathered from sev- 
eral sources. A mafic to ultramafic compo- 
sition for Mars is inferred from experiments 
on the Viking landers that measured the 
geochemistry of the altered soils and dust 
( I ) .  There is also abundant morphologic 
evidence for a com~lex  volcanic historv 
with many contrasting styles (2) .  Geo- 
physical analyses and modeling provide 
loose constraints on  the bulk composition 
and thermal evolution of the planet (3) .  
Finally, the S N C  meteorites, widely re- 
garded as samples from Mars, provide ev- 
idence for early core formation and a long 
volcanic history (4). Despite the general 
perspective afforded by these studies, they 
remain somewhat disconnected. The  
SNCs, in particular, provide the most de- 
tailed data on  magmatic processes and 
crustal composition, yet because actual 
source areas on the planet for these sam- 
ples are unknown, we cannot assess how 
representative of Mars they truly are. 

Remote sensing provides a synoptic per- 
spective that can help merge these observa- 
tions. However, investigations of Mars 
based on the use of visible to near-infrared 
reflectance spectroscopy have shown the 
surface to be dominated by heavily altered, 
oxidized crust, enriched in poorly crystal- 
line iron oxides (5). Indications of less al- 
tered crust have been found (6,  7), but 
detailed mineralogic assessments are ham- 
pered by the low spatial resolution of tele- 
scopic data (hundreds of kilometers). In 

addition, the pervasive presence of dust at 
these spatial scales obscures the spectral 
signatures of the crustal components. These 
analyses have unfortunately led to the wide- 
ly held presumption that spectra of the 
surface of Mars are so dominated bv heavilv 
altered dust that fundamental understand: 
ing of the composition of the martian crust 
will only be advanced by data obtained by 
landers or a sample return mission. 

In this report, we present new results 
made possible by recent advances on two 
parallel fronts that directly challenge cur- 
rent assumptions about Mars spectroscopy 
and provide an important geologic context 
for the SNC meteorites. First, the imaging 
mectrometer ISM that was on the Phobos I1 
mission in 1989 acquired high spatial reso- 
lution (22 km per pixel) and moderate spec- 
tral resolution (AA/A - 3%) data for -10% 
of the planet (8). For the first time, high 
quality spectral data, from which mineralog- 
ic determinations can be made, are available 
at sufficient spatial resolution that distinct 
morphogeologic units are resolved. Second, 
analytic techniques have been developed 
that allow the relative modal abundances 
of kev mafic minerals to be determined 
from reflectance spectra (9) .  Through the 
application of this new technique to the 
ISM data, we have been able to directly 
determine the mafic mineralogy of weakly 
altered volcanic rocks on  Mars. These re- 
sults indicate the S N C  meteorites are in 
fact representative of major volcanic prov- 
inces on  Mars. 

The spectral data obtained by ISM con- 
sist of nine image windows that are -300 
km wide and 2000 km long with a spatial 
resolution of 22 km per pixel. The Tharsis 
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the absolute radiometric accuracy was lo%, 
and the relative accuracy was better than 
0.5% (10). In this analysis, we focus on the 
wavelength region from 0.77 to 2.55 pm, 
which includes diagnostic Fe2+ crystal field 
absorptions of the mafic minerals pyroxene 
and olivine located near 1 and 2 p m  (1 1 ). 
Mineralogic assessments are based on the - 
position, strength, and shape of absorption 
bands in the spectra. 

Although much of the martian surface 
contains a partially obscuring layer of 
heavily altered material, substantial areas of 
well-exposed, weakly altered surfaces are 
recognizable in the ISM data. Contamina- 
tion of fresh surfaces by alteration typically 
causes a brightening of materials, a weak- 
ening of the strength of ferrous absorption 
bands. a shift in the 1-um band center to 
shorte'r wavelengths, anh a steepened neg- 
ative continuum. Surfaces that are weakly 
altered, or relatively "fresh," are thus iden- 
tified on the basis of these s~ecif ic  combi- 
nations of the spectral properties: low albe- 
do, a flat to  slightly negative continuum 
slope, a large 1-pm band area, and a band 
minimum at wavelengths longer than -0.9 
pm. The entire ISM data set has been 
transformed into a suite of spectral param- 
eters that characterize these properties (1 2). 

Regions identified from the parameter 
maDs that meet the freshness criteria s a m ~ l e  
geologic units of different age and surface 
morphology. All show a strong, well-de- 
fined absorption near 1.0 p m  and an ab- 
somtion of variable strength and definition 

u 

near 2.1 pm. The shape, position, symme- 
try, and strength of the absorptions provide 
unambiguous identification of calcic pyrox- 
ene as a mineral phase on the martian 
surface (12). However, the spectra also 
show diversity in the spectral properties of 
these two dominant absorptions. In general, 
there are two fundamentally distinct ter- 
rains: plateau plains typified by spectra from 
Nili Patera on Syrtis Major and canyon 
materials typified by spectra from Eos 
Chasma in Valles Marineris (Fig. 1). 

Com~ositional analvsis of the ISM sDec- 
tra baseh on empirically derived corFela- 
tions between s~ec t ra l  features and chemis- 
try (1 3)  provide unsatisfactory and ambig- 
uous results because the differences in met- 
tral features are consistent with either 
particle size variations, changes in bulk py- 
roxene chemistry, variable mixing with al- 
tered dust and soil, or variations in the 
modal abundance of pyroxene and other 
minerals. To  resolve this ambiguity, we used 
the Modified Gaussian Model (MGM) to 
deconvolve the ISM reflectance spectra 
into constituent absorptions (9). The 
MGM, developed specifically for electron- 
ic-transition absomtions, models sDectra as 
a series of absorpiion bands supe;imposed 
on a base line or continuum. The model has 
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been used successfully to deconvolve over- 
lapping absorptions in mafic mineral mix- 
tures, solid-solution series, and natural lith- 
ologic samples (14-1 6) and is apparently 
not affected by variations in particle size 
(14). The parameters defining the absorp- 
tion bands (center, strength, and width) are 
quantitatively associated with mineral 
abundance in mixture series and composi- 
tion in solid-solution series. Although the 
weak strengths of mafic mineral absorptions 
in the ISM data (5 to 15%) make deriva- 
tion of unique solutions with the MGM 
difficult, limits on the surface compositions 
can be determined after critical analysis of 
results in the context of existing data bases 
and modeling experience. 

Our approach to this problem was to first 
establish a continuum that is consistent for 
all model mns. A negative continuum that 
is linear in energy provides the best approx- 
imation to the negative continuum ob- 
served for martian dark regions. Using this 
continuum, we begin with models that 
make the fewest assumptions about constit- 
uents and proceed to more complex models 
as necessary. The initial absorption band 
centers for the four models are shown in 
Table 1. In all trials, the modified stochastic 
inversion was used (1 7) and model param- 
eters were minimally constrained (14). The 
model results are evaluated in terms of their 
consistency with laboratory investigations 
(13-1 5). The following key criteria must be 
met: (i) the error as a function of wave- 
length is not systematic, (ii) the band cen- 
ters of the 1- and 2-um bands are consistent 
with laboratory spectra of pyroxenes, (iii) 
the widths of absomtions are consistent 
with previous studieH, and (iv) when ab- 
sorption band parameters for two pyroxenes 
are used (low and high calcium), the rela- 
tive strengths in the 2-pm region must be 
comparable to those in the 1-pm region. 
The results, summarized in Table 2, thus 
critically depend on simultaneous solutions 
to the absorptions in both the 1- and 2-pm 
regions. 
u 

It is clear from solutions using either one 
(model 1 or model 2) or two (model 3 or 
model 4) pyroxenes that a band near 0.85 
pm is required. Models that do not include 
this band have systematic errors as a func- 
tion of wavelength between 0.77 and 1.0 
pm, typical of a missing absorption, or cal- 
culated pyroxene band centers, widths, or 
strengths that are atypical of known py- 
roxenes. The band near 0.85 pm is due to 
femc-bearing compounds (for example, 
hematite and femhydrite) on the surface. 
Only one of the four models satisfies all the 
criteria used to evaluate the solutions (mod- 
el 4). This model includes high-calcium 
pyroxene (HCP), low-calcium pyroxene 
(LCP), and a femc component. This is the 
minimum number of mafic minerals that 

account for the observed absorptions in the 
ISM data. 

Modeling results for the spectra from Eos 
and Nili (Fig. 2) provide evidence for clear 
mineralogic differences in the surface com- 
positions of these terrains. First, the stron- 
ger 0.85-pm absorption, as well as a steeper 
negative continuum, in the spectra of Nili 
Patera implies a greater femc component 
than in Eos. Second, although both spectra 
include strong LCP and HCP absorptions, 
the relative strengths of these absorptions 
differ. Laboratory studies have shown that 
relative absorption strengths are correlated 
to the relative modal abundances of these 
minerals and that this relation is indepen- 
dent of particle size (14). This relation 
holds in both the 1- and 2-pm regions, and 

thus the veracity of the results can be cross- 
checked by simultaneous analysis of the 1- 
and 2-pm regions. It is evident from Fig. 2 
that the LCP:HCP relative absorption 
strengths of the 2-pm bands change from 
-1.28 in Eos to -0.57 in Nili Patera, 
which corresponds to a -20% change in 
the relative model abundance (14). 

These differences are comparable to the 
11 to 17% change in relative modal abun- 
dance detected from analyses of spectra 
from the two distinct basaltic lithologies 
(lithologies A and B) in the SNC meteorite 
EETA 79001 (15). These s~ectral results 
are fully consisten; with a pekography that 
shows that lithology A contains approxi- 
mately 65% pyroxene with an LCP:HCP 
ratio of 10:1, whereas lithology B contains 

Table 1. Initial band centers for MGM models; pyx, pyroxene. The values used for each model were then 
allowed to vary to best fit the ISM reflectance spectra. 

Band 
center 
Cm) 

Model 1 
(one pyx) 

Model 2 
(one pyx + Fe3+) 

Model 3 
(two pyx) 

Model 4 
(two pyx + Fe3+ 

Fig. 1. Location and general geomor- o . I & . . . ~ . . . ~ . . ~ ~ ~ . . I . . . I - ~ ~ I  
phology for the two regions analyzed in . c 
detail, Images are from the 1/256" per 
pixel Mars digital image model pro- 0.16- 

duced from V~king Orbiter images by 
the U.S. Geological Survey. (A) Eos 0.14- 
Chasma, which lies within the eastern { 
end of Valles Marineris. The floor of the P -0.12- 
canyon is -5 km below the surround- c!? 
ing terrain. (B) Nili Patera, a caldera 
near of the center of the Syrtis Major 
volcanic plateau. The white boxes in (A) 
and (B) outline the areas for which ISM 
spectra were extracted for detailed 0.70 1.00 1.30 1.60 1.90 2.20 2.50 

Wavelength urn) 
analysis. (C) Reflectance spectra for 
Eos and Nili. 
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60% pyroxene with a n  LCP:HCP ratio of 
2 : 1 (1 8). Thus, on the basis of our analyses, 
we conclude that Eos and Nili Patera are 
two-ovroxene basalts. that LCP is a com- 

L ,  

mon, if not dominant, pyroxene phase, and 
that the primary difference in spectral prop- 
erties between these terrains is due to a 20% 
increase in H C P  in Nili relative to Eos. 

These results were obtained from small 
regions on  Mars exhibiting the least appar- 
ent alteration. However. much of Mars ex- 
hibits properties intermediate between 
weaklv altered and heavilv altered. T o  de- 
termiAe if the mafic miniralogies inferred 
for Nili and Eos are common. we selected 
spectra that are from adjacent regions of the 
same morphology but that exhibit progres- 
sively larger degrees of ferric contamina- 
tion. The minimum model was aoolied to . 
each of these spectra, and the results were 
examined for consistency with the earlier 
analyses. The  mean values of the LCP:HCP 
ratio of absorption in the 2-p,m region [Eos, 
1.17 (n = 5); Nili, 0.31 (n = 6)] provide an 
estimate of the difference in the abundance 
of LCP relative to HCP, which corresponds 
to an enrichment of H C P  in the Nili Patera 
region of approximately 25% relative to Eos 
Chasma. The  standard deviations (Eos, 
0.11; Nili, 0.19) represent the spread in 
values over the regions measured. Although 
this 25% change in LCP:HCP is slightly 
greater than the 20% change inferred from 
the least altered samoles. these results clear- 
ly show that the mineralogic differences 
between Syrtis Major (Nili) and Valles 
Marineris (Eos) are maintained even in the 
presence of significant degrees of alteration. 
Using the MGM, we were able to success- 
fully model and remove the effects of vari- 
able contamination bv weathered materials. 
allowing the composition of the crust to be 
evaluated even in the presence of large 
amounts of alteration. Thus, we can in fact 
"see through" the dust on Mars. 

The modeling of the high spatial resolu- 
tion sDectra from ISM with the MGM dem- 
onstrates that there are clear mineralogic 
differences between the volcanic plains of 

Syrtis Major and the volcanic materials on  
the floor of Valles Marineris. In general, 
both terrains contain LCP and HCP, likely 
augite and pigeonite. There is no evidence 
for abundant olivine present in either area; 
minor amounts of olivine (<lo%) could be 
present but would not be detected with the 
current spectral and spatial resolution. The 
primary difference between the terrains is 
the relative abundance of pyroxenes; there is 
-20% more HCP in the plateau plains vol- 
c a n i c ~  of Nili Patera than in the crustal 
components on the floor of Valles Marineris. 

The  mineralogic distinctions between 
Nili Patera and Eos Chasma are observed 
over large geographic regions. Exposures of 
relatively fresh rock throughout Syrtis Ma- 
jor and in Lunae Planum (adjacent to 
Valles Marineris) are all enriched in HCP, 
like the volcanics in Nili Patera. Exposures 
of fresh rock throughout Valles Marineris 
(Melas, Capri, Coprates chasmata) are en- 
riched in LCP, like the materials in Eos 
Chasma. Therefore, the voluminous mag- 
matism that produced the plateau plains 
crystallized rocks that are -20% enriched 
in H C P  relative to the spatially confined 
magmatism on the floor of Valles Marineris. 
In addition, the volcanic materials on  the 
floor of Valles Marineris occur at elevations 
-5 km below the ridged plateau plains in a 
unique tectonic environment. These differ- 
ences in occurrence and mineralogy are 
possibly related to changes in source re- 
gions. The  volcanics of the plateau plains 
may come from a more fertile source, 
whereas those in Valles Marineris may in- 
dicate a more depleted source. 

O n  the basis of this analysis, we con- 
clude that two-pyroxene basalts with a high 
proportion of LCP are common on Mars. 
This result has several important implica- 
tions. Volcanics of this general nature are 
not common on  Earth, but the S N C  mete- 
orites Shergotty, Zagami, EETA 79001, and 
ALHA 77005 are all two-pyroxene basalts 
with high proportions of LCP. Longhi and 
Pan (1 9)  demonstrated that these S N C  me- 
teorites crystallized from magmas with ma- 

Table 2. Consistency of model results with known absorption properties of pyroxene and pyroxene 
mixtures. The symbol Y indicates that the results is consistent, N that it is inconsistent, and n/a that it does 
not apply. For band centers, the center of the 1- and 2-pm bands must lie within the general filed 
determined from laboratory spectra (13). The band widths (13, 15) must lie within the general limits 
identified from analysis of pyroxenes and pyroxene mixtures with the MGM. Error (A) indicates the 
wavelength region or regions where a systematic error, indicating an incomplete absorption model, 
occurs (14, 16). Band strength coupling refers to the fact that the ratio of the HCP to LCP band strengths 
should be same in the 1- and 2-pm regions if the model is correct (14, 16). 

Model Band Band width Error (A) Band strength 
centers 2.0 pm ( I J , ~ )  coupling 1 .O pm 

1 (one PYX) N N N 2.0, 0.85 n/a 
2 (one pyx + Fe3+) N Y N 2.0 n/a 
3 (two PYX) N Y Y N 
4 (two pyx + Fe3+) Y Y Y Y 
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jor element composition analogous to that 
of terrestrial basaltic komatiites, rare volca- 
nics from the early stages of ~ a r t h ' s  history. 
Our results for the comoositions of basaltic 
terrains on  Mars are comparable to those for 
the S N C  meteorites, in that the mafic min- 
eralogies are dominated by two pyroxenes, 
LCP is abundant, and there is variability in 
the relative modal abundances, likely asso- 
ciated with the bulk C a O  content. The  
SNCs are small samoles from unknown lo- 
cations on  the parent body. Our analyses 
indicate that there are major volcanic prov- 
inces on  Mars with these characteristics and 
that the mineraloeic differences are associ- " 
ated with distinct terrains. Therefore, the 
volcanic compositions of the S N C  meteor- 
ites appear to be very common on  the sur- 
face of Mars. By establishing that the S N C  
meteorites are representative of Mars, we 

0.70 1.001.30 1.60 1.90 2.20 2.50 
Wavelength (pm) 

z 
5 0.00 
U 

= 
-0.05 

c - 
-0.10 

-0.15 
0.70 1.00 1.30 1.60 1.90 2.20 2.50 

Wavelength (pm) 

Fig. 2. The fits of MGM model 4 (Table 1) to ISM 
spectra from (A) Eos Chasma and (B) Nili Patera. 
In each plot, the residual error between the model 
spectrum and the data is shown at the top, and 
the modified Gaussian distributions representing 
absorptions bands are shown in the lower half. 
Absorptions associated with LCP are denoted by 
open arrows, HCP by filled arrows, and the ferric 
absorption by the narrow arrow (Nili Patera only, 
no ferric absorption was required for Eos 
Chasma). The unlabeled absorption near 1.2 Fm, 
although often attributed to plagioclase, is proba- 
bly associated with both LCP and HCP, as is the 
case for spectra from the SNC meteorite EETA 
79001 (15). Both Nili and Eos have significant frac- 
tions of LCP and HCP; yet it is readily apparent 
that LCP absorptions are stronger than HCP in 
Eos, whereas the reverse holds true for Nili. This 
relation is true for both the 1 - and 2-pm absorp- 
tions. The difference in the relative strengths of 
LCP and HCP absorptions between Nili and Eos 
corresponds to a -20% change in the relative 
amounts of LCP and HCP. 
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Direct Observations of Excess 
Solar Absorption by Clouds 

Peter Pilewskie* and Francisco P. J. Valero 

Aircraft measurements of solar flux in the cloudy tropical atmosphere reveal that solar 
absorption by clouds is anomalously large when compared to theoretical estimates. 
The ratio of cloud forcing at an altitude of 20 kilometers to that at the surface is 1.58 
rather than 1 .O, as predicted by models. These results were derived from a cloud 
radiation experiment in which identical instrumentation was deployed on coordinated 
stacked aircraft. These findings indicate a significant difference between measure- 
ments and theory and imply that the interaction between clouds and solar radiation is 
poorly understood. 

Evidence from several experimental and 
theoretical investigations over the past four 
decades has shown that the magnitude of 
shortwave (solar) absorption by clouds is 
uncertain. There has been some hint that 
solar absorption is in excess of that predict- 
ed by models ( 1 ) .  Cess et al. (2) and Ra- 
manathan et  al. (3) reported that the ab- 
sorption by the entire atmospheric column 
in the presence of clouds exceeds model 

predictions of absorption by perhaps 35 W 
mp2 over the Pacific warm pool (3). The 
relative error this difference introduces into 
current theoretical estimates of solar ab- 
sorption is large, considering that average 
clear-sky absorption in that region is about 
100 W mP2. The absolute error appears to 
be small when compared to other terms in 
the energy budget, but that is misleading. 
Most of the solar radiation absorbed in the 
tropics goes toward heating the surface; the 
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magnitude of solar absorption by clouds is 
the misinterpretation of remote sensing 
data used to infer cloud microphysical prop- 
erties. In this report, we present measure- 
ments of cloud absorption from the Tropi- 
cal Ocean Global Atmosphere-Coupled 
Ocean Atmosphere Response Experiment 
(TOGA-COARE) and the Central Equato- 
rial Pacific Experiment (CEPEX), based on 
direct observations from aircraft. For con- 
sistency, we present our analysis in a man- 
ner similar to that used in (2,  3). 

In TOGA-COARE and CEPEX, 20 co- 
ordinated flights were made with identical 
instrumentation above (at an  altitude of 
-20 km) and beneath (8  to 12 km) cloud 
layers to determine cloud energetics ( that  
is, flux divergence, absorption, heating, 
and so on). From TOGA-COARE, 33 
hours of useful solar radiation data were 
acquired during well-coordinated flight 
segments (aircraft within 0.5'). CEPEX 
provided an  additional 18 hours of 
well-coordinated solar flux measurements. 
During both TOGA-COARE and CEPEX, 
the National Aeronautics and Space Ad- 
ministration (NASA) ER-2 aircraft flew 
at nearly constant altitude near the tropo- 
pause, approximately 20 km; in TOGA- 
COARE the NASA DC-8 flew at mid- 
troposphere altitude, between 8 and 12 
km, and in CEPEX, the mid-troposphere 
aircraft was the Aeromet Learjet. Each 
aircraft was instrumented with two iden- 
tical broadband (0.3 to 4.0 pm)  solar 
hemispheric field-of-view radiometers 
(BBHFOV) for simultaneous measure- 
ment of upwelling and downwelling flux 
at both flight levels. Total direct-diffuse 
radiometers (TDDR) on each aircraft were 
used to measure spectral components of 
the solar flux (4,  5). 

If one is to determine the absorption in 
a layer, net solar flux must be acquired 
simultaneously, or nearly so, at both flight 
altitudes (Fig. 1). Using the flight naviga- 
tional data from the DC-8 (or Learjet, for 
CEPEX) and ER-2 aircraft, we shifted time 
series of flux data to best align the data sets. 
Typical time offsets between ER-2 and 
DC-8 (Learjet) data were less than 3 min, 
and in most cases the offset was negligible. 
Therein lies the advance in the TOGA- 
COARE and CEPEX data sets over the data 
obtained earlier. Most of the earlier exper- 
imental attempts at determining cloud ab- 
sorption relied on a single aircraft making 
measurements at several flight altitudes. 
The reduction to cloud absorption then 
relied on knowledge of cloud advection, 
homogeneity, evolution, and so forth. Be- 
cause flux divergence is obtained from the 
residual of two relatively large numbers, the 
net fluxes, coeval measurements are crucial 
to limiting errors. Some limited attempts 
have been made at flying stacked aircraft 
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