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Infrared spectra obtained from the Mariner 9 spacecraft during the 1971-1972 dust storm 
are used to derive information on the composition and particle size distribution of the dust and 
to study the time evolution of the storm. The dust is not composed of pure granite, basalt, 
basaltic glass, obsidian, quartz, andesite, or montmorillonite. The infrared spectra suggest 
that the dust is a mixture of materials, dominated by igneous silicates with >60% Si02, or 
weathering products such as clay minerals, but the dust could possibly have a significant 
component of lower Si02 materials such as basalt. Substantial quantities of carbonates, nitrates, 
or carbon suboxide are excluded from the mixture. All infrared, visible, and ultraviolet data 
on the Martian surface composition seem consistent with a mixture of basalt and clay minerals 
or high Si02 igneous rocks, with a surface patina of oxides of iron. For all candidate composi
tions, the data are best matched with a size distribution that approximates a differential 
power law function of slope -4. This size distribution is quite similar to terrestrial size dis
tributions in regions remote from sources of dust. The relative abundance of particles between 
1- and 10-µm radius did not change during the Mariner 9 mission; thus suspended particles 
did not experience Stokes-Cunningham fallout but instead were supported by turbulence 
with an eddy diffusion coefficient, K. � 7 X 106 cm2 sec-1• The aerosol optical depth, standard
ized to 0.3-µm wavelength, varied from about 1.5 early in the mission to about 0.2 at Orbit 200. 

INTRODUCTION 

A unique opportunity to study natural 
dust particles was provided by the in
frared interferometric spectrometer (IRIS) 
on the Mariner 9 spacecraft which ob
served a global Martian dust storm during 
1971-2 (Hanel et al., 1972a, b, c; Conrath 

1 Current address: Theoretical and Planetary 
Studies Branch, Ames Research Center, NASA, 
Moffett Field, Calif. 94035. 

et al., 1973). Since the dust particles were 
suspended as a fine cloud, their infrared 
features were much stronger and more 
distinct than the compacted powder emis
sion features typical of a planetary surface. 
Moreover, multiple scattering in a dust 
cloud is a tractable theoretical problem 
while scattering in a compacted powder is 
not. On Earth, strong gaseous absorption 
prevents us from making in situ infrared 
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8pcetnL of natural af'rosols in many sp<'c

t ral rPgions, but on l\1ars, gasp,; are im

portant only in limited srwctral rqi;ions so 

i11 situ Htudi('S are fraRibl<'. For t hPse 

reaRorrn, the 1\/Iartian dust-Rtorm obse·rva

t iom; merit carPful study. 

There have b0en several previous studiPs 

of the IRIS RJWctrn. Harn·! et al. (1 97'.Zc) 

qualitatively compared the nus spectra 

with laboratory spectra and conelud<·d tlrnt 

tho dust could be igneous rock with an 

Si(h content of 60 ± 10%. Hunt el al. 
(1 97:.3) also nrndc qualitative comparis011s 

and Ruggested that the dust might he 

eomposPd of the clay mineral rnontmoril

lonite. Although qualitative rnmparisonR 

provide·d valuable informat.ion, Conrath 

cl al. (1 97:3) rPcognized that quantitative 

calculations WPre IH'CPssary to obtain more 

dPtailcd information. ThPy pcrfornwd �meh 

calculations for quartz and dcduc<·d that 

quartz could not bP thP dorninant du:-;t-eloud 

component and that the partielPs cauRing 
the ob;wrve•d I HIS spPetra had radii h<'
twe•pJl 1 .0 and 1 0.0 µm. l\Io,.:t n·ePntly, 

Arornmn and EmRli<' ( 1 97 ;) ) perfomwd 
quantitative ealculatiom; for sPvPral min-

1•rnl8 and roeks in which tlH' Pff<'<' l of the 
i1011RphPric·al shap0 of the dust partif'l<'i'l 

on t hP SJH'ctrum waR consid<'r<'<l. Tlw)· 

conclucl<•d that the partieks had diamptc·r:-; 

of about 1 µm and nrny have been feldspar 

rich. The work pr0spntPd hc'rc differs from 

the' Parli<·r studies in several ways. First, 

we includ<) differPnt mafrrials . .For exam

pl<', we t<·st Hunt el al.'s suggPstion th:1t 

montmorillonitc might compose the dust. 

SPcond, WP aRsunw that the particlPH com

posing th<� dust are sphPrical. Thus, our 

work ma.v hP contrastpd with that of 

Aronson and Em:-;li<' to dPkrminc if par

tide shape aff Pcts eonclusions drawn from 

the IIUS s1wctrn. Third, we study the 

particle siz<' in ddail and make <'Htimatc•s 

of thP particle sizP distribution. Finally, 

11 <' analyzp spPctra from orbits sprPad 

throughout the Mari1wr D mission to study 

t hP time· dqwndPIH'<' of th<� dust prop<'rtiPR. 

Bdm1· \\'<' firnt d<'i'l<"rilw the data :wail

able· to us and our nwthod of mrnlyzing it. 

'.\' e·xt 11·<· c·xaminP th<' way:-; in which the 

optic:d pro1wrtiPs of dust caUi'i<' tlw ob

:-;prv<'d "Jwdra. This knowle'dg<· :dlows w; 

to de·du<·<· th(• kind and amount of in
t'ormat ion that can lw obtainPd from an 

ohsPrv<'d s1wetrum. ThPn \\'e' anal.Yz<' the 

IHIS RJWdra of thn Martian dust storm 
to find the• du�t optical de'pth, composi

tion, a!l(l size distribution. Finally, \H' 
('()J1sid<'r th<' implications of the n•Hults of 

tlw analysis for th(' geolog:< and md<>oro
log)· of Mars. 
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DATA AND TECHNIQUE OF ANALYSIS 

High-quality spectra from 200 to 2000 
cm-1 were obtained by the infrared inter
ferometric spectroscopy experimcnt on the 
Mariner 9 spacecraft. The IRIS exp<•ri
menters kindly provided us with spectra 
selected to maximize their usefulness for 
our study. To improve the signal/noise 
ratio, several spectra acquired from similar 
view angles on the same spacecraft orbit 
were averaged to produce a mean spectrum. 
Mean spectra from different orbits were 
obtained from a restricted location with 
uniform surface pressure to minimize vari
ation with position on the Martian surface. 
All the spectra were obtained near the 
subsolar point to Pnhance the temp('rature 
differPnce between the atmosphere and the 
ground and thereby improve spectral con
trast. Table I summarizes the properties 
of the spPctra. The IRIS experimenters 
also provided us with vertical temperature 
profiles for each orbit. These were obtained 
from analysis of the observed emergent 
intensity in the 667-cm-1 C02 band (e.g., 
Conrath et al., 19n). 

We have generated theoretical spectra 
of the emergent intensity from dust clouds 
with propertiPs similar to those of the 
Martian dust cloud. To the extent that 
our theoretical spectra are unambiguous 
and accurate, the dust-storm properties 
will be known when our theoretical spectra 
duplicate the observed spectra. 

The emergent intensity from a homoge
neous, plane-parallel atmosphere is (s<'e 
Chandrasekhar, 1960) 

lv(O, +µ, e) = lv(r*, +µ, e)e-,•;,,. 

r· +
} 

0 e-t1,,.Sv(t, +µ, e)dt/µ. (1) 

HPre, r* is the total optical dPpth at 
frequency 11; () is the azimuth an�le; 
arccosµ is the view angle; Iv( r*, µ, e) is the 
intensity of emitted light at the ground; 
and Sv is the source function, which can 

formally be defined using the scattering 
phase function, P., the single scattPring 
albedo Wov, and the Planck function, Rv: 

Sv(t, �l) = f Pv(U', U)fv(�l', I) (dn' /47r) 
(l' 

+ (1 - Wov)Bv(t). 

The first term, which is intPgratcd over 
solid anglP, represents scatt<:�ring into the 
view angle and the second term rPpresents 
emission from the dust particles. In Ap
pendix A, we describe an approximate 
technique for calculating the source func
tion that USPS the two-stream solution to 
the equation of radiative transfer (Sagan 
and Pollack, 1967). Qualitatively, our ap
proximation consists of replacing the phase 
function integral in the source function 
\Yith the first two tPrms of a Gam;sian 
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FIG. 1. The emergent intensity vs view angle 
for a haze (top) and a cloud (bottom). The curves 
are from precise calculations and the symbols are 
from approximate calculations of the present paper. 
The precise haze calculations were made by Liou 
(1973) and the precise cloud calculations by 
Yamamoto et al. (1966). 
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quadrntur<) Hum, and using th<' two-Htrcam 
Holutiom; to rPprcscnt thP 8Catt.cwri int<'n
:-;ity lidd at the Gaus:-; point:-;. Concl 
(1969) anticipated that this would lw :� 

useful approximation, although it appar
ently has not bePn employe)d before now. 

\Ve have made 8evernl te:-;t:-; of the 
accuracy of our approximation. The solu
tion for the emergent intensity b!'corn<'s 
exact as wo --* 0, and cmi:ssion and ab
sorption dominate. Curran et al. (197:i) 
have made precise calculation:; of the 
emergent intensity from l\iartian water ice 
clouds and they generously provided us 
with numerical rrnults for comparison. In 
a frst c��sc employing arccosµ CY 0°, r* 

'""0.;{, Wo CY 0.'.2, and cosbar '.:'-' 0.:{ (ddiIH'd 
in Appendix A), the approximation nl<'thod 
agrePs \Yith Curran's rPsults to within 
0.06°K in brightness kmpPrnturc. For 
roughly the same conditions e'xcept with 

w0 C'-' 0.9 and cosbar '.:'-' 0.75, the• approxi
mation is within 0.;) ° K of tlw corrPct value'. 

U ndPr certain conditions, our approxi
nrntion is not very accurate·. The upward 
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and downward two-st.warn intensities arc 
isotropic oveT thPir h<'mispher<'s. The an
gular dcpe)ndPncP of intPnsity in our ap
proximation arises from the difforcnee) in 
path length between different view angles, 
not because of angular dependence in the 
phase function; that i8, with our approxi
mation, µ appears in (1) in the exponential 
terms but not in the source function. For 

strongly forward-scattering particles, the 
angular dependPnce of the pht1se function 

i8 important. At ;.;mall view angle;.;, our 
approximation 'Will underestimate the in
tnrnity and, at larg<' vie'w angle;.;, it will 
ovPre;.;timate) the intensity. The rnason for 
this is that the two-stream �mlutions take 
the <'Il<'rgy in the narrow forward-;.;cat
kring peak and sprm1d it to larger angle;.;. 
In Appemdix A, we show that our tech
nique is very accurate for calculating 
fiuxPs that arc just angle-wPightcd inte
grals of th<' intPnsity ovpr all angl<'H. Thus, 
if the' approximate solution underPstimates 
inknsity for sonw view anglP;.;, it will 
ovPre1stimatc• it at othPr viP\Y angles ;.;o 
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Fra. 2. The optical depth, single scattering albedo, and asymmetry factors for montmorillonite 
219b; Rize distribution l (Fig. I\) and a viHible optical depth of l.I\ were assumed. 
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Fm. 3. Theoretical brightness temperature spectra. The solid curve is a standard case and the 
symbols show the changes due to an alteration of view angle, of ground emissivity, and of atmo
spheric temperature in the lowest two scale heights. As described in the text, the ground emis
sivity was calculated from an IRIS spectrum taken at the end of the 1971-1972 dust storm. 

that the approximate integrated intensity 
nearly equals the exact integrated intensity. 

Figure 1 illustrates the emergent inten
sity from a haze and a cloud calculated 
with our technique and with more sophis
ticated techniques (Liou, 1973; Yamamoto 
et al., 1966) . The approximation is quite 
satisfactory for the less forward-scattering 
haze calculation. It also does well for high 
and low optical depths in the cloud cal
culation. The apparent small error for 
large cloud optical depths (shown in Fig. 1) 

may be due to a mistake by Yamamoto 
et al. since Liou (1973) gives results closer 
to our own. Our approximation does poorly 
for moderate cloud optical depths because 
the cloud particles are strongly forward 
scattering (cosbar = 0.86). The error at 
arccosµ � 65° is 8° in brightness tempera
ture and the error of arccosµ � 15° is 3° 
in brightness temperature, but in the op
posite sense. While these errors are sub
stantial, we consider our approximation to 
be adequate for the purposes of this paper. 
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Fw. 4. Theoretical brightneHs temperat ure Hpeclra. The Holid curve is a standard case and the 
symbols show the ehangeH due to an alterat ion of ground temperature, of optieal depth, and of 
Hi'e distribution. 

We havP data sets from both large and 

small view ang!Ps and the <'!Tors in our 
approximation ar<' of thP oppotiite sign in 

the�w t wo casPs . ThPrPfore W<' mak<' judg
mPnts based on comparitiollti with both 
data SPts . Figure 2 illustrat<'s typical optical 
propertiPs used in our calculations. For 
v < 1200 cm-1, the optical propPrtiPs arP 
similar to those uspd in thP haze calcula
tion (Fig. 1) and our approximation should 
be sufficiently accuratP. BPtwc<'n 1 200 and 
1 :)50 cm-1, eosbar becomes larg<·. but wo 

and r* arP small so the approximation 

should again be accurate . For v > l;j.SO 

cnr1, th<� optical propertiPs do not favor 

our approximation and our rC'sults may be 
inaccura te .  A final factor iH that the 
standard dPviation of the bright ness tcm
J)('rature data is always at 1Ptt8t 1 °I\. and 
usually largpr. In most casPs, the prror 
in our approximation will be lPss than thP 
mror in the data. Appendix A gives furtlwr 
Pxampl<�s of thP accuracy of our approxi
mat e  radiativ<' transfpr technique, which 
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show that the approximation is accurate 
for calculating fluxes over the whole range 
of possible optical properties. 

INFORMATION CONTENT OF INFRARED 
AEROSOL SPECTRA 

Radiative transfer calculations n'quire 
that several input parameters be specified. 
The information content of a spectrum is 
determined by the ability to identify 
uniquely the role of each input parameter 
in generating the spectrum. If, for exam
ple, two input parameters had the same 
effect on the spectrum, we could not tell 
the value of either. On the other hand, 
we hope that input parameters of little 
interest, such as µ, do not have marked 
effects on the spectrum so that time does 
not have to be spent separating their 
effects from more interesting ones. 

Figures 3 and 4 show the effects on the 
calculated spectrum of small changes in 
the input parameters. In each figure the 
solid line is a standard case that duplicates 
moderately well, but not exactly, the ob
served spectrum from the eighth orbit of 
the Mariner 9 spacecraft. The standard 
case uses size distribution 1 illustrated in 
Fig. 5, assumes a reference optical depth 
of 1.5, a ground temperature, Tg, of 265°K, 
a ground emissivity of unity, the optical 
constants of montmorillonite 219b, and 
the appropriate view angle and atmospheric 
temperature profile for Orbit 8. 

The spectra averaged to produce the 
mean Orbit 8 spectrum had slightly dif
ferent view angles. As shown in Fig. 3, 
a small change in the view angle does not 
markedly distort the spectrum, whereas 
changes of several degrees in the dust
cloud temperature in the lower atmosphere 
do begin to distort the spectrum. The 
brightness temperature at the band centers 
(near 500 and 1100 cm-1) is more sensitive 
to the cloud temperature than is the 
brightness temperature in the band wings. 
The spectra averaged to produce the mean 
IRIS spectrum were taken from locations 
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FIG. 5 .  Deirmendjian size distributions used in 
our study compared with power law size distribu
tions. The Deirmendjian distributions all have 
a = 2 and "Y = !. Our calculations yield a cross
section weighted-mean particle size at each fre
quency. These sizes are indicated for two frequencies. 

that probably had slightly different tem
peratures. Hmvever, differ0nces between 
these spectra caused by different cloud 
temperatures could not have been signifi
cant because the standard deviation of the 
observed brightness temperature spectra 
at the band centers is less than the 
standard deviation in the band wings. It is 
more difficult to evaluate the reliability 
of the atmospheric temperature profiles 
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derived for us by the IRIS Pxpprinwnt!'rs 
from analysis of the radiancP in the 667-
cm-1 C02 band. These atmospheric tPm
peraturc profiles arc uncertain because no 
dust absorption was taken into account in 
the derivation and, to a lessPr <'XtPnt, 
because there are uncertainties in th<' 
transmission coefficients of C02 and dif
ficulties in inverting the radiance data to 
find the temperature profile. W c believe 
this source of error is insignificant for our 
calculations because the effect shown in 
Fig. 3 for a 5° temperature chang<' in thr� 
bottom 2 scale heights is not brgr�, and 
because 've did not detect any substantial 
changes in the difference betwPPn thP ob
served and calculated spectrum as the 
dust clearPd. 

Another potential probkm is the Pff Pct 
on the overall spectrum of the wavdPngth 
dependence of surface emission. ThP sim
plest way to account for this is to calculate 
the surface emissivity by assuming that 
the observed spectrum from a late orbit, 
in this case Orbit 206, is entirely due to 
emission from the surface. This is certainly 
an upper limit on the spPctral contrast 
that might arise because of surfacp <'mis
sion. Figure a shows that the OVPrall 
spectrum is hardly influenced by the 
"upper-limit" surfac<' emission spectrum. 
The dip near 13.'JO cm-1 in Fig. ;3 n'sulbi 
from C02 bands (Maguire, private com
munication) and the deviation below 400 
cm-1 results from the numProus fine-scale 
gaseous absorption features below 400 cni-1 
due to H20 vapor, both of which dPprnss 
thP empirical spectrum us<'d to df'rivr' the 
surface emissivity. Th<' effect of ground 
<'mission is small because the ground tem
p<'rature mainly determines th<' brightness 
temperature in the wings of the silicate 
bands; but in the wings thP surfac<' Pmis
sivity is very close to 1. 

For these reasons, WP havP not considered 
Pithcr the vi<'w angle, the surface Pmission 
spectrum, or the atmospheric tPmperature 
profile to be free parameters. The view 

anglr' is fix<'d by the observational data; 
the ground is assumed to be' a pPrfrct 
blackbody, and the IRIS-dc'rivcd ic'mpPra
ture-prcssur(• profile itl employed. We also 
assume that the dust was uniformly mixed 
in the atmosphere'. ScvPral investigations 
of the 1971-1972 dust storm (Lcovy et al. ,  
1972; Conrath, 197 5)  suggest uniform 
mixing and our own conclusion (derived 
below) that thP dust size distribution 
r<�mained unchanged during the dust-storm 
dissipation justifies the assumption. Then�
fore the relation bPtween optical depth and 
temperature is not considPrPd a frpe 
parameter. 

The optical d<'pth at any wavelength 
can be found from the optical dPpth at 
another wavelength by a simple c)xtinction 
cross-section scaling (Toon and Pollack, 
1976). We have chos<'n 0.3 µm as the 
wavPlcngth to which r* is referenced. 
Therefore the only frc<' parametr)rS in our 
calculation arc the total optical depth at 
this wavelength, r*, the ground tempera
ture, Tg, the dust particle size distribution, 
N(r), and the wavelength-dcpendPnt com
plex rdractive index of the particle's. The 
rcfractiv<' index is fixed by thP assumPd 
particle; composition. 

FigurP 4 illustrates thP effect on the 
spPctrum of changes in T g and r*. Changes 
in r* are Pquivalcnt to changps in the 
number of particles in the dust cloud, and 
produce a shift of the spectrum which is 
nearly wavelength independent. Changing 
Tg has a grPatr'r c�ff Pct at the wings of 
the bandti than at the band c(•nters. 
BccausP Tg and r* changps produc<' dif
ferent effects on the spectrum, Tg and r* 

can be dPtPrmincd independ1mtly. 
The Hize distributions W<) have explored 

here an• modified gamma distributions as 
proposed by DPirmendjian (1969), which 
have thP gPneral form 

JY(r) =er" <'XP [ -(a/'Y)(r/r,u)7], 
where a and /' are adjustable constants 
and rm is the mode radius. The normaliza-
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tion constant c is not important because 
it is fixed by our choice of r* (Toon and 
Pollack, 1976) . Many other N(r) are used 
in the atmospheric aerosol literature (e.g., 
Toon and Pollack, 1976). However, over 
the range of particle sizes effective in 
producing the infrared spectra that we 
study, one cannot distinguish the other 
common N(r) from the Deirmendjian 
functions. We have not investigated N (r) 
that are multimodal. Uniform mixing re
quires that N(r) be the same at all 
altitudes. 

Figure 5 illustrates a standard size dis
tribution function and two other Deir
mendjian functions that differ only by 
their values of rm. Figure 4 exhibits spectra 
calculated with these three size distribu
tions. Increasing ·the relative numbers of 
large particles by increasing rm broadens 
the bands and decreasing the number of 
large particles narrows the bands. If enough 
large particles are added, new bands will 
appear for materials such as quartz, and 
the band positions will shift to lower fre
quencies for other materials (Tuddenham 
and Lyon, 1960; Conel, 1969; Conrath 
et al., 1973). The effects of changing N(r) 
are more pronounced at low frequencies. 
The fact that the changes in the spectrum 
become larger as v becomes smaller allows 
N (r) changes to be distinguished from r*, 
or Tg changes which do not show system
atic variations with v. The spectrum is 
very sensitive to the size distribution and 
shows a systematic variation with v be
cause the single-particle extinction cross 
section is a strong function of the size 
parameter, x = 27rvr. When x « 1, the 
cross section is very small; when x > 1 ,  
the cross section is close t o  the particle 
geometric cross section. The IRIS spectra 
span an order of magnitude in v so the 
extinction at one frequency relative to the 
extinction at another is very sensitive to 
the average cross-sectional area of those 
particles large enough to make x 2:: 1 at 
each frequency. The size distribution inte-

grals used with the distribution functions 
in Fig. 5 to find the optical properties 
covered radii from about 0.1  µm to about 
30 µm. However, the particles that con
tribute most to the extinction at 1800 cm-1 
have r � 3 µm and the particles that con
tribute most to the extinction at 250 cm-1 
have r � 6 µm. Therefore we believe the 
IRIS spectra contain useful information 
about N(r) from about 1 µm to about 
10 µm radius. The reader should not over
interpret our conclusions about the size 
distribution. Since only particles between 
1 and 10 µm are effective in creating the 
infrared spectra, we can only determine 
the slope of the size distribution between 
1 and 10 µm. However, even though rm is 
the parameter varied in our calculations, 
the spectra do not tell us the real mcd3 
radius, for it occurs at a size too small to 
interact efficiently with infrared radiation. 

The final free parameter that enters the 
radiative transfer calculations is the dust 
composition which determines the refrac
tive indices of the dust. We have used 
the refractive indices for quartz found by 
Spitzer and Kleinman (1961)  and the 
values of basalt, andesite, obsidian, and 
basaltic glass found by Pollack et al. 
(1973). Additionally, we have determined 

TABLE II 

Chemical Composition of Montmorillonite 
and Granite (wt%) 

Granite Montmorillonite Montmorillonite 

219b 222b 

Si02 71.30 63.20 53.10 
A!,O, 14.18 20.60 20.20 
Fe20a 1.41 } Total Fe as Fe20a Total Fe as Fe,Oa 

FeO 1.31 3.98 9.90 
MgO 0.66 2.14 1.21 
Cao 1.66 1.01 0.84 
Na,O 3.14 2.23 0.18 
K20 5.29 0.26 1.16 
H20+ 0.16 5.67 11.91 
H20- 0.10 Not measured Not measured 

co, 0.23 Not measured Not measured 

Ti02 0.31 0.21 0.91 
p,o, 0. 14 0.01 0.13 
MnO 0.06 0.00 0.21 

Total 99.95 99.31 99. 75 
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21. 7 
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20.0 
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lk.9 

lk .. j 
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17. !) 

17 .!i 
17.2 

17.0 

l(i.7 

J(i.4 
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Ui.\l 

l.'i.fi 

1.-, .4 

l:l.2 

14.\l 

14.7 

14.!i 

14.:3 

14.1 

l:UJ 
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TABLE Ill 

Hefral'live ln<liee� of l\foutmorillonite and (lranite 

:\lontmorillmiite 
(21BbJ 

n 

2. lk 
2.18 

2.18 

2. l!J 

2.2•i 

2. 2.i 

2. :Jl 
2 .:31 

2.27 

2. 2::1 

2.:n 

2.:l8 

2.27 

2. :is 
2.2!l 

2 .. iO 

2.fi:l 

2.80 

2.!lO 

2.!J:l 

2.72 

l .!12 

I .4.i 

1.4;) 

J .(i8 

l .!14 

1. 7:, 

1.:m 

1. L'\ 
l. 11 

1.04 

1.0(i 

1. o.-. 

I .O!l 

1.1:: 

l .14 

1.14 

1. l!l 

I .27 

I . : i.; 
1.:)fj 

1.:m 

1.4(i 

l .4fi 

I .4(i 

l .4S 

l. ;,,j 

k 

0.14 

0. 1;, 
0. ].-, 
0.12 

O.l:l 

0. J;i 
0. l!J 

0.21 

o.:H 
o.:l:l 
0.24 

0.27 

0.4::1 

0.44 

o. :m 
o. :m 
o.:n 

o_;,4 

0.8:! 

l. 14 

l. 70 

1.!l2 

1 . ;,,-, 
I .07 

o.s.-, 

l .O:l 

1.42 

I. :;s 
1.21 

1.02 

0.8!) 

0.72 

0.(i4 

0.:.2 

0.47 

0.41 

o.:i.-, 
0.2.i 

0. IS 

0.21 

0.20 

0. ].) 
O. IS 

0. l\J 

0.17 

0.12 

0. ].j 

:\Ion t.morillonite 
(222h) 

n 

2. IS 

2.17 

2. 18 

2.24 

2 .2:i 

2.22 

2.22 

2.27 

2.24 

2. Hi 
2.1:; 

2.20 

2.20 

2.27 

2.:n 

2 .40 

2.:;o 

2. ;il 

2 .. -);.� 
2 .. -,8 

2.(i4 

2 .4.-, 

I .• 'ii 
l _4,-, 
l .4G 
l .!iS 

J . !ll 

1.80 

I .4!i 

1.22 

1.12 

l .O!i 

1.02 

o_m.; 

1.00 

1.0•i 

1.07 

I .OS 

l .O!l 

1.14 

1.1\l 

1.22 

J. 2:, 

1.2!) 

I. :n 

1.:l7 

1. :n 

1 _:;s 

k 

0. l!i 
(). 1!J 

0.17 

0.21 

0.2(i 

0.28 

0.27 

0. :J:l 
0.41 

0.42 

o.:i4 

o.:;4 

0. :J2 

(). :;:; 

o. :n 

o.:m 

O.!il 

(). f\:l 

0.72 

0.87 

I. IO 

I .. -,s 
l. 71 

I.:{.) 

O.!J\J 

0.80 

O.\l8 

I .40 

l .2fi 

I .OS 

0. \Hi 
0.8.) 

0. 7;1 

0 .. -i!l 

0 .• -,2 

0.47 

0.42 

o.:m 

0.27 

0.2.) 

0.22 

0.20 

0.14 

0. IS 

U. rn 
0. lS 

0. l(j 

n 

2 .4:l 

2.4::1 

2.4\l 

2.:l::I 

2 _,)\) 
2. ()�) 
2.7::1 

2.74 

2.(i7 

2.(i\) 

2. \):) 
:�.2H 

:·� . 1.-) 

2. 7fi 

2 .:n 

2.(i4 

2.k:l 

2.Ki 

2.72 
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2.::10 
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2.07 

1.Hl 

1.:,4 

1.m 

1.\ll 
l.S2 

1 .. )2 

1 . ;,:i 

l . !l:l 

I. !J,) 

l.S2 
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1.:m 

l .4fi 

l .fiO 

1. :,s 
1 .. w 
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l .fi7 
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I .Sl 

k 

O.O:J 

(),()(j 
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0.08 

o.on 
().11 

()_}() 
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o. :m 
0.2:; 

(). 2:) 

(). ::11 

J .:34 

1.2:1 
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() .. -,.-, 
0.74 

O.\l.i 

l . I :l 

1.2;) 
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I .2•i 

1.2\l 

J .2!l 

1.2\l 

1.24 

0. 7,-, 

0.7S 

l .Oii 

0.97 
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O.fiO 
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O.!Jl 

(l.\)4 
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0.4.i 

0.47 

o_.-,1 

0.41 
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0.2S 

0.27 

0.27 
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TABLE III-(Continued) 

Frequency Wavelength :VContmorillonite .:\Ion tmorillonite Granite 
(cm-1) (µm) (219b) (222b) 

n k 
n k n k 

730 13.7 1.55 0.16 1.31 0.14 1.81 0.32 

740 Ia.!i 1.51 0.12 1.41 0.09 1.83 0.28 

750 13.3 1.62 0.16 1.49 0.10 1.89 0.30 

760 13.2 1.62 0.16 1.56 0.08 1.92 0.33 

770 13.0 1.67 0.24 1. !i5 0.11 1. 9;3 0.43 

780 12.8 1.59 0.23 1. .'iii 0.14 1.85 0.4.'i 

790 12.7 1.56 0.28 1. ;)7 0.14 1. 77 0.47 

800 12.5 1.48 0.14 1.63 0.10 1.ti5 0.40 

810 12.4 1..57 0.07 1.63 0.13 1. ti4 0.19 

820 12.2 1.ti4 0.05 1.63 O. lii 1. 78 O. l ii  

830 12. l 1. 71 0.09 1.ti6 0.15 1.83 0.13 

840 11.9 1. 71 0.11 l .fJ9 o. rn 1.88 0.12 

8.'iO 11. 7 1. 71 0.08 l .fJ9 0.19 1.92 0.10 

8ti0 11.6 1. 79 0.07 1. 69 0.19 1. 98 0.08 

870 11.5 1.85 0.12 1.f)8 0.20 2.03 0.08 

880 11.4 1.84 0.15 1. 70 o. rn 2.08 0.07 

890 11.2 1.84 0.13 1. 77 o. rn 2.15 0.08 

900 11. l 1.90 0.17 1.82 0.23 2.19 O.OfJ 

910 11.0 1.90 0.20 1. 79 0.29 2.29 0.11 

920 10.9 1.90 0.20 1. 74 0.23 2 .:3:3 0.12 

9;30 10.8 1. 91 o.rn 1.81 0.24 2.40 0.12 

940 10.fJ 1.98 0.15 1.82 0.22 2.f>O 0.16 

950 10.5 2.0.5 O.V> 1.89 0.22 2.57 0.18 

960 10.4 2.12 0.14 1. 96 0.22 2.68 0.17 

970 10.3 2.25 0.17 2.07 0.30 2.90 0.22 

980 10.2 2.37 0.25 2.12 0.34 3.15 0.40 

990 10.1 2.51 0.28 2.25 0.40 3.37 0.67 

1000 10.0 2.78 0.59 2.40 0.66 3.46 1.2.'i 

1010 9.9 2.76 0.88 2.3;) 0.91 3.16 1.66 

1020 9.8 2.69 1.24 2.28 1.11 2.89 1.84 

1030 9.7 2.54 1.48 2.14 1.37 2.til 2.02 

1040 9.6 2.32 1.80 1.92 1 Ji6 2.30 2.08 

10.'iO 9 . .'i 1.95 2.02 1 . .');) 1. 70 2.06 2.0() 

1060 9.4 1.39 2.0fJ 1.19 1.()2 1.95 2.0.'i 

1070 9.35 1.00 1. 77 0.93 1.45 1.66 2.14 

1080 9.26 0.86 1.44 0.78 1.22 1.40 2.02 

1090 9.17 0.8fJ 1.21 0.71 0.99 1.23 1.8;) 

1100 9.09 0.92 1.07 0.74 0.79 l .19 1. 71 

1110 9.01 0.9;) 1.04 0.89 0.69 1.13 J.()7 

1120 8.93 0.91 l .03 0.98 0.76 1.00 1.63 

1130 8.85 0.85 0.98 0.80 0. 7:3 0.88 l .5:l 

1140 8.77 0.77 0.91 0.70 0.64 0. 7,3 I.:38 
1 LiO 8.70 0.73 0.80 0.fJ9 0.49 0.83 1. 2fi 

1160 8.62 0.74 0.70 0.72 0.37 0.73 1.2:1 

1170 8.55 0.74 0.64 0.7() 0.30 0.64 1.14 

1180 8.48 0.71 O . .'i9 0.79 0.23 0.58 1.01 

1190 8.40 0.68 0.48 0.89 0. 1.5 0.55 0.87 

1200 8.33 0.72 0.37 0.97 0.14 0.56 0.75 

1210 8.26 0.77 0.31 l .01 0. 14 0.56 0.64 
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TABLE III-(Continued) 
·---·-·----

Frequency Wavelength 
(cm-1) (µm) 

Montmorillonite 
(2Hlb) 

--"·--

n 

---- ------ -

k 

:VIontmorillonit e 
(222b) 

�- ------------

n k 

Granite 
------

n k 

-- ---------------------------

1220 8.20 

1230 8. rn 
1240 8.07 

1250 8.00 

1260 7.94 

1280 7.81 

1300 7.69 

13 20 7.58 

1:140 7.46 

1360 7 .:{.) 
1aso 7 .2;) 

1400 7.14 

1600 fi.25 

1800 ;) . .'i6 

2000 ii.00 

0.82 

0.8fi 

0.87 

0.95 

1.00 

1. Oi) 

1.08 

1.11 

1.14 

1. 17 

1 . 1 !l 

1. 20 

l .:12 

l .:n 

1.42 

0.2(\ 

0. 2:1 
o. rn 
0.16 

0.14 

0.11 

0.0\l 

0.07 

O.O(i 

0.0;) 

0.04 

0.04 

(J. 01 

0.008 

o. oo;; 

1.04 0.14 0.57 O . .'iO 
l .07 0. 12 0.64 0.35 

I. 11 0.11 0.79 0.26 

I. 12 O.O!J 0.88 0.16 

1.1:1 (J.08 0. 9;3 0. 14 

I. Li 0.06 1. 00 0. 11 

1.17 0.0:> 1.07 0.09 

l .  l!l o. o,-. I .12 0.07 

1.21 0.04 1. 16 (J.06 

1.22 0.04 1.20 0.0.'i 

I. 2:1 o. oa 1.22 0.04 

1.2.'i 0. ();3 1. 24 0.04 

I . :n 0.01 1 .:10 0.02 

l .:12 0.007 1.42 0.008 

I .:)7 0.004 l .4\l O.OOii 

--------·----- -- - ----- -- - - ---------- -- ---------------- - ------·---

the infrared optical constants of two mont
morillonite samples and one granitP sample> 
for this study. The details of our work on 
the optical constants of thes<' materials 
are described by Toon (197;)) . The chemi
cal makeup of the samples ;;tudiPd and 
the numerical valu!'s of thP optical con
stants arc givm in TablPs II and I I I .  
K otP that optical constants arc difficult to  
detPrminc in  the infrared and Prrors ar<' 
wavelength-d0pcndent. Thc rPal part of 
th<' rpfractivc index 11 can be found accu
ratdy at all wavdengths ; thP gr!'atPst 
Prrors arc """'!)%. The imaginary part K 
can be found accurately in thP band:-;, but 
when K < 0 . 1 , t he errors may becom<' as 
large as a factor of 2. For example, Toon 
(1975) shows that the Kranwn:- Kronig 
tcchnique for finding refractivP indicps fails 
rwar 1 300 cm-1 and prPdicts a K for mont
morillonite 219b that is larg<·r by about 
30% than the value) found from �L dis
pPrsion techniqu<'. The· KramPrs--Kronig K 
yie,lds a brightnt>ss tPmpPraturc SPV<'ral 
degrc'es low<'r than that calculated from 
the dispersion K. The region near 1 :300 
cm-1 is particularly difficult to study. 
Near 1300 cm-1, u � 1 ,  so absorption 

dominate:;;. Howe·vcr, since K is uncertain 
near 1300 cm-1, the absuption cannot be 
calculatc•d with great accuracy. The region 
near 1 ;300 cm-1 is dso confused by in
accuraci<'s in our radiative transfrr tech
nique and by numerous C(h bands be
tween 1300 and 1450 cm-1 (Maguire, 
private communication) . For these reasons, 
we do not gn'atly emphasize our fit to the 
PXp<'rimental data near 1300 cni-1• 

A fundamental problem with interprda
tion based upon thP optical constants of 
rocks and minerabi stems from the chemical 
variability of thPsP material:-;. Most rock
forming minPrals ar<' solid solutions of two 
or rnor<' pnd membc'rs and thPir optical 
properties vary continuously over a range 
corresponding to the rang<' of chemical 
composition; a fact widdy usPd for min
Pralogical analysis. Hocks arc cv<·n ]ps1:5 
well deti.nc'd and a given rock typ<' such 
as "andP:-;ik" may embrace many dif
frrent minPralogic contents and t<•xtures. 
ThPrefon', it i:-; not rc•ally usdul to obtain 
highly aceurnt<) optical constants for any 
single rock . Orw rnul:lt al:m take the• vari
ability into account when deciding what 
constitutes a fit to experimental data. 
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b 

a 

g 
� a Water -� b Carbonate ( 16 %) -b 
� c Quartz (6 %) 

d Illite ( 19  %) 
e Montmorillonite ( 35 % ) 
f Kaolinite (20 %) 
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FIG. 6. An infrared spectrum of natural terrestrial dust, adapted from the work of Hoidale and 
Blanco (1969). The key identifies the composition of the dust by weight percent and identifies the 
spectral features. 

Dust grains of the size composing 
Martian dust are smaller than the indi
vidual mineral grains that form many 
rocks. It is possible that the optical con
stants of a bulk rock will not simulate 
the optical behavior of the same rock 
dispersed. Glasses and minerals such as 
montmorillonite are fairly homogeneous. 
Laboratory spectra of inhomogeneous rocks 
such as granite seem similar to what one 
·would expect using bulk measurements of 
optical constants. For example, the cal
culated spectra we show of granite, basalt, 
and montmorillonite are quite similar to 
the laboratory spectra published by Hunt 
et al. (1973), especially considering possible 
size distribution differences and the fact 
that our calculated spectra include emis
sion from the dust. 

The compositional information content 
of a spectrum depends on the similarities 
among the spectra of different classes of 
materials. For example, we have repro
duced in Fig. 6 a typical infrared trans
mission spectrum of "natural" terrestrial 
dust suspended in a KBr pellet. This dust 
was filtered from the atmosphere over a 
desert basin in south-central New Mexico 
by Hoidale and Blanco (1969). They iden
tified the major features in the spectrum 
and reported the dust to be about 35% 
by weight montmorillonite, 203 kaolinite, 

and 19% illite, with small amounts of 
calcite (16%) and quartz (63). For ma
terials such as calcite with strong bands 
well removed from the silicate reststrahlen 
features at 1100 and 500 cm-i, it is easy 
to derive mineralogical information from 
only a qualitative study. For silicates, 
however, a qualitative identification cannot 
easily be made because many of the bands 
overlap. It is well knmvn (e.g., Hanel 
et al., 1972b; Lyon, 1964) that the Si02 
stretching mode near 1100 cm-1 is pro
gressively shifted to lower frequencies as 
the Si02 content of igneous rocks decreases. 
By quantitatively taking JV (r) shifts of the 
band into account, it is possible to de
termine the approximate Si02 content, 
assuming that the rocks are igneous. The 
clay minerals have never been studied 
systematically to determine how Si02 con
tent affects their band positions. 

Hunt et al. (1973) have interpreted IRIS 
spectra by comparing the band positions 
in laboratory transmission spectra with the 
band positions in the IRIS spectra and 
by noting the remarkably smooth band 
profiles of the IRIS spectra. The IRIS 
spectra resolve numerous fine gaseous ab
sorption features; they should resolve fine 
structure in the dust bands if such structure 
existed. Our calculations show that emis
sion, absorption, and scattering in a size 
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F1a. 7. The erniHsivity and tnwsmissivity of a dust doud calcnlated for the standard <"ase. Also 
shown is the emissivity of the ground cloud Hystem which includes huth the light emitted by the 
d1rnt cloud and the light emitted by the ground and transmitted through the cloud. All quantities 
are defined relative to the intensity of a blackbody at the ground lemperntme, 7' = 2(i.i°K. 

distribution of dust dews not d<'stroy finP 
fraturPS in the PmPrgPnt intiensity SlWCtra. 

The difficulty with the approach of Hunt 

et al. (1973), as thPy Pntirdy m1ticipatPd, 
is that comparing a laboratory with a field 
spPctrum nPVPr producPs a positiv<' idP11-

titication. It is tthrn:vs pos:,;ibl(' that S<'VPrnl 
nrnt<'rials may have; thPir lmnds in the 

correct pm;ition and have· fairly smooth 

bands. JVIowovPr, a compari:-;on of the• 

:-;pPc trn of Hoidalc and Blam·o ( 19G9) 
(shown in Fig. 6) with thmw of Hunt et al. 
(1973) shows clearly that t h<' :-;pPctrum 

of a mixture� of nrnterials has mueh kss 
firw :-;tructur<' than the spe·C'trum of any 

of the· individual compmwnts. Sinec• a mix

ture• of mirwrals is vnry plausiblP gc•ologi

cally . one cannot exeludP mate•rials 011 the· 

bt1si:-; of the smoothrH•s:-; of tlwir bands nor 
put any limits on t he" rdativc· amounts of 

matc·rials that hav<' bands at fairly similar 

frC'qtH•nci<'K. 

A factor not eon:-;idprc•d in our eakula

tion:-; is the shapC' of thP dust partielPH . 

WP havP simpl_v as:-;umPd th<' particlPK arc• 

sphpn•:-;, and htwc Pmployc•d Mi<· tlwory 
to ealeulak the� optical propl•rti<'s of the 

du:-;t particl<'s. 8PvPnd <·xpPriments u:-;mg 

partic!Ps ·with x '""-' 1 ,  K :-;mall, and mod

PratP dPviations from sph!'rical shape have 

shown that MiP theory can be a good 

approximation for nonsphpricttl particle•:-; 
(GrPPnbPrg et al., 1971; Zerull and Gi<'K<', 

1974). Calculatiorn; for wry small Pllip

soidal particlPs with h igh valu<'s of K show 
that MiP th<·ory is a usdul approximation 

if thP particlPs an• roughly c·quidinwm1ional 

(GrPPnhPrg, l!J7:z). H<'rc we an• interC'ste·d 

in p articlPH having x ,......, 1, larg!' K, and a 

distribution of :-iiz<'s. Unfort unatdy, the 
pffoct of partielc• :,;hapl' for thPse paranwtPr:-; 

has not lwPn invPstigated. How<'v<'r, W<' 
bPli<'ve that if t he dwit partic!Ps in the 

.Martian du:-;t Htorm WPn• roughly Pqui

dinwn:-;ional and not llPl'dlPK, for e·xampl<', 

th<'n Mic• thPory \Yill lw adc·quatc· for our 
<"akulaticmH. 

\VP hav<' illu:-;trafrd the· import:rne<· of 

thP fr<'<' paranwt<•r:-; for thf' c·nwrge�nt int<·n

sity Kp<'C'trum and ther<'by dC't<'rmined that 
r*, 7'�, S (r), and eompo:,;ition can be 
found with varyin!!: d<'gr<•c•K of prc•ci:-;ion. 

ThPr<' is also much to b!' gaim•d by 

c•xamining thl' phy:-;ieal mPchanisrns t.hat 
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Fm. 8. Comparison of the IRIS spectra from Orbit 56 (top) and Orbit 8 (bottom) with calcula
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give rise to the emergent intensity spec
trum from a dust cloud such as the 
Martian one. 

Figure 7 presents the emissivity and 
transmissivity of the dust cloud for our 

standard case. Although the total emergent 
intensity, or ground-cloud system emis
sivity, looks superficially like the trans
missivity, it is modified significantly by 
emission from the dust that fills in the 
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bottoms of the bands. The shape of the 
emission spectrum of the cloud is crudely 
the inverse of the shape of the w0 spectrum 
(Fig. 2) , except in the region near 1280 cm-1 
where the single scattering albedo has a 

minimum that occurs because the real 
part of the refractive index is close to 1 
and the imaginary part of the refractive 
index is small. This behavior would lead 
to an emission peak at the Christiansen 
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fmquency (here defined as the frequency 
where the real refractive index equals 1 )  
i n  an optically thick emitting cloud (Hunt 
et al. ,  1 973 ) .  Figure 7 demonstratPs that 
the transmission maximum occurs beyond 

1400 cm-1 and certainly is not near the 
1 280-cm-1 Christiansen frequency. 

Since the Christiansen frequency is a 
function of rock type, it has been valuable 
for compositional studie8 of optically thick 
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silicate• powd('rn (Logan et al. , 1 973 ) .  Corn'l 
( 1969) has shown that the transmission 
maximum of powders will occur at their 
Christiansen frequency if the particles arc 
l arge enough. However, for quartz, Corn'l 
demonstrated that the frequency of the 
transmission maximum becomes shifted to 
frpquencies higher than the Christiansen 
frequency \vhen r ;'.$ IO µm. Physically, 
this happens because the transmission 
through an optically thin powder has a 

a 
280 

.i;::_ 
O> 270 c .... 

CD 

250 

24 0 

I I I I I I 
:, � I 11 I ' ' • "  1 1 1 , , ,  1 ,  , ,  ¥ ,, I 

0 
n 

maximum when the optical dPpth is muu
mum, which occurs close to the minimum 
in th<' extinction efficiency. For particl<'s 
largP comparPd to the wavelength, the 
extinction has a component due to scat
tNing and so has a minimum where w0 is 
minimum, which is also wh0n� n = 1 .  For 
particlPs small compared to thP wave
length, the Pxtinction depends on the ab
sorption and may thPrefore show no mini
mum npar n = 1 since the absorption 
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1 fit. 
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depends on K, not 11 . The effret can b<' 
seen experimentally for quartz in tlw work 
of Tuddenham and Lyon (1960) .  Our 
n�sults confirm Conel 's contPntion for ma
terials other than quartz. 

ANALYSIS OF IRIS 8PECTRA 

Figure 8 and 9 pn'sent IRIS spectra 
from a series of orbits spread through the 
early months of the Mariner 9 mission. 
The data are the solid curv<'s with Prror 
bars and arc graphed at approximatdy 
10-cm-1 resolution, so many of the gaseous 
absorption bands below 480 and abovP 
1 300 cm-1 are not wdl rPsolvPd. The 
region from 550 to 850 cm-1 is occupied 
by an intense C02 absorption band which 
we have omittPd for clarity. Th<' diffuse 
bands centered n<>ar 1000 and ;)00 cm-1 
are due to the suspended particles in the 
dust storm. 

In Figs. 8 and 9, thP dash<'d curvPs 
show our best fit to the I IUS spPctra, 
using the optical constants of quartz, 
basalt, andesitP, basaltic glass, obsidian, 
granite, and two samplPs of montmoril
lonitc. None of thPse materials alone can 
account for the spectral f PaturPs of the 
dust in the 1 97 1-1972 dust storm. Quartz 
and granite have too mueh strueturP in 
their bands, and thP low-frpqumcy quartz 
bands arP too strong. Andcsit<', bmmltic 

glass, and basalt have both thPir bands 
at v too low to tit the obsC'rv<'d s1wetra. 
ThP 500-cm-1 band of obsidian is too sharp 
and too strong rPlativ<' to the 1 100-em-1 
band to tit thP data. Both montmorillonitP 
samp!Ps have too strong a band at ;iOO 

em- 1; both have a sharp doubl<· band at 
;)00 cm-1 that dews not ap1war in th<' 
IRIS data ; montmorillonite 222b is too 
WPak in the n•gion bPtwPPn lOiiO and 
1 200 cm-1 to fit th<' data. We· haVP in
vPstigated a \Yide varidy of ehang<'s in 
the frpe paramdprs, but hav<' bPPll unable 
to makP a better fit to th<' IRIS s1wetrn 
using these materiab. 

The numbPr of rocks and mi1wrals that 
em1 be studied is sevr�rely limited by the 
lack of optical constants. Perhaps some 
oth<·r single material can tit all the data. 
An important finding in our work is that 
the brightness temperature band centers 
1war 1 100 and ;)00 cm-1 occur very close 
to the frequPncy of maximum reflectivity 
for the polished slab. One ean therefore 
turn to laboratory spectra (e.g. ,  Lyon, 
1 964) and sParch for materials with 
smooth bands that peak at �490 and 
""· lOHO enc1, and in which thP 490-cm--1 
band iH lcs8 devdoped than the 1090-cm-1 
band. For examplr., rhyolite tits all thcHc 
eritPria, although its low-frequency band 
may fall short of 490 cm-1 •  

One could probably discover othPr can
didatP matPrials by searching the literature 
for spt•etra or compiling spPctra in the 
laboratory. This would not be a fruitful 
e·ndPavor primarily bPcause one could 
probably make mixtures of many matc·rials 
whose Hpectra would then fit the dattt. 
For exampl<•, shales and sandstmws, Pspe
eially thosP eompos<�d mainly of clays and 
quartz (Hunt and Salisbury, 1 97;)), \Y<rnld 
se•e•m to lw good candidates. Figure IO 
Pxhibits the mmlt of mixing rnontmoril
lonitP and lmsalt. Bmm l t ,  andPsitP, an

orthrniit<-, and probably many plagioclase 
f Pldspars arc obvious candidates to con
sidPr in a mixture bccaus<· their bands at 
000 cm-1 ttrc w<'ak and contain little 
structure, as noted by Hunt et al. ( 19n) 
and by Aronson and I�mslie (197;)). IndePd, 
thn fit around ;)00 cm-1 (Fig. 10) is PX

ePllPnt. Figure• S shows that basalt and 
andcsitP havr· their 1 100-eni-1 band;.; at 
fr<'quenciPs too low to r·xplain the Mari
ll<'r 9 obsprvations. Aronson trnd Emslie 
(I !l7ii) , whose airnlysiH iH considPrably dif
frrent from our O\Yll lwcaus<' it includPs 
thP pffpctH of particle shape�, r<'ached the 
same conclusion for anorthositP and andc
sitP. Figun• 1 0 ,  as wdl as th<' work of 
Aronson and Emslie, suggPsts that if basalt ,  
andesitc, or plagioclase feldspars ttre prP-



MARTIAN DUST STORM 683 

260 �---�-------T- ------,----------c-- ----1 

2 5 0  

t .. 
� 240 

� 2 5 0  
E 
� 

"' "' 
"' 

� 
"' 

� 240 

TGrnd •258°K 
r •0.8 

� 

\ 
' ,� \ A;iei.1 

\� ; \p  ''6 � 
230 TGrnd_ • 265°K 

T' L5 

q 
4\ 

.4 A', 
& 

l 
i / 1 

,i 

I 

o 50% Basalt 

50% Montmorillonite 2 1 9 b  

D. 75 % Basalt 

25 % Montmorillonite 219 b 

200 400 600 800 1000 1 200 1400 1600 1800 

F r e q uency (cm" 1 J  

Fm. 10. Orbit 8 and 56 IRIS spectra are contrasted with spectra computed for a 503 basalt and 
montmorillonite 219b mixture ( O) and for a 753 basalt, 253 montmorillonite 219b mixture (.6.). 

sent, then the Mariner 9 data can be fitted 
only by having a substantial additional 
component of highly siliceous material. 

Although we do not believe it is pos
sible to determine the specific minerals 
composing the dust in the 1971-1972 
storm, we do believe that some general 
compositional information can be obtained. 
Igneous rocks and minerals have their 
1 100-cm-1 bands shifted progressivPly to 
lower ,, as their Si02 content decreases 
(Logan et al. , 1973). Our study includes 
granite and obsidian, which have Si02 
contents of 71  and 763, respectively. 
These rocks provide fairly good fits to the 
location of the 1 100-cm-1 band wherc•as 
basalt, andesite, and basaltic glass with 
Si02 contents of 53 and 543, respectively, 
provide poor fits. We did not study any 
igneous materials with Si02 contents near 
603, but their band positions should lie 
between those of the acidic and basic 
materials we did study. W c agree with 
Hanel et al. (1972c) that the dust might 
be composed of an igneous rock with an 

Si02 content between 60 and 703. How
ever, the IRIS data are most consistent 
with acidic rocks and therefore the Si02 
content is probably greater than 653. 
We do not agree with Hanel et al. that 
the average Si02 content could be as low 
as 503, because the spectra of all basic 
rocks we studied clearly disagreed with 
the observed spectra. Hanel et al. adopted 
the 503 lower limit because they were 
only able to make qualitative comparisons. 
Although their comparison suggested about 
603 or greater Si02 and was inconsistent 
with 503 Si02, they felt that size dis
tribution effects or other uncertainties in 
a qualitative comparison might allow 
503 Si02. 

Although the band shift with Si02 con
tent is ;veil known for the igneous rocks, 
it has not been studied for ;veathering 
products such as clay minerals. We in
vestigated two montmorillonite samples, 
one (219b) with about 633 Si02 and the 
other (222b) , .533 Si02 by weight. Their 
maximum reftectivities were at the same 
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wavPl (•ngth ; only t lw valuPs of th<' rdl<'<'
t ivit iPs diff PrPd . ThP ChristiansPn fn·qu<'ll

cif's did shift with SiCh contP11 t.  how('V<'r. 

ThP Si02 confrnt WP PstimatPd rn11 lH' i n  
Prror i f  clay mi1wrals am ;;igniti cant con

stitu<>nts of the dust-storm part ie!Ps . I t  

woul d also bP quitn difficult to s<'para t P  

the clay minerals from a cornposit P S\H'e
t rum. Montmorillonit<> and illitP ar<' indi:-;

tinguish abl c at 1 1 00 cm-1,  and k twl init r • 

(Hunt ct al. , 1 97:3) sePms to hav<' a fairly 

strong band n ear 900 em- 1 •  Th<>n� is i n  

fact a wPak shouldPr in t hn I IUS data 

rrnar 900 em-1 and it  is difficult t o  (•xcl udc 

kaolinitP as a comp<m<>nt of t h< '  doud . 

( )n the oth Pr h ttnd, this h ardly amount s 
t o  a positiv<' idPntification sine< '  many 
materials h avP bands in thiH n•gio11 . Thr• 

difficulty of SPparating thP el a_\· rnirwrals 
in a composite spectrum can lw j udg< ·d 
from Hoidale and Bianco's  work dise·ussPd 

<'arliN (Fig. (}) . 
\-VP can plac r � rnorP rc·stric:tivP l imits  on 

materials with bands that arP at frpqunH'iPs 
diffrrcnt from those of Si02 bands. Hunt 

et al. ( 1 973) Pstirnated that calcium car
bonate could not compose• <'V<'l1 ioe_;;. of 

thc� dus t .  A glancP at Hoidale and Bianco's 

spect rum in Fig. () confirms this l i mi t. 
SpPctrn i l lustrat<•d by TuddC'llham and 

StephPns ( 1 97 1 )  show t hat nitrnt <'s and 

borat.('S could be only minor <'onst i tuPnts 

of the dust .  HowPVPr, i t  would h<' diffi<'ult 
to put  any l imits  on sulfates and phos
phaks that h avp bands l\Par 1 1 00 cm-1 

and 011<' could put only m·ak ( «t)01'.�,) 
limits on arHPntdPR, vanadat<'s, mol:-,·bdate•s, 
and t ungstates, :tll with bands 1war 900 
e·m-1 • ThP siwct ra of earbon-suboxidP 
mononH'r and polynwr (Smi th <'I al. , l \J(i:�) 
dnnonst rate that carbon suboxidr·s eould 
at n1o;;t lw a V<'ry minor eonstit \l('Jlt of 
the dust . 

Tlw iron oxides have spect ra t hat cliff Pr 

significantly from the I RIS spnet rn . HPma
t itn (AdlPr rt al. , 1 9ii0 ; Hunt el al. , l !l7:3 ; 
Salisbury, privat<' comrnunied ion , l !l74) 
h :�s, i n  it;; pure form, no band 1war 1 000 

< ·m -- 1 ,  but it has a 1 1 um l l< 'r of strong hands 
bdow <iOO <'rn- 1 • A dding he•matitr· to a 

mixtur!' of our pn·viou;; candidate roeks 

and mi1wrah.; will the•rpfore· producP a worse 

fit to th<' I H IR data by str<•ngth(']ling the 

l ow-frc·quenc�· band rdativP to t h<' high

frpqur·nc:-,· mw. Hnnatifr m ust b<' prPs<'n t  
only in small qwmt iti r •s , if  a t  all .  A Sll<'<'

t rum of purP go<'thitP h as l \ ( 'Ve•r hP<'l1 

publishf'd. Adl<·r <'I al. (1%0) and Hunt 

d al. ( 1 97:� ) hav<' publishf'd transmission 
spectra of Si02-(•ontaminatPd goet h it P . 
Tlw:-;p spPctrn show banc\8 bdow 600 cm-1 
and a band at about 900 cm-- 1 •  A r dk•ction 

s1wctrum of :t prf'SKPd pdkt from this 

mat nial (Sal islrnr:-,- , privat r· communica
t ion , H J74) shows t hat t h<' band at 900 enc l 
is wr·ake·r t han t lw bands lwl ow GOO cm- 1 , 
and t hat tlw bands bdow GOO cm-1 hav<' 
about thP sanl(' strPngth a:-; thosP of mont

mori llo11 it < ' . W<' eon cl ucl< - that thPn� i,.; no 

p r niiti v<' <�vide•n<"(' for godh ite', but i t  could 
form a significant fract ion ( < !iWX ) of a 

mixt un· of matr·rial :-; . Hunt el al. ( rnn) 
haV(' �drPady pointed out that a thin 

frrrir�-oxide shLin o n  the part iel< 's would 
have al most 110 <'ffr•et on t h e· s1wctrum. 

For < 'xampl P , mon tmorillonit c· :2 1 9b appears 
\Yhi tP to th! '  e•y< • ,  but mont moril lonite :22:2b 
app<'ars n•d. Tlw diff! 'n'ne <' l)('t\H'<'n t hP 

amount of i ro n  oxidP in thr•sp t wo rni1wrals 

(Tabl < '  I f ) is on ly w; ;) and t hC'i r i11frnn·d 
s1wct rn diffPr v<'r.v l ittl ! '  ( Fig. S J .  

Th<· parti el c· ;;iz(' distribution plays an 
importan t  role ·  in d<'tPrmi11 i11g th<·  \ntV<'

kngth d<'rwnd<·neP of thP r·rn< 'rgPnt int e·n
si ty.  If t h<' eomposit ion of th<' dust W< ' l'n 

k nown indqwncle·n tl y , it would be· posr.;ibl e 
to obtain a r!P t ai!Pd dPscript ion of the siw 

distribution from the• i nfrarwl s1wct rn. \Ve 
hav<� e·x1wrim f'n t e ·d \ri t h  many diff('J'Pnt 
.\ (r) eombi 1wd with diffPrPnt r* and T,,. 
but \n• lrnv<' obt ai 1wd the lwst rPsults ,  for 

all nrnt!'ri�tb inv< ·stig;at c ·d , u"i ng siz<' di;;
tribution 1 Nh own in Fig . .  i .  FigurPs 4,  S, 
and H d<·monstrntP that :-;iz<' dii-itribution;; 2 

and :� . :dso i llustrat e •d i n Fig . ;), p roduc·c 
m ueh poon•r f it s to t lrn cbta :tt 1 1 00 and 
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below 500 cm-1 than does size distribu
tion 1. Because the results are so sensitive 
to N (r), and because we obtained our best 
fits for all the materials with size distribu
tion 1 ,  we conclude that this distribution 
is close to the actual size distribution of 
particles in the dust storm. As pointed out 
earlier, the only significant information 
from the size distribution is its slope be
tween about I and 10 µm. 

One very surprising discovery is that 
the size distribution that gives the best 
fit for the earliest orbits also gives the 
best fit to the latest orbits. Again we have 
tried many combinations of T* and Tg 
with the N (r) trying to obtain good fits. 
In Fig. 4, we show that, for the conditions 
of Orbit 8, size distributions 2 and 3 give 
significantly different brightness tempera
ture spectra than do0s size distribution 1. 
Figure 8g shows that size distribution 1 
fits the data of Orbit 8 moderately well. 
In Fig. 9, we show attempts to fit mont
morillonite to orbits spread from Orbit 80 
to Orbit 154. Montmorillonite alone does 
not provide a perfect fit to the data. 
However, for all orbits the same distribu
tion gives the best fit to the width of the 
1000-cm-1 feature and to the opacity near 
300 cm-1• A size distribution such as size 
distribution 2 with fewer large particles 
provides a poorer fit, especially near 300 
cm-1, implying that the ratio of the numb0r 
of particles of size 1 µm to those of about 
10 µm remained approximately constant 
during the decay phase of the Martian 
dust storm. 

Another parameter studied is the aerosol 
optical depth, T*. We have shown typical 
infran•d values from our fit of montmoril
lonite to the Orbit 8 data in Fig. 2. For 
each orbit studied in Figs. 8 and 9, we 
also obtain an estimate of T* at 0.3 µm, 
which we used as our reference wave
length. Figure 11 is a graph of our T* and 
those obtained by Pang and Hord (1973) 
using the Mariner 9 ultraviolet spectrome
ter. These results arc not strictly com-
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FIG. 1 1 .  Optical depth at 0.3 µm, estimated from 
comparison of calculated spectra with the IRIS 
observed spectra, is given by the solid curve with 
vertical error bars. The horizontal error bars 
represent independent measurements by Pang and 
Hord (1973).  

parable. Our measurements were made 
between - 20 and - 40° latitude and those 
of Pang and Hord were made over the 
Martian South Polar Cap at about - 87° 
latitude. Also, it is rnit clear that we have 
chosen the correct optical properties for 
the rock in the visible, although the 
optical depth at 3000 A is not sensitive 
to the precise values of the optical con
stants. We believe our results substantiate 
the conclusions of Pang and Hord (1973) 
and Conrath (1975) that the dust storm 
clearing was fairly uniform in time. We 
have not analyzed enough orbits, however, 
to detect phenomena such as the mid
December resurgence noted by Hartmann 
and Price (1974). Since our optical depths 
seem rather close to those reported by 
Pang and Hord throughout the dust storm, 
our model of ]1/ (r) for r < 1 µm is probably 
reasonable. We conclude that the shape of 
the distribution between 0 . 1  and 5 µm did 
not und0rgo any drastic changes as the 
dust storm clean�d. Our N (r) for r < 1 µm 
is rather similar to the few terrestrial dust 
size distributions that have been measured 
for r < 1 µm (Gillette et al., 1972). It is 
>YC'll known that the ratio of visible to 
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infrared optical depth is strongly controlled 
by the size distribution of the particl<'H 
(<•.g. , Toon and Pollack, 1 976) . Th<' fact 

that infrared optical dPpths were about as 

large as visible or uv optical depths during 
the dust storm limits the possibl(' size 
distributions bdow 1 µm ; for PxamplP 

(Toon and Pollack, 1976) , given the same 

rpfractivc indices, r* at A. = 0.3 µm would 

be 100 tinws largnr than r* at A. = :30 µm 

if the size distribution at all siz<'s W<'re 
like the r-4 pow«r law illustrakd in Fig. :J. 
On thc> othPr hand, the r-3 pow<'r htw 

shown in Fig. 5 will produce the sanw r* 

at 0.3 as at 30 µm. ThPrPfore th<' size 

distribution for r < 1 µm must liP at or 
bPlow the limit given by th<' r-3 distribu

tion in Fig. 5.  To decidP which is th<' lwst 

X (r) for r < 1 µm would requir<' knowlPdgl� 
of r (A.) at A. < 1 µm. Our size distribution 

yields a mean particle radius WPighted by 
cross section of about 3 µm at :3000 A, in 

fair agrc>ement with thc> conclusion of Pang 

and Hord, but a factor of ;3 l arger than 

the 1war-infrarPd Mars ;3 Pstimat<'s of 
Moroz and Ksanfomaliti ( 1972) and tt 

factor of ;3 smaller than the crude Pstimatc 

of Lcovy et al. ( 1972) for the dfcctivc 

size at 0.588-µm wavelPngth. Th<• mPan 
particle size at 1 800 cm-1 was also 3 µm 

and at 250 cm-1 the mPan particl<' siz<� 
was 6 µm. 

IMPLICATIONS FOR MARS 

Our conclusions about the composition 
of the Martian dust can be put into p<•r
spective by comparison with thP composi
tion of terrestrial, meteorite, and lunar 
dust, by relating the dust composition to 
the surface composition of Mars, and by 
reconciling conclusions from infrared sp<'c
tral data with conclusions from previous 
studies of the Martian surfacP in thP visible 
and near infrarPd. 

Many studies have been made of tPr
restrial windblown dust. Prospero and 
Bonatti ( 1 969) captured soil particles ov<'r 

the equatorial Pacific that were 40-.50% 
Si02 . .  J unge (1 96:3) quoted data showing 

that dust blown from the Sahara has 

:37-753 Si02. The average terrestrial sedi
ment has about 583 Si02 (W<'ast, 1 966) . 

N umf�rous minPralogical studies (Windom, 

1969 ; l'<,t.Prson, 1968 ; DP!any et al. ,  1 967 ; 

Darby et al. ,  1974 ; ProspPro and Bonatti, 

1 969) have shown the importance of rock

forming silicates (quartz, feldspar, mica, 

amphibolP) ,  clays (montmorillonitc, illitc, 

kaolinitP, chloritP) , and carbonatPs in tPr

rPstrial windblown dust. 

Th(' lunar surface matPrial has bPPn 

cxami1wd in spveral studi<'s. Apollo 1 6  

highland rocks and soils had Si02 confrnts 
from 44 to 47 % (Apollo Hi Prdiminary 

Science' H nport, 1972 ) .  Similarly, g;lass<'s 

in the Apollo 1 1  mare soil samples had 
Si02 contPnts from :3ti to 49% ,  although 

one glas:,; sphPre had :J:J% Si02 (Duke 

et al. ,  1970) . Lowman (1976) presPnts 
twerage Si02 contPnts for 15PV<'rnl mare and 

highland sit<·s which rang<' from :39 t o  

48% Si<h 
The Si02 contPnt of nwtPoritPs VttrlPS 

with typ<' : stony irons an' 1 7  to :34% 
Si02, carbonaceous chondritPs are 2:) t o  

;3;)3 Si02, ordinary chondritPs are :36 to 
;393 Si< >2, and achondritPs an· :38 to i'>4% 
Si0 2 (Wood, 19():3 ) .  

Our n•sults for Mars indicat<� that the 

dust partic!Ps wnrP not composPd of igenous 

material with thf' Si02 contt,nt of mPteor

it<'s, tlw lunar surface rockH, or lunar soil 
particlPs. On thl·  othl·r hand, the dust 

could have Le<'n ig1wous mat.Prial with an 
Si02 cont<•nt similar to or pPrhaps <'V<'n 

highPr than that of a typical tPrrrn;trial 
sPdimPnt, or th<' dust could have bPf'n 
composed of clay minPrals similar to those 
that occur on thl� Earth. ThP important 
point is that thn Martian dust has b<'Pll 
diffrrpntiatPd b.v g<·ologic or wpathPring 
proCPSi'l('R. 

Of cours<', it doPs not nf'cPssarily follow 

that the Martian crust nPeds to b<' chPmi
cally t-1irnilar to th<' t PrrPstrial crust . 
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Conrath et al. (1973) have argued that 
terrestrial sediments do not show signifi
cant Si02 differences from the crust, and 
that grain size fractionation might tend 
to make the Si02 content of dust lower, 
rather than higher, than the Si02 content 
of the rocks from which it arose. We add 
to this the above terrestrial observations 
showing that actual samples of windblown 
dust have about the same or perhaps 
slightly less Si02 than the average sedi
ment. Likewise, on the Moon, there seems 
to be little difference between the rock 
and soil Si02 content. Such arguments by 
analogy are rather dangerous, however. 
The Earth's crust is so rich in Si02, com
pared to the Moon or meteorites, that 
windblown dust would have to be nearly 
100% quartz for gross fractionation to 
occur. Moreover, the weathering processes 
on the Moon must be much different from 
those on Mars. Mars has an atmosphere 
and, at least in the past, some water may 
have been present (e.g., Sagan et al., 1973) . 
Huguenin (1974) has suggested a weather
ing process on Mars that would create 
dust with a high Si02 content from rock 
with a lower Si02 content. Thus the high 
Si02 content of the Martian dust does not 
necessarily indicate that the crust as a 
whole has a high Si02 content. Likewise, 
if the dust is made of clay minerals, it 
does not necessarily indicate that the 
Martian crust is as siliceous as the Earth's. 

Many studies of the Martian surface 
composition have been based on visible 
and near-infrared spectra of the Martian 
surface. Visible spectra implied some form 
of ferric oxide on Mars (e.g., Pollack and 
Sagan, 1967, 1969). Salisbury and Hunt 
(1969) have shown that visible spectra 
alone cannot be used to estimate the 
amount of ferric oxide; however, they 
believe near-infrared spectra of Mars limit 
the amount of limonite, goethite, or hema
tite to not more than a few percent. 
Unfortunately, the mid-infrared bands of 
iron oxides are overlapped by Si02 vibra-

tional bands, so we cannot put so restrictive 
a limit on the abundance of free iron 
oxides from the IRIS data. 

Adams and McCord (1969) and Binder 
and Jones (1972) suggest that the bright 
and dark areas of the Martian surface are 
very similar mineralogically. They per
formed laboratory experiments showing 
that basalts coated with iron oxides could 
explain the visible and 1 -µm features seen 
in Mars spectra. The visible and 1-µm 
features are due to transitions in iron 
oxides, and Salisbury and Hunt (1969) 
and Hunt et al. (1973) have emphasized 
that acidic igneous rocks containing iron 
oxides can also show the l-µm spectral 
feature, and that the visible spectrum can 
be controlled by small amounts of weather
ing products such as iron oxides. 

Recent spectra of Mars (McCord and 
Westphal, 1971; McCord et al., 1971) show 
additional near-infrared bands between 1.4 
and 2.2 µm. Sinton (1967) and Houck et al. 
(1973) have observed a strong infrared 
feature near 3 µm. All of these features 
are diagnostic of undissociated water mole
cules (Hunt and Salisbury, 1970). Hunt 
et al. (1974) show that these water bands 
do not occur in unweathered basic and 
ultrabasic rocks. The bands do occur, 
however, in weathering products such as 
clays, in acidic igneous rocks, and some
times weakly in intermediate igneous rocks. 
The lack of such near-infrared features in 
basalt is one reason that Hunt et al. 
(1973) suggested that basalt could not be 
the dominant component of the Martian 
dust. However, both clays and acidic 
igneous rocks have these near-infrared 
bands so one cannot distinguish between 
them on the basis of the near-infrared 
spectrum. 

Our conclusions from the IRIS spectra 
seem to be in accord with those of Hunt 
et al. (1973) based on the near-infrared 
spectrum of Mars. However, our results, 
which do exclude basalt as the exclusive 
dust-cloud component, cannot necessarily 
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be used to reject Adams and McCord':-; 
( 1 969) conclusion. It is possible· that much 
of the dust in the M ar tian dust :-;torm 
came from a n•stricted localP that is eom
positionally atypical , or that dust of a 
cPrtain composition was prf'ferPntially lift Pd 
by the wind due to compositional ehangps 
with particlP  siz<>. IndcPd, sonw mod<·ls of 
dust-storm gen<)ration (Sagan et al . ,  l\l71  ; 

Gicrnsch and Goody, 1 97:i) suggPst that 
much of th<) dust comps from n·;;;t rictC 'd 
localPs such as the Hdlas basin.  Tlw com
position of material in thP HdlaR basin 
may not be typical of thP lVbrtian i-;urfacp 
as a wholP. 

The dust 'liZP distribution also has im
plications for Mars. W <' htwP graphed t wo 
lines of Fig. ;) corresponding t o  S (r) = r- P ,  

one with p "'  : 3  and one with p "'  4. 
Although our DPirmendj ian distributi011i-; 
have a varying slopP, one can SC'('  t hat t he' 
slope is  greater than :3. From :) to () µ11 1 ,  
the slope o f  size distribution 1 i s  rat h!'r 
elosf' to 4.  Size distribution :3 providPs a 
much poor<·r fit to the I H I S  data than 
size di8tribution 1 ,  yd 'liZP liistribution :) 
is only slightly lPss st.PPP than siz(' dis
tribution 1. Thus X (r) with {:J = :3 would 
providP a poor fit indepd to th< ·  I lUS data. 
Sev<•rnl studies havP bP<'ll madP of the  
partick size distribution for r > 1 µIll on 
Ettrth. Schutz and .hwnich ( H l74) i-;tudiP<l 
both the• soil and a<'ro:ml f'iz<' dist ribution 
i n  the Sahara and Gillc· t t !' ct al. ( 1  !)7:2) 
nrndP similar studiPs in rmal .>J Pbrnsk a .  
Schutz and J aPnicke us<'d a w<'t HiPving 
technique Ho that any Joos<� agglonwrn
tions in the aProsol or soil \H'n' hrok<'ll up. 
For 1 µm � r � 10 µm, 

S (r) a: r-13 

with {3 = ;) . The soil X (r) httd a slop<' 
v0ry similar t o  th<' �wrosol value, but th<� 
soil N (r) showPd a rdativ<· maximum 
around :20-·;iO µm radius. Schutz and 
Jaenicke attributed the maximum in t lw 
soil size distribution nPar :30 µm t o  thl' 
redeposition of v<·ry l arg<' particles elose 

to thP source. Small partic!Ps an' carried 
large distancPs, t housands of kilometers. 
During a sandstorm Schutz and J aPnickc 
found that X (r) had the sam0 shape as 
th!' normal clitstribution, but had a largPr 
number of particles of f'VPry sizP. G illette 
ct al. found tlw a!'rosol sizP distribution 
to lw t hP :mrrw during pPriods \Yhen th Pre 
was a v<'rt ical flux of twrosol in a dut-it 
storm as whPn t h<'n' w as not. Gil l <'tt<' et al. 
also :-;tudied thP soil and aprosol sizP dis
tribution lwlow 1 µm, and t hc·y eondud<'d 
that clay partielPs ( < 1 µm) pr<)Sf•nt in the 
soil dumrwd togd.hPr to form l arg<'r ag
gn·gat!'s in tlw twrosol bPcaus<' th<) wind
<'ro'lion nwehanism was unahlP to disint<·
grntP tlw agglonwrntPs of soil part icles. 
I n  a subs<'qumt pa1wr, GillPt t P  ct al. 
(I !J7 4) eonfirnwd t hat th<' a<'rosol and soil 
cfo;tribution lwtw<'<'ll r = 1 and 10 µm had 
a slop!' with f3 ,..._, :3 . Hmn•vPr, by frePing 
thP clay particlPs from th!' soil , thPy WP!"<' 
ablP t o  produc<' a dist ribution with a 
:-;tp< •p<•r slop<' from ;:, to 10 µm, alt hough 
t lw slop<' lJ<'canw small<•r from 1 t o  ;) µm . 

A noth<•r significant sPt of .\" (r) mPaSur<'
nwnt s  \rnf' made by Gold ct al. ( 1 970) of 
t h!' i-;ize dist ribution of lunar du;;t. ThPy 
found a pm\·<'r law with /j "'-' ;) for 1 µm 
< r < 1 0  µm . 

In ttddition to :-; tucliPs of S (r) at the 
soure<' rPgions,  thPre hav<' bc•Pn studiPN 
farthPr from t h<· l-iOUfC<'. Pf'tPrson (1\lG8) 
<'Xami1wd thP siz<' distribution of dust at 
altitudPs l)('tWPc·n 0 . .i and 10 km over the 
H aj asthan Dc•RPrt in nortlnn·:-;t India, and 
found a pmn·r law bC'twPPll 1 and 10 µm 
w ith a slope of about :) . .i. DP!an.v ct al. 
( 1 9()7 )  invPstigatPd \\·ind-bornP dust 011 tlw 
i:-d and of Ifarbadoi-; whiPh thc•y lwliPv<'d 
t o  hav<' originat<·d i-;om<' .iOOO km a\\·a.v in 
Europ<� nnd Africa. The :-;iz<' distribution 
was elos!' to a po\\·<·r l aw and had a slopp 
of about ·Li.  .J aPnickP (Schutz and .J a<'
niekP, 1 974 ; .Jung<', 1 97:2) measured thl· 
size di'ltribution of thP Sahara dust about 
LiOO km from the African com;t and found 
a sizP distribution from l to 10 µm t hat 
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was much steeper than one with a slope 
of f3 = 3 .  

A comparison of  our rPsults for the 
Martian dust-storm size distribution, 
f3 ,...._, 4, with the forPgoing results for the 
Earth and Moon leads us to three alter
native hypotheses. First, the Martian dust
storm size distribution may be the same 
as the Martian soil distribution, which in 
turn is different from Pithcr the terrestrial 
or lunar size distribution by having rela
tively more 1-µm particles. That is, the 
Martian soil might be richPr in clay-sized 
particles than either the Earth or the 
Moon. Alternately, Mars may have the 
same sizP distribution as the Earth but, 
as suggested by Sagan and Bagnold (1975), 
the cohesion bf'tween grains may be less. 
Thus the clay particles may not clump 
togPther, yielding a steeper aerosol size 
distribution in the manner sugg0sted by 
Gillette e t  al. (1974) . This would have 
grPat significance to the dust lifting process 
on Mars as suggested by Sagan and 
Bagnold (1976) . The final alternative is 
that the soil size distributions are the same 
on the Earth, Moon, and Mars, and the 
aProsol size distribution just above the 
surface arc the same on the Earth as on 
Mars. The steeper size distribution in the 
dust storm is thPn a consequence of taking 
thn dust out of the surface boundary layPr 
and tram;porting it vertically and hori
zontally ovPr grPat distancf'S. This is 
analogous to the tPrrestrial obsPrvation 
that the size distribution of Sahara dust 
blown thousands of kilometers over the 
Atlantic is much stPPpPr than the size 
distribution just above th<) Sahara itself. 

Major dust-source regions on Mars, and 
even local rPgions in which the wind carrif's 
away small particles, will be left with an 
cxcPss of larger particlPs. On Earth, this 
effect produces an f'XCPSS of particles of 
radius � 20 to .50 µm both in the Sahara 
and in the UnitPd Statf's. It has long been 
suggPstcd (e.g. , Pollack and Sagan, 1967, 
1969 ; Adams and McCord, 1969 ; but, for 

a dissenting viewpoint see Moroz, 1 976) 
that an excess of particles about this size 
would explain the difference between the 
bright and dark areas on Mars. 

Martian dust storms arc usually sPen to 
develop in the same regions of Mars. 
If these regions continually supply all the 
dust that makes up the planet-wide dust 
storms as some, but not all, theories of 
dust-storm generation suggest (Sagan et al. ,  
1971; Gierasch and Goody, 1973), then 
weathering must continually replenish the 
dust particles smaller than about 50 µm 
or there must be a huge dust rcsPrvoir. 
Using the size distribution function, we 
calculate the total volume of aerosols in 
the 1971-1972 dust storm per square cPnti
nwter column of the atmosph0re to be 

V ,...._, Tvb X 1 .7 X 10-4 cm3 (cm2 column)-1• 

(The numbf'r of particles ,V ,...._, Tvis X 8 
X 106 cm-2 column. This is less reliable 
because the size distribution bdow 1 µm 

is poorly knmvn.) We now try to estimate 
an upper limit on the small-particle pro
duction rates. If T ,...._, 1 and if we consider 
the dust to have been uniformly spread 
over the entire surface of Mars but to 
have originated from only the area of 
Hdlas, then a volume of dust 

cm3 47r X 107 km2 
v .-...; 1 .7 x 10-4 - x -----

cm2 1r X 106 km2 

cm3 
= 6.8 x 10--3 -

cm2 

is lost from the surface of the supply 
area. Since minor dust storms occurs every 
year on Mars and planetary obscuration 
about every 3 yr (Gierasch, 1974) a re
moval rate of 7 X 10-3 cm yr-1 must be 
an upper limit to the net erosion rate 
producing particles of r :::; 50 µm. There 
could be a substantial reservoir of dust in 
the source region created during some 
previous epoch. Such a rPs0rvoir would 
need to be rather large sinc0, in 106 yr at 
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this upper-limit rate, approximately 70 m 
of dust would be removed. Dust of the 
size blown away in the storms constitutPs 
much less than half the total soil j udging 
from the Sahara data of Schi.itz and 
Jaenicke, making the rcquirr•d rPsl•rvoir 
even larger. On the other hand, if this 
dust is continually replenished by erosion, 
it requires an erosion rate about two ordPrs 
of magnitude below the lower limit of thc 
eolian erosion rate prPdicted by Sagan 
(1973) of ,__, 5 X 101±2 cm yr-1 on a vertical 
wall. Of course, the wind erosion ratc> mm;t 
also act to produce particlPs largPr than 
.')0 µm and the source region may not have 
many vertical walls ldt. On thP otlwr 
hand, the n'moval rate is only a f<'\\' 
times larger than the uppPr limit of tlw 
chty mineral formation rate prPdictPd by 
Huguenin (1974) . It is also posRiblP that 
dust doPs not come from a rr•strictPd 
region of Mars, in \Yhich casP no <·rosion 
rate> can hP calculated from th<: obsPrva
tions of the dust storm. 

We concluded from thP nus data that 
the size distribution of the dust from 1 to 
10 µm did not change appreciably during 
the dust-storm dissipation. Conrath ( 1 97 :'i) 
used the Stokps-Cunningham equation to 
show that a frpe-falling, 10-µm-radius par
ticle in the Martian atn10sphPre \\'ill fall 
to the 5-mb pressure surface in lPss than 
10 days. A 1 -µm-radius particlP will tak<' 
10 times as long to fall out .  Sine<' the 
10-µm Stokes-Cunningham fall t inw is 
much less than the storm duration, th(• 
constant siw distribution impliPs that 
StokPs-Cunningham fallout \ms not th<· 
dominant mPchanism IPading to the dwit
storm clearing. From this obsPrvation, one 
can dekrmine a lower limit to thP atmo
spheric eddy viscosity. To kP('p a 10-µrn
radius particlP suspendPd agairrnt fallout,  
the upward mixing rat<' must at h·ast 
balance the downward fall rat<'. CrudPly, 
the time to mix a particle through h<'ight, 
H, is t = H2 /Ke· A 10-µm particle ean fall 
to within a few scale heighfa of the surface 

very rapidly ; taking the fall time to Pqual 
the tinw to fall two scale hPightR yields 
K., '"'-' (2 X 106 cm)2/ (;'i.6 X 105 sPc) = 7 
X 108  cm2 Rcc-1• This luwer limit agrees 
wPll with the I'(•sults of Conrath ( 1975),  
lmRed on an ind()pPndent method. 

Sewral intPrPsting conclusions follow 
from the r('sult that Stokes-Cunningham 
fallout Wtts not rPsponsible for the particle 
rPmoval. Firnt, Conrath ( 197;)) has pointPd 
out that if StokeR-Cunningham fallout 
WNP important in thP Rtorm's dissipation, 
thPn thP top of the atmosph<'r<' would 
hav(' c!Pnrr·d much mol'(� rapidly than th<' 
lmn·r part. Our I'(•sultR und thos(' of 
Conrath sugg(•st instmd that the lowPr 
and upp<·r atmosph<·n·s clmrr•d at the same 
rntP. Contrnst would seem to improve 
faRt<·r in thP lm\'<•r atmosphPr<' lwcauRc 
n•moving half of a large numbPr of par
tich·s has rnort: dfret on contraHt than 
l'('moving half of a small<'r numbPr of 
partielPs. Hartmann and Pric(' ( 1974) have 
attPmpt(•d to Pxplain th(• obs<'rv(•d con
traHt ehang(� b)· appPaling to StokPH
Cunningham fallout in an atmosph<'r<' that 
containH much larger partickR in its lowPr 
atmosphPrP. Having tt size distribution 
that chang<'s \Yith altitude violates our 
uniform mixing assumption and SC<'ms 
UlllH'tPssary if StokPs- Cunningham fallout 
is not important . Our result t hat the• size 
distribution did not ehang<' with time 
;;hom.; that particlPs an• not n·mov('d by 
first falling to  lowpr altitudes and thPn 
('VPntually to th<' flurfacP. HathPr, partielPs 
am continuou;.;ly rnixPd in th(' atmosph<'re 
and ell'(' n·movPd only \\'h('n thPy arP 
mix<'d into the surfacp boundary layer 
\\·lwn· tlw.v impact th(• surfac(� or fall out. 
AnothPr int<'rPsting probl<'rn nriH<'S if it is 
corl'<•ci that tlw apro;;ol siz<' distribution 
of th<� global dust storm diffrrs from thP 
m·ar-surfacp HizP distribution. ThPn it will 
h<' nPc< 'ssary to con;;idPr boundary-lay<·r 
proC('SHPi'l that changP th<· a<'roHol tJize dis
tribution wlwn th<' aPrrnml is inj<·et(•d out 
of the boundary layPrs into th<' main 
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atmosphere, but do not change the aerosol 
size distribution when the dust is slowly 
removed from the atmosphere and returned 
to the boundary layer and surface. 

CONCLUSIONS 

We have found that information on the 
composition, size distribution, and optical 
depth of the dust composing the Martian 
dust storm of 1971-1972 can be extracted 
from the IRIS spectra. The optical depth 
of the dust decreased uniformly during the 
dust-storm decay and infrared optical 
depths were comparable to those in the 
visible. The size distribution of the dust 
between 1 and 10 µm had a slope similar 
to that of terrestrial dust size distributions 
far from source regions. However, the dust 
size distribution was steeper than that of 
terrestrial or lunar soil samples or that of 
terrestrial dust in regions near a dust 
source. The cross-section weighted-mean 
particle radius of the dust ranged from 
3 µm at 1 800 cm-I to 6 µm at 250 cm-I. 
The dust size distribution did not change 
significantly during the decay of the dust 
storm, which implies that Stokes-Cun
ningham fallout of the dust was not an 
important dust-removal mechanism and 
that atmospheric eddy viscosities were at 
least of the order of 7 X 106 cm2 sec-I. 
Since Stokes-Cunningham fallout was not 
important, it is not necessary to invoke 
particle size variations with altitude to 
explain the temporal contrast changes ob
served in Mariner 9 television pictures. 
By terrestrial analogy, the Martian dust 
size distribution depleted small particles 
in the dust-source region, which could 
account for regional soil size distribution 
differences as have long been suggested by 
observations of the bright and dark regions 
on Mars. The dust-storm observations do 
not require that erosion currently produce 
new dust on Mars. However, predicted 
erosion rates are adequate to supply dust 
at the upper limit rate at which global dust 

storms could remove dust from source 
regions. The composition of the dust was 
similar to that of terrestrial windblown 
dust, having an average Si02 content similar 
to acidic and intermediate igneous rocks, or 
perhaps clay minerals. The dust was prob
ably a mixture of materials. Upper limits 
are set by the IRIS spectra of a few percent 
carbon suboxide or hematite and several 
tens of percent goethite. The dust mixture 
was not dominated by basic igneous rocks, 
but could have contained substantial quan
tities of basic igneous rock. The dust 
composition was therefore clearly different 
from the composition of lunar soil and 
dust or the composition of meteorites. 
Since the dust is not dominated by basic 
rock, geochemical differentiation or weath
ering is important on Mars. The Martian 
dust, in contrast to terrestrial dust, con
tained a few percent carbonate at most. 
Because the composition of the dust is not 
necessarily identical to the composition of 
the surface as a whole, our compositional 
results do not contradict other studies 
that have suggested the Martian crust is 
composed mainly of basalt. 

APPENDIX A 

The monochromatic equation of radia
tive transfer in a homogeneous plane
parallel atmosphere with the positive di
rection outward from the surface and an 
optical depth of zero at the top is 

dl, (-r., µ, 0) 
µ = l, (r,, µ, 0) - S, (r., µ, 0) . 

dr, 

In the two-stream approximation with an 
emitting, scattering aerosol but no gaseous 
em1ss10n or absorption, the equation 
becomes 

where 

(1/31'2)dl+/dr = I+ - S+, 

- (I /3Il2)dL/dr = L - S_, 

S+ = two (l + cosbar)l+ 

+ !wo (l - cosbar)L 

+ (1 - wo)B (r), 
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S_ = !wo(l + cot:ibar)L 

+ !wo ( l - co:;bar)l+ 

+ (1 - wo) B (r) . 
I n  this equat ion, wu, the singl« :-wat kring 

albedo, is 

Wu = r f' (eos 8)dU/4'r 
• !J 

and co:;bar, the asynundry faetor, is 

cosbar = ( l /w0)f cos 8l' (cos 8)dH/47r. 
!l 

In these Pquatiom;, P (co:; 8) i:-; the Hcat
frring phas<: function and fl is the angle 

between the incidPnt and scattnred wave 
normab with the origin of Hw l'oordinat(•fl 
at the seatt <'ring ePntl•r. 

The solution to thl'sc (•quatiom; is sub

j c •l't to boundary conditions 

J_ = 0 

I+ = eH* 
(r = 0 )  .. 

(r = r*) .  
Hl·re e it:i the ground PrniHsivity and B* i :-;  

the  Planck funct ion evaluat<·d at the 

ground tPmp<'ratun>. The surface rPflPc
t ivit.v is assumPd to 1w zPro . Th<· solution is 

I+ = r (K + \' [ )e' T  + r-1 c 1 · 2  - a - K) ·eX r, 
L = (/{ + 1 ' 1 )eX r + ( \ '2 - a - K)rdr, 

and 

r 
l\ + 31 12 c 1 - wu) 
l\ - ;)1 12 ( 1 - wo) ' 

l\ = [:j ( l  - w0) ( 1 - w0 emihar) ]1 12
, 

eB* + (a/I')e-X r* K = ------------·---·-·-· ' I'eX r* - (e-X r*/I') 

ThP formal Holution to the equation of 
t ransfrr for the cnlf'rgent infrnsity is 

\Ve us< � the t wo-strpam source function 
S+ (I) �Ls an approximation to S (t) . Aftn 
sonw manipuhttion, we hnd that 

S+ = (1 - wu) B (l) 

where 

+ (bdj'2)e" r· e··X rB (r)dr 
• t 

+ (ae/'.2)e-x 1J" eX TB (r)dr 0 
+[ eB * - e-X r* (r/2) j�r* dre' rB (r) J 
X [ ( llb2e" - ac2e-x 1) / f] 

+ (c2d/2) j� r* dre-X rB (  r) 

a = 1 + ,\ 1;5 112, 

11 = 1 - l>, i:3 1 1 2, 
r- = l\ - ;� 1 12 ( 1  - wo) , 
d = l\ + :3 1 12 ( 1 - wo) , 

A l though this solution may appear 
l< 'ngthy , it iH in fact computationally vPry 
fast and \YPll bc·havPd. The� solution for 
t hl· <'IYl<'rgPnt int<>n sity is analytic whPn 
tlw tmnpPraturP of the cloud is constant 
and whpn wu = I .  'When wo = I ,  t hP source 
function gorn; to t hl' limit 

[6r(l - l'oHbar) +2 (:3) 1 12 ( 1 + cosbar)J x - --- - --·----- - ------· - � - - - - ----·· . Gr* ( 1 - cos bar) +4 (:3) 1 12 
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TABLE IV 

Flux Comparisons between Approximate Technique and Exact Solutions 

w0 = 1, cosbar = 0 (Sagan and Pollack, 1967) 

Transmission exact 

0.951) 

0.916 

0.881 

0.820 

0.704 

0.5.52 

Transmission approximate 

0.9;">48 

0.9160 

0.88 1 4  

0.8211) 

0.7067 

0.51)63 

w0 = 1 ,  r* = 20 (Sagan and Pollack, 1967) 

Transmission exact 

0.062 

0. 179 

0.388 

1.0 

Transmission approximate 

0.0.')88 

0.161)1 

0.3689 

1.0000 

w0 = 0.36:37, cosbar = 0.8487 (Hunt, 197:3) 

Exact values 

Transmissivity 

0.8803 

0.;)669 

0.3442 

0.1370 

0.01062 

Emissivity 

0.1129 

0.420?i 

0.640.5 

0.8471 

0.973.5 

Approximate values 

Transmissivity 

0.8856 

0.5786 

0.3508 

0.1299 

0.0061 

Emissivity 

0.1099 

0.4077 

0.631:3 

0.8.503 

0.97:38 

w0 = 0.52447, cosbar = 0.93 11 2  

Exact values Approximate values 

Transmissivity Emissivity Transmissivity Emissivity 

0.9084 0.08657 0.91 37 0.0833 

0.6486 0.340.5 0.6641 0.32.57 

0.4429 O.M40 0.4533 0.5324 

0.2188 0.7677 0.2090 0.7739 

0.031 5  0.9542 0.0184 0.9638 

693 

W c pointed out in the text that the 
solution is exact in the limit wo = 0 and 
discussed errors in finding brightness tem
peratures. In Table IV, we show a number 
of comparisons of fluxes calculated with a 
six-point quadrature integral of the emer
gent intensity multiplied by the cosine of 
the emergent angle. Generally, the trans-

missivity are within 1 3  in absolute value 
of the more accurate results. 
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