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Results from the Mars Pathfinder Camera 
P. H. Smith*, J. F. Bell Ill, N. T. Bridges, D. T. Britt, L. Gaddis, 

R. Greeley, H. U. Keller, K. E. Herkenhoff, R. Jaumann, 
J. R. Johnson, R. L. Kirk, M. Lemmon, J. N. Maki, M. C. Malin, 
S. L. Murchie, J. Oberst, T. J. Parker, R. J. Reid, R. Sablotny, 

L. A. Soderblom, C. Stoker, R. Sullivan, N. Thomas, 
M. G. Tomasko, W. Ward, E. Wegryn 

Images of the martian surface returned by the Imager for Mars Pathfinder (IMP) show a 
complex surface of ridges and troughs covered by rocks that have been transported and 
modified by fluvial, aeolian, and impact processes. Analysis of the spectral signatures 
in the scene (at 440- to 1000-nanometer wavelength) reveal three types of rock and four 
classes of soil. Upward-looking IMP images of the predawn sky show thin, bluish clouds 
that probably represent water ice forming on local atmospheric haze (opacity -0.5). Haze 
particles are about 1 micrometer in radius and the water vapor column abundance IS 

about 10 precipitable micrometers. 

A f t e r  hIars Pathfinder's landing o n  4 July 
1997, the Imager for Mars Pathfinder (IMP) 
( I  ) returned the  first pictures of Mars fl-om 
the  surface s n c e  the Viklne illissiolls 21 
years before. T h e  pa~lora~l l ic  views (Plate 
I A )  show a terrain littered \vith boulders 
stretchi~lg to a horizon graced by tn-o hills 
( the  "Twin Peaks"), the  southern one con- , , 

lcal with a vertical stripe, the northern one 
broader and banded 1~1th possible terraces. 
But stereoscopic views (Plate 1B) later re- 
vealed that the terrain betn.een the  lander 
and the Twin Peaks was a series of shallov\~ 
gullies, some filled ~ i t h  fines material. This 

rlilge and trough structure appears to be a 
remlallt  of the  catastrophic floods that 
came through this area inore t h a ~ l  2 blll lo~l 
\-ears ago from Tiu Vallls, southwest tc? 
north\vest trend, and from Ares Vallis, 
south-southeast to north-nort11n.est t r e~ ld .  

Here, along wlth (Z), we present results 
o n  a range of topics from the  geomorphol- 
ogy and mineralogy of the  site to the atmo- 
spheric properties and astrollomical obser- 
vations. During the  first 30 da\-s of opera- 
tlon, the IhIP returned 9669 images from 
the surface of hlars; man\- of these are sub- 
fl.ames taken of the  sun, various tarpets o n  
the lander, 01 l n ~ ~ l t i s ~ e c t r a l  apota o n  select- 

P. H. S ~ t t i ,  D T 3' t t ,  M. Lelrmon, R J Red. Ivl. G ed rocks aIld soil, T h e  large panoralnas 
Tot-iasko, E. \Pjeglyn, Lmar  ancl Planetaly Labo,atoly. 
Un :/ecs'ty of Avona ,  Tucson. W 85721. USA (Plate 1)  and their characteristics are listed 
,. F 3 e  I ancl R S u v a n  Ccrnel Un1ve.s ty, tnaca . NY in Table 1. 
14853, USA. Overview of the Pathfinder landing 
N. T. 3,cIges. K. E. Hefkenhcff. J. N. Ivlak. T ,. OaCker, site, ~h~ patllfinder laniling site, at the 
Jet Propus cn Labo~atoly Ca fc rna  ns t  t-lte o'Techno- 
cgy. Oasadena, CA 91 109, LSA. mouth of the Ares and Tiu flood channels, 
L Gadds, J F .  ~onnscn ,  F .  L. Krk. L A. Soderblom, 12l. \\.as selected as an  area likel\- to have a 
\Pja,d L S. Geocgca  Suwey 'Iagsta7. W 8E001 USA, diversity of rock types (3 ) .  hs from 
R Gfeelej/, Arzona State L n  vefsty Tempe. AZ 85287 
USA. orblt, the  principal elements of the  geology 
'i L .  Keler, R Sablotny, N. Thomas, blax Planck nst - of the  area include ( i )  relatively smooth 
tute for Aeconolry, Katnenb~rg-L ndau, Gemany plains, (i i)  scattered hills that appear to be 
R Ja-~mann and J. Oberst, DLF, 3e,n, Germany. 
i;,l. C Main, Ivla Space Science Systems, Sari Dego remilants of a former, eroded surface, (111) 
CA92191. LSA impact crater rims and other eiecta deposits, 
S L. Murche, Apued  Physcs Labcratc,-1, Jchns Hop- aIld ( iv)  streallllinej tails bellind toPo- 
.c is  Unvecs ty, 3aI tvoce,  b1D 21 21 8. USA. 

Stcke,, NASA Alnes Resea,ch Center, Moveti ,Eelcl, graphically prolninellt features. T h e  sollth- 
CA 94035 LSA ern Chryse plains are pltted by primary alld 

.d,, h2v CcrreSpOndence sho-IId be adclressed E.mal: secondary impact craters that indicate a late 
psln thalp.arzona edu Hesperian to early Amazonian age. hlem- 

hers of two secondary impact crater clusters 
lie n.lthi11 1L1 km of the lander, toward the 
so~ltheast and north-northeast. Faint linea- 
ments, tre~ldillg southwest-northeast, are 
seen throughout the  reglon follo\ving the 
same trend as the  terraced remnants of 
channels and large tails that occur do\vl.n 
slope of the  hills. Divergence of these lin- 
eaments be\-ond the mouths of channels 
reinforces the iinpressioll that they are 
streamlines. 

Postflood, geonlorphic processes 1lal.e 
been relativel\- benign neither physical nor 
chernical weathering has led to substantial 
deterioration of boulders. Derivative debris 
surrounding rocks is ~llillilllal and where 
debris is collected around boulders, it au- , L 

pears as thin lag deposlts atop bright fines, 
and therefore is intermeted to be aeolian in  
derivation. Some rocks show indisputable 
evidence of abraslon. which attests to a flux 
of saltati~lg particles through the  area at 
some point, although none of the rocks 
shows the extreme abrasion expected for 
two or more billion years of exposure to 
sand blasting a t  ~ l l a r t i a~ l  n ~ i n d  speeds. A t  
the Viking la~lding sltes, where el~idence for 
abrasion was limited and for sand was dls- 
puted, ~t was suggested that the rocks could 
have been b~lrled or that nindblo\vn parti- 
cles were i~lcauable of abraslon. Clear evi- 
dence of rock abrasion a t  the  Pathfinder site 
suggests, and may require, sand-transporting 
wi~lds.  

Sight lines to large distant knobs are 
~ ~ s e f i ~ l  for locating the landing site o n  the  
V ~ k i n g  orblter images; the  landing site is 
about 3 km ~lorth-northv\lest of a 1.5 km 
iliameter impact crater and 1 km east of tn70 
hills less than 50 ~n tall ( 3 ) .  Viknlg orbiter 
images suggest that a subtle, kilometer-wide 
as\-mmetrical rise lies i~n~nediate lv  nest of 
the  landing site, and that this rlse has a 
short, steep \ v e s t - ~ l o r t l e t e r  slope and a 
gentler east-southeastern slope. T h e  twin 
hills are located alonp the crest at the west- 
ern (presumably upstream) end of this ridge. 
T h e  lander is located o n  a south-fac~np 
slope near the  ~lortherllmost extension of 
the  rise, close to the  point \vllere the  relief 
becomes inilistinguishable from the  flatter 
plains. T h e  portion of the rise that exte~lds  
north of the lander hldes all but the  summit 
of a 1QL1 m hill located about 2 k ~ l l  north of 
the lander. 

T h e  Pathflllder site is more rugged than 
either of the Vik11lg la~ldillg sites (4)  and 
has a pronounced ridge-and-trough texture 
(Plates 2 and 4). Over distances of 50 to 
100 m, these ridges and troughs ha\-e am- 
pl~tudes  as hlgh as 5 m,  and are irregularl\- 
spaced but conl~llollly 15 to 25 in crest-to- 
crest. South\vest-northeast and south-north 
trends comparable ivith the  large-scale Tiu 
and Ares flo\v directions are modestl\- ex- 
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also apparent. The lander came to rest in a mission, verifying the Viking observations of generally from the west, were 
slight, asymmetrical swale that is open to magnetic dust grains in the atmosphere and common from late morning to early after- 
the south and east; a small ridge of boulders, soil (2). This deposition could be related to noon. A peak wind speed of 12 mls was 
the "Rock Garden." defines the western rim 
of this depression. 

Rocks and coarse debris. Rocks ranging 
in size from a few centimeters to as large as 
7 m are seen in all directions from the 
lander, although their distribution is far 
from uniform. The eastern half of the scene 
is deficient in rocks relative to the other 
half (3). For statistically large samples (>20 
m2), the percentage of surface occupied by 
rocks greater than 2 to 3 cm in size varies 
azimuthallv bv over a factor of three-at its , , 
maximum, the density approaches 3096, but 
averages 16% (Plate 8). The rock size vari- 
ation resembles that seen at the Viking 
sites; at large diameters, the Pathfinder dis- 
tribution falls between the Viking 1 lander 
(VL-1) and VL-2 populations (Plate 9). 
The Pathfinder site has many more cobbles 
and pebbles than the Viking sites. Small 
swales amear filled with fine debris and 

L L 

covered with a lag of gravel. These particles 
mav be lithic or monomineralic framnents. 
or pieces of indurated soil. Therev is no 
evidence for svecific minerals. 

Boulder anh cobble populations differ in 
several ways. The size to frequency relation- 
ship is characterized by a convex-upward 
curve for smaller particles, but larger boul- 
ders deviate substantially from this shape. 
Larger rocks are typically rounded but some 
are tabular (Plate 1). Smaller cobbles and 
pebbles are generally equidimensional, 
platy, and subangular. Most rocks are not in 
physical contact with one another, particu- 
larly for diameters less than 15 cm. Howev- 
er, in the rocky terrain west of the lander, 
large rocks are commonly in contact with 
each other and in places imbrication in a 
south to north orientation is suggested 
(Plate 1). 

Red deposits on the upper surfaces of 
many rocks at the landing site are inferred to 
be dust (5) settled from suspension in the 
atmomhere. Dust also accumulated on 
lander and rover solar panels at a rate of 
0.3% area coverage per day in the first few 

the dust cloud &served by the Hubble Space 
Telescope (6) during this same period. 

At least three dune forms are observed, 
two linear deposits (Mermaid and Roadrun- 
ner) and one with a barchanoid outline 
(Jenkins). All have smooth surfaces that 
blend as feather edges with the surrounding 
terrain from crestlike summits. The two 
linear features are 2.0 m and 50 m long; the 
barchanoid feature is -3 m measured across 
the "horns." The dune forms are estimated 
to be less than 15 cm high. The majority of 
these Pathfinder features have higher albe- 
do than the dunes seen from orbit; the 
interpretation is that the sediments rocks 
composing the Roadrunner and perhaps 
Jenkins dune forms are "light" in color, and 
therefore not basaltic sand but perhaps fel- 
sic particulates. 

Soil forms a general background surface 
of bright and dark deposits in which most of 
the rocks are set. In some places, the soil 
has a ripple-like pattern in which the 
troughs are dark and the crests are bright. 
The wavelengths of this pattern range from 
2 to 4 cm. On Earth, such dune forms and 
the ripple-like patterns develop mainly 
from saltating sand (7). However, the rip- 
ple-like patterns lack the repetitive spacing, 
coherent wave fronts, modest height-to- 
length ratio, and asymmetric relief of ter- 
restrial sand ripples. 

Wind sock results. Three IMP wind- 
socks were deployed with the atmospheric 
structure investigation/meterology (AS11 
MET) mast on sol 1 (at 58, 82, and 112 
cm), and a regular program of daily wind- 
sock imaging was established on sol 13. 
Wind speed and azimuth were calculated 
from the three-dimensional appearance of 
each windsock in each image, the spacecraft 
tilt and camera attitude parameters, and the 
ASI/MET temperature and pressure data 
(for atmospheric density). 

Winds were light during the primary 
mission (sols 13 to 35), usually less than 8 
mls. Wind conditions around 0850 and 

Table 1. IMP panorama summary. The types of panoramas that were returned during the mission. 

Name Sol obtained Mast Comment 

Airbag assessment 1 Stowed Com~ression 80:l 

measured &om the wsw at 1130 LST on 
sol 32. The strongest winds measured so far 
are still relativelv lieht and are not from 

3 " 
azimuths parallel to wind tails and other 
surface features indicative of much stronger ., 
winds and aeolian activity. 

Aeolian processes. Several rocks in the 
vicinity of the lander display features that 
are most likely the result of aeolian action. 
Small rocks southeast of the lander have 
scallop-shaped depressions ("flutes") and 
narrow longitudinal grooves reminiscent of 
terrestrial ventifacts. Such evidence of wind 
action was absent at the Viking sites (8). 

Wind streaks are surface alGdo 
that change their size, shape, and position 
with time and represent the primary wind 
directions at the time of their formation 
(9). To assess the processes reflected by the 
fine material at the Pathfinder site, we mea- 
sured the orientations of aeolian features 
using a virtual reality model (Plate 3 (10)). 
Down-tail azimuths of the wind tails range 
from 179" to 251°, with an average of 217". 
The axes of dune forms and ripple-like pat- 
terns are oriented northwest-southeast, 
about orthogonal to the wind tail orienta- 
tions. As photographed by the Viking Or- 
biters, the Ares-Tiu area shows prominent 
bright wind streaks, oriented at 213". 

A Mars general circulation model 
(GCM) enables the near-surface wind pat- 
terns to be predicted as a function of mar- 
tian season and location on Mars (11). 

~ission success 1 Stowed 200'true color, high compression, Fig. 1. Rose diagram showing orientations of 
full pan red stereo (6:l) 

Insurance 2 Stowed Six filters, low compression wind tails at the Pathfinder site (dark gray), bright 

Monster 3 Deployed True color middle 2 tiers, red stereo wind streaks seen on Viking Orbiter images of the 

tiera (61) area 60 to 90 km northeast of the site (light gray), 
Gallety 8-1 0 Deployed True color, 6:l and Mars General Circulation Model results (black 
Super 1 3-84 Deployed A11 15 filters, 2:1 arrow) for winds predicted at the site in notthem 

winter. 
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GCM results for the landing site show that 
the strongest winds should occur in the - 
winter and are oriented with a downwind 
azimuth of 209". The correlation of all three 
patterns (Fig. 1) is similar and leads to the 
conclusion that the wind tails, dune forms, 
and ripple-like patterns are aeolian in origin 
and result from the effects of prevailing 
winter winds. 

Wind tails at the Pathfinder site (Plate 
7A) range in length from less than a cm to 
about 40 cm, and have a sculpted appear- 
ance similar to those seen at VL-1 (4). 
They are widest and highest at the end 
closest to the rock with which thev are 
associated, and taper to a point at the other 
end. Deposits similar to wind tails are also 
seen in association with some rocks, but 
these deposits lack the tapered form and are 
referred to as drifts. The maximum height 
above the surrounding surface of eight wind 
tails was -13 cm. 

Many of the rocks in the Rock Garden 
show albedo differences and are darker near 
their tops (Fig. 2). The division between 
the two albedo regions was at 5 to 7 cm 
above the surface %or the five rocks mea- 
sured. This line is interpreted to represent 
the surface of a former soil level that has 
been deflated, or s t r i ~ ~ e d .  to form the cur- 
rent surface; these aiged; differences may 
represent different exposure ages. 

Fluvial and impact processes. Several 
aspects of the Pathfinder landing site sup- 
Dort the notion that the location was affect- 
i d  by a large flood (3). Among these factors 
are the size, shape, and distribution of 
coarse materials, the pattern of decameter- 
scale relief. and relationshim seen on the 
twin hills west of the site. '~om~arison of 
the observed size relationships with those 
seen in Iceland (1 2), especially for the larg- 

Fig. 2. IMP image of the Rock Garden showing 
horizontal line (marked by white arrows) on some 
rocks inferred to represent former soil horizon. 

est rocks, and the sharp-edged tabular 
shapes, and the burial relationships and ab- 
sence of exposed gravel deposits, suggests a 
waning phase, late-stage deposition of local- 
ly derived debris that has not traveled great 
distances. 

Many of the smaller rocks on the surface 
may be ejecta from nearby impact craters. 
Impact crater ejecta models show that ejec- 
ta thickness and volumetric sizelfrequency 
decreases radially as an inverse 3.5 power 
law, suggesting that at the Pathfinder site 
over 0.5 m of material could have been 
discontinuously deposited from the large 
crater to the south (13). At 1.2 crater di- . . 
ameters away, most of this ejecta should be 
5 to 20 cm across. 

Boulder trains seen in distant views of 
the twin hills resemble landforms found in 
the lee of obstacles in large terrestrial 
floods. The ridge-and-valley topography is 
generally consistent with fluvial landforms 
developed in and comprised of mobile sed- 
imentary material. However, the topogra- 
phy is not diagnostic; glacial and periglacial 
Drocesses can create similar relief and it is 
possible that the relief mimics bedrock to- 
pography veiled by a thin mantle of debris. 

Empirical relationships derived from 
studies of terrestrial flood deposits (1 4) are 
used to infer some of the attributes of the 
floods that affected the landing site. For 
example, the size of largest materials moved 
by a flood as bed load is related to the depth 
of the flood, the velocity of the flow, and 
the topographic slope (15). The mean di- 
ameter of the five largest boulders within 

site is between 1 km in 400 km and 1 km in 
1000 km (1 6). Using these values with the 
empirical relationships and accounting for 
the difference in gravitational acceleration. - 
the flow velocity is computed to have been 
about 8 m/s and the flow depth 10 to 20 m, 
not including wake splash. This is about 113 
to 213 the height of the northern twin peak 
and 114 to 112 the height of the southern 
peak, and is consistent with the slope mor- 
phology and position of boulders on these 
peaks. Velocities of 10 to 15 m/s are typical 
for step-backwater calculations for confined 
floods in Ares and Kasei Valles (17). The 
flow de~ths  determined here are a factor of 
20 to 5b times less than those used in the 
step-backwater calculations, but they are 
consistent with values calculated for large 
floods in Iceland and Washington state 
(18). 

Discharge cannot be computed without 
good cross sections of the channel, but the 
fluid properties of water (even debris-laden 
water) and the generally small size of the 
bed load (generally smaller than a meter) 
suggests that discharges were between lo6 
and lo7 m3/s in the immediate vicinity of 
the lander. These values are one to two 
orders of magnitude smaller than previous 
estimates (17), but are not surprising con- 
sidering the great difference in scale at 
which the determinations were made. 

IMP spectral data and calibration. Tar- 
get rocks and soils were imaged as 64 by 64 
pixel subframes in all 15 geological spectral 
filters at 12 wavelengths. For spectral cali- 
bration the IMP radiometric calibration tar- " 

75 m of the landing site is determined to be gets were imaged concurrently in the same 
1.8 m. Earth-based radar and orbital ~ h o t o -  filters (1 1. 
grammetric analyses suggest that the'gradi-  he illumination onto the surface and 
ent in the vicinity of the Pathfinder landing the radiometric targets is a combination of 

Table 2. Spectral unit summary; WB, red/blue. 

Spectral characteristics 

Type name Type location I/F Interpretation 

(@ 750 nm) WB ratio Kink 

Bright soil Near cradle and 
Yogi 

Dark soil Photometry 
Flats, Mermaid 

Lamb-like Near Lamb 
soil 

Disturbed Rover Tracks 
soil 

Dark rock Barnacle Bill, 
Bamm-Bamm 

Bright rock Broken Wall, 
Wedge 

Pink rock Scooby Doo, 
Baker's Bench 

26 to 35% 3.69 to 3.76 0.3 to 0.31 Similar to global 
dust 

16 to 19% 2.85 to 3.0 0.2 to 1.1 6 Local weathering 
product 

23% 3.46 0.3 Mixture of dust 
and local 
material 

22 to 25% 3.1 1 to 3.76 0.15 to 0.54 Soil compaction 
changes 
scattering 

12 to 14% 2.06 to2.11 0.09 Fresh basalt or 
basaltic 
andesite 

19 to 24% 2.8 0.18 Weathered basalt 
or basaltic 
andesite 

33 to 36% 4.0 to 4.2 0.28 to 0.33 Chemically 
cemented drift 
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t he  direct sun and  the  Ll i f f~~se sky flux. T h e  
sky contribution ilepends o n  the  dust load- 
ing in the  atmosphere. During t h e  32-day 
primary mission, the  1-ertical optical depth  
( 7 )  was calculated from direct solar obser- 
~ x t i o n s  as -3.5. This  agrees with the  Vi- 
king lander data for this season (19) .  For 
example, in the  672-nin (red) filter a t  
local solar noon  the  sky brightness is 
-4236 of the  clo~yn~yarcl flux, while a t  4 
PM LST this contribution increases to  
-52O.6 (2C1). 

T h e  sky color is 11ot neutral, but is red- 
dened by the  global dust; the  greatest signal 
is from 650 to 1020 nln (21 ) .  This effect 
reclclei~s surface inaterials to various degrees 
depending o n  the orielltatioll of rock faces. 
T h e  IMP radiometric calibratioil targets are 
designed to reno\-e the  coloratioll of the  
sk\- on rocks and soil when they are parallel 
to the  target. T h e  soils generally fulfill this 
c o ~ ~ d i t i o i l  ~yhi le  the rocks have steeply 
sloped sides and their spectra must be 
1-iewed with caution. 

Spectral image data sho~y  eviclence for a t  
least four soil types at the lalldiing site (Ta-  
ble 2) (22) .  T h e  two lnost common soil 
types are labeled "bright soil" anil "dark 
soil" (Fig. 3 ) .  Bright and dark soils are end- 
members, and soils have been detected that 
span the  reflectance range between these 
two units. Bright soil material is typically 
found in s h a l l o ~ ~  aeolian ileposits near anil 
aro~lnil  rocks ailil as thin gro~mil cover in 
many areas of the Pathfiniler site. T h e  type 
areas are near the rocks Cradle and Yogi 
(Plate 6 ) .  Reflectaince spectra of bright soil 
are red ancl bright, peaking in relative re- 
flectance(23) a t  750 nm ~ i t h  values of 35% 
for Cradle soil and 28% for Yogi soil. This 
type has a high red/blue ratio and a moiler- 
ate kink parameter (24) ,  indicati1-e of a n  
oxidized ferric-rich soil (25)  (Table 2). 
Bright soil spectra lack the  ~yeak  800 to 920 
nm absorption founil in the  planet-[vide 
dust (26.  27) .  yet a global dust origin for 
bright soil is collsistellt with the \vide dis- 
tribution of this material around the Path- 
finder site. T h e  action of the  rover wheels 
exposed other lnaterials uniler the clist~lrbed 
soil indicatillg a shallow depth. For compar- 
ison telescopic spectra of the bright and 
dark lnartian regions are plotteil as xel l  as a 
palagonitic soil often ~ ~ s e c l  as a martian 
analog (26.  27 ) .  

T h e  type areas for the  dark soil unit are 
Photometry Flats anil Mermaid. This inate- 
rlal occurs in cl~ul~e forms, patches between 
rocks a i d  in sinall aeolian bedforins. Dark 
soil is the lo~vest reflecti~ity soil a t  the  site 
(for example, 750-nin reflectance at Pho- 
tometry Flats is 1696). T h e  reil/l~lue ratio 
and the  kink are in the  moderate range 
(Table 2) .  T h e  overall spectrum indicates 
that this unit is less oxidi;ed than  the  

bright soil material and is intermediate 
'etneen the  global dust-like bright soil 
and  the  spectra of moat rocks in  the  area. 
O n e  ii l tervretatio~l of these data is that  
the  dark soil is a n  interlneiliate weathering 
nroduct that  retains some of the  relati!-ely 
unstable lnafic silicates from the  parent 
basalts ancl has not  completed its ferric 
oxiiliiation process. A n  alternative is that  
the  dark soil may have a larger particle size 
than  the  bright soil, n.hic11 leads this ma- 
terial t o  be preferentially sorted away from 
the  bright soil. 

T h e  other  two soil units are 1ocali:eil. 
T h e  Lamb-like soil  unit occurs prilnarily 
near the  rock Lamb and  is c11aracteri:ed bv 
s t ro~lg kink, inoilerate red/blue ratio, and a 
moderate reflectalnce (2296). This is the  
only soil that  shows a sigllificallt SO2 to  
1232 11111 spectral structure, 1~1 th  a ~ e a k  
banil centered near 932 nm.  T h e  ilisturbed 
soil unit was createil primaril\- by rover 
movement anil, in  some cases, by airbag 
retraction. This  unit exhibits 22 to  259.0 
peak reflectance, and kink anil redlblue 
ratio values intermediate to  those of dark 
soil anil Lamb-like soil. W h e n  dist~lrbed, 
most soils tenLl to  hecome darker, al- 
t h o ~ l g h  their spectral shape does not  
change. This  is probabl\- a n  effect of the  
colnpactioil of the  soil changinq the  pho- 
toinetric scattering properties of the  up- 
oerinost loose surface material. 

None of the soils yet ana1y;ed a t  the  
lalldille site shorv uniuue eviilence for the 
types of cr\-stalline helnatite and/or pyrox- 
ene absorption features detected bv remote 
sensing o l ~ s e r ~ a t i o n s  of other places o n  the  
martian surface 127. 28) .  T h e  oricrin of the  
930-nm absorption seen inost prominentl\- 
in the Lamb-like soil mav be an  iron ox\-- 
l~yilroxide phase, a inagnetic iron oxide, or 
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Fig. 3. Reatve reflectance spectra of Pathfinder 
s o  types These spectra include bright soil IBS). 
d~sturbed so11 (DisS). Latnb-ike soil (LS), and dark 
soil (DS). For comparison the spectra of Mars 
br~ght (filed c~rcles), and dark (filed squares) re- 
glons and a Hawa~ian palagon~tic so11 (filed d~a -  
mondsi are ncuded. 

a mixture of low C a  pyroxene a n  
iron oxide (25.  29) .  Soils c o n t a i ~ ~  
ing iron oxyhydroxide, if verifieil, 
provide additional support for past warmer, 
wetter regimes o n  Mars. 

Rock mi~~era loev  at the Pathfinder Site 
" 2  

There are at least three spectrally ilistinct 
rock iailil rock-like) lnaterials at the  Path- 
finder site. T h e  first and most colninon rock 
tvpe is called dark rock. T h e  tyve locations , , L 

are the  upper surfaces of Barnacle Bill and 
Bamm-Bamm (Fie. 4). Dark rock is charac- , u 

teri;ed by lo\\.-contrast spectra with reflec- 
tances at 750 nm in the 12 to 14% range. 
T h e  redlblue ratio is very low, indicating 
relatively ~~n\veathered material, and there 
is a pronouncecl decrease in spectral slope in 
the  near-IR bevoild 753 11111. For comvari- 
son a laboratorf. spectrum of fresh basalt is 
sho~vin in  Fig. 4 (26) .  Morphologically, 
members of this type tend to be the inter- 
meiliate-sized cobbles anil small boulilers in 
the scene. They also are more likely to show 
1-ugs or vesicles and to have a n  angular or 
brokein appearance. This is col~sis te l~t  with 
a n  origin as ejecta from Big Crater about 2.2 
k111 to the  south. Kone  of the  rock types 
exhibit the  broad, well-defined absorption 
ballds in the 932- to 1332-11111 region that 
~ y o ~ ~ l c l  he indicative of pyroxene (33). 

Bright rock is the second major t\-pe and 
its type localities are the Broken \Wall and 
Wedge. These rocks are brighter (19 to 249.0 
reflectance) anil have higher redlblue ratios 
than dark rock, iildicatiilg n o r e  weathering 
or greater containi~latioll by ilust coatings. 
Some indiviilual rocks in this unit s h o ~  a 
decreased slope in the  near-IR anil some are 
flat in that region. h/lost of the larger boul- - - 
der-si~eil rocks are inelllbers of this spectral 
unit. This is particularl\- true of the  "Book- 
shelf" area coiltaining rocks Shark and Half 
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Fig. 4. Relat~ve reflectance spectra of Pathf~nder 
rock types These spectra include pnk  rock (PR), 
br~ght rock (BR), and dark rock (DR) For compar- 
ison the spectra of Mars bright ( f e d  circles) and 
dark (filed squares) regions and a fresh Hawaiian 
basalt (heavy h e )  are ~ncluded. 
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Dome, ~vh ich  exhibit a stacked and tilted 
morpholog\- commonl\- seen in catastrophic 
flood deposits. T h e  spectra of these rocks 
anil their a-proton-x-ra\- spectrometer 
(APXS) data (31) are consistent with the  
rocks being andesites, but their degree of - 
~veathering and  node of c lepos~t~on indicate 
that they have been exposed to  the surface 
weathering envirolllnellt for longer than 
the dark rock ~ m i t .  

T h e  last type is called the pink rock for 
its relatively high blue and red reflectailces , L> 

and large reil/blue ratio. T h e  type locations 
are Scoobv Doo anil Baker's Bench, but 
similar material is observed as crusts o n  
rocks, what appears to be crusts in soil, and 
in areas exposed b\- the  action of rover 
\vheels. T h e  rocks of this type are t\-picall\- 
not lying o n  the surface but appear to be 
allnost completely (Scooby Doo) or partial- 
ly buried (Casper). T h e  ~norphology of this 
unit is coilsisteilt with a cheinically bo~lclecl 
crust or hardpan, similar to that reported at 
the VL-2 site (32) .  Digging tests with the  
rover  heels failed to clisloclge any material 
from Scoob\- Doo, indicatiqg at least a par- 
tiall\- ce~nellted or highly co~npacteil mate- 
rial. T h e  spectra of the pink rock unit are 
similar to those of bright soil, although 
brighter in the  blue, and APXS measure- 
ments of Scoob\- Doo are also similar to 
those of bright soil (3  1 ) .  This rock type ma\- 
be a chelnicallv c e ~ n e ~ l t e d  soil whose stron- 
gest spectral cdmpollent is the bright soil. 

Dust  ovacitv measurements. About 
1320 images of tlie sun \\ere ob ta~ned  in the 
eight low-transm~ssion solar f~l ters  through 
sol 33. \Yfe used images taken at 443, 671, 
880, and 993 llln to measure and track the 
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Fig. 5. The var~ation of flux (w!m2/pmi w~th alr 
mass (the ratio of the amount of dust along a slant 
path to that In the direct~on of the zenith) IS shown 
for 0.45 (c~rcles) and 0.88 (X). The variation seen is 
not randorn noise n the measurement, but real 
varat~on in the sky. The data shown are mited to 
the afternoon, when opacty was more stable than 
in the morning, and are corrected for the varyng 
distance to the sun. The slope of the fits gives an 
average opacity. w h e  the intercept gves a top of 
atmosphere value for flux w~thin a flier. Given the 
top of atmosphere value, an exincton and there- 
fore an opacty can be computed for any datum as 
- , - - -ln(FIux~FluxO)/a~r mass. 

dust opacity as a function of time (33).  In 
general, we schecluleil images in the  four 
filters once an  hour from 7 a.m. to 5 p .m.  
local solar time (LST) typicall\- at air mass- 
es from 1.2 to 5.2 (elevations from 92' to  
12" above the  horizon). For each imaee, an  - 
air mass is computed from the  ephemeris 
position of the sun a i d  an  assiulned scale 
height of 13 km. T h e  resulting flux is then 
fit as an  exoonential filllctioll of air Inass 
using Beers' la\\, in which the slope deter- 
mines the opacity and the intercept is a 
measure of the  solar brightness outside of 
the  atmosphere (Fig. 5 ) .  Fitting all inter- 
cepts to a inoilel, opacity can be determined 
for each inilividual voint. 

Opacit\- variations ~vere  observed during 
the da\-. Afternoon opacity, 2.42 to 3.52, 
]\.as typically lower than lnornillg opacit\-, 
2.48 to 3.65 (Fig. 6) .  After~looll opacities 
typically i~lcreasecl towaril redder wave- 
lengths despite variations of order 0.25 be- 
tween collsecutive sols. Mornillg opacities 
exhibited more variation wit11 time and 
were highest in the blue, occasio~lally a min- 
i~nuln at 672 11111 was observed. T h e  red 
slope was observed by Viking as was the  
morning-evenil~g asymmetry ( I  9 ) .  T h e  pref- 
erential increase of blue opacity suggests the 
for~natioll of a second mode of small parti- 
cles, which we attribute to water ice (34).  

T h e  IMP has also been used to deter~nine 
the optical depth at night by imagillg the 
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Fig. 6. During the nominal msson,  opacity was 
near 0.5. (A) Opac~ty at noon and later was more 
stable than the mornlng opacty (B). The wave- 
lengths shown are 0.45 ( f e d  circles). 0.67 (open 
squares). 0.88 (X) ,  and 0.99 (+i pm. In the morn- 
ing, opactes  were typcaly higher in the blue and 
lowest n the red, suggesting a mode of small 
scatterers, such as water Ice clouds. in addt~on to 
the 1 -p.m-sized dust aerosols. 

zero-magniti~cle stars Arcturus (a Boo), Vega 
( a  Lyr), and Altair ( a  A q l )  T h e  high opti- 
cal depth has meant that images through the 
geology filters typicall\- only provide arounJ 
253 counts on these objects in the maxi~num 
exnosure time of 32.76 s. However. the di- 
opter filter, used to investigate the lnagnets 
in the near field, has a much ~viiler ballilnass 
and provides several times the siglmal at the 
cost of a smeared imaee of the star. A reduc- - 
tion of 21 images of Arcturus taken over 
several nights and a n  air Inass range of 1.2 to 
1.7 gives an  optical depth of 3.75 -t 3.24. 
This is higher than the dayti~ne optical 
depth and probably indicates that water ice 
has formed on the haze narticles. 

Aerosol properties. Determini~lg the na- 
ture of the  aerosol oarticles in the martian 
atmosphere is important for understanding 
the climate in terms of solar energ\- ileposi- 
tion, thermal opacity, and thus heat bal- 
ance; to this end, IMP has been used to take 
sets of images of the  sky above the landing 
site. Each set contains 6 to 13 frames taken 
a t  a constant elevation near that of the sun, 
~vh ich  ryas l o x  in the  sky (15 to 25" eleva- 
tioil); the 14" wide fra~nes range from 5 or 
10' to 180' a;imutll from the sun. This 
allows us to deter~nine allnost the entire 
scatterillg phase function, ilncler the assump- 
tion that the haze is unifor~n for several 
hundred kilometers around the landing site. 
A complete sequence consists of four such 
sets taken through different filters: 443, 671, 
898, and 968 11111; 21 such sequences (13 
lnornillg a d  11 evening) were retilrllecl in 
the first 30 sols of the Pathfinder mission. 

M a t c l ~ ~ n g  our lnodel to the shape of the 
for~vard scatteriilg peak within 22" of the 
sun (Fig. 7),  we call estimate the cross- 

Fig. 7. Sky br~ghtness as a function of az~muth 
from the sun. A horizontal cut through two Images 
taken on Pathf~nder sol 12, converted to real n -  
tens~ty unts. The two profiles, one from left of the 
sun and one from right of t .  are overlaid to deter- 
mine the solar azimuth more precisely. Plotted 
over the data are three models: The dashed line 
represents a best f~t model, with an effective par- 
t c e  size of 1 .O pm, and a negig~be scaling factor. 
The dotted lines represent models with particle 
rad~ too large (2.0 pm, upper peak), and too small 
(0.5 p.m. lower peak). 
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section weighted, mean particle radius (35 ,  
36). Our  estiillate for haze particle raclius of 
l.O ( l 2 . 3 , - 2 . 2 )  p111 sho~vs a decrease from 
the value of 1.85 2 2 . 3  pin  found 1.7- Vlkillg 
(37).  Thih represents the  only illajor iliffer- 
ence ohser\-e~i between Pathtinder and \'I- 

king with respect to  the  atmosphere. There 
1s a distribution in sizes arounil this value 
and presumal:lv these are the particles that 
are slowl\- deposited o n  the  solar arra\-s anil 
magnetic targets. 

Additional intormatioil o n  the haze 
properties can be obtained h\- ~ ~ s e r v i ~ ~ g  the  
t\vilight sk\-. Images of the  dawn sk\- in the  
directicxl o i  su1lrise were taken o n  the  
inorlllllgs of sols 13, 14, 15, 16, 25, and 19.  
T h e  sol 13 and 14 images were taken in the  
hour hetore sunrlse; the  others incluiied 2 
hours s~ui~rise. O n  sols 6 ,  22, and 24 a 
similar 2 hour sequence was taken of the  
dusk tn.illght. T h e  im,3ges generally 11lc1~1il- 
ed the  horizon at the noillt of sunrise or 
sunset as well as ,3dilitional images at higher 
e i e v n t i o ~ ~  angles. A t  ;lil\- given time, the  
brightness of sky was at a mav im~~t l l  about 
i0 above the local le\-el. T h e  ~ r o f i l e  of the  
hrightlless is interpreted as indicating ,3 
bright source f ~ ~ n c t i o n  (light multipl\- scat- 
tereil through the  hare), that increases in 
'rightiless toward the horizon, and is op- 
posed b\- ha;e elttlllctloll that ohscures light 
near the h o r i ~ o n .  

T h e  1-ilasirnum hrightness tor e,3ch 
~vavelength illcreased evponentiall\- with 
rime. Bright~lesi  is compareJ ~ v i t h  the  el- 
evation a t  which the  l ine of sight first 
iiltersects the  slladon~ of Mars (29) .  T h e  
slope of the  exponential  tall ott  is associ- 
atcd with the  scale height of the  dust ailil 
is deterlnined to he 13 I 1 km. O n e  source 
o i  systematic error is the  omisslon of mul- 
tiple scattering, which must be the  domi- 
nan t  source of licht 2 hours betore sunrise. 

0 

Ilut this approach is expected to  give the  
approximate scale height. An a l t e m a t i ~ ~ e  
model is to coiliille the  iiust to helo~v 17 
ltm, a t  n-hich altltude clouds have been 
ohser\-eci (38).  In this case, the  lneail tree 
path  of p l l o t o ~ ~ s  at the  top o t  the  'lust layer 
nould be ahout 75 km.  A t  2 hours before 
sunrise the  termi~lator  is l ' i 02  kin alvav. 
requiring over 22 scattering events to  
transport the  photons. For dust that  ex- 
te~lcis higher, tai fewer scattering events 
are required, atlJ we collsiiier this situa- 
tioil more likel\-. Phohos and Deinloi lllu- 
millatio~l of the  tn.ilight sky cantlot be 
detected. 

While the da\vn skv o n  sols 11  and 14, as 
well as the dusk sky o n  sols 6 ,  22, and 24, 
had only small-contrast features, the  sk\- 
\\as auite variecl o n  other sols. O n  sol 39 
discrete 'lue clouds were obser\:eil troln 120 
miln~tes hetore sunrise ~utltil 35 lllin~ltes be- 
tore sunrlse. T h e  disappearance of the con- 

trast in the half-hour sunrise is proh- 
ably clue to  changing illumination condi- 
tions. For the  clouds to be illuminateil by 
direct sunlight at the  heginning of the ol>- 
ser\-ations, they ~voulil have had to be at a n  
altitude of more t11a11 12O km; at the end of 
the  observations they moul~l ha\,e to he a t  
an  altitude of 25 km.  W e  expect that the  
clouds are under 120 krn and hecauie the 
i l l u m ~ n a t i o ~ ~  o t  the  clouils Joes not  appear 
to change until atter 49 minutes before 
sunrise, we conclude that the cli>ucls are not  
directl\- i l h~rn~na ted .  These are water ice 
clouils, CO, collde~lsatioil is ruled out be- 
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Fig. 8. (A) Flux in three solar f~lters versus air 
Inass factor. The air mass factor was computed 
for dirst dstr~birted w ~ t l i  a scale height of 13 km. 
The exponent~al f ~ t s  for the cont~nuuln filter L2 
and the water band f~lters L4 and R3 are shown. 
Note tliat the water band po~nts tend to e at 
lower flux than the continc~uln filter points. (B) 
The band observations/cont~nuum model for L4 
and R3 f~lters are shown. Linear fits to the band/ 
contnuum ratos for the two water-band filters 
are shown by the short dashes (R3IL2) and long 
dashes iL4iL21 The average of these two deter- 
minations of bandicontinilurn ratio vers~is air 
Inass IS glven by the heavy solid Ihne between the 
dashed lines. (Ci The vertical water abc~ndance 
versus alr mass factor with the air Inass co~nput-  
ed assurning the water is distributed w t h  a 13- 
km scale height (triangles) or w ~ t h  a much smaller 
vertical scale heght (circles) 

cause it is especteil to occur Ilea 
82  kill (34 ) .  

Determination of water vaaor 
abundance. T h e  amount of water expected 
in  the  martian atmosphere is onl\- of the 
order o t  1O p r e ~ i p i t a ~ l e  nlicrometers (pr 
~ m )  (42), sutficie~lt to proiluce an  ahsorp- 
tion of about 1 .5% in the L4 and R3 filters 
(935 n m )  at a n  air mass o t  19 or illore ( I  ). 
T o  determine the a m o ~ ~ n t  of water in the  
atmosphere of Mars, \ye observed the  disk 
of the  sun in  filters L2 (882 n m ) ,  R3,  and 
L4 when the  sun was high in the  skv 
(e l e \ : a t~o~ l  angles from 65 to 70") and the  
expecteil absorption in the  R3 and L4 
tilters was much less than  1%. These oh- 
s e r v a t i o ~ ~ s  were useil to tie the  calibration 
of the  three channels together. Next ,  \ve 
ohserved the  sk\- repeatedly at elevation 
allgles between 3 .6  and 6.5" in  each of our 
solar filters. T h e  hrightness in all o t  our 
filters, including the  con t i ln~um filter L2, 
decreaseii suhstantiallv with d e c r e a s i ~ ~ g  el- 
e ~ , a t i o n  allgle hecause of the  vertical ex- 
t inction optical clepth of ahout 0.5. A t  low 
ele\-atlon angles, t he  air Illass factor de- 
pends i>n the  scale height of the  ciust as 
.i\~ell as o n  the  ele\:ation angle observed. A 
d ~ l s t  scale height of about 13 k m  was 
required to give a linear variation of log 
f lus  with alr mass tactor (Fig. 8 A ) .  

A n  error of 10.6 on the  individual L4 and 
R3 points is attrihuteci to \x i a t ions  in the  
sensitiviti- of the  detector o\-er the  tield as 
the  disk of the  sun moves across the  detec- 
tor with time (Fig. 8B). T h e  average for the  
two water hands indicates an  absorption of 
soille 1.5%. T o  con\:ert this ahsorptioll to a 
water abundance, line h\- line calculations 
\Yere ~ L I I  using the  Air Force Geoph\-sical 
Laborator\- line list in this water hanil. 
These data were convolveil n ~ i t h  the  pro- 
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Fig. 9. The observed reflectance of Dellnos at a 
phase angle of 43.4" (diamonds) has been con- 
verted into an estimated geometric albedo (trian- 
gles) by assuming an opi~cal depth of 0.5 and a 
phase angle dependence of 0.033 magniic~de per 
degree. The albedo In the range 400 to 650 nm of 
0.07 to 0.09 agrees with previoi~s ~neasurements. 
Note the poss~ble presence of an absorption band 
at 965 nni. 
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files of our water tilters to construct a curve 
of growth relevant for martian conditions 
(P = 3.5 mb, T = 210 K) .  This curve of 
growth indicates a slant water abundance o t  
45 to 97 pr p m  as the sun varied from the 
greatest to the smallest elevation angle. 

This water abundance converts to the  
abundance in  a vertical colulnn bv dividing 
b\- the  appropriate air mass factor (Fig. 8C). 
T h e  r e l a t ~ o n s h i ~  between alr Inass factor 
alld e l eva t~on  angle depends o n  the ver t~cal  
mixiilg of the \yarer vapor in the  atmo- 
sphere. It  the xater  vapor is concentrated a t  
lo\\. altitudes by the decreasing temperature 
with altitude, then the air mass factor can 
be as large as the inverse of cos (elevation 
angle). If the scale height is as large as that 
of the dust, then the  air mass factor 1s some 
20'% smaller, and the  vertical water abun- 
dance IS correspondingly larger. For small 
Lvater scale helghts, the vertical abundance 
is 8 (-2,  +4)  pr p m ,  while tor the larger 
scale height the value is 11 (-4,  +6)  pr 
p n .  Similar anal\-ses for the mornings of 
sols 15 and 21 and the evening of sol 25 
vield 14 ( + 7 ,  4 ) ,  13 ( + 7 ,  3 ) ,  and 17 
($9, -4)  pr pn ,  respectivel\-. 

Astronomical observations. Two suec- 
tra of one of Mars' moons, Deimos, were 
obtained within the tirst 30 da\-s [Fig. 9, 
(41)].  A llnear least-squares fit to the  
spectral slope gives a reflectivlt\- gradient 
of 8.5 per 120 nm; a value no t  consistent 
with the  much steeper (D-type) slope re- 
ported previously (42) .  Phase curves for 
Deimos and  Phobos have been derived 
from \liking o r b ~ t e r  images (43) .  W e  used 
these data to produce the  geometric albe- 
d c  within each filter (Fig. 9 ) .  A similar set 
of measurements were o b t a ~ n e d  a t  a phase 
angle of 10.8" and conversion to  geomet- u u 

sic albedo produced excellent agreement 
with the  result shown in  Fig. 9 over the  
e lmre wavelength range. 

Viking orbiter data xvere used to derive a 
geometric albedo of 0.069 i- 0.006 ( l o )  in  
the  wavelength range 445 to 593 n m  and a 
rather flat spectrurn (43,  44).  Our  six mea- 
surements within this wavelength range 
give a mean geometric albedo of 0.074 2 
0.006 ( l o ) ,  considerably higher than the  
ground-based results (42) .  T h e  slope of the  
spectrum in our data in  the  range 445 to 
593 nln is distorted by the  rather high re- 
flectance a t  530 n m  but may be consistent 
with Viking observations. However, the  in- 
creasing reflectance with wavelength to 
1000 nln is not  consistent with a spectrally 
flat surface. 

There  is evidence of a n  absorption 
band a t  930 nm.  This could be caused by 
a n  absorbing component  in  t h e  dust in  the  
martian atmosphere, or by a n  iron oxide or  
pyroxene absorption o n  Deirnos. Of these 
possibilities, t he  last seems most likely 

because of the  absence of any major fluc- 
tuations i n  the  optical depth  of the  atmo- 
sphere with wavelength. Second, In bo th  
spectra, the  derived albedo a t  530 n m  is 10  
to 15'X higher than  expected from a linear 
increase i n  reflectance with wavelength. 
Some phvllosilicates have a generally low 
and flat albedo with wavelength but a n  
enhanced reflectance In this region of the  
spectrum. 
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Characterization of the Martian Surface Deposits 
by the Mars Pathfinder Rover, Sojourner 

Rover Team*? 

Sojourner, the Mars Pathfinder rover, discovered pebbles on the surface and in rocks that 
may be sedimentary-not volcanic-in origin. Surface pebbles may have been rounded 
by Ares flood waters or liberated by weathering of sedimentary rocks called conglom- 
erates. Conglomerates imply that water existed elsewhere and earlierthan the Ares flood. 
Most soil-like deposits are similar to moderately dense soils on Earth. Small amounts of 
dust are currently settling from the atmosphere. 

Sojourner,  the  Mars Pathfinder rover ( I ) ,  
made observations that raise and answer 
questions about the origins of the  rocks and 
other deposits a t  the  Ares site ( 2 4 )  and 
allow coinparisons with the  two Viking sites 
(5). Because the  rover is mobiie and close to 
the  ground, its observations, embodied in  
images, reveal details of the  textures of 
rocks and deposits that  are not  obtainable 
with a lander camera. Excavations by the  
rover brought materials to the  surface for 
examination and allowed estimates of the  
l~lechanical properties of the  deposits (6, 7) 
(Fig. 1A) .  T h e  rover also carried the  a- 
proton x-ray spectrometer (8 )  to  rocks and 
soils for chelnical analyses. 

Ares resembles t h e  two Viking sites (5) 
because it  is partly covered by th in  drifts 
atop soil-like deposits admixed with rocks 
(Plate l A ) ,  but there are other  similarities 
and important differences. Rock concen- 
trations are colnparable a t  t h e  three sites 
(3);  a t  Ares, 16.1% of the  surface is cov- 
ered by rocks wider t h a n  3 cm (Plates 5 
and 9). Unlike the  Viking sites, well- 

rounded objects a few centimeters wide 
are found o n  the  surface (Fig. 1B);  these 
objects pose interesting questions. Are  
they pebbles (9 )  rounded by Ares flood 
waters, wave action o n  a n  ancient  martian 
beach, or a glacier? Are  they drops of 
solidified impact melts or spatter from lava 
fountains? Are  they nodules from depth 
within lavas, pyroclastic rocks, or concre- 
tions, or are they pebbles from sedimenta- 
ry rocks tha t  were liberated by weathering? 
W e  suggest tha t  they may be pebbles lib- 
erated from sedimentary rocks cornposed 
of cemented silts, sands, and  rounded frag- 
ments ( 9 ) ;  such rocks are called conglom- 
erates. On Earth, cements include hard- 
ened clay, iron oxide, silica, and calcium 
carbonate. I n  the  rover ilnages (Fig. l C ) ,  
Shark, Half Dorne, and a nearby small 
rock look like they might be  conglomer- 
ates. T h e  rounded knobs up to  3 or 4 c m  
wide o n  Shark and  Half Dome could be 
pebbles i n  a celnented matrix of clays, 
silts, and sands. T h e  small rock has small 
0.5- to  1-cln-sized pebbles and similar size 
"sockets" tha t  could be the  former sites of 

The Rover Team: J. R.  Ma~~jevic,  J. Crisp, D B. B~ckler, pebbles (Fig. I D ) .  Rocks are no t  t h e  sallle 
R. S. Banes, 6 .  K. Cooper H. J. Eisen J Gensler, A. everywhere. S o ~ n e  rocks (Stimpy and,  per- 
Haldemann F. Hartman, K. A, Jewett, L. H. Matthies, haps, ~ ~ ~ ~ ~ ~ k )  (plate 6 )  lllay be volcanic 
S. L. Laubach A. H. M~shk~n,  J. C. Morr~son, T. T. 
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J A Tarsaa. A. D Thompson, M, T. Wallace, R.  Welch, prisms; prismatic rocks, such as basalts and 
E, inieman, B H. Wcox ,  Jet Propuls~on Laboratory tuffs, are colnlllonly formed by the  cooling 
Caiforna lnsttute of Technology, Pasadena, CA 91 109 
USA. D. Feruuson. P. Jenkins J. Koleck~. G. A. Lands. D. of flows. 'quash 6 ) )  which 
Vdlit NASA- Leu!~s Research Center, Cleveland, OH has fingerlike protrusions, may be a n  au- 
141 35, USA. tobrecciated or pillow lava. Rocks with 
,Contrbutons by H. J. Moore U.S Geological Suwey, vesicular and  ~ i t t e d  textures could be a 
Menio Park, CA94C25, USA, and F. Pavlics, 3337 C a m  result of sedimentary ( 1  ), or 
pan11 Drive, Santa Barbara, CA 931 09, USA, 
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the  followmg leasons (1) kilobhp .J 

locks ma, be co~lglomerates & 
formed from silts, sands, and peb- 
bles deposited from streams or floods or 
along coasts; cemented by hardened clay 
or by t h e  precipitation of silica, iron, and 
s u l f ~ ~ r  colnpounds (or by both) ;  or incor- 
porated as conglolnerates in  waters of the  
Ares floods and  redeposited 1 or 2 billion 
years ago as part of the  Ares fan; (i i)  
pebbles in  conglolnerates would suggest 
tha t  liquid water existed a t  the  surface 
before the  Ares floods; (iii) some rocks 
may be sedimentary and  others volcanic; 
( iv)  the  unexpected high silica contents i n  
some rocks (8) may be due to  sedimentary 
processes, such as cementation and  sort- 
ing; (v )  sulfur compounds (8) could be 
present in  a hardened-clay cement ;  and 
(vi )  the  Ares site appears to  be  a place 
where a "grab bag" sample was collected 
( 2 ,  3) .  

I n  general, martian soil-like deposits 
( 6 )  (Table 1 )  are similar to  moderately 
dense soils o n  Earth,  such as clayey silt 
with embedded sands, granules, and  peb- 
bles, and  a test material tha t  simulates 
lunar soil (10) .  Friction angles (Q) aver- 
age about 36.6' and are typically between 
32" and 41"; angles of repose (a) mea- 
sured with lander camera images (4) aver- 
age 34.2" and  are typically between 30" 
and 38". Cohesion (c )  values calculated 
with t h e  assulnption tha t  @ equals O av- 
erage 0.238 kPa and  are typically between 
0.120 and 0.356 kPa (Table 1 )  (6 ) .  T h e  
bulk density of the  deposits may be esti- 
mated from their @ with the  assulnption 
tha t  they behave like lunar soils (10) ,  
giving a n  average bulk density of t h e  de- 
posits near 1520 kg/in3. Deposits are no t  
the  sanle everywhere. I n  colnpressible 
dust, a rover wheel produced ruts with 
steep walls, inarginal slumps, and nearly 
perfect reflective casts of t h e  spacing be- 
tween the  cleats (Fig. IF ) ,  which are the  
responses expected for a fine-grained, po- 
rous deposit subjected t o  a load near 1 or 2 
kPa. T h e  estilnated values of @ near 26" 
and c near 0.53 kPa (Table  1 )  indicate a 
weak, porous deposit. Casper, a nearby 
bright exposure, may be a consolidated 
deposit (Fig. IF )  like Scooby Doo (Plate 
7 C )  tha t  has a chemical colnposition ( 8 )  
similar to  soil-like deposits elsewhere ( t h e  
rover did no t  scratch or dig into Scooby 
Doo, nor could it dig into consolidated or 
cohesive inaterials such as adobe or hard- 
pan o n  Earth).  Bright, fine-grained drifts 
are abundant  as th in  (less t h a n  a few 
centimeters),  discontinuous ridged sheets 
and wind tails tha t  overlie cloddy deposits 
(Fig. 1G). For exalnple, concurrent values 
of shear and normal stresses yield a n  upper 
layer of drift ( 1  c m  thick) with @ = 28.2' 
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