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Chemical analyses returned by Mars Pathfinder indicate that some rocks may be high 
in silica, implying differentiated parent materials. Rounded pebbles and cobbles and a 
possible conglomerate suggest fluvial processes that imply liquid water in equilibrium 
with the atmosphere and thus a warmer and wetter past. The moment of inertia indicates 
a central metallic core of 1300 to 2000 kilometers in radius. Composite airborne dust 
particles appear magnetized by freeze-dried maghemite stain or cement that may have 
been leached from crustal materials by an active hydrologic cycle. Remote-sensing data 
at a scale of generally greater than -1 kilometer and an Earth analog correctly predicted 
a rocky plain safe for landing and roving with avariety of rocks deposited by catastrophic 
floods that are relatively dust-free. 

M a r s  Pathfinder (named the Sagan Memo- 
rial Station) landed on the surface of Mars 
on 4 July 1997 (Figs. 1 and 2), deployed a 
small rover (named Sojourner) (Fig. 3), and 
collected data from three scientific instru- 
ments lnamed Imager for Mars Pathfinder - 
(IMP), a-proton x-ray spectrometer 
(APXS), and atmospheric structure investi- 
gationlmeteorology package (ASIIMET)] 
and technology experiments (1 ). In the first 
month of surface operations the mission 
returned about 1.2 gigabits of data, which 
include 9669 lander and 384 rover imaees - 
and about 4 million temperature, pressure, 
and wind measurements. The rover tra- 
versed a total of about 52 m in 114 com- 
manded movements, performed 10 chemi- 
cal analyses of rocks and soil, carried out 
soil mechanics and technology experi- 
ments, and explored over 100 m2 of the 
martian surface. 

Pathfinder used a rover, carrying a 
chemical analysis instrument, to character- 
ize the rocks and soils in a landine area over - 
hundreds of square meters on Mars, which 
provides a calibration point or "ground 
truth" for orbital remote-sensing observa- 
tions (1, 2). The combination of spectral 
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imaging of the landing area by the IMP, 
chemical analyses by the APXS aboard the 
rover, and close-up imaging of colors, tex- 
tures, and morphologies with the rover 
cameras offers the potential for identifying 
rocks (petrology and mineralogy). Before 
the Pathfinder mission, knowledge of the 
kinds of rocks present on Mars was based 
mostly on the martian meteorites (all mafic 
igneous rocks) and inferences from Viking 
data (3, 4). In addition, small valley net- 
works in heavily cratered terrain on Mars 
have been used to argue that the early 
martian environment may have been warm- 
er and wetter (with a thicker atmosphere), 

at which time liquid water may 
have been stable (5). 

The Ares Vallis landing site 
(Fig. 4) was selected because it appeared 
acceptably safe and offered the prospect of 
analyzing a variety of rock types expected 
to be deposited by catastrophic floods, 
which enable addressing first-order scien- 
tific auestions such as differentiation of 
the crust, the development of weathering 
products, and the nature of the early mar- 
tian environment and its subsequent evo- 
lution (2). In the selection of the Path- 
finder landing site, engineering con- 
straints were identified, surface environ- 
ments and safety considerations were 
developed (for the robust lander), and the 
potential science return at different sites 
was considered. Sites (100 km by 200 km 
target ellipses) were considered safe if they 
were below 0 km elevation, were free of 
obvious hazards (high-relief surface fea- 
tures) in high-resolution (<50 mlpixel) 
Viking orbiter images, and had acceptable 
reflectivity and roughness at radar wave- 
lengths, high thermal inertia, moderate 
rock abundance, low red-to-violet ratio, 
and low albedo. In selecting the Ares Val- 
lis site using the remotely sensed data and 
the geologic setting, we made a number of 
  re dictions of the surface characteristics of 
;he site (2), which are examined below. 

Launch, cruise, entry, descent, and 
landing. The spacecraft was launched on 4 
December 1996 and had a 7-month cruise 
to Mars, with four trajectory-correction 
maneuvers. The vehicle entered the atmo- 
sphere directly after cruise stage separa- 

H.;. Moore, U.S. Geological Survey, Scientist Emeritus, 
Astrogeology Team Menlo Park, CA 94025, USA. Fig. 1. Panorama of the martian surface with dark rocks, red dust, and pale pink sky at Ares Vallis taken 
R, Rieder, M~ InsitUte for chemistw, ~ ~ i ~ ,  G ~ ~ -  by the IMP on sol 1 ; the rover is still stowed on the lander petal. Airbags inhibited deployment of the rover 
many. ramps (the gold, silver-edged cylinders at either end of the rover), and required the petal to be raised and 
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of Arizona, Tucson, AZ 85721, USA. 1 km to the west-southwest and contributed to rapid location of the lander in Viking orbiter images. Color 
*To whom correspondence should be addressed. mosaic is made of 24 : 1 compressed red filter and 48 : 1 green and blue filter images. 
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tion. Parachute de~lovment, heatshield . , 
and lander separation, radar ground acqui- 
sition, airbag inflation, and rocket igni- 
tion (Table 1) all occurred before landing 
at 2:58 a.m. true local solar time [9:56:55 
a.m. Pacific Daylight Time (PDT)]. The 
lander bounced at least 15 times up to 
12 m high without airbag rupture, demon- 
strating the robustness of this landing sys- 
tem. The radio signal from the low-gain 
antenna was received at 11 : 34 a.m. PDT, 
indicating successful landing through pet- 
al opening (Table 1). During entry, de- 
scent, and landing, science and engineer- 
ing accelerometers, pressure, and descent 
temperature sensors allowed the atmo- 
spheric temperature, pressure, and density 
to be reconstructed (6). 

Soils near the lander that had been 
disturbed by retraction of the airbags ap- 
pear to be a darker red-brown than the 
surrounding undisturbed soils (Plate 1A). 
Similar patches can also be found up to 
15 m away from the lander to the east and 
southwest. Those to the southwest resem- 
ble airbag retraction marks, lie along an 
arc centered on the rover petal (Plate lA),  
and appear to indicate that the airbag- 
enclosed lander rolled gently up and back 
down a slight rise (see azimuths 210" to 
270°, elevation to 15" in Plate 1A). Dark 
patches extending away from the lander 
are probably the spacecraft's last few 
bounce marks as the lander bounced to its 
present location from the east or east- 
southeast (see azimuths 90" to 130°, ele- 
vations 10" to 25" in Plate 1A). These 
marks are distinct from the roll marks and 
airbag retraction marks in that they are 
separate patches rather than continuous 
swaths. Those closest to the lander (see 
azimuth 70°, elevation 35" in Plate 1A) 
also show sharp, linear troughs that fade 
toward the edge of the disturbed patch. 
These mav be im~ressions of creases in the 
airbags that were imprinted into the soil as 
the lander bounced and com~ressed the 
airbag lobe in contact with the ground. 

Surface operations. After receiving 
data indicating a properly functioning 
spacecraft, commands were sent to un- 
latch the IMP and high-gain antenna. Im- 
ages returned at 4:30 p.m. PDT included a 
panorama to determine how well the air- 
bags had been retracted, stereo images of 
both ends of the rover ~ e t a l  to determine 
if it was safe to deploy the rover ramps, 
and a partial color panorama of the mar- 
tian surface and sky beyond the rover (Fig. 
1). After further retraction of the airbags, 
which required the rover petal to be par- 
tially closed and then reopened, the ramps 
were deployed and the rover was com- 
manded to stand up. A full panorama of 
the surface around the lander was returned 
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during the last downlink of the first sol 
(the first martian day, 24.6 hours, of sur- 
face operations). The rover was driven 
down the rear ramp on sol 2. After acqui- 
sition of a number of lossless panoramas, 
the IMP was deployed on its 0.8-m-high 
mast at the end of sol 2. After some com- 
munication difficulties between the rover 
and lander on sols 1 and 2, the rover 

placed the APXS against Barnacle Bill on 
sol 3 (see rock names in Plate 6). 

Operations during the first 7 sols focused 
on returning a full stereo lossy (compressed 
6 : 1) panorama to support rover operations 
and end-of-day images of the rover to allow 
traverse planning for the next sol. A full 
three-color lossy (compressed 6 : 1) panora- 
ma was acquired on sol 10 and a nearly 

Fig. 2. Image of lander on Mars taken from rover let? front camera on sol 33. The IMP (on the lattice mast) 
is looking at the rover. Airbags are prominent, and the meteorology mast is shown to the right. 
Lowermost rock is Ender, with Hassock behind it and Yogi (Plate 6) on the other side of the lander. 

Table 1. Entry, descent, and landing events. 

Event Time Altitude Velocity 

19 Cruise stage separation L - 35 min 

8 E n t ~  L - 5 min 130 km 7470 m/s 

\ Parachute deployment L - 134 s 9.4 km 370 mls. 16g 

Heatshield separation L - 114 s 

Lander separation L-94s  

i.. Radar ground acquisition L - 28.7 s 1.6 km 68 mfs 

Airbag inflation L-10.1s 355m 

a / j Rocket ignition L-6.1 s 98m 61.2 m/s 

Bridle cut L-3.8s 21.5m 

' Landing 258 a.m. 0 14 mls, 19g 

5 Roll stop Lc2rnin 

" Deflation L + 20 min 

Airbag retracted L + 74 min 

petalsopened L + 87 min 
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lossless three-color stereo with nine-color 
filter panorama was begun on sol 13. This 
panorama and images acquired for subpixel 
scale resolution represent the complete set 
of images for characterizing the landing site. 
The rover was sent in a clockwise traverse 
around the lander (Plate 3) to enable APXS 
measurements of rocks in the Rock Garden, 
which could not be accessed from the other 
direction. 

Location of the lander. Five prominent 

features on the horizon, including three 
knobs, one large crater, and two small cra- 
ters, were identified in lander images and in 
the high-resolution Viking orbiter images 
(Fig. 5), which allows the lander to be 
located with respect to other surface fea- 
tures. O n  the basis of azimuths to the fea- 
tures, the location of the lander in the 
Viking images can be determined to within 
a few pixels (about 100 m). Within the U.S. 
Geological Survey (USGS) cartographic 

Fig. 3. Lander image of 
rover near The Dice 'p- 
(three small rocks behind 1 
ihe rover) and Yogi (Plate 
6) on sol 22. Color (red, 
green, and blue filters at 
6 : 1 comwession) imaae , 
shows dark rocks, bri&t 
red dust, dark red soil 
exposed in rover tracks, 
and dark (black) soil. The 
APXS is in view at the 
rear of the vehicle, and 
the forward stereo cam- 
eras and laser light strip- 
ers are in shadow just 
below the front edge of 
the solar panel. 

network (7), the lander is located 
at 19.17"N, 33.21°W, but a re- 
vised cartographic network (8) for 
the local area and the two-way ranging and 
Doppler tracking (9) results in inertial 
space suggest that the USGS network is 
displaced about 19 km to the north and 7 
km to the west (Figs. 4 and 5). . =  - 

Geology and geomorphology. Many 
characteristics of the landing site are con- " 
sistent with its being shaped and deposited 
bv the Ares and Tiu catastro~hic floods 
(i0). The rocky surface is cons'istent with 
its being a depositional plain (16% of the 
area is covered by rocks; Plates 5, 8, 9, and 
10) with rounded to semirounded pebbles, 
cobbles, and boulders that appear similar to 
those of depositional plains in terrestrial 
catastro~hic floods (see below). The Twin 
Peaks appear to be streamlined hills in 
lander images. which is consistent with in- = ,  

terpretations of Viking orbiter images of the 
region that suggest the lander is on the 
flank of a broad, gentle ridge trending 
northeast from Twin Peaks (Fig. 5). This 
ridge, which is the rise to the north of the 
lander, is aligned in the downstream direc- 
tion from the Ares and Tiu Valles floods 
and may be a debris tail deposited in the 
wake of the Twin Peaks. Rocks in the Rock 
Garden (Shark, Half Dome, and Moe; Plate 
6) may be imbricated blocks generally tilted 
in the direction of flow (Fig. 1). Channels 
visible throughout the scene (Fig. 1 and 
Plates l b  and 4) may be a result of late-stage 

frame of (811. The location of the lander in inertial 
space (1 9.30°N, 33.52"W) from the two-way ranging and Dopplertracking of cartographic frame is actually 2 km to the south and 0.8 km to the east of the 
the lander (9) is at the very northwest edge of the crater, just 2.2 km to the local network. Color mosaic is part of the Oxia Palus Quadrangle (MC 11) of 
south-southeast of the X. If the location of the lander in inertial space is forced Mars; black and white mosaic from Viking orbiter images of 38 m/pixel reso- 
to coincide with its location with respect to surface features, then the resulting lution; north is at the top. 
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drainage. Large rocks (>0.5 m) appear tab- 
ular and semirounded, and many appear 
perched, consistent with deposition by a 
flood. Smaller (<0.3 m), angular, darker 
rocks and blocks may be ejecta from a near- 
by crater (10). Evidence for eolian activity 
at the site includes wind tails behind rocks 
and wind streaks of what appears to be very 
fine-grained bright red drift material, simi- 
lar in color to dust i n  the atmosphere. The 
presence of dirt covering the lower 5 to 7 
cm of several rocks suggests that they have 
been exhumed (10). Some rocks appear to 
be fluted and grooved by saltating sand- 
sized particles in the wind, and light-col- 
ored sand dunes have been imaged in the 
trough behind the Rock Garden by the 
rover. 

Mineralogy and geochemistry. In gener- 
al, rocks are dark gray with discontinuous 

coatings of bright red dust or weathered 
surfaces, or both (10). Undisturbed dark 
soil, which appears dark (black) in surface 
images (Fig. 3), and dark red soil, which 
appears in areas disrupted by the rover and 
airbags, have colorations between the 
bright red and dark gray. A very bright red 
material (for example, Scooby Doo) may be 
an indurated soil, because its composition is 
similar to that of soils elsewhere at the site 
(1 1 ). Soil compositions are generally similar 
to those measured at the Viking sites, which 
are on opposite hemispheres. Thus, this soil 
may be a globally deposited unit on Mars 
( I  1 ). The similarity in compositions among 
the soils implies that the differences in col- 
or may be due to slight differences in iron 
mineralogy or differences in particle size 
and shape. 

The analyzed rocks are consistent with 

basaltic to andesitic parent materials on 
Mars (1 I). The high silica content of some 
of the rocks appears to require crustal dif- 
ferentiation of mantle-derived parent mate- 
rials. These rocks have compositions that 
are distinct from those of the martian me- 
teorites. Analyses of rocks with lower silica 
content appear rich in sulfur, implying that 
they are covered with dust or weathered. 
Rover images show that some rocks appear 
vesiculated and may be volcanic. Soils can- 
not have formed from the measured rocks at 
the landing site because their compositions 
are chemically distinct ( I  1 ). 

Magnetic properties and surface mate- 
rial properties. Airborne magnetic dust has 
been progressively deposited with time on 
most of the magnetic targets on the lander 
(1 2). The. dust is bright red and has a mag- 
netization consistent with that of composite 
particles with a small amount of maghemite 

Fig. 5. Mosaic of Viking orbiter images illustrating the location of the lander (19.1 7"N, 33.21°W in the 
USGS reference frame) with respect to surface features. Five prominent features on the horizon include 
North Knob, Southeast Knob, Far Knob, Twin Peaks, and Big Crater. Two small craters visible in the 
orbiter and lander views-Little Crater and Rimshot Crater-lie on the northwest outer flank of the rim of 
Big Crater. Because the lander is on the southeast-facing flank of a low ridge, very distant features to the 
south and east are in view, whereas relatively nearby features to the north are partially or completely 
obscured. Only the tip of North Knob, which appears larger in the Viking orbiter images than the Twin 
Peaks, projects above the local horizon, and a 300-m crater, 1.2 km to the northeast, is completely 
obscured. Viking stereo images 004A27 and 004A87 and 004A44 and 004A70. North is up; scale bar, 
5 km. (Insets) (Upper right) Lander location. (Upper left) North Knob from lander. (Lower left) Far 
Knob from lander. (Lower right) Southeast Knob from lander. The location of the lander in inertial space 
(19.30°N, 33.52"W) from the two-way ranging and Doppler tracking of the lander (9) is coincident with 
Rimshot Crater. Twin Peaks can be seen in Fig. 1. 

. . 

has been ;bout 0.5 since landing on Mars 
( lo),  in late northern summer (L, 143'). 
Slightly higher opacity at night and early in 
the morning may be due to clouds, which 
have been imaged, and fog. The sky has 
been a pale pink color (Fig. I) ,  similar to 
what was seen by the Viking landers (14). 
Particle size (roughly a micrometer) and 
shape and water vapor (about 10 precipita- 
ble micrometers) in the atmomhere are also 
consistent with measurements made by Vi- 
king ( 14). The upper atmosphere (above 60 
km altitude) was relatively cold, although 
this mav be consistent with seasonal varia- 
tions and entry at 3 a.m. local solar time 

SCIENCE VOL. 278 5 DECEMBER 1997 www.sciencemag.org 



[compared n ~ i t h  the  Miarmer upper atmo- 
sphere meas~ured by Viking 1 a t  4 p.m. local 
solar trine ( 1  S)]. T h e  mmultiple peaks 111 the  
landed pressure measurements and the  en- 
try and descent data are indicative of dubt 
uniformly mixed in  a \\>arm lower atmo- 
sphere, again similar to that measured by 
Viking 1 (6, 16) .  

T h e  meteorology lneasurelnents shoa. 
repeatable diurnal and higher-order pres- 
sure and temperature fluctuations (6 ) .  Tile 
barometric lninllnuln \\>as reached a t  the  
site o n  sol 13, indicat~ng the  rnaxim~un~ 
extent of the winter south polar cap. Tern- 
peratures fl~uctuated abruptly with time and 
between 0.25 and 1 m height in the  mom-  
ing. These obser \~at~ons suggest that cold 
~llorning air was wyarmed by the  surface and 
convected uprvard in  snlall eddies. After- 
noon temperatures, after the  atnlosphere 
has been n~armed, do  not sho\v these vari- 
ations. Winds have been light ( < I 0  m/s) 
and variable, peaking a t  night and d~uring 
daytime. Dust devils have been detected 
repeatably in the  early afternoon (6 ) .  

Rotational and  orbital  dynamics.  Daily 
Doppler tracking and less frequent two- 
way ranging during com~n~unicat ion ses- 
sions between the  spacecraft and Deep 
Space bietwork antennas h a l ~ e  resulted in  
a solution for the  location of the  lander in  
inertial space and t h e  direction of the  
hllars rotational axis ( 9 ) .  Combined with 
earlier results from the  Viking landers, this 
gives a factor of 3 improvement in  the  
hllars precession constant.  T h e  estinlated 
precession rate is consistent wit11 the  hy- 
pothesis that  the  nonhydrostatic compo- 
nen t  of the  polar rnolnent of inertia 
(0.3653 2 2.0256) is due to  the  Tharsis 
bulge ( 9 ) .  T h e  estimated precession con- 
stant rules out \\,arm interior models \\,it11 
mantle c o ~ n p o s i t ~ o n s  sinlilar to that  of 
Earth and cold, highly iron-enriclled mod- 
els. If t he  (iron-enriched) Shergotite me- 
teorites are typical of the  lllantle compo- 
sition, t h e n  the  mantle must be n7armer 
than Earth's (for the  same pressure level) 
and the  core radius must be larger than  
-1300 knl (b~ut  n o  larger t h a n  -2200 km 
for other mantle compositions). 

Tes t s  of predictions for t h e  landing 
site. Pathfinder has provided tests of the  
validity of remote observations from 
Earth, orbit, and t h e  surface ( 2 ) .  As pre- 
dicted, the  average elevation of t h e  center 
of t h e  site was about the  same as tha t  of 
the  Viking 1 lander (VL-1) relative to  t h e  
6.1-mbar geoid (Table  2 ) ,  based o n  delay- 
Doppler radar measurements (1  7 )  and 
traclting results (18) ;  t h e  Doppler traclting 
and two-way ranging estimate for t h e  ele- 
vation of the  spacecraft (9)  is only 45 m 
lower than  tha t  of the  VL-1 and within 
100 111 of tha t  expected, which is within 

the  uncertainties of the  measurements. 
After landing, surface pressures and ~vinds  
(5  to 12  m/s) were similar to  expectations 
based o n  Viking data,  although tempera- 
tures were about 10 K n7armer ( 6 ) .  T h e  
temperature profile below 50 km was also 
about 20 K \Trarmer. As  a result, predicted 
densities \Yere 5% higher near the  surface 
and  up to  40% lower a t  50 km,  but within 
the  entry,  descent, and  l a n d ~ n g  design 
margins. T h e  populations of craters and 
small hills and the  slopes of the  h ~ l l s  mea- 
sured in  high-resolution (38  m/pixel) Vi- 
king orbiter inlages and the  radar-derived 
slopes of the  landing site are all consistent 
with observations of these properties i n  
the  lander images (Table 2) .  

4 rocky surface was expected from \Ti- 
king infrared thermal mapper ( IRTbf)  ob- 
~ e r \ ~ a t i o n s  and comparisons wit11 the  Vi- 

area covered by rocks with diam- 
eters greater tllan 3 c ~ n  (Plate 9 )  and 
he ig l~ t s  (Plate 10)  greater than  0 .5  m (po- 
tentially haiardous to  landing) a t  Ares is 
similar (Table 2) to  tha t  p red~c ted  by 
IRThI  observations and models of t h e  Vi- 
king lander's rock size-frequency distribu- 
tions (2 ,  22) .  T h e  IRTfvl prediction pos- 
tulated a n  effecti\~e t i ier~nal  inertia of 3L1 
[ l o p 3  c g s ~ ~ n i t s  (cal cmP3  s-"' K-I)] for 
the  rock population (1 9 ) ,  but we obtain a 
slightly different effecti\~e thermal inertia 
for the  rock population. 

T h e  validity of interpretations of radar 
echoes before landing is supported by a 
simple radar echo model (23, 24),  a n  esti- 
mate of the  reflectivity of the  soil from its 
bulk density (2 ,  25, 26),  and the  fraction of 

Table 2. Assesstnent of landing site predictions. 

Landing siteh predictons (2) Pathf~nder obse~vatons 

E/el/ariot~.t (km] 
R, (HI DTM: 3389.4 (-2.0) 

Radar: 3389.652 2 0.1 (-1.695 +: 0.1) 
Atmospheric conditions:!: 

Temperature 1 3 7 K a t h = 5 0 k m  
185 K at h = 0 km (351 

Density 6.6 X 10m%g mm3 at h = 50 km 
2.0 x l om2 kg m-3 at h = 0 km (351 

Surface winds 5 to 10 mfs 
Sirs character~st~cs 

Crater coverage 1.2% of ellipse 

Topographc Small h~lls. 10" to 25' 
slopes Large hills: >20" 

Local slopes5 3.5-cm delay-Doppler radar: 4.8" +- 1.3" 
3.5-cm CW radar. 6.4" t 0.6" 
12.6-cm radar: 5" to 7" 

Radar properies 3.5-cm delay-Doppler normal reflect~vty~J: 
0.06 z 0.02 

3.5-cm CW quaslspecular cross 
sec t~on :  0.045 

3 5 cm CW dffuse cross sectlon: 0 055 
12.6 cm: 0.07-0.14 

Thermal inertias Bulk 10.4 (9 6-12.9) 
Flne component 8.7 (8 2 = 0.4) 

Rock abundance Percent area from IRTM thermal spectral 
differencing: 

18% (average: 20.4 = 2 1 %, range: 
18 to 25%) 

Tracking: 3389.73 -t 0.05 
(-1.62 1 0.05) 

Within design margins 
163Kath  = 50 km 
200 K at h = 0 km (6) 
40% lower at h = 50 km 
5% higher at h = 0 km 
5 to 10 m/s 

Three craters vlsible (diameters: 
1.5. 0.15, and 0.14 km) 

Twin peaks: 14" to 27" 
Far, Southeast, and North 

knobs: >30° 
Preliminary stereo measurements 

consistent with 5" 

Quasispecular cross sectlon. 0 05 
(estimate from so11 density and 
area. and rms slope) 

Dffuse cross secton: 0.07 
jestlmate from rock abundance, 
reflectivity, and directvity) 

Assumlng bulk 10.4 wlth rock 
abundance Implies flne 
component 8.4 

Percent area In 3 to 6 m annulus 
around lander: 
average: 16%, range: 10 to 25% 

Percent area from rock s~ze-frequency 
dlstrbuton models: 

Rocks >0.5 m hlgh: 0.7 to 3.006 Rocks >0.5 m high: 1.5% (Yogi4 
Color Albedo: 0.24 (0.19-0.24) Prel~mnar,, assessment lndlcates 

Red reilect~vty: 0.1 7-0.1 8 abundant dark gray rocks, wlth 
Volet reilectivty: 0.06-0.07 less dust or weatherng (or both) 
Red/vloIet ratlo: 2.4 + 0.3 than the Viklng sites * 

'Boldface values In t hs  c o u v n  refer to the p x e  contati~tig lander. other values are averages for the whole land~ng 
e o s e  (:00 kn? by 200 k17) -iR, IS the planet rad~as frorr the center of mass and H IS the elevat~on relatve to 
6.:-mbar datum. Results for Mars 50 ' order and degree geold (36) ; idsate that Pathfnder IS 17 in lower than V ~ k ~ n g  
: lander. ;h 1s the he~ght above suriace $Slopes are reported as a root-meall-square [rms) angle from 
horizontal for asa;mpng of sooes w th  lengths i : 0  m iCo: small rms slopes, normal reflect~vity and quasiscecuar 
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an overestmate based on evalaat~on of rocks in the far-feld. 
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area covered by rocks (Table 2). In the 
calculations, the soil produces the quasi-
specular echo and the rocks produce the 
diffuse echo. The derived quasispecular 
cross section is comparable to the cross 
sections and reflectivities reported for 3.5-
cm wavelength observations (Table 2). The 
model yields a diffuse echo that is slightly 
larger than the polarized diffuse echo re­
ported for 3.5-cm wavelength observations. 
At 12.5-cm wavelength, similar rock popu­
lations at Ares and the VL-1 site were 
expected because the diffuse echoes are 
comparable {27), but the large normal re­
flectivities suggest that bulk densities of the 
soils at depth are greater than those at the 
surface. We also obtain a fine-component 
inertia near 8.4, which agrees with the fine-
component inertia of 8.7 (in 10 - 3 cgs units) 
estimated from thermal observations from 
orbit by the IRTM (28); for this estimate, 
we used a bulk thermal inertia of 10.4 for 
the landing site (29), an effective thermal 
inertia near 40 (10~3 cgs units) for the rock 
population (30), and a graphical represen­
tation of Kieffer's model (31). 

Color and albedo data for Ares suggest­
ed surfaces of materials at Ares Vallis 
would be relatively dust-free or unweath-
ered before landing (2) compared with the 
materials at the Viking landing sites. This 
suggestion is supported by the abundance 
of relatively dark-gray rocks at Ares and 
their relative rarity at the Viking landing 
sites, where rocks are commonly coated 
with bright red dust (32). Finally, the 
40-km-long Ephrata Fan of the Channeled 
Scabland in Washington state, which was 
deposited where channelized water flow­
ing down the Grand Coulee filled the 
Quincy Basin, was suggested as an analog 
for the landing site (33) because the over­
all geology and geomorphology of the 
landing site, as interpreted from orbital 
images before landing, are compatible 
with such a depositional plain (2). The 
geology and geomorphology of the landing 
site (discussed earlier) is similar to such a 
depositional plain, and the abundance and 
size of pebbles, cobbles, and boulders is 
consistent with the expected general de­
crease in clast size from the mouth of the 
channel (2, 34). 

Perspective. Taken together, the round­
ed pebbles and cobbles and the possible 
conglomerate, the abundant sand- and dust-
sized particles and models for their origin, 
and the high-silica rocks all appear consis­
tent with a water-rich planet that may be 
more Earth-like than previously recognized, 
with a warmer and wetter past in which 
liquid water was stable and the atmosphere 
was thicker. 

The prediction of the characteristics of 
the site for safe landing and roving indi­

cates that remote sensing data at scales of 
kilometers to tens of kilometers can be 
used to infer surface properties at a scale of 
meters. The prediction that the site would 
be a plain deposited by a catastrophic 
flood is consistent with what was found at 
the surface and implies that some geologic 
processes observed in orbiter data can be 
used to infer surface characteristics where 
those processes dominate over other pro­
cesses affecting the martian surface layer 
(20). Analyses of rock chemistry and 
close-up rover images suggest that a vari­
ety of rock types are present, consistent 
with the landing site being a mixture of 
materials from a variety of sources depos­
ited by a flood (2). 

Mars Pathfinder has demonstrated a ro­
bust landing design for rocky areas and oth­
er terrains on Mars. The landing site is 
among the rockiest parts of Mars [rockier 
than all but ~10% of the planet at a scale 
of 100 km in IRTM (19)], and the airbag-
encased lander protected the lander 
through multiple bounces without damage. 
Even in rocky areas of Mars, small rovers are 
excellent for placing instruments up against 
rocks and imaging their textures and fabrics 
up close. The Pathfinder landing system 
and its rover are suitable for the exploration 
of the wide variety of terrains and surface 
materials of Mars. 
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