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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 observatio~ls that raise and answer 
questions about the origins of the  rocks and 
other deposits a t  the  Ares site ( 2 4 )  and 
allow co~nparisons 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 
examinatioll and allowed estimates of the  
~ ~ l e c h a l ~ i c a l  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 iinportant 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 images (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 
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the  followmg reasons ( I )  k i ~ o b h p  .J 
locks ma, be co~~glomera tes  & 
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 
sulf~lr co~npounds  (or by bo th ) ;  or incor- 
porated as conglo~nerates 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/m3. Deposits are no t  
the  sallle everywhere. 111 co~npressible 
dust, a rover wheel produced ruts with 
steep walls, rnarginal 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 co~nposi t ion ( 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 materials 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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and a substrate o f  the cloddy deposit 
(>3.3 cm thick) w i th  @ = 41.0" (Table 
1). Cloddy deposits, composed o f  poorly 
sorted dusts, clods, and rocks 5 1  cm in 
size (Fig. l H ) ,  were exhumed from be- 
neath a thin layer of dri f t  near Yogi; clod- 
dy deposits form patches of pebbly surfaces 
and are widespread (Fig. 1, B and G). Platy 

fragments disturbed during excavations 
(such as Pop-Tart in Fig. 1H) and by 
airbag retraction are probably crusts. Dif- 
ferent materials are indicated for Mermaid 
(Fig. 1A)  because the relatively dark, gray 
coloration o f  its surface may be an armor 
of basaltic sand or granules and @ in the 
upper 1.4 cm i s  smaller (35.1") (Fig. 11) 

than @ in the substrate o f  cloddy material 
(40.6") (Table 1). On the other hand, 
reflective wheel tracks and excavations 
revealed that the Mermaid deposits are 
poorly sorted wi th abundant dust. 

Mechanically, most Ares deposits resem- 
ble crusty to cloddy material at the Viking 2 
site, for which @ = 34.5" ? 4.7" and c = 

Fig. 1. Lander camera image and rover images of the surface of Mars. (A) 
Rover atop the Mermaid "dune" on sol 30. Note the dark material excavated 
by the rover wheels. The rover is 32 cm tall, 47 cm wide, and 62 cm long. (8) 
Rounded 4-cm-wide pebble at lower center and excavation of cloddy de- 
posit of Cabbage Patch at lower left. Note the bright wind tails of drift material 
extending from small rocks and the wheel track from upper right to lower left. 
Part of the scene is 22 cm away where pixels are 0.7 mm wide. (C) Knobs 
(arrows) of Shark (left), Half Dome (upper right), and small rock (right) may be 
pebbles in a conglomerate. Shark is about 70 cm wide. (D) Small rock 

0 2 4 6 8 10 

Normal stress (kPa) 

conglomerate;. arrows indicate sockets (left) and pebbles (lower right). (E) 
Souffle rock (32 cm wide) has a pitted surface. (F) Mosaic showing rover 
tracks (7 cm wide) in compressible soil. The bright area at lower left may be 
an indurated soil. (G) "Pebbly" surface of cloddy deposit near Pooh Bear at 
left and bright drifts at right center. (H) Excavation through veneer of drift. The 
excavation is 7 cm wide. The platy fragment or piece of crust (upper right) 
was displaced by the rover wheel. (I) Shear and normal stresses determined 
concurrently for the upper 1.4 cm during the first test in Mermaid. The tan (a) 
is 0.709; a least squares fit yields @ = 35.1" and c = 0.01 kPa (Table 1). 
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Table 1. Summary of conditions and results of soil mechanics experiments. Some experiments are pending. 

Exp. 
No,* 

1 
2 

3 

4 
5 
6 
7 
8 
9 

10 

11 

12 

Solt 

3 
4 

13 

13 
15 
18 
18 
21 
23 
27 

27 

29 

29 
29 

Wheelt 

LF 
RR 
RF 
RR 
RF 
RR 
RR 
LF 
LF 
LR 
RF 
RR 
RR 
RR 
RR 
RR 
RR 
LR 
LR 
LR 
RF 
LR 

Number 
of turns§ 

-0.25 
+ 1,0 
+ 1.0 
+ 1,0 
+ 1,0 
+ 1,0 
+ 0.25 
-1 ,0 
-1 ,0 
+ 1,5 
-1 .0 
+ 1.5 
+ 0,48 
+ 1,02 
+ 1,5 
+ 0.32 
+ 1,19 
+ 1,5 
+ 0.46 
+ 1.04 
-1 .0 
+ 1.5 

T 
(°C) 

3,1 
1,8 

-2 .4 
-2 .4 

0.3 

-6 ,7 
-0 ,2 
-0 .9 

3.1 

- 3 5 

- 3 5 

Depth 
(cm) 

0,4 
1,6 
0.2 
1.3 
0.2 
3.8 
0.0 

6,0 
0,8 
3,7 

0-
1,2-
4,3 

0-
1,0-
3,2 

0-
1,4-

1,5 

-1,2 
-3,7 

-1.0 
-4,3 

-1,4 
-3.2 

Tan 
Mil 

0.850 
0.804 

0.866 

0.753 

0.820 
0,495 
0.806 
0.773 
0.821 
0,778 
0,655 
0.814 
0,662 
0.709 
0.847 

0.778 

(degrees) 

38,3 
38,3 

38.3 

36.8 

38.3 
24,0 
34.0 
34.0 
34.0 
34,0 
34,0 
34,0 
32,4 
32.4 
32.4 

32.4 

c if $ 
= 0 
(kPa) 

0.21 
0.09 

0.34 

0.15 
large 

0,09 
0,36 
0,27 
0.30 
0.26 
0.19 
0,00 
0.27 
0,40 
0.18 
0.43 

0.26 

(degrees) 

37,0 
34,4 

41,5 

33,3 

42.4 
26,4 
37.1 
36.9 
41.2 
36.9 
28.2 
41.0 
34.7 
35.1 
40.6 

38,1 

(kPa) 

set to 0 
0,31 

-0,04 

set to 0 
large 

-0 .18 
0,53 
0,08 
0,04 
0,08 
0,06 
0,18 

-0 .10 
0.23 
0,01 

-0,02 

-0,04 

Material type 

Cloddy 
Cloddy 
Cloddy 
Cloddy 
Cloddy 
Cloddy 
Consolidated 
Cloddy 
Cloddy 
Cloddy 
Compressible 
Mixed 
Mixed? 
Cloddy 
Mixed 
Drift 
Cloddy 
Mixed 
"Dune" 
Cloddy 
Mixed? 
Mixed? 

X# 
(m) 

1.5 
2.8 
2.8 
3.3 
3.3 
3.3 
3.1 
2,6 
2,6 
3,4 
3,4 

-2 .4 

-2 .9 

-5 .6 

-5 ,6 
-6 .2 

(m) 

-1 ,5 
-2 .5 
-2 .5 
-1 ,3 
-1 ,3 

0.0 
1,2 

-1 ,2 
0,0 

-0 ,7 
1,1 
4,4 

4,2 

2,6 

3,0 
2.5 

^Experiment number (Exp, No,) may include several spins of the same or different wheels in the same material at slightly different locations, iThe sol is a Pathfinder martian event 
day (1 sol = 24,6 hours); sol 1 is the sol of landing. On sols 27 and 29, analyses were made for segments of the data because there is evidence for layering in the depth-time curves 
and images, $Wheel: The first letter indicates left (L) or right (R); the second letter indicates front (F) or rear (R). §The number of full or partial turns; +, forward direction; - , 
reverse direction. || Average apparent friction coefficient calculated for concurrent values of shear or tractive stress and normal stress, ^Obtained from least squares fits to 
concurrent values of shear or tractive stress and normal stress; cohesion set to zero (c = 0) in two cases, ^Experiments can be located on the maps in the foldout with theX 
and/coordinates given, 

1.1 ± 0.8 kPa (JJ). Scooby Doo may be 
analogous to the blocky soil-like material at 
the Viking 1 site, for which c = 5.5 ± 2.7 
kPa (11). The deposit near Casper (Fig. IF) 
is compressible and resembles drift material 
at the Viking 1 site (11). 

Wheel tracks and the wheel abrasion 
experiment indicate that the deposits con
tain substantial amounts of dust. Most of 
the rover tracks have low to nonexistent 
rims and are reflective (Fig. IF); such 
tracks are produced in loose materials with 
grain sizes of less than about 40 [Jim, but 
not in loose sand (I) . Reflective surfaces 
can be seen in tracks everywhere, but they 
are less obvious in "pebbly" areas, which 
suggests these areas also contain coarser 
grains and clods up to about a few centi
meters wide (Fig. IB). One rover wheel 
was covered with thin metal (nickel, plat
inum, and aluminum) strips electrically 
isolated from the rover and a photodiode 
(I) to measure abrasion. Instead, the 
wheel appears to provide an estimate of 
the particle size of adhering dust. Dust 
collected on the wheels as soon as the 
rover traversed on Mars, sometimes pro
ducing severely depressed reflectance for 
the platinum and aluminum metal strips 
and, at other times, depressed reflectance 
for the nickel strip. Subsequent wheel rev
olutions showed that enhanced dust cor
responds to wheel strips that were in the 
shade before the data were taken. That is, 
the phenomenon is transient, variable, 

and not metal specific. A possible expla
nation for the variable adhesion is differ
ential electrostatic charging (12). A roll
ing wheel in conditions of martian atmo
spheric pressure and composition will 
charge to several hundred volts. This volt
age correlates with the amount of dust 
adhering to the wheel; large amounts of 
dust may adhere during traverses on ma
terials with grain sizes less than about 40 
fjim. Shaded wheel segments charged pref
erentially because they were unable to dis
charge by photoelectric effects induced by 
direct sunlight with its strong ultraviolet 
component., 

The materials adherence experiment 
monitored dust on the solar array by mea
suring the optical obscuration. About 2% 
optical obscuration occurred at landing, 
possibly as a result of the retraction of the 
airbag. This dust was removed when the 
rover petal was lifted, indicating that large 
particle sizes did not adhere well to the 
glass. Over the first 30 days, dust accumu
lated at 0.28% per day. This accumulation 
seems to be independent of rover motion 
and reflects dust settling from the atmo
sphere. If the cross section-weighted aver
age particle size is 2.75 fjim, and particle 
scattering properties are assumed to be 
those calculated by Pollack et al. (13), this 
obscuration corresponds to a mass settling 
rate of 3 fjig/cm2 per day, which is similar to 
the globally averaged sedimentation rate 
calculated by Pollack et al. (13). 
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Magnetic Properties Experiments on the Mars 
Pathfinder Lander: Preliminary Results 

S. F. Hviid, M. B. Madsen, H. P. Gunnlaugsson, W. Goetz, 
J. M. Knudsen, R. B. Hargraves, P. Smith, D. Britt, 

A. R. Dinesen, C. T. Mogensen, M. Olsen, 
C. T. Pedersen, L. Vistisen 

Many of the particles currently suspended in the martian atmosphere are magnetic, 
with an average saturation magnetization of about 4 A.m2/kg (amperes times square 
meters per kilogram). The particles appear to consist of claylike aggregates stained 
or cemented with ferric oxide (Fe,03); at least some of the stain and cement is probably 
maghemite (y-Fe203). The presence of they phase would imply that Fe2+ ions leached 
from the bedrock, passing through a state as free Fe2+ ions dissolved in liquid water. 
These particles could be a freeze-dried precipitate from ground water poured out on 
the surface. An alternative is that the magnetic particles are titanomagnetite occurring 
in palagonite and inherited directly from a basaltic precursor. 

B o t h  Viking landers had a weak and a 
strong magnet mounted on the backhoe of 
their soil samplers (1) .  These magnets were 
inserted directly into the martian soil. Both 
magnets became quickly saturated with mag- 
netic material. A strong magnet was also 
mounted on one of the reference test charts 
on each lander. This magnet captured mag- 
netic particles suspended in the atmosphere. 
The results of the Viking experiments were 
interpreted to indicate that the martian soil 
contained from 1 to 7 weight % of a mag- 
netic (ferrimagnetic) mineral. Maghemite 
(y-Fe203) was favored as the magnetic phase 
and was inferred to be present as a compo- 
nent of composite particles of silicate and 
ferric oxide that constituted the bulk of the 
martian soil. Alternative explanations re- 
mained possible, revolving mainly around 

S. F. Hviid, M. B. Madsen, H. P. Gunnlau~sson, W 

the idea that the magnetic particles were 
discrete grains of titanomagnetite (or tit- 
anomaghemite) inherited from a basaltic 
precursor (2). If true, the survival of such 
grains would suggest that chemical weather- 
ing on Mars had been less intense than in 
the former scenario. 

The Pathfinder magnetic properties ex- 
periment (3) was designed to further eluci- 
date the nature of, and constrain the origin 
of, the magnetic phase in the fine martian 
soil. The experiment has three components. 
A pair of magnet arrays is mounted on the 
lander, each array consisting of five "bull's- 
eye" magnets, decreasing in strength from 
right to left (Fig. 1). The ring magnet has 
an  outer diameter of 18 mm, and the disk 
magnet has a diameter of 6.5 mm. The 
tip-plate magnet experiment consists of a 
single strong, off-centered bull's-eye magnet 
mounted below a wedged surface, to ensure 

Goetz, J. M. Knudsen, A. R. Dinesen, C. T. ~ o ~ e n s e n ,  a varying magnetic field strength and gra- 
M. Olsen, C. T. Pedersen, L. Vistisen, Oersted Labora- dient over the surface. ne tip-plate magnet 
tory, Niels Bohr lnstitute for Astronomy, Physics, and 
Geophysics, University of Copenhagen, Copenhagen, is about 7 cm from . . the . eye . of the camera 
Denmark. and was imaged through a diopter lens to 
R. B. Hargraves, Department of Geosciences, Princeton increase resolution, M~~~~~~ are also 
Un~vers~ty, Princeton, NJ 08544, USA. 
P. Smith and D. Britt, Lunar and Planetary Laboratory, at the foot of each ramp. 
Un~vers~ty of Arizona, Tucson, AZ 85721, USA. The strength of the ramp magnets is equal 

to that of the arrays' magnet 3. Should the 
ramp magnets attract magnetic dust, they 
could be accessed by the rover later in the 
mission for a-proton x-ray (APX) spec- 
trometer analysis. These various magnets 
were imaged at intervals by the Imager for 
Mars Pathfinder (IMP). The only particles 
to which the Pathfinder magnets would be - 
exposed, and could possibly attract, are the 
uarticles sus~ended in the atmos~here. 

Here we discuss only the results of the 
magnet array experiments. The magnets 
were constructed so that magnet 5 (the 
weakest) is able to attract and hold magne- 
tite (Fe304, saturation magnetization a = 
90 A.m2/kg) and maghemite (y-Fe203, a = 

70 A.m2/kg), magnet 3 is able to attract and 
hold feroxyhyte [ti-FeOOH, a - 10 A.m2/ 
kg (4 ) ] ,  and magnet 1 is able to attract and 
hold hematite (a-Fe203, a = 0.4 A.m2/kg). 
In this wav. all of the magnets will be able , . - 
to attract and hold pure maghemite, but for 
example, magnet 2 will not be able to hold 
macroscopic hematite. A rough estimate of 
the ability of the magnets to attract dust, 
that is, the relative capture cross section of 
the magnets, can be obtained through the 
~ r o d u c t  of the maenetic field B and its 
gradient VB for each magnet, which gives 
36.400, 3.150. 1.029, 0.253. and 0.055 T2 
m-' for magnets 1 to 5, respectively. The 
relative strengths of the magnets are thus 
100:9:3:0.7:0.15. For example, if magnet 1 
(the strongest) needs 50 sols (1  sol = 1 - .  
martian day = 24.6 hours) to saturate, mag- 
net 2 needs about 550 sols to saturate, as- 
suming a constant amount of dust in the 
martian atmosphere. The capture of magnet- 
ic particles is, however, a complicated pro- 
cess, depending on several parameters: for 
example, the magnetization of the particles 
as a function of the impressed magnetic field 
B. the wind velocitv. the   article size, and 
the effective coeffidient 0; friction of the 
surface of the mamet arrav instrument. - 

By sol 5, a faint bull's-eye pattern (tes- 
tifying to adhering particles) could be seen 

Fig. 1. Sketch of a magnet array. A magnet array 
consists of two magnesium blocks, one contain- 
ing three magnets and another containing two 
magnets. The magnets are embedded in the 
blocks. They are positioned below the surface, 
and the surfaces are without features when the 
blocks are pristine. The strengths of the magnets 
vary from magnet 1 (strongest) to magnet 5 
(weakest). The black dots indicate the positions 
of mounting bolts. 
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