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Characterization of the Martian Surface Deposits
by the Mars Pathfinder Rover, Sojourner

Rover Team™f

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 earlier than 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.

Sojoumer, the Mars Pathfinder rover (1),
made observations that raise and answer
questions about the origins of the rocks and
other deposits at the Ares site (2—4) and
allow comparisons with the two Viking sites
(5). Because the rover is mobile 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
mechanical properties of the deposits (6, 7)
(Fig. 1A). The rover also carried the a-
proton x-ray spectrometer (8) to rocks and
soils for chemical analyses.

Ares resembles the two Viking sites (5)
because it is partly covered by thin drifts
atop soil-like deposits admixed with rocks
(Plate 1A), but there are other similarities
and important differences. Rock concen-
trations are comparable at the three sites
(3); at Ares, 16.1% of the surface is cov-
ered by rocks wider than 3 cm (Plates 5
and 9). Unlike the Viking sites, well-

The Rover Team: J. R. Matijevic, J. Crisp, D. B. Bickler,
R. S. Banes, B. K. Cooper, H. J. Eisen, J. Gensler, A.
Haldemann, F. Hartman, K. A. Jewett, L. H. Matthies,
S. L. Laubach, A. H. Mishkin, J. C. Morrison, T. T.
Nguyen, A. R. Sirota, H. W. Stone, S. Stride, L. F. Sword,
J. A. Tarsala, A. D. Thompson, M. T. Wallace, R. Welch,
E. Wellman, B. H. Wilcox, Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, CA 91109,
USA. D. Ferguson, P. Jenkins, J. Kolecki, G. A. Landis, D.
Wilt, NASA Lewis Research Center, Cleveland, OH
44135, USA.

*Contributions by H. J. Moore, U.S. Geological Survey,
Menlo Park, CA 94025, USA, and F. Pavlics, 3337 Cam-
panil Drive, Santa Barbara, CA 93109, USA.
FCorrespondence should be addressed to H. J. Moore.
E-mail: moore@astmnl.wr.usgs.gov

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

rounded objects a few centimeters wide
are found on the surface (Fig. 1B); these
objects pose interesting questions. Are
they pebbles (9) rounded by Ares flood
waters, wave action on an 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 that were liberated by weathering?
We suggest that they may be pebbles lib-
erated from sedimentary rocks composed
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. In the rover images (Fig. 1C),
Shark, Half Dome, and a nearby small
rock look like they might be conglomer-
ates. The rounded knobs up to 3 or 4 cm
wide on Shark and Half Dome could be
pebbles in a cemented matrix of clays,
silts, and sands. The small rock has small
0.5- to 1-cm-sized pebbles and similar size
“sockets” that could be the former sites of
pebbles (Fig. 1D). Rocks are not the same
everywhere. Some rocks (Stimpy and, per-
haps, Hassock) (Plate 6) may be volcanic
because they appear to be hexagonal
prisms; prismatic rocks, such as basalts and
tuffs, are commonly formed by the cooling
of volcanic flows. Squash (Plate 6), which
has fingerlike protrusions, may be an au-
tobrecciated or pillow lava. Rocks with
vesicular and pitted textures could be a
result of volcanic, sedimentary (I), or
weathering processes (Fig. 1E).

These observations are important for
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the following reasons (i) knobby
rocks may be conglomerates
formed from silts, sands, and peb-
bles deposited from streams or floods or
along coasts; cemented by hardened clay
or by the precipitation of silica, iron, and
sulfur compounds (or by both); or incor-
porated as conglomerates in waters of the
Ares floods and redeposited 1 or 2 billion
years ago as part of the Ares fan; (ii)
pebbles in conglomerates would suggest
that liquid water existed at the surface
before the Ares floods; (iii) some rocks
may be sedimentary and others volcanic;
(iv) the unexpected high silica contents in
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).

In general, martian soil-like deposits
(6) (Table 1) are similar to moderately
dense soils on Earth, such as clayey silt
with embedded sands, granules, and peb-
bles, and a test material that simulates
lunar soil (10). Friction angles (®) aver-
age about 36.6° and are typically between
32° and 41°; angles of repose (®) mea-
sured with lander camera images (4) aver-
age 34.2° and are typically between 30°
and 38°. Cohesion (c) values calculated
with the assumption that ® equals © av-
erage 0.238 kPa and are typically between
0.120 and 0.356 kPa (Table 1) (6). The
bulk density of the deposits may be esti-
mated from their ® with the assumption
that they behave like lunar soils (10),
giving an average bulk density of the de-
posits near 1520 kg/m>. Deposits are not
the same everywhere. In compressible
dust, a rover wheel produced ruts with
steep walls, marginal slumps, and nearly
perfect reflective casts of the spacing be-
tween the cleats (Fig. 1F), which are the
responses expected for a fine-grained, po-
rous deposit subjected to a load near 1 or 2
kPa. The estimated values of ® near 26°
and ¢ near 0.53 kPa (Table 1) indicate a
weak, porous deposit. Casper, a nearby
bright exposure, may be a consolidated
deposit (Fig. 1F) like Scooby Doo (Plate
7C) that has a chemical composition (8)
similar to soil-like deposits elsewhere (the
rover did not scratch or dig into Scooby
Doo, nor could it dig into consolidated or
cohesive materials such as adobe or hard-
pan on Earth). Bright, fine-grained drifts
are abundant as thin (less than a few
centimeters), discontinuous ridged sheets
and wind tails that overlie cloddy deposits
(Fig. 1G). For example, concurrent values
of shear and normal stresses yield an upper

layer of drift (1 cm thick) with & = 28.2°
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and a substrate of the cloddy deposit
(>3.3 cm thick) with ® = 41.0° (Table
1). Cloddy deposits, composed of poorly
sorted dusts, clods, and rocks =1 cm in
size (Fig. 1H), were exhumed from be-
neath a thin layer of drift 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 of its surface may be an armor
of basaltic sand or granules and ® in the
upper 1.4 cm is smaller (35.1°) (Fig. 11I)

than @ in the substrate of cloddy material
(40.6°) (Table 1). On the other hand,
reflective wheel tracks and excavations
revealed that the Mermaid deposits are
poorly sorted with abundant dust.
Mechanically, most Ares deposits resem-
ble crusty to cloddy material at the Viking 2
site, for which ® = 34.5° = 4.7° and ¢ =

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. (B)
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
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conglomerate; arrows indicate sockets (left) and pebbles (lower right). (E)
Soufflé 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 ()
is 0.709; a least squares fit yields ® = 35.1° and ¢ = 0.01 kPa (Table 1).
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