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Abstract. The Robotic Arm Camera (RAC) is a panchromatic imager included as part of
the Mars Volatiles and Climate Surveyor (MVACS) science experiment on Mars Polar
Lander and on the Mars 2001 lander. It is designed to take both panoramic and
microscopic images in order to gather data on the morphology and mineralogy of surface
materials. In order to demonstrate these capabilities, a field test was conducted at Silver
Lake playa in the Mojave Desert. The test consisted of going to a remote site unknown to
the science team and providing that team with a data set of RAC panoramic, anaglyph,
and microscopic images similar to what would be available during an actual landing. With
only this information the science team attempted a determination of the position and the
geology of the field test site. Using panoramic and anaglyph images provided by RAC, in
conjunction with overflight images simulating data from a descent camera, the landing site
for the field test was determined within 50 m of the actual site as lying near both a playa
and an alluvial fan. Images of samples from the surface and within the trench revealed
grain morphology, texture, and mineralogy indicating a soil dominated by quartz and
feldspar, interspersed with a minor mafic component. Grain-size distribution was bimodal,
with small, rounded to subrounded grains dominant at lower depths and larger, more
angular grains more plentiful near the surface. This mineralogy is confirmed by the
geology of the site and the data provided by the descent images and mid-IR
measurements. RAC has demonstrated its ability to image the local geology and identify
the major mineralogic components of an unknown site. These abilities will be crucial in
understanding both the macroscopic and the microscopic geology of future Mars landing
sites. This test also has demonstrated the crucial link between RAC data and
complementary data sets such as context images and compositional data that can support
the mineralogic observations made by RAC.

1. Introduction

The Robotic Arm Camera (RAC) (aka DIRTCam, the
Dust, Ice, Rock and Terrain Camera), designed to gather data
on the morphology and mineralogy of surface materials, is a
panchromatic imager with a focusable lens, mounted on the
wrist of a robotic arm. RAC, shown in Figure 1 and Plate 1
(top), has heritage from the Mars Volatiles and Climate Sur-
veyor (MVACS) experiment on Mars Polar Lander and has
been included on the 2001 lander. In support of the digging
mode for the robotic arm, RAC is designed to take in-trench
images, which are enhanced to produce stereoscopic views by
overlapping camera fields. After scraping up some surface ma-
terials on the scoop blade, the scoop can be moved to put the
sample 11 mm in front of the window. The camera lens can

then be focused to allow a microscopic image of the sample. A
light-emitting diode (LED) array with three colors (red, green,
and blue) illuminates the soil to allow true color imaging at a
resolution of 23 microns per pixel. At far focus when the scoop
is moved out of the way, the camera has a field of view (FOV)
of 528 by 268, making it useful as a panoramic camera; again,
stereoscopic views can be created by overlapping fields [Keller
et al., 2000].

We conducted a field test outside of Baker, California, in the
Mojave Desert in order to demonstrate several capabilities of
the RAC imager. First, the camera obtained panoramic images
of the test site to help a science team remotely located at Ames
Research Center determine where to dig a trench. Second,
anaglyphs of the “landing site,” particularly the working area
of the arm, were produced. Third, during the digging process
(done by hand in the absence of working robotic arm) the
camera was pointed to image the trench and tailings at 10-cm-
depth increments. Fourth, color images at 25–50 mm/pixel res-
olution were obtained by illuminating soil samples taken at
different levels in the trench with the colored lamps. In total,
this data set mimics the type of data expected from Mars.

In addition to these instruments, the “lander” had a high-
resolution stereo imager and a midinfrared spectrometer sim-
ilar to the 2001 payload. In order to better simulate the 2001
APEX remote-sensing package, data were also available from
Mini-TES [Squyres et al., 1999], an instrument designed to
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return emission data from the thermal region of the spectrum.
The scientists had access to the scene only through the data
sets supplied by this instrument package and could send com-
mands to the field crew to take data or dig deeper into the
trench. In this manner the digging operation of the future
mission was simulated.

2. Instrument Description
The Mars 2001 RAC is derived from MVACS [Keller et al.,

2001], but the illumination system has been improved by re-
placing the incandescent colored lamps with LEDs. The cam-
era development was a joint effort between the University of
Arizona (UA) and the Max Planck Institute for Aeronomy
(MPAe). The UA supplied optics, motors, and lamps, as well
as the frame buffer board. The MPAe supplied the detector
and its readout boards and integrated the camera head. After
assembly in Germany the camera was tested and calibrated at
the UA [Keller et al., 2001]. For the field test a prototype model
was used; this prototype is referred to in this paper as DIRT-
Cam.

The imaging area of the CCD is a 512 3 256 LORAL
frame-transfer array with 23-mm pixels. A long-wavelength cut-
off filter limits the spectral response to 450–700 nm. An f/11.2
double Gauss lens and focusing mechanism with stepper motor
allows the camera to focus from 11 mm in front of the window
to infinity with negligible aberration. An example of an in-
scoop focus series for sand and soil is shown in Figure 2. The
window has a motorized, protective sapphire cover. The cover
will be lowered during digging operations and is clear so that
failure in the down position is not fatal to operations. This
cover glass is expected to become very dusty during the mis-
sion.

At the closest focus the image scale is ;1:1, so objects may
be imaged at 23 mm/pixel. At the hyperfocal position, objects
from 30 cm to infinity may be imaged at 1.85 mrad/pixel.
Rather than interchangeable filters, RAC has red, green, and
blue LEDs as an illumination system. Upper and lower LED
assemblies illuminate the nearby surface or inside the scoop
when it is retracted, and a third set of LEDs attached to the

upper assembly illuminates the leading edge of the scoop in the
near-focus position.

RAC is mounted near the wrist joint on the forearm of the
Robotic Arm (RA), which is used to point the camera. The
arm articulates in azimuth and elevation at the shoulder and in
elevation only at the elbow. The arm also has an elevation-only
wrist joint for scoop motion. The two arm sections are each 1 m
long; RAC is mounted with the lens 28 cm from the wrist joint.
The forearm of the 2001 RA is shorter than the MVACS RA.
It has a grapple hook on the scoop joint, in lieu of the MVACS
temperature probe, to allow the RA to be used as a crane to lift
the rover Curie onto the surface of Mars.

3. Field Test Results
3.1. Field Test Goals

The RAC team set several goals for this field test. The first
was to test the RAC’s ability to acquire panoramic images
when pointed by the RA. In principle, stereoscopic images
could also be obtained, and this needed to be demonstrated. In
addition to distant views with the RAC, close up images of the
RA working area also needed to be examined so that we could
understand what distance from the surface to take the images
to maximize the quality of the final product. This would test
RAC as a remote-sensing tool, where there is always the issue
of coverage versus resolution.

The second goal was to understand how to use the RAC to
support the digging process. A site with known subsurface
layering was chosen to test the ability of the science team to
find these layers during their analysis of the data sets. Ques-
tions to be answered here included what amount of overlap
between images is needed to allow visualization of the trench
and how to take images of the trench walls and bottom. We
also attempted to illuminate the bottom of the trench with the
LEDs once RAC was deep enough to be in dark shadow. RAC
was used to image the tailings pile created by the soil removed
from the trench.

Third, samples of surface material at each depth were ex-
amined in microscopic mode to learn how to evaluate soil types
from the RAC-resolution images. For the purposes of this
paper, the term “soil” is used in reference to any unconsoli-

Figure 1. Robotic Arm with Mars Volatiles and Climate Sur-
veyor (MVACS) camera attached.

Plate 1. (opposite) (top) MVACS DIRTCam mounted on
the Robotic Arm. Visible in this image are (a) the entrance
(CCD) window; the (b) upper and (c) lower lamp/filter rows,
replaced by LEDs for Mars 2001; (d) the reflector plate; and
(e) the temperature probe, which will be replaced by the rover
grapple hook on Mars 2001. The scoop is designed to position
itself in front of the entrance window for imaging of samples.
The mounted lamps are placed so that at each focus the max-
imum illumination can be achieved inside the scoop. The up-
per lamps illuminate samples at close focus, while at far focus,
the lower lamps are used. At intermediate focus, lamps
mounted above the upper lamp row are activated and light is
reflected off the reflecting plate and into the scoop. The sap-
phire protective window for the entrance window is mounted
behind the reflecting plate and will rotate through an angle of
908 to a position exactly covering the entrance window. (mid-
dle) Anaglyph of a portion of the landing site near the trench
area. The separation between images making up this anaglyph
is 12 cm. (bottom) Anaglyph of trench walls at 10-cm depth.
Note the structure visible in the trench layers as revealed by the
stereo capability of DIRTCam.
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dated surface or subsurface (,50-cm depth) material of un-
known composition. The goal was to determine the diversity of
soil components, soil morphology, and the size distribution of
the pebbles. Witness samples were also returned.

Finally, we wanted to test the ability of scientists to make the
correct identifications of local geology using only the data from

the RAC and the other available instruments. The team had
the ability to send commands to the field team but could not
ask any factual questions concerning the site. They were also
unaware of the location of the site but were provided with
unlabeled overflight images for context to mimic the data pro-
duced by the descent imager.

3.2. Field Test Setup

For the field test we used a prototype model of RAC (DIRT-
Cam) with LEDs installed. We had no model of the arm to use,
so we constructed a model of the forearm and mounted that to
a telescope tripod. This arm had an elbow joint capable of
azimuth and elevation motion and a wrist joint with a scoop
attached. The scoop was an approximation of the Mars 2001
configuration with a set of abrasion patches added to the scoop
bottom (part of the Mars Environmental Compatibility Assess-
ment (MECA) experiment). The grappling hook for lifting the
rover was not on the model.

Images were acquired in three modes. First, panoramic im-
ages were acquired by raising the elbow joint to ;2 m. In this
configuration the shoulder joint was modeled as pointing ver-
tically, so the azimuth rotation of the elbow in the model
corresponds to a shoulder joint rotation. Images were acquired
at three elevations: horizon and 158 and 308 below the horizon.
These were mosaicked to create a full panorama. Second,
trench images were acquired with the elbow joint ,1 m off the
ground. In this mode, trench panoramas were acquired either
with elevation-only camera motion or with azimuth motion and
a translation of the camera/RA assembly to simulate shoulder
joint motion. Third, color images were acquired in the labora-
tory rather than the field test site. Color imaging was at-
tempted in the field, but highly variable illumination from the
partly cloudy sky and a strong wind that blew material out of
the scoop prevented us from getting useful data.

3.3. Field Test Parameters

While the science team based itself at Ames, the DIRTCam
field team deployed to a desert site outside of Baker, Califor-
nia, on February, 17–19, 1999. The camera was operated in a
“stand-alone” mode via a portable generator, a Sun worksta-
tion, and the Bench Control Electronics (BCE). Our goal was
to simulate flight science operations as much as possible, with-
out the complexity of running an entire spacecraft. The team at
Ames “commanded” the field team to perform sequences of
tasks via telephone at sporadic intervals during operations.
Resulting images were relayed to the team at Ames several
times a day via satellite modem. The data analysis team was not
informed of the exact location of the field operation.

On the first day of operations, two panoramas were obtained
with DIRTCam. The first, shown in Figure 3 and Plate 1
(middle), was properly exposed for the surrounding terrain;
the other was properly exposed for meteorological and horizon
imaging. The intent of these pans was to allow the Ames team
to train at locating the “landing site” from these images and
aerial photography.

On the second day of operations, a mosaic of the simulated
“arm workspace” was obtained and relayed to Ames. Using
these images, “commands” were issued to identify the exact
location to begin trench digging and where to pile the tailings.
The field team manually dug a trench 50 cm deep, 1 m long,
and 10–15 cm wide, displayed in Figure 4 and Plate 1 (bottom).
For each 10 cm of progress, DIRTCam images were obtained
of the trench and the tailings, and “witness samples,” shown in

Figure 2. Focus series of witness sample extracted from
30-cm depth within the trench. This set shows (from top to
bottom) 11-, 12-, 14-, 17-, 20-, 25-, and 31-mm focal stops. Note
the variations in texture, shape, and grain morphology discern-
able at each focus. At far focus the angular morphology of the
largest grains can be seen in detail, while at the closest focus
the subtle morphology of sand-size grains can be discerned and
grains ,50 microns across can be resolved.
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Figure 2, were collected for later analysis. Toward the end of
digging operations the onboard lamps were used to provide
color image sets of the trench bottom and walls. In-scoop
imaging of soil retrieved from the trench was attempted several
times, but, as mentioned above, the dryness of the soil, coupled
with the high wind velocity, precluded attempts to get an RGB
triad of the samples. These were taken later in the laboratory.
Color imaging consisted of a background image illuminated by
ambient light only and a set of three images, one with each
color LED turned on. The background image was subtracted
from each of the color images to give an RGB set. Images of
a color calibration target allowed the creation of a single true
color image from the set (e.g., Plate 2). Marsokhod (CCD) and
Mini-TES images of the tailings were also obtained at 10-cm-
depth intervals.

Cloud cover became increasingly variable and wind speed
increased dramatically in the late afternoon of day 3 of the test.
There is little doubt the thermal imaging was impacted by

these conditions. However, the autoexpose algorithm was able
to compensate for the variable illumination conditions.

The last phase of DIRTCam operations consisted of acquir-
ing a sequence of images of the same scene, in the hope that
changes due to saltation, or progressive forward movement of
sediment particles through short, arcing hops, might be de-
tected. Intermittent clouds complicated this process.

4. Field Test Results
4.1. Geologic Setting of the Test Site

The DIRTCam field test site is located on the shore of a dry
playa called Silver Lake, lying northwest of the city of Baker, in
the Mojave Desert, in central San Bernardino County, Cali-
fornia, as shown in Figure 5. The DIRTCam field test was
conducted at a different “landing site” than the previous Mar-
sokhod rover tests. Silver Lake (26 km2) is situated just east of
the Soda Mountains (Precambrian metamorphics, including
gneiss, schist, Mesozoic granitic intrusives, and dolostones)
and north of Soda Lake playa (78 km2), along the bottom of a
wide, north-south running trough called the Silurian Valley.
For a more detailed discussion of the regional geology and
geomorphology, see Grin et al. [this issue] and De Hon et al.,
[this issue].

The elevation of the floor of Silver Lake is ;276 m, while the
elevation of the floor of Soda Lake, located south of Silver
Lake, varies from ;284 m in the south to ;281 m in the north
[Ore and Warren, 1971]. These differences in playa floor ele-
vations account for the fact that water must first fill Silver Lake
to a depth of some 4.5 m before any water will accumulate in
Soda Lake. Soda Lake is separated from Silver Lake by a low
(3-m-high) topographic divide which formed by the merging of
alluvial fans built out from the mountains on the east and west
sides of the valley. A channel cuts across this divide and during
times of flooding allows water to flow from Soda Lake into
Silver Lake [Thompson, 1929]. The last occurrences of signif-
icant water levels in Silver Lake were a 3.0-m stand from
January 1916 to July 1917 [Thompson, 1929], a 2.1-m stand
from March 1938 to September 1939 [Roger, 1939; Blaney,
1957] and a 1.8-m stand in June 1969 [Ore and Warren, 1971].

Drainage into the Silurian Valley is and has been predomi-
nantly from the Mojave River basin, located to the southwest
of the city of Baker. The Mojave River flows during times of
heavy flooding, from its source region ;200 km to the south-
west, to Silver Lake. During the late Pleistocene several pluvial
lakes and spillways were formed along the course of the Mo-
jave River. Outflow of one of these, Manix Lake, some 15,000
years ago [Thompson, 1929] formed a narrow, 8-km-long can-
yon (Afton Canyon) that drained the lake. The outflow spread
out over a larger area and deposited its sediment load, forming
a broad alluvial plain before flowing into the Silurian Valley.
This overflow formed Lake Mojave (including the present day
Soda and Silver Lakes [Weldon, 1982; Ore and Warren, 1971]),
bounded on the west and southwest by the Soda Mountains
and on the east by extensive pediments and alluvial fan sur-
faces from the Turquoise Mountains that slope gently in to-
ward the basin. Lake Mojave consisted of two pluvial age lakes
located in an elongate basin which now contains Soda Lake
and Silver Lake playas [Thompson, 1929]. Lake Mojave filled
and then spilled out to the north, where an outlet channel was
carved and joined the waters of the Amargosa River. Finally,
these waters drained into Death Valley and formed Lake
Manly. Thus the Silver Lake region was considered as a Mars

Figure 4. Mosaic image of trench walls at 50 cm depth, illu-
minated by ambient light, showing layering of the soil. A small
pool of water sits at the bottom of the trench.
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Plate 2. Color sequence of soils excavated from the trench at 30-, 40-, and 50-cm depth. Images
are in focus at 10–11 mm and are ;11 mm across. The top image, taken of samples from 30-cm
depth, shows clear, rounded to subrounded grains near the bottom of the image. These are likely
quartz grains. The greenish feature indicated by the arrow at left is of organic origin. At 40-cm
depth (middle image) a large conglomerate pebble can be seen, along with several angular, dark
grains that are likely mafic. The squareness of the small white grain indicated by the arrow near the
bottom of the image suggests the 908 cleavage planes of feldspar. The bottom image, taken of a
sample from 50-cm depth, shows an abundance of small, rounded, clear grains, interspersed with
larger pink grains. This likely represents a distribution of smaller, less resistant quartz and larger,
more resistant feldspar soil components.
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analog site in part because this scenario of cascading lakes and
spillways may be a small-scale example of the formative pro-
cesses of Martian paleolakes as proposed by Scott et al. [1991,
1992, 1995] and Rice et al. [1999].

Ore and Warren [1971] have constructed the following chro-
nology for Lake Mojave on the basis of radiocarbon dates of
shells and tufa. A major lacustral interval ended ;14,500 years
ago with water overflowing the outlet channel, located at the
northern margin of Silver Lake, at the 287-m level. The second
lacustral interval lasted from 13,750 to 12,000 years ago and
resulted in the development of extensive shoreline features at
the same elevation. A less extensive shoreline is located at the
286-m level. The third high-water period, 11,000 to just over
9,000 years ago, resulted in the formation of shoreline features

and the further downcutting of the outlet channel to the 285-m
level. From 8,500 to 7,500 years ago a lake existed in the basin,
but this lake did not overflow the outlet channel. A period of
extensive drying began around 7,500 years ago. Surface rock
alignments, abundant flakes, and artifacts suggest that early
man was in the area 10,000 years ago [Warren and DeCosta,
1964].

The soil in this region is predominantly composed of sub-
rounded to well-rounded quartz grains with some feldspar,
mafic, and clay components. The subrounded to well-rounded
grains are the result of fluvial transport through the Mojave
River/lacustrine system with final deposition in a lacustrine
environment (Lake Mojave). Wave action is responsible for
the well-rounded grains, while larger clasts at the site were

Figure 5. “Descent” image of field test site at 2.8 m/pixel showing the predicted and actual positions of the
lander. Part of the helicopter structure cuts through the right portion of the image.
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brought down off the Soda Mountain alluvial fans by surface
runoff and possibly debris flow processes.

4.2. Determination of Landing Site Location

Photogeologic analysis and remote-sensing analysis by the
DIRTCam science team were conducted using orbital and
surface imagery data sets. The orbital data set consisted of one
orbital SPOT image (10 m/pixel), one “MOC class” image with
a resolution of 2.8 m/pixel, comparable to images being re-
turned by the Mars Orbiting Camera (MOC) on board Mars
Global Surveyor, several Landsat Thematic Mapper images
(30 m/pixel), and one airborne Thermal Infrared Mapping
Spectrometer (TIMS) image [see Stoker et al., this issue, Figure
2]. The surface imagery data set was supplied by DIRTCam.
The DIRTCam science team, unlike the Marsokhod rover
science teams, did not have descent imagery at resolutions
from 2.3 to 0.01 m/pixel.

The location of the landing site was accurately determined
using the DIRTCam 3608 panorama and MOC class image.
This was accomplished by locating significant landmarks
(mountain peaks, channels, playa surface, etc.) in both the
panorama and the orbital image. The precise site was pre-
dicted to be as shown in Figure 5, situated on a local topo-
graphic high, some 10–15 cm above a nearby arroyo floor. On
the basis of “orbital” and DIRTCam imagery it was concluded
that the lander is located along an arroyo margin. The lower
elevation region was interpreted to be the floor of a small
channel that drains an alluvial fan. The predicted landing site
is on the northwest margin of a playa situated below the lowest
stand of three shorelines. This site is within ;50 m of the
actual landing site, the same degree of uncertainty determined
for the actual landing site. With the full sequence of descent
images this accuracy could be improved even more.

4.3. Local Soil Analysis

Soil at the landing site consists of primarily fine-grained sand
(0.0625- to 2-mm diameter) and gravel (granules, pebbles, and
cobbles ranging from 2 to 64 mm in diameter) [Wentworth,
1922], with coarser-grained components intermixed. Figure 6
shows examples of these local soils, extracted from the trench
at 30-, 40-, and 50-cm depths and magnified so that mineralogic
and morphologic details of the individual grains may be seen.
Close examination of soil samples taken at each 10-cm incre-
mental layer of the trench reveals the general mineralogy and
morphology of local soils and provides clues to the deposi-
tional history of the site, as detailed below.

4.3.1. Mineralogy. The fine-grained soil at all depths is
dominated by a mixture of colorless and whiteish or pink min-
erals, as seen in Plate 2. The glassy luster is suggestive of quartz
clasts, and the conchoidal fracturing of many of these grains is
very diagnostic of quartz. In addition, the pearly luster and
possible 908 cleavage of several white and light colored grains, as
indicated in Plate 2, suggest feldspar grains. Finally, a number of
dark grains exist, representing a possible mafic component.

Mini-TES spectral information concurs with this assessment
from scoop images, indicating that the trench material is
quartz-rich with some clay and no carbonates. Although the
presence of carbonates was strongly suspected and searched
for in all DIRTCam images, no grains displayed the rhomboi-
dal cleavage that would be indicative of carbonates. This is a
somewhat surprising result in light of the fact that TIMS im-
agery indicates that the mountains and some alluvial fans have
carbonate composition. This may be explained by the fact that
the channel that drains the local area begins in a quartz-rich
region of low hills. However, this is puzzling since this same
channel also cuts across the carbonate alluvial fan at the base

Figure 6. Fines (fine-grained soils) excavated from the trench at 50-cm depth. Image is in focus at 10–11 mm
and is ;11 mm across. Here the roundness of the small grains typical of this trench level are seen in
abundance. Fracture patterns suggesting quartz composition can be discerned in several grains near the
bottom of the image.
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of mountains rich in carbonate and flows through the landing
site area. We note that the lack of absolute mineralogical
discriminators for carbonates due to the variability of carbon-
ate species makes identification solely through DIRTCam im-
ages difficult.

4.3.2. Grain morphology. Two types of morphologies can
be seen in the soil samples: a subangular coarse-grained com-

ponent and a more rounded fine-grained unit. The coarser-
grained material ranges in size from 3 to 7 cm in diameter. The
finer-grained component of the regolith appears to range from
fine to coarse sand-size particles (0.1–2.0 mm). These types,
shown in Figures 6 and 7, are both found within the trench,
surface, and tailings samples but are distributed differently in
each sample set.

Figure 7. (top) Pebbles and (bottom) very fine soils excavated from the trench at 50-cm depth. The top
image, in focus at 15–18 mm and ;20 mm across, shows the morphology of the larger conglomerate pebbles
and the finer-grained matrix surrounding them. The bottom image, in focus at 10–11 mm and ;11 mm across,
shows the very finest grains resolvable by DIRTCam. These grains are ,30 microns across.

YINGST ET AL.: ROBOTIC ARM CAMERA FIELD TEST7730



4.3.2.1. Grain shape: Although grain shape was not
clearly visible in trench wall images, microscopic images of
samples at different trench depths revealed a distribution of
grain shape based on depth. At the deepest levels within the
trench, approximately 30–50 cm deep, both pebbles and fines
are very rounded but lack the frosted appearance that would
suggest aeolian deposition. This likely indicates that fluvial
deposition was dominant at this site. The proximity to a playa,
on the basis of the identification of three extensive paleoshore-
lines in the MOC class image (2.8 m/pixel), is also strong
evidence for fluvial rounding. Sand-size grains are thus inter-
preted to be rounded primarily by wave action in a lacustrine
environment. Less rounded grains begin to appear at the
10-cm level, indicating that the most recent history of the site
was no longer dominated by fluvial transport and deposition.
The shapes of the largest gravel-size clasts are angular to sub-
angular, indicating transport through fluvial runoff and possi-
ble debris flows for distances of several kilometers. These clasts
were likely washed down from the Soda Mountains. There
appears to be no correlation between mineralogy and grain
size, so the resistance of these grains to various erosional
processes cannot be determined from imaging these samples.
However, the fine-grained, rounded morphology of the bulk of
the local soil indicates continuous wave action in a lacustrine
environment.

Surface pebbles are the most angular grains. Surface fines
are rounded, although they do not appear to be as rounded as
those found at deeper levels. These grains probably represent
the most recent depositional layer and suggest emplacement by
a combination of lacustrine fluvial activity and runoff from the
local massifs. Larger, more heterogeneous grains comprise a
minor percentage of samples at all levels. They occur fre-
quently at the shallower trench layers, decreasing in frequency
with depth, and are most common at the surface. These large
grains appear to be mixed pebbles composed of large, angular
grains of mineralogy similar to the surrounding soils, embed-
ded in a fine-grained matrix. Mixed pebbles are most likely
conglomerates of local detritus in a hydrous-mineral matrix, an
observation supported by the Mini-TES measurements, which
indicate a clay component in the soils. The saltation experi-
ment conducted on the final day of the field test showed min-
imal motion of sand-sized surface grains; precisely one grain
moved during the course of the experiment. This suggests that
the surface at the landing site has developed a resistant layer,
a common feature in desert environments, where salts dis-
solved in rainwater are left behind after evaporation and bind
to form a duricrust. The majority of the surface soil is thus
interpreted to be composed of resistant quartz and feldspar,
interspersed with less rounded, presumably more recently de-
posited grains of similar composition at shallower levels and
ultimately capped by a duricrust.

4.3.2.2. Sorting: The trench wall material and tailings
pile both appear to have a bimodal size distribution: coarse and
fine sand grains with pebbles interspersed throughout. There
was no evidence for a mature, well-developed lag deposit, such
as a desert pavement. Specifically, no coarse grain-to-grain
contact was observed on the surface at the trench site, and fines
were present in every level, while formation of desert pave-
ment requires the winnowing out of surface fines over time
[McFadden et al., 1987]. It likely represents intermittent high-
energy fluvial deposition from the alluvial fan. The trench
layering could be easily seen, even in the portion of the trench
in shadow, owing to successful illumination of the trench bot-

tom by DIRTCam’s LEDs. This layering consisted of irregular,
discontinuous layers of coarse-grained material and fines al-
ternating with finer-grained layers near the surface, with the
coarse-grained layers appearing much less frequently with
depth. Poor sorting of grains argues against a predominantly
aeolian deposition history. The tailings pile and trench mor-
phology thus demonstrate the bulk distribution of soil materi-
als, with the more recently deposited, coarser, angular grains
found near the surface coming from reworking of the alluvial
fan through recent runoff and the deeper, highly rounded finer
grains laid down as lakeshore deposits.

4.3.3. Site truthing. Types of grains identifiable by
DIRTCam include quartz sand, feldspars, dark, possibly mafic
material, and conglomerate pebbles (presumably sand or other
larger material in a mud/clay matrix). This diverse mineralogy
is consistent with one derived from the alluvial fan and playa
environments described by Thompson [1929] and Ore and War-
ren [1971]. The general roundness of deep-level soil grains
suggests that much of the soil from the test site is composed of
durable quartz and feldspar grains that have been fluvially
deposited, with minor components of mafic and other detritus
emplaced through runoff from the surrounding massifs. These
observations are also consistent with the contextual geology
shown in the descent images and interpreted in previous stud-
ies [e.g., Thompson, 1929; Ore and Warren, 1971]. In addition,
we have noted the change in dominant depositional mecha-
nisms at the site, as suggested by the sorting of soil layers, and
their gradation in shape from more to less rounded. However,
no evidence in grain morphology, mineralogy, or sorting was
seen for the early lacustral history of the landing site, as de-
scribed by Ore and Warren [1971]. This is most likely due to the
relatively shallow depth of the excavated trench, which likely
penetrates only to layers ,12,000 years old. Finally, the most
surprising scientific result is the lack of carbonates observed in
the samples, despite the proximity of the test site to a carbon-
ate-rich playa. This observation by DIRTCam is nevertheless
confirmed by Mini-TES and TIMS data retrieved from the site.

5. Discussion and Applications for Mars

5.1. Summary of Scientific Results

Types of grains identifiable by DIRTCam in this region
include quartz sand or quartz clasts, feldspars, and clay-rich
conglomerate pebbles (presumably sand or other larger mate-
rial in a mud-clay matrix). This mineralogic diversity is ex-
pected from the geology of the site, a region with a high
amount of vertical transport from local massifs to the low-lying
alluvial fan. This result is also consistent with both the data
provided by the descent images and the mid-IR TIMS mea-
surements. The lack of carbonates observed in the samples is
confirmed by data at mid-IR wavelengths, despite the proxim-
ity of the test site to a carbonate-rich playa.

5.2. Lessons Learned and Mars Applications

The panoramic and microscopic imaging capabilities of
DIRTCam allowed us to identify the diverse mineralogy of the
test site. Although we did not have available medium resolu-
tion images that would allow us to discriminate between gen-
eral rock types, the major components that constitute rocks
typical of the site were clearly discerned and noted. In con-
junction with descent images, the field team was also able to
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use DIRTCam images to deduce the general geologic history
of the site through analysis of grain mineralogy and sorting.

However, since many minerals, such as carbonate, have few
or no discriminators in terms of mineralogic characteristics,
DIRTCam images cannot reveal soil components with abso-
lute accuracy. For instance, the field team would not have been
able to confirm the absence of carbonates in the DIRTCam
images without supporting evidence from the local (Mini-TES)
and contextual (TIMS) thermal data. This example demon-
strates that all data sets must be utilized concurrently; com-
munication between instrument teams is crucial. Also, DIRT-
Cam will necessarily be limited to exploring the most recent
history of the Mars landing site since the trench dug by the RA
will be shallow. Although Mars may not have as active a dep-
osition system as Earth, it must be remembered that analysis of
the landing site will likely be limited to the youngest geologic
layers.

In this field test the DIRTCam prototype for the RAC has
demonstrated its ability to panoramically image the local ge-
ology and identify the major mineralogic components of an
unknown site. These abilities will be crucial in understanding
both the macroscopic and the microscopic geology of the Mars
Polar Lander and Mars 2001 landing sites.
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