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Introduction:  The RMS roughness measurements 

produced by Neumann et al. [1] from Mars Orbiter 
Laser Altimeter (MOLA) data provide unique 
information about surface height variations at an 
effective length scale of < 75 m.  Roughness at this 
scale is important not only for landing site safety 
considerations, but also for assessment of landscape 
evolution, which depends on emplacement 
mechanisms and  erosional/depositional processes.  

Here we present an examination of the global 
surface roughness map with discussion of terrain types 
and potential formation and/or alteration mechanisms. 
Spatially coherent terrain types were identified based 
on inspection of the roughness map.  These terrains 
were further characterized through analysis of 
morphology and geology using MOLA topography, 
MOC wide-angle, and MOC narrow-angle images as 
well as the geologic maps produced by Scott & Tanaka 
and Greeley & Guest [2,3].  All of these data were 
used to explore potential formation and modification 
processes. 

 Roughness Controls: The roughness of a terrain 
at any length scale is controlled both by formation and 
subsequent modification processes and events.  For 

example, emplacement of volcanic flows tends to 
smooth terrains over long length scales (100’s meters 
to kilometers) and may produce rough surfaces at finer 
scales due to formation of flow surface textures (e.g., 
a’a lava), flow fronts, pressure ridges, cones, and 
related features.  Volcaniclastic processes tend to 
smooth surfaces at all scales.  Impact cratering 
produces landforms that can be both rougher and 
smoother than pre-existing terrains.  Tectonic 
processes tend to roughen surfaces, but mass 
movement on resultant slopes can be a diffusional 
process that smooths tectonically controlled terrains. 
Erosion by wind and water is intrinsically a 
roughening process whereas deposition in association 
with these fluids tends to smooth surfaces.  Likewise, 
periglacial and glacial processes produce landforms 
that can be either rougher or smoother than pre-
existing surfaces, depending on the nature of the 
materials and whether erosional or depositional modes 
produced the features.  The objective of the current 
work is to delineate the relationships between 
roughness and landforms, with an emphasis towards 
understanding emplacement and modification 
processes.   

 
Figure 1. Global surface roughness map of Mars. A square root color stretch was applied; warm colors indicate high
roughness values while cool colors are low.  Blackened areas have no valid data.  The white boxes correspond to context 
image locations for Figures 2. 
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Terrain Types: The global distribution of surface 
roughness is illustrated in Figure 1.  The most 
noticeable features are intuitive: crater rims and ejecta, 
rocky canyon walls in Valles Marineris, and the 
dissected Olympus Mons aureole are rough, whereas 
northern plains deposits, large basin interiors, and 
extensive volcanic flow fields such as those found in 
Syrtis Planum are relatively smooth.  As an example of 
a volcanic depositional regime, the Hesperian-aged 
lava flows in Syrtis Planum typically exhibits RMS 
roughness values below the 1-meter detection limit 
(Figure 2A). Small crater rims and caldera walls of 
Nili and Meroe Patera are observed as rough circular 
features within this otherwise smooth and nearly 
featureless terrain.   

 Other terrains are slightly less well recognized for 
intrinsic roughness properties and are more complex in 
their formation and modification histories. For 
example, the Medusa Fossae Formation extending 
west of Tharsis along the crustal dichotomy boundary 
is characterized by several large lobate mounds of 
Amazonian-aged layered materials (Figure 2B). This 
formation is thought to be composed of thick 
accumulations of volcanic ash that was subjected to 
extensive aeolian erosion [2,3,4]. Consequently, the 
observed moderate to high surface roughness values 
may be attributed to both the friable nature of the 

original deposit as well as the differential erosion that 
has sculpted the formation to its present form.  

 Vastitas Borealis dune fields located in the high 
northern plains are also notable as terrains with 
enhanced RMS values (typically 2-5 m). High-
resolution (512 pixel/degree) MOLA coverage is able 
to resolve lineated dunes with spacing up to 1 km, 
enhancing the observed roughness as regional slope 
effects were removed at the km-wavelength scale. In 
MOC narrow-angle coverage, individual dunes can be 
observed to overly subdued-appearing patterned 
ground. 

Glacial or ground-ice interactions also affect 
surface roughness properties. The relatively small area 
located at approximately 40ºN, 150ºW in southeast 
Arcadia Planitia may be one example (Figure 2C). This 
teardrop-shaded area does not display a discernable 
topographic signature, was not previously identified as 
a distinct geologic unit, and cannot be discerned by 
thermal inertia or albedo from surrounding materials.  
Analysis of MOC narrow-angle images, however, 
reveal that this relatively rough terrain consists of 
multiple elongate pits which seem to merge together to 
produce the lineated or grooved landscape that is 
characteristic for the unit.   

In summary, there are many landforms that show 
distinct RMS roughness signatures relative to 

Figure 2. Example terrains of various roughness and landscape morphology.  Context images (locations indicated in Figure 1)
are roughness values overlain on MOLA-derived shaded relief. (A) MOC NA image M0801865 showing smooth dark terrain in
Syrtis Planum, (B) MOC NA image M0202978 showing differentially eroded layered deposits in the Medusa Fossae Formation,
and (C) MOC NA image M1000770 showing both individual and merged elongate pit structures from the teardrop-shaped
terrain in southeast Arcadia Planitia.  Illumination is from the lower left in this image. 
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surrounding areas and correspond to understood 
emplacement and/or modification processes.  We are 
currently pursuing these correlations in more detail to 
understand the relationship from a morphologic and 
geologic perspective. In addition, we are examining 
evidence (from MOLA profiles and the RMS values) 
for unique fractal signatures that might be diagnostic 
of both formation and/or modification processes and 
roughness distributions at scales finer than the 75 m 
MOLA footprint. 

 
References: [1] Neumann G. A. et al. (in press, 

2003) GRL. [2] Scott D. H. and K. L. Tanaka (1986) 
USGS I-1802-C. [3] Greeley R. and J. E. Guest (1987) 
USGS I-1802-B. [4] Bradley B. A. and S. E. Sakimoto 
(2002) JGR, 107, 2. 
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Introduction:  Manned space activities have been 

until present time limited to the near-Earth environ-
ment, most of them to low Earth orbit (LEO) scenarios, 
with only some of the Apollo missions targeted to the 
Moon. In current times most human exploration and 
development of space (HEDS) activities are related to 
the development of the International Space Station 
(ISS), and therefore take place in the LEO environ-
ment. A natural extension of HEDS activities will be 
going beyond LEO, and reach asteroids, Mars, Jupiter, 
Saturn, the Kuiper belt and the outskirts of the Solar 
System. Such long journeys onboard spacecraft outside 
the protective umbrella of the geomagnetic field will 
require higher levels of protection from the radiation 
environment found in the deep space for both astro-
nauts and equipment. So, it is important to have avail-
able a tool for radiation shielding which takes into ac-
count the radiation environments found all along the 
interplanetary space and at the different bodies encoun-
tered in the Solar System. Moreover, the radiation pro-
tection is one of the two NASA highest concerns and 
priorities [1]. A tool integrating different radiation en-
vironments with shielding computation techniques es-
pecially tailored for deep space mission scenario is 
instrumental in view of this exigency [2].  

In view of manned missions targeted to Mars (for a 
review see e.g. [3]), for which radiation exposure is 
one of the greatest problems and challenges to be tack-
led [4], it is of fundamental importance to have avail-
able a tool which allows to know which are the particle 
flux and spectra at any time at any point of the Martian 
surface. With this goal in mind, a new model for the 
radiation environment to be found on the planet Mars 
due to Galactic Cosmic Rays (GCR) has been devel-
oped. Solar modulated primary particles [5] rescaled 
for Mars conditions are transported within the Martian 
atmosphere, with temporal properties modeled with 
variable timescales, down to the surface, with altitude 
and backscattering patterns taken into account. The 
tool allows analysis for manned Mars landing missions, 
as well as planetary science studies, e.g. subsurface 
water and volatile inventory studies [6]. This Mars 
environmental model is available through the SIREST 
website [7], a project of NASA Langley Research Cen-
ter. 

  
Radiation Source Models:   

Galactic Cosmic Rays (GCR).  Galactic Cosmic 
Rays originate outside our Solar System in ways yet 
not totally clear [8]. They are composed of highly en-
ergetic fully ionized nuclei of all charges from hydro-
gen to uranium, with a large decrease in the intensity of 
particles with charge higher than 28 [9]. From interstel-
lar space the GCR enter the Solar System, where they 
come into contact with the particles of the solar wind, 
which transports outward the solar magnetic field [10]. 
The distribution of cosmic rays in the heliosphere and 
the time dependence due to solar activity of the varia-
tions of the solar wind velocity and diffusion coeffi-
cient are taken into account as in [11-13], relating the 
sunspot number to the cosmic ray induced neutron 
monitor count rate measured at the Deep River loca-
tion, Ontario, Canada, with an evident inverse relation-
ship between sunspot number (solar activity indicator) 
and count rates (cosmic rays flux indicator). 

 Planetary Surfaces. A planetary body, i.e. a 
planet or one if its satellites, need to be modeled to 
assess the radiation dose a crew will take during sur-
face activities. If the body is atmosphereless, it has to 
be modeled in position (astrometry), size, topography, 
and surface chemical composition, to get the atomic 
surface composition needed for transport computation, 
to evaluate the backscattering radiation component, 
especially neutrons. If the target body has an atmos-
phere, a profile of the atmosphere in terms of density, 
temperature and composition vs. altitude (and time) 
should be provided, to compute how the primary parti-
cle fluxes are modified by the interaction with the at-
mosphere. The knowledge of the body topography is 
particularly important in the case an atmosphere is pre-
sent, to know down to which surface altitude the effects 
of the atmosphere have to be taken into account. In the 
Solar System bodies (see, e.g. [14]) two kinds of sur-
face composition are prevalent, namely a silicatic 
rocky composition on the bodies of the Inner Solar 
System (i.e. Mercury, Venus, the Earth, the Moon, 
Mars and its satellites, asteroids), and a mostly icy (wa-
ter ice, methane ice, ammonia ice) composition of the 
solid bodies of the Outer Solar System (satellites of 
Jupiter, Saturn, Uranus, Neptune, Pluto with his moon 
Charon, comets, the Kuiper Belt and all Trans-
Neptunian objects). The giant planets of the Outer So-
lar System have a gaseous composition all along their 
body (Jupiter, Saturn, Uranus, Neptune), and seem not 
to have any solid surface [15] on which any surface 
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activity looks to be practicable. Interesting phenomena 
take place on the surface of bodies with locally mixed 
rock/ice composition, like in planets with seasonal or 
perennial volatile-generated polar caps (e.g. carbon 
dioxide ice and water ice caps on Mars). Neutron back-
scattering from silicatic surface is important particu-
larly at the lower energies [16], whereas the interaction 
with ices produces far less neutrons [13].   

Radiation Dose Computations:  The radial re-
scaling for GCR has been discussed in [17] and will be 
not further discussed in this paper. Positive charged 
particles, i.e. protons and heavier ions, have been 
transported by using a current version of the NASA 
Langley Research Center (LaRC) heavy ion determi-
nistic code HZETRN [18], which provides particle 
energy spectra at predefined positions in the material 
layer of interest as well as the pertinent dosimetric 
quantities, with energy deposition from both primary 
and secondary particles, including nuclear target frag-
ments, accounted for. The materials are modeled as a 
thickness file including distance of each material trav-
ersed in the order progressing from the outer boundary 
inward toward the target point. With the specified envi-
ronment, i.e. the specified charged particle flux bound-
ary conditions, the transport code is used to generate 
dose vs. depth functions for each material under con-
sideration over a range of thicknesses adequate for 
interpolation for the shielding analysis. Results for 
doses at planet distances at intermediate time between 
solar minimum and maximum epochs are obtained as 
discussed above, through the simplified diffusion 
model shown in [9]. For points at the surface, the 
transport techniques adopted are mostly the same as 
those developed for the free space case, but with two 
main modifications: the primary particles are limited to 
come only from above the surface, so the solid angle of 
acceptance of primary particles is limited to 2π, and it 
is not the full 4π solid angle like in the free space case. 
In some cases, due to local topography feature like 
valleys or craters, the solid angle might be even smaller 
than 2π [19]. Moreover, the backscattering component, 
mostly neutrons, created by the interaction between the 
incoming particles and the nuclei composing the sur-
face, is to be added to the particle flux at the surface. 
For atmosphereless bodies this component is about 1% 
of the dose given by GCR alone [20], with little de-
pendence on the composition of the surface materials. 
For target bodies with an atmosphere, a profile of the 
atmosphere in terms of density, temperature and com-
position vs. altitude (and time) should be provided, to 
compute how the primary particle fluxes are modified 
by atmospheric interactions. At the surface the modi-
fied particle fields interact with the nuclei composing 
the surface, whose chemical composition should be 

known too. For each considered point at the surface, 
transport calculations have been carried out.  

Mars Radiation Modeling: Mars is a planet 
with an atmosphere, so the modeling of the Martian 
radiation environment has to deal with both atmos-
pheric and surface properties. The Martian atmosphere 
has been modeled by using the Mars Global Reference 
Atmospheric Model – version 2001 (‘Mars-GRAM 
2001’, see [21]), based on input data generated as out-
put of the NASA Ames Mars General Circulation 
Model (MGCM) for the lower atmosphere, from the 
surface to 80 km altitude [22,23], the University of 
Arizona Mars Thermosphere General Circulation 
Model (MTGCM) for the higher atmosphere, from 80 
km to 170 km altitude [24,25], and a modified Stewart-
type thermospheric model, a latitude-longitude de-
pendent model also depending on solar activity [26], 
above 170 km altitude. This model can provide at any 
time a profile of the Martian atmosphere in terms of 
density, pressure, and temperature vs. altitude, needed 
to compute the atmosphere thickness for the incoming 
particle flux. The atmospheric chemical and isotopic 
composition has been modeled over results from the in-
situ Viking Lander measurements for both major [27] 
and minor [28] components (see Table 1). The surface 
altitude, or better the atmospheric depth for incoming 
particles, to compute the atmospheric thickness profile 
has been determined by using a model for the Martian 
topography based on the data provided by the Mars 
Orbiter Laser Altimeter (MOLA) instrument on board 
the Mars Global Surveyor (MGS) spacecraft [29].  The 
MOLA topography is measured with respect to a zero 
elevation surface level known as the MOLA aeroid 
[30], which is defined as the gravitational equipotential 
surface whose average value at the equator is equal to 
the mean planetary radius determined by MOLA data. 
Among the various data resolution available [31], in 
this work half-degree latitude-longitude resolution data 
for both MOLA aeroid surface and topography have 
been used (i.e. 30 km spatial resolution at the equator), 
but this value can be tuned in case of different user 
needs. The Mars regolith composition has been mod-
eled based on averages over the measurements ob-
tained for Mars 5 [32] with gamma-ray spectroscopy, 
and at the various landing sites Viking Landers 1 and 2 
[33,34], Phobos 2 [35,36] and Mars Pathfinder mis-
sions [37,38]. From the averaging process an average 
composition has been obtained (see Table 2). In this 
first project a value of 1.6 g/cm3 [39] for the Mars soil 
density has been adopted. The composition, different 
with respect to the regolith (e.g. CO2 ice, H2O ice), of 
seasonal and perennial polar caps [40] has been taken 
into account by modeling the deposition of the possible 
volatile inventory over the residual caps, along with its 
geographical variations all throughout the Martian 
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year, for both the Mars North [41] and South Pole [42], 
from results from imaging data of orbiter spacecraft. 
No such 3D Mars time dependent polar caps modeling 
was previously available for radiation analysis. Particle 
transport has been performed with the HZETRN heavy 
ion code with an adaptation for planetary surface, as 
said above. The new Mars Radiation Environment 
Model has been made available worldwide through the 
Space Ionizing Radiation Effects and Shielding Tools 
(SIREST) website, a project of NASA Langley Re-
search Center. This site has been developed to provide 
the scientific and engineering communities with an 
interactive site containing a variety of environmental 
models, shield evaluation codes, and radiation response 
models to allow a thorough assessment of ionizing ra-
diation risk for current and future space missions 
[7,43,44]. This model is instrumental to deal with the 
Planetary Surface Phase of manned missions targeted 
to Mars [3]. A radiation dose and a dose rate can be 
computed at any time at any location on the planet. As 
an example, a SIREST-generated Mars neutron radia-
tion environment map due to GCR for 1977 Solar 
Minimum conditions is shown in Fig. 1, with a striking 
correspondence between neutron flux and Mars topog-
raphy, putting clearly into evidence the effects of even 
this so tenuous atmosphere on particle transport. The 
present Mars Radiation Environment Model will be 
tested by comparison with the data from the Mars Od-
yssey mission MARIE and HEND instruments in the 
near future. 

Conclusions:  A new model for the radiation envi-
ronment to be found on the planet Mars due to Galactic 
Cosmic Rays (GCR) has been developed at the NASA 
Langley Research Center. Solar modulated primary 
particles rescaled for Mars conditions are transported 
through the Martian atmosphere, with temporal proper-
ties modeled with variable timescales, down to the sur-
face, with altitude and surface backscattering patterns 
taken into account. The Mars Radiation Environment 
Model has been made available worldwide through the 
Space Ionizing Radiation Effects and Shielding Tools 
(SIREST) website. This Mars Radiation Environment 
Model will be tested with the data from the Mars Od-
yssey instruments in the near future. 
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                   CO2                  %       95.32 

                    N2                 %       02.70 

                    Ar                 %       01.60 

                    O2                 %       00.13 

                   CO                 %       00.08 

                    
         Table 1.  Adopted chemical composition for the  
                        Martian atmosphere. 

                   SiO2     %       44.2 

                   Fe2O3    %       16.8 

                   Al2O3                %       08.8 

                   CaO                  %       06.6 

                   MgO                 %       06.2 

                    SO3                  %       05.5 

                   Na2O    %       02.5 

                    TiO2    %       01.0 
      

          Table 2.  Adopted chemical composition for the  
                         Martian surface. 

                                    
                                  Figure 1  Map of neutron integral flux on the Mars surface for GCR at 1977 Solar Minimum.  

Sixth International Conference on Mars (2003) 3249.pdf



1 

MRO HIGH RESOLUTION IMAGING SCIENCE EXPERIMENT (HIRISE): 
INSTRUMENT DEVELOPMENT. Alan Delamere, Ira Becker, Jim Bergstrom, Jon Burkepile, Joe 
Day, David Dorn, Dennis Gallagher, Charlie Hamp, Jeffrey Lasco, Bill Meiers, Andrew Sievers, Scott 
Streetman Steven Tarr, Mark Tommeraasen, Paul Volmer.  Ball Aerospace and Technology Corp., PO 
Box 1062,Boulder, CO80306 

Introduction: The primary functional re-
quirement of the HiRISE imager, figure 1 is to 
allow identification of both predicted and un-
known features on the surface of Mars to a 
much finer resolution and contrast than previ-
ously possible [1], [2].  This results in a cam-
era with a very wide swath width, 6km at 
300km altitude, and a high signal to noise 
ratio, >100:1. Generation of terrain maps, 30 
cm vertical resolution, from stereo images 
requires very accurate geometric calibration. 
The project limitations of mass, cost and 
schedule make the development challenging. 
In addition, the spacecraft stability [3] must 
not be a major limitation to image quality. 
The nominal orbit for the science phase of the 
mission is a 3pm orbit of 255 by 320 km with 
periapsis locked to the south pole. The track 
velocity is approximately 3,400 m/s. 

HiRISE Features: The HiRISE instrument performance 
goals are listed in Table 1.  The design features a 50 cm 
aperture and a detector with 128 lines of Time Delay and 

Integration (TDI) to create very high (100:1) signal noise 
ratio images.  
The imager design is an all-reflective three mirror astig-
matic telescope with light-weighted Zerodur optics and a 
graphite-composite structure.  The Cassegrain objective 
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Figure 1 Camera optical path optimized for low mass 

Table 1 HiRISE Requirements and Performance Characteristics 

Parameter Performance Comments 
Ground Sample Distance (GSD) 30 cm/pixel From 300 km altitude 

Telescope Aperture 0.5 m, f/24 For resolution and SNR 
Spectral range 400 to 600 nm 

550 to 850 nm 
800 to 1000 nm 

Blue-Green (BG) 
Red 

Near infra-red (NIR) 
Blue-Green Typically 100:1 

Red Typically 200:1 
SNR 

NIR Typically 100:1 

Achieved with TDI, backside thinned CCDs, and 
50 cm aperture 

Red > 6 km From 300 km altitude Swath 
Width Blue-Green & NIR > 1.2 km From 300 km altitude 

Swath length > 2× swath width Along track 
Data Precision 14 bit A/D 12 to 13 bit usable 

Real-time 14 to 8 bit Look-up table 
Up to 16 × 16 binning Increases areal coverage 

Data Compression 

Lossless compression at SSR ~ 2:1 
Data storage 28 Gbits All channels 

Number of pixels across swath 20,264 Red 
4,048 Green and NIR 

From swath width and pixel scale 

TDI line time ≥76 µsec To match ground track speed 
CCD read noise < 50 electrons rms at 22°C Achieve SNR at low signal levels 

FOV 1.14° × 0.18°  
IFOV 1 × 1 µrad Detector angular subtense 
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with relay optic and two fold mirrors is optimized for dif-
fraction-limited performance over the long, narrow field-
of-view (FOV) required for “push-broom” scanning and 
imaging.  Filters in front of the detectors provide images 
in the three wavelength bands: red (or panchromatic), 
blue-green (BG), and near infrared (NIR).  

The detector-chip-assemblies (DCA) housing the charge 
coupled devices (CCDs) are staggered to provide full 
swath coverage without gaps.  Both the BG and NIR 
bands have two DCAs each to give a total swath width of 
4048 pixels, and the red channel has ten DCAs to provide 
a swath width of 20,264 pixels. 

The 50 cm diameter primary mirror has a dual arch con-
struction for low mass and high rigidity. The optical sys-

tem provides a diffraction lim-
ited modulation transfer func-
tion (MTF) on 12 µm pixels for 
all 14 HiRISE detectors.  The 
color filters are located 30 mm 
from the detectors for all three 
channels.  This distance avoids 
problems due to stray light and 
multiple reflections from the 
filters in the f/24 quasi-
collimated beam.  A Lyot stop, 
located between the tertiary mir-
ror and the second fold mirror, 
ensures excellent reduction of 
stray light. 

Distortions in the large field of 
the red channel are very small.  
As HiRISE points at the Mars’ 
surface, a point in the image 
will remain in a single CCD 

TDI column with no cross column smear for all CCDs.  

The telescope structure is made of graphite-fiber-
reinforced composite.  This produces a stiff, lightweight 
structure with low moisture absorption properties and low 
coefficient of moisture expansion.  The negative coeffi-
cient of thermal expansion (CTE) of the composite ele-
ments, in conjunction with metallic, positive CTE fittings, 
is tailored to produce near-zero instrument CTE.  Fig-
ure 2 shows the flight structure. 

HiRISE Focal Plane Subsystem (FPS): The FPS con-
sists of the DCAs, a focal plane substrate of aluminum–
graphite composite material, a spectral filter assembly, 
and CCD processing/memory modules (CPMMs).  Each 

 

 

Figure 2 HiRISE Focal Plane Assembly 

 

Figure 3 HiRISE Telescope Flight Structure (Approximately 70 cm in Diameter by 1.4 m in Length) 
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CCD has 2048 12 × 12 um pixels in the cross-scan direc-
tion and 128 TDI elements (stages) in the along-track 
direction.  The 14 staggered CCDs overlap by 48 pixels at 
each end as shown in Figure 3.  This provides an effective 
swath width of ~20,000 pixels for the red images and 

~4,048 pixels for the blue-green and NIR images.  

Using the TDI method increases the exposure time, allow-
ing us to obtain both very high resolution and a high sig-
nal-to-noise ratio.  As the spacecraft moves above the 
surface of Mars, TDI integrates the signal as it passes 
across the CCD detector by shifting the accumulated sig-
nal into the next row (line) of the CCD at the same rate as 
the image moves (see Figure 4).  The line rate of 
13,000 lines/sec corresponds to a line time of 76 microsec 
for 250 km altitude.  The pixel integration time is set to 
match the ground velocity so that charge from one image 
region is sequentially clocked into the next corresponding 
element in the along-track direction.  The imager can use 
8, 32, 64 or 128 TDI stages (detector elements in the 
along-track direction) to match scene radiance to the 
CCD full well capacity.  Spacecraft orientation in yaw 
will compensate for image smearing during the integra-
tion period.  A practical limit is reached when residual 
image smear and spacecraft pointing jitter seriously de-
grade the required resolution.  The 128 lines is the largest 
number of lines that meets all requirements.  Images with 
higher SNR and lower resolution images will be obtained 
by binning the signal from adjacent lines and pixels 
within the CCD, up to a maximum of 16 × 16 pixels. 

HiRISE Camera Electronics Overview: The CCD Proc-
essing and Memory Module (CPMM) electronics ap-
proach is to minimize the number of active and passive 
components that contribute to noise. The obligatory ana-
log signal processing chain between the CCD output am-
plifier and the 80MSPS 14 bit A/D has been designed so 
that it adds less noise than the CCD, while being radia-
tion tolerant and reasonably low power. The Digital Cor-
related Double Sample (CDS) scheme is capable of very 

high pixels rates, in excess of 16 megapixels per second, 
while sampling a minimum of twice per pixel.  
Each of the 14 CPMM’s uses a rad-hard Xilinx Virtex 
300E Field Programmable Gate Array (FPGA) to perform 
the control, signal processing, Look Up Table compres-
sion, data storage & maintenance, and external I/O. The 
FPGA is SRAM based and uses a Flash Serial Program-
mable Read Only Memory (SPROM) for configuration 
upon power-up. The SPROM and FPGA are reconfigur-
able using JTAG, so design changes during development 
are extremely simple. The JTAG port is available on an 
external connector to facilitate last minute design 
changes, if required. 
Data System & Operations: Target coordinates for an expo-
sure will be uplinked to the spacecraft, which will then translate 
the target coordinates into the  time at which the spacecraft will 
fly over the area of Mars to be imaged. At the appropriate mo-
ment, a block of commands will be executed that will setup-for 
and then initiate the exposure. Exposure setup parameters in-
clude line time, number of lines, binning factor, number of TDI 
levels, and the lookup table to be used by the CPMM electron-
ics to convert 14-bit pixel data into 8-bit pixel data. About 5 
seconds in advance of the start-time of the exposure, the analog 
power is turned on 

At the prescribed moment, all DCAs begin clocking si-
multaneously. When the exposure on the last DCA is 
completed, the analog power is turned off, and the stored 
pixel data is then readout sequentially from each CPMM 
to the spacecraft solid-state recorder, in preparation for 
downlink to the ground. Science data headers accompany 
the science data so that the science data can be properly 
interpreted. Optionally, the pixel data can be compressed 
by a lossless hardware compressor attached to the solid-
state recorder.  

The nominal high resolution image is 20,000 pixels by 
40,000 lines and can take from 4 to 48 hours of transmis-
sion time depending on range to earth and compression 
factors. 

4-State TDI

Time
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Figure 4 TDI Operation Using a 4-TDI Configuration to 

Illustrate Charge Accumulation 

Sixth International Conference on Mars (2003) 3287.pdf



4 

HiRISE Performance: The predicted maximum signal is 
76,000 electrons for the red channel at 300 km with no 
binning.  Figures 5 show the expected un-binned SNR 
capability as a function of spacecraft latitude and regional 
albedo for the blue-green, red (pan) and NIR bands.   
The modulation transfer function is shown in figure 6. 
Note that the resolution is limited by the aperture re-
sponse of the pixel, the diffusion in the CCD and the dif-
fraction of the telescope modified by the 18 cm obscura-
tion of the secondary mirror baffle. 
Conclusion: In August 2005 the Mars Reconnaissance Orbiter 
spacecraft will embark on its ambitious journey to explore 
Mars. The spacecraft will carry an impressive array of instru-
ments including HiRISE, a high-resolution imager that will 
obtain stunning new images of Mars with a resolution capable 
of detecting one-meter objects. By April 2003, camera develop-
ment has reached the hardware stage with the flight optics, 

flight structure and the custom CCD design being completed. 
Breadboards of all the flight electronics are in test. Assembly 
and test of the camera will be completed by June 2004. 
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Introduction:  Low-frequency electromagnetic 

(EM) soundings of the subsurface can identify liquid 
water at depths ranging from hundreds of meters to 
~10 km in an environment such as Mars [1]. Among 
the tools necessary to perform these soundings are 
low-frequency electric and magnetic field sensors ca-
pable of being deployed from a lander or rover such 
that horizontal and vertical components of the fields 
can be measured free of structural or electrical inter-
ference. Under a NASA Planetary Instrument Defini-
tion and Development Program (PIDDP), we are cur-
rently engaged in the prototype stages  of low-
frequency sensor implementations that will enable this 
technique to be performed autonomously within the 
constraints of a lander platform. Once developed, this 
technique will represent both a complementary and 
alternative method to orbital radar sounding investiga-
tions, as the latter may not be able to identify subsur-
face water without significant ambiguities [2,3]. Low 
frequency EM methods can play a crucial role as a 
ground truth measurement, performing deep sound-
ings at sites identified as high priority areas by orbital 
radars. Alternatively, the penetration depth and con-
ductivity discrimination of low-frequency methods 
may enable detection of subsurface water in areas that 
render radar methods ineffective. In either case, the 
sensitivity and depth of penetration inherent in low-
frequency EM exploration makes this tool a compel-
ling candidate method to identify subsurface liquid 
water from a landed platform on Mars or other targets 
of interest. 

Searching for Water: The ability to detect and 
characterize extraterrestrial water and ice has impor-
tant implications for the understanding of planetary 
geological and climate histories, past or extant life, 
and for the planning of future robotic and human ex-
ploration of the solar system. The characterization of 
past or present water on Mars remains a core goal of 
the Mars Exploration Program (MEP), representing a 
cross-cutting theme that ties together investigations 
relevant to life, climate, geology, and the identifica-
tion of sites relevant for future exploratory landed 
missions. There is a significant amount of geologic 
evidence that water on Mars was abundant at some 
point in the past, forming valley networks, outflow 
channels and possibly ocean basins [4,5,6]. Assuming 
that the Martian water inventory was not lost to space, 

it may be contained within the frozen upper portions 
of the crust in the cryosphere. Liquid water may exist 
due to heterogeneous thermal properties or if the 
amount of water exceeds the storage capacity of the 
cryosphere. Depths to the base of the cryosphere vary 
between 2-6 km [7] depending on latitude; the discov-
ery of the gullies [4] indicates that the cryosphere may 
only be hundreds of meters thick in some regions, 
enabling the emergence of liquid water within rela-
tively recent timescales depending on the geothermal 
gradients present [8]. Alternatively, the gullies may be 
due to basal snowmelt without the need for groundwa-
ter [9]. 

Low-Frequency EM Soundings: EM waves used 
in low-frequency soundings are in the diffusive re-
gime, in which the dominant parameter controlling 
the emissions is the finite conductivity of the subsur-
face. A passive sounding method includes the mag-
netotelluric technique, in which the electric and mag-
netic amplitudes of long-period waves from natural 
planetary EM sources are monitored near the surface 
in order to determine the subsurface electrical imped-
ance as a function of wave skin depth. Active methods 
include both spectral and time domain measurements 
of the fields in response to artificially generated 
waves. In the time domain, the decay of secondary 
magnetic fields generated from subsurface currents in 
response to an artificially produced EM pulse are re-
corded to estimate subsurface conductivity. For all 
low-frequency sounding methods, it is the electrical 
conductivity as a function of depth into the subsurface 
that is determined. Since the conductivity of even 
mildly saline liquid water is several or more orders of 
magnitude greater than the surrounding medium, its 
presence significantly modifies the detected subsurface 
impedance. Using this methodology, both the depth 
and thickness of multiple aquifers can be determined 
depending on the availability of naturally or artifi-
cially produced low frequency EM waves and the con-
ductivity contrast between the liquid water and the 
surrounding media. The response of ice to low-
frequency EM waves is essentially the same as radar 
and thus becomes difficult to detect, unless massively 
segregated [1]. 

Sources of Low Frequency EM on Mars: On 
Earth, the deepest soundings are obtained by monitor-
ing a myriad of naturally generated electromagnetic 
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wave sources. These include ULF emissions produced 
by Solar Wind-Magnetosphere interactions (0.001-1 
Hz), and lightning-related sources (Schumann reso-
nances and ELF emissions, 1 Hz-2 kHz). With the 
presence of magnetic anomalies, an ionosphere, and 
windblown dust there is every reason to believe that 
Mars will also possess a rich and dynamic electro-
magnetic environment. ULF perturbations have been 
witnessed near Mars on both MGS and the Phobos 
missions [10,11]. The triboelectric charging of dust 
within the ubiquitous dust devils and larger scale dust 
storms may produce discharges that can form an ELF 
continuum of EM emissions when guided by the iono-
sphere-surface cavity [12]. Similarly, Schumann reso-
nances may exist on Mars at frequencies close to their 
Terrestrial counterparts [13]. Additional potential 
sources of low frequency emissions include Solar-
Quiet (Sq) variations, resulting from couplings be-
tween the lower ionosphere and atmospheric thermal 
tides. The relatively fast response of the Martian at-
mosphere to radiative heating [14] may produce 
strong Sq signatures on Mars. All of these signals rep-
resent potential sources for deep EM soundings of the 
subsurface on Mars. 

Instrument Development Effort: The penetration 
depth and detection threshold for subsurface water 
using EM methods hinges on the availability of elec-
tric and magnetic sensors with sufficient sensitivity at 
low frequencies to detect naturally occurring EM 
waves. Of the two measurements, the electric field 
detection is by far the more challenging endeavor in 
this regime. The term “low-frequency” in the context 
of EM soundings denotes the division between propa-
gative (wave like) and diffusive behavior of the EM 
fields; below this division, the electric field diffuses 
into the subsurface media with a skin depth and initial 
amplitude dependent on the subsurface conductivity. 
On Mars, waves become diffusive around ~1 kHz [1], 
while a desire to probe deep within the cryosphere 
requires a low frequency limit in the milli-Hertz 
(0.001 Hz) or lower frequency regimes. Terrestrial 
applications have utilized fully grounded (buried) 
electrical dipoles with separation distances of 100s of 
meters or more to detect long-period, low-amplitude 
signals. These dipoles make direct resistive contact 
with the subsurface using an electrolyte medium for 
long-term signal stabilization, and necessitate a proc-
ess of manual installation and subsequent settling 
time. 

While such techniques have detected water and 
other natural resources to depths of hundreds of me-
ters or more in Terrestrial settings [15], a simpler, 
non-contacting and autonomously deployable system 

must be developed in order to use this method in 
planetary exploration. Our efforts have thus far fo-
cused on the development of low-frequency, low-noise 
electric field sensors capable of measurements near or 
on the surface without the need for direct, galvanic 
contact with the subsurface itself. One of the more 
crucial measurements for effective soundings is the 
component of the electric field parallel with the sur-
face, since this amplitude directly indicates the subsur-
face resistivity structure when combined with simulta-
neous magnetic field measurements. Measurement of 
this component of the ambient electric field is also the 
most challenging, since amplitudes can be less than 1 
uV/m depending on subsurface properties. 

Strategies to measure these low-frequency electric 
fields include the use of short dipole probes that make 
direct resistive contact with the atmosphere of Mars. 
This is enabled through the use of ultra-high input 
impedance op-amps (Rin ~1014 ohms or greater) and 
spherical or cylindrical electrodes that draw a current 
from the atmosphere directly. With a Martian pressure 
of ~6-8 mBar, the atmospheric conductivity is roughly 
10-11 S/m [16]; under these conditions, a probe with a 
surface area of ~200 cm2 will have a coupling imped-
ance of ~ 2 x 1011 ohms. The feasibility of this method 
has already been proven in the terrestrial stratosphere, 
where the atmospheric conductivity is nearly identical 

with the value on the surface of Mars [17]. In this 
regime, stratospheric balloons have measured low-
amplitude DC electric fields from ionospheric ULF 
waves for decades [18], a particularly useful wave for 
deep magnetotelluric soundings. Similar direct resis-
tive contact of electric field probes in the Martian at-
mosphere may enable the measurement of ULF or 

 

Figure 1 Antenna and probe deployment 
schemes to measure parallel and horizontal elec-
tric fields on the surface of Mars. When com-
bined with magnetic field measurements, the 
ratio of E/H can be used to derive the subsurface 
conductivity structure. 
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similar waves on Mars for purposes of deep (~km) 
soundings. Complicating factors on the surface of 
Mars include the presence of airborne dust which can 
deposit static charge on the surface of the probes, cre-
ating a succession of high-frequency transients that as 
an ensemble can cause a continuum of increased low-
frequency noise. A second possible issue relates to the 
fact that while stratospheric balloon payloads rotate, 
lander platforms are stationary, reducing the capabil-
ity to reject spurious signals resulting from payload 
charging and effectively increasing the 1/f noise of the 
system. 

Alternative methods include purely capacitively 
coupled, flexible antennas ballistically deployed from 
a lander platform to lengths of 20m or more. In the 
capacitively coupled regime, no atmospheric currents 
are measured; instead, the conductors in the wires 
couple capacitively to the surface to which they are 
parallel, measuring the parallel component of the elec-
tric fields which should be continuous across the sur-
face-subsurface boundary. Advantages in this ap-
proach include larger intrinsic signal gain due to the 
longer baseline for the potential measurement, and 
lower noise due to the large antenna capacitance rela-
tive to sensor input capacitance. The low-frequency 
response of this system is governed by op-amp stabil-
ity and the effective RC time constant formed between 
the antenna capacitance and the internal sensor input 
impedance, typically in the 0.1-1 Hz range. A hybrid 
system composed of flexible antennas with galvani-
cally coupled probes on the ends is also possible, ena-
bling sensitive AC measurements via the long anten-
nas and DC measurements from the end probes. Fun-
damental engineering concepts for the deployment of 

long flexible antennas from a Mars lander are already 
well-established as part of the proposed NetLander 
payload [19]. 

Once successful measurements of the electric field 
parallel (Ex) to the subsurface are obtained, they can 
be combined with simultaneously measured magnetic 
fields in the orthogonal direction (Hy) to derive the 
subsurface impedance using the Magnetotelluric tech-
nique: 
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where Z is the subsurface impedance, ρ the resistivity 
(in ohm-m) and f the wave frequency. When measured 
as a function of frequency, the result is an apparent 
conductivity vs. depth profile. Inversion methods to 
determine depth to conductive features depend on a 
description of the subsurface as a series of resistive 
half-spaces, forming a layered model whose response 
to vertical plane waves is calculated through a recur-
sive procedure [1]. Similar information about the sub-
surface conductivity can be obtained via the wave-tilt 

method using the ratio of Ez/Ex. Onboard spectral 
processing using FFTs or cascade decimation can pro-
duce spectra of each field component and form the 
ratio of E/H directly. This data along with snapshots 
of time series measurements can then be transmitted 
back to Earth for analysis and interpretation of both 
signal source quality and subsurface electrical proper-
ties. 

Field Test Experiments: Terrestrial field tests of 
non-grounded probes and antennas for sensing low-
frequency electrical fields near the surface are ongoing 

Figure 3 Field tests conducted in the Mojave de-
sert  (March 2003) studied the capabilities of vari-
ous antennas geometries to sense low-frequency 
parallel electric fields. 

Figure 2 Miniature 3-axis electric field receiver 
under development at Quasar, Inc. in support of 
PIDDP field test activities. 
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under NAG5-11781 (PIDDP). In this approach several 
classes of recently available high-input impedance, 
low noise electrometers and op-amps are being mated 
to various antenna coupling strategies in order to de-
rive a system with maximum sensitivity and minimum 
noise. Measurements of the vertical component of 
Schumann resonances have been obtained with small, 
lightweight sensors such as the example shown in 
Figure 2. Measurements of the electric fields parallel 
to the surface are far more challenging and may re-
quire longer baseline measurements and larger an-
tenna form factors. Figure 3 shows a test of this con-
cept in the Lavic Lake region of the Mojave desert. 
Initial results of these tests indicates that naturally 
occurring low frequency electric fields with ampli-
tudes ~0.01-.1 uV/m parallel to the surface may be 
detectable using deployable antennas as shown. Goals 
for the next year of the program include a full mag-
netotelluric sounding using our low-frequency electric 
field sensor prototypes in combination with widely 
available magnetic sensors. Once developed, such a 
system could be easily deployed from a fixed lander 
platform to perform EM soundings using either active 
or passive EM sources depending on the mass and 
power available for the instrument. 

References: [1] Grimm R.E. (2002) JGR, 107, 
doi:10.129/2001JE001504 [2] Beatty D. et al. (2001) 
JPL White Paper. [3] Grimm R.E. (2003) this confer-
ence proceeding [4] Carr (1996), Water on Mars. [5] 
Malin M.C. and Edgett K.S. (2000), Science, 2330–
2335. [6] Dohm J.M. et al. (2001) JGR, 106, 32943–
32958. [7] Clifford, S.M. (1993) JGR, 98, 10973. [8] 
Mellon M.T. and Phillips R.J. (2001) JGR, 106, 
23165–23179. [9] Christensen P.R. (2003) Nature, 
doi:10.1038/nature01436. [10] Bertucci C.L. et al. 
(2001) AGU Fall Meeting [11] Delva, M. and 
Dubinin, E. (1998) JGR, 103, 317–326. [12] Cummer 
S.A., and W.M. Farrell, (1999) JGR, 104, 14149–
14157. [13] Sukhorukov A.I. (1991) Planet. Space 
Sci., 39, 1673. [14] Zurek R.W. (1991) in Mars, 835–
933. [15] McNeill, J.D. (1990) in Geotechnical and 
Environmental Geophysics, Vol 1, Review and Tuto-
rial, 191–218. [16] Farrell W.M. and Desch M.D. 
(2001) JGR, 106, 7591–7596. [17] Holzworth R.H. 
(1991) JGR, 96, 12857–12864 [18] Bering, E. A. et 
al. (1995) JGR, 100, 7807–7820 [19] Berthelier J.J. et 
al. (2000) Planet. Space Sci., 48, 1161–1180. 

Additional Information:  Gregory T. Delory, 
(510) 643-1991 gdelory@ssl.berkeley.edu; Robert E. 
Grimm, (303) 278-8700 ext. 122, 
grimm@blackhawkgeo.com. This work is funded un-
der NAG5-11781 (G. Delory, PI) 

Sixth International Conference on Mars (2003) 3157.pdf



MOLA TOPOGRAPHIC DATA ANALYSIS OF THE ATLANTIS PALEOLAKE BASIN, SIRENUM 
TERRAE, MARS. M. A. de Pablo. Área de Geología. Departamento de Matemática y Física Aplicadas y Ciencias 
de la Naturaleza. Escuela Superior de Ciencias Experimentales y Tecnología. Universidad Rey Juan Carlos. 28933 
Móstoles, Madrid. Spain. (depablo@geo.ucm.es). 

 
 
Introduction:  In the region of Sirenum Terrae, at 

the Southeast of the martian Tharsis region, and at the 
South of Ma’adim Vallis there is a region in the one 
which are found several chaotic terrains as Gorgonum 
or Atlantis. In the basin where is found Gorgonum 
Chaos, the first images of the MOC sensor, aboard of 
the Mars Global Surveyor mission, showed the numer-
ous gullies presence in the slopes of impact craters, 
fractures or  chaotic terrains. These gullies were inter-
preted as the result of the groundwater presence in this 
basin [1]. Afterwards it was described, employing the 
high resolution Viking images, one other depressed 
region, at the East of the previously mentioned basin, 
in the one which is found the Atlantis Chaos, as a pos-
sible paleolake basin [2]. Thereinafter, and employing 
Viking images and MOLA/MGS topographic data it 
was described in the region of Sirenum Terrae, mainly 
between the Eridania y Phaethontis martian quadrants, 
a series of mutually communicated basins that they 
could operate as a great lake [3]. Both basins, Gor-
gonum and Atlantis, are included within this great 
lake. In that work also were described as these lakes 
constituted the source area of the water that configured 
the Ma’adim Vallis channel, whose estuary is one of 
the possible landing points of the future robotic mis-
sions to Mars. 

Continuing with these previous studies, here is pre-
sented a local analysis of the topographic characteris-
tics of one of these paleolake basins: Atlantis, the one 
which de Pablo & Druet (2002) informally designated 
like Atlantis Basin because these basin contains in its 
interior to Atlantis Chaos, and whose criterion it will 
be continued employing here. 
 

Materials and Metodology: For the development 
of this work have been employed the topographic 
maps developed by the Washington University with 
the great resolution topographic profiles accomplished 
by the Mars Orbiter Laser Altimeter (MOLA) sensor 
of the Mars Global Surveyor (MGS) mission. From all 
the available maps it has been employed the maps with 
a resolucion of 64 pixel by degree. With these materi-
als, and employing computer programs specially de-
veloped for the altimetric data treatment, it has been 
accomplished some hypsometric maps, shaded relief 
maps and topographic profiles of the studied area. 

 

Location: The Atlantis basin is found in the 
Phaethontis martian quadrant, centered in the coordi-
nates 35ºS,177ºW, (35ºS,183ºE) in the Southern hemi-
sphere of Mars, between the fracture systems of Sire-
num Fossae   and Memnonian Fossae, and to the South 
of Ma’adim Vallis and Gusev Crater. 

 
Topographic analysis: The hypsometric map of 

the zone (Fig. 1) show in its center to the Atlantis ba-
sin, that it can be described as a closed basin with a 
quasicircular shape, only with some close gaps in its 
South and Southwest rims, where it is communicated 
with other  next basins. The general slope of its inte-
rior sides is low, though locally it has edges with pend-
ing more pronounced, especially in the Northeast edge. 
In the interior of the basin, the chaotic area of Atlantis 
has a reflex in the topography, topographically re-
stricted under the -100 meters altitude level. The ap-
proximate maximum level of this basin is near of 300 
meters of altitude since the martian datum. This im-
plies that the maximum depth of this isolated basin, it 
is arround 800 meters. 

One of the topographic profiles accomplished in 
the zone, with NW-SE direction (Fig. 2), shown like 
the internal slope of the basin is softer in its South side 
than in the North, where it is closed by a most impor-
tant relief. The profile of the basin is relatively soft, 
unless in the most deep area, where is found the cha-
otic area of Atlantis Chaos. 

The shaded relief map (Fig. 3) permits to observe 
in a more specifies way the quasicircular shape of the 
basin, that seems to cut the North - South linear struc-
tures, and that they have been interpreted as compres-
sion landforms (ridges) [2]. Though in the previous 
cartography of the zone [2] have been described this 
type of structures at the South of the basin too, these 
last do not have a great reflex in the topography, at 
least at the scale of this map. 

Other feature observed in this map is the existence 
of a regional fracture of the Sirenum Fossae system, 
interrupted in the point occupied by a relief that consti-
tutes the Southwest limit of the Atlantis basin. That 
relief there was described in different ways as an an-
cient massive volcanic construct [4] or as a part of the 
old martian highly deformed terrain [5]. Its direction 
does not continue the direction of the Sirenum Fossae 
fracture system, and it is oblique to this. At the North-
east edge of the basin there is a linear structure de-
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scribed as a volcanic building of fissural character [4, 
2]. In this map is observed like this linear structure 
seems to have continuity outside of the limits of the 
basin. 

The internal rim of the basin, especially in their 
Northeast, South and North sides, presents relatively 
deep rilled morphologys, the same as in external mar-
gin of the Southwest, where are observed that kind of 
landforms. 

A punctual observations is the presence of a small 
relief in the center that it seems to be the central peak 
of an ancient impact crater in the interior of the Atlan-
tis basin and that is found surrounded by chaotic area. 
 

Interpretations: With the accomplished observa-
tions of the hypsometric and shaded relief maps, and 
the topographic profiles, it is possible accomplished 
some interpretations about the origin and evolution of 
the Atlantis basin. 

The quasicircular shape of the Atlantis basin, the 
same shape of the  immediately souther basin, would 
be due to the origin of the basin like a consequence of 
an impact, what would clear the doubts about the ori-
gin raised in the bibliography [2].  On the other hand, 
the sudden interruption of the ridge structures of the 
North margin of the basin seems to support the inter-
pretation of the impact like the origin of the here stud-
ied basin. The gaps existence in the South and South-
west rims of the basin would be the result of the water 
flow during the long time period during the one which 
was operating the great lake proposed for this region 
[3].  

The relief of the South rim of the basin, this is lo-
cated superposed to a regional fracture that crosses the 
zone, with an E-W approximately direction. This is 
compatible with the existing interpretation of this relief 
as a massive volcanic [4]. However, this massive vol-
canic does not continue the direction of the regional 
fracture, and it is oblique to this. This would be a con-
secuence of that the volcano is located in the intersec-
tion zone of the regional fracture with some of the 
concentric fractures to the possible impact crater that 
formed the Altantis basin, such it has been interpreted 
previously. 

The existence of volcanism in the zone is sup-
ported by the presence of a volcanic construct, fissural 
in character [4], in the Northeast rim of the basin, and 
whose prolongacion of the fracture seems be followed 
even in the East foreign area of the basin, as was ob-
served in the accomplished shaded relief map (Fig. 3). 

The rilles existence into the internal margin of the 
basin indicates that when the great lake, that the Atlan-
tis basin was a small part, of the region was decreasing 
its level under 1100 meters of altitude [3], in the Atlan-

tis basin was formed a lake of more reduced dimen-
sions, in the one which the ruon-off surfaces in its hill-
sides was eroding the previous lacustrine sediments, 
what supports the previous interpretations of the evo-
lution of the basin [2]. The rilled and eroded zones in 
the South and Southwest rims of the basin would be 
explained by the incoming water in the basin, from the 
South, and the outflowing water from the basin by the 
Southwest rim, eroding the previous lacustrine sedi-
ments. This seems to be opposed to the previous inter-
pretations on the empty of the lake across the North 
edge [2]. Furthermore, the topographic profiles and the 
hypsometric map permits to determine that though the 
initial lake had a maximum level of 1100 meters over 
the martian datum, would be very dificult that this is 
overflowed in the North zone of the Atlantis Basin, 
since were existing 300 meters of relief yet. 

Finally, the soft internal slope of the Atlantis basin, 
observed in the topographic profiles, permits to sup-
pose that if it has been originated like an impact crater, 
the subsequent sedimentary landfills were very impor-
tant, especially in the South margin of the basin, what 
is corresponded with the zone of water and sediments 
contribution, such it has been interpreted previously. 
This great quantity of sediments in the interior of the 
basin would support the previous interpretations [2] on 
the training of the chaotic terrain, Atlantis Chaos, by 
the reactivation of the volcanism producing the fusion 
of the ice originating from the water of this ancient 
lake. 

  
Conclusions: The observations and interpretations 

of the MOLA topographic data of the region of Atlan-
tis basin, Mars, permit conclude that: a) the origin of 
the basin seems be found in an ancient impact crater; 
b) the volcanism of the region is located in fractures of 
local and regional type, as well as in their intersection 
zones; and c) the basin was a part of a great lake that 
when it was emptied partially generate a lake of re-
duced dimensions that were fed from the South and 
were emptied by the Southwest. 

This basin would be a future missions objective for 
the martian exploration due to the existence of a lacus-
trine system, firstly of large dimensions, and therein-
after more confined, in the one which it could be found 
a thermal source located in the volcanic constructs in 
different fractures, something which can be astrobiol-
ogycally interesting.  
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Fig. 1: hypsometric map of the Atlantis basin area (center), Sirenum Terrae, Mars, a paleolake basin
(elaborated with MOLA/MGS topographic data). 
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Atlantis basin

Fig. 2: topographic profile of the Atlantis basin were is reveled the assimetry between their South and
North rims, originated by a differential sedimentation ratio. 

Fig. 3: shaded relief map of the Atlantis paleolake basin area where it is possible to determine the quasi-
circular morphology of the basin, and the relationship of this with the compressive structures, the frac-
tures and the volcanic constructs described in the basin, and that permit to establish an origin and an
evolution for the basin.  
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Introduction: The exploration of the planet Mars is one 

of the major goals within the Solar system exploration 
programs of the US-American space agency NASA and the 
European Space Agency ESA. In particular the search for 
water and life and understanding of the history of the surface 
and atmosphere will be the major tasks of the upcoming 
space missions to Mars. The miniaturized Mössbauer 
spectrometer MIMOS II [1] has been selected for the NASA 
Mars-Exploration-Rover twin-mission to Mars in 2003 and 
the ESA 2003 Mars-Express Beagle 2 mission (Figure 1). 
Reduced in size and weight, in comparison to ordinary 
laboratory setup, the sensor head just weights approximately 
400 g, with a volume of (50x50x90) mm3, and holds two 
gamma-ray sources: the stronger for experiments and the 
weaker for calibrations. The collimator (in sample direction) 
also shields the primary radiation off the detectors. Around 
the drive four detectors are mounted. The detectors are made 
of Si-PIN-photodiodes in chip form (100 mm2, thickness of 
0.5 mm). The control unit is located in a separate electronics 
board. This board is responsible for the power supply, 
generation of the drive’s velocity reference signal, read of 
the detector pulses to record the spectrum, data storage and 
communication with the host computer.  

 

 
Figure 1.  Drawing of the MIMOS II and a spectrum from 
the Compositional Calibration Target (CCT, magnetite) for 
the Mössbauer spectrometer on board of the Mars 
Exploration Rovers (MER) and a spectrum obtained in 
transmission geometry from an internal calibration sample 
placed inside the instrument.  

After more than four decades from the discovery of the 
Mössbauer effect, more than 400 minerals were studied at 
different temperatures. Their Mössbauer parameters were 
reported in the literature, and have been recently collected in 
a data bank [2, 3]. Previous Mars-missions, namely Viking 
and Mars Pathfinder, revealed Si, Al, Fe, Mg, Ca, K, Ti, S 
and Cl to be the major constituents in soil and rock elemental 
composition of the red planet. More than 200 minerals 
already studied by Mössbauer spectroscopy contain 
significant amounts of these elements. A considerable 
number of Mössbauer studies were also carried out on 
meteorites and on Moon samples. Looking backward in the 
studies of the whole Mössbauer community, we have built a 
specific library containing Mössbauer parameters of those 
possible Mars minerals. The selected minerals, their 
Mössbauer parameter values (min. max. s.d and number of 
available data), main site substitution, behaviour as a 
function of temperature and a ranking as expected to be 
found on Mars were organized. Mars-analogue Fe-bearing 
minerals not studied by Mössbauer spectroscopy are being 
collected and investigated. In addition, it an identification 
system based on Artificial Neural Networks (ANN) was 
implemented which enables fast and precise mineral 
identification from the experimental Mössbauer parameters 
at a given temperature [4].  

Processing the Information: Minor differences on 
Mössbauer parameters can seen be a result of all the 
properties described above and, also, imprecision, 
misinterpretation of the Mössbauer spectra [3] or even 
mistyping on papers. Despite of these small disadvantages, 
all information is still useful. An implemented software 
based on artificial neural networks is robust to minor 
differences and can, without any additional information, 
identify Mössbauer phases from its parameters. From a 
proper learning process, the ANN extract all relevant 
information from a given set of data (published Mössbauer 
parameters) forgetting most of the deviations coming from 
misinterpretations, imprecision and mistyping on reports. 

Data Base. A Mössbauer data base was compiled from 
published Mössbauer parameters on minerals at different 
temperatures. All minerals containing the elements found on 
previous Mars missions were selected. Since temperature on 
Mars varies from -100°C to 10°C, only room and liquid 
nitrogen temperatures were selected. Literature on the 
selected Mars-analogue minerals were investigated 
considering the following aspects:  
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Chemical Formula and Mineral Identification. The 
chemical formula is given for each selected mineral. Those 
minerals were classified according to the standard 
mineralogical pattern, as: (a) oxides and (oxy)hydroxides; 
(b) Fe-S-bearing minerals; (c) phosphates; (d) carbonates; (e) 
Mn-rich minerals; (f) silicates (nesosilicates, sorosilicates, 
cyclosilicates, inosilicates, phyllosilicates, tektosilicates); 
and (g) minerals not studied by Mössbauer spectroscopy.  

Statistical analysis on the recorded Mössbauer data. The 
average value, the standard deviation, the minimum and 
maximum values of a given site were calculated. 

Behavior as function of temperature and grain size. The 
studied mineral may suffer magnetic transitions as a function 
of temperature and grain sizes. Also, the Mössbauer 
parameters of isomer shift, quadrupole splitting and internal 
magnetic field may change as function of temperature or, 
including the line width, its crystallinity. 

Changes as a function of site substitution (e.g. α-Fe2-

xAlxO3) and vacancies. There are rich literature describing 
the effects of isomorphic substitution of cations in iron sites. 
This substitutions lead to changes in the Mössbauer 
parameters well defined at the literature. 

Genisis. The Mössbauer spectrum of a given mineral 
may change according to the formation process. This 
situation, when pertinent, is reported and described on the 
basis of previous studies [e.g. 5, 6]. 

Other Fe-bearing phases usually reported join the 
considered mineral. Smectites (e.g. montmorillonite and 
notronite) are usually found together with hematite and/or 
goethite). The weathering process of palagonites leads to Fe-
rich smectite phases and oxyhydroxide and ferric oxide. This 
may be a supporting information during the analysis process 
of a Mössbauer spectrum. 

Final Remarks. Some minerals were reported at the 
literature with a single site up to, for example, four. This 
difference may be a result of differences among the analyzed 
samples, analysis method, spectrum statistics, etc. When 
such situation is detected, a specific note is registered at this 
mineral records. Finally, color, common impurities, other 
iron-free mineral phase reported, as so on. This information 
may be useful, specially considering the cameras and other 
scientific instruments carried out by the Mars landers. 

Tentative Ranking. Previous lander and orbiter missions 
to Mars obtained relevant information on the mineralogy of 
the neighbor planet. Each mineral is being assign to a rank 
according to the available information on the its possibility 
to be found on Mars (e.g., based on SCN meteorites, 
previous Mars landers and orbiters data, and Martian 
analogue sample studies). Additional minerals, not found as 
studied by Mössbauer spectroscopy, are being collected and 
studied from room temperature down to – 100°C. Up to now, 
over 2,600 references are stored and classified according to 
the criteria described above. Is the intention of the authors to 
make available the whole data set and programs by the end 
of the Mars missions.  

Fast Mineral Identification: A hybrid artificial neural 
network [2, 3], associated with the data base, was 
implemented. The program, written in C++ language, 
consists in a learning vector quantization (LVQ) network. 
Specific trainings were performed using Mössbauer 
parameters at room and at liquid nitrogen temperature. The 
neural identification is robust to minor changes at the 
reported parameters. This capability comes from its ability to 
see through noise. After the adequate training, the ANN 
could successfully and quickly identify the studied Fe-
bearing mineral from its Mössbauer parameters. 

Conclusions: A very specific Mössbauer data base was 
built taking into consideration the needs of the Mars 
Missions. The information published in the literature was 
carefully analyzed. The most relevant variables that may 
lead to changes of the Mössbauer parameters of each mineral 
were recorded in the data base records. The stored 
Mössbauer parameters were used to train an artificial neural 
network making possible a fast and accurate mineral 
identification from measured Mössbauer parameters. Before 
the first Mössbauer spectrum is obtained on Mars surface, 
early in 2004, several and exhaustive tests are planed to be 
carried out. Very detailed calibration and data validation is 
an important upcoming issue in the present investigation. 
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Introduction:  The large-crater covered Martian 

crust and the absence of large scale recycling suggests 
strongly that the crust was a product of an ancient 
planetary global differentiation process about 4.5 Ga 
as indicated by the whole rock Rb-Sr isotopic 
compositions of the Martian meteorites. Together with 
geophysical and geochemical data from spacecraft 
missions, the Martian meteorites provide constraints 
on the nature of the crust. Using elemental data from 
orbital and in-situ measurements of the Martian 
surface and Martian meteorites, an estimation of the 
global Martian crust composition could be derived. 

There are two distinctively different methods to 
obtain elemental composition of the surface: either by 
remote sensing or in-situ measurements. Both are 
complimentary to each other. 

Remote sensing:  The NASA 2001 Mars Odyssey 
spacecraft has gamma-ray and neutron spectrometers 
on board to look into the surface for over at least one 
Martian year [1]. Characteristic gamma rays that are 
emitted by Mars are used to infer the elemental 
composition of the top tens centimeters of the surface. 
Seasonal changes caused by condensing and subliming 
of CO2 on the polar caps are monitored, directly. In 
addition, subsurface water ice was discovered in high-
latitude regions (> 50 degrees north and south) 
surrounding the polar caps [2].  

The Mars Odyssey gamma-ray spectrometer 
consists of a large high-purity germanium crystal 
cooled passively to about 85 K that provides high-
resolution spectra. The Ge crystal is encapsulated into 
a special titanium can that maintains an ultra-high 
vacuum. This technology ensures to carry out multiple 
annealing cycles to remove accumulated radiation 
damage that is caused by bombardment of cosmic-ray 
and solar charged particles. During orbiting Mars, 
gamma rays are recorded during very short time 
intervals of about 20 seconds together with a time 
stamp. Later on Earth, these short ‘exposures’ can be 
combined into gamma-ray spectra with sufficiently 
high counting statistics. A sophisticated database 
permits to sum spectra according to selected regions or 
time periods. From sets of spectra, elemental maps are 
derived showing concentration variations of Mars. 

In-situ measurements:  The Mars Pathfinder 
(MPF) mission used the small rover Sojourner to 
explore the surroundings of the landing site. Attached 
to the rover was a compact instrument, the Alpha 

Proton X-Ray Spectrometer (APXS), to determine the 
elemental composition of selected soils and rocks on 
the surface [3]. The APXS sensor head contained α- 
and X-ray detectors and radioactive curium-244 
sources. The surface of a sample was bombarded by 
energetic alpha particles and x-rays emitted by the Cm 
sources. The x-ray spectra permitted to determine the 
concentrations of elements from Na up to Fe 
(increasing atomic weight) [4], while the alpha spectra 
provided detection limits for carbon [5]. 

To refine the first data evaluation [4], a re-
calibration of the instrument was performed under 
simulated Martian conditions. As a result [5, 6], the 
concentrations of Si, Fe, and K changed somewhat, but 
the main conclusions of [4] remained valid. However, 
considerable improvements were obtained in the 
determination of P, S, K, Ti, and Mn [7].  

Martian rocks and soils at Ares Vallis:  There is 
a significant difference of the chemical compositions 
between soils and rocks of the Mars Pathinder landing 
site at Ares Vallis. While the soils are compositionally 
similar to those at the Viking landing sites [8], the 
rocks with high Si and low Mg concentrations 
represent highly differentiated crustal material similar 
to what is found on Earth. As evident from the MPF 
camera images, the surfaces of the rocks are covered to 
varying degrees with adhering dust [9]. The APXS 
detectors cannot discriminate between rock surface 
and adhering dust as everything within the field of 
view of the sensor head contributes to the measured 
signal. To determine the amount of soil on the rock 
surfaces, a special method was applied. 

The analysis of the Pathfinder soils showed a high 
concentration of sulfur, similar to the Viking landing 
sites. As most rocks do not contain much sulfur, S was 
used as a marker for the amount of soil seen by the 
APXS. The mean soil revealed a sulfur concentration 
of 2.7 weight %, while the S concentration of the 
Pathfinder rocks varied from 0.8 to 2.0 % and 
exceeded by far concentrations accommodated in 
magmas or igneous rocks. As shergottites (the most 
abundant type of Martian meteorites) contain S 
between 0.13 to 0.32 % and as the Pathfinder rocks 
seem to be more fractionated than shergottites, an 
upper S concentration of 0.3 % was adopted for the 
Pathfinder rocks. Hence, to extrapolate the 
composition of a soilfree rock a regression of all 
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measured elements versus S was applied (Table 1, see 
at the end).  

The potential contribution of the alpha mode to the 
general analysis was the ability to detect carbon, which 
could not be measured by the x-ray detector. All other 
elements, except O, can be determined much better by 
the x-ray mode. No carbon could be detected in the 
Pathfinder samples; therefore, the carbon content had 
to be below the detection limit of about 0.8 % [6]. The 
low content of carbonates in the Martian soil is in 
accordance with the dominance of SO3 [10, 11] that 
together with water vapor produces sulfuric acid, 
which in turn decomposes carbonates and returns CO2 
into the atmosphere. 

The intrinsic carbon content in the Martian 
meteorites is also low. Even the 4.5 Ga old Martian 
meteorite from the ancient crust, ALH 84001, contains 
only 0.06 % total C, i.e. terrestrial contamination plus 
intrinsic carbon.  

Global maps:  The maps of Si, Fe and K 
determined with the Mars Odyssey gamma-ray 
spectrometer reveal a compositional diversity of the 
Martian crust [12]. However, all data are in the 
concentration ranges as observed by the space 
missions Phobos [13], Viking [8] and Mars Pathfinder 
[4, 5, 6, 7], which indicate similar chemical 
compositions of the surface.  

Local data:  The in-situ measurements of the 
Martian surface by Viking [8] and Mars Pathfinder [4, 
5, 6, 7], their sites thousands of kilometers apart, 
revealed similar chemical compositions of the surface. 
Only for potassium, there is a considerable difference. 
The investigators of the Viking XRF spectrometer 
reported an upper limit of 0.12 % K [8], while 
Pathfinder found 0.5 % K, a four times higher value. 
Assuming the Viking detection limit is valid, the 
Pathfinder soil is indeed enriched in K. The reason 
could be the weathering of the local Pathfinder rocks, 
whose soil-free K concentration is 1.1 %. The other 
option could be an overestimated sensitivity of the 
Viking X-ray detector for K. It could well be that the 
K concentration of the Martian surface is in certain 
regions higher than at the Viking sites. The gamma-ray 
spectrometer of the Phobos mission measured a value 
of about 0.3 % K [10, 11]. Recent K maps obtained by 
the Mars Odyssey gamma-ray spectrometer [12] also 
show large variations in K on the Martian surface 
ranging from nearly 0.2 up to 0.7 %.  

Martian Surface Chemistry and Implication for 
the Crust:  The similar chemical composition of the 
soils at different landing sites indicates a thorough 
mixing of surface material on a global scale. As a first 
approach, the average soil composition of Mars may 
be a reasonable estimate of the overall bulk crustal 

composition [15]. Neglecting the extremely high S- 
and Cl concentrations of the soil, which probably have 
their cause in volcanic exhalations [16], the similarity 
in the chemical composition of the soil and the basaltic 
shergottites is remarkable (Table 2). 

 
Oxide 
[weight 

%] 

MPF 
‘Soil-
free’ 
Rock 

MPF 
Soil 

minus 
S & Cl 

Basaltic 
Martian 

Meteorites 

Earth 
Conti-
nental 
Crust 

Na2O 2.5 1.2 1.0 - 2.2 3.3 
MgO 1.5 9.4 3.7 - 11.0 3.9 
Al2O3 11.0 8.6 4.8 - 12.0 15.7 
SiO2 57.0 45.7 49.0 - 51.4 60.2 
P2O5 0.95 1.1 0.6 - 1.5 0.2 
SO3 0.75 0 0.33 - 0.80 0.2 
Cl 0.32 0 0.005 - 0.013 0.2 

K2O 1.4 0.7 0.06 - 0.25 2.1 
CaO 8.1 7.1 10.0 - 11.0 6.9 
TiO2 0.69 1.1 0.8 - 1.8 0.9 

Cr2O3 - 0.3 0.014 - 0.30 0.022 
MnO 0.55 0.6 0.45 - 0.53 0.1 
FeO 15.7 21.7 17.7 - 21.4 6.3 

Table 2 Comparison of Mars and Earth chemistry 
referring to some data from Table 1.  
 

An additional link between Martian meteorites 
(SNCs) and Martian surface provides the good 
correlation between Al and P for most Martian 
meteorites and Pathfinder rocks and soils (Figure 1). 
Compared to terrestrial values (Table 2) Martian 
basalts (shergottites), and Pathfinder soils and rocks 
are rich in P. In Martian meteorites, the content of 
phosphates follows the content of feldspar. The 
deviation of certain aliquots of the same meteorite 
from the correlation line must be a sampling effect of 
small aliquots and depends on the specific modal 
composition of the analyzed aliquot. The Pathfinder 
soil plots nicely on the Al-P correlation line in 
Figure 1. The similar concentrations of P in soils and 
rocks at Ares Vallis would be more in accordance with 
a sedimentary origin of these rocks rather than an 
igneous origin. However, the solubility of apatite in a 
melt depends on its SiO2 content [17]. Hence, it might 
well be that the solubility limit of apatite confined the 
P concentration in the SiO2 rich Pathfinder rocks. 

Potassium is the exception of the similarity of the 
postulated Martian crustal composition and the basaltic 
shergottites. The K contents of the calculated 
Pathfinder rock (1.1 %) [5, 6, 7] and the soils 
measured by Phobos (0.3 %) [13, 14] and Pathfinder 
(0.5 %) are higher than the K content in the basaltic 
shergottites (0.18 %). This higher K concentration on 
the Martian surface might suggest an enrichment of Rb 
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in the crust. A good correlation between the highly 
incompatible elements K and Rb was found for all 
Martian meteorites, independent of their rock type 
(Figure 2). This is in contrast to that found on Earth 
[18]. The absence of plate tectonics on Mars might be 
the reason for the constant K/Rb, K/U, K/Sr and K/Nd 
ratios in Martian meteorites. Suggesting the same 
systematic for the Martian crust as found in these 
meteorites, we calculated with the known K 
concentrations from the Pathfinder and Phobos 
missions the crustal Rb, Sr, and Nd contents, 
respectively (Fig. 2, Table 3). 
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Fig. 1  Correlation between Al and P in SNC 
meteorites and Pathfinder samples. 
 

The abundances of the large ion lithophile (LIL) 
elements in the Martian crust in this model depend on 
the assumed crustal K content (0.3 – 1.1 %) and the 
thickness of the crust. Geophysical data determined by 
Mars Global Surveyor derived crustal thickness values 
of ~50 km [19] and 30 – 100 km [20]. A mass balance 
model based on Nd isotopic compositions and REE 
abundances in Martian meteorites by [21] resulted in a 
fraction of 55 % of the total Nd inventory in the crust. 
This estimate assumed a 20 or 30 km crustal thickness 
and an Nd concentration of about 34 or 23 ppm, 
respectively. Table 3 reports our calculations of the 
magnitude of K, Rb, Sr, and Nd contents for a 30 km 
thick crust. For these estimates the bulk Mars 
composition of [22] was used. 

It can be assumed, that U and Th have a similar 
enrichment in the crust as estimated for K and Th [15, 
23]. The Mars Odyssey gamma-ray spectrometer 
obtained an average Th concentration of 1.1 ppm in 

the surface [24], which would corresponds to 50 % Th 
in a 30 km thick crust. This result confirms the above 
assumption and is in good agreement with our 
estimated K abundance of 0.5 % for a 30 km thick 
crust. 
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Fig. 2  K – Rb correlation of the SNC meteorites. 
 

The radiogenic heat production would be stored in 
the crust for 4.5 Ga. Assuming for Mars a similar 
distribution of heat producing elements between crust 
and mantle of about 50 %, as found for the Earth, our 
estimated crustal composition based on Pathfinder soil 
[5, 6, 7] provides with 0.5 % K and 17 ppm Nd 
reasonable values.  
 
 

Constraints K  Rb1)  Sr2)  Nd3) Sr/Nd
  [ %] [ppm] [ppm] [ppm]   

K: MPF-soil  0.5 25 180 16.5 11 
%  in crust*  39 41 26 43   
K: Phobos 0.3 15 110 10 11 
%  in crust*  24 25 16 26   
K: MPF-rock 1.1 56 405 36 11 

%  in crust*  87 93 57 94   

* Thickness of the crust: 30 km    
1) K/Rb = 200; 2) K/Sr = 27; 3) K/Nd = 308   

Table 3  Estimated Martian crust composition. 
 
Summary: The APXS data of the Pathfinder 

landing site provide a base for a global estimation of 
the Martian surface and crust composition. The 
combination of in-situ measurements and element 
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correlations of the Martian meteorites implies an old 
basaltic crust with high abundances of incompatible 
(K, Rb, Nd, U, Th) and volatile (S, Cl) elements. 
Carbonates are absent or low in soils and rocks with an 
upper limit of about 1 % carbon. 

Outlook:  The upcoming NASA Mars Exploration 
Rovers 2003 have a robotic arm with three small 
instruments and a rock abrasion tool (RAT): A new 
high-resolution APXS for chemistry, a Mössbauer 
Spectrometer for mineralogy, and a microscopic 
camera for texture. This combination of instruments 
will provide unprecedented insides in the landing sites. 
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Sample Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe3+ 

A-4, soil 0.7 6.0 4.4 19.9 0.8 3.0 0.57 0.50 4.3 0.6 0.1 0.6 13.7 
A-5, soil 0.8 5.6 4.6 19.1 0.7 2.6 0.55 0.43 4.7 0.5 0.3 0.3 16.1 
A-10, soil 1.0 4.9 3.9 19.5 0.4 2.8 0.53 0.37 4.9 0.6 0.2 0.4 16.5 
A.15, soil 0.7 4.5 4.0 20.5 0.4 2.4 0.54 0.72 4.7 0.7 0.2 0.4 16.1 
Mean Soil 0.8 5.2 4.2 19.8 0.4 2.7 0.55 0.50 4.7 0.6 0.2 0.4 15.6 
A-8, Scooby Doo 1.2 4.4 4.8 21.3 0.3 2.5 0.55 0.65 5.8 0.7 – 0.4 13.1 
Rocks                         Fe2+ 
A-3, Barnacle Bill 1.3 1.9 5.8 25.2 0.6 1.1 0.41 1.07 4.3 0.6 0.1 – 12.6 
A-7, Yogi 0.9 4.0 5.1 23.3 0.4 2.0 0.50 0.72 5.3 0.5 – 0.4 13.0 
A-16, Wedge 1.7 2.8 5.4 22.7 0.4 1.3 0.41 0.79 5.8 0.6 – 0.5 14.7 
A-17, Shark 1.5 2.1 5.3 25.8 0.4 0.8 0.38 0.94 6.3 0.4 0.03 0.4 11.5 
A-18, Half Dome 1.3 2.4 5.8 24.2 0.4 1.2 0.37 0.91 4.7 0.5 – 0.4 14.1 
Rel. Error (%) 40 10 7 10 20 20 15 10 10 20 50 25 5 
Soilfree rock 1.8 0.90 5.80 26.5 0.4 0.3 0.32 1.12 5.7 0.4  – 0.4 12.1 

 
Table 1 Concentration of Mars Pathfinder samples in weight percentage, based on refined calibration of APXS. 
The soilfree rock is derived from the measured rocks by assuming an S concentration of 0.3 %. Scooby Doo (A-8) 
is a cemented soil. The relative error applies to rocks as well as to soils. 
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