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MARTIAN CRUSTAL MAGNETISM: WHAT HAVE WE LEARNED AFTER ~6 YEARS OF MGS 
OBSERVATIONS?  M. H. Acuña1, 1 NASA Goddard Space Flight Center, Laboratory for Extraterrestrial Physics, 
Code 695, Greenbelt, Maryland 20771, <mario.acuna@nasa.gov>  

 
Introduction: The MAG/ER investigation aboard MGS has 
established conclusively that an internal, dynamo-generated 
field does not currently exist at Mars and discovered, unex-
pectedly, strong magnetization in the crust. An estimate of the 
upper limit of the current Mars dipole moment derived from 
the MGS data yields M < ~2 x 1017 A-m2,  which corresponds 
to a surface equatorial field strength of < 0.5 nT. The intense 
magnetization of the crust is closely associated with the an-
cient, heavily cratered high terrain, which lies south of Mars’ 
dichotomy boundary. The correlation of magnetization with the 
old terrain and the role of impacts, which have modified the 
magnetic properties of the crust, constitute a new and powerful 
diagnostic tool that is providing a unique view into the early 
thermal history of the planet, which was almost totally un-
known prior to the arrival of MGS. Data from the Lunar Pros-
pector mission complement contemporary analyses and inter-
pretation of crustal magnetism in planetary system bodies that 
do not currently possess core dynamos. The observation of  
“magnetic lineations”  over Terra Sirenum (Sirenum Fossae) 
and Terra Cimmeria, are suggestive of tectonic processes 
observed at Earth in association with sea-floor spreading and 
geomagnetic field reversals. If this association is correct, it 
would indicate the possible existence of plate tectonics and 
magnetic field reversals in Mars' early history. Alternative 
models involving fault/graben formation associated with the 
fracturing of a thin, magnetized crustal layer by tectonic or 
volcanism-induced stresses, yield equally valid interpreta-
tions. To date, no reliable correlation between topography, 
geology and crustal magnetism has been established and the 
origin of these remarkable “Martian magnetic anomalies” 
remains a mystery.  
 
Fundamental Questions: A wide range of questions about the 
internal constitution, thermal evolution and geology of Mars 
are suggested by the magnetic field observations and remain 
largely unaswered. The MGS results have shed considerable 
light into these fundamental issues, but a whole range of new, 
intriguing and unexpected challenges regarding Mars' early 
thermal and collisional history have arisen. The majority of the 
crustal magnetic sources lie south of the dichotomy boundary 
on the ancient, densely cratered terrain of the highlands and 
extend ~ 60° south of this boundary. Therefore, the forma-
tion of the dichotomy boundary must postdate the cessation 
of dynamo action because of the clear magnetic differentia-
tion between the terrains on either side of the boundary. The 
absence of detectable crustal magnetization north of the di-
chotomy boundary, in spite of a widespread record of active 
volcanism and magmatic flows, suggests that dynamo action 
had ceased at this stage of thermal evolution and crustal dif-
ferentiation. The southernmost limit of the crustal magnetiza-
tion region appears to be associated with the destruction or 
modification of the magnetized crust by the impacts that 
created the Argyre and Hellas basins. Processes that took 
place after the cessation of dynamo action only modified the 
ancient, magnetized, thin crust through deep-reaching im-
pacts, magmatic flows, tectonics, shock de-magnetization 

and/or reheating above the Curie point. Models of the in-
tensely magnetized regions assume layer thickness of ~30km, 
located immediately below the surface, while models of the 
weaker sources detected in the northern hemisphere and 
located in the younger, Amazonian plains yield depths in 
excess of 100 km.  Could these deep sources imply subduc-
tion of a magnetized layer in these areas?  
The complexity of the sources found in the southern hemi-
sphere is vividly illustrated in Figure 1 where the magnetic 
field vectors acquired along a southern MGS pass have been 
plotted on the trajectory of the spacecraft. 

Figure 1 

 
  To complement this figure, a cut across Terra Sirenum 
modeled by finite element techniques is shown in Figure 2. 
The magnetization of the 30km thick “strips” can reach val-
ues as large as ~20 A/m, a factor of 20 larger than Earth’s 
magnetic anomalies while the intensity of the field at the 
surface reaches values  of ~20,000 nT  

Figure 2 

 
Timing of the Mars Dynamo: The magnetic field observa-
tions acquired over Hellas, Argyre, Isidis and other impact 
basins do not show the presence of magnetic fields suggest-
ing that the core dynamo had ceased to operate when these 
basins were formed. The age of these basins is estimated to 
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be >~4 Gyr and therefore Mars dynamo cessation has to 
coincide or predate this epoch. The analysis of detailed MGS 
magnetic field data shows that in spite of the evidence de-
rived from MGS and other imaging observations for con-
tinuous volcanism throughout Martian history, magnetic data 
does not support a dynamo “re-start” or a late onset as sug-
gested by Gerald Schubert and his coworkers. Therefore the 
lifetime of the dynamo, from planet accretion and core for-
mation to cessation, cannot exceed ~300 to 500 Myr if our 
estimates of cratering ages are correct. This short time span 
represents a fundamental challenge and constraint for models 
of Mars’ core dynamo and thermal evolution that involve 
different proposed rapid-cooling mechanisms and associated 
crust formation  
 

Martian Solar Wind Interaction: From a solar system 
point of view, our knowledge of the nature of the interaction 
of Mars with the solar wind was incomplete until the arrival 
of MGS and the acquisition of close-in magnetic field data. 
The derived upper limit for the intrinsic magnetic moment 
given above demonstrates that the Martian solar wind inter-
action is dominated by the planet's ionosphere and atmos-
phere. Turbulent magnetic fields and energized charged par-
ticles are observed throughout the magnetosheath region and 
the absence of a internal field as well as the low gravity of 
the planet allow solar wind plasma to interact with this ex-
tended exosphere over large radial distances. Some solar 
wind electrons reach deep into the Martian ionosphere where 
they interact with the crustal magnetic fields leading to com-
plex distributions which are being studied extensively at the 
present time. The detailed drapping geometry of the inter-
planetary magnetic field lines over the Martian obstacle is 
highly dependent upon upstream conditions, particularly, 
ram pressure. The MGS magnetic field data acquired in the 
mapping orbit have been used by a number of investigators 
to derive “proxy parameters” which allow an estimation of 
the upstream ram pressure thus providing an important moni-
toring function for other Mars orbiting investigations. Fi-
nally, the distribution of ionospheric and solar wind elec-
trons over regions of weak crustal magnetization has pro-
vided some challenging clues that need to be reconciled with 
the in-situ magnetic field observations since they could play 
an important role in further constraining the timing of the 
Martian dynamo. 
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MORPHOLOGICAL AND THERMO-PHYSICAL PROPERTIES OF SLOPE STREAKS. Oded Aharonson1, Norbert
Schorghofer1, Mark Richardson1 and Samar Khatiwala2, 1Division of Geological and Planetary Sciences, California Institute of
Technology, Pasadena, CA, USA 2Lamont Doherty Earth Observatory, Columbia University, Palisades, NY, USA (oa@caltech.edu).

Introduction
Slope-streaks are a class of features forming on the surface

of present-day Mars. They were discovered in high-resolution
Viking Orbiter images [1, 2], but only Mars Orbiter Cam-
era (MOC) images [3] revealed that they are currently active.
Sullivan et al. [4] developed a kinematic model for dry dust
avalanches that is consistent with observed characteristics of
slope streaks. Schorghofer et al. [5] correlated streak re-
gions with surface properties including low thermal inertia,
topographic roughness, and peak temperature in search for
a triggering mechanism, and considered the potential role of
trace amounts of water. Ferris et al. [6] suggested that more
voluminous aqueous processes are involved in streak forma-
tion.

Here, we seek to improve upon previously described cor-
relation [5] with surface temperatures measured on kilometer
scales by the Thermal Emission Spectrometer, by examining
and modeling local surface temperatures measured on 100-m
scales by the Thermal Imaging Spectrometer [7].

Observations
MOLA: Results from analysis of a sample of 16 sites where

MOLA ground tracks intersect slopes with streaks show a
range range of 16-38◦, with a median of 22◦.

MOC / THEMIS (vis): Thus far we have focused on the
released MOC data for the identification of slope streaks. This
surveying process forms the basis for all subsequent tests;
improvements in our knowledge of where streaks occur will
lead to better constraints on their formation conditions and
mechanisms. In addition to the MOC data, THEMIS 100 and
19 m/pixel images in the visible band can be used to constrain
streak location and formation times.

An example is shown in Figure 1. A large number of dark
streaks are seen on the sunlit slopes of a branch of Mangala
Vallis in a THEMIS image obtained in the visible band (Panel
a). This site was previously imaged by MOC, and indeed
image M02-03985 was identified in our preliminary study.
Differences in lighting geometry, radiometric calibration, and
resolution contribute to apparent differences between the two
images, but many of the same slope streaks can be identified
in both.

TES/THEMIS (IR): We have advocated a dependence of
slope streak formation on surface temperature using TES data,
sampling the surface with a footprint of 3×6 km, and ag-
gregated over larger spatial bins [5]. However, in order to
investigate the actual conditions under which slope streaks
form we must examine the heterogeneous temperature field,
and consider the thermal state over diurnal and seasonal cycles
at individual sites where streaks are found. In Figure 2, a MOC
image near the Medusae Fossae formation shows an abundance
of streaks (panel a). The slope faces where streaks cluster are
seen to have the high brightness temperature in the THEMIS

IR band shown in panel b (The data is shown as a qualitative
demonstration only; quantitative information will depend on
additional instrument calibration by the science team).

An example of a dark streak large enough to be seen by
MOC, MOLA and THEMIS, is shown in Fig. 3. MOLA point-
to-point measuments indicate a a slope ∼20◦ where the streak
initiates. The THEMIS image shows the positive thermal
anomaly of the dark streak.

Model
A one-dimensional, layered, numerical model is employed

to explore thermo-physical properties of slope streak sites
(Fig. 4). The thermal diffusion equation

∂T

∂t
=

κ

ρc

∂2T

∂z2
(1)

where T is temperature, t is time, κ is the conductivity, ρ is
the density, c is the heat capacity, and z is depth, is solved.
The flux boundary condition at the surface includes incom-
ing solar radiation, infrared emission by the atmosphere, and
black body radiation by the surface. Atmospheric emission is
approximated by 4% of noontime insolation [8].

Summary
The significant heterogeneity of the temperature field ar-

gues that extending the thermal analysis to specific sites with
streaks is crucial to determining the conditions under which
they form. Factors such as albedo, slope, and thermal inertia,
contribute to the heterogeneity, and we aim to unravel their rel-
ative roles in order to learn about triggering of streak formation
and the materials involved.
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MORPHOLOGICAL AND THERMO-PHYSICAL PROPERTIES OF SLOPE STREAKS : O. Aharonson et al.

(a) (b)

Figure 1: (a) THEMIS image in the visible band showing a cluster of dark slope streaks on the sunlit slopes of a branch of the
Mangala Vallis. The image has a resolution of 19 m/pixel, and covers an area about 14 km wide. (Image credit: NASA/JPL/ASU).
(b) MOC narrow angle image of the northwest face under similar illumination conditions, with a resolution of 2.9 m/pixel (Image
credit: NASA/JPL/MSSS). Streaks common to both images can be identified.

(a) (b)

Figure 2: (a) A portion of MOC image M14-01955 (∼3 m/pixel) near the Medusae Fossae Formation, showing numerous
slope streaks (Image credit: NASA/JPL/MSSS). (b) A portion of daytime infrared image I01266011 (∼100 m/pixel) obtained
by THEMIS. The grayscale pixel values correspond to surface brightness temperature (NASA/JPL/ASU).
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MORPHOLOGICAL AND THERMO-PHYSICAL PROPERTIES OF SLOPE STREAKS : O. Aharonson et al.
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Figure 3: (a) MOLA Profiles crossing a slope with a dark streak in MOC image M10-00967 (NASA/JPL/MSSS). Shown are the
image data with MOLA shot locations superimposed, as well as the elevation and slope profiles. (b) THEMIS image I01665006
(NASA/JPL/ASU) shows the positive thermal anomaly of the dark streak (black arrow). North direction is to the right.
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Figure 4: Model run of temperature variations with depth and time, with parameters chosen to match the location shown in Fig. 3
(Latitude is 5◦N, slope angle is 20◦ north-facing, albedo is 0.25, and the thermal inertia is I = 80 J m−2 K−1 s−1/2 .)
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Introduction:  The current Martian surface envi-

ronment is extremely hostile to any known form of 
life.  The combination of subfreezing temperature, low 
atmospheric pressure and high ultraviolet flux, com-
bined with desiccated and possibly oxidizing soil, 
could destroy even the hardiest microorganisms.  The 
Viking biology experiments are generally interpreted 
to indicate that the surface of Mars is currently devoid 
of life and organic molecules at the part-per-billion 
level [1]. 

Speculation on the possibility of extant or pre-
served microbial life on Mars thus centers on refuges 
in some manner protected from the current surface 
environment, either in space or time.  Terrestrial ana-
logs include hydrothermal systems, lakes, caves and 
subsurface aquifers as well as more clement conditions 
in the distant past [2]. 

We are examining the evidence for microbiology in 
Earth's glaciated polar regions as analogs to the polar 
caps of Mars.  This research concerns the detection of 
microorganisms or their preserved remains at the sur-
face and within polar glacial ice.  
 

Surface Ice and Snow – Antarctica:  Earth's polar 
deserts, particularly in Antarctica, are some of the least 
hospitable places on this planet for life's survival and 
growth.  Air temperature rarely exceeds 0º C and the 
small amounts of liquid water are ephemeral.  Dry, 
cold katabatic winds regularly sweep from the polar 
plateau to the surrounding ocean [3].  The ultraviolet 
flux, particularly in springtime, is among the highest 
on Earth.  Yet small numbers of bacteria from many 
genera, some viable and some apparently metaboliz-
ing, have been reported. 

We are extending these studies to previously un-
sampled areas in the Transantarctic Mountains.  Our 
study employs a technique that is under development 
for bioassay on future planetary missions. 

Field Setting:  Ice and snow samples (Fig. 1) were 
collected for bioassay at six locations adjacent to the 
MacAlpine Hills in the Transantarctic Mountains (84º 
13' S, 160º 30' E) during the 2002-2003 Antarctic 
Search for Meteorites [4].  The glacial ice in this re-
gion of the continent is essentially isothermal, with an 
average annual temperature near the surface in the 
range of -30º C to -40º C [5].  Average air tempera-
tures measured in 1997 by an automated weather sta-
tion in the Transantarctic Mountains ranged from -30º 

C in summer to -50º C in winter, with summer highs 
rarely exceeding the freezing point and winter lows 
approaching - 60º C (unpublished).  In the perpetual 
sunlight of summer, moraines and rock surface tem-
peratures in the MacAlpine Hills exceeded the ambient 
air temperature by around 10º C, but only for a few 
hours each day.  Temperatures several centimeters 
deep in the snow can be 10º C colder than those in the 
air [6]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.  Blue ice and snow – Transantarctic Mountains 
(photo by A. Caldwell) 
 

Samples and Analyses:  Samples of blue glacial 
ice, ablated by katabatic winds, were collected from 
freshly-chipped holes 10 to 20 cm deep at three sites.  
Samples of melted and subsequently refrozen ice and 
snow were collected from two locations on moraine 
gravel surfaces.  A final sampling location, also in a 
moraine, was immediately below a rock face where 
snow had recently melted and the meltwater refrozen.  
Samples of immediately adjacent windblown snow 
were also collected at all six locations. 

Quadruplicate ice and snow samples (48 total) 
were collected with autoclaved stainless steel spatulas.  
Several cm3 of ice chips or snow were placed in each 
sterilized plastic vial, and the vial was immediately 
capped.  The samples were kept frozen in the Antarctic 
environment during the remainder of the field season, 
approximately three weeks, except for one set that was 
inadvertently thawed and refrozen the same day.  Fol-
lowing return from the field the samples, in their vials, 
were allowed to melt and remain at room temperature 
for approximately six weeks prior to analysis. 
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The melted ice and snow samples were analyzed 
using the limulus amebocyte lysate (LAL) assay [7].  
This assay detects and quantifies trace levels of 
lipopolysaccharides (LPS), which are major compo-
nents in the cell walls of all Gram-negative bacteria, 
one of the two dominant bacterial groups.  As such, 
LAL has been developed as a broad-based yet highly 
sensitive assay for bacteria, without reference to par-
ticular species.  This assay does not distinguish among 
active, dormant or dead cells. 

The LAL assay is being tested as a possible sup-
plement to NASA's standard microbial assay for space-
craft and laboratory planetary protection [8,9].  LAL is 
also among a suite of life detection sensors being de-
veloped for future planetary landers [10]. 

Results:  The concentration of LPS in each of the 
48 ice and snow samples was below the detection limit 
of the LAL assay.  The practical limit of detection for 
this assay was 0.01 Endotoxin Units (EU), equivalent 
to 1 x 10-12 g of LPS, per ml of melt water. 

This value can be converted to an approximate de-
tection limit for Gram-negative bacterial cells.  The 
mass of carbon in a typical bacterium is approximately 
10-14 g, and the ratio of carbon to LPS in typical bacte-
rial cells is 11.7 ± 5 [11].  Given these assumptions 
and uncertainties, the calculated LAL detection limit is 
approximately 103 cells  / ml.  Culture experiments 
conducted at the Marine Biological Laboratory [10] 
suggest that this value is a conservative maximum.  
Ongoing experiments at the same laboratory demon-
strate that storage of the ice, meltwater and snow sam-
ples in plastic vials for up to nine weeks before analy-
sis apparently did not alter the LPS concentrations. 

Discussion:  The 48 samples tested in the present 
study, while taken from the same overall environment, 
actually address three distinct environmental niches:  
blue ice, refrozen liquid water in contact with rock and 
gravel, and snow.  As discussed below, microbial life 
has been detected in each of these niches.  The low 
levels, less than 103 cells / ml, implied by the present 
results illustrate just how rare life is in Earth's extreme 
polar deserts. 

Blue ice.  These samples represent snow that fell 
on the Antarctic plateau millenia ago and was com-
pressed to glacial ice.  This ice flowed downslope and 
locally stagnated upon encountering the Transantarctic 
Mountains.  In these areas sublimation caused by the 
dry katabatic winds sublimated significant volumes of 
the ice, leaving behind blue ice from deep within the 
glaciers [12]. 

This blue ice is equivalent to material sampled for 
microbiological assay in a number of drill holes across 
the continent.  Christner et al. [13] recovered bacteria 
and fungi from ice cores collected at Taylor Dome (77º 

40´ S, 157º 40´ E), Siple Station (75º 55' S, 84º 15' W) 
and Dyer Plateau (70º 40' S, 64º 52'W).  The ice from 
Taylor Dome and Dyer Plateau is approximately 1,800 
years old, while ice from Siple Station is 150 years 
old.  16S rDNA sequencing identified members of the 
bacterial genera Acinetobacter, Bosea, Bradyrhizo-
bium, Methylobacterium and Sphingomonas (Taylor 
Dome) and Bacillus, Norcardioides and Sphingomonas 
(Siple Station).  Culture experiments yielded approxi-
mately 10 bacterial colony-forming units (cfu) / ml of 
snowmelt from the Taylor Dome sample, 2 cfu / ml 
from Siple Station and no culturable organisms from 
Dyer Plateau.  These values may represent only a frac-
tion of the cells present in a given sample.  Compari-
son of culture experiments against DNA analyses in 
samples from a non-Antarctic glacier indicated that 
only 1 % of the cells in that ice core formed colonies 
[13]. 

Higher microbial counts have been reported from 
studies of much deeper and older ice.  Abyzov et al. 
[14] extracted a diverse mixture of prokaryotes and 
eukaryotes from 110,000 to 240,000 year old glacial 
ice beneath Vostok station  (78º 28' S, 106º 48' E).  
Using these core samples from depths of 1500 to 2750 
m, still well above the frozen ice of subglacial Lake 
Vostok, they derived total cell counts ranging from 103 
to 104 cells / ml.  The biomass values for these samples 
were positively correlated with the presence of dust in 
the samples.  The presence of viable microorganisms 
was demonstrated by the consumption of 14C-labeled 
organic material. 

Refrozen Water.  Liquid water does occasionally 
form at the MacAlpine Hills site, due to melting of 
snow and ice.  The water exists as ephemeral surface 
rock coatings and ice-covered pools a few centimeters 
deep.  The rock coatings and pools generally refreeze 
within hours, as changing insolation and wind lower 
the surface temperature below 0º C.  The meltwater 
pools can reform several times in the same place over 
the course of an Antarctic summer, but remain perma-
nently frozen for most of the year. 

Priscu et al. [15] reported a viable microbial com-
munity located in meltwater pockets within the ice 
cover above Lake Bonney in the Antarctic Dry Val-
leys.  The community included filamentous cyanobac-
teria of the genera Phormidium, Chamaesiphon and 
Leptolyngbya.  Bacteria in numbers equivalent to 105 
cells / ml were found concentrated in a layer approxi-
mately 20 cm thick, located near the center of the 4 m 
thick ice layer.  The bacteria concentration correlated 
with a layer of windblown sediments enriched in or-
ganic and inorganic nutrients.  The biomass in ice even 
a few cm away from this layer rarely exceeded 103 
cells / ml.  The bacterial community within the ice 
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cover is apparently distinct from the abundant bacterial 
mats on the floor and within the water of Lake Bon-
ney. 

Snow.  Limited fresh snowfall and considerable 
blowing snow were encountered throughout the field 
season at MacAlpine Hills.  Thus, the samples consti-
tute a mixture of freshly fallen snow and snow that had 
fallen days to weeks earlier.  The source of any bacte-
ria and their organic nutrients are likely to have been 
the ocean surrounding Antarctica.  For much of each 
year katabatic winds blow from the polar plateau and 
limit transport of organic material from the sea [3].  
However, limited wind transport poleward does occur, 
sometime on time scales as short at two days [16]. 

Carpenter et al. [17] counted bacteria in snow col-
lected during two summers at the South Pole.  16S 
rDNA analyses identified members of the bacterial 
genera Deinococcus, Cytophaga, Alcaligenes and Bac-
teroides.  Biomass values ranged from 102 to 103 cells 
/ ml of snowmelt.  Similar concentrations of bacteria 
were reported in surface snows from the Ross Ice 
Shelf [18].  Low levels of metabolism were demon-
strated for the South Pole snow samples, as indicated 
by DNA and protein synthesis [17]. 

 
Glacial Springs – Arctic Canada:  Ice sheets and 

glaciers in the arctic also represent extremely challeng-
ing environments for life's survival and growth.  
Christner et al. [13] found < 1 cfu / ml in ice from two 
cores in Greenland.  Dancer et al. [19] reported 1 to 5 
cfu / ml of culturable bacteria in glacial ice from the 
Canadian high arctic.  Skidmore et al. [20] cultured 
bacteria in surface meltwater on the John Evans Gla-
cier of eastern Ellesmere Island and derived a concen-
tration of 103 cfu / ml.  However, they could measure 
no microbial activity in samples of the ice itself.    

We have recently completed the study of a unique 
set of englacial springs in arctic Canada [21].  These 
springs contain evidence for a complex community of 
subsurface bacteria existing within or beneath a thick 
sheet of glacial ice. 

Field Setting:  The springs are located at 81º 01’N, 
81º 35’ W on northern Ellesmere Island.  Extensive 
glaciers occur in the high mountain ranges and flow 
down and coalesce within a valley.  Temperature log-
ging of an exploration well drilled 43 km SW of the 
springs site indicates 540 m of permafrost and a 22º C 
/ km geothermal gradient.  The mean annual air tem-
perature is -20º C. 

Ten springs and seeps discharge from the surface 
of an approximately 200 m thick glacier.  The springs 
were sampled during the summers of 1999, 2000 and 
2001, and sulfur deposits on the ice were reported as 
early as 1988.  Native sulfur is typically thinly dis-

persed over several square meters of the ice surface 
around the discharge sites  (Fig. 2).  Active discharges 
of approximately 1 liter / min were observed at some 
locations, whereas diffuse seeps were more common at 
others. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.  Sulfur spring in glacial ice – Ellesmere Island 
(photo by S. Grasby) 

 
Samples and Analyses:  Water samples and pre-

cipitates were collected from five actively flowing 
spring sites and samples of glacial meltwater were 
collected from nearby streams.  Temperature, pH, con-
ductivity and deuterium excess were measured for 
each water sample.  Total direct counts of bacteria 
were performed using fluorescence microscopy.  Total 
community DNA was extracted from spring precipi-
tates and assessed by agarose gel electrophoresis.  Po-
lymerase chain reaction (PCR) was performed on each 
extract using universal primer sequences.  DNA ex-
tracts were also PCR amplified and analyzed using 
denaturing gradient gel electrophoresis (DGGE). 

Results:  The spring waters had greater deuterium 
excesses than the local precipitation, but the spring 
water value was consistent with the range measured 
for glacial meltwater in the area.  However, spring 
water temperatures (1 to 2º C) were higher than those 
of surface meltwater (~ 0.2º C).  The spring waters had 
pH values of 9.0 to 9.5, distinctly different from gla-
cial meltwaters that had pH values of 4 to 6.  Conduc-
tivity values ranged from 115 to 230 mS, as compared 
to < 2 mS for meltwater elsewhere on the ice. 

Total bacteria counts for the five water samples 
were consistent at approximately 104 cells / ml.  Direct 
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cloning of PCR amplicons resulted in the identification 
of a single bacterium of the psychrophylic genus Mar-
inobacter.  The DGGE analysis produced 18 distinct 
bands.  Sequencing of the three most dominant bands, 
based on band intensity, identified bacteria of the gen-
era Polaromonas, Pseudomonas and Burkholderia. 

Discussion:  Stable isotope values for spring wa-
ters are indistinguishable from those of glacial melt 
waters, suggesting that the spring waters originate 
from meltwater rather than from precipitation or deep 
sources.  The recharge zones for the spring system are 
likely to be in the nearby glaciated mountains. 

Sulfur springs are often associated with an active 
volcanic source, but no evidence of recent volcanism 
has been reported in the region.  An alternative source 
of sulfur is weathering of sulfur-rich geologic hori-
zons.  Pyrite veins associated with a nearby fault are 
chemically stable and are unlikely to form significant 
quantities of HS–.  The only other abundant sulfur-rich 
horizon in the area is a set of extensive anhydrite beds 
at an estimated depth of 1.5 km below the valley floor.  
These observations imply that the springs express a 
topography driven flow system along bedding and / or 
fracture planes, with circulation to a depth of at least 
1.5 km. 

Bacteria are ubiquitous in all spring samples, at 
consistent concentrations of 104 cells / ml.  These con-
centrations are significantly higher that those reported 
for ice on the surface of other Canadian or Greenland 
glaciers.  The spring waters apparently carry samples 
of a complex microbial community that exists within 
or beneath this thick sheet of glacial ice. 

 
Implications:   Microorganisms (bacteria and 

fungi) exist in Antarctic and Arctic ice, meltwater and 
snow.  Bacteria from subsurface communities can also 
be brought to the surface in the mineralized waters of 
englacial springs. 

These bacteria are rare compared to the biomass in 
more temperate environments.  Bacterial counts in 
polar ice and snow consistently range from 102 to 104 
cells / ml.  Counts in the englacial spring samples clus-
ter at 104 cells / ml.  For comparison, bacterial popula-
tion of surface soils can range from 108 to 109 / g [22]. 

Many different bacterial genera have been identi-
fied in polar ice and snow samples.  Some of these 
baceria are closely aligned with known psychrophiles, 
while other genera are common in many environments.  
No consistent pattern obviously links the types of bac-
teria to their locations.  These observations suggest 
that the bacteria represent a broad mixed population, 
probably carried to the glaciers from many locations 
by the winds.   

The highest concentrations of bacteria in Antarctic 
ice are found in direct association with windblown 
dust and organic nutrients.  Bacteria numbers in glacial 
ice and refrozen lake ice are strongly correlated with 
concentrations of windblown material.     

Bacteria can be preserved in ice for millenia.  Proc-
esses in the cryogenic water cycle – nucleation of 
snowflakes, transformation of snow to glacial ice and 
ice melting – preserve rather than destroy bacteria.  
Recognizable forms remain for hundreds of thousands 
of years and identifiable DNA is preserved for at least 
1,800 years.  A portion of these bacteria can be cul-
tured after more than 1,000 years in the ice.  In some 
cases a subset of the bacteria continues to metabolize 
within the snow, and some bacteria in ice may remain 
viable for hundreds of thousands of years. 

 
Mars:  The polar icecaps may be among the sites 

most likely to preserve evidence of life on Mars [13].  
Windblown dust, carrying material from locations 
across the entire planet, forms recognizable layers in 
the ice [23].  Microorganisms carried to the poles on 
this dust could be trapped and protected from the hos-
tile surface environment.  Cellular morphology, or-
ganic molecules and even viability might be preserved 
in the ice through significant periods of Martian his-
tory. 
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Introduction:  Christensen et al. [1], using data 

from the Mars Global Surveyor Thermal Emission 
Spectrometer (TES), have identified gray crystalline 
hematite in a 350 km by 750 km region near Meridiani 
Planum.  The deposit corresponds closely to the low-
albedo highlands unit “sm”,  mapped as a wind-
eroded, ancient, subaqueous sedimentary deposit [2].  
Christensen et al. [3] interpreted the Meridiani Planum 
deposit to be “an in-place, rock-stratigraphic sedimen-
tary unit characterized by smooth, friable layers com-
posed primarily of basaltic sediments with approxi-
mately 10 to 15% crystalline gray hematite.” 

The Meridiani Planum hematite deposit has re-
cently been designated as the prime landing site for 
one of the two Mars Exploration Rover (MER) space-
craft.  The MER landings are scheduled for January, 
2004.  

Christensen et al. [1] discussed five possible 
mechanisms for the formation of this deposit:  direct 
precipitation from standing, oxygenated, Fe-rich water;  
precipitation from Fe-rich hydrothermal fluids; low-
temperature dissolution and precipitation through mo-
bile groundwater leaching;  surface weathering and 
coatings;  thermal oxidation of magnetite-rich lavas.  
Four of these mechanisms involve the interactions of 
rock with water, and thus have implications in the 
search for evidence of microbial life. 

 
Direct precipitation from standing, oxygenated, 

Fe-rich water.  Iron formations are “chemical sedi-
ments, typically thinly-bedded or laminated, whose 
principal chemical characteristic is an anomalously 
high content of iron, commonly but not necessarily 
containing layers of chert.” [4].  Iron formations are 
among the most common chemical sedimentary depos-
its of the Precambrian.  The iron occurs as oxides, 
principally hematite and magnetite. 
 

Precipitation from Fe-rich hydrothermal fluids.  
Hematite is one of several iron minerals that can form 
when large volumes of hydrothermal fluids move 
through rocks.  The mineralogy of a hydrothermal 
zone is typically complex, reflecting local changes in 
temperature, pH, fluid composition and other variables  

[5].  For example, detailed studies of two silica-
depositing hot springs [48 to 55º C] determined that 
iron was partitioned among hematite, goethite, ferrihy-
drite, siderite and the iron smectite nontronite [6]. 
 

Low-temperature dissolution and precipitation 
through mobile groundwater leaching.  Iron-rich later-
ites and ferricretes are formed on Earth when acidic 
groundwaters extensively leach soil and rock.  Mafic 
minerals are unstable in acidic reducing environments 
and form colloidal iron oxides and hydroxides.  These 
can be transported by water and redeposited if Eh and 
pH rise [5]. 

 
Surface weathering and coatings:  Rock varnish, a 

complex combination of clays with Fe- and Mn-oxides 
and hydroxides, coats the surfaces of exposed rocks in 
many arid environments [7].  Hematite, maghemite and 
magnetite have been identified in rock varnish [8].   
The coatings are derived from airborne dust and other 
sources external to the rock, apparently deposited in 
the presence of thin films of water [9]. 

 
Hematite Deposits and Microbial Life:  Several 

of the mechanisms proposed for hematite formation 
include microbial mediation, and microbial fossils are 
sometimes preserved.  We are documenting such pres-
ervation by iron oxides, including hematite. 

 
Iron Formations.  Many iron formations contain 

fossil evidence of microbial life.  In fact, the very exis-
tence of terrestrial iron formations has been interpreted 
as evidence of photosynthesizing organisms which 
significantly increased the percentage of oxygen in 
Earth’s atmosphere and oceans [10]. 

Numerous microfossils are preserved in specimens 
of the ~2 Ga banded iron deposits of the Gunflint For-
mation, Canada [11].  While most of these microfossils 
are preserved in chert, scanning and analytical  elec-
tron microscopy reveals that some of the micrometer-
scale rods, spheres and filaments are associated with 
iron oxides [12; Fig. 1].  Transmission electron micro-
scope analysis of some filamentary microfossils in 
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Gunflint samples demonstrate that they are in fact 
mineralized by hematite [13]. 

 
 

 
 
 
 
 
 
 
 
 

1 µm 
1 µm 
 
 
Fig. 1.  Spherical  microorganisms  mineralized  by 
iron oxide – Gunflint, Canada; SEM, scale bar = 1 µm  

 
Hydrothermal Systems.  Iron oxides precipitate 

with silicon dioxide or calcium carbonate in many 
hydrothermal systems.  Wade et al. [6] noted the re-
mains of rod-shaped bacteria and dehydrated biofilm 
in a silica-dominated iron hot spring, along with hema-
tite and other minerals. 

Chafetz et al. [14] reported recognizable bacterial 
remains in Fe- and Mn-oxide deposits within hot 
spring travertines in Morocco.  These microfossils 
were found in centimeter-scale black "shrubs".  Fila-
mentous and coccoidal bacteria were observed densely 
packed within the shrubs, but no microfossils were 
found within the enclosing aragonite and calcite lami-
nae.  
  

Iron-Rich Laterite and Ferricrete Soils.  Microbes 
are ubiquitous in terrestrial soils.  Bioloads of 106 to 
109 bacteria per gram are typical, with organic-rich 
surface soils generally containing more organisms than 
deeper mineral soils [15].  Many microbes can derive 
energy from the reactions of iron and oxygen in soils.  
Specialized bacteria oxidize iron from Fe2+ to insolu-
ble Fe3+ in acidic environments such as mine tailings. 

Filamentous microfossils of several generations, as 
well as abundant extracellular polysaccharide (EPS), 
have been preserved by iron oxides in a ferricrete sam-
ple from the soil surface near Shark Bay, Western 
Australia [16].  The general state of degradation of 
these microbial filaments indicates that they were min-
eralized after cell death and lysis. 
 

Rock Varnish.  Natural rock varnish may be a prod-
uct of microbial activity [17].  Initial studies demon-
strated the presence of bacteria known to cause pre-
cipitation of manganese oxides [18].  Bacteria, isolated 
from natural varnish samples and cultured, produced 
varnish similar to natural material. 

Bacteria, EPS and microcolonial fungi have been 
found in varnish deposits coating granitic rocks from 
Sonoran Desert sites in Arizona, as well as in varnish 
samples from Hoover Dam, Nevada and the Pilbara 
region of  Western Australia [19, 20].  In each case the 
varnish consists of a complex mixture of clay minerals 
with Fe- and Mn-oxides.  Some of the bacteria and 
many of the fungal bodies are apparently recent, but 
the varnish layers also contain evidence showing Fe- 
and Mn-oxide mineralization of a subset of these mi-
croorganisms (Fig. 2). 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Fig. 2.  Microcolonial fungi mineralized by Fe- and 
Mn-oxides – Pilbara, Australia; SEM, scale bar = 1 µm 
 

Discussion:  On Earth, diverse microbiota have 
been identified in each of the four “wet” environments 
discussed by Christensen et al. [1] for hematite deposi-
tion.  Our research and the work of other colleagues 
has demonstrated that a subset of the microorganisms 
are preserved by hematite and related iron oxides in 
each of these environments. 

The hematite deposits in Meridiani Planum and 
other smaller hematite sites are the only places on 
Mars at which a specific mineral has been identified 
and correlated with mappable geologic units.  These 
deposits may be the only large-scale mineralogical 
evidence for water-rock interactions early in the 
planet’s history. 

If the Meridiani Planum hematite deposit does 
carry a record of fossil martian microbes, suggestive 
macroscopic indications may be detected by the Mars 
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Exploration Rover.  The characteristic banding of 
many iron formations, metal-rich "shrubs" in hydro-
thermal minerals, Fe-rich soils or dark rock coatings 
should be recognizable with the MER instrument suite.  
The spacecraft's combined capabilities of elemental 
and mineralogical analyses along with microscopic 
imaging may well allow the source of the hematite to 
be determined.  

If the martian hematite deposit does carry a record 
of ancient microbial life, however, that record will 
probably not be revealed by the MER instruments.   
The spacecraft's spectrometer suite provides analyses 
at a scale of centimeters or larger.  Most microfossils, 
though, are significantly  smaller  than  even the  30 
µm  resolution  limit  of  the  MER  Microscopic  
Imager. 

Thus, confirmation of martian microbial life by di-
rect fossil evidence will require the return of samples 
to terrestrial laboratories.  A key function of the next 
generation of Mars landers may be to discover and 
certify prime sites for future Mars sample return mis-
sions.  The Meridiani Planum hematite deposit may 
well be among those prime sites. 
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Introduction:  In this paper we intend to show 

how a classic geophysical exploration tool on Earth – 
magnetic gradiometry – can, if deployed on the surface 
of Mars, increase our knowledge of the planet’s life 
sustainability. As important by-products, a geomag-
netic gradients traverse could help us select a landing 
site for the first human explorers and also increase our 
knowledge of the geology and geological evolution of 
Mars. 

Conditions for the Development and Sustain-
ability of Life: The most restrictive conditions are the 
presence of liquid water, the availability of energy 
sources and protection from radiation. 

Liquid water: Liquid water is mandatory for the 
existence of life as we know it. If liquid water is ab-
sent, we can forget about the existence of life on Mars 
in the present. Other important condition is a suitable 
range of temperature and temperature stability. The 
proposed range is based in the knowledge of earth life, 
i. e. from 0 to ca. 100 ˚C. Whatever the temperature, 
water must be liquid. Obviously, the pressure range is 
very important since it conditions the state of water 
together with temperature. Therefore, the search for 
Martian present life requires a very complete informa-
tion on the space- and time-distribution of atmospheric 
temperature and pressure. The crustal surficial thermal 
and baric gradients must also be more fully understood 
and modelled. 

Energy: Another requirement for life is the avail-
ability of energy. Visible light can not operate as an 
energy source in “buried” domains, as it operates pho-
tosynthesis on Earth. Nevertheless, there are photosyn-
thetic centers energized by the near infrared of ca. 
1000 nm that are collected by special bacteriochloro-
phyls. Suitable modifications of the porphyrin may 
result in an effective collection of far infrared photons 
extending to 1000 cm-1 (10000 nm) [1]. This warm 
radiation may penetrate deeper and reach microdo-
mains where living communities might settle. 

Although visible light is the major form of energy 
that supports life on Earth, “energetic” inorganics also 
support restricted living communities in the vicinity of 
marine hydrothermal vents (black smokers). The most 
important chemical is H2S, efficiently oxidized by 
chemolithotrophs to yield useful energy for life and 
biomass accumulation. The chained organisms in the 
community are subsidiaries of the lithotrophic primary 
producers. Other communities living at considerable 
depths (mines) depend energetically on H2S  biochem-
istry. 

Less expressive lithotrophism depends on the use 
of H2 in methanogenic organisms which generate 
methane by reduction of CO2. Still other microorgan-
isms process lithotrophic biochemistry through the 
oxidation of pyrites (lixiviation to ferrous or ferric 
sulphate), but have little expression in terms of life 
support on Earth [2]. Nevertheless, these can not be 
excluded as possible forms of life on Mars. 

Protection from Radiation: If conditions for the 
availability of liquid water and energy are found on 
Mars, one of the main foreseeable hazards to the pos-
sible life-forms are cosmic rays and solar wind radia-
tions. 

These radiations are extremely harmful to every 
known form of life. Biomolecules, particularly poly-
mers and macromolecules, are rapidly destroyed by 
energetic radiations. Generation of radicals is very 
likely to occur. In most cases, radicals undergo chain 
reactions turning into cyclic autocatalysis and autoam-
plification. This is a major issue of the effects of radi-
cals towards biomolecules and living structures [3]. 

Although the presence of regional magnetic fields 
is putatively required to allow life activity, it is not 
absolutely mandatory. The magnetic field(s) may be 
present in the organisms themselves, similarly to what 
is found in magnetotactic bacteria [4] which contain 
inclusions, called magnetosomes, arranged in rows 
along the cell to generate magnetic field(s) at the mi-
croscopic scale, not easily detected by magnetometers. 
These organisms on Earth are ca. 2 µm in length, the 
limit of the optical microscope. Therefore, search for 
magnetic organisms in Mars samples, if not strictly 
impossible, looks a rather difficult task, unless a more 
powerful microscope (electron?) would be available. 

On Earth, magnetotactic bacteria are very scarce. It 
is our planetary permanent dipolar magnetic field that 
protects Earth’s surface, and life as a whole, from ra-
diations of cosmic and solar origin. 

How can we conjugate these three factors – avail-
ability of liquid water and energy and presence of 
magnetic fields – into a strategy to find evidence of 
life on Mars? Furthermore, if it happens that we do not 
find life on Mars, does our strategy provide us with 
information that is useful in other Martian research 
areas? 

Water on Mars:  There are plenty of evidences of 
the presence of liquid water on Mars in the past [5, 6], 
evidences that are morphological, geochemical and 
geophysical.  The presence of liquid water in the pre-
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sent is much more difficult to stipulate, although there 
are recent indications of water induced processes as 
recent as less than three years old [7]. 
The first attempt of a global mapping of the distribu-
tion of water in the Martian soils was a consequence of 
data acquired by the gamma ray spectrometer (GRS) 
instrument suite onboard the 2001 Mars Odyssey 
spacecraft, in particular by the neutron spectrometer 
[8, 9, 10]. 
Figure 1 (adapted from [8]) shows the epythermal neu-
tron count (roughly inversely proportional to the hy-
drogen content) that was obtained by the GRS neutron 
spectrometer. 
 

 
Figure 1 – Epithermal neutron flux (counts per second). 
Adapted from [8]. 
  

The present pressure-temperature conditions on the 
surface of Mars indicate that most of the charted water 
must be either solid, as a subsurface permafrost, or 
incorporated in mineral chrystalline structures. It is 
possible, however, that some water may sometimes be 
in the liquid phase [11], thus available for biochemical 
processes. 

The Martian Magnetic Field:  Mars does not pos-
sess a dipolar field such as the one on Earth. 

However, recent data from the Mag-ER instrument 
onboard the Mars Global Surveyor orbiter has shown 
large regions of magnetic anomalies, mainly on the 
southern highlands, many located on possible water-
bearing areas. 

The magnetic anomalies are interpreted as resulting 
of rock remanent magnetisation, being palimpsests of a 
time (Noachian) when Mars had an internal dynamo 
[12,13] and possibly even global tectonics – which is 
suggested by the parallelism and symmetry of the 
anomalies, not unlike what can be seen on terrestrial 
ocean floors and continental rifts. 

 

 
Figure 2 – Magnetic anomalies, normalised to 200 km alti-
tude. Adapted from [12]. 

 
Figure 2 (adapted from [12]) shows a map of the 

magnetic anomalies that were measured by the Mag-
ER instrument, normalized to an altitude of 200 km.  

“Exobiologically Interesting” Areas: A compari-
son of figures 1 and 2 allows us to locate the broad 
areas where the largest water contents are expected in 
the soils and, simultaneously, the strongest magnetic 
anomalies are found. 

The most important  areas are two, represented on 
figure 3: 

A – between Arabia Terra and Terra Sabaea; 
B – between Terra Cimeria and Terra Sirenum. 
Being within ±30º of the Martian equator, these ar-

eas are also likely to have the highest diurnal tempera-
tures, hence increasing the probability of liquid water, 
even  if sporadic. 
 

 
Figure 3 – Areas where there are good odds of finding satu-
rated soils that are protected from solar wind radiation by the 
remanent magnetic fields. Topographic base: [14] 
 

The European Space Agency (ESA) ExoMars 
Mission: These “exobiologically interesting areas” are 
among the most likely landing sites for a long-ranged 
Rover, such as the one that is being considered for the 
ESA ExoMars mission, part of the Aurora Project. 

ExoMars mission objectives are “to search for 
signs of past and present life on Mars” and “to identify 
possible surface hazards to humans” [15]. 
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The present mission constraints include landing at 
an altitude less than 2000 metres above the planetary 
datum, at latitudes between +10º and +45º or –10º and 
–45º. The rover is expected to perform a traverse 30 to 
50 km long, periodically sampling atmosphere, soil 
and rock for evidence of existing, extant or past life. 

The Pasteur scientific payload on the ExoMars 
Rover already has some of the instruments defined: 
1. Multispectral, panoramic stereoscopic camera; 
2. Subsurface electromagnetic sounder; 
3. Drill for acquiring samples to a maximum depth of 

2 m; 
4. Sample preparation and handling system; 
5. Optical colour microscope; 
6. Raman spectrometer and laser-induced breakdown 

spectrometer; 
7. Combined gas chromatographer/mass spectrome-

ter. 
The final composition of the scientific payload is 

still open. 
Rationale for Surface Magnetometry: It has been 

suggested [16] that Martian local magnetic fields 
would be strong enough to offer protection from radia-
tion to living organisms – which may including future 
human explorers. 

Should it be proven true that local remanent mag-
netisations can protect living organisms from incoming 
radiations, this would have two main consequences: 
1. The places with strong magnetic anomalies are 

those where it would be most likely to find present 
life on Mars, given other conditions, such as the, 
even episodical, presence of liquid water. 

2. The kind of radiation shielding that will be neces-
sary for a human mission landing on one of those 
sites would be much less demanding than on an 
unprotected site. 
These are, however, educated conjectures, since 

Mag-ER data were obtained from high-altitude flight 
and are of very poor resolution – no one actually 
knows the nature, the ground configuration or the ex-
tension of the anomaly sources. 

From a biological point of view, there is a great 
difference in survival opportunities with the size of the 
anomaly source. One large coherently magnetised 
body might offer one large niche for life to strive on; a 
region that, from 200 km altitude, seems coherently 
magnetised but is, in fact, composed of several small 
bodies with incoherent magnetisation, might not offer 
such a niche or, for that matter, a safe place for human 
landing. 

The only way to resolve these indeterminations 
would be to perform a magnetic traverse on Martian 
ground. 

Rationale for a Magnetic Gradiometer: The sys-
tem we foresee is composed of two triaxial fluxgate 
magnetometers, located at two different heights on the 
rover, spaced at least 1 metre. For the ExoMars rover, 
this would mean one sensor in, or above, the camera 
boom and the other one beneath, or under, the rover 
chassis. 

This arrangement will allow to perform a magnetic 
traverse along the rover’s path yielding six vectorial 
data at each station plus, after processing, a set of ver-
tical and horizontal magnetic gradients. 

Each data acquisition would take only a few sec-
onds, consume very little power and produce less than 
1 kbit of data. 

From a strictly theoretical point of view, one single 
magnetometer would be enough to fully characterise 
the local fields, overcoming the intrinsic difficulty in 
downward continuation of orbital data [17]. However, 
the gradiometer configuration has at least four advan-
tages, which explain its widespread use in magnetic 
exploration on Earth [18]: 
1. The gradients filter the diurnal variations of the 

field, as well as sporadic pulses; 
2. They also yield directly the filtered residuals, free 

from possible regional trends; 
3. Gradiometry enhances instrument sensitivity, di-

viding each individual instrument's sensitivity by 
the distance between sensors. 

4. This configuration enables us to better estimate the 
depth of the anomaly source. 
Gradiometry also adds a security factor: one prob-

lem with magnetic measures can be sensor contamina-
tion - the deposition of magnetic wind-borne particles 
on the sensor casing. With two sensors on different 
locations, the odds of having at least one clean sensor 
are increased. 

Gradiometer data would complement other instru-
mental data. 

Other fixed stations on Mars – such as the Net-
lander network [19] – would provide magnetic field 
background and time variations information. 

Earth-based magnetic observatories, such as our 
own at the Geophysical Institute of the University of 
Coimbra, would provide an accurate monitoring of 
magnetic storms and substorms that could be extrapo-
lated to Martian conditions. 

Electromagnetic sounding, though an active tech-
nique, can be hindered in conditions of large back-
ground noise. Such noise could be extracted from gra-
diometer data and filtered. 

It is foreseeable that ExoMars will carry a dedi-
cated radiation counter. The results from this instru-
ment, together with gradiometer data, will answer the 
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critical question if local magnetic fields do protect 
from radiation. 

Conclusions: We are sure that a surface magnetic 
gradiometer mounted on a long-ranged rover can be a 
decisive asset to a future mission that aims to charac-
terise the life potential of Mars. 

Even if evidence for present, extant or extinct life 
is not found, gradiometer data will be very important 
for the understanding of Martian geology and geologi-
cal evolution. Also, the characterisation of local mag-
netic fields may help define the landing site for a fu-
ture manned mission to Mars. 
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Introduction:
This study uses Mars Global Surveyor Thermal 

Emission Spectrometer (TES) and 2001 Mars Odyssey 
Thermal Emission Imaging System (THEMIS) data to 
examine the mineralogy of the wall and floor deposits 
of the Valles Marineris (VM), where exposed. We pre-
sent results from TES analysis of the VM region as 
well as detailed analysis of Melas Chasma, and note a 
remarkable degree of correlation between high-
resolution THEMIS thermal images and full resolution 
TES data.  Using THEMIS as a mapping tool, we will 
correlate the observed TES and THEMIS spectra, iden-
tifying unique local compositional signatures, comple-
menting previous studies that averaged data at a re-
gional scale [0]. The observed composition and strati-
graphic relationships determined from the Mars Orbit-
ing Laser Altimeter (MOLA) can then be used to con-
strain the processes acting on the walls and floors of 
the VM. 

Background:
Valles Marineris: The VM form a series of linear 

subparallel troughs that vary in width from 20 to 600 
km, with average depths of 6-7 km [1-3]. Two compet-
ing interpretations have developed for the formation of 
VM: (1) tectonic subsidence, or (2) fluvial or 
subsurface withdrawal [4-12,2]. The recent discovery 
of subsurface channels just north and east of VM [13] 
provides new insight into where the water within the 
troughs may have gone. The VM have been character-
ized as having significant layered deposits, a wide 
variety of morphologies, and numerous regions with 
low albedo surfaces.  Understanding the mineralogy of 
these features would allow us to address a range of 
genetic hypotheses for these features, including, for 
example: 

¶ Is the layering observed in the walls and on the 
floors of the VM igneous or sedimentary (Figure
1)? 

¶ Are the interior layered deposits volcanic or lacus-
trine (REFS)? 

¶ Are there extensive basal basalt layers? 
¶ What are the blocky deposits observed at the 2003 

MER Melas landing site (not selected), and how 
did they form (Figure 1)? 

¶ Is there compositional evidence for water? 

Wall rock is exposed on the sloping walls of 
bounding the troughs of the VM.  Between 4 and 8 

layers in the top kilometer of the canyons have been 
recognized in Viking data [2], while MOC has revealed 
that local bedrock exposures are common and contain 
extensive layering  [14,15] that have been interpreted 
to be composed of volcanic strata [16-18,2].   

Additional deposits on the floor of the troughs in-
clude landslide and aeolian deposits.  Landslides are 
observed at a variety of scales in all of the major 
trough systems [2], and have IRTM & TES inertias 
consistent with rough blocky surfaces likely to ideal 
targets for THEMIS and TES analysis.  The avalanches 
appear consistent with dry rock in non-lacustrine envi-
ronments, though some evidence for an ice component 
ice is suggested by a channel leading from one of the 
landslide aprons [2].  Aeolian deposits are comprised 
of dark dunes that are sometimes obscured by dust 
infall [19,20]. 

The interior layered deposits observed in the VM 
appear to be composed of alternating light and dark 
beds of approximately 70 m thickness.  Despite first 
being imaged in Mariner 9 images [21], their origin 
remains enigmatic.  Proposed hypotheses for the gene-
sis of the ILD’s of the VM must consider the probable 
effects of both extension and fluvial processes related 
to the formation of the troughs. Hypotheses for the 
formation of ILDs focus include sedimentary deposits 
formed in lakes [21-25] or volcanic deposits [26-31], 
though other discounted possibilities exist [2]. Re-
cently, it has been suggested that the alternating light 
dark layering seen in the interior deposit suggests a 
sedimentary origin for the deposits [25].  

Figure 1:  Layers revealed in MOC narrow angle im-
aging are thought to be igneous (right).  Unique and 
poorly understood structure of the blocky deposits 
found in Melas Chasma make them a high priority 
mineralogy target. 
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TES & THEMIS: TES is currently acquiring ther-
mal infrared  (5 – 50 µm) spectra of the Martian sur-
face at spatial resolutions of approximately 3 x 6 km 
per pixel and spectral resolutions of 5-10 wavenumbers 
[32]. THEMIS is acquiring spectra of the surface from 
6.78-14.88 µm, in ten bands, and has a spatial resolu-
tion of 100 m/pixel. Spectral absorptions in Martian 
mid-IR data are attributable to atmospheric CO2 and 
dust, water-ice clouds, and surface materials.  Smith et 
al. [33] and Bandfield et al. [34-35] have demonstrated 
that the spectral signatures of the atmospheric compo-
nents may be removed via radiative transfer modeling, 
and to first order, by linear deconvolution.  The surface 
spectrum that remains after atmospheric removal is 
indicative of several properties of the surface materials 
including bulk composition, relative abundances of 
minerals, and particle size.  The easiest surface spectra 
to interpret are those obtained in low-albedo, high 
thermal inertia regions that are dominated by coarse 
(10’s – 100’s of µm) sands, regolith, and/or bedrock 
with little dust.  

It is important to note that the slopes of the canyon 
walls in the VM can be steep (up to 34°) causing TES 
& THEMIS to observe sloped surfaces.  Slopes may 
become a problem in regions where steeply dipping 
walls meet near-horizontal surfaces (e.g., at the bottom 
of a canyon wall), which could create spectral compli-
cations due to the complex interaction of the radiated 
energy from the two surfaces [P. Christensen, personal 
communication, 2000]. The MOLA data used for this 
study were derived from the 128 pixel/degree digital 
elevation model.  TES and THEMIS data were collo-
cated with MOLA data gridded to TES resolution. 

In general, the TES data were constrained by 
avoiding bad orbit flags, orbits beyond 7000 (after 
which spacecraft vibration influenced the spectra), data 
with temperatures < 260K, or albedo > 0.24.  The data 
were further decimated by removing end member esti-
mates >120% (caused by processing errors) or with 
spectral RMS misfits > 0.015 (to provide tight con-
straints on results; median misfit in the VM data is 
0.05). To minimize masking of the surface, we further 
constrained the data by requiring dust concentrations to 
be < 0.15. Dust and ice, as previously reported, dem-
onstrate an inverse correlation, while the basaltic ande-
site end member is influenced by overlap with a band 
with a dust band [J. L. Bandfield, pers. comm., 2003], 
thus, this study focuses on the basaltic and hematite 
end members. 

Method & Results:
Regional Basalt Signature: First we made com-

positional maps of the end member deconvolutions of 
the TES dataset that are performed with each downlink 
from MGS. These maps were then plotted on images of 
the topography of the VM (Figure 2).  The predicted 
end members are based on the deconvolution method 
of Smith et al. [33] and Bandfield et al. [34] that at-
mospherically correct all incoming TES spectra using 
seven atmospheric and surface end members (two dust, 
two water-ice cloud, basalt, basaltic andesite, and 
hematite). These seven spectra are not representative of 
every possible surface, and may map some regions 
with only moderate success [J. L. Bandfield, pers. 
comm., 2003]. 

Figure 2: TES data for Basalt end member, over MOLA shaded relief with 1 km contour. Only concentra-
tions exceeding the ~10% detection limit [7] and [4] are plotted.  Note that the lower elevations of the eastern
VM are highly basaltic, as are the southern walls and central  troughs in Coprates, Melas, Ius, Noctis, potions of
Candor, and Hebes Chasma. Regions with high albedo are left blank.
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The map of basalt displays two levels of end 
member concentration; one generally >30%, the other 
generally <24%. These materials likely represent ae-
olian or dust draping, or a mineralogic change with no 
stratigraphic relationship. The high concentration of 
basalt is also spatially associated with the Hesperian 
ridged plains (Hr), Noachian subdued craters (Npl2),
and ridged units (Nplr) [35], and may be consistent 
with low viscosity volcanism identified for Hr. Lastly, 
the superposed younger plains of Syria, Solis, and Si-
nai are associated with andesitic compositions. Our 
observations of hematite in the VM are similar to those 
seen by Christensen et al., [37].  

Individual groups of 6-30 spectra from the high 
and low basalt regions (Figure 3) were deconvolved 
and mineralogy determined from them (Figure 4).  The 
mineralogy was constrained to consist of 52 end-
members, including: Atmospheric (4), Pyroxenes (11), 
Feldspars (10), Olivines (6), Oxides (3), Phyllosilicates 
(9), A.mphiboles (3), Salts (4), Glass, and Quartz end-
members.  After normalizing for blackbody and atmos-
phere, the detection limit is 15-25%.  The high and low 
basalt compositions have been shown to be statistically 
different using cluster analysis, and the high basalt 
appears different from the global basalt endmember; 
low basalt regions appear similar to the global andesite 
endmember. 

Melas Chasma:  Next we studied the Melas Chasma 
region in detail (Figure 5), to determine compositional 
differences between interior layered deposits, blocky 
deposits, landslides, and undifferentiated aeolian bed-
forms.  The results from this effort (Figure 6), though 
preliminary, show that the spectra are statistically se-
perable, and different from the global basalt and ande-
site end-members, commonly being reduced in feld-
spar, phyllosilicates, and glass, while demonstrating 
olivine enrichment.  The two interior layered deposits 
(ILD and ILM) appear different, with the ILM unit 
appearing to be mantled by the aeolian bedform unit.  
In general, the landslide values are variable in compo-
sition from landslide to landslide, perhaps reflecting 
variance in the dust cover on these units.   

Correlation of TES & THEMIS: We have closely 
studied the high basalt deposits derived from TES as-
sociated with the southern rim of the VM near central 
Melas, and have observed that these units correlate 
with THEMIS thermal and albedo contrasts (Figure 7).
We will show a complete decorelation stretch of this 
region (Figure 8) at the conference. 

We have also examined locales in which TES in-
dicated a hematite abundance > 25%, and observed that 
these TES pixels are often associated with low-lying 
layered outcrops on the floor of Melas.   

Figure 3: Average spectra for high and low basalt 
regions. 

Figure 4: Composition from spectra in Fig. 3. 

Figure 5: Locations of analysis in Melas 

Figure 6: Compositions from Fig. 5. 
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Conclusion:
Our initial results indicate that there is no evidence 

in the basaltic units for more aqueous alteration prod-
ucts than is observed for global surface types.  In the 
future, we will add CO2, water vapor, and surface dust 
end-members [Bandfield & Smith, 2003].  As our re-
sults may be influenced by regional averaging, we will 
deconvolve individual icks and detectors & make high 
resolution maps, provide statistical analysis of compo-
sitional results, and correlate results with MOLA to-
pography, slopes, & roughness.  Lastly, we will con-
tinue to expand our analysis to include THEMIS data-
sets.
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Figure 7: Association of individual high basalt TES pixels with thermo-physically warmer regions on the south-
ern rim of central Melas Chasma. 

Figure 8: Blocky deposits in Melas. 
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  Introduction: Different processes have been in-
volved to explain valley networks: (1) Fluvial surface 
runoff formed by precipitation, (2) Groundwater sap-
ping, (3) water-lubricated debris flows, (4) groundwa-
ter flow (5) runoff formed by geothermal and/or tec-
tonic activity. Surface runoff could explain the strong 
erosion of Noachian craters [1], but surface runoff has 
been criticized because of the low drainage density [2] 
and alternative hypothesis have been proposed in cold 
climate [3]. Flows sustained by regional hydrothermal 
activity have been involved especially for the Thauma-
sia region in which Warrego networks because of the 
association of runoff sources with old volcanoes and 
fault zone [4]. In this study we infirm this possibility 
and we show that fluvial activity by precipitation is 
still a possible process to form Warrego valleys. Evi-
dences for such processes are taken from new MGS 
and Odyssey data thanks to which a more precise evo-
lution of Warrego vallis can be proposed.  
 

Fig. 1: MOLA map of South Thaumasia. Warrego net-
work is located on the most southernly part of the 
Tharsis bulge. 
 
General view of the Warrego valles network:  War-
rego Vallis is located on the southern part of the 
Thaumasia region, so the southern part of Tharsis 
bulge (Fig. 1). The difference of elevation between 
valley heads and surrounding plains is of about 6 km. 
Other less developed networks similar in shape also 
exist on the flank east of Warrego. Grabens oriented 
NW SE cross the Warrego region and continue in the 
southern plain. 
 
 

Local observations on MOC images: MOC high 
resolution images provide local information on the 
shape of valleys. Valleys are mantled by smooth mate-
rial, likely dust eolian material. This mantling is dis-
sected in many locations in small pits of several meters 
deep (Fig. 2). The latitude of Warrego at 40°S corre-
sponds to latitudes at which dissected layers due to ice-
rich material is observed [5]. This layer affects signifi-
cantly the original depth of valleys. Measurements of 
valley depth need therefore to be achieved with cau-
tion, especially if compared to other valleys which are 
not affected by same processes like in equatorial re-
gions. Furthermore, the filling of valleys makes the 
detection of small tributaries very difficult. We can't 
conclude whether their absence is due to their deleting 
by later processes or to their absence in the genetic 
process. 

 
Fig. 2: Close-up on a valley (MOC image #M17-
01176 scale: 2 km large, North to the top). The south 
flank top of the image is covered by mantling which is 
degraded. The valley is partially filled. 
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Fig. 3: Warrego Vallis from Viking image (230 
m/pixel) projected on Mars geodetic datum with geo-
detic projection. MOLA altimetry is overlaid on the 
image with  height intervals of 500 m. The large white 
box corresponds to the location of the infrared Themis 
image (Fig.4).  
 
Topography of the valley network: MOLA data 
shows that valley heads in the north part of the net-
work occur at height of about 8 km. The average slope 
is of 0.03 with a total of 6000 m of elevation differ-
ence (Fig. 3). A usual criticism to runoff formed by 
precipitation is that networks are poorly dendritic, this 
means that intersection between rivers is low and not 
orthogonal like dendritic pattern would require. How-
ever, the intersection angle depends strongly on the 
slope on which runoff forms. Under about 0.02 of 
slopes the drainage is dendritic with nearly orthogonal 
intersections and up this value of 0.02 the drainage 
becomes parallel, with low angle intersections [6]. 
MOLA data shows that we are in the case of such par-
allel network, because slopes are of about 0.03 in all 
the flank north of the main river. The observed geome-
try is therefore consistent with usual terrestrial drain-
age as the geometry is typical of parallel drainage due 
to the slope.  
Information given by THEMIS IR images: Most 
studies of Warrego have been done with Viking im-
ages which are only low resolution (220 m) at this 
place. Valleys sources seem to all to born at the top of 
the images and organize down to the south plain (Fig. 
3). The relation between the top of highlands as birth 
regions and the possible volcanoes located there is the 
main argument for hydrothermal related runoff [4]. 
Nevertheless, new THEMIS IR-images have 100m of 

resolution that gives a new insight inside the location 
of valleys. Indeed, THEMIS image south of the net-
works show several valleys not identified on the Vi-
king images (Fig. 4). Their absence on Viking image is 
likely an effect of the sun incidence. On the contrary to 
the visible images, IR Themis data are less dependent 
on sun incidence. THEMIS image permit to rebuilt a 
geometry of the network with the flank south of the 
main valley also affected by valleys. The lack of vol-
canoes or large impact craters at the upper part of this 
south flank makes the hypothesis of hydrothermally 
controlled network unlikely. On the contrary, the 
smaller elevation difference of only 500 m on this 
flank can explain that valleys are less developed and 
therefore less visible on Viking images. 
Origin of valley network: Finally, (1) MOC images 
shows that valleys are strongly degraded and that small 
tributaries are possibly erased, (2) the slope of the val-
ley measured by MOLA can explain the geometry of 
the network and (3) THEMIS IR data shows that some 
valleys exist on the south flank showing that it is not 
only controlled by sources on the northern part. Thus, 
evidences against runoff formed by precipitations are 
eliminated. On the contrary, it is unlikely that hydro-
thermal sources explain rivers in the south flank as 
they have their sources on a structural relief poorly 
related to any volcanic activity. Sapping is also diffi-
cult because it is controlled by layers and the geometry 
is different than typical sapping valley like Nirgal val-
leys. Moreover, the sources take place at elevations of 
up to 8 km which are the highest points in the regions, 
making unlikely a underground system at such crest 
line. Only widening of the main channel observed in 
the lower part of the valley could result of sapping 
process, likely late in the history of the network. 
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Fig. 4: A. Day-IR themis image I01714004 (100 
m/pix) on which the MOLA altimetry is projected with 
a height interval of 500 m. B. In the lower part of fig-
ure, the location of new valleys which connect to War-
rego main valley with a North water downstream along 
the local slope to the South. 
 

Discussion: Precipitations usually erode topography 
forming networks in equilibrium with the plain. The 
longitudinal profile of the main valley is nevertheless 
not at equilibrium. Such observation is against strong 
earth-like precipitations. However, arid regions of the 
Earth display networks of rivers not at equilibrium 
because they are due to flash flood or short wet sea-
sons. Such dryland rivers may also explain why trans-
versal profile are not increasing progressively like in 
usual rivers [7]. Warrego is dated in the late Noachian, 
so in a period at which the early Martian climate is 
near the end. It may be possible that the south Thau-
masia regions was built at this period and that Warrego 
represents the terminal phase of this climate explaining 
that it is well preserved at the Viking scale.  
Conclusion: Using different sets of data, topography, 
visible and IR images at all possible scale, we show 
that Warrego valleys have mainly characteristics in 
favour to surface runoff produced by precipitation, 
possibly by intermittent ephemeral floods. The forma-
tion of these valleys by precipitation favors observa-
tion such as those discussed by Craddock and Howard 
[8]. Nevertheless, more data need to be studied in or-
der to conclude if valleys are due to precipitation or 
any other erosional process. 
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Planet. Spa. Sci., 47, 411-431, 1999. [5] Mustard et 
al., Nature, 2001 [6] Schumm, S.A., M. P. Mosley and 
W. E. Weaver, Experimental flows, WileyInterscience, 
1987 [7] Tooth., Earth Science Reviews, 51, 67-107, 
2000, [8] Craddock and Howard, J.G.R., 107, E11, 
5111, 2002.  
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Introduction:  The international plans for robotic 

Mars exploration are focusing on the subsurface 
sampling and sample analysing methods of Martian 
regolith. In the launch window of 2009, both ESA and 
NASA have preliminary plans to send a rover with 
deep-drilling capabilities.  

International companies and organisations have 
designed prototypes and engineering test models for 
drilling purposes, such as the MRoSA2 driller (see 
Figure 1), Rosetta driller and several other planetary 
drilling applications. Authors of this publication have 
been personally involved in especially the ESA’s 
MRoSA2 project [7]. The focus was to develop a 
prototype of miniaturized planetary driller, which could 
perform up to 2 meter deep drilling and sampling of 
Martian regolith.  

 

Figure 1: MRoSA2 rover conducting a drilling task.  

As the drillers are evolving and plans are for 
moving from prototypes to real space applications 
regarding the 2009 launch window, it is imperative to 
conduct wide testing for these drilling and sampling 
machines. With the knowledge and scientific results 
gained from the NASA’s Pathfinder, Mars Global 
Surveyor and Odyssey missions we have developed a 
test bench to simulate Martian regolith from the surface 
down to two meters depth. All drilling parameters have 
been studied to define the best suitable drill 
performance that could fulfill the requirements for 
upcoming exploration missions. 

 
Foundation of testing: The MRoSA2 drilling 

system constitutes of two subsystems: the roving 
platform (110x400x400 mm packed, 11kg) and the 
Drilling and Sampling Subsystem (DSS).  

The roving vehicle, procured by Helsinki 
University of Technology; Automation Technology 

Laboratory,   is a tracked tethered vehicle, serving as a 
platform for the DSS. It’s function is to enable the DSS 
to sample at desired locations and to deliver these 
samples back to the lander. During the mission, the 
rover makes multiple trips between the lander and 
various sampling locations. The rover is commanded 
and supplied with power from the lander via a tether. 
The rotating axis of a payload cab holding the drilling 
device allows drilling and sampling at angles ranging 
from the vertical to the horizontal, allowing full 360° 
rotation. 

The Drilling and Sampling Subsystem (DSS), 
designed and manufactured by VTT Automation, is 
restricted in very limited volume of 110x110x350 mm 
and in mass to 5 kg. In order to satisfy 2 meter 
penetration depth requirement the DSS features an 
extendable drill string. The string is assembled from up 
to ten separate pipes in a similar manner that is used on 
terrestrial automatic rock drilling machinery.  Drilling 
is performed by two independent actuators, one for 
rotation (0-120 rpm, 0.3 Nm) and one for thrust (-100 
to +400 N). The rotation actuator is mounted on a 
sledge moving in and out  propelled by the thrust 
actuator and a ball-nut and -screw.  Operation of the 
drill is similar to conventional automatic drilling 
machines. When drilling proceeds and the sledge 
reaches it’s bottom limit, the pipe is detached from the 
spindle, the spindle is retracted to upper position and a 
new pipe can be attached from the pipe carousel to 
extend the string. The sequence of disassembly of a 
drill string during drill retraction is opposite to 
assembly sequence.  

 

Figure 2: The MRoSA2 drill head and a rock sample [3]. 
 
The tool used for sampling duplicates as a drilling 

bit and a core drill. The tool is illustrated in Figure 2. 
During drilling a core develops inside the drill while 
the bit crown chips the material. Chips are conveyed to 
the surface by the external helical profile of the drill 
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string. Once the coring section is full, the head cutter 
chips the core top. The effect is that the bit penetrates 
deeper into the material always holding a 20 mm height 
core sample presenting the current depth. When 
desired depth has been reached, the core is broken 
apart from base material with the aid of wedge-shaped 
core lifter by lifting and turning the drill. This action is 
similar to that used  with conventional rock-core drills. 
For sampling of sand or other similar loose soil, 
specially designed flaps can be mounted next to the 
core lifter to hold sample inside the tool during lifting. 

Preliminary tests with different types of cutting 
tools were carried out in early stage of the project. The 
tests show cutting power that would collect a lime-
stone core 10 mm in diameter and 15 mm in height 
within few hours. Quick tests were carried also on very 
hard and abrasive Finnish granite and results indicate, 
that with given  thrust and power it would be possible 
to collect similar rock core in a time frame of tens of 
hours, however, durability and selection of drill bit 
material will be a critical issue (see Table 1). The tools 
that were tested were as following: 
• ∅6 and ∅16 mm impregnated diamond core drills 

for cutting of glass 
• ∅16 conventional hard-alloy-tipped drill for hand-

held hammering drills (Hilti) 
• ∅16 mm hard-alloy tool for metal cutting (∅4 mm 

core) 
• ∅16 mm custom made hard alloy core drill 

(Terä trio) 
• a concept of two surgical knife blades rotating at 

∅16 mm radius (~∅14 mm core) 

 
Hole Drill bit Material Speed

RPM
Force

N
Hole

depth/mm
Speed
mm/h

Duration h

1 diamond Ø 16 Marble 30 24 8.8 0.3 .. 2.5 4
2 hard alloy Marble 30 25 12.1 2.6 5
3 "Hilti" Marble 30 25 17.6 1.9 14
4 diamond Ø 16 Marble 30 24 16.6 1 .. 2.2 8
5 hard alloy Marble 30 25 17.8 2.6 6.5
6 diamond Ø 6 Marble 30 24 11.1 0.5 .. 2.1 6
7 diamond Ø 6 Marble 60 24 13.2 0.7 .. 2.4 6
8 diamond Ø 16 Marble 60 24 15.1 1 .. 2.2 8
9 diamond Ø 6 Limestone 30 24 6.7 0.3 .. 3.9 4.5
10 diamond Ø 16 Limestone 30 24 10.6 1.7 .. 3.4 5
11 knife blades Limestone 30 25 3.4 6 0.5
12 sonic hard alloy Limestone 30 12 4.3 1.5
13 sonic hard alloy Limestone 30 12 6.1 1.5
14 sonic hard alloy Limestone 30 12 2.3 1.5

Different
sonic

vibration
15 Terä trio Limestone 30 27 9.8 18 0.5
16 Terä trio Granite 50 high 0.9 3 10 minutes
17 Terä trio Granite 120 high 6.2 36 10 minutes
18 Terä trio Granite 120 27 2.3 2.2 1.3
19 sonic knife blades Granite 30 12 1.5 0.2 2
20 knife blades Granite 30,

120
12 1 0.2 3

21 Terä trio Granite 120 45 3.1 2.0 1.5
22 Terä trio Granite 120 45 12.9 0.2 .. 1.8 14  

Table 1: Some preliminary MRoSA2 drilling test results [1] 
 

Tecnospazio (TS, Italy)  presents in ref. [2] drilling 
tests that were carried out during years 2001-2002. The 
TS drill tool had a completely different design and it 

drilled a hole 35 mm in diameter, and –upon 
command- acquired a core 14 mm in diameter. Drilling 
force, torque and power were, respectively, higher than 
those for the MRoSA2 drilling tests. The test 
equipment at Tecnospazio was a for-purpose 
developed drilling system that provides axial thrust and 
drill rotation. The drilling  tests were carried into 
several materials: sand, gas concrete, tuff and 
travertine. Table 2 below presents the averaged test 
results and describes performance of this tool 
prototype. 

 
Property Sand Gas 

concrete 
Tuff Travertine 

Material density (g/cm3) 1.43 0.46 1.01 2.44 

Drill Thrust (kgf)  0.3 1.5 0.6 20.0 

Drill Torque (Nm) 0.6 0.9 0.4 2.5 
Drill RPM 22 130 150 70 

Drill Feed Rate  (mm/min) 10.0 4.0 1.4 1.3 

Drill intake power (W) 7.5 7.5 7.5 29.0 

 
Table 2: Tecnospazio 35-mm Drill tool performance in 

different materials [2] 
 

After the tests in TS a new variable called 'Specific 
Drilling Power' (SDP) [W/(mm/min.)] was developed 
to determine cutting efficiency with respect to different 
drilling parameters.  For scientists and mission 
planners time and energy needed for the sampling 
action is  very important information. Time reserved 
for sampling action is away from any other scientific 
measurements and therefore speed of penetration is an 
important factor. Maximum power available may be 
limited due to limitations of solar cell area, RTG 
(radiothermal generator) output or tether cable 
capacity. Available energy may be limited due to time 
available for sampling or due to capacity of batteries or 
other temporary energy storage.  SDP indicates 
directrly how much power [W] is needed to achieve a 
corresponding speed of penetration [mm/min.].  SDP 
depends on properties of test material, tool geometry, 
rotation speed, thrust, and drilling method (rotary, 
percussive or rotary-percussive). In these tests all other 
parameters were kept constant, but effect of drill 
rotation speed and feed rate was studied.  

With a given drill rotation speed a higher thrust 
gives a higher efficiency, or a smaller SDP. Energy 
needed to make a hole depends on grain size 
developed. Energy used to separate a single grain is 
defined by material shear strength and the surface area 
that connects the grain to the base material. In rotary 
drilling the material is removed in the form of fine 
powder where size of grains is very small, and overall 
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grain surface area is high. This leads into high energy 
consumption. With a higher thrust bigger cuttings are 
removed from the material which gives better energy 
efficiency. Increase in rotation speed tends to decrease 
the size of the cuttings (i.e. gives lower energy 
efficiency) unless thrust is increased accordingly.  

SDP multiplied by the depth of hole [mm] gives the 
energy needed for the sample [W-min.] (1 W-min. is 
60 J). The Table 3 below shows how SDP changes 
when feed rate is being increased. This gives a clear 
indication that for a higher efficiency also a higher 
power is needed [2].  

 
Feed rate 

[mm/min.] 
Specific Drilling 

Power [W/(mm/min.)] 
Power input 

[W] 

0.3 37 12 

1.1 23 26 
 

Table 3: TS 35-mm Drill tool performance in 
Travertine with different feed rates [2] 

 
Test setup: For further testing  a new test-setup 

was realized at the premises of Helsinki University of 
Technology.  As for the moment shallow drilling tests 
has been carried out on stones of different hardness, or 
the tests have concentrated merely on sample 
acquisition, the new tests will emphasize on drilling in 
layered sand and in depth exceeding one meter. 

The drilling system is constructed using vertical 
linear guide and a lead-screw as for the linear feed 
system, and a DC-motor as for the drill motor. The 
drill, however, will not be directly coupled to the lead 
screw, but the coupling will have a certain compliance. 
With this arrangement the linear feed can be driven 
step-by-step while between the steps the feed motor 
will be shut down. Continuous or closed-loop feed-
control is not being used which is an attempt to save 
energy and provide a mechanically and electrically 
more simple system. Knowing the spring-ratio of the 
compliance the linear feed can be driven in a desired 
manner to maintain the thrust force at the desired level. 
At the extreme level this control loop can be realized 
completely mechanically which would minimize the 
need for any feed-back or data-transfer used solely for 
control purposes and having no scientific interest. 
Drilling is performed by using the ESA’s MRoSA2 
drill heads. 

The sample to be drilled into is prepared inside a 
transparent vertical box two meters high (see Figure 3). 
For sample construction the best available knowledge 
of the Martian surface composition is used. Inside 
different layers of sedimentary materials also different 
types or rocks are inserted. Some of the tests are 
carried out in environmental chamber where 

temperature can be adjusted down to –20 centigrade.  
Then also some water can be mixed into test materials 
to demonstrate drilling into permafrost layer. Further a 
piping for liquid nitrogen can be placed inside the 
sample container to cool down the sample into even  
lower temperature to be adequate with Martian 
environment. 

 
Figure 3 : Drilling test mechanical setup. 

 
During drilling several variables are being 

monitored: drill motor power input, drill RPM, drill 
motor current (i.e. torque), feed compliance (i.e. thrust 
force) and speed of penetration. Further a temperature 
measuring device can be mounted inside the drill tool 
to monitor temperature of the sample during drilling 
process. 

 
Imitating the Martian regolith: One of the 

remaining challenges, until we really drill through the 
Martian surface is, that there is no exact knowledge on 
what the drill will face. However, there are some 
commonly agreed speculations that what is the 
structure of the soil and rock layers near the surface.  
The Mars Odyssey orbiter has proved the possibility of 
water ice near the surface [8], which might lead to 
harder drilling.  Even if there would be no rocks in the 
drilling spot, the soil might be tied tightly by ice.  

For best guestimate of a typical Martian soil, 
various tests were conducted.  These soil setups varied 
from loose soil to hard bedrock. A basic test setup 
consists of loose and fine sand, with grains on the order 
of a tens to few hundred microns to simulate Martian 
soil type and composition. For the deeper layers of the 
test setup, ranging from ~0,5m to 2 m, different rock 
layers were made. We used mafurite (Uganda, 
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Kyambogo Crater) as an example of igneous stone, and 
carbonatite (from Finland, contains mainly calcite) as 
an example for easier rock drilling. Water ice was used 
to bind the loose soil, and to simulate actual hard, cold 
ice, which the drill would hopefully face. 

 
Imitating the actual space drill: The preliminary 

MRoSA2 drilling tests were carried out with a system 
where the drill thrust was provided by a small mass 
added on top of the drill, and penetration speed was not 
controlled at all. The Tecnospazio drilling tests utilized 
a rigid drilling device that provided steady speed of 
penetration. 

In MRoSA2 tests the test material and cutting 
efficiency of the tool define the speed of penetration. In 
absence of any control of axial feed the system rapidly 
started to oscillate up and down when the cutting tool 
followed the profile that generated at the bottom of the 
drill hole. The TS system, having a constant speed of 
feed, generated a varying amount of thrust that was 
depending on hardness of material and cutting 
efficiency of the tool. 

The real planetary drill operating on the surface of 
Mars will have a weight higher than that used for 
MRoSA2 tests, but possibly less than maximum thrust 
utilized for TS tests. It is desired to maintaing drilling 
forces low enough to guarantee that the roving system 
will stand steady on the surface. In addition to weight 
consideration of the rover, also inertia, i.e. mass, has 
some importance. High inertia, that is mass, would 
allow short force or torque peaks to be generated, that 
would not yet be able to disturb balance of the system. 
For example, the ESA’s ExoMars rover has planned 
mass of 220 kg [4] and NASA’s MSL rover/platform 
more than 100 kg [5], possibly even 600 kg [6]. 

It is essential to define, what is the drilling thrust 
and torque to be, and what would be the rigidity of the 
drilling system. It is worthwhile also to consider if 
added inertia would be a good choice to simulate the 
inertia of the rover. 

Also inertia of the drill rotating parts may have a 
positive effect on drilling performance. Drilling action 
itself is very noisy –especially in non-homogenous 
materials; average drilling torque is much less than 
peak torque. In order to overcome the torque peaks a 
mechanical inertia would set limits for needed motor 
peak power and current and would possibly prevent the 
tool from getting stuck in cavities or other non-
homogenous features of rocks. 

  
Conclusions and future work: The focus of this 

test setup is to define the minimum technical 
requirements for subsurface drilling of Martian regolith 
for future exploration missions. The drilling tests will 

continue on analysing different setups of rock layers, 
and combinations of sand and water. However, the 
testing team is also studying methods to perform the 
analysis in the downhole, instead of bringing all 
samples up. This in-situ analysis would lead to savings 
in time and energy in some cases. However, the data 
collected from the downhole is significantly less that 
can be acquired by a lander-based laboratory. 
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Introduction: The polar wander of Mars has 
been suggested by many investigators.  The 
quasi-circular surface morphology of the deposits 
in the polar region detected by Mariner 9 mission 
led Murray and Malin [1973] to suggest that the 
Martian rotation axis has wandered by 10-20 de-
grees in the last ~100 Myr.  Melosh [1980] 
gradually removed the mass of Tharsis bulge 
while diagonalizing the moment of inertia tensor 
of Mars, and showed that the Martian rotation 
axis has displaced by about 25 degrees due to the 
formation of the bulge.  The similarity between 
the deposits on Mesogaea, south of Olympus, and 
those in the polar region led Schultz and Lutz 
[1988] to suggest a polar path with a total of 120 
degree wandering.   Long-term rotational dynam-
ics of Mars was theoretically investigated by 
Spada et al. [1996] through modeling Olympus 
mountain as a point mass, initially located at 45 
degree latitude on the surface, and allowing the 
mass to reach the equator.  They considered a 
comprehensive suit of internal structure models 
of Mars with mantle viscosity ranging from  1021 
to 1023 and imposed the Murray and Malin's con-
straint of 10-20 degree polar wander in the last 
100 MYr.  The authors concluded that the mass 
will reach the equator within less than 2 Gyr., in a 
much shorter time for low viscosity mantle mod-
els.  It is also shown that a thick elastic litho-
sphere atop a viscous mantle increases polar 
wander because of elastically supporting the sur-
face mass and allowing its greater influence on 
the rotational dynamics of Mars [Willmann, 
1984; Stiefelhagen, 2002].  
 
The Mars Global Surveyor magnetic data have 
provided new evidence for the polar wander of 
Mars.  Arkani-Hamed (2001a) estimated the pa-
leomagnetic pole positions of Mars through mod-
eling 10 small and isolated magnetic anomalies.  
Seven out of the 10 poles clustered within a ra-
dius of 30 degrees centered at 25N, 225E.  Hood 
and Zakharian (2001) modeled the source bodies 
of two magnetic anomalies near the north pole.  

One of the anomalies was included in the 10 
anomalies modeled by Arkani-Hamed, and the 
pole positions of this anomaly determined by the 
authors were very close.  Assuming that the di-
pole core field axis coincided with the rotation 
axis, the clustering of the poles suggests that the 
rotation axis has wandered by about 65 degrees 
since the magnetic source bodies were magnet-
ized.  This critical assumption that links the di-
pole core field axis to the rotation axis presently 
holds for both terrestrial planets with active core 
dynamo, Earth and Mercury, and possibly for 
Earth throughout its history. We make the same 
assumption in this paper. 
 
We present the paleomagnetic pole positions of 
Mars determined through modeling 16 small 
magnetic anomalies.  The previous 10 anomalies 
were extracted from a 50-degree spherical har-
monic model of the magnetic potential of Mars 
(Arkani-Hamed, 2001b) that was derived on the 
basis of the low-altitude (~100-200 km) data.  
The original data had many wide gaps parallel to 
the satellite tracks and the number of original 
tracks passing over each anomaly was limited.  
The track data used by Hood and Zakharian 
(2001) were also extracted from the low-altitude 
data and suffered from the same limited coverage.  
The vast amount of high-altitude magnetic data 
now available provides a good opportunity to ver-
ify the previous results and also identify and 
model additional isolated anomalies.  Hood and 
Richmond (2003) used the new data to model two 
new anomalies in the low latitudes.  The pole po-
sition determined from one of the anomalies fall 
within the 30 degree cluster mentioned above.  
The present study not only includes 6 additional 
magnetic anomalies and uses a huge amount of 
the high-altitude data available, but also employs 
a new space domain algorithm that incorporates 
all three components of the magnetic data.   
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Arkani-Hamed and Boutin: Polar Wander of Mars 

 
Figure 1 : Position on the surface of Mars of the magnetic anomalies modeled in this study. Anomalies  1 to 10 are 
the anomalies modeled by Arkani-Hamed (2001A). Anomalies 11 to 16 are the new anomalies added in this study. 
The other anomalies are from Hood and Richmond (2003) . Note also that anomaly A and B of  Hood and  Rich-
mond (2003) are the same as the north and south anomalies modeled by Hood and Zacharian (2001). 
 
Paleomagnetic Poles of Mars: The paleomag-
netic pole position of Earth is usually deter-
mined using in situ measurements of the direc-
tion of rock magnetization (e.g., Butler, 1992).  
At present such measurements are not possible 
on Mars.  However, a rough estimate of the 
magnetic pole positions of Mars can be made on 
the basis of modeling magnetic anomalies.  We 
have modeled 16 isolated small magnetic 
anomalies.  For a given anomaly, the three com-
ponents of the magnetic data are extracted from 
both low- and high-altitude data sets and trans-

ferred to a local rectangular coordinate system 
centered on the anomaly.  The coordinate origin 
is on a spheroid with a polar radius of 3375 km 
and an equatorial radius of 3397 km.  The model 
source body is a vertical prism of elliptical cross 
section with uniform magnetization.  Adopting 
an elliptical prism, rather than circular, provides 
an opportunity to change the aspect ratio (major 
axis/minor axis) as well as the orientation of the 
body and minimized the misfit between the ob-
served and calculated anomalies.  
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Figure 2 : Paleopole positions on Mars. Open circles are south poles , filled circles are north poles. Blue circles are 
the 1 to 10 anomalies results by Arkani-Hamed (2001A). Red circles are the new results obtained in this study. Black 
circles represent pole positions obtained by Hood  and Richmond (2003). Results of Hood  and  Zacharian (2001) 
are identicals to results obtained for anomaly A and B of  Hood  and Richmond (2003). 
 
Figure 2 shows the paleomagnetic pole positions 
determined from the magnetization of the source 
bodies, each is assumed to be magnetized by a 
dipole core field.  We only present one of the 
poles. The core field is upward at the north pole 
and downward at the south pole. Included in the 
figure are the paleomagnetic pole positions de-
termined by Arkani-Hamed (2001A) , Hood and 
Richmond (2003) and Hood & Zacharian (2001) 
for comparison.  The figure shows appreciable 
clustering of the poles.  Although slightly more 
scattered, the cluster overlaps the previous 30 

degree cluster.  The scatter is partly because of 
the noise in the high-altitude data. 
 
One of the important characteristics of the pole 
positions is their appreciable clustering.  If the 
average magnetic pole position coincided with 
the rotation axis of Mars, the cluster center indi-
cates an appreciable true polar wander of Mars, 
likely induced by the formation of the Tharsis 
bulge, the large shield volcanoes such as Olym-
pus and Tharsis mountains, and giant impacts 
such as Hellas, Utopia, Argyre and Isidis.   
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Discussion: Hood and Zakharian (2001) and 
Hood and Richmond (2003) used circular prisms 
to model isolated magnetic anomalies. Arkani-
Hamed (2001A) adopted elliptical prisms.  To 
what extent a paleopole position determined by 
an elliptical model differs from that determined 
by a circular model?  We address this question 
theoretically by calculating the magnetic field of 
a uniformly magnetized elliptical prism, with a 
semi-major axis 400 km and a semi-minor axis 
200 km, and modeling the field by a circular 
prism.  The magnetic field is calculated at 150 
km and 400 km altitudes, the mean elevations of 
the low- and high-altitude data. If the elliptical 
body is magnetized vertically, or horizontally 
but along either the major or the minor axis, the 
paleomagnetic pole position determined by the 
circular prism model coincides with that of the 
elliptical prism.  However, when the elliptical 
body is magnetized at some angle with respect 
to either of its axes, the two palemagnetic pole 
positions differ, by as much as 15 degrees.  The 
difference is more pronounced at 150 km alti-
tude than at 400 km, because the short-
wavelength components of the magnetic field 
strongly attenuate with altitude and the field of 
the elliptical body becomes similar to that of the 
circular model.   The difference is large enough 
to favor the elliptical prism modeling technique.  
The freedom of varying the aspect ratio and the 
orientation of the ellipse, none of which are re-
quired for a circular prism, allows the results of 
elliptical modeling to better fit the observation.    
 
Despite determined efforts made by several in-
vestigators, the pole positions determined by 
modeling the isolated magnetic anomalies must 
be regarded as preliminary.  The high-altitude 
data densely covers almost the entire globe but 
its resolution suffers from the high elevation, 
wavelengths shorted that ~400 km are not accu-
rately reflected in the data (Connerney et al., 
2001).  Moreover, because of proximity to the 
ionosphere (Mitchell et al., 2001), and strong 
attenuation of the magnetic field of the crust 
with altitude of the short wavelength compo-
nents, the signal to noise ratio of the high-
altitude data is low.   The difference between the 
pole position inferred from anomaly M3 in this 

study and those determined from the low-
altitude data alone (Arkani-Hamed, 2001A; 
Hood and Zakharian, 2001) is a good indication 
of the effects of the limited resolution of the 
high-altitude data.    At the present, the accuracy 
of a given   paleopole position must be decided 
upon agreement of the results obtained by dif-
ferent authors using different methods. 
 
References 
Arkani-Hamed J., Paleomagnetic pole positions 
and pole reversals of Mars, Geophysical Re-
search Letters , 17 , 3409-3412 , 2001A. 
Arkani-Hamed J., A 50 deg spherical harmonic 
model of the magnetic field of Mars, J. Geo-
phys. Res., 106, 23197-23208, 2001B. 
Butler, R. F., Paleomagnetism: Magnetic Do-
mains to Geological Terrains, 319 pp, Blackwell 
Sci., Malden , Mass., 1992. 
Connerney et al. The Glonal magnetic field of 
Mars and Implications for Crustal Evolution, 
Geophysical Research Letters, 28, 4015-
4018,2001. 
Hood L. L. and Zacharian A., Mapping and 
modeling of magnetic anomalies in the northen 
polar region of Mars, J. Geophys. Res., 106 , 
14601-14619 , 2001. 
Hood, L.L., and N. Richmond , LPSC , XXXIII, 
abstracts 1721, LPI, Houston, 2003. 
Melosh H.J., Tectonic patterns on a reoriented 
planet: Mars, Icarus,44,745-751, 1980. 
Mitchell, D. L., et al., Probing Mars crustal 
magnetic field and ionosphere with the MGS 
Electron Reflectometer, J. Geophys. Res., 106, 
23,418-23,427, 2001. 
Murray B.C. , and Malin M.C. Polar Wandering 
on Mars, Science, 179 , 997-1000 , 1973 
Schultz, P.H., and A.B. Lutz, Polar wandering 
of Mars, Icarus, 73, 91-141,1988. 
Spada, G., R. Sabadini, and E. Boschi, Long-
term rotation and mantle dynamics of the Earth, 
Mars, and Venus, J. Geophys. Res., 101 , 2253-
2266 , 1996. 
Stiefelhagen, M, A comparative study of long-
term polar motion of terrestial planets, MSc 
thesis, Delft University of technology, 
Netherland, 2002. 
Willeman, R. J., Reorientation of planets with 
elastic lithosphepres, Icarus, 60 , 701-709, 1984. 
 

Sixth International Conference on Mars (2003) 3051.pdf



A ONE BILLION YEAR MARTIAN CLIMATE MODEL — THE IMPORTANCE OF SEASONALLY RESOLVED
POLAR CAPS AND THE ROLE OF WIND. J. C. Armstrong,Dept. of Astronomy, University of Washington, Box 351580,
Seattle WA 98195, USA, (jca@astro.washington.edu), C. B. Leovy,Dept. of Atmospheric Sciences, University of Washington, T. R.
Quinn,Dept. of Astronomy, University of Washington, R. M. Haberle, J. Schaeffer,Space Science Division, NASA Ames Research
Center.

Introduction

Wind deflation and deposition are powerful agents of sur-
face change in the present Mars climate regime. Recent studies
[1] indicate that, while the distribution of regions of potential
deflation (or erosion) and deposition is remarkably insensitive
to changes in orbital parameters (obliquity, timing of perihe-
lion passage, etc.), rates of aeolian surface modification may
be highly sensitive to these parameters even if the atmospheric
mass remains constant. But previous work [2] suggested the
atmospheric mass is likely to be sensitive to obliquity, espe-
cially if a significant mass of carbon dioxide can be stored in
the regolith or deposited in the form of massive polar caps.
Deflation and erosion are highly sensitive to surface pressure,
so feedback between orbit variations and surface pressure can
greatly enhance the sensitivity of aeolian modification rates to
orbital parameters.

We used statistics derived from a 1 Gyr orbital integration
of the spin axis of Mars, coupled with 3-D general circula-
tion models (GCMs) at a variety of orbital conditions and
pressures, to explore this feedback. We also employed a sea-
sonally resolved 1-D energy balance model to illuminate the
gross characteristics of the long-term atmospheric evolution,
wind erosion and deposition over one billion years. We find
that seasonal polar cycles have a critical influence on the ability
for the regolith to releaseCO2 at high obliquities, and find that
the atmosphericCO2 actually decreases at high obliquities due
to the cooling effect of polar deposits at latitudes where sea-
sonal caps form. At low obliquity, the formation of massive,
permanent polar caps depends critically on the values of the
frost albedo,Afrost, and frost emissivity,εfrost. Using our
1-D model with values ofAfrost = 0.67 andεfrost = 0.55,
matched to the NASA Ames GCM results, we find that perma-
nent caps only form at low obliquities (< 10 degrees). Thus,
contrary to expectations, the Martian atmospheric pressure is
remarkable static over time, and decreases both at high and
low obliquity. Also, from our one billion year orbital model,
we present new results on the fraction of time Mars is expected
to experience periods of high and low obliquity. Finally, using
GCM runs at a variety of pressures, we examine the likely
role of wind erosion under an early more massive Martian
atmosphere.

Seasonal polar cycles and regolith adsorption

For our long-term climate model, we couple the results
of the evolution of the obliquity of Mars [3] to a 1 Gyr so-
lar system evolution model [4]. Our 1-D energy balance and
regolith adsorption model follows closely that of Fanale and
Salvail [2], with one important difference. We use a season-
ally resolved 1-D energy balance model matched to the GCM
results to compute the surface temperatures and atmospheric
pressure throughout the year. The inclusion of the seasonal

Figure 1: Results for the full climate model over the last 10
Myrs. The upper plot shows the atmospheric pressure as a
function of time, the lower plot shows the planet’s obliquity
variations over the same period. Note the slight decrease
in atmospheric pressure at high obliquities. Also, perma-
nentCO2 caps do not form under the model conditions with
Afrost = 0.67 andεfrost = 0.55. The initial slight decrease
in pressure att = 0 is the result of the model equilibrating
after spinup from the initial regolith temperature profile.

polar processes has striking implications for the long term
results. Figure 1 shows the atmospheric pressure (top) and
obliquity (bottom) for the last 10 Myrs. We find that the atmo-
spheric pressure is roughly constant over recent history, and at
high obliquities, the atmospheric pressure actually decreases
slightly. As seasonal polar caps reach lower and lower latitudes
as the obliquity increases, the annual average temperature also
decreases at those latitudes. This results in a reduction in the
global temperatures, even if the annual average cap tempera-
ture increases (Figure 2, bottom plot).

Permanent cap formation
The formation of permanent polar caps has the potential

to remove nearly all of the atmosphericCO2 reservoir in less
than 100,000 years. During periods of low obliquity, decreases
in the annual average polar insolation result in the formation
of massive polar caps. While massive, these caps tend to cover
a relatively small area. In addition, the actual extent and mass
of these caps depends on the frost albedo, the frost emissivity,
effects due to latent heat transport, dust content, as well as
the composition of the polar deposits. Using the seasonal 1-
D energy balance model, we track the reservoir ofCO2 that
persists during the summer season, and attempt to isolate the
effects of at least two of these factors:CO2 frost albedo and
emissivity.

There is a large range of potential values for both the
CO2 frost albedo and the frost emissivity from the literature.
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Figure 2: Surface temperature as a function of latitude, re-
sults of the full model. The blue dashed lines are derived by
using the annual average insolation and the red lines are the
annual average temperature calculated from our model with
seasonally resolved polar caps. The polar cap extent at high
obliquity tends to decrease the annual average temperature,
compared to expectations from the annual average insolation.
This results in a decrease in annual average temperature at
middle and higher latitudes, and a corresponding decrease in
atmospheric pressure at high obliquities. The equatorial tem-
peratures, which are not influenced by polar processes, match
the temperatures derived from the annual average insolation.

Fanale and Salvail [2], with a model that calculated the annual
average insolation to derive surface temperatures as a function
of latitude, used the totalCO2 budget in the atmosphere-cap-
regolith system as a free parameter, andAfrost = 0.67 and
εfrost = 0.90, to develop a model that allowed Mars to form
permanent polar caps at a critical obliquity very near to the
present value. However, there is some debate as to whether or
not the polar deposits on Mars contain any appreciable amounts
of CO2 ice [5].

Detailed theoretical calculations of the albedo and emis-
sivity of CO2 snow [6] show the range of possible values de-
pending on grain size, snow density, and other factors. Coarse
grainedCO2 snow (∼ 2000µm), for example, has a spectrally
averagedAfrost = 0.35 and εfrost = 0.91. Fine grained
CO2 snow (∼ 5 µm), on the other hand, hasAfrost = 0.94
andεfrost = 0.39. The emissivity can also be a function of the
snow density, owing to interparticle interference or "near-field
effects". This effect is strongest for fine grainedCO2 snow,
where a 30 % increase in density (from 0.7 to 1.0g cm−3) re-
sults in an increase in the spectrally averaged emissivity from
0.40 to 0.52 [6]. The effect is almost non-existent for grain
sizes greater than∼ 500 µm.

Without detailed information about the state of any per-
manentCO2 deposits on Mars, we take a slightly different
approach from past studies. We have matched the results of
our seasonal 1-D energy balance model to results from the
GCM, which in turn has been matched to the Viking lander

Figure 3: The critical obliquity where cap formation begins as
a function of frost emissivity.

observations. We find that a frost albedo similar to [2], but a
much lowerεfrost = 0.55, matches the observed Viking data
and the seasonal polar deposits in the GCM model quite well.
However, using this low value for the emissivity means that
Mars does not form polar caps except at obliquities smaller
than 10 degrees.

We use our seasonal model to predict the critical obliquity
of permanentCO2 cap formation as a function of the frost
emissivity and albedo. Using constant orbital parameters, we
vary only the obliquity, from 0 – 60 degrees, for values of
emissivity and albedo ranging from 0.50 – 0.95. In the models
with varying emissivity, we keepAfrost fixed at 0.67, and in
the models with varying frost albedo, we keepεfrost fixed at
0.55. Each model is run for 125,000 years to make sure the
seasonal reservoirs, annual reservoirs, and the regolith ther-
mal model come to equilibrium for the obliquity in question.
Finally, for each value of the emissivity and frost albedo, we
choose the obliquity which shows the smallest non-zero per-
manent polar deposit (on either pole) as the critical obliquity
of cap formation.

Figures 3 illustrates the dependence of cap formation on
the emissivity of polar deposits. As we increase the emissivity,
the polar cap temperature decreases, facilitating cap formation.
We note that the value ofεfrost = 0.90, chosen by [2], does
indeed place the critical obliquity closer to the current value.
However, using our value ofεfrost = 0.55, we find Mars will
form permanent caps only during periods of extremely low
obliquity of less than 10 degrees, assuming a frost albedo and
emissivity of 0.67 and 0.55 respectively. This corresponds to
only 1 percent of the orbit during the last 1 Gyr (see Table 1).

Figure 4 shows how changing the value ofAfrost affects
the critical obliquity of polar cap formation. Here, we see
a much stronger dependence on the value ofAfrost. With
εfrost = 0.55, we see a low critical obliquity of cap formation.
However, if theCO2 albedo increases, the critical obliquity
for cap formation also increases.

CO2 deposits on Mars today may also have lower albedos
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Figure 4: The critical obliquity where cap formation begins as
a function frost albedo.

Table 1: Fraction of time spent at values lower than the spec-
ified obliquity, with and without Tharsis, for the 1 Gyr orbital
model.

θ (degrees) Frequency, % Frequency, %
Tharsis No Tharsis

< 5 0 2
< 10 1 7
< 20 12 30
< 30 48 62
< 40 84 84
< 50 99 99
< 60 100 100

due to dust inclusions in the deposits. The effects of dust on
the albedo can be significant, even for small amounts of dust.
Work based on dust inclusion inH2O snow [7] showed that
even small concentrations of dust (one part in 1000) can cause
the albedo of the deposit to asymptotically approach the dust
albedo. In the case ofCO2 on Mars, the frost albedo can be
suppressed by modest dust inclusions.

Regardless of the current value ofAfrost, an interesting
scenario presents itself. As we approach the critical obliquity,
massiveCO2 caps will form. As the cap formation depletes
the atmospheric reservoir, the atmospheric dust will also be-
come depleted. This will initially decrease the frost albedo.
However, the final deposits from the relatively dust-free at-
mosphere will cause theCO2 albedo to jump sharply, as the
final deposits will be composed primarily of pureCO2. As
the obliquity begins to increase once again, these deposits will
persist past the previous value of the critical obliquity, causing
a delayed release of the permanent deposits. This hysteresis
effect may provide an explanation for the persistence of small
amounts ofCO2 ice even at high obliquities. It may even
provide an explanation for their instability, as observed in the
receded pits and scarps in high-resolution images of the south
polar regions [8].

Figure 5: The variations of the planetwide averages ofut (blue
diamond),u0 (red square), andκ (green triangle) with pres-
sure, normalized to the baselineP = 7.01 mbar run. The solid
lines and symbols are values derived from the GCM runs. For
small changes in pressure, changes inut dominate.

Winds on Early Mars
The surface wind stress is capable of liberating material

from the surface only if the friction velocity surpasses the
threshold friction velocity,ut. Utilizing the work of [9], we
find that for a fixed particle size of 100µm, the surface friction
velocity, to first order, is fit well by a power law

ut = Cρ−α, (1)

whereρ is the atmospheric density,C is a constant, andα ∼
0.5. Based on this simple relationship, we expect increases in
atmospheric density (corresponding primarily to increases in
pressure) to reduce the threshold friction velocity for a given
particle size.

Results from our long-term climate model suggest that
the atmospheric pressure is remarkably constant over time.
However, this does not preclude a higher atmospheric pressure
early in Mars’ history. We used three GCM runs with global
mean pressures of 7.01, 14.02, and 28.04 mbars to explore
the effect increasing the atmospheric pressure has on the wind
speeds. Following previous work [10], we use a Weibull’s
distribution function to fit the distribution of surface friction
velocities on Mars.

P (> u∗) = e(−u∗/u0)κ

(2)

describes the cumulative probability distribution function (PDF),
or the frequency of wind speeds greater than a given surface
friction velocity,u∗. The scale speed (approximately the mean
value of the wind speed,̄u∗, over several sols) is given byu0

andκ is the “gustiness” factor.
Figure 5 shows the global average in both time and space of

ut, u0, andκ as a function of atmospheric pressure, normalized
to theP = 7.01 mbar run. The averages are derived by taking
the ratio ofut, u0, andκ at each point and performing an
annual average over all latitude and longitude bins. The solid
lines and symbols are direct averages from the GCM runs.
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We see that as the mean pressure increases, on average
the scale speed of the distribution decreases. However, while
the denser atmosphere has lower wind speeds on average, they
also have more frequent high speed winds, as indicated by the
decreasing value ofκ. Also, we see that for small increases
in pressure, the value ofut decreases dramatically. Therefore,
we expect increasing surface pressure to increase potential
erosion, at least over this range of pressure change.
Conclusions

By incorporating the seasonally resolved polar cycle into
our long term 1-D energy balance model, we have unearthed
several important considerations for the long-term climate evo-
lution on Mars. First, the atmospheric budget is roughly con-
stant over time. Also, the formation of permanent polar caps
is rare, occurring less than 1 % of the time over the last 1
Gyr. This implies that changes in atmospheric pressure over
the last 1 Gyr play a relatively minor role in wind erosion on
the surface of Mars. However, topographically induced pres-
sure differences can be very important. Lastly, we expect that
a modest increase in pressure on Early Mars, while slightly
decreasing the overall wind speeds, will result in enhanced
erosion, since the difference betweenu0 andut becomes more
pronounced, while the overall frequency of high speed winds
(denoted by smallerκ) increases.
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SCIENCE RATIONALE ASSOCIATED WITH THE MARS EXPLORATION 
ROVER MERIDIANI PLANUM LANDING SITE.  Raymond E. Arvidson, Washing-
ton University, One Brookings Drive, Campus Box 1169, St. Louis MO 63130 (arvid-
son@wunder.wustl.edu). 
 
 
The Meridiani Planum Mars Exploration Rover landing site is located on smooth plains 
that expose the top stratum of a widespread layered complex that overlies Noachian cra-
tered terrain.  This top unit is interpreted from MGS TES spectra to exhibit up to 15% by 
area of gray crystalline hematite, mixed with basaltic materials.  Further, the unit exhibits 
dark, featureless plains, dark dunes, and inter-dune areas that expose bright underlying 
strata. Several hypotheses have been developed for emplacement and/or modification of 
the deposits and the widespread occurrence of hematite.  The hypotheses include deposi-
tion in a large lake basin in oxygenated waters, accumulation and subsequent hydrother-
mal alteration of volcaniclastic deposits, and anhydrous oxidation of magnetite during 
emplacement as volcanic flows.  The rover, with its Athena Payload, will be able to char-
acterize the dark and bright materials exposed within a few hundred meters of the landing 
site, including use of Pancam and Mini-TES to determine the morphology and mineral-
ogy of the units, and deployment of the Microscopic Imager, Moessbauer and Alpha Par-
ticle X-Ray Spectrometers onto key targets for in-situ observations.  Particular attention 
will be given to delineating morphologic, textural, and mineralogical evidence to test 
among and update the hypotheses for the origin and evolution of the deposits, particularly 
the role of water in formation of hematite. 
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Mars Exploration Rovers as Virtual Instruments for Determination of Terrain Roughness and Physical  
Properties.  R.E. Arvidson1, R. Lindemann2, J. Matijevic2, L. Richter3, R.Sullivan4, A.Haldemann2, R.Anderson2, N. 
Snider1 1. Department of Earth and Planetary Science, McDonnell Center for the Space Sciences, Washington Uni-
versity, St. Louis, 63130, arvidson@wunder.wustl.edu, 2. Jet Propulsion Laboratory, Pasadena, CA 91109,  
3. Institute Space Simulation, DLR, Cologne, Germany, 4. Department of Astronomy, Cornell University, Ithaca, 
NY 14853. 

 
 
Introduction: The two 2003 Mars Exploration 

Rovers (MERs), in combination with the Athena Pay-
load, will be used as virtual instrument systems to infer 
terrain properties during traverses, in addition to using 
the rover wheels to excavate trenches, exposing subsur-
face materials for remote and in-situ observations [1].   

Rover Models.  The MERs are being modeled using 
finite element-based rover system transfer functions 
that utilize the distribution of masses associated with 
the vehicle, together with suspension and wheel dy-
namics, to infer surface roughness and mechanical 
properties from traverse time series data containing 
vehicle yaw, pitch, roll, encoder counts, and motor 
currents (Figures 1 and 2).  These analyses will be sup-
plemented with imaging and other Athena Payload 
measurements. The approach is being validated using 
Sojourner data [2], the FIDO rover [3], and experi-
ments with MER testbed vehicles.   

 
 
 

 

Trenching.  In addition to conducting traverse sci-
ence and associated analyses, trenches will be exca-
vated by the MERs to depths of approximately 10-20 
cm by locking all but one of the front wheels and rotat-
ing that wheel backwards so that the excavated material 
is piled up on the side of the trench away from the ve-
hicle.  Soil cohesion and angle of internal friction will 
be determined from the trench telemetry data.  Emis-
sion spectroscopy and in-situ observations will be 
made using the Athena payload before and after imag-
ing.  Trenching and observational protocols have been 
developed using Sojourner results [2]; data from the 
FIDO rover [3], including trenches dug into sand, mud 
cracks, and weakly indurated bedrock (Figures 3 and 
4); and experiments with MER testbed rovers.  Particu-
lar attention will be focused on Mini-TES measure-
ments designed to determine the abundance and state 
of subsurface water (e.g. hydrated, in zeolites, residual 
pore ice?) predicted to be present from Odyssey 
GRS/NS/HEND data [4].   

[1] Arvidson, R.E. et al. (2002) Science & Tech-
nology Experiments Associated with the 2003 Mars 
Exploration Rovers, JGR, in press.  [2] Moore, H.J. et 
al. (1999) JGR, 104, E4, 8729-8746.  [3] Arvidson, 
R.E. et al. (2002) JGR, 107, E9, 
10.1029/2000JE001464. [4] Boynton, W.V. et al. 
(2002) Science, 297, 5578, 81-85. 

 
 
 
 
 

Figure 1. Numerical simulation of rover with 
MER-like mass distribution, suspension, and 
wheels rolling down an 8 degree slope and 
over topographic obstacles.  View is tilted by 
8 degrees so that surface appears to be hori-
zontal. 
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Figure 2. Simulated telemetry showing rocker and bogie pivot angles as 
function of time during the rolling experiment with MER-like vehicle.  The 
number of wheel turns for the rear wheel is shown on the bottom panel.  The 
topography encountered beneath the center of the rover is shown as a dotted 
line for the top two panels.  For the bottom panel, the topography is shown 
beneath the center of the rear wheel.  The compressed topographic profile 
with the increasing time is due to rover acceleration.  Note that this simula-
tion is the first step toward making a fully MER-like model with powered 
and steerable wheels.  For the simulation shown, the wheel resisting torques 
were lowered relative to MER conditions to allow rolling on an 8 degree 
slope. 
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Figure 3. FIDO created a trench in loose sand with front left drive wheel by holding 5 wheels fixed and rotating 
the front wheel in reverse by ~6 wheel revs.  Rover approached site and trenched, backed off and imaged trench, 
approached site again and trenched, backed off and imaged trench, approached site again and trenched twice 
(motor stalled on second trench attempt), backed off and imaged trench. Final trench was 7-8 cm deep. 

Figure 4. Microscopic Imager on FIDO instrument used to acquire stereo images with 5 mm horizontal and  
lateral spacing between images 
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