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    Introduction:  NASA’s restructured Mars Explora-
tion Program (MEP) is continuing to unfold with the 
implementation of the Mars Exploration Rover (MER) 
mission in summer of 2003, as well as with the 
continuing science mapping of the Mars Global 
Surveyor and Mars Odyssey orbiter. In addition, the 
latest US budget blueprint by the Bush Administration 
(FY04) indicates that the exploration of Mars will 
continue to be a priority within NASA’s Space Science 
Enterprise, further cementing the first decade of the 
new millennium as a prime time to understand the 
“habitability of Mars”, including key paleo-
environmental aspects of its biological potential. Over 
the course of the past year, an integrated team of 
scientists, engineers, and managers has crafted a next 
decade plan for Mars that covers the period from 2010 
to 2020. This paper describes the current program for 

scribes the current program for exploring Mars from 
the perspective of its guiding philosophies, major 
events, and scientific strategy. It describes a roadmap 
to the next ~ 20 years of Mars exploration from the 
NASA viewpoint. The next decade options associated 
with the MEP will certainly evolve in response to dis-
coveries, successes, and potentially to setbacks as well. 
However, the design of the newly restructured strategy 
is attentive to risks and a major attempt to instill resil-
iency in the program has been adopted. Mars beckons 
and the next decade of exploration should provide the 
impetus for a follow-on decade in which multiple sam-
ple returns and other major program decisions, includ-
ing human expeditions, are executed. Ultimately the 
vision to consider the first human expeditions to the 
Red Planet must be enabled. By the end of the first 
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decade of this program (2009), we may know where 
and how to look for the elusive clues associated with 
Martian biology, if any was ever established. 
 
    With the Viking missions of the mid-1970’s, the 
most intensive and comprehensive robotic expeditions 
to any Deep Space location in the history of humanity 
were achieved, with scientifically stunning results. 
Much has been written about what the Viking landers 
and their in situ biology experiments did not discover, 
but more should be recognized of the monumental leg-
acy of information Viking provided about Mars. Al-
though evidence of biological potential was not 
achieved, the Vikings developed both global and local 
“foundation datasets” describing the surface geomor-
phology, atmosphere, and basic state variables by vir-
tue of their multi-year presence in the martian “sys-
tem”.   

 
    Mars Exploration 1996 to 2010:    Begun in 1996, 
the Mars Surveyor Program (MSP) included missions 
to the Red Planet every opportunity and ultimately in-
cluded both orbiters and landers at a highly cost-
constrained pace. The addition of the Mars Pathfinder 
(MPF) to the line of missions to Mars in the middle-to-
late 1990’s began the revitalization of martian explora-
tion after the 20-year hiatus following Viking. Just be-
fore the launches of both the Mars Global Surveyor 
(MGS) and MPF in Fall of 1996, the discovery of 
nano-scale Carbon-related  features within a meteorite 
that was likely delivered from Mars to Earth (i.e., ALH 
84001) re-energized the international Mars community. 

 
    The Mars Pathfinder (MPF) successfully demon-
strated surface mobility on Mars as well as a novel and 
robust “entry-descent-landing” delivery system involv-
ing airbags to facilitate surface access. The Mars Path-
finder and its rover “Sojourner” opened the door to 
tele-robotic scientific exploration of Mars. Beginning 
in 1997, the Mars Global Surveyor (MGS) orbiter 
dramatically altered the scientific framework for under-
standing the planet. It is undeniable that MGS has re-
written the textbooks about Mars by discovering its 
relict magnetic field, quantifying its landscapes in 3D 
at geodetic precision, measuring its crustal structure 
(via combined gravity field and topography analysis), 
cataloguing its most compelling landforms including 
potentially water-formed gullies, and mapping the min-
eralogy of its surface on a global basis.   
 
    Following the successes of Mars Global Surveyor, 
the Mars Exploration Program (MEP) integrates the 
science “push” provided by MGS and the “Mars Rock” 
(ALH84001) with the technology “pull” required to 
implement advanced missions designed to address 

whether Mars has ever harbored life. In conceiving the 
new program, several guiding philosophies have been 
imposed. First, the program is to be science-driven, 
attacking key questions in a directed approach, with 
attention to both resiliency and responsiveness. Sec-
ond, the program is technology-enabled, building new 
technological capabilities as it pursues its science ob-
jectives in a step-wise, incremental fashion, rather than 
attempting to integrate several new technologies in a 
single step, as in previous architectures.    
 
    The present Mars Exploration Program is all about 
reconnaissance of Mars from an ever-changing array of 
vantage points, beginning with global and then targeted 
remote sensing from orbit, and continuing with surface-
based reconnaissance involving in situ sensors and 
experiments. By continuously refining our ability to 
measure, predict, and ultimately understand Mars, we 
can hone a vast array of scientifically interesting sur-
face localities to a manageable few. Then, intensive 
surface-based reconnaissance and “near sensing” can 
be used to set the stage for the campaign of sample 
returns that we will ultimately require to address ques-
tions requiring the finest measurement techniques 
available in Earth laboratories.   
 
  
    Exploration continues with the measurements being 
made by the Mars Odyssey mission, whose job it is to 
extend the legacy of MGS by exploring the elemental 
chemistry of the entire martian surface layer (~ upper 
meter), while searching for mineralogic indicators of 
water-processed materials at scales as small as the area 
explored by the Sojourner rover in 1997 (< 100m). 
Odyssey also serves as a part of the telecommunica-
tions infrastructure for Mars, by operating as a relay 
satellite for the data from the Mars Exploration Rovers 
(MERs). Landing on Mars early in 2004, the MERs 
will explore regions up to one hundred times larger in 
areal scale than that accomplished by the Mars Path-
finder, with an optimized set of geological sensors 
tuned to the rocks and soils we know to exist at the 
martian surface. These instruments can tell us about 
past climates, and ultimately whether water factored 
into the history of any of the near surface materials 
where they are landed. In addition, the MERs will pro-
vide ground truth for the remote sensing observations 
acquired by the MGS and Odyssey reconnaissance 
orbiters, as well as future orbiters such as the  2005 
Mars Reconnaissance Orbiter (MRO). MRO will carry 
a very high resolution imaging system capable of re-
solving features smaller than 1 m from orbit. A visible 
through near IR imaging spectrometer is carried that 
seeks to find, spectroscopically, evidence of persistent 
past liquid water on the surface. MRO will tell us 
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where we must go with future landed missions, starting 
in 2010.  In 2010, we expect to land a mobile science 
laboratory at one of the most compelling places we 
identify from earlier missions. The 2009 Mars Science 
Laboratory (MSL) conduct the most definitive in situ 
scientific experiments the science community is able to 
muster, with a concerted effort to search for the so-
called “missing Carbon” and other elemental, isotopic, 
and molecular building blocks of life.   
 
    In order to maximize responsiveness to scientific 
discoveries a fully competed, cost-constrained mission 
will also be implemented in the 2007 launch opportu-
nity. This “Mars Scout Mission” (MSM) will be the 
first of what we expect to be scientifically focused mis-
sions led by Principal Investigators and complementary 
to the “core” MEP missions. Mars Scouts could give us 
the ability to pursue riskier science investigations. Four 
finalists in the first MSM competition are currently 
engaged in intensive studies in preparation for final 
mission selection in the August 2003 time frame.   

 
    Plans for Mars Exploration 2010 to 2020:  The 
strategic plan for the next decade of exploration was 
developed in 2002 through a close collaboration of 
members of the Mars science community together with 
advanced mission planners, technologists, and Mars 
Exploration Program office. NASA specifically char-
tered a working group, the Mars Science Program Syn-
thesis Group (MSPSG), with synthesizing a broad 
range of planning guidance formulated in the recent 
past by the broad science and engineering communi-
ties, including explicit priorities for investigations cre-
ated by the Mars Exploration Program Analysis Group 
(MEPAG). Science priorities were coupled with stud-
ies of the technical and fiscal feasibility of the missions 
to Mars that would be needed to conduct the required 
measurements. It is NASA’s intent that the 2010 to 
2020 decade stand on the shoulders of the science in-
vestigations accomplished in the current decade. It 
recognizes that the remaining missions in this decade -- 
MER A and B, MRO, Mars Scout and MSL – will 
form the base of knowledge that comprises future ex-
ploration of Mars. 

 
    Recent missions, outlined above, have yielded a 
wealth of information, much of which indicates that 
Mars probably did not follow the path of climate evo-
lution described in even very recent models of the 
planet. Beginning with the Mariner ’71 mission, we 
have seen demonstrated repeatedly that steps of explo-
ration cannot be planned with great certainty. So it is 
with steps to be taken beyond 2010. Recognizing this 
reality of exploration, NASA’s MSPSG formulated a 
strategy for step-wise investigation that contains not 

just one but multiple, alternative lines of future investi-
gation. This approach, embraced by the group, replaces 
the fixed sequence of missions of earlier plans for 
studying Mars. The new strategy forecasts potential 
outcomes of early missions in order to predict the char-
acter of downstream missions. In effect, a sequence of 
decisions is envisioned, timed to coincide with the 
plausible acquisition of new knowledge that determines 
the scientific focus of future missions. This process 
moves the Mars Exploration Program closer to hy-
pothesis-based research. Because space exploration 
depends upon spacecraft developed over periods of 3 
to 5 years or longer, decisions on future directions of 
study necessarily impact investments in advanced tech-
nology. MSPSG describes the integration of scientific 
investigations and technology and mission develop-
ments as Pathways of exploration. 

 
    The principles driving the next decade of explora-
tion are: MEP will be scientifically balanced to the 
maximum extent feasible within resource constraints; 
and the overarching objectives for MEP are: Life, Cli-
mate, Geology, and Preparation for Human Explora-
tion. First among these objectives of nearly equal prior-
ity is Life. MSPSG defined four Pathways of explora-
tion that it perceives as likely to encompass the range 
of potential avenues of research for 2010 to 2020. The 
Pathways are: Search for Evidence of Past Life; Ex-
plore the Evolution of Mars; Search for Present Life; 
and Explore Hydrothermal Habitats. Each Pathway 
includes a sequence of investigations implemented 
through remote and/or in situ measurements. NASA 
selects instruments competitively.  Human expeditions 
could logically follow the missions in each of these 
four pathways, depending on what is learned and pro-
grammatic resources.   
 
    The 2009 landed mission, Mars Science Laboratory 
(MSL), occupies a unique position in future Mars ex-
ploration because it both concludes the currently 
planned missions and it initiates the Pathways of the 
next decade. As such, the MSPSG argued very strongly 
that MSL would be most beneficial to the next decade 
investigations if it were designed so that it can respond 
to knowledge gained from the investigations of the 
Mars Exploration Rovers (2003) and the Mars Recon-
naissance Orbiter (2005). 

 
    Mars sample return (MSR) continues to rank in the 
category given highest priority by the science commu-
nity. Because of the intrinsic limitations on scientific 
instruments that can be flown on spacecraft, some of 
the most critical measurements required for all Path-
ways ultimately depend on measurements made on 
returned samples in laboratories on Earth. However, it 
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has been evident to the science community for some 
time that resource constraints and a paucity of flight-
proven hardware for MSR argue strongly in favor of a 
mission of greatly reduced scope when compared with 
existing concepts for sample return. A new concept, the 
Ground Breaking MSR, which foregoes the rover-
based sample collection scheme, was judged by 
MEPAG to be a necessary compromise between sci-
ence and budget. Such a descoped mission could obtain 
Martian samples early in the next decade. The Ground 
Breaking MSR concept consists of a simple lander 
whose only tools is an extendable arm with very simple 
sampling devices. . The absence of mobility is accept-
able because the mission would visit a site that has 
been previously characterized as exceptionally interest-
ing by earlier Pathway landed or orbital missions. It is 
important to note that success of a Ground Breaking 
MSR would not diminish the critical scientific need for 
a future MSR with Rover to gain access to diverse 
samples and water-lain deposits. 

 
    Whatever we may learn, the ongoing Mars Explora-
tion Program will assuredly offer scientific and educa-
tional opportunities for an expanding community of 
interested people, and grow a new generation of Mars 
experts, from school children to leading scientists, en-
gineers, and managers. Our aim has been and will re-
main to maximize inclusiveness and participation and 
the MEP as it is presently unfolding is delivering on 
this promise. 
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CRATERS ON MARS: GLOBAL GEOMETRIC PROPERTIES FROM GRIDDED MOLA
TOPOGRAPHY.  J. B. Garvin1, S. E. H. Sakimoto2, and J. J. Frawley3, 1 NASA Headquarters Office of Space Sci-
ence, Code SE 300 E. Street SW Washington DC  20546, jgarvin@hq.nasa.gov, 2GEST at the Geodynamics Branch,
Code 921, NASA Goddard Space Flight Center, Greenbelt, MD 20771, sakimoto@geodynamics.gsfc.nasa.gov,
3Herring Bay Geophysics at NASA Goddard Space Flight Center, Greenbelt, MD 20771.

Introduction: Impact craters serve as natural
probes of the target properties of planetary crusts and
the tremendous diversity of morphological expressions
of such features on Mars attests to their importance for
deciphering the history of crustal assembly, modifica-
tion, and erosion.  This paper summarizes the key
findings associated with a five year long survey of the
three-dimensional properties of ~ 6000 martian impact
craters using finely gridded MOLA topography.  Pre-
vious efforts [Garvin et al. 2000, Garvin et al., 1998]
have treated representative subpopulations, but this
effort treats global properties from the largest survey
of impact features from the perspective of their topog-
raphy ever assimilated.

With the Viking missions of the mid-1970’s, the
most intensive and comprehensive robotic expeditions
to any Deep Space location in the history of humanity
were achieved, with scientifically stunning results as-
sociated with the morphology of impact craters. The
relationships illustrated in Tables 1 and 2 suggest that

martian impact features are remarkably sensitive to
target properties and to the local depositional proc-
esses.

Basic Geometric Properties: Martian craters have
been studied previously from the standpoint of mor-
phology with simple, yet rigorous treatment of crater
aspect ratios, cast as crater depth d versus crater di-
ameter D (d/D).  We have previously described the
rigorous set of geometric properties (i.e., Garvin et al.
2000) that we have semi-autonomously measured from
MOLA topographic grids with horizontal resolution in
the 0.1 to 1 km range, depending on latitude.  First we
treat an example to illustrate our approach.

Simple craters: Figure 1 shows an example of a
fresh simple mid-latitude crater in Elysium Planitia
midway between Elysium Mons and Isidis Basin
within the southernmost reach of the grooved member
(Hvg) of the Vastitas Borealis Formation. The crater is
small enough and near enough the equator that the
MOLA gridded data is inadequate for detailed obser-

Table 1. Diameter Dependent Impact Crater Parameters and Relationships
Parameter Simple cra-

ter relation-
ship

Complex
crater rela-

tionship

Large crater
relationship

Comments

depth d d=0.21D0.81 d=0.36D0.49 Fit to profile data for simple craters, DEM data for
complex and large craters.

Rim height H h=0.04D0.31 h=0.02D0.84 h=0.12D0.35 Complex 7-100 km, large >100km. Used DEM
and Profile data.

Central Peak
Height

hcp — hcp=0.04D0.51 — Not done for large or simple craters. Complex
range 7-100 km.
Used DEM and Profile data.

Central Peak
Diameter

Dcp — Dcp=0.25D1.05 — Not done for large or simple craters. Complex
range 7-Used DEM and Profile data.100 km.

Cavity Shape z z=0.204x1.76 z=0.008x2.65 — These are for profile data, for the function z=kxn

as discussed in the text. Preliminary simple crater
DEM data fit: z=0.21x1.68, and complex crater
DEM data fit z=0.014x2.34

Cavity shape
fit coefficient

k k=0.76D-1.17 k=5.62D-2.51 — z=kxn,  for profile data “good” fits

Cavity shape
fit exponent

n n=1.04D0.366 n=1.62x0.14 — z=kxn,  for profile data “good” fits. For
“good+fair” (includes central peak and polar filled
craters) and “good+fair+poor” fits, the simple
crater relationship does not significantly change,
while the complex fit changes to n=1.88x0.10 and
n=2.10x0.07, respectively.

Inner Cavity
Wall Slope

s s=28.40D-
0.18

s=23.82D-0.28 — Complex craters 7-100 km. Simple fit to profile
data. Complex fit is to DEM data. Note offset of
fits at transition.
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vations, and the topographic parameters are primarily
derived from MOLA profile data. In the Viking Orbiter
image shown, the rim is clearly well-defined, and the
ejecta show a modest rampart suggesting a single
layer, as is also apparent in the MOLA profile data.
This crater displays a cavity shape midway between
parabolic and conical. In terms of cavity shape, k=0.31
and n=1.35 for this crater. At 1385 m deep for its 6.2
km diameter, the depth/diameter ratio (d/D) for this

feature is 0.2234, which is around 400 m deeper than
that predicted by the global data (Table 1). This can be
interpreted as either the crater being younger (and less
filled) that the majority of the population used to de-
rive the global fits, or perhaps as an indication that the
target materials were conducive to enhanced excava-
tion during crater formation. In general, we have found
that the Vastitas Borealis Formation, which is included
in unit 4 of our geologic unit analysis (above), has

Table 2. Geologic Unit for MOLA Gridded Data
Unit # Simplified unit description Simple Craters, all

DEM data
Simple Craters, top 25%

DEM data
1 Amazonian Surficial and Fluvial materials, Valles Marin-

eris Floor materials, Polar Deposits, Medusae Fossae
Formation, and Hesperian Fluvial Materials

d = 0.001 D 3.97    (44) d = 0.17 D 0.79     (8)

2 Amazonian Volcanic Plains d = 0.156 D 0.74    (46) d = 0.23 D 0.74    (8)
3 Amazonian Volcanic Assemblages d = 0.165 D 0.73    (88) d = 0.35 D 0.46    (16)
4 Hesperian Northern Plains and Dorsa Argentea Formation d = 0.282 D -0.11    (85) d = 0.01 D 2.62    (13)
5 Hesperian Volcanic Assemblages d = 0.074 D 1.08    (110) d = 0.21 D 0.68    (17)
6 Hesperian Plateau Sequence, Highly Deformed Materials,

Amazonian and Hesperian Hellas Assemblage
d = 0.189 D 0.58    (122) d = 0.18 D 0.78    (21)

7 Noachian Plateau Sequence d = 0.168 D 0.56    (170) d = 0.21 D 0.69    (28)
8 Noachian Highly Deformed Materials d = 0.367 D 0.1    (81) d = 0.23 D 0.61    (16)
9 Craters d = 0.18 D 0.51     (104) d = 0.24 D 0.63    (18)

Global
weighted

Fits to global DEM data for simple and complex craters
weighted by measured number of craters per unit.

d = 0.18 D 0.71    (850) d = 0.21 D 0.84    (145)

Global Fits to global profile (simple craters) and DEM (complex
and large craters) data.

d = 0.21D0.8    (2263) d = 0.21 D 0.81    (469)

Units and Descriptions summarized from Scott and Tanaka, [1986], Greeley and Guest, [1987], and Tanaka and Scott, [1987]. ([4-6] The
number in parens following each fit indicates the approximate number of craters the fit is based upon.
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Figure 1.  Fresh midlatitude simple crater 6.6 km in diameter in Elysium Planitia in the Vastitas Borealis Formation. On the
left, Viking Orbiter image 538A20 at 152 m/pixel, with MOLA pass 13745 (orbit 13749) registered to the image and shown
in yellow with  V.E. =10. The pass location is shown in red on the image, and the elevation scale is indicated in meters per-
pendicular to the pass location trace. On the right is a crossover corrected MOLA grid at 256 pixels per degree latitude and
128 pixels per degree longitude.  The MOLA topography scale is inset into the bottom of the grid, and the pass coverage is
inset into the top right of the grid. While coverage does not fully resolve the circularity of the rim, the ejecta rampart (indi-
cated by black arrows) is partially resolved. (Diameter: 6.2 km, depth = 1385m; Rim height 261m, d/D=0.2234, cavity vol-
ume=17.2 km, cavity shape = k=0.31, n=1.35, rampart heights measured as 15 and 30 m (N and south, respectively)
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slightly shallower craters than the global average for
craters less than about 50 km in diameter (see Table
2), so in this case target property effects could perhaps
be explained by weak, easily excavated materials. In-
deed, as Table 2 suggests, surficial units likely to rep-
resent less well consolidated materials are relatively
less deep at higher energies (i.e., crater diameters) than
their competent unit counterparts.  Simple Amazonian
craters such as that illustrated in Figure 2 (i.e., within
Amazonis Planitia), are reminiscent of lunar craters
such as Linne, and display conical cavity geometries
with steep inner cavity walls slopes (i.e., up to 16-20
degrees).  Such craters are relatively rare on Mars in
the broad survey of simple craters we have conducted
with MOLA topographic data (profiles and grids
where possible).  We have begun interpolating MOC
2-5 m imaging data atop 100-500m scale MOLA to-
pographic grids to provide more quantitative insights
into the behavior of fresh simple craters on Mars, es-
pecially across “softer” units such as #4 above.

Conclusions: The wealth of new Martian topog-
raphic data allow study of martian craters at a level of
detail and rigor unprecedented in planetary sciences.
The global database of thousands of topographically
characterized craters generated is revealing aspects of
crater topography and target properties that may affect
areas of Mars research from surface ages and proper-
ties to the mechanics of cratering. This progress report
only highlights a few of the observations and correla-
tions we have developed for our dataset.

References:.
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logic Map of the eastern equatorial region of Mars,
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Figure 2. a simple crater with MOLA topography
and MOC image coverage.
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CO2 HYDRATE FORMATION KINETICS AT MARTIAN CONDITIONS. G. 
Genov1 and W. F. Kuhs1, 1GZG Abt. Kristallographie, Georg-August-Universität Göttingen, 
Goldschmidtstr. 1, 37077 Göttingen, Germany (ggenov@gwdg.de; wf.kuhs@geo.uni-goettingen.de) 
 
 
Introduction: In the early seventies, the possible 

existence of CO2 hydrates on Mars was proposed 
[e.g. 1]. Recent investigations show that clathrates 
could exist in a large volume of the Martian regolith 
at all latitudes, for all the present mean annual 
surface temperatures [2]. Unfortunately, there is 
limited information about their physical properties 
and the physical chemistry of the formation and 
decomposition kinetics at Martian conditions. This 
paper comes to shed more light on those processes, 
presenting our results from the experiments on 
formation kinetics and micro-structural observations. 

Table 1 
 H2O CO2 Hydrate 

V ↔ S ± 51.4 ± 28.13 --- 
L ↔ S ± 6.04 --- --- 

H↔S+G --- --- ± 24.53§§ 
H↔L+G --- --- ± 68.7§§§ 

 
Results and discussion: 
Neutron diffraction: Guided by the relevance of 

clathrate hydrate formation from water ice for Mars, 
a series of kinetic in-situ neutron diffraction 
experiments for CO2 hydrate formation at 263 K, 253 
K and 230 K were performed (Fig. 1).  

                                                

As a starting 
material, D2O ice Ih spherical grains with a specific 
surface area of 750 cm2/g were used. The large and 

well-defined surface turned out to be essential for a 
quantitative analysis. Moreover, Staykova et al. [20] 
showed that there was no significant difference 
between the activation energies for CH4 hydrate 
formation from D2O and H2O ice.  The goal of these 
three runs was to obtain a first idea about the time 
scale of the reactions at those conditions. For the 
analysis we use a multistage model [16, 17] for the 
hydrate formation to find the activation energy of the 
process. Using this activation energy and putting it 

Possible importance of CO2 hydrates: 
Polar caps: The Martian polar caps are believed 

to consist of water ice, solid CO2, CO2 clathrate and 
dust in unknown proportions, probably different for 
both caps. CO2 clathrate is the strongest of the three 
ices possibly affecting the rheologic properties [3-6] 
as suggested for the polar ice layers on the north [7] 
and the south polar caps [8]. Moreover, the higher the 
CO2 hydrate quantity in the cap, the longer the period 
needed for establishing a steady-state geothermal 
gradient in the inner parts of the caps, which would 
affect the process of their basal melting [4, 5]. This 
follows from the fact that the hydrates are 
approximately 5 times better thermal insulators than 
the ice.  

Terra formation: Some authors [e.g. 9-12] 
suggest a fast CO2 hydrate decomposition, driven by 
some catastrophic events (such as meteorite impacts§ 
or volcanic eruptions) to be the reason for the 
formation of the chaotic terrains and outflow 
channels, pancake-dome structures and northern plain 
deposits. They usually assume the existence of some 
layered or mixed underground deposits of ice + CO2 
hydrate. 

Fig. 1 A comparison between the reaction rates in the
three runs. The reaction at 253 K at some stage exceeds
the one at 263 K because of the higher excess fugacity
in the first case. 

Climatology: In Table 1 are represented the 
values of the specific latent heat [kJ/mol] of different 
phase transition processes between liquid (L), vapor 
(V) and solid (S), which can occur on Mars (H for 
hydrate). It is obvious that sublimation-condensation 
cycles can transport large amounts of heat involving 
pure water and CO2 ice as well as CO2 hydrate. 
However, if CO2 hydrates are present on Mars in 
large quantities the extended stability regions for CO2 
in condensed form would alter the geographic 
localities of heat redistribution.  

§§ Represents the latent heat of hydrate formation / 
decomposition from / to ice + gas (After [14])                                                  

§ Such an impact can create a local overheating of 
more than 1600 K [13] 

§§§ Represents the latent heat of hydrate formation / 
decomposition from / to liquid + gas (After [15]) 
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into the previously mentioned model, we extrapolate 
the parameters of the reaction at Martian conditions. 
The model divides the formation process into three 
stages: I stage: ice surface coverage with a hydrate 
film; II stage – reaction limited: depends on the gas 
and water redistribution across the phase boundaries 
and III stage: affected or fully controlled by the 
water and gas mass transport through the hydrate 
layers, respectively from and to the inner parts of the 
original ice grains. 

Gas consumption: A series of in-house formation 
kinetic experiments at low temperature were 
performed to complement the neutron diffraction 
experiments. The results were obtained via 

calculation of the gas consumption during the 
formation process. Here are presented two runs at 
203 K and 193 K (Fig. 2). 

Results of the kinetic experiments: Applying the 
model of Salamatin & Kuhs for the second stage of 
the reaction, values for the rate coefficients for the 
different reactions were obtained (Fig. 3). Initially, 
we assumed that the activation energy obeyed the 
Arrhenius equation: 

k = A.exp(-Ea/RT) 
If this assumption was correct, all the points from 
Fig. 3 would lay on the same line. A huge bias, of the 
two points at 272 K and 263 K, from the linear fit is 
observed. This can be explained with the fact that a 
quasi-liquid layer (QLL) with a significant thickness 
appears on the ice surface at temperatures, close to 
the melting point. The thickness of the layer 
decreases with the temperature and at –20oC (253 K) 
becomes negligible [18]. The existence of such a 
QLL will lead effectively to hydrate formation from 
“liquid” and gaseous substances. This certainly can 
change dramatically the energy balance (see Table 1) 
of the reactions occurring in this temperature interval 
causing the observed bias. The other points, from 193 
K to 253 K are perfectly described by a linear 

function. From the slope of this fit, the value of the 
activation energy was obtained to be Ea = 15.1 
kJ/mol (3.8 kcal/mol). A model prediction about the 
hydrate development at 150 K and 6 mbar pressure, 
based on this activation energy, was made (Fig. 4). 
The simulation was performed for a period of 
approximately one month. Two regions can be 
distinguished: a steep one, corresponding to the first 
stage of the reaction and a linear one, corresponding 

to the second stage. The second stage seems to be 
reached after about 400 hours and at that moment, the 
hydrate content will be around 8 % of the available 
ice. At this point one can start to think that the 
amount of hydrate, if exists at all, will be negligible. 
But this would be true if we had a steady-state ice 
polar cap (which is not the common opinion), 
suddenly exposed to the influence of the CO2 
atmosphere. In fact, water frost is continuously 
deposited on the cap, which provides new surface for 
hydrate formation. If the rate of deposition of the ice 
is comparable to the hydrate formation rate for the 
first stage of the reaction, then this may lead to the 
limiting case of a complete transformation of the ice 
into hydrate. This could have been the case in some 
periods of the Martian history, which may have 

Fig. 3 Plot of the model results for the reaction rate
coefficients vs. the temperature, for the second stage of
the formation.

Fig. 2 A comparison between the reaction rates in the
runs at 203 K and 193 K. 

Fig. 4 A model prediction for the reaction development 
at Mars surface conditions.
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caused the formation of layers, consisting basically of 
hydrate. 

Field Emission Scanning Electron Microscopic 
(FE-SEM) observations: The microstructure of the 
hydrates could affect their physical properties. 
Moreover, some time ago it was reported that gas 

hydrates formed from ice frequently have a porous 
sub-micron structure [19]. A large number of FE-
SEM pictures of the prepared samples was taken. The 
porous structure was confirmed and further analyzed. 
It can be described as solid and partially open foam. 
An attempt for quantitative description was made 
(See Fig. 5) and a lognormal distribution of the 
bubble diameters was obtained (Fig. 6). 

The foam-like structure can add to the large 
difference between the hydrate and ice thermal 
conductivities and, furthermore, it can certainly affect 
the clathrate decomposition kinetics. Staykova et al. 
[20] confirmed that from ice and gas usually porous 

hydrates are formed, while there is some evidence 
that dense (non-porous) hydrates are formed from a 
co-condensation of water vapor and gas. The porous 
nature of CO2 hydrates will certainly influence the 
remote detection of clathrates because of the different 
reflectivity. 
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SOUTH CIRCUMPOLAR ICE SHEET ON MARS: REGIONAL DRAINAGE OF MELTWATER
BENEATH THE HESPERIAN-AGED DORSA ARGENTEA FORMATION. Gil J. Ghatan, and James W.
Head, Department of Geological. Sciences, Brown University, Providence, RI 02912, USA, Gil_Ghatan@Brown.

Introduction and Background:
The south polar region of Mars is currently the site of an

expansive ice cap, covering an area of approximately 1.42 x
106 km2, and composed of two mapped units: Api, a residual,
high albedo unit; and Apl, a lower albedo unit that underlies
Api, and in places displays bright and dark layering [1]. Age
constraints on the present polar cap obtained from crater reten-
tion have attributed a surface age for the deposits to the up-
permost Amazonian [1, 2].

Surrounding the present polar cap, are a series of deposits,
which together compose the Dorsa Argentea Formation.
Originally mapped as two units (an upper and lower member)
[1], the DAF is asymmetrically distributed about the current
polar deposits, forming two main lobes, one centered about
0W longitude and one about 70W longitude (Figure 1), cover-
ing an area of 1.52 x 106 km2. The DAF is thought to likely
underlie the current polar cap, which would make the unit a
circumpolar deposit, with a total area of 2.94 x 106 km2 [3].
Crater counts have attributed a Hesperian age to the DAF [1,
4].

Three different scenarios have been proposed to explain
the nature and origin of DAF and associated features:

1) In 1987, Tanaka and Scott [1] proposed that the units
they mapped as the DAF likely formed from lava flows. They
based this hypothesis on the smooth texture of the deposits,
and the lobate fronts of some of the unit margins. In a search
for a source vent they identified a possible shield structure
located 50 km south of Cavi Sisyphi.

2) In 2001, Tanaka and Kolb [4] used MOLA and MOC
data and proposed a new origin, which is a variant of the vol-
canic model of Tanaka and Scott . Their new model proposes
the expulsion of fluidized, volatile-rich subsurface regolith
material, released to the surface via “instabilities” and “trig-
gering mechanisms”. Their model is largely based on the
theorized accumulation of expansive subsurface aquifers of
H2O and/or CO2 in the south polar region during the Noa-
chian. During the Hesperian, triggering mechanisms such as
impact induced marsquakes or intrusive magmatism, crack
these aquifers and release widespread, volatile-laden regolith
debris flow onto the surface to form the DAF deposits and
associated features.

3) In 2001, Head and Pratt [3] proposed a third and sepa-
rate scenario for the origin of the DAF. In their model, the
DAF represent the deposits from melting and retreat of a pre-
viously widespread circumpolar ice sheet. Evidence presented
by Head and Pratt to support the ice sheet hypothesis in-
cludes: i) sinuous ridges within the margins of the DAF inter-
preted to be the Martian equivalent of terrestrial esker systems,
ii) sinuous channels that lead away from the margins of both
the 0W and 70W lobes of the DAF and terminate in the Ar-
gyre Basin, interpreted as evidence for lateral transport of
significant volumes of meltwater away from the area, iii) a
smooth floored, low-lying, topographically enclosed valley
located at the margins of the DAF interpreted as evidence for
ponding of meltwater along the edges of the deposit, iv) pits
and cavi located within the DAF interpreted as evidence for
volatile loss and vertical degradation of the deposit, and v)
pedestal craters within the margins of the DAF which further
argue for vertical degradation and volatile-loss.

Additional work has been done since that of Head and
Pratt [3], which further supports the ice sheet hypothesis.
Ghatan and Head [5] performed a detailed investigation of a
series of massifs (Sisyphi Montes) located within the 0W-lobe
of the DAF and interpreted the mountains as subglacial volca-
noes that erupted into a thick Hesperian-aged ice sheet, possi-
bly resulting in local meltback. A study by Milkovich et al. [6]
provides evidence for extensive, lateral migration of meltwater
away from the eastern margins of the 0W-lobe, down into the
Prometheus basin. Ghatan et al. [7] have examined the Cavi
Angusti area of the 70W-lobe in detail, and have interpreted
the collection of irregularly shaped, steep-sided basins as hav-
ing formed from volatile loss due to a combination of heating
associated with intrusive and extrusive magmatic activity.
Extrusive magma/ice interaction within these basins is evi-
denced by the presence of centrally located edifices within
many of the basins, which are similar in morphology to terres-
trial subglacial volcanoes. Also, recent work by Dickson and
Head [8] has shown a significant similarity between a series of
pits and grooves located at the northern margin of the Cavi
Angusti area on the 70W-lobe and terrestrial kettle holes and
sapping channels, often found at the margins of retreating ice
sheets. Taken together, the host of features associated with the
DAF, strongly support the former presence of widespread
circumpolar ice sheet.

Here we will further test the ice sheet hypothesis by exam-
ining the relationship between two of the five external drain-
age channels with the DAF deposits. Specifically we will
examine the head regions of Channels 2 and 4 as enumerated
by Head and Pratt [3].

Description and Interpretation of the Channel Head Re-
gions:
Channel 4 (Doanus Valles):

Figure 2 shows a zoomed in view of the area where Chan-
nel 4 emerges. In this view the sinuosity of the channel can be
clearly seen, as can the manner in which the channel carves
out terrain around impact craters, and passes through the high
standing Noachian topography that abuts the 0W-lobe. Fol-
lowing the eastern-most portion of the channel into the DAF
several pits are observed that are carved into the local deposits
of the DAF.

The unit of the Dorsa Argentea Formation into which the
pits are carved composes the Sisyphi member (Hds) of the
Dorsa Argentea Formation as mapped by Tanaka and Kolb [4]
using MOLA data (green unit in Figure 1). The unit is wide-
spread throughout the poleward portions of the 0W-lobe, as
well as along the western margins of the 0W-lobe, and sits
topographically higher than all other members of the DAF as
mapped by Tanaka and Kolb except for the Cavi Member
(Cavi Angusti area) and the adjacent rugged member. Hds
weaves in and out among the Sisyphi Montes (candidate sub-
glacial volcanoes), and has lobate fronts, which were the pri-
mary basis for the volcanic origin as proposed by Tanaka and
Scott [1], and are a primary factor in the volatile-rich debris
flow model as proposed by Tanaka and Kolb  [4].

In places the lobate fronts of this unit parallel the margins
of nearby topographic highs, separated from the unit by sev-
eral tens of kilometers (Figure 3). This relationship is difficult
to explain by a flow-related origin, and is more consistent with
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a layer that has retreated from the direction of the wall. In the
context of the ice sheet hypothesis, this widespread unit repre-
sents the volatile-rich deposits of the previously widespread
circumpolar ice sheet [3, 5]. Following melting, retreat, and
thinning of the original ice sheet, this unit was emplaced.
Where the unit is absent within the margins of the DAF, melt-
ing, retreat, and thinning completely removed all remnants of
the ice sheet, and have left modified terrain (e.g. the topog-
raphically lower lying members of the DAF as mapped by
Tanaka and Kolb [4]) and unit Hpl3 as mapped by Tanaka and
Kolb (previously part of the DAF as mapped by Tanaka and
Scott [1]).

The pits near the head of Channel 4 are carved into this
volatile-rich unit. These pits appear on trend with the channel,
are generally elongated in the direction of the channel, and
some appear sinuous. The pits range from 10 to 30 km wide,
and have basal elevations that are coincident with that of the
channel. What is the relationship between these pits and
Channel 4? Could the pits represent the expression of the
channel within the DAF? We suggest that the pits formed via
surface collapse due to basal drainage of meltwater underneath
these portions of the DAF, ultimately draining into the Argyre
Basin along Channel 4. As meltwater drained along the base
of the DAF towards the edge of the deposit, partial collapse of
the overlying material could have occurred, thus creating the
observed pits. Alternatively, partial collapse of the deposit
could have occurred sometime after all meltwater drainage had
ceased.

Channel 2 (Surius Valles)
Figure 4 shows a zoomed in view of the area in and

around the head region of Channel 2. The area is dominated
by the basins of Cavi Sisyphi, which are irregularly shaped,
have steeply sloped walls (~11 degrees), are approximately
500 m deep, and vary in size from a few km up to around 100
km. These basins are carved into the same widespread mem-
ber of the DAF (Hds) into which the pits near Channel 4 are
carved. In the middle of the scene is shield structure with
heavily dissected flanks, which was proposed as a possible
source vent in the volcanic model for the DAF [1]. Figure 4
clearly shows the distribution of these basins as well as the
manner in which they loop down from the area of the 0W-
lobe, break around the area of high topography associated with
the shield in the middle of the scene, and transition into Chan-
nel 2. This general relationship between the Cavi Sisyphi
basins and the channel is similar to that observed among the
pits and Channel 4. We suggest that meltwater draining from
the area of the 0W-lobe traveled away from the area along the
base of DAF in the area occupied by the Cavi Sisyphi basins,
ultimately draining into the Argyre Basin along Channel 2,
and that the basins formed via surface collapse.

Within some of the basins of Cavi Sisyphi we observe iso-
lated sinuous ridges along the floors, which in places disap-
pear underneath the surrounding deposits of Hds (Figure 5).
These ridges parallel the trend that would be expected for
meltwater draining away from the 0W-lobe through the basins.
How do these sinuous ridges compare to the other sinuous
ridges within the DAF that have been interpreted as eskers
[3]? The elevation of the basin floors containing the sinuous
ridges is coincident with the elevation of the valley containing
the esker-like ridges. The ridges in the basins are similar in
dimension and morphology to the esker-like ridges, and dis-
play similar topographic profiles. In places the ridges on the
basin floors extend up local topographic gradients, consistent

with an esker scenario. Additionally, the ridges in the basins
are located beneath a unit thought to represent the deposits
from an ice sheet, also consistent with an esker origin. To-
gether these factors support the interpretation of the ridges
within the Cavi Sisyphi basins as eskers, which further support
an origin for the basins due to surface collapse via basal drain-
age of meltwater.

Summary and Conclusions:
Here we have attempted to further test the ice sheet hy-

pothesis for the DAF and associated features by examining the
relationship between the external drainage channels and the
margins of the DAF. Our investigations find that the head
regions of the drainage channels do not extend into the DAF.
This relationship rules out a scenario whereby the channels
postdate emplacement of the DAF. The presence of pits and
basins that appear to line up and transition into the channels
suggests that drainage with the DAF occurred along the areas
occupied by the pits and basins, and that when water reached
the margins of the deposit it carved out the external drainage
channels. The presence of basins as opposed to a continuous
internal channel argues that internal drainage occurred along
the base of the deposit. This scenario is further supported by
the presence of sinuous ridges within some of the basins that
are similar to other ridges within the deposit interpreted as
eskers.

This examination of the relationship between the external
drainage channels and the margins of the DAF where the
channels begin supports a scenario for the origin of the DAF
and related features associated with the emplacement, melting
and retreat of a previously widespread circumpolar ice sheet.
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Figure 1: Shaded relief image of the south polar region between 0 and 90W longitude. Blue line marks margins of the DAF as
mapped by [1]. Green unit marks location of Sisyphi member of DAF as mapped by [4]. Red areas mark the location of candi-
date subglacial volcanoes [5]. White lines show locations of the external drainage channels (dotted where faded or difficult to
distinguish and numbered according to [3]).  Black boxes show locations of figures 2, 3 and 4.

Figure 2: Detailed MOLA view of head region of Channel 4. Figure 3: Detailed view of margin of Sisyphi member of DAF.
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Figure 4: Detailed MOLA view of the head region of Channel 2. The distribution of the basins of Cavi Sisyphi is clearly seen, as
is the manner in which they loop down from the direction of the 0W-lobe of the DAF, break around the area of high topography
associated with the shield structure in the middle of the scene, and transition into Channel 2.

Figure 5: Zoomed in view of Cavi Sisyphi basins containing
sinuous ridges along their floors. The ridges can be seen to
disappear underneath the local deposits of the DAF (here
Hds).
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Introduction 

Thermal evolution models provide insights 
into a wide spectrum of questions related to the 
evolutionary history of Mars ranging from the 
processes of core, crust and mantle separation, to 
formation of the hemispherical dichotomy and 
the Tharsis region [1]. Accretion models of Mars 
[2] in the 1970’s based on the work on  [3] 
estimated a timescale of accretion of Mars 
between 100 – 1500 Myrs. Thus, early thermal 
evolution models of Mars [4] assumed cold post-
accretion initial temperatures. Dynamical 
modeling by [5] suggested significant heating by 
large impacts during accretion, leading thermal 
modelers (e.g. [2]) to construct models for an 
initially hot Mars. Most thermal models until 
now have retained the assumption of ~100 Myr 
accretion timescale, and consequently have 
considered heating only by long-lived 
radionuclides. Another category of models 
computed thermal histories of early Mars by 
taking into account the impact energy and/or the 
heat of core formation [5,6]. Theoretical support 
for rapid accretion was provided by recognition 
of "runaway growth," that allowed bodies in a 
planetesimal swarm to attain large sizes before 
velocities are stirred up, in a shorter interval of 
time than previously recognized [7,8].  Plausible 
swarm parameters allow runaway embryos to 
grow as large as Mars on a timescale ~1 Myr or 
a hundredth of the time thought by [3]. [9] 
suggested that Mars might be a surviving 
embryo produced by runaway growth.  The idea 
of faster accretion and differentiation is 
supported by a host of isotopic systems 
[10,11,12,13,14]. Hf-W systematics indicate that 
accretion, core segregation, and large-scale 
silicate melting on Mars was complete by ~10 
Myrs with respect to CAI formation.  A possible 
explanation for silicate depletion (relative to 
metal sulfide) and planetary density for Earth 
and Mars might be the lack of a protracted 
accretion stage (that produces giant impacts) for 
Mars [15]. The fast accretion of Mars in 
timeframes of ~1 Myr brings into play a 
significant role for 26Al in early thermal 
evolution, since the heat generated per unit mass 
per unit time by this radionuclide is greater than 

the combined heat produced by all other short- 
and long-lived radionuclides, for at least the first 
5 Myrs after CAI formation.  
Accretion and its effect on the thermal history 
of planetesimals 

[16,17] put forward the first thermal model 
that takes into account the heat budget during the 
accretion process. We showed that the nature of 
the accretion process profoundly affects thermal 
history for Asteroid 6 Hebe . In contrast to results 
from instantaneous accretion models (that 
assume the asteroid to be fully formed at the start 
of the simulation), [17] show that it is possible 
for an asteroid to reach its peak temperature 
during accretion. The times at which different 
depth zones within the asteroid attain peak 
metamorphic temperatures may increase from 
the center to the surface in certain cases, whereas 
in instantaneous models the opposite relation is 
observed. Instantaneous accretion models predict 
a dominance of type 6 material; in incremental 
models, the volume of high-grade material in the 
interior may be significantly lower. Depending 
upon the times at which accretion initiates and 
ends, the thermal history of Hebe is found to 
vary. The variation of thermal history with the 
nature of the process of accretion is observed 
since the timescale of accretion and the timescale 
of decay of the heat source are comparable. The 
thermal history of Mars, in contrast, to Hebe, 
would involve a host of  complexities including 
core formation, crust separation, mantle and core 
convection, impacts, etc.: Yet, the study of Hebe 
points to why it is necessary to evaluate the 
effect of early accretion on Mars. 

 
Present Approaches and the early thermal 
history of Mars 

 The classical Mars thermal models [1] 
start out with a differentiated planet with a 
mantle and a crust and an assumed initial 
temperature of 1500 – 2000 K: so such models 
give no information about the early thermal 
history, but instead try to address problems 
related to the long term cooling of the planet.  
Mantle convection is thought to shape the 
cooling history of planetary interiors. The 
simplest picture is a planet that cools 
monotonically with time. As discussed in detail 
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in [18], these scenarios make several 
assumptions, and have certain drawbacks. For 
example, it is assumed that convection heat flux 
is proportional to temperature, since mantle 
viscocity is proportional to temperature. 
Approximately, every 100 K increase in 
temperature doubles the heat flux. However, 
convection scaling laws do not explicitly account 
for melting. The deviation is greater and will be 
crucial factor when modeling the early thermal 
history of Mars. Also, this form of convection 
does not take into account any phase transitions, 
differentiation or compositional layering. The 
last two factors will be critical if Mars accreted 
early and 26Al was still live. Thus, 
differentiation at, say 2 Myrs., will produce a 
large difference in the heat generated per unit 
time per unit volume between the core and the 
mantle (because the core will not have any live 
26Al and the mantle will have considerable 26Al 
abundance.) 

 
Approaches 
We have approached the problem in two ways: 

Model A: We have modeled Mars using an 
incremental accretion thermal model with Stu 
Weidenschilling incorporating results from the 
multizone accretion code.  

Model B: We have also reevaluated [18] 
taking into account the effect  on 26Al in a 
scenario of early accretion of Mars. 

  
Methods: Model A 

   We use a finite element code to solve the 
heat transfer equation. The radius of Mars is 
assumed to increase according to the output of 
the multizone accretion code [19], taking into 
account the heat released by impacts. Half of the 
total energy generated by impact is assumed to 
uniformly dissipate in the accreted layer. We 
take into account the heat released by the decay 
of short-lived (26Al, 60Fe) as well as long-lived 
(U, K, Th) radionuclides. The planet is assumed 
to stay undifferentiated through the first 5 Myrs 
relative to CAI formation. 
 
Results: Model A 

    We constrain maximum temperatures 
produced in a model of incremental accretion as 
a function of time at which accretion initiates 
with respect to CAI formation (T[acc]) and the 
duration of the accretionary epoch (T[dur]). The 
minimum time required to accrete a Mars-size 
body at its orbital location is ~0.9 Myrs 

according to the multizone code [19]: this sets 
the lower limit for T[dur]. For values of T[acc] < 
2 Myrs, the maximum temperature is much 
higher than the melting point of silicates. 
Temperature profiles in each of these cases show 
that the entire planet will experience 
temperatures that produce complete melting. For 
values of T[acc]> 2 Myrs, maximum 
temperatures are greater than the melting 
temperature, but the temperature profiles 
indicate that though the upper mantle of the 
planet would melt completely, the central portion 
undergoes partial silicate 
melting/metamorphism. Impact energy deposited 
in the outer layers of the planet (from the surface 
to a depth of 1000 km) produces high 
temperatures in this region while the lower 
abundance of 26Al (for T[acc]>2 Myrs) prevents 
heating in the central portion. 

   Fig.-1 show post-accretionary temperature 
profiles for various accretionary scenarios to be 
significantly different from one another and from 
the assumption of constant interior temperature 
used in most thermal models of Mars. 

   
  
Figure-1: The planetary temperature profile after 

the end of accretion assuming that it accretes by 
runaway accretion in 1 Myrs (T[dur]=1 Myr). The 
time at which accretion initiates is taken as a variable 
and results of runs are shown for T[acc]=1, 1.5, 2 and 
3 Myrs. For T[acc] =0, i.e. if accretion of Mars starts 
at CAI formation, very high temperatures are 
produced that are beyond the scale of the plot 
(indicating that the planet would melt completely). 
Impact produces high temperatures nearer to the 
surface, whereas 26Al causes heating in the planetary 
interior. Thus, when T[acc] increases, the maximum 
temperature at the center is seen to decrease. For 
reference, we show a post accretion temperature of T= 
1800 K used in a thermal model that assumes an 
initially hot Mars. 
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Methods: Model B  
Accretion is assumed to initiate 2 Myrs after 

CAI formation [20]. Two model calculations are 
made to bracket upper and lower limits of 
accretion time: Mars is thus assumed to accrete 
in 1 and 10 Myrs., respectively. Accretion is 
assumed to be instantaneous. The simulation 
initiates after accretion is complete. Mars is 
assumed to be partitioned into a core and mantle 
with an initial temperature of 2000 K. Specific 
heat of the core and mantle are taken to be 
constant at 840 J/kg/K and 1200 J/kg/K, 
respectively. The heat flux from the mantle in a 
plate tectonics regime is approximated from 
[18,21]. The core is assumed to be isothermal. 
Heating is assumed to take place by short-lived 
(26Al, 60Fe) and long-lived (K, U, Th) 
radionuclides. The Al content of the crust was 
approximated from the composition of Martian 
dust as measured by Mars Pathfinder [22]. The 
Al content of the undifferentiated mantle after 
core formation and the bulk planet were 
approximated from geochemical models of [23]. 
Viscocity is assumed to be temperature 
dependent with a reference viscocity of 1020 K 
at 1573 K [18]. 
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Figure 2: The plots summarizes core and mantle 
temperatures as a function of time with respect to CAI 
formation with (a) and without (b) including the effect 
of 26Al, respectively . The first 100 Myrs are shown in 
order to highlight the effect of 26Al on the early 
evolution of Mars. A plate tectonic regime is assumed 
to have existed for the mantle: hence, heat loss from 
the mantle is quick. Time is shown in Myrs. and 
temperature in K. The accretion of Mars is assumed to 
be complete 3 Myrs after CAI formation. Note that the 
temperature of the mantle sharply increases at the 
early stages of the simulation due to preferential 
heating of the mantle by 26Al, in case of (a). At this 
time, the mantle is hotter than the underlying core, 
and the core is assumed to gain heat by conduction 
from the overlying mantle. In a scenario, where 26Al 
is not considered (b), the temperatures of the mantle 
and core decrease monotonically as was shown by 
[18]. 

 
Results: Model B 

The interior of early Mars is believed to have 
undergone uniform heating and has been the 
basis of uniform initial temperature assumptions 
in Mars thermal models. However, redistribution 
of radionuclides during differentiation may 
cause inhomogeneous heating of the crust and 
mantle particularly when 26Al is potent. Thus, 
26Al and 60Fe will be partitioned into the 
mantle and core, respectively after core 
formation, causing the mantle temperature to 
increase significantly compared to the 
underlying core. A plate tectonic regime 
(without 26Al) is thought to drive core 
convection as shown by [18]. However, in the 
case of a  hotter mantle overlying the core, core 
convection is unlikely to occur. A plate tectonic 
regime must first lose excess heat released by 
26Al decay, until the mantle is cooler than the 
core. At such time, core convection can initiate 
causing a magnetic field on Mars. Thus, the 
onset of a magnetic field and of the plate tectonic 
episode on Mars would not be simultaneous but 
staggered in time, in a scenario of fast accretion. 
If the duration of accretion of Mars is ~10 Myrs., 
plate tectonics does drive core convection from 
the outset as shown previously by [18]. 

 
Future Work 

The drawback of the model A is the 
assumption of an undifferentiated planet: in 
reality, Fe-FeS melting and silicate melting will 
probably initiate during the accretion process. 
Model A does account for the latent heats of 
melting, but not the physical segregation of the 
core and crust. On the other hand, Model B starts 
model with a fixed initial temperature and a 
planet differentiated into a core and a mantle. 
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Thus, the complexity of the accretion process is 
not taken into account. In future, we hope to 
work on an integrated model that calculates the 
heat budget during accretion and takes into 
account the differentiation process. 
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Beagle 2 is a 60 kg probe (with a 30 kg lander) developed in the United Kingdom for inclusion on the 
European Space Agency’s 2003 Mars Express.  Beagle 2 will deliver to the Martian surface a payload 
which consists of a high percentage of science instruments to landed spacecraft  mass.  Beagle 2 will be 
launched in June 2003  with Mars Express on a Soyuz-Fregat rocket from the Baikonur Cosmodrome in 
Kazakhstan.  Beagle 2 will land on Mars in December 2003 in Isidis Planitia (~11.5oN and 275oW), a 
large sedimentary basin that overlies the boundary between ancient highlands and northern plains.   Isidis 
Planitia, the third largest basin on Mars, which is possibly filled with sediment deposited at the bottom of 
long-standing lakes or seas, offers an ideal environment for preserving traces of life.  Beagle 2 is 
completed and undergoing integration with the Mars Express orbiter prior to launch. 
 
Beagle 2 was developed to search for organic material and other volatiles on and below the surface of 
Mars in addition to the study of the inorganic chemistry and mineralogy [1].  Beagle 2 will utilize a 
mechanical mole and grinder to obtain samples from below the surface, under rocks and inside rocks.  A 
pair of stereo cameras will image the landing site along with a microscope for examination of surface and 
rock samples.  Analyses will include both rock and soil samples at various wavelengths, X-ray 
spectrometer and Mossbauer spectrometer as well as a search for organics and other light element species 
(e.g. carbonates and water) and measurement of their isotopic compositions.  Beagle 2 has as its focus the 
goal of establishing whether evidence for life existed in the past on Mars or at least establishing if the 
conditions were ever suitable.  
 
A mechanical arm (PAW) is used for science operations along with sample acquisition.  Instruments 
attached to the PAW include: stereo cameras, Mossbauer and X-ray fluoresence instruments, micro-scope, 
environmental sensors, rock corer/grinder, a spoon, mirror, brushes, a Mole attachment for acquisition of 
subsurface to depths of 1 to 2 meters and an illumination device.  Each camera has 14 filters which have 
been optimized for mineralogy composition, dust and water vapor detection.  The microscope’s camera is 
designed for viewing the size (down to 4 microns) and shape of dust particles, rock surfaces, microfossils, 
and characteristics of the samples prior to introduction into the gas analysis package (GAP).  The camera 
features 4 color capability (red, green, blue and UV fluoresence), a depth of focus of 40 micrometers and 
translation stage of +3 millimeters. 
 
Beagle 2’s heart is the life detection package which is a gas analysis package (GAP) consisting of a mass 
spectrometer with collectors at fixed masses for precise isotopic ratio measurements and voltage scanning 
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for spectral analysis.  Primary aim of the GAP is to search for the presence of bulk constituents, 
individual species, and isotopic fractionations for both extinct and extent life along with studying the low-
temperature geochemistry of the hydrogen, carbon, nitrogen and oxygen components from both the 
surface and atmosphere. GAP is a magnetic sector mass spectrometer (mass range of 1 to 140 amu) which 
can be operated in both the static and dynamic modes.  A triple Faraday collector array will be used for C, 
N and O ratios along with a double Faraday array for H/D.  Pulse counting electron multiplier will be 
utilized for noble gases and selected organics.  Anticipated detection limits are at the picomole level for 
operation in the static mode of operation and high precision isotopic measurements will be made in the 
dynamic mode. Sample processing and preparation system consists of reaction vessels along with 
references.  Sample ovens capable of being heated are attached to the manifold for sample combustion.  
Surface, subsurface materials and interior rock specimens will be combusted in pure oxygen gas at 
various temperature intervals to release organic matter and volatiles.  Combustion process will permit 
detection of all forms and all atoms of carbon present in the samples.  A chemical processing system is 
capable of a variety of conversion reactions.  Gases are manipulated either by cryogenic or chemical 
reactions and passed through the gas handling portion of the vacuum system. There are two modes of 
operation:  quantitative analysis and precise isotopic measurements.   
 
Three main types of analysis will be carried out by the GAP: (1) search for organic matter, (2) stepped 
combustion for total light element content and speciation, and (3) atmospheric analysis.  Isotopic 
measurement of H/D, 13C/12C, 15N/14N and 18O/16O and search for possible biogenic methane within the 
Martian atmosphere will be made.  Estimates of the present methane concentration in the atmosphere is 
believed to be <100 ppb.  Lifetime of CH4 in Mars’ atmosphere is believed to be < 300 years and 
therefore no abiogenic methane is anticipated.  The GAP is capable of concentrating gases and the search 
for biogenic atmospheric methane will be made.  The mass spectrometer will operate in the static mode 
for the CH4 measurements after chemical reagents have concentrated the atmo-spheric gases.  Conversion 
to a measureable component will be made to ensure no false positive results will be obtained along with 
lowering the detection limits.  Should methane be detected within the Martian atmosphere its putative 
source would have to be biogenic (i.e. methanogenic bacteria).    
 
An environmental sensor system for surface temperatures, atmospheric pressures, wind speed and 
direction accompanies atmospheric sampling.  Radiation environment’s dose and rates will be 
characterized.  UV flux at the lander will be measured in a variety of wavelengths longer than 200nm, 
information relevant to understanding the survival of organics.  High sensitivity isotopic analysis of the 
carbon species present within the samples makes no assumptions about the bio-chemistry on Mars but 
provides clues to past life as inferred from the isotopic fractionations mea-sured directly on Mars. 
Planetary protection protocols have been followed for Beagle 2.  The lander has been designated as a 
Category IVA+ mission.  A microbial reduction plan is in place and all components have been sterilized. 
Additional cleaning procedures have been followed to reduce blanks associated with GAP operations. 

 
References:  [1] M.R. Sims et al. (1999), SPIE Conf. on Instruments, Methods and Missions for 
Astrobiology II, SPIE Vol. 3755, pp. 10-23.  [2] R. Carr et al. (1985) Nature 314, 248-250.  [3] I.P. 
Wright et al. (1989) Nature 340, 220-222.  [4] C.S. Romanek et al. (1994) Nature 372, 655-657.  [5]  D.S. 
McKay et al. (1996) Science 273, 924-930.  [6] K. Thomas-Keprta (2000) Geochimica et Cosmochimica 
Acta 64, 4049-4081.  [7] E.K.Gibson, Jr. et al. (2001) Precambrian Research 106, 15-34. 
 

Sixth International Conference on Mars (2003) 3005.pdf



Fine-grained Goethite as a Precursor for Martian Gray Hematite.  T. D. Glotch1, R. V. Morris2, T. G. Sharp1, 
P.R. Christensen1,  1Department of Geological Sciences, Arizona State University, Tempe, AZ 85287-6305, 
2SR/NASA Johnson Space Center, Houston, TX 77058 

 
 

     Introduction:  Several isolated deposits of gray, 
crystalline hematite on Mars were discovered using 
data returned from the Thermal Emission Spectrome-
ter (TES) instrument aboard the Mars Global Sur-
veyor spacecraft [1,2].   
     Christensen et al. [1] provided five testable hy-
potheses regarding the formation of crystalline hema-
tite on Mars:  1) low-temperature precipitation of Fe 
oxides/hydroxides from standing, oxygenated, Fe-rich 
water, followed by subsequent alteration to gray 
hematite, 2) low-temperature leaching of iron-bearing 
silicates and other materials leaving a Fe-rich residue 
(laterite-style weathering) which is subsequently al-
tered to gray hematite, 3) direct precipitation of gray 
hematite from Fe-rich circulating fluids of hy-
drothermal or other origin, 4) formation of gray 
hematitic surface coatings during weathering, and 5) 
thermal oxidation of magnetite-rich lavas. 
     Since this initial work, several authors have exam-
ined the hematite deposits to determine their forma-
tion mechanism.  Lane et al. [3] cited the absence of a 
390 cm-1 absorption in the martian hematite spectrum 
as evidence for platy hematite grains.  Their model 
for the formation of the deposits includes deposition 
of any of a variety of iron oxides or oxyhydroxides by 
aqueous or hydrothermal fluids, burial and metamor-
phosis to gray platy hematite grains, and exhumation 
in recent times.  Based on a detailed geomorphic ex-
amination of the Sinus Meridiani region, Hynek et al. 
[4] conclude that the most likely method of hematite 
formation was either emplacement by a hydrothermal 
fluid or oxidation of a magnetite-rich pyroclastic de-
posit.  Similarly, Arvidson et al., [5] favor a model 
involving the alteration of pyroclastic deposits by 
aqueous or hydrothermal fluids.  Finally, based on 
geochemical modeling and an examination of Aram 
Chaos, Catling and Moore [6] favor emplacement by 
hydrothermal fluids with a minimum temperature of 
100 ºC.   
     Comparison of the average martian hematite spec-
trum measured by TES to hematite emissivity spectra 
for a variety of naturally occurring hematites shows 
small but potentially important differences [3].  In 
particular, band shapes, positions and relative band 
emissivities of hematite spectra vary over the range of 
samples.  These differences imply that the natural 
variability of thermal infrared hematite spectra has 
not been fully characterized, especially with respect 
to the reaction pathway and crystal structure. 

      Objective:  This work attempts to distinguish 
between the various proposed models of hematite 
formation by examining the spectral response of a 
series of synthetic and natural hematite samples with 
regards to precursor mineralogy, temperature of for-
mation, and crystallinity.  It is proposed that the 
hematite formations in Sinus Meridiani, Aram Chaos, 
and Valles Marineris were derived by the low-
temperature dehydroxylation and compaction of fine-
grained goethite.  Goethite is a common mineral on 
Earth, forming in a variety of environments.  It occurs 
as a weathering product of iron-bearing minerals, 
such as might be found in the basaltic rocks in the 
hematite-bearing regions of Mars.  Goethite can also 
be directly precipitated (both inorganically and or-
ganically) in aqueous environments, and it is known 
to form gossan deposits on the surface of metallifer-
ous veins.  It is also proposed that the hematite does 
not occur as coarsely crystalline grains, but rather as a 
compressed, finely crystalline cement or coating.     
     The thermal infrared spectral characteristics of 
hematite samples derived by the dehydroxylation of 
goethite and the oxidation of magnetite are reported.  
In addition, the grain shape, size, and degree of post-
hematite formation crystal growth are characterized 
by transmission electron microscopy (TEM).  Finally, 
Mössbauer data are used to help characterize the cry-
tallinity and purity of the hematite samples.  Results 
are examined and used to explain TES spectra of 
martian crystalline hematite. 
     Procedure:  A series of fine-grained synthetic 
magnetite and goethite powders were used as hema-
tite precursors in this study.  In addition several natu-
ral hematite samples from various geologic settings 
were also examined.  The goethite and magnetite 
samples were heated to a temperatures between 300 
and 700 °C for 24 hours. They were then packed into 
small discs at 10,000 psi using a hydraulic press.  
This greatly increased the spectral contrast of the 
emissivity spectra of the samples, eliminating the 
poor spectral contrast problem commonly associated 
with fine-grained samples.  Fine-grained samples 
shown in this work were first heated as powders, and 
then pressed into high-density discs to prevent exces-
sive sintering.  Some hematite powders were also 
selected for TEM and Mössbauer analyses.  
     The three natural gray hematite samples used in 
this study were selected based on the wide variety of 
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their geologic settings and their inferred formational 
mechanisms.   
     The first hematite sample is a thick gray-black 
hematite coating collected near Swansea, AZ that 
covers a quartz-rich fault breccia.  A plausible 
method to form a coating of this nature would involve 
weathering  of iron-rich minerals and later diagenesis 
that turned the coating black.  Hydrothermal fluids 
have altered other rocks in the fault zone region, per-
haps indicating alteration of the original coating at 
elevated temperatures.  It is unlikely that the fluid 
directly deposited the coating because it is not of the 
coarse-grained variety commonly associated with 
deposition under hydrothermal conditions.   
     Two massive gray hematite samples were pro-
vided by Dr. Steven Reynolds.  One sample is from 
the Cerro de Mercado iron deposits, part of the Mer-
cado Iron Member of the Cacaria Formation near 
Durango, Mexico.  Like much of the hematite in these 
iron deposits, this sample was derived by the oxida-
tion of magnetite.  The original iron deposits were 
emplaced during a break in the two major eruptive 
cycles of the 30 Mya Chupaderos caldera.  The iron 
deposit was the result of an eruption of an iron 
magma which was also rich in fluorine, chlorine, car-
bon dioxide, and water.  Iron oxides were originally 
in the form of magnetite.  Later, large volumes of 
halogen-rich gases flowed through the iron deposits 
and oxidized the magnetite to hematite [7].   
     A second sample from the Olympic Dam ore in 
southern Australia was the result of emplacement by 
hydrothermal fluids [8,9].  The Olympic dam deposit 
is located in the mid-Proterozoic granite basement of 
South Australia.  It is composed of steeply dipping 
breccia columns and dikes formed by mechanical 
brecciation and hydrothermal metasomatism of the 
host granite.  Stable oxygen isotopes indicate that 
hematite was emplaced by fluids (δ18O<9‰) at tem-
peratures of 200-400 °C [8].       
     Results:   
     Infrared Analysis. There are some important dif-
ferences between the magnetite-derived hematite 
sample spectra and the average martian hematite 
spectrum.  Most noticeably, the shapes of the 300 cm-

1 absorption bands of the magnetite-derived hematite 
samples are broader than that seen in the martian 
hematite spectrum.  In addition the 445 cm-1 mini-
mum is rounded off compared to the average martian 
hematite spectrum.  Each magnetite-derived hematite 
spectrum also has an absorption near 390 cm-1 that is 
not present in the martian hematite spectrum.   
     By contrast, the positions and shapes of the fun-
damental absorption bands of the goethite-derived 
samples match well with those of the martian spec-
trum, although the fits become increasingly poor at 

higher dehydroxylation temperatures. The goethite-
derived hematites formed at 300 and 400 °C show no 
sign of an absorption at 390 cm-1.  As the goethite 
dehydroxylates to hematite at increasingly higer  tem-
peratures, the 390 cm-1 band appears and becomes 
more pronounced.  The closest match to the SM 
hematite spectrum is the goethite-derived hematite 
synthesized at 300°C.  Figure 1 shows a comparison 
of the martian hematite spectrum with both magnetite 
and goethite-derived hematite spectra as well as the 
natural hematite samples. 
     The Durango and Olympic Dam samples provide 
poor fits to the martian hematite spectrum but the 
Swansea sample is a close match. 
     The Durango hematite sample spectrum has major 
absorptions at 552, 460, and 312 cm-1 with a local 
emissivity minimum at 394 cm-1.  A striking feature 
of this spectrum is the depth of the 552 cm-1 absorp-
tion.  It has a much lower emissivity than the 460 cm-1 
absorption, to a degree not seen in any of the syn-
thetic hematite spectra.    
     The Olympic Dam hematite has absorption bands 
are located at 540, 477 and 296 cm-1.  The 477 cm-1 
band is unique in its shape, sloping continuously from 
477 to 434 cm-1, and the 296 cm-1 band is much thin-
ner than that of the martian hematite spectrum.  A 
prominent 390 cm-1 band is present. 
     By contrast, the Swansea hematite coating spec-
trum is more similar to the lower temperature (300 to 
400 °C) goethite-derived hematite spectra.  It has 
major absorptions at 545, 444, and 308 cm-1, with 
only a hint of a local emissivity minimum at 391 cm-1.   
     TEM Analysis.  Several synthetic samples were 
imaged at high resolution to asses whether the degree 
of crystallinity or crystal morphology could be re-
sponsible for the variations in the infrared spectra.  
The goethite precursor heated at 300 °C appears as 
nearly perfect pseudomorphs of acicular goethite 
crystals (Figure 2a).  The flat crystals have an average 
length of about 0.5 µm and an average width of about 
0.1 µm.  When heated to 700 °C, the goethite-
precursor hematite shows evidence of extensive re-
crystallization (Figure 2b).  Very small (< 0.1µm) 
extensively sintered crystallites dominate the field of 
view, with only a hint of the former goethite crystal 
morphology being present.  The magnetite-precursor 
sample heated to 700 °C appears as clumps of suban-
gular crystals which display some characteristics of 
the original octahedral magnetite. They range from 
about 0.3 to 0.5 µm in diameter.   Our results are con-
sistent with those previously reported by Cornell and 
Schwertmann [10]. 
     Mössbauer Analysis. Mössbauer spectra show that 
the hematite samples made at the highest tempera-
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tures are the most crystalline.  In every case, the pre-
cursor mineral was completely replaced by hematite. 
     Discussion:  Qualitative estimates of the various 
hematite samples’ fits to the martian hematite spec-
trum can be made by inspecting Figures 1 and 2.  It is 
desirable, however, to quantify the various relation-
ships between the hematite spectra to arrive at a more 
robust result.  The minimum emissivity value of the 
540, 450 and 300 cm-1 absorption bands and the 
widths of the 450 and 300 cm-1 absorption bands 
were measured for each hematite spectrum.  The 
widths reported are the full widths at half the mini-
mum band depth.   
     Figures 3 shows two of the measured spectral pa-
rameters plotted against each other.  This plot shows 
a clear trend in the properties of hematite spectra 
based on their precursor mineralogy, temperature of 
formation, and indirectly, crystallinity.  In general, 
there are large scatters for the goethite- and magnet-
ite-derived samples.  However, there are several goe-
thite-derived samples and a single natural sample that 
plot close the Mars spectrum. The martian hematite 
plots in the region of the graphs dominated by the 
lower temperature (300-400 ºC) goethite-derived 
samples.  The natural sample is the gray hematite 
coating from Swansea, AZ.  The spectra of these 
samples have band widths and relative band depths 
that are consistent with the martian hematite spec-
trum.  Higher temperature (500-700 °C) goethite-
derived samples plot increasingly farther away from 
the martian hematite.  These sample spectra have 390 
cm-1 absorptions and their relative band depths, 
shapes, and positions are often poor fits for the mar-
tian hematite spectrum.  
     In no case does a magnetite-derived sample plot 
closest to the martian hematite spectrum.  Addition-
ally, there is a large scatter in the positions of the 
magnetite-derived hematite samples.  This corrobo-
rates the visual inspection of the magnetite-derived 
hematite spectra, which show a large variation in the 
shapes of the magnetite-derived spectra.  This large 
variation is partly caused by the different magnetite 
precursors used in the study and partly by the drastic 
change in the shape of the hematite spectrum at 600 
and 700 °C.  The natural magnetite-derived sample 
(Durango) and the natural hydrothermal sample 
(Olympic Dam) plot far away from the martian hema-
tite. 
      The absorption at 390 cm-1 seen in some sample 
spectra results from an a-axis contribution to the 
hematite spectra, and is not seen in the Mars sample 
spectrum.  This led Lane et al. [3] to conclude that 
martian hematite grains are platy in shape.  Addition-
ally, based on samples examined in this work and 
review of Lane et al.’s [3] spectra, the emissivity of 

the 540 cm-1 absorption bands decrease significantly 
as the 390 cm-1 absorptions become more prominent.  
This provides an additional diagnostic tool to assess 
the shape of the hematite particles. Lath-shaped 
hematite crystals, pseudomorphic after goethite, 
would easily align along their c axes, which point 
perpendicular to the flat face of the crystal [11].  
Low-grade burial metamorphism or diagenesis could 
convert originally deposited goethite to gray hematite.  
By contrast, equant-shaped, magnetite-derived hema-
tite particles would be difficult to align such that all 
of their c axes are pointing in the same direction.  
Complete recrystallization to microplaty hematite and 
alignment of the particles must occur to remove the 
390 cm-1 absorptions from the spectra of these sam-
ples.  This would require much greater burial depths 
and/or temperatures than would be needed for con-
version of goethite [3].   
    Implications for Mars. Several lines of evidence 
indicate that the hematite-rich units on Mars were 
deposited in a relatively low temperature aqueous 
environment and are in the form of a fine-grained 
cement or coating.  In terms of band shapes, posi-
tions, and relative emissivities, infrared spectra of 
magnetite-derived hematite (both synthetic and natu-
ral) universally provide poor fits for the martian 
hematite spectrum.  In addition, every magnetite-
derived hematite sample spectrum has a strong 390 
cm-1 absorption band.  TEM diffraction patterns indi-
cate that emission from these samples is not domi-
nated by the c-crystallographic axis.  These data 
strongly suggest that water-free thermal oxidation of a 
magnetite-rich ash or lava [1,4,5] is not a valid 
mechanism for the formation of the martian crystal-
line hematite deposits.   
     By contrast, the spectra of lower temperature goe-
thite-derived hematite samples provide good fits for 
the martian hematite spectrum.  Infrared spectra of 
the synthetic samples show that acicular hematite 
samples derived at 300 or 400 °C from goethite lack a 
390 cm-1 absorption feature.  As the temperature of 
dehydroxylation of goethite to hematite increases, the 
390 cm-1 band appears and becomes deeper.  TEM 
images show that the cause of this is growth of hema-
tite crystals in random orientations.  As sintering and 
crystal growth occurs, infrared emissions are no 
longer dominated by the c-crystallographic face, lead-
ing to the presence of the 390 cm-1 band. 
     TEM images also show that these higher tempera-
ture samples are composed of fine crystallites that 
have been heavily sintered together. Mössbauer spec-
tra show that even though the individual crystallites 
can be much less than 1 µm in size, the effect of sin-
tering make the sample act like a coarsely crystalline 
particulate.  Since these are the samples that provide 
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the worst overall fits to the martian hematite spec-
trum, it appears unlikely that the martian crystalline 
hematite is coarsely crystalline.  The alternative is 
that the original iron oxide was deposited as a finely 
crystalline coating or cement and was then com-
pressed and dehydroxylated to hematite by burial. 
      In summary, based on the laboratory spectra, in 
conjuction with the TEM and Mössbauer analyses, 
the closest match to the martian hematite spectrum is 
the goethite-derived sample heated at 300°C.  Review 
of the literature, however, points out that on Mars, 
goethite should be unstable relative to hematite under 
all geologic conditions [12-15].  Given appropriate 
time and pressure, the martian crystalline hematite 
deposits could have formed at temperatures as low as 
40°C [15].       

 
Figure 1.  Goethite- and Magnetite-derived synthetic 
samples and the natural Swansea, Durango, and 
Olympic Dam hematite samples compared with an 
average martian TES hematite spectrum. 

 
Figure 2a.  Hematite derived from goethite at 300 °C, 
pseudomorphic after goethite 
 
 

 
Figure 2b. Hematite derived from goethite at 700 °C.  
The sample is heavily recrystallized and sintered, and 
acts coarsely crystalline in IR and Mössbauer spectra. 
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Figure 3.  Plot of the 300/400 cm-1 band ratio vs the 
450 cm-1 bandwidith.  Mars plots in the region domi-
nated by low temperature (300-400 °C) goethite-
derived samples and the Swansea hematite coating. 
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Introduction:  Selection of the landing sites for 

the Mars Exploration Rovers has involved over 2 years 
of research and analysis effort that has included the 
participation of broad sections of the planetary sci-
ences community through a series of open landing site 
workshops. The effort has included the definition of 
the engineering constraints based on the landing sys-
tem, mapping those engineering constraints into ac-
ceptable regions and prospective sites, the acquisition 
of new information from Mars Global Surveyor and 
Mars Odyssey orbiters, the evaluation of science and 
safety criteria for the sites, and the downselection and 
final site selection based on the sites science potential 
and safety. The final landing sites (Meridiani Planum 
and Gusev crater) were selected by NASA Headquar-
ters on April 11, 2003, prior to launch in June. 

Engineering Requirements:  Analysis of the en-
try, descent and landing system and atmospheric pro-
files for the season and time of arrival indicates that 
the MER spacecraft are capable of landing below –1.3 
km, with respect to the MOLA defined geoid [1, 2, 3]. 
This requirement stems mostly from the need for an 
adequate atmospheric density column for the parachute 
to bring the spacecraft to the correct terminal velocity 
and provide enough time for the radar altimeter to 
measure the closing velocity, inflate the airbags and 
fire the solid rockets. Low-altitude winds and wind 
shear together are major concerns and are significant 
concerns and must contribute less than ~20 m/s to the 
horizontal velocity after correction. 

Analyses of power generation/usage and thermal 
cycling of the rovers for the required 90 Sols restricts 
the landing sites to near the subsolar latitude at arrival. 
This translates to 5°N to 15°S for MER-A and 10°N to 
10°S for MER-B, which arrives at Mars 21 Sols after 
MER-A. (The preliminary latitude constraint for MER-
B was 15°N to 5°S, based on arriving 5 weeks after 
MER-A.)  Operations considerations and optimal data 
relay through Mars orbiters require the two landing 
sites to be separated by a minimum central angle of 
37° on the surface. 

Because of the arrival geometry and prograde entry 
into the atmosphere, landing ellipse size and orienta-
tion change significantly with latitude and time of arri-
val. Preliminary analysis of the expected flight path 
angle at atmospheric entry and dispersions produced 
by the atmosphere for the opening of the launch period 

yield 3 sigma landing ellipses for MER-A that vary 
linearly in length and azimuth from 77 km by 30 km, 
oriented at 66° at 15°S to 219 km by 30 km, oriented 
at 88° at 5°N. For MER-B, preliminary 3 sigma land-
ing ellipses vary linearly in length and azimuth from 
130 km by 30 km, oriented at 79° at 10°S to 338 km 
by 30 km, oriented at 99° at 10°N. Changes to the size 
of the landing ellipses occurred several times through 
the selection process with final ellipses smaller than 
these. 

Surface slopes are an obvious concern for the land-
ing system. Steep slopes can spoof the radar altimeter 
and cause premature or late firing of the solid rockets 
and airbag inflation. Small slopes over large distances 
can lead to additional horizontal velocity and pro-
longed bouncing by the lander within the inflated air-
bags. Slopes over 10 m scale can also negatively affect 
the first few bounces, the stability of the lander, rover 
deployment and trafficability, and power generation. 
As a result, surface slopes should be <2° over 1 km; 
<5° over 100 m, and <15° over 5 m. 

The MER airbags have been qualified to protect 
the lander from damage when landing on 0.5 m high 
rocks in any orientation. This requires a landing site 
with less than 1% of the surface covered by rocks 
greater than 0.5 m high. Model rock size-frequency 
distributions based on Viking, Mars Pathfinder and 
rocky locations on the Earth [4], generally suggest this 
requirement can be satisfied at locations with total 
rock coverage of <20% as derived from thermal infra-
red measurements [5]. 

The surface must be radar reflective for the descent 
radar altimeter to work properly, so radar reflectivity 
must be greater than ~0.03. The surface must be load 
bearing for the rover and lander and excessive dust 
would coat rocks, which are of prime scientific interest 
(but which can impede mobility), and could reduce 
surface lifetime by covering the solar panels. Ex-
tremely high albedo and low thermal inertia regions 
should therefore be avoided [6]. Areas with fine com-
ponent thermal inertia of less than 125-165 J m-2 s-0.5 
K-1 or SI units should therefore be avoided [7, 8]. Ex-
tremely low temperatures likely at low thermal inertia, 
high albedo sites further requires bulk thermal inertia 
to be >250 and >200 SI units with albedos <0.26 and 
<0.18, respectively.  
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Potential Landing Sites:  MOLA elevations were 
plotted within the 30° latitude band from 15°N to 
15°S. Because the southern hemisphere of Mars is 
dominantly heavily cratered highlands, little area is 
actually below –1.3 km in elevation for the MER-A 
(5°N to 15°S). The largest region below this elevation 
is in southern Elysium and Amazonis Planitiae. Unfor-
tunately, most of this area (150°W to 200°W) is domi-
nated by extremely low thermal inertia, with fine com-
ponent thermal inertias below 125 and so is excluded. 
For the initial latitude band of MER-B (15°N to 5°S), 
more area is below –1.3 km elevation. Nevertheless, 
most of the area between 135°W and 190°W is ex-
cluded on thermal inertia grounds. Areas available to 
seek landing sites are thus reduced to southern Isidis 
and Elysium Planitiae in the eastern hemisphere and 
western Arabia Terra, Terra Meridiani, Xanthe Terra, 
Chryse Planitia, and the bottom of Valles Marineris in 
the western hemisphere, which is just ~5% of the sur-
face area of Mars. 

Landing ellipses were placed in all locations that 
are below –1.3 km in elevation, have acceptable fine 
component thermal inertia values, and are free of ob-
vious hazards in the MDIMs (Mars Digital Image Mo-
saics). Only site ellipses that appear smooth and flat in 
the MDIM without scarps, large hills, depressions or 
large fresh craters (>5 km) were acceptable. 

Nearly 200 potential landing sites meet these crite-
ria: 100 sites for MER-A and 85 for MER-B. Even 
though the area available to land north of the equator is 
at least twice as great as south of the equator, the 
smaller ellipse size towards the south compensates. 
Geologic units accessible are diverse and range from 
Noachian Plateau dissected, hilly, cratered, and sub-
dued cratered units to Hesperian ridged plains, channel 
materials, and the Vastitas Borealis Formation to 
Amazonian smooth plains, channel materials, volcan-
ics, knobby materials, and the Medusae Fossae Forma-
tion. 

Downselection Process: Following the First Land-
ing Site Workshop for MER held January 2001, at 
NASA Ames Research Center, Mountain View, CA, 
roughly 25 sites from a possible ~185 were selected on 
the basis of their science potential [1, 2] and targeted 
for MOC (Mars Orbiter Camera) imaging. These in-
cluded sites in Valles Marineris (e.g., Melas and Eos), 
possible crater lakes (e.g., Gale, Gusev and Boedick-
ker), and sites in Terra Meridiani, Isidis and Elysium 
Planitiae. The basic characteristics of these sites were 
then investigated in more detail and the engineering 
constraints on the landing sites were better defined. 

The remaining 25 sites were discussed at the Sec-
ond Landing Site Workshop, October 2001, in Pasa-
dena, CA [2]. This workshop focused on evaluation of 

the science that can be accomplished at each site. Each 
site had a science spokesperson who discussed the 
science potential, the testable hypotheses, and specific 
measurements and investigations possible by the 
Athena science instruments at that site. In addition, 
safety considerations for the sites were discussed (el-
lipses did not fit within some prospective sites). Con-
sensus was reached on 4 prime sites and 2 backups. 
Ellipse locations were moved slightly after the work-
shop to improve their science potential or safety. 

Top 6 Landing Sites: Presentations at the second 
workshop [2] indicate all of the sites show evidence 
for surface processes involving water and appear ca-
pable of addressing the science objectives of the MER 
missions, which are to determine the aqueous, climatic, 
and geologic history of sites on Mars where conditions 
may have been favorable to the preservation of evi-
dence of possible pre-biotic or biotic processes. TES 
spectra indicate coarse-grained hematite distributed 
across a basaltic surface at the Hematite site, suggest-
ing precipitation from liquid water or a hydrothermal 
deposit [9]. MOC images of the center of the Melas 
ellipse show what appear to be layered sediments 
likely deposited in standing water [10]. Gusev has 
been interpreted as a crater lake with interior sedi-
ments deposited in standing water [11]. The ellipse in 
southernmost Isidis Planitia is located to sample an-
cient Noachian rocks shed off the highlands [12] that 
might record an early warm and wet environment as 
suggested by abundant valley networks. Athabasca 
Vallis is an extremely young outflow channel with 
young volcanics that might contain hydrothermal de-
posits [13]. Eos Chasma is located to sample a variety 
of materials draining a lake in Vallis Marineris [14]. 

Comparison of the thermophysical properties of the 
sites [5, 6, 7, 8] with the Viking (VL) and Pathfinder 
(MPF) landing sites allows an interpretation of their 
surface characteristics. The Hematite site has moderate 
thermal inertia and fine component thermal inertia and 
very low albedo. This site will likely look very differ-
ent from the three previous landing sites in having a 
darker surface, few rocks and little dust. Melas 
Chasma has moderate thermal inertia and fine compo-
nent thermal inertia and low albedo. This site will 
likely be moderately rocky but with less dust than the 
MPF and VL landing sites. Gusev crater has compara-
ble thermal inertia, fine component thermal inertia and 
albedo to the VL sites and so will likely be similar to 
these locations, but with fewer rocks. The Athabasca 
Vallis site has high albedo and moderate thermal iner-
tia, suggesting a moderately rocky and dusty site. The 
Isidis and Eos sites have high to very high thermal 
inertias suggesting a crusty surface. The Isidis site has 
moderate albedo and a high red/blue ratio, suggesting 
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a rocky weathered crusty surface without too much 
dust. Eos has low albedo, suggesting a rocky and 
crusty surface with some dust. 

3rd Workshop Results:  Evaluation of the 6 high 
priority landing sites indicated serious engineer-
ing/safety concerns at three of them (Melas, Eos, and 
Athabasca) [3]. Engineering sensitivity studies identi-
fied 3 dominant concerns for the MER landing system: 
(1) horizontal winds and wind shear at a few kilome-
ters altitude, while the spacecraft is on the parachute, 
which could impart horizontal velocity to the lander, 
(2) surface slopes at the scale of the airbags, which is 
equivalent to adding a horizontal velocity to the lan-
der, and (3) rocks at the surface that could rip the outer 
airbag layers or stress the interior bladders and must be 
cushioned from the lander during impact. Models of 
horizontal winds and wind shear at the two sites within 
Valles Marineris (Melas and Eos) appear to be near or 
beyond the limit of the capabilities of the landing sys-
tem and were removed from further consideration. 
Slopes at these sites were also dangerous. Preliminary 
engineering analyses suggest that the landing system 
may be able to accommodate slightly non-optimal 
conditions for 1 or 2, but not all 3 of these dominant 
engineering concerns. High radar backscatter at the 
Athabasca site suggested a rough untrafficable surface. 
As a result, Athabasca was demoted to a backup site 
and later removed from further consideration. Isidis 
was promoted from a backup to a prime site, and a 
search was made for an additional safe low-wind site. 

Search for Low Wind Site:  The search for a safe, 
low-wind site involved identifying atmospherically 
quiet regions in 2 global circulation models (GCM) for 
the season and time of arrival [15, 16]. Because low 
winds were the prime consideration, latitudinal and 
elevation constraints were relaxed from those origi-
nally considered [1] to include areas up to 15°N and 
areas up to 0 km elevation. Four potential areas were 
investigated: east of the existing Meridiani site, south-
east of Isidis, Elysium and the area south and east of 
Viking Lander 1. The area south and east of Viking 
Lander 1 was found to be a region of strong storm 
tracks and so was omitted from further consideration. 
Regional mesoscale wind models were evaluated for 
each remaining region [17]. A handful of prospective 
sites were identified in each area and evaluated in 
terms of science potential and safety. The sites east of 
Meridiani are likely too cold (i.e., low thermal inertia) 
and too close to the existing site (thereby reducing data 
return) and the areas southeast of Isidis had low sci-
ence appeal. The sites with the highest science interest 
were in the highland/lowland boundary in Elysium 
Planitia. They are located on a Hesperian-age surface 
transitional between the highlands and lowlands and 

may preserve reworked Noachian highlands (EP78B2 
ellipse is 155 km by 16 km oriented at an azimuth of 
94° at 11.91°N, 236.10°W and EP80B2 ellipse is 165 
km by 15 km oriented at an azimuth of 95° at 14.50°N, 
244.63°W in MDIM2 coordinates). 

Elysium Site Selection:  Both Elysium ellipses 
were targeted for the acquisition of new MOC and 
Thermal Emission Imaging System (THEMIS) images 
and safety and science potential were evaluated. Com-
parison of the thermophysical properties [5, 6, 7, 8] of 
Elysium with the Viking and Pathfinder landing sites 
indicates that the Elysium ellipses have comparable 
thermal inertia, fine component thermal inertia and 
albedo to the Viking sites and so will likely be as dusty 
as these sites, but with fewer rocks. Rock abundance 
estimates from thermal differencing techniques show 
an average of 5% at EP78B2 and 9% at EP80B2. 
EP78B2 also appears smoother than EP80B2 in: Mars 
Orbiter Laser Altimeter (MOLA) estimates of 1.2 km 
scale adirectional and bi-directional slopes, 100 m 
scale MOLA pulse spread [18], extrapolations of the 
100 m relief from Hurst exponent fits to the Allen 
variation at longer baselines [19], and 6 MOC images 
and 4 THEMIS images per ellipse that had been ac-
quired. High-resolution mesoscale wind models [17] 
for the 2 sites show slightly lower horizontal winds are 
expected at EP78B2 (similar to Meridiani) than 
EP80B2 (similar to Gusev), with similar estimates of 
wind shear and turbulence (both sites are comparable 
to Meridiani, but slightly more turbulent). EP78B2 is 
also slightly farther south so solar power should be 
greater. Science evaluation showed no strong prefer-
ence of one site over the other. Both sites appear to be 
on reworked highlands material. EP80B2 has greater 
relief, but less thermophysical variation in THEMIS 
thermal images with more dust and sand dunes in the 
lows. On the basis of these evaluations, EP78B2 was 
selected as one of the final 4 ellipses and EP80B2 was 
eliminated at a meeting of the Mars Landing Site 
Steering Committee and the THEMIS team at Arizona 
State University in August 26-27, 2002. 

Science and Safety: Further discussion and 
evaluation of these four landing sites took place at the 
4th MER Landing Site Workshop (January 2003 in 
Pasadena, CA). The 4th Workshop focused on the iden-
tification of testable hypotheses at the 4 sites, the defi-
nition of the observations that can be made by MER to 
test the hypotheses and the measurements that can be 
made by the Athena payload to carry out these investi-
gations. Results show that measurements by the 
Athena payload should be able to distinguish most of 
the competing hypotheses for the origin of the sites by 
observing rock textures and fabrics as well as rock 
mineralogy and chemistry.  
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The results of the 3rd and 4th workshops indicate 
that the Meridiani and Gusev sites most directly ad-
dress MER scientific objective because they have 
strong mineralogical and geomorphological indicators 
of liquid water in their past, respectively. Isidis and 
Elysium may also address these scientific objectives if 
Noachian rocks are preserved at the sites and either 
formed in a warmer and wetter past or were deposited 
by liquid water.  

A major science objective at the Meridiani Planum 
site is to determine what process formed the hematite, 
which is inferred from analyses of Thermal Emission 
Spectrometer data to cover approximately 15 to 20 
percent of the surface [9]. Preferred mechanisms for 
the hematite formation include direct precipitation 
from oxygenated, iron-rich water in a lake [20], or 
precipitation from iron-rich hydrothermal fluids in-
volving water percolating through the ground at high 
temperatures, or low-temperature dissolution and pre-
cipitation (i.e., leaching) [21]. Geologic hypotheses for 
the origin of the hematite deposits include deposition 
in an ancient lake, as a volcaniclastic unit within a 
stack of ancient Noachian units emplaced either di-
rectly as discrete grains or within glassy coatings, or 
via alteration after burial of the deposits, or as magnet-
ite rich lavas that have undergone high-temperature 
alteration. The Athena payload is particularly well 
suited to measure iron rich minerals and thus should be 
able to differentiate among these hypotheses. 

Gusev is a Noachian-age, flat-floored crater that is 
160 kilometers in diameter and close to the highland-
lowland boundary south of Elysium [11]. Its southern 
rim is breached by Ma’adim Vallis, which, at 800 
kilometers long, up to 25 kilometers wide, and 2 kilo-
meters deep, is one of the largest branching valley 
networks on the planet and may drain a large area of 
the highlands [22]. Ma’adim Vallis appears to have 
been cut by running water, so that the crater would 
have filled with sediment carried in a standing body of 
water before it exited through a gap in the northern rim 
of the crater. A landing in Gusev therefore would pro-
vide an opportunity to study fluvial sediments derived 
from the southern highlands and deposited in a lacus-
trine environment. Such sediments may preserve im-
portant clues about environmental conditions on early 
Mars, which are, of course, of particular interest for 
determining the planet’s potential habitability. 

Evaluation of the dominant three safety criteria 
(slopes, rocks and winds) indicates that Meridiani is 
probably the most benign site, followed closely by 
Elysium, and then Gusev and Isidis [23]. Specifically, 
horizontal winds and wind shear are lowest at Merid-
iani and Elysium and higher at Gusev and Isidis. Rock 
abundance is lowest at Meridiani and Elysium, slightly 

higher at Gusev and higher still at Isidis. Slopes at the 
scale of the airbags are in order of increasing slopes: 
Meridiani, Elysium, Isidis and Gusev. 

Selection:  Winds, slopes and rocks were incorpo-
rated in a sophisticated simulation of entry, descent 
and landing by the project to determine the relative 
safety of the 4 sites. The landing simulations show that 
most of the simulated landing events are within the 
design specifications of the landing system at all four 
sites. The landing simulations also show, however, 
slightly more out of specification landing events at 
ellipses in Gusev crater and Isidis Planitia (consistent 
with the potentially higher winds, slopes and rocks at 
these sites) than at Meridiani Planum and Elysium 
Planitia. To balance science return and safety, NASA 
Headquarters selected Meridiani Planum and Gusev 
crater for the MER landing sites. To maximize surface 
lifetime and science return, the first landing will be 
targeted to Gusev crater on January 4, 2004 and the 
second landing will be targeted to Meridiani Planum 
on January 25, 2004. 
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Introduction: The development of an optimal strategy 
for the exploration of the subsurface of Mars requires 
insight into consideration of recent and ongoing tech-
nological advances in subsurface exploration plat-
forms.   Honeybee Robotics is a leading NASA sup-
ported developer of electromechanical subsurface ex-
ploration systems.  The depth accessible through tech-
nologies under development at Honeybee extends from 
5 mm to over 100 meters below the Martian surface.   
The types of subsurface exploration systems that cover 
the depths in between the extremes of that range are 
extensive and is representative in principle to systems 
also being developed at other institutions here in the 
US and around the world. Systems under development 
are not just limited to the sampling of the subsurface. 
Novel approaches to comprehensive borehole science 
access are also under development.  An overview of 
the range of subsurface exploration approaches is of-
fered as a potential vertical infrastructure that can as-
sist in the design of future in-situ science and sample 
return missions to Mars.  Interaction with experts at 
subsurface access, mission planners and science users 
is expected to produce an optimized subsurface explo-
ration strategy. 

Near-Term Sampling Systems: The search for life, 
extinct or extant, and insight into the evolution of the 
solar system are top science goals of current and future 
planetary exploration missions, as identified by the 
National Research Council’s Planetary Science De-
cadal Survey [1]. These goals can be achieved by, 
among other methods, analysis of planet, comet and 
asteroid surface and subsurface samples, which will 
provide insight into the geologic composition and his-
tory of those bodies. The near and longer-term sam-
pling systems developed by Honeybee Robotics will 
allow access to those samples on Mars as well as other 
planetary bodies. 

Several methods of sample acquisition have been 
developed by Honeybee under NASA funding (Figure 
1). From the surface to greater than 10 meters depth, 
stratigrapghy-maintained powder and core samples 
may be acquired and transferred to onboard instru-
ments or a storage cache. We have developed balloon- 
and rover-based systems, as well as sample handling 
and storage systems. Most notably, the Rock Abrasion 
Tool (RAT) and Mini-Corer are at the forefront of 
planetary drilling and sample acquisition technology.  

RAT.  NASA’s twin 2003 Mars Exploration Rov-

Figure 1: Honeybee Robotics Drill Heritage
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ers will be equipped with the RAT. The Rovers will be 
launched separately and will explore the Gusev Crater 
and Meridiani Planum regions on Mars. Each rover 
has a life span of 90 days and can traverse up to 1 
kilometer [2]. The RAT is a robotically controlled sci-
ence instrument weighing less than 700 g (7 cm diame-
ter, 10 cm long) and will be carried by the rover’s me-
chanical arm. The primary purpose of the RAT is to 
remove dirt and rind from Mars surface targets (to 5 
mm depth, 45 mm diameter) to reveal the underlying 
fresh rock features (Figures 1 & 2). A combination of 
low force and high speed cutting will be used to com-
ply with limited power and stability available from the 
rover. All operations of the RAT are performed 
autonomously. 

 

Figure 2: RAT-abraded rock surface 

Mini-Corer. The Miniature Rock Coring and Rock 
Core Acquisition and Transfer System (Mini-Corer) 
was a portion of the Mars Sample Return Athena Pay-
load, originally scheduled for launch in 2003.  Its ma-
jor objective was to acquire rock cores for in situ ex-
amination by other instruments of the Athena instru-
ment suite, and to provide for a precision caching of 
the acquired cores for purposes of sample return. The 
Mini-Corer is a highly developed robotic drill capable 
of obtaining two 25 mm long and 8 mm diameter cores 
from the same hole from very strong rocks (Figures 1 
& 3). The compact (approximate volume: 15 cm x 10 
cm x 30 cm), low mass (2.7 kg), low power Mini-
Corer can readily drill 25 mm into strong basalt in less 
than six minutes while consuming under 10 watt-hours 
of power.  The cutting teeth on the tip of the Mini-
Corer are designed to cut into strong rock with a mini-
mum of torque, which consumes most of the power. 

A breakthrough feature of the Mini-Corer is its 
unique ability to break off and retain the core from the 
base rock (Figure 4).  The Mini-Corer drills until a 
desired core length has been reached. At this point, the 
core break-off tube begins to rotate relative to the core 
tube to the break-off position.  This action shears the 
core off from the base rock.  The relative position of 
the tubes creates a lip that provides for a positive 
retention inside the core tube of the broken-off core.  
The Mini-Corer can be mounted on positional axes to 

position the tip of the Mini-Corer to a core storage 
location (cache) or in a convenient position for exami-
nation of the core tip.  Once lined up with the core 
storage location, the break-off tube is commanded to 
rotate to its original position and a pushrod internal to 
the core tube then moves to the core ejection position, 
precisely ejecting the core out of the core tube. The 
Mini-Corer also employs a quick-change subsystem 
for changing drill bits.  This subsystem utilizes the 
pushrod and drill drive train for its operation; no addi-
tional actuators are required.  Also, with the autono-
mous acquisition of a specialized end-effector, the 
Mini-Corer can acquire and transfer unconsolidated 
soil to the return cache. 

 
Figure 3: Mini-Corer Sample Acquisition 

 
Figure 4: Mini-Corer Core Break-Off Sequence 

Longer-Term Sampling Systems 
Touch & Go Surface Sampler: The Touch & Go 

surface sampler, currently at TRL 5, is a new class of 
sample acquisition tool. In its basic configuration, the 
Touch & Go consists of a high speed sampling head 
attached to the end of a flexible shaft.  While sam-
pling, the sampling head rotates its counter rotating 
cutters at speeds of 5,000 to 8,000 RPM and consume 
between 20 W and 30 W of power.  The flexible shaft 
attached to the sampling head allows the sampler to 
conform to the planet, comet or asteroid surface; an 
ideal mechanism for sampling from unknown or high-
risk surface regions.  Unconsolidated samples of up to 
30 cm3 can be acquired. Penetration rate varies with 
soil composition. The system is reusable and samples 
can be analyzed by in situ instruments during a mis-
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sion, with the possibility of sample return. The Touch 
& Go system is designed to be deployed from a bal-
loon-based craft, therefore avoiding the complexity 
and costs associated with a landed mission (Figure 1 & 
5). 

 
Figure 5: Touch & Go Descent Sequence 

Image Courtesy of JPL 

10-20 Meter Robotic Deep Drill: Honeybee Robot-
ics has developed a deep drill for exploring the Mar-
tian subsurface to depths of 10 to 20 meters by means 
of low-power, low-thrust dry drilling, with the ability 
to acquire stratigraphy-maintained core samples in 
both solid and unconsolidated material at selectable 
depths. The development of the Deep Drill has 
stemmed from work on a 1-meter Sample Acquisition 
and Transfer Mechanism (SATM) developed to TRL 
6. Originally, a SATM prototype was developed and 
successfully tested at Honeybee Robotics to demon-
strate the performance requirements necessary to meet 
the ST4/ Champollion mission goals. SATM is de-
signed to drill through solid phase material with very 
high compressive strengths and acquire and transport 
powder samples (up to 1.0 cc) from 1.5 meters below a 
planetary surface without cross contamination. Since 
the ST4 cancellation, JPL has supported the rework of 
SATM to meet Mars drilling and sample acquisition 
goals.  

In order to optimize the volumetric packaging of 
the 10- to 20-meter drill, multiple 1-meter long drill 
strings are automatically fed and mated to reach the 
desired depth. Power is transferred across the drill 
string interfaces by spring-loaded electrical contacts 
(Figure 6). This allows power to be delivered to bore-
hole science instruments and a core break-off system 
(similar to that of the Mini-Corer) located in the lead 
drill string.  The drill will then have the ability to 
transfer collected samples to both in-situ instrumenta-
tion and a cache for sample return, as well as conduct 
borehole science analyses. 

Field Test.  Separate field tests were conducted in 
Arizona in December 2002 and February 2003.  Be-
tween these tests, several modifications were made to 

the Deep Drill design to improve its performance, in-
creasing available drilling torque, preventing the drill 
head from rotating during drilling, preventing the drill 
string connections from loosening, and reducing fric-
tion with the borehole. Changes were also made to the 
drilling algorithm, which greatly enhanced the removal 
of cuttings from the hole, leading to a drilled depth of 
8.3 meters after six days of drilling as compared to 3.2 
meters achieved during the first field test. 

 
Figure 6: Drill String Interface (Left) 

 Hardware Field-Tested to 8.3 Meters (Right) 
 

Inchworm Deep Subsurface Platform:  The Inch-
worm Deep Drilling System (IDDS) is a compact, 
novel access technology capable of accessing regions 
deep below the surface of multiple planetary bodies 
including those of Mars and Europa. The IDDS is a 
semi-autonomous robotic device that moves (like an 
inchworm) and drills very deep through soil, ice and 
rocks while requiring only a modest amount of power. 
The absence of a cutting fluid will help significantly 
ease the serious planetary protection concerns associ-
ated with many drilling technologies.  Tether manage-
ment for a subsurface probe that travels to depths be-
low a kilometer may be an insurmountable engineering 
problem.  This may especially be so in a planetary ex-
ploration setting.  The IDDS gets around the problems 
posed by tethers or umbilicals through the employment 
of drilling techniques that require no more power than 
that offered by a Sterling Power System (SPS). There-
fore, the IDDS requires no tether or umbilical of any 
kind.  In a mission scheme, the IDDS requires only 
modest support hardware since it is so small (approxi-
mately 15 centimeters in diameter and 2 meters long), 
robust, and self-sufficient. Extensive drilling tests, 
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previously conducted by Honeybee Robotics, indicate 
a very high plausibility that a customized diamond drill 
head in the 10 to 15 centimeter range will be able to 
readily penetrate very strong rocks and draw no more 
power than 500 to 1000 watts, the expected output of a 
future SPS [3]. Funding of over $1 Million for three 
years has commenced under NASA’s PIDDP and 
ASTEP awards. The main focus of the efforts will be 
to demonstrate the inchworm locomotion as well as 
develop methods of drilling and chip removal, which 
are major tall poles for autonomous planetary deep 
drilling. 

 

Figure 7: IDDS Schematic 

Inchworm Motion. The IDDS reacts the torque and 
thrust needed for drilling into the borehole wall (Fig-
ure 7).  Shoes extend from the aft section of the inch-
worm to secure the IDDS to the borehole wall.  The 
forward section of the IDDS is connected to the aft 
section via a linear actuator, which provides thrust for 
the forward end of the IDDS, which carries the drilling 
head. The thrust and drilling torque are reacted 
through the shoes into the borehole wall.  When the 
linear actuator has extended as far as it can go, the 
shoes of the forward section of the IDDS make secure 
contact with the borehole wall.   Then, the shoes of the 
aft section are retracted and the linear actuator pulls 
the aft section forward toward the front half of the 
IDDS.  This is how the IDDS walks down the bore-
hole. This method of walking is independent of gravity 
and allows for the IDDS to drill back up to the surface 
to remove chips.  The feet of the IDDS are large and 

create a “snowshoe” effect for stability when the IDDS 
encounters very soft or unconsolidated material. 

Comprehensive and Flexible Borehole Science 
Architecture:  An entirely novel approach has been 
developed through JPL-support that allows for the 
development of instrumental drill strings for insertion 
into the 10 to 20 meter drill system (Figure 8). This 
approach allows mixing and matching of drill strings 
and the development of an end-to-end automated ro-
botic system for in situ analysis. Instrumented drill 
strings allow direct contact with the stratigraphy-
maintained borehole wall, either eliminating the need 
for a sample acquisition and handling system alto-
gether, or working in conjunction with such a system 
to maximize in situ analysis.  

 

Figure 8: Imbedded Instrument Options [4,5,6] 

The drill string architecture allows for integration 
of instruments into the non-rotating interior of the au-
ger shaft cavity. Instruments are brought to deep sub-
surface depths by using the segmented drill strings 
employed by the Deep Drill. Currently, we are looking 
at several possible instruments to integrate into our 
drill strings for field testing, including a side-looking 
microscopic imager [4], LIBS/Raman Spectrometer 
[5], Neutron Spectrometer [6], temperature sensor, and 
a water sensor. Borehole science instruments will play 
a major role in future Mars missions by maximizing 
the science goals and minimizing mission complexity. 

References: [1] Space Studies Board (2002), New 
Frontiers in the Solar System: An Integrated Explora-
tion Strategy [2] NASA Jet Propulsion Laboratory 
(2002), Mars Exploration Rover Mission, 
http://mars.jpl.nasa.gov/mer/overview/. [3] Mason, 
Lee S. (2001), ‘A Comparison of Brayton and Stirling 
Space Nuclear Power for Power Levels from 1 Kilo-
watt to 10 Megawatts,’ NASA/TM – 2001-210593. [4] 
M. Malin and M. Ravine, Malin Space Science Sys-
tems. [5] C. Dreyer and M. Linne, Colorado School of 
Mines. [6] Rick Elphic, Los Alamos National Labora-
tory. 
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Introduction: Martian valley networks and their 

associated drainage basins have been the focus of nu-
merous morphometric studies geared towards under-
standing the source of water responsible for their evo-
lution [1-2]. These studies often have yielded mixed 
results that suggest rainfall, sapping, or a combination 
thereof have all served as sources for valley incisement 
[1-5]. The availability of Mars Global Surveyor Mars 
Orbiter Laser Altimeter (MOLA) topographic data, 
however, now enables quantitative assessment of basin 
area versus elevation characteristics [3-5] that may 
shed new light on important processes influencing 
valley formation and resultant characteristics. 

Hypsometric Analyses: The degree of fluvial ero-
sion affecting a terrestrial basin can be evaluated by 
studying elevation versus area relationships within [3-
5, 10, 11]. Integrating the proportion of relief relative 
to area within a basin yields the hypsometric index 
(HI), which, along with related measure of the skew-
ness and kurtosis of the resultant curve, can help dis-
tinguish runoff versus sapping dominated systems on 
the Earth [3-5]. Typical terrestrial values for HI are 0.2 
to 0.8, with values below ~0.5 characteristic of most 
runoff dominated drainages [3, 5]. Emphasis here is 
placed on evaluating HI for various basins on Mars 
and the Moon.  

Basin Settings: In Margaritifer Sinus, Samara and 
Parana-Loire Valles, drain ~540,000 km2 [1, 2, 6-9, 
12-14] (Figure 1), while integrated valleys in the Hes-
peria region drain more than 310,000 km2 [12, 13]. 
Geologic and drainage mapping [1, 2, 12, 14] suggests 
most valleys in both areas were incised from the late 
Noachian into the early Hesperian by a combination of 
precipitation and ground water sapping [1, 2, 5]. By 
contrast, Lunae and Solis Planum are volcanic regions 
largely devoid of valleys [15], whereas lunar basins 
lack any possible fluvial influence.  

The present study utilizes MOLA data gridded at 
1/60th of a degree, nearly a factor of two better than 
previously employed [3-5], and especially targets hyp-
sometry of basins in Margaritifer Sinus, Hesperia, Lu-
nae, and Solis Planum. The hypsometry of basins 
fringing Mare Orientale on the Moon is also derived 
for comparison (using Clementine laser altimeter data).  
Results: Hypsometric curves for the basins in Marga-
ritifer Sinus are displayed in Figure 2. Table 1 presents 
average hypsometric indices for all studied basins to-
gether with their total range and standard deviation.  

 
Figure 1. Basins in southeastern Margaritifer Sinus 
associated with Samara and Parana-Loire Valles. Simi-
lar maps were compiled for all investigated basins and 
all were evaluated using ArcView GIS. 

 

  
Figure 2. Hypsometric curves derived for basins form-
ing the Samara and Parana-Loire drainage networks in 
Margaritifer Sinus. Labels refer to basins identified in 
Figure 1. 

The average and range of HI for the Martian basins 
is largely independent of the presence of an incorpo-
rated valley system. For example, all derived Martian 
and lunar values of HI are broadly similar and range 
from those typical of terrestrial basins dominated by 
runoff to those characteristic of sapping [3, 4]. Lunar 
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HI’s are lowest, but the coarse grid of the lunar data 
requires they be viewed with some caution.  
Table 1. Hypsometric Indices for Mars and Moon 

Region 
 

Average 
Hyps. Index 

(HI) 

Range 
of HI 

Std. 
Dev.  
HI 

Marg. Sinus 0.54 0.69-0.38 0.087
Terra Tyrrhena 0.66 0.78-0.42 0.103
Lunae Planum 0.56 0.77-0.25 0.163
Solis Planum 0.41 N/A N/A
Moon (Orientale) 0.50 0.56-0.35 0.084

Preliminary results of skewness and kurtosis prop-
erties of the hypsometric curves are presented in Ta-
bles 2 and 3. Despite being based on relatively crude 
fits to the data, results for Mars and the Moon are gen-
erally in the range expected for terrestrial drainage 
basins [3-5]. For example, hypsometric skewness, kur-
tosis, and skewness density function (Tables 2 and 3) 
may be more similar to those associated with terrestrial 
basins dominated by runoff. Values of the hypsometric 
curve kurtosis density function may be similar to those 
associate with sapping-dominated terrestrial basins [3-
5].  

In general, results for Mars are consistent with 
prior results that contend precipitation-recharged 
groundwater sapping was important in valley evolution 
[1-5]. The fact that the value, range, and standard de-
viation of HI on Mars appears to be largely independ-
ent of setting and that at least some lunar basins are 
characterized by hypsometric values broadly consistent 
with drainage basins on the Earth suggests that other 
processes are also important in shaping the basins.  

Discussion: In the terrestrial system, basin hyp-
sometry can characterize a drainage basin evolving via 
fluvial erosion. Hence, elevation vs. area relations 
equate to the amount of erosion a basin has undergone. 
Basins experiencing mostly sapping undergo localized, 
lesser overall erosion than in basins subjected to runoff 
[3]. Taken at face value, therefore, the Martian values 
for HI and supporting statistics suggest both sapping 
and runoff contributed to basin evolution.  

It is more difficult to reconcile, however, why Mar-
tian values are independent of the presence of incorpo-
rated valleys or setting. One explanation for the seem-
ingly contradictory nature of some Martian and lunar 

values may reflect the importance of impacts in shap-
ing the initial catchments on Mars and the Moon vs. 
tectonics on the Earth. Hypsometry associated with 
impact craters typically reflects a power law decay of 
topography away from the rim and differs from that 
evolved in tectonic settings. On Mars in particular, 
impacts and associated topography may effectively 
“pre-condition” a basin for efficient fluvial degrada-
tion [16]. Hence, some fraction of valley and basin 
morphometry may reflect the role of impacts in basin 
formation versus subsequent fluvial degradation. 

Summary: Hypsometric analyses of Martian ba-
sins in varying settings and lunar basins in the Orien-
tale Basin annulus define values in the range expected 
for fluvially-eroded terrestrial basins. Perhaps indica-
tive of the source of water eroding Mars valleys, the 
similarity and range of Martian and lunar values also 
suggests that the distribution of relief in basins created 
by impact requires minimal fluvial modification for 
efficient drainage. Hence, results may reflect the pri-
mary basin forming process as much the degradation 
signatures. 
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540 pp., Wm. C. Brown, Co., Dubuque. [11] Strahler, 
A.N. (1952) Geol. Soc. Am. Bull., 63, 1117-1142. [12] 
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Table 2. Skewness, Density Skewness, Kurtosis, and Density Kurtosis Statistics for Martian and Lunar Basins* 
Region Skewness (SK)

(Average) 
Range SK Density SK

(Average) 
Range 
DSK 

Kurtosis (K)
(Average) 

Range K Density K 
(Average) 

Range 
DK 

Marg. Sinus 0.47 0.34-0.72 0.01 -0.56-0.52 2.15 2.05-2.63 1.90 1.80-2.37
Hesperia  0.78 0.37-1.08 0.30 -0.25-0.56 2.84 2.07-3.71 1.90 1.10-2.39
Lunae Planum 0.56 0.26-0.75 0.14 -0.56-0.52 2.38 1.98-2.67 2.07 1.84-2.37
Solis Planum 0.35 N/A 0.04 N/A 2.00 N/A 1.80 N/A 
Moon  0.50 0.32-0.65 0.07 -0.40-0.45 2.27 2.08-2.44 1.89 1.80-2.16

*Statistics Derived Using Software Written and Made Available by Wei Luo (See [3-5]) 
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Table 3. Hypsometric Values for Individual Mars and Lunar Basins 
Region Basin HI H-Skew H-Kurt D-Skew D-Kurt 

Margaritifer Sinus Clota 0.57 0.41 2.14 -0.31 1.96 
Margaritifer Sinus Himera 0.38 0.68 2.48 0.52 2.29 
Margaritifer Sinus LP1 0.55 0.35 2.10 -0.56 2.37 
Margaritifer Sinus LP2 0.65 0.46 2.20 -0.14 1.83 
Margaritifer Sinus LP3 0.44 0.59 2.32 0.41 2.10 
Margaritifer Sinus LP4 0.57 0.42 2.11 -0.01 1.80 
Margaritifer Sinus LP5 0.49 0.51 2.26 0.01 1.80 
Margaritifer Sinus LP6 0.60 0.43 2.14 -0.06 1.81 
Margaritifer Sinus LP7 0.48 0.51 2.25 0.05 1.80 
Margaritifer Sinus Oltis 0.44 0.66 2.47 0.43 2.12 
Margaritifer Sinus Parana-Loire 0.54 0.55 2.26 0.32 1.98 
Margaritifer Sinus S1 0.60 0.38 2.09 -0.29 1.94 
Margaritifer Sinus S2 0.66 0.34 2.07 -0.48 2.21 
Margaritifer Sinus S3a 0.50 0.57 2.32 0.31 1.96 
Margaritifer Sinus S4 0.47 0.68 2.58 0.30 1.96 
Margaritifer Sinus S5 0.67 0.37 2.05 -0.08 1.81 
Margaritifer Sinus S6 0.61 0.36 2.09 -0.43 2.12 
Margaritifer Sinus S7 0.60 0.39 2.11 -0.33 1.99 
Margaritifer Sinus S8 0.41 0.72 2.63 0.47 2.19 
Margaritifer Sinus S9 0.54 0.53 2.28 0.16 1.84 
Margaritifer Sinus Samara 0.51 0.52 2.31 -0.09 1.81 

Hesperia Planum 33 0.70 1.00 3.30 0.24 1.10 
Hesperia Planum 34 0.75 1.08 3.71 0.35 1.61 
Hesperia Planum 45 0.65 0.89 3.07 0.56 2.39 
Hesperia Planum 52 0.42 0.37 2.07 -0.25 1.90 
Hesperia Planum 58 0.68 0.81 2.83 0.55 2.35 
Hesperia Planum 60 0.64 0.68 2.56 0.35 2.01 
Hesperia Planum 63 0.56 0.59 2.36 0.29 1.95 

Lunae Planum 6 0.63 0.71 2.59 0.48 2.22 
Lunae Planum 13 0.59 0.60 2.39 0.29 1.94 
Lunae Planum 29 0.36 0.41 2.12 -0.15 1.84 
Lunae Planum 37 0.63 0.73 2.67 0.40 2.08 
Lunae Planum 38 0.53 0.75 2.66 0.52 2.30 
Lunae Planum 40 0.45 0.39 2.09 -0.18 1.86 
Lunae Planum 50 0.25 0.26 1.98 -0.56 2.37 
Lunae Planum 58 0.63 0.66 2.52 0.33 1.98 

Solis Planum 30 0.41 0.35 2.00 0.04 1.80 

Moon (Orientale) 4 0.55 0.55 2.32 0.11 1.82 
Moon (Orientale) 6 0.51 0.51 2.27 0.01 1.80 
Moon (Orientale) 7 0.35 0.32 2.08 -0.40 1.82 
Moon (Orientale) 8 0.51 0.52 2.24 0.19 1.86 
Moon (Orientale) 13 0.56 0.65 2.44 0.45 2.16 

HI – Hypsometric Index 
H-Skewness – Hypsometric Curve Skewness 
H-Kurt – Hypsometric Curve Kurtosis 
D-Skew – Hypsometric Curve Skewness Density Function 
D-Kurt – Hypsometric Curve Kurtosis Density Function 
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GUSEV CRATER, MARS, AS A LANDING SITE FOR THE MARS EXPLORATION ROVER (MER) 
PROJECT.  Ronald Greeley, Department of Geological Sciences, Arizona State University, Box 871404, Tempe 
AZ 85287-1404, greeley@asu.edu. 
 
Gusev crater is about 160 km in diameter, centered at 184.5 W, 14.3 S, in the southern cratered highlands near the 
border with the northern lowlands. The floor of this impact crater has been approved as a landing site for MER. The 
geological history of Gusev crater has been mapped and studied in detail by numerous investigators. Hypotheses for 
the origin(s) and modification(s) of the materials on the floor of the crater (the proposed site for the MER landing) 
include volcanic, aeolian, fluvial, glacial, mass-wasting, and lacustrine processes and environments. The Athena 
scientific payload on MER will enable testing these and other hypotheses, the results of which will contribute to the 
overall goals and objectives of the Mars Exploration Program. 
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COMPARISON OF GROUND-PENETRATING RADAR AND LOW-FREQUENCY ELECTRO-
MAGNETIC SOUNDING FOR DETECTION AND CHARACTERIZATION OF GROUNDWATER ON 
MARS.  R.E. Grimm1,2, 1Blackhawk Geoservices, 301 B Commercial Rd., Golden CO 80403, 
grimm@blackhawkgeo.com, 2Univ. Colorado LASP, Boulder, CO. 
 

Summary:  Two orbital, ground-penetrating ra-
dars, MARSIS and SHARAD, are scheduled for 
Mars flight, with detection of groundwater a high 
priority.  While these radars will doubtlessly provide 
significant new information on the subsurface of 
Mars, thin films of adsorbed water in the cryosphere 
will strongly attenuate radar signals and prevent 
characterization of any true aquifers, if present.  Scat-
tering from 10-m scale layering or wavelength-size 
regolith heterogeneities will also degrade radar per-
formance.  Dielectric contrasts are sufficiently small 
for low-porosity, deep aquifers that groundwater 
cannot be reliably identified.  In contrast, low-
frequency (mHz-kHz) soundings are ideally suited to 
groundwater detection due to their great depths of 
penetration and the high electrical conductivity 
(compared to cold, dry rock) of groundwater.  A va-
riety of low-frequency methods span likely ranges of 
mass, volume, and power resources, but all require 
acquisition at or near the plantary surface.  Therefore 
the current generation of orbital radars will provide 
useful global reconnaissance for subsequent targeted 
exploration at low frequency. 

Introduction:  Electromagnetic (EM) methods 
are fundamentally divided between high- and low-
frequency regimes.  Energy transport at high fre-
quency is propagative (wave-like) and is controlled 
by the electrical permittivity and the magnetic per-
meability. This is the radar regime. At low frequency, 
energy transport is by diffusion and is controlled by 
the magnetic permeability and the electrical conduc-
tivity. This is the inductive regime. The division be-
tween the two formally occurs where the loss tangent 
is unity; for typical terrestrial near-surface electro-
magnetic properties, the transition is at ~10 MHz.  
Unmineralized, anhydrous portions of the martian 
crust will be very resistive, lowering the transition 
between diffusion and propagation to ~1 kHz [1]. 

The principal advantages of ground-penetrating 
radar (GPR) for subsurface exploration are the ability 
to operate from orbit, signal-to-noise improvements 
made possible by controllability of the transmitted 
waveform, and high resolution.  The principal disad-
vantages are potential strong losses due to absorp-
tion, scattering, and multiple reflection, contrasts in 
permittivity that are small compared to those in con-
ductivity, and limited depth of penetration in conduc-
tive materials.  Because the case for GPR utility, es-
pecially for detection of groundwater, has been de-

scribed elsewhere [2-6], this paper will highlight the 
potential limitations. 

Low-frequency EM methods have dominated ter-
restrial geophysical exploration for groundwater [7].  
Active methods use a transmitter and share with radar 
some of the signal-to-noise improvements of a re-
peated, controllable waveform, but typically require 
significantly more mass and power than GPR.  Pas-
sive methods use natural EM sources; they can be 
compact and low-power but depend on the nature and 
strength of ambient EM energy.  I have previously 
forward-modeled low-frequency EM sounding for 
groundwater on Mars [1]; here some preliminary 
aspects of the inverse problem are considered, par-
ticularly to compare the penetration depth and resolu-
tion with radar. 

Radar Scattering Losses:  Published simulations 
of the potential radar response of the uppermost crust 
of Mars have used mean layer thicknesses of 50-4800 
m [2-5].  Models for depths of investigation < 1 km 
have used smaller layer thicknesses, but those includ-
ing deep investigations (to several km or more) have 
not propagated this complexity to depth, using fewer, 
thicker layers.  The MGS MOC has revealed ubiqui-
tous layering with thicknesses of meters to tens of 
meters to depths of ten kilometers [8].  Each interface 
can generate a radar reflection that removes energy 
from continued, downward propagation, and each 
interface again causes a downward reflection that 
attenuates the upward-propagating return signal.  For 
a reflection coefficient R and transmission coefficient 
T, the returned signal amplitude is RT2n, where n is 
the number of layers.  Best and worst cases are 
shown in Figure 1; the selected dielectric contrasts 
are smaller than mean contrasts of 1.5-2.9 used by 
others [2-5] and therefore the calculation is conserva-
tive with respect to these choices.  Predicted losses of 
many tens of dB may be tractable for investigations 
to depths of 1 km (SHARAD), but hundreds of dB in 
scattering losses due to layering may defeat attempts 
to sound to several kilometers depth (MARSIS). 

Radar Dielectric Contrasts: The radiofrequency 
relative permittivity or dielectric constant of 87 of 
liquid water is supposed to be diagnostic of that sub-
stance when compared to typical dielectric constants 
of 5-7 for solid-earth materials.  However, the com-
posite dielectric constant of a water-rock mix may 
not provide sufficient contrast under all conditions 
for robust identification of water.  The Hashin-
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Shtrickman formulae [9] provide upper and lower 
bounds to material properties of mixtures without 
specific geometrical assumptions.  A mean dielectric 
constant of 5 for dry martian materials [2-5] is lower 
than typical terrestrial rock values of 7-8 [10] but is 
conservative for this calculation.  Assuming that in-
ferred dielectric constants >10 are indicative of liquid 
water, porosity must exceed at least 8% and perhaps 
20%.  Such porosity is likely to be found only in the 
top few km of a compaction-limited crust [11], favor-
ing both MARSIS and SHARAD in this regime but 
rendering MARSIS attempts to distinguish deeper 
groundwater strongly ambiguous. 
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Figure 1.  Observed thicknesses of layering on Mars 
will lead to strong radar-reflection losses. 
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Figure 2.  Hashin-Shtrikman bounds for dielectric 
constant of water+rock mixture.  At low porosity, contrast 
is too small to distinguish from rock alone. 
  

Radar Absorption Losses:  Published models of 
the martian subsurface focusing on electrical conduc-
tivity [1] are very different from those focusing on 
dielectic constant [2-5].  The latter have used loss 
tangents typical of terrestrial rocks, whose conduc-
tivities are almost completely controlled by moisture 

and clay content [e.g., 7]. Models that compute elec-
trical properties as temperature- and frequency-
dependent functions of the relative proportions of 
rock, ice, and water with specified dissolved solids 
[1] show that conductivity can be almost negligible 
in the cold, dry cryosphere but is higher than used in 
radar models in areas where liquid water is present, 
particularly if saline.  Furthermore, adsorbed water 
below freezing [12] is electrically conductive and can 
strongly influence EM signals.  Consider a model 
(Figure 3) of electrical properties of the crust [1], 
with the following modifications:  freezing tempera-
ture 252 K, 5 g/l dissolved solids, heat flow 20 
mW/m2 [13].  The melting point is appropriate to 
brine [11] but the actual dissolved solids are taken to 
be those of sea ice; this leads to a best case for radar 
performance as the cryosphere is thin but not too 
salty. The formal base of the cryosphere is 4.1 km in 
this model; again note that there is no significant 
change in dielectric constant (Figure 3; the variations 
in the cryosphere are due to the dielectric relaxation 
of ice).  The presence of thin films of unfrozen water 
in the cryosphere, comprising a few percent by vol-
ume, introduce significant electrical conductivity 
below 2.1 km.  The skin depth, computed from the 
complex wavenumber, is effectively infinite at all 
frequencies in the cryosphere and in the underlying 
saturated zone below 1 Hz, but decreases with fre-
quency such that penetration depths (a few skin 
depths) are < 100 m at 1 MHz.  Therefore radar will 
be sharply attenuated upon reaching temperatures 
within some tens of degrees of the freezing point and 
will not be able to penetrate to any “true” subsurface 
aquifer on Mars.   The variation in skin depth be-
tween 0.1Hz and 1 kHz forms the basis for resolving 
this conductivity structure with low-frequency EM 
sounding. 

Penetration and Resolution of Low-Frequency 
EM:  Formal parametric inversion of apparent resis-
tivity data for conductivity (or resistivity) structure 
with depth is a key analysis goal.  Consider here a 
proof-of-principle using asymptotic inversions that 
assume ground currents decouple to form a one-to-
one mapping between frequency and depth [14].  
Results for three models show the significant varia-
tions in resistivity with depth as a function of the 
distribution of subsurface water (Figure 4).  Differ-
ences in the thickness of  the subcryospheric aquife 
and an overlying vadose zone can also be discrimi-
nated [Ref. 1, Figures 7, 11].  Note that the specific 
range of frequencies that resolves the water-relevant 
structure in this example is in the spheric band; the 
most likely natural source would be lightning.  At 
higher salinity, skin depth decrease and the appropri-
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ate frequencies are lower, centering near 100 mHz 
for briny groundwater [1].  Crustal-magnetospheric 
and ionospheric sources are appropriate for this 
lower frequency band. 
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Figure 4.  Asymptotic inversions for (1) thin films in 
cryosphere + subcryospheric aquifer, blue circles; (2) 
thin films in cryosphere only, green squares; (3) sub-
cryospheric aquifer only, red diamonds. True resis-
tivity structures shown as solid black lines.  Dry 
models are off-scale to right. 

 
Concluding Discussion:   The limitations of 

GPR performance due to scattering, absorption, and 
dielectric contrast will not likely affect detection of 
groundwater at depths of several hundred meters 
with SHARAD.  However, the lure of shallow 
groundwater [15] has been considerably diminished 
by alternative models of gully formation [16-18], and 
there is no guarantee such groundwater is extant 
anyway. Deep, stable groundwater is more likely 
even given recent downward revisions of heat flow 
[13], but detection with MARSIS is unlikely.  Abrupt 
attenuation of the MARSIS return should not be 
taken as a direct indicator of an aquifer but instead 
will likely be due to adsorbed water in the 
cryosphere.  Such indications may be sufficient to 
constrain the geotherm and point to where groundwa-
ter might occur, but true detection and characteriza-
tion of groundwater must await aerial or landed as-
sets performing low-frequency EM. 
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Figure 3.  EM properties for nominal crustal structure (see text). Formal base of cryosphere is 4.1 km depth but thin films of 
unfrozen, adsorbed water introduce significant electrical conductivity below 2.1 km.  MHz (GPR) frequencies and above are 
strongly absorbed.  Variations in skin depth between 0.1 and 100 Hz form basis for inversion of conductivity structure using low-
frequency sounding. 
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MRO’s HIGH RESOLUTION IMAGING SCIENCE EXPERIMENT (HiRISE): EDUCATION AND
PUBLIC OUTREACH PLANS.  V. Gulick1, A. McEwen2, W.A. Delamere3, E. Eliason4, J. Grant5, C. Hansen6, K.
Herkenhoff3, L. Keszthelyi3, R. Kirk3, M. Mellon7, P. Smith1, S. Squyres8, N. Thomas9, and C. Weitz10. 1NASA
Ames/SETI Institute, 2LPL, University of Arizona, 3Ball Aerospace and Tech. Corp., 4USGS, 5CEPS, Smithsonian
Ins., 6JPL, 7University of Colorado, 8Cornell University, 9University of Bern, Switzerland, 10PSI/NASA

Introduction
The High Resolution Imaging Experiment, de-

scribed by McEwen et al. [1] and Delamere et al. [2],
will fly on the Mars 2005 Orbiter.   In conjunction with
the NASA Mars E/PO program, the HiRISE team
plans an innovative and aggressive E/PO effort to
complement the unique high-resolution capabilities of
the camera.  The team is organizing partnerships with
existing educational outreach programs and museums
and plans to develop its own educational materials.
In addition to other traditional E/PO activities and a
strong web presence, opportunities will be provided for
the public to participate in image targeting and science
analysis.  Below we summarize the main aspects of our
program.

The entire HiRISE EP/O effort will be vetted by an
Educator Advisory Committee (EAC) that we will
soon establish. The EAC will consist of approximately
a half dozen members of both formal and informal
educators.  Members will be drawn from a variety of
levels within the target K-14 grade range with a focus
on representation from minority-serving institutions.
The EAC will provide critical evaluation and input into
all aspects of HiRISE’s E/PO activities.

Members of the science team and EAC will review
all curriculum support materials to insure scientific
accuracy, sound pedagogy, usability, and alignment
with national education reform efforts (e.g. Project
2061 and the National Science Education Standards).
All materials will also undergo testing and revision
prior to publication or broad dissemination, and will be
matched with national science and technology content
standards.  Lesson plans and other curriculum materi-
als will be translated into Spanish and other languages
by Imagiverse (     http://imagiverse.org    ) and made avail-
able on the HiWeb E/PO site and at educator work-
shops.

Public Targeting
The HiRISE team plans to cast a wide net to collect

targeting suggestions for the ~10,000 high-resolution
images to be collected over the two Earth year mission.
Although most image targets will be selected from
suggestions submitted by the science team, the Mars
Exploration Program Office, and the general Mars
community [see 3], approximately one image per week
will be targeted based on suggestions from the general
public.

The web-based interface for target suggestion input
(HiWeb) will be based upon Marsoweb, the Mars
L a n d i n g  S i t e  w e b  e n v i r o n m e n t
(    http://marsoweb.nas.nasa.gov/landingsites    ). In addi-
tion to the current data browsing capabilities, users will
be able to select targets, specify special constraints
(e.g. season), and upload short justifications.  HiWeb
will also display and distribute previously obtained
HiRISE images.

Input from the general public will be motivated and
filtered by NASA Quest, NASA’s web-based K-12
education portal based at NASA Ames Research Cen-
ter (    http://quest.arc.nasa.gov    ).  To inform the public
about the capabilities of HiRISE and the plethora of
potential targets, Quest will host web events, on-line
chats and webcasts with science team members, and
provide access to other on-line E/PO material.  To se-
lect targets from public suggestions Quest will adver-
tise and conduct on-line polls.  Public image target
suggestions will be selected through the polling, chats,
and webcasts hosted by Quest. We expect the public
suggestions will produce an interesting and diverse set
of targets that will then enter the usual target selection
stream further explained in [3]. Once obtained, the
resulting public-motivated images will be highlighted
on the HiWeb site. Further details about public and
Mars community targeting will be released closer to
the launch date.

 Public Science Analysis
The public will also have the opportunity to par-

ticipate in HiRISE data analysis through the ‘Click-
workers’ project. Clickworkers aims to produce sci-
ence data products from images by harnessing the huge
public interest in planetary missions.  The proof-of-
concept effort involved having the public look at im-
ages of Mars and identify the locations and diameters
of impact craters in each image.  Over 85,000 indi-
v i d u a l s  v i s i t e d  t h e  s i t e
(    http://clickworkers.arc.nasa.gov    ) and submitted over
1.9 million crater location/diameter entries and a
quarter million crater classification entries [4]. Results
from the prototype Clickworkers web site show that
the accuracy of volunteer inputs, when appropriately
tested and filtered, is comparable to that of existing
crater databases.

The Clickworker’s project will work with the
HiRISE team to develop similar analysis modules to
harness the enthusiasm of the public while educating
them about Mars, mission goals, accomplishments, and
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resulting science.  For example volunteers could
quickly establish a database of features (e.g. craters,
boulders, gullies) imaged by HiRISE.

The fact that the public equipped with basic online
tutorial and analysis modules was able to essentially
duplicate the results of an existing crater database in
the original proof of concept Clickworkers’ effort,
suggests that output of new databases in this fashion
can result in output that has scientific value.  This
proof of concept website has also demonstrated that
there is strong interest generated by direct public par-
ticipation in science.  The site has been featured in the
New York Times and a dozen other publications in sev-
eral languages, on BBC Online, and on a television
program on the Canadian Discovery channel.  The fact
that they are contributing to science can inspire people
to think of planetary science not as something that oth-
ers do and they passively consume, but as something to
which they can contribute their efforts.  By empower-
ing the public with user-friendly web tools, timely ac-
cess to data and unique opportunities to participate not
only in the discovery process, but also in the actual
science as well, we hope to make the dream of explor-
ing Mars a virtually real experience for all.

Education and Public Outreach Partnerships
HiRISE will provide lesson plans to educators via

publications, workshops, and the Internet.  Rather than
create an entirely new set of materials, will draw upon
the large number of existing classroom-tested, stan-
dards-based, Mars and space science lesson plans
whenever possible. Modified or new lesson plans cre-
ated after orbit insertion will be able to draw upon a
wealth of new data, including high-resolution color
images of the surface of Mars.  New data and images
will allow us bring the excitement of an active space-
craft mission and it's discoveries into classrooms and
informal settings.

Technology-based activities will be published
through JPL’s Space Place alliance with the Interna-
tional Technology Education Association’s (ITEA's)
Technology Teacher magazine.  Several activities will
be published during the mission.  NASA Quest will
support HiRISE sponsored Web events.  HiRISE ac-
tivities may also be developed and published in part-
nership with established space science education pro-
grams such as ASU's Red Planet Connection publica-
tion.

Beginning the summer of 2006, educator work-
shops using HiRISE and Mars Educational Program
(MEP) educational products will be held each year in
partnership with a professional workshop provider.
Each workshop will be held at or near the institution of
a HiRISE team member.  Workshop background mate-
rials and instructions for all hands-on activities will
also be placed on the HiWeb E/PO site.  This will fa-
cilitate the sharing of information with educators who
are unable to attend a workshop and the general public.
We will also provide materials and speakers to a num-

ber of existing educator workshop programs including
MarsQuest, and the JPL Solar System Educators and
Ambassadors Programs.  Individual EAC members
will also be encouraged to share HiRISE/MEP work-
shop materials with educators at their home institu-
tions.

HiWeb: HiRISE’s Innovative Public Website
As mentioned above, HiRISE’s web presence will

center around HiWeb, an interactive data analysis, re-
pository and target suggestion system.  HiWeb will be
based upon Marsoweb, a collaborative web environ-
ment  (http://marsoweb.nas.nasa.gov/landingsites/) that
allows for the planetary community to better analyze,
visualize and compare Mars Global Surveyor, Mars
Odyssey and other data sets.  These tools have grown
out of a four year effort by the Center for Mars Explo-
ration (CMEX) at NASA Ames Research Center
(ARC), the NASA Advanced Supercomputing (NAS)
Division’s Data Analysis Group at Ames, and the Mars
Exploration Program to promote interactions among
the planetary community and to coordinate landing site
activities for the MER 2003 mission.

Marsoweb serves as a repository for maps,
data, and memoranda related to this activity (such as
current landing ellipse parameters, workshop talks and
announcements, etc.). Large map and image datasets
may easily be browsed and zoomed. Special tools are
available for viewing MGS laser altimeter data and for
processing MOC images. The facility will continue to
evolve over the next several years as new tools and
features are added to support the ongoing Mars mis-
sions. Over 88,000 distinct users (resulting in over 3
million hits and over 800,000 page requests) from gov-
ernment, academia, and the general public have ac-
cessed the site since its inception in 1999.

The current web-based clickable, zoomable image
data map will allow seamless access to all HiRISE,
other MRO, and previous Mars mission data including
image, topographic, spectral, and derived data sets.
The interface will allow inter-comparison of data sets
via transparent overlays on the image data map.  A key
feature will be rubber-band selection of image targets
and a simple justification interface.

In addition to providing targeting and data browse
capabilities, HiWeb will fill the data distribution func-
tion of HiRISE.  Five captioned images will be re-
leased per week and users may order full resolution
images from the HiRISE data processing facility.  In
addition tools for viewing and processing the large
images will be made available.

Additional EP/O Activities
Each HiRISE science team member will be re-

sponsible for local EP/O activities in their home re-
gion.  Team members have committed to spending at
least 5% of their time in outreach activities and to co-
ordinating local EP/O.  HiRISE images will be dis-
played at full resolution on the giant projection screen
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at the Smithsonian Air and Space Museum between
IMAX shows.

To learn more about HiRISE’s exciting plans, go
to     http://marsoweb.nas.nasa.gov/HiRISE/    .

References:  [1] McEwen, A. et al. this confer-
ence. [2] Delamere, W. A. et al. this conference.
[3] Eliason, E.  et al. this conference. [4] Kanefsky, B.
et al. (2001) 32nd LPSC, abstract no. 1272.
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Introduction: Among the major discoveries of the 

Mars Global Surveyor mission is the finding of strong 
magnetic anomalies due to crustal remanence [1]. 
Models suggest magnetic rocks of tenths of km thick-
ness with remanence magnetization up to Mr ~ 20 A/m 
[2], considerably higher than average values for terres-
trial mid–ocean ridge basalt (MORB). Although Fe–Ti 
oxide phases, as in MORBs, are the obvious candi-
dates for explaining the remanence, other mineralogi-
cal explanations have been suggested to account for 
the high remanence in comparison with MORBs. 
These include hemo–ilmenite [3], multidomain (MD) 
hematite [4], and pyrrhotite [5],  none of which are 
common explanations for the magnetic properties of 
igneous rocks. 

Aeromagnetic surveys over Iceland have revealed a 
large number of distinctly localized magnetic anoma-
lies [6,7]. They are less extensive than their Martian 
counterparts and usually associated with volcanic cen-
ters or subglacial volcanism. In some cases, access to 
the magnetic rocks has been obtained, either  through 
erosion or by drilling.  

Given the assumption that the Icelandic anomalies 
may give hints regarding the origin of magnetism in 
the Martian anomalies, we have conducted a detailed 
investigation of the iron mineralogy of samples from 
two magnetic anomalies in Iceland and one site con-
taining highly magnetic rocks. In this contribution em-
phasis will be given to the results obtained by means 
of Mössbauer spectroscopy. The Mössbauer spectra 
presented here were measured at room temperature in 
transmission geometry using conventional constant 
acceleration drive systems. Velocities and isomer–
shifts are given relative to the center of the spectrum of 
α–Fe at room temperature. 

Mössbauer spectroscopy is an ideal method to 
characterize the iron mineralogy of natural samples, 
giving simultaneously information on the valence state 
of iron, site symmetry, and magnetic interactions. The 
shift of resonance lines (relative to a standard) is char-
acteristic for the valence state of iron atoms. Iron at-
oms in magnetic minerals give rise to a characteristic 
sextet–type spectrum where the splitting is propor-
tional to the magnetic hyperfine field. Iron in para-

magnetic minerals gives rise to a doublet–type spec-
trum due to quadrupole interactions. The splitting of 
lines is proportional to the electric  field gradient at the 
iron site. The analysis of a Mössbauer spectrum may 
be a complicated task. If the iron atoms are situated in 
an environment characterized by statistical variations 
of the hyperfine parameters (e.g. in titanomagnetite or 
titanomaghemite, where the iron atoms have different 
numbers of Ti or vacancy neighbors), a successful 
description of the spectrum in terms of assignment of 
spectral features to specific minerals may be ham-
pered. In basaltic rocks, the magnetic minerals may 
constitute only a few percent of the spectra, precluding 
an accurate determination. For this reason, spectra of 
both bulk samples and magnetic separates are obtained 
and analyzed simultaneously assuming the presence of 
the same spectral components, only in different 
amounts.  

Included in the payload of NASA's 2003 Mars Ex-
ploration Rover missions (launched in May/June 2003, 
landing early 2004) [8] are magnets [9] that will accu-
mulate dust for investigations by Mössbauer spectros-
copy [10] and APX spectroscopy (elemental analysis) 
[11]. The results presented here may show how these 
techniques can work together to determine the miner-
alogy of the surface material on Mars. 

To form a magnetic anomaly (Mr > 20 A/m) with 
rocks of igneous composition (i.e. concentration of Fe 
~ 10 wt.%), three criteria must be fulfilled. (1) The 
rocks must contain single–domain (SD) magnetic par-
ticles, or particles with pseudo single–domain (PSD) 
magnetic properties. (2) The mineral responsible has to 
be substantially magnetic – titanomagnetite (Fe3-

xTixO4) with x = 0.6 is usually not magnetic enough to 
explain the high remanence magnetization of anoma-
lously magnetic rocks. (3) The amount of the magnetic 
phase in the rocks has to be at least of the order of one 
wt.%. If only one of these criteria is not fulfilled, the 
more common situation will be obtained, i.e. Mr ~1–5 
A/m.  

The Stardalur Anomaly: The farm Stardalur is 
located 20 km Northeast of Reykjavík. Aeromagnetic 
surveys revealed a positive magnetic anomaly, roughly 
2×2 km in dimension with surface residual magnetic 
fields as high as 28 µT. A drilling project was under-
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taken in the 70s to get access to the magnetic rocks and 
seek answers regarding the source of the anomaly 
[12,13]. The top 41 meters consist of olivine tholeiite 
lava and breccia of low magnetization. Below are 
highly magnetic early Quaternary lavas, extending to 
depths of at least 140 m. The remanence magnetization 
of these rocks was found to be Mr = 61 A/m on the 
average. The remanence direction from specimens 
from over 100 m of drill core was found to vary with a 
standard deviation of 4°, which is much lower than in 
other NW–Iceland basalts [13,14]. The magnetic min-
eral was in all cases determined to be pure magnetite 
(Fe3O4) [15], in submicron solvus–exsolution lamellae 
together with ilmenite (FeTiO3), originating from sol-
vus–exsolution of the original titanomagnetite [12]. 
The rocks were found to contain a rather large amount 
of iron (~12 wt.% Fe), still not anomalous, but the 
Mössbauer spectra (see fig. 1) show an unusually high 
fraction of the iron in the magnetite phase, of the order 
of 30%, while 2–5% is a more usual finding. 
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Fig. 1. Mössbauer spectra of a bulk sample and 
magnetic separate of a sample from the Stardalur 
anomaly (sample STI–60). The solid line shows the 
sum of the fitting components indicated with a bar 
diagram on top together with the spectral assign-
ments.  

The spectral line at ~ -6.7 mm/s is characteristic for 
the B sextet of magnetite (Mt–B), originating from 
Fe(II) and Fe(III) on octahedral sites, rapidly exchang-
ing an electron resulting in one sextet component. The 
presence of this sextet–component implies the pres-
ence of the A–line of magnetite (Mt–A) originating 
from Fe(III) atoms on tetrahedral sites in magnetite. 
This component is seen in Fig. 1 with slightly higher 
magnetic hyperfine field than the B–component. For 
pure magnetite, the area ratio between the Mt–A sextet 
and the Mt–B sextets is close to ½.  The center part of 
the spectrum is fitted with lines assigned to paramag-
netic minerals, such as Fe(II) in pyroxene 

(Fe,Mg)Si2O6, olivine  (Fe,Mg)2SiO4 and ilmenite. 
Additionally, the spectrum is fitted with a component 
assigned to paramagnetic Fe(III) mineral(s). Most 
likely, this is Fe(III) in pyroxene, but the hyperfine 
parameters are consistent with numerous mineral 
forms of Fe(III)–containing oxidation products, such 
as chlorite and illite. The hyperfine parameters and 
relative spectral areas are given in Table 1.  

Table 1: Hyperfine parameters obtained from si-
multaneous analysis of the spectra of the Stardalur 
sample STI–60. Columns 2–4 show the values of the 
magnetic hyperfine field, isomer–shift and quadru-
pole splitting/shift, and the last two columns show 
the area fractions in the spectra of the bulk and 
magnetic separates, respectively. 

Spectral 
Comp. 

Bhf 
(T) 

δ 
(mm/s) 

∆EQ 
(mm/s) 

Ab 
(%) 

Am 
(%) 

Mt–A 49.4(2) 0.28(2) <0.02 
Mt–B 46.2(2) 0.68(2) <0.02 31(2)a 64(2)a

Olivine  1.13(3) 2.69(6) 16(1) 7(1) 
Pyrox.   1.15(4) 2.02(7) 22(1) 7(1) 
Ilmenite  1.06(3) 0.74(6) 8(1) 13(1) 
Fe(III)  0.42(6) 0.9(2) 23(2) 9(2) 
aTotal spectral area of magnetite 

 
The hyperfine parameters are in good agreement 

with their assignments (see e.g. [16]). The ilmenite 
fraction increases in the magnetic separate, indicating 
that it is found in close intergrowths with the magnetic 
phase. Combining the results from Mössbauer spec-
troscopy with the results from magnetization meas-
urements (σS,rock = 5.2(2) Am2/kg, Mr ~ 60 A/m) and 
elemental analysis (11.9(4) wt.% Fe), we find the satu-
ration magnetization of the magnetite to be 100(4) 
Am2/kg, in rough agreement with theoretical values, 
and the remanence magnetization of the magnetite to 
be 1164(70) A/m (STI–60). It is assumed in these cal-
culations that the iron in the different minerals has the 
same recoil–free fraction or Debye–Waller factors. For 
iron containing rock–forming minerals the recoil–free 
fractions are similar, and measurements at low tem-
peratures (not shown) ensure that there are no missing 
fractions in the room temperature measurements.    

The Stardalur rocks contain unusually high amount 
of magnetite. However, this alone does not explain the 
remanence found. Most likely, the rocks at Stardalur 
have been exposed to geothermal annealing at tem-
peratures above the Curie temperature. This has led to 
solvus–exsolution of the original titanomagnetite re-
sulting in the highly magnetic mineral magnetite with 
PSD magnetic properties. How the solvus–exsolution 
has led to the pure form of the magnetite and absence 
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of other oxidation products is a very interesting ques-
tion, which we will not attempt to answer here.  

The Bolungarvík rocks: The site called Bolun-
garvík is situated in the Tertiary part of Iceland, 
mainly built up of flood basalts representing the oldest 
exposed rocks in Iceland (14–16 M.y.).  

During field work at the mountain Traðarhyrna 
close to the village Bolungarvík, samples were taken 
from 26 lavas (no. 26 on top) and investigated for their 
magnetic properties and remanence direction (L. Krist-
jánsson, private communication). Samples from three 
of these lavas were found to be unusually highly mag-
netic (Mr up to ~60 A/m). Fig. 2 shows representative 
Mössbauer spectra of samples from one of the lavas.  
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Fig. 2: Mössbauer spectra of two samples from 
Bolungarvík. The solid line shows the sum of the 
fitting components. The bar diagram shows line 
positions for the sextet components. 

The main difference of the spectra in comparison 
to the spectra of samples from Stardalur is seen at 
negative velocities as a difference in the area ratio be-
tween the A and B sextets. This is caused by the pres-
ence of both hematite (α–Fe2O3) and fully oxidized 
titanomaghemite (γ–Fe8/3-4x/3TixO4) [18]. Fully oxidized 
titanomaghemite in Icelandic basalts has been shown 
to form as an oxidation product of titanomagnetite Fe3-

xTixO4 with x > 0.2 while the oxidation of pure mag-
netite favors the formation of hematite [17]. The 
Mössbauer spectra of the two additional minerals are 
rather similar, but hematite shows a quadrupole shift 
(∆EQ = -0.2 mm/s) while titanomaghemite may be as-
sumed to have only a small quadruple shift (|∆EQ| < 
0.05 mm/s) due to the cubic structure of the Fe sites. 
Inserting these values as constraints in the simultane-
ous analysis of the spectra, meaningful results are ob-
tained. The same paramagnetic minerals are found in 
the spectrum as in the case of the STI–60 sample.  

Apart from few samples containing titanomagnetite 
(x > 0.2) and of low remanence, the samples from 

Bolungarvík can be roughly subdivided into two 
groups depending on their Mössbauer spectra and 
magnetic properties. (A) Samples containing fully oxi-
dized titanomaghemite, almost pure magnetite (x < 
0.05) and hematite, but with low remanence intensities 
(<10 A/m). (B) Samples like (A), but with high rema-
nence (>20 A/m). The Mössbauer spectra of the latter 
samples show generally larger peaks for the magnetic 
sextets, and less ilmenite than in the spectra of samples 
(A). This is easily seen, when comparing the spectra of 
the magnetic separates in Fig. 2, where the quadrupole 
split lines of ilmenite dominate the center part of the 
spectrum of the sample with low remanence.   

This may suggest the following hypothesis for the 
origin of the magnetism in the samples. Storage at 
temperatures below 200°C for millions of years, leads 
to the solvus–exsolution of titanomagnetite to ilmen-
ite/magnetite structures. If, however, the rocks are ex-
posed to a high temperature event, the formation of 
fully oxidized titanomaghemite and magnetite takes 
place, as has been demonstrated in annealing experi-
ments [17]. Both processes are known to lead to PSD 
magnetic properties, but the latter one has taken place 
at temperatures above the Curie temperature of the 
original titanomagnetite, leading to a realignment of 
the magnetic moment. There are no signs of hydro-
thermal activity in the area, and possibly lightning 
strikes could be an explanation for the annealing event. 

It is not possible to state here with confidence, 
which of the magnetic minerals is responsible for the 
high remanence magnetization. However, combining 
the results from Mössbauer spectroscopy with  meas-
urements of magnetic properties and elemental analy-
sis, an average over the magnetic oxides in the 
strongly magnetic samples gives a value of Mr ~ 
1270(80) A/m (GF22–1). 

The Kjalarnes anomaly: About 15 km north of 
Reykjavík, just outside the Kjalarnes peninsula, an 
aeromagnetic survey has revealed a strong negative 
magnetic anomaly [19]. The residual magnetic field 
900 m above the surface is as strong as -3.8 µT. On-
shore, highly magnetic intrusive rocks are found (Mr as 
high as 50 A/m).  

The Mössbauer spectra of samples from Kjalarnes 
are very different from the spectra of the samples from 
both Stardalur and Bolungarvík (see Fig. 3). The sextet 
component shows broad lines with reduced magnetic 
hyperfine field indicating a distribution in Fe environ-
ments, hampering a detailed analysis of the Mössbauer 
spectra. Still, the average valence state of iron in the 
magnetic phase can be estimated to be 
Fe(III)sextet/Fe(tot)sextet = 0.67(5), and the area fraction, 
or the relative concentration of Fe in the magnetic 
phase can be estimated (here 33(2) %). 
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Fig. 3: (A) Mössbauer spectrum of a sample from 
Kjalarnes (KJ–E1). The solid line shows the sum of 
the fitting components. (B) Curie temperature de-
termination. 

A possible explanation for the spectral shape could 
be that the magnetic phase is titanomaghemite (not 
fully oxidized), and this is supported by X–ray diffrac-
tion results, which show the presence of a spinel phase 
and the absence of a rhombohedral phase (hematite). 
Attempts to  obtain a magnetic separate by crushing 
the samples down to an average particle size ~ 50 µm 
and applying a hand magnet proved  only moderately 
successful (increase in the spectral fraction of sextets 
by ~10%). This suggests small (micrometer–sized) 
particles of the titanomaghemite, as confirmed by  in-
spection with an optical microscope. The Curie tem-
perature (see Fig. 3) is found to be 350(50)°C, giving 
the Ti/Fe ratio of 0.25(5) using lattice parameter/Curie 
temperature diagrams (see e.g. [20]). Combining these 
findings with the results of the elemental analysis and 
the magnetic properties measurements, it is possible to 
estimate the saturation magnetization of the magnetic 
phase to be σS = 33(4) Am2kg-1 and the remanence 
magnetization of the spinel phase to be Mr = 1035(90) 
A/m (KJ–3). The samples from Kjalarnes show rather 
poor thermal stability, and this is readily seen in the 
Curie temperature determination, where the Curie 
temperature increases upon annealing. Therefore, it 
seems rather unlikely that the rocks have been sub-
jected to an annealing event, and more likely that the 
rocks solidified under oxidizing conditions. All these 
results suggest that the magnetism of the samples is 
due to SD titanomaghemite. 

Discussion: The features common to the anoma-
lous rocks in the present study are: Unusually  high 
concentration of spinel phases in the rocks, and 
remanence magnetizations of the magnetic phases of 
the order of 1000 A/m. Only 2 wt.% of such material 
is needed to explain the remanence properties of the 
Martian crust, a value not too different from the find-

ings in the SNC meteorites [21]. At least two different 
processes seem to lead to the formation of highly mag-
netic rocks. High–temperature oxidation of the magma 
prior to or during quenching, leading to the formation 
of SD titanomaghemite (Kjalarnes) or annealing of the 
lava above the Curie temperature (Stardalur, Bolun-
garvík). Which of these processes is a better candidate 
for the interpretation of  events on Mars cannot be 
answered here. Kjalarnes seems to offer the simpler 
explanation, where the formation of the anomaly has 
taken place in a single process. However, the anneal-
ing hypothesis is not an unlikely scenario. The thick-
ness of the crustal rocks that give rise to the anomalies 
on Mars may offer the necessary clue. The rocks have 
probably solidified deep below the surface, at tempera-
tures above the Curie temperature. The slow cooling 
has then led to the annealing situation that may have 
given the rocks their PSD magnetic properties. 

Conclusions: Three magnetic anomalies in Iceland 
have been studied. The carrier of the remanence mag-
netization is in all cases Fe–Ti oxide phases. Only 2 
wt.% of the magnetic material is needed to explain the 
magnetic properties of the Martian crust. 
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Introduction: The data from the Pathfinder mis-

sion have given a significantly better picture of the 
properties of the magnetic dust suspended in the Mar-
tian atmosphere [1–3]. However, new questions have 
been raised, related to the properties of the dust and 
the potential of using the dust to learn more about at-
mosphere–surface interactions [3]. These questions 
have stimulated interest in the development of an in-
strument that could measure the accumulation of mag-
netic dust to permanent magnets with a better resolu-
tion (in both time and mass) than was possible during 
the Pathfinder mission [4]. 

Recent experiments performed under Martian con-
ditions on the electrical properties of Mars analogue 
dust [5] have shown that the dust is electrically 
charged, in the sense that it is attracted by electrodes. 
The dust was found to be both positively and nega-
tively charged in roughly equal amounts. The charging 
does not seem to originate from collision processes, 
and surface chemistry has been suggested [5]. 

We have developed a small instrument, based on 
optical detection of dust on surfaces. In this contribu-
tion, the scientific objectives that could be addressed 
with such an instrument will be described, and results 
obtained under simulated Martian conditions are given. 

Removal of dust from magnets: Among the more 
astonishing results from the Magnetic Properties 
Experiment onboard the Pathfinder lander was the fact 
that dust had been removed from the magnets on at 
least two occasions during the mission [3]. Most 
prominent was the removal of material between Path-
finder Sols 23 and 26, when approximately 25% of the 
dust on the strongest magnet of the lower Magnet Ar-
ray was removed as evaluated from the change of con-
trast in the images. It was suggested that the removal 
of dust must involve interaction with particles that are 
already in suspension in the atmosphere, i.e. in a way 
in many respects similar to the process of sand–
blasting [3]. 

Current models of the interactions between the air-
borne dust and the dust accumulated onto the magnets 
[4] indicate that some fundamental knowledge on the 
nature of these dust devils is lacking. Possible hy-
potheses are that either these events are more frequent 
or that the amount of dust in a dust devil has been 
largely underestimated previously.  

Not enough is known about dust devils on Mars to 
fully understand the implications for landers/astronauts 
on the surface of Mars. Magnets could offer a unique 
opportunity to study such events under quantitatively 
controlled circumstances. Magnets of different 
strengths would at any given time hold different con-
centrations of dust. During a dust removal event, it 
could be tested whether the removal is proportional to 
the concentration of dust, and by placing the magnets 
in different ways on the lander, directional effects 
could be evaluated. These events could then be simu-
lated in a wind tunnel on Earth in order to gain deeper 
insight into the erosion power of the sand–blasting 
mechanism, and such data could give vital clues to 
wind erosion processes taking place on Mars today. 

Optical Properties: The optical reflection spec-
trum of the dust accumulated to the strongest magnets 
of the Magnet Array shows characteristic differences 
in comparison to the dust on the ground surrounding 
the Pathfinder landing site [6,3]. While the slope of the 
reflection curve above 750 nm is negative for most 
soil/dust near the landing site, the reflection spectrum 
of the material accumulated to the strongest Pathfinder 
magnets shows a positive slope.  

Several hypotheses have been put forward to ac-
count for this difference (see e.g. discussions in [3] 
and [4]). One hypothesis is that the magnetic phase 
consists of Fe–Ti oxides [7], another that the magnetic 
dust lacks mafic material in comparison to the soil/dust 
in general [6] or that the particle size distribution of 
the material accumulated by magnets differs signifi-
cantly from the particle size distribution of the atmos-
pheric dust. [3].  

The diversity of these explanations does not allow 
for definite conclusions regarding the nature of the 
magnetic dust. It is clear though that obtaining the re-
flection spectrum of the material accumulated to 
weaker magnets (strongly magnetic particles) would 
give information that might distinguish between some 
of these hypotheses. 

The magnetic mineral responsible for the magnetic 
properties of the Martian soil and dust might contain 
important clues to the evolution of the Martian surface 
(see e.g. [8] and references therein), especially to the 
role of water. The identification of the mineral and its 
properties is hence of interest. Presumably, obtaining 
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material on a sample return mission for laboratory in-
vestigations is the best way to study this. If, however, 
only limited amounts would be acquired and the mag-
netic component is a minor component of the dust (say 
<< 1 %), one would be interested in sampling this 
component by magnetic methods to obtain enough 
samples for the identification.    

To some extent, hopefully, this issue will be re-
solved on future missions to Mars. Included in the 
payload of NASA's 2003 Mars Exploration Rover mis-
sion (launched in 2003, landing in 2004) [9] are mag-
nets [10] that will accumulate dust for investigations 
by Mössbauer spectroscopy [11] and APX–fluorescent 
spectroscopy (elemental analysis) [12]. These meas-
urements will undoubtedly be of vital importance in 
determining the magnetic minerals responsible for the 
magnetism of the soil/dust on Mars. 

Magnetic properties: Another fundamental prop-
erty of the dust is the distribution of the magnetization 
as a function of particle size. Insight into this property 
is stimulated by the discovery of magnetic anomalies 
on Mars [13] i.e. the presence of highly magnetic ma-
terial in crustal rocks. If the magnetic dust on Mars has 
formed from breakdown of rocks containing submi-
cron single domain Fe–Ti oxide phases, one would 
expect some of the smaller particles to contain rela-
tively larger amounts of the magnetic phase. If, on the 
other hand, the magnetic phase has formed via precipi-
tation in water then the magnetic properties would 
depend less on the particle size. Dependence of optical 
properties and accumulation rates onto magnets of 
differing strength could give a deeper insight into these 
properties.  

Electric charge of dust: Recent experiments per-
formed under Martian conditions [5] using Mars ana-
logue dust have shown that almost all the dust particles 
appear to be electrically charged. Fig. 1 shows a typi-
cal result from the experiments. 

There is a significant increase in the dust enhance-
ment on both the 300 V and 0 V electrodes. Charged 
dust will be affected by the local electric field and at-
tracted to one electrode or the other. This shows that 
the dust is both positively and negatively charged.  

Detailed in–situ measurements of the accumulation 
of dust due to electrical charging may give valuable 
information of the electrification of the Martian aero-
sol and insight into the dust chemistry, mineralogy and 
size. 

Dust Accumulation Rate Experiment (DARE): 
For the reasons mentioned above, an interest in detect-
ing the amount of dust on magnets with improved 
resolution (in mass and time) has developed. We have 
worked on a simple experiment, utilizing optical detec-
tion of accumulated dust, which has been given the 

working title "Dust Accumulation Rate Experiment" 
(DARE). 

Basic Principles of the DARE: The basic ideas be-
hind the DARE are illustrated in Fig. 2.  
 

 

Fig. 1: Figure 1a and 1b show respectively the ver-
tical and horizontal electric field components at two 
heights of 0.5 mm and 5 mm above a set of three 
electrodes with the central electrode on 300 V rela-
tive to the other two. Figure 1c shows the optical 
absorbance (proportional to material accumulated 
relative to background). Figure 1d shows the same 
for a side wind (from the right). 

 

Transparent
material

LED

Magnet

Detector

Shield Electrodes

Accumulated material

 

Fig. 2: Schematic drawing to illustrate the central 
idea behind the Dust Accumulation Rate Experi-
ment. Some of the parameters that may be varied 
in such a system are shown. 

A magnet/electrode, a light source and detector are 
embedded in a transparent material. When dust accu-
mulates onto the surface of the instrument, an increas-
ing fraction of the light will be reflected towards the 
detector. When far from saturation, the signal from the 
detector will be approximately proportional to the 
amount of dust accumulated. Using light sources of 
different colors, spectral information on the accumu-
lated dust can be obtained. The benefits of this 
method, in comparison to the magnets onboard the 
Pathfinder mission, are numerous. The resolution of 
dust loading on the device will be better than 0.2 
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µg/cm2, compared to roughly 20 µg/cm2 on the Path-
finder magnets. As the instrument does not need to be 
imaged from an onboard camera, the device can be 
miniaturized considerably compared to the Pathfinder 
Magnet Arrays. The power consumption and the 
amount of data from each measurement are so low that 
continuous (> 1 sec-1) measurements will be possible 
and the experiments are not dependent on (unstable) 
solar illumination. The device contains no movable 
parts, but a major drawback in comparison to passive 
magnets is the fact that the instrument has to be 
adapted to the electric power system, computer and 
data system of the landers.  

Test results: After some preliminary testing to 
demonstrate the principle of operation for a device of 
the type described above, a prototype was built, which 
could operate under Martian conditions using magnetic 
capture of particles. This device was tested in the Mars 
Wind tunnel at Århus University, Denmark [14]. 
Speed and number density of dust particles were moni-
tored using a Laser Doppler Anemometer. All experi-
ments where performed at room temperature using air 
at pressures of 9–10 mbar. The device uses three pairs 
of LEDs in different colors, red, green and blue. One 
set is covered with a color reference and used for ref-
erence purposes. The magnet is a Sm2Co17 Pathfinder 
type ring shaped magnet [15], situated 2 mm below the 
active surface. 

The instrument was operated in the following way: 
A super–cycle of approximately 180 ms was used. 
Each super–cycle started with a timing reference, and 
then each of the six light emitting diodes (LED’s) were 
activated one after another for approximately 13 ms, 
separated in time by 13 ms. The voltage reading from 
the photodiode was fed to a computer through a 12 bit 
A/D converter. The computer found the timing refer-
ence, and extracted the signal from each LED. 

Not all parameters have yet been optimized in this 
system. One promising possibility for further im-
provement would be to use laser diodes instead of 
LEDs, and a CCD detector instead of the photodiode. 
Despite that, a very good detection resolution was 
found (~0.2 µg/cm2) and the data quality was found 
well within the limits of what could be hoped for.   

Generally, the signal from the diodes will depend 
on the amount of dust accumulated, the reflection 
properties of the dust and the particle size. To extract 
the reflection properties, one could place a white refer-
ence over part of the magnet, and observe the instru-
ment with an onboard multi–spectral imaging system. 
This would allow calibration of the signal in terms of 
dust accumulation and allow the reflection spectrum of 
the dust to be deduced. Fig. 3 shows the spectrum of 

the Salten Skov Mars analogue material [14] and the 
reflection found by the DARE.  
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Fig. 3. Diffuse reflectivity of the Salten Skov ana-
logue, compared to the results obtained with 
DARE. 

The Salten Skov analogue consists of micrometer–
sized aggregates of nanometer sized ferric oxide parti-
cles, including maghemite (γ–Fe2O3) and hematite (α–
Fe2O3). The strong charge transfer absorption band in 
the near UV, characteristic of ferric iron oxides, gives 
rise to the overall shape of the spectrum. There are also 
signs of the crystal field transition bands near 630 nm 
and 850 nm, showing that at least part of the iron oxide 
particles are larger than ~10 nm. Clearly, the DARE 
instrument is capable of reproducing the spectral in-
formation of the dust in these spectral channels. In a 
real situation, one would select light sources emitting 
at different wavelengths, to maximize the scientific 
output of the experiment.  

The capture of magnetic dust is generally a compli-
cated process depending on various parameters and in 
particular on the magnetic properties of the dust. To 
describe the capability of the magnets to capture mag-
netic particles the so–called “Capture Cross Section 
Height” (CCSH) [3] has been defined. This is an 
imaginary scale height above the magnet, for which 
particles moving on (horizontal) paths below this 
height will be captured by the magnet and those above 
will escape capture. In calculating the CCSH, one as-
sumes that the wind profile is constant above the sur-
face of the magnet, so this height does not take into 
consideration details of the wind profile or turbulence. 

Fig. 5 shows the CCSH as a function of wind ve-
locity for two strongly magnetic materials of different 
magnetization, maghemite (σS = 70 Am2kg-1) and 
hematite (σS = 0.4 Am2kg-1) from experiments in the 
Århus wind tunnel.  

The hematite was prepared by annealing the 
maghemite at 600°C in air overnight. The particle size 
distribution is unaffected by the annealing, which only 
changes the magnetic properties of the material. 
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As the wind speed increases, the capability of the 
magnets to capture magnetic dust decreases. It is also 
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Fig. 4: Capture cross section height as a function of 
wind velocity for particles of maghemite and hema-
tite (from [4]). 

seen that the probability of capturing the strongly mag-
netic particles of maghemite is much higher than is the 
case for hematite. The CCSH for maghemite is roughly 
one order of magnitude higher than that of hematite, in 
spite of the two orders of magnitude difference in the 
magnetization of these materials. This illustrates the 
importance of aerodynamics in the capture mechanism, 
and shows that the details in the airflow above the 
magnet surface are of importance in order to model the 
capture correctly. 

Concluding remarks: The DARE instrument has 
been shown to be capable of sensitively and accurately 
measuring dust accumulation in a realistic simulated 
Martian environment. The instrument will allow in–
situ studies of the complicated process of capture of 
magnetic dust. Though it could in principle work 
alone, the usefulness of this instrument would be sub-
stantially increased by making it a part of another in-
strument which measures one or more of the properties 
of the dust such as wind velocity and/or particle den-
sity (size). One possibility is a simple laser anemome-
ter [16].  

If so desired, the detailed design of the instrument 
could be modified in many different ways. One could 
apply magnets of different strengths, and in particular 
use one unit without magnet, use laser diodes of vari-
ous colors and mount the device in different geome-
tries, making use of gravity as a known directional 
force, or use electrodes to accumulate charged parti-
cles [4].  

DARE would seek answers to some fundamental 
scientific questions which are of importance in order to 
understand ongoing processes of dust erosion on Mars 
and the origin of the magnetic dust as well as shed 

light on the role of water in the soil forming processes 
on Mars. 
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