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Introduction: The Jet Propulsion Laboratory,
Scripps Institution of Oceanography, and  NASA
Ames  Research Center are currently developing a mo-
bile Astrobiology Laboratory (AstroBioLab) for a se-
ries of field campaigns using the Chilean Atacama De-
sert as a Martian surface analog site. The Astrobiology
Science and Technology for Exploring Planets
(ASTEP) program funded AstroBioLab is designed
around the Mars Organic Detector (MOD) instrument
and the Mars Oxidant Instrument (MOI) which provide
complementary data sets. Using this suite of Mars In-
strument Development Program (MIDP) and Planetary
Instrument Definition and Development Program
(PIDDP) derived in situ instruments, which provide
state-of-the-art organic compound detection (attomolar
sensitivity) and depth profiling of oxidation chemistry,
we measure and correlate the interplay of organic
compounds, inorganic oxidants, UV irradiation and
water abundance. This mobile laboratory studies the
proposition that intense UV irradiation coupled with
low levels of liquid water generates metastable oxi-
dizing species that can consume moderate amounts of
seeded organic compounds.  Results from the initial
spring 2003 field campaign will be presented.

Viking Results: Today, nearly three decades after
the mission, the results of the Viking biology experi-
ments remain to be fully explained. These experiments
revealed properties of the Martian surface material that
are puzzling in three respects: (1) the release of O2 gas
(70–770 nanomoles g-1) when soil samples were ex-
posed to water vapor in the Gas Exchange Experiment
(GEx) [1]; (2) the ability of the surface material to
rapidly decompose aqueous organic material that was
intended to culture microbial life in the Labeled Re-
lease Experiment (LR) [2]; and (3) the apparent ab-
sence of organics in samples analyzed by gas chroma-
tography and mass spectroscopy (GCMS)[3].

Oxidants on Mars: The most widely accepted ex-
planation for the results of the GEx and LR experi-
ments is the presence of oxidants in the Martian soil.
Differences in stability of the active agents in the two
experiments suggest that the GEx and LR oxidants are
different species and that at least three different oxi-
dizing species are needed to explain all of the experi-
mental results [4]. However, since the publication of
the Viking results, no chemical model has been pre-
sented which can explain all the important details of
both the GEx and the LR results [5] and, although nu-
merous hypotheses have been presented, the chemical
nature and identity of the soil oxidants remain un-
known.

Atmospheric Water: While there is general
agreement about the importance of UV irradiation in
the generation mechanism of Martian oxidants and the
decomposition of organic compounds, the role of water
is more problematic. In the course of our development
of in situ reactivity monitoring instrumentation (the
Mars Oxidant Experiment (MOx) and the Mars At-
mospheric Oxidant Sensor (MAOS)) we have found
that many of the more virulent superoxide compounds
react strongly with water vapor. The first reaction
product of water with the inorganic oxidant is the gen-
eration of a strong base that rapidly accelerates reac-
tions (by orders of magnitude) with both organic and
inorganic materials. These reactions modify the surface
chemistry of the fine grained solids or soils in ways
that could seriously affect residual organic compounds
that might be trapped and preserved in the medium. A
critical reassessment of the Viking results by Benner
[6], has suggested that the diagenesis of meteoritic or
biotic organic material in an oxidizing environment
could have lead to carboxylic acid intermediates.
These salts would have had low volatility and conse-
quently not have been detected by the Viking GCMS
experimental protocol. One key component of this ar-
gument lies in the critical role of water in the known
oxidation mechanisms of complex organic molecules.
Low levels of water could stabilize highly reactive
metastable oxidants, but could also give rise to kineti-
cally-stabilized and partially-oxidized organic materi-
als. Higher levels of water could react with photo-
chemically generated strong oxidants lowering their
net concentration. This could shift the steady state bal-
ance of organic influx and environmentally induced
oxidation leading to higher levels of organics. Still
higher abundances of water could enable the develop-
ment of more complex organic molecules that might
prove more resistant to photochemically enhanced oxi-
dation.

Atacama Test Sites: AstroBioLab field experi-
ments are being performed in the Atacama Desert,
which is located along the northern Chilean pacific
coast from 30° S to 20° S latitude (figure 1). The part
of this region between 22° S and 26° S is extremely
arid; its total rainfall is only a few millimeters over
decades [7] making it one of the driest deserts in the
world. These conditions have existed in the region for
10-15 Myrs [8], making it one of the best analogs on
Earth for the present dry conditions on Mars. The dri-
est parts of the region appear to be depleted in, and in
some cases essentially devoid of, life, including hy-
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polithic algae that are found in other arid deserts on
Earth.

Studies of the presence of culturable bacteria in the
Atacama region from 24° S to 28° S indicate that the
quantity and diversity of heterotrophic bacteria in-
crease as a function of local water availability. In the
driest regions (24° S) there are sites where no bacteria
could be isolated. The driest, apparently sterile, regions
also are extremely depleted of carbon in the soil. Soils
collected from these regions were reported to be es-
sentially free of organic matter based on a flash pyro-
lysis GCMS analysis protocol similar to the Viking
GCMS experiment [9]. The causes of  the depletion of
organics in some regions have not yet been established.

The existence of
organic-depleted,
apparently sterile
soil is a remark-
able Earth analog
of the martian
surface material.

Another strik-
ing feature of the
Atacama are the
large nitrate de-
posits, probably of
atmospheric ori-
gin [10], that have
not been biologi-
cally decomposed.
These deposits are
known to contain
highly oxidized
salts, including
iodates (IO3

-),
chromates (CrO4

-2), and the only known naturally oc-
curring deposits of perchlorate (ClO4

-) [11]. The oxi-
dized inorganic salts are postulated to be formed by
UV irradiation without the presence of water at levels
that would reduce the material.

The field campaign includes collaborative efforts
that will acquire correlative measurements, including
soil wet chemistry, mineralogical characterization, UV
flux and humidity time series, nitrogen cycle chemis-
try, and organic infall measurements. The results of
these investigations will provide additional constraints
on the Atacama carbon cycle model.

AstroBioLab In Situ Instrumentation: Mars Or-
ganic Detector (MOD). MOD is an miniaturized in situ
instrument that has been developed to search for traces
of the key organic compounds, amino acids/amines
and PAHs, directly on the Martian surface [12]. It is
based on the following concepts: (a) Amino acids and
PAHs can be directly sublimed from natural samples
by heating to 450°C under partial vacuum, thus elimi-
nating the use of the aqueous reagents and organic sol-
vents used in benchtop analyses; (b) sublimed amino

acids condensed on a cold finger coated with a reagent
specific for amino acids can be detected at very high
sensitivities using UV-induced fluorescence; and (c)
sublimed PAHs can be directly detected on the cold
finger because they are naturally fluorescent when ex-
posed to UV light. In our characterization experiments,
natural samples including crushed fossil shells, carbo-
naceous deep ocean sediments and crushed samples of
the Murchison meteorite, have been analyzed using a
sublimation apparatus evacuated to 5–6 torr to ap-
proximate Martian atmospheric pressure [13]. Primary
amines were found to react with the reagent fluo-
rescamine coated on the cold-finger surface to yield
intensely fluorescent derivatives. Experiments indicate
that the fluorescamine reaction proceeds in the dry
state; no solvent is necessary. Amino acid/amine de-
tection limits with this method are in the 10–13 mole
range. Thus, amino acids, present in a Martian sample
at a level of a few parts per trillion, would be detect-
able by this fluorescamine-based method. The detec-
tion of sublimed PAHs can be carried out directly on
the cold finger under identical conditions without de-
rivatization reagents because these compounds are ex-
tremely fluorescent when irradiated with near UV
light. Detection limits are in the 10 to 100 femtomole
(10–14 to 10–15 mole) range. This work resulted in the
MIDP funded development of the MOD survey in-
strument  to the brassboard level. This instrument (fig-
ure 2) consists of a high purity pyrolytic boron nitride
crucible

Figure 2. MOD prototype design and hardware components.

Figure 1. AstroBioLab targets the
three starred sites in the Atacama
Desert for field campaigns.
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with imbedded and encapsulated pyrolytic graphite
heaters used to heat a powdered sample to 175 to 450
°C, thereby developing a low level flux of volatile
PAHs, amino acids and amines. The sample chamber
uses gate valves at the top and bottom of the assembly
to control specimen introduction and ejection. The
evolved flux is passed into the “oven assembly area”
and focused on a transparent cold finger (diamond-like
carbon), which has been coated with the fluorescamine
reagent. The PAHs, amines and amino acids condense
on the cold finger (temperatures from –200 °C to 25
°C, background pressures of microns to 10 torr) and
are detected by UV excitation at 375 to 405 nm of the
fluorescamine/ amino acid adduct with an avalanche
photodiode. The method is particularly sensitive be-
cause only the amine adduct (not the unreacted rea-
gent) fluoresces.

A second version of the instrument (MOD II) is
currently under development by ASTID funding to use
subcritical water extraction to remove low level
amines, amino acids, carboxylic acids and PAHs from
powder samples and to integrate a capillary electropho-
resis (CE) analyzer with the detection cold finger. The
integrated MOD II CE system will provide separation,
detection and identification of these compounds along
with chiral resolution and measurement of enanti-
omeric ratios for assessment of biotic or abiotic
sources.

Mars Oxidant Instrument (MOI). MOI is the result
of an extended development of in situ instrumentation
designed to probe the reactivity of Martian soil and
solid samples to validate the oxidant hypothesis and
determine the chemistry and chemical mechanisms of
the process. The first of these miniature chemical labo-
ratories was the Mars Oxidation Experiment (MOx)
which flew as part of the ill-fated Mars 96 mission.
The basic principle [14] is to expose a set of reference
reactants, each with a different oxidation potential, to a
powdered sample.

The extent of reaction is carefully monitored by
following the change in either refractive index or re-
sistivity of the thin film sensor, as a function of time,
temperature and water abundance. Multiple films are
exposed simultaneously, and the collective response is
analyzed using a chemometric approach. The MOx
instrument used a fiberoptic detection scheme, and
more recent implementations have used chemiresistors
as the sensors.

The MOI instrument was developed through MIDP
funding to measure the reactivity of powdered solids
and to provide for activation of oxidation chemistry
through controlled addition of water vapor. The MOI
instrument was brought to the brassboard level and a
photograph of the sensor package mounted on the sup-
porting electronics board is given in figure 3, along
with a  data plot showing the interaction of a 150 Å Ag
film with dilute potassium superoxide in palagonite.

Note that the reaction rate is a strong function of the
water vapor level. The sensitivity of the approach is
limited by the exposure time/ temperature/ water pro-
file and measurement of 0.001 monolayers of reaction
is a typical limit. The MOI cell is a single use meas-
urement where powdered sample is added to the sensor
cup that is then hermetically sealed for the duration of
the experiment (days to months). In the field imple-
mentation of MOI for this experiment, 24 test cells will
be provided on the sample deck for each campaign site
with the ability to replenish cell packages as needed.
The technology of MOI is based on a number of ad-
vances in semiconductor processing. The sensor units
are produced in 64 unit batches. Highly reactive films
are deposited on the sensor substrate in the laboratory,
then sealed with a thin membrane of silicon nitride and
stored until use. Just before sample introduction, the
seal membranes are removed electrically, providing
pristine material for the experiment.

Conclusions: The AstroBioLab conducts a set of
carefully controlled field experiments to ascertain the
chemical interrelationship between low surface water
concentrations, UV excitation, possible mineral surface
catalysis and the diagenesis of atmospherically trans-
ported organic infall. The comparison of three field
sites ranging from sterile (virtually carbon free) to
biologically colonized with identical geology and with

Figure 3. The MOI prototype to measure the reac-
tivity of powdered samples was developed under
MIPP funding. The spectrum shows the MOI re-
sponse of a silver film to ppm levels of the oxidant
KO2 mixed with palagonite.
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major differences in water abundance provides a
unique system to study the role of water and UV ra-
diation in organic compound degradation. The use of
in situ instruments on a sterilized platform optimizes
the ability to study metastable oxidation chemistry and
uncontaminated low level organic residues. The results
of the study and field campaign will demonstrate the
efficacy of integrated in situ astrobiology instrumenta-
tion focusing on organic compound detection and oxi-
dation chemistry. Finally, the field campaign and ex-
perimental results will measurably enhance our under-
standing of the limits and constraints of life in extreme
environments.
References: [1] Oyama V. I. and. Berdahl B. J (1977) JGR,
82, 4669–4676. [2] Levin G. V. and Straat P.A. (1977)  JGR,
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Introduction:  While  it has long been obvious from 
geomorphological evidence that Mars, like Earth, is a 
water-rich planet [1], this fact has proven difficult to 
reconcile with various aspects of Martian geochemistry 
and geophysics [2].  Indeed, theorization about water 
on Mars has been highly controversial, with various 
atmospheric models for early Mars proposing: (a) 
warm, wet conditions generated by an intense CO2 
greenhouse [3], (b) denial that such a greenhouse is 
possible [4], so that geothermal heat is necessary to 
produce temporary water flow for valley formation [5], 
and (c) that high impact rates early in Mars history 
explain the release of water for valley formation [6].  
There has even been speculation that Martian land-
forms can be explained without any role for water at all 
[7]. This debate is made particularly interesting by the 
stunning confirmation of large quantities of near-
surface water (ice) on Mars [8] and the documentation 
of many water-related Martian landforms that are ex-
ceptionally young in age [9]. 
    The landforms that lead to the recognition of a water-rich 
Mars have long been interpreted to have fluvial, lacus-
trine, littoral, glacial, wet mass-movement, ice-rich 
permafrost, and volcano-ice-water origins.  Of course, 
these interpretations have all been intensely debated 
[2], and alternative, nonaqueous explanations have 
been proposed for nearly every landform  to which 
aqueous origins have been ascribed.  While all these 
explanations are certainly reasonable for isolated ad 
hoc instances, they do not provide any sense of a unify-
ing theme as to how the Martian landscape works.  
They are united only by their denial of a significant 
role for liquid water and/or greatly changed past Mar-
tian climates.  This view may be partly motivated by a 
Mars-specific version of the uniformitarian principle, 
which holds that the present-day, cold-dry Mars condi-
tions (7 millibar atmospheric pressure, mean annual 
temperature of about -600 C and colder) are better pos-
tulated for the Martian past than are any speculations 
about warmer, wetter conditions.  Though logically 
flawed, this mode of reasoning has a long history of 
influence in geological thinking [10].  A potentially 
more fruitful approach for interpreting the Martian 
landscape is somewhat provocatively stated as follows: 
if this entire assemblage of (apparently) water-related 
landforms, as manifested both in time and spatial asso-
ciation (these being demonstrated by geological map-
ping), were observed in some newly discovered region 
of Earth, there would be absolutely no question in re-

gard to its aqueous origins.  It is in this spirit that this 
brief review is pursued. 
     In outlining a geological history of water on Mars it 
is essential to distinguish the “early Mars” (Noachian) 
epoch during which impacting rates by meteors and 
comets were much higher than afterward.  This early 
Mars (Noachian) epoch is best recorded in the heavily 
cratered highlands of the planet, mostly in equatorial 
and southern latitudes.  There is also evidence that the 
low-lying northern plains of Mars are underlain by 
large impact basins that were emplaced during this 
early heavy bombardment period [11], but these are 
now extensively buried by younger lava flows and/or 
sediments.  Based on a selective interpretation of the 
Mars fluvial history, a common view, especially among 
theoreticians, is that nearly all the aqueous activity on 
Mars was concentrated into this early epoch.  For con-
venience we label this the MIDDEN hypothesis (Mars 
Is continuously Dead and Dry, Except during the Noa-
chian). 
 
       Fluvial. The two main varieties of fluvial land-
forms on Mars are valley networks and outflow chan-
nels.  A great many of the valley networks occur in the 
old cratered highlands of Mars, leading to the view that 
nearly all of them formed during the heavy bombard-
ment, as presumed by the MIDDEN hypothesis.  The 
outflow channels, in contrast, involve the immense 
upwelling of cataclysmic flood flows from subsurface 
sources, mostly during post-Noachian periods of Mar-
tian history.  The transition from a more aqueous phase 
in the Noachian, with a progressively thickening ice-
rich permafrost zone in post-Noachian time, is the basis 
for theories that explain the outflow channels as prod-
ucts of subsurface water confined by this process [12, 
13].  Certainly, there is strong evidence, notably from 
impact crater morphologies, that much of the Martian 
surface is underlain by a thick ice-rich permafrost zone, 
a “cryolithosphere”.  Nevertheless, the geological re-
cord shows that highland valley formation extended 
into the period after the heavy bombardment [14], and 
much younger valley networks are extensively devel-
oped on some Martian volcanoes [15, 16]. 
     An alternative to the linear model of cryosphere 
thickening is that outflow channel activity is related to 
episodic heat flow and volcanism [17].  This hypothe-
sis is now known by the acronym MEGAOUTFLO: 
Mars Episodic Glacial Atmospheric Oceanic Upwell-
ing by Thermotectonic Flood Outburst.  It envisions 
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long periods (perhaps on the order of 108 years) in 
which Mars has a stable atmosphere that is cold and 
dry like that of today, with nearly all its water trapped 
as ground ice and underlying ground water.  The stable 
state is punctuated by relatively short-duration (perhaps 
104  or 105 years) episodes of quasi-stable conditions 
that are warmer and wetter than those at present.  The 
motivation for MEGAOUTFLO is the observed reality 
of water-related landforms briefly described in this 
review, especially those of post-Noachian age.  Exten-
sive criticism of the hypothesis by Carr [2] questioned 
the significance of the water-related landforms and 
denied that significant epochs of climate change oc-
curred after the heavy bombardment, as presumed by 
the MIDDEN hypothesis. 
     The MIDDEN hypothesis is itself under attack for 
its presumption of warmer atmospheric conditions dur-
ing the Noachian.  Some criticisms arise from the role 
of internal geothermal heating for valley formation. 
However, it is clear that extensive geothermal heating 
will also impact the atmosphere by its injection of wa-
ter vapor and other gases.  Perhaps the strongest argu-
ment that early Mars cannot have been continuously 
cold and dry is that highland craters and basins are 
extensively eroded, most likely by processes involving 
rainfall and surface runoff [18].  Prolonged, intense 
fluvial erosion occurred, with cratering competing with 
drainage basin development, such that the latter was 
restricted to localized areas [19].  Relatively high de-
nudation rates are inferred for the Noachian, which are 
much greater than those of later periods.  These obser-
vations are consistent with the discovery that the an-
cient Martian crust of the highlands is layered to con-
siderable depths, probably because sedimentary rocks 
were emplaced during the intense denudation phase 
[20].   Imagery from the Mars Orbiter Camera (MOC) 
of the Mars Global Surveyor (MGS) Mission shows 
that the Martian highlands do not consist of an initial 
lunar-like surface, underlain by an impact-generated 
megaregolith, as presumed in previous hydrogeological 
models [2].  Instead, cratering, fluvial erosion, and 
deposition of layered materials probably all occurred 
contemporaneously, leading to a complex interbedding 
of lava flows, igneous intrusions, sediments, buried 
crater forms, and erosional unconformities [21]. 
 
     Lacustrine and Glacial. Evidence for persistent 
standing bodies of water on Mars is abundant, but even 
more controversial than that for fluvial activity. For 
Mars there is no direct geomophological evidence that 
the majority of its surface was ever covered by stand-
ing water, though the term “ocean” has been applied to 
temporary ancient inundations of the northern plains, 
which did not persist through the whole history of the 
planet.  Although initially inferred from sedimentary 

landforms on the northern plains, inundation of the 
northern plains has been most controversially tied to 
identifications of “shorelines” made by Parker et al. 
[22, 23]. MGS data confirm the initial observations of 
a regionally mantling layer of sediment, now called the 
Vastitas Borealis Formation, covering perhaps 3 x 107 
km2 of the northern plains [24].  This sediment is con-
temporaneous with the post-Noachian outflow chan-
nels, and it was likely emplaced as the sediment-laden 
outflow channel discharges became hyperpycnal flows 
upon entering water ponded water on the plains [25].  
In another scenario, Clifford and Parker [13] envision a 
Noachian “ocean,” contemporaneous with the high-
lands valley networks, and fed by a great fluvial system 
extending from the south polar cap, through Argyre 
and the Chryse Trough, to the northern plains. 
      Numerous lakes, which were temporarily extant on 
the surface of Mars at various times in the planet’s his-
tory [26].  The more ancient lakes occupied highland 
craters during the heavy bombardment epoch, spilling 
over to feed valleys such as Ma’adim Vallis [27].  
Even more abundant crater paleolakes seem to have 
developed just after the heavy bombardment, and ex-
pecially large lakes occupied the floors of the impact 
basins, Hellas and Argyre.  Even younger lacustrine 
activity is indicated by the finely layered deposits of 
the Valles Marineris [28].  These are up 8 km thick, 
which could indicate a very prolonged period of deep-
water inundation of this immense tectonic trough. 
     Considerations of lake mass balances [29] and of 
likely formation times for observed deltas and wave-
eroded terraces [30] suggest that the crater lakes had 
lifetimes on the order of about 1000 years.  Calcula-
tions with a general circulation model demonstrate that 
ice-covered lakes of this duration might be possible in 
a quasi-stable state for some portions of the Martian 
surface even under present-day conditions [31].  Of 
course, the water would first need to be mobilized to 
liquid form, suggesting that in its present frozen state 
Mars is merely hydrologically dormant [32]. 
        Evidence for glacial activity though Martian his-
tory is also abundant [33] and controversial [2].  Resis-
tance to the idea of ancient glaciers on Mars is espe-
cially curious, given that there is a general scientific 
consensus that Mars displays an immense variety of 
periglacial landforms, most of which require the activ-
ity of ground ice.  The periglacial landforms include 
debris flows, polygonally patterned ground, thermo-
karst, frost mounds, pingos, and rock glaciers.  On 
Earth most of these landforms develop under climate 
conditions that are both warmer and wetter than the 
conditions for cold-based glacial landforms [34].  Be-
cause the Mars glacial landforms are all post-Noachian 
in age, and some are very young, they are completely 
inconsistent with the MIDDEN hypothesis.  Glaciers 
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require substantial transport of atmospheric water va-
por to sustain the snow accumulation that generates the 
positive mass balance needed for glacial growth.  
There are no known Earth glaciers that develop from 
water supplied by the melting of ground ice, though 
this mechanism has been proposed for ancient glaciers 
on Mars that are hypothesized to have occupied the 
outflow channels. 
     The glacial landforms of Mars are erosional 
(grooves, streamlined/sculpted hills, drumlins, horns, 
cirques, and tunnel valleys), depositional (eskers, mo-
raines, and kames), and ice-marginal (outwash plains, 
kettles, and glaciolacustrine plains).  Of course, the 
landform names are all genetic designations, and ad 
hoc alternatives have been suggested for many.  What 
is not ad hoc, however, is that all the glacial landforms 
occur in spatial associations, proximal-to-distal in re-
gard to past ice margins, that would be obvious in a 
terrestrial setting.  Areas of past glaciation on Mars 
include the Tharsis volcanoes, uplands surrounding 
Argyre and Hellas [33], and the polar regions, where 
the ice caps were much more extensive during portions 
of post-Noachian time [35]. 
 
     Very Recent Fluvial and Volcano-Ice-Water Ac-
tivity.  One of the most striking recent discoveries is 
that many water-related landforms on Mars are excep-
tionally young in age.   This fact was prominently 
demonstrated by MOC images from the MGS orbiter 
showing numerous small gullies generated by surface 
runoff on hillslopes [9].  The gullies are most likely 
formed by debris-flow processes and the melting of 
near-surface ground ice [36]. Melting can be induced at 
the appropriate latitude by changes in the solar insola-
tion that would be induced by the immense shifts in 
Martian obliquity that are retrodicted to have occurred 
during the past few million years [37, 38].  The gullies 
are uncratered, and their associated debris-flow fan 
deposits are superimposed on both on eolian bedforms 
(dunes or wind ripples) and on polygonally patterned 
ground, all of which cover extensive areas that are also 
uncratered [9].  The patterned ground is itself a very 
strong indicator of near-surface, ice-related processes 
in the active (seasonally thawed) layer above the Mar-
tian permafrost zone [39]. 
 
     Discussion. Recent discoveries from MOC images 
show that Mars displays a diverse suite of exception-
ally young, globally distributed landforms that are wa-
ter-related.  If observed on Earth these landforms 
would all be well understood to have aqueous origins 
that were capable of generating them on relative short 
time scales (100s to 1000s of years) in a much warmer, 
wetter, and denser atmosphere than occurs on Mars 
today.  Likewise, in contrast to the MIDDEN hypothe-

sis, the surface of Mars displays older post-Noachian 
landforms of fluvial, glacial, periglacial, and hydrovol-
canic origins.  These phenomena are all consitent with 
the episodic climatic changes envisioned by the 
MEGAOUTFLO hypothesis. 
    A much-discussed “conundrum” of Mars science is 
the problem of the “missing carbonate deposits.”  The 
argument made is that in a warm, thick atmosphere [3] 
reactions of CO2 gas and water would lead inevitably 
to weathering of surface rocks and the deposition of 
extensive carbonate deposits, as occur on Earth [40].  
The spectral observations of Mars, however, have 
failed to detect any carbonates [41, 42].  Moreover, 
recent data from MGS show that the Martian surface 
extensively exposes unaltered feldspar and pyroxene in 
essentially unwearthered basalt outcrops [43].  This 
lack of weathering is actually to be expected if the 
post-Noachian history of Mars has nearly always been 
extremely cold and dry.  The MEGAOUTFLO hy-
pothesis envisions only very brief wet episodes, no 
longer than those of hyperarid and cold-desert regions 
of Earth, which also preserve essentially unweathered 
rock outcrops.  Weathering in a Noachian wet period 
might by obscured by burial, and the lack of carbonate 
spectral signatures could result from suppression of 
those signatures by processes likely to have occurred 
on Mars [18].  Alternatively, the carbonates could in-
deed be absent.  They may have accumulated on the 
floor of a very ancient ocean [44], but this ocean floor 
could have been subducted during a plate-tectonic re-
gime in the early Noachian [45].   
      A very early phase of plate tectonics could have 
generated the Martian highland crust by continental 
accretion [45, 46]By concentrating volatiles in a local 
region of the Martian mantle, the early plate-tectonic 
phase of Mars would have led to a superplume at Thar-
sis.  The resulting immense concentration of volcanism 
at Tharsis would itself have a great influence on cli-
mate change [e.g., 47]. The persistence of this volcan-
ism episodically through later Martian history [e.g., 48] 
would provide a mechanism for the episodic, short-
duration aqueous phases that produced the above-
described landforms. 
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MARTIAN GLOBAL SURFACE MINERALOGY FROM THE THERMAL EMISSION 
SPECTROMETER: SURFACE EMISSIVITY, MINERAL MAP, AND SPECTRAL ENDMEMBER DATA 
PRODUCTS.  J. L. Bandfield, Department of Geology, Arizona State University, Tempe, AZ 85287-6305 
(joshband@asu.edu). 

 
 

Introduction:  One of the primary goals of the Ther-
mal Emission Spectrometer experiment on the Mars 
Global Surveyor is to determine the mineralogy of the 
Martian surface.  This information has been used to 
place constraints on the range of igneous processes 
present [1,2].  The extent of water related processes on 
Mars has been significantly constrained by the TES 
experiment [3-5].  The mineralogy of the Martian dust 
has also been refined using TES data [6-8].  These 
mineralogical results have made a significant contribu-
tion towards determining the development of Mars, 
complimenting other datasets and existing information. 

Mineralogical determination requires the isolation 
of surface emissivity from the measured radiance and a 
variety of techniques have been developed for this pur-
pose.  Additionally, deconvolution techniques have 
been developed and extensively tested to separate the 
individual mineral contributions to the surface emissiv-
ity [9-14].  These methods and techniques have pro-
duced a variety of data products that are currently 
available through http://tes.asu.edu/ 
Multiple Emission Angle Observations:  Multiple 
emission observation data have been used to separate 
surface and atmosphere radiative contributions using a 
correlated-K [15] gas absorption determination and a 
plane-parallel radiative transfer atmospheric model [6].  
Bandfield and Smith produced surface emissivity and 
dust aerosol opacity spectral shapes as well as refined 
surface temperatures and dust opacities. 
Spectral shapes are displayed in Figure 1.  The dust 
opacity shape has been used for refined opacity deter-
minations from both the TES and THEMIS instruments 
[16].  Low albedo region surface emissivities were 
recovered with increased wavelength coverage over 
previous retrievals.  Moderate to high albedo surface 
spectra were also recovered for the first time. 
Moderate to high albedo surface spectra provide sensi-
tivities unique from other chemical and spectroscopic 
measurements and are able to provide useful new con-
straints on the mineralogy of the dust and soil.  These 
spectra are diagnostic of fine-particulates with plagio-
clase and/or zeolites and minor amounts of bound or 
adsorbed water [6,8].  Small amounts (~2-3%) of car-
bonates appear to be present as well, serving as a sink 
for atmospheric CO2. 
Nadir Observations:  Atmospheric Correction.  Band-
field et al. noted that TES equivalent emissivity data 
can be closely approximated by a linear combination of 
surface and atmosphere aerosol components (Figure 2).  

This property was utilized to develop an atmospheric 
correction algorithm that determined atmospheric 
contributions from a linear least-squares fit of surface 
and atmosphere components [17].  A second surface-
atmosphere separation method was developed which 
utilizes the non-correlation of the derivative of the at-
mosphere and surface components to determine the 
amplitude of their contributions to the spectra [17].  
There is close agreement between these two methods 
under a variety of atmospheric conditions and surfaces 
as well as with the multiple emission method men-
tioned above.  These results are also consistent with 
ratioed data [8]. 
Spectral Units.  Most TES spectra can be closely ap-
proximated using 8 spectral shapes; 2 atmospheric 
dust, 2 atmospheric water-ice, and four surface emis-
sivity spectra [1].  The four surface spectral types 
match those of basaltic, andesitic, and hematite miner-
alogies as well as fine-particulates (approximated by a 
blackbody spectrum in the wavelength regions used).  
Mars does not display massive amounts of composi-
tional diversity and >99% of the surface can be charac-
terized by the basaltic, andesitic, and surface dust 
shapes. 
Basalt and “Andesite”.  Mars displays a global dichot-
omy in surface mineralogy [1].  Basaltic surfaces are 
almost entirely restricted to older, heavily cratered ter-
rain with several local exposures in the northern low-
lands [18].  A second surface composition is indicative 
of a basaltic andesite to andesite mineralogy.  This 
surface is present in significant quantities throughout 
most low-albedo regions and the highest concentrations 
are located in the northern lowlands, particularly the 
circum-polar sand seas. 
The formation mechanism behind the silica component 
present is subject to debate between researchers who 
find large quantities of basaltic andesite/andesite diffi-
cult to produce [19] and researchers who find difficul-
ties with the occurrence and distribution of an altered 
basaltic surface [5,20].  For simplicity, this surface will 
be referred to as “andesitic” and, as the references may 
indicate, I do not pretend to have no preferred forma-
tion mechanism. 
Other Spectral Units.  Spectral diversity is present at 
local scales at least to the 3 km sampling of the TES 
instrument and a number of discoveries are the subject 
of ongoing studies.  Grey hematite has been located in 
several regions within layered deposits within Sinus 
Meridiani, Aram Chaos, and Valles Marineris [4].  
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Many of the possible formation mechanisms for these 
materials require liquid water in some amount, though 
a volcanic origin is also possible.  Surface exposures of 
olivine have been located in Nili Fossae, Ganges 
Chasma, and other locations [2,21].  The geologic con-
text of the exposures is currently being examined.  TES 
data is continuing to provide evidence of additional 
local exposures of unique mineralogies, including or-
thopyroxenite [2], a possible ash deposit [22], and 
other spectrally unique (though the associated mineral-
ogy remains unidentified) surfaces. 
Data Products:  A purpose of this abstract is to make 
many of the data products produced by [1,5,6,23] pub-
licly available.  These products include the following: 
 
• Surface emissivity cubes at 1, 2, and 4 pixels per 

degree (ppd) in ISIS and ENVI file types 
 
• Mineral maps at 1, 2, and 4 ppd in ISIS and ENVI 

file types 
 
• Labeled and unlabeled mineral concentration im-

ages draped over shaded MOLA topography at 4 
ppd (Figure 3) 

 
• An ascii file containing the 7 canonical TES end-

members, including atmospheric, basaltic, hema-
tite, and andesitic emissivity spectral shapes 

 
• An ascii file containing high and low albedo sur-

face emissivities and dust opacity spectra derived 
from TES multiple emission angle observations 

 
A link to these files is currently located at 
http://tes.asu.edu as well as more specific ancillary 
information.  
Conclusions:  The TES investigation has fundamen-
tally changed and enhanced our understanding of the 
development of the Martian surface and conditions 

present throughout its history, though perhaps more 
questions have been raised than answered.  The higher 
spatial resolution of the Mars Odyssey Thermal Emis-
sion Imaging System and the combined spatial resolu-
tion and unique wavelength coverage of the Compact 
Reconnaissance Spectrometer for Mars on the Mars 
Reconnaissance Orbiter will help provide a geologic 
context for these mineralogies as well as complimen-
tary spectral information.  The global scale spectral 
remote sensing of Mars will continue to reveal the 
unique development of Mars. 
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Figure 1.  Spectral shapes recovered from multiple emission angle observations.  The surface dust spectrum is char-
acteristic of mid- to high albedo surfaces.  The low albedo surface is representative of low latitude dark surfaces.  
The atmospheric dust opacity shape is constant over most Martian conditions. 
 
 

 
Figure 2.  Surface and atmosphere TES spectral endmembers.  Most TES spectra of warm surfaces can be well 
modeled using a linear combination of these 7 spectral shapes plus blackbody to approximate the surface dust and to 
account for variations in spectral contrast. 
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Figure 3.  Concentration map of high-calcium pyroxene at 4 pixels per degree.  High concentrations correspond to 
basaltic surfaces.  Mineral concentration maps are available in digital and image formats at 1, 2 and 4 ppd. 
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AN AUTONOMOUS INSTRUMENT PACKAGE FOR PROVIDING “PATHFINDER” NETWORK
MEASUREMENTS ON THE SURFACE OF MARS.  W. B. Banerdt1 and Ph. Lognonné2, 1Jet Propulsion
Laboratory, California Institute of Technology (Mail Stop 183-501, 4800 Oak Grove Drive, Pasadena, CA 91109,
bruce.banerdt@jpl..nasa.gov), 2Institut de Physique du Globe de Paris (Departement de Géophysique Spatiale et
Planétaire, 4 Avenue de Neptune, 94100 Saint Maur des Fossés, France, lognonne@ipgp.jussieu.fr).

Introduction:  The investigations of the interior
and atmosphere of Mars have been identified as high
scientific priorities in most planetary exploration
strategy document since the time of Viking [e.g., 1,2].
Most recently, the National Academy of Sciences [3]
has recommended a long-lived Mars network mission
as its second highest scientific priority for Mars (after
sample return) for the purpose of performing
seismological investigations of the interior and
studying the activity and composition of the
atmosphere.
Despite consistent recommendations by advisory
groups, Mars network missions (MESUR, Marsnet,
InterMarsnet, NetLander/MSR’05, NetLander/Premier
‘07, NetLander/??‘09) have undergone a strikingly
consistent “Phoenix” cycle of death and rebirth over
the past 15 years, and there are still no confirmed plans
to address the interior and atmosphere of Mars. The
latest attempt is the NetLander mission [4]. The
objective of NetLander is to place a network of four
landers on Mars to perform detailed measurements of
the seismicity and atmospheric pressure, temperature,
wind, humidity, and opacity (as well as provide
images, subsurface radar sounding profiles, and
electric/magnetic field measurements). However, this
mission has recently encountered major programmatic
difficulties within CNES and NASA. NASA has
already cancelled its participation and the mission
itself is facing imminent cancellation if CNES cannot
solve programmatic issues associated with launching
the mission in 2009.

In this presentation we will describe an approach
that could move us closer to realizing the goals of a
Mars network mission and will secure at least one
geophysical and meteorological observatory in 2009.

Network “Pathfinder”:  Many of the problems in
implementing a large-scale, expensive network
mission derive from the uncertainties inherent in
making an entirely new type of observation.
Meaningful seismic measurements have never been
obtained on Mars. The Viking seismometers [5]
provided only a loose upper bound on the seismic
activity of the planet [6], which could still be several
orders of magnitude more active than the Moon. Thus
we have no firm idea as to the size, frequency,
distribution, or signal characteristics of Martian
seismic events, or of the character of any seismic noise

that must be dealt with (although theoretical estimates
exist [7,8]). Such uncertainties make it difficult to
efficiently design a network mission, and indeed
provide pause when contemplating the investment
required.

The technical demands on the instruments and
lander subsystems for a long-lived network are
considerable. They must operate continuously for long
periods of time (several years) in an extremely cold
environment with huge daily and seasonal temperature
variations. They must be able to store, compress and
transmit large quantities of data (over 300 Mbits of raw
data per sol). And the resources available will likely be
extremely limited, as the mass and volume will be
minimized in order to allow the maximum number of
stations to be launched.

Thus there are a number of arguments for sending a
single station to Mars to acquire reconnaissance data
for designing a large-scale network investigation and
to validate the instrument and subsystem technology.
In addition, whereas the observations of a single
station will not satisfy the goals of a global network for
delineating the interior structure and atmospheric
circulation, it can provide scientifically meaningful
results in many areas, including the present level of
tectonic activity, boundary layer processes and surface-
atmosphere interactions, and local meteorology.

Autonomous Package:   We envision an
autonomous package that could easily be left on the
surface by any lander mission. Clearly the best
candidate at this time is the Mars Science Laboratory
(MSL), scheduled for launch in 2009. That mission
currently does not include any geophysical or
meteorological measurements in its baseline, so this
package would complement that mission with very
little impact. The addition of a small camera could
further enhance MSL by providing the capability of
imaging the rover, which may be useful for both
engineering and public outreach.

The package would be self-contained with its own
power, data handling, and communications systems.
The mass would be minimized (perhaps ~10 kg) so as
to make the least possible impact on the carrier
spacecraft. Our description here is base on the
NetLander experience. These instruments and lander
subsystems are currently approaching PDR, so there is
considerable maturity in their designs.
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Instruments.  The instruments in this package
would include, at a minimum, a broadband seis-
mometer and a meteorology package. Other instru-
ments could be added if resources allow, but the
premium placed on low mass and volume make this
problematic.

The seismometer [9] consists of two types of
sensors in order to cover the entire seismic frequency
range with maximum sensitivity. There are two VBB
(Very Broad Band) sensors which are enclosed in a
leveled, environmentally controlled container. These
have a leaf spring and pivot configuration with
capacitive and OCS transducers. They provide
measurements of ground acceleration in the vertical
and one horizontal axis to a level of 10-10m/sec2 over a
frequency range from micro-Hertz (corresponding to
tidal frequencies) to a few Hertz. Three orthogonal SP
(Short Period) sensors are mounted directly to the
deployment device (for better high-frequency
coupling) and will measure the full vector ground
acceleration to a level of 5x10-9 m/sec2 from 0.05-100
Hz. These microseismometers utilize advanced silicon
micromachining technology to achieve high sensitivity
with extremely low mass, power, and volume.

The meteorology package [10] consists of pressure
and humidity sensors, along with a mast containing a
wind velocity sensor and temperature sensors located
at several levels. The height of the mast will depend on
the dimensions of the package, but ideally would be at
least 1.5 m. This package will allow the charac-
terization of diurnal variations of temperature,
pressure, humidity, and wind, as well as the short-scale
phenomena associated with vertical energy flux and
the interaction of the atmosphere with the surface[11].

Communication and power.  Communication
would be via orbital relay only, with no direct-to-Earth
link. There are several assets planned for Mars orbit in
the next 6-10 years which could accommodate a low-
power UHF link from this package. In particular, the
Mars Telecommunication Orbiter planned for launch

in 2009 would strongly enhance the data volume
available from this package. It is also possible that
high-precision geodetic measurements can be
performed with proper specification of the package’s
telecom subsystem.

At this time, a solar array is the only long-lived
power source that is available for use on the Martian
surface. This has the disadvantages of a limited latitude
range, decreased power in the winter (when heating
requirements are greatest), and degradation over time
by dust deposition. This package (and any long-lived
network that may follow) would greatly benefit from
the availability of a small radioisotope generator in the
<10W class.

Conclusions:  A small, autonomous package taken
to the Martian surface by MSL could provide valuable
scientific information on the seismicity and
atmospheric processes on Mars, as well as provide
pathfinder information for a future long-lived network
mission. Leveraging from the technical designs and
partnerships developed by the NetLander mission
might save cost and reduce risk. This package could
provide the first of a series of geophysical and
meteorological observatories on Mars.
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MARS ACOUSTIC ANEMOMETER - EDDY FLUXES. D. Banfield, Cornell Astronomy, Ithaca, NY 14853, USA, (ban-
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Overview

We are developing an acoustic anemometer for use in the low
pressure atmosphere of Mars. Acoustic anemometers have
high sensitivity, high temporal resolution, high accuracy, are
insensitive to radiative heating and demand little power. In
these ways they are superior to the anemometers previously
flown to Mars. Accurate, well-calibrated anemometers are
crucial for understanding the near-surface atmospheric envi-
ronment (e.g., slope winds, convective cells, dust devils, and
aeolian processes in general). Furthermore, the high time-
resolution, sensitivity, 3-D capabilities and well-defined, open
sampling volume available from an acoustic anemometer allow
it to resolve individual turbulent eddies, a first for Mars. This
feature allows it to directly measure eddy fluxes, for example
water vapor vertical fluxes between the surface and atmosphere
when coupled with a fast hygrometer (e.g. a TDL). This novel
ability to measure water vapor fluxes is viewed as a high prior-
ity science goal of Mars landers. We expect that the instrument
designed in this program will be a prime candidate to fly on
either the Mars Science Laboratory Lander, or any of the future
planned Mars Scout landers or Mars Surveyor Landers.

Acoustic anemometers are well developed for Earth, but
need modifications to function in the vastly different martian
pressure environment. The two main hurdles are sound atten-
uation in Mars air, and transducer coupling inefficiency from
density and sound speed mismatches with Mars air. The sound
attenuation on Mars is significant, especially at ultrasonic fre-
quencies. We have a simple model of the relevant phenomena
to guide our choices to the optimal frequencies for Mars. The
coupling between a transducer and the atmosphere is char-
acterized by the match of their densities and sound speeds,
or acoustic impedances, similar to index of refraction in op-
tics. The Martian atmosphere has an acoustic impedance of
about 1% that of the Earth. The commonly used (on Earth)
piezo transducers lose about 110dB coupling with Mars air.
Matching plates are unsuitable due to bandwidth limitations.
Acoustic horns may aid in matching impedances. Capacitive
transducers have an inherently low acoustic impedance, and
are now becoming available in the frequency ranges needed
for Mars. We are in the process of testing 3 styles of cutting-
edge capacitive transducers in a simulated martian atmosphere
anechoic chamber. Initial testing looks very favorable for pro-
ducing a successful instrument for Mars. We will integrate the
optimized transducer with Applied Technologies’ electronics
for Earth acoustic anemometers, with some possible modifi-
cations to again optimize performance at Mars. All of these
issues are being addressed with respect to mass and power
considerations. The goal of this project is to produce a proof-
of-concept and functional design of an accurate, robust, versa-
tile Martian anemometer with significantly greater capabilities
than its predecessors.

Martian Surface Winds: Crucial to Observe

Future landers on Mars will need to carry anemometers. The
atmosphere is currently the most active element of change on
Mars, and if we are to understand the changes that are hap-
pening and those that have come before, we must understand
the atmosphere of Mars. In particular, its interaction with the
surface is of critical importance, and can only be adequately
studied from a landed perspective.

The safety of future landers, bases and astronauts is an
important driver for more fully understanding Mars’ surface
winds. Mesoscale models have been used to estimate wind
shears for descending probes, but without adequate ground
truth, the capabilities of the models to accurately predict true
conditions is limited. Only additional observations taken
within the boundary layer will allow us to properly validate
these models, and more safety operate on the surface of Mars.

The boundary layer is the medium through which the bulk
of the atmosphere affects its impact on the surface. Aeolian
processes are currently the strongest factor in shaping the sur-
face, yet we do not fully understand them. The drag that the
atmosphere puts on the surface is poorly specified at best. No
direct study of the transfer of momentum between the atmo-
sphere and surface has been performed at Mars, yet this is the
chief agent of change on Mars’ surface. Additionally, no direct
study of the transport of heat from the surface to the atmosphere
has been done on Mars. This has significant impacts on the
thermal stability of materials (e.g.,

�����
, � ��� frost) at or near

the surface on Mars. The flux of heat between the surface and
atmosphere on Mars is critically important for understanding
Mars’ climate. Measuring the transport of water itself between
the surface and atmosphere has not been attempted. The flux
of water between the surface and the atmosphere may tell us
about the regions in which it is stable or sequestered below
the surface. Combining a thermometer or hygrometer with a
fast sensing anemometer allows all of these transports to be
measured. By examining the correlation between the verti-
cal wind variations and horizontal wind, temperature or (e.g.)
water abundance variations, the net flux of these parameters
away from the surface due to the turbulent eddies in the bound-
ary layer can be directly measured. However, it requires an
anemometer that can resolve the eddies in both space and time.
This is routinely done on Earth in scientific studies, and could
be done on Mars as well if the appropriate anemometer were
flown.

The importance of dust storms of all scales and dust devils
in the climate cycle of the planet is unquestionable, and yet we
still don’t fully understand why they start where or when they
do. We don’t fully understand how they grow, or precisely
what causes them to stop. Clearly wind observations will help
us to understand both of these phenomena that are scientific
keystones to Mars’ climate.
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Our first understanding of the synoptic scale weather sys-
tems that Mars experiences were from the Viking Landers
wind (and temperature and pressure) sensors. In fact it is
only through the combination of these different observations
that the global scale nature of the weather systems were first
inferred (Barnes, 1980). Recent work with orbiting thermal
sounders has revealed synoptic weather systems from a global
perspective (Wilson et al. 2002) but recognize that orbital
sounders have little access to the conditions in the lowest half
scale height of the atmosphere. Significantly, the weather sys-
tems that are dominant near the surface are only marginally
observable using orbital thermal sounders. Furthermore, the
thermal sounders only can infer the vertical gradient of winds
via the thermal wind equation. With a meteorological station
measuring wind at the surface, more appropriate wind profiles
could be estimated, at least in the location of the lander. The
landed observations would also provide ground truth to general
circulation models (GCMs). These complex models need as
much validation as possible for them to be truly useful. Clearly
to fully understand the weather of Mars, we need full landed
meteorological suites, including anemometers.

Need For Something Better

Anemometers have been flown on the Viking Landers, Mars
Pathfinder, and the ill-fated Mars Polar Lander. All of these
missions used variations on the concept of hot-wire anemome-
try, where the power required to maintain a probe at a constant
temperature was measured. The advantage of this approach is
simply that it is simple and light. Its drawbacks are numerous.

Its response time is relatively slow, too slow to measure
turbulent fluctuations (Hess et al., 1972). Seiffet al. (1997)
compared turbulent power spectra from Mars Pathfinder and
Earth, noting that much of the differences may arise from the
Pathfinder instrument’s time constant. Without actually mea-
suring the eddy structures with fast response instruments (fast
enough to sample the inertial subrange, i.e. about 1Hz (e.g.,
Seiff et al. 1997, Tillman et al. 1994)) we can’t even es-
timate how well our slower instruments did at characterizing
the turbulent behavior. With such slow response anemometers,
direct sensing of heat, momentum or volatile fluxes from the
surface to the atmosphere is only marginally feasible. A sig-
nificant fraction of the turbulent eddies are averaged together
over time. Assumptions about the boundary layer structure
must be made, without the possibility of checking them.

Measuring the heat loss from a probe due to the wind
is an indirect measurement. It is prone to confusion from
other heating or cooling sources. For example, direct solar
heating on the heated probe could seriously bias inferred wind
speeds if the solar heating were not properly accounted for.
A better instrument would more directly measure the wind
itself. Additionally, heating from the lander itself can skew
the results. Wind measurements made in the lee of the lander
were not only influenced by the wind shadow of the lander,
but also its thermal state as well. All of this makes hot-wire
techniques difficult to calibrate and interpret.

Heating a probe is a power hungry approach. In fact,

Figure 1: Schematic description of acoustic anemometry.

the Pathfinder instrument was power limited, its performance
would have been better with a greater overheat for the probe,
but this was not available (Seiff et al. 1997). Pathfinder’s
anemometer drew 0.38W while operating, while a standard
commercial Earth acoustic anemometer, with 6 (inefficient)
piezo transducers firing at 20 Hz will spend only 0.06W. This
power usage is also likely to be significantly reduced with the
use of more efficient transducers.

Previous anemometers have only attempted to infer the
horizontal wind vector. This is likely due to two factors. First,
the geometry of a heated probe is easier in a 2-D configura-
tion. Trying to array thermocouples around a heated sphere
in 3-D would be difficult, and the device’s own wind shadow
perturbations would be considerable, especially on the gener-
ally much lighter vertical winds. Secondly, the magnitude of
the vertical winds themselves make them difficult to measure.
The smaller vertical wind speeds would require notably more
sensitivity than was available for the horizontal measurements
of the previous anemometers.

Even if 3-D, fast response configurations of hot-wire style
anemometers could be built, they would not allow the simul-
taneous measurement of other parameters (e.g., humidity) to
directly infer the fluxes through the boundary layer. The heated
probe itself occupies the volume where the wind speed is
sensed, precluding the possibility of using other techniques
to measure (e.g.) humidity in that volume. This practical
limitation can be overcome with another technique, acoustic
anemometry.

Acoustic Anemometer Principles

In concept, an acoustic anemometer is very simple, in part
because it is a direct measurement of the motion of the air.
The key concept is that sound, being a longitudinal oscillation
of the air molecules, is advected with winds. It is easiest
to understand the principle in a 1-D scenario (see Fig. 1).
Imagine 2 opposing transducers (both emitters and receivers)
with a known separation. Pulses are emitted by one transducer
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and received by the other in an alternating fashion. The pulse
travel times are both measured. The average of the two travel
times is proportional to the sound speed in the air, which is only
a function of the temperature. So the acoustic anemometer is
also an accurate, fast-reponse thermometer. The difference of
the two travel times is proportional to the wind speed along
the direction separating the two transducers. The travel time
with the wind will be less than that against the wind. Beyond
this, if two more axes are added, the full 3-D wind vector can
be determined (see e.g., Cuerva and Sanz-Andres, 2000).

Benefits of Sonic Anemometry

This is the premier technique for use in research studies of
winds in the boundary layer on Earth. It is a well understood
technique, with commercial instruments being available since
before 1975 (e.g., Applied Technologies Inc., or Kaijo Denki
Inc.). It is inherently a low power technique, only demanding
significant power for the pulse emission itself, essentially an
instant-on/instant-off technique. The quantity being measured
is a direct measure of the phenomena of wind, the advection
of the sound as the air moves. This removes from the tech-
nique many of the potential pitfalls of other techniques, such
as the solar heating perturbations of a hot-wire approach. It
is generally a very accurate measurement technique, limited
by the ability to measure the path length between transducers
and the pulse travel times, both of which can be done with
high precision. On Earth, it is frequently used to measure not
only the horizontal wind vector, but also the vertical winds,
which are often smaller by several orders of magnitude, i.e.,
it measures the full 3-D wind vector. Another result of the
simplicity of the technique is that it is very easy and accurate
to calibrate. It is also a fast-response thermometer, not easily
biased by effects like radiative heating. Finally, and perhaps
the most significant advantage is that it is a very fast response
technique, typically limited by the pulse repetition rate which
often exceeds 20Hz. Because of this, it is the premier approach
to directly measure eddy fluxes where the eddies themselves
are resolved and correlated with either wind, temperature, or
constituent perturbations to yield fluxes. The open and well
defined sensing volume is ideally suited to measure other pa-
rameters (e.g., humidity with a TDL) which can then be used to
compute eddy fluxes of that parameter. As mentioned above,
this is not possible with hot-wire techniques, and doppler lidar
approaches generally have a poorly defined sensing volume,
adding ambiguity in eddy measurements.

Adaptation to Mars

While acoustic anemometry is a well understood technique for
Earth, its adaptation to Mars is not trivial. The most significant
differences in the martian environment are the atmospheric at-
tenuation and the acoustic impedance of the air. Beyond these
two issues, the standard techniques that are used on Earth
will carry over very well to application on Mars. Once we
overcome the design hurdles outlined below, we will use the
standard electronics and algorithms that Applied Technologies

packages with their research-grade Earth acoustic anemome-
ters, greatly simplifying the overall instrument design adapta-
tion to Mars.

Figure 2: Attenuation on Mars. Attenuation is very strong
above about 100kHz. Adapted from Williams (2001).

The attenuation of sound in Mars’ atmosphere is quite
significant. A good review of the issues involved is in Williams
(2001). He presents expressions for the viscous, thermal and
molecular attenuation. Fig. 2 shows these effects as a function
of acoustic frequency.

The viscous and thermal attenuations are each about 2 or-
ders of magnitude stronger on Mars than on Earth, and for
the higher frequencies we’ll be considering are the dominant
attenuation. Because the attenuation increases so rapidly with
frequency, clearly ultrasound beyond about 100kHz will not
travel far in the martian atmosphere. As many of the com-
mercially available acoustic anemometers built for Earth use
100kHz (mainly to avoid acoustic interference from human ac-
tivity), clearly some redesign is necessary. However, lowering
the operating frequency too low would reduce the precision
possible in determining pulse arrival times, and hence the sen-
sitivity of the instrument.

The most significant issue facing the adaptation of acous-
tic anemometry to Mars conditions is the acoustic impedance
of the air. This parameter, defined as the ratio of a given
acoustic pressure perturbation to the resultant velocity of the
medium, is extremely low for Mars: �	� kg/m

�
/s. Earth air

has an acoustic impedance of about 400kg/m
�
/s, while wa-

ter has a value of 
�� ���
���� kg/m
�
/s. Piezo transducers have

about the same acoustic impedance as solid granite, about

�� ����
���� kg/m

�
/s. Cutting-edge capacitive transducers have

acoustic impedances in the range of 1000kg/m
�
/s, much closer

to those of Earth or Mars air. The reason this is of critical inter-
est is that when a sound wave passes between two media, the
power transmitted or reflected depends strongly on the ratio
of the two acoustic impedances. It is very analogous to the
index of refraction in optics, where for two identical indices
of refraction, light is transmitted completely between the two
media. For very different indices of refraction, the power is
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Figure 3: 2-Way insertion losses for sound going between
Mars air and a transducer of given acoustic impedance. The
acoustic impedances of various materials are indicated. Ca-
pacitive transducers are the only feasible match to Mars air.

almost completely reflected at the boundary. The same holds
for acoustic impedances and sound waves passing between two
media. In the case of acoustic transducers, this loss due to poor
coupling between the transducer and the medium is known as
an insertion loss. The problem is doubly serious, in that the
signal must couple both ways between the transducer and the
medium, resulting in twice the losses, i.e., a 2-way insertion
loss (see Fig. 3). A transducer that works adequately coupling
to Earth air will work much more poorly trying to couple to
the tenuous air of Mars. All other things being equal, the two
orders of magnitude in acoustic impedance between Earth and
Mars air will result in a further loss of signal strength of about
30dB, or a factor of 1000. This is the main hurdle in adapt-
ing acoustic anemometry for use on Mars. Coping with this
difficulty is the emphasis of our work.

Preliminary Design Parameters

To demonstrate that an acoustic anemometer is feasible for
Mars, we have developed a simple model accounting for the
effects of attenuation in Mars air as well as losses due to beam
spreading. Beam spreading losses are simply the losses due
to some transmitted acoustic power not striking the opposite

transducer, a result of the beam width. This in turn is de-
termined by the size of the transducer head relative to the
wavelength of the sound. Combining these two effects, and
assuming reasonable values for the transducer head size and
spacing, we find a favored frequency of about 30 kHz. The
spacing (25 cm) and transducer head sizes ( �����  cm) were
chosen as representative values that minimize wind shadow-
ing, and eddy averaging. Furthermore, they are values that are
consistent with available space on typical landers. Addition-
ally, with these parameters, the transmission and beam losses
total about 23dB, or about a factor of 200 in power.

Our nominal design suggests an instrument roughly 25cm
in each dimension. For mass estimates, we can assume that
similar commercial Earth instruments (which aren’t optimized
for low mass) are upper limits. The Applied Technologies
commercial instrument is about 0.8kg. We anticipate that this
could be reduced by a factor of several. Similarly with power
usage, the Applied Technologies instrument uses less than 1W,
but it fires all 6 inefficient piezo transducers at 200Hz. We
could be quite comfortable with 20Hz repetition rate, and we
expect an efficiency increase of at least an order of magnitude
using better transducers. This could make the power usage
something like a few percent of a Watt.

Finally, the most serious design consideration involves the
transducer itself. As mentioned above, the acoustic impedance
of the transducer will have an enormous impact on its ability
to couple with the tenuous Mars air. Fig. 3 shows how using
a piezo transducer (as is typically done on Earth) will result in
two-way insertion losses of about 118dB. Combining this with
the ����� dB from the attenuation and beam effects gives a total
loss of about 141dB, or a factor of ��
����! #" . This leaves essen-
tially no signal for analysis (typically reported dynamic ranges
are only of order 110dB). However, there are two promising
approaches for better coupling transducers to very low acous-
tic impedances, acoustic horns and capacitive transducers. We
are already engaged in testing 3 different styles of cutting-
edge capacitive transducers, which have shown great promise
in initial tests. We will present quantitative results of the first
round of testing, and suggest some of the redesign concepts
that are being explored going into the second round of testing.
We are also starting fabrication of a set of acoustic horns for
similar testing. The focus of the majority of the research in
this project is evaluating and perfecting these approaches
for use in Mars atmosphere in an acoustic anemometer.
We are quite confident that this will result in a successful
prototype instrument.
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Introduction:  Impact cratering on Mars is signifi-

cantly affected by the presence of subsurface volatiles. 
Martian rampart craters, characterized by the fluidized 
morphologies are thought to form by impact into ice-
rich targets [1]. However, the observed morphologies 
could have been produces by the impact-generated 
winds and vortes as well as, especially if the Martian 
atmosphere was denser in the past [2]. The approach 
based on morphologic studies from images and topog-
raphy fails to discriminate between these two mecha-
nisms. Few attempts have been made to derive 
rheologic parameters of flowing ejecta [3,4]. However,  
further modeling is needed in order to derive the water 
concentration in ejecta at the time of impact. We pre-
sent here an inventory of the available data (morphol-
ogy, topography, roughness, composition) and their 
physical meaning in order to constrain future models 
of the formation of these features. 

 
 
Morphology of ejecta deposits:   
Mobility of ejecta: The mobility of ejecta was de-

fined from the ratio of the run-out distance and the 
diameter of the crater [5]. This term is thought to in-
crease with water concentration. The extent of ejecta 
ranges between twice and 6 or 7 times the radius of the 
craters [6,7]. This approach implicitely assumed a lin-
ear dependence between the extent of ejecta and the 
diameter of the crater for a given concentration of wa-
ter inside ejecta. However, assuming a simple Newto-
nian model (see figure 1) for the flow of ejecta after 
ballistic deposition we demonstrate that a non-linear 
dependence is expected. The one-dimensional equation 
of the flowing material writes as follow: 

 

dz
dvL

dt
dvLH υρ =    (1) 

 
where v(r/R,z,t) is the velocity of ejecta at the position, 
dv/dz its derivative in respect to the vertical direction z, 
ν the viscosity, and ρ the density of the material. L and 
H are characteristic length and thickness of ejecta. H 
and L scales as the radius of the crater, so we get: 
 

 v
R

C
dt
dv

2

υ
=    (2) 

 
where C is a constant which account for the geometry 
of the problem and for the vertical velocity profile.   
 

 
 

Figure 1. Simple model for the emplacement of an 
annulus of ejecta and section of the annulus with verti-
cal velocity profiles. 
 
The solution of this differential equation (2) shows that 
the decrease of the velocity of flowing material fol-
lows an exponential law: 
 

   )exp()/(),/( 20 R
CtRrvtRrv υ−

=  (3) 

 
where v0 is the horizontal velocity at the time of sedi-
mentation. Since the topography of ejecta in gravity 
regime and in the case of ballistic sedimentation is 
self-similar (described by a unique function of r/R), we 
express the velocity as a function of the ratio between 
the ejection location r and the radius of the crater R. 
By integrating between t and infinity, we derive the 
distance δx of the fluidized particles of ejecta after 
ballistic sedimentation: 
 

 
υ

δ
)/(0

2 RrvR
x ∝   (4) 

 
The velocity vo scales as the square root of the ra-

dius of the crater [8]. The mobility of ejecta, defined 
previously as the ratio between the extent of the ejecta 
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and the radius of the crater is computed from δx/R and 
scales as R3/2.  

 
Numerical simulations, using the Z-model with a 

flowing Bingham material in cylindrical geometry also 
demonstrates that the ejecta mobility parameter in-
creases with diameter [4]. This increase of ejecta mo-
bility with diameter questions previous studies where 
ejecta mobility trends where reported withour consid-
ering the distribution of diameters in the data sets. We 
present here the results of 250 measurements of ejecta 
mobility from Viking images in the area of Lunae 
Planum and Sinae Planum. The results are presented as 
contour maps of ejecta mobility for two classes of a 
restricted range of diameter. This approach has also the 
advantage to look at the variation of ground ice with 
depth. Indeed, at a range of diameter corresponds a 
range of depth for the excavated material. These data 
suggest that shallow water reservoirs should be or 
were present below the outflow channels (figure 1). 

 
Sinuosity of ejecta: The sinuosity of ejecta outline 

was first quantifed by [9] using the lobateness formu-
lae. The lobateness is defined as the ratio of the pe-
rimeter of ejecta and the perimeter of the circle having 
the same area. This term is thought to increase with 
water concentration. No significant regional depend-
ence have been reported for the most recent analysis of 
the lobateness parameter [10]. We also proposed a 
physical model in order to explain the sinuous outline 
of ejecta and use this model to derive relative viscosity 
of ejecta [3]. Our results show mainly a decrease of ice 
concentration with depth consistent with the decrease 
of porosity. Howevere, this model, based on instabili-
ties experimentally reported in viscous flow, remains 
speculative in its application to the emplacement of 
ejecta. 

 
Topography:   
Thickness of the deposit: The high resolution 

MOLA data allow to measure the thickness of ejecta 
deposit in order to compare with numerical simulation 
of ejecta emplacement. We plan to make numerical 
simulation of ejecta emplacement considering a Bing-
ham parameter (a material with plastic yield strength 
and viscosity). Previous results have demonstrated the 
interest in the comparison of topographic data on im-
pact and modeled ejecta thickness [11]. However, it is 
likely that the thickness of the final deposit taken alone 
will not allow the inversion of all the unknown pa-
rameters of the problem. 

 
 

 
 
Figure 2. Contour map of ejecta mobility map for 

Lunae Planum and Sinae Planum for two ranges of 
diameters and corresponding depths of material. 
These map have been derived from 250 measurements 
on Viking images. 
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Slopes and roughness: roughness and slopes are 

indicators of the yield strength of the material. Indeed, 
the flow stops when the shear stress related to the local 
topography of the deposit is reached. We adapted a 
tool used in [12] in order to compute averaged slopes 
and roughness on local planes from the interpolated 
MOLA grid at various resolutions (figure 3 and 4). 

 
 The roughess is computed from the following 

formulae: 

 ∑
=

=
N

iN
r

1

21 η  (5) 

where N is the number of points inside the local 
plane, and η the deviation from the mean elevation of 
this plane.  The resolution needed  is yet limited due to 
the gaps between MOLA ground track in the east-west 
direction). A resolution of a few tens of meters would 
be better for such studies. This could be computed 
from photoclinometry on MOC images and will be 
achieved with the Mars Express mission (HRSC in-
strument) from stereophotogrammetric data. 

 
Grain-sizes of transported particles:  Data about 

sorting and grain-size distribution of particles are criti-
cal in determining the mechanism of emplacement. 
Dams of large blocks are commonly observed at the 
head of the debris flow on Earth. The analysis of 
night-time images from THEMIS instrument (Mars 
Odyssey) provide constraints on the abundance of 
rocks and the presence of absence of fine-grained par-
ticles. Preliminary results indicate the presence of a 
higher-temperature zone at the head of some ejecta 
deposits consistent with the presence of large blocks 
(figure 5). We note that this observation is inconsistent 
with the atmospheric model [2] that should transport 
preferentially and to larger distances the fine-grained 
particles. Further observations are needed to constrain 
the effect of post-impact processes (erosion or sedi-
mentation of dust and fine particles). This will be 
achieved using the high-resolution MOC images. This 
hypothesis could be further tested with the photometric 
observations at high resolution to be produces by the 
HRSC instrument (Mars Express). 

 

 
 
Figure 3: Map of slopes from the MOLA grid of the 
lobate crater Yuti (22°N, 34°W). The slopes are aver-
aged over 2km*2km planes.  
 

 
 
Figure 4: Roughness map  from the MOLA grid of the 
lobate crater Yuti (22°N, 34°W). The roughness pa-
rameter  is  averaged over 2km*2km planes. 
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Figure 5. Exemple of night-time THEMIS images 

displaying higher thermal inertia at the head of ejecta 
blanket. (A: image I02231006, 13.302°N, 290.468°E, 
B : image I01544006, 30.068°N, 13.302°, 297.482 °E). 
This observation is consistent with the debris flow hy-
pothesis and is not consistent with ejecta driven mainly 
by atmospheric vortex due to impact winds. 

 
Composition of ejecta:  The composition of ejecta 

is the result of a mixing of the excavated layers. As-
suming a simple Z-model and pure ballistic sedimenta-
tion, the abundance of each layers in ejecta deposits, as 
a function of the distance of the crater, can be esti-
mated (figure 6). In the case of surface flow, we expect 
that the radial variations of the composition of lobate 
ejecta differ from those estimated from ballistic mod-
els or from their dry counterpart on the same geolocgi-
cal unit. The multi-spectral THEMIS images, and the 
data from the OMEGA instrument from Mars Express 
to be launched in summer 2003 will be used to map 
variation of composition of the ejecta deposit. These 
data, on lobate ejecta and on dry ejecta will help us to 
constrain the origin and amount of transported mate-
rial.  

 

 
 

Figure 6. (1) Impact in a four layers model. (2) Abun-
dance maps for ejecta depositis for a 10 km diameter 
impacl. A, B, C and D are abundance of material lin-
side ejecta for each respective layer. Black is 0%, 
white is 100%. These maps have been established for 
Mars, using the Z-model zith Z=3. We assuming a 
ballistic sedimentation of ejecta and the ejection veloc-
ity is given by ve = 0.28(r/R) -1.8*(2*g*R)1/2 [7]. 

 
Conclusion:  We focused on the interest of cou-

pling topographic, morphologic and spectral data to 
study  the emplacement of lobate ejecta in order to 
derive the ground ice concentration of the time of im-
pacts. We believe that the coupling of these data will 
provide the required constrain on the physical and nu-
merical modeling of ejecta emplacement.  
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Introduction:  The Catalog of Large Martian Im-

pact Craters has become a primary resource for infor-
mation about impact craters ≥5-km-diameter on Mars.  
The Catalog, originally derived from Viking Orbiter 
data, is now undergoing revision utilizing new infor-
mation from the Mars Global Surveyor and Mars Od-
yssey missions. 

 
Original Catalog:  The Catalog of Large Martian 

Impact Craters (henceforth called Catalog 1.0) was 
produced between 1982 and 1986 using the hard-copy 
versions of the Viking 1:2,000,000 photomosaics.  
Catalog 1.0 contains information on 42,283 impact 
craters ≥5-km-diameter distributed globally across the 
planet.  Each entry contains the crater’s location (MC 
Subquadrangle, latitude and longitude of crater center), 
size (diameter and, if crater is elliptical, its minor di-
ameter and azimuthal angle of orientation), terrain unit 
on which it is superposed, general preservational class 
(retains ejecta, no ejecta but crater is moderately de-
graded, and “ghost crater”), ejecta and interior mor-
phologies (if applicable), central pit diameter (if appli-
cable), and any comments (such as crater name). 

Catalog 1.0 has become one of the primary re-
sources of crater data for Mars.  Studies utilizing data 
from the Catalog range from crater statistical studies 
[1] and analysis of whether elliptical craters are an-
omalously frequent on Mars [2] to studies of subsur-
face volatile reservoirs [3].  Although not currently 
available on-line, the database has been distributed to 
all who have requested a copy.  The Mars Crater Mor-
phology Consortium has selected the Catalog of Large 
Martian Impact Craters to be the foundational dataset 
for their GIS-based integrated crater inventory [4].  
However, data being acquired by the Mars Global 
Surveyor (MGS) and Mars Odyssey (MO) missions 
have revealed new insights into martian impact crater 
morphologies and morphometries.  The Catalog of 
Large Martian Impact Craters is being revised to in-
corporate the new information from MGS’s Mars Or-
biter Camera (MOC), Mars Orbiter Laser Altimeter 
(MOLA), and Thermal Emission Spectrometer (TES) 
and MO’s Thermal Emission Imaging System 
(THEMIS). 

 
Catalog Revision:  The Catalog revision (hence-

forth called Catalog 2.0) includes many changes from 
its predecessor.  The latitude and longitude of the cra-
ter center are being revised to MDIM 2.1 standards, 

which are tightly controlled by MOLA topography.  
Crater diameters are being verified using MOLA to-
pographic data (MEGDR Version 2.0, 1/128 
pixel/degree).  Terrain units have been updated to the 
stratigraphic units of the USGS geologic maps [5, 6, 
7].  Preservational class is being revised using a 7-
point system (0.0 = “ghost crater”; 7.0 = pristine cra-
ter) based on MOC, MOLA, and THEMIS analyses.  
The ejecta morphology classification is being revised 
using MOC and THEMIS according to the standard-
ized nomenclature system recommended by the Mars 
Crater Morphology Consortium [8].  Up to three dif-
ferent interior morphologies can now be described 
rather than the single feature restriction of Catalog 1.0.  

Several new columns of data are included in Cata-
log 2.0 to describe the morphometric data acquired by 
MOLA.  These include crater depth, rim height, central 
peak height, central peak basal diameter, central pit 
diameter, ejecta extent, and distal rampart height (if 
applicable).  Ejecta perimeter (P) and area (A) are be-
ing measured and included, as is the lobateness value 
(Γ, related to ejecta sinuosity and defined by Γ = 
P/(4πA)1/2 [9]).  Ejecta mobility ratio (EM = maximum 
ejecta extent/crater radius) is being calculated and in-
cluded [10].  Ejecta extent, perimeter, area, lobateness, 
and ejecta mobility ratio are all computed for the one 
layer of the single layer ejecta morphology and  the 
outer layer of the multiple layer ejecta morphology and 
for both the inner and outer layers of the double layer 
ejecta morphology.  TES and THEMIS mineralogic 
and thermal inertia data of the region surrounding each 
crater also are being incorporated into Catalog 2.0 
[11]. 

 
Archival and Distribution Plans: A preliminary 

version a Catalog 2.0 will be provided to the Mars 
Crater Morphology Consortium by Fall 2003 for gen-
eral review.  The final version is expected to be re-
leased for general use by Fall 2004. The Catalog will 
be archived at the US Geological Survey’s Astrogeol-
ogy Branch in Flagstaff, AZ, and will be accessible to 
the research community through the USGS’s Planetary 
Interactive GIS on the Web Analyzable Database 
(PIGWAD) (webgis.wr.usgs.gov).   (Researchers de-
siring a non-GIS based version of the Catalog will be 
able to request one from the author.)  PIGWAD util-
izes ArcGIS software to analyze and compare large 
datasets [12].  Its advantages include the ability to per-
form spatial queries, conduct complex spatial analyses, 
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and overlap multiple datasets.  Catalog 2.0 will form 
the base of an integrated crater inventory being com-
piled by the Mars Crater Morphology Consortium 
members [4, 8] and which will eventually be available 
to the planetary community via PIGWAD. 
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COMPARISON OF DATA IN CATALOGS 1.0 AND 2.0 
 

Catalog 1.0 Catalog 2.0 
Subquadrangle Subquandrangle 
Crater ID Crater ID 
Latitude Latitude (MDIM 2.1) 
Longitude Longitude (MDIM 2.1) 
Diameter Diameter (Major Axis if elliptical) 
Terrain Minor Axis Diameter (elliptical) 
General Preservation Azimuthal Angle (elliptical) 
Ejecta Morphology Stratigraphic Unit 
Interior Morphology Preservation Class (1-7 scale) 
Central Pit Diameter Ejecta Morphology 
Minor Axis Diameter (elliptical) Interior Morphology (3 columns) 
Azimuthal Angle (elliptical) Crater Depth 
Comments Rim Height 

Central Peak Height 
Central Peak Basal Diameter 
Central Pit Diameter 
Ejecta Extent (2 columns) 
Ejecta Perimeter (2 columns) 
Ejecta Area (2 columns) 
Distal Rampart Height 
Lobatness (2 columns) 
Ejecta mobility ratio (2 columns) 
Mineralogy (3 columns) 
Thermal Inertia 
Comments 
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Introduction:  The wealth of multispectral and to-

pographic data acquired by the Mars Global Surveyor 
(MGS) and Mars Odyssey (MO) missions has greatly 
expanded our understanding of the characteristics of 
martian impact craters.  We are supplementing the 
information previously derived from Viking image 
analysis with the higher resolution visible images of  
MGS’s Mars Orbiter Camera (MOC) and MO’s Ther-
mal Emission Imaging System (THEMIS), the day-
night infrared data from THEMIS, and the topographic 
information from MGS’s Mars Orbiter Laser Altimeter 
(MOLA).  Our current studies focus on three general 
areas of crater analysis:  (1) the effect of secondary 
cratering on the absolute age estimates of martian ter-
rain units, (2) development of a preservation classifica-
tion system, and (3) continued studies of what impact 
crater characteristics can tell us about the role of target 
properties (particularly subsurface volatiles) in crater 
formation. 

 
Terrain Ages:  Crater size-frequency distribution 

analysis is the primary method for determining ages of 
surfaces from which we currently have no returned 
samples [1].  The high resolution imagery from MOC 
has revealed much smaller craters than originally ex-
pected based on Viking analysis.  Small craters pro-
vide the ability to obtain statistically useful age data 
for areally-restricted regions but also suffer from the 
possible inclusion of secondary and non-impact cra-
ters.  Many of the MOC-based crater studies have ig-
nored the possible contamination of these non-primary 
impact craters.  Such studies argue that craters from 
non-impact sources can be identified and avoided or 
that they represent a relatively small percentage of the 
total craters included in these studies.  The effects of 
secondary crater contamination are minimalized by 
arguing that the rate of secondary crater production is 
similar for lunar and martian craters—since the mar-
tian chronologies are derived from the lunar crater 
chronology, the inclusion of secondaries has no overall 
effect on the resulting absolute ages for martian terrain 
units [2]. 

We are investigating the claim that secondary cra-
ter production is similar for the Moon and Mars.  We 
are comparing the crater size-frequency distribution 
curves of obvious secondaries surrounding relatively-
fresh lunar and martian craters.  The craters have been 
selected as representative of those which result from 
similar energy impacts on the two bodies.  We have 
utilized MOC and THEMIS VIS imagery for martian 

craters and Clementine and Lunar Orbiter data for the 
lunar craters.  Our preliminary results have looked at 
the secondaries produced by 1-km, 5-km, and 10-km 
diameter asteroids impacting on basaltic lava flows on 
the Moon and Mars.  Two craters for each of the dif-
ferent sized impactors have been studied for both the 
Moon and Mars (for a total of 12 craters studied to 
date).   

Our results reveal that secondary crater production 
is reduced on Mars compared to the Moon for impacts 
of similar energies.  Many of the martian craters dis-
play a layered (“fluidized”) ejecta morphology rather 
than the radial pattern common around fresh lunar cra-
ters.  We believe that the mechanism producing the 
layered ejecta morphology on Mars decreases the ejec-
tion of secondary material along ballistic trajectories, 
thus reducing the number of secondary craters.  These 
results, although still preliminary, have important im-
plications for the very young absolute ages being cited 
for some martian terrain units.  The lower production 
of secondary craters on Mars will lead to fewer craters 
being produced by similarly aged impacts on Mars 
compared to the Moon.  This lower frequency of pri-
mary+secondary craters would be interpreted as 
younger ages for Martian terrain units.  Thus many of 
the areas currently cited as being extremely young on 
Mars may actually be significantly older. 

 
Crater Preservation:   Martian impact craters dis-

play a wide range of preservation forms, ranging from 
pristine to almost completely destroyed (“ghost cra-
ter”).  While crater degradation is observed on all 
solid-surfaced bodies which display impact craters, the 
active geologic environment that Mars has experienced 
has led to a wide variety of degradation styles.  The 
type and amount of degradation experienced by mar-
tian impact craters appears to vary with location and 
age—this observation, first noted from Mariner 9 im-
ages, has led to the hypothesis that Mars has experi-
enced one or more episodes of enhanced degradation 
[3].   

We are using the insights gained from high resolu-
tion imaging studies (MOC and THEMIS VIS), topog-
raphic analysis (MOLA), and thermal inertia data 
(THEMIS IR) to develop a classification system for 
martian crater preservation.   Our classification system 
uses a 0.0 to 7.0 point scale, with 7.0 being a pristine 
crater and 0.0 being one almost completely destroyed 
(“ghost crater”).  Imaging data are used to characterize 
the general appearance of the crater (e.g., presence of 
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ejecta blanket, number of superposed craters, pres-
ence/absence of interior morphologies, breaching of 
crater rims, etc.).  THEMIS IR day-night image com-
parisons help to determine whether large ejecta blocks 
are still retained within and/or around the crater or if 
the crater is largely covered by low thermal inertia 
dust.   The IR data are also providing clearer views of 
craters at high latitudes, which are often obscured by 
clouds in the visible wavelength images.  The topog-
raphic information obtained from MOLA is allowing 
us compare the morphometric properties of impact 
craters to the values expected for fresh impact craters 
of similar size and location.  The degree of degradation 
of features such as crater rim height, crater floor depth, 
and ejecta blanket distal rampart provide an quantita-
tive estimate of the amount of degradation experienced 
by the crater. 

Although the final assignment of a preservation 
class is still based on several qualitative factors, the 
inclusion of information other than moderate resolu-
tion imaging data (like Viking) makes this system a 
vast improvement over previous attempts to classify 
the preservational states of martian impact craters.  
The results of this effort will be included in the revised 
version of the Catalog of Large Martian Impact Cra-
ters [4].  We are beginning to use this classification 
system to study the temporal extent of degradation 
episodes and to determine how subsurface volatile 
concentrations may have varied with time [5]. 

 
Target Properties:  The diversity of new data sets 

containing information about martian impact craters is 
allowing us to focus on the details of what crater mor-
phologies and morphometries are telling us about the 
properties of the target material at the time of impact. 
MOC imagery is revealing that very small craters 
(some as small as 50-meters in diameter or less) dis-
play evidence of layered ejecta morphologies in certain 
locations and that pedestal craters (craters and ejecta 
perched above the surrounding terrain) appear to be 
concentrated in volatile-rich layered deposits [6].  
Analysis of the crater size-frequency distribution 
curves of small craters observed in MOC images con-
firms a dip the the frequency of craters around 1-3 km 
diameter, the same diameter range where layered 
ejecta morphologies typically begin to appear around 
the craters, which is usually attributed to the excava-
tion cavity of the crater beginning to interact with sub-
surface volatile reservoirs [7, 8].  Our analysis of Vi-
king and MOC imagery indicate that regional varia-
tions in the distribution of double layer and multiple 
layer ejecta morphologies are seen which correlate 
with the distribution of near-surface H2O detected by 
the Gamma Ray Spectrometer instrument on Mars 

Odyssey [9]—THEMIS data will provide additional 
insights on whether ejecta morphology correlates with 
surface properties such as thermal inertia and mineral-
ogy.  However, the fact that the distribution of rela-
tively large impact craters (10’s of kilometers in di-
ameter, which are excavating to a few 100’s of meters 
to kilometers depth) with ejecta morphologies com-
monly attributed to the presence of subsurface volatiles 
shows general correlations with the distribution of 
near-surface H2O (< 1 meter depth) suggests that vola-
tile exchange between deep reservoirs and the near 
surface may be more efficient than previously thought.  

The revision of the Catalog of Large Martian Im-
pact Craters [4] is including a considerable amount of 
new information from MGS and MO.  These data in-
clude MOLA-derived measurements of crater mor-
phometry and TES and THEMIS-derived data on 
thermal inertia and mineralogy.  We also are including 
updated crater morphologic data [10] from MOC and 
THEMIS.  The revised Catalog, which contains in-
formation about 42,283 craters ≥5-km-diameter dis-
tributed across the entire surface of the planet, is al-
lowing a more detailed analysis of the correlation of 
crater features with latitude, elevation, terrain, and 
near-surface properties.  These detailed crater data 
combined with new hydrocode models of crater forma-
tion [11] will promote an dramatic improvement in our 
understanding of what impact craters can tell us about 
the target properties on Mars and how they may have 
changed with time. 
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Mars Weather Systems and Maps:  FFSM Analyses of MGS TES Temperature Data.  J.R. Barnes,  College of
Oceanic and Atmospheric Sciences, Oregon State University., Corvallis, OR, 97331,    barnes@oce.orst.edu   .

Introduction:

The Martian atmosphere is a highly dynamic en-
vironment, characterized by major changes on a daily
basis.  Transient baroclinic eddies contribute greatly
to this variability — the weather — as do thermal tides,
and smaller-scale circulations.  The MGS TES at-
mospheric temperature data now permit the daily
variability of Martian weather to be seen, globally,
for the first time.  Fast Fourier Synoptic Mapping
(FFSM) is an analysis method that allows synoptic
maps to be constructed from the highly asynoptic
TES data.  FFSM preserves the full space-time reso-
lution of the data, without distorting or smoothing
higher frequency pheonomena such as weather sys-
tems.  During periods when both ascending and de-
scending (2 PM and 2 AM) orbital data is available,
the frequency resolution of the TES data is equivalent
to two synoptic maps per sol.  During periods for
which either ascending or descending data are avail-
able, but not both, the resolution is only one map per
sol.  In any case, FFSM readily allows the generation
of maps at arbitrary frequencies and times.

A considerable amount of mapping orbit, nadir,
TES temperature data have been subjected to FFSM
analysis.  A wide range of seasonal periods have been
analyzed, from more than two full Mars years.  The
basic product is synoptic temperature maps.  From
these maps, the geopotential height field can be esti-
mated, along with the horizontal winds.  The combi-
nation of these products constitute Mars weather
maps, which allow the very dynamic nature of the
atmosphere to be depicted.

Data Analyses:

MGS TES nadir temperature data have been bin-
ned into one-degree wide latitude bins, spaced at 5
degree intervals.  Maps have been produced for a
number of the TES pressure levels, ranging from the
lowest scale height to 30-40 km above the surface.
Typically, intervals of data of about 20-40 sols in
length are subjected to the FFSM analyses.  Space-
time spectra are a by-product of the analyses, and
these are extremely useful for detailed studies of the
circulation.  The maps are produced at one-half sol
intervals, nominally.  For periods with insufficient
data, the nominal interval is one sol.  For animation
or other purposes, the maps are often generated at
much shorter time intervals.  Several different basic

types of maps have been produced.  These include
maps showing only the transient eddy (non-tidal)
portion of the temperature field, and the total (non-
tidal) temperature field.  Maps including the west-
ward diurnal tide can be produced, but this tide is not
fully resolved by TES.

Using the results from the FFSM analyses of
temperatures, maps of the geopotential heights can be
constructed.  At present, these maps are based upon
an assumption of a flat geopotential surface at some
pressure level near the ground (this is equivalent to
assuming zero horizontal winds at this level).  Using
the geopotential maps, synoptic maps of the hori-
zontal winds can then be produced.  A linear balance
approach has been used to determine the winds.  This
approach yields much better wind estimates than
geostrophic or gradient wind balance does, when the
winds are fairly strong.  It also offers some major
advantages when combined with the FFSM method.
Weather  maps combining the height data, the tem-
perature data, and the wind data, are then constructed.

Results:

In the fall, winter, and spring seasons, the synop-
tic maps evidence a highly dynamic atmosphere.  In
the summer season, the atmosphere is much less dy-
namic except at high latitudes (except for the tides).
Weather systems grow and decay on short time scales
(as short as one sol or less), and can move rapidly
both zonally and meridionally.  Front-like structures
are often prominent.  In both hemispheres the
weather systems preferentially amplify in certain re-
gions — storm zones (Figs. 1 and 2).  At times, the
systems have a highly global structure.  The systems
are of planetary scale, being dominated by zonal
wavenumbers 1-3.  The larger scale systems have
extremely deep structures, with large amplitudes at
very high levels.  An extreme example of this is a
very-large amplitude disturbance which is present
during northern winter (Fig. 3).  It is dominated by
wavenumber one, and has only small amplitudes near
the ground.  It propagates to the east quite slowly
(having a period of ~ 15-25 sols), but this propaga-
tion is actually rather complex when viewed in the
maps.  This disturbance is almost certainly not the
same basic kind of weather system as the others in
the maps, and it may have no real terrestrial counter-
part.  It does appear to be quite characteristic of the
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Martian northern winter atmosphere under dusty
conditions.

Near to the winter solstice season, the weather
systems in the northern hemisphere are much
stronger than those in the south (Figs. 4 and 5).  This
is basically in agreement with the results of GCM
simulations, and appears to be a result of both the
topography of Mars and the eccentricity of the orbit.
However, later in southern winter the systems are
found to be much more vigorous.  They are also more
vigorous in early spring in the south.  The southern
hemisphere weather systems are somewhat different
than those in the north, as they are largely confined to
the western hemisphere and especially to the vicinity
of the southern extension of Tharsis and Argyre (Fig.
6).  They tend to have relatively shallow vertical
structures, and tend to be characterized by shorter
zonal scales than the northern winter systems.  They
also have shorter dominant periodicities.

The northern weather systems are typically
marked by strong storm zones.  These storm zones
basically coincide with the broad lowland regions in
the north:  Acidalia and Utopia/Arcadia.  They can
extend to very high altitudes.  Especially within these
regions, the weather systems are often seen to pene-
trate well to the south (Fig. 7).  A similar behavior
has been seen in the MOC imagery in late winter and
spring, when it is associated with dust events.  The
weather systems near the winter solstice season in the
north tend to have very deep structures, while those
in the fall and in the spring are much less deep.  The
systems tend to be located further south in winter,
and are located at higher latitudes in the early fall and
the spring seasons.  They always are located near the
region in which the north-south temperature gradients
are strongest, which tends to be near the edge of the
seasonal polar cap.

The very strong global dust storm which began in
early fall in the second MGS mapping year had a
strong impact on the weather systems.  They were
greatly diminished in strength in comparison with the
systems in the same season in the first mapping year.
This is consistent with observations made by the Vi-
king Landers during the first Viking year.  Later on,
when this global storm was still raging, the slowly
moving, wave-one disturbance was present in the
north at very large amplitudes.  There are consider-
able differences in the weather system activity in the
two Mars years of MGS mapping, and the bulk of
these appear to associated with regional and global
dust storm activity.

Summary:

FFSM analyses of MGS TES nadir temperature
data have allowed the construction of Mars weather
maps:  synoptic maps showing temperatures, geopo-
tential heights, and horizontal winds on constant
pressure surfaces.  The winds have been determined
by making use of a linear balance approach, which is
much more accurate than geostrophic balance when
the winds are fairly strong.  It is assumed that the
winds vanish at a pressure level near the ground, in
the absence of sufficiently accurate surface pressure
data.  Maps have been produced for a wide range of
seasons in both hemispheres, at levels between the
surface and ~ 40 km, for more than two full Mars
years.

The maps show a highly dynamic atmosphere in
the fall, winter, and spring seasons.  Weather systems
are seen to grow and decay on short time scales, and
can move very rapidly.  They tend to amplify in cer-
tain regions — storm zones — which are strongly cor-
related with the topography.  The storm zones have
very different structures in the two hemispheres,
presumably reflecting the very different topography
in the two hemispheres.  The weather systems can
have very deep vertical structures, with some of them
exhibiting maximum amplitudes at very high levels
(~ 30-40 km or above).  Near to the winter solstice
seasons, the northern weather systems are much
stronger than their southern counterparts — much as
predicted by GCM studies.  The northern systems
also tend to be of larger scale and to have deeper
structures.  They tend to have longer periodicities.

The weather maps allow the highly dynamical
nature of the atmosphere to be clearly seen.  This is
limited by the difficulty that the TES retrievals have
in sampling the lowest part of the atmosphere, and by
the relatively coarse resolution of these retrievals.
Nonetheless, a great deal of complex weather activity
is apparent in the periods which have been mapped to
date, and this activity differs substantially between
the two MGS mapping years.  The synoptic maps
have considerable potential, in synergy with MOC
imagery,and TES dust and water vapor/ice data, to
give us a much better picture of the atmospheric part
of the climate system of Mars.  Such studies are cur-
rently underway.

Sixth International Conference on Mars (2003) 3127.pdf



Figure 1:  Temperature variance of the weather
systems in northern winter, at the 6.1 mb level.

Figure 2:  Temperature variance of the weather
systems in southern mid-winter, at the 3.7 mb level.

Figure 3:    A synoptic map of upper-level tem-
peratures during a northern winter period when the
slow, wavenumber one disturbance is dominant.

Figure 4:  Zonally-averaged weather system tem-
perature variance for a northern winter solstice pe-
riod.
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Figure 5:  Zonally-averaged weather system tempera-
ture variance for a southern winter solstice period.

Figure   6:     A synoptic map of temperatures associ-
ated with  southern weather systems during mid-winter.

Figure 7:      A synoptic map of temperatures associated
with northern weather systems during the first mapping
year fall season.
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Introduction:  The Integrated Software for Imagers and 
Spectrometers (ISIS) package is a widely used 
planetary data processing and cartography software 
system produced by the Astrogeology program of the 
USGS in Flagstaff, AZ [1-4].  Recent additions to the 
ISIS system provide useful tools for extracting and 
projecting Thermal Emission Spectrometer (TES) data 
for use with other ISIS programs to process, analyze, 
and visualize these data, particularly in comparison 
with other Mars data sets. 
 
Overview of new tools.  The following programs and 
tools can be used for extracting and processing TES 
data and are available in ISIS: 
• vanna - An ISIS interface to the "vanilla" 

command-line software from the TES team at 
Arizona State University (ASU).  This allows the 
user to create an ascii or binary database of TES 
data for a given region on Mars.  The vanna 
program can be used alone or via tesemiss.  

• tesemiss - Uses vanna to retrieve TES emissivity 
and related data from a "vanilla" database.  Allows 
extraction of TES data such as emissivity, lambert 
albedo, or target temperature for a given region on 
Mars.  Searches can be restricted on the basis of 
albedo, dust, clouds, Ls, and other parameters 
associated with the TES data. 

• lev2raster - Rasterizes ascii or binary data 
generated from vanna or tesemiss using specified 
latitude and longitude coordinates.  This is a 
generalized program that creates an ISIS image 
cube of TES data, using square representations of 
TES pixels (defaulting to 3.15 km resolution).  It 
can be used to create TES cubes that are 
coregistered to MOC, MOLA, and/or MDIM data. 

• tesmap – An ISIS implementation of the DMAP 
software provided by the ASU team, but refined to 
use the specific SPICE data for a given set of 
observations.  tesemiss is mainly intended for use 
in accurately projecting and registering TES 
mosaics or emission phase function observations 
onto existing MDIM 2.1, MOC, MOLA, or 
THEMIS images or mosaics.  Like lev2raster, 
tesmap can be used to produce images of any TES 
parameter value, but tesmap accounts for 
variations in footprint size depending on viewing 
angle and spacecraft trajectory, and has been 
modified to permit projection of both TES 5 cm-1 
and 10 cm-1 data.  It processes ascii data extracted 
using the vanna application. 

Discussion:  Processing of TES data in ISIS is a two 
step process.  The first step is to extract the TES data 
from the vanilla database.  Fundamental to this process 
is the ISIS vanna application.  vanna was created to 
make interfacing with ASU’s vanilla application more 
in line with ISIS processing philosophy.  vanna 
provides the familiar TAE interface and scripting 
capabilities within the ISIS system.  It maintains 
consistency with vanilla’s “-select” and “-fields” 
parameters.  The resulting text output file is a slightly 
modified version of the vanilla output file in which a 
‘#’ symbol is added to all comments along with an 
additional comment line that contains the vanilla 
command used to generate the dataset. 
 
   The second step is the projection of TES data in the 
ISIS system.  The lev2raster and tesmap ISIS 
applications take the output files generated by vanna 
and project them to any projection supported by the 
ISIS system.  Both applications have the ability to: (1) 
project multiband TES datasets such as emissivity; (2) 
construct new output products from user specified 
projection properties (e.g., latitudinal ranges, 
projection type, coordinate system (e.g., 0 to 360 or –
180 to 180 and positive east or west longitude, 
planetocentric and planetographic latitudes); (3) inherit 
projection properties from an existing projected ISIS 
product; and (4) provide support for both 5 cm-1 and 
10 cm-1 TES data.  However, these two applications 
differ in how they map the data into the projection 
space. 
 
LEV2RASTER 
   lev2raster utilizes the latitude and longitude values 
directly from the TES vanilla database to determine 
where each detector observation is mapped in the 
output projected ISIS product.  These values were 
precomputed and stored in the database by the ASU 
TES team using the planetary radii and prime meridian 
values from Mars 1994 IAU specification and 
planetary, spacecraft and instrument ephemerides (i.e., 
NAIF SPICE PCK, SPK and CK data).  Any Mars data 
sets that are not geometrically projected using 
precisely the same IAU and ephemerides data will be 
spatially misaligned.  lev2raster addresses this 
problem with input parameters that allow users to 
specify which IAU values to use in the creation of new 
projected products (via the parameter value 
TARGDEF), make adjustments to longitude values to 
align prime meridians (parameter PMEROFF) and 
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specify a configuration file (parameter CONFIG) that 
along with the vanna output file completely describes 
the TES viewing geometry. 
 
   Because lev2raster plots individual detector 
observations, data must be projected at a fixed 
resolution that best represents TES observing 
conditions.  For 10 cm-1 data, this is approximately 
3.15 km per pixel resolution.  To directly compare 
these data to existing data sets of different resolutions 
requires a reprojection using the lev2tolev2 ISIS 
application.  For multiple TES values that map into the 
same pixel location, data can be averaged, replaced by 
subsequent data, or the initial value can be preserved.  
Although lev2raster is mainly intended for use with 
data sets covering large regions [5], in Figure 1 we 
show for comparison to tesmap the results of the 
lev2raster application for a partial TES mosaic 
acquired at 10 cm-1 resolution and a full mosaic at 5 
cm-1 resolution [6].   
 
TESMAP 
   The ISIS tesmap application is similar in its 
approach to projecting TES data to the DMAP tool 
produced by the ASU TES team.  DMAP provides an 
instrument model for the TES 3-by-2 detector array.  
Using data that is stored in the vanilla database, 
DMAP constructs a latitude/longitude grid from data 
selected by the user using the vanilla application.  
DMAP can optionally project TES data onto a 
background map such as an MDIM subscene [cf. 7]. 
 
   Using image motion compensation (IMC), TES has 
the ability to compensate for spacecraft orbit motion, 
stepping the mirror to maintain pointing at a specific 
location on the surface of Mars.  However, because the 
Mars Global Surveyor (MGS) spacecraft had its 
downtrack orientation reversed prior to the mapping 
phase (causing MGS to orbit Mars backwards from its 
originally intended direction), the IMC mode was not 
used [7].  Without IMC, the TES field of view (FOV) 
is better described as a “smear.”  The mirror motion 
remains fixed and spacecraft motion governs 
observation conditions during the 1.8 sec data 
collection duration for TES 10 cm-1 mode (3.6 sec for 
5 cm-1 mode).  DMAP compensates for non-IMC mode 
by providing a model that simulates the resulting 
smear effect during observations under these viewing 
conditions.  Essentially, this model represents each 
individual TES detector as an elongated detector 
(rectangular in appearance as opposed to square) in the 
downtrack direction of the MGS orbital path.  This 
approach assumes the downtrack speed and altitude of 
MGS are constant for all observations.  According to 

the ASU TES team, the vanilla database stores the 
ephemeris time of TES observations corresponding to 
the exact middle of the exposure duration.  Under 
these conditions, TES observations are modeled as an 
instantaneous FOV (IFOV) at the middle of the 
exposure duration. 
 
   An additional characteristic of the TES instrument is 
the ability to collect data off-nadir.  The TES stepping 
mirror can be commanded to different angles from 
nadir along track.  Off-nadir TES observations are 
used to collect mosaics.  This technique utilizes the 
rotational motion of Mars and careful planning of 
systematic changes in mirror angles to collect off-nadir 
looking data resulting in a mosaic of TES 
observations.  One side-effect of off-nadir mirror 
angles is that the TES detector array is also rotated by 
the same angle.  Figure 2 shows the result of a 10 cm-1 
mosaic as mapped by the DMAP application.  Data that 
is off-nadir is mapped at increasing angles counter-
clockwise to the nadir looking data.  Note that DMAP 
does not provide a FOV model for 5 cm-1 TES data 
collected using non-IMC mode. 
 
   The ISIS tesmap application derives new geometric 
coordinates for each detector FOV directly from the 
ephemeris time stored in the vanilla database for each 
observation. As mentioned previously, this time 
cooresponds to the middle of the exposure duration for 
all TES observations.  tesmap incorporates the use of 
the TES IMC-mode detector model from DMAP to 
represent the specifications of each detector in the TES 
instrument array.  tesmap maps non-IMC observations 
by direct computation using SPICE data of the IFOV 
at the start and the end of the exposure duration for 
each detector.  The start time of the observation is 
determined by subtracting half the exposure duration 
from the ephemeris time as stored in (and retrieved 
from) the vanilla database.  The end time is half the 
exposure duration added to the ephemeris time.  The 
smear effect is achieved by combining the detector’s 
endpoint IFOVs and the downtrack motion resulting in 
the elongated detector footprint FOV.  Figure 3 shows 
the results of tesmap for the same data used to create 
Figures 1 and 2. 
 
Discussion.  The computation of the DMAP detector 
FOVs differs from that in tesmap.  DMAP generates a 
single IFOV assuming fixed spacecraft velocity and 
altitude using SPICE ephemerides to determine 
viewing conditions at mid-exposure time.  tesmap 
relies upon SPICE ephemerides to determine exact 
spacecraft position and instrument platform pointing at 
the start and end of every observation for each detector 
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in the array.  The combination of the two endpoint 
IFOVs for detectors naturally create the smear effect 
for each observation.  Off-nadir observations for both 
DMAP and tesmap are handled by rotating the detector 
footprints by the same angle.  However, DMAP’s off-
nadir representations are an IFOV of a model that 
simulates detector smear whereas tesmap is a 
combination of actual rotated detector IFOVs at the 
endpoints of the exposure duration.  In summary, the 
computed footprint in tesmap is different than DMAP 
because it is created from endpoint IFOVs using 
SPICE ephemerides.  This takes into account relative 
spacecraft position, downtrack velocity, and 
instrument pointing computed at the endpoints of the 
exposure duration.   
 
   DMAP and tesmap have options for managing 
overlapping data.  Overlapping data occurs because of 
the organization of the detector array in a 3-by-2 
pattern.  With this configuration, the downtrack 
detector row for a given observation will have portions 
of the same region observed by the uptrack row during 
the same observation.  Both applications have average, 
minimum, maximum, first and last options to process 
common areas of overlap.  tesmap has the additional 
option that merges (averages) the data from all six 
detectors and then replicates the average value for each 
detector. 
 
   Inherent in the implementation of tesmap is the 
ability to use different Mars IAU specifications.  
Geometric data in the TES vanilla database were 
computed using 1994 IAU Mars specifications, 
whereas the design of tesmap allows the users to 
explicity select the desired IAU specifications of Mars.  
Within the ISIS system, it defaults to the most current 
IAU specification and ensures that products from other 
missions or instruments processed in ISIS are 
consistent for direct comparison.  
 
   tesmap can convert between planetocentric and 
planetographic latitude representations and variations 
in longitude systems.  Geometric data in the vanilla 
database are stored in planetocentric latitudes and 0 to 
360 degree WEST longitudes.  Usage of these data in 
other cartographic representations must work in that 
environment or explicity handle the conversion.  
tesmap avoids this because it computes new geometry 
strictly from the time of the observation using SPICE 
data contained within the ISIS system. 
 
   In summary, tesmap most accurately represents the 
nadir and off-nadir TES footprint because it is based 
upon IFOVs at the start and end of the exposure 

duration computed from SPICE ephemeris.  It supports 
both 5 and 10 cm-1 TES observation data.  It is 
compatible with ISIS and products derived using the 
ISIS software system, but is sufficiently flexible to 
allow the user to modify many aspects of the resulting 
map projected product to match other non-ISIS image 
products.  For comparison, lev2raster provides the 
flexibility to control the projected resolution of a 
specific TES observation, and is more suitable for 
generating image products of large regions.   
 
   Future work will provide the ability to map TES data 
using the MOLA DEM instead of the IAU spheroid 
description for the Martian surface.  Additional 
refinements to tesmap will increase computational 
efficiency, thereby making tesmap more suitable for 
mapping large regions. 
 
Availability.  The functionality and usage of the vanna, 
lev2raster, and tesemiss tools is described more 
completely in "cookbook" form under "TES 
Emissivity Data Processing with ISIS" at: 
http://wwwflag.wr.usgs.gov/isis-bin/documentation.cgi 
 
   Use of these TES programs in ISIS requires the 
vanilla software and access to the TES data.  vanilla 
can be acquired from any PDS TES cdrom and also 
from the ASU vanilla site below.  Although TES data 
can be acquired by downloading contents of the widely 
distributed PDS TES cdroms, it is highly 
recommended that they be downloaded from an online 
database (see below) and that a structured TES 
“DATASET” be created according to the instructions 
found at the TES team site at ASU: 
http://software.la.asu.edu/vanilla/vanilla2.html 
 
   Questions on the use of vanilla and the DATASET 
format can be directed to vanilla@tes.asu.edu.  The 
TES data and special products are available online at: 
http://wufs.wustl.edu/missions/mgs/tes/index.html 
http://tes.asu.edu/data_archive 
 
   To read more about ISIS and get a copy of the ISIS 
software, see these Web sites: 
http://wwwflag.wr.usgs.gov/isis-bin/isis.cgi 
http://wwwflag.wr.usgs.gov/isis-bin/acquireisis2.cgi 
 
   Questions about ISIS and the use of these programs 
can be addressed to: 
http://isisdist.wr.usgs.gov/ 
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Figure 1.  (left) Moc WA mosaic centered on –24º, 167.5ºE; (middle) lev2raster temperature image of 10 cm-1 
mosaic (only partial coverage obtained, incidence angle 48°, local time 14:45),  (right) lev2raster temperature image 
of 5 cm-1 mosaic (full coverage, incidence angle 25°, local time 13:48).   
 

   
 
Figure 2.  (left) Moc WA mosaic centered on –24º, 167.5ºE; (middle) DMAP temperature image of 10 cm-1 mosaic.  
An additional manual image shift corresponding to 0.271º longitude is required to align the TES image with the 
MOC basemap as a result of prime meridian differences; (right) MOLA image of region. 

 

   
 
Figure 3.  (left) Moc WA mosaic centered on –24º, 167.5ºE; (middle)  tesmap temperature image of 10 cm-1 mosaic 
(right) tesmap temperature image of 5 cm-1 mosaic (full coverage). 
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Introduction:  The Visible Imaging Subsystem
(VIS) on the NASA Mars Odyssey spacecraft's
THEMIS instrument has been obtaining high spatial
resolution 5-color visible wavelength images of Mars
since mapping began in February 2002 [1,2].  VIS is a
1024¥1024 interline transfer CCD camera that uses
narrowband interference filters bonded to the CCD to
acquire multispectral images from Mars orbit at central
wavelengths of 425, 540, 654, 749, and 860 nm (±25
nm).  This abstract describes the newest data reduction
and calibration methods used to process VIS data, and
presents some initial results on surface color properties
at high spatial resolution.

Calibration and Data Processing: Raw VIS
images returned from the spacecraft suffer from a
number of the "usual" calibration challenges in-
herent in CCD imaging, as well as from unique
calibration and processing issues related to the
VIS design and the specific environment in which
VIS is operating.  These issues include (a) Bias
and dark current signals which need to be re-
moved; (b) pixel-to-pixel responsivity (flatfield)
variations that need to be characterized and ac-
counted for; (c) frame transfer smear signal re-
sulting from the finite time it takes to transfer
charge to the CCD serial register and the fact that
the frame transfer masks are not completely
opaque; (d) scattered light impinging on the VIS
field of view; (e) derivation of a set of coeffi-
cients to convert corrected DN values to radiance;
(f) mapping and coregistration of different wave-
length bands; and (g) Generation of "true color"
display products.

(a) Bias and Dark Current. Bias signal is
characterized and removed from VIS images us-
ing images obtained over the nightside of the
planet.  Typical bias signal levels are only a few
DNs and there is a repeatable spatial pattern to the
signals. Dark current has not been detectable in
flight because of the low operating temperatures
and the extremely short exposure times (less than
10 msec) used for VIS images.

(b) Flatfield.  Pixel to pixel responsivity
variations arise from intrinsic variations in the
detector, spatial variations in the transmissivity of
the color filters, or geometric effects from the
THEMIS optics.  These effects were assessed us-

ing a combination of pre-flight calibration files
and in-flight averages of hundreds of images to
generate "superflat" frames.  In practice, flatfield
variations are not completely separated from
scattered light artifacts (see (d)), so the calibration
pipeline handles both effects simultaneously.

(c) Frame Transfer Smear.   Charge generated
by the VIS CCD pixels is transferred to a masked
register adjacent to each pixel for eventual
clocking and transfer off the chip.  However, the
frame transfer time is much longer than the expo-
sure time and the masked areas are not completely
opaque.  The result is extra signal added to the
desired signal, in proportion to the distance of
each pixel from the CCD horizontal register.  This
is commonly known as frame transfer smear, and
can be accurately characterized and removed us-
ing a combination of knowledge of the CCD tim-
ing and specially-designed zero exposure time
images.  The zero images provide measurements
of only the frame transfer smear component.  We
have obtained in-flight zero measurements over a
variety of albedo terrains in order to characterize
both the magnitude and "color" of the frame
transfer smear, in order to model and remove it as
part of our processing pipeline.

(d) Scattered Light. The beam from the
THEMIS telescope impinging on the CCD
slightly overfills the field of view.  Some of this
out of field light is reflected off structures in both
the VIS detector and telescope assemblies, im-
parting a scattered light signal onto the raw im-
ages.  Fortunately, the scattered light pattern is
repeatable, and in-flight observations are helping
to characterize and remove it from the desired
signal.  Accurate knowledge of the scattered light
and frame transfer smear components has also
allowed us to develop an accurate exposure time
prediction model so that we can optimize the de-
sired signal level in each wavelength even in the
presence of these "contaminating" signals.

(e) Radiance Conversion.  The above steps
result in a set of instrumentally-calibrated images
expressed in "corrected DN" values. Because the
measurement environment experienced by VIS in
orbit is substantially different than that which was
able to be simulated during pre-flight testing, we
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have relied almost entirely on in-flight observa-
tions to derive a set of absolute radiometric scal-
ing coefficients.  Our approach is twofold:  (1)
We use our "superflat" observations in each filter
to derive an average 5-color Mars corrected DN
spectrum as observed by VIS.  We then use well-
calibrated Hubble Space Telescope (HST) Wide
Field/Planetary Camera 2 clear-atmosphere ob-
servations from 255 to 1042 nm [3] to generate an
average HST spectrum of Mars using data ob-
tained only at the same average incidence angle as
the VIS measurements.  This average HST spec-
trum is then convolved to the VIS bandpasses and
the ratio of it to the average VIS corrected DN
spectrum results in a set of scaling coefficients to
convert corrected DN per msec to W/m2/nm/sr.
(2) The validity of this approach is being tested
by new sets of simultaneous VIS and HST obser-
vations during 2003.  The first set of simultaneous
measurements was performed on March 8, 2003;
29 sets of 5-color VIS sequences were acquired
within two hours of HST multispectral imaging
from 220 nm to 892 nm using HST's new Ad-
vanced Camera for Surveys (ACS) instrument; 10
of these VIS image sets were acquired at exactly
the same time as the HST measurements. Initial
analysis of these simultaneous observations
shows that our default average-based radiance
coefficient approach appears to be accurate to
within ~5% for VIS bands 1 through 4, and within
~15-20% for VIS band 5 (860 nm), which has the
largest scattered light component.  These results
are preliminary and will be augmented by addi-
tional simultaneous HST/Odyssey observing
campaigns. Notably, a planned campaign during
the August 2003 opposition will take advantage
of the fact that HST will be able to obtain a spa-
tial resolution of ~4 km/pixel using ACS, mean-
ing that typical 36 m/pixel color VIS image strips
will correspond to about 5x15 HST pixels, a sta-
tistically more significant number for refining the
calibration coefficients.

(f) Mapping and Spectral Coregistration.
Calibrated radiance images are map projected
using SPICE pointing information that predicts
the corners and center latitude and longitude of
each VIS framelet based on knowledge of the
spacecraft's orbit and attitude history.  Our map-
ping software warps each framelet onto a simple
cylindrical grid, but does not yet take into account
the small amount of geometric optics distortion
across the VIS field of view.  Each band in a VIS
multispectral sequence maps to a slightly different
part of the surface [2].  Dead-reckoning the

pointing and mapping this way does not result in
a perfectly coregistered set of multispectral im-
ages, however, because of small pointing uncer-
tainties and distortion errors.  Therefore, after
each band is mapped, we use an autocorrelation
routine to co-align the bands (usually using the
654 nm band as the reference) for multispectral
analysis and spectrum extraction.  As part of this
mapping process, we also generate "backplanes"
of additional information (latitude, longitude, in-
cidence, emission, and phase angle for each pixel)
that are needed for photometric correction and/or
radiative transfer modeling of the calibrated data.

(g) True Color Images.  For education and
public outreach as well as aesthetic purposes we
are also generating sets of "true color" VIS im-
ages using the radiometrically calibrated data.
The intention of these products is to simulate the
color of the surface as it would be seen by a per-
son with an average human photopic response
function, were they riding along with Odyssey at
Mars.  Our radiance images are first converted to
the CIE's xyz color space (x and y are chromatic-
ity; z is brightness [4]) using the CIE's standard
"D65" color matching functions [5]. The xyz col-
ors are then converted to the Web-friendly sRGB
color system and written to TIFF files that pre-
serve the sRGB standard color map and allow the
colors to be uniformly displayed by many differ-
ent software packages or Web browsers.

VIS images are currently downlinked using a
combination of 12 to 8 bit companding and
lossless DCT compression. Possible use of lossy
compression is being investigated for future en-
hancement of the total VIS surface coverage.

Results: Examples of some mapped and
coregistered images are provided below, along
with some typical 4-color VIS spectra extracted
from these data (band 5 is still problematic).  Sev-
eral themes are emerging from this high resolu-
tion multispectral imaging campaign: (1) Color
variations are usually subtle–many occur but of-
ten at the limits of VIS resolution; (2) Dark, ap-
parently aeolian deposits exhibit different colors,
suggesting particle size and/or compositional
variations; and (3) An enigmatic class of “blue”
crater floor deposits has been identified but its
composition or origin is not yet understood.

References: [1] Christensen, P.R. et al. (1999)
LPSC XXX, Abstract #1470. [2] Bell III, J.F. et al.
(2003) LPSC XXXIV, Abstract #1993. [3] Bell III, J.F.
et al. (2003) submitted to I c a r u s . [4] e . g . ,                    
hyperphysics.phyastr.gsu.edu/hbase/vision/cie.html [5]
Estrada, P.R. & J.N. Cuzzi (1996) Icarus, 122, 251.
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Figure 1 (left) Approximate true color image of an un-
named 23 km diameter crater in western Arcadia Planitia,
near 39°N, 179°E.  The crater shows a number of inter-
esting internal and external features that suggest that it
has undergone substantial modification since it formed.
(top) Approximate true color image of part of the low
albedo channel floor of Granicus Vallis, near 28°N,
132°E (V03578003). North is up in all mosaics shown.

Figure 2. (left) False color RGB composite of part of VIS image V04277003
showing craters in Aeolis near 13°S, 157°E.  The enlarged segment (top)
shows an example of an enigmatic and substantially "bluer" deposit on the
floor of one crater.  The deposit is heavily cratered and appears near the
downslope mouth of a small valley incised in the crater wall. The higher
albedo deposit itself is surrounded by a diffuse and also bluer floor unit.
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Figure 3.  Examples of 4-color VIS spectra extracted from different units in Figure 2.  (left) I/F spectra (I is detected
radiance and pF is the incident solar radiance in that bandpass); "Blue Deposit 1" and "Blue Deposit 2" are from the
higher albedo floor deposit adjacent to the small valley; "Blue Floor 2" is from the surrounding diffuse and bluer unit;
"Red Floor 1" is from the surrounding crater floor region that does not show this unique spectral signature.  Even the
"blue" deposits can be seen to be quite red in color.  The relative differences are better shown in the spectra on the
right, where the average spectrum of the whole scene has first been divided out.  The blue deposit is 20-30% brighter
in VIS band 1 than the average.  The calibration of band 5 (863 nm) is not yet adequate to allow spectral analysis.

Figure 4. (left) False color RGB composite from VIS image
V03233002 of the deposit known as "White Rock" in Pol-
lack crater, near 8°S, 25°E.  (top) I/F spectra from the de-
posit–which is clearly not white–and the surrounding crater
floor and dunes; (bottom) Average-removed spectra.
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Introduction:  One of the six science payload ele-
ments carried on each of the NASA Mars Exploration
Rovers (MER; Figure 1) is the Panoramic Camera
System, or Pancam.  Pancam consists of three major
components: a pair of digital CCD cameras, the Pan-
cam Mast Assembly (PMA), and a radiometric cali-
bration target [1].  The PMA provides the azimuth and
elevation actuation for the cameras as well as a 1.5
meter high vantage point from which to image.  The
calibration target provides a set of reference color and
grayscale standards for calibration validation, and a
shadow post for quantification of the direct vs. diffuse
illumination of the scene.  Pancam is a multispectral,
stereoscopic, panoramic imaging system, with a field
of regard provided by the PMA that extends across
360° of azimuth and from zenith to nadir, providing a
complete view of the scene around the rover in up to
12 unique wavelengths.  The major characteristics of
Pancam are summarized in Table 1.

The scientific goals of the Pancam investigation
are to: (a) obtain monoscopic and stereoscopic images
and mosaics  to  assess  the morphology, topography,
magnetic properties, and geologic context of the two
MER landing sites–nominally Gusev crater and Me-
ridiani Planum; (b) obtain  multispectral images of
selected regions to determine surface color and miner-
alogic properties; (c) obtain multispectral images over
a range of viewing geometries to constrain surface
photometric and physical properties; and (d) obtain
images of the Martian sky and Sun to determine dust
and aerosol opacity and physical properties. In addi-
tion, Pancam also serves a variety of operational func-
tions on the MER mission, including (e) serving as the
primary Sun-finding camera for rover navigation; (f)
resolving objects on the scale of the rover wheels to
distances of ~100 m to help guide tactical rover navi-
gation decisions; (g) providing stereo coverage ade-
quate for the generation of digital terrain models to
help guide and refine strategic rover traverse decisions;
(h) providing high resolution images and other context
information to guide the selection of the most inter-
esting in situ sampling targets; and (i) supporting ac-
quisition and release of exciting education and public
outreach (E/PO) products.

Pancam utilizes two 1024×2048 Mitel frame trans-
fer CCD detector arrays, each having a 1024×1024
active imaging area, a 1024×1024 masked frame trans-
fer storage area, and 32 additional serial register refer-
ence pixels per row for offset monitoring (Figure 2).
Each array is combined with optics and a small 8-
position filter wheel to become one "eye" of a multis-
pectral, stereoscopic imaging system. The optics for

both cameras consist of identical 3-element symmetri-
cal lenses with an effective focal length of 42 mm and
a focal ratio of f /20, yielding an IFOV of 0.28
mrad/pixel or a rectangular Field of View (FOV) of
16°× 16° per eye (Figures 3,4).  The two eyes are sepa-
rated by 30 cm horizontally and have a 1° toe-in to
provide adequate parallax for stereo imaging (Figure
5). The camera FOVs have been determined relative to
the adjacent wide-field stereo Navigation Cameras, and
the Mini-TES FOV.  The Pancam optical design is
optimized for best focus at 3 meters range, and allows
Pancam to maintain acceptable focus from infinity to
within 1.5 meters of the rover.

Each eye's 8-position filter wheel allows multis-
pectral sky imaging, direct Sun imaging, and surface
geologic and mineralogic studies in the 400-1100 nm
wavelength region (Table 2 and Figure 6).  The filters
have been selected to sample (a) the near-UV to visible
ferric absorption edge from ~440 to 750 nm, the slope
of which has been shown to be an indicator of ferric
mineral crystallinity [e.g., 2], (b) two crystalline ferric
oxide absorption features typically centered near 650
nm and 860-900 nm, which have specific band centers
that are diagnostic of oxide vs. oxyhydroxide compo-
sitions [e.g., 2,3], and (c) the short wavelength wing of
the classic "1 micron" absorption band in ferrous sili-
cates like pyroxene, which has a band shape and posi-
tion that can be diagnostic of the specific pyroxene
(Ca, Fe, Mg) chemistry [e.g., 4].

Pancam has been designed to operate within cali-
brated specifications from -55°C to +5°C.  The cam-
eras have undergone standard CCD, radiometric, and
geometric calibrations both at the component and sys-
tem (rover) level.  These calibrations include charac-
terization of the dark current and bias, flatfield, and
system-level spectral responsivity of each camera.

An onboard calibration target and fiducial marks
provide the ability to validate the radiometric and
geometric calibration on Mars.  The calibration target
(Figure 7) is mounted on the -X solar panel and pro-
vides a set of well-characterized grayscale and color
materials to validate or re-derive the spectroradiomet-
ric coefficients needed to convert instrumentally-
corrected DNs into calibrated radiances.  The target
also serves a secondary role as part of a web-based
"Mars sundial" E/PO and K-12 curriculum project.

Pancam relies heavily on use of the JPL ICER and
LOCO compression algorithms to maximize data re-
turn within stringent mission downlink limits.  All
calibration and flight data products will be generated,
archived, and released with the NASA Planetary Data
System in PDS image format.
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Table 1.  Pancam Instrument Characteristics

Mechanical/Environmental

• Two independent digital CCD cameras

• 30 cm stereo separation, 1° toe-in

• Mast-mounted, 1.54 meters above surface

• 360° azimuth and ±90° elevation actua tion

• Mass of each camera: ~270 g

• Typical power consumption ~3 W per camera

• Operating temp. within specs: -55°C to +5°C

• Onboard calibration target, fiducial marks

• Each camera has an 8-position filter wheel

• Uses ICER (wavelet) and LOCO (JPEG) compression algorithm

Optics

• 3-element Cooke triplet lens design (G. Smith)

• 43 mm focal length, f/20 system

• < 0.01% f tanθ geometric distortion

• Optimal focus: 3 m; Focus range: 1.5 m to ∞

• IFOV = 0.28 mrad/pixel; FOV = 16° × 16°

• Equivalent to a 109 mm lens on a 35 mm camera

• Narrowband interference filters (Omega Optical)

• Sapphire window for dust protection

• External sun shade, internal stray light baffles

• Boresight calibrated with Navcams, Mini-TES

CCD

• 1024 × 2048 Mitel frame transfer CCD

• 12 µm square pixels, 100% fill factor

• Opaque Al shield over storage region

• Full well capacity = 170,000 ± 20,000 e-

• System Gain = 50±3 e-/DN

• System Read Noise = 25±5 e-  at -55° C

• SNR ≥ 200 in all λ’s at 50% full well

• Absolute radiometry ≤ 7%, relative ≤ 1%

• Dark current @ 27°C = 1.5 nA/cm2

• Dark current spatial nonuniformity < 5%

• Linearity > 99% from 10 to 90% full well

• Flatfield spatial nonuniformity < 1%

• 32 “reference” pixels beyond imaging area

• CCD frame transfer time = 5.2 msec

• CCD readout rate = 200 kpix/sec (5.2 sec)

• Integration time : 0-350 sec, ∆ = 5.1 msec

• 4 × 1 hardware (“on chip”) binning option

Calibration Target

• 8 × 8 cm base, 6 cm high post, 60 g mass

• Three rings with 20, 40, 60% reflectivity

• Four colored corners for color calibration

• Vertical post casts shadow across all three rings to calibrate dif-
fuse illumination

• Two mirrored annuli reflect sky color

• Fully illuminated by the Sun from at least 10 a.m. to 2 p.m. local
solar time for nominal rover orientations

• Target is embellished with motto, markings, and drawings to be a
“Mars Sundial” for E/PO activities

Table 2. Pancam Filter Characteristics

Name

λeff
(nm)

Bandpass

(nm) Comment
Left Camera

L1 719 179 EMPTY
L2 753 20 Red Stereo L
L3 673 16 Geology
L4 602 17 Geology
L5 535 19 Geology
L6 483 27 Geology
L7 440 25 Blue Stereo L
L8 440 20 Solar ND5

Right Camera
R1 440 25 Blue Stereo R
R2 754 19 Red Stereo R
R3 803 20 Geology
R4 864 17 Geology
R5 903 25 Geology
R6 933 24 Geology
R7 1001 28 Geology
R8 880 20 Solar ND5

References: [1] Bell, J.F. III et al. (2003) submitted to J.
Geophys. Res. [2] Morris, R.V. et al. (2000) J. Geophys.
Res., 105, 1757-1817. [3] Morris, R.V. et al. (1985) J. Geo-
phys. Res., 90, 3126-3144. [4] Cloutis, E.A. et al. (1986) J.
Geophys. Res., 91, 11641-11653. [5] Smith, P.H. et al.
(1997) J. Geophys. Res., 102, 4003-4025.

Figure 1. Flight model 2 rover (background) in driving con-
figuration, compared to the Pathfinder flight spare rover
Marie Curie (foreground).  The Pancams are the two outer
cameras on the top of the mast assembly, at a height of ap-
proximately 1.5 meters above the surface.
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Figure 2.  MER CCD package and schematic representation.

Figure 3. Pancam optics schematic (top) and CAD cross-
sectional view (bottom).

Figure 4.  Schematic of the MER Pancam instrument.
The instrument consists of a filter wheel, motor and
housing (top), optics lens barrel assembly (middle left),
CCD housing assembly (lower left), and a separate box
containing the FPGA and other electronics (bottom).
For scale, the electronics box is ~6.5 cm long.

Figure 5. The MER-2 flight rover's camera bar (top),
and an enlarged view (bottom) of the left Pancam (far
right) and Navcam (center) instruments.  The ruler at
top is 30.5 cm long. The Pancam are toed-in by 1° to
optimize near-field stereo ranging overlap.
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Figure 6. Normalized spectral response profiles of the Pancam multispectral "geology" filters.  "L" designates left
camera, "R" designates right.  Solar ND filters not shown.

Figure 7. Pancam calibration target. The three grayscale rings are 20%, 40%, and 60% reflective, and the colored
corners contain oxide pigments with distinct spectral characteristics in the visible to near-IR. The base is 8 × 8 cm
size and the post is 6 cm high.  The basic design is modeled closely on the Mars Pathfinder IMP target design [5].
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Introduction:  Clouds in the martian atmosphere 

have been observed and studied for many decades.  
Nathaniel E. Green first identified clouds in the mar-
tian atmosphere in 1877 when he observed white spots 
near the limb of the planet and concluded that they 
were morning and evening clouds high in the atmos-
phere [1]. The Tharsis region is known for the “W” 
clouds [2], which are prominent from northern mid-
spring to midsummer.  Smith and Smith [3] studied the 
diurnal and seasonal behavior of the clouds associated 
with Olympus Mons using ground based data collected 
between 1924 and 1971 and found that cloud activity 
was generally confined to late spring and early sum-
mer seasons in the northern hemisphere. Based on a 
comparison of their data with seasonal water abun-
dances, Smith and Smith concluded that Type I dis-
crete white clouds are composed of water ice. Curran 
et al. [4] gave the first spectroscopic evidence confirm-
ing the presence of water ice clouds on Mars in the 
Tharsis region using data collected with the infrared 
interferometer spectrometer on the Mariner 9 space-
craft.  The Mariner 9 spectral shape was consistent 
with a mean radius of the water ice particles of ~ 2.0 
µm. 

There are several meteorological factors that may 
contribute to cloud formation and seasonal variability 
in the Tharsis region. The seasonal variation in the 
cross-equatorial Hadley cells that characterize the gen-
eral circulation of the martian atmosphere is an impor-
tant factor [5]. The local circulation over the volcanoes 
is also an important factor: low thermal inertia causes 
the volcanoes to act as a heat source in the atmosphere, 
and warm upslope winds in the afternoon favor cloud 
formation and enhance clouds [6]. Insolation and water 
vapor concentrations are also potentially important 
factors. 

Mars Global Surveyor (MGS) provides the first 
complete data set with which to study the properties 
and seasonal variability of clouds throughout the entire 
martian year. MGS instruments do not provide much 
diurnal coverage in the equatorial regions, however, 
because the orbit is fixed at ~ 2pm at the nadir. Only 
the early afternoon part of the cycle, in which previous 
observations have suggested growth in the large cloud 
features, can be studied, but this does make it possible 
to determine the seasonal behavior, augmented by lim-
ited local time coverage. 

The Mars Orbiter Camera (MOC) was used to ob-
tain global maps of the Martian surface.  The maps 
used were acquired between March 15, 1999 (LS = 
110º) and July 31, 2001 (LS = 205º), corresponding to 
approximately one and a quarter martian years. In this 
work we focused on water ice clouds associated with 
the surface features of Olympus Mons, Ascraeus 
Mons, Pavonis Mons, Arsia Mons, Alba Patera, and 
the Valles Marineris canyon system.  Using these data, 
we have made three types of quantitative measure-
ments to characterize the cloud activity: 1) cloud area 
and location, 2) cloud height, and 3) cloud optical 
depth. We have also searched for short period varia-
tions in the cloud areas. 

MOC Observations:  MOC includes two wide-
angle (WA) cameras, one in the blue (400-450 nm) 
bandpass and the other in the red (575-625 nm) band-
pass, each with a 140º field of view [7]. This coverage 
is optimal for separating clouds that are composed of 
condensates from those that contain dust; while dust 
clouds and ice clouds often appear of similar bright-
ness in red, condensate clouds are very bright in blue 
while dust clouds are dark. The WA camera images 
are bounded by the horizons, corresponding to nomi-
nal local times of 1217 to 1543 at the equator.   

A variable summing algorithm is used to obtain 
continuous observations with both WA cameras so that 
in a 24-hour period a complete global map is obtained 
at a resolution of approximately 7.5 km/pixel.  To con-
struct the global map, only roughly the center half of 
each orbital swath’s coverage is used; every two hours 
a new image strip is acquired and added to the previ-
ous strips. The daily global maps (DGMs) that we 
have used for this work are composite cylindrical pro-
jections colored with a false green channel. 

Cloud Area Measurements: Clouds were identi-
fied by visual inspection of the DGMs, and then these 
features were matched with the blue images taken by 
MOC.  The clouds appear more prominent in blue im-
ages due to the relatively high single scattering albedo 
(~0.9) of these particles relative to the low surface 
albedo at these wavelengths. To measure the areas of 
the clouds an IDL program was used, and it took a 
subset of each DGM that corresponded to the particu-
lar surface features studied and measured the number 
of pixels in the blue image which had a threshold digi-
tal number value greater than 120. This value was cho-
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sen through visual inspection of cloud boundaries in 
the blue images.  Because the resolution varies with 
latitude for a cylindrical projection, each line is multi-
plied by a correction factor. These lines were then 
added and multiplied by the resolution of the projec-
tion at the equator to give the true cloud area. 

Cloud Area Results:  A plot of cloud area vs. LS 
for Olympus Mons is presented in Figure 1. The cloud 
area maximum near LS = 100º is likely due to cooler 
atmospheric temperatures and maximum upward ad-
vecting velocities in the solstice Hadley circulation.  
The cloud area decrease at LS = 120º is probably 
caused by the rise in air temperature due to the season 
(moving away from aphelion) and increased atmos-
pheric dust [8]. 
 

 
Figure 1: Olympus Mons cloud area versus Ls. 
 

Observations of Ascraeus Mons show the same 
general trend for cloud area as Olympus Mons, with a 
peak near LS = 100º. At LS = 140º, there is a minimum 
in cloud area that is especially prominent in the first 
martian year of observations.  

Alba Patera cloud activity displays a double peak 
feature that was not observed in any of the other re-
gions.  The peaks occur at LS = 60º and 140º, with a 
minimum near LS = 85º. The peaks in the seasonal 
activity of Alba Patera occur at the times that the cloud 
areas associated with Olympus and Ascraeus Mons 
volcanoes are rapidly increasing or decreasing; this 
anticorrelation is one of the most interesting and unex-
pected results of this study. 

Clouds over Pavonis Mons have maximum area 
near LS = 100º.  There is a local minimum in cloud 
area at LS = 140º observed during both martian years.  
Then cloud area increases for a second peak between 
LS = 140º-220º, which corresponds to the time of 
maximum cloud area at Arsia Mons. 

Cloud area vs. LS for Arsia Mons is shown in Fig-
ure 2. Observations of Arsia Mons reveal more or less 
continuous cloud activity.  The only period of inactiv-

ity is between LS = 227º-235º, which corresponds ex-
actly to the largest regional dust storm seen by [8] and 
[9]. TES observations showed that the dust storm ex-
panded into the region around Arsia Mons at LS = 228° 
and was accompanied by a roughly 15 K increase in 
temperature.  By LS = 237º the dust storm had mi-
grated much further south of Arsia, and the atmos-
pheric temperature in the region had decreased.  
Richardson et al. [10] demonstrated that cloud ice con-
tent decreases strongly as a function of increasing dust 
optical depth.  The temperature increase lowers the 
relative humidity, suppressing cloud activity [11]. 
 

 
Figure 2: Arsia Mons clouds area versus Ls. Note that the 
abrupt disappearance of clouds near Ls = 185º is due to the 
global dust storm of 2001, not to a lack of data.  
 

Cloud activity ends earlier at all of our sites in the 
second martian year than in the first. This is most 
clearly seen in Fig. 2. In the first martian year, cloud 
activity ceased near LS = 210º at Alba Patera, Olympus 
Mons, and Ascraeus Mons, and near LS = 220º at Pa-
vonis Mons. However, in the second martian year, 
clouds disappeared in all regions between LS = 183º 
and LS = 190º (June 24 and July 4, 2001).  This earlier 
cessation of cloud activity almost certainly results 
from the global martian dust storm of 2001. As seen 
from the TES data, atmospheric temperatures near the 
Tharsis region began to rise around June 25 and the 
dust storm had expanded into the region by July 2 
[12].  As noted above, the increased dust and atmos-
pheric temperature promote the dissipation of water ice 
clouds. 

Valles Marineris: Clouds associated with the 
western Valles Marineris canyon system and other 
small surface features were also observed during the 
time period of this study.  The clouds associated with 
Valles Marineris generally were located in the latitude 
range -4° to +4° N and longitude range 70° to 80° W. 
Clouds were also seen around 12° S latitude, 100° W 
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longitude, in the region of Syria Planum, near 27° N 
latitude, 107° W longitude, near Ceraunius Fossae, at 
26° N latitude, 93° W longitude, surrounding Uranius 
Patera, and near 30° N latitude, 75° W longitude, not 
associated with a particular surface feature. Figure 3 
shows the location of cloud centers in this region bin-
ned into four seasonal bins.  Figures 3A and B show 
numerous clouds in this region during spring and 
summer, however C and D indicate very few clouds 
during the fall and winter seasons. 

 

 
 
Figure 3: Cloud center locations for Valles Marineris canyon 
system and other small surface features. (A) Ls = 0º-90º, (B) 
Ls = 90º-180º, (C) Ls = 180º-270º, (D) Ls = 270º-360º. The 
background image used is the MOLA topography map of the 
Tharsis and Chryse region (supplied courtesy of MOLA 
Science Team). 
 

Cloud Heights: Cloud heights have been deter-
mined for each of the five volcanoes for several days 
throughout their cloudy season. The heights were es-
timated by visual inspection of the cloud at its highest 
point of contact with the volcano on the daily global 
maps.  This location was compared to a contour map 
for each volcano. The elevation of the highest point of 
contact determined from the contour map was esti-
mated to be the height of the cloud. Cloud heights lie 
between 19.0-21.0 km for Olympus Mons, 15.0-18.0 
km for Ascraeus Mons, 12.0-14.0 km for Pavonis 
Mons, 16.0-17.4 km for Arsia Mons, and 5.5-6.5 km 
for Alba Patera. Cloud height error, which depends on 
the resolution of the contour maps, is estimated at ± 
0.5 km for Olympus Mons and ± 1 km for Alba Patera, 
Ascraeus, Pavonis and Arsia Mons. 

From this study of cloud heights, we were able to 
determine a diurnal correlation; however, no signifi-
cant seasonal trend was seen. Clouds tended to be at a 
higher altitude later in the afternoon. On consecutive 
days, the cloud height could vary 1-2 km depending on 

local time at the topographic feature. This is consistent 
with increased convective uplift due to surface heating. 

The lower elevation of the Alba clouds is consis-
tent with other unique features: Alba has much lower 
relief, it is located outside of the ECB (and Hadley 
uplift) zone, and the seasonal variation of its clouds is 
unique.  The cloud elevation data reinforce the evi-
dence that suggests that the physics of the Alba clouds 
is different from the clouds in the Tharsis region. 

Optical Depth Measurements: Cloud optical 
depths were calculated for the center coordinate of 
clouds observed in 154 MOC WA blue filter images 
using the discrete ordinate, multiple scattering radia-
tive transfer (DISORT) code of Stamnes et al. [13]. 
We adopt the three layer atmospheric model that has 
been used extensively in modeling previous HST ob-
servations of Mars [14, 15, 16]. 

The model computed the radiance along 16 
streams, and the three layers used correspond to alti-
tude ranges of 0-10, 10-20, and 20-50 km. The relative 
distribution among the layers for clouds was taken 
from [17], and we used the single scattering phase 
function derived by [18].  We adopt a value of 1.0 for 
the single scattering albedo of clouds [18], and the 
opacity is specified for a three-layer atmosphere as 
described in [16].  

DISORT was used to calculate the relative cloud 
optical depth using a region outside the cloud as a ref-
erence point.  The local cloud optical depth was treated 
as a free parameter and was varied to get a consistent 
match with the model.  For this calculation, only 
clouds appearing near the center of the image strip 
(~1400 LT) were used so that the cosine of the emis-
sion angle was greater than 0.50. 

In general, the optical depth of clouds in the first 
Martian year of our observations is smaller than that of 
the second year, except for Alba Patera, where the 
optical depths are similar. Optical depth values are 
found to lie between 0.107-1.015 for Olympus Mons, 
0.101-1.358 for Ascraeus Mons, 0.163-1.330 for 
Pavonis Mons, 0.080-0.820 for Arsia Mons, 0.158-
0.753 for Alba Patera, and 0.121-1.10 for Valles 
Marineris. Results obtained with this technique depend 
on the surface albedo of the reference point in the 
range at 425 nm.  The surface albedo in the Tharsis 
region was taken here to be 0.035 [19]. We estimate a 
possible 15% error due to this choice.  Other uncer-
tainties, such as those for the ice and dust single scat-
tering albedo and the calculation of the DN value, are 
estimated to add another ± 10% uncertainty to the op-
tical depths. 

Using the optical depth measurements, H2O col-
umn abundances were calculated. The optical thick-
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ness of a cloud, for the thin cloud case, can be ap-
proximated by τ = NCext, where N is the column num-
ber density and Cext is the extinction cross section of 
the ice particle.  The mass of H2O ice in a vertical col-
umn per unit area is m = (4/3)πr3(τ/Cext)ρ, where r is 
the mean ice particle radius, and ρ is the mass density 
of ice. We assumed a mean ice particle radius r = 2 
µm.  The value used for the extinction cross section, at 
a wavelength of 0.4 µm, is 20.279 µm2. The water ice 
content generally ranges from 0.5 to over 2 pr µm de-
pending on the region. 

Afternoon Cloud Variability: The strong diurnal 
dependence of the clouds associated with the major 
topographic features has been well documented [3, 
20]. These clouds intensify in both size and thickness 
as the day progresses, reaching maximum extent in the 
mid- to late afternoon.   

MOC images have a fixed nadir of 1400 LT, so the 
complete cycle of diurnal variations cannot be ob-
served.  However, because the orbital period of MGS 
is not commensurate with the rotation period of Mars, 
the location of a feature fixed with respect to the Mar-
tian surface oscillates on a MOC image relative to the 
central nadir position on consecutive passes over the 
feature. The local time at the particular feature also 
oscillates because it is a function of the position on the 
image strip.  As a result, a continuous series of cloud 
area measurements covers local times spanning 
roughly 3.5 afternoon hours – the part of the diurnal 
cycle generally associated with fast changes of the 
cloud area. MOC observations have shown that the 
volcano clouds tend to brighten and increase in area as 
well as height from early to mid-afternoon. 

Quasi-Periodicities of a Short Time Scale: In ad-
dition to the seasonal behavior, we examined the evi-
dence for short-term quasi-periodic variability in the 
cloud areas. The only significant periodicity found 
gives possible indirect evidence for the afternoon 
cloud variability discussed above. Unambiguous evi-
dence for periodicities of several sols was not found. 
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Abstract  
The Voyager and Galileo images of Europa and the 
Viking Orbiter images of Phobos revealed the surface 
cracking and fracture systems of the satellites of 
Jupiter and Mars.  
  The complex system of lineaments and grooves 
cover the whole surface of these satellites.  
  Based on earlier studies we compared the main 
characteristics of these structures and propose a joint 
model of the layered structure (Phobos) and the tidal 
fractured structure (Europa). However, more details 
are needed about the relevance of these models. 
 
Introduction 
Viking Orbiters transfered good images of Phobos in 
1976. The system of linear striations, lineaments 
(grooves) were found to cover the surface which were 
distinguished morphologically and were classified into 
three types according to their characteristics: a) 
morphology, b) geometrical distribution on the 
surface, and c) relation with orbital motion of Phobos. 
  According to the global character of the third 
system: that system was interpreted as expression of 
the probable inner layered structure of Phobos [1-6].  
 

 
 
Fig. 1. The lineament system of Phobos on a Viking-
image. 
 
 In studies of the Voyager and Galileo images the 
cracking system of Europa has been mapped [7] and 
on the basis of tidal stress field studies [8] the global 
pattern of the Europa cracking system was concluded 

as expression of the stress field on the surface of 
Europa generated by the tidal forces of the near giant 
Jupiter.  
 

 
 
Fig. 2. The cracking system of Europa  
 
 Comparison of the two global patterns show strong 
similarities in the following characteristics. Both 
systems have a fractured "polar" region and a 
counterpart similarly fractured "antipolar" region. 
These fractured polar and antipolar regions are 
"connected" by various lineaments (Fig. 3., and Fig. 
4.).  
  But the comparison showed differences between 
the two systems, too.  
 The third system of lineaments of Phobos [4] 
consists of lineaments forming arcs which are forming 
parallel planes which are perpendicular to the Phobos-
Mars axis. Therefore the "polar" region of this system 
is 90 degrees rotated from the sub-planetary (sub-
Martian) point (and its opposite point on the far side of 
Phobos) is in accord with this system (Fig. 3.).  
  On Europa the fractured "polar" region is in the 
vicinity of the sub-planetary (sub-Jovian) point and its 
counter-polar region at the anti-sub-planetary point. 
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Fig. 3. The third lineament system of Phobos [4-6]. 
 

Fig. 4. Sketch of the lineament system of Europa [8]. 
 
Alternative model for the Phobos lineament system 
The sub-Jovian focused global pattern cracking system 
of Europa has been interpreted by [8] as expression of 
the tidal stress field triggered by Jupiter. 
 If we use this model for Phobos, we can interpret 
the surface groove system in the following way. 
Supposed that Phobos were rotated 90 degrees in its 
equatorial plane, it could reach a position relative to 
Mars like as Europa has today relative to Jupiter. If 
this rotation occurred in the past then the third system 
of Phobos lineaments may represent an earlier tidal 
fracture system of Phobos. Then two possibilities of 
the origin of the Phobos lineament-system may remain 
open. 
 One possibility is that instead of the layered 
structure of Phobos the ancient fracture system is 
expressed by this third lineament system [10]. 
 Second possibility: both the original theory of a 
layered structure of Phobos [4-6] and the tidal fracture 
model are valid, because the two systems might have 
been in interference and the layered structure was 
emphasized by the fracture system of the tidal stresses. 
 
Layered or fractured Phobos? 
In the light of the two described models about the 
origin of the lineament system of Phobos we suggest 
new observations of Phobos in order to decide 
between the old [4-6] and extended possibilities of the 
new tidal fractured [8] satellite model [9].  

 
Fig. 5. The layered structure of Phobos [4-6]. 
 

 
Fig. 5. The layered structure of Phobos [4-6]. 
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Introduction: Great interest was generated with 

the discovery by the Odyssey spacecraft of heteroge-
neously distributed hydrogen at martian mid-latitudes, 
suggesting that large areas of the near-equatorial high-
lands contain near-surface deposits of “chemically 
and/or physically bound H2O and/or OH” in amounts 
up to 3.8% equivalent H2O [1]. More recent interpreta-
tions of the Odyssey data using new calibrations sug-
gest that some near-equatorial areas, such as Arabia 
Terra, contain up to 8.5±1.3% water-equivalent hydro-
gen [2]. Such shallow occurrences (<1 m) of H2O ice 
near the martian equator are particularly enigmatic 
because H2O ice is not stable at these latitudes [3, 4]. 
A number of potentially hydrous silicate phases, nota-
bly clay minerals and zeolites, have been proposed as 
possible H2O-bearing constituents on Mars, and both 
groups of minerals are common terrestrial alteration 
products of hydrovolcanic basaltic ashes and palago-
nitic material comparable to those that may be wide-
spread on Mars [e.g., 5]. Smectites within martian me-
teorites, attributed to hydrous alteration on Mars rather 
than on Earth [6], provide direct evidence of clay min-
erals from Mars. In addition, new thermal emission 
spectrometer (TES) data provide evidence for unspeci-
fied zeolites in martian surface dust [7], and [8] con-
cluded that spectral deconvolution of MGS TES and 
Mariner 9 IRIS data is consistent with the presence of 
zeolite in the martian surface dust. 

In addition to these hydrous silicates, Mg-sulfates 
are indicated in XRF analyses of Viking regolith sam-
ples and in APXS analyses of Pathfinder soils and 
rocks, where S, Cl, and possibly Mg are implicated as 
products of rock alteration and soil “duricrust” devel-
opment [9]. Salts of these elements may be highly hy-
drated, but the stabilities of hydrated sulfates (or chlo-
rides) at martian surface conditions are poorly known. 
Other hydrated salts (e.g., nitrates, carbonates) may be 
present but are as-yet undetected by the instruments 
deployed. There is a large variety of H2O-rich sulfate 
and chloride minerals; among these both simple Mg-
sulfate salts (e.g., epsomite, Mg(H2O)6(SO4)(H2O)) 
and more complex Mg-bearing sulfates (e.g., blödite, 
Na2(Mg(H2O)4(SO4)2) have been proposed as possible 
cementing agents in martian regolith [9]. 

Clays, zeolites, and Mg-sulfates are all phases that 
could potentially retain H2O in martian regolith. The 
nature of the hydrogen-containing material observed in 
the equatorial martian regolith is of particular impor-

tance to the question of whether hydrous minerals have 
formed in the past on Mars. Also, whether these min-
erals exist in a hydrated (i.e., containing H2O mole-
cules in their structures) or dehydrated state is a crucial 
question. The purpose of this communication is to es-
timate the possible magnitude of the H2O reservoir 
constituted by these H2O-bearing minerals. In other 
words, can minerals containing H2O and/or OH such 
as clays, zeolites, or Mg-sulfates, reasonably be ex-
pected to account for the amounts of near-equatorial 
H2O-equivalent hydrogen recently documented by 
Mars Odyssey? 

Hydrous and Hydrate Minerals: Hydrous miner-
als, including zeolites and clays, are phases in which 
H2O may be present in highly variable amounts de-
pending on environmental conditions, without chang-
ing the crystal structure. Phyllosilicate clay minerals, 
along with a variety of other minerals such as amphi-
boles, also contain smaller amounts of hydroxyl 
groups in their structures. Hydrate minerals are those 
in which H2O occurs in relatively fixed amounts, and 
loss or gain of H2O is, in general, accompanied by 
formation of a different crystal structure (e.g., gypsum, 
CaSO4·2H2O, and anhydrite, CaSO4). Clinoptilolite 
[(Na,K,1/2Ca)6Al6Si30O72·~20H2O], the most common 
terrestrial natural zeolite, is a hydrous tectosilicate 
containing large structural channels formed by ten-
membered and eight-membered rings. Substitution of 
Al+3 for Si+4 in the framework gives rise to a net nega-
tive charge on the framework, balanced by exchange-
able cations in the extraframework sites. The extra-
framework sites in these channels contain exchange-
able Na, K, and/or Ca, along with H2O. Similarly, the 
chabazite (Ca2Al4Si8O24·~12H2O) structure is made up 
of four- and eight-membered rings, and the large ellip-
tical extraframework sites contain both exchangeable 
Ca and H2O molecules. 

Smectites are hydrous phyllosilicate clay minerals 
with a layer structure based on two opposed sheets of 
corner-linked Al-Si tetrahedra sandwiching a sheet of 
edge-linked octahedra. Similar to the zeolites, substitu-
tions in both tetrahedral and octahedral sheets give rise 
to a net negative charge on the individual layers, bal-
anced by exchangeable cations in the regions between 
the tetrahedral-octahedral-tetrahedral “sandwiches” 
(i.e., the interlayer region). In addition to exchangeable 
cations (typically Na, K, and Ca, but also Mg), the 
interlayer contains a variable amount of H2O mole-
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cules, in addition to a fixed amount of OH within the 
sheets. 

The list of conceivable hydrated salts in the martian 
regolith is daunting and includes a variety of Mg sul-
fates and chlorides, in addition to possible hydrous 
carbonates or others. There are at least 16 different 
hydrated Mg-bearing sulfates that can contain over 20 
wt% H2O; this does not include the many hydrous 
chlorides and carbonates that may also contain Mg. 
We have begun by examining the simplest and most 
commonly cited series relevant to Mars, the basic 
MgSO4 hydrates. Hydrated salts such as Mg-sulfates 
exist with a variety of crystal structures, with H2O 
molecules present both as integral parts of the struc-
tures and as guest molecules. H2O can be reversibly 
removed from the latter structures (e.g., epsomite de-
hydrating to hexahydrite) without large structural 
changes. In contrast, removal of H2O from hexahydrite 
[Mg(H2O)6(SO4)] causes destruction of the structure, 
as H2O molecules directly coordinate the Mg cations. 

Hydration/dehydration energetics: It is possible 
to obtain quantitative information on the energetics of 
the hydration/dehydration process in hydrous minerals  
using quantitative thermoanalytical data. For example, 
[10] quantified the thermodynamics of hydration in 
clinoptilolite by measuring isothermal gravimetric data 
under conditions of controlled P(H2O). From these 
thermodynamic data, it is possible to model the hydra-
tion state of hydrous minerals under assumed martian 
surface temperatures and partial pressures of H2O. 

Based on analysis of thermoanalytical data, [11, 
12, 13] showed that the H2O-bearing minerals smec-
tite, clinoptilolite, and chabazite may exist in partially 
hydrated states on the surface of Mars, in spite of the 
low partial pressure of H2O. That is, these minerals 
may contain H2O in their interlayers (smectites) or in 
their extraframework sites (zeolites) under present-day 
martian equatorial surface conditions. These simula-
tions are based on equilibrium thermodynamic data, 
and the conclusions are not affected by kinetic factors. 

Methods and Results (Smectites): Using isother-
mal gravimetric methods, together with published data 
on the partial molar enthalpies of smectite hydration at 
25°C [14], [12] formulated a thermodynamic descrip-
tion that can be used to simulate the hydration state of 
Na- and Ca-smectite under martian surface conditions. 
Measured data on the chemical potential of sorbed 
H2O in smectite (isothermal gravimetric experiments 
done under controlled P(H2O)) were combined with 
enthalpy values derived from [14] to obtain the chemi-
cal potential of H2O in smectite at a given T and 
P(H2O), i.e., under estimated martian surface condi-
tions. The results of this simulation are in Figure 1. 

Unlike zeolites, which have maximum H2O contents 
constrained by the volume of the extraframework sites, 
the layer structure of smectites provides much less 
constraint. Smectite hydration occurs initially in a 
stepwise fashion, with approximately integral numbers 
of H2O layers occurring between the silicate sheets. 
Because the layer structure is not three-dimensionally 
connected, the layers can expand as increasing 
amounts of H2O occupy the interlayer region. This 
stepwise hydration behavior can be seen in Figure 1. 
Na-smectite contains <5% H2O at the martian subsur-
face temperature. On the other hand, Ca-smectite re-
tains a higher fraction of its water content, up to ~10 
wt.% H2O at 215K. 
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Figure 1. Hydration state of Na- and Ca-smectites 
as a function of T at a P(H2O) of 1.5 x 10-6 bars. 
Approximate Mars subsurface T and night and day 
T’s at the equator are shown. Note stepwise 
behavior of both smectites at low H2O contents 

Methods and Results (Clinoptilolite): Equilib-
rium isothermal gravimetric measurements on cation-
exchanged samples of clinoptilolite gave a thermody-
namic formulation for the sorption of H2O in Na-, K-, 
and Ca-clinoptilolite [10]. Gravimetric data were 
measured from 25 to 250°C and from 0.2 to 35 mbar 
H2O vapor pressure using a thermogravimetric ana-
lyzer with automated relative humidity (RH) control. 

By solving eq. 12 in [10] for the value of θ as a 
function of T at a P(H2O) =1.5 x 10-6 bars, the hydra-
tion state of these three cation-exchanged forms of 
clinoptilolite under expected martian surface condi-
tions was simulated [12]. Results are shown in Figure 
2, expressed as the parameter θ, or fractional H2O oc-
cupancy, vs. T. Combining these simulations with the 
maximum H2O contents of Na-, K-, and Ca-
clinoptilolite, 15.7, 13.5, and 16.3% H2O, respectively 
[10], provides an estimate of the approximate weight 
fractions of H2O in clinoptilolite on the martian sur-
face. The data in Fig. 2 show that all three cation-
exchanged forms of clinoptilolite would have ~90% of 
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their maximum H2O contents noted above (14.1, 12.2, 
and 14.7 wt.% H2O for the Na-, K-, and Ca- forms, 
respectively) at or below the martian subsurface tem-
perature (for a P(H2O) of 1.5 x 10-6 bars). 

However, Fig. 2 also suggests that, if exposed to 
equatorial day temperatures, all three forms of 
clinoptilolite would dehydrate significantly, Na-
clinoptilolite to ~47%, the K form to ~36%, and the Ca 
form to ~52% hydrated. For pure clinoptilolite 
samples, these values equate to 7.4, 4.9, and 8.5 wt. %, 
respectively. 
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Figure 2. Hydration state of Na-, K-, and Ca-
clinoptilolites as a function of T at a P(H2O) of 1.5 x 
10-6 bars. Approximate Mars subsurface T and 
Mars night and day T’s at the equator are shown. 

Methods and Results (Chabazite): The thermo-
dynamics of hydration/dehydration of chabazite were 
recently analyzed using a combination of dynamic 
(thermogravimetric analysis, TGA) and isothermal 
measurements on natural chabazite [13, 15]. Thermal 
data were measured using a DuPont 951 thermogra-
vimetric analyzer with automated RH control. Unlike 
clinoptilolite, whose gravimetric data could be fit as-
suming a single type of H2O, both dynamic TGA data 
and isothermal data support the existence of three en-
ergetically distinct types of H2O in chabazite. Initial 
attempts to fit all isotherms using the methods of [10] 
provided poor fits and unrealistic thermodynamic data. 
Therefore, the dynamic and isothermal data were ana-
lyzed using three independent sets of thermodynamic 
parameters. H2O site 1, occupied only under low-T 
and/or high P(H2O) conditions, contains up to 8.4 
wt.% H2O. Site 2 contains up to 10.8 wt.% H2O, and 
site 3 contains up to 3.2 wt.% H2O. Site 3 is occupied 
in all but the highest-T and low-P(H2O) conditions. 
These three sites combine for a total of 22.4 wt.% H2O 
in fully hydrated chabazite. 

By solving eq. 12 in [10] for the value of θ as a 
function of T at a fixed P(H2O) (1.5 x 10-6 bars), [13] 
simulated the hydration state of chabazite under ex-
pected martian surface conditions. The results of these 
simulations are shown in Figure 3, expressed as the 

parameter θ, or fractional H2O occupancy, for site-1 
and site-2 H2O vs. T. H2O site 3 is of such high en-
thalpy that it is fully hydrated under all possible mar-
tian surface conditions and is not shown on Figure 3. 
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Figure 3. Fractional H2O content of chabazite, cal-
culated for a P(H2O) of 1.5 x 10-6 bars for both H2O 
site 1 and 2 (from isothermal TGA data). 

This figure shows that H2O site 2 would be virtu-
ally full under most plausible martian surface condi-
tions, although higher T or lower P(H2O) values would 
begin to dehydrate this site. This figure suggests that 
H2O site 1 would vary from fully occupied to almost 
empty over a daily temperature cycle at the equator, 
and this site would be largely occupied at subsurface 
temperatures. Chabazite similar to the sample we stud-
ied would contain slightly less than its maximum 22.4 
wt.% H2O under martian subsurface temperatures, 
assuming the P(H2O) used in these simulations, with 
site 1 ~90% full and sites 2 and 3 full (giving a total 
H2O content of 21.6 wt.% at subsurface T’s).  

Methods and Results (Mg-sulfates): Thermal 
analyses of Mg-sulfates similar to those discussed 
above for zeolites and smectites are limited, and, to our 
knowledge, a complete thermodynamic description of 
the hydration/dehydration process in any of the basic 
hydrated Mg-sulfates is not available. Thus, it is not 
presently possible to determine the theoretical stability 
limits for the variety of hydrates suggested to occur on 
the martian surface. In a study on the stability of hy-
drated salts on the surface of Europa, [16] used tem-
perature-programmed desorption (TPD) measurements 
of epsomite to determine whether this sulfate might 
remain hydrated under Europa surface conditions 
(<130 K). Their kinetic data (their Fig. 5) suggest that 
epsomite would not remain hydrated under martian 
equatorial surface conditions for more than ~10 years. 
We have just begun experiments with hydrated Mg-
sulfates, and preliminary results with epsomite and 
hexahydrite indicate extreme sensitivity of crystal 
structure to environmental conditions. We experimen-
tally analyzed the dehydration behavior of epsomite 
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and the isostructural mineral hexahydrite, 
Mg(H2O)6(SO4), from 100 to 295K and from 20 mtorr 
total pressure to room conditions (~1 torr and <10% 
RH). We also measured the response of epsomite at 
295K to changes in RH from 0 to ~70%. Our results 
show that epsomite is not stable at 295K at RH values 
less than about 55%, below which hexahydrite is the 
observed phase. More importantly for applications to 
Mars (and Europa), our experiments demonstrate that 
hexahydrite is not stable at pressures down to ~20 
mtorr. Figure 4 shows the X-ray powder diffraction 
patterns of a specimen of hexahydrite held at 273K 
and ~20 mtorr for six h. Diffraction pattern #1, taken 
in room air (~7%RH) at 273K represents the pattern 
for hexahydrite; subsequent patterns (2-5) measured at 
~20 mtorr reflect the increasing breakdown of hexahy-
drite to an amorphous hydrated MgSO4 (#6). Amor-
phization was not apparent in 2 h at 100K but became 
obvious on a 1-h time scale at 273 K. Thermogravim-
etric analysis of this amorphous solid shows that it 
contains ~26 wt.% H2O, and its observed macroscopic 
expansion behavior suggests that this amorphous solid 
can reversibly hydrate and dehydrate. 
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Figure 4. Time-resolved XRD patterns of hexahy-
drite, 273K, 20 mtorr, taken at ~1 hr intervals. 

Given the description of the TPD studies on ep-
somite in [16] (samples were handled at ~4°C and 
chamber evacuation to 10-9 torr began at ~0°C), it ap-
pears likely that their kinetic data reflect the behavior 
of an amorphous hydrated MgSO4 rather than epsomite 
(or hexahydrite). More importantly, our preliminary 
data on epsomite and hexahydrite illustrate that neither 
of these phases is a reasonable candidate for a hy-
drated MgSO4 on the surface of Mars. If hydrated 
MgSO4 is present on the surface of Mars, one of the 
crystalline lower hydrates or amorphous MgSO4.nH2O 
is a more-likely candidate; considerable further re-
search is required on these phases. 

Summary and Conclusions: Quantitative analysis 
of the thermal data for smectite, clinoptilolite, chaba-
zite, and hydrated MgSO4 give bounds on the amount 

of each of these phases that would be required to ac-
count for the amounts of H2O documented by [2]. The 
average H2O content of most equatorial regions, ~4% 
[2], can be accounted for by ~40% Ca-smectite or 20% 
chabazite, without calling on any hydration in the 
duricrust salts recognized in such terrains by the Vi-
king landers. However, large amounts of these phases 
(40%-85%), or lesser amounts of a hydrous salt such 
as alunogen (Al2(SO4)·17H2O) [17], which contains 
~47% water if fully hydrated, would be required in the 
upper 1 m to account for the value of ~8.5 wt.% H2O 
in Arabia Terra. Locally large areas (10’s of km) of 
Earth’s surface contain elevated zeolite and hydrated 
sulfate contents (e.g., saline, alkaline-lake deposits 
associated with volcanic ash deposits and closed ba-
sins, such as deposits associated with the Messinian 
Salinity Crisis), and smectites are ubiquitous soil 
phases. However, in spite of the common terrestrial 
occurrence of many of the phases discussed here, un-
usually large quantities of these phases are required to 
account for the amounts of water found by [2]. Con-
siderably more data are required to determine with 
certainty whether the elevated H2O contents of the 
upper 1 m found by Odyssey can be ascribed to min-
eralogical phenomena rather than to unusual hydro-
logic conditions.  Nevertheless, there appears to be 
sufficient chemical and hydration thermodynamic evi-
dence to indicate that hydrous and hydrate minerals 
have the potential to play a role in the near-surface 
martian water budget. 
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Introduction:  Clays, if present on Mars, have
been illusive.  Determining whether or not clay miner-
als and other aqueous alteration species are present on
Mars provides key information about the extent and
duration of aqueous processes on Mars.  The purpose
of this study is to characterize in detail changes in the
mineral grains resulting from grinding and to assess
the influence of physical processes on clay minerals on
the surface of Mars.  Physical alteration through
grinding was shown to greatly affect the structure and
a number of properties of antigorite [1] and kaolinite
[2].  This project builds on an initial study [3] and in-
cludes a combination of SEM, HRTEM, reflectance
and Mössbauer spectroscopies.  Grain size was found
to decrease, as expected, with grinding.  In addition,
nanophase carbonate, Si-OH and iron oxide species
were formed.

Methods and Results: The antigorite sample in
this study is a weathering product of an olivine rock
with magnetite inclusions from Mulhacen, Spain, and
was freshly prepared following procedures outlined in
[1].  This antigorite, Si2.01Al0.12Fe0.08Mg2.70O5(OH)4,
sample (including a few% magnetite) was initially
ground in a vibration grinder for 30 sec. to produce
sufficient particulate material for the study and was
termed An-0.  Subsequent samples are labeled ac-
cording to the number of minutes ground, i.e. An-1
was ground for 1 min. and An-30 for 30 min.  Samples
were dry sieved to <45 and <125 µm particle size.

Reflectance spectra measured in this study indicate
that grinding has a profound influence on both the
shape of the spectral features and the spectral contin-
uum in the visible/near-infrared (NIR) and mid-IR re-
gions.  Biconical, off-axis FTIR data were scaled to
bidirectional data at 1.2 µm and corrected for absolute
reflectance [4].  High resolution HRTEM was per-
formed at UC Berkeley and shows aggregates of ul-
trafine grains in the ground samples.  Mössbauer data
were measured at room temperature as in [5] and show
reductions in the amount of antigorite and magnetite in
these samples with grinding.

HRTEM:  The image of antigorite particles ground
for 30 minutes in Fig. 1 illustrates the ultrafine particle
sizes produced by grinding.  The antigorite grains are
on the order of 50-100 nm in size and are surrounded
by grains only a few nm across.  These tend to adhere
to each other and form larger aggregates.  The in-

creased surface energy due to the mechanical stress
caused by grinding plays an important role in their
adhesion.

An-30

Fig. 1  HRTEM image of antigorite (ground for 30
min.) showing aggregates of ultrafine particles.
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Fig. 2  Mössbauer spectra (278 K) of ground antigo-
rites.  The peaks are characteristic of antigorite and
magnetite.

Mössbauer Spectra:  The room temperature spec-
tra shown in Fig. 2 are characteristic of a mixture of
antigorite and magnetite.  The antigorite Fe2+ peaks
(which lie at roughly -0.2 and 2.45 mm/s) decrease in
intensity with grinding, but there is no related increase
in the region where Fe3+ peaks should occur in antigo-
rite (0.10 and 0.75 mm/s).  All the magnetite peaks
decrease with increased grinding, and there is no ap-
parent change in peak intensity/line asymmetry that

Sixth International Conference on Mars (2003) 3008.pdf



INFLUENCE OF PHYSICAL ALTERATION ON DETECTION OF CLAYS ON MARS: Bishop, Drief and Dyar

would signal significant changes in grain size or the
creation of nonstoichiometric magnetite or maghemite.
Thus, the observed changes in both antigorite and
magnetite spectra suggest that neither phase is becom-
ing more oxidized; rather, the decreasing intensities
suggest a change to an amorphous material.  Low tem-
perature Mössbauer measurements are underway to
characterize the nanophase/amorphous iron oxide spe-
cies.

Reflectance Spectra: Visible/NIR reflectance
spectra are shown in Fig. 3, where the color varies
from dark blue for the freshest samples to pink for the
most altered.  These spectra show that grinding of
antigorite grains induces a spectral slope, darkens the
spectra, reduces the intensity of the OH features
(marked with orange arrows in Fig. 3), and changes the
character of the iron bands (marked by green arrows in
Fig. 3) from 0.6 to 1.0 µm.  The NIR OH bands for
serpentine clays depend on the abundance of Mg, Fe
and Al in the octahedral sites [6]; for this antigorite
sample these bands are primarily due to combinations
and overtones of the Mg-OH vibrations and occur at
1.38, 1.40, 2.32, 2.52, 2.56, and 2.73 µm.  Spectra of
the <45 and <125 µm dry sieved aggregates appear the
same, suggesting that any spectrally relevant particle
sizes are much smaller.
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Fig. 3  Visible/NIR reflectance spectra of the ground
antigorite samples (dry sieved <45 µm).

Mid-IR reflectance spectra of the ground antigorite
samples are shown in Fig. 4 following the color
scheme above.  These spectra show a decrease in the
intensity of the silicate bands near 490, 675, 890, and
1050 cm-1, shifts in some band centers, creation of new

features near 820, 870, 1350, 1480 and 1600 cm-1, and
a reduction in the spectral contrast above 1200 cm-1

with increased grinding.  Arrows in Fig. 4 indicate the
position of the new bands formed with grinding; these
are most obvious in the pink spectrum (An-30, ground
for 30 min.).  The new bands from 1350-1600 cm -1 are
attributed to nanophase carbonate grains formed during
the physical alteration process via oxidation of carbide
supplied by the grinder.  These are similar to carbonate
features [7] observed in an average martian dust spec-
trum measured by the thermal emission spectrometer
(TES) [8].
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Fig. 4  Mid-IR reflectance spectra of the ground
antigorite samples and TES spectra of Mars.  The av-
erage surface dust spectrum is from Bandfield and
Smith [8].  The arrows indicate new bands that appear
after grinding.

Applications to Mars: NIR spectral studies of
Mars have shown evidence for weak features near 2.2-
2.3 µm in some regions (e.g. Lunae Planum) that are
attributed to octahedrally bound OH in clays or other
minerals [9], although the features are too weak for
mineral identification in existing spectral datasets of
Mars.  Upcoming OMEGA and CRISM spectrometers
will measure NIR spectra at higher spatial and spectral
resolution and will be able to provide closer inspection
of any putative OH features present in the alteration
products on the surface of Mars.  Previous studies have
suggested chemical alteration as a mechanism for re-
ducing the ~2.2-2.3 µm OH species in layer silicates
on Mars [10, 11, 12].  This study shows that physical
alteration can reduce the intensity of these metal-OH
bands, but does not appear to shift the band centers.
Additional experiments are needed in order to better
quantify the effects of physical alteration on antigorite
and other clay minerals.  Abrasion of dust and soil
particles due to dust storms, dust devils, and impacts
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on Mars is likely to have an effect on the mineral and
glass grains and may diminish this OH spectral feature
making it harder to detect layer silicates on Mars.

Extended visible region spectra of the ground
antigorites are shown in Fig. 5 along with selected rock
and soil spectra measured by the Imager for Mars Path-
finder (IMP).  Both antigorite and magnetite have Fe2+

and Fe3+ in their mineral structures.  The Mössbauer
spectra suggest that grinding reduces the total number
of Fe2+ and Fe3+ sites in the antigorite and magnetite
structures and that some nanophase/amor-phous iron
oxides are produced.  The extended visible region
spectra also indicate a weakening in the iron absorp-
tion bands near 0.7 and 1 µm.  The spectral changes
observed due to grinding of the antigorite (plus mag-
netite) samples are on a scale similar to the spectral
changes observed on Mars (Fig. 5).  In additional to
the influence of physical alteration on the iron features,
the formation of amorphous/nanophase particles pro-
duces a downward NIR slope that is seen in some of
the IMP spectra (Fig. 5 and [13, 14]).
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Figure 5  Extended visible region reflectance spectra
of the ground antigorites (re-samples to IMP band
passes) and Mars.  The Tharsis telescopic/ISM spec-
trum is from Mustard & Bell [15], the Lunae Planum
telescopic and ISM spectrum are from McCord et al
[16] and Murchie et al. [9]. The Pathfinder rock and
soil spectra are from Barnouin-Jha et al. [17] and
Yingst et al. [18].

The changes in the mid-IR spectra of antigorite and
other layer silicates due to physical alteration may
have important applications to the TES and mini-TES
data of Mars.  A decrease in the intensity of the silicate
and OH bands in layer silicates due to abrasion may

indicate that this component is being under-represented
in the mixing models.  Also the creation of new car-
bonate features through physical alteration may pro-
vide a mechanism to explain the carbonate identified
by Bandfield et al. [7].  Atmospheric CO 2 molecules
adsorbed on the martian dust and soil grains may be
oxidized during abrasion on Mars to form nanophase
carbonate grains imbedded in the dust and soil parti-
cles.  The formation of a new band near 820 cm-1 in the
antigorite spectra with increased grinding is attributed
to nanophase and/or surface Si-OH species.  This could
be occurring on Mars also as the silicate components
of the martian dust and soil particles are abraded.

Further characterization of the amorphous species
is underway.  Continued work on the influence of
physical alteration on potential Mars analogue materi-
als will be helpful for interpretation of the data the
MERs will measure with mini-TES, Pancam and the
mini Mössbauer.  A better understanding of the influ-
ence of physical alteration on volcanic glass and its
alteration products will also be needed in order to
characterize any alteration products in the TES,
OMEGA and CRISM datasets.  Identification of clay
minerals and other chemical alteration products, if pre-
sent, is important for understanding the aqueous his-
tory on Mars.  This study suggests that the presence of
carbonates in the dust may be a result of inorganic
processes, rather than aqueous processes, and needs to
be studied in more detail.
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Abstract:  Subaerial volcanic activity on Hawaii
and subglacial volcanic activity on Iceland has led to
the formation of a variety of silicate and iron oxide-
rich alteration products that may serve as models for
chemical alteration on Mars. Multiple samples have
been collected from palagonitic tuffs, altered pillow
lavas, altered tephra, and S-rich vents for study in the
lab.  Variations in the kinds of alteration products have
been observed depending on the alteration environ-
ment of the sample.  We are working on building asso-
ciations between the alteration products and formation
conditions that can be used to provide information
about environmental conditions on Mars.

Introduction: The surface mineralogy on Mars
holds information about the climatic and geochemical
record that may provide clues to when water was pre-
sent. The rock compositions are basaltic to andesitic
[1, 2, 3] and many of the rocks near the Pathfinder
lander contain surface coatings [4].  The soils contain
elevated Fe and S levels compared to the rocks [5, 6]
and definitive identification of specific minerals has
been difficult because of the poorly-crystalline phases
in the soils. The alteration processes that control which
silicate and iron oxide/oxyhydroxide (FeOx) minerals
form are directly linked to environmental conditions
and physical factors on Mars. Spectroscopic analyses
of terrestrial soils and alteration products with known
weathering histories and formation conditions are es-
sential for interpretation of the martian spectra.

Geochemical and mineralogical analyses were per-
formed earlier [7, 8, 9] for some of the samples de-
scribed here.  New measurements have been made on
an Icelandic sample from an active fumerole region
and integrated analyses are underway in order to syn-
thesize the chemical, mineralogical and spectroscopic
data from these recent studies.  Reflectance spectra,
scanning electron microscopy (SEM), X-ray diffrac-
tion (XRD), <2 µm sediment fractionation, and dithio-
nite iron dissolution have been performed on this new
sample as in previous studies [8, 9].  Detailed high res-
olution transmission electron microscopy studies of
selected samples are underway in order to characterize
the grain morphology and intimate character of altered
volcanic material from Hawaii and Iceland.  Magnetic
measurements for a number of these samples are also
being performed in order to identify the magnetic min-
erals present and characterize the magnetic properties

of volcanic alteration products from several environ-
ments.
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Fig. 1  Reflectance spectra of  palagonitic tuffs
(Thórólfsfell, Kilauea) and altered rind material
(Haleakala): (A) VNIR and (B) mid-IR regions.

Palagonitized Tephra: Samples of palagonitized
tephra from the Kilauea caldera, Hawaii, the Haleakala
crater basin, Maui, and Thórólfsfell ridge, Iceland are
compared in this study.  The Kilauea and Thórólfsfell
samples are palagonitic tuffs, whereas the Haleakala
samples are the fine-grained material from the outer
surfaces of loose tephra as it becomes altered.  Reflec-
tance spectra of these samples are shown in Fig. 1.
The visible/near-infrared (VNIR) spectra in Fig. 1A
show strong smectite and serpentine bands for the
palagonitic tuff samples compared with the broadened
and weaker OH and water bands observed for the al-
tered rind material (Haleakala samples).  Mid-IR spec-
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tra of the coarse-grained Thórólfsfell sample in Fig. 1B
is characteristic of basaltic glass, while the fine-
grained component of this and the other samples ex-
hibit spectral features more characteristic of clays and
amorphous material.

Pedogenically Altered Tephra: Samples of pe-
dogenically altered tephra from the Kilauea caldera,
Hawaii, are compared with a pillow lava from
Hlödufell tuya, Iceland, that was altered in a high
moisture environment.  Reflectance spectra of these
samples are shown in Fig. 2.  The fine-grained fraction
of altered material from Hlödufell tuya exhibits much
stronger clay and nanophase iron oxide bands than do
the samples from Kilauea.  Both groups of samples
contain large quantities of hydrated, amorphous iron
oxide and silicate components.  The <125 µm
Hlödufell sample is magnetic and exhibits a broad fer-
ric-ferrous band near 1 µm that is similar to the fea-
tures observed for some rock coatings near Pathfinder.
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Fig. 2  Reflectance spectra of pedogenically altered
volcanic material from Iceland (Hlödufell) and Hawaii
(Kilauea): (A) VNIR and (B) mid-IR regions.

Solfatarically Altered Tephra: Samples of solfa-
tarically altered tephra collected on (250, 394) and near

(397) the rim of a cinder cone in the Haleakala crater
basin, Maui, are compared with portions of a sulfur-
crusted palagonitized tuff from an active fumarole/hot
spring at Seltun Krysuvik on the Reykjanes Peninsula,
Iceland.  Images of the sample collection site and one
of the rocks collected here are shown in Figs. 3 and 4.
Samples 574 and 575 are the orange and white-ish lay-
ers, respectively of the rock in Fig. 4.  These were
further separated into <45, <125 µm and coarse chips
by dry sieving.  Sample 576 is a yellow crust on a
small part of this rock (not shown).  Preliminary XRD
measurements indicate that the <2 µm fraction of both
574 and 575 are dominated by smectite-like material.
The coarse chip components are glassy for both of
these samples and contain fewer clay minerals.  Bulk
chemical analyses are given in Table 1 for the <125
µm fractions of samples 574 and 575.  The outer or-
ange layer (574) has higher amounts of Fe and Ti and
sample 575 has higher Si, Al, Mg and Ca levels.

Fig. 3  An image of the Seltun Krysuvik hot springs
collection site where there are active fumerols.

Fig. 4  An image of the solfatarically altered sample
collected at the Seltun Krysuvik hot springs.  The outer
orange alteration layer (574) and light-colored layer
directly under this (575) were separated for analysis.
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Table 1  Chemical composition of the <125 µm frac-
tions of the orange (574) and white-ish (575) layers of
the Krysuvik sample by XRF and LECO.

      Wt.%          574        575    
SiO2 43.1 46.5
Al2O3 9.7 12.8
Fe2O3 17.6 12.1
MgO 2.8 4.0
CaO 2.0 3.1
Na2O 0.3 0.5
K2O tr tr
P2O5 0.3 0.2
TiO2 2.6 2.0
MnO tr tr
S total 1.6 1.6
SO4 0.9 1.0
LOI 21.2 18.2

The data for sample 575 are an average of two meas-
urements that are very similar.  Amounts <1 wt.% are
listed as tr.

Reflectance spectra of the solfatarically altered
samples are shown in Fig. 5.  VNIR spectra of the
Haleakala cinder cone samples (250, 394) exhibit fea-
tures due to smectite, hematite, maghemite and jarosite
(Fig. 5A).  Sample 397 was collected further from the
cinder cone and containsfewer crystalline minerals.
NIR spectra of the solfataric Iceland samples show the
presence of clays, FeOx and hydrated components.
Visible spectra are in the process of being measured
and will provide more information about the FeOx
species in these samples.  XRD did not indicate any
crystalline FeOx minerals, suggesting that only short-
range ordered FeOx phases are present.  Some sulfate
is present in these Icelandic samples and features near
5 µm are attributed to this sulfate component that is
under further study.  The mid-IR spectrum of the
coarse chips from the yellow crust layer from the ac-
tive Icelandic spring (576) shows strong silica bands
that are in contrast to the spectra of the fine-grained
samples (Fig. 5B).

Aqueous processes on Mars: Direct evidence of
liquid water on Mars has not been found; however,
remote detection of alteration minerals may provide
evidence of short- or long-term aqueous processes or
hydrothermally active sites.  Continued spectral analy-
ses are underway that will provide VNIR spectral fea-
tures to be used by CRISM and OMEGA and mid-IR
spectral features to be used by TES and mini-TES to
look for evidence of the clays, iron oxides, and sulfates
indicative of volcanic alteration in either palagonitic,
pedogenic or solfataric environments.
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Fig. 5  Reflectance spectra of solfatarically altered vol-
canic material from near a cinder cone (Haleakala) and
an active S hot spring (Iceland): (A) VNIR and (B)
mid-IR regions.
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