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Introduction:  Most studies of martian erosion 

have focused on crater statistics, aeolian landforms and 
deposits, and valley network morphology.  Previous 
workers have noted that the martian crater population 
is deficient in craters less than ~30 km in diameter, 
presumably due to erosion [1], and that ancient martian 
craters were subjected to different erosional processes 
than craters on airless bodies [2].  The martian record 
of craters that are visible in imaging is also deficient 
between 150-300 km diameter relative to the Moon [1], 
although many highly degraded or buried craters in this 
size range are now visible in Mars Orbiter Laser Al-
timeter (MOLA) topography [3] (Fig. 1).  Extensive 
regions of the martian surface have been resurfaced by 
airfall deposits [4-7], although some areas retain 20-50 
m deep valley networks and other small scale Noachian 
landforms [8].  Martian valley networks have a similar 
appearance to some terrestrial arid-zone counterparts.   
However, martian drainage densities are spatially vari-
able and can be quite low [9], appearing highest on 
crater walls and other steeply sloping terrain [8]. 

MOLA topography and Viking Orbiter imaging 
also show numerous remnant highland massifs, with 
hundreds of meters of vertical relief and relatively 
steep sides (Fig. 1).  These features and the degraded 
impact basins collectively suggest that the extant mar-
tian valley networks and impact craters represent only a 
small fraction of the total erosion and deposition that 
has affected the martian highlands.  Here we describe 
evidence that martian highland erosion was accom-
plished by multiple generations of valley networks, 
which were disrupted and buried by cratering, airfall 
deposition, and basin infilling.  This interpretation rec-
onciles observations of extensively eroded terrain with 
the limited development of valley networks. 

Extensive fluvial erosion:  Observations of valley 
networks in the Terra Cimmeria/Terra Sirenum con-
strain our understanding of erosional processes: 
1) Erosional processes could be focused at specific 

locations, rather than representing ubiquitous de-
lamination or burial.  Crater rims are landforms 
with known original geometries, and are often 
widely breached on the side that is downslope rela-
tive to pre-crater topography [8] (Fig. 1).  This 
suggests that crater degradation was accomplished 
by a through-flowing fluid rather than by a process 
local to the crater. 

2) Slopes on the order of ~1° magnitude controlled 
the erosional processes, such that sediments were 
transported down these slopes from elevated areas 
and deposited on basin floors.  It is unlikely that 
aeolian erosion would deeply mantle only basin 
floors without ramping onto this gently sloping 
dissected terrain.  Neighboring basin floors com-
monly do not occupy similar levels, as might be 
expected for equipotential volcanic flooding [8]. 

3) Ancient impact basins hundreds of km in diameter 
were significantly modified, which requires a 
through-flowing transport medium that is much 
more voluminous than the transported materials.  
A parent rock cannot be transported in its entirety 
by interstitial water, unless the material is largely 
ice-supported with intermixed sediments. 

4) Erosional processes resulted in gradation or plana-
tion of the landscape without generating collateral 
constructional features, such that impact craters 
were degraded, filled, sometimes exhumed, and ul-
timately removed from the surface record [1].  
These processes created the gently sloping “inter-
crater plains,” which appear unrelated to volcanic 
constructs. 

These observations probably require fluvial erosion 
as the dominant process during the interval when ex-
tensive erosion was taking place.  The Noachian period 
on Mars may have been ~800 Ma long [10], so ample 
time was available for the observed erosion, even if a 
relatively arid climate (by terrestrial standards) pre-
vailed. 

Burial and disruption of ancient valleys:  Is the 
limited extent and discontinuous nature of the martian 
valleys the result of precipitation on the surface and 
later disruption, or of groundwater emerging along 
subsurface channels?  While the answer to this ques-
tion has severe climatic inferences, the high resolution  
geologic record that is now available seems to favor 
the first hypothesis.  Valley networks on Mars have 
variable drainage densities, and although some drain-
age basins are dissected by valleys to the full extent of 
the drainage basin, this may not be the case in all re-
gions.  The extensive degradation of Noachian impact 
craters and other high-standing terrain is ubiquitous 
throughout the highlands, however.  Basin deposits are 
similarly widespread, although they are of discrete size 
and separated by dissected terrains.   
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As valley network activity was concentrated during 
the period of heavy meteorite bombardment [2,8,11], 
one important process affecting valley networks may 
have been cratering (Fig. 2).  In analysis of drainage 
basin topography in two study areas in Terra Cimmeria 
and Terra Sirenum, covering ~5 million km2 total, we 
have identified craters that disrupted older through-
flowing watersheds [8, in prep.].  These older drainage 
basins, defined topographically, are dissimilar in form 
to lunar cratered terrain or martian volcanic regions.  In 
some cases, drainage basins were re-integrated by in-
filling of the basin by sediment (Fig. 2), ponding of 
water and overflow of the basin divide, or headward 
growth of groundwater-fed valleys [8].  The resulting 
re-integrated valley networks, as well as any networks 
forming atop the crater or its ejecta, indicate a second 
stage of fluvial dissection despite occupying part of an 
older drainage basin.  This observation and the occur-
rence of craters at variable states of degradation sug-
gest that valley networks were continually forming and 
being destroyed by the cratering process. 

Over the longer term, sediment would ultimately be 
transported to the larger depositional impact basins, 
despite temporary impounding behind crater-related 
obstructions.  This deposition of extensive plains mate-
rials would be expected to bury or aggrade the floors of 
valley networks that provided the sediment, providing 
a second loss mechanism. 

A third possibility is that episodes of airfall deposi-
tion buried valley networks, as suggested by some 
workers for the Arabia Terra and mid-latitude Terra 
Sirenum regions on Mars [4,5], as well as parts of the 
dichotomy boundary [7].  Airfall deposits appear most 
concentrated in low-standing cratered terrain or at 
middle to high latitudes, where they can be meters to 
kilometers thick.  

Multiple generations of valley networks:  Our 
observations of martian highland drainage basins sug-
gest that multiple episodes of fluvial erosion occurred 
in the Terra Cimmeria/Terra Sirenum region.  The first 
generation of valley networks was responsible for the 
extensive degradation of highland impact basins, re-
moval of small craters from the surface record, grada-
tion of formerly steep slopes, and formation of wide 
breaches in formerly continuous drainage divides.  Al-
though we refer to this erosion as a single generation of 
networks, the development of that ancient landscape 
was the result of a continuous process of erosion, dis-
ruption, and re-integration of drainage basins.  These 
networks were continually being disrupted by impact 
cratering globally, as well as spatially and temporally 
variable contributions from airfall and basin deposi-
tion.  The second generation of valleys are evident over 

much of the Noachian highlands, but are spatially more 
limited than earlier valley networks.  These valleys 
have been degraded by aeolian activity, mass wasting, 
and impact gardening, but remain visible.  A third gen-
eration of flow features is of recent origin and of very 
limited extent, including fresh-appearing intra-crater 
and intercrater gullies [12]. 
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Figure 1.  MOLA contour map (100 m interval, 60 

cells/degree) of a region in Terra Cimmeria, bounded 
by 161°E, 173°E, 20°S, and 26°S.  The area has been 
deeply eroded, particularly along its northern margin, 
where valley network development is extensive.  Rem-
nant massifs (M), highly 
degraded impact basins 
(IB), impact craters with 
wide breaches in the rim 
(BC), degraded craters 
(DC), and fresh craters 
(FC) are labeled as exam-
ples.  This extensive ero-
sion of large craters repre-
sents the earliest stage of 
fluvial erosion and grada-
tion on Mars. 

 
Figure 2.  Viking Or-

biter MDIM of the north-
western corner of the area 
shown in Figure 1.  Valley 
networks flowing to the 
northwest (white arrow) are 
part of the Al-Qahira Vallis 
drainage basin.  These net-
works have been disrupted 
by fresh craters and their 
ejecta, as valley networks 
were probably disrupted 
during heavy bombard-
ment.  If flows continued, 
these valleys would reor-

ganize to accommodate the new obstacles to flow.  A 
highly degraded impact basin floor drained into a su-
perposed degraded crater floor (black arrow).  The 
headward growth of this valley is an example of the re-
integration of drainage basins after divides were 
eroded.   
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Introduction:  The origin of 

fretted and knobby terrain on 
Mars has remained uncertain since 
the landforms were first described 
by Sharp in 1973 [1].  Subsequent 
studies have focused primarily on 
the fretted terrain in northern Ara-
bia Terra, where investigators 
generally agree that ground ice has 
been important in modifying 
knobs and fretted valleys [2-5].  
The initial processes isolating 
mesas from the high-standing ter-
rain are less certain.  Some fretted 
channels exhibit characteristics 
that suggest origin by fluvial ero-
sion, despite their poorly devel-
oped drainage networks [5].  Other proposed mecha-
nisms include crustal extension and structural control 
of groundwater sapping [6]. 

Situated near the martian equator at the crustal di-
chotomy boundary, Aeolis Mensae (Fig. 1) provides a 
pristine example of fretted terrain development without 
the younger landforms attributed to ice.  We  examined 
an area bounded by 10°S, 0°N, 130°E, and 150°E, ad-
jacent to the cratered and dissected area described by 
Irwin and Howard [7].  Here we present evidence for a 
compositional difference between the Aeolis Mensae 
and the adjacent highland crust, and we discuss the 
interaction of fluvial valley networks with the dichot-
omy boundary in this region.  Our observations indi-
cate that Aeolis Mensae fretted terrain developed in a 
thick sedimentary deposit.  Sedimentary layers were  
emplaced and eroded as fluvial activity declined, with 
minimal influence from highland valley networks. 

Distinguishing highland bedrock from sedimen-
tary deposits:  The extensive degradation of Aeolis 
Mensae relative to the adjacent cratered highlands, 
where 20–50 m deep valley networks are preserved [7], 
suggests either that the mensae are composed of differ-
ent materials than the highland crust, or that geomor-
phic proceses were concentrated along the dichotomy 
boundary [1].  Malin and Edgett [8] describe criteria 
for distinguishing sedimentary deposits on Mars from 
highland bedrock.  These criteria include step-like ex-
posures of horizontal sedimentary layers, fluting or 
yardangs, and an absence of boulders in talus slopes. 

Fig. 1.  South-facing Mars Orbiter Laser Altimeter 
perspective view of the study area in Aeolis Mensae, 

bounded by 0°N, 10°S, 130°E, and 150°E, 1185 km 
across.  The fretted terrain mesa materials appear to be 
emplaced at a higher topographic level than the termini 
of wide valleys.  Gale crater (right-center) contains 
thick sediments, higher than the crater rim, that may be 
of similar origin to layers in the fretted unit.  Locations 
of Figs. 2 and 3 are indicated by arrows. 

 
Where thick sequences occur, a massive (or perhaps 
layered at sub-meter resolution) deposit overlies the 
thinner stair-stepped sequences.  Mars Orbiter Camera 
(MOC) images suggest that knobs in Aeolis Mensae 
include the same stratigraphy and landforms as sedi-
mentary deposits in other regions on Mars [8] (Fig. 2). 

Relationships with highland valley networks:  
The dichotomy boundary in the study area consists of a 
steep scarp dropping into elongated open and closed 
basins (Fig. 1).  The density of valley networks on this 
north-facing scarp is low relative to degraded crater 
rims in the adjacent highlands.  The few valley net-
works crossing the boundary commonly steepen 
abruptly near the scarp [7], consistent with a base-level 
reduction or southward advancement of the boundary 
scarp [7,9].  These valley networks do not appear to 
continue into the multibasinal lowland knobby terrain. 

The Aeolis Mensae materials appear to strati-
graphically overlie  or “dam” highland valley networks 
that drain toward the dichotomy boundary (Fig. 1).  
The mesas and knobs are not dissected by valley net-
works as are slopes in the adjacent highlands (Fig. 2).  
It is therefore likely that erosion of Aeolis Mensae oc-
curred in the absence of abundant precipitation, during 
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a time when activity of highland 
valley networks was waning.  
Very limited fluvial activity con-
tinued after material was stripped 
to form the knobby and fretted 
terrain.  Crater counts [11,12] 
and the activity of highland 
drainage basins can be used to 
constrain the emplacement and 
erosion of the Aeolis Mensae to 
the late Noachian/Hesperian pe-
riods. 

Possible emplacement and 
erosional processes:  Sedimen-
tary materials could have been 
transported into the Aeolis Men-
sae region from the highlands by 
fluvial activity, or they could 
have originated from either the 
highlands or lowlands as an air-
fall deposit.  For their present 
appearance and erosion, the me-
sas must have disaggregated en-
tirely to grain sizes that are trans-
portable by wind, so emplace-
ment mechanisms should be con-
sistent with this complete sorting 
requirement. 

A more durable cap rock out-
crops in many flat-topped mesas 
(Fig. 2).  Erosion of these knobs 
may have been limited by the 
backwasting or disaggregation of 
the capping unit.  Transport of 
disaggregated sedimentary mate-
rials into the lowlands could have 
been accomplished by wind, wa-
ter, or ice.  Yardangs, etched ter-
rain, absence of continuous flow 
paths, and the temporal relation-
ships with valley networks favor 
wind as the transport medium 
[13]. 

Regional and planetary cor-
relations:  Malin and Edgett 
[8,10] described sedimentary 
mantles covering substantial ar-
eas of low-standing ground.  
These layered units showed no 
obvious relationship to highland 
valley networks.  One possibility 
is that layered deposits in Terra 
Meridiani, Arabia Terra, Valles 
Marineris, and along the dichot-
omy boundary may share a com-

mon origin, as fine-grained sedimentary 
deposits were stripped from low-standing 
settings and transported to their current 
locations by wind. 

 
Fig. 2 (left).  MOC image E05-01183 

(3 km across) of mesas in Aeolis Mensae.  
Mass wasted deposits on the mesa slopes 
(bottom) are free of large boulders even at 
full resolution (5.8 m/pixel).  Between 
mesas a layered deposit has been partially 
stripped in the upper part of the image.  
An indurated layer caps the mesa. 

Fig. 3 (right).  Subframe of Mars Od-
yssey THEMIS daytime infrared image 
I00957001 (32 km across).  Aeolis Men-
sae fretted terrain (top) formed in an 
etched sedimentary layer (center), which 
overlies cratered terrain and valley net-
works.  A higher-inertia layer is exposed 
between knobs at the top of the image.  In 
MOC images, this high-inertia material 
underlies a largely stripped, thin layer, 
which itself underlies the thick mesa-
forming unit. 
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1 Introduction

One of the many questions of Martian exploration is to uncover
the history of Mars, through analysis of the polar layered de-
posits (PLD). Martian polar ice caps hold most of the exposed
water on the surface on Mars and yet their history and physical
processed involved in their formation are unclear. We will
attempt to contribute to our knowledge of the composition and
stratigraphy of the polar deposits.

In this work we present the latest imaging data acquired
by the Mars Odyssey THermal EMission Imaging System
(THEMIS) [1] and place it into context of the Mars Global
Surveyor (MGS) data. THEMIS provides capabilities for
imaging in both thermal IR and visible color wavelengths.
These observations are affected by atmospheric scattering and
topography. The Mars Orbiter Laser Altimeter (MOLA) and
Thermal Emission Spectrometer (TES) instruments [2, 3] on
board of the MGS spacecraft can provide context information
for THEMIS data. Of particular interest are Mars Orbiter
Camera (MOC) images [4], which provide high-resolution
data. We are primarily interested in the seasonal evolution
of ice cap temperatures during the first northern summer of
THEMIS observations. Morphology, stratigraphy and compo-
sition of the layered deposits can be addressed by THEMIS
VIS color images, along with MOC high resolution data and
MOLA Digital Elevation Models (DEM). This work is inten-
tionally descriptive. Based on the knowledge obtained by the
orbiting spacecraft and described here, we will attempt to ex-
pose major directions for modeling and further understanding
of of the physical processes involved in the formation of the
polar layered terrain

2 Available data

2.1 THEMIS IR

The THEMIS IR camera has 10 bands from 6 to 15µm [5].
Due to to signal-to-noise restrictions the most useful band for
polar observations is band 9 (12.57µm ). Band 10 (14.88µm )
data can be used for atmospheric calibration. An example of
seasonal evolution observed by the THEMIS IR subsystem is
shown in Figure 1. We have projected all IR images, covering
a small area near 86N and 90E into a polar stereographic
projection and then sampled “time” dimension in order to look
at temperature evolution over the course of the summer. We are
plotting averaged temperature data over two 1km2 regions of
interest: layered material inside the trough and the surface of
the residual ice cap. High resolution THEMIS IR data allows
us to distinguish properties of bulk of layered terrain and ice.
We were not able yet to distinguish properties of individual
layers.
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Figure 1: Seasonal temperature evolution of ice and trough
material in the North Polar region. Red circles - layered mate-
rial, blue squares - ice (THEMIS band 9), light blue diamonds
- THEMIS band 10 data, orange triangles - TES surface tem-
perature during first year of TES observations for the same
region.

2.2 THEMIS VIS

The THEMIS Visible Imaging Subsystem (VIS) is a 5-color,
1024x1024 interline transfer CCD camera that acquires high
spatial resolution 18 to 72 m/pixel multispectral images (425
to 860 nm) from Mars orbit ([5, 6]). In order to gain coverage
most of the full-color images have a resolution of 36m/pixel.
Figure 2 illustrates a fragment from the polar layered ter-
rain. We were able to image this fragment at full resolution
(18m/pixel). This image is a part of a larger mosaic and con-
sists of two VIS images. Layers can be easily identified in this
figure. Color calibration in underway right now [6] and in the
future we plan to analyze true-color images.

2.3 Mars Global Surveyor data

Very interesting details of the polar layered deposits become
evident in high resolution MOC Narrow Angle images [4].
These images are invaluable for interpreting details of the lay-
ered deposits observed with THEMIS. Narrow Angle MOC
and THEMIS VIS images are ideal complements for each
other : THEMIS provides extensive coverage and some color
information, while MOC provides high resolution detail. An
example of a MOC image from the same trough as in Figure 2
is shown in Figure 3.

It is very important to understand the state of the atmo-
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NORTH POLAR LAYERED DEPOSITS: RESULTS FROM THE THEMIS INVESTIGATION 2

Figure 2: Fragment of false-color mosaic of THEMIS VIS im-
ages in the North polar region (near 86.7N and 60-70E). Cam-
era bands 3, 2 and 1 are shown in this picture as Red, Green
and Blue correspondingly. Resolution : 18m/pixel. Radiomet-
ric calibration of these images is still work in progress. Size
of this THEMIS VIS image mosaic is 10.5×5.7km.

sphere (presence of dust, water ice), when the data were taken,
as they can affect the observations described above. TES at-
mospheric data [7, 3] can provide dust and water ice opacities
and many other parameters valuable for atmospheric analysis,
as well as understanding large scale thermophysical properties.
We compared TES surface temperatures (orange triangles in
Figure 1) taken during the first year of TES mapping phase (two
Martian years prior to presented THEMIS data). THEMIS and
TES observations of surface temperatures are consistent. Note,
however, that THEMIS data is not atmospherically corrected.
Although the TES observation footprint (3×6km) does not al-
low to distinguish between ice and layered material, it is still
possible to retrieve very useful spectral information from just
one TES pixel, if the observed feature is large enough. MOLA,
which has been working in radiometer mode since 2001 [8],
can provide narrow-band radiometric information at 1µm , in
addition to wide-band TES bolometer measurements.

2.4 Discussion

Variations of thermophysical properties of surface materials
are manifested in the thermal IR by various rates of heating up
or cooling down. While this process is easy to observe in equa-
torial regions and mid-latitudes, it is very challenging to apply
the same methods in the polar regions. For places in extreme
polar latitudes, the sun is almost always over the horizon. Only
during short periods in spring and fall can differences between
day and night be observed. Further complicating matters in the
spring time isCO2 cover, which masks all possible thermal
differences. We will look extensively at the fall time images,
when thermal contrasts will become more apparent. We plan
to continue analysis of seasonal trends for different geologic
units inside the cap untilCO2 covers the surface of the ice
cap. Our ultimate goal is to derive some measure of thermal
inertia for the material in the troughs. TES atmospheric data
from previous years is very helpful for planning this effort and
for interpretation of the results.

The large spatial and relatively high-resolution coverage

Figure 3: MOC image mosaic of the north polar layered ter-
rain at 3 m/pixel resolution. MOC images M00/2100 and
M01/3767 were used. Note variety and structure of layers in
the trough. By precise registering of these images to THEMIS
color images we will be able to deduce color information for
some of the layer stacks. Size of this mosaic of MOC images
is 12.3×5.3 km.

provided by the THEMIS visible camera can resolve individual
layers in the northern polar layered deposits over long distances
(See Figure 2). Higher resolution MOC narrow angle data can
be used to characterize these individual layers. Comparing the
trace of these layers to topographic data generated by the Mars
Orbiter Laser Altimeter (MOLA) yields information in three
dimensions about the position of the layer exposure. Strikes
and dips of individual layers can be extracted allowing us to
predict if this same layer will be exposed in troughs elsewhere
in the layered deposits. Testing large-scale continuity of layers
in this fashion may help us distinguish between a flowing or
non-flowing ice cap. In addition the possibility of extracting a
low-resolution version of the topography underlying the icecap
from the three dimensional shape of many layers also exists.

Requiring information from so many different datasets
spread over various missions in a challenge. Geographic Infor-
mation Systems (GIS) have been used to this end within the ter-
restrial remote sensing community for many years. We use the
Arcmap software provided commercially by ESRI. It provides
a convenient way to overlay different dataset of disparate res-
olutions and origins. It also allows for full three-dimensional
viewing of any scene for which topography information ex-
ists (which is everywhere), which aids image interpretation by
distinguishing slope and albedo effects on brightness.

3 Conclusions

In this work we present description of properties of the North
Polar Layered Deposits in all available datasets, concentrat-
ing on data from Mars Odyssey’s THEMIS investigation. Our
approach is to 1) detect heating or cooling trends in THEMIS
Thermal IR imagery for selected troughs in the NPLD and
interpret these data in terms of thermophysical properties (e.g.
thermal inertia) of the layers. The MGS TES atmospheric
dataset will provide context and will be important for cal-
ibration of THEMIS data; 2) use THEMIS VIS images to
investigate continuity of the layers in the layers deposits and
their stratigraphic relationships using high-resolution MOLA
topography. MOC images will provide important morpholog-
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ical detail. Our goal is to bring infrared and visible datasets
together and suggest future directions for data analysis and
modeling to improve our understanding of the composition of
the layered deposits.
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Introduction: The seasonal Martian polar caps 

wax and wane in response to condensation and subli-
mation of carbon dioxide resulting from seasonal inso-
lation changes on Mars.  Numerous data exist on ob-
servations of the recession or sublimation phases in the 
visible portion of the spectrum for the last two centu-
ries.  William Herschel published the first quantitative 
observations of the seasonal recession of the Martian 
polar caps in 1784 [1].  During the next 180 years, 
ground based observers used a variety of techniques to 
observe recessions; Slipher summarized these observa-
tions in 1962, on the eve of the first space exploration 
of Mars [2].   Portions of the seasonal cycles of the 
surface caps that were observed by Mariners 7 and 9 
and by Viking as well as ground based studies from 
1971-1988 by the International Planetary Patrol were 
summarized in a review article following the Fourth 
International Conference on Mars in 1989 [3].  Hubble 
Space Telescope observed points in the seasonal reces-
sions of the south [4] and north [5] caps during the 
1990’s.  Differences between different Martian regres-
sions have been reported in the past; but, because many 
of the relevant data sets are localized in longitude, at 
least some of these results could be an artifact intro-
duced by the considerable longitudinal asymmetry that 
is observed during recessions. 

Mars Global Surveyor went into orbit around Mars 
in September 1997.  The wide-angle cameras (WA) of 
the Mars Orbiter Camera (MOC) experiment acquire 
images of the entire planet every day at a resolution of 
~ 7 km/pixel in both red (575 nm – 625 nm) and blue 
(400 nm-450 nm) wavelengths.  Some polar cap obser-
vations were acquired during the aerobraking (AB) and 
science phasing (SPO) of MGS before systematic map-
ping commenced in April, 1999 at LS = 118°.  More 
than two complete Martian years have now been moni-
tored.  The spring recession of the seasonal south polar 
cap was monitored during the aerobraking phase of the 
MGS mission [6], and data pertaining to the spring / 
summer recessions of the south [7] and north [8] caps 
during the first year of mapping have been reported 
previously.  The spring – summer recession of the 
south polar cap in 1999 was characterized by its strong 
resemblance to the recession that was monitored by 
Viking in 1977.  The north polar recession in 2000 was 
also very similar to previously observed recessions.  
The MOC observations confirmed an almost linear cap 

regression from LS = 330° until LS = 60° without the 
somewhat controversial “plateau” that has sometimes 
been reported in early spring. 

We have studied the subsequent spring recessions 
of both polar caps during the second year of MGS 
mapping.  This comparison of the two years is espe-
cially interesting because an extensive planet encircling 
dust storm occurred in early southern spring of the sec-
ond Martian year while there was no such large storm 
in the first year.  So it may be possible to determine the 
effects of dust on the condensation and sublimation of 
the carbon dioxide in the cap.  

 Seasonal South Cap:  The planet-encircling dust 
storm was first observed at about the spring equinox in 
the south, when the boundaries of the CO2 cap were 
extended to nearly the latitude of the southern parts of 
Hellas and exposed to the effects of atmospheric dust  
(Figure 1). 

 

 
 
Figure 1:  South cap in early stages of 2001 storm. 
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Although small local differences are seen, there is no 
significant difference between the regressions ex-
pressed in terms of the average cap radius (Figure 2).   
 

 
Figure 2: Regression of the south polar cap in 1999 (*) 
and 2001 (+).  The dimensionless average cap radius 
on a sterographic projection is ploted versus areocen-
tric solar longitude.  Recessions are nearly identical 
apart from minor effects of the dust storm in very early 
spring. 
 
The most interesting differences between the two re-
cessions that we observed was the more rapid disap-
pearance of regions in the cap that are characterized by 
higher than average albedo; the Mountains of Mitchel, 
for example, disappears roughly 5° of LS earlier in the 
second year [9].  Infrared observations by TES con-
firmed this result and also indicated the darker than 
average cryptic regions sublimed later in the second 
year [10].  The similarity between the two regression 
curves indicates that regions in the cap of average al-
bedo behave similarly.  This has been explained by 
detailed simulations of the effects of dust on the total 
energy absorbed by these various regions in the visible 
and infrared; these calculations are the subject of a 
separate paper at this meeting. 

Residual South Cap: The recession of the south 
polar cap terminates at about LS = 300° in its “ residual 
cap” configuration, and only minor changes in the cap 
then occur during the rest of the summer.  Viking 
IRTM observations of this residual south cap showed 
that it was composed at least partially of carbon diox-
ide ice, stabilized against the high insolation of south-
ern summer by its high albedo [11].  In the case of the 
residual cap we have four relatively high-resolution 
observations from 1971 (Mariner 9), 1977 (Viking), 
and 2000 and 2002 (MGS).   The residual caps in 2000 
and 1977 were essentially identical [7].  However, the 
residual cap in 1971 was significantly different; the 

residual configuration was smaller, and the interior of 
the cap appeared to include significant patches of un-
frosted ground [12].  Both observations suggest addi-
tional sublimation in 1971 relative to 1977.  

The recent MGS observations of the residual south 
cap in 2002 show it to be identical to the residual cap 
in 2000 aside from a few very small effects near the 
edge (Figure 3). 

 

 
 

Figure 3a: Residual south polar cap on February 22, 
2002 (LS =306º). 
 

 
 
Figure 3b: Residual south polar cap on January 9, 2002 
(LS = 306º). 
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Evidently, the major dust storms in 2001 had little ef-
fect on the central portions of the cap despite their high 
albedo.  This may be due to the fact that dust storm did 
not seem to penetrate extensively into the center of the 
cap, perhaps due to the net outflow due to sublimation 
in the outer regions.  In addition, the insolation on the 
residual cap during the storm was small due to the 
large incidence angles. 

Seasonal North Cap: The late winter and early 
spring portions of the north cap recession have been 
phases for which the largest interannual variability has 
been reported.  The locations of the surface cap bound-
ary in late winter has been controversial, and a possible 
“standstill” in the regression at approximately 65º lati-
tude reported in early spring in some years.  A global 
dust storm during the condensations phase of the north 
cap is one mechanism suggested to be responsible for 
this variability.  On the other hand, observations are 
especially complicated in the north by confinement of 
data points to limited longitude regions; even Viking 
data are subject to this experimental limitation. 

We have determined the regression curves for the 
2000-2001 and 2002-2003 recessions of the north po-
lar cap; a planet encircling dust storm occurred in early 
fall in the second year.  As in the case of the south po-
lar cap, the regression curves from the two years are 
almost indistinguishable, and there is no sign of a 
standstill in either year. 

Residual North Cap:   
Mars Global Surveyor mapping commenced at LS = 

118º in 1999.  By the time of this conference we will 
have seen the third summer season in the northern 
hemisphere.  Detailed comparisons of the caps in dif-
ferent years is complicated by frequent dust storms that 
may obscure the surface cap as in Figure 4; fallout 
from these storms on the surface cap may also affect 
the apparent albedo for longer periods. 

In the accompanying graph, the Lambert albedo of 
the center (geographic pole) of the RNPC is plotted 
against LS for 1999 (◊) and 2001 (+).  The 2001 data 
have been corrected for a change in sensitivity of the 
MOC WA Red Camera during the fall of 2001 by ap-
plying a correction determined using a high albedo 
region in Isidis.  The general behaviors of the albedo in 
this central region of the cap seem to be similar in the 
two years (Figure 5).  The main exceptions are two 
data points from 1999 near LS = 135°.  The albedo at 
this time could be reduced if dust from an unusually 
large dust storm that was observed near the edge of the 
cap at this time [13] extended over the center of the 
RNPC.  There is a gap in the MOC WA red mapping   

 
 

Figure 4: Example of a local dust storm event that al-
most completely hides the normally bright arm of the 
north residual cap that lies  to the east of Chasma Bo-
realis. 
  
subsequent to these events due to the Geodesy Cam-
paign; so the question of the duration of this suppres-
sion is not answered by the red images alone, and addi-
tional investigation using the blue filter mapping im-
ages, which continued through the period, will be 
needed.  The abrupt decrease at LS > 150° is probably 
due to the fact that the Lambert approximation fails at 
the large incidence angles in late summer.  

 

Figure 5: Lambert albedo of the region around the geo-
graphic north pole as a function of LS for 1999 (◊) and 
for 2001 (+). 
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Introduction: The Viking landers and the Path-

finder lander carried instrument packages to investi-
gate the magnetic properties of the soil and dust on 
Mars [1,2]. The instruments consisted of small perma-
nent magnets that attracted and accumulated magnetic 
dust particles from suspension in the Martian atmos-
phere. From the results [3–6] we know that there is a 
strong magnetic component in the Martian soil and 
dust.  

Based on both magnetic and optical properties of 
the dust accumulated on the magnets, the magnetic 
phase has tentatively been identified as maghemite,  
γ–Fe2O3, present as cement in or stain on silicate ag-
glomerates [5]. However, it is not possible to exclude 
that the magnetic phase could be titanomagnetite  
(Fe3-xTixO4) or titanomaghemite (γ–Fe2-xTixO3) having 
been inherited directly from the bedrock [3,7,8]. The 
magnetic dust is of considerable interest as it may give 
important clues about the role of water in the soil 
forming processes on Mars [9,10]: Has the formation 
of the red soil on Mars taken place predominantly via 
oxidation of Fe(II) in aqueous solution eons ago, when 
Mars was warmer and wetter? Or is the soil formation 
an ongoing process of breakdown and oxidation of 
surface rocks — possibly without any appreciable role 
of water? In the former case, the magnetic phase in the 
soil/dust would not be expected to contain the element 
titanium, while in the latter case the magnetic phase 
would be expected to be an Fe–Ti oxide. Direct meas-
urement of the Ti/Fe ratio of material accumulated by 
magnets on Mars could hence give insight into the soil 
formation processes on Mars. 

NASA’s Mars Exploration Rover missions 
(launched May/June 2003, landing in early 2004) [11] 
carries two magnets [12] of differing strength that will 
accumulate magnetic dust suspended in the Martian 
atmosphere for investigation with Mössbauer spectros-
copy [13] and α–particle X–ray fluorescence spectros-
copy (APXS)  [14].  

In this contribution, we describe in some detail the 
magnets that will be used for Mössbauer spectroscopy 
and APXS spectroscopy, and present some preliminary 
results obtained in an environmental chamber that 
simulates the conditions on Mars. 

Magnets for the MER mission: The Mars Explo-
ration Rovers carry a series of permanent magnets of 
various strengths and dimensions. The magnets are 
given the following names: Filter Magnet, Capture 
Magnet, Sweep Magnets, and the RAT Magnets. The 
RAT (= Rock Abrasion Tool) is a grinding tool de-
signed to remove weathering crust from rocks and ex-
pose fresh rock material for investigation [15]. The 
RAT contains built–in magnets that are designed to 
catch magnetic dust during grinding [12,16]. The 
Sweep Magnets are designed in such a way that within 
a certain area on the active surface, approaching mag-
netic particles will be deflected, and only non–
magnetic particles will be allowed to settle [12]. 

Capture Magnet and Filter Magnet. The Capture 
and Filter Magnets are located on the front of the rov-
ers (see Fig. 1), so that airborne dust attracted to the 
magnets can be studied by the Mössbauer spectrometer 
and the APXS spectrometer. 

  

 

Fig. 1: Picture of the Capture and Filter Magnets, 
as observed using the multispectral panoramic 
imager, Pancam. The Filter Magnet is in the lower 
right and the Capture Magnet is in the top center 
of the image (Credits: NASA/JPL /Cornell). 

The magnets have circular symmetry and the magnetic 
material used is Sm2Co17 (µ0M = 1.1 T at room tem-
perature) embedded in a carrying structure made of 
aluminum. The Sm2Co17 part has a diameter of 25 mm, 
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while the aluminum carrying structure has a diameter 
of 45 mm.  

The main difference between the two magnets is 
the surface magnetic field strength. Fig. 2 shows the 
variation of the magnitudes of the magnetic field gra-
dient across the active area for the Capture and Filter 
magnets.  

 

 

Fig. 2: The magnitude of the magnetic field gradi-
ent at the surface of the Capture and Filter Mag-
nets. 

For the Capture Magnet, the maximum values of B 
and  |∇B| are 0.46 T and 550 T/m respectively, and for 
the Filter Magnet, the corresponding numbers are 0.2 
T and 34 T/m.  

The Filter and Capture Magnets are both equipped 
with sets of surface markings. The purpose of these 
markings is to assist in the evaluation of the thickness 
of the layer of dust that has accumulated on the mag-
nets at the time of observation. Such an evaluation will 
be valuable in determining the optimal time for re-
cording of an APX–spectrum and a Mössbauer spec-
trum of the dust on the magnets. 

Experimental: The wind tunnel system at Århus 
University has been described previously [17]. Particle 
speed and volume number density of particles are 
monitored by a Laser Doppler Anemometer and dust 
doses are given in Sols (of exposure), assuming parti-
cle density in the atmosphere of 1 cm-3 on Mars. All 
experiments were performed at room temperature us-
ing air at 10 mbar. The magnets were tilted ~45° rela-
tive to the vertical. X–ray fluorescence (XRF) spectra 
where measured (outside the wind tunnel) using a 60 
mCi closed source of 244Cm and a 7 mm2 AMPTEK™ 
detector in a setup that simulates the corresponding 
experiment on the surface mission on Mars. As a 
closed source is used it does not emits α particles. This 
limits the detection to elements with Z > 18. Möss-
bauer measurements were performed at room tempera-
ture using a conventional setup in transmission geome-
try. This differs from the setup on Mars, where the 
dust on the magnets will be measured in–situ in back-
scatter geometry. For the Mars analogue soil sample 
used in the present study (Salten Skov) this has mini-
mal effect on the spectrum, and does not alter the con-

clusions that can be drawn from the experiments. Ve-
locities and isomer shifts are given relative to the spec-
trum of α–Fe at room temperature. 

At the site called Salten Skov in Jutland, Denmark, 
magnetic (σS > 1 Am2/kg) iron rich (Fe ~ 30 wt.%) soil 
has been found [18,19]. X–ray diffraction and Möss-
bauer spectroscopy have revealed that the soil contains 
the magnetic iron oxides hematite (α–Fe2O3) and 
maghemite (~30% of the spectral area in Mössbauer 
spectrum) in mixtures with the antiferromagnetic min-
eral goethite (α–FeOOH). The particle size of the soil 
has been determined to be ~2 µm when dispersed in an 
ultrasonic bath. By means of transmission electron 
microscopy and the line broadening of the X–ray dif-
fraction lines, it has been found that individual parti-
cles consist of smaller, nanometer sized particles of 
iron oxides that show superparamagnetic blocking on 
the timescale of Mössbauer spectroscopy. 

Results: Most of the results presented here were 
obtained with a wind velocity of 2.2 m/s. After the end 
of the experiment (here 275 Sols), the dust was re-
moved from the magnets and used for further investi-
gations.  

Mass accumulations. Table 1 summarizes the re-
sults from mass measurements. 

Table 1: Results from mass measurements after 
exposure corresponding to 275 Sols. Included is 
data for 2.7 m/s for comparison. 

Magnet va 
(m/s) 

Dust load 
(mg) 

Rate  
(µg/Sol) 

Rate/area 
(µg/(Sol·cm2)

Capture 2.2 
2.7 

21.7 
19.2 

79 
70 

16 
14 

Filter 2.2 
2.7 

12.7 
9.4 

46 
34 

9.4 
7.0 

aWind velocity 
 
Increasing the wind speed leads to reduced capture 

of magnetic particles. The relative change in capture 
rate when increasing the wind speed from 2.2 m/s to 
2.7 m/s is 11% and 26% for the Capture and Filter 
Magnets respectively. This difference reflects the bet-
ter “filtering” capabilities of the Filter magnet [12].  

Magnetic Properties. The hysteresis properties of 
the dust are shown in Fig. 3. The Salten Skov refer-
ence soil used here is more magnetic than current es-
timates of the magnetic properties of the dust on Mars. 
The material that has accumulated to the magnets is 
more magnetic than the original material and the mate-
rial that has accumulated to the Filter Magnet is more 
magnetic than the material that has accumulated to the 
Capture Magnet.  
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Fig. 3: Hysteresis curves of the Salten Skov refer-
ence sample, and samples collected from the mag-
nets indicated. Values of the saturation magnetiza-
tion, σS, obtained from analysis of the experimental 
data are shown in the insert. 

The capture of magnetic particles by permanent 
magnets under Martian conditions is a complicated 
process, involving a number of parameters. Generally, 
the magnetic properties of the accumulated material 
will depend on the strength of the magnets in such a 
way that weak magnets accumulate the more strongly 
magnetic particles. The findings here are in accordance 
with the design criteria of the magnets [12]. 

Mössbauer Spectroscopy. Fig. 4 shows the Möss-
bauer spectra obtained.  
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Fig. 4: Mössbauer spectra of the Salten Skov refer-
ence sample and the material accumulated on the 
Capture Magnet.  

The spectra have been analyzed in terms of three 
spectral components indicated in Fig. 4. [18]: A sextet 
labeled Gt, assigned to goethite, a sextet labeled 
Ht/Mh, assigned to maghemite/hematite mixtures and a 
quadrupole split component labeled Fe(III) assigned to 
ferric (super–) paramagnetic iron oxide(s). The sextet 
components have been analyzed with split–Lorentzian 
line shapes, which simulate the asymmetric spectral 
lines quite well and enable the determination of area 
fractions for the different components. We do not try 
to separate the hematite and maghemite components in 
view of their rather similar hyperfine parameters and 
the rather broad asymmetric line shapes. 

Visual inspection of the spectra in Fig. 4 shows 
only minor differences between the spectra, and com-
puter analysis is needed to extract the differences in 
the spectra. The results are given in Table 2.  

Table 2: Hyperfine parameters and relative spec-
tral areas obtained from analysis of the spectra in 
Fig. 4. Labels in the table: Bhf: magnetic hyperfine 
field, δ: isomer shift, ∆EQ: quadrupole splitting or 
shift. 

Sample 
Parameters Reference Capture m.
Ht/Mh Bhf (T) 48.3(1) 48.4(1) 

δ (mm/s) 0.37(2) 0.37(3) 
∆EQ (mm/s) -0.16(2) -0.13(2) 
Area (%) 29.9(6) 34.6(8) 

Gt Bhf (T) 21(2) 21(3) 
δ (mm/s) 0.37(6) 0.37(9) 
∆EQ (mm/s) -0.25(5) -0.25(5) 
Area (%) 47(2) 23.7(3) 

Fe(III) δ (mm/s) 0.373(8) 0.37(2) 
∆EQ (mm/s) 0.67(2) 0.67(2) 
Area (%) 23.0(3) 41(2) 

 
The area ratio of the Ht/Mh component is larger in 

the material that has accumulated on the magnet, con-
sistent with the interpretation that the material that give 
rise to the Ht/Mh sextet is the same material that gives 
the sample it’s magnetic properties. The quadrupole 
shift of the Ht/Mh component is slightly smaller for 
the material that has accumulated on the magnet. This 
is consistent with the interpretation that the material 
attracted by the magnet contains more maghemite 
(∆EQ ≈ 0 mm/s) relative to hematite (∆EQ ≈ -0.2 mm/s) 
than the original sample. 

XRF results. Fig. 5 shows a typical XRF spectrum 
obtained. It shows notable emission at ~7 keV, origi-
nating from the Kα and Kβ lines of iron. The lines at E 
> 12 keV, originate from the source. Additionally the 
spectrum has lines from manganese on the left–hand 
shoulder of the Kα line of Fe. On Mars, lines from alu-
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aluminum, originating from the target surface, would 
dominate the spectrum. 
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Fig. 5: XRF spectrum of dust on the Capture Mag-
net obtained for the measurement conditions indi-
cated. 

Fig. 6 shows the intensity of the Fe lines as a func-
tion of dose obtained from 1 hour measurements of the 
Capture and Filter Magnets.  
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Fig. 6: Signal in units of keV⋅Counts for 1 hour 
measurements as a function of dose for the Capture 
and Filter Magnets. Saturation level (infinitely 
thick layer) is around 4300 keV·Counts/h for the 
reference material. 

The ratio between the slopes of the curves in Fig. 6 is 
1.45 while the ratio of the mass of the dust accumu-
lated on the magnets is 1.7 (see Table 1), indicating 
that the dust accumulated to the Filter Magnet is more 
iron rich than the dust accumulated to the Capture 
Magnet. 

Discussion: From these data and the error analysis, 
the sensitivity is easily estimated, and we find that the 
minimum amount of material that can be detected is of 
the order of a few µg for a measurement time of 10 
hours. Taking into consideration the different experi-
mental conditions on Mars (with α particles) a careful 
estimate suggests that the Ti/Fe ratio could be deter-
mined with accuracy better than 30% when the magnet 
has accumulated 300 µg of material. 

We have performed wind tunnel experiments with 
both the Pathfinder Magnet Array and the Capture 

Magnet. Visual inspection suggests that the Capture 
Magnet collects dust 2–4 times more efficiently on unit 
area than the strongest magnet of the Pathfinder mis-
sion. Using dust accumulation rates determined for the 
strongest magnet of the Pathfinder Magnet Array on 
Mars [6], suggests that the Capture Magnet will collect 
dust at a rate of ~60 µg/Sol. A determination of the 
Ti/Fe ratio with the accuracy stated above will thus be 
possible few sols into the mission. 

Conclusions and outlook: The data presented here 
demonstrates how the analysis of the data that (hope-
fully) will be obtained from Mars can be performed. 
The amount of material accumulated onto the magnets 
will be estimated in three different ways: (1) Optically, 
both by utilizing the change in color of the target and 
by using the surface markings. (2) By using the signal 
obtained in the APXS measurements, both relative to 
the lines of aluminum and absolute counts in the spec-
trum. (3) By using the relative signal intensity of the 
Mössbauer spectra. All techniques are sensitive to dif-
ferent physical properties of the dust and comparison 
of the results may give deeper insight into the proper-
ties of the dust. 

APXS measurements with adequate accuracy to 
elucidate fundamental questions regarding the soil 
formation processes on Mars will be possible few sols 
into the mission.  

We are continuing these investigations, using ana-
logues of different nature and varying magnetic prop-
erties. The results will enhance our knowledge on what 
may be learned from the investigations on Mars.  
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THE THARSIS REGION OF MARS: NEW INSIGHTS FROM MAGNETIC FIELD OBSERVATIONS.  C.
L. Johnson1 and R. J.  Phillips2, 1Institute for Geophysics and Planetary Physics, Scripps Institution of Oceanogra-
phy, 9500 Gilman Drive, La Jolla, CA 92093-0225 (johnson@igpp.ucsd.edu), 2Dept. of Earth and Planetary Sci-
ences, Washington University, Campus Box 1169, One Brookings Drive, St. Louis, MO 63130 (phil-
lips@wustite.wustl.edu)

Introduction:  The Tharsis volcanic province
dominates the western hemisphere of Mars.   The re-
gional topography comprises a long-wavelength rise of
several kilometers elevation. Superposed on this are
the Tharsis Montes, Olympus Mons and Alba Patera.
To the southeast, the Tharsis rise includes Solis, Syria
and Sinai Planae, bounded by Valles Marineris, Clari-
tas Fossae, and the Coprates rise.   The region also
dominates the gravity field of the western hemisphere,
with typical free air anomalies of several hundred mil-
ligals, and a peak free air anomaly greater than 1000
milligals over Olympus Mons.

Tectonic deformation is pervasive throughout the
Tharsis region and provides constraints on the history
of uplift and/or loading and/or volcanic construction.
There have been several major episodes of radial frac-
turing from the Noachian onwards [1,2,3,4].  Concen-
tric contractional deformation of mid-Noachian units
of the Coprates Rise and South Tharsis ridge belt has
been reported [5].  Additional information on the earli-
est history of Tharsis is provided by observations of
concentric extensional fractures in the oldest (early
Noachian) units of Claritas Fossae [6,7,8].  Later con-
centric contractional deformation – the Hesperian
ridged plains (type locale: Lunae Planum) – is of a
fundamentally different wavelgnth and amplitude than
the above-mentioned contractional deformation in the
South Tharsis Ridge belt and the Coprates Rise.

Here we focus on new constraints for models for
the origin and evolution of Tharsis, provided by Mars
Global Surveyor (MGS) magnetic field data.  Magnetic
field observations are compared with the geology and
topography of the region.  Given that it is unlikely that
a global magnetic field persisted beyond the late Noa-
chian [10], we investigate end-member scenarios for
thermal demagnetization of pre-existing, or early-
Tharsis, magnetized Noachian crust.  Specifically, we
test whether observed distributions of magnetic field
amplitude over surface units of Amazonian, Hesperian
and Noachian age, are consistent with reasonable
bounds on the extent of crustal thermal demagnetiza-
tion during the construction of Tharsis. Implications
for the relative timing of the cessation of a Mars dy-
namo and the earliest history of Tharsis are discussed.
The magnetic field observations are integrated with
constraints from tectonics, gravity and topography and

a revised scenario for the evolution of Tharsis pre-
sented.

Previous Models for Tharsis Formation:  A vari-
ety of models for the formation of Tharsis have been
proposed, and predicted gravity, topography and tec-
tonic stresses compared with available observations.
These models include dynamic support of topography
by a large mantle plume [11,12]; regional uplift due to
underplating of crustal material derived from the
northern hemisphere [13]; uplift due to solely mantle
anomalies - thermal and/or compositional [14], and
including crustal thickening by intrusion [6]; flexural
loading due to volcanic construction [2, 15, 16].
There are several difficulties associated with plume
models.   Single-plume structures are difficult to
achieve in numerical convection models, and the re-
quired maintenance of persistent plume for the 4 Ga
history of Tharsis [15] is problematic.  Furthermore,
the lack of sensitivity in geoid kernels at appropriate
mantle depths [17], means that less than ten per cent of
the present-day geoid can be attributed to an upper
mantle plume.    Support of the Tharsis rise solely by
mantle thermal and compositional anomalies are not
favored since it requires the maintenance of large lat-
eral variations in density over billions of years. Pre-
sent-day gravity and topography is consistent with
flexural loading and crustal thickening at Tharsis
[15,16, 18]. Estimates for lithospheric thickness in the
region are variable and range from 70 - 150 km
[19,20], nonetheless they are consistent with current
flexural support of much of the Tharsis topography.

Magnetic Field:  Observations.  MGS magnetic
field data provide critical new constraints on the his-
tory of crustal evolution in the Tharsis region.  Here
we discuss the altitude-normalized (200 km altitude)
radial magnetic field anomalies (Br) of Purucker et al.
[21].    Investigations of other magnetic field data sets
and global magnetic field models (refs) are underway.
Figure 1 shows a simplified version of the geological
map of the western hemisphere of Mars [22] and of Br,
each draped over MGS-derived topography [23].

Anomalies of over 50 nT amplitude are observed
above the 8-km-high early Noachian basement com-
plex at Claritis fossae (unit Nb, Scott and Tanaka [21]).
Similar magnitude anomalies are seen above the Nf
units of Nectaris Fossae [21].  In contrast, no magnetic
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Figure 1.  Drape of geological map (upper figure) and
Br (lower figure) over MOLA topography for the re-
gion bounded by –180°E, 0°E, 45°S, 45°N.  Geologi-
cal map is a simplified version of that in [22]. Noa-
chian units are denoted by brown colors, Hesperian
units by purple, blue and green colors, and Amazonian
units by red, orange and yellow and white colors.  The
color bar gives the scale for Br in nT [21].

field anomalies are associated with the Noachian units
(Nf) of Tempe Fossae and Ceraunius Fossae.  Negligi-
ble anomalies are observed over Sinai Planum, Syria
Planum, Solis Planum and western Valles Marineris.
Anomalies at the eastern edge of the Terra Cimmeria
region are associated with deformed Noachian terrain
south-west (Nplr, Npl1) of Daedalia Planum.   Signifi-
cant, though lower amplitude,  anomalies are observed
at eastern Daedalia Planum which rises to elevations of
about 4 km above the planetary mean.  The surface
units here are Amazonian in age.  Finally, magnetic
anomalies are observed over a small area on the low-
ermost western flanks of Olympus Mons.  The surface
units here are also Amazonian.

Inspection of Figure 1 suggests, on average, de-
creasing magnetic field anomaly amplitude with de-
creasing surface unit age.   Figure 2 shows magnetic
anomaly distributions over units of Amazonian, Hespe-
rian and Noachian age.   The region examined extends
from 45°S to 45°N and from 180°W to 0°E.  Similar
patterns of results were obtained when various smaller
areas within Tharsis were analyzed.   Magnetic anom-
aly amplitudes of less than 5nT were excluded as being

at the limit of accuracy of the magnetometer.  The dis-
tributions show significant anomalies over units of all
ages.  The peak anomaly, mean anomaly and variance
of the distributions decrease with decreasing surface
unit age.  Values of Br over Noachian surface units can
be large, but do not approach the several hundred
nano-Tesla anomalies of the Terra Cimmeria region.
Kolmogorov-Smirnov tests [24] indicate that the Ama-
zonian, Hesperian and Noachian cumulative distribu-
tion functions are statistically significantly different.

Figure 2:  Histograms (upper) and empirical cumula-
tive distribution functions for the absolute value of Br

over Amazonian (green), Hesperian (blue) and Noa-
chian (red) surface units.   Values of Br less than 5 nT
are excluded (see text).  There are 1423, 2089 and
1619 observations of Br over Noachian, Hesperian,
Amazonian units.  Noachian, Hesperian and Amazo-
nian distributions have mean values of 37.5 nT, 24.6
nT, and 20.7 nT respectively.
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Implications  Some of the oldest and highest ex-
posed Noachian terrain in the Tharsis region exhibits
significant magnetic anomalies, indicating long-lived
crustal magnetizations.  This provides important con-
straints on the thermal regime of the magnetization
source region. The retention of significant magnetiza-
tion at Claritas Fossae means that models for up-
lift/construction in that region must allow a significant
depth extent of the magnetization source region to re-
main below the appropriate Curie temperature.  Uplift
(inferred structurally [6,7,8]) may be the result solely
of crustal thickening by magmatic intrusion, irrespec-
tive of the source of early mantle buoyancy in the re-
gion.  Crust below the young Amazonian units of
Daedalia Planum is magnetized, but less strongly so,
suggesting that burial of older basement units by vol-
canics has reduced, but not removed, the remnant
magnetism.  The basement below the Tharsis Montes
is not magnetized.  The fracture system associated with
Tempe Fossae has been proposed to underly the Thar-
sis Montes.  Since Tempe Fossae exhibits no magnetic
signature, it is possible that the crust beneath the Thar-
sis Mons was never magnetized.  Two scenarios con-
sistent with the presence of high-elevation magnetic
anomalies are: (1) Anomalies in these regions reflect
pre-Tharsis Noachian basement, that has been uplifted
during the construction of Tharsis, (2) Crustal mag-
netization was acquired during the early stages of for-
mation of Tharsis, as intruded and extruded crust
cooled through the Curie temperature of the magnetic
carrier.  Scenario 1 would not require the presence of a
global magnetic field during the formation of Tharsis,
scenario 2 requires a global magnetic field at least
during the early stages of Tharsis construction.

Effect of Thermal Demagnetization:  We have
investigated two 1-D end-member scenarios for ther-
mal demagnetization of a magnetic source layer.  We
assume that the crust in the Tharsis region prior to the
formation of Tharsis was strongly magnetic, and had a
thickness of 40 – 50 km [22, 25].  Furthermore we as-
sume uniform magnetization of the crust, and a Curie
temperature of 580°C (typical of single domain mag-
netite).  Emplacement of surface lava flows heat the
underlying crust, and the maximum depth to the Curie
isotherm scales linearly with the flow thickness [26].
For 1-km thick flows, only the upper few hundred
meters of the underlying crust are raised above the
Curie temperature.  Thus volcanic extrusions after the
cessation of a dynamo will only have a small demag-
netization effect on the underlying crust, unless the
magnetic carriers are strongly concentrated upwards.

In the second calculation we use the results of the
nominal thermal model of Hauck and Phillips [25] to
estimate the temperature gradient in the martian litho-

sphere at ~ 4 Ga.  We assume the base of the magnetic
source region (crust) is initially at the Curie tempera-
ture.  Persistent intrusions and underplating of crustal
material are permitted, such that the temperature at the
base of the crust is held close to its melting tempera-
ture.  This provides a crude upper limit on the vertical
extent of demagnetization of the crust due to intru-
sions.  In this case, the lower 50% of the crust is raised
above the Curie temperature.  In practice this model
would correspond to a requirement of continuous in-
trusions over a 100 Myr period.

From these preliminary calculations it is clear that
it is possible retain significant magnetization signa-
tures during the construction of Tharsis.  We will in-
vestigate trade-offs between magnetization distribu-
tion, volcanic construction and the resulting crustal
thermal anomalies.

Evolution of Tharsis:  Integration of the magnetic
field observations with constraints from gravity and
topography are consistent with the following scenario
for the formation and evolution of Tharsis.  In the early
Noachian thermal (and possibly compositional) buoy-
ancy produced uplift, partial melting and deep intru-
sion.   This is consistent with exposed oldest Noachian
units being pre-existing crust, not volcanic construct.
Deformation of these units produced the observed ex-
tensional fracture [7,8,9].   Whether the magnetized
Noachian crust is primarily pre-existing basement or
early Tharsis construct is unknown.   Further informa-
tion regarding the relative timing of the waning and
cessation of a martian dynamo and the earliest phase of
Tharsis construction is needed.  By the mid-late Noa-
chian Tharsis topography was supported by a combi-
nation of membrane and bending stresses from load-
ing, and crustal thickening [2, 16, 18]. This transition
explains the circumferential ridges and radial exten-
sional faulting at Tharsis, the present-day gravity and
topography, valley network orientations and the reduc-
tion in magnetic field anomalies over younger surface
units.
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Introduction.  The masking effects of windblown and 
airfall-deposited dust (i.e., <40 µm particles) on 
underlying rocks and soils hinders interpretations of 
reflectance spectra of the surface obtained from orbit 
(e.g., [1]) and from the Viking and Mars Pathfinder 
landers [2-4].  Dust coatings also hampered analyses 
of alpha proton x-ray (APXS) measurements of rocks 
[3-5] and decreased Mars Pathfinder lander and rover 
solar panel power [6].  Laboratory investigations of the 
spectral effects of dust and rock coatings demonstrated 
that thin (<100 µm) layers of such coatings can 
effectively mask the spectral signature of the 
underlying materials in the visible and infrared [7-13].   
   To study the effects of dust deposition quantitatively, 
we are investigating visible/near-infrared reflectance 
of palagonitic dust coatings on substrates of basaltic 
andesite as functions of illumination and emission 
angles using the Bloomsburg University Goniometer 
(BUG).  Analysis of the bidirectional reflectance 
distribution function (BRDF) of the Mars regolith 
simulant JSC-1 palagonite deposited onto such 
substrates at a variety of coating thicknesses and at 
multiple visible/near-infrared wavelengths provides 
critical information for interpreting the photometric 
properties of the Martian surface. 
 
Background.  Johnson and Grundy [11] investigated 
the spectral effects of varying thicknesses of JSC-1 
deposited onto a basaltic substrate and modeled the 
results using a two-layer Hapke radiative transfer 
model.  They found that a model in which the single 
scattering phase function P(g) was varied with 
wavelength provided the best match to the observed 
laboratory spectra, particularly at wavelengths >750 
nm, and that the wavelength dependent behavior of 
P(g) is similar to what would be predicted by a Mie 
scattering model.  However, because their 
measurements were confined to a single phase angle 
they were not able to characterize the angular behavior 
of P(g).  As such, additional measurements at a variety 
of phase angles provide the means to more fully 
understand the phase and wavelength dependence on 
P(g), which is an essential step in generalizing those 
results to the highly variable photometric geometries 
encountered by lander and orbital sensors.   
 
Methodology. 
Sample and dust deposition.  A cut and polished 
sample of SP Flow (AZ) basaltic andesite was used as 
the substrate here [cf. 11,13], with JSC-1 dust 

(<45µm) being used as the coating material.  In order 
to mimic the airfall deposition of dust onto rocks on 
Mars, the simple deposition technique of [9,13] was 
used to coat the samples.  Samples were prepared at 
four thicknesses (14 ± 15 µm; 32 ± 27 µm; 45 ± 23 
µm; 74 ±  26 µm).  Coating thicknesses were 
determined using a vertically calibrated microscope to 
measure the focus distances between the substrate and 
the coating at 25 locations on the sample.  The 
standard deviations of the measurements were less 
influenced by the precision of the microscope stage (4 
µm) than the partial clumping of small particles into 
larger aggregates (~10-50 µm).  Such aggregate 
particles likely form due to a combination of 
electrostatic and hygroscopic effects, which results in 
an uneven distribution of thicknesses of deposited 
particles.  We believe that airfall deposition on Mars 
likely results in aggregates of particles as well [14].   
 
Spectra acquisition:  BUG.  The BUG facility is 
capable of measuring the full BRDF of a sample using 
several broadband interference filters (50 nm FWHM) 
from 400-1000 nm [15].  The light source is a 100 W 
quartz-tungsten-halogen bulb powered by a stable, 
radiometric grade power supply.  The output light is 
chopped, filtered, and focused onto a fiberoptic 
bundle, which ends at the top of the shorter goniometer 
arm with a 16 mm diameter lens assembly (Figure 1).  
The collimated output is directed onto the sample ~60 
cm below.  Samples are limited in size to ~40 mm 
diameter.  A calibrated silicon detector is mounted at 
the end of the second, longer arm (~90 cm) of the 
goniometer.  It is electronically "locked" to the 
chopper motor on the source, which greatly reduces 
noise and allows the equipment to work even under 
ambient lighting conditions.  All measurements are 
calibrated using the reflectance standard Spectralon™.  
Three stepper motor stages, each independently 
controlled by computer software, are used to position 
the light source and detector in incidence, emission, 
and azimuth.  The entire measurement process is 
automated using a PC and Labview™ software such 
that a sequence of motions in incidence, emission, and 
azimuth angles are preprogrammed.  The stepper 
motors move the appropriate axis, stop, and allow the 
detector to register and record the reflectance at that 
geometry.  We acquired data of the coated and 
uncoated substrate and JSC-1 dust with this type of 
acquisition sequence using four filters (450, 550, 700, 
and 930 nm) over incidence angles 3-65°, emission 
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BUG TWO-LAYER MODELING:  Johnson and Grundy 

angles 0-75° (Figure 2), and azimuth angles 0-170°, 
resulting in phase angle coverage from 3-138°.   

  

Figure 1.  (top) BUG goniometer shown in deployed 
position (i=45, e=65).  The longer arm on the right 
holds the silicon detector.  The shorter arm on the left 
terminates with a fiber-optic lens assembly that puts a 
near-collimated beam on the sample.   

 
Figure 2.  Matrix of incidence and emission angles 
acquired during BUG runs.   
 
Two-layer Hapke modeling.  We used the BUG data to 
expand work begun by [11] that used visible/near-
infrared spectra of JSC-1 deposited onto the SP Flow 
basaltic andesite at a single geometry (i=0°, e=27°) as 
input to Hapke radiative transfer two-layer model.  The 
additional geometries obtained using the BUG facility 
allows us to solve for the complete single scattering 
particle phase function P(g) and more rigorously 
validate the scattering mechanisms proposed by [11], 
namely that the variation of P(g) with wavelength is 
necessary to explain the observing scattering behavior.   
   The main modeling approach used is based on 
Hapke theory [16].  The Hapke model has the 
advantage of being computationally inexpensive, 

allowing inversion by iterative numerical methods.  In 
this two-layer implementation, both the opposition 
effect and specular reflections are ignored.   
   We model the full BUG data sets, i.e., BRDFs for 
the substrate, JSC-1, and the measured thicknesses of 
dust-coated samples.  The Hapke model is numerically 
inverted by means of iterative procedures that 
incorporate minimization algorithms [17].  The model 
produces Hapke parameters for the substrate and 
palagonite [11,18].  Using the parameters derived for 
palagonite, we can predict its BRDF for arbitrary 
thicknesses of palagonite coating on any material with 
known Hapke parameters.  Further, by iteratively 
inverting the Hapke model, we can determine the 
coating opacity to a high certainty (at least when the 
coating is thin enough to allow an appreciable fraction 
of the rays to sample the substrate and the substrate is 
spectrally distinct from the palagonite).   
 
Results.  To date, we have tried several permutations 
of the modeling approach described above, in an effort 
to explore the sensitivities and limitations of our 
methodology.  These include allowing single scattering 
phase functions to be fitted with various phase 
functions versus constraining them to be isotropic in 
order to reduce the number of free parameters, 
modeling different subsets of the data to estimate 
sensitivity to restricted geometric coverage, and 
modeling different wavelengths and coating 
thicknesses separately versus simultaneously. The 
following figures illustrate typical output of the model. 
   Figure 3 shows the single scattering albedos derived 
by two versions of the model for the substrate and 
dust.  In model 1, only the SP substrate was fitted, 
using all four wavelengths at once.  In model 3, all the 
dust-coated samples were fitted at all wavelengths at 
once, using substrate parameters derived from Model 
1.  In model 4, the additional data for the pure JSC-1 
coating material was included.  Figures 4-6 show 
examples of the data and model fits for representative 
incidence and emission angles at 450 nm and 700 nm 
for the substrate, JSC-1 and an example of a coated 
substrate.   
   One difficulty we have encountered is that the 
iterative minimization technique (downhill simplex 
[17]) has proved to be quite sensitive to initial 
parameters chosen (i.e., optical thickness of coating, 
single scattering albedos, and single scattering phase 
functions).  We are continuing to work on improving 
the numerical stability of our techniques to overcome 
this shortcoming.  Another difficulty arises from 
specular reflection by the polished substrate.  Since 
our model does not include a specular component, this 
feature can distort the Hapke parameters derived by 
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the model if observations obtained near specular 
geometry are included. 
 
Ongoing work.  We will model BUG data to be 
acquired of the Mars Exploration Rovers Pancam 
radiometric calibration target, subjected to various 
thicknesses of dust deposition.  These data will be 
useful in estimating dust coating thickness during the 
course of the MER missions, which is relevant to both 
solar power degradation and calibration accuracy of 
Pancam multispectral images of the landing sites.   
   We also have acquired BUG data of a “blind” 
substrate to test the two-layer model.  One of us (JRJ) 
used the BUG facility to measure a substrate unknown 
to the modeler (WMG) uncoated and coated with some 
layer(s) of JSC-1 palagonite.  These data were 
transmitted to WMG without revealing the substrate 
material or the palagonite coating thickness.  WMG 
will use the Hapke model to determine how well these 
results compared to the measured data. 
   All these measurements and models will be further 
investigated to help determine the minimum number of 
observations required to compensate for the coating 
and understand the substrate reflectance with 
confidence.  Further refinements to the model may 
include adding the ability to handle specular reflection 
and opposition effects. 
 
Conclusions.  The masking effect of aeolian fine-
grained coatings on rock surfaces plagues remote 
sensing investigations on both the Earth and Mars 
from visible to thermal infrared wavelengths.  The data 
and two-layer modeling presented here is a promising 
method to study the spectral effects of fine-particle 
coatings and improve our ability to compensate for the 
effects of dust coatings on targets of interest.  This will 
increase our ability to (1) discern underlying 
lithologies that would otherwise be obscured by the 
dust coatings; (2) determine more precisely the 
mineralogy of the dust coating components 
themselves; and (3) estimate coating thickness on 
rocks and lander components. 
 
References: [1] Mustard, J.F. and Bell, J. F., III, 
Geophys. Res. Lett., 21, 353-356, 1994; [2] Arvidson, 
R.E., et al., J. Geophys. Res., 94, 1573-1587, 1989; [3] 
McSween, H.Y., Jr., et al., J. Geophys. Res., 104, 
8679-8715, 1999; [4] Bell, J.F. III, et al., J. Geophys. 
Res., 105, 1721-1755, J. Geophys. Res., 2000; [5] 
Rieder, R., T. et al., Science, 278, 1771-1774, 1997; 

[6] Landis, G.A., and P.P. Jenkins, J. Geophys. Res., 
105, 1855-1858, 2000; [7] Roush, T.L., Lunar Plan. 
Sci. Conf. XIII, 661-662,1982; [8] Singer, R.B., and 
T.L. Roush, Lunar Plan. Sci. Conf. XIV, 708-709, 
1983; [9] Wells, E.N., J. Veverka, and P. Thomas, 
Icarus, 58, 331-338, 1984; [10] Fischer, E.M., and 
C.M. Pieters, Icarus, 102, 185-202, 1993; [11] 
Johnson, J.R. and W.M. Grundy, Geophys. Res. Lett., 
28, 2101-2104, 2001; [12], Graff, T.G., et al., EOS 
Trans. AGU , abstract #P72A-0486, 2002; [13] 
Johnson, J.R. et al., J. Geophys. Res., 107(E6), 
10.1029/2000JE001405, 2002; [14] Krinsley, D., and 
R. Leach, Precamb. Res., 14, 167-178, 1981; Krinsley, 
D., and R. Greeley, Sediment. Geol., 47, 167-189, 
1986; [15] Shepard, M.K., Lunar Plan. Sci. Conf. 
XXXII, Abstract #1015, 2001; [16] Hapke, B., Theory 
of reflectance and emittance spectroscopy, Cambridge, 
1993; [17] Marquardt, D.W., J. Soc. Indust. And Appl. 
Mathematics, 11, 431-441, 1963; Nelder, J. and R. 
Mead, Computer J., 7, 308-313, 1965; [18] Johnson, 
J.R., W.M. Grundy, and M.T. Lemmon, Dust 
deposition at the Mars Pathfinder landing site:  
Observations and modeling of visible/near-infrared 
spectra, in press, Icarus, 2003; [19] Helfenstein, P. and 
M. Shepard, LPSC XXXIV, abstract 1968, 2003. 
 

 
Figure 3.  Siungle scattering albedo values derived 
from isotropic models for substrate and JSC-1 coating.  
Model 1 includes only data from the bare substrate.  
Model 3 uses goniometric observations of 4 different 
thicknesses of JSC-1 coating.  Model 4 is the same as 
model 3, except includes the additional constraint of a 
thick sample of pure JSC-1. 
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BUG TWO-LAYER MODELING:  Johnson and Grundy 

   
Figure 4.  Model results for substrate: measured (circles) and modeled (red stars) values for specific inicidence and 
emission angles at a variety of azimuth angles for 450 nm (left) and 700 nm (right). 
    

    
Figure 5.   Model results for pure JSC-1 palagonite: measured (circles) and modeled (red stars) values for specific 
inicidence and emission angles at a variety of azimuth angles for 450 nm (left) and 700 nm (right).  JSC-1 has low 
450nm reflectances, similar to those for the SP basalt in Figure 5 (cf. Figure 3). 
 

 
Figure 6.   Model results for substrate coated with 45 µm of JSC-1 palagonite: measured (circles) and modeled (red 
stars) values for specific inicidence and emission angles at a variety of azimuth angles for 450 nm (left) and 700 nm 
(right).  Note how at 700 nm, the reflectance increases at higher emission angles because of the increasing slant path 
through the bright dust.   
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