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DETERMINATION OF NET MARTIAN POLAR DUST FLUX FROM MGS-TES OBSERVATIONS.  M. A. 
Blackmon1,* and J. R. Murphy1, 1Department of Astronomy, New Mexico State University, Las Cruces, NM 88003-
8001, USA.  *E-mail address: mablackm@nmsu.edu (M. A. Blackmon) 

 
 
Introduction:  Using atmospheric dust abundance 

and atmospheric temperature observation data from the 
Thermal Emission Spectrometer (TES) on board the 
Mars Global Surveyor (MGS), the net flux of dust into 
and out of the Martian polar regions will be examined.  
Mars’ polar regions possess “layered terrain”, believed 
to be comprised of a mixture of ice and dust, with the 
different layers possibly representing different past 
climate regimes [1-3].  These changes in climate may 
reflect changes in the deposition of dust and volatiles 
through impacts, volcanism, changes in resources of 
ice and dust [1], and response to Milankovitch type 
cycles (changes in eccentricity of orbit, obliquity and 
precession of axis) [9, 11-12].  Understanding how 
rapidly such layers can be generated is an important 
element to understanding Mars’ climate history.   

The TES instrument is an infrared spectrometer that 
observes a wavelength range of 6-50 µm.  Vertical 
temperature profiles derived from TES spectral data 
will be ingested into a 1-dimensional radia-
tive/convective transfer model of Mars’ atmosphere in 
order to “diagnose” the atmospheric circulation (winds) 
that can transport dust vertically and in the North/South 
direction.  An analysis method developed by Santee & 
Crisp [4] (for use with Mariner 9 IRIS data) will be 
used to derive the circulation and its ability to transport 
the suspended dust.  The vertical distribution of the 
dust will itself be derived from the observed tempera-
tures and the observed column dust abundance.  Along 
with TES data analysis, the NASA Ames Mars General 
Circulation Model (GCM) will be used to give a self-
consistent determination of the processes involved.  
These model results will be analyzed using the same 
methods as the TES data.  The TES data and model 
results should give a reasonable assessment of the net 
flux of dust around the poles, and help to understand 
whether dust is currently being deposited in the polar 
regions or eroding from these areas.  This analysis 
should provide clues as to the seasonal trends [1-
3,9,11-12] of the polar-layered terrains that have been 
in the spotlight over the past few years thanks to high-
resolution images from the Mars Orbiter Camera 
(MOC) onboard MGS. 

MGS-TES:  MGS has been in orbit around Mars 
since September 1997.  It carries on-board the TES 
instrument which is a Michelson interferometer that has 
a spectral range of 6-50 µm and a spectral resolution of 
5 and 10 cm-1 [5].  Vertical profiles of atmospheric 

temperature are derived from these spectra, at pressure 
levels ranging from the surface to ~40 km (0.02 mbars) 
at ~02:00 and ~14:00 local time [6]. 

Methodology:  This study uses the observed verti-
cal temperature data and dust content measurements 
from TES to analyze the sign (gain or loss) of dust at 
high latitudes.  The MGS-TES vertical temperature 
data can be analyzed in the same method as Santee & 
Crisp [4] to derive a transport circulation.  They de-
rived ‘transport’ circulation information from Mariner 
9 IRIS atmospheric temperature and dust distribution 
data in a diagnostic stream function model.  The dust 
column abundance can be derived from opacity meas-
urements in 9 µm silicate band from TES and then in-
put into a 1-dimensional radiative/convective transfer 
model to acquire a crude vertical distribution of the 
dust.  The calculated circulation and dust distribution 
will be combined to quantify the net dust flux. 

A comparison with [4] over the same season will be 
made as a preliminary order of magnitude comparison.  
Santee & Crisp [4] examined LS=343°-348°, and we 
have data for the same time period with MGS-TES for 
LS=343.4°-348.48°.  After the preliminary comparison 
of the circulation and dust distribution has been done 
and the results appear reasonable with [4], the analysis 
will then be applied over MGS years 1 and 2.  We will 
look at interannual variability for these two years, as 
there was a global dust storm in year 2 at LS=185° [6] 
and no global dust storm in year 1.  This year-to-year 
analysis of how dust storms affect dust flow around the 
polar regions can lead to an analysis of how the flux 
into or out of the polar regions is affected by the 
strength and/or number of dust storms during the Mar-
tian year. 

Along with TES data analysis, we will employ the 
NASA Ames Mars General Circulation Model (GCM) 
to give a self-consistent determination of the processes 
involved.  Applying the same analysis technique to 
model results, which provides a comparison of quanti-
fied dust flux and derived dust flux, will allow for the 
identification of potential problems in the analysis.  
The TES data in conjunction with the model results 
should give a reasonable assessment of the net flux of 
dust around the poles. 

Future Projects:  A challenging and fruitful pro-
ject beyond understanding the dust flux could be de-
termining the age of the layers from the net flux.  The 
flux of dust per year, which could give the annual 
deposition of dust per year, could be used in correla-
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tion with images from MOC (to get the thickness of the 
layers) and dust sizes measured using TES [8] in order 
to calculate the age of the layers that can be seen.  To 
do this, we could calculate the mass load, which is the 
amount of particle mass in a vertical column of atmos-
phere with a cross section of unity [7].  This is given by 
the optical depth τ, particle density ρ, and mean parti-
cle radius <r> 

)1(
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The time in years would be given by the flux Fdust 
[cm/yr] and the density of the layers ρLayers   

)2(][years
F

mTime
LayersDust ρ•

=  

This technique would be an independent method from 
counting craters to determine ages of geologic areas on 
the surface and see how it compares with past determi-
nations of the ages of the layers [7,9].  This method of 
age dating could help determine ages in the North polar 
region which has a lack of craters over 300 m for age 
dating [9].  This age dating can also be done in con-
junction with changes in Martian orbital characteristics 
through the NASA Ames GCM to help constrain 
changes in flux throughout Martian geologic history 
[10]. 
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IN-SITU DATING ON MARS: PROCEDURES AND CHARACTERIZATION OF LUMINESCENCE 
FROM A MARTIAN SOIL SIMULANT AND MARTIAN METEORITES.  M. W. Blair1, E. G. Yukihara, R. 
Kalchgruber, and S. W. S. McKeever, Arkansas-Oklahoma Center for Space and Planetary Sciences,  Department of 
Physics, Oklahoma State University, Stillwater, Ok 74078. 1email:blairmw@okstate.edu   

 
 
Introduction:  The search for past and present       

environments on Mars that could have supported life 
will be assisted by in-situ measurements and future 
sample return missions which provide a chronology of 
water activity and aeolian processes, and establish the 
age of geomorphological features on Mars.   

With the current focus on in-situ studies, Lepper 
and McKeever(1) proposed using luminescence dating 
techniques to help construct a geological history of 
Mars over the last one million years.  Aeolian proc-
esses have long  been suggested to shape the surface of 
Mars,(2) and studies are still underway to understand 
these processes.(3)  Recent work has also shown that 
water could be present on the Martian surface for brief 
periods of time either currently or in the recent past(4) 
and could result in features such as young flow chan-
nels(5). 

  New luminescence dating procedures(6,7) could 
provide ages for    several depositional environments, 
and analysis of the dose distributions among aliquots 
from a sample might help in inferring the nature of the 
depositional environments,(8) e. g., aeolian vs. water-
lain deposits(9).  The equipment required for in-situ 
luminescence measurements is straightforward, and the 
procedures used for mineral separates (i.e., quartz and 
feldspars) can be adapted for polymineral materials 
such as those expected to be encountered on Mars.  
The current work focuses on determining the lumines-
cence properties of Martian soil simulants, analogs, 
and meteorites, and using this information to develop 
luminescence dating procedures for use on the Martian 
surface. 

   
Luminescence Dating Principles:  Luminescence dat-

ing is based on solid-state properties of mineral grains 
that allow them to record their exposure to radiation.  
Absorption of radiation causes ionization of electrons, 
which subsequently become trapped at electron trap-
ping centers within the mineral. The concentration of 
such trapped electrons is a measure of the dose of ra-
diation absorbed. When the irradiated sample is stimu-
lated with light or heat, the electrons are released from 
their traps and recombine, releasing a portion of the 
stored energy as luminescence. If the luminescence is 
stimulated by light, it is called optically stimulated lu-
minescence (OSL); if it is stimulated by heat it is called 
thermoluminescence (TL). The intensity of the lumi-
nescence emitted from the mineral during stimulation is 

a measure of the dose of radiation initially absorbed. 
The value of the absorbed dose can be determined us-
ing appropriate  calibration techniques. 

The sources of natural radiation are the decay of 
natural radioactive elements in the soil (U, Th and K), 
galactic cosmic rays (GCR), and solar particle events 
(SPE).  By determining the rate of natural irradiation 
(either by direct measurement or calculation) of the 
mineral one can estimate the radiation exposure age 
according to: 

 

 
(Gy/a)  rate, dose Annual

(Gy)  dose, natural Equivalent
 (a)  Age,

R
D

T =  

 
where the SI unit for dose is the Gray (Gy, 1 J/kg).   

The radiation environment on the surface of 
planet Mars is determined by four factors: the ambient 
radiation environment, the properties of the Martian 
atmosphere, the properties of the Martian surface, and 
the radiation interaction models.  Using these data the 
average annual surface dose is calculated to be 51 mGy 
from GCR particles and 2.7 mGy from solar (SPE) 
particles (based on an 11-year solar cycle)(10). Esti-
mates from Martian meteorites suggest an average 
background dose rate of just 0.4 mGy/year due to U, 
Th and K(11). Thus, the radiation environment is domi-
nated by external radiation, even down to depths of 
>2m(9).  

Determination of the annual dose rate is thus 
simplified for those deposits that are shallow (less than, 
say, 2 m) and are stratigraphically stable.  For such 
deposits one can estimate a fixed annual average of 
approximately 54 mGy/year. These estimates are a 
global average and can be refined for the particular 
location of any future landing. On the other hand, esti-
mates of ages for deeply buried deposits would require 
a measurement or estimate of the background dose rate 
due to the presence of natural radioisotopes.  

The age being determined by this method is the 
time since the luminescence signal was last zeroed. For 
OSL dating of sediments the zeroing event is the last 
exposure of the sediment grains to sunlight during 
transport, prior to deposition. Deposition then results in 
shielding of the sediment from further sunlight expo-
sure and therefore, the “age” determined by OSL is the 
time since the last exposure to sunlight – i.e. the depo-
sitional age of the sediment. 
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Procedures(6) have been developed that allow 
equivalent doses to be measured on one aliquot (sub-
sample) thus greatly simplifying the process (as op-
posed to earlier multiple-aliquot methods).  The single-
aliquot regenerative-dose (SAR) procedure uses the 
sample’s response to a fixed test dose to correct for any 
sensitivity changes (changes in OSL response/ unit 
radiation dose) that occur during the measurement pro-
cedure.  The equivalent dose is determined by compar-
ing the sensitivity-corrected OSL signals of the natural 
irradiation and known laboratory radiation doses.  Ta-
ble 1 outlines the SAR procedure. 

 
Material Characterization:  Any materials en-

countered on Mars will more than likely be different 
than materials normally used for terrestrial lumines-
cence dating studies.  As a result, it is necessary to 
characterize the luminescence properties of Martian 
soil simulants and analogs.  In this paper, we describe 
the luminescence signals from polymineral fine-grains 
of a Martian soil simulant, JSC Mars-1, and the bulk 
fraction of an SNC Martian meteorite (ALH 77005,74). 

TL studies. The TL glow curve of JSC Mars-1 
shows a single broad peak between ~100oC and 370oC, 
with the maximum intensity at around 270oC(11). The 
Martian meteorite ALH 77005,74 has a TL glow curve 
with two peaks (Fig. 1). The first peak can be observed 
between the temperatures ~80oC and 160oC with the 
maximum at ~140oC, while the second broad peak 
ranges from 180oC to at least 400oC (the maximum 
annealing temperature) with a peak near 340oC.  Many 
Martian meteorites have peaks at ~120oC, suggesting 
that feldspar is in the low temperature ordered state(12). 
The presence of broad peaks in such samples could be 
a consequence of a single broad peak (due to a distri-
bution of charge trapping states) or the superposition of 
several smaller peaks.  

OSL studies. To determine the maximum dose     
estimable using blue stimulated luminescence signal 
(Fig. 2), the SAR method(6,7) was used to generate blue 
stimulated luminescence growth curves for JSC Mars-1 
(Fig. 3) and ALH 77005,74 (Fig 4).  For JSC Mars-1, 
the maximum estimable dose for blue optical stimula-
tion is ~7500 Gy, which corresponds to an age of 0.14-
18.8 Ma using the previous estimates of the minimum 
and maximum dose rates for Mars. The maximum es-
timable dose for the ALH 77005,74 sample is ~2500 
Gy, implying an upper age range of 0.05-6.3 Ma. 

For any dose estimation procedure such as SAR, a 
fundamental test is to demonstrate that a known dose 
can be recovered in the laboratory. To this end, dose 
recovery experiments were performed for the blue 
stimulated luminescence signals from the JSC Mars-1 
and the ALH 77005,74 sample. The equivalent dose 

ratios (measured/given) for JSC Mars-1 were 0.96 and 
0.84 for two different aliquots, and the corresponding 
ratio for ALH 77005, 74 was 0.98. The results of these 
experiments show that a known dose can be estimated 
to within 5% for both these samples.  
 

Procedure Development:  The SAR procedure 
was developed specifically for coarse-grain quartz 
samples and was later extended to polymineral fine-
grain (4-11 µm) samples.(7) As yet, however, no proce-
dure for coarse-grain (or mixture of grain sizes) has 
been developed for polymineral samples.  In fact, at-
tempts to apply the SAR procedure to coarse-grain 
feldspars have been unsuccessful(13).  

With the eventual goal of developing a true po-
lymineral procedure, experiments were undertaken to 
find a single-aliquot procedure for coarse-grain feld-
spars.  Five feldspar samples (microcline, oligoclase, 
anorthoclase, albite, and andesine) were examined to 
determine their general luminescence characteristics, 
characterize and understand any sensitivity changes 
experienced during repeated measurement cycles, de-
velop sensitivity-correction procedures, and recover a 
known laboratory dose using the procedure. 

Sensitivity changes do occur in these samples under 
repeated cycles of radiation dose, preheating, and OSL 
measurement.  However, if TL (to 450oC) is used to 
measure the luminescence signal, no sensitivity 
changes are seen. Consequently, measuring TL to 
450oC after each OSL measurement eliminates sensi-
tivity changes from repeated cycles of measurement.  
This result is consistent with sensitivity changes caused 
by competition among trapping states during irradia-
tion and measurement. 

To correct for sensitivity changes, the SAR proce-
dure (Table 1) was used as an outline.  Previous work 
has shown that the entire TL glowcurve is affected by 
optical stimulation, and this result indicates that the 
regeneration dose and test dose irradiations need to be 
preheated in the same manner.  The SAR procedure 
was then modified so that the heating in steps 2 and 5 
were identical (in both temperature and duration), and 
the sensitivity correction was tested by giving a fixed 
regeneration dose for 7 cycles.  If the procedure is ef-
fective, the same sensitivity-corrected ratio (Li) should 
be obtained for all 7 cycles and the regeneration and 
test dose signals should correlate (i.e., show the same 
pattern of sensitivity change).     

The results showed that not only is the same Li ob-
tained for the 7 cycles, but that the regeneration and 
test dose OSL signals correlate.  This is not the case 
when the test dose is heated in a different manner than 
the regeneration dose.  Further tests showed that a TL 
measurement could effectively be used each cycle (af-
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ter the test dose OSL), although, as expected, very little 
sensitivity change is seen in this case. 

For any luminescence dating procedure, the mini-
mum requirement is that a laboratory radiation dose 
can be recovered using the procedure.  We used our 
modified SAR procedure to recover a known dose (~9 
Gy) for all the samples using the blue-stimulated OSL 
signal.  The samples were given a large “geologic” 
dose and bleached with blue diodes for an extended 
period of time to simulate natural bleaching.  The 
known dose was then given and recovered, both with 
and without a TL measurement after each test dose 
OSL.  Table 2 summarizes the results of the dose re-
covery experiments.  For either case (no TL, or TL 
each cycle), the dose can be recovered to within 5 % 
when one standard deviation is considered.  However, 
a procedure that does not use TL is preferable.  Not 
only is measurement time reduced, but using only OSL 
measurements (assuming the natural sample was 
bleached and not heated) allows measurement of the 
same trapped charge.  Thus, different charge popula-
tions may be measured in the natural and regenerated 
OSL signals.  For this reason, it is suggested that the 
modified SAR procedure be used without any TL 
measurements for coarse-grain feldspars. 

The above outlined procedure is far from complete.  
Feldspathic materials have long been known to suffer 
from anomalous fading,(14) and either a correction(15) or 
elimination(16) of this problem must be found.  The full 
procedure must then be tested using feldspar samples 
with independent age controls.    

Eventually, a true polymineral procedure needs to 
be developed.  The previous experiments (including an 
future anomalous fading corrections) will need to be 
repeated with admixtures of minerals (i.e., quartz and 
feldspars).  Finally, polymineral (and possibly mixtures 
of grain sizes) samples will also need to be tested 
against independent age controls.  

  Conclusions:  The thermoluminescence and blue 
stimulated luminescence signals from the JSC Mars-1 
and the Martian meteorite ALH 77005,74 have been 
characterized in this study. Dose recovery experiments 
show that radiation doses given in the laboratory can 
be estimated to within 5% using single-aliquot proce-
dures. The blue stimulated luminescence growth curves 
suggest that the maximum theoretical estimable dose is 
~7500 Gy for the JSC Mars-1 sample, and ~2500 Gy 
for the ALH 77005,74 sample. 

A single-aliquot procedure for coarse-grain feld-
spars (based on the SAR procedure) has been outlined.  
The procedure effectively corrects for sensitivity 
changes in the investigated samples by applying the 
same preheating regimen after all irradiation doses.  
Although natural samples with independent age con-

trols have not been dated, known laboratory doses 
could be recovered to within 5%. 
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Table 1: Outline of the SAR procedure. 
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Figure 1:  TL glowcurve of ALH 77005,74.  The 
curves were produced after a 300 Gy dose.  The three 

1. Regeneration radiation dose (Di), 0 Gy if natural 
signal 
2. Preheat at Tx

oC for 10 s* 
3. Measure OSL at 125oC 
4. Fixed test radiation dose (TDi) 
5. Heat to Ty

oC* 
6. Measure OSL at 125oC 
7. Repeat steps 1-6 for a range of regeneration 
doses, including a repeat point and 0 Gy dose 
8. Find sensitivity-corrected OSL (Li=Ri/Ti) 
 
* Tx and Ty determined from experiment 
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graphs represent the TL immediately after irradiation, 
after a 140oC preheat, and after a 200oC preheat as 
indicated. 
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Figure 2: Blue-stimlated OSL decay curve for JSC Mars-1. 
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Figure 3:  Sensitivity-corrected dose-response curve 
for the fine-grain fraction of JSC Mars-1.  The signals 
have been integrated over the first 1 s of stimulation.  
The open square represents a repeat of the first regen-
eration dose. 
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Figure 4:  Sensitivity-corrected dose-response curve 
for ALH 77005,74.  

 
Sample   % St. Err. R4/R1 0 dose 

Microcline         
  no TL -0.29 +/- 0.59 1.00 0.01 
  w/ TL* 4.52 +/- 0.37 0.99 0.00 

Oligoclase         
  no TL -1.25 +/- 0.25 1.00 0.01 
  w/ TL* 0.79 +/- 0.31 1.00 0.01 

Anorthoclase         
  no TL       
  w/ TL       

Albite         
  no TL -1.59 +/- 0.12 1.00 0.02 
  w/ TL 1.71 +/- 0.19 1.00 0.00 

Andesine         
  no TL 0.40 +/- 0.68 1.00 0.00 
  w/ TL 5.11 +/- 0.86 1.00 0.01 

Table 2: Results of feldspar dose recovery experi-
ments. 

An OSL signal could not be detected for 
Anorthoclase. 
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DEFINITIVE MINERALOGICAL ANALYSIS OF MARTIAN ROCKS AND SOIL USING THE CHEMIN
XRD/XRF INSTRUMENT AND THE USDC SAMPLER.  D.F. Blake1, P. Sarrazin1, S. J. Chipera2, D. L. Bish2,
D. T. Vaniman2, Y. Bar-Cohen3, S. Sherrit3, S. Collins4, B. Boyer5, C. Bryson6 and J. King7.   1NASA Ames Re-
search Center, MS 239-4, Moffett Field, CA 94035 (dblake@mail.arc.nasa.gov), 2Hydrology, Geochemistry, and
Geology, Los Alamos National Laboratory, MS D469, Los Alamos, NM  87545, 3Science and Technology Devel-
opment Section, Jet Propulsion Laboratory, MS 82-105, Pasadena, CA 91109, 4CCD Imaging Group, Jet Propulsion
Laboratory, MS 300-315L, Pasadena, CA  91109, 5Oxford Instruments, Scotts Valley, CA  95066, 6Bryson Con-
sulting, Morgan Hill, CA  95037, 7Engineering Clinic, Harvey Mudd College, 260 East Foothill Blvd. Claremont,
CA.

Mars Astrobiology Goals & Definitive Mineral-
ogy:  The search for evidence of life, prebiotic chemis-
try or volatiles on Mars will require the identification of
rock types that could have preserved these.  Anything
older than a few tens of thousands of years will either be
a rock, or will only be interpretable in the context of the
rocks that contain it.  In the case of Mars soil, identify-
ing the nature and quantity of both crystalline and
amorphous components will be essential to under-
standing sources and processes involved in its genera-
tion.

The key role that definitive mineralogy plays is a
consequence of the fact that minerals are thermody-
namic phases, having known and specific ranges of
temperature, pressure and composition within which
they are stable.  More than simple compositional analy-
sis, definitive mineralogical analysis can provide infor-
mation about pressure/temperature conditions of forma-
tion, past climate, water activity, the fugacity (activity)
of biologically significant gases and the like.

Definitive mineralogical analyses are necessary
to establish the origin or provenance of a sample:
The search for evidence of extant or extinct life on Mars
will initially be a search for evidence of present or past
conditions supportive of life (e.g., evidence of water),
not for life itself.  Definitive evidence of past or present
water activity lies in the discovery of:

*  Hydrated minerals:  The "rock type" hosting the
hydrated minerals could be igneous, metamorphic, or
sedimentary, with only a minor hydrated mineral phase.
Therefore, the identification of minor phases is impor-
tant.

*  Clastic sediments:  Clastic sediments are commonly
identified by the fact that they contain minerals of dis-
parate origin that could only have come together as a
mechanical mixture.  Therefore, the identification of all
minerals present in a mixture to ascertain mineralogical
source regions is important.

*  Hydrothermal precipitates and chemical sediments:
Some chemical precipitates are uniquely identified only
by their structure. For example, Opal A, Opal CT,
tridymite, crystobalite, high and low Quartz all have the
same composition (SiO2) but different crystal structures
indicative of different environments - from  hydrother-

mal formation to low temperature precipitation.  Other
silica types such as stishovite can provide evidence of
shock metamorphism. Therefore, identification of crys-
tal structures and structural polymorphs is important.

The elucidation of the nature of the Mars soil will
require the identification of mineral components that
can unravel its history and the history of the Mars at-
mosphere.  Examples include:

*  Cement components of the soil:  magnetic experi-
ments conducted on Mars pathfinder suggest that com-
posite grains exist with mixed mineralogies, possibly
cemented by a sulfur-containing component (Gypsum,
anhydrite, Mg-sulfates, other complex sulfates).

*  The iron-magnetic component:  (ferrihydrite, hema-
tite, etc.).  The hydration state, oxidation state and de-
gree of crystallinity of these components provide infor-
mation on water activity and oxygen fugacity.

*  The oxidative component:  Is this a UV photolyzed
surface layer or a phase ubiquitous in the soil?

*  The global/local dust and soil units:  Much of the
Mars surface will have been mapped multispectrally at
high resolution by the time data are returned from the
Mars Science Laboratory.  Ground truth mineralogical
data will serve to validate much of this information.

Crystal Structure Information is Required for
Definitive Mineralogical Analysis:  Mineralogical
identification - the determination of crystal structure - is
a critical component of Mars Astrobiological missions.
Chemical data alone are not definitive because a single
chemical composition or even a single bonding type can
represent a range of substances or mineral assemblages.
Definitive mineralogical instruments have never been
deployed on Mars, and as a result, not a single rock type
or mineral has been identified with certainty.

Minerals are defined as unique structural and com-
positional phases that occur naturally.  There are about
15,000 minerals that have been described on Earth.
There are likely many minerals yet undiscovered on
Earth, and likewise on Mars.  If an unknown phase is
identified on Mars, it can be fully characterized by
structural (X-ray diffraction; XRD) and elemental (X-
ray fluorescence; XRF) analysis without recourse to
other data because XRD relies on the first principles of
atomic arrangement for its determinations.  An un-
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known mineral discovered on Mars could be fully de-
scribed (structure and composition), named and likened
to terrestrial counterparts without recourse to other data.
X-ray diffraction is the principal means of identification
and characterization of minerals on Earth.

Modern X-ray diffraction methods are able to iden-
tify all minerals in a complex mixture using full-pattern
fitting methods such as Rietveld refinement [1].  When
X-ray amorphous material is present, Rietveld refine-
ment can determine the relative amount of amorphous
material, and a radial distribution function can be cal-
culated which will help identify the principal atom-atom
distances present in the material.

The CheMin XRD/XRF Instrument:  The
CheMin XRD/XRF instrument [2-6] is capable of de-
finitive mineralogical analysis.  The original prototype
has been modified (and made portable) by replacing the
original laboratory source with an Oxford Instruments
ApogeeTM small-focus X-ray source (figure 1).  In the
current version, the small-focus source (70 µm diame-
ter) and a 30 µm final aperture yield a beam diameter at
the sample of ~100µm.

A wide variety of minerals and rocks has been
analyzed utilizing 40 KV accelerating voltage and 0.25
µamps beam current (10 watts).  Interpretable patterns
of single minerals can be obtained in less than an hour
and quantifiable patterns of complex rocks can be ob-
tained in a few hours.

Figure 1:  CheMin II instrument

Quantitative mineralogical analyses have been ob-
tained for a variety of minerals using the CheMin II
prototype.  Rietveld refinements have been made using
data for apophylite (a zeolite), limestone, limestone-
evaporite, San Carlos olivine, the basaltic Mars meteor-
ite Zagami and many others.  Refined unit-cell parame-
ters for the San Carlos olivine from CheMin data are
4.757(4), 10.235(5), and 5.995(3) Å, yielding a compo-
sition of Fo90 - Fo95 (figures 2-3).

Sample preparation for X-ray Diffraction:  Powdered
samples are required for XRD because a near-infinite
number of orientations of crystallites to the beam is
needed in order to produce an interpretable pattern [7].
Chipera et al [8] report on the use of a flight prototype
Ultrasonic Drill (USD) to produce powders suitable for
XRD.  Although a two-dimensional detector as used in
the CheMin instrument will produce good results with
poorly prepared powders [9], the quality of the data will
improve if the sample is fine grained and randomly
oriented.

Figure 2:  2-D diffraction pattern of Olivine

0

20

40

60

80

100

0 10 20 30 40 50 60

San Carlos Olivine

I (%)

2θ

Figure 3:  Diffractogram of CheMin olivine data (red)
vs. positions & intensities of forsterite standard (blue
triangles)

An Ultrasonic/Sonic Driller/Corer (USDC) cur-
rently being developed at JPL (Figure 4) is an effective
mechanism of sampling rock to produce cores and
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powdered cuttings.  It performs best with low axial
load (< 5N) and thus offers significant advantages for
operation from lightweight platforms and in low grav-
ity environments.  The USDC is lightweight (<0.5kg),
and can be driven at low power (<5W) using duty cy-
cling.

To assess whether the powder from an ultrasonic
drill would be adequate for analyses by an XRD/XRF
spectrometer such as CheMin, powders obtained from
the JPL ultrasonic drill were analyzed and the results
were compared to carefully prepared powders obtained
using a laboratory bench scale Retsch mill.

Eight samples representing potential target rocks
for a Mars lander were prepared for study.  The sam-
ples include igneous volcanic rocks (basalt and ande-
site), sandstone, and evaporite/spring deposit rocks
(tufa, calcite veins, and calcite-gypsum evaporites).
To characterize the particle size distribution for sam-
ples obtained from the USDC, each sample was wet
sieved through 100, 200, and 325 mesh sieves (150,
75, 45 µm respectively) and sample weights were re-
corded.  Further analyses were conducted on the <325
mesh fraction using a Horiba CAPA-500 particle size
distribution analyzer set up to bin from 0-50 µm using
5 µm bins.

 Two types of rock powder were generated from
the drill.  Fine powder was generated from the cutting
tip itself; the second product consisted of spallation
detritus generated during the drilling operation.  It was
found that the softer materials tended to produce far
more spallation detritus than the harder, more compe-
tent materials and that the orientation of the drill to the
rock also affected spallation.  Figure 5 shows results
from a sample acquired from the basal limestone of the
Todilto Formation (Profile cliffs, Canjilon Creek, New
Mexico).  This sample is composed mainly of calcite
with minor quartz and gypsum.  The top histogram
shows that the bulk of the ultrasonic drill powder gen-

erated for this sample was composed of spallation de-
tritus.  However, the <325 mesh fraction (middle his-
togram), which is representative of the material gener-
ated at the cutting tip of the ultrasonic drill, shows that
the drill does an excellent job of generating a fine
powder for XRD analysis with much of the powder
less than 10 µm in size.  The bottom histogram shows
the particle size distribution obtained on this sample
from a laboratory Retsch mill for comparison.

The ultrasonic drill did an outstanding job of gen-

erating quality XRD powders from all of the materials
tested.  XRD patterns obtained from the mechanically
screened ultrasonic drill powders with CheMin II, as
well as with a laboratory Siemens D500 XRD unit, are
essentially indistinguishable from powders obtained
from a laboratory Retsch mill.  The particle size distri-
butions are also quite comparable between the two
methods, demonstrating that the ultrasonic drill is more
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Figure 5:  Basal Limestone, Todilto Formation

Figure 4:  A schematic view of the USDC components.
The USDC is shown to require relatively small preload
to core a rock.
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than adequate to generate powders for a landed
XRD/XRF spectrometer.  Equally important, the phase
composition of powders prepared using the USDC drill
is identical to powders prepared from bulk material
using the laboratory Retsch mill.  In practice, intro-
duction of the powder into an XRD instrument may
require passing the sample through a sieve to separate
the drill bit powder from spallation detritus.

Future CheMin XRD/XRF Instruments: Two
CheMin III laboratory instruments are being built.  The
first is a deep-depleted CCD version suitable for both
XRD and XRF.  The second is a phosphor-coated CCD
version suitable for XRD only.  The XRD/XRF instru-
ment, fitted with a Co X-ray source and a deep-depleted
CCD, will record both the positions and energies of
individual X-ray photons.  Deep-depletion will increase
the quantum efficiency (QE) for diffracted X-ray detec-
tion from 0.05 to at least 0.50, yielding a 10-fold in-
crease in count rate.  XRD data will be utilized along
with XRF results to create a fully quantitative system
for both data sets.  This is a particularly powerful com-
bination since refined lattice parameters from XRD can
in many cases be used to calculate composition (e.g.,
the San Carlos olivine shown in figure 3), enabling a
partition of elements into specific oxidation states.  In
combination with XRF, this will allow the quantifica-
tion of complex mineralogies in which solid solution
series are present (olivines, pyroxenes, amphiboles,
carbonates, etc.).

The second instrument, intended for XRD only, will
be fitted with a phosphor-coated CCD and a Mo X-ray
source.  This instrument will be used to evaluate a more
conservative fall-back strategy which would not require
cooling, single-photon counting or thin X-ray windows.
In addition, the phosphor will result in a QE of 1.0 for
the device.  A pin diode will be evaluated to collect
qualitative XRF data for use with the XRD results.

A fourth prototype (CheMin IV) which is being de-
signed for the Mars ’09 MSL opportunity, will utilize a
CCD camera based on the MER ’03 camera and a car-
bon nanotube field emission (CNTFE) X-ray tube de-
veloped by Oxford Instruments in collaboration with the
Center for Nanotechnology at NASA/ARC (figure 7).
The integration of a USD and powder delivery mecha-
nism with CheMin IV will yield a robotic, deployable
and flight-worthy XRD/XRF instrument.

CheMin IV will weigh less than a kilogram and will
operate with as little as five watts of power (although
increased power will result in shorter data acquisition
times).  Individual XRD patterns and XRF spectra will
comprise a data volume of 2X1024X16 bits.

This research was supported by NASA’s Astrobiol-
ogy Science and Technology Instrument Development
(ASTID) and Mars Instrument Development (MIDP)
programs as well as the Director’s Discretionary Fund
of Ames Research Center.  PS was supported by a fel-
lowship from the National Research Council.
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Figure 6: CheMin III prototype.  The camera is built by
Andor, Inc.  The camera is fitted with an e2v Technolo-
gies 55-30 front-illuminated, deep depletion sensor
1242 X 1152 pixels in size with 22.5 µm square pixels.
The Sample Loading and Manipulation System
(SLIMS) unit is designed and built by students from the
Engineering Clinic of Harvey Mudd College, and the X-
ray tube is a commercially available ApogeeTM Co tube
from Oxford Instruments.

Figure 7:  CNTFE X-ray tube manufactured commer-
cially by Oxford Instruments, Inc.
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Introduction:  The composition of the Martian sur-

face and atmosphere on a global scale has been discov-
ered in great part from spectroscopic measurements in 
the visible through infrared.  Spectroscopic observa-
tions on Mars however require careful analysis from 
both atmospheric and mineralogical perspectives.    

The 2-4 µm region contains diagnostic absorption 
features indicative of water such as the 3 µm bound 
water band and cation-0H stretches between 2-2.5 µm.  
Carbonate minerals also have absorption features in 
these wavelength range.   However, this wavelength 
region also has atmospheric signatures from CO, CO2, 
water vapor, clouds, and atmospheric dust that compli-
cate direct mineralogical interpretations.   Several ab-
sorption features have been identified in the in the 2.0 -
2.5 µm (e.g. Clark et al. 1990, Murchie et al. 1993, 
Bell et al. 1994) at moderate resolution.  These fea-
tures, while intriguing, are weak, narrow, and fre-
quently at the edge of instrumental and observational 
limits. 

Spectroscopic observations at high spectral resolu-
tions (λ/λ∆ > 800) can aid in the separation of weak 
surface and atmospheric absorptions that at lower reso-
lution overlap.   This paper focuses on understanding 
the atmospheric spectral signatures so that the underly-
ing surface mineralogy can be understood.  

Figure 1.  Long slit drift-scan geometry during the 1999 
KPNO observations 

 

 
Observations:  Imaging spectroscopy observations 

of Mars from 2 to 4.12 µm at high spectral resolution  
(λ/λ∆ ~ 800-2300) were collected in April 1999 using 
the cryogenic long slit spectrometer at the Kitt Peak 
National Observatory 2.2 m telescope and in July 2001 
using SpeX at the NASA Infrared Telescope Facility. 
The 1999 data have been used to model the cloud opti-
cal depth, particle sizes, and ice aerosol content of the 
aphelion cloud belt and to monitor diurnal changes in 
clouds (Glenar et al. 2003).  Preliminary analysis of the 
atmospheric dust, clouds, and ice of the 2001 data has 
also been undertaken (Glenar et al. 2002)    

A high spectral resolution image cube is created by 
allowing the spectrometer slit to slowly drift across the 
disk, while recording a continuous stream of 1D spec-
tral x 1D spatial images.  Customary processing steps 
(flatfield, sky subtraction, photometric corrections and 
wavelength calibration using lamp or atmospheric fea-
tures) are applied to each slit spectrum.   Figure 1 
shows an example drift scan.  This example shows the 
slit motion and Mars aspect geometry during the July 
14, 2001 SpeX observation.   Slit is oriented celestial 
north-south and drifts west to east on the sky.  Drift 
rate and spectrum coadd rates are chosen so that there 
are two spectral records per 0.5 arcsec slit width (Ny-
quist sampling).  During a sequence, the telescope syn-
chronously nods north-south to achieve careful sky-
subtraction.  The series of spectral images is reformat-
ted into a spectral image cube. During the drift scan 
sequence, a boresighted guide camera acquires a con-
tinuous time-tagged image series.  This is used later on 
to register each slit image in x and y, using a disk cen-
troiding algorithm. 

The influence of dust and clouds must be fully con-
sidered in spectroscopic analysis of the surface.  Physi-
cal and diurnal properties of water ice clouds can be 
derived from this data as discussed below, as can the 
properties of atmospheric dust (e.g., optical depth and 
single scattering albedo).  Finally, once the behavior of 
dust and clouds is understood, surface mineralogy can 
be investigated.   
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Figure 2.  Three µm band depth map (one of 6) showing ice 
cloud opacity in a qualitative sense. Dark features near disk 
center show clouds immediately to the west of Elysium 
Mons.  Other low latitude features arise from the diffuse 
aphelion cloud belt, and higher latitude features from the 3 
µm hydration band  

Figure 2 and 3 show the distribution and some 
properties of aphelion season clouds (Ls=130), from L-
band image cubes acquired in April '99.  Figure 2 
shows a map of cloud optical depth obtained from one 
image cube, albeit poorly represented in this black and 
white figure.  Dark represents larger cloud opacity.  
Prominent in this map (near center) is an orographic 
cloud which is just beginning to form on the west flank 
of Elysium Mons, at about 12:00 LST.  Additional 
features at other positions arise from the diffuse, north 
tropical cloud band, as well as the spectral influence of 
the 3 micron surface hydration band, which shows up 
at higher latitudes.  The local time evolution of the 
Elysium Mons cloud was analyzed quantitatively by 
fitting the measured cloud spectra from all six image 
cubes (spanning ~ 5 hours) to scattering models (Gle-
nar et al. 2003).  As shown in Figure 3, cloud thickness 
is initially indicative of morning cloud activity (c.f., 
Colaprete et al. 1999), followed by a decline in optical 
depth, and once again, prominent cloud growth due to 
afternoon convection and condensation in the cold 
aphelion atmosphere (Clancy et al. 1996). 

The 2001 IRTF measurements were acquired at 
Ls=195, coincidentally just after the onset and initial 
growth of the large, early-season dust storm 2001A 
(Smith et al., 2002).  Spectral image data acquired in 
K-band (Figure 4) show the effect of dust on the 
strength of the 2 micron atmospheric CO2 absorption 
band.  Increased dust opacity in the southern hemi-
sphere suppresses the depth of this band, mostly be-
cause of the effect of dust scattering.  Radiative trans-

fer models incorporating scattering, combined with 
these observations can be used to estimate dust optical 
depth and also constrain the dust single scattering al-
bedo, which is poorly known at these wavelengths 
(Clancy et al. 1995).  Dotted lines in these plots show 
the results of scattering model calculations (DISORT, 
Stamnes et al. 1988) which crudely approximate the 
observations.  Newly available dust RT parameters 
derived from MGS measurements of emission phase 
function, were provided for these calculations by Wolff 
and Clancy (personal communication).  Such results 
are sensitive not only to dust optical depth, but also to 
the assumed dust vertical distribution. 

 
 

 
 

Figure 3.  Local time evolution of the Elysium Mons cloud 
spectral shape.  Derived optical depth (τ at 3.2 µm) is indi-
cated at each time step. 
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Figure 4.  K-band spectra along the central meridian, in the 
northern (top) and southern (bottom) hemispheres during the 
global dust storm 2001A.  Dotted lines show model compari-
son spectra. 

Figure 5 shows a map of atmospheric CO2 band 
depth, which is a reliable (but qualitative) indicator of 
dust optical depth.  The dark region at north latitudes, 
near 0 deg longitude indicates a minimum in dust opti-
cal depth.  This partial void was also observed by MGS 
TES at about the same Ls (M. Smith, personal commu-
nication) and was later filled as the dust storm evolved. 
 

 
 
Figure 5.  Atmospheric CO2 band depth map.  This provides 
a qualitative, inverse measure of dust optical depth.  Bright 
in this figure indicates larger dust optical depth. 

The detailed modeling of cloud properties (Glenar 
et al 2003) permits us to now identify regions where 
the atmosphere is clear and to look for variations in the 
3 µm bound water band and for Cation-OH stretches 

on the Martian surface independent of possible clouds.  
Similarly, we can use indications of dust opacity in the 
2 µm carbon dioxide gas band to identify clear regions 
that are minimally affected by the 2001 dust storm. The 
high spectral resolution also enables the clean identifi-
cation of atmospheric features, solar lines, residual 
telluric absorptions, and weak surface features.   

Weathered Basalt or Andesite? Banfield et al. 
2000 mapped the surface of Mars using data from the 
Mars Global Surveyor Thermal Emission Spectrometer 
(TES). They identified two distinctive surface spectral 
signatures in the low albedo regions.   Modeling and 
comparison to terrestrial igneous materials showed that 
Type I material (older and located in the Southern 
highlands) was basaltic in nature while Type II (located 
in the younger Northern plains) was of andseitic com-
position.  Wyatt and McSween 2002 put forth an alter-
native interpretation for the Type II unit as a weakly 
altered basalt due to: similarities between the spectral 
characteristics of clays and high silica glass; geochemi-
cal arguments against the production of large volumes 
of andesite given Mars’s geologic history; and com-
parisons between the location of Type II material and 
proposed standing bodies of water in the Northern 
plains of Mars. 

Wavelengths between 2-4 µm have diagnostic ab-
sorption features indicative of water such as the 3 µm 
bound water band and cation-0H stretches between 2-
2.5 µm.  The large areal extent of the Type I and Type 
II units means that ground-based observations in this 
wavelength range could provide additional information 
on composition. 

The 2001 IRTF SPeX data was used to identify 
Type II material based on observational geometry and 
evaluation of dust opacity.  An represent spectra of this 
region was extracted using a 3x3 pixel box—shown in 
red in Figure 6.  This represents ~0.9 arc seconds area 
of the disc and is consistent with our spatial resolution.  
Note that there are clear albedo contrasts at this wave-
length in spite of the dust storm. Figure 7 shows the 
extracted spectra and the spectra of  montmorillonite (a 
clay).  No distinctive cation-OH stretches were seen, 
indicating that well crystalline clays are beneath our 
detection limits at this location.  No evidence for car-
bonates is observed. The fine structure seen in the 
spectra are due to absorptions in the Martian atmos-
phere (including dust, e.g. figure 4) and solar spectral 
features.  At this spectral resolution mineralogical ab-
sorption features are much broader than those observed 
in the spectra. 

The 1999 KPNO data was used to identify a region 
of Type II material in our dataset between 30° and 
50°N latitude and 260° - 280°W longitude.   The spec-
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tra show a clear 3 µm bound water band.  The attempt 
to identify Type I regions that were cloud free in our 
data set was problematic due to its association with 
volcanoes (which develop orographic clouds) and to its 
equatorial distribution, which is affected by the aphe-
lion cloud belt. Careful comparison of the Type II ma-
terial to the Type I basaltic unit and the Martian bright 
regions in the future may permit an assessment of the 
relative hydration state of the Type II materials and 
help resolve this debate.  However, detailed modeling 
of the spectra will be required and other effects such as 
grain size, cementation, and viewing geometry need to 
be assessed. 

  
 

Figure 6. Location of the spectrum shown in figure 7.    
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Figure 7.  Type II material between 2-2.5 µm and  an 
example clay  mineral, montmorillonite. 
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MODELING THE SEASONAL SOUTH POLAR CAP SUBLIMATION RATES AT DUST STORM
CONDITIONS.  B. P. Bonev1, P. B. James1, M. J. Wolff2, J.E. Bjorkman1, G. B. Hansen3, and J. L. Benson1, 1Ritter
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(wolff@colorado.edu), 3Planetary Science Institute, Northwest Division, Univ. of Washington, Seattle laboratory,
Seattle, WA 98195 (ghansen@rad.geology.washington.edu).

Introduction: Carbon dioxide is the principal
component of the Martian atmosphere and its interac-
tion with the polar caps forms the CO2 seasonal cycle
on the planet.  A significant fraction of the atmospheric
constituent condenses on the surface during the polar
winter and sublimes back during spring.  The basic
aspects of the CO2 cycle have been outlined by
Leighton and Murray [1] and a number of follow-up
theoretical models ranging from energy balance to
general circulation models have been used to study the
physical processes involved in the cycle [2,3].

Observations of the boundaries of the seasonal CO2

caps and the pressure curves measured by the Viking
landers have been used to search for interannual vari-
ability in the carbon dioxide cycle.  An important as-
pect of these studies is the lack of evidence for a strong
coupling between the Martian dust cycle and the CO2

cycle. Ground-based historical data suggests some
connection, but disentangling real differences from
systematic errors is problematic [4].  On the other
hand, the Viking pressure curves for years with vastly
different dust storm histories have showed only subtle
differences [2].

MGS Observations: The 1999 and 2001 spring
regressions of the south seasonal polar cap have been
observed in unprecedented detail by MGS in both vis-
ual (MOC) and IR (TES) wavelengths.  This has pro-
vided an excellent opportunity for a precise compari-
son between the cap regression rates for years with
very different atmospheric conditions in early spring.
While the early phase of the 2001 regression occurred
during a global dust storm [5], the 1999 season was
significantly less dusty.  It should be emphasized that
the MGS observations allow studies not only of the
average cap decay but also of localized regions with
distinctive albedo properties, such as the Cryptic re-
gion [6] (low visual albedo) and the Mountains of
Mitchel [6,7] (high visual albedo).  A schematic repre-
sentation of the main observational results is shown on
Figure 1:

1.  Low visual albedo regions displayed slower re-
gression (by Ls~4˚-5˚) in 2001 compared to 1999 [6].

2.  Bright regions showed faster regression rates by
the same amount [6,7].

3.  Our preliminary average regression curves for
2001 and 1999 are very similar despite the very differ-
ent dust storm history.
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Figure 1. A schematic summary of the MGS observations of the 2001 south polar �
               cap decay. MOC images show that a significant fraction of the cap �
               was obscured by dust in early spring. The regression rates are compared 
               qualitatively to the 1999 season. Dark areas displayed slower decay [6], �
               while areas with high visual albedo regressed faster than in 1999 [6,7].   

Modeling the CO2 Frost Sublimation As a Func-
tion of the Atmospheric Dust Load: The three types
of surface responses to increased atmospheric dust
have been predicted using a radiative transfer model
through a dusty atmosphere bounded by a sublimating
CO2 surface.  The basic model has been described in
[7].  These are monte carlo calculations which use the
condition of radiative equilibrium and year-to-date
dust single scattering properties for both visual and IR
wavelengths [8].  The model considers two effects of
dust: atmospheric dust which redistributes the
radiation incident to the surface from visual frequen-
cies to the IR, and surface dust intermixed in the frost,
which is the main factor determining the surface al-
bedo spectrum [9].  Pure CO2 frost has a high visual
albedo and a distinct minimum in the IR emissivity
near 25 µm.  Intermixed dust on the surface tends to
lower significantly the visual albedo and to bring the
IR emissivity close to unity.  The second important
surface parameter is the grain size of the CO2 frost.

While in [7] we have considered only the limiting
cases of very high and very low visual albedos, here
we present a detailed parameter study spanning various
dust-to-ice mixing ratios and frost grain sizes.  The
results are shown in Figure 2a-2c which plots the CO2
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sublimation flux (SF) versus the total atmospheric dust
optical depth at 550 nm.  The SF has been normalized
to the total flux incident on the atmosphere and calcu-
lated as a difference between the spectrally integrated
fluxes absorbed and emitted by the surface (set to sub-
limate at 147 K).

Figure 2a. CO2 Sublimation Flux vs. Total Atmospheric Dust Optical Depth �
                 at 550 nm for a frost grain size of 100 µm and various contents �
                 of intermixed surface dust.�
�

Figure 2b. CO2 Sublimation Flux vs. Total Atmospheric Dust Optical Depth �
                 at 550 nm for a frost grain size of 1 mm and various contents �
                 of intermixed surface dust.�
�

The main model results reproduce qualitatively the
observations presented schematically on Figure 1:

1.  The absorption of surface frost with a high dust
content (1 wt% being the upper limit [9]) is dominated
by visual photons.  Therefore the attenuation of direct

solar radiation by atmospheric dust results in retarded
sublimation.

2.  Conversely, the absorption of regions with low
dust content is dominated by IR photons, owing to the
high visual albedos.  In this case the visual-to-IR re-
distribution of the energy incident to the surface,
caused by atmospheric dust, leads to increased subli-
mation rates.

Figure 2c. CO2 Sublimation Flux vs. Total Atmospheric Dust Optical Depth �
                 at 550 nm for a frost grain size of 1 cm and various contents �
                 of intermixed surface dust.�
�

3.  There is a wide range of combinations between
surface dust content and frost grain size for which the
CO2 sublimation rates show only subtle variations with
the amount of atmospheric dust load.  In these cases
the surface absorption is distributed equally between
visual and IR wavelengths, so the overall atmospheric
dust effect is not important.  It should be emphasized
that the discussed region of the parameter space repre-
sents a "typical frost" [9] and consequently explains
the apparent insensitivity of the average decay rate of
the south seasonal cap to dust storm activity.  Strong
coupling between sublimation and atmospheric dust
exists primarily on local scale for regions with "devi-
ant" surface albedos.

A note should be made about the possibility that
newly deposited surface dust played a role in the faster
regression of bright regions (like the Mountains of
Mitchel) by lowering the surface albedo and thus in-
creasing the absorbed flux and consequently the subli-
mation rate.  While this scenario cannot be ruled out, it
fails to explain the slowing down of the dark regions
such as the Cryptic region, which is consistent with the
effect of atmospheric dust.
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Modeling improvements:
Surface properties. The surface albedo is a major

parameter and its accurate modeling is of primary im-
portance.  Compared to our first limiting case study [7]
we have examined in depth the albedo changes with
surface dust-to-ice mixing ratio and frost grain size;
the variation of the albedo with photon incident angle
and the dependence on the ratio of direct/diffuse inci-
dent radiation have been included.  In monte carlo cal-
culations the albedo dependence on the direction of the
reflected photons is also important. This variable has
been held as a free parameter by simulating different
laws of surface reflection.  A good constraint of the
best directional distribution of the photons reflected
would enable incorporating this factor accurately into
our model.

Atmospheric radiative transfer. The results pre-
sented are based on radiative transfer through atmos-
pheric dust.  The successful interpretation of all obser-
vations with this model is primarily due to the fact that
(1) the surface boundary conditions include sufficient
detail, and (2), that the radiative equilibrium calcula-
tions are fairly good in representing the visual-to-IR
redistribution of incident photons caused by atmos-
pheric dust.  At the same time an improved accuracy
and wider applicability is achievable only by including
the CO2 15 µm band as a second opacity source.  Us-
ing well-constrained dust single scattering properties
enables fairly accurate calculations in the visual, but in
the IR the CO2 band "screens" part of the thermal dust
emission (and vise versa). This interaction can be rep-
resented accurately only if these two opacity sources
are considered together.

The challenge is that our monte carlo calculations
use the condition of radiative equilibrium, i.e. the at-
mospheric temperature profiles are not used as input
but have been calculated based on the opacity sources
given.  The original algorithm [10] was built for tem-
perature-independent opacity sources like dust, and for
this case the whole procedure is non-iterative.  The gas
opacity is temperature and pressure dependent, and
therefore its inclusion causes a major change in the
model.  Addressing this, we first calculated the CO2

extinction coefficients averaged over parts of the 15
µm band using the correlated-k approach [11].  This
allowed the building of a simple "dust-and-gas" model
in which the CO2 opacity is calculated for some "char-
acteristic" pressure and temperature.  The next step has
been (April 2003) developed, and it includes self-
consistent calculations in which the gas opacity varies
with altitude through pressure and temperature.  Ulti-
mately such modeling can be used outside the polar
conditions to accurately simulate radiative effects
during global dust storms.

Acknowledgement: Five of the authors (BPB,
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ported by NSF Grant AST-9819928.
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DEPTH-DEPENDENT THERMAL STRESS ON A ONE-PLATE PLANET, MARS.  L. L. Boroughs1 and E.
M. Parmentier1, 1Department of Geological Sciences, Brown University, Box 1846, Providence, RI 02912,
Lydia_Boroughs@brown.edu.

Introduction:  We calculate the accumulated de-
viatoric thermal stresses and strains for a one-plate
planet such as Mars, using a parameterized thermal
evolution model. We determine that global cooling
should be a major contributor to stresses on Mars, re-
sulting in stresses large enough to cause compressional
faulting of the upper portion of the crust, and perhaps
larger than stresses from other sources. Compressional
features found globally on Mars including wrinkle
ridges [1, 2, 3], could therefore be explained largely by
the cooling of the planet, and our calculated thermal
stresses and strains agree with those from wrinkle
ridge structural studies.

Some workers have previously suggested that sur-
face tectonism on Mars could be the result of a global
mechanism [4, 3], but quantification of such a process
has not yet been fully explored. Previous studies have
examined thermal stresses for one-plate planets and in
lithospheric plates on Earth. Our calculations, use
boundary conditions appropriate for a one-plate planet
such as Mars, and include the effects of the volume
change of the cooling interior, as well as contraction
due to temperature changes in the lithosphere. Stresses
as a function of depth in the lithosphere are determined
by the distribution of cooling with depth, brittle failure
near the surface, and  viscous relaxation of stresses at
greater depths.

Methods: We calculate the accumulated thermal
stress and strain as a function of depth for a duration
corresponding to the time of wrinkle ridge formation,
based on a thermal  model of a cooling, one-plate
planet. Crustal thickness, rheology of the crust and
mantle, and distribution of heat sources all affect the
calculated stresses.

Cooling model. With the strongly temperature de-
pendent viscosity expected for solid flow by thermally
activated creep, a cool, high viscosity, conductive lid
forms at the top of a deeper, thermally convecting
mantle. Beneath a thermal boundary layer at the base
of the lid, convection maintains an adiabatic mantle in
which potential temperature does not vary with depth.
Thermal evolution models are formulated on the basis
of energy conservation in which the rate of change of
thermal energy in the convecting mantle is equated to
the difference between the heat flux into the conduc-
tive lid and the rate of radiogenic heat production. The
temperature at the base of the conductive lid and the
heat flux convected to it are determined by scaling
relationships derived from laboratory and numerical

experiments [5]. Within the conductive lid, tempera-
tures are determined by numerical, finite difference
solutions of the transient heat conduction equation with
an appropriately defined heat production as a function
of depth [6]. The conductive lid thickens as it cools.
Temperature-depth distributions as a function of time
form the basis of our calculated thermal stresses.

Thermal stress calculation. Several earlier models
calculate the thermal stresses in an oceanic plate (eg.
[7, 8]) and impose boundary conditions such that the
stresses averaged over the lithosphere thickness vanish,
since a plate can contract laterally to relieve this stress.
For one-plate planets [9, 10], the lithosphere is not able
to relieve stresses by lateral contraction. These models
can be further categorized, as those that consider the
stress generated by a change in curvature of a plate [7]
(such as is generated by a cooling planetary interior
and a reduction in planetary radius), by the cooling
within a plate [8], or some combination of these effects
[9, 10]. One can also contrast the models that consider
the depth-dependence of the stresses in a lithosphere
[10, 6, 9], and others which consider only the stresses
averaged throughout the thickness of the lithosphere
[7].

The increment of deviatoric stress produced from
an increment of cooling can be written as

ds (z) = E* {dR/R -  a dT(z)},
where ds (z) is an increment of deviatoric stress from
an increment of cooling of the lithosphere at some
depth, dT(z), and the change in radius of the planet, or
vertical strain, dR/R, due to an incremental cooling of
the interior of the planet, dTi, where a is the linear
coefficient of thermal expansion, E* = E /(1-n), E is
Young’s modulus, and n  is Poisson’s ratio. To a first
approximation,

dR/R ª a dTi,
where dTi is an increment of cooling of the convecting
interior of the planet. It is evident that an increment of
cooling, dT(z) contributes a positive, or tensional
stress, and an increment of cooling dTi contributes a
negative, or compressional stress.

The contributions to the total horizontal deviatoric
stresses from the cooling interior and lithosphere are
inter-dependent. At every depth (z) the radial dis-
placement is due to the cooling interior (all material
below the depth z), but is also affected by the elastic
compression of the interior due to contraction of the
lithosphere (a function of the stresses in the litho-
sphere, above the depth z) [9]. The stresses in the
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lithosphere are in turn modified by the internal com-
pression. We therefore derive a depth-dependent ex-
pression for the deviatoric thermal stresses which in-
cludes compression of the interior, a function of the
stresses at every depth. Derivation of this expression is
beyond the scope of this abstract.

Stress relaxation.  The accumulated stresses within
the lithosphere are limited either by frictional sliding
on faults or relaxed by viscous flow due to thermally
activated creep. Several workers incorporate similar
frictional sliding [8] or viscous flow [10] limits into
their stress estimates. Most, however, neglect one or
both of these considerations.

For a lithosphere that has been pervasively frac-
tured to some depth by impacts, frictional sliding pro-
vides a lower bound for accumulated stresses at shal-
low depths. Frictional sliding is incorporated into the
stress calculation by applying Byerlee’s Rule [11].
Thermal stresses that exceed the maximum or mini-
mum deviatoric stresses allowed using Byerlee’s Rule
are reset to the maximum or minimum values in each
time step. Stresses large enough to cause frictional
sliding occur in the upper few kilometers of the crust.

Our models use temperature and stress dependent
flow laws for three different crustal rheology examples
reasonable for Mars [12]: dry clinopyroxene (cpx)
[13], dry diabase [14], or wet diabase flow laws [15].
These are combined with similar flow laws for a dry
olivine (with a dry crustal rheology) or wet olivine
mantle rheology (with the wet crustal rheology case)
[16].

It is important to recognize that changing the
stresses at any depth, due to viscous relaxation or brit-
tle failure, can result in a change in the stresses at other
depths.

Strain. Incremental strain as a function of depth is
calculated using the incremental stress that does not
include brittle failure or viscous relaxation (described
above) for each time step,

de (z) =  {(1-n) / E } ds (z),
where ds(z) is the stress increment and de(z) the in-
crement of strain for one time step. Accumulating in-
crements de(z) over time gives the total strain at a par-
ticular time and depth. The strain calculations are then
compared with estimates of strain on Mars from tec-
tonic analyses.

Parameters. Our calculations consider crustal
thickness between 20 and 60 km, reasonable estimates
for Mars based the work of Zuber and others [17].

In the cooling model, the distribution of heat-
producing elements within the planet is varied between
a case for uniform heating (volumetric concentrations
of these elements in the crust and mantle are equal),
and the extreme case where all the heat-producing

elements are concentrated within the crust (volumetric
concentration in the crust is a function of crustal thick-
ness, and the concentration in the mantle is zero). We
do not consider cases where the concentration of these
elements in the mantle is greater than the crust, be-
cause incompatible heat-producing elements will end
up in a crust generated by melting the mantle.

Buried wrinkle ridges in the northern plains formed
in the Early Hesperian, with tectonic activity dimin-
ishing into the Mid-Hesperian [2, 18]. Recent work on
cratering rates for Mars [19] suggests that the Early to
Mid Hesperian corresponds to about 1 Ga of Martian
evolution. Therefore, wrinkle ridges must have formed
from stresses accumulated in the first 1 Ga.

For simplicity, we do not consider the effects of
phase changes in the mantle, hydrothermal circulation,
melt interaction or production, the presence of ice, lat-
eral density contrasts on the cooling or stress models,
or the petrologic dependence of Poisson’s ratio or
Young’s modulus, and defer these considerations to
future work.

Results:  Representative results for the evolution of
temperature, stress and strain contours, are given in
Figures 1-3 for 1 billion years of evolution. Profiles of
stress and strain for the same case are shown in Figure
4. This case assumes 50% of the heat-producing ele-
ments are concentrated in a 40 km thick crust, and uses
wet diabase and mantle rheologies, providing conser-
vative stress and strain magnitudes.

For the case represented in Figures 1- 4, the stress
magnitudes increase with time, and are large enough to
cause compressional failure in the upper 5 km of the
crust. Tensional failure does not occur. From about 5
km to 8 km, strain is elastic, and at >8 km viscous flow
becomes important, never allowing accumulation of
stresses at depths beneath 20 km.

The effects of different rheologies are shown in
Figure 5. Compared to the case in Figure 4, stresses are
sustained over greater depths and accumulate to larger
magnitudes for a stronger rheology (cpx is stronger
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than diabase, dry rheologies are stronger than wet).
Compressional failure occurs for all rheologies to 5 km
after 1 Ga, apparently independent of rheology. Strain
magnitudes are also independent of rheology, and the
profiles in the three cases shown in Figure 5 plot on
top of one another. While the type of strain may
change (i.e. from elastic to plastic), the magnitude is
not affected by changing rheology.

Similarly, the effects of varying crustal thickness,
and varying the distributions of heat-producing ele-
ments are shown in Figures 6 and 7. Over time scale
shown, the shape of the thermal profile within the crust
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is sensitive to changing the crustal thickness, but the
internal temperature is not. Therefore, the stress and
strain variations in Figure 6 are a result of the varying
thermal profile, and the weaker crustal rheology ex-
tending down to greater depths. Strain is shown to in
crease in magnitude at most depths with an increasing
crustal thickness. Tensional elastic stress and strain are
only seen with a thin crust.

The internal temperature in our thermal model, for
the time scale of 1 billion years, is sensitive to the dis-
tribution of radioactive heat-producing elements.
Therefore, variations in the distribution of these ele-
ments in the crust and mantle significantly affects the
thermal profile in each case. A higher concentration of
heat-producing elements in the crust results in more
rapid cooling of the interior and the lithosphere. For a
constant crustal thickness and rheology, Figure 7
shows that the depth to which stresses are retained
(~20 km) is not significantly affected by changing the
distribution of heat-producing elements. However
strain and stress magnitudes increase with increasing
heat productivity in the crust.

Discussion:  Previous hypotheses Martian com-
pressional fault formation suggest that the stresses pro-
duced by the evolution of the Tharsis rise are the
dominant mechanism, especially since the fault pattern
seems to be strongly affected by proximity to Tharsis.
Models of stresses from Tharsis include the effect of
surface loading (eg. [4]), thermally buoyant uplift by a
mantle plume, isostatic stresses due to lateral density
contrasts in the lithosphere, or some combination of
these factors [20]. Plume uplift or surface loading
mechanisms individually would generate stresses on
the order of two hundred MPa near the center of Thar-
sis, with magnitudes decreasing with distance from the
center, but with directions of faulting that depend on
the mechanism in question [20]. Some combination of
these mechanisms would therefore produce stresses of
smaller magnitudes.

Thermal stress magnitudes from our model are
comparable to those those from Tharsis buoyant uplift
or surface loading [20]. Interestingly, if some combi-
nation of Tharsis uplift and surface loading have oc-
curred, then the thermal stress magnitudes will domi-
nate, even at the center of the rise where the stresses
are the largest.

Recent studies of gravity and topography data show
that the load of Tharsis is nearly (95%) compensated
[21], and global horizontal stresses resulting from an
isostatic Tharsis [20] are at least one order of magni-
tude smaller than the maximum thermal stresses.

Surface strains from our calculations are compara-
ble to those measured in structural models of wrinkle
ridges [22]. Our calculations are also consistent with

fault geometry models for wrinkle ridges including a
shallow decollement. However, any decollement in our
model is required to change depth throughout the
thermal evolution of the planet as the stress magni-
tudes increase and the depth of brittle behavior in-
creases.

We conclude, therefore, that thermal stresses due to
the cooling of Mars may play a significant role in the
compressional tectonic features present on Mars, in-
cluding wrinkle ridges. Since thermal stresses are iso-
tropic, the orientations of ridges may be controlled by
the relatively small stresses from the loading of Thar-
sis, as suggested in [4, 3]. The thermally generated
accumulated strain may be reflected in the displace-
ments along faults beneath ridges. Since we do not
expect the thermal strains to vary widely with distance
from the center of Tharsis, the ratio of fault displace-
ment to ridge spacing should relatively constant. This
is a hypothesis that should be tested.
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MARS GLOBAL SURVEYOR RADIO SCIENCE ELECTRON DENSITY PROFILES : INTERANNUAL VARIABILITY
AND IMPLICATIONS FOR THE NEUTRAL ATMOSPHERE. S. W. Bougher, Space Physics Research Laboratory, U. of
Michigan, Ann Arbor, MI 48109-2143, USA, (bougher@umich.edu), S. Engel, Lunar and Planetary Laboratory, U. of Arizona,
Tucson, AZ 85721 USA, D. P. Hinson, Stanford University, Palo Alto, CA 94035 USA, J. R. Murphy, New Mexico State University,
Las Cruces, NM 88003 USA.

The Mars Global Surveyor (MGS) Radio Science (RS)
experiment employs an ultrastable oscillator aboard the space-
craft. The signal from the oscillator to Earth is refracted by
the Martian ionosphere, allowing retrieval of electron density
profiles versus radius and geopotential. The present analysis
is carried out on five sets of occultation measurements : (1)
four obtained near northern summer solstice (Ls = 74-116,
near aphelion) at high northern latitudes (64.7-77.6N), and (2)
one set of profiles approaching equinox conditions (Ls = 135-
146) at high southern latitudes (64.7-69.1S). Electron density
profiles (95 to 200 km) are examined over a narrow range
of solar zenith angles (76.5-86.9 degrees) for local true solar
times of (1) 3-4 hours and (2) 12.1 hours. Variations span-
ning 1-Martian year are specifically examined in the Northern
hemisphere.

In four of these datasets, sampling is well distributed over
longitude. Specific attention is given to the height and magni-
tude of the primary F1-ionospheric peak observed in each of
these profiles. The height of this photochemically driven peak
is controlled by the neutral density structure. Variations are ob-
served as a function of SZA (weak) and longitude (strong), with
a mean height of 134-135 km for the near aphelion profiles.
The magnitude of this same photochemical peak is controlled
by the changing solar flux; a mean ionospheric peak density
of 7.0-9.0E+04 cm-3 was obtained, relecting solar moderate

conditions.
Seasonal inflation/contraction of the Mars atmosphere,

dust storm expansion/abatement, and planetary wave processes
are all thought to impact the integrated atmospheric column
and the height of the dayside ionospheric peak. The Michigan
Mars Thermospheric General Circulation Model (MTGCM) is
exercised for Mars conditions appropriate to these RS obser-
vational periods in order to understand the underlying neutral
atmosphere conditions giving rise to these ionospheric features
(mean and variations). Solar moderate fluxes (F10.7 = 130),
aphelion conditions (Ls = 90), and low dust opacities (tau =
0.3) are specificed. The MTGCM simulations also incorporate
wave features resulting from upward propagating migrating
plus non-migrating tides as well as in-situ tidal forcing. Lon-
gitude variations in the height of the simulated ionospheric
peak are contrasted with corresponding RS longitude varia-
tions in measured peak heights. Tidal modes responsible for
these longitude specific wave features are also identified. The
interannual variations in the longitude structure of the height
of the F1-peak (Northern hemisphere) are small, signifying the
repeatability of the Mars atmosphere during aphelion condi-
tions. Clearly, the height of the dayside ionospheric peak is
a sensitive indicator of the changing state of the Mars lower
atmosphere. This research is funded by the NASA MGS Data
Analysis Program.
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AEOLIAN SEDIMENT TRANSPORT PATHWAYS AND AERODYNAMICS AT TROUGHS ON MARS. M. C.
Bourke1, J. E. Bullard2  and O. S. Barnouin-Jha3, 1School of Geography and the Environment, University of Oxford,
Oxford, OX13TB, UK, mary.bourke@geog.ox.ac.uk 2Department of Geography, Loughborough University, Loughborough,
Leicestershire, LE11 3TU, UK. 3The John Hopkins University, Applied Physics Laboratory, Laurel, Maryland 20723, USA.

Introduction: There has been little focus on the aeo-
lian features associated with troughs and valleys on
Mars. We look at these features for two reasons. First,
the new suite of high resolution data permits an inves-
tigation of aeolian processs dynamics at the landform
scale. Second, it is important to understand the extent
to which geological signatures of past fluvial activity
have been modified by aeolian processes. Mars Orbital
Camera (MOC) images show that there is an abun-
dance of transverse bedforms on trough floors [15] but,
to date, other within-valley dune forms have not been
identified. Valleys on Earth are known to act both as
sediment sources within dune fields [11, 14, 19] and
also as interceptors or 'sinks' blocking or truncating
sediment pathways.  On Mars the approach to deter-
mining sediment sources, transport pathways and sinks
has tended to be global in scale [1] and few studies
have focused on the landform scale.

Topography affects both wind velocity and
direction. Sediment transport and erosion may increase
as wind velocities increase on the windward side of
topographic features such as hills and valleys [9]
whilst zones of flow separation on the downwind side
may be areas of preferential deposition [8]. Wind flow
patterns predicted by general circulation models for
Mars and Earth show correlation with the orientation
and location of aeolian deposits [1, 3] .  Terrestrial re-
search on the interactions between synoptic scale wind
flow and trough topography suggests that the presence
of troughs will initiate not only a within-trough wind
regime, but also may affect the strength and orientation
of wind on the Planitia surface [5, 16].

This paper focuses on the interaction between
trough topography and aeolian sediments on Mars.
Using detailed observations from narrow and wide
angle MOC images of troughs in Syrtis Major (and
elsewhere), the effects of interaction between regional-
scale wind patterns and trough topography on aeolian
depositional forms are described.  We highlight the
range of  dunes found within the trough, suggest po-
tential sediment sources and consider the role of the
trough as a temporary sediment sink and/or store.  Us-
ing work that has been undertaken on valley-wind in-
teraction on Earth, a preliminary 2d model is devel-
oped to investigate similar interactions under Martian
conditions. We suggest that, through its impact on
aeolian sediment transport pathways, the trough pro-
vides an important link (source/sink) for exchange of
sediment between different aeolian forms and different
parts of the surface. There is a sediment transport con-
tinuum between the trough and the aeolian features
both within and adjacent to it [4].

Aeolian deposits on the Planitia surface: Two
types of aeolian deposits are identified on the Planitia
surface adjacent to the trough - wind streaks and drift
deposits. Both bright and dark albedo markings feed
into and extend from troughs. These are similar to the
coalesced individual bright streaks reported by Thomas
et al., [18]. Most of the bright and dark albedo mark-
ings are discontinuous across the trough indicating a
change in streak composition. The details of the bright
albedo markings are seen in high resolution MOC im-
ages and are identified as drift deposits. Drift deposits
are accumulations of wind blown particles not orga-
nized into bedforms [9]. They appears to be a thin,
discontinuous, sediment sheet and the dark albedo area
appears devoid of (bright albedo) sediment at this
resolution. There are two types: sand patches and sand
streamers. Sand patches are irregularly-shaped areas,
the largest measuring 1.7 km2. Some appear to be
trapped in topographic lows such as degraded impact
craters. Streamers are narrow, slightly sinuous and
sometimes discontinuous. They have an average width
of 12 m and are of variable length (100-400 m). The
development and origins of the two types of deposit
appear to be linked as streamers frequently feed into
and extend from patches.  Lancaster [12] suggests that
sand patches are initiated in a zone of spatially and
temporally fluctuating winds and disperse as surface
roughness increases and sand supply is reduced.

Trough aeolian deposits: The trough floors have a
variety of aeolian deposits. As falling, transverse and
climbing dunes in troughs have been described else-
where [4] we will not repeate that data here. The range
of aeolian features detected  in troughs is now ex-
panded to include sand ramps, barchan, barchanoid and
linear dunes (see Fig. 1). Here we describe sand ramps.
These low albedo deposits have accumulated along
sections of the downwind  trough walls. The features
have scalloped upper margins, and overlie the trans-
verse ridges on the trough floor. MOLA profile data
intersecting one such feature indicates it climbs to at
least 28 m up the trough wall.  We interpret these de-
posits to be a series of sand ramps, where fine-grained
slope debris from the trough wall (and possibly floor)
is blown back up the trough wall. Sand ramps on Earth
are commonly composed of mixed materials such as
aeolian, fluvial and colluvial sediments [13].  Sand
ramps have not been previously reported on Mars.

Computational fluid dynamic modeling: W e
have undertaken preliminary 2-D computational fluid
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dynamic (CFD) modeling of the flow field generated
in an isolated trough in a flat, plateau terrain under
Martian conditions. The CFD used for this study was
developed by Ferziger and Peric [7] and uses an im-
plicit finite volume scheme with a pressure correction
method (SIMPLE scheme).We consider the idealized
situation where a wind blows steadily over the top of a
canyon consisting of two 90 m vertical walls separated
by an 800 m flat floor, and an 880 m plateau further
downstream. We assume that incoming wind velocity
possesses a flat profile and thereby crudely simulate
the surface acceleration of wind as it passes over the
upwind edge of a valley in wind tunnel experiments
[8].

Surface roughness on the upstream plateau and
within the Vallis probably ensures turbulent flow con-
ditions. We thus use a version of the SIMPLE scheme
that includes a _-_ turbulent flow model, where _ pa-
rameterizes the turbulent energy of a flow and _ esti-
mates the energy dissipation by turbulence in shear
zones near surfaces and at the edge of obstacles.  We
use values of _ = 0.015 and _ = 0.0037 that are com-
puted from the streamwise turbulence measured in the
wind tunnel experiments of Garvey et al., [8] using
typical equations for estimating these parameters [2].

Because we are considering steady state flows, the
outflow conditions assume zero velocity gradients at
the boundary and the same total mass flux as at the
inlet.

CFD Model Results: We present results for three
wind speeds:  1m/s, 10m/s and 20m/s.  The first two
encompass the wind speeds measured by several of the
Mars Landers on a typical Martian day [10, 17]. The
last corresponds to typical wind speeds measured dur-
ing Martian dust storms.

For all three wind speeds, similar flow streamlines
are produced. The results for the 1m/s model run is
presented in figure 2. We see a zone of recirculation
behind the upstream trough wall, recirculation associ-
ated with corner flow at the base of the downstream
wall, acceleration of flow and flow separation at the
top of the downstream trough wall, and formation of a
subsequent recirculation zone on the downwind sur-
face.  All the flow patterns are consistent with the wind
tunnel experiments presented in Garvey et al. [8] ex-
cept for the downstream corner flow re-circulation
zone.

  In our numerical results, the reattachment point is
at approximately at 5.9h, which is essentially identical
to that observed in the wind tunnel

Implications: This modeled modification of the
synoptic wind pattern by the trough has a number of
implications for sediment transport adjacent to troughs
on Mars and compares well with the distribution of
sediment observed in troughs.  First, the model of Gar-
vey et al., [8] suggests that there will be a region im-

mediately upwind of the trough where little or no aeo-
lian deposition takes place due to accelerated flow.
Second, the CFD illustrates a zone of flow separation
and consequent reduction in velocity at the upwind
trough wall.  We expect that, where sediment is avail-
able, significant amounts will be deposited at the foot
of the slope. Third, there may be erosion or a zone of
low/no deposition at the point of reattachment (~5.6h).
Fourth, there may be deposition in the recirculation
zone at the foot of the downwind wall. Fifth, as the
velocity increases at the top of the wall we suggest that
sediment erosion/entrainment may be enhanced and
would expect no or low deposition in this reach. Fi-
nally, beyond the trough we expect a zone of deposi-
tion.

The model indicates that maximum wind velocities
are generated at the trough outlet. These velocities are
an increase of ~30% for upwind values. The modeled
acceleration indicates that regional winds on the order
of 4.2 m/sec can mobilize sand in certain topographies.
As these lower magnitude winds occur more fre-
quently, we hypothesize a higher frequency of sand
transport in these locations. Dunes on Mars have not
actively migrated in the last ~30 years [6, 20]. We have
shown that topography can accelerate wind velocities
under Martian conditions. It may be that current dune
activity is limited to locations of accelerated flow and
features such as sand streamers and climbing dunes
associated with topography should be targeted in future
dune activity investigations.

Sediment sources and pathways:  Four potential
sediment sources for aeolian deposits in troughs have
been identified; wind streaks, ambient Planitia sedi-
ment, dunes and the trough (walls and floor). In addi-
tion, intra-dune nourishing is proposed as an important
component in the sediment transport pathway. A
trough can act as both a throughflow area for aeolian
sediments as well as a store, sometimes being signifi-
cantly modified by the aeolian deposits. Wind streaks
and ambient Planitia sediments, and in certain loca-
tions dunes, are sediment sources and means by which
sediment is transported across a surface on Mars.
Troughs (and valleys) will act as topographic barriers
to sediment flux, temporally storing sediment in a
range of bedforms.  Under appropriate conditions and
nourished by sources within the trough, sediment is
supplied to the downwind Planitia surface. These data
show that different styles of aeolian deposit can be
both physically connected and linked as sinks and
sources along sediment transport pathways.

Conclusions: Interaction between wind regimes
and topography can give rise to complex suites of aeo-
lian landforms.

There is a wider range of deposit types in troughs
on Mars than has previously been documented.  These
include wind streaks, falling dunes, ‘lateral’ dunes,
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barchanoid dunes, linear dunes, transverse ridges, sand
ramps, climbing dunes, sand streamers and sand
patches.

The sediment incorporated into these deposits is
supplied by wind streaks and ambient Planitia sedi-
ment as well as originating within the valley itself,
notably from the trough walls and floor.  There is also
transmission of sediment between dunes of different
types.

The flow model indicates flow separation on the
upwind side of the trough followed by reattachment
and acceleration across the trough. The inferred pat-
terns of sediment deposition and removal compare well
with the distribution of aeolian forms.

Model data indicate a speedup of wind velocity by
~ 30% on the downwind trough margin. This suggests
that, in suitable topography, the threshold wind speed
necessary for sand mobilization on Mars may be gen-
erated from regional wind velocities as low as 4.2
m/sec.

The range of aeolian deposits recorded at Arnus
Vallis (and in the Nili Patera Caldera and Candor
Chasma) may be inherently linked to regions of high
sediment flux, wind streak development and the pres-
ence of troughs and valleys.

References

1.Anderson, F.S., et al., Journal of Geophysical
Res e a r c h , 1999. 104 (E8): p. 18,991-919,002
2.Barnouin-Jha, O.S., P.H. Schultz, and J. Lever, Jour-
nal of Geophysical Research, 1999. 104: p. 27117-
27132. 3.Blumberg, D.G. and R. Greeley, Journal of
Climatology, 1996. 9: p. 3248-3259. 4.Bourke, M.C.
and J.E. Bullard. in LPSC XXXIII. 2002. 5.Bullard,
J.E., G.F.S. Wiggs, and D.J. Nash, Geomorphology,
2000. 35: p. 127-143. 6.Edgett, K.S. and M.C. Malin,
Journal of Geophysical Research, 2000. 105(E1): p.
1623-1650. 7.Ferziger, J.H. and M. Pervic, Computa-
tional methods for fluid dynamics. 1996, Berlin:
Springer Verlag. 356. 8.Garvey, B., et al. in Interna-
tional Congress of Aeolian Research. 2002. Lubbock,
Texas: Texas Tech University. 9.Greeley, R., et al.,
Journal of Geophysical Research, 2002. 107(E12).
10.Greeley, R. and J.D. Iversen, Wind as a geological
process on Earth, Mars, Venus and Titan. Cambridge
Planetary Science. Vol. 4,. 1985: Cambridge Univer-
sity Press. 333. 11.Lancaster, N., Journal of Sed Pe-
trology, 1986. 56: p. 395-400. 12.Lancaster, N., Earth
Surface Processes and Landforms, 1996. 21(10): p.
947-954. 13.Lancaster, N. and V. Tchakerian, Geo-
morphology, 1996. 17: p. 151-165. 14.Mabbutt, J.A.
and R.A. Wooding, Zeitschrift fur Geomorphologie,
Suppl., 1983. 15: p. 51-69. 15.Malin, M.C. and K.S.
Edgett, Journal of Geophysical Research, 2001.
106(E10): p. 23,429-423,570. 16.Sierputowski, P., J.
Ostrowski, and A. Cenedese, Journal of Wind Engi-
neering and Industrial Aerodynamics, 1995. 57 : p.

127-136. 17.Sullivan, R., et al., Journal of Geophysical
Research, 2000. 105(E10): p. 24,547. 18.Thomas, P.,
et al., Icarus, 1981. 45: p. 124-153. 19.Wasson, R.J.,
Late Quaternary paleoenvironments in the desert
dunefields of Australia, in Late Cainozoic Paleocli-
mates of the Southern Hemisphere, J.C. Vogel, Editor.
1984, Balkema: Rotterdam. p. 419-432.
20.Zimbelman, J.R., Geophysical Research Letters,
2000. 27(7): p. 1069-1072.

Sixth International Conference on Mars (2003) 3216.pdf



Figure 1
Trough in Central Candor Chasma MOC image

(E03-00746) 7.01°S, 72.69°W, 4.30 m/pixel. Image
shows sig infilling of trough system with sand that
significantly modifies morphometric signature (a),
transverse forms on adjacent surface (b). low albedo
dunes, falling dunes (c) and linear dunes (d), feeding
low albedo linear and barchan dunes (e) on downwind
side of trough.

Figure 2.
Streamline (top) and flow vector (bottom) results of

CFD model. The red arrows are equal to the incoming
flow speed. Reduced wind speeds are indicated in col-
our: from red, through yellow, green and to blue. The
arrow length indicates relative flow velocities. Mod-
eled flow is from left to right.  Streamlines and flow
vectors at 1 m /sec. Flow reattachment is at x/l = 0.7,
x/h = 5.9.
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Evidence for a Thick, Discontinuous Mantle of Volatile-Rich Materials in the Northern High-Latitudes of
Mars Based on Crater Depth/Diameter Measurements: Joseph M. Boyce, Peter Mouginis-Mark, and Harold
Garbeil, All of the Hawaii Institute of Geophysics and Planetology, University of Hawaii, Manoa, Honolulu, HI,
96822. jboyce@higp.hawaii.edu.

Introduction:   The ultimate goal of this study is to
provide insight into the erosion and depositional his-
tory of Mars.  This study focuses on the surface history
of the northern high-latitudes of Mars suggested by
depth/diameter (d/D) relationships of craters found
within that region. Variation in d/D relationships
across this latitude zone suggests the presents of a
blanket of materials in the lowlands covering both
crater floors and the surround plains north of 45° N.
The technique described by [1] was applied to the
1/64° MOLA database in six sample areas (Utopia,
Acidailia, North Polar basin, the lowlands north of
Protonilus, and the highlands of northern Deuteronilus,
and Tempe Terra) in order to search for spatial varia-
tions in d/D.  Depth and Diameter for a total of 1023
craters, ranging from about 2 km to over 100km di-
ameter were measured in sample areas.  Unlike previ-
ous d/D studies that only measured depth from the
crater rim to its floor (dR/D), the difference in eleva-
tion between the surface surrounding the crater and the
crater floor was also measured for each crater (ds/D). 

Background:  The morphologies of fresh Martian
craters include features both similar and dissimilar to
fresh crater morphologies found on the other terrestrial
planets.   However, the basic sequence of changing
morphologies with increasing diameter from simple to
complex to multi-ring basins originally described for
the moon [2], and Mercury [3,4] applies to Mars as
well [5,6,7,8, 9].  Differences observed in the Martian
crater morphology (e.g., fluidized ejecta, pitted-central
peaks, size of simple crater to complex crater transi-
tion) from those on other planets are primarily second
order-variations, due to the influence of the Martian
environment [10].   On Mars, some variations are pro-
duced as an initial morphology of the crater [11].  For
example, [9] has suggested that the fresh crater dR/D
relationship may be different for craters in the north
polar region because of target material effects. How-
ever, other variations are clearly the result of modifi-
cation of the initial crater shape by surface process
such as erosion or deposition [8, 9,12]. To a first order,
the origin of such variation can be determined by com-
paring fresh crater morphologies produced when the
crater (in an area) to the crater(s) in question. Further,
different types of surface processes also produce char-
acteristic, though not unique, changes to the shapes of

craters.  With the aid of photogeologic analysis these
process can generally be inferred, providing insight
into history.  This technique is similar to that used by
crater counters to infer the surface processes that effect
the shapes of their size frequency curves. 

We have extended these earlier studies, measuring
dR/D and dS/D for craters in the Utopia basin.  We
found that the crater population in Utopia basin exhib-
its an anomalous ds/D relationship.  The floors of cra-
ters in Utopia basin were found to be generally at the
same elevation as the surrounding terrain [12]. This
behavior was ascribed to the deflation of a regional
mantle of fine-grained, ice-rich sediment similar to that
described by [13, 14].  We suggested that the mantle
had been produced from an ancient ocean. 

Results:   We have expanded our previous study of the
Utopia basin to three additional northern high-latitude
lowland sample area as well as two areas in the north-
ern high-latitudes highland (all north of 45° N). This
study focuses on craters in the 3km to 13km diameter
range because 1) small craters are most abundant and
hence provide the greatest statistical confidence, and
2) MOLA data is ill-suited for the accurate measure-
ment of d/D of craters smaller than a few kilometers.
Consequently, this size range is a balance between
these two constraints.  

The data show that the northern high-latitude region of
Mars can be divided into two major regions of similar
d/D relationships (note: polar materials were excluded
from this study). The first, the highlands terrain north
of 45°N, where the dR/D and dS/D relationships (Fig-
ure 1 and 2) are similar to those for craters found in
mid- and high-southern latitude regions (i.e., depth
increases with diameter). The second region, the
northern lowland plains, where the dS/D relationship is
markedly different from dsD in any other region on
Mars, while the dR/D relationship is similar to d/D
relationships found in all other parts of Mars [8, 9,12].
Like for the Utopia basin, a plot of the ds/D relation-
ship for craters in the high-latitude northern lowlands
plains follow a nearly horizontal regression line (slope
~ 0) on d/D plots.  This indicates that the crater floors
and the surrounding terrain are at nearly the same ele-
vation.  In addition, few craters in this size range show
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fresh crater dS/D relationships suggesting that the
mechanism that caused this relationship most likely is
geologically young. Though we have less statistical
confidence in the dS/D relationship for craters larger
that ~13km diameter and have not presented this data
here, it should be noted that the data suggest there may
be a slight increases in depth with increasing size.   

In addition to collection of d/D data, we have con-
ducted a preliminary examination of craters in the
northern lowlands using Viking, MOC and THEMIS
images.  Similar to previous observers (e.g., [13] [14]),
we have found that smooth, layered materials mantle
the floors of most craters and surrounding plains in the
anomalous dS/D region. On the floors of larger craters
these deposits may form discontinuous isolated mesas
while on the surrounding plain these deposits are typi-
cally patchy and discontinuous, resulting in the forma-
tion of a great variety of landforms on the northern
plains (e.g., knobs, irregular mesas, closed depressions
and various forms of patterning). Many of these land-
forms have been interpreted as developing from the
action of ground ice [14,15]. The mantle appears to be
up to several hundred meters thick and in some places
nearly fills craters a few kilometers across. The mantle
also appears to be layered suggesting they may have
formed as sedimentary deposits in a low energy envi-
ronment such as an ocean, lake or from the atmos-
phere. Most crater appear to be in the process of being
exhumed from beneath the mantle, with only a few
fresh craters found to be superposed on the mantle. 

Interpretation:   In order for the observed dS/D rela-
tionships to have developed in the northern lowland
plains a mechanism must be found that can explain
why crater floors are at about the same elevation as the
surrounding terrain.  While at the same time, this
mechanism must also explain why the distance from
the crater floors to their rim increases with crater size.
In addition, the mechanism must explain why nearly
all craters are effected in the northern lowland plains,
but none appear to be affected in the northern high-
lands.  We suggest that deflation of an ice-rich mantle
covering the northern lowland plains best explains the
data and is the most likely cause of the anomaly,
though such mechanisms as viscous relaxation, surface
creep or deposition from the atmosphere, might con-
ceivably explain some of the observations [15, 16,17].
We favor our model because 1) sublimation and defla-
tion of a several hundred meters thick ice-rich mantle
would produce the observed d/D relationships, and 2)
the anomalous dS/D relationship is found only in the
northern lowland plains, but absent in the northern
highlands. This latter relationship argues against sur-
face creep or viscous relaxation because ground ice

needed for these mechanisms to work is stable and
expected to be present in both the northern lowlands
and northern highlands [14, 15].  As a result craters in
both these areas should show the effect of these proc-
ess, but they are absent in the northern highlands.
Similarly, processes that would deposit the mantle
from the atmosphere should also operate in both re-
gions.  However, because the anomalous dS/D relation-
ship is limited to the northern lowlands but not ob-
served in the northern highlands this process also ap-
pears to be ruled out. 

We suggest that the erosion style of the mantle has
produced the observed d/D relationships. There is am-
ple evidence for a mantle blanketing the northern
lowland plain that is made of layers of volatile rich
fine-grain materials [14,15]. We contend that sublima-
tion of ice from this mantle and the subsequent re-
moval of its fine-grained sediments by the wind would
result in uniform erosion across its surface. Conse-
quently, as the mantle (assuming it was initially de-
posited of approximately uniform thickness in any
particular area) erodes and its elevation decreases all
points on its surface would stay at the same relative
elevation with respect to one another, both inside and
outside of the craters. As a result, the topography of
buried craters would be progressively exposed, analo-
gous to the way they would be exposed if submerged
in a lowering body of water. This process would result
in the development of ds/D relationship where ds val-
ues are nearly zero no matter the value of D.  At the
same time, because rim height is typically a function of
crater size, the rims of the largest crater should emerge
first from beneath the deflating mantle’s surface.  As
deflation continues and the surface elevation of the
mantle decreases locally, rims of smaller and smaller
craters will also emerge. As this process continuous,
the larger craters, with their higher rims, will rise
higher above the deflating mantle than do the smaller
ones with their lower rims.  This process results in the
development of a dR/D relationship where dR increases
with increased D.  

Origin of the Mantle:    Our model suggests that the
observed d/D relationship of craters found in the
northern lowland plains is caused by the erosion of a
geologically young mantle composed of several hun-
dred meters of ice-rich sediments. What are the ways
such an ice-rich sedimentary mantle could be pro-
duced? The observed layering in the mantle is consis-
tent with deposition of sediments in a low energy envi-
ronment such as provided by a large body of standing
water (i.e., ocean) or from the atmosphere. An atmos-
pheric origin appears to be ruled out by the distribution
of the mantle, but expected for an origin involving an
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ocean [18, 19].  In addition, the relative youth of the
deposit is inconsistent with an origin related to an
ocean whose water was derived from floods delivered
down the large outflow channels [18,19].  However,
the recent work of [14] (water from a local source) and
[20] (water from a global aquifer) have proposed
mechanisms that provides large amounts of water from
the subsurface at nearly anytime.  The details of these
models must be developed further in order to decide
which fits or data best and therefore favor.

References: [1] Mouginis-Mark, P.J. et. al.( 2003)
LPSC, XXXIV: 2040. [2] Pike, R. J., (1974), Geo-
phys. Res. Lett., 1,291-294. [3] Pike, R. J., (1980),
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UAZ Press, 165-273. [5] Hartmann, W, (973). JGR:
78, 4096-4116. [6] Cintala, M. and Mouginis-Mark P.
J., (1979) GRL: 47, p. 4119-4121. [7] Pike, R. J., and
Davis, P., (1984), LPSC: 645-646. 
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[9] Garvin, J. B., (2002), LPSC XXXIII: 1255-1256.
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Figure 1: Plot of crater diameter against crater depth
relative to crater rim for craters in the 3-13km diameter
range. Lines through data points are regression lines
for each area.  A line represent d/D for all fresh craters
from [8] has been include for comparison purposes.  
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Figure 2: Plot of crater diameter against crater depth
relative to the surrounding surface for craters in the 3-
13km diameter range.  All depth have had 200 m
added to their value to make all measurements posi-
tive.  Lines are the same as in Fig. 1.
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ABUNDANCE AND DISTRIBUTION OF ICE IN THE POLAR REGIONS OF MARS: MORE EVIDENCE
FOR WET PERIODS IN THE RECENT PAST.  W. V. Boynton1,2, M. Chamberlain1, W. C. Feldman3, T.
Prettyman3, D. Hamara1, D. Janes1,  K. Kerry1 and the GRS team. 1Lunar and Planetary Lab, Univ. of Arizona,
Tucson AZ 85721, 2Department of Planetary Science, Univ. of Arizona, Tucson AZ 85721, 3Los Alamos National
Laboratory, Los Alamos N.M 87545. 

Introduction: In our earlier work [1] we showed
that the south polar region of Mars had high contents
of subsurface ice. This conclusion was based on a
preliminary analysis of data from the Mars Odyssey
Gamma-Ray Spectrometer instrument suite. Subject to
the assumptions made at the time, the GRS
observations in the south polar region could be fit to a
two-layer model consisting of a “dry” upper layer with
low hydrogen content and an ice-rich lower layer (fig.
1). The upper layer ranged in H content, expressed as
H2O, ranging from 2% near -45  latitude to 3% near    
-75 . The thickness of the upper layer, expressed as
column density, ranged from >100 g/cm2 at -55
latitude to 40 g/cm2 near -75 . The ice content of the
lower layer was inferred to be 35 ± 15% with the
higher end of the range preferred. 

Fig. 1. Longitudinally averaged neutron flux
determined by the Mars Odyssey GRS instrument
plotted vs. model calculations for a regolith with upper
and lower layers having different H2O contents and
different thickness of the upper layer.

Several necessary assumptions were made in this
work, the most significant of which was that we
needed to make a normalization for the absolute flux
of both gamma rays and neutrons. For the neutrons we

chose to normalize the flux to that of the Viking-1
landing site by assuming that the regolith at that site
had 1% H2O. At that time the statistical uncertainty of
the gamma-ray flux was such that we could not
normalize to just one spot on the planet. Consequently
we normalized the gamma-ray flux by assuming that
the entire mid-latitude region between ± 30  had an
average H2O content of 1%.

We now know that both of these assumptions were
incorrect, and we have determined better normalization
values. For the neutrons, we normalize to the case of
the thick CO2 seasonal frost in the north overlying the
water-ice residual cap [3]. For the gamma rays, we
normalize to the frost-free northern residual cap as
described below. The effect of these normalizations is
to increase the amount of subsurface ice, but it has
little effect on the inferred depth of the ice.

Normalization of gamma-ray data: In order to
normalize the gamma-ray data, we needed to find a
region on Mars with a known water content. The
northern residual cap is the obvious choice. The cap,
however, does not completely fill our field of view. In
order to quantitatively determine the fraction of the
field of view, we built a computer model of Mars with
the residual cap containing 100% H2O, the remainder
of Mars containing no H2O, and with an accurate
model of the GRS including the angular dependent
detector efficiency map for the 2.223 H gamma-ray
line. The detector was then “flown” over the polar
region many times to simulate the Odyssey orbital
alignment. The process was repeated a second time
with the assumption that the entire surface was 100%
H2O. The ratio of the two results showed that the
residual cap accounted for about 70% of the footprint.
Because the remaining 30% of the footprint is clearly
not ice-free, we had to make an assumption concerning
the water content of the remaining 30% of the
footprint. We assumed the remaining 30% had a flux
similar to the ice-rich regolith observed in the area
nearby. The H gamma flux collected by the GRS over
the pole was then normalized to this modeled flux.

Results: The results are shown in the maps in fig.
2. In these maps, the gamma-ray flux has been
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Fig. 2. Polar stereographic views of H2O content inferred from the gamma system of the Mars Odyssey GRS.
The H2O content is calculated assuming there is no upper ice-free layer and is thus a lower limit to the H2O content
in the lower layer. The dark contour is the residual cap and the light contour is the layered terrain. 

converted to equivalent amount of H2O assuming that
the hydrogen is evenly distributed with depth, i.e. there
is not an overlying ice-free layer. This assumption is
clearly incorrect, but it serves to provide a firm lower
limit to the amount of H2O in the soil. If, as seems
clear, the ice-rich regolith is covered by an H2O-poor
layer, the H2O content in the lower layer must be
substantially higher because the overlying layer will
attenuate the gamma-ray flux. 

These results can be compared to similar maps in a
companion abstract based on epithermal neutron flux,
which also provide a lower limit to the amount of H2O
present [4]. At this time we have not performed the full
analysis similar to that done by [1], in which the
epithermal neutrons, thermal neutrons, and gamma
rays are all combined to determine the H2O content in
each layer as well as the depth of the boundary
between the two layers. (These results will be
presented at the meeting.)

In the south polar region the lower limit to the H2O
content, made by assuming the H2O is evenly
distributed with depth, is around 35%. Considering
that there is clearly a significant amount of H2O-poor
soil in the top few tens of centimeters, the H2O content
in the ice-rich layer is on the order of 50% or more. In

the north, the H2O content is even higher. In a few
places away from the residual cap it is as much as
50%, again, assuming it is not buried beneath an H2O-
poor soil. Though we have not yet done the detailed
analysis to determine how thick the upper layer is in
the north, it is clear we either have more ice in the
north than in the south or it is closer to the surface.

Discussion: In either case, the ice content is very
large. We know based on our earlier analysis [1] that
the ice in the south is buried by about 40 g/cm2 of ice-
free regolith. The change in normalization of both the
neutron and gamma-ray data will not significantly
change this conclusion. The amount of ice necessary to
account for the implied surface-ice content in the south
is greater than 50%. In the north, we see places where
the surface-equivalent ice content is greater than 50%.
A preliminary look at the depth of the ice shows that it
is also buried, but we do not yet know by how much.
At this point we can conservatively estimate the ice
content in the subsurface ice-rich layer to be greater
than 50% by weight.

These ice amounts are in units of weight percent;
the ice content is even greater when converted to
volume percent. Table 1 shows the relationship
between volume percent and weight percent assuming
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a bulk grain density of 2.5 g/cm3. The column “Ice-
free density” is the density of the soil without ice
assuming the ice was completely filling the pore space.
It can be seen that the 50% ice limit inferred from the
GRS data implies a volume of ice greater than 73%.

Table 1. Relationship between ice content and ice-
free soil density.

Weight % ice Volume % ice Ice-free density

20% 41% 1.49

35% 59% 1.01

50% 73% 0.67

65% 84% 0.41

One mechanism for emplacing ice in the regolith of
the polar regions is by vapor diffusion of atmospheric
water down to levels in the soil where the temperature
is below the frost point [4,5]. In this mechanism the
diffusion and condensation of frost occurs up to the
limit of the porosity of the regolith. In order to get
greater than 50% ice by weight, the soil would have to
have a porosity greater than 73% (Table 1). This
porosity implies a density of 0.67 for the ice-free
regolith. This value is much less than the estimate for
the Viking Lander 1 site of 1.15 ± 0.15 g/cm3 for
wind-blown drift material and 1.6 ± 0.4 g/cm3 for the
regolith including blocky material [6]. The required
porosity to account for the GRS derived ice content by
vapor diffusion is unreasonably high implying that it is
not a viable mechanism to account for the high ice
content seen in the polar regions.

As noted earlier [1], there is a strong correlation
between the regions of predicted subsurface ice
stability based on detailed thermal models of the
regolith [5] and the location of subsurface ice based on
GRS data. This strong relationship between regions of
predicted stability and regions of implied subsurface
ice is certainly not accidental, but it does not
necessarily imply that the ice was deposited by vapor
diffusion. The relationship can equally well be
established by ice emplaced with some other process
but which is now being, or was in the past, lost by
diffusion out of the regolith under conditions
determined by the depth of the subsurface frost point.
An equilibrium configuration is the same whether
approached from above or below, e.g. by condensation
or by sublimation.

Another mechanism is therefore needed to emplace
ice with a high ice/dust ratio. One mechanism that
could operate under different conditions in the past is
to deposit ice in the form of snow or frost directly onto
the surface of the regolith in the polar regions. For this
mechanism to satisfy the GRS observations, the rate of
ice deposition would have to be higher than the rate of
dust deposition. 

Presumably the dust and ice could be deposited at
different times over the course of a Mars year, but the
ice would have to be present on the surface year round.
Any significant seasonal sublimation of ice would
leave behind a lag deposit of dust which would dilute
the snow or frost deposited the next year. Clearly in
order to build up the regolith with a high ice/dust ratio,
the lag deposit cannot be thicker than the layer of ice
which is deposited in any given season.

The current Mars epoch is not conducive to this
mechanism, but sometime in the past it clearly must
have been. An important question is how far in the
past did this happen. There is abundant
geomorphological evidence for a wet Mars in the
distant past as summarized by [7] for which there is
little dispute. There is also evidence for a wet Mars in
the more recent past [7], but this interpretation of the
geomorphological data is more controversial.

The high subsurface ice content implied by the
GRS data is not consistent with the ice being emplaced
in the distant past and surviving to the present. The
combination of gardening of the soil via meteoroid
impact and loss of ice from the upper few tens of
centimeters during the dry epochs would gradually
reduce the ice/dust ratio to that determined by the
porosity of the ice-free regolith. 

An important characteristic of the mobility of water
on Mars is that once ice is removed by sublimation, it
cannot be replaced by subsurface vapor condensation
to any greater extent than that permitted by the amount
of pore space. Following sublimation from a very ice-
rich layer, the lag deposit of dust left behind would
have its own porosity that would limit the amount of
ice that could be subsequently added by vapor
diffusion and condensation. Thus if a layer in the
subsurface regolith is observed to have a very high ice
content, that high content must be a primary feature of
its emplacement process. If the ice were ever lost due
to sublimation, it could never be completely replaced
by diffusion and condensation. 

The high ice content observed by GRS must
therefore reflect emplacement of the ice in a time that
is more recent than that implied by meteoroid
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gardening. It could, of course, be much more recent.
At the other end of the time constraint, we only need
as much time as necessary for the upper layer to lose
ice consistent with predictions of the thermal models
for the current epoch.

References: [1] Boynton W. V. et al., (2002)
Science, 297, 81. [2] Feldman W. C. et al., (2002)
Science, 297, 75. [3] Feldman W. C. et al., (2003)
GRL, submitted. [4] Leighton R. B. and Murray B. C.
(1966) Science, 153, 136. [5] Mellon M. T. and
Jakosky B. M. (1993) JGR, 98, 3345. [6] Moore H. J.
and Jakosky  B. M. (1989) Icarus, 81, 164. [7] Baker
V. R. (2001) Nature, 212, 228. [8]  Mellon M. T. and
Jakosky B. M. (1995) JGR, 100, 11781.
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CRUSTAL FIELDS IN THE SOLAR WIND: IMPLICATIONS FOR ATMOSPHERIC ESCAPE. D.A. Brain, LASP, Uni-
versity of Colorado at Boulder, Boulder CO 80309-0392, USA, (david.brain@colorado.edu).

Motivation: The strength of the magnetization of “crustal
sources” at Mars suggests: 1) that the crustal sources have been
present for billions of years, most likely having been magne-
tized early in Martian history by a global dynamo field; and 2)
that the sources produce observable modifications to the mar-
tian solar wind interaction [Acuña et al., 2001]. Each of these
conclusions has implications for one of the most fundamental
issues in Mars science - the history of martian climate. Re-
gardless of whether the early martian atmosphere was “warm”
or “wet”, few investigators dispute the idea that the present-
day atmosphere is substantially smaller than it was in the past;
much of Mars’ early atmosphere has been lost. A number of
atmospheric loss processes have operated at Mars over its his-
tory, including loss from impacts, adsoprtion into the martian
polar caps and subsurface, and loss to space. It is important
to understand the relative importance of these processes at dif-
ferent epochs, as well as the quantity of atmosphere that was
removed by each process. Today, Mars’ small gravity and lack
of a global magnetic field to protect the atmosphere from the
solar wind make loss to space more efficient than at Earth or
Venus. Prior to the discovery of crustal sources by the Mars
Global Surveyor (MGS) magnetometer (MAG), model calcu-
lations of present day loss rates assumed that the solar wind
interacted directly with the martian upper atmosphere. Here
we examine how the discovery of crustal sources should revise
our thinking about atmospheric escape to space at Mars, both
at present and over martian history.

Shielding: One might expect that crustal sources shield
portions of the Martian atmosphere from the solar wind in the
same way that Earth’s global magnetic field protects its atmo-
sphere from the solar wind. At Earth and at Venus the location
at which the solar wind is deflected around the planet can be
thought of in terms of simple pressure balance. At Venus, the
location where the pressure of the solar wind (almost entirely
dynamic pressure) is balanced by thermal pressure in the iono-
sphere nearly coincides with the ionopause observed by the
Pioneer Venus Orbiter [Phillips et al., 1988]. We have per-
formed an analogous calculation at Mars, including magnetic
pressure from crustal magnetic sources in the calculation. An
image of the Martian "pressure balance obstacle" to the solar
wind is shown in the figure below. Crustal sources at Mars
substantially perturb the obstacle upward to altitudes in excess
of 1200 km in some locations (over 1/3 of the radius of Mars)
for typical solar wind conditions. The obstacle varies not only
with changes in solar wind and ionospheric conditions, but
also with Mars’ rotation on its axis. To first order, then, crustal
sources deny the solar wind access to portions of the upper at-
mosphere. Since the solar wind can not reach these locations,
we expect that the amount of solar wind-related ionization in
the upper atmosphere is smaller than if crustal sources did
not exist. We will present calculations of the number of ion-
izations due to charge exchange and electron impact that are
prevented by crustal sources. Preliminary estimates suggest

that the reduction in escape rates is less than 30%.

Open Field Lines: Despite Earth’s large global magnetic
field, charged particles from the solar wind still have access to
portions of Earth’s atmosphere near the magnetic poles. Un-
der favorable solar wind conditions, open magnetic field lines
(connected at one end to Earth’s global field and at the other
end to the passing interplanetary magnetic field) allow charged
particles to travel along field lines to much lower altitudes than
the theoretical pressure balance obstacle would allow. This
charged particle deposition results in aurorae and the heating
of Earth’s ionosphere; atmospheric neutrals ionized near the
polar cusps can also escape along open field lines. Similar con-
ditions probably exist at Mars, though open field lines at Mars
should not be likely predominantly at high latitudes but instead
near locations where crustal magnetic fields are radial with re-
spect to the planetary surface .Mitchell et al.[2001] reported
evidence for open field lines on the Martian nightside. Here
we present the first reported evidence of open magnetic field
lines on the Martian dayside. Open field lines on the Martian
dayside are associated with perturbations in the magnetic field.
These direction and magnitude of these perturbations may be
correlated with the solar wind magnetic field, or may result
from whistler waves caused by solar wind electrons moving
along the field lines. Regions of open field provide potential
“escape hatches” in the shield formed by crustal sources for
access of solar wind electrons to low altitudes and escaping at-
mospheric charged particles. The magnitude of the reduction
in escape rates calculated above will not be as large due to the
presence of open field lines.

Magnetic Field Topology: A substantial portion of the
present-day atmospheric escape to space at Mars is related
to the motion of charged particles near Mars. The path that
charged particles follow is heavily influenced by the configu-
ration of magnetic fields near Mars. For this reason it is very
important to understand the topology of the martian magnetic
environment. Observations from MGS MAG provide vital
clues about Martian magnetic topology, and can be used to
constrain computer models of the global magnetic environ-
ment. Models of the crustal magnetic field are just now being
incorporated into models for the solar wind interaction [Ma
et al., 2002;Brecht et al., 2001]. We will present comparisons
of MAG observations to a number of different magnetic field
models at Mars, including gas dynamic and MHD models for
the solar wind interaction with and without crustal sources.
These comparisons give insight into which physical models
most accurately describe field topology at Mars.

Loss over Martian History: Finally, we will discuss
how the presence of crustal sources affects escape to space
over Martian history. If crustal sources existed over the en-
tire planet, and have gradually been erased by impacts and
resurfacing events over Martian history, then solar wind mech-
anisms may have been largely prevented for a long period of
time after the dynamo turned off [Jakosky and Phillips, 2001].
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Figure 1: Image of the theoretical Martian solar wind obstacle
as viewed and illuminated from the direction of the Sun. The
subsolar longitude is180◦E, andLs = 0. The solar wind
dynamic pressure is “typical” (5 × 10−9dyne cm−2). The
image is 5000 km on a side, and is taken fromBrain [2002].

Further, the strength of magnetic sources currently observed
in the Martian crust could have been much higher in the past;
the magnetization of individual rock grains has an associated
relaxation time whose log is proportional to the ratio of the vol-
ume of the grains and their temperature. Relaxation time varies
widely with material, grain size, and temperature [Langel and
Hinze, 1998]. For example, 100 nm titanomagnetite grains at
100◦C have a relaxation time of 300 Gy (see pp 254-5 ofLan-
gel and Hinze[1998]). Decreasing the grain size to 850 nm
changes the relaxation time to 300 million years. Therefore,
determination of the magnetized material that crustal sources
comprise, as well as their depth and grain size will enable
estimates of the strength of these crustal sources over Mar-
tian history. There is likely a mix of grain sizes within each
magnetized region of the Martian crust; grains smaller than a

critical size will have magnetically reoriented since the forma-
tion of each crustal source over 3 billion years ago, leaving
the largest grains as the carriers of magnetization in the sub-
surface. If crustal sources were much stronger in the past and
occurred over a large fraction of the Martian subsurface then
these sources would have acted as an effective global magne-
tosphere, preventing access of the solar wind to the Martian
atmosphere.
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MARS AS THE PARENT BODY FOR THE CI CARBONACEOUS CHONDRITES: CONFIRMATION  OF EARLY 
MARS BIOLOGY. J.E. Brandenburg,  Florida Space Institute/University of Central Florida,MS:FSI KSC FL 32899 jbran-
den@mail.ucf.edu 
 
Introduction:The CI are ancient (4.6Gyr) hydrated clays 
with olivine and pyroxene grains imbedded in them and no 
evidence of hypervelocity impacts or chondrules. Based on 
isotopic and other geochemical data the CI appear to share 
many features with MMs (Martian Metorites) [1, 2] and 
have been considered as candidate Martian sediments [3]. 
If they are Martian they represent portions of the Noachian 
surface envionment, and being rich in organic matter, they 
suggest the Noachain was a living environment.   
New Data: Isotopic data on MM hydrated materials has 
only recently been analyzed. A gap in isotopes between 
hydrated materials from CI’s and a MM anhydrous rock 
was seen earlier and thought significant [3]. Now, however, 
it is seen that the water on Mars was not in equilibrium 
with the lithosphere and so hydrated materials have a 
higher ∆O17 reflecting that of the Martian hydrosphere [4]. 
The net result is comparison of CI and MM newly obtained 
hydrated material oxygen isotopes [4] now shows a good 
match and CI anhydrous and MM anhydrous now also 
show good correlations.  CI and MM hydrated materials, in 
particular, are essentially indistinguishable. (see Figure 1)   
The idea of CI having an origin on Mars is not new, being 
actively considered  by the Viking lander XRF experiment 
team, when they noted that a 50-50 CI and tholeitic basalt 
mixture gave a very good match to Viking landing site soil 
composition [5] .  
Implications: If the CI s are Martian they would represent  
samples of the Southern Martian Highlands Noachian 
regolith due to their 4.6 Gyr age.  Implications of a 
possible Martian origin of CIs will be discussed, most 
importantly the fact that if the CIs are Martian, then the 
surface of Noachian Mars was warm, wet, and rich in 
organic matter. Since these samples are Martian, are the 
same age as ALH84001, and are rich in organic matter, and 
microfossils are reported in them, it would appear that the 
discovery of Mars biology by McKay and company is 
completely supported. 
 Such a discovery would mean that Mars was a living 
planet and began a path of planetary evolution in a very 
similar way to Earth. In particular the property of life to 
modify its own environments so as   to make them  more  
friendly to life would have begun operation on Mars as it 
did on Earth.  Thus, no model of Mars geo-chemical 
evolution that does not consider biological factors such as 
photosynthesis and an oxygen atmosphere may be 
considered complete. 

In addition, the early development of life on Mars, as well 
as on Earth, raises immediately the possibility that life 
predated both planets and was seeded from preexisting 
spores in space. Thus “Panspermia” may become the best 
explanation for the origin of life on Earth and will mean 
that life is common elsewhere in the Cosmos. 
 
 
 

 
 
Figure 1. A graph of ratios of oxygen isotopes for 
Martian and CI meteorite materials. Note that the 
anhydrous materials from each , as well as the hydrated 
materials form overlaying distributions and are thus 
indistinguishable. 
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THE NEW MARS SYNTHESIS : A NEW CONCEPT OF MARS GEO-CHEMICAL HISTORY.  
 
.J.E. Brandenburg ,  Florida Space Institute , Kenndy Space Center Florida 32899, MS: FSI (jbranden@mail.ucf.edu  

 
Introduction:  The New Mars Synthesis 
 
Mars is a planet of paradoxes and evidence for  massive 
change: parts of its surface are primordial, looking like the 
lunar highlands but parts of its surface are almost terrestrial 
in their newness, it has evidence of much surface water in 
the past but little today,  it has a red  surface, indicating high 
oxidation state in its soil and exposed sediments, but it has 
very little  oxygen today, its average surface age appears old, 
but the meteorites it yields are overwhelmingly young.  
However, in science, to encounter a paradox is sign that 
one’s knowledge has outrun one’s understanding , and this 
means that a new level of understanding  is possible. 
 
Our concept  of Mars has evolved with our body of data.  In 
the days of telescopic observation  we had only two models 
for major astronomical bodies, one was Earth, and the other 
was the Moon, the only two bodies we knew well. This made 
our concepts of planetary bodies  rather bipolar. Since 
through a telescope Mars looked more Earthlike than Lunar  
it was natural that people would assume it was the abode of 
vast amounts of life. This became  the Lowellian Model of 
Mars  with its canals. However, with the first Mariner mis-
sion the Mars-as-Earth model was shattered. Mars was re-
vealed to have  many craters like the Moon, it had a thin 
atmosphere, cold surface conditions, no detectable magnetic 
field and no active volcanism, so a new synthesis emerged:  
Mars was Lunar. Under this model,  Mars died early geo-
logically, never held life, never had  liquid water.  The Lunar 
Mars Synthesis  was an advance over Lowell but it was also 
crude approximation. With the epic  Mariner 9 and Viking 
Missions, a vast body of new data was gathered and it be-
came apparent that Mars was not Lunar and not Earthlike , it 
was instead a planet that was unique in character: Mars was a 
puzzle.  
 
It is now apparent that Mars began in similar way as Earth 
and both planets then evolved along a similar track for some 
period. Both accreted similarly, both formed solid surfaces 
with much volcanism, and both then supported surface envi-
ronments with large amounts of liquid water. Then, at some 
point,  the paths of Mars and Earth’s evolution diverged, so 
that their present surface environments are much different.  
One major question is the length of time Mars and Earth 
shared similar surface conditions , both defined by the exis-
tence of liquid water.  It is a consensus  that Mars had  liquid 
water until  at least 4.0  Billion Years ago, in the Early Noa-
chian epoch , and perhaps even a paleo-ocean on the North-
ern plains [1,2,3].  This was born out by the Mars meteorites 
, almost all of which show signs of exposure to liquid water. 
However, there is a serious problem with this Noachian con-
sensus and these pieces of data: the northern plains are much 
younger than 4.0Billion years and so are almost all  the me-
teorites. A New Mars Synthesis is clearly necessary.  
 

 
The New Mars Synthesis (NMS)[4] , drawn from the rich 
treasure trove of orbiter and  lander data, the ever increasing 
number of Mars Meteorites and a better understanding of 
Mars analogous environments on Earth,  is basically this:  
Mars and Earth did not strongly diverge from their similar 
paths  4.0 Billion years ago, in the Early Noachian, they 
diverged much more recently in geologic time, perhaps as 
recently as the Early Amazonian. During this period of paral-
lel evolution,  Mars and Earth had similar surface conditions 
in many basic ways. The NMS assumes Mars held  biology 
form early on ,has been  geologically active throughout its 
history,   that  it had a northern paleo-ocean , that it has high, 
approximately, 4xLunar , cratering rates[5,6] and that its 
climate changed recently in geologic time from being basi-
cally terrestrial to its present conditions. In the  remainder of 
this abstract,  the basic evidences supporting the NMS and 
models for its functioning planetary systems will be dis-
cussed.   
 
 
 The Paleo-Ocean of Mars 
The chief determiner of the surface conditions of Paleo-Mars 
, as opposed to the Modern Mars,   was the existence of the 
Northern paleo-ocean.  This ocean existed in liquid form 
until probably the Early Amazonian, as evidenced by the 
nearly identical elevation of the northern plain highlands 
boundary near the 6mBar  zero-kilometer elevation line (see 
Figure 1) and the contemporary water channels that appar-
ently fed into it. Basically, the paleo-ocean is on the wrong 
side of the Mars dichotomy - the young side, for it to support 
an early end to the epoch of liquid water on Mars.  The pale-
ocean of  Mars, first proposed by the author , has the pro-
posed name “Malacandrian Ocean. ”   The ocean would have 
had  a depth of several kilometers , covered ¼ of the planet 
and contained an approximately 400 meter deep planetary 
wide layer of water.   It would have played an important role 
as a thermal and atmospheric buffer  to support and stabilize  
the Martian climate system.  The paleo-ocean’s top one me-
ter having the approximately the same thermal capacity as 
the entire atmosphere and holding in solution large amounts 
of carbon dioxide.  
 
 
 A Heavy Mars Greenhouse 
 In order to support a long lived pale-ocean and water chan-
neling,  Mars required a long lived CO2 green house of ap-
proximately one atmosphere.  Their are two problems that 
must be overcome for such a model. 1-  Some form of CO2 
recycling must occur , otherwise the atmosphere-greenhouse, 
catalyzed by the warm temperatures and liquid water envi-
ronment it creates will combine with the silicate rocks and 
form carbonates and large amounts of free quartz. 2 -  The 
Mars greenhouse must end catastrophically  after a long 
peiod of operation.  Since liquid water apparently flowed so 
long in a terrestrial manner and neither large amounts of 
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surface carbonate or silica have been found, some method of 
recycling is required. The simplest is that of periodic vol-
canic flooding of large areas of Mars and some method of 
subduction of parts of Martian crust to allow Martian internal 
heat to release the CO2 from the carbonates. The discovery 
of apparent Andesite, a reprocessed  lava rock, gives weight 
to this possibility for CO2 recycling.  However, a more pow-
erful geo-chemical engine for CO2 recycling was also appar-
ently present on Mars : biology.  
 
Biology , using photosynthesis to create organic acids , as 
are produced in terrestrial lichen , could both recycle CO2 
but also, and probably more importantly, form a protective 
varnish on the rocks of Mars to prevent carbonate formation. 
Similar action in anaerobic ocean sediments would have 
returned CO2 to the ocean. Such photosynthesis is evidenced 
by the highly oxidized surface of Mars, including exposed 
strata in the Vallis Marinaris,  and in the groundwater to 
which the Mars Meteorites were exposed before being lofted 
to earth.  The role of Martian life would have beensimilar to 
that on Earth, to act symbiotically to create and sustain envi-
ronments on Mars suitable for even more life, a sort of Mar-
tian Gaia.  
However, the Martian dependence on a heavy CO2 green-
house also allows the possibility for catastrophic climate 
change because of the bi-stable nature of such a greenhouse 
on Mars , as was first noted  by Sagan [7].  
 
 The Fall of Mars: The Collapse of the Paleo-Climate 
System 
As evidenced by the longevity of the paleo-ocean , Mars 
climate system ran smoothly for a long geologic period, 
apparently until the Early Amazonian, then, in the NMS,  a 
catastrophe occurred.  A heavy CO2 greenhouse on Mars is 
unstable due to the fact that temperatures on Mars can easily 
dip so low that CO2 can condense on the planets surface. 
This means Paleo-Mars had two stable atmospheric states, 
state one with a warm, dense atmosphere trapping lots of 
heat, and state two with a cold, thin atmosphere with most of 
the atmosphere frozen on its surface. The transition between 
the two atmospheric states could require merely a large tem-
porary thermal excursion. For a Mars with a heavy green-
house, even with a large ocean to act as a buffer, catastrophe 
was just one large chilling event away.   A large chilling 
event  would push the temperature at the poles below the 
point where dry ice would form, leading to collapse of the 
atmosphere onto the poles , loss of greenhouse effect,  thus 
leading to more cooling.  The ocean surface would freeze, 
decoupling it from the atmosphere and leading to even more 
rapid decline in temperature and pressure. 
 
This catastrophe may have occurred in the Early Amazonian 
epoch. Based on the higher estimated Martian cratering rate 
of approximately 4xLunar [5,6], required to solve the”Age 
Paradox” of Martian Meteorites, this may have occurred as 
recently as 0.5 billion years ago.  If true this would mean 4.0 
Billion years of Earthlike environment on Mars, before the 
collapse occurred.  
 

Two mechanisms  for such a catastrophic chilling event on 
Mars are readily available. One is a large volcanic eruption 
in the Tharsis region , leading to global dust loading of the 
atmosphere. The other is the impact of a large asteroid , lead-
ing to a Martian Chixulube. There is evidence that the forma-
tion of the Lyot impact basin in the Early Amazonian , a two 
hundred kilometer outer diameter, double ring  crater may 
have triggered the collapse of  Mars climate[8] (see Figure 
1).  Both a drop in fluvial activity and increase in hydrogen 
fractionation coincide approximately with this event (see 
Figure 2). The atmosphere and ocean, having frozen follow-
ing such an cooling event, would have created an ice-mound 
at the poles and been subducted by basal melting.  This sig-
nature of catastrophic collapse of Mars climate, rather than 
slow loss of atmosphere,  can lead to predictions for what we 
might find at Mars.  
 
Summary and Predictions of the New Mars Synthesis 
 
The puzzle of Mars past may be closer to solution with this 
new synthesis. However, this synthesis is destined to be re-
placed by fuller understanding in the future.  Some predic-
tions from the NMS that can be made and used as tests for its 
validity are listed below. 
 
One- The catastrophic collapse of Mars climate would lead 
to a large ice mound in the North polar region, trapping not 
only the water but large amounts of CO2.  Basal melting of 
the water ice would lead to forcing of carbonated water into 
the regolith.  Large  carbonate beds should thus be found at 
the poles as well as large deposits is of silica.  
 
Two- The redness of Mars will be found to be due to Earth-
like weathering of lavas in an oxygen and CO2  rich atmos-
phere. Evidence for a massive photosynthetic biosphere will 
be found on Mars such as coal and petroleum deposits. 
 
Three- evidence for evolved biology on Mars will be found , 
given the longevity of the biosphere. These would include, 
by earth analogy, perhaps considerable advances over the 
primitive uni-cellular microbes associated with early plane-
tary environments.    
 
The most basic prediction of the NMS is that Mars will turn 
out to be an interesting place and  full of surprises. Carl Sa-
gan,  in response to concerns over whether Mars was going 
to be boring, once said  ‘ don’t worry, Mars will not disap-
point us’.  This is certainly true, for after over a thousand 
years of human longing for more information about Mars , 
and almost half a century of space probe visits, the tale of 
Mars is not near to being told.  
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Figure 1. The northern plains-highland boundary at Mars, the 
possible paleo-ocean shoreline. Note also the Lyot impact 
basin  and lines of constant elevation.  
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Figure 2. Resurfacing rates rates due to various processes 
according to Tanaka. Fluvial and Peri-glacial rates drop by a 
factor of thirty in the Early Amazonian and D/H hydrogen 
fractionation, shown on the right hand scale for individual 
meteorites,  increases.   
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Introduction:  The peak electron density in the 

ionosphere of Mars and the neutral atmosphere scale-
height are proportional to the solar radiation flux.  The 
data of the radio occultation experiments onboard 
Mariner 9, Viking 1 and 2 have already been analyzed 
to derive the relationship between the neutral atmos-
phere scale-height and F10.7 flux which was used as a 
proxy of the solar UV radiation. The data points from 
Mariner 9, Viking 1 and 2 missions are scattered from 
–40o to +38o in latitude and rather non-uniformly dis-
tributed in longitude. The experiment with the Mars 
Global Surveyor  (MGS) Accelerometer has revealed 
significant diurnal variations and latitudinal and longi-
tudinal variations in the neutral atmosphere density and 
scale-height. The effect of the solar radiation can be 
more confidently established if the effects of diurnal, 
latitudinal and longitudinal variations are minimized. 
The 523 electron density profiles derived from the data 
of the MGS Radio Science experiment, which were 
collected during the mapping phase of the mission, are 
located in the narrow latitude interval from +67o to 
+77o. These profiles were also obtained within a nar-
row interval of local time and are practically uniformly 
distributed in longitude.  The peak electron density and 
the effective scale-height of the neutral atmosphere 
density in the vicinity of the ionization peak have been 
derived for each of the profiles studied. The daily and 
running 81-day averages of advanced E10.7 index, 
which are derived from the solar radiation fluxes meas-
ured near the Earth and then re-calculated accounting 
for the position of Mars and the Earth, have been used 
as a proxy of the EUV radiation flux at Mars. The daily 
averages of the adjusted peak electron density and ef-
fective scale-height have been compared with the daily 
and running 81-day averages of E10.7 index.  The ef-
fects of the solar activity derived from of the MGS data 
are compared with the effects found in the Mariner 9, 
Viking 1 and 2 data.  
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Introduction:  

 Many field studies have been conducted that 
document the morphology of ventifacts and the direc-
tionality of their features relative to current and past 
wind regimes.  Field plots [1,2] and wind tunnel stud-
ies [3] have identified heights and particle concentra-
tions above the surface where maximum abrasion oc-
curs [6].  However, as of yet, the rates and detailed 
methods by which rocks abrade and evolve into venti-
facts are poorly documented and understood.  This 
abstract addresses this gap in knowledge by interpret-
ing controlled laboratory and field analog studies.  We 
begin with an overview of the methods by which the 
wind tunnel experiments and field studies were done, 
followed by how the resulting data were analyzed and 
interpreted.  A presentation of the results comes next, 
after which the implications for rock abrasion and ven-
tifact formation on Earth and Mars are discussed.  We 
show that initial rock shape and texture play important 
roles in determining both rate and style of abrasion, 
with steep-sided, rough rocks eroding the fastest but 
with intermediate-angled faces exhibiting the greatest 
shape change.  Most rocks tend to evolve toward an 
equilibrium shape whose form is poorly conducive to 
further abrasion.  Most rocks on Mars and in terrestrial 
ventifact localities never reach this mature state, with 
erosion ceasing or slowing down due to exhaustion of 
the sand supply and other factors. 

 
Methods 
Wind Tunnel Experiments 
 To understand better the fundamental factors 
controlling rock abrasion and ventifact morphology, a 
series of experiments were conducted in which targets 
were abraded under controlled conditions.  All ex-
periments used the Mars Surface Wind Tunnel 
(MARSWIT) run by Arizona State University’s De-
partment of Geological Sciences and based at NASA’s 
Ames Research Center, Moffett Field, CA.  

The shapes of the abrasion targets are de-
signed to assess morphological changes as a function 
of geometry.  The front face of each target is angled at 
either 15, 30, 45, 60, or 90°, with three different inci-
dence angles (angle relative to wind as seen from 
above) per model (0°, 45°, and 60°) .   

Not including calibration runs and tests, 96 
experiments at Earth pressure and 6 at Mars pressure 
were completed.  The Earth experiments were run at 
freestream velocities of 11 m s-1, typical speeds at 
which particles are saltated in the terrestrial environ-
ment.  Mars runs were at 35 m s-1, predicted to induce 
saltation in the Martian environment [3,4]. All experi-

ments used sand with a mean size of 550 µm (30 
mesh). During each experiment the sand flux, mass 
loss, and morphological changes of the targets were 
recorded.   In most cases, targets were abraded in three 
runs, with the weight and dimensions noted before and 
after each experiment. 
 
Field Measurements 

As a ground truth calibration, 15 sandstone 
simulant  and foam targets of various shapes and resis-
tances were placed at a ventifact site in the Little 
Cowhole Mountains, Mojave Desert, CA from May 17 
to November 3, 2002. This location is east of Soda 
Lake and north of the Devil's Playground and Kelso 
Dunes.    The targets varied in resistance from soft 
gray foam, intermediate sandstone simulant, and resis-
tant yellow foam. The targets were weighed and their 
dimensions measured before and after placement and a 
weather station at the site recorded average and maxi-
mum instantaneous wind speeds and directions every 
hour.  The targets were mounted on heavy steel plates 
and positioned in height and location near abraded 
rocks.  The sandstone targets were adhered to the 
plates with tacks and the foam targets were secured 
with strapping tape.  Integrated together, these data 
related mass loss and changes in morphological pa-
rameters to time, sand flux, type of target, and wind 
regime.  The orientation of flutes on natural ventifacts 
at the locality, measured in earlier field work by co-
author Laity and T. Boyle, were integrated with these 
results.  As will be shown, these data were compared 
to the wind tunnel results to yield important insights 
into abrasion and ventifact formation on Earth and 
Mars. 
 The weather station at the Little Cowhole 
Mountains is located on the crest of the hill, at the 
highest elevation in the study area.  It is situated so as 
to receive winds blowing from any direction. The 
anemometers are mounted 2 m above the surface.  Sal-
tation is observed when the main weather station regis-
ters a wind speed of 10 m s-1, which is close to the 11 
m s-1 wind speed used in the 1 bar wind tunnel test.  
 
Results 
 Wind Tunnel Experiments 

 Morphological Changes 
Abrasion of sandstone simulant targets in the 

wind tunnel exhibited several interesting aspects that 
are directly relevant to understanding rock abrasion.  
Without exception, the targets became rougher as 
abrasion progressed .  In many cases, subtle fluting 
occurred in the final stages of abrasion of the sand-
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stone simulants for faces subparallel to the wind.  The 
fluting was commonly tied to large matrix grains or 
resistant nodules located upstream within the target.  
Similarly, reduced windflow in the lee of obstacles 
resulted in differential erosion on the foam targets The 
foam targets had mm-sized holes in their front faces 
prior to abrasion, which subsequently enlarged into 
pits about 5 mm in diameter.  In two sandstone ex-
periments, pits and flutes were gauged out of the tar-
gets prior to abrasion.  These enlarged both in width 
and length with time. Visual evidence of slope retreat, 
in which the upper part of the target eroded back far-
ther than the lower part, forming a basal sill, was obvi-
ous in many cases.   

 
Mass Loss 
Some of the most important morphological 

changes are tracked and quantified by plotting the di-
mensional changes and their associations with time. 
Plotting mass loss from the sandstone simulant targets 
vs. sand mass from the hopper shows that mass loss is 
proportional to facet angle, with higher angled surfaces 
exhibiting both a greater amount of abrasion per 
amount of sand and a steeper rate (slope) of abrasion.  
In the limited number of cases where pre-pitted sam-
ples were used, they showed the greatest degree of 
abrasion.   The amount of mass loss generally in-
creased with time, with 65% of experiments having 
targets losing more mass in a given run than in the 
previous run. 

 
Morphometric Changes 
 
The integrated observations are: 1) The tar-

gets whose shape is most perpendicular to the wind 
abrade the most and at the fastest rate, 2) From what 
can be determined within experimental error, there is a 
tendency for shallowing of target front faces of inter-
mediate slope angle (30-60°), with very steep (90°) 
and very shallow (15°) targets more or less maintain-
ing their shape. 

 
Field Experiments 

Morphological Changes 
 Upon returning to the field site after 

six months in November, 2002, 8 of the 15 original 
targets could not be examined because they had be-
come buried by sand, attesting to the dynamic nature 
of the aeolian environment.  Of the remaining 7 tar-
gets, the mixture of strengths and shapes in the field 
site provide assessment of natural wind erosion over a 
six month period.  Not surprisingly, erosion was most 
significant on the soft gray foam targets and least no-
ticeable on the resistant yellow foam.  Maximum ero-
sion on all targets occurred on the south side, as an-
ticipated after a summer season.  Some abrasion also 
occurred on the north slopes of targets at Stations D2 
and H, located on a topographic saddle, as opposed to 
Station C, located on a south-facing slope.  Flutes and 

grooves (lineations), oriented nearly parallel to target 
strike (i.e., close to N-S), developed on the sandstone 
targets and the 45° and 60° gray foam targets. The 90° 
gray foam and sandstone targets developed a thin sill 
of non-eroded material at their base.   
 
 Mass Loss and Morphometric Change 
 Despite the complexities of data interpreta-
tion, several consistent observations emerge: 1) The 
softest targets erode the most, 2) The steepest of the 
sandstone and gray foam targets exhibit the greatest 
angle change, with 90° targets changing their angle 
about 4x as much as 45° targets.  Targets seem to 
evolve toward angle of ~30° given enough time. 3) 
The sandstone targets became rougher, and  4) The 90° 
targets formed basal sills. 

 
Comparison to Wind and Ventifact Data 
Analyzing data from our weather stations for 

the study period of May-November 2002 shows typi-
cal summer weather patterns.  A plot of winds greater 
than 5 m/s exhibits a predominance of southeasterly 
flow, characteristic of the summer season.  By con-
trast, the wind rose plot of winds greater than 10 m/s 
illustrates  a strong bi-directional distribution (NNW-
SSE).  These observations mirror those compiled from 
1993-1998 by co-author Laity and T. Boyle.  The ori-
entation of flutes on the ventifacts also shows a bidi-
rectional character, indicating that higher velocity 
winds are better correlated to abrasion than the inte-
grated energy from lower velocity flow over time. 
Ventifacts along the topographic ridge are abraded on 
both their north- and south-facing sides, the two faces 
separated by a sharp keel.  Rocks on the lower slopes 
show abrasion only on one face.  Local microtopogra-
phy, such as notches or passes, acts to funnel wind 
flow, with ventifact grooves paralleling the notch axis.  

 
Discussion 
 Previous studies have addressed the 
importance of rock shape, texture, hardness (or resis-
tance to abrasion), wind regime, and local environment 
on rock abrasion and ventifact formation.  In this sec-
tion, we integrate the laboratory and field investiga-
tions, folding in these previous and other ongoing 
studies, to provide quantitative assessments of many of 
these factors as well as an improved understanding of 
their inter-relationships and relative importance on 
Earth and Mars.  Many of these factors are complexly 
linked and exert positive or negative feedback effects 
on each other.  For simplicity, we first address each 
factor individually before folding them together into a 
coherent model of rock abrasion and ventifact forma-
tion. 
 
 Initial rock shape 
 Initial rock shape determines the rate of mass 
loss, the rate and style of morphologic change, and the 
rate and style of textural change.  Steep faces erode 
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faster than more shallow faces. Previous experiments 
in which the susceptibility to abrasion (Sa) was meas-
ured [6] found that crystalline igneous rocks (granite, 
rhyolite, and basalt) had Sa values proportional to im-
pact angle in the range of 30° to 90°, in agreement 
with our experiments.  However, Greeley et al.’s re-
sults also show an increase in susceptibility below 30°, 
which we have not observed.  They attribute this to an 
effective cutting and gauging mechanism by shallow 
impacting sand grains.  One explanation for the dis-
crepancy between our and Greeley et al.’s results is 
that the wind tunnel experiments better simulate the 
likely grain motions within a sand cloud and their in-
teraction with a target of a given angle.  Saltating sand 
grains have trajectory angle ranges of approximately 
±10-20° [3,8], with the negative values referring to the 
angle as the grain leaves the surface and the positive 
values the angle as the grain descends.  Particles on the 
ascending part of the saltation path, accounting for 
50% of the sand cloud, will either not hit or at most 
interact tangentially with any slopes in the 15-20° 
range.  It is therefore likely that, when sand cloud mo-
tions are considered and our experimental results 
folded in, that steeper faces erode more rapidly than 
shallow faces. 
 We also observe that intermediate-slopped 
faces tend to exhibit the greatest angle change. As ob-
served by [6], some rock abrasion occurs by cutting 
and gauging of material at shallow impact angles.  In a 
saltation cloud, the upper part of the cloud contains the 
flattest trajectories.  These intersect the upper part of 
rock surfaces at the expense of lower parts, where in-
tersecting trajectories are steeper.  If the rock front 
face is oriented at an oblique angle, cutting and gaug-
ing occurs, resulting in retreat of the upper part of the 
face and shallowing of the face angle.  Very steep 
faces, such as the 90° targets in the abrasion experi-
ments, abrade more or less evenly because the impact 
angles are all in the 70 to 90° range.  Grain trajectories 
intersecting a shallow-sloped rock have impact angles 
that are low regardless of whether the face is in the 
upper or lower part of the saltation cloud, such that 
cutting and gauging occurs across the whole slope.  In 
other words, the intermediate angled faces cause the 
impacting particles to have greater erosion on the up-
per vs. the lower part of the face, resulting in a flatten-
ing of slope angle with time.  The process just de-
scribed also influences the texture and textural change 
with time.  Steep faces to the wind become pitted, 
whereas oblique and shallow faces tend to also get 
grooves and pits which enlarge with time.  As shown 
by our field trials, all of these factors are ameliorated 
by the capriciousness of nature, which can cause burial 
of rocks, changes in wind direction, and other factors 
not seen in the wind tunnel studies. 
 
 Rock Texture 
 The wind tunnel studies provide two forms of 
evidence that rock texture influences the style and rate 

of abrasion.  First, as the targets are abraded, they be-
come rougher and, more often than not, the rate of 
abrasion (mass loss) increases concomitantly.  Second, 
targets with pre-existing pits loose more mass than 
non-pitted samples.  The ability of pits to serve as nu-
cleation sites has been noted by previous workers 
[4,9], but never seen experimentally.  The ability for 
rock texture to influence mass loss is probably due to 
both the increase in surface area as the face becomes 
pitted and possibly recirculation of sand in turbulent 
eddies within pits. 
 
 Rock Hardness 
 It is not surprising that hard  rocks are less 
susceptible to abrasion than soft rocks.  Our work does 
not add to this obvious fact.  However, for a given 
hardness (which will commonly translate into rock 
type), we show that texture and shape are driving fac-
tors in determining the rate and form of abrasion.  
Softer rocks, or hard rocks with soft regions, such as 
conglomerates [10], will be more likely to become 
rough and pitted than homogeneous hard rocks, such 
that the rate of abrasion is probably greater than pre-
dicted on the basis of hardness alone. 
 
 Wind Regime 
 Not surprisingly, rocks, and our wind tunnel 
and field targets, abrade most heavily on windward 
sides.  However, average wind directions regardless of 
velocity correlate poorly to flute trends, with most 
directional ventifact features formed from high veloc-
ity winds.  This is due to two factors: 1) The kinetic 
energy of saltating particles varies with the square of 
the velocity, such that mass losses are non-linearly 
correlated with impact velocity.  2) At speeds below 5-
10 m/s, depending on the surface roughness, which 
determines saltation friction speed, particle saltation is 
not initiated, so there is no sand to induce rock abra-
sion.  Therefore, determining ancient climatic regimes 
on Earth and Mars based on ventifact flute and 
grooves orientations reveals little about average wind 
direction unless the average velocities are great 
enough to induce saltation.  Generally this is not the 
case, so that flutes correlate to the highest winds in a 
given climatic regime. 
 
 Local Surface Environment 
  The final factor is local environment, itself 
composed of a complex set of inter-related parameters 
that cannot be easily simulated in the wind tunnel.  
Field experience shows that the mobile surface layer of 
sand is as much an abrader of rocks as it is a shield for 
further abrasion.  Winds capable of saltating sand onto 
near-surface rocks (in the 10s of centimeters height 
range)  in energy-transferring collisions also act to 
move it en masse to cover these rocks.  Near surface 
rocks on Earth are commonly completely buried by 
sand within a few months.  This process not only 
shields the buried parts of rocks, but also alters the 
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local aerodynamic roughness and the height of ex-
posed rocks above the surface, thereby changing the 
abrasion as a function of position on the rock.  In addi-
tion, local topography acts to funnel and alter wind 
directions, thereby influencing flute and groove orien-
tations.   This is exemplified by our field studies, 
which show abrasion on both sides of targets where 
they are located on a topographic saddle.  Finally, the 
positions of rocks relative to one another, and their 
shape, and height, influence how and where sand 
grains saltate.  For example, very rough surfaces con-
taining many rocks cause saltating grains to bounce 
high into the air, thereby increasing the grain velocity.  
At the same time, a high rock abundance limits the 
sand supply, resulting in less abrasion.  The combined 
effect of these and other factors is difficult to model 
and is imprinted upon the well known factors already 
discussed . 
 
Summary of Integrated Effects and Implications for 
Understanding Rock Abrasion on Mars 
 Prior to any wind modification, a rock’s 
shape and texture is obviously the result of primary 
and other types of modification processes.  Rocks that 
are steep sided and rough are more apt to loose mass 
from abrasion than flatter and smoother rocks.  Inter-
mediate sloped rocks with rough surfaces will tend to 
become fluted and grooved, whereas steep-sided rocks 
should become more pitted, with the size of pre-
existing pits enlarging with time.  Slope retreat and 
basal sill formation should be common.  All of these 
features are indeed seen on terrestrial and Martian ven-
tifacts [11-13].  Erosion, grooving, and slope retreat 
most aptly proceed on faces facing the direction of 
high speed winds, not necessarily the direction of av-
erage winds, unless those winds significantly exceed 
those necessary to induce saltation.  It is expected that 
over time rocks with initially inclines windward facets 
will evolve to slopes of approximately 30° or so, with 
shallower and steeper rocks more or less maintaining 
their shapes.  Many rocks will never reach this state 
because abrasion ceases due to the exhausting of the 
sand supply, rock burial, or changing climatic condi-
tions.   

The field and laboratory studies give insight 
into not only the factors controlling rock abrasion and 
ventifact formation on Earth, but also on Mars.  Al-
though our wind tunnel studies are still ongoing, com-
bining the limited low pressure runs already completed 
with the terrestrial results gives insight into rock abra-
sion processes on Mars.  Fundamentally, there should 
be little difference between the factors controlling rock 
abrasion on the two planets.  The main differences in 
the aeolian environment on Mars compared to Earth is 
the lower atmospheric pressure and gravity, which 
together result in higher saltation friction speeds, 
longer trajectory paths, and flatter trajectory angles 
[3].  This first factor results in more rapid abrasion on 
Mars compared to Earth, as verified in our experiments 

and earlier work by [7].  The second factor probably 
makes little difference.  The third factor results in a 
rock face on Mars being subjected to a greater fraction 
of low angle impacts.  This should cause greater dif-
ferences between the abrasion of steep faces versus 
shallow faces compared to the difference on Earth.  
Another major distinction between Earth and Mars is 
the weather and climate.  Desert regions on Earth 
commonly have several saltation events per year.  On 
Mars, freestream wind speeds sufficient to induce sal-
tation, probably about 30 m s-1,  are rarely reached 
[6,14,15] consistent with the generally old age inferred 
for surface modification [16] and the lack of large 
scale dune motion seen in high resolution images [17-
19].   This probably means that the ventifacts seen on 
Mars either formed gradually over time in widely 
separated abrasion episodes or date from a previous 
era when winds were stronger and abrasion more 
common.  Finally, the Viking and Pathfinder sites 
show that pits on rocks, possibly volcanic vesicles,  are 
more common on Mars than on Earth, indicating that 
abrasion should proceed faster for Martian rocks under 
equivalent conditions.  Future wind tunnel experiments 
at Martian pressures should explore these issues fur-
ther and hopefully answer some of these perplexing 
questions. 
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Introduction:  The next landed missions to Mars, 

such as the planned Mars Science Laboratory and 
ExoMars, will require sample analysis capabilities 
refined well beyond what has been flown to date. A 
key science objective driving this requirement is the 
determination of the carbon inventory of Mars, and 
particularly the detection of organic compounds [1]. 
While the gas chromatograph mass spectrometers 
(GC/MS) on the Viking landers did not detect any in-
digenous organics in near surface fines [2], it is possi-
ble that these measurements were not representative of 
Mars on the whole. That is, those compounds to which 
the GC/MS was sensitive would likely not have sur-
vived the strong oxidative decomposition in the re-
golith at the landing sites in question. The near surface 
fines could very well contain a significant quantity of 
refractory compounds that would not have been vola-
tilized in the sample ovens on Viking [3]. It is also 
possible that volatile organics exist on Mars in sedi-
mentary, subsurface, or polar niches. 

The detection of any organic compounds on Mars 
would be of enormous interest. Certainly the detection 
and careful confirmation of higher molecular weight 
compounds in large numbers would be the most excit-
ing possibility. Such a discovery, particularly in sam-
ples derived from a protected environmental niche, 
could indicate the presence of an extant (though possi-
bly dormant) Martian biosphere. More probable would 
the the near-surface detection of less-complex marker 
organics at relatively lower densities. Such compounds 
could suggest any number of scenarios, including a 
subsurface biosphere, long-extinct life, or an arrested 
pre-biotic chemical process. The intepretation of such 
evidence would require a detailed understanding of the 
geological, geochemical, and atmospheric context in 
which it was found. Moreover, such compounds would 
have to be distinguished from those that may have 
been delivered by meteoritic infall, and even from 
those brought from Earth as spacecraft contaminants. 
The meteoritic component may have survived as re-
fractory degradation products at up to several hundred 
parts per billion by weight (ppbw), depending on gar-
dening depth [3]. Due to their shared oxidation envi-
ronment, the remnants of meteoritic and indigenous 
near-surface marker molecules may be quite similar. 
However, highly-localized “niches” could support 

much more complex, fragile, and probably trace 
biosignatures written into sedimentary rock over a 
strong meteoritic background. In the extinct life sce-
nario, or at least one in which near-surface materials 
do not contain living organisms, such signatures would 
likely range spatially from sub-micron to tens of mi-
crons in diameter, and would likely be strongly affili-
ated with certain mineralogical microenvironments. 

To understand the results of a highly-sensitive in 
situ search for indigenous Martian organics, positive or 
negative, clear contextual data are required. Micro-
scopic imaging, elemental, and mineralogical analyses 
are of high priority in this regard. A broad composi-
tional assay of individual samples, with very low de-
tection limits, would help define the host microenvi-
ronment of any detected organic species, as well as 
further our understanding of the origins of the solid 
samples obtained at the site. Of course, if organics are 
found in a sample, it would be desirable to apply a 
suite of measurements to fully characterize their prop-
erties. These may include measuring their molecular 
weights, their spatial distribution in the sample, their 
carbon isotope ratios, and the degree to which they 
exhibit homochirality. In the absence of organic com-
pounds, the analysis of possible oxidation agents such 
as H2O2 and the detection of any water ice would be 
especially important. In all cases, mineral phases of 
high interest include hydrates, carbonates, nitrates, 
sulfates, and clays, which are indicative of the pre-
sumed milder and wetter Martian surface and atmos-
phere in the past. In addition, a thorough analysis of 
the abundances and isotope ratios of trace atmospheric 
gases will significantly advance our understanding of 
the early environment of Mars, mechanisms of atmos-
pheric loss, and the origin and fate of Martian water. 

Overview of SAM: An effort is underway to de-
velop a complementary set of definitive experimental 
tools that would greatly enhance our understanding of 
the organic and chemical composition of Mars. The 
Sample Analysis at Mars (SAM) suite consists of a 
group of tightly-integrated experiments that would 
analyze samples delivered directly from a coring drill 
or by a facility sample processing and delivery 
(SPAD) mechanism. SAM consists of an advanced 
GC/MS system and a laser desorption mass spectrome-
ter (LDMS). The combined capabilities of these tech-
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niques can address Mars science objectives with much 
improved sensitivity, resolution, and analytical breadth 
over what has been previously possible in situ. The 
GC/MS system analyzes the bulk composition (both 
molecular and isotopic) of solid-phase and atmos-
pheric samples. Solid samples are introduced with a 
highly flexible chemical derivatization/pyrolysis sub-
system (Pyr/GC/MS) that is significantly more capable 
than the mass spectrometers on Viking. The LDMS 
analyzes local elemental and molecular composition in 
solid samples vaporized and ionized with a pulsed la-
ser. As described below, each of these capabilities has 
particular strengths that can achieve key measurement 
objectives at Mars. In addition, the close co-
development of the GC/MS and LDMS along with a 
sample manipulation system enables the the sharing of 
resources, the correlation of results, and the utilization 
of certain approaches that would not be possible with 
separate instruments. For instance, the same samples 
could be analyzed with more than one technique, in-
creasing efficiency and providing cross-checks for 
quantification. There is also the possibility of combin-
ing methods, such as by permitting TOF-MS analyses 
of evolved gas (Pyr/EI-TOF-MS) or GC/MS analyses 
of laser evaporated gas (LD-GC/MS). 

The SAM measurement objectives fall into six 
categories that are aligned with high-priority science 
goals of Mars exploration. These include measuring 
(1) abundances of trace atmospheric species such as 
noble gases and certain small molecules (CH4, H2S, 
etc.); (2) high-precision isotope ratios in key atmos-
pheric species, such as the noble gases, C in CO2, N in 
N2, and D/H in H2O; identities, isotope ratios, and pos-
sible chirality of (3) relatively volatile organics and (4) 
pyrolyzable inorganic species, characteristic of spe-
cific mineralogies, in solid phase samples; (5) identi-
ties of moderate to high mass refractory organics; and 
(6) relative abundances of refractory elements, to trace 
levels, in solid phase samples. The technical ap-
proaches for categories (1) and (2), which involve 
sampling the atmosphere at the outset of Mars surface 
operations, and performing static mass spectrometry 
with a clean system, have been discussed in the con-
text of the Galileo and Cassini missions by Niemann et 
al. [4], Israel et al. [5], and Mahaffy et al. [6]. The 
techniques used for measurement categories (3), (4), 
and portions of (5) have been recently reported by Ca-
bane et al. [7,8] and Rodier et al. [9]. Here we focus 
on aspects of categories (5) and (6) relating to the 
LDMS technique. The LDMS provides an approach to 
sample analysis that is highly complementary to that of 
the Pyr/GC/MS system. LDMS provides spatially local 
composition, compared to the bulk analysis of 
Pyr/GC/MS. LDMS is also biased to the ionization of 

more refractory compounds (elements and organics) 
than is the Pyr/GC/MS system. Ions of relatively vola-
tile organics are not likely to survive laser desorption 
from neat geological surfaces because their formation 
energy is above that needed for dissociation. However, 
more refractory species such as PAHs, kerogens, and 
other classes of hydrocarbons do survive even at high 
mass without excessive fragmentation. 

The local analysis capability arises from the small 
spot size of the focused laser (about 50 microns), and 
is enabled within SAM by the sample manipulation 
system (SMS). The SMS is briefly described here be-
fore descriptions of the LDMS methods for categories 
(5) and (6) are given below. 

Sample Manipulation System (SMS). The SMS en-
ables the laser analysis of any spot on the surface of a 
delivered sample, with a spatial resolution comparable 
to the focal diameter of the laser. An automatic laser 
“raster” of the sample would permit a rough chemical 
map of the sample to be generated. The map would be 
correlated to a full-field microscopic image of the sam-
ple surface recorded with a color CCD imager. In one 
possible SMS positioning scheme, shown in Fig. 1, 
sample cups are brought to the laser analysis position 
in a carousel. By rotating the sample cup on its spindle 
at positions slightly off axis from the laser, the full 
sample surface may be addressed. 

 
Fig. 1  Schematic diagram of a possible arrangement 
of a sample cup relative to the inlet port of the LDMS, 
top view. Any of several hundred points on the few-
mm diameter sample surface may be accessed by the 
laser by rotating and moving the holder. 
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Prototypes of this and other SMS schemes are un-
der development at Honeybee Robotics. In all designs, 
the SMS must be able to permit the mass spectrometric 
analysis of a relatively large number of samples, ob-
tained from various sites and depths over the course of 
Mars surface operations. In the case of the LDMS, an 
unlimited number of samples could be analyzed in 
principle, as the effects of cross contamination that 
might occur during automated sample removal are less 
problematic. Each mechanism, however, must be care-
fully studied and justified within the overall risk port-
folio of the system. A major driver in this regard is the 
requirement for careful insertion of solid samples into 
a vacuum enclosure. The limited scale of vacuum 
pumping available in situ favors the minimization of 
the volume to be maintained at low pressure. This ten-
dency must be balanced by the need to utilize as little 
mass and as few vacuum sealing events as possible to 
assure feasibility and reliability. These considerations 
are being examined within the SAM operational and 
assurance models, and are being tested with prototype 
SMS hardware. 

LDMS Analyses. One of the major goals of Mars 
surface missions will be to compare chemical and min-
eralogical compositions of a range of rocks and fines 
from within the mobility range of the spacecraft. Such 
data can help us understand the internal chemical 
structure and history of Mars, its volcanic activity, and 
its primitive inventory for biochemistry. Of particular 
interest are the absolute and relative abundances of the 
rock-forming elements Na through Ni. Abundances 
down to a few ppm by weight, and ratios such as 
Mg/Si, Mg/(Mg+Fe), Na/Ca, and (Na+K)/Si, may be 
used to differentiate between basaltic and andesitic 
compositions, and among various depositional mecha-
nisms. Laser desorption analyzes these species equally 
well in rocks and fines. When applied to rocks, the 
laser probe also permits the rapid detection, characteri-
zation, and removal of thin surface layers, to access the 
bulk composition beneath. This is critical on Mars, 
where windblown dust has coated rock surfaces. An-
other priority for Mars rocks is the identification and 
spatial interrelationship of mineral grains. The 50 :m 
laser spot size can identify the species within and be-
tween grains, providing a tool that complements mi-
cro-imaging and mineralogy probes in a suite. The 
examination of materials thought to be formed by 
aqueous activity is needed to begin studying microen-
vironments that may have been conducive to life. 
Within these materials, large elemental fractionations 
(e.g., in H, C, N, O, P, and S), as well as trace organic 
compounds (in samples obtained at some depth), 
should be detected and spatially correlated. Particu-

larly significant would be the detection of larger or-
ganics (100-1000 amu and beyond), including various 
aromatic and aliphatic hydrocarbons. Pulsed laser irra-
diation is capable of desorbing many of these species 
from geological samples, and coupling this desorption 
to a TOF-MS may permit their detection down to ex-
tremely low levels. Furthermore, the mass spectrome-
ter does not assume the presence of a particular analyte 
(and search only for that compound): all organic com-
pounds ionized by the laser are sorted by mass and 
recorded. 

The LDMS analyzes elemental and refractory or-
ganic composition on a fine spatial scale (approxi-
mately 0.05 mm resolution) with a focused laser [10-
13]. By combining this information with a co-focused 
sample imager, a chemical map may be generated to 
permit studies of the heterogeneity and grain sizes of 
Mars samples, as well as to detect organic compounds 
that may be confined to small mineral inclusions. At 
higher laser powers, molecular compounds are dissoci-
ated into their atomic constitutents. The resulting ele-
mental composition is instantly recorded by a TOF-
MS, which provides a qualitative but complete mass 
spectrum (to ppmw detection levels) in a single laser 
pulse. By averaging the signals from multiple LDMS 
spectra, semi-quantitative elemental analyses (at the 
5%-25% RSD precision level, depending on element) 
are available. Spectra are clear and unambiguous: the 
identification of elemental species at each spatial posi-
tion needs no curve fitting. Fig. 2 shows example ele-
mental mass spectra from standard samples of Johns-
town Hypersthene and VG-A99 glass. 

 
Fig. 2  Example elemental laser mass spectra from 
samples in a standard mineral mount, courtesy E. 
Vicenzi, NMNH. 

 
At lower laser powers, molecular species increas-

ingly survive, although the intrinsic ionization effi-
ciency is somewhat lower than in the elemental analy-
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sis mode. As such, for organic analyses, the LDMS 
instrument is operated in a mode where the formed 
molecular ions are accelerated and focused, providing 
a more concentrated beam for the TOF-MS. Fig. 3 
shows an example LDMS spectrum from an unpre-
pared Allende meteorite chip. Allende is known to 
contain a component of refractory hydrocarbons 
(PAHs and kerogen-like compounds) at low levels. 
LDMS analyses have shown that these are readily de-
tected at high signal-to-noise ratios, and that they are 
generally confined to localized “hot spots” within the 
matrix regions of the sample. Masses up to 1000 amu 
have been detected despite the lack of wet chemical 
sample preparation. 
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Fig. 3  LDMS spectrum of a sample of the Allende 

CV3 meteorite (courtesy T. McCoy, NMNH). 
 
An intensive study of the elemental and organic 

analysis capabilities of the SAM/LDMS technique 
with a range of natural and synthetic Martian analog 
materials is underway. 
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EMISSIVITY SPECTRUM OF A LARGE “DARK STREAK” FROM THEMIS INFRARED IMAGERY.
S.P. Brumby, D.T. Vaniman, and D. Bish Los Alamos National Laboratory (Mail Stop D436, Los Alamos National
Laboratory, Los Alamos, NM87545, USA. Email:brumby@lanl.gov ).

Introduction: “Dark streaks”[1-4], also known as
“slope streaks”, are unusual surface features found on
Mars that are known to appear and fade away on
timescales of years [5].  Various explanations have
been proposed for their origin and composition, in-
cluding dry avalanches [3] and wet debris or precipi-
tates from brines [2,4,5].  Previous investigations have
been based on analysis of panchromatic imagery and
altimetry from Viking and Mars Global Surveyor mis-
sions.  We have obtained an infrared emissivity spec-
trum of a large dark streak on the north western edge
of Olympus Mons, using imagery from the THEMIS
instrument [6] on the Mars Odyssey 2001 spacecraft.

Observations by THEMIS: Dark streaks appear
across a large fraction of the surface of Mars [4], and
many are observed in the vicinity of Olympus Mons
(and other sites of volcanic origin).  “Dark” streaks get
their name from observations of surface brightness at
visible wavelengths, but in the infrared they appear as
bright streaks (Figs.1,2).  Panchromatic instruments
such as the Mars Orbital Camera [7] return images
with spatial resolutions of a few meters per pixel, and
many narrow dark streaks (~20m wide) and fewer
larger (~200m wide) streaks are seen in these images.
THEMIS-IR [6] measures 10 spectral bands, from
1650–600 cm-1, each ~1mm wide), at a spatial resolu-
tion of ~100m/pixel. Hence, only the largest dark
streaks are suitable for spectral studies that wish to
minimize problems with mixed materials in pixels.

We searched the database of publicly available
20m/pixel, visible wavelength THEMIS-VIS [8] for
large dark streaks, and found a suitable candidate
(Fig.1) in panchromatic THEMIS image V02339006,
collected 2002-06-25 at central latitude, longitude of
(21.412N,222.473E), on the north western slopes of
Olympus Mons.  Two daytime infrared images, col-
lected a month apart, are available for this area:
I02239005 (2002-06-25) and I02701002 (2002-07-24).
We use the radiometrically corrected (RDR) images
for these scenes, and carried out a manual band-to-
band coregistration of the imagery to correct for the
residual band-to-band misregistration in the standard
data product.  To avoid unnecessary manipulation of
the spectra, we restricted our coregistration transfor-
mation to a simple (band dependent) translation.  A
vertical shift of 1.3 pixels/band and a horizontal shift
of 1pixel/band were used to produce the IR band
(8,6,4) RGB composite image in Fig. 2 (bands with
central wavenumbers of ~850, 1000, 1150 cm-1, re-

spectively). The streak, which appears dark at visible
wavelengths (~650nm), appears bright in the infrared.

Estimating surface temperatures: Following the
prescription for analyzing THEMIS-IR imagery de-
scribed by the instrument team [9], we used the infra-
red band 3 (~1300cm-1), which is believed to be mini-
mally impacted by atmospheric dust and water ice,  to
estimate the surface brightness temperature.  For image
I022395505, we obtained brightness temperatures in
the  range 220K (in the deepest shadows) to 269K (on
sun facing slopes), and for image I02701002, we ob-
tained temperatures between 221K and 258K.  The
100m scale spatial distribution of temperatures is
shown in Figs.3 and 4.  The pattern of temperature
variation appears consistent across scenes. Notice that
the dark streak region is spatially correlated with warm
(~260K) temperatures in both images.

Extraction of relative emissivity spectra: Given
that we have estimated the surface temperature from
band 3, we are only able to extract relative emissivity
spectra from the remaining infrared bands (band 10 is
also unavailable, as it was designed to observe a CO2
atmospheric absorption band).  We divided the coreg-
istered spectrum at each pixel by a Planck function at
the appropriate pixel band-3 brightness temperature,
convoluted with the bandpasses of the THEMIS-IR
instrument [9].  The results are shown in Figs. 4 and 5.
Detailed analysis of the spectral shapes will be the
subject of a future publication, although we note in
passing that the spectra from image I02701002 show
an additional peak in infrared band 5 which may be
due to enhanced atmospheric dust over the scene on
that day.  In any case, the patterns of coloration in the
infrared band (8,6,4) composite images appear broadly
consistent across scenes.

Discussion: Spatially resolved infrared spectra of-
fer the opportunity to investigate the physical surface
composition and temperature distribution at pixel
scales (~100m for THEMIS-IR, ~3km for Mars Global
Surveyor TES instrument [10]).  Multispectral imagery
is limited in spectral depth, and it is important to con-
sider how atmospheric constituents affect individual
bands without the advantages of radiative transfer
modeling and hyperspectral imagery [10].  The con-
sistency of our results across images collected a month
apart suggest that THEMIS-IR will be useful for fur-
ther investigation of dark streaks.
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Figure 1: THEMIS-VIS of dark streak

Figure 2: THEMIS IR band (8,6,4)

Figure 3A: Temperature map for scene 06-25

Figure 3B: Temperature Map for 07-24
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Figure 4A: Relative emissivities, bands (8,6,4)

Figure 4B: Relative emissivities, bands (8,6,4)
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UTOPIA PLANITIA: OBSERVATIONS AND MODELS FAVORING THICK WATER-DEPOSITED 
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Introduction:  One of the most important issues 

of martian geological history is whether or not there 
have been bodies of standing water on the surface at 
one or more times in the past.  Because of its size and 
the volume of water involved, the most important of 
these putative bodies of water is the "ocean" inferred 
to have occupied the northern lowland at various times 
during martian history [1,2,3,4,5].  Assessing the va-
lidity of hypotheses for a northern paleoocean involves 
determining the nature and thickness of the deposits 
that overlie the ancient Noachian floor of the northern 
lowland.  Data from Mars Global Surveyor and Mars 
Odyssey can address the thickness and origin of these 
deposits in several ways, including evaluating pro-
posed shorelines, comparing depositional ages with 
times of outflow channel activity, modeling behavior 
of the deposited materials, mapping associations be-
tween potentially diagnostic structures and lowland 
topography, and inferring deposit thickness from prop-
erties of these structures.  The approach here is to 
summarize observations and models for the post-
Noachian evolution of Utopia Planitia that point to-
ward the deposition from water of sedimentary depos-
its forming a layer that must be >390 meters thick 
where this thickness can be directly estimated, and that 
very likely is as much as 2-3 km thick in places.  
Demonstrating that these deposits are water-laid sedi-
ments would provide very strong evidence in favor of 
an ocean.  Most of our effort has focused on those 
parts of the putative sedimentary deposits that are de-
formed into giant polygonal terrain, especially in Uto-
pia Planitia where the association of polygonal terrain 
with lowland topography is most clear. 

Geologic Setting:  Most of Utopia Planitia is un-
derlain by the large Utopia Basin, originally inferred 
from the distribution of knobs and mesas defining the 
main basin ring, and from the distribution of giant po-
lygonal terrain that rings the inner part of the basin [6].  
Most of the lowland deposits within the Utopia Basin 
are mapped as the Vastitas Borealis Formation, which 
is divided into 4 members defined by means of associ-
ated structures or landforms [7].  Primarily because of 
superior resolution and clarity of Viking images, and 
absence of obscuring polar surface processes, the 
stratigraphy within the basin is best displayed across 
its southern flank.  To the south, adjacent to the di-
chotomy boundary, the ridged member of the Vastitas 
Borealis Formation is exposed [7].  This unit corre-
sponds to an Early Hesperian ridged plains unit 
mapped over much of the lowland [8].  Northward an 

Amazonian knobby plains unit is mapped [7].  The 
knobs are almost certainly Noachian inliers, and their 
distribution was used to define the main ring of the 
Utopia Basin [6].  The young plains materials sur-
rounding the knobs overlie and partially obscure the 
ridged plains member of the Vastitas Borealis Forma-
tion exposed to the south.  However, the ridges are still 
visible through the young plains in detrended MOLA 
altimetry [8].  Northward, the ridged plains are over-
lain by the Grooved Member of the Vastitas Borealis 
Formation, which is characterized by giant polygons.  
Except where covered by a tongue of Amazonian ma-
terials derived from Elysium Mons [7], the Grooved 
Member (= polygonal terrain) occupies most of the 
central part of the Utopia Basin [7].  Crater counts on 
Utopia polygonal terrain yield an age of Late Hespe-
rian [9,10], consistent with the stratigraphic sequence 
inferred from geology and topography.  All of the cra-
ters used to date the polygonal terrain are superposed 
on the troughs defining the polygons, and thus these 
structures also must be Late Hesperian in age. 

Observations:  A number of observations support 
a water-laid sedimentary origin for the materials of 
polygonal terrains.  Polygonal terrains occur in the 
lowest parts of the northern lowland, the most logical 
places for water to pond and sediments to accumulate 
if oceans or large lakes did occur [11,6,12].  Craters 
superposed on these terrains are dominantly character-
ized by fluidized ejecta, generally believed due to sig-
nificant volatile content in the target material [13].  
The upper elevation limit for polygonal terrain expo-
sures along the south flank of the Utopia Basin occurs 
close to an elevation of -4350 meters [14], approxi-
mately coinciding with a topographic terrace along the 
flank of the Utopia Basin that has been interpreted to 
be a paleoshoreline [15].  Other terraces have been 
inferred at elevations of -3650 m, -4200 m, and -4600 
m [5], the first only ~100 m higher than the mean ele-
vation of inferred global shoreline “contact 2" [1].  
Most of these terraces can be traced for only a few 10's 
of km around the basin flanks.  In addition, a large and 
more laterally continuous bench occurs at -4700 m 
[10].  Finally, the Late Hesperian age of Utopia po-
lygonal terrain coincides with the time of most outflow 
channel activity [16]. 

Most of the Utopia polygonal terrain consists of 
troughs of varying length, depth, and width that form 
an irregular pattern that most closely resembles the 
“irregular random” pattern defined by [17].  The ge-
ometry of these troughs indicates that they are de-
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graded grabens.  Within the Utopia polygonal terrain 
are several 10's of grabens that are circular, and our 
research indicates that they exhibit properties support-
ing deposition of polygonal terrain material from wa-
ter, as will be discussed below.  These circular grabens 
are interpreted to overlie the rims of buried impact 
craters [18,19].  Presumably these buried craters were 
superposed on the older, Early Hesperian ridged plains 
unit [8].  It is straightforward to estimate the minimum 
thickness of material covering the buried craters; the 
thickness must exceed the height of the rims of the 
buried craters, as estimated using morphometric equa-
tions for martian craters [20].  In Utopia Planitia, the 
diameters range from 7 to 32 km, and thus ridge height 
and hence minimum cover thickness ranges from 190 
to 390 m.  Even the smallest value in this range ex-
ceeds the ~100 m estimate of cover thickness in [8], 
and thus we do not believe that their result can be cor-
rect.  The diameters of areas enclosed within circular 
grabens exhibit no systematic areal pattern; that is, the 
largest values seem randomly distributed throughout 
the entire population, indicating that the minimum 
thickness of cover required to just bury the craters ly-
ing below circular grabens is close to 390 m through-
out the Utopia polygonal terrain. 

Actually, the minimum thickness must be greater 
than crater rim height in order to permit formation of a 
graben in the cover over the rim.  The thickness of 
cover needed for a graben to develop depends on the 
assumed fault dip angle, and on the initial width and 
sub-surface geometry of the graben.  For likely values 
of these parameters, the additional thickness required 
is at least several hundred meters.  

Modeling:  A number of models have been pro-
posed to explain the giant polygons, based on methods 
of forming polygons on Earth.  These models invoke 
such familiar processes as the cooling of lava 
[21,22,23], frost wedging [24] and the desiccation of 
wet sediments [23].  However, the giant martian poly-
gons are two orders of magnitude larger than the larg-
est polygonal structures on Earth, and none of the 
above processes can be scaled up to the martian di-
mensions [25].  Two models [19,9,26] try to explain 
the large scale of the martian polygons by suggesting 
that they form in a cover material that is tectonically 
bending and compacting over an uneven, buried sur-
face.  However, while these models can explain the 
location of the troughs bounding the polygons, the 
surface bending strains produced are not sufficient to 
explain the width and depth of the troughs [9].  It has 
been proposed [14] that rebound of the crust beneath 
the Utopia Basin as a result of drying of a northern 
ocean created roughly isotropic extension in Utopia 
Planitia.  They cited Pechmann [25], who estimated 
that an uplift of ~1 km would yield about 0.03% re-

gional extension.  For an average graben depth of 30 m 
and average graben spacing of 7 km [14] the regional 
extension required to form the grabens is ~1% for 60o 
fault dips and ~0.3% for 80o fault dips.  Furthermore, a 
kilometer of rebound uplift would require loss of ~3 
km of water, a factor of ~3 greater that the estimated 
maximum ocean depth within Utopia Basin [14].  Thus 
rebound would provide extension that is more than an 
order of magnitude too small to account for the gra-
bens. 

Differential compaction of polygonal terrain mate-
rial can account for the needed extension [9,27,28].  
That this process has occurred is indicated by two sim-
ple tests.  A differentially compacting cover material 
will produce a surface relief that is dependent upon the 
thickness of the cover material, the relief of the base-
ment floor it covers, and the average compaction 
throughout the cover layer.  The percent compaction at 
any depth within the cover must be a function of the 
total overburden pressure.  This means that percent 
compaction should increase with the depth of the cover 
deposit, and thus that the average fractional compac-
tion should be proportional to cover thickness.  If the 
circular grabens do overlie buried impact craters, then 
differential compaction models predict that they will 
bound topographic depressions, because total cover 
thickness will be greater over the centers of completely 
buried craters than over their rims.  Since large craters 

 

 
Figure 1.  Location of 27 circular grabens on the 
southwest flank of the Utopia Basin.  21º-33ºN, 241º-
257ºW 
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are deeper than small craters, the models also predict 
that surface relief will be proportional to ring fracture 
diameters.  Studies of 27 circular grabens (Fig. 1) 
found on the southwest flank of the Utopia Basin 
[27,28] showed that these predictions hold true in Uto-
pia Planitia (Fig. 2). 
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Figure 2.  Diameter of the outer ring of circular gra-
bens vs. the surface relief of the enclosed depression, 
as determined by MOLA.  Surface relief is defined as 
the absolute value of the difference between the high-
est point on the ring's rim and the lowest point it sur-
rounds. 

Figure 3.  The spacing between the two ring grabens 
vs. the diameter of the outer graben. 
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Most of the circular grabens in southwest Utopia 

Planitia are comprised of two concentric nested rings.  
Tectonic bending of the cover material would increase 
the probability of fracturing over a drape anticline 
formed over a buried crater rim, but this should only 
produce one graben.  And yet, of the 27 circular gra-
bens studied, only two consisted of a single ring; the 
remaining 25 are double.  The spacing between the 
concentric rings does not correlate with diameter of the 
circular grabens (Fig. 3) but does correlate with its 
proximity to the center of the Utopia basin (Fig. 4) 
[28].  Many researchers [e.g. 29] have inferred that 
cover thickness should increase towards the center of 
the basin, thus suggesting a correlation between ring 
spacing and thickness of cover material. In addition, 
the average depth of polygonal terrain grabens in-
creases towards the center of the Utopia Basin [14], 
suggesting a relationship between graben depth, cover 
thickness, and distance from the center of the basin.   
Numerical models show that the differential compac-
tion of a cover material over a crater rim produces two 
regions of maximum tangential stress at the surface, 
one inside of the crater rim and one outside [30].  
These regions, where we would expect grabens to 
form, move away from each other with increasing 
cover thickness.  The modeling results thus match the 
observations in Utopia Planitia.  To produce graben 
spacings within the obser- 

Figure 4.  The spacing between the two ring grabens 
vs. the distance to the center of the Utopia Basin.  Cen-
ter of the Utopia Basin is assumed to be 44ºN, 113ºE, 
the center point of the 17º circle that circumscribes the 
Utopia polygonal terrain [9].  Alternatively, the lowest 
topographic point as determined by MOLA [15] is 
located at 45ºN, 112ºE.  Although there are small 
variations in the plot when using this location, the 
trend is the same. 
 
ved range (1.4-3.5 km), preliminary numerical models 
require cover thicknesses within the 1-3 km of maxi-
mum cover estimated by [29]. 

Discussion:  Both the modeling and the surface 
relief observations of circular grabens strongly support 
differential compaction in Utopia Planitia.  This com-
paction, however, needs to produce sufficient horizon-
tal strain to create the observed polygonal troughs.  
Wet soils shrink as they dry because the surface ten-
sion of the water pulls the grains toward each other.  
The resulting strain due to volume loss can easily be 
large enough to account for the dimensions of the po-
lygonal fractures [9].  Studies of polygonal fault sys-
tems in Lower Tertiary mudrocks in the North Sea 
Basin determined that the bulk extensional strains that 
caused faulting are a component of the compaction 
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process [31].  Polygonal faulting due to compaction-
related extension has now been identified in fine-
grained sedimentary rocks of numerous globally dis-
tributed basins [32,33,34].  These studies indicate that 
the North Sea polygons accommodated radially iso-
tropic extensional strains of up to 20% [31].  Large 
volume air fall or surge volcanic deposits also shrink 
as they cool, especially if they weld, but this is pre-
dominantly accommodated by vertical compaction 
with only minor horizontal shrinkage [35].  Thus cool-
ing volcanics will not provided the horizontal exten-
sion needed to account for the grabens bounding the 
giant martian polygons.  Thus the robustness of the 
support for the differential compaction model of poly-
gon formation from observations, numerical modeling, 
and Earth analogues, strongly implies that the cover 
material in Utopia Planitia was deposited from water.. 

Conclusions:  Evidence that polygonal terrain ma-
terial, and perhaps material of other members of the 
Vastitas Borealis Formation as well, is sedimentary 
and water deposited is varied and strong.  This evi-
dence ranges from global temporal or spatial associa-
tions with outflow channels, possible shorelines, deep 
topographic depressions, and fluidized ejecta craters to 
detailed geologic, geometric and kinematic characteris-
tics of polygonal terrain structures.  Polygonal terrain, 
which corresponds to the Grooved Member of the Vas-
titas Borealis Formation, must be on the order of 1-3 
km thick, with thickness increasing systematically 
from the flanks towards the center of the buried Utopia 
Basin.   
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Implications of Flow and Brittle Fracture of Ice Masses in South Polar Craters. S. Byrne1, 1Division of
Geological and Planetary Sciences, California Institute of Technology, Mail-stop 150-21, 1200 East California
Blvd., Pasadena, CA 91125, USA. shane@gps.caltech.edu

Introduction: The Martian layered deposits have
long been thought to be mostly water ice with varying
admixtures of dust leading to the differing albedos and
mechanical strengths of the layers [1]. They have
previously been mapped as a distinct unit based on
their banded visual appearance [2]. Topography data
from the Mars Orbiter Laser Altimeter (MOLA) [3]
have confirmed these deposits to be several kilometers
thick and broadly dome shaped, similar in many
respects to the Greenland ice sheet on Earth.

The degree to which the present layered deposits
behave like terrestrial ice sheets is unknown [4]. The
possibility of flow has been discussed by several
authors [5,6]; conversely brittle fracture and
sublimation have been proposed to dominate over flow
by others [7,8]. In this work a series of features at the
edge of the southern layered deposits are examined for
evidence both for and against flow.

Figure 1. MOLA derived shaded relief map of the
south polar region. Grid lines every 2° latitude and 30°
longitude, shading from upper right. White areas
indicate mapped locations of mounds within craters
interpreted to be layered deposit outliers. White circle
at center represents no data, black dashed line
represents mapped boundary [2] of layered deposits.

A series of craters close to the mapped edge of the
south polar layered deposits contain large mounds (see
Fig 1). These mounds appear to be layered deposit

outliers in Mars Orbiter Camera (MOC) images and
have previously been mapped as such [2]. Many of
these mounds show geomorphic evidence of flow at
some point during their history some of which is
discussed below. A thorough review of this evidence
will be presented and implications for polar history
discussed.

Edge ridges: A common occurrence where these
mounds are in contact with a crater wall are ridges at
the edge of the deposit (see Fig. 2).

Figure 2. MOLA topography shaded from the
upper right of a glacier-like feature within two craters.
The black line near the interpreted terminus (below and
right of center) represents the position of the plotted
topographic profile. A series of ridges is visible near
the edge of this feature.

These ridges are interpreted here as being due to
compression of the ice mass as it flowed into the side
of the crater. Its possible that this form of compression
could also occur from the ice being pushed uphill by
the pressure of the mound upstream. The present day
separation between the crater wall and proposed
terminus is interpreted to be due to subsequent retreat
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of the ice by sublimation. Many of these mounds have
dunefields superposed on them, care must be taken that
large dune formations are not interpreted as ridges
within the ice body. MOC narrow angle imagery
provides the distinguishing data.

“Double hump” structure: Many of these mounds
appear as though there are multiple superposed ice
masses (see Fig. 3). It has been argued in the past that
the southern layered deposits have advanced and
retreated [5]. This is further evidence to that effect,
each superposed lobe of material can be interpreted as
being the result of the main ice sheet advancing over
the previous lobes. Periodic glaciation is common on
the Earth and could occur on Mars due to deposition
enhanced by obliquity variations as has been suggested
by many in the past.

Figure 3. MOLA shaded relief of crater containing
superposed mounds. White line indicates position of
plotted topography profile (top to bottom on figure is
left to right on plot). A single ridge at the edge of the
deposit is also visible here.

Indications of Brittle Fracture: Several locations
at the layered deposit boundry exhibit ample evidence
of brittle fracture [8] (see Fig. 4).

Figure 4. Subset of MOC narrow angle image
M02/01989 showing bounding scarp of layered
deposits. Landsliding is comman in this area.

Offset faulted layers, landslides, and large scale
slumping in certain areas indicate that flow is not
currently fast enough to accomadate the driving stress
which causes these features.

Possible Moraines: Terminal moraine like features
point to both lateral advancement of ice masses and
more recent retreat. The evidence for the existence of
these features is weaker than other indicators discussed
above since they are in general harder to locate.

Figure 5. MOLA shaded relief near 72° S 145° E.
Small moraine like structures are evident in the vicinity
of possible flow structures. Black line segment
represents the position of plotted profile.

Modeling to try and constrain the length of time it
would take for water ice features to retreat due to
insolation alone (which varies with obliquity) will be
used to attempt to estimate how long ago sublimation
overtook flow.

Preliminary Interpretations: In many locations
these ice rich mounds seem both to be in a state of
retreat and display evidence of flow. These two
disparate observations can be reconciled by postulating
alternating episodes of glacial advance and
sublimation-based retreat. The geomorpholical
evidence seems to suggest that we are currently in an
erosive state and have been for some time.
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The large quantities of water ice discovered within
the mid-latitude regolith [9] and the snow layer
proposed [10] as an explanation for the gully
phenomena in the middle latitudes could represent the
present location of water ice which in glacial periods
would be transported poleward and acculuminate as
layered deposits. If the polar layered deposits were to
wax and wane in thickness then glacial activity at its
margins would also respond to the increased pressure
and driving force of the thicker ice sheet. Retreat via
sublimation is likely operating to some extent at all
times but may be periodically overtaken by this glacial
activity.

A more complete set of geomorphic evidence will
be presented along with modeling results of retreating
scarps to attempt to date these events.
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Introduction:  The solid CO2 reservoir at the 

southern pole of Mars, which survives the entire 
summer, has been known to exist for decades [1,2].  
Mars Global Surveyor data have revealed this residual 
deposit to contain a rich variety of geomorphic features 
[3].  One of the most ubiquitous classes of features on 
the residual cap are the flat-floored quasi-circular pits 
with steep walls (see Fig. 1), dubbed Swiss-cheese 
features. 

In this work we report on statistical properties of 
different Swiss-cheese populations within the residual 
cap. We use results from a model we have developed 
[4] to attempt to infer the recent history from such 
properties as the size distribution and other measured 
geomorphic parameters. 

We find evidence of changing environmental 
conditions on the residual cap over timescales of 
Martian centuries. 

 

 
 
Figure 1. A) Typical depression in the polar CO2 

ice (“Swiss-cheese feature” ) within the study area 
shown in Fig. 2.  Just below and to the right is a slight 
depression, which may be the progenitor of a future 
Swiss-cheese feature.  The ‘elephant hide’  appearance 
of the surrounding terrain is commonly observed near 
these features in this area. Sub-frame of MOC narrow 
angle image M09/00609, taken at 87° S, 353° E, and Ls 
237°.  B) Larger Swiss-cheese features show moats 
with a raised central island, also visible here is layering 
within the walls. Sub-frame of MOC narrow angle 
image M12/01995, taken at 86.9° S, 17 E°, and Ls 
305°.  In this and subsequent figures arrows denote the 
direction to the sun (*) and north (N). 

 
Feature Description:  These features are strictly 

confined to the southern residual CO2 cap. Within that 
restriction they occur in all areas, usually right up to 

the border between the residual cap and the layered 
deposits.  Swiss-cheese features have a number of 
distinctive characteristics (see Fig. 1), although not all 
features share all these characteristics. 

 
• Flat Floored 
• Steep Walls  
• Depth ~8m (from shadows and MOLA) 
• Size range from a few hundred meters to ~1 km 
• Layers exposed in walls 
• Asymmetric cusp (smaller ones only) 
• Interior moat and island (larger ones only) 
• Equatorward facing walls slightly steeper 
 
Swiss-cheese features do not change shape or size 

over the course of a single year [3,5], however 
observations from two sequential Martian years show 
that the depressions are expanding [6].  The observed 
rate of retreat for individual walls is 1-3 m/yr [6].  The 
flat floors and growth of these features has been 
successfully modeled as a depression in CO2 ice 
underlain by water ice [4]; modeled retreat rates (0.5-
2.5 m/yr) were close to the observed rates and 
depended mostly upon the subsurface albedo profile. 

Seasonal changes in the albedo characteristics of 
the depressions do occur [4,5]. The walls and moats (in 
the case of the larger depressions) darken considerably 
when the seasonal frost is removed. The surrounding 
upper surfaces and raised central islands (in the case of 
the larger depressions) do not darken in this way. 

 
Observations and Model: Following previous 

work [4, 7]. We choose several study regions on the 
residual cap spanning latitude, longitude, elevation and 
distance to residual cap edge. Among the measured 
parameters we will report on are: 

 
• Size 
• Orientation (where visible) 
• Moat widths  
• Wall slopes (poleward and equatorward) 
 
In work so far we have used the developed model 

to interpret the size distribution in terms of age [4, 7].  
However other parameters such as the wall slopes can 
provide constraints on the subsurface albedo profile 
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when compared to model results for different 
situations. 

An example of one region studied is shown on Fig 
2. This region has a unique population of Swiss-cheese 
features, which show a remarkable consistency in size 
and orientation [7]. 

 

 
 
Figure 2. Shaded topographic map of the southern 

residual cap (outlined in black). Data poleward of 87° 
S (white areas) is very sparse and not shown here. The 
region of interest discussed here (400 km2) is outlined 
by the dashed square near 87° S 355° E.  Other regions 
will be similarly analyzed. 

 
The model used is described elsewhere in more 

detail [4,7]. Briefly it accounts for all orders of incident 
and scattered long and short wave radiation within an 
arbitrarily shaped depression. The depression is 
embedded within CO2 ice and can change size and 
shape in response to sublimation/condensation of CO2 
in different areas. The CO2 ice is underlain by water ice 
which is assumed to be involatile within this 
temperature range but which is free to heat up and 
conduct heat into the subsurface if exposed to 
insolation. 

 
Preliminary results: These features are fast 

growing and provide information on the last few 
centuries of Martian history. Although this work is still 
in the initial phases some preliminary results show the 
promise of this approach. 

The model concept of a thin CO2 layer on top of 
water ice was validated with THEMIS data [4,7]. This 
led to an estimate of the total amount of CO2 in the 
residual cap reservoir (about 5% of the atmospheric 

reservoir [4]).  This estimate is likely an upper limit as 
the 8 meters thick CO2 layer is very patchy over most 
of the residual cap. 

 

 
 

Figure 3. A) Rose diagram of Swiss-cheese feature 
orientations. Azimuth refers to the direction from the 
cusp to the opposite wall, through the center of the 
depression. The total number of features measured was 
370, the mean azimuth was within 0.2° of south and the 
standard deviation was ~17°. Concentric circles 
indicate number in increments of 10. B) Histogram of 
sizes of identifiable Swiss-cheese features. Diameter 
here refers to the longest axis for non-circular features. 
The total number of features measured is 1263, the 
mean size was 217m and the standard deviation was 
~35m. C) Many Swiss-cheese features destroying the 
upper 8m thick layer in a sample view of our study 
area.  Sub-frame of MOC narrow angle image 
M07/04167, taken at 86.8° S, 355° E, and Ls 211°. 

 
The narrow size distribution observed in the area 

shown on Fig. 2 (see Fig. 3) points toward a common 
formation period for these features. Comparing model 
results to the observations the age of this population 
could range anywhere from ~43 ± 7 to ~217 ± 35 
Martian years (or 81 ± 13 to 408 ± 66 terrestrial years) 
[7]. The ± numbers quoted correspond to the error in 
the age of the population not the period over which 
these features were forming. The width of the 
distribution (measured by the interquartile scale of 
40m) can be used to estimate the length of time these 
features were forming. This corresponds to a period of 
8 to 40 Martian years (15 to 75 terrestrial years) [7]. 

The large spread in ages and length of formation 
period is due to the large spread in expansion rates. 
One fact which is independent of this is that the length 
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of formation period is ~18% of the mean lifetime of the 
population. 

The mapped positions of the asymmetric cusps 
indicate they occur without exception on south facing 
walls. This lends further credence to the insolation-
based model that we have adopted.  The cusp position 
is more difficult to record than the feature size since 
cusps are only visible in the highest resolution images. 

 
Discussion: The narrowness of the size distribution 

combined with the size cutoff at smaller and larger 
sizes points toward a period in the history of this area 
of the residual cap where Swiss-cheese features were 
forming.  It is hard to imagine what may be varying on 
timescales of centuries to control whether 
environmental conditions are suitable for Swiss-cheese 
formation or not. Orbital change cannot be playing a 
significant role over such short timescales and the 
atmosphere generally has no memory from one year to 
the next. One possibility is perhaps the slow 
redistribution of dust on a planet wide scale into 
preferred areas, which changes the albedo pattern with 
respect to the (by comparison) invariable elevation 
pattern. This could possibly switch the climate and 
circulation patterns into some other mode leading to 
differing conditions on the residual cap and a resetting 
of dust to its original configuration. This dust 
redistribution action may also act on more regional or 
local scales, changing the environment only in the near 
polar areas. 

Each part of the residual cap has its own story to 
tell (although these stories should overlap).  We will 
report on the extension of this geomorphic mapping to 
other areas.  A more complete history of the polar 
environment over the last few Martian centuries should 
be forthcoming.  In parallel we are improving our 
modeling methods to adequately characterize more 
geometrically complicated features such as the large 
Swiss-cheese features that contain moats and central 
islands.  Finally, improvements to our estimates of the 
total amount of CO2 in the residual cap reservoir are 
continuing and will be greatly helped by the detailed 
geomorphologic cataloging now underway. 
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