History and current pro cessesof the Martian
polar layered deposits

Thesisby
ShaneByrne

In Partial Ful llment of the Requiremes

for the Degreeof

Doctor of Philosopty

California Institute of Tedinology

PasadenaCalifornia

2003
(DefendedMay 27, 2003)



c 2003
ShaneByrne
All Rights Resenred



Sciene is built up of facts, as a houseis with stones.
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Abstract

The Martian polar layereddeposits constitute a detailed record of geologicallyrecen
ervironmertal conditions. In this thesis| examineprocesseghat have a ected this
history over timescalesranging from 10°to 10’ Martian years. To completethe
work in this thesis| deweloped a geographicdatabaseof the Martian polar regionsto
enablecomparisonsof di erent datasetsspreadover di erent missions.

| report on the discovery of a large sandrich unit underlying the northern polar
layered deposits. The presenceof this unit suggeststhere once existed a radically
di erent polar ervironment where there was no polar cap. A major new question
now arisesof wherethat water wert during this time period and how the old polar
cap (if there was one) was removed.

| descrike analysisand modeling of ewlving landforms on the southern residual
CO, cap. This modeling suggestghat theselandforms are underlain by a water ice
layer. THEMIS obsenations were usedto con rm this hypothesis. This limits the
sizeof the residual CO, cap reserwir to no more than 5% of the current atmosphere,
which puts an important constraint on models of atmosphericewlution. Analysis of
the sizedistribution coupledwith this modeling indicates a uniform agefor a large
group of thesefeatures,implying someenvironmental changeon the order of Martian
certuries ago.

| examinedgeomorphologicvidencefor ow processest the margin of the south
polar layered deposits. Indications of multiple episales of previous ow are seen.
However much evidenceof brittle processesud asfaulting, slumpingand landsliding
is also present. This leadsto the conclusionthat, during someperiods, ow of the

layered deposits is incapableof relieving the gravitationally generatedstresseswithin
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the ice sheet. The evidencesuggeststhat periods where ow was possibleoccurred
intermittently and were separatedby periods in which sublimation-basedretreat of

the ice dominated.
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Chapter 1

In tro duction

1.1 Rationale for studying the Martian
polar regions

The Martian polar layered deposits are an enigmatic geologicformation that have
excited and motivated generationsof planetary scierists. It is likely they cortain
a historical record that is rivaled in detail and variety only by terrestrial ice and
deepseacores. More than thirty yearshave passedsince Murray et al. (1972) rst
reported the existenceof what they termed\L aminated Terrain" at the Martian south
pole. Thesepolar layereddeposits (asthey later becameknown) were rst imagedby
Mariner 7 (Figure 1.1) and have beenstudied as part of every Mars orbiting mission
since. At the time of their discovery they wereimmediately seizedupon asa possible
record of Martian climate (Cutts, 1973b;Ward, 1973;Cutts and Lewis, 1982). These
sedimens are commonly interpreted as being composed of varying proportions of
atmosphericallydepositedice and dust. This thesisis focusedon usingthe new MGS
(and to a lesserextert Mars Odyssey)data to examineboth contemporary processes
and the historical record cortained within the polar layered deposits.

The opportunity to study what is e ectively a summary of the recen history
of Mars is too good to passover. Howewer, it has proven very dicult to extract
information from the record that is obviously presen in the polar layered deposits.

In the last three decadeshundreds of papers have been published attempting to
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deciphersomepart of the polar puzzle. Much work hasbeendoneon describingthe
layered deposits, but the overall paradigm of dusty water ice has remained roughly
the same. There are seeral major questionsstill to be answered: What is their
exact composition? Are they currertly forming? Do the ice caps ow? What are
the details of layer formation? What is the relationship betweenthe northern and
southern deposits?

With the advert of the Mars Global Surveyor (MGS) and Mars Odysseymissions
there are opportunities for new discoveries and so there has been a new surge of
interest in the polar areas. This is in part due to the fortunate polar orbit of the
spacecraftwhich ensuresthat the volume of data collected over the polar regionsis

disproportionately large comparedto their area.

Figure 1.1: The left frameis the rst view of the Martian polar layereddeposits taken
by Mariner 7 (image 17, processingoy M. Robertson, Northwesternuniversity) in the
summerof 1969. View is looking toward the south pole alongthe 30 E meridian. The
dark crater at the bottom right is 100km acrossalthough the scalechangeghroughout
the imagedueto the large emissionangle. The arrow denotesthe position of the right
handimage(THEMIS frameV00910003)which wastakenin February 2002and showvs
that polar scarpin detail. The available data have improved considerablyduring the
last 34 years.

Many polar processeshave operated on widely varying timescalesthroughout

Mars' history. Ead chapter in this thesis examinesprocesseqand their resultant
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history) over a di erent timescale. All of these processesnay be consideredrecent
in the broader cortext of the history of the ertire planet, but their timescalesare
extremely diverse. This introduction provides an overview of the Martian polar lay-
ereddeposits and descritesthe cortribution my researb hasmadeto this picture. In
Chapter 2 | detail the discovery of a distinct division within the stratigraphy of the
north polar layered deposits. The lower unit was determinedto be primarily sand,
which di ers radically from that of the overlying dust-ice mixture. This indicates
that there was a period in Mars' history where there was no northern polar cap. In
Chapter 3 | descrike modeling of the erosionof the southern residual CO, cap by
expanding at o ored pits. In this work we accomplishedtwo major things. We
placedan upper limit on the sizeof the solid CO, reserwir which renderedit insignif-
icant even comparedto the presen atmosphere.The other nding is the recognition
of a distinct population of these featureswhich were all initiated closetogether in
time. This indicates a changing polar ervironmert on timescalesof 107 years. In
Chapter 4 | explore the possibility of a changing polar ervironmert which causes
ow processego start and stop repeatedly Thesechangesare probably coupledto
variations in orbital parameters. These ndings of thesechapters are summarizedin

more detail in Section1.4.

1.2 Description of the Martian polar regions

The south polar region of Mars was rst imagedby Mariner 7 (Sharp et al., 1972);
howewer, the layereddepositswere rst recognizedrom Mariner 9 imageryby Murray
et al. (1972). The southern layered deposits have a mapped extert of about 1:3

10°km? (Tanakaand Smtt, 1987)and sit unconformablyon top of the heavily cratered
southern highlands. They are capped by a much smaller, 8:8 10'km?, (Thomas
et al., 1992), residual cap of CO, ice. This residual CO, deposit is draped over the
highest area of the southern layered deposits and is o set from the rotational pole
by about 180km in the direction of 330 E. The layered deposits themseles are not

symmetric about the pole and extend much further in the 180 E direction, perhaps
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dueto melting and asymmetricretreat of a formally larger ice sheet(Head and Pratt,
2001).

The northern layered deposits were speculatedto exist by Murray et al. (1972)
basedon the relatively poor imagery available in that location from Mariner 9. Con-
rmation of their layered nature was provided by the Viking mission (Cutts et al.,
1976). The northern polar layered deposits are near circular, certered on the pole
and roughly 1000km across. They are almost completely covered by the northern
residual cap which is a thin, high albedo, water ice layer (Kie er et al., 1976). Sur-
rounding the northern polar layered deposits is a large circumpolar sand sea(Dial,
1984; Tanakaand Smtt, 1987) which is the largest cortinuous sand deposit on the
planet.

Topographicdata acquiredby the MOLA instrument have shovn that the layered
deposits in both hemispheresare broadly dome shaped (Smith et al., 1999) (Figure
1.2). Although they areat very di erent eleations, the thicknessof both the northern
and southern deposits are similar (3 km). Both polar deposits have their internal
layering exposedin many troughs and scarps(Figure 1.3).

Both polar capsare covered annually by 1-2 metersof seasonalCO, frost during
their respective winters (Leighton and Murray, 1966; Smith et al., 2001a). These
seasonakapsextend as far equatorward as 55 N/S (Jameset al., 1992). The high
resolution visual appearanceof the layersthemsehesdi er considerablybetweenthe
northern and southern deposits (Figure 1.3). The southern layers are expressedas
staircasetopograply suggestingdi ering medanical properties for eat layer. The
northern layers more usually outcrop on smooth slopes and dier in albedo. The
southern layers appear much more degradedthan the northern oneswhich is consis-
tent with estimatesof their agesfrom crater courting.

The surfacesof both polar layered deposits are extremely smooth at large length
scales(Aharonson et al., 2001) but have considerabletexture at higher resolution.
They are sparselycratered (Koutnik et al., 2002;Herkenho and Plaut, 2000) being
one of the youngestsurfaceson Mars. In particular the surfaceof the northern polar

deposits has almost no impact craters and sois too young to be reliably dated. The



Figure 1.2: Shadedtopograpty in polar stereographicprojection of the northern
(right) and southern(left) polar layereddeposits. The southerndepositscover a larger
area, both have similar relief. The color represets elewation but has beenstretched
in nonlinear way to better shav elewation di erences. Elevation rangeson the left
from -6443m (purple) to -2261m (brown), and on the right from -326 m (purple)
to 4798 m (brown). Note di ering horizontal scalesin ead frame. Topography data
from Greg Neumannof the MOLA team.
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most recen crater courts, of impact structures >1 km diameter, on the southern
deposits indicate a surfaceage of 30-100Myr (Koutnik et al., 2002). Thesecraters
exhibit anomalouslylow depth to diameter ratios (Koutnik et al., 2002) which may
be due to di ering physicsfor impacts into ice, or to subsequen blanketing (Plaut
et al., 1988; Herkenho and Plaut, 2000), or to viscousrelaxation (Pathare et al.,
2003), or to someconbination of all three. These craters were also found to still
have signi cant rims indicating that the viscousrelaxation medanism suggestedoy
Pathare et al. (2003)is perhapsthe most likely explanation for their shallonv depths.
Interpretation of thesecrater court data must be handled with somedegreeof care.
In Koutnik et al. (2002), we found that a much younger surfaceage( 10° years)
was suggestedoy the smaller craters (< 500m diameter). Reconcilingtheseageshas
proven di cult but the data are consisten with a resurfacingevert  10° yearsago
which was e ective enoughto remove all previouscratersin the small sizerange but
leave the larger craters (> 1 km diameter) intact.

Herkenho and Murray (1990a) examinedthe color and albedo of the southern
layereddeposits and found that they closelymatch bright reddishdust seenelsewhere
on Mars. They found no signi cant color or albedo boundary where the layered de-
positstransition to the southernhighlands. Paige and Keegan (1994)derived thermal
inertias and Lambert albedosfor the southernlayereddeposits and alsofound no sig-
ni cant changein thesepropertiesat the edgeof the layereddeposits. Hofstadter and
Murray (1990) shoved that any exposedwater ice at this location would quickly ac-
quire a protective sublimation lag. Thusit appearsfrom both obsenations and theory
that the southern layered deposits and surrounding highland material are blanketed
with at least a few certimeters of ne material which is well consolidatedenoughto
be stable on signi cant slopesand resist erosionby seasonawinds (Herkenho and
Murray, 1990b;Vasavadaet al., 2000).

The size,shape and icy composition of the polar layered deposits are analogous
to terrestrial ice sheetssud at that found in Greenlandwhich alsocortains layering.
The degreeto which the Martian deposits behave like terrestrial ice sheetsis still an

open question. Much recen debatehascertered around the questionof whether the



Figure 1.3: Southern (top panel) and northern (bottom panel) layering compared.
Layering in the southernpolar layereddeposits shavs staircasetopograpty indicating
di ering material strengthsbetweenlayers. In cortrast, layering in the north usually
outcrops on smooth slopes. Both thesescarpsare roughly equatorward facing with
the downhill direction from top to bottom. Top panelis a subframeof MOC narrow-
angleimageE11/03053at 86.2 S, 173 E, Ls 293, illumination from the upper right.
Bottom panelis a subframeof MOC narrow-angleimageM18/01897at 86.2 N, 233 E,
Ls 43, illumination from the lower right.
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ice caps(particularly in the north) are currertly o wing. The possibility of ow has
beenproposedby seeral authors (Head, 2001;Nye, 2000); converselybrittle fracture
and sublimation have been proposedto dominate over ow by others (lvanov and
Muhleman, 2000;Murray et al., 2001).

1.3 Tools and data used in this thesis

1.3.1 Mars Global Surveyor and Mars Odyssey

This thesis has beenmade possibleby data from the ongoing Mars Glokal Surveyor
and Mars Odysseymissions. It hasbeenmy good fortune to be at graduate scool
when data from thesemissionsbeganto becomeavailable. In Appendix C, | discuss
the timeline of everts during thesemissionsand shav when di erent data have been
acquired.

The orbits chosenfor the two spacecraftare especially fortunate for polar stud-
ies. Both Mars global surveyor and Mars Odysseyare in near polar orbits (93
inclination) with periods of about 2 hours. This meansthat they passover both
north and south poles(at a latitude of 87 ) 12times ead day, with eat passspaced
almost evenly in longitude. A consequencef this orbit is that thereis a ring at a
latitude of 87 N/S that is extremely well covered (known asthe \p olar ring" or \3
ring"). It wasthe blanket coverageof this areaby the MOC camerathat discovered
the Swiss-beeselandforms which are the subject of Chapter 3. The concetration
of orbital tracks in the polar regionsalso made possiblethe generation of gridded
products sudr as MOLA elewations modelsand TES albedo mapsat a much higher
spatial resolutionthan anywhereelseon the planet by at leastan order of magnitude.
A lesswelcomeconsequences that becauseall instruments are nadir pointing, the
areasbetweenlatitudes of 87 and 90 in both hemispheresare not coveredat all. To
gain somecoverageof these areasthe spacecraftwas rolled to the side asit passes
the polar ring; this wasrarely done (on < 1% of orbits).

The studiesin this thesishave utilized a variety of instruments, somemore heav-
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ily than others. For completenessa brief description of the instruments themsehes
follows.

The Mars Orbiter Camera(Malin et al., 1992;Malin and Edgett, 2001) consists
of a two wide-anglecameras(one at blue wavelengthsand one at red) and a narrow-
angle camera. The wide-anglecamerastake both daily global imagesat resolutions
of seeral km/pixel and cortext imagesfor the narrow-angleframesat resolutionsof
230 m/pixel. The narrow-angle cameraresolution can range from 1.4 to 12 m/pixel
depending on the selectedinternal editing. All three camerasof MOC are a "pustb-
room' systemwheredata is acquiredoneline at a time by a singlerow of pixels. The
orbital motion of the spacecraftsweepsthis linear CCD array acrossthe obsened
scene.

The Mars Orbiter Laser Altimeter (MOLA) (Zuker et al., 1992; Smith et al.,
2001b) measurestime of ight of laser pulsesto the surfaceand bad therehy get-
ting the range from the spacecraftto the surface. Accurate orbital information is
necessaryto cornvert this rangemeasuremento a planetary radius at a speci ¢ longi-
tude and latitude. Knowledgeof the Martian geoid (Aeroid) is necessaryto corvert
this planetary radius to topograply. Modeling of data from the radio scienceexper-
iment (Tyler et al., 2001;Lemoineet al., 2001) has provided the orbital information
and gravity elds necessaryto corvert MOLA measuremets to topography. MOLA
height measuremets are extremely accuratein the vertical direction (errors <1m),
the positional accuracyof the individual lasershotsis accurateto a few 10'sof meters
dueto the crosswer correction (Neumannet al., 2001)which is described in more de-
tail aspart of Appendix A.3. The MOLA laser res at approximately 10 Hz, making
the sample spacingroughly 300m on the ground. The surfacesize of the laser shot
varies somewhatwith topography (Mars has 30 km of relief) but is about 150m
across.

The Thermal Emission Spectrometer (TES) (Christensenet al., 1992,2001) has
six sensorsead of which takesa spectra of a 6 3 km patch of the surfaceewery 2
seconds.The spectral resolution canbe either 5 or 10cm * and the wavelengthrange

coveredis roughly 6! 50 m . Also part of the TES instrument are a broadband
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infrared bolometerand a shortwave radiometerto measurere ected sunlight.

The THermal EMission Infrared Spectrometer (THEMIS) (Christensenet al.,
2003) consistsof two cameras,infrared (IR) and visible (VIS). The THEMIS IR
camerahas 10 spectral bands ranging from 6:8 ! 149 m and a spatial resolu-
tion of 100 m/pixel. The THEMIS VIS camerahas 5 spectral bands ranging from
0:43! 0:86 m and a spatial resolution of 18 m/pixel. Both camerasacquire all

their bands simultaneously using a pushbroom method similar to MOC.

1.3.2 Development of Martian Geographic Information Sys-

tems and other tools

With so much available data it is possibleto look at many problemsin a new coor-
dinated way; this howewer requiresa corveniert way to co-registerdi erent datasets,
both to ead other andto the actual Martian surface. Geographicinformation systems
are used commonly on the Earth to this end. We begandeweloping sud a system
here at Caltech, basedon the Arcview software, originally to support the landing
site selectionof the Mars Polar Lander mission. We have subsequetly improved the
accuracyand usefulnessof the system. Many of the results discussedn this thesis
have only beenpossiblebecauseof our ability to accuratelyoverlay di ering datasets.
A short discussionof how this systemwas deweloped has beenincluded in Appendix
A.1l. Someexamplesof the usefulnessof this systemfrom studiesin which | have
played a role are discussedoelow.

In onesud work we mapped a particular landform (informally named spiders')in
the south polar layeredterrain and shoved it occurredonly in regionsthat displayed
‘cryptic' behavior. "Cryptic' terrain are areasthat show evidencethat the seasonal
frost layer has sintered into a transparert slab and was rst documerted by Kie er
et al. (2000). The transparencyof the ice allows the lower albedo substrate to show
through. The study necessitatedthe identi cation of which terrain was cryptic and
thus meart combining albedo and temperature data to nd out what areaswere

simultaneouslydark and cold. In addition the MOC narrow-angleimagesfrom which
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Figure 1.4: Left panel shavs TES derived surfacetemperature (scalein kelvin) at
Ls215 ! 220 (parallels marked every 5). Right panel shows visual albedo also
derived from the TES instrument for the sametime period. Yellow line demarks
the edgeof the layered deposits (Tanaka and Satt, 1987). Areas that are covered
in seasonalfrost are cold and mostly bright, howewer there is one “cryptic' region
that is both dark and cold (Kie er et al., 2000). The CO, ice hereis thought to be
transparert causingthe lower albedo of the underlying material to show through.
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we mapped the feature distribution must be well located within the thermal and
albedodatasets. An exampleof the cryptic regionat one particular time is shown in

Figure 1.4. This work hasbeenpublished as Piqueuxet al. (2003).
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Figure 1.5: Two examplesof co-registeredMOC and MOLA data (left at 82 S, 67 E,
illumination from upper right; right at 86 S, 210 E, illumination from lower right).
The circles superposedon the MOC narrow-angleimagesrepresen the sizeand po-
sition of individual MOLA lasershots.

In another study utilizing large volumesof co-registereddata we conductedcrater
courts which led to a signi cant revisionof the ageof the south polar layereddeposits.
Part of this study dealt with the analysis of the shape of identied craters from
MOLA data. In this caseit was necessaryto have very accurately registeredimage
data relative to the available topograply pro les. Figure 1.5 shows thesetechniques
applied to two particular craters. This work has been published as Koutnik et al.
(2002).

Prior to this we had deweloped our own image processingtools to improve the
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positioning of MOC narrow-angleimages. MOLA data taken simultaneously with a
MOC image was usedto project and position that MOC image, rather than using
traditional techniquesthat utilize camerapointing angles. This led to an order of
magnitudereductionin the positional errorsof the MOC narrow-angleimages. MOLA

data is much more accurately registeredto the planet's surfacethan MOC data due
to its crosseer correction. Due to its accuracyand quality MOLA data hasbecome
the standard which we register all other data to. This processis descrited in more

detail in Appendix A.3.

1.4 The relevance of this work to the larger picture

1.4.1 North polar stratigraph y

In Chapter 2 we presen evidenceof a distinct changein the layering style that exists
at a de nite stratigraphic horizon near the baseof the north polar layered deposits.
By investigating the three dimensionaldistribution of outcrops of the lower unit we
have characterizedits extent and shape beneath the majority of the polar layered
deposits. Our results indicate that this unit makesup perhaps20% of the volume of
the ertire topographicdome of the north polar layered deposits.

In addition this basal unit has very di erent characteristics from the overlying
layered deposits. We have showed that it is this unit that is the sourceof the large
circumpolar sand seawhich surroundsthe northern polar cap.

These conclusionssolve someold mysteriesbut provoke somenew questions. It
was always a problem to have sand sized particles weathering out of the layered
deposits asthey cannot be deposited there by atmosphericmeans. In the pastit had
beensuggestedhat the saltating particles may be dust aggregates. Howewer their
fragile nature and inconsister Viking color data always made this a problematic
solution. In this work we remove thesedi culties by having the sandweather out of

a di erent unit which predatesthe north polar layered deposits. The new mystery
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concernsthe formation of this large sand deposit. The fact that it underlies the
rest of the layered deposits indicates that there was a important episale in Martian
history when there was no northern polar layered deposits. Instead the sedimemary
ervironmert supported the accunulation of a thick sand body. There are about
10°km?® of water ice currertly in the northern polar layered deposits. Where this
water was during that period is unknown. We o er somespeculationsat the end of

Chapter 2 and in the concluding Chapter 5.

1.4.2 Southern residual cap geomorphology

In Chapter 3 we descrile a new classof featureswhich were not known before the
MGS mission. They have beendubbed Swiss-beesefeaturesand occur only on the
southern residual CO, cap. They are steepwalled, at o ored pits and have been
obsened to grow outward (but not downward) at rates of a few meters per year.
To investigate their formation and ewlution we have modeled the growth of pits
embeddedin CO, ice with and without an underlying substrate of water ice.

We nd two situations in which we can reproduce the obsened morphology and
growth rates. Both involve an active dirty CO, slabwith an increasingconcetration
of impurities (most likely atmosphericallydeposited dust) with depth. We found that
underlying substratesof water ice and extremely clean CO, both work equally well
in reproducing the at o ors. We usedthermal emissiondata from the THEMIS
instrument to distinguish betweenthesetwo situations and con rmed by their tem-
peraturesthat thesefeaturesare underlain by a water ice substrate. This limits the
thicknessof the CO, residual cap to about 10 m and so limits the quartity of CO,
stored there to the equivalert of  0:4 millibar of atmospheric pressure( 5% of
the current atmosphere)thus placing an important constrairt on the ewlution of the
Martian atmosphere.

We useour model resultsto examinethe history of a population of Swiss-beese
features near the highest eleation of the residual cap. We nd a narrow size dis-

tribution that indicates a commonformation time and a nite period during which
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new featureswereforming. Somechangein ervironmenal conditionsoccurredduring
this period, which we date at seweral Martian decadego certuries agodepending on
modeledgrowth rates. This is exceptionallyrecer from a geologicpoint of view. We
speculate on what changein environmental conditions may have started this period
of Swiss-beeseformation. Environmertal changeon thesetimescalesis much too
short to be asseiated with changesin Mars orbital parameters,the atmospherehas
no memory even on an annual timescaleand Mars hasno oceanswith which it could
store energy over longer periods. Larger featuresoutside our study area have their
underlying water ice exposedonly neartheir outer walls, perhapsindicating that con-
ditions conduciwe to growth may switch on and o with characteristic timescalesof

Martian certuries

1.4.3 Flow vs. brittle pro cessesat the margins of the southern

layered deposits

In Chapter 4 | examine features at the edge of the southern layered deposits for
evidencefor and against o w.

A seriesof craters closeto the mapped edgeof the south polar layered deposits
corntain large mounds of layered deposit material. Many of thesemoundsshowv geo-
morphic evidenceof ow at somepoint during their history. | detail obsenations of
featuresinterpreted ascompressionatidgesin the ice and possibleterminal moraines
causedby advanceand retreat of the layered deposits. Someof thesecrater deposits
appear to be multiple superposedmoundsindicating that there hasbeenmore than
one period wherethe layered deposits have advancedand subsequetly retreated in
this way.

In cortrast other locationsin the sameregionshow featuressud asbrittle fracture,
large-scaleslumping and slope failure by landsliding. Thesefeaturesindicate that ow
is not currently fast enoughto accommalate the driving stresswhich causedthese
them.

| reconcilethese cortradictory obsenations by suggestingthat there have been
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alternating episales of glacial advance and sublimation-basedretreat. If the polar
layered deposits wax and wanein thicknessin responseto variations in Mars' orbital
parametersthen glacial activity at its margins would also respond to the increased

pressureand driving force of the thicker ice sheet.
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Chapter 2

North polar stratigraph y and the
paleo-erg of Mars

2.1 Abstract

An accurateself-consistehway of co-registeringthe imagingand topographicdatasets
of the Mars Global Surveyor missionwas deweloped and usedto begina stratigraphic
analysisof the northern polar region. A distinct changein the layering style exists at
ade nite stratigraphic horizon nearthe baseof the north polar layereddeposits. Oc-
currencesof the cortact betweentwo distinct layered units can be mapped hundreds
of kilometersapart at nearly the sameMOLA elewation. The lower layeredunit hasa
consisten asseiation with sanddunesleadingto the conclusionthat it is an eroding
sandrich deposit that predatesmost of the overlying north polar layered deposits,
which exhibits the expected features of a dust-ice mixture. These results suggest
that an areally extensive erg was in existencebefore the presen ice-cap and that
the presen circumpolar ergis likely composedof material reworked from this older
deposit. The volume of this lower unit is estimatedto be on the order of 10° km?3.
The presenceof this deposit implies that there existeda period in Mars' Amazonian
history when there was no icy northern polar cap. A dramatic climatic changelead-
ing to the deposition of the upper layered (icy) unit in the presen day polar layered

deposits represeis a major evert in Mars' history. Howewer, due to uncertairties in

1This chapter has been published as Byrne, S., and B.C. Murray, North polar stratigraph vy
and the paleo-erg of Mars , J. Geophys. Res., 107(E6), 2002.
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the medianics of layered deposits formation, sud an evert cannot be dated at this

time.

2.2 Intro duction

The polar layered deposits on Mars have long been thought to cortain a detailed
climatic record (Murray et al., 1972;Cutts, 1973b). The structural model commonly
acceptedis that of ice with varying admixtures of dust forming layers with distinct
albedoand medanical strength (Thomaset al., 1992;Toon et al., 1980;Cutts et al.,
1979;Squyes, 1979;Cutts, 1973b). Variations in Mars' orbital parameters,sud as
changesin obliquity and eccetfricity are thought to drive climate change, which in
turn givesrise to the varied depositional ervironmerts neededfor distinctive layer
formation (Toon et al., 1980;Ward and Rudy, 1991).

The northern polar layereddeposits are additionally complicatedby the largesand
seaencircling them (Tsoar et al., 1979;Dial, 1984; Tanaka and Satt, 1987) which
is mostly composed of the Olympia Planitia dune eld. Many authors have noted
that erosionof the layered deposits may be a sourceof the dark sand-sizedmaterial
(Breed et al., 1979;Thomas, 1982;Blasius et al., 1982;Lancaster and Greeley, 1990;
Thomas and Weitz, 1989)which makesup the circumpolar erg. This would seemto
posea problemfor the acceptedformation scenarioof layereddeposits, which relieson
aeoliandeposition of ne dustin accunulating ice. Sandis not expectedin the layered
deposits becausethe polar cap rises over a kilometer above the surrounding plains
and sand sized particles (at least in the presem atmosphere)cannot be carried by
suspension. It hasbeensuggestedhat the dark saltating material could be composed
of dust aggregateriginating in the polar layered deposits (Greeley, 1979;Saunders
et al., 1985;Saundersand Blewett, 1987). Howewer, Thomasand Weitz (1989) noted
that the Viking colour and albedo values derived for the north polar dunesdo not
di er signicantly from dark dunesanywhere elseon the planet. In cortrast Viking-
basedthermal inertia resultssuggesthat the circumpolar erghasa lower bulk density

than dune elds at lower latitudes (Herkenho and Vasavada 1999;Paigeet al., 1994)
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which lends support to the ideathat the dunesare composedof dust aggregatesor
perhapsunweathered,basaltic fragmerts.

The northern cap complex, comprisedof the northern polar layered deposits and
a partial covering of residual water ice, is nearly certered on the rotational pole and
sits near the lowest point of a large hemisphericdepressionZuker et al., 1998;Smith
et al., 1998), which extendsover much of the northern hemisphere.In many recen
publications the ensenble structure of the polar layereddeposits and the thin residual
cap hasbeenreferredto simply as'the cap’, this is the corvertion which we will also
adopt for this paper. Figure 2.1(a) shows the topographic situation of the cap. The
cap cortains marny spiral troughs which have beenattributed to the action of aeolian
erosion(Cutts, 1973a;Howard, 2000), sublimation (lvanov and Muhleman, 2000) or
to glacial ow (Fisher, 1993). ChasmaBorealeis a large radial chasmalso cut into
the cap that may have beenformed through ablation, aeolianerosion(Cutts, 1973a;
Howard, 2000)or somekind of catastrophicgroundwater outburst (Baker and Milton,
1974;Clior d, 1980;Clior d, 1987;Benito et al.,, 1997). Exposuresof the layered
deposits can be seenwithin both the spiral troughs and ChasmaBoreale, as well
as se\eral arcuate scarpsin the vicinity of 180 E at the cap edge. Theseexposures
have beenthe subject of stratigraphic study using Viking and Mariner data (Howard
et al., 1982;Blasius et al., 1982;Fenton and Herkenho , 2000). Work in the general
areaof Mars polar stratigraphy, using new Mars Global Surveyor data hasalsobeen
undertaken (Herkenho , 1998;Edgett and Malin, 2000; Herkenho and Kirk , 2000;
Murray et al., 2001; Tanakaand Kolb, 2001;Kolb and Tanaka, 2001). The northern
cap and its extensiwe set of deposits have beenmapped by Dial (1984); Tanakaand
Soott (1987); Greeley et al. (1992); Fishbaughand Head (2000).

The Mars Global Surveyor (MGS) spacecrafthasbeenin polar mappingorbit since
March of 1999(Albee et al., 1998,2001). Instruments on board usedin this study are
the Mars Orbiter Camera (MOC) (Malin et al., 1992) and the Mars Orbiter Laser
Altimeter (Zuker et al., 1992). Over a year'sworth of topograpty measuremets and
acquiredimageshad beenreleasedo the public whenthis work was completed. Due

to the spacecraft'snear-polar orbit, both the imaging coverageand the topographic
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Figure 2.1: a) Digital Elevation Model constructed from approximately 28 million
altimetry measuremets made by MOLA. Vertical and horizortal scalesare in the
upper right. The DEM extendsto fully include the 80" parallel and is arti cially
illuminated from the upper right. White boxesindicate the positions of other sub-
framesin Figures2.1and 2.7. b) Derived shadedrelief imageof the region cortaining
the head of ChasmaBoreale is shavn. Colored lines indicate where the cortact
betweenthe nely and platy units can be mapped from the shadedrelief map (red)
and con rmed with MOC narrow-angleframes(blue). c) Derived shadedrelief image
showing areaof residualcapedgecertered on 180 E. Red and blue lines have the same
meaningasin (b). Yellow line in lower left indicatesthe position of the topographic
pro le shown in Figure 2.3.
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measuremets are most densein the polar regions. The conbination of this new
topographic knowledge and the ability to accurately locate high-resolution images
relative to that topography makes possiblefor the rst time a more detailed strati-
graphic analysis of the stadk of layers which makes up the polar deposits at both
poles. Here, a surprising result, which was apparert oncethe technical hurdles of
preciselyco-registeringthesedatasetswere resoled, is reported.

The focus of this paper is to documert a distinct changein the style of layering
exposedin the many troughs and chasmswithin the northern cap at a consistem
elewation. Layers above this horizon have the expected features of the canonical
dust-ice mixture (Thomaset al., 1992;Toon et al., 1980;Cutts et al., 1979;Squyes,
1979;Cutts, 1973b). Layersbelow this horizondi er markedly in albedo, morphology
and in resistanceto erosionfrom those above. A strong assiation of exposuresof
this lower sectionwith occurrencesof dune material is demonstratedleading to the
conclusionthat it is this speci ¢ sectionwithin the north polar layered deposits that

is the sourceof the material comprisingthe current circumpolar erg.

2.3 Data preparation

To facilitate this and future work, high-resolutiondigital elevation models (DEM) of
both polar regionswere constructed following the method of Neumannet al. (2001)
using the Generic Mapping Tools padkage (Wesseland Smith, 1998). The northern
DEM was constructed by tting a cortinuous curvature surfaceto approximately
28 million independert MOLA altimetry measuremets. Preprocessingof the data
helped reducethe volume of points to be t and short-scalealiasing problems. Data
points were initially selectedto satisfy certain quality requiremens (G. Neumann,
MIT, personalcomnunication, 2001)judged by parameterssud asalongand across
track shift and crossw@er residuals. O -Nadir tracks were excluded,leaving no topog-
raphy information within about 180 km of the pole (poleward of 87 N); this region
was separatelydealt with. The spatial resolution was chosento be 200 metersand

the region coveredis roughly 1200 1200km certered on the pole. Tracks visibly



22
o set from their surroundingswere removed and the surfaceregenerated.

The derived shadedrelief map, at 200 meters per pixel, has a higher resolution
than either the MOC wide-anglecameraor USGSMDIMS. In addition shadedrelief
has advantages over visible imaging in that there is little pixel to pixel smearing,
no changind seasonalfrost and lighting and atmospheric e ects are not an issue.
For thesereasonsthis shadedrelief product was chosenas our basemap,although
individual MOC wide-angleimagescortinue to be usedfor albedoinformation where
needed.

MOLA points acquired simultaneously with a MOC narrow-angleimage can be
located within the image by line and sample number using spacecrafttime and in-
formation on the co-alignmen of the MOC narrow-angle CCD and MOLA boresigh
(S. Anderson, A. Ivanov, JPL, personalcomnunication, 2000). Similarly thoseline
and samplepositions can be related to MOLA derived latitude and longitude points,
which are superior to those obtained from normal spacecraftorbital information since
they include the MOLA crosseer correction (Neumannet al., 2001). This allows the
MOC narrow-angleimageto be map projected in a best-t way to ensurethat those
MOLA points project to the correct position on the MOLA derived basemap.In this
way MOC imagescan be placedrelative to ead other and their surroundingsin an
accurateself-consistehway. Where narrow-angleimagesoverlap the mutual o set is
commonly obsened to be a few tens of meters. Radiometric calibration of the MOC
narrow-angleimageswas performedwith the USGSISIS software padkage.

The imaging and topographicdatasetswere conmbined in a geographianformation
system padcage (Arcview, by ESRI) modi ed by us for usein the Martian polar re-
gions. This makesspatial relationshipsbetweenimages(in 3 dimensions)clear, allows
di erent data products to be overlain and permits easierdistinction of topographic

and albedoe ects.
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2.4 Change in layering style

Sectionsof the layered sequencewithin the cap and layered deposits are exposedin
the many troughs and arcuate scarpsboth at the cap edgeand in the interior. The
purposeof this paper is to documert a cleardivision of this layered sequencento two
parts at ade nite stratigraphic horizon. The upper, youngersequenceas nely layered
with smaoth outcropsshowing individual layersvisible down to the limit of the camera
resolution (hereafterreferredto asthe nely layeredunit). The lower, older sequence
is distinctly di erent in layer morphology albedo and material properties. It hasa
characteristic irregular thick-plate-like structure in exposures,sud that individual
layers are lessuniform both vertically and laterally (it is hereafterreferredto asthe
platy unit). This sectionhas lower albedothan the overlying nely layered section.
Layersin both sectionsappearto be closeto at lying; howewer this is lesscertain in
the platy unit due to the more confusingmorphology Hereafterthe two sectionsof
the northern polar layered deposits described will be referredto as distinct geologic
units. This division of the polar layered deposits was noted by Malin and Edgett
Malin and Edgett (2001)in their review of the rst year of MOC obsenations.

The transition betweentheseunits is sharpand distinct. Figure 2.2(a) shovssome
examplesof the cortact betweenthe units discussedn MOC narrow-angleimages.
Figure 2.2(b) shavs how this cortact is identi able in MOLA derived shadedrelief
maps, the lower unit protrudes out of the bottom of scarpsas a prominert step.
We usedthe shadedrelief imagesto map the cortact betweenavailable narrow-angle
MOC frames. This contact is visible over a large area; Figure 2.1(c) shovs where
the cortact can be mapped from a conbination of MOC narrow-angle frames and
the MOLA shadedrelief map in the 120 E - 240 E region of the cap. Figure 2.1(b)
shows occurrencesof this cortact can be found as far away asthe head of Chasma
Borealeover 600 km distant. The minimum areaof a circle neededto encloseall the
mapped occurrencesof this cortact is roughly 0.4 million km?, soassumingthat the
lower unit is cortinuous and has a near-circularshape it is at leastthat extensiwe.

Signi cantly, where\er this cortact is visible in the 120 E - 240E region it is
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Figure 2.2: (a) Examplesof the cortact betweenthe ne and platy layered units.

MOC narrow-angle frames (from left to right) M02/00817 (85.1 N 192 E, sun from
upper right), M03/01653(84.9 N 199 E, sun from upper right), M17/01021 (84.7 N
217 E, sunfrom lower left) and M16/00329(85.5 N 170 E, sunfrom upperright). The
morphologicaldi erence in appearancebetweenthesetwo units is easilyvisible. The
lower albedoof the platy unit is visible in the two left images;the two right imagesare
still coveredin seasonalfrost, which masksthe albedo cortrast. The arrows indicate
the downhill direction with the arrow headspointing to the cortact wherethe nely

layered unit endsand the platy unit begins. (b) Section of MOLA derived shaded
relief map with illumination from the upper right. The panelsare idertical except
the top shavs and unobstructed view of wherewe mapped the cortact (heavy line on
lower panel). The lower unit is visible as a protruding layer at the baseof the scarp.
Narrow angleimagesare usedto con rm the presenceof the cortact at intervals along
this mapped line.
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obsened to occur in the elewation range from -4400to -4200 meters. The large
horizontal distancesand narrow vertical distribution of instancesof this cortact lends
credencdo the interpretation that it is a widespreadand de nite changein deposition

style and material composition cortained within the stratigraphic recordrather than

isolated patchesof unusuallayering with no relevanceto ead other. Figure 2.3shows
a topographicpro le takenfrom the DEM along the line indicated on Figure 2.1(c).
This line was chosenasit crossesa number of locations wherethe surfaceintersects
the elewation rangemertioned and alsobecauseat theselocations narrow-angleMOC

frames are available to test for the cortinued presenceof the cortact. In eat case
the contact appearsat the expected ele\ation.

The lower platy unit alsoseemso have di ering material propertiesto the over-
lying nely layeredunit. On scarpswhereboth units are exposed,breaksin slope are
commonly obsened at the cortact, asillustrated in Figure 2.4. In other instances
the lower platy unit is obsened to protrude from the baseof the scarpasa step, see
for exampleFigure 2.5. In all casesa di erent composition for the lower platy unit,
which is more resistart to medanical or thermal erosion,can be inferred.

The dierences in resistanceto erosion, morphological appearanceand albedo
strongly indicate that the lower unit di ers both in composition and deposition style.
The sharp appearanceof the contact could indicate that this changewas rapid at
least comparedto the timescaleof layer formation or that there may be an erosional
unconformity separatingthe two units, represeting an unknown amourt of time.

No exposuresof the platy unit at the cap edgein the longitude range of 290 E
- 360E and O E - 135E are seen, although Chasma Boreale cortains exposures
within theseranges. The quality of the curret MOC narrow-angle coverage was
unfortunately adverselya ected by a dust storm, which occurredduring the M02 and
MO03 mapping phase(H. Wang, Caltech, personalcomnunication, 2001). Many of the
MOC narrow-anglesacquiredin this period cortain very little surfaceinformation.
Imaging conditions for the next Martian year were much clearer and this data was
examinedfor exposuresof the contact whereit had not previously beenseen.No new

exposureswere located.
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Figure 2.3: Topographic pro le measuredfrom DEM, location of which is marked
on Figure 2.1(c) as yellow line. The surfaceintersectsthe level of the cortact in
seeral depressions.Example narrow-angles(which are located on the prole) from
eat depressionare shavn (from left to right) M03/02389 (85.1 N 239 E, sun from
lower left), M02/00088 (85.2 N 235 E, sun from upper right), M03/04603 (85.3 N
225 E, sunfrom upper right), M17/00869(84.8 N 212 E, sun from upper right) and
FHA/01488 (84.8 N 203 E, sun from upper right). The elewation of the cortact in
eat caseis -4300m, -4150m, -4150m, -4170m, -4200 m, which is remarkably
consisten consideringthe length scalesinvolved. The downhill direction in eat
imageis from bottom left to upper right.
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Figure 2.4: MOC narrow-angleimageM03/05887(84.7 N 172 E, sunfrom upper left
in this orientation) along with its simultaneously acquired MOLA track. The circles
on the imagerepreseh the sizeand location of individual MOLA shots. The shape of
the scarpis clear along with the breakin slope wherethe transition in layering style
occurs. The elewation of the cortact (roughly -4200m) agreescloselywith elewations
recordedelsewhergseeFigure 2.3) in this region.
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Figure 2.5:  Section of
MOC narrow-angle image
M17/00869 (84.8 N 212E,
sun is from the right in
this orientation), alongwith
a topographic prole mea-
suredo the DEM. Herethe
— platy unit protrudes from
{ the bottom of the scarp by
1 roughly 1 km; a break in
1 slope is also visible at the
1 cortact.
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2.5 Correlation with duneforms

One of the most important obsenations of the lower platy unit is the fact that expo-
suresof this unit are highly correlatedwith the nearby occurrenceof dune bedforms.
Dunesrequire saltating particles to form, which usually implies sand-sizedmaterial
but conceiably could alsobe sand-sizedaggregatesof dust (Greeley, 1979;Saunders
et al., 1985;Saundersand Blewett, 1987). The dunesobsened herewill be referred
to as sandduneshowe\er the possibility that sand-sizeddust aggregategnay play a
role will be left open.

Many of the exposuresof the cortact betweenthe two units discussedn the last
section, in the longitude range 120 E - 220 E and at the cap edge,occur in closed
depressionsnext to arcuate scarps. Although these closeddepressionsare 'uphill’
from, and their basesare higherin elewation than, the main circumpolar erg, deposits
of dune forming material are presen. There is no evidenceof dunesin the region

betweenthese depressionsand the main erg, which would have implied poleward or
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equatorward transport of dune material. Thusit appearsthat the dune material was
derived in situ. Figure 2.6 shovs someexamplesof dune material located adjacen
to exposuresof the lower platy unit. Dunesare also visible in Figures 2.4, 2.9 and
2.10next to the exposedplaty unit. Thomasand Weitz (1989) alsonoted that dunes
appear to have restricted sourceswithin the polar layered deposits. Although with
Viking imagerythey were unableto seethe platy unit, they realizedthat the sources
of dune material are probably in the stratigraphically older deposits.

In another areaof the cap edgeat roughly 235 E (illustrated in Figure 2.7) there
is a largereertrant with an assaiated train of dunes,which are migrating southwest
toward, and ewertually join, the main circumpolar erg. If formed from the material
erodedat the scarp,theseduneshave traveledfrom at leastwherethe scarpedgeused
to be at the time of erosionto the edgeof the erg, a minimum distance of 130 km.
This large minimum distance,their dark color and the inherertly violent nature of the
saltation processcastsdoubt on the possibility of thesedunesbeingcomposedof sand-
sized dust aggregateswhich may not be strong enoughto survive intact. Saunders
et al. (1985, 1986) have suggestedhat dust aggregatesan survive saltation up to a
few 10'sof Km and that they canacquiretheir dark color by gathering carbonaceous
meteoritic dust asthey saltate. In this casehowewer the minimum saltation distance
exceedgheir quoted survivability distanceand the amourt of dark carbonaceousne-
teoritic dust must be low sincethis material saltates over an otherwise high-albedo
surface. The thermal inertia results (Herkenho and Vasavada 1999;Paige et al.,
1994), combined with the above discussion,lend support to the ideathat the dunes
are composedof unweatheredbasaltic fragmerts. Howewer, it remainsunclear as to
the applicability of thesethermal inertia results. High local slopeswithin dune elds
have beenignoredin all thermal models and the high emissionangle of the Viking
obsenations in this areamakesit likely that thermal measuremets have beendomi-
nated by the 'hot' (equatorward) sideof thesedunes. Thesetwo facts conbined could
possibly lead investigatorsto infer an incorrect value of thermal inertia.

Although in generaldune bedformsare not resolhved by the MOLA data, dune elds

are easily iderti able from the derived shadedrelief imagesas areasof apparerly
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A~/ 6102 m

Figure 2.6: Examplesof the assaiation of duneswith exposuresof the platy unit.
These three MOC narrow-angle frames are from three separate closeddepressions
at the cap edge(a and c) and interior (b). From left to right M03/01653 (84.9 N
199 E, sunfrom upper right), M03/02389 (85.1 N 239 E, sun from upper right) and
M03/00596 (85.4 N 190 E, sunfrom upper right). The imageshave had their certer
portions cropped out; the amourt of missingimage length is indicated betweenthe
two sectionsof eatr. The downhill direction in the upper panelsis from top to bottom.
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Figure 2.7: Area of cap edgeat 230 E shavn in i) shadedrelief ii) MOC wide-
angle M01/01617. This shaws the corresppndenceof rough texture in shadedrelief
to dark albedoregionsin the visible images,commonly assaiated with sand dunes.
Blue line indicated on (i) and (ii) represets position of the MOLA prole showvn
in Figure 2.8. MOC narrow-angle outlines 1, 2 and 3 represen positions of Figure
2.7(iii), Figure 2.9 and Figure 2.10 respectively. iii) Section of MOC narrow-angle
image M03/01003 (illumination from the upper right) showving the cortact between
dark/light, textured/smooth areascon rming the transition from a duneto non-dune
area. The outline of this imageis shavn as1 on Figures 2.7(i) and 2.7(ii).
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rough texture. Figure 2.7 shows the correspndenceof rough texture in shadedrelief
mapsto dark albedoregionsin MOC wide-angleimagescommonly assaiated with
dunes. Where higher resolution MOC narrow-angle imagesexist, they con rm that
the dune coveredareascan be correctly identi ed from the MOLA data asillustrated
in Figure 2.7(iii).

A sectionof MOLA pro le 13387over the steegest portion of the scarpis shovn
in Figure 2.8, its position relative to the scarpis shavn on Figure 2.7. The maximum
scarpslope alongthe MOLA track is 60.2 . Whenthis is adjustedto take into accourt
the non-perpendicular strike of the MOLA trace to the scarp,then a 67.4 downhill
slope is inferred. Even higher slopesmay be possibleover length scalesshorter than
the 300-meteraltimeter shot separation. The extremely steepslopes, arcuate shape
and interior ridges, which parallel the scarp edgeand are visible in Figure 2.7(i), of
the main reertrant strongly indicate an origin through successi® landsliding. We
interpret theseinterior parallel ridgesto be remainsof the lobate deposits expected
of landslides. Why landslides should have occurred in this areais unclear to us.
Howewer given the sharpnessof the scarp and the possibility of glacial-like ow or
at least relaxation discussedoy many authors (Nye, 2000;Fisher, 1993;Zuler et al.,
1998),it seemdikely that at leastthe last of theselandslideswasa recern occurrence.

Figure 2.9 shaws a fortuitously placedMOC narrow-angleframe, whoseposition
is also marked on Figure 2.7(i). Although this imageis taken in poor illumination
and atmospheric conditions, the platy unit can clearly be seenprotruding from the
baseof the scarp. Also of interestand perhapsmore clearly visible in the Figure 2.7(i)
corntext imageis the 6.4 km crater immediately adjacern to the scarpwhich appears
to have beenuncoveredrecerily by its retreat. Either an impact or someendogenic
processmay have formed the crater. The size of the feature lends support to the
theory that a long period of time may be represeted by an unconformity between
the nely layeredand platy units. In the wall of this crater is a clearly visible exposure
of the platy unit. Dunes cover the easternpart of the crater providing yet another
exampleof the correlation betweencortemporary dunesand the platy unit.

Immediately to the northeast of the main reertrant is another arcuate scarpand
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Figure 2.9: Sectionof MOC narrow-angleimage M04/01575 (84 N 230 E, sun from
upper right) shaving edgeof reertrant. The outline of this image is shovn as No.2
in Figure 2.7. The contact betweenthe platy and nely layered units is also visible
herealongwith an exposureof the platy unit in the crater just belov the scarp.
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Figure 2.10: Section of MOC narrow-angle image M03/05954 (83.8 N 236 E, sun
from upper right) showving another cortact example and dunesclimbing over ridge.
The outline of this imageis shovn asNo.3in Figure 2.7. The direction of dunetravel
(which can be con rmed by observingthe orientation of the slip facesof the dunes),
which is transporting sand up a ridge, is indicated by the white arrow. The ridge is
more clearly visible on the shadedrelief image 2.7(i).
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againthe platy unit is visible alongwith assaiated dunes,seeFigure 2.10(outline of

this imageis alsomarked on Figure 2.7). The duneshave collectedin onecornerof the

depression.Thereis a ridge appraximately 100metershigh separatingthis depression
from the main reertrant. Howewer there is a route where slopes are low enoughso
that the dunesderived from the material within this depressioncan climb up on top

of this ridge and esca down the other sideinto the main reertrant and ultimately

the circumpolar erg. The morphology of the dunesis consisten with saltation in

this direction. Although this ridge is only a few pixels wide in the MOLA shaded
relief image, it has the heavily textured appearanceasseiated with dune cover in

other locations. Wide-angleviews of the samelocation also showv a thin dark streak
connectingthe two areas.

ChasmaBorealeprovidesan exposureof over a kilometer of relief, cutting directly
into the polar cap. It intersectsthe level at which onewould expectto nd the cortact
betweenthe platy and nely layered units. Figure 2.11(a) shavs the contact at the
easternheadscarp of the chasma,occurring closeto the expectedelewation hundreds
of kilometers away from the previous examplesand the other side of the rotational
pole. The elewation of the cortact in this oneimage can be seenin Figure 2.11(a)to
be roughly -4600meters. This is at a lower ele\ation than exposuresat the cap edge
in the vicinity of 180 E. It could either be that the platy unit is thinner hereor that
the basementopograply is lower. ChasmaBorealeprovidesan opportunity to probe
the location of the bottom of the platy unit. Figures2.11(a) and 2.11(b) shav the
platy unit cortinuing down to the bottom of the chasmaat -4900metersleaving the
guestion of how deepthis layer extendsunresohed. Dunes Il the chasmaat many
locations and while it is di cult to arguethat thesedunesmust have beenderived
in-situ it is certainly consisten. The chasmaconains two distinct heads(seeFigure
2.1(b)); the easternhead scarp of the chasmaat the higher elewation cortains the
contact (Figure 2.11(a)). The westernheadscarpalsoshowns an exposureof the platy
unit (Figure 2.11(b)); howewer it appearsthat the upper nely layeredunit hasbeen
completely stripped o in this location. The easternheadscarpis cut o from the

rest of the chasmby the westernheadscarp,a sharpcli with slopeswell above the
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angle of repose,soit is reasonableto assumethat the dune material in the portion
of the chasmabetweenthe easternand westernhead scarpsmust have beenderived
in-situ and have not have migrated in from the outside.
Troughs further poleward are higher in the stratigraphic sequenceof layers and
so the lower platy unit is not exposed. Thesetoughs do not have any assaiated
dunesand sothe nely layeredunit hasbeenruled out asa signi cant sourceof dark

sand-sizedmaterial.

2.6 Discussion and conclusions

Obsenations of a distinct changein layering style that is evidert over at least half
the northern polar capat a nearly constart ele\ation have beenpresened. Exposures
of the lower platy unit are assaiated with the presenceof nearby dune elds. This
leadsto the conclusionthat the dune material is being derived from the erosionof
the lower platy unit.

The elewation of the lowest obsened outcrop of the platy unit is -4900 meters,
although it may extend deeper. This is only about 200 meters above the lowest
terrain surroundingthe polar cap. The basemehtopography under the capis largely
dependert on whetherthe capis compensatedor not (Johnsonet al., 2000). However
it is likely that the basemeh cannot be more than a few hundred metersbelow the
lowest obsened occurrenceof the platy unit. The highest obsened occurrenceof
this unit in the sameregion (head of ChasmaBoreale)is at -4600meters eleation,
implying the platy unit is at leasta few hundred metersthick in this locality.

We are of the opinion that this unit is rich in, and perhapsertirely composedof
frozen sand. Due to the di culties in co-depsiting an ice-dust mixture with large
amourts of sand (Herkenho and Murray, 1990a)it seemdikely that this unit was
depositedin a very di erent ervironmen than that neededto deposit the upper unit
or that of presen day Mars. The Olympia Planitia dune eld, which sits atop the
Olympia lobe, rangesin elewation from roughly -4200to -4700 meters. This is the

sameelewation range over which exposuresof the sand rich deposit are seen. We
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Figure 2.11: a) MOC narrow-
angleimage M01/01410(84.9 N
3 E, sunfrom bottom in this ori-
ertation) with overlain MOLA
elewation corntours shawing the
cortact between ne and platy
layeredunits at the easternhead
scarp of ChasmaBoreale. Con-
tact elewation in this locality can
be seento be roughly -4600 m.
b) MOC narrow-angle image
M03/03107 (84.8 N 344 E, sun
from bottom in this orientation)
also overlain with MOLA elea-

. | tion cortours shaving an expo-
& | sure of the platy unit cortinu-
®| ing down to -4900m at the west-
| ern head scarp of ChasmaBore-

ale. Here it appearsthe nely
layeredunit hasbeencompletely
removed as the scarptop is at -

4600m.
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suggestthat the Olympia lobe is composedof the samesand-rich, platy unit which
extendsunder the north polar layered deposits. The Olympia Planitia dune eld and
the rest of the circumpolar erg could then be composedof material eroded from this
platy unit. This would vastly increasethe minimum size of the platy unit initially
estimatedin section3.

A possiblegeologichistory is outlined in Figure 2.12, which represets a cross-
sectionthrough the polar deposits from 75 N, 0 E (left) through the poleto 75 N,
180 E (right). A large sandor sand-rich deposit is postulated to have formed before
the existenceof the presen day north polar cap. It may be that sand-sizedparticles
migrated to this locality through aeolian action from elsewhereon the planet and
the broad topographic low certered roughly on the north pole seeminglysened as
an e ective sink for this material. From mapping the cortact eleations in Chasma
Borealeand the arcuatescarpsat the capedge the certer (thickestpart) of the deposit
is interpreted to be o set from the rotational pole along the 180 E meridian. This
interpretation is dependent on having reasonably at basemeh topograply. A shift
in environmenrtal or climatic conditions causedthe preser ice-capto begin forming.
This may be related to someclimatic changetriggered by a chaotic obliquity swing
(Touma and Wisdom, 1993) or perhapsewen to the end of large-scalevolcanismon
the planet. The acceptedmedanism of deposition of ice with varying conceitrations
of dust could createthe nely layered ice-cap. This icy cap may have been much
larger in the past and only more recerily retreated to its current extert (Fishbaugh
and Head, 2000). This climatic shift neednot have beensudden;a relatively shallov
covering of ice could stabilize any dunesthus allowing the rest of the cap sometime
before starting to form. Finally at somepoint in the past ChasmaBorealeand the
spiral troughs formed, cutting through the cap into the platy deposit underneath
(wherethe capis thin enough). A highly poroussand deposit could have stored the
large amourts of groundwater neededfor the catastrophic outburst theorizedto have
formed ChasmaBoreale. Groundwater in the platy unit would not be liquid under
presen conditions and so this metanism would require someform of heat injection

sud asthat theorized by Benito et al. (1997) or much higher planetary heat ow
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in the past. In this scenario,sincethe icy portion of the cap formed symmetrically
about the rotational pole, the upper nely-layered unit drapescompletely over the
lower unit in the vicinity of O E (left sideof Figure 2.12). For this reasonno exposures
of the platy unit are expectedto be obsened at the edgeof the capin this region.

Accumulation of the platy unit may have occurred over a considerableperiod of
time with many episalesof dune migration involved. Modestobliquity changescould
have mildly a ected polar climate and insured that eat episale of dune deposition
could contain di ering quartities of ice leadingto stratigraphic variations in erosional
resistance. Incorporation of bright dust in sud units can be ruled out howewer as
saltating particles would kick dust bad into suspension (Herkenho and Murray,
1990a). The irregular outcropsof the platy unit are consisten with laterally-variable
resistanceto erosion,perhapsdueto variable dunethickness.A largeenduringchange
in meanobliquity, as modeledby Toumaand Wisdom (1993), could have endedthis
depositional period, and begunthat of the overlying ice-dustmixture of the northern
polar layered deposits.

If Figure 2.12is an accurate represetation of the current situation, the volume
of material contained within the platy unit can be approximated. Taking it to be a
sectionof a spherewith a radius of 540km and height of 600 m the volume occupied
is 0.27 million cubic kilometers. For comparisonthe volume of the total north polar
capis 1.2to 1.7 million cubic kilometers (Zuker et al., 1998)and the volume of sand
in the presen day erg has beenestimated at 1158 cubic kilometers (Lancaster and
Greeley, 1990). Even assuminga large percernage of pore space(which is presumably
lled with ice), e.g.,50%, the volume of rock eroded to produce this material is on
the order of 10° km?3.

At the cap edgein the vicinity of 180 E (right side of Figure 2.12) the Olympia
Planitia dune eld could have once extendedfurther equatorward. Howeer sinceit
lacks the protective cover of the ice-capit would have beensubject to erosionand
would have possiblylib erated large quartities of sand. This sandcould be that which
forms the remainderof the circumpolar erg. It is di cult to estimateatimescaleover

which this processwould occur sinceit is an openquestionasto how much of the year
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Figure 2.12: Possiblegeologicsequencef ewerts, vertical exaggerationof 100: a) The
northern hemisphereacts like a large depressioncertered on the pole. A large erg
collectsthere from sand derived elsewhereon the planet. b) A dramatic changein
climate results in the formation of an icecap. Deposition of ice certered on the pole
with varying concettrations of dust, perhapsmodulated by obliquity cycles,produces
the nely layeredunit. The exposedsection of the paleo-ergis eroded badk perhaps
releasingthe sandfound in the presen day circumpolar erg. ¢) Formation of Chasma
Borealeand the spiral troughs which incisethe cap, someof which cut into the lower
sandunit. Presen day MOLA prole 11734.
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thesedunesare freeto saltate (Ward and Doyle, 1983). Previouswind regimestudies
(Thomasand Gierasch 1995)concludedthat the current circumpolar ergis con ned
to a narrow latitude band by winds createdin part by its own low albedo. Thus this
dark, sand-sizedmaterial would not be expectedto have beenre-distributed over a
large fraction of the planet.

The major implication of this newly-recognizeddeposit is climatic in nature. The
fact that the icy part of the northern polar cap was absen at somepoint indicatesa
much warmer polar ervironmert than presen. The northern cap is alsothe largest
known resenoir of water on the planet. Where this water was in the past if not
locked up in the polar cap is a puzzling mystery. It is possiblethat the water was
concerrated at lower latitudes lling craters and is responsible for the apparert
sedimemary exposuresreported by Malin and Edgett (2000). A secondaryimplication
is that no exotic polar dust aggregatesare neededto explain how sand can possibly
be weathering out of the current layered deposits. The low thermal inertia results
(Herkenho and Vasavada 1999;Paige et al., 1994) still prove to be an unresohed

issuethough.
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Chapter 3

Analysis and modeling of south
polar geomorphology

3.1 Abstract

Flat- o ored, quasi-circular depressionson the southern residual cap of Mars have
beenobsenedto expandrapidly. We have deweloped a model to explain their forma-
tion and ewlution. The model computesthe energybalanceof CO, frost within an
arbitrarily shaped depressionincluding all orders of scattering of solar and infrared
radiation aswell as heat storagein a water substrate. Due to their obsened lateral
expansionrate of 1-3m/yr, thesedepressiongnust form in a CO, medium. Howe\er,
it was found necessaryto include a less-wlatile layer within the polar cap to ensure
the modeled depressionsdewelop their obsened at o ors. This less-wlatile layer
could either be water ice or clean CO,. Above this less-wlatile layer lies an active
slab of low-albedo CO, which is consistet with the late summerappearanceof the
depressionwalls. We found it necessaryto include an albedo gradiert within this
active CO, slab to encouragethe modeled depressiongo dewelop steepwalls. This
gradiert could represem an increasingconcerration of impurities with depth. Our
derived expansionratesrangefrom 0.5-2.5m/yr, which agreeswell with obsenations.

THEMIS data were usedto distinguish betweenthe two possiblesubstrate mate-

IMaterial in this chapter includes Byrne, S., and A.P. Ingersoll, A sublimation model for
Martian south polar ice features, Sciene, 299, 1051-1053,2003. and Byrne, S., and A.P.
Ingersoll, Martian climatic events on timescales of centuries: Evidence from feature
morphology in the residual south polar cap, Geophys. Res. Lett, In press 2003.



43
rials. Theseobsenations shav that water ice makesup the o ors of thesefeatures.
This fact conmbined with the obsened shallov depths of thesedepressionplaceslim-
its on the cortribution of the entire residual cap to the global resenoir of CO,. This
cortribution is found to be extremely small, and would total only  0:4 millibar of
equivalent atmosphericpressureif totally sublimed.

Analysis of the size distribution combined with modeling of the growth process
yields information about the agesof these features. We report on properties of a
population of these features within a selectedstudy area. We nd a narrow size
distribution that indicatesa commonformation time and a nite period during which
new featureswereforming. Somechangein environmenal conditionsoccurredduring
this period, which we date at se\eral Martian decadesto certuries ago depending
on modeled growth rates. Somefeaturesin other areasmay record more than one
growth phase,indicating that conditions condusiwe to growth may switch on and o

with characteristic timescalesof Martian certuries.

3.2 Intro duction

The nature of the southernresidual CO, cap and the reasonsbehind its year-round
existencehave beenthe subject of along-running debate. Leightonand Murray (1966)
rst suggestedthat the polar caps constitute a large permanent resenoir of CO,,
much larger than the atmospheric reserwir, whosevapor pressuredeterminesthe
CO, partial pressureon Mars. Murray and Malin (1973)arguedthat the permanen
resenoir would residein the north becausets lower eleation allows the CO, ice to
equilibrate with the atmosphereat a higher temperature and pressurethan in the
south. Ingersol (1974) pointed out that the rapid retreat of the seasonalpolar cap
and the high abundanceof water vapor are incompatible with a permanent CO, cold
trap. Newertheless,the Leighton and Murray model becamethe paradigm for the
climate of Mars becauset explainedthe atmosphericpressureand accourted for any
extra (non-atmospheric)CO; in the system.

On the basis of Viking obsenations Kie er et al. (1976) shoved that the CO,
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in the north disappearedduring the summer,uncovering a residual cap composedof

water ice. Kie er (1979) showved that the southernresidual cap retained a covering

of CO, all year. It has been argued that the reasonbehind the survival of the

south's CO, covering was the increasein albedo obsened in responseto increased
insolation (Paige, 1985;Jameset al., 1992). Jakoskyand Hakerle (1990) suggested
from model results that both residual capscould switch betweentwo states, one of

which was permanerily covered with CO, (presert day south pole situation), the

other in which the CO, could disappear at the end of eadh summer season(presert

day north pole situation), exposing a darker substrate. They usedthese ndings to

attempt to explain the 1969 telescopicobsenation of dramatically increasedwater

vapor conceitrations above the southern pole (Barker et al., 1970). Sublimation of

sud quartities of water ice would only be possibleif its temperature were increased
far above the CO, condensationtemperature, indicating that all CO, had already
sublimed. A conclusionsud asthis would indicate the residual capis thin enoughto

almostentirely disappearin certain years,perhapsin responseto episalically vigorous
dust storm activity.

Smith et al. (1999) and Nye et al. (2000) shownved, using results of recen creep
experimerts on CO, ice (Durham et al., 1999)that the presen day south polar cap
could not possibly support its own weight over long timescalesif it werewholly com-
posedof frozencarbon dioxide. The consensugmergingis that of a largetopographic
dome of dust and water ice, which is topped with a thin skin of CO, ice of unknown
thickness(Albee et al., 2001). The thicknessof this residual CO, layer bearsdirectly
on the question of the global invertory of this important volatile.

More recen obsenations conductedwith the Mars Orbiter Camera(MOC) have
revealed this residual CO, deposit to cortain a wide range of landforms (Thomas
et al., 2000). Among the most interesting and populousare at- o oredquasi-circular
pits with steepwalls (Figure 3.1), which have been dubbed Swiss-beesefeatures.
In the next sectionwe fully descrite these featuresand their obsened characteris-
tics. We will describe the model that we have deweloped to explain their formation

and growth. By modeling sublimation and conduction processesve investigate the
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Figure 3.1: High-resolutionview of a typical Swiss-beesdeature. Most of the saliert
featuresof the Swiss-beesdeaturesare visible here,including steepwalls, at o ors,
and a slight asymmetry in the north-south direction. lllumination is from the lower-
right. Just below and to the right is a slight depressionwhich may be the progenitor
of a future Swiss-beesefeature. The grooved appearanceof the surrounding terrain
is commonly obsened near these features. In this and subsequen gures arrows
denotethe direction to the sun (*) and north (N). The thick arrow in the assaiated
cartoon shavs how the azimuth of thesefeatureswere mapped (seeSection3.8) and
the thinner double headedarrow shows a typical size measuremen Sub-frame of
MOC narrow-angleimage M09/00609, taken at 87 S, 353 E, Ls 237.
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ewlution and formation of depressionsenmbeddedin CO, ice with and without an
underlying layer of water ice. Our modeling of thesefeaturessuggestswo possible
stratigraphic con gurations; an active low-albedo slab of CO, underlain by either
water ice or clean CO,. We will usethermal data to distinguish betweenthesetwo
possibilities. Finally we selecta region of interest on the south residual cap (see
Figure 3.21) and useour model to infer the history of the population of Swiss-beese

featuresfound there.

3.3 Feature description

Swiss-beesdeatureswere rst identied by Thomaset al. (2000) using Mars Orbiter
Camera(MOC) narrow-angleimagery There are two typesof Swiss-beesefeatures
being discussedn this work; archetypesof both areillustrated in gures 3.1and 3.2.

Many of the following characteristicswere noted in Thomaset al. (2000).

e g8

Figure 3.2: Larger Swiss-beese
feature shawing characteristic
moats around inner edgeof walls.
Also illustrated here are layers
in the walls of the Swiss-beese
_» features. In someplacesonly two
et main layers can be seen,in this
: caseup to 15 closelyspacedayers
~ are visible. Sub-frame of MOC
| narrow-angle image M12/01995,
B takenat 86.9S,17E, L 305.

-

s

The rst type (seeFigure 3.1) is commonwithin our study area(seeFigure 3.21).
They are a few hundred meters acrossand have a small spreadin sizerange. All

shadav measuremets to date indicate a consistem depth of 8-10m. They vary from
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Figure 3.3: Sub-frame of MOC
narrow-angle image M12/01995,
taken at 86.9S, 17E, Ls 305,
along with simultaneously ac-
quired MOLA topography data.
The circlessuperposedon the im-
1 age showv the location and size

42501 1 of the MOLA laser shots. The
I ] plot underneathshaws how height
i 1 variesfrom point to point. The re-
42461 ¥ 1 lief over this scarp appearsto be
15 20 25 slightly greaterthan 8 metersonce

Km from start of image the regional slope is removed.
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Elevation (m)
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heart shaped to almost circular, with a clear symmetry axis that is aligned north-
south (seeFigure 3.22). This combination of characteristicshasnot beenobsened in
Swiss-beesefeatureselsewhereon the residual cap.

The secondype (seeFigure 3.2) occursmorewidely on the residualcapandis not
con ned to any particular region. The de ning characteristic of this type of Swiss-
cheesefeaturesis an interior moat running around the inside of the walls with the
certral o or being slightly elewated (by about two meters). They tend to be larger,
with diametersof up to 1-2 km. The walls are generallylesssteep;the equatorward
facing walls tend to be steeper than poleward facing walls. Depth measuremets are
possiblefrom the Mars Orbiter Laser altimeter (MOLA) and are again consisterly
8-10m (seeFigure 3.3).

Where the walls are shallowly slopingit can be seenthat the medium in which
the Swiss-beesdeaturesare enbeddedis composedof se\eral layers (seeFigure 3.2).
Swiss-beesefeatureschangetheir appearancetoward the latter part of the summer

asthe seasonafrost disappears. Their walls and moatsappearto darken considerably
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Figure 3.4: Alb edochangesasthe seasonalCO, cover is removed and the true residual
CO, capis exposed. The walls and interior moats of the featuresbecomedarker than
the surrounding surface. Shovn here are two areasat 87.1 S, 18 E (A and B) and
86 S, 11 E (C and D). A and B are sub-framesof E05/02028and M13/02199 at L
of 182 and 328 respectively. C and D are sub-framesof M09/04708and M13/02177

at L of 246 and 327, respectively.



Square Kilometers

Figure 3.5: Example of the de-
frosting cap edgeat 87 S, 30 E
betweenLs 235 (MOC imageA,
M08/07803) and Ls 321 (MOC
image B, M13/01301). Swiss-
cheesefeaturescan be seento be
presen right up until the border
of the residual cap indicating that
the residual CO, deposit in this
area is extremely thin. The as-
scciated histogramsshow I/F  dis-
tributions (equivalert to Lambert
albedofor normal viewing and as-

0.4 suming no atmosphere) for the

two scenes.
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Y Figure 3.6: Inter-annual expansion of
| Swiss-beesefeatures. The walls have
o retreated by an estimated 3 meters
= and some small features have dis-
@ appeared ertirely.  Left Panels are
from M08/04518 (incorrectly labeled as
MO08/04516 in original paper), taken
at Lg 227, right panels are from
1 E07/01565,taken at L 219 . Location
is87 S,253 E. From Malin et al. (2001).
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relative to the surrounding terrain (Malin and Edgett, 2001). The surrounding at
upper surfacesand raised certral islands do not to changein this way (seeFigure
3.4).

Thesefeaturesoccur throughout the residual cap, in most casesright up to the
edgeof the residual CO, deposit as can be seenin Figure 3.5. The fact that these
depressionsare strictly con ned to the residual cap indicates that the medium in
which they form is dominated by CO, ice and also that the CO, covering of the
residual is at least as deep as the relief of these depressiong(about 8 m in most
cases).Malin et al. (2001) shaved, using imagesseparatedby 1 full Mars year, that
the walls of thesedepressionsare retreating at the rate of 1-3 meters per year (see
Figure 3.6, taken from that article). Sud a rate of retreat is only possibleif the

medium in which they are enbeddedis highly volatile, i.e., CO; ice.

3.4 Mo del description

We have createda model to investigatethe growth of arbitrarily shaped cylindrically
symmetric depressionsn CO, ice. The depressionsare represeted by a seriesof
facets,which are free to move due to sublimation or condensationof carbon dioxide
and are assumedo be Lambert scatterers. The temperature of eat facetis xed at
the sublimation point of CO,. The model accours for incident short-wave radiation
(including shadaving), emitted thermal radiation and all ordersof scatteredlong and
short wave radiation. The energybalanceof ead facet is calculated independertly
and its position is updated to take accourt of any condensationor sublimation of CO,
that hastaken place. In this way the shape of the modeled depressionis constartly
changing. Appendix B gives details of this calculation. Following Vasavadaet al.
(1999) we use a matrix inversion approad (“radiosity”) to calculate all orders of
scattering.

We assumecylindrical symmetry, which is valid only for a circular feature exactly
at the south pole. Howeer cylindrical symmetry providesa good approximation since

the obsened depressionsare roughly circular and the Sun circlesead day at almost
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the sameelewation at 87 S. This situation is analytically tractable in the special case
when the depressionsare sectionsof spheres(lngersol et al., 1992). Our numerical
model was tested against the analytic solution for these casesand found to deviate
only slightly. Figure 3.7 illustrates a comparisonbetweenthe analytic solution and

model for a range of circumstances.

Percent Error

Figure 3.7: The numerical model typically deviatesfrom the analytic solution by
lessthan 1%. The left and right panelsshaw this deviation for short and long wave
radiation respectively. The deviation is larger for more highly curved surfaceghigher
curvature is lesswell represetted by a seriesof linear facets) and for more re ective
surfaces(higher albedo or lower emmissivity).

The albedoof the CO, canbe a function of depth. In somemodel runs we assume
that brighter CO, underliesa slab of lower-albedo CO,. We also can assignhigher
albedosto new CO, frost, which formed over the previous winter, than to old frost
that was presen for more than oneyear.

The CO; ice in which the depressions enbeddedis assumedto be underlain by
water ice. The depth to this water ice layer is adjustable. For some model runs
pure CO, was simulated by placing the water ice at large depth whereit will newer
be uncovered. When water ice is exposedto insolation (i.e., all overlying CO, has

sublimated) it is free to warm up and conduct heat into the subsurface. This heat
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will partially o set condensationthe following winter. Sublimation of the water ice

itself is assumedo be negligible at thesetemperaturesand timescales.

50 Distancg g meters 150 20 Figure 3.8: Samplemodel output
showing the situation both above
and belowv the water ice surface
giving a cross-sectionaliew from
the certer of the depressionout-
ward. The gray shadedupper de-
positis CO, ice,whereaghe lower
deposit is water ice. Temperature
contours indicate wherethe water
ice hasheatedup dueto insolation
and conduction into the subsur-
face. Note di ering vertical scales
2 © ® % '® for ead sectionof the plot.

Facet Number

Height in meters

Depth in meters

The model stepsforward in time changingthe shape of the depressiorand updat-
ing subsurfacetemperaturesin the water ice at the end of ead step. The time step
is 1 degreeof Lg, generallyabout 2 days, and we follow the ewlution of the features
for 10-100'sof years. Atmospherice ects have beenignoredbut we have followed the
exampleof Jakoskyand Halerle (1990) in assigningan e ective emissivity of 0.9to
mimic the cortribution of down-welling infrared ux. Figure 3.8 shons an exampleof
the output of onetime-step of the model. The limitations of this modeling approad
arethat the depressionsnust be cylindrically symmetric and more seriouslyall facets
must be visible from all points within the depressionj.e., no internal shadaving of

onefacet by another.
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3.5 Mo del results

3.5.1 CO5 only cases

We rst simulate CO, ice only casesby placing the water layer at great depth where
it will not be uncovered. We experimert with many combinations of albedo and
emissivily, which are detailed belowv. In all casesthe albedo and emissivity were
chosensothat at surfaceswould return to the sameelewation at the beginning of

eadt year.

3.5.1.1 Case 1-Uniform albedo

For the rst casewe setthe albedoand emissivity to the sameuniform value for all
the facetsand the surrounding at surface. We investigated all physically possible
combinations of albedoand emissivity for which the at surfacereturned to the same
elewation after one full Martian year and varied the initial size and shape of our
starting depression.One exampleof this family of casess illustrated in Figure 3.9.
The initial size and shape of the depressionwas found to be utterly unimportant
to the ultimate fate of the modeled features. The di ering comnbinations of albedo
and emissivily a ected the rate of changebut did not changethe behavior of the
depression.In all caseghe depressionglisappearedinto the surroundingterrain, i.e.,
their depth to diameterratio shrank. This wasboth dueto in lling of the depression

by ice and lateral expansionby the depressionwalls.

3.5.1.2 Case 2-Insolation-dep endent albedo

The albedoof the residualcaphasbeenobsenedto increaseduring the summerseason
in responseto the increasedinsolation (Paige, 1985;Jameset al., 1992). We varied
the albedoby tting the obsenations with a linear relationship, from 0.51during the
polar night to 0.76 at the time of maximum insolation of about 305W m 2. This
range allowed the at surfaceto return to its original level when integrated over an

ertire year. Inside the depressionhoweer, ead facetreceivesa di erent amourt of
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Figure 3.9: Model output for the
simplest possible case where the
water ice layer is placed at an
unreadable depth (100m), albedo
is constart for all places within
the depressionand the surround-
ing at surface. Solid lines in-

1 dicate the starting position and
1 subsequen depressionshapes ev-
1 ery 30 Martian years. This par-
1 ticular run was started with an
1 exaggeratedvertical sizeto illus-
1 trate the point more clearly. In
1 this family of casesfeatures lose
1 de nition (become progressiely
1 broader and shallover) evertually
| becoming indistinguishable from
2 their surrounding at surface.
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sunlight and sohasa di erent albedoat di erent times of the year. Again we found
that starting shapesand sizeshad a negligible e ect on the outcome. The ewertual
fate of this family of casesis the same as the previous example; the depressions
disappearedinto the surrounding terrain although this time the rate at which they

disappearedwas higher.

3.5.1.3 Case 3-Residual frost with low albedo

High resolution MOC imaging shaws that the walls of these depressiondecomeex-
tremely dark asthe summerseasomearsits end (Malin and Edgett, 2001);examples
of this darkening can be seenin Figure 3.4. We varied the albedosothat it became
dark after the seasonallydeposited layer wasremoved. Figure 3.10showns an example
where the bright albedo has beensetto 0.7 and the dark albedo has beenset to
0.5. The depressiorrapidly expandsuntil the certer portion no longerreceives much
radiation from the walls. The depressioncortinuesto expand uniformly; howewer it
keepsits bowl shape and doesnot dewelop the at o or, which is an important dis-
tinguishing characteristic of the obsened Swiss-beesefeatures. Varying the initial
sizeand shape in thesecasesagain producedno noticeablee ect on the ewlution of

the modeleddepression.

3.5.1.4 Case 4-Low albedo slab with a high albedo substrate

To produceresultswith at o orswe found it necessaryto include a lower volatilit y
substrate. We varied the albedo with depth sud that any facets belov a certain
elewation were constrainedto have bright ( 0.7) albedosat all times. Above this
elewation is alow-albedoslabwhosethicknesswe varied from 4 to 20 metersand whose
albedowe varied from 0.4to 0.65. The modeled depressiornwas again started from a
small surfaceindentation on the top of the CO, layer. Oncethe bright seasonafrost
has beenremoved the darker albedoice is exposedto insolation causingthis initial

indentation to grow toward the cleanCO, layer in a similar way to that discussedn
the previoussection. This growth proceedsuntil the depressionencourters the clean

CO; layer, after which the o or remains at and the walls cortinue to move outward.
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| Figure 3.10: Model behavior with
| condition of dark residual frost.
1 In this casewe simulate the ob-
1 sened darkening late in summer
| by giving the residualfrost a lower
| albedo than the seasonally de-
1 posited layer. For the model run
1 shavn here the residual ice has
| an albedo 0.5 and the seasonal
| frost has an albedo of 0.7. The
1 depressionscan now grow in size
1 but they cannot dewelop the at

o ors and steepwalls exhibited by
Swiss-beesefeatures.

Figure 3.11: a) Model output for
the samecaseasillustrated in Fig-
ure 3.10 exceptthat a clean CO,
substrateis now placed8 m below
the surface. The depressionini-
tially grows asbefore. It dewelops
a at o or, but it doesnot dewelop
the steep sides characteristic of
the majority of Swiss-beesefea-
tures. After 80 Martian yearsthe
walls have a slope of only about
3 . b) Sub-frameof MOC narrow-
angleimage M03/06646, taken at
85.6S, 284E, L 181, shawing
Swiss-beesdeatureswith shallov
sloping walls. MOLA height and
MOC narrow-angledistance mea-
suremers indicate that the pole-
ward facing walls have slopes of
about 3 . Theseshallow slopesare
uncharacteristic of the majority of
Swiss-beesdeaturesbut can also
be modeledwith this approad.
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Figure 3.11(a)showvs an exampleof how a depressiorgrowsin thesecircumstances.
The shape more closely resenbles obsened Swiss-beesefeaturesin that it is at
o ored; howewer the walls maintain their shallown slopes. There are caseqe.g., Figure
3.11(b)) where Swiss-beesefeaturesoccur with extremely shallov slopingwalls. The
walls in this particular location have slopes of about 3 (determined from MOLA
height and MOC/NA distance measuremets) which match the model resultsin this
case.Thesewalls will evertually steepento slopesof about 10 .

A single value of residual CO, albedo does not appear to be able to mimic all
characteristicsof Swiss-beesdeatures. In somelimited casest matchesthe obsena-
tions quite well and it may be that the CO, slab in theseareasis uniform in albedo
with depth. Howewer the majority of thesefeaturesappear to have steeply sloping
walls, which in most casesappear to be within the rangeof 20 to 40 . We will now

descrike the e ects of introducing albedo gradierts within the CO, slab.

3.5.1.5 Case 5-Decreasing albedo with depth and a high albedo substrate

To simulate the majority of caseswhere the walls are steeger than 20 we include
an albedogradiert within the low-albedoslab of CO, ice. Instead of having a single
value for the dark albedo of the residual ice it is now a linear function of depth,
with its darkestvalue at the interface betweenthe low-albedo CO, slab and the high-
albedo CO, substrate. The brightest value of the residual albedois at the level of
the surrounding mesatop and its value is set to be equivalent to that of the clean
seasonalfrost. This albedo gradiert could represeth an increasingconcetration of
impurities with depth or perhapschangesin grain size. Figure 3.12(a) shovs how
albedovarieswith depth in this case.The high CO, albedo of the seasonafrost was
setto a value which insuredthe surrounding at surfacereturned to the sameheigh
at the end of ead year.

We experimerted with various albedo gradierts and also varied the thicknessof
the overlying low-albedo CO, slab. Overall the modeled depressionshave two life-

stages.First the depressiongrows down to the clean CO, substrate as an expanding
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Figure 3.12: lllustration of albedo
versusdepth for two caseswhich

from which we cansuccessfullyre-

produce Swiss-beesedeatures. A)

Example of casediscussedn Sec-
tion 3.5.1.5 with a 'dirty' slab
of CO, with albedo decreasing
with depth, which is underlain

by a bright CO, layer. B) Ex-

ample of casesdiscussedin Sec-
tion 3.5.2 with a 'dirty' slab of
CO, with albedo decreasingwith

depth, which is underlain by water
ice layer with no albedo discorti-

nuity.
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bowl-shaped feature. The albedogradiert meansthat the walls grow steeper during
this phase. After cortact with the clean CO, substrate the downward growth stops
and the walls continue to steepen as they move outward. During the secondstage
the walls reat their steepest form and cortinue to move out at a steady pace. We
refer to thesetwo stagesasthe ramp-up and linear growth stages.

The length of time the depressionspend in the ramp-up phaseis directly related
to the thicknessof the low-albedo CO, ice slab. When the slab is 4 meters thick
the depressiongead the linear growth phasewithin 30 Martian years;at the other
extreme when the low-albedo CO, slab is 20 metersthick the depressionsstill have
not completely reated the linear growth phaseafter 300 Martian years.

The growth rate obsened in the linear growth phaseis directly related to the
value chosenfor the dark albedo. The diering thicknessof the overlying CO, we
experimerted with had little e ect on this property. Outward growth rates of the

walls have a narrow range of 0.5-2.5metersper year.

300f

, ] Figure 3.13: Model output for a
- family of caseswith clean CO,
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P 3 substrate. Lower panel shows a

speci ¢ run with dark albedo set
to 0.6 and CO, slab thicknessset
to eight meters. Evolution of
the depressionis showvn in cross-
sectionalview. The ramp-up and
linear growth phasesare clearly
visible. The upper panel shawvs
radius versustime for a family of
casesall of which have a CO, slab
thicknessset to eight meters but
whosedark albedosrangefrom 0.4
to 0.6. As intutitivily expected
darker albedoscausefaster expan-
sion.

Figure 3.13shows a speci ¢ exampleof modeled depressionwith an eight meter
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slab of low-albedo CO, ice above bright CO, basemet Shown on the bottom panel
arethe resultsfrom oneparticular caseplotted ewvery 30 Martian years. After 90years
the depressionhas acquiredits nal form and has completedwhat we have termed
the ramp-up phase. The rest of the history of the depressionis quite mundane as
it erters a linear growth phaseexpandingin radius at an averagerate of 1 m/yr.

The top panel shows the increasein radius as a function of time for a family of sut
cases. In eat casethe CO, slabis 8 m thick. The dierent lines represen values
of the albedo of the upper slab at the interface with the lower (bright) CO,. Darker

albedoslead to faster expansion.

Figure 3.14: Retreat rates for the
walls of Swiss-bieesefeatures, as
a function of the darkest resid-
ual frost albedo. The range of

3.0f wall retreat rates deduced from

C 250 this modeling is quite narrow with
? [ most values falling between 0.5-
o 2.0F 2.5 meters per year. The dark-
g I est albedo is the albedo of the
s 1.5¢ CO, icewhereit isin cortact with
[ Lok the clean CO, substrate. The
§ r CO; ice albedo increaseslinearly
W 650 with height to 0.7 at the upper
; 1 level surface as descrited in the
0.0C —J  text. The trend of higher expan-

040 045 050 055 0.60

Lowest residual albedo sionrateswith lower albedois eas-

ily visible.

Figure 3.14 illustrates the dependenceof the linear wall recessiorrate upon the
albedo of the CO; ice. The albedoin this plot correspndsto the albedowherethe
low-albedo CO, ice meetsthe high-albedo CO, substrate (i.e., the darkest albedo).
This albedovalue determinesthe albedoof all facetsusingthe linear scalingdescriked
above. The trend of higher expansionrates with darker albedosis obvious although

the actual rangeof expansionratesis quite small. The actual numbersrangefrom 0.5



62
to 2.5 m/yr which agreeswith previousobsenations by Malin et al. (2001) in most
cases.

In summary through a somewhatelaborate variation of albedo with depth, we
can reproduce the at o ors and steepwalls, the late summertime darkening, and
the obsened expansionof the Swiss-beesdeatures. This situation requiresa slab of
CO, getting progressiely dirtier with depth but which is underlain by a bright CO,
substrate. Another method of reproducing theseobsenations is to replacethe bright
CO, substrate with a non-wolatile layer of water ice, which we descrite in the next

subsection.

3.5.2 Cases with a water ice base

We experimerted with replacingthe bright CO, substratewith water ice. The albedo
of the water ice substrate was set to the darkest residual CO, albedo, so unlike the
previous examplethere was no albedo discontinuity at the cortact betweenthe two
substances. The behavior of the depressiondn this situation is remarkably similar
to the bright CO, substrate casedescribed above. As before, situations where there
is no albedogradiert within the upper slab of CO, produce at o ors and shallonly
slopingwalls. It was necessarythereforeto retain the condition of decreasingalbedo
with depth. For clarity the albedopro le with depth is illustrated in Figure 3.12(b).
We experimerted with various albedo gradierts and also varied the thicknessof the
overlying CO; slab.

Figure 3.15shows a speci ¢ exampleof modeled depressionwith an eight meter
slab of CO, ice above a water ice substrate. Comparing gures 3.13and 3.15,we can
seedi erences in how long it takes depressiondo begin linear expansion,with the
caseof a water ice basetaking longer.

As beforethe length of time the depressionspendin the ramp-up phaseis directly
related to the thicknessof the CO, ice slab and the growth rate is directly related
to the value chosenfor the darkest CO, albedo, which is shovn in Figure 3.16. In

generalthe growth rates are smaller than the clean CO, substrate case. The rates
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Figure 3.15: Model output for a family of caseswith water ice substrate. Lower panel
shows a speci ¢ run with dark albedosetto 0.6 and CO, slab thicknessset to eight
meters. Evolution of the depressionis shavn in cross-sectionalview. The ramp-up
and linear growth phasesare clearly visible. The upper panel shavs radius versus
time for a family of casesall of which have a CO, slab thicknesssetto eight meters
but whosedark albedosrange from 0.4 to 0.6. Model runs were truncated at 300
Martian yearsbut someruns failed beforethis point due to instabilities in the model.
In all caseghe depressiongrogressedo the linear growth phaseand their behavior
was well establishedbeforethe model run ended.
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1 walls of Swiss-beesefeatures, as
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ice substrate. Similarly to Figure
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from both casesare closeenoughhowever that it would be very di cult to distinguish
betweenthem using MOC narrow-angleimaging. The cleanCO, substrate produces
higher expansionrates due to the extra visible light re ected from the bright o or.
This can more than compensatefor the extra infrared ux producedby the warmer

water ice substrate.

3.6 Thermal observations from TES and THEMIS

To distinguish betweena water or CO, ice substrate,oneneedsto obsene the temper-
ature of the o ors of the depressions.CO, ice will always remain at the sublimation
temperature becauseit is in cortact with the atmosphere. At the pressureson top
of the south polar cap, this temperatureis 142K. Water ice is not subject to this
constrairt, and when it is exposedin late summer(310 Lg 350), its temper-
ature will rise. The maximum brightness temperature occursat Ls 320. We can
predict the temperature uctuation of an unresohed thermal measuremen by as-
suming a fraction of the eld of view that is occupiedby warm o ors verusthe cold
surrounding upper surface.

This predictedtemperature uctuation for the caseof an unresohed thermal mea-

suremem is modest and is illustrated on the top panel of Figure 3.17. We have
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examinedthe TES data for mapping year 1 of a region on the south residual cap,
86.5-87.0 S and 345 -360 E (SeeFigure 3.17). In generalwe seelarge swingsin the
reported surfacetemperature dueto atmosphericdust loading. The temperaturesob-
sened allow for warmer areason the residual cap; however, they may alsobe totally
due to radiation from the dust suspended above the polar cap. It is very di cult
to retrieve surfacetemperatureswhen the surfaceis colderthan the overlying atmo-
sphere. The TES data do not rule out the formation of small warm spots on the
residual cap surface. The pixel sizeof TES pre-mappingdata or Viking IRTM data
is very much larger than that of the TES mapping data and seeingany temperature
increasein those datasetswould be unlikely.

The thermal emissionand imaging system(THEMIS), (Christensenet al., 2002)
has pixel sizesof 100 metersand should be able to directly obsene the temperature
di erence betweenthe o ors of the Swiss-beesefeaturesand the surrounding upper
surface. Unfortunately THEMIS beganacquiring data only about L 330, whereas
we predict maximum surfacetemperaturesat Ls 320 . Figure 3.18shonvsthe THEMIS
coverageaccquiredbeforethe onsetof southernwinter. The number of frameswhich
include the residual cap is small (four) and someare so noisy that they can only be
usedto demark the edgeof the CO, deposit. In addition there were problems of
thermal drift within the instrument which causethe reported temperature to drift
to higher valuesewen over isothermal surfacesand a correction for the cortribution
of the atmospherehas not yet been e ectively done. Despite these problems the
THEMIS data (in the frameswhere signal to noiseis high enough) are reliable in
distinguishing relative temperature di erences. The absolutetemperature calibration
remainssuspect howewer.

Figure 3.19 shaws the earliest available (closestto maximum thermal cortrast)
THEMIS imagewith a MOC image of the samearea. The blue (cold) area at the
bottom is the edgeof the residual CO, ice cap. The red areais too warm to be
CO, ice. The MOC image shaws that the cold arc in the middle of the warm area
is an extendedmesatop, with the characteristic scalloped sideswhere the circular

depressionsave eateninto the walls. In this place,at least, onehasa set of circular
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Figure 3.17: Simulated TES
temperatures compared with
actual data. The top panel
shaws the expected temper-
ature that a thermal instru-
mernt which does not resohe
individual depressionswould
be expected to make. The

1 yellow bars highlight time pe-

riods which are examined in
subplots belon. We exam-
ined temperature data in the
region 86.5-87.0 S and 345 -
360 E. Histogramsof temper-
ature are showvn for eat time
period. The vertical dashed
line on ead subplot shavsthe
mean predicted temperature
for that period. The bottom
panel shavs the temperatures
over the ertire residual cap
at one particular time period
with the examinedarea indi-
cated by the white outline.
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Figure 3.18: Due to the season
of arrival of the Mars Odyssey
spacecraft, the THEMIS instru-

mert wasableto acquireonly 4in-

frared framescovering the residual
cap beforethe begining of south-

ern winter. Image numbers are
100826006 (Ls 330), 100910002
(Ls 334), 101162002(Ls 345),

and 101246004 (Ls 349). The

residualcapasmappedby Tanaka
and Soott (1987) is outlined here
in blue.




68
depressionsvhose o ors cannot be CO, ice, due to their elevated temperatures,and
whosemesatops almost certainly are CO, ice. Theseobsenations favor the model
of a substrate of water ice beneatha thin ( 10 m ) slab of CO, ice. We consider
it unlikely that there is a buried CO, ice resenoir beneath the water ice, as heat
conducteddown through the water ice will causeburied CO, to sublime (Ingersoll,
1974).

190

[y
[ee]
o

Surface Temperature

Figure 3.19: Example of these features obsened by THEMIS (100826006)at the
cap edgenear 84 S,283 E, Lg 330. Top panel shavs temperatures derived from
THEMIS radiancemeasuremets in a 10x5km area. Boxed areacorrespndsto sub-
frame of MOC narrow-angle image M03/04994, shavn in the bottom panel. Cold
material correspndsto the CO, mesa-topsand warm material correspndsto terrain
surrounding the mesasand making up the o ors of the depressions.Thesedata rule
out cleanCO, ice asthe substratein this area.

In most of the residual cap only isolated remnarts of an 8 m thick layer are
visible in the processof being eroded by Swiss-beesefeatures. Most of these Swiss-
cheesefeatures belongto the secondclassof featuresdescriked in Section 3.3, i.e.,
displaying the moatsand raisedcertral island evidert in Figure 3.2. Figure 3.20shows
oneisolated 8 m thick sectionbeing eroded by members of this classof Swiss-beese

features. The asseiated THEMIS temperature data shov the moats penetrating to
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an underlying warmer layer, which becauseof its elevated temperature cannotbe CO,
ice. We interpret this layer to be water ice. TheseTHEMIS data show that they are
similar to other Swiss-tbeesefeaturesin that a non-CQO, layer also underliesthem.
Figure 3.20shaws that the water ice is exposedmostly on the southern parts of the
moats, which are the parts that receive the most sunlight. This could be because
the southernwalls lose CO, faster or becausethe at o0 ors adjacen to thesewalls
accunulate CO, more slowly (since thesewalls are equatorward facing and steeper
they re ect moresunlight towardstheir moats). In Section3.9we speculateon reasons
behind the certral CO, island.

Much of the rest of the residual cap appearsto be coveredin a relatively thinner
CO, layer about 2 m thick. This thin layer is itself being eroded by smaller Swiss-

cheesefeatures.

Figure 3.20: Example of Swiss-beesefeaturesobsened by THEMIS (101162002)at
86.5 S, 285 E, and Ls 345. Brightnesshereis provided by an underlying MOC
narrow-angleimage (E05/02715at Ls 185), while color represets THEMIS temper-
atures. Direction to sun appliesonly to MOC image. The reported temperatures
range from 150K to 160K (blue to red). Uncertainties in instrument calibration
at sud low radiancesand atmospheric conditions make the absolute temperatures
di cult to retrieve, but temperature di erences are reliable. The warmer areascor-
respond to the o ors of the depressionsiear the walls (moats). Thesewarmer areas,
which cannotbe CO, ice, are concetrated around the sun-facing(south) sidesof the
depressions.
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Swiss-beesdeaturesare ubiquitious throughout the residualcap. We have demon-
stated two possibleways to produce this distinctive morphology with either an es-
pically clean CO, or water ice substrate. Where we have THEMIS obsenations of
su cient quality they shaw that it is water ice which underliesthese features. We
beliew it is a safegeneralisationthat all Swiss-beesefeaturesare underlain by wa-
ter ice. Con rmation of this will have to wait until the end of the secondsouthern

summerof THEMIS obsenations (seeFigure C.1) in early 2004.

3.7 Implications for the solid CO, inventory

A certral tenet of the Leighton and Murray (1966) model is that the atmospheric
CO, is bu ered by a much larger resenoir of solid CO,. Howewer, a CO, residual
ice cap with an area of 88,000km?, thicknessof 10 m, and density of 1.6 g cm 3,
would cortribute only 0.36millibar of additional atmosphericpressuref it completely
sublimed. This is roughly 5% of the averagesurfacepressureand much lessthan the
seasonablariation. Therefore, unlessthere is an additional subsurfaceresenoir, the
south residual cap cannot bu er the atmosphereduring periods of high obliquity, and
the atmosphericCO, partial pressurecannot be much larger than its current value.
There may be a substansialsubsurfaceresenoir of CO, adsorked on grainswithin

the regolith. Fanale and Salvail (1994) investigatedthe partitioning of CO, between
the atmosphere,regolith and polar cap over geologictime, including e ects from
changing obliquity, atmospheric sputtering, and changing solar luminosity. They
found that the quantity of CO, adsorked in the regolith did not change apprecia-
bily with time, due to competing e ects of higher temperatures (which reducesthe
adsorbtive capacity of the regolith) and higher atmosphericpressureqwhich tend to
increasets adsorbtive capacity). The insignifanceof the polar reseroir placesa strict

limit on how much the atmosphericcan increasewithout using adsorbed CO,. This
may meanthat the adsorked regolith plays a more important role than previously
appreciated. In light of this new constrairt thesecalculationswill have to be redone

beforeany de nitiv e statemens on the role of the adsorked CO, in the regolith can
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be made.

3.8 Population statistics of Swiss-cheese features

To deduce some short-term historical information about the residual cap, results
of this modeling were applied to a population of Swiss-beesefeatures. We choose
a study region (indicated on Figure 3.21) of 400 km? located closeto the highest
elewation on the residual cap. In many areasof the residual cap the Swiss-beese
featureshave ertirely coalesce@nd removedall the intervening at upper surfaces.In
cortrast, the Swiss-beesdeatureslocatedin our study areahave areasof undisturbed
surfacebetweendepressionso their sizescan be measured(seeFigure 3.22). In this
regardthis subsetof the total Swiss-beesefeature population is unique. None of the
featuresin this areashow evidenceof moats and all are similar in appearanceto the

archytype shown in Figure 3.1.

Figure 3.21: Shadedtopographic
map from MOLA of the south-
ernresidualcap (outlined in black
(Kolb et al., 2003)). Data pole-
ward of 87 S (white areas)is very
sparseand not shavn here. The
region of interest discussedn this
work is outlined by the dashed
squarenear87 S 355 E.

We combined 17 MOC narrow-angle imagestogether to cover 375 km? ( 94%
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of the region outlined in Figure 3.21). The resolution of these frames ranged from
1.4 to 12 meters per pixel. Swiss-beesefeatures were measuredby marking line
segmelts on the imagesto represen their diametersor, if signi cantly non-circular,
their longest axis (seeFigure 3.1). Only featureswith greater than 270 of intact
azimuth were measured.Groups of featuresthat had mergedinto amorphousshapes
were not recorded. Center position and e ective diameter were extracted from the
line segmets for analysis. Figure 3.22(c) shows a typical scenewithin our study area
containing both isolated and merged depressions. We also measuredthe preferred
pointing direction by drawing line segmets from the cusp on the poleward facing
wall (seeFigure 3.1) through the certer of the depression.In generalthis was harder
to measuresincethe cuspsare only visible in the higher resolution imagesand many
depressiongretoo circular to con dently idertify the cuspposition. For thesereasons
the number of featuresthat have measuredazimuths is much lessthan the number
that have measuredsizes.

We measuredthe azimuths of 370 features within the study area (see Figure
3.22(a)). As can be seenqualitativ ely in Figure 3.22(c), the cuspsare predominartly
on the poleward facing walls. The mean orientation is almost exactly south (0.17
0 ) andthe standarddeviationis 17 . The north-south alignmert of the symmetry
axis of thesefeaturesarguesstrongly for an ewlution connecteddirectly to insolation.
Sincewe are not exactly at the pole, the solar ele\ation decreasesvhile the Sunis in
the south of the sky. South-facingslopesthereforereceiwe lesssunlight and loseless
massthan other walls of the depression.As the walls expand outward, the material
on the south-facingwall is left behind and forms a cusp.

In total we measuredhe sizesof 1263features,which we identi ed asSwiss-beese
features. The histogram of sizesis sharply peaked (seeFigure 3.22(b)) with a mean
diameter of 217 m and standard deviation of 35m. The narrow nature of the size
distribution canalsobe seenqualitatively in Figure 3.22(c).

Wall retreat ratesranging from 0.5-2.5m/yr are possiblewith di erent subsurface
albedoconditions (seescction3.5). The sensitivity of the expansionrate to the albedo

of the subsurfacematerial introducesa large degreeof uncertainty in trying to date
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Figure 3.22: A) Rosediagram of Swiss-beesdeature orierntations. The total number
of features measuredwas 370, the mean azimuth from the cuspto the certer was
within 0.2 of south and the standard deviation was
number in incremeris of 10. B) Histogram of diametersof identi able Swiss-beese
features. The total number of featuresmeasureds 1263,the meansizewas217mand
the standarddeviation was 35m. C) Many Swiss-beesdeaturesdestroying the upper
8 m thick layer in a sampleview of our study area. Sub-frameof MOC narrow-angle
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imageMQ07/04167,takenat 86.8 S, 355 E, and Lg 211.
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thesefeatures. Di ering concettrations of dust and other impurities within the CO,
ice from areato areacould result in di ering expansionrates so Swiss-tbeesdeatures
of the sameagein di erent locations may not be of equal size and vice versa. We
will assumethat the relationship between albedo and depth is consistem over our
region of interest (20 km 20 km), i.e., that dust co-deposited with the CO, slab
was uniformly distributed. This seemseasonable asthis regionis small and mostly
at with no large-scaleobstaclego prefererially concenrate atmosphericdeposition.
Any variations in ice albedowould sene to createa wider spreadof obsened sizes.

Using the mean diameter of the population (217m) and the range of expansion
rates quoted above we nd the ageof this population could rangeanywherefrom 43
to 217 Martian years(or 81-408terrestrial years). Interestingly sincethe range of
sizesis narrow the range of agesis also narrow. The absenceof smaller and larger
depressiongndicates that there was a nite period (which has since ended) where
new Swiss-bieesefeatures on this part of the residual cap were initiated. We can
attempt to estimate the duration of this Swiss-tbieesefeature formation period from
the width of this distribution. We can choosethe inter-quartile scale(40m in this
case)to represen the width of the distribution. This range of sizesrepresets a
spreadin starting times of 8 to 40 Martian years (15 to 75 terrestrial years), which
again dependson the expansionrate.

The large spreadsin the meanpopulation ageand length of the formation period
are largely dueto the large range of possibleexpansionrates. Theseuncertairnties are
correlatedthough; we can say that the length of time over which thesefeatureswere
forming is about 18% of the meanage of the population.

Shallon bowls are alsofound in this location (SeeFigure 3.1) and may be currertly
forming Swiss-beesefeatures. Howewer, no intermediate casesbetweenthe shallov
bowls and the fully formed at- o oredpits areobsened. It may be that we seeingthe
genesisof another Swiss-beesefeaturespopulation after an apparent hiatus in new
feature formation of at least se\eral decades.Howeer the lack of intermediate cases
meansthat it is di cult to conclusiwely idertify theseshallov bowls as Swiss-beese

feature precursors.
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3.9 Implications for environmen tal variabilit y

The narrow distribution of agesfor the population of Swiss-beesefeaturesexamined
in our region of interest indicatesthat they all beganforming closetogether in time
comparedwith their overall lifetimes. The lack of smaller and larger featuresin the
sizedistribution indicatesthat conditions suitable for the initiation of thesefeatures
existedfor some nite period of time, beforeand after which no new featuresformed.
The switching medanism between forming and non-forming periods is uncertain;
these timescalesare too short to be asseiated with orbital change and the atmo-
sphereitself hasvery little memory even on annual timescaleg(Liu et al., 2003). One
possibility is perhapsthe slow redistribution of dust on a regionalor even planet wide
scaleinto preferredareas,which changesthe albedo pattern with respect to the (by
comparison)invariable elewation pattern. Changing the distribution of warm areas
on the surfacecould possibly switch the climate and circulation patterns into some
other mode leadingto di ering conditions on the residual cap and a resetting of dust
to its original con guration. Averagedover Martian millennia this behavior could be
consideredto be steady state.

In our modeling we have tuned the albedo of at surfacesto return to the same
elewation at the end of eat year. If this condition were relaxed, then CO, ice could
acuminate on at surfaces. CO, could be e ectively redistributed from within the
Swiss-beesefeaturesto at areaselsewhereon the residual cap in this way.

The raisedislandsand moatswithin the larger Swiss-beesdeaturespresen other
problems. Once water ice is exposedat the surfaceit becomesvery hard to cover it
again with enoughCO, to last the whole year without changing the environmental
conditions (Jakoskyand Hakerle, 1990). One possibleexplanation is that the larger
depressiongnitially formed in a similar way to the smaller depressions.Someernvi-
ronmertal changeallowed a few meters of CO, and dust to settle in their certers.
Recen (a few Martian decadedo certuries ago) ervironmental changein the oppo-
site sensecould make exposedwater ice remain exposed. If the walls were retreating

throughout theseperiods (perhapsat varying rates), then the retreat sincethe last
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ervironmertal changewould leave a moat of exposedwater ice. Figure 3.23illustrates

this possiblehistory.

Figure 3.23: Possible formation

scenario for the larger Swiss-
cheese features and their asso-
ciated moats shown in cross-
sectional view. The depression
grows initially like the smaller
ones we have modeled (A-C).

Growth stopsdueto someclimatic

perturbation and the depression
beginsto in Il with a CO, iceand
dust mixture (D). Finally after an
unknown period of time the cli-

mate reverts to its previouscondi-
tion and the walls begin to move
outward again, leaving the recen

certral deposit as an island sur-
rounded by a moat. The widths
of the moats and their presen

day expansionrate indicate this

last evert occurred a few Martian

decadesago.

A f
il

Alternativ ely moats may just be a property of large Swiss-beesefeatureswhere
the certer no longer feelsany appreciableradiative e ect from the walls. In this
picture exposedwater ice on at surfaceswould currertly be proneto being covered
by year-round CO, but the extra radiation re ected from the walls of the depression

could createa small zonewherethe opposite is true.
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Chapter 4

Evidence of deformation at the
margin of the south polar layered
dep osits

4.1 Abstract

Recen topography measuremets con rm that the layered deposits in both hemi-
spheresare se\eral kilometers thick. Although the internal temperature and base-
mert topography of the ice sheetsare uncertain, it seemdikely that ow is occurring
today at rates of millimeters to certimeters per year with enhancedo w rates during
periods of higher obliquities. In this work | examine geomorphologicindicators of
ow processest the edgeof the southern layered deposits. Indications of multiple

episalesof previous ow are seen.Howewver, much evidenceof brittle processesut
as faulting, slumping and landsliding is also presen. This leadsto the conclusion
that at presen ow of the layered deposits is incapable of relieving the gravitation-

ally generatedstresseswithin the ice sheet. It appearsthat although periods of ow

occur, we are likely not within one of those periods at preser.

IMaterial in this chapter is the subject of ongoing researd and will be submitted as Byrne, S.,
Deformation at the margin of the south polar layered deposits, Journal of Geophysial
Research, 2003.
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Figure 4.1: MOLA derived shadedrelief map of the south polar region. Grid lines
every 2 latitude and 30 longitude, shadingfrom upper right. White areasindicate
mapped locations of moundswithin cratersinterpreted to be layereddeposit outliers.
White circle within 87 Srepresets no data, black dashedline represets the mapped
boundary (Tanakaand Sott, 1987) of the layered deposits.
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4.2 Intro duction

The Martian layered deposits have long beenthought to be mostly water ice with
varying admixtures of dust leadingto the di ering albedosand medanical properties
of the layers (Murray et al., 1972;Cutts, 1973b). They have previously beenmapped
asadistinct unit basedon their bandedvisual appearance(Tanakaand Sott, 1987).
Topograply data from the Mars Orbiter LaserAltimeter (MOLA) (Smithetal., 1999)
have con rmed thesedepositsto be seeral kilometersthick and broadly domeshaped,
similar in at leastthat respect to the Greenlandice sheeton Earth.

The degreeto which the presen layered deposits behave like terrestrial ice sheets
is unknown (Cli or d et al., 2000). The possibility of ow hasbeendiscussedor the
northern polar layered deposits by many authors (Budd et al., 1986; Fisher, 1993,
2000; Fisher et al., 2002; Greve 2000; Greve et al., 2003; Nye, 2000) and for the
southern deposits by Head (2001). Conversely brittle fracture and sublimation have
beenproposedto dominate over o w by others (Ilvanov and Muhleman, 2000;Murray
et al., 2001).

In this work, featuresat the edgeof the southern layered deposits are examined
for evidenceboth for and against ow. Section 4.3 details the evidencefor ow.
Contradictory evidenceof brittle processess detailed in Section 4.4 after which |
concludeand outline what future direction this work will take. The material in this
chapter is work in progressand its cortinuation will be a focus of my postdoctoral

studies.

4.3 Evidence of ice ow

A seriesof craterscloseto the mapped edgeof the south polar layereddeposits cortain
large mounds(seeFigure 4.1). Thesemoundsappearto be outliers of layereddeposit
material in MOC narrow-angle images;somehave previously beenmapped as suth
(Tanakaand Satt, 1987)on the basisof Viking imagery Thereis atendencyfor these

deposits to lie against the equatorward facing (south) sidesof the craters in which
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Figure 4.2: Context gure shawing the northern edge of the south polar layered
deposits with location of subsequen gures indicated. The Ultimi lobe is the region
betweenlongitudesof 130 E and 150 E. The regionsshownn in subsequen gures are
indicated by the white boxes.

they residewhich indicatesthey are probably currertly eroding due to sublimation.
Many of thesemoundsshav geomorphicevidenceof ow at somepoint during their

history someof which is discussedoelow.

4.3.1 Compressional ridges

A commonoccurrencewherethesemoundsarein cortact with a crater wall areridges
at the edgeof the deposit (seeFigure 4.3). | interpret theseridges as being due to
compressionof the ice massasit owed into the side of the crater. It is possible
that this form of compressioncould also occur from the ice being pusheduphill by
the pressureof the mound upstream. | interpret the presen day separationbetween
the crater wall and postulated terminus to be due to subsequenretreat of the ice by
sublimation. Many of thesemoundshave dune elds superposedon them, care must
be takenthat large dune formations are not interpreted asridgeswithin the ice body.
MOC narrow-angleimagery providesthe distinguishing data.

The history of the feature depicted in Figure 4.3 is possibly very complex. The

expected initial formation medanism for polar layered deposits is atmosphericde-
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position of water ice with varying amourts of dust being co-depsited. This process
would be expectedto operate equally well inside two neighbouring craters. However
in Figure 4.3we seewhat appearsto be o w of material from the southern(top) crater
to an adjoining northern (bottom) crater. This implies that the northern crater has
either beenemptied of, or was newer lled with, layered deposit material. There is
no reasonwhy one of thesecraters would have layered deposits form in situ and the
other would not or why one crater would loseits layered deposits while the neighbor-
ing crater did not. The layered deposits therefore must have advancedequatorward
into the southerncrater. The roughnessof the bedrock terrain to the east, west, and
north may indicate that the layered deposits did not advance completely over these

craters.

4.3.2 Superposed mounds

Many of thesemoundsappearto be multiple superposedice masseqseeFigure 4.4).
It hasbeenarguedin the pastthat the southernlayered deposits have advancedand
retreated (Head, 2001). This is further evidenceto that e ect, eat superposedlobe
of material can be interpreted as being the result of the main ice sheetadvancing
over the previouslobes. Periodic glaciation is commonon the Earth and could occur
on Mars due to layered deposit formation enhancedby obliquity variations as has
beensuggestedby many in the past (most recerlly Greveet al. (2003)). A similar

structure of superposedmoundscan be seenin the crater depictedin Figure 4.3.

4.3.3 Terminal moraines

Terminal-moraine-like featurespoint to both lateral advancemen of ice massesand
to more recen retreat. The evidencefor the existenceof these featuresis wealer
than other indicators discussedabove becausethey are in generalharder to locate
(seeFigure 4.5) and presumablyare easierto destroy due to their small scale.
Advanceof the ice sheetis not necessarilydueto o w in this location. The arcuate

breaksin slope seenat the edgeof the layered deposits in Figure 4.5 suggeststhat
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Figure 4.3: Right panel shavs MOLA topography (shading from the upper right) of
a glacier-like feature within two craters. The bladck line nearthe interpreted terminus
(below and right of certer) represets the position of the plotted topographicpro le.

A seriesof ridgesis visible nearthe edgeof this feature. Location of this frame marked
as'a' in Figure 4.2. The bladk rectangleshaws the location of the MOC narrow angle
frame in the left panel (E16/00609, illumination from the lower right). The MOC
image shaws the layered deposit nature of this outlier.
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Figure 4.4: MOLA shadedrelief of crater cortaining superposedmounds. White line
indicates position of plotted topography prole (top to bottom on Figure is left to
right on plot). A singleridge at the edgeof the deposit is alsovisible here. Location
of this frame marked as'b’ in Figure 4.2.

slumping hastaken place (seeSection4.4.1). It is possiblethat advancemen of the

ice sheetin this location is dueto this slumpingrather than true ow or basalsliding.

4.4 Evidence contrary to ow

Se\eral locations at the layereddeposit boundary in the Ultimi lobe region (showvn in
gures 4.2 and 4.6) exhibit ample evidenceof brittle processegMurray et al., 2001).
O set faulted layers, landslides,and large scaleslumping in this areaindicate that
ow is not currertly fast enoughto accommalate the driving stresseswhich cause

thesefeatures.

4.4.1 Large-scale slumping

The linear slope breakswhich parallel the edgeof the layered deposits and the the
scalloped appearanceof the bounding scarpto the east, seenin Figure 4.6, indicate

large scaleslumping of the layered depositsin this area. Detailed pro les are plotted
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Figure 4.5: MOLA shadedrelief near 72 S 145 E. Small moraine like structures are
evidert in the vicinity of possible ow structures. Black line segmen represets the
position of plotted pro le. Location of this frame marked as'c' in Figure 4.2.
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Figure 4.6: ShadedMOLA topograply of the northern edgeof the Ultimi lobe. The
scalloped appearanceof the scarpat AA' indicateslarge-scaleslumping. Topograpty
and slope pro les alongthe line segmets AA' and BB' are shavn in Figure 4.8. The
dashedbox indicatesthe location of the mosaicshaovn in Figure 4.9. Location of this
frame marked as'd’ in Figure 4.2.
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in Figure 4.8. Peaksin the along-pro le slope indicate the location of thesepossible

slumps.

Figure 4.7: Shematic sketch of
my interpretation of the situa-
tion at the scarpedge(topogra-
phy shavn in Figure 4.8). The
breaks in slope as interpreted
to be due to rotational slumps
along normal faults (shown as
dashedlines.

4.4.2 Landsliding

Slope failure is a commonoccurrenceon the Ultimi lobe bounding scarp. Maximum
downhill slopesalong this scarpexceed40 , which is well above the angle of repose.
Landsliding is not obsened at the edgeof the south polar layered deposits in other
locations (although it is suspectedin parts of the north polar layered deposits (Byrne
and Murray, 2002)). Howewer in generalslopesare not as steepin other locations, so
there is no reasonto suspect that theselandslidesindicate that the layered deposits
themselesin this region are somehav unusual. A break in slope at the bottom of

the scarpindicatesthe presenceof moundsof talus.

4.4.3 Brittle faulting

Sectionsof disturbed layering are commonaround the edgeand near the baseof the
layered deposits in the longitude range 110 E to 160 E. Figure 4.10 shavs someof
the more striking examples.The stresseswvhich led to thesebrittle breakswere most

likely gravitationally generatedwithin the ice-sheet;subglacialtectonism cannot be
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Figure 4.8: Pro les of elewation (and derived along-pro le slopes) from di ering po-
sitions at the edgeof the southernlayered depositsin the Ultimi lobe region. Figure

4.6 shaws the location wherethesedata were taken. Peaksin the slope plots (shovn
by arrows) indicate where slumping due to normal faults may have occurred.
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Figure 4.9: Landsliding at the polar layereddeposit boundary is commonin this area.
Position of this mosaicis indicated on Figure 4.6 as the dashedbox. MOC narrow-
angle images are M02/01989, M03/02048, M03/07394, M13/00247, M15/01482,
E06/01790,and E12/01131.

ruled out but becausethesefaults are not continued onto the neighboring bedrock.
Thus | considerit unlikely that it is the bedrock that hasfaulted. In either caseany
0 W processe®perating weretoo slov to accommalate thesestresses.

At the time thesefaults occurred, the ice sheetmay have beenmuch more exten-
sive. Erosionvia sublimation, wind, and masswasting may have moved the bounding

scarpbadk to a position wherethesefaults are now exposed.

4.5 Conclusions and future direction

In many locationsthere areice-rich moundswhich seemo bein a state of sublimation-
basedretreat and yet display evidenceof earlier ow. In other nearby areasthere
is ample evidenceof brittle processesud as faulting and slope failure on di erent
scales.Thesetwo disparate obsenations can be reconciledby postulating alternating
episales of glacial advance and sublimation-basedretreat. Modeling of ow in the
over many obliquty changesfor the north polar cap (Greveet al., 2003)indicatesthat

we are currertly in a 'slow' period for deformation by ow.
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Figure 4.10: Examplesof brittle processe®n the bounding scarp of the south polar
layered deposits. Arrows highlight o set layers indicating that faulting has taken
place. Imagesare from left to right M04/02455(73.4 S, 147 E, Ls 192), M10/03514
(731 S,135E, Ls 273), M15/02058(73:4 S,134 E, L5 360) and E09/01926(73:9 S,
133 E, Ls 259). lllumination is from the bottom right in ead caseand the downhill
direction is from top to bottom (exceptin secondfrom left).
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The largequatrtities of water ice discoveredwithin the mid-latitude regolith (Boyn-
ton et al., 2002) and the snow layer proposed(Christensen 2003) as an explanation
for the gully phenomenain the middle latitudes could represen the presen location
of water ice which in glacial periods would be transported poleward by the atmo-
sphereand accunulate again as fresh 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 increasedpressureand driving force of the thicker ice sheet. Retreat
via sublimation is likely operating to someextert at all times but may be periodically
overtaken by this glacial activity.

The intention of this chapter is to outline evidenceof episales where ow was
both possibleand prohibited. The ability of ice to ow and the rate at which it
does so is extremely sensitive to the temperature distribution within the ice sheet.
The evidencesupporting both o w and brittle processesdicatesthat the south polar
layereddeposits have alternated betweenthesetwo regimes. Changesn polar climate
due to obliquity variations is the most likely cause.

In the future, | will model the stressand temperature distribution within the ice
sheetand investigatethe rangeof ow ratesover di erent obliquity conditions. | will
alsoquartify the sublimation expectedfrom the equatorward facing slopesduring this
sametime period and usethe separationbetweenthe current ice sheetand possible
morainesto date the last episale of iceadvance. The crater identi cation work carried
out by Koutnik et al. (2002) on craters>1 km in sizeindicatesthe surfaceageof the
certral part of the southern layered deposits is 30-100Myr. This is many obliquity
cyclesand alsolikely includesmany chaotic changesin mean obliquity.

During that work we alsofound that crater shapesdid not systematically deviate
from the circular forms expected. A much youngersurfaceage( 10° years)wassug-
gestedby the small craters (< 500mdiameter) which is consisten with a resurfacing
ewert 10 yearsago which was e ective enoughto remove all previous craters in
the small sizerange but leave the larger craters (> 1 km diameter) intact. Howewer
onewould expect that movemern of the ice would a ect the larger craters more than

the smallerones. Flow may not be expectedto alter the overall characteristicsof the
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polar layereddeposits asa whole, howeer it is possiblyvery important to the history

of its margins.
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Chapter 5

Conclusions

5.1 Overview and accomplishmen ts of this work

Scienti ¢ investigation can be divided into stages;gathering data, extracting useful
knowledge from the data, and using this newfound knowledgeto form hypotheses
which can be tested with new data. In this way one gainsa better understanding of
that which is being investigating.

The MGS datasetis truly enormous,beingalready larger than all other planetary
missionsconbined. Only its surfacehas beenscratthed in the last few yearsand it
will be decadesbeforeits usefulnesswill be exhausted. In the meartime, howe\er,
there are more missionsand instruments (most immediately Mars Odyssey)which
will add to the (still expanding) MGS dataset. Thus, a major challengeis to be able
to extract usefulknowledgeabout the Martian polar regionsfrom the overwhelming
(and expanding) volume of information we now have. The geographicinformation
systemthat | have deweloped during my studieshereat Caltech sernesthat purpose.
Undoubtedly, many important innovations in data visualization will occur in the
coming years but the tools | have dewloped here should last for the foreseeable
future and have already beenwidely employed by researbers here.

Useful knowledge about the Martian polar regionsis increasingbut so far there
have beenno new paradigmsto explain layered deposit formation. Thus the original
guestion about the polar layered deposits, i.e., what is the history that is recorded

in the layering?, is still relevant. The original model ervisioned thirty years ago
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consideredthe layered deposits to be a mix of atmospherically deposited dust and
ice with deposition switching from one hemisphereto another leading to correlated
layering in the northern and southern deposits. While it is still expected that the
layereddeposits are dusty ice, we now know that the originally envisionedmetronome
type e ect wheredeposition would switch periodically from hemisphereio hemisphere
was overly simplistic. The MGS data have con rmed that the layered deposits in
eat hemispherehave had very di erent histories and have likely undergonedi ering
processest di erent stages.Sowe lack a 'big picture' explanationthrough which we
caninterpret the enormousamourt of data now beingreturned. A long-term goal of
Mars polar researb is to create sud an explanation and have it be consisten with
all new data.

The work | have completedin graduate sdhool hasgonesomeway towards gaining
an understanding of how thesepolar deposits have beenshaped by di erent process
over di erent timescales. In this thesis| have examinedprocesse®operating in the
Martian polar regionson timescalesranging from 10°to 10’ Martian years.

Chapter 2 dealt with the discovery of a distinct division within the stratigraphy
of the north polar layered deposits. The nature of the lower unit was determinedto
be primarily sand basedwhich di ers radically from that of the overlying dust-ice
mixture. If there was indeed a time in which the icy north polar cap was absert
and a large Sahara-scalesand deposit existed, this leadsto new insight into the
variability of the polar environmert. Obliquity variations have been expected to
lead to the layering seenin the polar deposits. Howewer even extreme obliquity
excursionswould seemincapable of totally removing the ertire northern cap due to
the formation of a protective sublimation lag (Hofstadter and Murray, 1990;Mischna
et al., 2003). Dating this unconformity is di cult becausethe time neededto form
the 2.5 km of layered deposits which overlie this sandrich unit is uncertain. Laskar
et al. (2002) have estimated a deposition rate of 0.05cm yr 1, which (assuminga
constart deposition rate) would imply a time period of 5 Myr to deposit the section.
Howewer their analysis only applied to the upper 10% of the layered deposits. |

considera more likely hypothesisthat the unconformity betweenthesetwo units is
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related to somethingmore signi cant in Mars' history sud asan extremeshort-term
ervironmertal change brought on by the last major volcanic episale. It is also a
possibility that the layered deposits are a recert phenomenaand did not exist at all
before a few million yearsago although the derived 30-100Myr surfaceage of the
southern deposits (Koutnik et al., 2002) argue against that.

Alternativ ely, it is possible(although very unlikely) that the north polar ice cap
presen beforethis one was composedof exceptionally clean water ice. Pure water
ice would not acquire a protective lag deposit during sublimation and for extreme
obliquities (  45) the cap could be subliming at rates of 20 cm yr ! (Mischna
et al., 2003). If sothe cap would have a lifetime of only 12,500yrs.

Whatever the medanism by which any putative early north polar cap was re-
moved, an important issuearisesof where that water wert during this time period.
It is possiblethat the water was concettrated at lower latitudes lling craters and
is responsiblefor the apparert sedimemary exposuresreported by Malin and Edgett
(2000). 1t is unlikely to have beentransported to the south polar regionas eadt pole
receies roughly the sameamourt of insolation during a Martian year and volcanic
activity asextremeasthat proposedwould probably have a global impact, e ecting
both polesequally.

Chapter 3 dealt with the modeling of a new and unexpected process,the erosion
of the southern residual CO, cap by expanding at o ored pits. In this work we
accomplishedwo major things. We placedan upper limit on the sizeof the solid CO,
resenoir which renderedit insigni cant even comparedto the presem atmosphere.
We now know the atmospherecontains at least20times more CO, than the solid cap.
This placesan important constrairt on the climactic history of the planet. The other
accomplishmenh that camefrom modeling these at o ored pits is the recognition of
a distinct population of thesefeatureswhich wereall initiated closetogetherin time.
Somesort of ervironmental change,which we speculate may be related to changing
surfacealbedopatterns, occurred on the order of Martian certuries agoto commence
the growth of thesefeatures. Geomorphologicinterpretations of a di erent classof

these features possibly indicate that this ervironmental changehas happenedmore



96
than once. This is the rst recognition of ervironmertal variability on Mars that is
not related to either variation in orbital parametersor short-term (< 1 year) dust
activity.

Chapter 4 exploredthe possibility of a changing polar environment which causes
ow processesat the margin of the layered deposits to start and stop repeatedly.
These changesare probably coupledto variations in orbital parameters. This work
is still cortinuing. | intend to model the stressand temperature distribution within
the ice sheetover di erent obliquity conditions to try and quartify the timescales

involved.

5.2 Present shortcomings and future opp ortuni-
ties of Martian polar science

After more than three decadesof obsenations it still is not clear what we can learn
from the polar layered deposits. Every book, article, conferenceabstract or thesis
(including this one) which dealswith this subject starts with a statemert that the
layered deposits cortain a record of the ervironmental history of Mars and that this
recordis proving ‘di cult’ to understand. A detailed recordof previousenvironmens
is there, that much is certain. Returning to the idea of the stepstoward scierti ¢
progress(getting the data, extracting the usefulknowledge,and forming and testing
hypotheses),we have de nitely passedthe rst step of amassingvoluminous quarti-
ties of data. One can easilyseehow this will be turned into usefulknowledgeover the
coming yearsand how peoplewill form new conjecturesfrom this knowledge. How-
ewer, the step from there to understandingand retrieving the environmental history
contained within the layered deposits seemselusie.

Thereis alimit asto how far remote sensingcan enableoneto make new discov-
eries,although that limit hasnot yet beentested (or even discovered). At somepoint
however we will needin situ measuremets on Mars to make any more progress.The

failed Mars polar lander would have gonesomeway towards providing those data for
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the south polar layereddeposits, although only at the very surface. Usingthe layering
presen in the Greenlandice sheetas an analogy there is little that Greenlandice
can tell us about Earth's history without actually going there and retrieving an ice
corefor analysis. The sameis ultimately true of the Martian ice sheets.
Having said that there are seweral major questionswhich are possibly answerable

in the near-term using existing or soon to be acquireddata.

Ratesof ow of the layered deposits, preser and past.
Structure of internal layering and basemen topograpty.
Possibility of basalmelting, presen and past.

Are the polar deposits still accunulating today?

How do changesin obliquity a ect the the accunulation of layered deposits?

Progresson all of theseissuescan be expectedin the next v e years. The elusive
holy grail which everybody cortinuesto pursue,i.e., retrieving detailed history from

the layered deposits, will likely have to wait considerablylongerthan that.

5.3 Application of future data to these issues

It would be useful (before drowning in a seaof bits) to outline in advance how
thesefuture instruments will cortribute to the researt topics discussedn this thesis.
Se\eral promisinginstruments aredueto y within the next fewweeks(Mars Express)
and more within a few years(Mars Reconnaissanc©rbiter).

The High Resolution StereoCamera(HRSC) will provide planet-wide stereocolor
coverageat 10-30m/pixel. Combined with MOLA topography this will descrile the
shape of the layereddepositsin an unprecedeted level of detail. Stratigraphic studies
will benet greatly from a topograply dataset that has a resolution similar to the
imagesin which strata are being mapped.

The MARSIS instrumert is a subsurfacesoundingradar and will provide the rst

active soundingof the Martian subsurface.This is esgecially important for the layered
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deposits. Detection of the shape of internal layering will be an important diagnos-
tic of whether ow processesare occurring. And the extraction of the subsurface
topography of the ice capswill greatly help constrain modelsof the o w history.

Mars Expressis due to launch on June 2, 2003. Mars Reconnaissanc@rbiter
will be launched in 2005and, like Mars Express,will cortain a stereocolor camera
(HIRISE) and a subsurfaceradar sounder (SHARAD). HIRISE will provide reso-
lutions of 10's of certimeters for small areasand so is a good complemen to the
EuropeanHRSC. In addition a landed missionto the Martian polar regionsis under
considerationfor the 2007 scout mission opportunity.

Of coursethe succesf future missionsis not assured(as evidencedby the con-
secutie failuresin 1999of Mars Climate Orbiter, Mars Polar Lander, and both Deep
Space2 microprobes). Howewer, ewven if all these future missionsblow up on the
launch pad there are more than enoughdata to keepMars polar sciernists busy for a

long time to comejust pursuing the researb issuesoutlined in the previoussection.
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App endix A

Data pro cessing

A.1 A Geographic Information System (GIS) for
Mars

After ayearof the Mars Global Surveyor mapping mission,data wasbeingreported in
three di erent datums (Davieset al., 1992,1996;Seidelmannet al., 2002),in multiple
projections and in almost every format imaginable. This made comparisonbetween
di erent instruments and even di erent missionsvery di cult. Theseproblemswere
especially bad at the time of the landing site selectionof the Mars Polar Lander. At
that time | beganwork hereat Caltech to translate all the polar data into a common
coordinate systemand projection and apply well-deleoped terrestrial GIS techniques.
Similar e orts were underway for other regionsof the planet at the USGS, Flagsta .

| choseto usethe ellipsoidal form of the polar stereographicprojection (Snyder,
1987) with the IAU1994 datum (Davies et al., 1996). This datum was the most
recen at the time but hassincebeenundated (Seidelmannet al., 2002). As this will
hopefully be the last update for sometime, and | am in the processof converting all
data to comply with this new system.

Once all data have beenprojected into this coordinate systemall longitude and
latitude information was forgotten. From that point onward all coordinates were in
meterswith the north/south pole at the origin. Polar stereographicis conformaland

perspective but not equal-areaor equidistart.
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A.2 Interp olating gridded pro ducts

The MGS spacecrafthasa polar orbit with all instruments being co-alignedand nadir
viewing. This meansthat the data are takenin strips which are mostly north-south
but which are east-west at the polar regions. The repeated coverageat the poles
meansthat a high density of individual measuremets are presen in these areas
someof which are somewhatredundarn as they overlap. Often the most e cien't
way to look at large quartities of sud data was to make gridded products. This
has beendonein many cases,most usually for MOLA elewations and TES albedos
and temperatures. The procedurein ead caseis the sameand follows the method of
Neumannet al. (2001), who generatedinterpolated MOLA products. Longitudesand
latitudes were cornverted to cartesianposition within our projected coordinate system.
The gridded product was constructedby tting a cortinuous curvature surfacewith
adjustable tension (usually setto 0.25) to all of the available points. Preprocessing
of the data using a blockmedian Iter helped reducethe volume of points to be t
and prevent short-scalealiasing problems. The generic mapping tools (Wesseland
Smith, 1998) were usedfor the surfacegeneration.

In the caseof the MOLA DEM's somedata was excludedbasedupon the large
magnitude of the cross@er correction applied (which indicates poor positioning).
Data taken while the spacecraftwas looking o nadir were also excluded (with the
exceptionof data falling betweenlatitudes of 87 and 90 ) sincethis data is inherertly
less accurately positioned. After generatingthe surface some MOLA tracks that
were poorly positioned shaved up by either ploughing an obvious furrow through the
surfaceor tearing up an equally obvious ridge. Thesetracks were manually iderti ed
and the surfaceregeneratedwithout them.

Two things wereconsideredvhen choosinga cell sizefor the nal gridded product.
At least50%o0f the cellshad to cortain real data asopposedto having a value created
by the interpolation scheme. In addition the cell size cannot be smaller than the
resolution of the obsenation, e.g. the resolution of TES is 3 km so there is little

point creating a surfacewhere the cell sizeis 1 Km as it will not provide greater
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accuracy

A.3 Using MOLA to register MOC images

The latitude and longitude of each MOLA point have beenadjusted basedon a track
crosswoer analysis(Neumannet al., 2001). This processmakesMOLA data the most
accurately located data on the planet's surface. MOLA points acquired simultane-
ously with a MOC narrow angle image can also be located within the image using
spacecrafttime and information on the co-alignmen of the narrow angle CCD and
MOLA boresigh. Usingthis information it is possibleto adjust the reported positions
of MOC narrow angleimagesso that MOLA points within the image coincide with
their proper positions on the surfaceof the planet. The new coordinates of the MOC
imageare superior to thoseobtained from normal spacecraftorbital information since
they alsonow include the MOLA crosseer correction.

| project individual MOC narrow angleimagesusing a rst-order polynomial to
match sourceand destination pixel locations. Sincethis warping is rst order, it
includestranslation, an independert scalingin x andy, and a rotational term. There
is also a nonlinear term which makesthe transformation non-a ne, but this term is
usually insigni cant comparedto the others. One complicationis that becauseall the
MOLA points fall on the samecolumn of the imagethere is no cortrol on the sample
resolution (although the line resolution is well determined). Sample resolution is
calculated from range measuremets conmbined with knowledgeof the instantaneous
eld of view and summing mode of the camera. | wrote the software to perform
the data correlation, coordinate conversionsand geometricwarping of the imagesin
Interactive Data Language(IDL). The USGS software padage (ISIS) was used to
radiometrically calibrate the images.

In this way MOC imagescan be placedrelative to ead other and to their sur-
roundingsin an accurateself-consistenway. Where narrow-angleimagesoverlap, the
mutual o set is commonly obsened to be a few tens of meters. In cortrast, using

spacecraftpointing to position imagesin the traditional way resultsin errors of order
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a kilometer.

Although this techniquerepresets a signi cant improvemen, it cannotbe applied
successfullyto all images. MOC imagesare heavily compressedeforetransmission
to Earth. Although this compressiornis e ective, it is sensitive to transmissionerrors.
If a single pixel is incorrectly transmitted, it rendersmany 10's of image lines un-
compressable Theseuncompressedines often shav up asgarbage,but alsoare often
simply dropped from the image. This is unfortunate becausethe spacecrafttime of
ead line is calculated by courting up the number of lines and combining it with the
line exposureduration. If lines are ertirely missing,then this method of calculating
the time of ead line will fail and it will not be possibleto correlate the image with
the MOLA dataset.

MOLA unfortunately failed in June of 2001 so that MOC imagesafter the EO5
mapping phase(seeAppendix C) arepositionedsigni cantly lessaccuratelythan their
earlier counterparts. For most areason the planet this is not serious;imagelocations
can be correctedby hand. Howeer, in the polar regionsthe imaging density is much
higher and it is not feasibleto manually register thousandsof MOC narrow angle

images.
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App endix B

Swiss-cheese feature modeling
description

B.1 Radiation balance inside a depression com-
posed of annular rings

Swiss-beesefeaturesin our model are represetted by a seriesof conceiric annular
rings. Herewe give formulas for computing the radiation budget of one of theseannu-
lar rings. Theserings maintain the sameinner and outer radii but canindependerily
changein height in responseto sublimation or condensationof CO, ice. The height
di erence betweenthe inner and outer radii of a ring governs what slope a surface
elemen on the ring has. This model is cylindrically symmetric with the sunassumed
to be circling at the sameele\ation throughout the day. This assumptionis valid at
the pole. The depressionexpandsby incorporating more rings at its outer edge.
Sincethe shape of the depressionewlveswith time, the formulas must be valid
for depressionsof arbitrary crosssection(pro le of depth vs. radius). The formulas
handle thermal emission,absorption, and scattering to all ordersfor both short wave
and long wave radiation. We assumethat ewery facet (we usethe term facetto mean
a small planar sectionof theseannular rings) can receiwe radiation from every other
facet, sothe depressiommust be concave upward. This assumptionwascheded during
the ewlution of the depressionshape and was found to be valid. The basic method

for treating scattering by Lambert surfacesfollows Vasavadaet al. (1999), who used
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techniquesfrom thermal engineeringand computergraphics(Siegeland Howel, 1981;
Goral et al., 1984).

B.1.1 Scattering of radiation from one facet to another

Considertwo planar facetswith arbitrary area,orientation and distanceas shovn on

Figure B.1. The areasof facet 1 and 2 are denotedby A; and A,, respectively.

A
A

g

Figure B.1:

The solid angleof facet 1 as seenfrom facet 2 (seeFigure B.1) is given by #303:fx
12

The collecting areaof facet 2 is givenby  A,N,:f»

The ux leaving facet 1 is F4, an intensity of F;= assuminga lambert surface.

The Flux on facet 2 from facet 1 is therefore:

A1AsF
— (AP [APMS B.1
i (A1:P)( Noify) (B.1)
or
AAF
————= (A (1PN B.2
(JF%ZJ)Z( 1 12)( 2 12) ( )

B.1.2 Scattering of radiation from one annular ring to an-

other

Consider rst radiation scatteredfrom onepoint to another (described in Figure B.2)

using the relations derived in SectionB.1.1.

A, = cos .k sin A (B.3)
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A, = cos 1K sin y(cos T+ sin 1) (B.4)

fo= hR (ricos 1) rysin f (B.5)

where ; and , are the anglesthat the normal of facet 1 and 2 make to the

vertical.

Figure B.2:
Ao = hcos 1+ rySin 1 r,Sin 1c€0S (B.6)
Ao = hcos o+ r,Sin 5 r1Sin > COS (B.7)
jF12j>= h*+r2+ 15 2rirpcos (B.8)

Now consideran annular ring of facets. Bearingin mind that A; = Il;r;  where
l; is the width of ring 1, we integrate from 0! 2 to add up the cortribution
from ead part of ring 1. The Flux from annular ring 1 onto an elemen of annular

ring 2 is:
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FlAzz2 ( hcos i+ rysin 1 rpsin ;cos )
0 (h2+r2+7r3 2ryr,cos )2
(hcos ,+ rpsin 5 rysin ,cos ) Iirg (B.9)

F =

We can make somecorvienert substitutions:

a= hcos i+ rysin 4
b= Zr,sin ;
c=hcos,+ rysin »
d= ir;sin ,
f=h®+r2+7r3

g=rirz
k=Pre g

SoF becomes

_ KA, Ilrlz2 (a 2bsin )(c 2dcos )

F 0 (f 2gcos )?

(B.10)
or

Z .
_ F1AA; 1 72 (a 2bsin )(c 2dcos )
F= 2 o (f  2gcos )2 (B.11)

The above integral can be solwed using the residue theorm; rst we make the

substitution:

Z = expi

cos = 3(z+13)

z

1z

The limits of the original integral are0! 2 sothis integral in now a closedunit

circle in the complexplane.
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FiAAr 1 (@ bz+i)(c diz+1l) z

F = — B.12
2 i (f a(z+ 3))? z ( )
Rearrangingthis equation we seethat
I 1 1
+ = d(z+ =
F= F1A2A12—1i f @, t:(zz ))(C f(z qz)f)z o2 (BA3)
z2 5 a1 7 ozt o 19
OR
| 2 2 2 2
o PAAL 10 (az bz D))(ez d(z+ D)(fz gz"+1)) (B.14)
21 z
It can be seenfrom thesetwo froms that there are three poles:
=0 (B.15)
s
Z, = T + ﬁ 1 (B.16)
"2 4@ '
f > f2

Sincef and g are real positive numbers we can seethat jz,j 1 and corversely
jz | 1lsoz. isoutsidethe unit circle and we do not includeit in the residuetheorm

solution of the above integral. The solution to the integralis 2 i(Ro+ R )

F = EAzAl(RO+ R ) (B.18)

To calculate Ry we evaluate z times the integrand in Equation B.14 and setz = 0:

Ro=( B( d( g Zzgj (B.19)
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Calculating R is more complicated becausethe pole appearsin squaredform in

the denominator. To calculate R we do the following. First we rewrite Equation
B.13 as:

_ I:1A2A1i a(z)
k= 2i (z z)? (B.20)
where
(@ bz+3)(c dz+7) z
7) = - B.21
a(2) R 7 (B-21)
The residuecan be seento beR = Jj,

M1 #)e $z ML A Pz +@ Pe Pe )

Ve
(B.22)
z + L)bctad 2N+ (a YTy i+ 2
k2
f 2bd b RYai
glbetad =)+ (a )¢ (%)
=39 g 2 g g/rk (B.24)
Sothe nal answeris
i bd Lbcrad 2M)+(a Yy Gyi)
F = —1A2A1 @—2+ 9 9 g 972k A (B.25)
g k2
We canwrite R for eat pair of annular rings in a matrix R whereRj; = Rj;.
F = EAiAjRij (826)

If we know the ux leaving all the annular bands we can use this matrix to
calculate how much of that energylands on our facet of interest. The practicalities

of this procedureare discussedn the next subsection.
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B.1.3 Calculating the energy balance of an annular band

For thermal radiation the ux (F;) leaving ead squaremeter of the i'" band can be
calculatedby combining its thermal emmissionand re ected thermal radiation which

was incidert from the other bands.

n 4 n ><] J
Fi = T+ (1 i) —ARj (B.27)
j=1

" T = * @ ARy i F (B.28)
j=1

This createsa set of linear simultaneousequationswhich canbe written in matrix
form. Given a list of temperaturesT;...,, we can invert this n n matrix (wheren is
the number of facets)to solve for ux (F;) leaving ead annular band.

The energy balance of the visible radiation works in an analogousway. Let S
be the power per unit areaincidert on the i band. Let D; be the direct sunlight
incidert on the band, averagedover a day. This dependson the solar zenith angle
and the geometryof the depressionjn particular the height and radius of the i" band
relative to the height and radius of the depressiorrim. There are three possibilities:
a faceton the band is in sunlight throughout the day; it is in shadav throughout the
day; or it alternatesbetweensunlight and shadav during the day. For the latter case

we compute the daily averageinsolation. The equationfor S is then

X Si
S=D;+ —W; A Rjj (B.29)
j=1

X0 WA R
D = e (B.30)
i=1
whereW; is the albedo of the j™ band. Again this constitutes a set of simultaneous
equationsfor S;, which can be written in matrix form. We can combine thesetwo

formulaeto nd the radiative heating of one squaremeter on the i" band.

" 4 n X FJ
Hi= (1 W)S T+ " —ARj (B.31)
=1
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B.2 Response to energy balance: Conduction and

sublimation

Given the radiative heating (H;) on an annular band, we can march the system
forward by onetime step. If the band is bare water ice, we solve the one-dimensional
di usion equationfor the new temperature distribution within the ice, given the old
temperature distribution and the heat ux at the surface(H;). Lateral heatdi usion
within exposedwater ice is neglected. The new value of the surfacetemperature goes
into the radiative calculation at the next time step.

If the band has CO, frost on top of water ice, we solwe for the changein mass
of the CO, frost, given the latent heat of CO,, the radiative heat ux at the top,
and the conductive heat ux coming up from the water ice underneath. At the
sametime we solwe the one-dimensionaldi usion equation for the new temperature
distribution within the water ice, given the old temperature distribution and the
prescribed temperature at the upper boundary, which in this caseis the CO, frost
temperature. With the new temperature distribution within the water ice, we can
compute the new heat ux conductedinto the CO, above, and we are ready for the
next time step.

It can happen that the massof CO, drops below zero or the temperature at the
surfaceof the water ice drops below the CO, frost point. In the former, casewe set
the CO, massto zeroand treat the band asan uncoveredwater ice band on the next
time step. In the latter case,we set the temperature at the top of the water ice to
the CO, frost temperature. Then we add up the de cit of temperature (belov the
frost point) in the upper layers of the water ice, corvert it to a heat cortent (energy
per unit area), and add the equivalert amourt of CO, frost basedon the latent heat
of vaporization. On the next time step we treat the band as a layer of CO, on top of
water ice. If the water ice has newer beenbare, its temperature will be equalto that
of the CO, ontop. If the water ice hasbeenbare, we follow its temperature ewolution

under the in uence of the varying conditions at its upper boundary:.
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B.3 Following depression geometry

Sincethe depressioris represeted by nite elemers which have a xed width, it can
only expandor cortract by changingthe number of elemeits in its interior. Herewe
descrite how the model handlesthe geometrywherethe depressiorsurfaceintersects
the surrounding at upper surfaceand the interior at water ice layer.

The level of the surrounding upper surface(which is always CO,) is tracked by a
simple radiative model. There is no conductionto keeptrack of here. The amplitude
of the annual surfacelevel changeswere 1:4m. The albedoand emissivity were set

sothat this at surfacereturned to the sameelewation at the sametime ead year.

B.3.1 The outer edge

v

. 1. 2

Figure B.3:

The position of the intersection of the depressionrim with the at surfacewas
calculated by extrapolating the outermost facet (see Figure B.3). Here the facet
labeled 1 is the outermost facet within the depression,and the facet labeled 2 is
cortrolled by the behavior of the at surface. Sublimation inside the depressionis
exceedingsublimation from the at surfacesofacetl dropsbelow facet2. The dashed
line shaws the extrapolated new position of the depressionrim. More than 50% of
facet 2 is now within the depressionso we absorb this facet into the depressionon

the next timestep.
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B.3.2 The inner edge

| 2 | 1 1
Figure B.4:

The situation with the inner edgeis analogoudo the outer edge.In Figure B.4 we
seefrost accunulating on the CO, walls (facet 1) but not on the water-ice o or (facet
2). The newinner edgeof the wall is computedby extrapolation (dashedline). Each
facet must be entirely frost coveredor frost freefor the purposesof this model. If the
new edgeincorporates more that 50% of a previously frost free facet then that facet
is consideredto be fully frosted and the new inner edgehas moved by one integer

facet.
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App endix C

Data timeline

After the Viking and Mariner missionsof the 1970's, there was a long hiatus of
about two decadesheforeanother spacecraftsuccessfullyertered orbit around Mars.
Mars Global surveyor entered orbit on Septenber 12, 1997,and started the process
of areobrakingto circularize its orbit. Problemswith a weakened solar panel were
encourered, which sloved the aerobrakingprocess. During the areobraking period
somedata was acquired (marked as Aerobraking | on gure C.1), aerobrakingwas
pausedon two occasionsto collect scieric data (marked as SPO | and SPO I
on gure C.1). The orbit was circularized and the spacecraftentered the mapping
phasesof its missionin March 1999. The nal mapping orbit was a 400 km altitude
nearpolar (93 inclination) circular orbit. After a completeMartian year of mapping
the spacecrafthad completedits primary mission. On January 31, 2001,Mars global
surveyor entered its extendedmissionand hasjust completeda secondMartian year of
obsenations. During the missionthe MOC and TES cortinued working, the MOLA
instrument failed in June 2001.

Mars Odysseyertered Mars orbit on October 24, 2001. In this caseaerobraking
wert smoothly and the spacecraftertered its mapping orbit (which is basically the
sameas that of Mars Global Surveyor) in February 2002. All instruments with the
exceptionof the MARIE radiation experimert are operational and the spacecraftis

returning data cortinuously,
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