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Abstract.

Using a three-componeninagnetic eld datasetat over 100 000 satellite points previously
compiledfor sphericalharmonicanalysis,we have produceda continuouslyvarying magne-
tization model for Mars. The magnetizedayer was assumedo be 40 km thick, an average
value basedon previous studiesof the topographyand gravity eld. The severe non-uniqueness
in magnetizatiormodelingis addressedy seekingthe model with minimum root-mean-square
(RMS) magnetizatiorfor a given t to the data,with the trade-of betweenRMS magnetiza-
tion and t controlledby a dampingparameterpur preferredmodel has magnetizationram-
plitudesup to 20 A/m. It is expressedas a linear combinationof the Greens functionsre-
lating eachobsenation to magnetizatiorat the point of interestwithin the crust, leadingto
a linear systemof equationsof dimensionthe numberof datapoints. Although this is imprac-
tically large for direct solution, most of the matrix elementsrelating datato model parame-
ters are negligibly small. We thereforeapply methodsapplicableto sparsesystems.allowing
us to presere the resolutionof the original dataset. Thus we producemore detailedmod-
els than arny previously published,althoughthey sharemary similarities. We nd that tecton-
ism in the Valles Marineris region hasa magneticsignature,and we shav that volcanismsouth
of the dichotomyboundaryhasboth a magneticand gravity signature.The methodcan also
be usedto downward continuemagneticdata,and a comparisonwith other levelling techniques

at Mars' surfaceis favourable.

1. Intro duction

The Mars Global Suneyor (MGS) missionhasproducech step
changean our knowledgeof themagneticeld of Mars. Launched
in 1996, its highestresolutionwas achiered during the aerobrak-
ing (AB) phaseat distancef lessthan 100 km from the planet.
TheAB dataprovidedthespectaculaimagesof stronglymagnetic,
stripe-like featuresin the southernhemispherde.g. Connerng et
al., 1999].

The detailsof the missionphaseave beendescribedn detail
elsavhere[e.g. Albee et al., 2001], so we summarizeonly their
main features.After MGS wasinsertedinto orbit aroundMarsin
1997,the AB phasebroughtthe orbit from highly elliptical to al-
mostcircular Due to a problemwith the deploymentof a solar
panel,this phasewassplit into two, lasting5 (AB1) and7 (AB2)
monthsrespectiely, separateddy theSciencePhasingOrbit (SPO),
a 6 monthperiodduringwhich the orbit drifted into its properpo-
sition with respecto the sun. The periapsisof the SPOorbit was
ascloseas 80 km to the surfacede ned by a referenceradiusof
3393.5km. The satellite hasbeenin the Mapping Orbit (MO)
phaseanearcircularorbit atabout400km above thesurface since
1999.

With the Martiandynamothoughtto have operatedor only the

rst half abillion yearsor soof the planets history[e.g. Acuflaet
al., 2001],thelargestcontritutionto theobsered eld comesrom
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its permanentlymagnetizeccrust, the focus of this study How-
ever, thereare uncertaintiesn its determinationrdueto a number
of factors. Theseinclude magetometedrift, spacecraftelds, ex-
ternal elds andunmodeledelds. The absenceof secularvari-
ation [Purucler et al., 2003] suggestshat magnetometedrift is
minimal. The magneticinstrumentatioron board MGS consists
of two, solarpanelmountedtriaxial uxgate magnetometersal-
lowing spacecraft-generatedlds to be estimated.Both pre ight
andin ight calibrationhastaken place,resultingin the removal
of both staticand dynamicspacecraftelds [Acufaetal., 2001].
The two main sourcesof external elds are mini-magnetospheres
in the south,and elds enteringand leaving the ionopauseat al-
titudesof approximately400 km, dependingon the internal eld
strength.As external elds aremaximumin the day-time,we use
only night-time MO data,but dataacquiredat all local timesdur-
ing the aerobrakingohasesThis is duebothto the scarcityof AB
data(thesephaseof the missionlastedonly 12 monthsin total),
andbecaus¢he AB phasebroughtMGS closesto the Martiansur
face,providing the bestresolutionof the magneticeld. External
elds arethoughtto affectpreferentiallythehorizontalcomponents
of theinternal eld [Acufaetal., 2001],whichis why preliminary
studies[e.g. Purucler et al., 2000] concentrateedn modelingthe
radial eld componentata. Unmodeledelds, including toroidal
elds, areafurthersourceof uncertainty

Most previous work hasconcentratedn either sphericalhar
monic or equialent dipole modelsof the crustal eld, andtheir
intepretation. Equivalent dipole modelshave long beenusedto
modeltheterrestrialcrustalmagneticeld, bothfrom satelliteand
aeromagnetidatale.g.Ravatetal., 2002]. In theterrestrialcasea
signi cant proportionof thecrustal eld is dueto inducedmagneti-
zation,sothatthe equivalentdipolescanbe assumedo be aligned



with the Earth's main magnetic eld. In the absenceof a main
eld on Mars, the dipole directionsare unknavn, and shouldbe
solvedfor alongsidehe magnetizatiorstrength.Earlierstudiesin-
steadmadearbitrary assumptionsisto the dipole directions. For
instance Purucler et al. [2000] produceda discrete, global mag-
netizationmodel utilizing only radial componentdata, arranging
radially directedequivalentdipoleson a sphericalicosahedrates-
selationwith 110 km averagespacing. However, Langlaiset al.
[2004] produceda discrete,global magnetizationrmodel from a
three-componentiata set with arbitrary dipole directions. Due
to the non-linearitiesintroducedby solving for directionsaswell
as magnitudeswhich greatly increaseshe computationaleffort,
they limited their dipole spacingto an averageof 173 km, again
on a sphericalicosahedratesselation.Arkani-Hamed[2002a]in-
vertedfor vertically integratedcrustal magnetization(in a 50km
thick layer),expressedhroughsphericaharmoniccoefcients, as-
sumingit wascausedy adipole eld with palaeopolgositionde-
terminedfrom forward modelingof isolatedmagneticanomalies.
Sphericalharmonicanalysisresultsinclude the degreeand order
50 and90 modelsof Arkani-Hamed2002b,2004]andCainetal.
[2003], utilizing all three eld componentsanddatafrom arange
of altitudes.Parker [2003] usedidealbodytheoryto put analytical
boundson magnetizatiorstrengthfor the Martian crustal eld.

Here we derive and presenta three-componeninagnetization
model from three-componentlataat a rangeof altitudesand lo-
cal times. We modelmagnetizatiorasa linear combinationof the
Greens functionsrelatingmagnetizatiorat ary pointin the mag-
netizedcrustto a satellitemeasuremendf themagneticeld. This
avoidssubjectve choicesof thearrangemenof equivalentdipoles,
andproducesa spatiallycontinuousmagnetizatiormodelpreserv-
ing the resolutionof the original dataset. More detailsare given
in section2. Our primary ojective is to producea modelsuitable
for tectonicandstructuralinterpretationjput it canalsobe usedto
predictthe eld atary positionabove the Martiansurface,thereby
providing ameansof levelling (upward anddowvnward continuing)
datameasurediat a numberof differentaltitudes. Due to the dis-
paratedatatypes,we mustweight the dataappropriately;this is
discussedn section3.

Runcorn [1975] demonstratedthat the form of the non-
uniqueness$or the magnetizationnversionproblemis particularly
severe. Here,we nd the uniquesolutionminimizing root-mean-
square(RMS) magnetizatiorsubjectto a given t to thedata. An
in nity of other solutionsexist satisfyingthe data equally well,
but musthave highermagnetizationsThis is an exampleof mini-
mum norm modeling,a stratgy commonlyemplo/edin geophys-
ical inversion [Parker, 1994]. The norm minimized is often a
measureof spatialsmoothnessfollowing the Occams razor phi-
losophy; here we minimize the quantity of interestitself rather
than its gradient. Dampedleast squaresmethods,amongstthe
mostwidely emplo/ed inversiontechniquesfor equivalentdipole
sourcesalsominimize RMS magnetizatioramplitude[Whalerand
Langel,1996]. Backus-lile ambiguities[Maus and Haak, 2003]
do not affect Marsbecausét hasno main eld. By usingsatellite
measurementsf the eld ataltitudessereraltimesthethicknessof
the magnetizedrust,we have no resolutionof the depthvariation
of magnetization.However, vertically integratedmagnetizations
well resoled.

2. Metho d

Webaseourmethodologyor producingacontinuouslyspatially
varying magnetizatiormodel on the integral relationbetweenthe
magnetizatiorvectorandan obsenation of a eld componenin
or above the Martian surface[Parker et al., 1987; Jackson;1990;
WhalerandLangel,1996].LetM (s) bemagnetizatiomtarny point

s within the Martianmagnetizedrust,andlet B¢ ) (r; ) beasatel-
lite altitudemeasuremendf the componenbdf themagneticeld.
Then
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wherethe subscripton ther operatorindicateswhetherderiva-
tives are with respectto satellite datumcoordinatesor thosede-
noting position within the magnetizeccrust,V is the volume of
the magnetized:rust,and?f ) is the unit vectorin the directionof
the appropriateorthogonal eld componentj.e. r, , or , work-
ing in sphericalpolarcoordinatesH (r; ;s) = zor sﬁ is the
Greensfunctionrelatingmagnetizatioio magnetostatipotential.
To overcomenon-uniquenessye seekthe best- tting magneti-
zationmodelminimizing thenorm
z
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i.e. we minimize the RMS magnetizatiorwithin the magnetized
crust,for which thesolutionis [Shureetal., 1982;Parker, 1994]

(+ 1) =d 4)
whered is the datavector  the solutionvector and adamp-
ing parametercontrolling the relative importanceof t to thedata
andthe RMS magnetizationThe Grammatrix, , is [Parkeretal.,
1987;Jackson1990;WhalerandLangel,1996]
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Then[Parkeretal., 1987]
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whereN is the numberof data,andthe superscrippn indicates

which componenthejth datummeasuredThe functionalform of
G meansthat the magnetizatiorsolution calculatedfrom (6) de-
creasesvith depthin themagnetizedayer.

For a typical satellite data set of several hundredthousand
points,it isimpracticalto solve (4) directly. Previously, Whalerand
Langel[1996] useda so-calleddepletedbasis[Parker and Shure,
1982],expressinghe magnetizatiorthrough(6) atonly a subsebf
the datapoints. The problemthenreduceso solvinga linear sys-
tem of dimensionthe numberof depletedbasispoints. However,
the choiceof depletedbasisis subjectve, andreduceshe resolu-
tion of themodelto the spacingbetweerthe basispoints.

To presere theresolutionof thedatabut createatractablecom-
putationalproblem,we take advantageof thenumericalsparseness
of theGrammatrix (5). ThefunctionsG ¢ ) asafunctionof angular
separatior(subtendedt the centreof Mars) betweernthe obsena-
tion pointr; andapoints within themagnetizedrustarestrongly
pealed aroundzero, with a width of a few degrees(for obsera-
tions at a typical MGS altitude above the Martian surface). Thus
their product,theintegrandof the expressiongor the Grammatrix
elementsn (5), is vanishinglysmall,andhenceso s the resulting
integral, unlessthe obsenation pointsi andj arewithin a few de-
greesof eachother We canthereforeusealgorithmsfor solving
sparsamatrix systemsfollowing Purucler et al. [1996], we chose



to apply the iterative conjugategradient(CG) methodwith com-
pressedow storageto solve (4). If the absolutevalue of a matrix
elementwasbelov a speci ed threshold thenit wastreatedasif
it was zero. The thresholdvalue was determinedoy the memory
availableon the computersystemwe used.

Preconditioningcan improve considerablythe corvergence
of iterative algorithms such as CG. We used Jacobi scaling,
herebyeachmatrix element j + § of (4) is divided by
[Ca+ )5+ ), suchthatﬂ*ne diagonalelementsare all
unity. Eachdatumd; isdividedby = ( i + ), andconsequently
we solve for thevectorf ;= ( j; + );j = 1;::;Ng, andre-
move the preconditioningfactor subsequently Thus the rapidity
with which the CG algorithm corvergesis also governedby the

sizeof thedampingparameter .

The majority of the computationakeffort goesinto calculating
the Gram matrix elements,even thoughthey have closedform
expressiongJackson,1990; Whaler and Langel, 1996] whenthe
magnetizedayer is assumedo be of uniform thickness. Fortu-
nately FORTRAN9O0 codeto evaluatethe matrix parallelizesef -
cientlyusingOpenMP;we actuallyparallelizedhewhole program
to solve for  (andcalculatenumberscharacterizinghe solution,
suchasthemis t andRMS magnetization)n OpenMP, including
the CG algorithm. Here,we speci ed a thicknessof 40 km, anav-
erageof theestimatesmorthandsouthof thedichotomyof Zuberet
al. [2000], Lemoineetal. [2001], Smithetal. [2001], Nimmo and
Gilmore [2001], and Neumannet al. [2004]. Sincethis is much
smallerthanthe radiusof the planet,we canusethe approximate
expressiongivenby WhalerandLangel[1996, AppendixB]. Cal-
culationsfrom terrestrialdatahave shawvn thatthe effect of varying
thethicknessof the magnetizedayeris to vary the RMS magneti-
zationsuchthatthe vertically integratedmagnetizatiors constant,
without alteringthe magnetizatiorpattern.

3. Data

We usedthe 3-componentiatasetCainetal. [2003] invertedto
nd a sphericalharmonicdegreeandorder 90 model of the Mar-
tianmagneticeld. Thesedata,coveringtheyears1998-2000are
from the AB, SPOandMO phaseof the MGS mission. Thedata
andtheir positionsweregivenin an areodeticcoordinatesystem,
which weretransformedo areocentriccoordinateausing equato-
rial andpolarradii of 3396.9km and3374.9km respectrely. Their
(aerodeticcoordinate)altitudesrangefrom 102 to 426 km. The
higheraltitudedatahave almostuniform coverage put theloweral-
titudedatahave signi cant gapsin coveragedueto thepositionsof
theorbitsduringtheaerobrakingphasesThefull datasetconsisted
of 3-componenineasurementst 111274 points,i.e. 333822data.

Mapsof ther, and magneticeld componentsareshavn
in gure 1. Dataacquiredabose 160km areshowvn in colour, and
the horizontalgradientof dataat lower altitudesis superimposed
in shadedelief. Thesedatashaw the by now familiar high ampli-
tudesof theMartianmagneticeld (exceedingl200nT in places),
comparedo the crustalanomaly eld deducedor Earth, mainly
con nedto theareato the southof thedichotomy

Cainetal. [2003] allocateddatato oneof ve classeslepend-
ing on the missionphaseJocal time, and altitude rangeat which
they were acquired. They deduceda standarddeviation for each
componenin eachclassfrom a Gaussiant to theresidualswhich
we usedto de ne weightsfor inversion. Theseare summarizedn
table1l. The extentof external eld contaminations re ected by
the amountthe mean(not shawn in table 1) differsfrom zeroand
thesizeof thestandardieviation. As expectedthisis moreserious
in thehorizontal eld componentsApplying the methoddescribed
hereto a preliminaryMGS dataset(with abouthalf the numberof
datapoints),we foundlittle differencebetweermodelscalculated
from only radial componenidataand when using all threecom-
ponents.However, the mis t to the datafor the latter modelwas
signi cantly higher This alsosuggestshatthe horizontalcompo-
nentshave largeruncertainties.

4. Results

With sucha large dataset, we retainedonly the largest0.21%,
or239 10°, of the Grammatrix elements Statisticsof solutions
obtainedwith anumberof differentdampingparameteraregiven
in table2. Thethresholdcorrespondingo this cut-off is 0.25,com-
paredto a maximumelementsizeof 129,i.e. elementsverecon-
siderednumericallynegligible if they werelessthan0.2% of the
largestvalue. We have madeextensve testsof the effect of varying
the numberof elementgetainedby inverting smallerdatasets,in-
cludingaterrestrialdatasetsynthesizedrom Mausetal.'s[2002]
sphericalharmonicmodel of the scalaranomaly eld determined
by CHAMP [Whaler, 2003],the vertically dovnwardscomponent
of a preliminary MGS dataset[Whaler and Purucler, 2003], and
the North andvertically dovnwardscomponent®f a datasetsyn-
thesizedfrom the Cain et al. [2003] sphericalharmonicmodelto
degreeandorder90, eachof which containecabout50000data.In
thosecaseswe wereableto retaina higherpercentag®ef the ma-
trix elementsandfound that changingthe thresholdbelon which
elementswveredeemechumericallyinsigni cant hadonly a small
effect on the solution. We have also comparedregional models
producedusing depletedbasesor equivalentdipole methodswith
theappropriateareasf globalterrestriaimagnetizatioomodelsde-
ducedwith the methodoutlined hereusing CG and found good
agreemenf{Whaler et al., 1996; Whaler, 2003]. We obtaineda
solutionfrom the full Cain et al. [2003] datasety retainingjust
0.07%(82 10°) elementsof the Grammatrix. The statisticsof
this model(seetable2) arevery similar to its counterpartvith the
samedampingparametewhen almostthreetimes as mary ele-
mentsareretained,and plots of the magnetizatiorcomponentsn
thetwo casesrevirtually indistinguishableWe concludethatthe
solutionappeargo berobustto a changan Grammatrix assumed
sparsenessyenwhenit is calculatedrom suchasmallfractionof
matrix elements.

For all but the smallestvaluesof the dampingparameterand
with preconditioning,the CG algorithm converged quickly, the
numberof iterationsdecreasingvith increasingdampingparam-
eter We de ned corvergencethrougha toleranceparametemea-
suringfailureto satisfyequation(4) exactly, andrequired

jd (+ 1) ji<10® (M
wherejj:jj denoteghetwo-normlength(recallthatthediagonalel-
ementonf + | areunity afterpreconditioning)In oneinstance,
we continuedto run the CG algorithmoncea toleranceof 10 *°
wasreachedsincesomestudieshave reporteda gradualchangeo
the solution (and associatednis t) asiteration continues. How-
ever, our solutionsare stableif they achieve the speci ed toler
ance—with furtheriterations thetolerancequickly reachederoto
machineprecisionwithout changingthe solution. For very lightly
dampedsolutions.corvergencewasnot achieved by themaximum
numberof iterationsspeci ed(10000). In thesecasesalthoughthe
toleranceparametechangedrom iterationto iteration,therewas
no dovnward trend. We comparedhe sumof squaresf residu-
alscalculatedrom predictionsof the databy themodelagainsthe
algebraicexpressionfor the sumof squaref residuals 2 T
[Shureet al., 1982] obtaineddirectly from the solution. The two
valuesstartecto diverge for very light damping,which we took as



further indication of lack of convergence. All modelsfor which
statisticsaregivenin table2 arecorvergent.

Figure2 presentgher, and component®f M (calculated
from (6)) atthe Martiansurfacefor our preferredsolution( =100
in table2); theextremalvalues( 20 A/m) areconsiderablyhigher
thanthe crustalaverage(0.9 A/m), or even the averageover the
Martiansurface(1.3 A/m). Thisre ects boththe non-uniformdis-
tribution of magnetizationwith muchsmallervaluesover mostof
the northernhemisphereand the decreaseén magnetizatiorwith
depththroughthe magnetizedayer Large portionsof the crust
have magnetizationdigherthan valuesconsideredypical of the
terrestrialcrust,andexceedingParker's [2003] minimum value of
about7 A/m (interpolatinghis gure 4 to a 40 km thick layer).
A more heaily dampedsolution( = 10° in table 2) shavs a
very similar patternof magnetizationut a muchlower amplitude
(crustalaverage0.3 A/m; maximumat the surface5 A/m) which
doesnot satisfy the Parker bound. Comparing gures 2 and 1,
we seethatmagnetizatioramplitudesarelargewherethe magnetic
eld amplitudemeasuredt satellitealtitudeis high,andvice versa
— minimum norm solutionsdo not put structurewherethe datado
notrequireit.

Thedistribution of residualdor themodelwith = 100is shavn
in gure 4,in thesameorm astheoriginaldatain gure 1. Thesig-
ni cant variancereductionisimmediatelyobvious(notethechange
in scale),with the largestresidualswherethe original dataampli-
tudeswerehighest. Themis t for the threecomponentss almost
identical(25,26 and24 nT for ther, and componentstespec-
tively). Much of the shortwavelengthstructurein the low altitude
datahasbeenmodeled.

Theweightedmis ts givenin table?2 areall greaterthanunity,
almostcertainlyindicatingexternal eld contaminatiorof thedata.
We wereunableto produceconvergentsolutionswith smallermis-
ts. Theweightedmist to eachcomponenin eachdataclassfor
thesolutionobtainedwith = 100is givenin table3. This shavs
that,despiteusingthestandardieviationsdeterminedy Cainetal.
[2003] from their sphericalharmonicmodel t, we arenot tting
eachweighteddatatype equally Theradialcomponentatahave
thelargestoverall mis ts, suggestinghatexternal eld contamina-
tion hasbeenbettercompensatetbr in the horizontalcomponents
thanin theradialcomponentThe t tothe AB2 datais worsethan
average,andto the MPO databetterthan average,indicatingthat
the standardleviationsof the former areunderestimatedTherel-
ative goodness-of- thetweerthe differentdatatypesalsodepends
onthedampingparameterfor instancethe averageweightedmis-
t to the AB2 daysidedatajumpsfrom 2.6 to 8.0, but thatto the
MPOdatachangedrom 1.1to only 1.2,whenthedampingparame-
teris increasedrom 100to 10°. Also, for our preferredmodel,the
weightedmis t to the AB2 daysidedatais larger thanthatto the
AB2 nightsidedata,but the weightednightsidedataare t worse
thanthe daysidedatafor larger dampingparametersA histogram
of theweightedresidualsto eachcomponentor the modelwith
=100is alsoshavnin gure 4. They aremorestronglypealedand
have longertails thana Gaussiardistribution, probablyre ecting
the differencesbetweerthe ts to the variousdatatypes. As they
follow a Laplacianmorecloselythana Gaussiardistribution, one-
normminimisationwould be a moreappropriaténversionmethod
[Walker andJackson2000].

TheRMS magnetizatiorand,evenmorespectacularlythe max-
imum and minimum magnetizationsat the Martian surface, de-
creaserapidly as dampingincreases.We do not know how well
we shouldexpectto t the data,sincethe level of external eld
contaminatior(probablythe mainsourceof error)is unknawvn, and
this is not a zeromean,Gaussiamoisesource.A variationin the
mis t of justover 2 (from 2.3to 5.5) altersthe RMS magnetization
by a factorof about20. This, combinedwith the inherentnon-
uniquenes®f magnetizatiormodeling, meansour modelsdo not

constrairmagnetizatioramplitudesn the Martiancrust,nor there-
fore the likely magneticcarriers. However, the pattern of mag-
netizationsis robustto changesn the dampingparameterwover a
large rangeof values(at the very smallestvalues,the solutionis
dominatedby more variable small-scalestructure,presumablyas
the modeltriesto t noisein the data). Thusanglesde ned from
the magnetizatiormodelsare robust. Figure 3 plots the inclina-
tion and declinationof magnetizatiorfor our preferredmodelin
areaswhereits strengthis sufciently large for theseanglesto be
well de ned. The patternis broadly similar to that deducedrom
apreliminarydataset[WhalerandPurucler, 2003], but with more
structurere ecting thelargerdatasetfrom whichit wasderived.

Our magnetizationsolutions are available at http://planetary-
mag.net/jgrmarswhaler

5. Discussion

Our preferredmodel( gure 2) is broadlysimilar to the prelim-
inary modelpresentedy WhalerandPurucler [2003]. However,
the latter shaved patchesof high magnetizatiorstrengthnearthe
NorthPolewhichwerenotre ectedin plotsof theinputdata.Since
we weresuspicioughatthey werecausedy algebraicexpressions
blowing up nearthe poles,we rotatedthe datathrough90 prior to
inversion,suchthatpointsoriginally atthe North Poleweretreated
asthoughthey were on the equator The resultingmagnetization
mapswereidenticalto theoriginalsrotatedthroughthesameangle.
We now suspecinsteadthatthe high magnetizationsvere caused
by a few relatively high amplitudedatain high northernlatitudes,
possiblyaffectedby external eld contaminationthatdo notshav
up in mapsof regularly griddeddata.

In table4 we proposeasummarymagnetiachronologyfor Mars,
basedartly onthemagnetizatiormodelspresentedhere.After the
Martiandynamobeganoperationanumberof eventswererespon-
siblefor magneticsignatureseenn the MGS data.Within 0.5 bil-
lion years,the dynamohadceasedperationAcufiaet al., 2001].
Subsequent|yheatingandimpactshave demagnetizegatchesof
the crust,andtectonicactiity hasstretchedandoffset magnetiza-
tion structuresthesemagnetiadestructve andtectoniceventsmay
have beencontemporaneous.

The nev magnetizatiormodel clearly shavs that tectonismin
the Valles Marinerisregion hasa magneticsignature, rst recog-
nizedby Purucler etal. [2000]. The signaturds mostpronounced
in the inclination of the magnetizatiorvector (insetin Figure 3),
wherea through-going N-S trending, positve magnetizatiorfea-
ture is disruptedat Valles Marineris (3a). Although the feature
is disrupted,thereis no evidencefor offset, and hencean exten-
sionalorigin is preferred consistentith othertectonicindicators
[SchultzandLin, 2001]. The situationis lessclearto the north at
Gange<hasmg3b), wherePurucler et al. [2000] commentedn
the apparenbffset or truncationof a positve B, feature. While
thereis a bendin this feature thereis no convincing evidencethat
it is eithertruncatedor offset.

Large volcanoesof the Tharsisregion shav an almostcom-
plete absenceof magnetizationascribedo thermaldemagnetiza-
tion [Johnsonand Phillips, 2005]. In contrast,volcanismsouth
of the dichotomyboundaryis associatedvith magnetizederranes
in at leasttwo casesApollinaris Patera[Langlais and Purucler,
2003] and TyrrhenaPatera[Whaler and Purucler, 2003]. In both
caseghe volcaniccentersalsohave associatedjravity anomalies.
Apollinaris Patera,locatedat the boundarybetweenthe northern
plainsandthe southerrhighlandshasa5 km high volcanicedi ce
centeredbn a 200 km wide dome,andthe calderais some75 km



wide. Locatedat (9 S, 174 E) the exposedvolcanois of Lower
Hesperianto Lower Amazonianage[Robinsonet al., 1993]. A
215mGal gravity anomalyis coincidentwith the volcanicedi ce
[Lemoineetal., 2001],andtheassociatethagnetideaturels some
300km in diameterandindicative of a highinclinationmagnetiza-
tion [LanglaisandPurucler, 2003]. TyrrhenaPatera,in contrastjs
anareallyextensvie, degradedvolcaniccentel{Greelegy andCrown,
1990] northeasbf Hellasthatis largely Hesperiarin age.Thereis
a 145 mGal gravity anomalyassociatedvith TyrrhenaPatera,re-
centlyinterpretedKiefer, 2003]asahigh densitymagmachamber
275-300km wide andat least2.9 km thick. The associatednag-
neticfeatureis highly unusualandconsistof three'arms' of steep
inclination originating from the calderaregion at (21 S, 106 E),
but extendingsigni cantly beyond the volcanicedi ce. This fea-
turewasinterpretedasatriple junctionformedin areversingmag-
netic eld [WhalerandPurucler, 2003]. Marked asfeaturelc on
gure 3, it canbe seenin more detail in Fig. 3 of Whalerand
Purucler [2003]. It might alternatvely be associateavith fractur
ing, and subsequenintrusions,occuringduring the development
of aproto-TyrrhenaPateravolcanicsystemn areversingmagnetic
eld.

Anotherinterestingfeature(laon gure 3) is thelinear(in the
equal azimuth map projection used)'channel' of approximately
constan® declinationand-90 inclinationmagnetizatiomunning
betweenl45 and214 W in the Cimmeriaregion, surroundedy
regionsof normal(i.e. similarto thatseerelsavherein thesouthern
hemisphereyariability. The sharpsouthernedgeis the boundary
betweenpositive (to the north) and negative (to the south)radial
magnetic eld, modeledhereasa switchfrom -90 to +90 mag-
netizationinclination. Thusit is consistentwith generatiorby a
processanalogougo the formationof terrestrialsea oor magnetic
stripes[Connerng etal., 1999], or dike intrusion[Nimmao, 2000]
over a periodduringwhich themagneticeld wassteadyanddif-
ferentfrom thatwhenthe surroundingcrustwas magnetized.Al-
ternatively, asthe locusof the boundaryis a greatcircle arc, the
inclination reversalacrossit is reminiscentof the patternassoci-
atedwith aterrestriaftransformfault.

Forward models of 10 isolated magneticfeatures, primarily
north of the dichotomy have beendevelopedby Arkani-Hamed
[2001]. He assumedhey were causedy elliptical prisms10 km
thick, anddeterminedheprisms'magnetizatiostrengthanddirec-
tion, andhencepalaeopol@ositions.Sincethetwo modelingmeth-
odsaremarkedly differentin approachit is perhapsot surprising
thatour (preferredsolution)palaeopolefor thesesameeaturesare
close(separatedby lessthan30 ) to his for only half of them,al-
thoughtheir averageseparatioris only 35 . Theresultdoesnotde-
pendon the depthat which our magnetizationarecalculatedand
is only mildly sensitve to dampingparameterTheforwardmodels
of Arkani-Hamed2001] andour inversemodelsprovide evidence
for reversals.Many palaeopolesredisplacedrom the currentro-
tationpole,which may suggesplatetectonicmovement(suchthat
thesitewasoriginally atarotationpole),oradynamoeld thatwas
eitherpredominantlynon-dipolaror dipolar but not alignedalong
therotationaxis. Martian polarwanderhaspreviously beenidenti-
ed by Arkani-HamedandBoutin [2004] andHood andZakharian
[2001].

Langlaiset al. [2004] have invertedMartian magneticdatafor
equivalentdipolemodelsof magnetizatiomasednthe CG method
of Purucler et al. [1996]. Unlike the terrestrialcase,whenit is
reasonabléo assumehe dipolesare alignedwith the current(in-
ducing)mainmagneticeld, they solved for both magnitudesand
directions. Despitethe differencesn both the datasetsand mod-
elling algorithms,andthewaysin which a preferredmodelis cho-
senfrom the in nity of possiblesolutions,thereis closesimilar
ity betweenours andtheir preferredmodel, in which the dipoles
wereembeddedn a 40 km thick layer This canbe quanti ed by

cross-correlatinghe two models(evaluatingoursat 20 km depth,
thoughagainthe resultis insensitve to the depthspeci ed), giv-
ing correlationcoefcients of 0.92,0.94and0.88for ther, and

magnetizationcomponentgespectiely. All three coefcients
arehighly signi cant, i.e. the probability of obtainingthesevalues
from uncorrelatednodelsis nagligibly small. Furtherstatistical
testsdependnthemodelshaving Gaussiardistributedmagnetiza-
tions [Presset al., 1992], which is clearly not the case. The cor-
relationcoefcients aremildly sensitve to the dampingparameter
chosendroppingallittle asthe dampingparameteincreasesThis
presumablye ectscorrelatiorbetweersmall-scalestructuren our
lessdampedsolutions,controlledlargely by thelower altitude AB
phasedatathat are preferentiallybetter t, thatis alsopresentn
Langlaiset al.'s[2004] preferredmodel. However, the conclusion
of a statisticallysigni cant correlationbetweernthe modelsof the
two methodsis rohust, regardlesof dampingparameter We also
undertoolalinearregressiorof onemodelontotheother—whereas
acorrelationanalysigjuanti esthedegreeto whichthepatternsare
similar, regressionadditionallyidenti es ary differencesbetween
meanvalue (indicatedby the intercept)and amplitude(indicated
by the slope). All threeinterceptswere nagligibly small, but the
slopeswere 0.77,0.72and 0.62 for ther, and components
respectiely. Thus,besideshaving anoverall slightly lower ampli-
tude, our preferredmodel puts proportionally more power in the
r componen{andlessin the componentthanLanglaisetal.'s
[2004].

Arkani-Hamed[2002a]takes a differentapproacho construct-
ing a magnetizatiormap, and assumeshat the Martian magnetic
eld over its entirehistory canbe describedoy a dipole eld with
apole NE of OlympusMons, andthatthis patternwasnot subse-
quentlydisruptedby tectonicactivity. Althoughadipolarmagnetic
eld would beareasonablassumptioron earth the applicationof
thistechniqueo terrestriaimagneticeld obsenrationswouldyield
spuriousresultsbecausef both platetectonicsand polar wander
Similar consideration$Connerng et al., 1999] may limit the ap-
plicability of this techniqueat Mars. The pole wasdeterminedas
a meanof several paleomagnetipolescalculatedfrom ‘isolated'
anomaliesA transformatiofjArkani-HamedandDyment,1996]is
thenappliedto corvert the degree50 SH modelof Arkani-Hamed
[2001a]into a map of magnetization.Magnetizationcontrastsas
highas35 A/m area consequencef the selectionof the particular
paleopolewhich resultsin the highly magneticCimmeriaregion
locatedon the paleo-equator The magnetizatiorsolutionin this
region is thusdominatedby large horizontalmagnetizationsRec-
ognizableradialmagnetizationsf alternatingpolarity correspond-
ing to sphericaharmonicdegree50 canbeseemorthof Cimmeria,
andnorthof thepresenMartianequatorwheremeasurednagnetic
elds areweak. Theseareinterpretechereastruncationfeatures.

6. Conclusions

The methodologypresentechere, basedon previous work by
Parkeretal. [1987],Jacksorj1990]andWhalerandLangel[1996],
hasbeenusedto producemagnetizatiormodelsfor the Martian
crust from the MGS data set compiled by Cain et al. [2003].
Magnetizationvasexpressedisa continuousfunction of position
within themagnetizeatrust,assumedO km thick, andno assump-
tions were madeaboutits direction. We obtaineda linear system
of equationof dimensionthe numberof data,which is impracti-
calto solve by directmeans By takingadwantageof thenumerical
sparsenessf the linear system,we were ableto usethe iterative



conjugategradientalgorithmon a multiple processosystemto in-

vert the data. The majority of the computationakffort wentinto
calculatingthe sparsematrix, andthis parallelizesefciently. The
resultingmagnetizationgre similar to thoseobtainedfrom previ-

ousmodelingstrateies,bothforwardandinverse despitetheir in-

herentnon-uniquenessn our case the uniqguemodelminimizing
the RMS magnetizatioramplitudefor a given t to the datawas
chosen.The patternof magnetizationsemainsremarkablysimilar
overawiderangeof ts, althoughthemagnetizatiorstrengthvaries
considerably

Our magnetizatioomodelscanbe usedto predictthe magnetic

eld atary point outsidethe planet,e.g. they canbe usedto re-
ducesatellitedatato a commonaltitude. Theresultsof this agree
favourablywith otherlevelling methodssuchasequialentdipole
magnetizatiorandsphericaharmonicmodeling. However, differ-
ent typesof modelwith the sameRMS mist t individual data
pointsdifferently andthis differenceis alsore ectedin eld pre-
dictions. Figure5 compareshemagneticeld power spectrarom
sphericalharmonicanalysis(SHA) by Cainetal. [2003], Connef
ney etal. [2001] andArkani-Hamed2004], andof the predictions
of themagnetizatiormodelsof Langlaiset al. [2004] andour pre-
ferredmodel, all evaluatedat Mars' surface. SHA pawer spectra
continueto risewhenplottedat the surface, whereaghosederived
from magnetizatiormodelsreacha maximumat aboutharmonic
degree 50, with only a little lesspower at wavelengthswell re-
solved by the data. Divergent power spectraimply non-physical
models(e.g. neggative depthsto sourcesandwe thusrecommend
the useof magnetizatiormodelsover SHA for dovnward contin-
uation. Corversely we recommendCain et al. [2003] over our
magnetizatiormodelfor upward continuation. The lower magne-
tizationamplitudeof our preferredmodelcomparedo Langlaiset
al.'s[2004]is re ectedin its predictedmagneticeld power spec-
trum. Figure5 alsoshavs the degreecorrelationof the predictions
of our magnetizatiormodelwith othermodels,demonstratinghe
excellentagreemento approximatelydegree50.

From our models we identify featuressimilar to magnetization
patternsassociatedvith the resultsof tectonicactivity and mag-
netic reversalson Earth. Theseinclude magneticstripesof alter
natingpolarity, the coincidenceof magneticandgravity anomalies
overvolcaniccenterstruncationsn otherwisdinearmagnetization
featuresandpolarwander Large sectionsof the surface,particu-
larly northof the dichotomy areessentialljunmagnetizedse ect-
ing actwity afterthe Martian dynamohad switchedoff. We have
developeda chronologyof eventscorrespondingo the magnetiza-
tion featuresof our model, aiding structuralandtectonicinterpre-
tation.

In future work, we intendto investigatefurther the predictions
andinterpretatiorof our model,includingthemagnetizatiorcorre-
lation length, and whetherit variesacrossthe dichotomy Con-
tinuing MGS operationmay improve the dataset to the extent
that further modelsarejusti ed, in which casewe would hopeto
strengtherthe conclusionsdevelopedhere. Although we are un-
ableto producerohustestimate®f Martianmagnetizatiorstrength,
threefactorspoint to it being signi cantly higherthan on Earth.
Firstly, a comparisonbetweenthe size of terrestrialand Martian
magneticanomaliesat satellite altitude. Secondly the original
magnetizationsvill have beendecayingviscouslyandby chemi-
cal alterationover the 4 hillion yearssinceacquisition. As they
arebasedpurelyon satellitedata,our modelsdo not containwave-
lengths shorterthan around 200 km. On Earth, aeromagnetic,
marineand ground-basedneasurementmdicatethat shortwave-
lengthfeaturegypically have muchhigheramplitudeshanthoseof
intermediatavavelengthfeaturesnferredfrom satellitedatawhen
comparedat the samealtitude. If the sameis true for Mars, again
highermagnetizationaresuggested.

We concludehatthemagnetianineralogyand/orstrengthof the
Martian dynamo eld musthave beenvery differentfrom thaton

Earthwhenmagnetizationvasacquiredproviding signi cant chal-
lengego themineralmagneticandplanetarydynamocommunities.
Candidatamagneticcarriers(requiringhigh magnetizatiorandco-

ercity), eitherresposibldor primarymagnetizatioror thatresult-
ing from impacts,includehaematitde.g. Christenseretal., 2001,
DunlopandKletetschka2001;Hyneketal., 2002],pyrrhotite[e.g.

Rochetteetal., 2001,2003]andlamellaeof hemo-ilmenit§McEn-

roeetal., 2004ab]. Haematitehasrecentlybeenidenti ed in Mar-

tian rocksby surfacerovers[Christenseretal., 2004;Klingelhofer

etal., 2004;Riederet al., 2004]. More enepgetic core corvection
earlyin Mars' history may have resultedin a higher eld strength
dynamoandconsequenfiastercooling, causingdynamoactivity to

ceaseat arelatively early stage. Determinationof Mars' moment
of inertia[Yoderet al., 2003] indicatesthatit still hasa partially

uid core,andhencethe areothermbecamesub-adiabaticrather
thanthe core froze completely Scenariosfor core evolution are
discussedby Stevenson2001].
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Class ; |
ABI [ 65|95 99|
AB2 (night) | 6.7 | 7.1 | 6.2 |
AB2 (day) | 10.3] 13.5] 13.0|
SPO 6.4 | 10.5 11.4|
MPO 59| 53| 6.8 |

Table 1. Summaryof theweightsin nT appliedto the differentdatatypes after Cainetal. [2003].

Threshold| Retained Iterations| Mist | M
0.25 021 |50 550 2.4 10.77|
0.25 0.21 | 100 75 2.3 0.93|
0.25 021 |10 15 4.3 O.31|
0.25 021 |10 7 55 [0.05|
0.6 0.07 |10 7 55 0.04|

Table 2. Statisticssummarizingsomeinversions. Thresholdis the value
belav which Grammatrix elementareconsideredeglibly small,Retained
indicategthe percentagef Grammatrix elementsetainedwith thisthresh-
old, is the dampingparameterlterationsindicatesthe numberof CG
iterationsto achieve convergence Mis t is the (weighted)mist andM is
themeancrustalmagnetizatiofin A/m. Our preferredsolutionis thesecond

Table 3. Normalizedrmsmis ts by componenanddatatype for the modelwith

one,with ameancrustalmagnetizatiorof 0.93A/m.

Class rmsy |rms |(rms |rms
AB1 1.7 1.7 19 |18
AB2 (night) | 2.8 2.7 24 | 26
AB2 (day) | 3.4 2.7 25 |29
SPO 1.6 1.9 16 | 1.7
MPO 1.0 1.1 1.1 (11
Overall 2.6 2.3 21 |23

=100.

Table 4. A Chronologyof Eventswith a magneticsignature.

| Code Event

Location Reference

Initiation of Martiandynamo

Overturn of primordial magmaocean(s),en- planet-wide
hancedcore heat ux and magnetic eld gen-
eration, cooling of hot nearsurface cumulates
to produceanearly magneticcrust

Elkins-Tanton et al.
[2003]

Magnetic eld creationevents

la Developmentof lineatedmagneticfeaturesas- Terra Sirenum and Connerng etal. [1999]
sociatedwith crustalregycling Cimmeria

1b Developmentof magneticfeaturesassociated proto-Apollinarsis Pat- Langlais and Purucler
with volcanismandplutonism era [2003]

1c Developmentof magneticfeaturesassociated proto-TyrrhenaPatera Whaler and Purucler
with volcanismandtectonism [2003]

Martiandynamodisappears
Magnetic eld destructiorevents

2a Impact Isidis Acufiaetal. [1999]

2b Impact Hellas Acufiaetal. [1999]

2c Impact Argyre Acufiaetal. [1999]

Latertectonicevents
3a Extensionatectonics VallesMarineris Purucler et al. [2000],
this study
3b Extensionatectonics? Gange<Chasma Purucler et al. [2000],

this study
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Figure 1. Obsenationswhich sene asinput to the model. From
topto bottomareshawn B, B , andB . If theobserationswere
acquiredabore 160 km altitudethey areshavn in color, if belov
they areshavn asthe horizontalgradientin shadedelief, illumi-

natedfrom the north andwest. The high altitude dataare binned
into two degreebins, the low altitudeinto onedegreebins,andthe
medianplotted. Global Hammerprojectionscenteredon the 180
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Figure 2. Magnetizatiormodelshaving thethreeorthogonacom-
ponentsM,, M , andM . Eachmapis shavn centeredon the
180meridianasaglobalHammerprojection.



Figure 3. Magnetizatiormodelshaving themagnitudeof themag-
netization,andthe declinationandinclination wherethe magneti-
zationstrengthis sufcient for their de nition. Eachmapis shavn
centeredn the 180 meridianasa globalHammerprojection. La-
belsarekeyedto table4.



Figure 4. Residualgleft) andweightedmis t (right). Fromtop
to bottomareshovn B;, B , andB . If the obserationswere
acquiredabove 160 km altitudetheir residualsareshavn in color,
if belov they areshawvn asthe horizontalgradientin shadedelief,
illuminated from the north and west. The high altitude dataare
binnedinto two degreebins, the low altitudeinto onedegreebins,
and the medianplotted. The contourlevels at which the colors
changeis symmetricaboutO nT. Global Hammerprojectionscen-
teredon the 180 meridian. Thetails of theweightedmis ts for B,

extendto 65nT: thosefor theothertwo componentsresmaller



Figure5. (a) Comparisorof the Lowes-Mauersbejer power spec-
tra atthe surfaceof Marsfrom this othermodels.The spectrums

themeansquareamplitudeof themagneticeld overaspherepro-

ducedby harmonicof degreen. NASA is themodelof Connerng

etal. [2001], FSUis the modelof Cainetal. [2003], GSFCis the

modelof Langlaiset al. [2004], and MG is the modelof Arkani-

Hamed[2004].(b) The degreecorrelationof this modelcompared
with theothermodels.



