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Abstract.
Using a three-componentmagnetic�eld dataset at over 100 000 satellitepoints previously

compiledfor sphericalharmonicanalysis,we have produceda continuouslyvarying magne-
tization model for Mars. The magnetizedlayer was assumedto be 40 km thick, an average
value basedon previous studiesof the topographyand gravity �eld. The severe non-uniqueness
in magnetizationmodeling is addressedby seekingthe model with minimum root-mean-square
(RMS) magnetizationfor a given �t to the data,with the trade-off betweenRMS magnetiza-
tion and �t controlledby a dampingparameter;our preferredmodel hasmagnetizationam-
plitudesup to 20 A/m. It is expressedas a linear combinationof the Green's functionsre-
lating eachobservation to magnetizationat the point of interestwithin the crust, leading to
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 preserve the resolutionof the original dataset. Thus we producemore detailedmod-
els than any previously published,althoughthey sharemany similarities. We �nd that tecton-
ism in the Valles Marineris region hasa magneticsignature,and we show 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. In tro duction

TheMarsGlobalSurveyor (MGS) missionhasproduceda step
changein our knowledgeof themagnetic�eld of Mars. Launched
in 1996, its highestresolutionwasachieved during the aerobrak-
ing (AB) phaseat distancesof lessthan100 km from the planet.
TheAB dataprovidedthespectacularimagesof stronglymagnetic,
stripe-like featuresin the southernhemisphere[e.g. Connerney et
al., 1999].

Thedetailsof themissionphaseshave beendescribedin detail
elsewhere[e.g. Albee et al., 2001], so we summarizeonly their
main features.After MGS wasinsertedinto orbit aroundMars in
1997,theAB phasebroughtthe orbit from highly elliptical to al-
mostcircular. Due to a problemwith the deployment of a solar
panel,this phasewassplit into two, lasting5 (AB1) and7 (AB2)
monthsrespectively, separatedby theSciencePhasingOrbit (SPO),
a 6 monthperiodduringwhich theorbit drifted into its properpo-
sition with respectto thesun. Theperiapsisof theSPOorbit was
ascloseas80 km to the surfacede�ned by a referenceradiusof
3393.5km. The satellitehasbeenin the Mapping Orbit (MO)
phase,anearcircularorbit atabout400km abovethesurface,since
1999.

With theMartiandynamothoughtto have operatedfor only the
�rst half a billion yearsor soof theplanet's history[e.g.Acuñaet
al., 2001],thelargestcontributionto theobserved�eld comesfrom
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its permanentlymagnetizedcrust, the focusof this study. How-
ever, thereareuncertaintiesin its determinationdue to a number
of factors.Theseincludemagetometerdrift, spacecraft�elds, ex-
ternal �elds and unmodeled�elds. The absenceof secularvari-
ation [Purucker et al., 2003] suggeststhat magnetometerdrift is
minimal. The magneticinstrumentationon boardMGS consists
of two, solar-panelmountedtriaxial �uxgate magnetometers,al-
lowing spacecraft-generated�elds to be estimated.Both pre�ight
and in�ight calibrationhastaken place,resultingin the removal
of both staticanddynamicspacecraft�elds [Acuña et al., 2001].
The two main sourcesof external �elds aremini-magnetospheres
in the south,and �elds enteringand leaving the ionopauseat al-
titudesof approximately400 km, dependingon the internal �eld
strength.As external�elds aremaximumin theday-time,we use
only night-timeMO data,but dataacquiredat all local timesdur-
ing theaerobrakingphases.This is duebothto thescarcityof AB
data(thesephasesof the missionlastedonly 12 monthsin total),
andbecausetheAB phasebroughtMGSclosestto theMartiansur-
face,providing thebestresolutionof themagnetic�eld. External
�elds arethoughtto affectpreferentiallythehorizontalcomponents
of theinternal�eld [Acuñaet al., 2001],which is why preliminary
studies[e.g. Purucker et al., 2000] concentratedon modelingthe
radial �eld componentdata. Unmodeled�elds, including toroidal
�elds, area furthersourceof uncertainty.

Most previous work hasconcentratedon either sphericalhar-
monic or equivalent dipole modelsof the crustal �eld, and their
intepretation. Equivalent dipole modelshave long beenusedto
modeltheterrestrialcrustalmagnetic�eld, bothfrom satelliteand
aeromagneticdata[e.g.Ravatetal., 2002]. In theterrestrialcase,a
signi�cant proportionof thecrustal�eld is dueto inducedmagneti-
zation,sothattheequivalentdipolescanbeassumedto bealigned
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with the Earth's main magnetic�eld. In the absenceof a main
�eld on Mars, the dipole directionsareunknown, andshouldbe
solvedfor alongsidethemagnetizationstrength.Earlierstudiesin-
steadmadearbitraryassumptionsasto the dipole directions. For
instance,Purucker et al. [2000] produceda discrete,global mag-
netizationmodel utilizing only radial componentdata,arranging
radially directedequivalentdipoleson a sphericalicosahedraltes-
selationwith 110 km averagespacing. However, Langlaiset al.
[2004] produceda discrete,global magnetizationmodel from a
three-componentdata set with arbitrary dipole directions. Due
to the non-linearitiesintroducedby solving for directionsaswell
as magnitudes,which greatly increasesthe computationaleffort,
they limited their dipole spacingto an averageof 173 km, again
on a sphericalicosahedraltesselation.Arkani-Hamed[2002a]in-
vertedfor vertically integratedcrustalmagnetization(in a 50km
thick layer),expressedthroughsphericalharmoniccoef�cients, as-
sumingit wascausedby adipole�eld with palaeopolepositionde-
terminedfrom forward modelingof isolatedmagneticanomalies.
Sphericalharmonicanalysisresultsinclude the degreeandorder
50 and90 modelsof Arkani-Hamed[2002b,2004]andCainet al.
[2003], utilizing all three�eld components,anddatafrom a range
of altitudes.Parker [2003] usedidealbodytheoryto put analytical
boundsonmagnetizationstrengthfor theMartiancrustal�eld.

Here we derive and presenta three-componentmagnetization
model from three-componentdataat a rangeof altitudesand lo-
cal times. We modelmagnetizationasa linearcombinationof the
Green's functionsrelatingmagnetizationat any point in the mag-
netizedcrustto a satellitemeasurementof themagnetic�eld. This
avoidssubjective choicesof thearrangementof equivalentdipoles,
andproducesa spatiallycontinuousmagnetizationmodelpreserv-
ing the resolutionof the original dataset. More detailsaregiven
in section2. Our primary ojective is to producea modelsuitable
for tectonicandstructuralinterpretation,but it canalsobeusedto
predictthe�eld at any positionabove theMartiansurface,thereby
providing ameansof levelling (upwardanddownwardcontinuing)
datameasuredat a numberof differentaltitudes. Due to the dis-
paratedatatypes,we must weight the dataappropriately;this is
discussedin section3.

Runcorn [1975] demonstratedthat the form of the non-
uniquenessfor themagnetizationinversionproblemis particularly
severe. Here,we �nd the uniquesolutionminimizing root-mean-
square(RMS) magnetizationsubjectto a given �t to thedata.An
in�nity of other solutionsexist satisfying the data equally well,
but musthave highermagnetizations.This is anexampleof mini-
mumnormmodeling,a strategy commonlyemployedin geophys-
ical inversion [Parker, 1994]. The norm minimized is often a
measureof spatialsmoothness,following the Occam's razorphi-
losophy; here we minimize the quantity of interest itself rather
than its gradient. Dampedleast squaresmethods,amongstthe
mostwidely employed inversiontechniques,for equivalentdipole
sourcesalsominimizeRMS magnetizationamplitude[Whalerand
Langel,1996]. Backus-like ambiguities[Maus and Haak,2003]
do not affect Marsbecauseit hasno main �eld. By usingsatellite
measurementsof the�eld ataltitudesseveraltimesthethicknessof
themagnetizedcrust,we have no resolutionof thedepthvariation
of magnetization.However, vertically integratedmagnetizationis
well resolved.

2. Metho d

Webaseourmethodologyfor producingacontinuouslyspatially
varying magnetizationmodelon the integral relationbetweenthe
magnetizationvectorandan observation of a �eld componenton
or above the Martian surface[Parker et al., 1987;Jackson,1990;
WhalerandLangel,1996].Let M (s) bemagnetizationatany point

s within theMartianmagnetizedcrust,andlet B ( � ) (r j ) bea satel-
lite altitudemeasurementof the� componentof themagnetic�eld.
Then

B ( � ) (r j ) = � l̂ ( � )
j � r r j

Z

V
H (r j ; s) � M (s)dV (1)

�
Z

V
G ( � ) (r j ; s) � M (s)dV (2)

wherethe subscripton the r operatorindicateswhetherderiva-
tives are with respectto satellitedatumcoordinatesor thosede-
noting position within the magnetizedcrust, V is the volume of
themagnetizedcrust,andl̂ ( � )

j is theunit vectorin thedirectionof
theappropriateorthogonal�eld component,i.e. r , � , or � , work-
ing in sphericalpolarcoordinates.H (r j ; s) = � 0

4� r s
1

j r j � sj is the
Green's functionrelatingmagnetizationto magnetostaticpotential.

To overcomenon-uniqueness,we seekthebest-�tting magneti-
zationmodelminimizing thenorm

Z

V
M 2dV (3)

i.e. we minimize the RMS magnetizationwithin the magnetized
crust,for which thesolutionis [Shureet al., 1982;Parker,1994]

(� + � I )� = d (4)

whered is the datavector, � the solutionvector, and� a damp-
ing parametercontrolling the relative importanceof �t to thedata
andtheRMSmagnetization.TheGrammatrix, � , is [Parkeretal.,
1987;Jackson,1990;WhalerandLangel,1996]

� ( � � )
ij =

Z

V
G ( � ) (r i ; s) � G ( � ) (r j ; s)dV (5)

Then[Parkeret al., 1987]

M (r ) =
NX

j =1

� ( � )
j G ( � ) (r ; r j ) (6)

whereN is thenumberof data,andthesuperscripton � indicates
which componentthejth datummeasured.Thefunctionalform of
G meansthat the magnetizationsolutioncalculatedfrom (6) de-
creaseswith depthin themagnetizedlayer.

For a typical satellite data set of several hundredthousand
points,it is impracticalto solve(4) directly. Previously, Whalerand
Langel [1996] useda so-calleddepletedbasis[Parker andShure,
1982],expressingthemagnetizationthrough(6) atonly asubsetof
thedatapoints. Theproblemthenreducesto solvinga linearsys-
tem of dimensionthe numberof depletedbasispoints. However,
the choiceof depletedbasisis subjective, andreducesthe resolu-
tion of themodelto thespacingbetweenthebasispoints.

To preserve theresolutionof thedatabut createatractablecom-
putationalproblem,wetake advantageof thenumericalsparseness
of theGrammatrix(5). ThefunctionsG ( � ) asafunctionof angular
separation(subtendedat thecentreof Mars)betweentheobserva-
tion point r j andapoint s within themagnetizedcrustarestrongly
peaked aroundzero,with a width of a few degrees(for observa-
tions at a typical MGS altitudeabove the Martian surface). Thus
their product,theintegrandof theexpressionsfor theGrammatrix
elementsin (5), is vanishinglysmall,andhenceso is theresulting
integral, unlesstheobservation pointsi andj arewithin a few de-
greesof eachother. We canthereforeusealgorithmsfor solving
sparsematrix systems;following Purucker et al. [1996], we chose
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to apply the iterative conjugategradient(CG) methodwith com-
pressedrow storageto solve (4). If theabsolutevalueof a matrix
elementwasbelow a speci�ed threshold,thenit wastreatedasif
it waszero. The thresholdvaluewasdeterminedby the memory
availableon thecomputersystemwe used.

Preconditioningcan improve considerably the convergence
of iterative algorithms such as CG. We used Jacobi scaling,
wherebyeachmatrix element� ij + �� ij of (4) is divided byp

[(� ii + � )(� j j + � )], such that the diagonalelementsare all
unity. Eachdatumd i is dividedby

p
(� ii + � ), andconsequently

we solve for the vector f � j
p

(� j j + � ); j = 1; :::; N g, andre-
move the preconditioningfactor subsequently. Thus the rapidity
with which the CG algorithm converges is also governedby the
sizeof thedampingparameter, � .

The majority of the computationaleffort goesinto calculating
the Gram matrix elements,even though they have closedform
expressions[Jackson,1990;WhalerandLangel,1996] whenthe
magnetizedlayer is assumedto be of uniform thickness. Fortu-
nately, FORTRAN90 codeto evaluatethematrix parallelizesef�-
cientlyusingOpenMP;weactuallyparallelizedthewholeprogram
to solve for � (andcalculatenumberscharacterizingthesolution,
suchasthemis�t andRMS magnetization)in OpenMP, including
theCG algorithm.Here,we speci�eda thicknessof 40 km, anav-
erageof theestimatesnorthandsouthof thedichotomyof Zuberet
al. [2000],Lemoineet al. [2001],Smithet al. [2001],Nimmo and
Gilmore [2001], andNeumannet al. [2004]. Sincethis is much
smallerthanthe radiusof the planet,we canusethe approximate
expressionsgivenby WhalerandLangel[1996,AppendixB]. Cal-
culationsfrom terrestrialdatahaveshown thattheeffectof varying
thethicknessof themagnetizedlayer is to vary theRMS magneti-
zationsuchthatthevertically integratedmagnetizationis constant,
withoutalteringthemagnetizationpattern.

3. Data

Weusedthe3-componentdatasetCainet al. [2003] invertedto
�nd a sphericalharmonicdegreeandorder90 modelof the Mar-
tian magnetic�eld. Thesedata,coveringtheyears1998-2000,are
from theAB, SPOandMO phasesof theMGS mission.Thedata
andtheir positionsweregiven in an areodeticcoordinatesystem,
which were transformedto areocentriccoordinatesusingequato-
rial andpolarradii of 3396.9km and3374.9km respectively. Their
(aerodeticcoordinate)altitudesrangefrom 102 to 426 km. The
higheraltitudedatahavealmostuniformcoverage,but theloweral-
titudedatahavesigni�cant gapsin coverage,dueto thepositionsof
theorbitsduringtheaerobrakingphases.Thefull datasetconsisted
of 3-componentmeasurementsat111274points,i.e. 333822data.

Mapsof the r , � and� magnetic�eld componentsareshown
in �gure 1. Dataacquiredabove 160km areshown in colour, and
the horizontalgradientof dataat lower altitudesis superimposed
in shadedrelief. Thesedatashow theby now familiar high ampli-
tudesof theMartianmagnetic�eld (exceeding1200nT in places),
comparedto the crustalanomaly�eld deducedfor Earth,mainly
con�ned to theareato thesouthof thedichotomy.

Cainet al. [2003] allocateddatato oneof � ve classesdepend-
ing on the missionphase,local time, andaltituderangeat which
they wereacquired. They deduceda standarddeviation for each
componentin eachclassfrom aGaussian�t to theresiduals,which
we usedto de�ne weightsfor inversion.Thesearesummarizedin
table1. The extent of external�eld contaminationis re�ected by
theamountthemean(not shown in table1) differs from zeroand
thesizeof thestandarddeviation. As expected,this is moreserious
in thehorizontal�eld components.Applying themethoddescribed
hereto a preliminaryMGS dataset(with abouthalf thenumberof
datapoints),we found little differencebetweenmodelscalculated
from only radial componentdataand whenusing all threecom-
ponents.However, the mis�t to the datafor the latter modelwas
signi�cantly higher. This alsosuggeststhat thehorizontalcompo-
nentshave largeruncertainties.

4. Results

With sucha largedataset,we retainedonly the largest0.21%,
or 239� 106 , of theGrammatrix elements.Statisticsof solutions
obtainedwith a numberof differentdampingparametersaregiven
in table2. Thethresholdcorrespondingto thiscut-off is 0.25,com-
paredto a maximumelementsizeof 129, i.e. elementswerecon-
siderednumericallynegligible if they were lessthan0.2% of the
largestvalue.Wehavemadeextensive testsof theeffectof varying
thenumberof elementsretainedby invertingsmallerdatasets,in-
cludinga terrestrialdatasetsynthesizedfrom Mauset al.'s [2002]
sphericalharmonicmodelof the scalaranomaly�eld determined
by CHAMP [Whaler,2003],thevertically downwardscomponent
of a preliminaryMGS dataset[Whaler andPurucker, 2003], and
theNorth andvertically downwardscomponentsof a datasetsyn-
thesizedfrom the Cain et al. [2003] sphericalharmonicmodelto
degreeandorder90,eachof whichcontainedabout50000data.In
thosecases,we wereableto retaina higherpercentageof thema-
trix elements,andfound that changingthe thresholdbelow which
elementsweredeemednumericallyinsigni�cant hadonly a small
effect on the solution. We have also comparedregional models
producedusingdepletedbasesor equivalentdipole methodswith
theappropriateareasof globalterrestrialmagnetizationmodelsde-
ducedwith the methodoutlined hereusing CG and found good
agreement[Whaler et al., 1996; Whaler, 2003]. We obtaineda
solution from the full Cain et al. [2003] datasetby retainingjust
0.07%(82 � 106 ) elementsof the Grammatrix. The statisticsof
this model(seetable2) arevery similar to its counterpartwith the
samedampingparameterwhen almost threetimes as many ele-
mentsareretained,andplots of the magnetizationcomponentsin
thetwo casesarevirtually indistinguishable.We concludethatthe
solutionappearsto berobust to a changein Grammatrix assumed
sparseness,evenwhenit is calculatedfrom suchasmallfractionof
matrix elements.

For all but the smallestvaluesof the dampingparameter, and
with preconditioning,the CG algorithm converged quickly, the
numberof iterationsdecreasingwith increasingdampingparam-
eter. We de�ned convergencethrougha toleranceparametermea-
suringfailureto satisfyequation(4) exactly, andrequired

jjd � (� + � I )� jj < 10� 10 (7)

wherejj :jj denotesthetwo-normlength(recallthatthediagonalel-
ementsof � + � I areunity afterpreconditioning).In oneinstance,
we continuedto run the CG algorithmoncea toleranceof 10� 10

wasreached,sincesomestudieshave reporteda gradualchangeto
the solution (andassociatedmis�t) as iterationcontinues. How-
ever, our solutionsare stableif they achieve the speci�ed toler-
ance– with furtheriterations,thetolerancequickly reachedzeroto
machineprecisionwithout changingthesolution. For very lightly
dampedsolutions,convergencewasnot achievedby themaximum
numberof iterationsspeci�ed(10000). In thesecases,althoughthe
toleranceparameterchangedfrom iterationto iteration,therewas
no downward trend. We comparedthe sumof squaresof residu-
alscalculatedfrom predictionsof thedataby themodelagainstthe
algebraicexpressionfor the sumof squaresof residuals� 2 � T �
[Shureet al., 1982] obtaineddirectly from the solution. The two
valuesstartedto divergefor very light damping,which we took as
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further indicationof lack of convergence. All modelsfor which
statisticsaregivenin table2 areconvergent.

Figure2 presentsthe r , � and� componentsof M (calculated
from (6)) at theMartiansurfacefor ourpreferredsolution(� = 100
in table2); theextremalvalues(� 20A/m) areconsiderablyhigher
than the crustalaverage(0.9 A/m), or even the averageover the
Martiansurface(1.3A/m). This re�ects boththenon-uniformdis-
tribution of magnetization,with muchsmallervaluesover mostof
the northernhemisphere,and the decreasein magnetizationwith
depththroughthe magnetizedlayer. Large portionsof the crust
have magnetizationshigher thanvaluesconsideredtypical of the
terrestrialcrust,andexceedingParker's [2003] minimumvalueof
about7 A/m (interpolatinghis �gure 4 to a 40 km thick layer).
A more heavily dampedsolution (� = 103 in table 2) shows a
very similarpatternof magnetizationsbut a muchlower amplitude
(crustalaverage0.3 A/m; maximumat the surface5 A/m) which
doesnot satisfy the Parker bound. Comparing�gures 2 and 1,
weseethatmagnetizationamplitudesarelargewherethemagnetic
�eld amplitudemeasuredatsatellitealtitudeis high,andviceversa
– minimumnormsolutionsdo not put structurewherethedatado
not requireit.

Thedistributionof residualsfor themodelwith � = 100isshown
in �gure 4, in thesameform astheoriginaldatain �gure 1. Thesig-
ni�cant variancereductionis immediatelyobvious(notethechange
in scale),with the largestresidualswheretheoriginal dataampli-
tudeswerehighest.Themis�t for the threecomponentsis almost
identical(25,26 and24 nT for ther , � and� components,respec-
tively). Much of theshortwavelengthstructurein thelow altitude
datahasbeenmodeled.

Theweightedmis�ts given in table2 areall greaterthanunity,
almostcertainlyindicatingexternal�eld contaminationof thedata.
We wereunableto produceconvergentsolutionswith smallermis-
�ts. Theweightedmis�t to eachcomponentin eachdataclassfor
thesolutionobtainedwith � = 100is given in table3. This shows
that,despiteusingthestandarddeviationsdeterminedby Cainetal.
[2003] from their sphericalharmonicmodel �t, we arenot �tting
eachweighteddatatypeequally. Theradial componentdatahave
thelargestoverallmis�ts, suggestingthatexternal�eld contamina-
tion hasbeenbettercompensatedfor in thehorizontalcomponents
thanin theradialcomponent.The�t to theAB2 datais worsethan
average,andto the MPO databetterthanaverage,indicatingthat
thestandarddeviationsof theformerareunderestimated.Therel-
ative goodness-of-�tbetweenthedifferentdatatypesalsodepends
onthedampingparameter. For instance,theaverageweightedmis-
�t to the AB2 daysidedatajumpsfrom 2.6 to 8.0, but that to the
MPOdatachangesfrom 1.1to only 1.2,whenthedampingparame-
ter is increasedfrom 100to 103 . Also, for ourpreferredmodel,the
weightedmis�t to the AB2 daysidedatais larger thanthat to the
AB2 nightsidedata,but the weightednightsidedataare�t worse
thanthedaysidedatafor largerdampingparameters.A histogram
of theweightedresidualsto eachcomponentfor themodelwith �
= 100is alsoshown in �gure 4. They aremorestronglypeakedand
have longertails thana Gaussiandistribution, probablyre�ecting
thedifferencesbetweenthe �ts to thevariousdatatypes. As they
follow a Laplacianmorecloselythana Gaussiandistribution,one-
normminimisationwould bea moreappropriateinversionmethod
[Walker andJackson,2000].

TheRMSmagnetizationand,evenmorespectacularly, themax-
imum and minimum magnetizationsat the Martian surface, de-
creaserapidly as dampingincreases.We do not know how well
we shouldexpect to �t the data,sincethe level of external �eld
contamination(probablythemainsourceof error)is unknown, and
this is not a zeromean,Gaussiannoisesource.A variationin the
mis�t of justover2 (from 2.3to 5.5)alterstheRMSmagnetization
by a factor of about20. This, combinedwith the inherentnon-
uniquenessof magnetizationmodeling,meansour modelsdo not

constrainmagnetizationamplitudesin theMartiancrust,nor there-
fore the likely magneticcarriers. However, the pattern of mag-
netizationsis robust to changesin the dampingparameterover a
large rangeof values(at the very smallestvalues,the solution is
dominatedby morevariablesmall-scalestructure,presumablyas
themodeltries to �t noisein thedata). Thusanglesde�ned from
the magnetizationmodelsare robust. Figure3 plots the inclina-
tion anddeclinationof magnetizationfor our preferredmodel in
areaswhereits strengthis suf�ciently large for theseanglesto be
well de�ned. Thepatternis broadlysimilar to that deducedfrom
a preliminarydataset[WhalerandPurucker, 2003],but with more
structurere�ecting thelargerdatasetfrom which it wasderived.

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

5. Discussion

Our preferredmodel(�gure 2) is broadlysimilar to theprelim-
inary modelpresentedby WhalerandPurucker [2003]. However,
the latter showed patchesof high magnetizationstrengthnearthe
NorthPolewhichwerenotre�ectedin plotsof theinputdata.Since
we weresuspiciousthatthey werecausedby algebraicexpressions
blowing upnearthepoles,werotatedthedatathrough90� prior to
inversion,suchthatpointsoriginally at theNorthPoleweretreated
as thoughthey wereon the equator. The resultingmagnetization
mapswereidenticalto theoriginalsrotatedthroughthesameangle.
We now suspectinsteadthat thehigh magnetizationswerecaused
by a few relatively high amplitudedatain high northernlatitudes,
possiblyaffectedby external�eld contamination,thatdo not show
up in mapsof regularlygriddeddata.

In table4 weproposeasummarymagneticchronologyfor Mars,
basedpartlyonthemagnetizationmodelspresentedhere.After the
Martiandynamobeganoperation,anumberof eventswererespon-
siblefor magneticsignaturesseenin theMGSdata.Within 0.5bil-
lion years,thedynamohadceasedoperation[Acuñaet al., 2001].
Subsequently, heatingandimpactshave demagnetizedpatchesof
thecrust,andtectonicactivity hasstretchedandoffsetmagnetiza-
tion structures;thesemagneticdestructive andtectoniceventsmay
have beencontemporaneous.

The new magnetizationmodelclearly shows that tectonismin
the VallesMarineris region hasa magneticsignature,�rst recog-
nizedby Purucker et al. [2000]. Thesignatureis mostpronounced
in the inclination of the magnetizationvector (inset in Figure3),
wherea through-going,N-S trending,positive magnetizationfea-
ture is disruptedat Valles Marineris (3a). Although the feature
is disrupted,thereis no evidencefor offset, andhencean exten-
sionalorigin is preferred,consistentwith othertectonicindicators
[SchultzandLin, 2001]. Thesituationis lessclearto thenorthat
GangesChasma(3b),wherePurucker et al. [2000] commentedon
the apparentoffset or truncationof a positive B r feature. While
thereis a bendin this feature,thereis no convincing evidencethat
it is eithertruncatedor offset.

Large volcanoesof the Tharsisregion show an almost com-
pleteabsenceof magnetization,ascribedto thermaldemagnetiza-
tion [Johnsonand Phillips, 2005]. In contrast,volcanismsouth
of thedichotomyboundaryis associatedwith magnetizedterranes
in at least two cases,Apollinaris Patera[Langlais and Purucker,
2003] andTyrrhenaPatera[Whaler andPurucker, 2003]. In both
casesthevolcaniccentersalsohave associatedgravity anomalies.
Apollinaris Patera,locatedat the boundarybetweenthe northern
plainsandthesouthernhighlands,hasa5 km highvolcanicedi�ce
centeredon a 200km wide dome,andthecalderais some75 km
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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],andtheassociatedmagneticfeatureis some
300km in diameterandindicative of a high inclinationmagnetiza-
tion [LanglaisandPurucker, 2003].TyrrhenaPatera,in contrast,is
anareallyextensive,degradedvolcaniccenter[Greeley andCrown,
1990]northeastof Hellasthatis largelyHesperianin age.Thereis
a 145 mGal gravity anomalyassociatedwith TyrrhenaPatera,re-
centlyinterpreted[Kiefer, 2003]asahighdensitymagmachamber
275-300km wide andat least2.9 km thick. Theassociatedmag-
neticfeatureis highly unusual,andconsistsof three'arms' of steep
inclination originating from the calderaregion at (21� S, 106� E),
but extendingsigni�cantly beyond the volcanicedi�ce. This fea-
turewasinterpretedasa triple junctionformedin areversingmag-
netic �eld [WhalerandPurucker, 2003]. Marked asfeature1c on
�gure 3, it can be seenin more detail in Fig. 3 of Whaler and
Purucker [2003]. It might alternatively beassociatedwith fractur-
ing, andsubsequentintrusions,occuringduring the development
of aproto-TyrrhenaPateravolcanicsystemin areversingmagnetic
�eld.

Anotherinterestingfeature(1aon �gure 3) is the linear (in the
equalazimuthmap projectionused)'channel' of approximately
constant0� declinationand-90� inclinationmagnetizationrunning
between145� and214� W in theCimmeriaregion,surroundedby
regionsof normal(i.e. similarto thatseenelsewherein thesouthern
hemisphere)variability. The sharpsouthernedgeis the boundary
betweenpositive (to the north) andnegative (to the south)radial
magnetic�eld, modeledhereasa switch from -90� to +90� mag-
netizationinclination. Thus it is consistentwith generationby a
processanalogousto theformationof terrestrialsea�oormagnetic
stripes[Connerney et al., 1999],or dike intrusion[Nimmo, 2000]
over a periodduringwhich themagnetic�eld wassteady, anddif-
ferentfrom thatwhenthe surroundingcrustwasmagnetized.Al-
ternatively, as the locusof the boundaryis a greatcircle arc, the
inclination reversalacrossit is reminiscentof the patternassoci-
atedwith a terrestrialtransformfault.

Forward models of 10 isolated magneticfeatures,primarily
north of the dichotomy, have beendevelopedby Arkani-Hamed
[2001]. He assumedthey werecausedby elliptical prisms10 km
thick,anddeterminedtheprisms'magnetizationstrengthanddirec-
tion,andhencepalaeopolepositions.Sincethetwomodelingmeth-
odsaremarkedly differentin approach,it is perhapsnotsurprising
thatour(preferredsolution)palaeopolesfor thesesamefeaturesare
close(separatedby lessthan30� ) to his for only half of them,al-
thoughtheiraverageseparationis only 35� . Theresultdoesnotde-
pendon thedepthat which our magnetizationsarecalculated,and
is only mildly sensitive to dampingparameter. Theforwardmodels
of Arkani-Hamed[2001] andour inversemodelsprovide evidence
for reversals.Many palaeopolesaredisplacedfrom thecurrentro-
tationpole,which maysuggestplatetectonicmovement(suchthat
thesitewasoriginally atarotationpole),or adynamo�eld thatwas
eitherpredominantlynon-dipolaror dipolar but not alignedalong
therotationaxis.Martianpolarwanderhaspreviously beenidenti-
�ed by Arkani-HamedandBoutin [2004]andHoodandZakharian
[2001].

Langlaiset al. [2004] have invertedMartian magneticdatafor
equivalentdipolemodelsof magnetizationbasedontheCGmethod
of Purucker et al. [1996]. Unlike the terrestrialcase,when it is
reasonableto assumethe dipolesarealignedwith the current(in-
ducing)mainmagnetic�eld, they solved for bothmagnitudesand
directions.Despitethe differencesin both the datasetsandmod-
elling algorithms,andthewaysin which a preferredmodelis cho-
senfrom the in�nity of possiblesolutions,thereis closesimilar-
ity betweenoursand their preferredmodel, in which the dipoles
wereembeddedin a 40 km thick layer. This canbequanti�ed by

cross-correlatingthe two models(evaluatingoursat 20 km depth,
thoughagainthe result is insensitive to the depthspeci�ed), giv-
ing correlationcoef�cients of 0.92,0.94and0.88for ther , � and
� magnetizationcomponentsrespectively. All threecoef�cients
arehighly signi�cant, i.e. theprobabilityof obtainingthesevalues
from uncorrelatedmodelsis negligibly small. Furtherstatistical
testsdependonthemodelshaving Gaussiandistributedmagnetiza-
tions [Presset al., 1992], which is clearly not the case. The cor-
relationcoef�cients aremildly sensitive to thedampingparameter
chosen,droppinga little asthedampingparameterincreases.This
presumablyre�ectscorrelationbetweensmall-scalestructurein our
lessdampedsolutions,controlledlargely by thelower altitudeAB
phasedatathat arepreferentiallybetter�t, that is alsopresentin
Langlaiset al.'s [2004] preferredmodel. However, theconclusion
of a statisticallysigni�cant correlationbetweenthe modelsof the
two methodsis robust, regardlessof dampingparameter. We also
undertookalinearregressionof onemodelontotheother– whereas
acorrelationanalysisquanti�esthedegreeto whichthepatternsare
similar, regressionadditionally identi�es any differencesbetween
meanvalue (indicatedby the intercept)andamplitude(indicated
by the slope). All threeinterceptswerenegligibly small, but the
slopeswere 0.77, 0.72 and 0.62 for the r , � and � components
respectively. Thus,besideshaving anoverall slightly lower ampli-
tude,our preferredmodel putsproportionallymorepower in the
r component(andlessin the � component)thanLanglaiset al.'s
[2004].

Arkani-Hamed[2002a]takesa differentapproachto construct-
ing a magnetizationmap,andassumesthat the Martian magnetic
�eld over its entirehistorycanbedescribedby a dipole �eld with
a poleNE of OlympusMons,andthat this patternwasnot subse-
quentlydisruptedby tectonicactivity. Althoughadipolarmagnetic
�eld wouldbeareasonableassumptiononearth,theapplicationof
thistechniqueto terrestrialmagnetic�eld observationswouldyield
spuriousresultsbecauseof both platetectonicsandpolar wander.
Similar considerations[Connerney et al., 1999]may limit theap-
plicability of this techniqueat Mars. Thepole wasdeterminedas
a meanof several paleomagneticpolescalculatedfrom 'isolated'
anomalies.A transformation[Arkani-HamedandDyment,1996]is
thenappliedto convert thedegree50 SH modelof Arkani-Hamed
[2001a] into a mapof magnetization.Magnetizationcontrastsas
high as35 A/m area consequenceof theselectionof theparticular
paleopole,which resultsin the highly magneticCimmeriaregion
locatedon the paleo-equator. The magnetizationsolution in this
region is thusdominatedby largehorizontalmagnetizations.Rec-
ognizableradialmagnetizationsof alternatingpolaritycorrespond-
ing to sphericalharmonicdegree50canbeseennorthof Cimmeria,
andnorthof thepresentMartianequator, wheremeasuredmagnetic
�elds areweak.Theseareinterpretedhereastruncationfeatures.

6. Conclusions

The methodologypresentedhere,basedon previous work by
Parkeretal. [1987],Jackson[1990]andWhalerandLangel[1996],
hasbeenusedto producemagnetizationmodelsfor the Martian
crust from the MGS data set compiled by Cain et al. [2003].
Magnetizationwasexpressedasa continuousfunctionof position
within themagnetizedcrust,assumed40km thick, andnoassump-
tions weremadeaboutits direction. We obtaineda linear system
of equationsof dimensionthe numberof data,which is impracti-
cal to solve by directmeans.By takingadvantageof thenumerical
sparsenessof the linear system,we wereable to usethe iterative
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conjugategradientalgorithmon a multiple processorsystemto in-
vert the data. The majority of the computationaleffort went into
calculatingthesparsematrix, andthis parallelizesef�ciently . The
resultingmagnetizationsaresimilar to thoseobtainedfrom previ-
ousmodelingstrategies,bothforwardandinverse,despitetheir in-
herentnon-uniqueness.In our case,theuniquemodelminimizing
the RMS magnetizationamplitudefor a given �t to the datawas
chosen.Thepatternof magnetizationsremainsremarkablysimilar
overawiderangeof �ts, althoughthemagnetizationstrengthvaries
considerably.

Our magnetizationmodelscanbe usedto predictthemagnetic
�eld at any point outsidethe planet,e.g. they canbe usedto re-
ducesatellitedatato a commonaltitude. Theresultsof this agree
favourablywith otherlevelling methods,suchasequivalentdipole
magnetizationandsphericalharmonicmodeling.However, differ-
ent typesof model with the sameRMS mis�t �t individual data
pointsdifferently, andthis differenceis alsore�ected in �eld pre-
dictions.Figure5 comparesthemagnetic�eld power spectrafrom
sphericalharmonicanalysis(SHA) by Cainet al. [2003], Conner-
ney et al. [2001]andArkani-Hamed[2004],andof thepredictions
of themagnetizationmodelsof Langlaiset al. [2004] andour pre-
ferredmodel,all evaluatedat Mars' surface. SHA power spectra
continueto risewhenplottedat thesurface,whereasthosederived
from magnetizationmodelsreacha maximumat aboutharmonic
degree50, with only a little lesspower at wavelengthswell re-
solved by the data. Divergent power spectraimply non-physical
models(e.g. negative depthsto sources)andwe thusrecommend
the useof magnetizationmodelsover SHA for downward contin-
uation. Conversely, we recommendCain et al. [2003] over our
magnetizationmodelfor upward continuation.The lower magne-
tizationamplitudeof our preferredmodelcomparedto Langlaiset
al.'s [2004] is re�ected in its predictedmagnetic�eld power spec-
trum. Figure5 alsoshows thedegreecorrelationof thepredictions
of our magnetizationmodelwith othermodels,demonstratingthe
excellentagreementto approximatelydegree50.

Fromour models,we identify featuressimilar to magnetization
patternsassociatedwith the resultsof tectonicactivity andmag-
netic reversalson Earth. Theseincludemagneticstripesof alter-
natingpolarity, thecoincidenceof magneticandgravity anomalies
overvolcaniccenters,truncationsin otherwiselinearmagnetization
features,andpolarwander. Largesectionsof thesurface,particu-
larly northof thedichotomy, areessentiallyunmagnetized,re�ect-
ing activity after the Martian dynamohadswitchedoff. We have
developeda chronologyof eventscorrespondingto themagnetiza-
tion featuresof our model,aidingstructuralandtectonicinterpre-
tation.

In future work, we intendto investigatefurther the predictions
andinterpretationof ourmodel,includingthemagnetizationcorre-
lation length, and whetherit variesacrossthe dichotomy. Con-
tinuing MGS operationmay improve the data set to the extent
that further modelsarejusti�ed, in which casewe would hopeto
strengthenthe conclusionsdevelopedhere. Although we areun-
ableto producerobustestimatesof Martianmagnetizationstrength,
threefactorspoint to it being signi�cantly higher than on Earth.
Firstly, a comparisonbetweenthe size of terrestrialand Martian
magneticanomaliesat satellite altitude. Secondly, the original
magnetizationswill have beendecayingviscouslyandby chemi-
cal alterationover the � 4 billion yearssinceacquisition.As they
arebasedpurelyon satellitedata,ourmodelsdo notcontainwave-
lengthsshorter than around200 km. On Earth, aeromagnetic,
marineandground-basedmeasurementsindicatethat shortwave-
lengthfeaturestypicallyhavemuchhigheramplitudesthanthoseof
intermediatewavelengthfeaturesinferredfrom satellitedatawhen
comparedat thesamealtitude. If thesameis true for Mars,again
highermagnetizationsaresuggested.

Weconcludethatthemagneticmineralogyand/orstrengthof the
Martian dynamo�eld musthave beenvery differentfrom that on

Earthwhenmagnetizationwasacquired,providing signi�cant chal-
lengesto themineralmagneticandplanetarydynamocommunities.
Candidatemagneticcarriers(requiringhigh magnetizationandco-
ercivity), eitherresposiblefor primarymagnetizationor thatresult-
ing from impacts,includehaematite[e.g.Christensenet al., 2001;
DunlopandKletetschka,2001;Hyneketal., 2002],pyrrhotite[e.g.
Rochetteetal., 2001,2003]andlamellaeof hemo-ilmenite[McEn-
roeetal., 2004a,b]. Haematitehasrecentlybeenidenti�ed in Mar-
tian rocksby surfacerovers[Christensenet al., 2004;Klingelhöfer
et al., 2004;Riederet al., 2004]. More energeticcoreconvection
early in Mars' historymayhave resultedin a higher�eld strength
dynamoandconsequentfastercooling,causingdynamoactivity to
ceaseat a relatively early stage.Determinationof Mars' moment
of inertia [Yoderet al., 2003] indicatesthat it still hasa partially
�uid core,andhencethe areothermbecamesub-adiabatic,rather
than the core froze completely. Scenariosfor core evolution are
discussedby Stevenson[2001].
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Class � r � � � �

AB1 6.5 9.5 9.9
AB2 (night) 6.7 7.1 6.2
AB2 (day) 10.3 13.5 13.0

SPO 6.4 10.5 11.4
MPO 5.9 5.3 6.8

Table1. Summaryof theweightsin nT appliedto thedifferentdatatypes,afterCainetal. [2003].

Threshold Retained � Iterations Mis�t �M
0.25 0.21 50 550 2.4 0.77
0.25 0.21 100 75 2.3 0.93
0.25 0.21 103 15 4.3 0.31
0.25 0.21 104 7 5.5 0.05
0.6 0.07 104 7 5.5 0.04

Table 2. Statisticssummarizingsomeinversions.Thresholdis thevalue
below whichGrammatrixelementsareconsideredneglibly small,Retained
indicatesthepercentageof Grammatrixelementsretainedwith this thresh-
old, � is the dampingparameter, Iterationsindicatesthe numberof CG
iterationsto achieve convergence,Mis�t is the(weighted)mis�t and �M is
themeancrustalmagnetizationin A/m. Ourpreferredsolutionis thesecond
one,with ameancrustalmagnetizationof 0.93A/m.

Class r msr r ms � r ms � rms
AB1 1.7 1.7 1.9 1.8

AB2 (night) 2.8 2.7 2.4 2.6
AB2 (day) 3.4 2.7 2.5 2.9

SPO 1.6 1.9 1.6 1.7
MPO 1.0 1.1 1.1 1.1

Overall 2.6 2.3 2.1 2.3
Table3. Normalizedrmsmis�ts by componentanddatatypefor themodelwith � = 100.

Table4. A Chronologyof Eventswith amagneticsignature.

Code Event Location Reference
Initiation of Martiandynamo

Overturn of primordial magmaocean(s),en-
hancedcore heat�ux andmagnetic�eld gen-
eration,cooling of hot near-surfacecumulates
to produceanearlymagneticcrust

planet-wide Elkins-Tanton et al.
[2003]

Magnetic�eld creationevents
1a Developmentof lineatedmagneticfeaturesas-

sociatedwith crustalrecycling
Terra Sirenum and
Cimmeria

Connerney etal. [1999]

1b Developmentof magneticfeaturesassociated
with volcanismandplutonism

proto-Apollinarsis Pat-
era

Langlais and Purucker
[2003]

1c Developmentof magneticfeaturesassociated
with volcanismandtectonism

proto-TyrrhenaPatera Whaler and Purucker
[2003]

Martiandynamodisappears
Magnetic�eld destructionevents

2a Impact Isidis Acuñaet al. [1999]
2b Impact Hellas Acuñaet al. [1999]
2c Impact Argyre Acuñaet al. [1999]

Latertectonicevents
3a Extensionaltectonics VallesMarineris Purucker et al. [2000],

thisstudy
3b Extensionaltectonics? GangesChasma Purucker et al. [2000],

thisstudy
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Figure 1. Observationswhich serve asinput to the model. From
top to bottomareshown B r , B � , andB � . If theobservationswere
acquiredabove 160 km altitudethey areshown in color, if below
they areshown asthehorizontalgradientin shadedrelief, illumi-
natedfrom the north andwest. The high altitudedataarebinned
into two degreebins,thelow altitudeinto onedegreebins,andthe
medianplotted. Global Hammerprojectionscenteredon the 180
meridian.
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Figure2. Magnetizationmodelshowing thethreeorthogonalcom-
ponents,M r , M � , andM � . Eachmapis shown centeredon the
180meridianasa globalHammerprojection.
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Figure3. Magnetizationmodelshowing themagnitudeof themag-
netization,andthedeclinationandinclinationwherethemagneti-
zationstrengthis suf�cient for their de�nition. Eachmapis shown
centeredon the180meridianasa globalHammerprojection.La-
belsarekeyedto table4.
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Figure 4. Residuals(left) andweightedmis�t (right). From top
to bottom are shown B r , B � , andB � . If the observationswere
acquiredabove 160km altitudetheir residualsareshown in color,
if below they areshown asthehorizontalgradientin shadedrelief,
illuminated from the north and west. The high altitude dataare
binnedinto two degreebins,thelow altitudeinto onedegreebins,
and the medianplotted. The contour levels at which the colors
changeis symmetricabout0 nT. GlobalHammerprojectionscen-
teredon the180meridian.Thetails of theweightedmis�ts for B r

extendto � 65 nT: thosefor theothertwo componentsaresmaller.
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Figure5. (a)Comparisonof theLowes-Mauersbergerpowerspec-
tra at thesurfaceof Marsfrom this othermodels.Thespectrumis
themeansquareamplitudeof themagnetic�eld over a spherepro-
ducedby harmonicsof degreen. NASA is themodelof Connerney
et al. [2001],FSUis themodelof Cainet al. [2003], GSFCis the
modelof Langlaiset al. [2004], andMG is the modelof Arkani-
Hamed[2004].(b)Thedegreecorrelationof this modelcompared
with theothermodels.


