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ABSTRACT

Palaeomagnetismis apowerfultool for identifying rotationsaboutany
axis. A palaeomagneticstudy in basementthrust sheetsin the southern
Axial Zone,Pyrenees,hasdemonstratedthat 3-D rotationscanbe identi-
fied in basementterrain whereno other palaeohorizontalmarkersexist.
Threedifferent movementhistoriesare describedwithin a stackof six
thrust sheets.The lowermost unit has experienceddoming and tilting
abouta horizontalaxis at a different time Lo clockwiserotationabouta
verticalaxis of 25’. ‘¡he middle four sheetshaverotatedclockwiseby 35
Lo 60’ andhavebeenLilted by 40 to 65’ Lo Lhe north.‘¡he uppermostsheet
hasexperiencedno rotation andtilting, indicating that the Lhrust (or re-
versefault) hadan original attitudesimilar to its presentsteepnorthward
dip. This studyillustratesLhe potentialof the palaeomagneticmethodfor
discriminatingbetweenmodelsof theevolutionof thePyreneeswhich in-
voke steepstructuresin thecentralregion Lo havehadan originally steep
attitude,either rootedinto azoneof inhomogeneousshorteningin the lo-
wer crust or decolledon a shallowfault, and thosewhich invoke origi-
nally shallowstructureswhich havebeensubsequentlyback-steepened.

INTROD1LJCTION

The geometryof structuresin the internalpartsof orogeniebelts can
be difficult to determinesinceLhe palaeohorizontalorientationof igneous
or polydeformedbasamentrocks is not known. ‘¡his problemis of great
significancein Lhe Pyreneeswhere conflicting andfundamentallydiffe-
rent modeisof the deepstructurehavebeenproposed.The surfaceex-
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pressionof Tertiary thrust faults in the Pyreneesshows a fanning geo-
metry which hasbeendescribedby many authors.SegurelandDaignie-
res (1986), Seguret(1972), andChoukrouneandSeguret(1973) favoura
vertical tectonicinterpreíationin which the thrustssteependownwards
into a zoneof inhomogeneousshorteningin thelower crust.Williams ami
Fiseher(1984), andParish(1984) prefer a thin skinnedmodel in which
alí thmstsare assumedto haveoriginatedat shallow anglesand to have
beensubsequentlysteepenedby backthrustingor by piling of lower im-
bricatesinto antiformal stacks.Deramondet al (1985) proposea Lhick-
skinned model in which thrustsroot down to join a basaldetachmental
the Moho. McCaig (1986) hasdiscussedíhe relativemerits of thesemo-
deis.

In this papenwe will demonstratethatpalaeomagneticestimatescan
be madeof total three-dimensional(3-D) rotations in basementthrust
sheets,palaeomagneticmethodsLhereforemay enableus in future to re-
solve the confliet bet’weenvertical, Lhin and thick-skinnedmodeis.Rete
we presenta preliminary palaeomagneticstudy of a suiteof late Carbo-
niferousdykeswhich cutSilurian Lo Carboniferousrockson thesouthern
marginof the PyreneanAxial zone,southof theMaladetagranodiorite.In
this area post-HercynianTriassicredbedshavebeenimbricatedandfol-
dedinto an antiformalstackduringAlpine southwardsdirectedthrusting.
Where Triassic rocks are preservedoverlying the basementLlie palaeo-
magnetieestimatesof tilt about a horizontal axis agreewell with the
amountof Lilting of the Triassicbedding.

GEOLOGICAL BACKGROUND

‘¡he geologyof the southernAxial zone,southof the Maladetagrano-
diorite in the areaof Pont de Suert,hasbeendescribedby Mey, (1969).
Fig. 1 showsa much simplified sketchmapof the areawith samplinglo-
calities.Hercyniandeformationhasaffectedsedimentsfrom Cambro-Or-
dovicianLo lower Carboniferousji age.Thesearecutby intrusivesofthe
lateCarboniferousBonocomplex,which is probablyasssociatedwith the
Stephanianvolcaniesfoundat Erill Castelí.Unconformablyoverlyingthe
Hercynian deformedbasementare upper Carboniferous,Permianand
Triassicconglomeratesaid red sandstones.‘¡he southwarddirectedAl-
pinethrustinghasimbricatedsheetsof basementaid ocassionalTriassic
redbedsinto an antiformal stack. Six separatethrust canbe identified.
‘¡he lowermostsheet(sheet1) extendssouthwardsto the northernedgeof
the Nogueraszone(Figs. 6 and 7). Triassicredbedsarepreservedoverlying
the basementat the northernaid southernendsof the exposureof sheet
1. The unconformityis steeply southwarddipping aL the southernedge
and is shallowly íorthwarddippingat the northernedgeindic,atingthat the
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thrust sheeethasadomalstructure,probablydueLo movementon lower
thrusts.Thrustsheets2 to 6 havenorthward-dippingthrust contacts.The-
se thrustsdie out westwardsinto fold structures.

The Bono complexconsistsof a central intrusionof diorite to grano-
diorite compositionfrom wbich a suiteof quartzandfeldspanphyric in-
termediatelo felsic dykesradiate.‘¡hesedykesoutcropu alí thrust sheets
in the study area.‘¡bis paperconcentrateson a palaeomagneticinvesti-
gation of the remanencecarriedby thesedykes.

PALAEOMAGNETIC RESULTS

Palaeomagneticsampleshavebeencolleetedfrom 30 dykesu 5 dii.
ferentthrust sheets.An averageof eight coresweredrilled from eachdyke
and where the host rock was sampleable,a series of coreswere drilled
acrossLhe contactaureole.At this stageji our study we haveLhermally
demagnetized108 samplesfrom dykesandcontactaureoles.The rema-
nencestructurehasbeenanalysedby usingtheLinefind algorithm(Kent,
Briden andMardia, 1983) to rigorouslydeterminethe direction of mag-
netizationcompoíents.Two dimensionalrepresentationsof the threedi-
mensionalvectorstructurecan be madeusingvectorplotsof thermalde-
magnetizationdata(seeFig. 2 for example),in which Ihe measureddirec-
Lion of magnetizationaftereachthermaltreatmentstepis projecíedonto
both a horizontal and a vertical plane. A single componentremanence
changesduringthermaldemagnetizationonly by the intensitydecreasing.
This is representedon a vectorplot by two linestrendingtowardstheori-
gin, one in the vertical, Ihe other in the horizontalprojection. On ther-
mal demagnetizationof multicomponentremanences,unesin Lhe diree-
Lion of thevariousmagnetizationcompoíentsaretracedout in eachpro-
jection of the vectorplot.

A total of 80 samplesfrom 23 of the dykesaid contactaureoles,have
awell definedcharacteristieremanencedeterminedby detailedthermal
demagnetization.In somedykesthe remanenceis carriedexc¡usivelyby
magnetic and hematite. Figure 2 shows typical vector plots of three
samples(87p53-7, 8’7p54-ó and 87p21-4) which display thesefeatures.
87p53-7hasa singlecomponentremanencecarriedby magnetitewith a
distributedblocking temperaturespectrum.87p54-6hasasinglecompo-
nentremanencecarriedby magnetite,with a blocking temperaturenange
of 427-580’C aid by hematite,with a blocking temperaturerange of
655-685’C.87p2l-4hasapresentearth’sfleld overpnintwith lowblocking
tempenatures(up Lo 250’C) aid acharacteristicremanencewith blocking
temperaturesbetween328’C and685’C.

The primary natureof the characteristicdyke remanencedirections
hasbeendemonstratedby four fulí aid two partial positivecontacttests.
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Ti a fulí contacttest, the host rock close to the dyke margin hasa single
componentremaneneestatistieallyidenticalto thatof thedyke, indicating
that the host rock was heatedaboye the Curie point of its remanence
earriersduringthe intrusion of Lhe dyke. Further from Lhe dyke, where
the host rock was heatedto a temperaturelessthan the Curie point, the
remanenceis two component,Lhe lower blockingtemperaturecomponent
havingbeenacquiredduring the contactheating,andthe higherblocking
temperaturecomponentpredatingthe heating.This indicatesthat no re-
niagnetizationeventhasoccurredsincethe intrusion. In a partialcontact
test, the host rock closeto Lhe dyke margin hasthe sameremanencedi-
rection as the dyke. Figure 3 showsa fulí contacttest from site 16, whe-
rethe dyke(Fig. 3 (a))andclosecontactrock(Fig. 3 (b)) havethesamesingle
componentremanence,andthe host rock 1 Om from the Sm wide dyke
(Fig. 3 (c)) hasthis samecomponentwith blocking temperaturesbelow
580’C. The directionof the high temperaturecomponentis not properly
isolated becauseaboye580’C thermalalterationbegins,and the magne-
tization direction beomeserratic.However, the high temperaturedirec-
tion is significantly different from that of the dyke overprint.

Mean characteristicdyke directions from groupsof dykes close to
eachotherhavebeencalculated.Figure 4 showsLhe distributionof mean
directions from locationswithin sheet1. ‘¡he directionsare distributed
alonganorth/southaxis, (i.e. their declinationsareclose to 180’) and the
inclinationof remanenceis relatedto thegeographicalpositionofLhe site.
The most southerlysite hasthe steepestinclination aid the most nort-
henly site hasthe shallowestinclination. ‘¡he circíes indicatethe coneof
95 ~/oconfidencethatthe directionlies within this circle(alpha95). Figu-
re 5 showsthe distributionof meandirectionsfrom thrustsheets3 to 6.
AII directions from sheets3 to 5 are upwarddirectedto the south-west,
whereasthedinectionsfrom sheet6 aredownwardsdirectedto thesouth-
east.Figure6 showsthe remanencedirectionsin thein geographicalloca-
tions, representedasan anrowin the direction of declinationaid anum-
benindicating the inclination, plottedon a mapof the thrust sheets.

INTERPRE’¡ATION

‘¡he remanencein the dykeshasbeenshownto date from Lheir intru-
sion in late CarboniferousLimes. ‘¡he palaeomagneticfleld direction which
would be expectedin rocksof this age from stableIberia,hasbeenpropo-
sedby Vandenbergaid Zijdenveld (1982), Lo haveDec=l50’, Inc=+15’;
this directiontakesthe rotationof Iberia into account.‘¡heoriginal orien-
tation of the magnetizationin the dykeshas thereforebeenrotatedinto
this direction by the rotation of Iberia. Any significaít directional diffe-
rencebetweenthe presentdirection of dyke magíetizationand Lhis refe-
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SHEET 1

Fig. 4. Segmentof equalangleprojectionof meanrernanencedirectionsj’romthrustsheet
1. Filled symbols indica[e adownwardpointing, lower hemispherevec[or, opensymbols
indicateupwardpointing, upperhemispherevectors.
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PÁg. 6. Mean remanencedirectionsplotted argeographiclocation. Directionof arrow in-
dicatesactual declinationof magnetizationvector,nuniherby arrowindicatesinclination.
Filled circle indicatessamplingsite or groupof sites,arrowpoints awayfrom site for ne-
gativeíncltnations, towardssite for positive inclinations. Small tine at endof arrow mdi-
cateslateCarbonifernusreferencedirection, [he anglebetweenthis limie andthe arrow is
[he estimateof clockwiserotationabouta vertical axis. Thrust sheetsarenumbered1 to
6. Cross-sectionsareshownin Fig. 7.
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rencefield directionindicatesablock rotationof thedykesduringtheevo-
lution of Alpine age Lhrust sheeets.Herewe neglectany rotationswhich
mayhaveoccurredduringLhe formation of earlyextensionalfaults. ‘¡he
amountof 3-D rotation of Lhe Lhrust sheetscan be estimatedin thisway.
1-Iowever,any rotation(or componentof rotation)aboutan axisparallel
to the magnetizationdirection is missedby this method.It is fortuitous
that the referenceficíd direction is perpecdicularto Lhe main axisof fold-
ing in the Pyreneesso the effect of this limitations is minimized.

Polesto beddingin Triassicredbedsfrom thrust sheet1 are distribu-
ted on a north-southgirdie giving an easterly,sub-horizontalmeanfoid
axis.Tite distribution of remanencedirectionsfrom dykesin titis thrust
sheet(Fig. 3 and5) is consistentwith thedykesandtheir remanentmag-
netism having undergonetwo componentsof rotation sincetheir intru-
sion. AII declinationsareabout25’ westof Lhe expectedlate Carbonife-
rousdeclinationof 150’, i.e. they havebeenrotated25’ clockwiseabout
avertical axis. The remanencedirectionsalsoappearto havebeenrota-
ted aboutthe sub-horizonta]fold axis definedby poles to Triassicbed-
ding, as passivemarkersduring foldingof thethrust sheet.For example,
the southernmostgroupof dykeshasaremanencewhich hasbeentilted
downwardsto thesouthby 60’. Thislocality is the closestto Lhe southern
unconformitywith overlying TriaswheretheTriassicbeddingdips south
at about60’. Similarly, the two northernmostgroupsof dykeswhich he
just underthe northernunconformitywhereLhe Triassicbeddingdips 10 Lo
20’ north, have remanenceswhich have beentilted downwardsto the
north (or upwardsto the south)by 10 Lo 156, away from the referencedi-
rection.Hencethepalaeomagneticestimatesof tilt abouta horizontalaxis
agreewell with theamountof Lilting of the Triassicbedding,andthere-
fore can be usedas an independentLilL estimatein higher thrust sheets,
whereTriassicsedimentsare not preserved.‘¡he errorson palaeomagne-
tic estimatesin this preliminary studyareapproximately±15’.

Remanencedirectionsfrom thrust sheets3 Lo 5 indicatethatmorero-
tation aboutbothhorizontalandverticalaxeshasocurredthanin sheet1.
AlI remanencesare upwarddirected in the southwestquadrant,indica-
ting tilting upwardsto thesouthandclockwiserotationof 35 to 60’. With
the presentdataset, it is not possibleLo distinguishbetweenremanence
directionsfrom sheets3 to 5. Remanencedirectionsfrom thrust sheet6,
which is in contactwith theMaladetagranodiorite,are, however,signifi-
cantly different from thosein underlyingsheets.They he within the ex-
perimentalerror of 15’ of the expectedlate Carboniferousfteld direction,
implying no significantrotationor Lilt hasoccurred.Rotationsaboutaver-
tical axis areillustratedin Fig. 6.

Fig. 7 showsLwo schematicN-S cross-sectionsthroughthe area,with
the palaeomagneticestimatesof tilt abouta horizontalaxis. The arrows
are orientedat the angle of tilt estimatedfrom themeanremanencedi-
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rizontal axis.The arrowsareorientedatthe estimatedangleof til[ ob[ained fromIhe group
of dykesbelowthe arrow.

rectionfrom the groupof dykesat that locality. ‘¡he domingof Lhe rocks
within thrust sheet1 is clearlyshownin this diagram.

‘¡hesepalaeomagneticestimatesenableus to interpret the sequenceof
Alpine-agethrusting in this area.Thrust sheets3 te 5 movedfirst and,
beingpinnedLo the westof the area,Lhis movementcausedclockwisero-
tation andsorneback-tilting. Movementmust thenhaveoccurredon a
deeperthrust coming up under sheet 1, which causedthe doming and
clockwiserotation of sheet1 andthe further back-steepeningandrota-
tion of sheets3 to 5. Lastly, thrust sheet6 movedon a breachingLhrust
which hadan originally steepattitude similar to its presentattitudecau-
sing no rotationor tilting, andwhich postdatesthe underlyingantiformal
stack.

CONCLUSIONS

The dykespreservea remanencecomponentdatingfrom their intru-
sion, andsorecord the lateCarboniferouspalaeohonizontal.‘¡heprimary
natureof their remanencehasbeendemonstratedby contacttests. Sub-
sequenttectonicrotationsof the dykeshasbeenestablishedby compari-
son with the known laLe-Carboniferousreferencedirection for Iberia
(150’-15’). WhereTriassicrocksarepreservedoverlyingthebasement,the
present-dayinclinationsof dyke remanencesagreewell with thosepredic-
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ted from theamountof tilting of tite Triassicbedding.However,declina-
tions are rotatedclockwiseby 20-60’, anddaLa from four separatethrust
sheetsshow an increaseof rotationupwardsin the thrustpile. Our daLa
suggetsthat clockwiserotationsaretite result of cumulativerotation in a
piggy-backthrusting sequence.Field evidencesuggeststhatmany of Lhe
thrustsdie out westwardsin fold structuresso LhaL the rotationsrefleet
pinningof thrust sheetswestof thearea.In Lhe northernpart of our study
area where Triassic rocks are not preserved,inclination data indicate
northwardtilting of basementthmst sheetby up to 60’ in sheets3 Lo 5,
but no significant tilting in thrust sheet6 adjacentto the Maladetagra-
nodiorite.Thesepalaeomagneticresultshaveenabledus Lo identify thrust
6 as abreachingthrust which had an originally steepattitude similar to
its presentattitude,andwhich postdatesthe underlyingantiformalstack.

Sectionbalancingtechniquesare difficult to apply directly Lo igneous
or polydeformedbasementrockssinceno palacohorizontalorientationis
known. Palaeomagnetismoffers an independentmethodof establishing
the palaeohorizontalin such rocks andso constrainingthe geometryof
structureswhich affect them.
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