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Abstract

In absolutaeferencdramesduringtheirtravel overthe Earth's surfaceaboutapoleof rotation,
someplatesmay experiencea furtherandcontemporaneousub-rotatiorarounda secondsub-
pole. In this casetwo angularvelocitiesare neededo completelydescribeplate motion. An
analyticalmethodcantake into accountthis sub-rotationwith the main plate motion andthe
instantaneougpole of rotationcanbe viewed asa third separatgole that changeswith time,
beingthecombinatiorof thetwo basicpoles,i.e.,theprimaryrotationpole,andthesub-rotation
pole. The sub-rotationpole is the only point of the platethatmoveson a circle and doesnot
changdlistancerelative to the primary pole andall the plate pointsdo not move on circlesbut
on particulartrajectoriedik e differentepicycloids projectedon theterrestrialsphericakurface.
We appliedthis modelto theNorth Americanplate,whichis moving WNW-wardin anabsolute
NNR (no-net-rotationyeferencdrameandtheresultis thatits motion canbe interpretedasa

rst rotationaboutamainpolelocatedat( 64:30 0:18)°N and(10552 1:15)°E,andasa



contemporaneousounterclockwiserotationaboutaninternalpolelocatedat (50:78 0:06) °N
and( 7778 0:50)°E. The combinationof the two polesgenerates third instantaneous
pole of rotation,thatis locatedat ( 1:.55 0:77)°N and( 8259 0:35)°E, but it doesnot

comprehensely describehe compositemotionof the plate.

1 Intr oduction

Platemotionanalysishasbeencomputedn anumberof differentways,from magneticanoma-
lies, [Ving, 1966], seismology hotspots[DeMetset al., 1990; Gripp and Gordon, 1990] and
spacegeodesydata[Sellaet al., 2002; Drewesand Meise| 2003]. Platemovementscanbe
describedothin absolutereferencdrames,e.g. the hotspotgeferencdrame[Morgan 1972;
WiIson, 1973], or relative referenceframes,e.g., one plate relative to another[Chase 1972;
Minster and Jordan, 1978; DeMetset al., 1990; Gordon, 1995]. For sale of simplicity, the
motion of a platecanbe describedin ananalyticway, asarigid bodyrotationaroundanEuler
poleovertheEarth's surface.

Consideringhe motionof theall plates,in anabsolutereferencdrame,thereareevidences
thatsuggeshow a plate,while it is rotatingaboutan Eulerpole,canmake a furthercontempo-
raneousrotation with respectto anotherpole. For example,alongwith the rifting between
Eurasiaand North Americain the Late Cretaceousand Early Cenozoic,Iberia has rotated
counterclockwise,producingthe extensionin the Bay of Biscay and mostof the shortening
in the Pyrenees[Van der Voo, 1993]. From an absolutepoint of view, this implies that the
rst rotationpole of the Iberia plate wasthe sameof the Eurasiaplate, but therewasanother
sub-polethatwascontemporaneousiyvolvedin the extensionof the Bay of Biscay

It is clearthatrelative kinematicanalysismadefor exampleby the NUVEL-1 relative plate
motionmodel,[DeMetset al., 1990],is not usefulto verify the hypothesisf the sub-rotation,

becaus¢he motionof oneplateis studiedrelative to anotheystated x edandonly onerotation
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is necessaryor the plate kinematics. However, usually whenthe relatve motion of a plate
respectto a secondone is computed,the contritution of the sub-rotationof one plate (if it
occurs)would be equally split betweerthe two plates,evenif the real sub-rotationis present
only in oneplate.

Ontheotherhand,the passagé¢o absoluteeferencdrames throughthe platemotionmod-
elsrelative to the hot spots,asHS2-NUVEL1 or HS3-NUVEL1A [Gripp and Gordon, 1990,
2002] or with the no-net-rotatiorcondition,asNNR-NUVEL1 [Argusand Gordon, 1991], it
is not a contrikution to recognizethe sub-rotationof someplates,becausdahey are an abso-
lute adaptatiorof the relative platemotion modeINUVEL-1, [DeMetset al., 1990],andif the
sub-rotations split betweertwo platesin therelative frame,this splitting is propagatedilsoin
absolutdrames.

For the caseof the Iberia, in fact,its rotationcanbe studiedrelative the Eurasiaconsidered

x ed,andonly oneangularvelocity andonerotationpoleis sufcient to describethe motion.
But, atthe sametime, the Eurasigplatewasinvolvedin therifting with North Americaandthe
Iberia plate hasfelt the effect of this motion andit hasfollowed the Eurasiatrajectory This
factshowvsthe needto the passagéo anabsoluteplatekinematicanalysisand,in this casefwo
angularvelocitiesandtwo rotationpolesarerequestedo describehe Iberiaplatemotion.

With the previous example the attentionhasbeenfocusedon the platemotion over the ge-
ologicaltime andto studythe rotationandthe sub-rotationof a platethe paleomagnetismand
theplatereconstructionsave to beinvolved;consideringinsteadthe present-dayplatemotion
in the NNR referencdrame,asNNR-NUVEL1 [Argusand Gordon, 1991], basedon the geo-
logical andgeophysicatlataacquiredon plateboundarie®or the actualplatemotionmodel,as
the REVEL2000,[Sellaetal., 2002],andthe APKIM2002, [ Drewesand Meise| 2003],based
on the spacegeodesytechniquesthe instantaneousotationof a platecanbe alsoviewedto be

composedf a primaryrotationanda sub-rotation(if any). In this interpretationthe instanta-



neouspole of rotationis a third pole, thatchangeswith time, representinghe combinationof

the othertwo poles,onefrom the rst rotationandthe otherfrom the sub-rotation.Underthis

hypothesisthen,the platepointsdo not move on circulartrajectoriesbut they would hypothet-
ically describedifferentcurves, like epicycloids, projectedon the Earth's surface(Figure 2).

Thisis only anidealcasebecausén reality a platethatsub-rotateseemnto form only segments
of theseepigycloids.

Theimportancean detectinghe sub-rotatiorin absolutereferencdramesconcernsalsothe
dynamicalimplicationsandhypotheseaboutglobalplatetectonics Regardlesgsheenepy that
movesplates,n generalthe sub-rotatiorrequireshe actionof a coupleof forcesactingonthe
singleplate,asthe exampleof thelberia.

In this paper we determinean analyticalmethodthatdescribeshe motionof a singleplate
in anabsolutaeferencdrame,wherewe supposets motionis thecombinationof two contem-
poraneousotations,i.e. a rst rotationaroundits primary pole of rotation( r strotation pole)
andasecondotation(sub-otation) aroundanotherpole.

To testthe goodnesof the model, we usedthe presentplate motions, using the NASA
databasdHe in et al., 2004] and the actual plate motion model APKIM2002 [Drewesand
Meise| 2003], and we appliedit to the North Americanplate. In the ITRF2000reference
frame, the instantaneoumotion of the North AmericanPlate(NA) shouldbe interpretedasa
combinationof two contemporaneoustation;in fact, we canview its motion on a W-ward

rst direction,but with afurtherinternal CCW rotation.

2 Theory and method

Thoughtthe applicationof the Euler's theoremfor plate kinematics[Bullard et al., 1965] is
always valid, independentlyof the choiceof the relative or absolutereferenceframe, plate

motionis principally studiedwith arelative kinematicanalysis[CoxandHart, 1986;Fowler,
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1990; Turcotteand Scubert 2001].

Whenthereis not a relatve x ed plate as frame, but a plate moves with respectto the
underlyingmantlein anabsoluteeferencdrame,the present-daynotionof a singleplatecan
be describecasaninstantaneousgid bodyrotationon a sphericalurfaceaboutan Eulerpole
(Figure 1a). In this simple con guration, during the continuumof the time, the plate hasa
main pole of rotation,andary pointin the plate maintainsthe samedistancefrom the pole at
two differenttimest; andt,, while the platemoves(Figure 1a). Then,the platesimply shifts
aroundthe parallelsof the supposegbole,traveling on acirculartrajectory

Here,we proposeananalyticalmethodthatdescribeshis simplemotionof oneplatepoint,
giving, astheresult,the velocitiesof the trans\ersalandlongitudinaldisplacemendepending
only by thepointcoordinates.

Becauseheplateis rigid, its kinematicscanbe studiedstartingfrom geometricatonsider
ations,obtainingmotion's equationswithoutary dynamicaltreatment.

Consideringthe Earthasa sphere the sphericaltrigopnometry[Ayres 1954;Butler, 1992;
Fowler, 1990; Turcotte and Scubert 2001], canbe usefulto derivatetwo equationghat de-
scriberespecitrely the velocity of the transwersaland of the longitudinal displacemenbf a

singleplatepoint (seeappendixA) asfollows:

8
% VO =Rl sin (t) © cos B
% V) =R! cos (t) sin B+ (1)

tan (t)cos Ecos (1) &

where( (®); (B)) arerespectiely thelatitudeandthelongitudeof theEulerpole,thataretime-
independent( (t); (t))arethecoordinate®f thegenericplatepoint,thataretime-dependent

and! is the angularvelocity andbecausehe motionis smoothandsteadyV (), V() and!



areconstant.Then,the expressiongo obtainthe magnitudeandthe azimuthof the velocity of

ageographicaplatepointarethefollowing:

8 q
g\/: vO) 24 yO ?
3 (2)

v()

H — 1
azimuth= i tan W

The secondof equation(2) ensureghatzerois alignedwith thetrue northto correspondo the
geologicalcorventionof measuringlirectionof strike,[Hendeson 2001].

Theequationg1) and(2), do not differ from the resultsof SteinandWysessior{ Steinand
Wysession2003]andZhong[Zhong 2001],andthey allow usto studyplatemotionduringthe
continuumof thetime with respecto the mantle.

In this paper we considerthata genericlithosphericplateis moving on a sphericalsurface
in anabsolutereferencdrame, makingtwo contemporaneou®tations,oneaboutan external
r strotation pole, andanotheraboutan internalpole (sub-otation pole), insidethe platethat
moveswith the plateitself (Figure1b). During the continuumof thetime, the platestill moves
aboutthe rst rotationpole,but it contemporaneousiptatesaroundthe sub-rotatiorpole,and
onereferencepoint of the platechangests distancefrom the main pole at two differenttimes
t; andt,, e.g.,increasinganddecreasinghe lengthwith the mainpole (Figure1lb) andmaking
aparticulartrajectorylik e anepigycloid (Figure2). Only onepointdoesnot changats distance
with themainpole,i.e.,thesub-rotatiorpole,thatgoeson a parallelof the rst poleandmakes
acirculartrajectory(Figure2). Whenthe two rotationsare mixed during the motion, at every
instant,a plate point seemgo have an instantaneoupole of rotationandit appearsasa third
separatepole, (composedotation pole) (Figure 3), that do not completelydescribethe real

motion.

For example,Butler [Butler, 1992] describeshe motion of a singleplateasa rotationwith



respecto aninternalrotationaxis andwith respecto anexternalEuler pole, but he considers
two differentand separatedasesand both in the two separatedituationsonly one angular
velocity andoneEulerpolearerequired.

Underthehypothesi®f thesub-rotationthetwo rotations e.g.theinternalandtheexternal,
are contemporaneouandto describethis composednotion, we needtwo angularvelocities,
one(! ;) relatedto the rst rotationandtheother(! ) relatedto thesub-rotationthen,equations
(1) have to beappliedtwice, the rst time for the rst rotationandthe secondime for the sub-
rotation. In this caseusingthe equationq2), at onegenericplate point thereareappliedtwo
linear velocitiesthat representhe action of the angularvelocities(Figure 3). The resulting
velocity is avectorthatis instantaneouslyelatedto the composedotationpolethat,duringthe
continuumof time, changests positionevery instant.

Then, rstly consideringhe rst rotation,we have thefollowing

8
% vi)=Rl, sin (t) cos
% v() =R!, cos (t) sin + (3)

tan (t)cos cos (t)

where( ; ) arerespecitiely the latitude and the longitude of the rst rotation pole, that
aretime-independent, (t); (t)) arethe coordinatef the genericplatepoint, thataretime-
dependenand! | isthe rst rotationangularvelocity.

But, consideringalsothecontemporaneowsib-rotationequationg1) canbewritten asfol-

lows



8
% Vi) =Rl sin () (1) cos(t)
% V{) =R !¢ cos (t) sin ( t)+ (4)

tan (t)cos( t)cos (t) (1)

where( ( t); ( t)) arerespectrely thelatitudeandthelongitudeof thesub-rotatiorpole (time-
dependent)( (t); (t)) arethe coordinatef the genericplate point, thataretime-dependent
and!  is the sub-rotatiorangularvelocity.

Adding the two contemporaneoumtations,e.g. rst rotationandsub-rotationwe obtain

the expressiorof thecomposednovementsasfollows:

8
2 v = vO+ v

()
Vi) = vO 4 v)

whereV¢ ’ andV{ ) arerespectiely the velocity of thetrans\ersalandlongitudinalcomposed
displacementf a singleplatepoint.
In this case the expressiongo obtainthe magnitudeandthe azimuthof the velocity of a

geographicaplatepoint arethefollowing:

8 g 2 2
§V= Vr()+vs() + Vr()+\/s()
6
3 vO + vO) ©
azimuth= » tan * = )
Vi +V,

andthevelocity of thegenericplatepoint obtainedwith equationg6) is generallyrelatedwith a
third pole of rotation,(composedotationpole), thatis notsigni cant in shaving thecomposed

movement(Figure3).



For the purposeo separatéhe two-rotationmotion,we needto know the motion's parame-
tersasthe rst rotationpolecoordinateg ; ) andthe rst rotationangularvelocity! ;, and
then,thesub-rotatiorpolecoordinateg ( t); ( t)) andthesub-rotatiorangularvelocity! .

If wetry to studythetwo-rotationmotionof aplatein absoluteeferencdramesge.g.hotspot
frame,[Chase 1978;Gripp and Gordon, 1990,2002] or GPSframe,[He in etal., 2004],the
platethatsub-rotatess contemporaneouskpllowing anabsolutedirection.

To nd the motion's parameterswe have to searchthroughthe principal featuresof plate
tectonicghatsuggesthetwo-rotationmotion,asthe exampleof the Iberia, but sometimeslso
the presentay platemotion or the actualplatemotionfrom spacegeodesyfor a singleplate,
canbeinterpretedasa rst rotationanda contemporaneousub-rotation.

Using the GPSveloctiessolution[He in et al., 2004] and the actualplate motion model
APKIM2002, [Drewesand Meise| 2003] we tried to apply equationg6) to the North Amer-
ican plate, hypothesizinghat the instantaneouslorth Americanplate motion canbe viewed
astheresultof the sumof two differentrotation,onean external rst rotationandthe othera

contemporaneousub-rotation.

3 The sub-rotation of the North America and discussion

The applicationof the equationg5) and(6) to the North Americanplateis rstly atestfor the
analyticalgoodnes®f the two-rotationplatemotion model. Therearenot cleargeodynamical
evidences(as for the exampleof the Iberia) suggestinghe North American plate motion is
composedy two contemporaneou®tation,though,underthe hypothesiof a globaltectonic
pattern[Doglioni, 1990],the sub-rotatiorof the North Americanplatewould be betterjusti ed.
This platewaschoseralsobecauséhereis thelargestnumberof GPSstationsof the global
network andtheir velocitiesare reportedin an absolutereferenceframe, the ITRF2000[Al-

tamimiet al., 2002], andit is useful for the comparisorwith modelresults. Thoughin this
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referencdramea no-net-rotatiorcondition(NNR) is conventionallyimposedwhich is a lim-
itation to determineplate motion relative to the underlyingmantle, it is anyhow an absolute
referenceframe wheredataare easilyto be found. Moreover, this applicationwould be also
helpful to demonstratéhat, for a lithosphericplate,in anabsolutereferencerame,a velocity
distribution, asthe GPSone[He in etal., 2004], relatedto aninstantaneoupole or rotation,
canbeviewedasaresultingmotioncomposedy two contemporaneoustations.

Firstof all, usingtheangularvelocitiesof the present-daylatekinematicanddeformation
model(APKIM2002),[DrewesandMeise| 2003],we a priori supposehatthe North American
rst rotationpoleis the APKIM2002 Paci ¢ rotationpolelocatedat ( 64:30 0:18)°N and
(10552  1:15)°E with an angularvelocity ! , = (0:6588  0:0039)°Myr ®. However,
this aprioristicchoicewould better t with a globalmainstreanfor globaltectonicgdDoglioni,
1990],andthePaci c rotationpole andangularvelocity from the APKIM2002 platekinematic
modelcouldberepresentatie to bethe rst rotationparameter$or the North Americanplate.

Then, to align the two-rotationplate motion to the GPSvelocitiesdistribution [He in et
al., 2004],it is necessaryo introducea contemporaneousub-rotatioron the rst rotationand
theresultis a sub-rotatiorpole locatedat (50:78 0:06)°N, nottoo far from therotationpole
of SteinandSella[Steinand Sellg 2002]and( 77:78 0:50)°E with a sub-rotatiorangular
velocity ! s = (0:7594  0:0069)°Myr . With thesetwo setsof motion parametersi.e.,
rst rotation and sub-rotation,we respectrely appliedequations(3) and (4) for only 20 se-
lectedintraplate-locatedpacegeodesystationsfar from the diffuselydeformedwesternNorth
Americaplatemaigin andtheresultsareshovn in table1.

Figure4 and gure 5 shaw respectiely andseparatelyhe rst rotationof the GPSstations
aboutthe rst rotationpoleandtheir sub-rotatioraboutthe sub-rotatiorpole. As shavn, when
we consideronly the sub-rotationthe sub-rotatiorpoleis x ed(Figureb5), but if thereis also

the rst rotation,thesub-rotatiorpolemovesalongaparallelof the rst rotationpole(Figure4).
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For thecaseof North Americanplate,thesub-rotatiorpoleis moving with atrans\ersalvelocity
vi{) = (1:83 0:70)mmyr ! andalongitudinalvelocity Vi’ = ( 1717 0:25)mmyr I,
(Figure4).

Then,we appliedequation(5) andequation(6) andtheresultsareshovn in gure 6 andin
table2.

Underthisinterpretationthe comparisorbetweenGPSdata[He in etal., 2004]andmodel
resultsindicategoodagreemenandtheir interferencegeneratea third composedotationpole
locatedat ( 1:.55 0:77)°N and( 8259 0:35)°E. In gure 7, we reporta completepic-
ture wherethe two instantaneousotationfor the plate,i.e., rst rotationandsub-rotationare
shavn andit is clearhow this sumgivesaninstantaneouselocity distribution relatedwith an
instantaneouthird composegole.

Thoughthis kinematicsanalysisneedmore physicaldatato con rm the result,it is anex-
amplesuggestinghat, if the sub-rotatiorreally occurs,the instantaneouthird composegole
would not be representatie of the real motion of a plate during the continuumof the time.
In factit would representpnly in one instant,the plate motion on the epycicloid thatis the
resultingtrajectoryfor a platemotionwith two contemporaneoustations(Figure?2).

This paperprovidesan analysisof the movementof platesdescribedoy multiple rotations
in an absolutereferenceframe. This modelis not a meremathematicakxercisebecausehe
analysisof a single Euler pole generatedlifferent kinematicswith respectto the two Euler
polesinterpretationasshovnin gure 8 whereNorth Americais imagedmoving from now to
180Myr in thefuture. For example,the two-polessolutionmaintainsNorth Americaat higher
latitudewith respecto theclassicone-poleanalysis.

This shavs how sub-rotatiorcanstronglymodify platemotions,andtherelative platekine-
maticsanalysiscanbeaffectedby absolutesub-rotation®f singleplateswhichareerroneously

sharedetweerplatepairs. For example whentherelative motionof aplaterelatveto asecond

11



oneis computedthe sub-rotatiorof the rst plateis equallysplit betweerthetwo plates,even
if therealsub-rotatioroccursonly in the rst plate.

Thelargeropeningof the SouthermAtlantic with respecto the centralAtlantic is aresultof
theclockwiserotationof SouthAmericarelatveto Africa [Vander Voo, 1993]. However, when
computingthe relatve motionamongthis pair of plates,e.g.,assumingx edthe Mid Atlantic
Ridge,therotationof SouthAmericais split half onthe CW rotationof the SouthAmericaplate
andthe otherhalf on the CCW rotationof the Africa plate. This CCW Africa rotationis then
includedin awider kinematiccircuit evenif Africa did notrotateor rotatedlessor differently.

Thisimpliesthatto abetterunderstandinghe Earth's dynamicsjt would beusefulto verify
all thehypothesesor platekinematics studyingthemotionof theall platesin absoluteeference

framesandnotonly in relative analysisvheresub-rotationsnight be hidden.

A The motion'sequations

During plate motions, choosingthe North Pole (O) asthe origin of the coordinatesjn the
sphericaltriangle OEQ (Figure9), thelengthof thearca = EQ, is aninvariantrelative to the

time. In asphereof a unit radius,from sphericatrigonometryrules[Ayres 1954],we have:

cos = (t) =cosacos = & +
2 ol @)
+ sinasin 5 € cos (t)

and
sin (t) & sin 5 (t)

sina= sin () (8)

anddifferentiatingthe (7) relative to thetime, usingthe (8) andsimplifying, we obtain:

% M =sin () & cos (E)% (t) (9)
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L . . . d
Now, consideringthe Earthasa spherewith a radiusR=6371km, beingV () = Ra (t)

d : : . .
and! , = a (t), we obtainthe velocity of thetrans\ersaldisplacemenasthe rst of equation

(1).

To calculate jnsteadthevelocity of thelongitudinaldisplacementywe considerthefollow-

ing:
= — t _ (E) +
cosa = CoS > (t) cos >
Fsin = (1) sin = ® 10
sin - (1) sin - (10)
cos (1) &

anddifferentiatingthe (10) relative to the time, usingthe (9) andsimplifying, we obtain:

%(t): sin & tan (1)
q (11)
cos Blcos (1) & 0t (1)

Then,consideringhe Earthasaspherawith aradiusR=6371km, beingV () = R cos (t)E (1)
dt

and! = % (t), we obtainthe secondbf equation(1).

Whenwe separatelyconsiderthe two component®f the composednotions,e.g.,the rst
rotationandthe sub-rotationtherearetwo sphericatriangles,(OP Q andOPQ), (Figure10),
and,asthesimplemotion,thelengthsb = P Q andb = PQ areinvariantduringplatemotion
andfor thisreasorwe cancalculatethe velocitiesof trans\ersalandlongitudinaldisplacement,
respectrely for the rst rotationandthe sub-rotation,(equation(3) and (4)), with the same
procedureof the simplecase but writing ! , = % (t) and! ¢ = % (t). Whenwe addthe
two componentsn the equation(5), thelengthb = P Q is notinvariantrelative to the time

andonereferenceplateof the platechangests distancefrom the rst rotationpole duringthe

motion, (Figurel1b).
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(@) (b)

Figurel: (a) For the simplestcase a platemoveson a sphereaboutan Euler pole,and,during
the continuumof the time, any pointin the plate maintainsthe samedistancefrom the pole at
two differenttimest; andt,. (b) Whenplatemotionis atwo-rotationmotion,a plateis moving
abouta rst rotationpole, andis contemporaneouslsotatingabouta sub-rotationpole. One
referencepointof the platechangests distanceérom the mainpole attwo differenttimet; and
t,, e.g.,increasingor decreasinghe lengthwith themainpole. Only onepointdoesnotchange
its distancewith themainpole,i.e.,thesub-rotatiompole,thatgoeson aparallelof the rst pole.
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Generic
plate point

First rotation pole §

Sub-rotation pole

Figure 2: Whenthe plate motionis a two-rotationmotion, two angularvelocitiesare needed
to describet. During the continuumof the time, the plate still movesaboutthe rst rotation
pole,but it contemporaneouskptatesaroundthe sub-rotatiorpole,andonereferencegoint of

the plate changests distancefrom the main pole at (here)four differenttimesand positions,
e.g.,increasingand decreasinghe lengthwith the rst rotation pole andmakinga particular
trajectorylike an epigycloid (grayline). Only onepoint doesnot changeits distancewith the
mainpole,i.e.,thesub-rotatiorpole,thatgoesonaparallelof the rst poleandmakesacircular
trajectory(redline). For sale of simplicity, here thetwo-rotationmotionis reportedonaplane,
but it is alwaysvalid on a sphericalsurface. This plateis moving CCW aboutthe rst rotation
pole, but, at the sametime it is sub-rotatingCCW aboutthe sub-rotatiornpole. This example
it clearlyanideal case becauset is a purerolling motionwithout friction. In reality, a plate
would form only a partof theepicgycloidal trajectory
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Figure 3: When plate motionis composediy a rst rotationanda contemporaneouslgub-
rotation,onereferencepoint is characterizedby two linear velocities,onerelative to the rst

rotationpole andthe otherrelative to the sub-rotatiorpole. The sumof thesetwo velocitiesis
thecomposedrelocity relatedto a third pole of rotation,(composedotationpole).
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Figure 4: Assumingthatthe rst rotation of the North Americanplate is along the pacic
trend(seetext), the selectedGPSstationsof the North Americanplaterotate rstly aboutthe
APKIM2002 Paci ¢ Eulerpole[DrewesandMeisel,2003]. Ellipsesshawv the 2-D 95%con -
denceellipse of the velocity. Here,we reportthe Paci ¢ Euler anti-polelocatedat 64:30°N
and 7448°E with a rst rotation angularvelocity ! , = (0:6588 0:0039) °Myr 1.
In this casesub-rotationpole is moving with Vi’ = (1:83 0:70)mmyr ! and V'’ =
( 1717 0:25)mmyr 1,

20



Figure5: If therewereonly the sub-rotationthe North Americanplate would rotateabouta
sub-rotatiompolelocatedat (50:78 0:06)°N and( 77:78 0:50)°E with anangularvelocity
= (0:7594 0:0069)°Myr 1. Ellipsesshov the2-D 95%con denceellipseof thevelocity.
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Figure 6: Adding the two contemporaneousotations,comparisorbetweenNorth American
GPSselectedstationvelocities(white vectors)andcomposednotion modelresults(black vec-
tors) shav good agreement. They are both relatedto a composedrotation pole locatedat
( 155 0:77)°N and( 8259 0:35)°E thatrepresentsheir interplay Ellipsesshow the

2-D 95%con denceellipseof the velocity
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Figure7: Summarizingicturewhenit is representethecomposeanotionfor North American

plate. For the 20 selectedGPSstation,the rst rotation(bluevectors)is aboutthe rst rotation

polelocatedat( 6430 0:18)°N and(10552 1:15Ewith!, = (0:6588 0:0039)° Myr 1,

the sub-rotation(red vectors)is aboutthe sub-rotationpole locatedat (50:78 0:06)°N and
( 7778 0:50)°E with anangularvelocity! ¢ = (0:7594 0:0069)° Myr . Compositiorof

thesetwo contemporaneousovementgblackvectors)arerelatedto acomposedotationpole

locatedat ( 1:55 0:77)°N and( 8259 0:35)°E thatis not signi cant of the composed
motion. Ellipsesshawv the2-D 95%con denceellipseof the velocity.
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Figure8: Comparisorbetweerone-rotatiormodel(left column)andtwo-rotationmodel(right
column).lt is shovn how multiple rotationsappliedat North Americanplategeneratalifferent

kinematicy(seetext). ”



Figure 9: For the simple plate motion, in the sphericaltriangle OEQ, Q is the genericplate
point, E is the Eulerpole,andthelengtha = EQ is aninvariantduring platemotion.
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Figure10: Whenthe motionis composedy a rst rotationandthe sub-rotationtherearetwo

sphericaltriangles,OP Q andOPQ, andthelengthsb = P Q andb = PQ areseparately
invariant. Applying equation(5) thelengthb = P Q is notinvariantduringthe motion. The

only pointthatmovesalongtheparallelof the rst rotationpoleis the sub-rotatiorpole.
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Table 1: When applying equation(3) and equation(4) to the 20 GPSstations,selectedfar
from the westernUS maigin, we obtain velocity of transersal and longitudinal displace-
ment(V{ ), V{? and V., V& ) with their 1 standarddeviation, respectiely for the rst

rotationwith a rst rotationpole locatedat ( 6430 0:18)°N and (10552 1:15)°E and
't = (0:6588 0:0039)°Myr ! anda sub-rotationpole locatedat (50:78 0:06)°N and
( 7778 0:50°Ewith! ¢ = (0:7594  0:0069)° Myr *

Firstrotation Sub-rotation
GPSstation Longitude( ) Latitude() W’ 1 vi) o1 (VAR (VAREE|
°F °N (mmyr 1) (mmyr 1) (mmyr 1) (mmyr 1)
ALGO -78.07 45.96 -23.10 0.23 199 064 7.71 0.09 -0.28 041
AMC2 -104.52 38.80 -34.21 0.31 1591 0.57 21.09 0.16 -24.02 0.38
AOLM -80.16 25.73 -45.74 0.27 3.15 064 3575 0.09 -222 041
BARH -68.22 44.39 -25.07 0.24 -3.46 0.63 9.91 0.11 8.86 0.41
BRMU -64.69 32.37 -38.99 0.27 -540 0.63 27.40 0.11 12.08 0.40
CHUR -94.08 58.75 -8.65 0.29 10.66 0.61 -9.88 0.15 -14.99 0.40
DUBO -95.86 50.25 -19.46 0.29 1158 0.60 2.80 0.14 -16.57 0.40
EPRI -66.99 44.90 -2451 025 -414 063 9.30 0.11 9.98 0.40
FLIN -101.97 54.72 -15.11 0.31 14.67 058 -1.98 0.18 -21.88 0.38
HNPT -76.13 38.58 -31.79 0.25 0.92 0.64 17.84 0.09 153 041
NLIB -91.57 41.77 -29,00 0.27 9.34 0.61 1424 0.12 -12.73 0.40
NRC1 -75.62 45.45 -23.67 0.24 0.63 0.64 7.86 0.09 2.00 041
NRC2 -75.62 45.45 -23.67 0.24 0.63 064 7.86 0.09 2.00 041
PRDS -114.29 50.87 -22.73 0.38 20.34 052 7.99 0.23 -31.76 0.35
SCH2 -66.83 54.83 -12.28 0.24 -423 0.63 -5.17 0.12 10.13 0.40
SOL1 -76.45 38.31 -32.10 0.25 1.09 0.64 18.21 0.09 1.23 041
STJO -52.67 47.59 -22.73 0.29 -11.80 0.60 841 0.17 22.63 0.38
USNA -76.47 38.98 -31.34 0.25 1.11 0.64 17.26 0.09 1.20 041
USNO -77.06 38.91 -31.42 0.25 143 0.64 17.35 0.09 0.66 0.41
YELL -114.48 62.48 -8.92 0.41 2042 051 -7.73 0.26 -31.90 0.35
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Table2: ComparisorbetweenGPSdata[He in etal., 2004]andmodelresultsindicatesgood
agreementGPSandmodellongitudinalandtrans\ersalvelocity component§V .k, Vias and
v), v) ) arereportedwith their 1 standarddeviation. Resultswere calculatedstudying
stableNA plateregionsandchoosingGPSstationgfar from westernJ.S. diffusedplatemagin.
Equationswere appliedwith a sub-rotationpole locatedat (50:78 0:06)°N and( 77:78
0:50)°E andwith a sub-rotatiorangularvelocity! ¢ = (0:7594  0:0069)°Myr ! anda rst
angularvelocity! , = (0:6588  0:0039)°Myr ! appliedonthe rst rotationpolelocatedat
( 6430 0:18)°Nand(10552 1:15)°E.

GPSdata Composednovement
GPSstation Longitude( ) Latitude( ) V&ps 1 Vi 1 VAR VARN|
°E °N (mmyr 1) (mmyr 1) (mmyr 1) (mmyr 1)

ALGO -78.07 45.96 -16.82 0.07 1.17 0.04 -16.00 0.34 1.71 0.65
AMC2 -104.52 38.80 -16.25 0.15 -7.84 0.23 -13.12 0.47 -8.11 0.69
AOLM -80.16 25.73 -9.99 0.08 229 0.16 -9.99 0.36 0.92 0.68
BARH -68.22 44.39 -15.56 0.17 6.11 0.27 -15.17 0.35 5.39 0.65
BRMU -64.69 32.37 -11.89 0.02 7.77 0.04 -11.60 0.37 6.68 0.67
CHUR -94.08 58.75 -18.79 0.06 -459 0.10 -1853 043 -4.33 0.69
DUBO -95.86 50.25 -1891 0.33 -6.22 0.20 -16.66 043 -499 0.69
EPRT -66.99 44.90 -16.22 0.17 6.61 0.27 -15.21 0.36 5.86 0.65
FLIN -101.97 54.72 -1891 0.16 -741 0.10 -17.10 051 -7.21 0.71
HNPT -76.13 38.58 -17.25 0.32 464 0.22 -13.96 0.34 2.45 0.66
NLIB -91.57 41.77 -1441 0.03 -296 0.04 -14.76 040 -3.39 0.67
NRC1 -75.62 45.45 -15.97 0.07 296 0.10 -15.80 0.34 2.64 0.65
NRC2 -75.62 45.45 -17.27 0.19 281 0.28 -15.80 0.34 2.64 0.65
PRDS -114.29 50.87 -14.98 0.08 -11.34 0.12 -14.73 0.61 -11.41 0.74
SCH2 -66.83 54.83 -17.70 0.09 795 0.12 -17.45 0.36 5.90 0.65
SOL1 -76.45 38.31 -14.86 0.04 272 0.08 -13.88 0.34 2.33 0.66
STJO -52.67 47.59 -1491 0.10 11.88 0.08 -14.32 0.46 10.84 0.67
USNA -76.47 38.98 -14.18 0.04 0.63 0.08 -14.07 0.34 2.36 0.66
USNO -77.06 38.91 -14.40 0.06 3.00 0.10 -14.07 0.34 2.09 0.66
YELL -114.48 62.48 -17.82 0.11 -11.80 0.08 -16.65 0.67 -11.48 0.76
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