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Abstract

In absolutereferenceframes,duringtheirtravel overtheEarth'ssurfaceaboutapoleof rotation,

someplatesmayexperiencea furtherandcontemporaneoussub-rotationarounda secondsub-

pole. In this casetwo angularvelocitiesareneededto completelydescribeplatemotion. An

analyticalmethodcantake into accountthis sub-rotationwith the main platemotion andthe

instantaneouspole of rotationcanbe viewed asa third separatepole that changeswith time,

beingthecombinationof thetwo basicpoles,i.e.,theprimaryrotationpole,andthesub-rotation

pole. The sub-rotationpole is the only point of the platethatmoveson a circle anddoesnot

changedistancerelative to theprimarypoleandall theplatepointsdo not moveon circlesbut

onparticulartrajectorieslikedifferentepicycloidsprojectedon theterrestrialsphericalsurface.

Weappliedthismodelto theNorthAmericanplate,whichis moving WNW-wardin anabsolute

NNR (no-net-rotation)referenceframeandtheresultis that its motioncanbeinterpretedasa

�rst rotationaboutamainpolelocatedat (� 64:30� 0:18) oN and(105:52� 1:15)oE, andasa

1



contemporaneouscounter-clockwiserotationaboutaninternalpolelocatedat(50:78� 0:06) oN

and (� 77:78 � 0:50)oE. The combinationof the two polesgeneratesa third instantaneous

pole of rotation,that is locatedat (� 1:55 � 0:77)oN and(� 82:59 � 0:35)oE, but it doesnot

comprehensively describethecompositemotionof theplate.

1 Intr oduction

Platemotionanalysishasbeencomputedin anumberof differentways,from magneticanoma-

lies, [Vine, 1966], seismology, hotspots,[DeMetset al., 1990;Gripp and Gordon, 1990] and

spacegeodesydata[Sellaet al., 2002;Drewesand Meisel, 2003]. Platemovementscanbe

describedboth in absolutereferenceframes,e.g. thehotspotsreferenceframe[Morgan, 1972;

Wilson, 1973], or relative referenceframes,e.g.,oneplate relative to another[Chase, 1972;

Minster and Jordan, 1978;DeMetset al., 1990;Gordon, 1995]. For sake of simplicity, the

motionof a platecanbedescribed,in ananalyticway, asa rigid bodyrotationaroundanEuler

poleover theEarth'ssurface.

Consideringthemotionof theall plates,in anabsolutereferenceframe,thereareevidences

thatsuggesthow a plate,while it is rotatingaboutanEulerpole,canmakea furthercontempo-

raneousrotation with respectto anotherpole. For example,along with the rifting between

Eurasiaand North America in the Late Cretaceousand Early Cenozoic,Iberia has rotated

counter-clockwise,producingthe extensionin the Bay of Biscayandmostof the shortening

in the Pyrenees,[Van der Voo, 1993]. From an absolutepoint of view, this implies that the

�rst rotationpoleof the Iberiaplatewasthe sameof the Eurasiaplate,but therewasanother

sub-polethatwascontemporaneouslyinvolvedin theextensionof theBayof Biscay.

It is clearthatrelativekinematicanalysis,madefor exampleby theNUVEL-1 relativeplate

motionmodel,[DeMetset al., 1990],is not usefulto verify thehypothesisof thesub-rotation,

becausethemotionof oneplateis studiedrelative to another, stated�x edandonly onerotation
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is necessaryfor the platekinematics. However, usuallywhen the relative motion of a plate

respectto a secondone is computed,the contribution of the sub-rotationof one plate (if it

occurs)would be equallysplit betweenthe two plates,even if the real sub-rotationis present

only in oneplate.

On theotherhand,thepassageto absolutereferenceframes,throughtheplatemotionmod-

els relative to the hot spots,asHS2-NUVEL1 or HS3-NUVEL1A [Gripp and Gordon, 1990,

2002] or with the no-net-rotationcondition,asNNR-NUVEL1 [Argusand Gordon, 1991], it

is not a contribution to recognizethe sub-rotationof someplates,becausethey arean abso-

lute adaptationof therelative platemotionmodelNUVEL-1, [DeMetset al., 1990],andif the

sub-rotationis split betweentwo platesin therelative frame,this splitting is propagatedalsoin

absoluteframes.

For thecaseof theIberia,in fact,its rotationcanbestudiedrelative theEurasiaconsidered

�x ed,andonly oneangularvelocity andonerotationpole is suf�cient to describethemotion.

But, at thesametime, theEurasiaplatewasinvolvedin therifting with North Americaandthe

Iberia platehasfelt the effect of this motion andit hasfollowed the Eurasiatrajectory. This

factshowstheneedto thepassageto anabsoluteplatekinematicanalysisand,in thiscase,two

angularvelocitiesandtwo rotationpolesarerequestedto describetheIberiaplatemotion.

With thepreviousexample,theattentionhasbeenfocusedon theplatemotionover thege-

ological time andto studytherotationandthesub-rotationof a platethepaleomagnetismand

theplatereconstructionshaveto beinvolved;considering,instead,thepresent-dayplatemotion

in theNNR referenceframe,asNNR-NUVEL1 [ArgusandGordon, 1991],basedon thegeo-

logical andgeophysicaldataacquiredon plateboundariesor theactualplatemotionmodel,as

theREVEL2000,[Sellaet al., 2002],andtheAPKIM2002, [DrewesandMeisel, 2003],based

on thespacegeodesytechniques,theinstantaneousrotationof a platecanbealsoviewedto be

composedof a primaryrotationanda sub-rotation(if any). In this interpretation,the instanta-
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neouspoleof rotationis a third pole, thatchangeswith time, representingthecombinationof

theothertwo poles,onefrom the�rst rotationandtheotherfrom thesub-rotation.Underthis

hypothesis,then,theplatepointsdonotmoveoncirculartrajectories,but they wouldhypothet-

ically describedifferentcurves, like epicycloids, projectedon the Earth's surface(Figure2).

This is only anidealcase,becausein realityaplatethatsub-rotatesseemto form only segments

of theseepicycloids.

Theimportancein detectingthesub-rotationin absolutereferenceframesconcernsalsothe

dynamicalimplicationsandhypothesesaboutglobalplatetectonics.Regardlesstheenergy that

movesplates,in general,thesub-rotationrequirestheactionof acoupleof forcesactingon the

singleplate,astheexampleof theIberia.

In this paper, we determineananalyticalmethodthatdescribesthemotionof a singleplate

in anabsolutereferenceframe,wherewesupposeits motionis thecombinationof two contem-

poraneousrotations,i.e. a �rst rotationaroundits primarypoleof rotation(�r st rotationpole)

andasecondrotation(sub-rotation) aroundanotherpole.

To test the goodnessof the model, we usedthe presentplate motions,using the NASA

database[He�in et al., 2004] and the actualplate motion model APKIM2002 [Drewesand

Meisel, 2003], and we applied it to the North Americanplate. In the ITRF2000reference

frame,the instantaneousmotionof theNorth AmericanPlate(NA) shouldbe interpretedasa

combinationof two contemporaneousrotation; in fact, we canview its motion on a W-ward

�rst direction,but with a furtherinternalCCW rotation.

2 Theory and method

Thoughtthe applicationof the Euler's theoremfor platekinematics[Bullard et al., 1965] is

always valid, independentlyof the choiceof the relative or absolutereferenceframe, plate

motion is principally studiedwith a relative kinematicanalysis,[CoxandHart, 1986;Fowler,
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1990;TurcotteandSchubert, 2001].

When thereis not a relative �x ed plate as frame, but a plate moves with respectto the

underlyingmantlein anabsolutereferenceframe,thepresent-daymotionof a singleplatecan

bedescribedasaninstantaneousrigid bodyrotationon a sphericalsurfaceaboutanEulerpole

(Figure 1a). In this simple con�guration, during the continuumof the time, the platehasa

mainpoleof rotation,andany point in theplatemaintainsthesamedistancefrom thepoleat

two differenttimest1 andt2, while theplatemoves(Figure1a). Then,theplatesimply shifts

aroundtheparallelsof thesupposedpole,travelingon acirculartrajectory.

Here,weproposeananalyticalmethodthatdescribesthissimplemotionof oneplatepoint,

giving, astheresult,thevelocitiesof the transversalandlongitudinaldisplacementdepending

only by thepoint coordinates.

Becausetheplateis rigid, its kinematicscanbestudiedstartingfrom geometricalconsider-

ations,obtainingmotion'sequationswithoutany dynamicaltreatment.

Consideringthe Earthasa sphere,the sphericaltrigonometry[Ayres, 1954;Butler, 1992;

Fowler, 1990;Turcotteand Schubert, 2001], canbe useful to derivatetwo equationsthat de-

scriberespectively the velocity of the transversaland of the longitudinal displacementof a

singleplatepoint (seeappendixA) asfollows:

8
>>>>>>>><

>>>>>>>>:

V (� ) = R!
�

sin
�

� (t) � � (E )
�

cos� (E )

�

V (� ) =R ! cos� (t)
�

sin� (E )+

� tan � (t) cos� (E ) cos
�

� (t) � � (E )
� �

(1)

where(� (E ) ; � (E )) arerespectively thelatitudeandthelongitudeof theEulerpole,thataretime-

independent,(� (t); � (t)) arethecoordinatesof thegenericplatepoint, thataretime-dependent

and! is the angularvelocity andbecausethe motion is smoothandsteady, V (� ) , V (� ) and!
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areconstant.Then,theexpressionsto obtainthemagnitudeandtheazimuthof thevelocity of

ageographicalplatepointarethefollowing:

8
>>><

>>>:

V =
q �

V (� )
� 2

+
�
V (� )

� 2

azimuth=
�

�
2

�
� tan� 1

�
V (� )

V (� )

� (2)

Thesecondof equation(2) ensuresthatzerois alignedwith thetruenorthto correspondto the

geologicalconventionof measuringdirectionof strike,[Henderson, 2001].

Theequations(1) and(2), do not differ from theresultsof SteinandWysession[Steinand

Wysession, 2003]andZhong[Zhong, 2001],andthey allow usto studyplatemotionduringthe

continuumof thetimewith respectto themantle.

In this paper, we considerthata genericlithosphericplateis moving on a sphericalsurface

in anabsolutereferenceframe,makingtwo contemporaneousrotations,oneaboutanexternal

�r st rotationpole, andanotheraboutan internalpole (sub-rotationpole), insidetheplatethat

moveswith theplateitself (Figure1b). During thecontinuumof thetime, theplatestill moves

aboutthe�rst rotationpole,but it contemporaneouslyrotatesaroundthesub-rotationpole,and

onereferencepoint of theplatechangesits distancefrom themainpoleat two differenttimes

t1 andt2, e.g.,increasinganddecreasingthelengthwith themainpole(Figure1b)andmaking

aparticulartrajectorylikeanepicycloid (Figure2). Only onepointdoesnotchangeits distance

with themainpole,i.e., thesub-rotationpole,thatgoesonaparallelof the�rst poleandmakes

a circular trajectory(Figure2). Whenthetwo rotationsaremixedduring themotion,at every

instant,a platepoint seemsto have an instantaneouspoleof rotationandit appearsasa third

separatepole, (composedrotation pole) (Figure 3), that do not completelydescribethe real

motion.

For example,Butler [Butler, 1992]describesthemotionof a singleplateasa rotationwith
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respectto aninternalrotationaxisandwith respectto anexternalEulerpole,but heconsiders

two different andseparatedcasesandboth in the two separatedsituationsonly one angular

velocityandoneEulerpolearerequired.

Underthehypothesisof thesub-rotation,thetwo rotations,e.g.theinternalandtheexternal,

arecontemporaneousandto describethis composedmotion, we needtwo angularvelocities,

one(! r ) relatedto the�rst rotationandtheother(! s) relatedto thesub-rotation;then,equations

(1) have to beappliedtwice, the�rst time for the�rst rotationandthesecondtime for thesub-

rotation. In this case,usingtheequations(2), at onegenericplatepoint thereareappliedtwo

linear velocitiesthat representthe action of the angularvelocities(Figure 3). The resulting

velocity is avectorthatis instantaneouslyrelatedto thecomposedrotationpolethat,duringthe

continuumof time,changesits positionevery instant.

Then,�rstly consideringthe�rst rotation,wehave thefollowing

8
>>>>>>>><

>>>>>>>>:

V (� )
r = R! r

�
sin

�
� (t) � � �

�
cos� �

�

V (� )
r =R ! r cos� (t)

�
sin� � +

� tan � (t) cos� � cos
�

� (t) � � �
� �

(3)

where(� � ; � � ) are respectively the latitude and the longitudeof the �rst rotation pole, that

aretime-independent,(� (t); � (t)) arethecoordinatesof thegenericplatepoint, thataretime-

dependentand! r is the�rst rotationangularvelocity.

But, consideringalsothecontemporaneoussub-rotation,equations(1) canbewrittenasfol-

lows
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8
>>>>>>>><

>>>>>>>>:

V (� )
s = R! s

�
sin

�
� (t) � �( t)

�
cos�( t)

�

V (� )
s =R ! s cos� (t)

�
sin�( t)+

� tan � (t) cos�( t) cos
�

� (t) � �( t)
� �

(4)

where(�( t); �( t)) arerespectively thelatitudeandthelongitudeof thesub-rotationpole(time-

dependent),(� (t); � (t)) arethecoordinatesof thegenericplatepoint, thataretime-dependent

and! s is thesub-rotationangularvelocity.

Adding the two contemporaneousrotations,e.g. �rst rotationandsub-rotation,we obtain

theexpressionof thecomposedmovementsasfollows:

8
<

:

V (� )
c = V (� )

r + V (� )
s

V (� )
c = V (� )

r + V (� )
s

(5)

whereV (� )
c andV (� )

c arerespectively thevelocityof thetransversalandlongitudinalcomposed

displacementof asingleplatepoint.

In this case,the expressionsto obtainthe magnitudeandthe azimuthof the velocity of a

geographicalplatepointarethefollowing:

8
>>><

>>>:

V =
q �

V (� )
r + V (� )

s

� 2
+

�
V (� )

r + V (� )
s

� 2

azimuth=
�

�
2

�
� tan� 1

�
V (� )

r + V (� )
s

V (� )
r + V (� )

s

� (6)

andthevelocityof thegenericplatepointobtainedwith equations(6) is generallyrelatedwith a

third poleof rotation,(composedrotationpole), thatis notsigni�cant in showing thecomposed

movement(Figure3).
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For thepurposeto separatethetwo-rotationmotion,weneedto know themotion'sparame-

tersasthe�rst rotationpolecoordinates(� � ; � � ) andthe�rst rotationangularvelocity ! r and

then,thesub-rotationpolecoordinates(�( t); �( t)) andthesub-rotationangularvelocity ! s.

If wetry tostudythetwo-rotationmotionof aplatein absolutereferenceframes,e.g.hotspot

frame,[Chase, 1978;Gripp andGordon, 1990,2002]or GPSframe,[He�in et al., 2004], the

platethatsub-rotatesis contemporaneouslyfollowing anabsolutedirection.

To �nd themotion's parameters,we have to searchthroughtheprincipal featuresof plate

tectonicsthatsuggestthetwo-rotationmotion,astheexampleof theIberia,but sometimesalso

thepresentdayplatemotionor theactualplatemotion from spacegeodesy, for a singleplate,

canbeinterpretedasa �rst rotationanda contemporaneoussub-rotation.

Using the GPSveloctiessolution[He�in et al., 2004] andthe actualplatemotion model

APKIM2002, [Drewesand Meisel, 2003] we tried to apply equations(6) to the North Amer-

ican plate,hypothesizingthat the instantaneousNorth Americanplatemotion canbe viewed

asthe resultof thesumof two differentrotation,oneanexternal�rst rotationandtheothera

contemporaneoussub-rotation.

3 The sub-rotation of the North America and discussion

Theapplicationof theequations(5) and(6) to theNorth Americanplateis �rstly a testfor the

analyticalgoodnessof thetwo-rotationplatemotionmodel.Therearenot cleargeodynamical

evidences(as for the exampleof the Iberia) suggestingthe North Americanplatemotion is

composedby two contemporaneousrotation,though,underthehypothesisof a globaltectonic

pattern[Doglioni, 1990],thesub-rotationof theNorthAmericanplatewouldbebetterjusti�ed.

Thisplatewaschosenalsobecausethereis thelargestnumberof GPSstationsof theglobal

network and their velocitiesare reportedin an absolutereferenceframe, the ITRF2000[Al-

tamimi et al., 2002], and it is useful for the comparisonwith model results. Thoughin this
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referenceframea no-net-rotationcondition(NNR) is conventionallyimposed,which is a lim-

itation to determineplatemotion relative to the underlyingmantle,it is anyhow an absolute

referenceframewheredataareeasilyto be found. Moreover, this applicationwould be also

helpful to demonstratethat, for a lithosphericplate,in anabsolutereferenceframe,a velocity

distribution, astheGPSone[He�in et al., 2004], relatedto an instantaneouspoleor rotation,

canbeviewedasa resultingmotioncomposedby two contemporaneousrotations.

First of all, usingtheangularvelocitiesof thepresent-dayplatekinematicanddeformation

model(APKIM2002),[DrewesandMeisel, 2003],weapriori supposethattheNorthAmerican

�rst rotationpole is the APKIM2002 Paci�c rotationpole locatedat (� 64:30 � 0:18) oN and

(105:52 � 1:15)oE with an angularvelocity ! r = (0:6588 � 0:0039) o Myr � 1. However,

this aprioristicchoicewould better�t with a globalmainstreamfor global tectonics[Doglioni,

1990],andthePaci�c rotationpoleandangularvelocity from theAPKIM2002platekinematic

modelcouldberepresentative to bethe�rst rotationparametersfor theNorthAmericanplate.

Then, to align the two-rotationplatemotion to the GPSvelocitiesdistribution [He�in et

al., 2004],it is necessaryto introducea contemporaneoussub-rotationon the�rst rotationand

theresultis a sub-rotationpole locatedat (50:78� 0:06) oN, not too far from therotationpole

of SteinandSella[SteinandSella, 2002]and(� 77:78 � 0:50) oE with a sub-rotationangular

velocity ! s = (0:7594 � 0:0069) o Myr � 1. With thesetwo setsof motion parameters,i.e.,

�rst rotationandsub-rotation,we respectively appliedequations(3) and (4) for only 20 se-

lectedintraplate-locatedspacegeodesystations,far from thediffuselydeformedwesternNorth

Americaplatemargin andtheresultsareshown in table1.

Figure4 and�gure 5 show respectively andseparatelythe�rst rotationof theGPSstations

aboutthe�rst rotationpoleandtheir sub-rotationaboutthesub-rotationpole.As shown, when

we consideronly thesub-rotation,thesub-rotationpole is �x ed(Figure5), but if thereis also

the�rst rotation,thesub-rotationpolemovesalongaparallelof the�rst rotationpole(Figure4).
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For thecaseof NorthAmericanplate,thesub-rotationpoleis moving with atransversalvelocity

V (� )
r = (1:83 � 0:70)mmyr� 1 anda longitudinalvelocity V (� )

r = (� 17:17 � 0:25)mmyr� 1,

(Figure4).

Then,we appliedequation(5) andequation(6) andtheresultsareshown in �gure 6 andin

table2.

Underthis interpretation,thecomparisonbetweenGPSdata[He�in etal., 2004]andmodel

resultsindicategoodagreementandtheir interferencegeneratea third composedrotationpole

locatedat (� 1:55 � 0:77)oN and(� 82:59 � 0:35)oE. In �gure 7, we reporta completepic-

ture wherethe two instantaneousrotationfor the plate,i.e., �rst rotationandsub-rotationare

shown andit is clearhow this sumgivesaninstantaneousvelocity distribution relatedwith an

instantaneousthird composedpole.

Thoughthis kinematicsanalysisneedmorephysicaldatato con�rm theresult,it is anex-

amplesuggestingthat, if thesub-rotationreally occurs,theinstantaneousthird composedpole

would not be representative of the real motion of a plateduring the continuumof the time.

In fact it would represent,only in one instant,the platemotion on the epycicloid that is the

resultingtrajectoryfor aplatemotionwith two contemporaneousrotations(Figure2).

This paperprovidesananalysisof themovementof platesdescribedby multiple rotations

in an absolutereferenceframe. This model is not a meremathematicalexercisebecausethe

analysisof a single Euler pole generatesdifferent kinematicswith respectto the two Euler

polesinterpretation,asshown in �gure 8 whereNorth Americais imagedmoving from now to

180Myr in thefuture. For example,thetwo-polessolutionmaintainsNorth Americaat higher

latitudewith respectto theclassicone-poleanalysis.

Thisshowshow sub-rotationcanstronglymodify platemotions,andtherelativeplatekine-

maticsanalysiscanbeaffectedby absolutesub-rotationsof singleplates,whichareerroneously

sharedbetweenplatepairs.For example,whentherelativemotionof aplaterelativeto asecond
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oneis computed,thesub-rotationof the�rst plateis equallysplit betweenthetwo plates,even

if therealsub-rotationoccursonly in the�rst plate.

Thelargeropeningof theSouthernAtlantic with respectto thecentralAtlantic is a resultof

theclockwiserotationof SouthAmericarelativeto Africa [VanderVoo, 1993].However, when

computingtherelative motionamongthis pair of plates,e.g.,assuming�x edtheMid Atlantic

Ridge,therotationof SouthAmericais split half ontheCW rotationof theSouthAmericaplate

andtheotherhalf on theCCW rotationof theAfrica plate. This CCW Africa rotationis then

includedin awiderkinematiccircuit evenif Africa did not rotateor rotatedlessor differently.

This impliesthatto abetterunderstandingtheEarth'sdynamics,it wouldbeusefulto verify

all thehypothesesfor platekinematics,studyingthemotionof theall platesin absolutereference

framesandnotonly in relativeanalysiswheresub-rotationsmightbehidden.

A The motion'sequations

During plate motions,choosingthe North Pole (O) as the origin of the coordinates,in the

sphericaltriangleOEQ (Figure9), the lengthof thearca = EQ, is aninvariantrelative to the

time. In asphereof aunit radius,from sphericaltrigonometryrules[Ayres, 1954],wehave:

cos
� �

2
� � (t)

�
= cosacos

� �
2

� � (E )
�

+

+ sinasin
� �

2
� � (E )

�
cos� (t)

(7)

and

sina =
sin

�
� (t) � � (E )

�
sin

� �
2

� � (t)
�

sin� (t)
(8)

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

d
dt

� (t) = sin
�
� (t) � � (E )

�
cos� (E ) d

dt
� (t) (9)
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Now, consideringtheEarthasa spherewith a radiusR=6371km, beingV (� ) = R
d
dt

� (t)

and! r =
d
dt

� (t), weobtainthevelocityof thetransversaldisplacementasthe�rst of equation

(1).

To calculate,instead,thevelocityof thelongitudinaldisplacement,weconsiderthefollow-

ing:

cosa = cos
� �

2
� � (t)

�
cos

� �
2

� � (E )
�

+

+ sin
� �

2
� � (t)

�
sin

� �
2

� � (E )
�

�

� cos
�
� (t) � � (E )

�

(10)

anddifferentiatingthe(10) relative to thetime,usingthe(9) andsimplifying, weobtain:

d
dt

� (t) =
�

sin� (E ) � tan � (t)�

� cos� (E ) cos
�
� (t) � � (E )

�
�

d
dt

� (t)
(11)

Then,consideringtheEarthasaspherewith aradiusR=6371km,beingV (� ) = R cos� (t)
d
dt

� (t)

and! =
d
dt

� (t), weobtainthesecondof equation(1).

Whenwe separatelyconsiderthe two componentsof thecomposedmotions,e.g.,the �rst

rotationandthesub-rotation,therearetwo sphericaltriangles,(OP� Q andOPQ), (Figure10),

and,asthesimplemotion,thelengthsb� = P� Q andb = PQ areinvariantduringplatemotion

andfor this reasonwecancalculatethevelocitiesof transversalandlongitudinaldisplacement,

respectively for the �rst rotationand the sub-rotation,(equation(3) and (4)), with the same

procedureof thesimplecase,but writing ! r =
d
dt

� � (t) and! s =
d
dt

� (t). Whenwe addthe

two componentsin theequation(5), the lengthb� = P� Q is not invariantrelative to the time

andonereferenceplateof theplatechangesits distancefrom the�rst rotationpoleduringthe

motion,(Figure1b).
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(a) (b)

Figure1: (a) For thesimplestcase,a platemoveson a sphereaboutanEulerpole,and,during
thecontinuumof thetime, any point in theplatemaintainsthesamedistancefrom thepoleat
two differenttimest1 andt2. (b) Whenplatemotionis a two-rotationmotion,aplateis moving
abouta �rst rotationpole, andis contemporaneouslyrotatingabouta sub-rotationpole. One
referencepointof theplatechangesits distancefrom themainpoleat two differenttime t 1 and
t2, e.g.,increasingor decreasingthelengthwith themainpole.Only onepointdoesnotchange
its distancewith themainpole,i.e.,thesub-rotationpole,thatgoesonaparallelof the�rst pole.
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First rotation pole

Sub-rotation pole

Generic
plate point

Figure2: Whenthe platemotion is a two-rotationmotion, two angularvelocitiesareneeded
to describeit. During the continuumof the time, the platestill movesaboutthe �rst rotation
pole,but it contemporaneouslyrotatesaroundthesub-rotationpole,andonereferencepoint of
the platechangesits distancefrom the main pole at (here)four differenttimesandpositions,
e.g., increasinganddecreasingthe lengthwith the �rst rotationpole andmakinga particular
trajectorylike anepicycloid (gray line). Only onepoint doesnot changeits distancewith the
mainpole,i.e.,thesub-rotationpole,thatgoesonaparallelof the�rst poleandmakesacircular
trajectory(redline). For sakeof 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-rotationpole. This example
it clearlyan ideal case,becauseit is a purerolling motionwithout friction. In reality, a plate
would form only apartof theepicycloidal trajectory.
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Figure3: Whenplatemotion is composedby a �rst rotationanda contemporaneouslysub-
rotation,onereferencepoint is characterizedby two linear velocities,onerelative to the �rst
rotationpoleandtheotherrelative to thesub-rotationpole. Thesumof thesetwo velocitiesis
thecomposedvelocity relatedto a third poleof rotation,(composedrotationpole).
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Figure 4: Assumingthat the �rst rotation of the North Americanplate is along the paci�c
trend(seetext), theselectedGPSstationsof theNorth Americanplaterotate�rstly aboutthe
APKIM2002 Paci�c Eulerpole[DrewesandMeisel,2003]. Ellipsesshow the2-D 95%con�-
denceellipseof the velocity. Here,we report the Paci�c Euler anti-polelocatedat 64:30oN
and � 74:48oE with a �rst rotation angularvelocity ! r = (0:6588 � 0:0039) o Myr � 1.
In this casesub-rotationpole is moving with V (� )

r = (1:83 � 0:70)mmyr� 1 and V (� )
r =

(� 17:17� 0:25)mmyr� 1.

20



Figure5: If therewereonly the sub-rotation,the North Americanplatewould rotateabouta
sub-rotationpolelocatedat (50:78� 0:06)oN and(� 77:78� 0:50)oE with anangularvelocity
! s = (0:7594� 0:0069)o Myr � 1. Ellipsesshow the2-D 95%con�denceellipseof thevelocity.
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Figure6: Adding the two contemporaneousrotations,comparisonbetweenNorth American
GPSselectedstationvelocities(whitevectors)andcomposedmotionmodelresults(blackvec-
tors) show good agreement.They are both relatedto a composedrotation pole locatedat
(� 1:55 � 0:77)oN and(� 82:59 � 0:35)oE that representstheir interplay. Ellipsesshow the
2-D 95%con�denceellipseof thevelocity
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Figure7: Summarizingpicturewhenit is representedthecomposedmotionfor NorthAmerican
plate.For the20 selectedGPSstation,the�rst rotation(bluevectors)is aboutthe�rst rotation
polelocatedat(� 64:30� 0:18)oN and(105:52� 1:15)oE with ! r = (0:6588� 0:0039)o Myr � 1,
the sub-rotation(red vectors)is aboutthe sub-rotationpole locatedat (50:78 � 0:06) oN and
(� 77:78� 0:50)oE with anangularvelocity ! s = (0:7594� 0:0069)o Myr � 1. Compositionof
thesetwo contemporaneousmovements(blackvectors)arerelatedto acomposedrotationpole
locatedat (� 1:55 � 0:77)oN and(� 82:59 � 0:35)oE that is not signi�cant of the composed
motion.Ellipsesshow the2-D 95%con�denceellipseof thevelocity.
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Figure8: Comparisonbetweenone-rotationmodel(left column)andtwo-rotationmodel(right
column).It is shown how multiple rotationsappliedatNorthAmericanplategeneratedifferent
kinematics(seetext).

24



Figure9: For the simpleplatemotion, in the sphericaltriangleOEQ, Q is the genericplate
point,E is theEulerpole,andthelengtha = EQ is aninvariantduringplatemotion.
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Figure10: Whenthemotionis composedby a �rst rotationandthesub-rotation,therearetwo
sphericaltriangles,OP� Q andOPQ, andthe lengthsb� = P� Q andb = PQ areseparately
invariant. Applying equation(5) the lengthb� = P� Q is not invariantduring themotion. The
only point thatmovesalongtheparallelof the�rst rotationpoleis thesub-rotationpole.
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Table 1: When applying equation(3) and equation(4) to the 20 GPSstations,selectedfar
from the westernUS margin, we obtain velocity of transversal and longitudinal displace-
ment (V(� )

r , V (� )
r and V (� )

s , V (� )
s ) with their 1� standarddeviation, respectively for the �rst

rotation with a �rst rotation pole locatedat (� 64:30 � 0:18)oN and (105:52 � 1:15)oE and
! r = (0:6588 � 0:0039) o Myr � 1 anda sub-rotationpole locatedat (50:78 � 0:06)oN and
(� 77:78� 0:50)oE with ! s = (0:7594 � 0:0069)o Myr � 1

First rotation Sub-rotation

GPSstation Longitude(� ) Latitude(� ) V ( � )
r � 1� V ( � )

r � 1� V ( � )
s � 1� V ( � )

s � 1�

oE oN (mmyr� 1) (mmyr� 1) (mmyr� 1) (mmyr� 1)

ALGO -78.07 45.96 -23.10� 0.23 1.99� 0.64 7.71� 0.09 -0.28� 0.41
AMC2 -104.52 38.80 -34.21� 0.31 15.91� 0.57 21.09� 0.16 -24.02� 0.38
AOLM -80.16 25.73 -45.74� 0.27 3.15� 0.64 35.75� 0.09 -2.22� 0.41
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 -5.40� 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 11.58� 0.60 2.80� 0.14 -16.57� 0.40
EPRT -66.99 44.90 -24.51� 0.25 -4.14� 0.63 9.30� 0.11 9.98� 0.40
FLIN -101.97 54.72 -15.11� 0.31 14.67� 0.58 -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 1.53� 0.41
NLIB -91.57 41.77 -29,00� 0.27 9.34� 0.61 14.24� 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� 0.41
NRC2 -75.62 45.45 -23.67� 0.24 0.63� 0.64 7.86� 0.09 2.00� 0.41
PRDS -114.29 50.87 -22.73� 0.38 20.34� 0.52 7.99� 0.23 -31.76� 0.35
SCH2 -66.83 54.83 -12.28� 0.24 -4.23� 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� 0.41
STJO -52.67 47.59 -22.73� 0.29 -11.80� 0.60 8.41� 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� 0.41
USNO -77.06 38.91 -31.42� 0.25 1.43� 0.64 17.35� 0.09 0.66� 0.41
YELL -114.48 62.48 -8.92� 0.41 20.42� 0.51 -7.73� 0.26 -31.90� 0.35
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Table2: ComparisonbetweenGPSdata[He�in et al., 2004]andmodelresultsindicatesgood
agreement.GPSandmodellongitudinalandtransversalvelocity components(V (� )

GPS, V (� )
GPS and

V (� )
c , V (� )

c ) are reportedwith their 1� standarddeviation. Resultswerecalculatedstudying
stableNA plateregionsandchoosingGPSstationsfar from westernU.S.diffusedplatemargin.
Equationswereappliedwith a sub-rotationpole locatedat (50:78 � 0:06)oN and(� 77:78 �
0:50)oE andwith a sub-rotationangularvelocity ! s = (0:7594 � 0:0069)o Myr � 1 anda �rst
angularvelocity ! r = (0:6588 � 0:0039)o Myr � 1 appliedon the�rst rotationpolelocatedat
(� 64:30� 0:18)oN and(105:52� 1:15)oE.

GPSdata Composedmovement

GPSstation Longitude(� ) Latitude(� ) V ( � )
GPS � 1� V ( � )

GPS � 1� V ( � )
c � 1� V ( � )

c � 1�

oE oN (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 2.29� 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 -4.59� 0.10 -18.53� 0.43 -4.33� 0.69
DUBO -95.86 50.25 -18.91� 0.33 -6.22� 0.20 -16.66� 0.43 -4.99� 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 -18.91� 0.16 -7.41� 0.10 -17.10� 0.51 -7.21� 0.71
HNPT -76.13 38.58 -17.25� 0.32 4.64� 0.22 -13.96� 0.34 2.45� 0.66
NLIB -91.57 41.77 -14.41� 0.03 -2.96� 0.04 -14.76� 0.40 -3.39� 0.67
NRC1 -75.62 45.45 -15.97� 0.07 2.96� 0.10 -15.80� 0.34 2.64� 0.65
NRC2 -75.62 45.45 -17.27� 0.19 2.81� 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 7.95� 0.12 -17.45� 0.36 5.90� 0.65
SOL1 -76.45 38.31 -14.86� 0.04 2.72� 0.08 -13.88� 0.34 2.33� 0.66
STJO -52.67 47.59 -14.91� 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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