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Abstract

A data.set comprising 110 spreading rates, 78 transform fault azi;
muths and 142 earthquake slip vectors has been inverted to yield a new
instantaneous plate motion model, designated RM2. The model represents
a considerable improvement over our previocus estimate RM1 (Minster,
Jordan, Molnar and Haines, 1974). The mean averaging interval for the
relative motion data has been reduced to less than 3 My. A detailed
comparison of RM2 with angular velocity vectors which best
fir the data along individual plate boundaries indicates that RMZ per-
forms close to optimally in most regions, with several notable exceptions.
The model systematically misfits data aloné the India-Antarctica and
Pacific-India plate boundaries. We hypothesize that these discrepancies
are manifestations of internal deformation wiéhin the Indian plate; the
data are compatible with NW-SE compreséion across the Ninetyeast Ridge
at a rate of about 1 em/yr. RM2 also fails to satisfy the EW-trending
transform fault azimuths observed in the FAMOUS area, which is showm to
be a consequencé of closure contraints about the Azores triple junction.
Slow movement between North and South America is required by the data set,
although the angular'velocity vector describing this motion remains poorly
constrained. The existence of a Bering plate, postulated in our previous
study, is not necessary if wé adcept the proposal of Engdahl and others
that the Aleutian slip vector data are biased by slab effects. Absolute
motion models are derived from several kinematical hypotheses and compared
with the éata from hotspot traces younger than 10 My. Although some of
the mndeis are inconsistent with the Wilson-Morgan hypothesis, the overall
resolving power of the hotspot data is poor, and the directions of absolute

motion for the several slower-moving plates are not usefully constrained.
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Introduction

Present~day plate motions can be modelled using systematic
inversion methods. In our initial study (Minster et al.. 1974,
referred to as Paper 1), a linearized least-squares algorithm was
formulated and applied to an extensive, globally distributed data
set. Anpgular velocity vectors for eleven 'major plates were estimated
from these data, and this model was designated Relative Motion 1 (RM1).
The Caribbean plate was subsequently added to this model by Jordan (1975).
Revisions and additions to the data set were begun in 1975, and an
interim model was derived (Jordan, Minster and Molnar, 1976).

We present in this paper a mew relative moticn model, RM2, based
on & much improved data set. Consistent with our previous work,
we have attempted to obtain a simgle model compatible with the availaﬁle
high;quality observations of relative motions. Only relative motion -
data which involve at least one oceanic plate have been used, since Ehe
data from intracontinental environments exhibit complexities not easily
described in terms of rigid plate kinematics (e.g. Molnar and Tapponnier,
1975). We have not attempted to model the complex tectonics
of the western Pacific (e.g., the Philippine plate), because little
kinematical information is available concerning behind-the-arec spreading,
and the assumptions fundamental to a simple plate model {e.g. triple-
junction closure) may not apply.

The value of any model can be judged by its predictive capability
and by its ability to withstand the test of new observations. In this

respect the success of our original model RM1 has been mixed. For
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example, the relative motion between the North American an& Soﬁfh
American plates was éfedicted by RML entirely on the baéis of data
from other plate bhoundaries. 'Elthough no data yet exist which confirm
directly the existence of such relative motion, the model implies that
a component of NS convergence exists between the Sputh American and
Caribbean plates (Jordam, 1975). It appears that some convergence is
indeed required by recent studles (Talwani et al., 197635 Rial, 1978).
On the other hand, RM1 f;iled to satisfy an exteunsive set of new
data collected in the South Atlantic Ocean (Forsyth, 1975; Seclater
et al., 1976). The investigation of this failure is an important
aspect of this study. We show that RMl incorrectly predicts the

plate kinematics in the South Atlaq;ic because the presently available

. data are inconsistent with the plate geometry assumed in deriving RMI.

" We demonstrate that this inconsistency can be remedied by postulating

the existence of internal deformation with the Indian piate, although
alternate explanations are possible. '

Other problems with the RM1 model have beed moted (Jordan et al., 1976).
The well-mapped fracture zones in the FAMOUS area yield an apparent
azimuth for Africa-North America motion that is due east {(Macdonald and
Luyéhdyk, 1977}, vhereas RML predicts an azimuth of'S79E, parallel to
the general trends of the neafby major transform faults (e.g. the
Oceanographer T. F.).

In RMI the slip vector data from the North Pacific were modelled
-using a Bexiang plate whose motion differs from that o? North America.

Engdahl et al. (1977) have demonstrated that the focal mechanisms from
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this region can be affected by slab structure, perhaps blasing the

observations. They have suggested that corrections for this bias may

eliminate the need for a Bering plate.

These and other problems are examined in this paper.
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The Revised bafa Set

Th§-330 data used in this stiddy are listed in Table 1. The data
locations are shown in Figure 1, delineating the major plate boundaries.
These relative motion data comprise 110 rates of sea floor spreading
derived from magnetic ancmaly profiles, 78 transform fault azimuths
and 142 earthquake slip vectors. In compiling and editing this data
set, we have generally followed the guidelines in Paper I. Iﬁ particular,
we have excluded data from diffuse plate boundaries, specifically
continent-continent boundarigs. Therefore the details of Asian and
;ndonesian tectonics are not represented by our model.

Rate data have been determined directly from published magnetic
anomaly profiles using the time scale of Talwani et ai. (1971). In
Paper I, anomalies 3 and 5 were ge;erally used to estimate rateé; we
thus averaged the plate speeds over the last 5~10 My. Imn this study,
we have redetermined ﬁhe spreading rates using anomalie; 2 and 2' in
every instance, except for a few slow-spreading profiles where the
anomalies out t§ 3 were employed. Hence, the mean averaging interval
for the rate data';s less than 3 My. In most cases the rates were
determined by comparing the corrected profiles with synthetics,
generally those published by the authors of the'original observational
study. However, for the anomaly profiles along the Pacific-Antarctic
Ridge (Molnar et al., 1975}, we generated our own syntheties. For the
several studies where a direct inversion for magnetization was made

{Macdonald, 1977; Macdonald and Holcombe, 1978; McGregor et al.,

1977), the original authors' results were used directly.
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In Paper I, the directions qf_plate motion implied by earthquake

focal mechanisms wvere estimated by projecting the slip vectors onto a

horizortal plane. Al;hgygh thi;_prggedn;e is almost pnivgrgal}y_gdppte&;

R S Dr——

.. it is only approximately correct forx shallow thrust events in subduction

_.zones with pbligue convergence, and it can Introduce a slight bias.

-In this study, the more exact procedure of rotating the slip vectors

into the hor?zontal plane was employed for earthquakes along inclined
. seismic zones, Ihis problem is discussed in the Appendix.

.. .The most precise estimates of_relative motion direction are the

PR - -

azimuths of well-mapped transfurm fau}ts. In determining these azimuths
we have used detgiled_bgthypg;ric surveyslwhgre a?ai;ablg,f?e}ying on

" contours which cross charted ship tracks. _Inferpretive_diag:ams have
been avoided to minimize the feedback between.data and plate tectonic

. modeig. . ) - -

" The .uncertainties listed in Table 1 are based on a case by case

) subjective evaluation of the data quality.. They are used to weight the

..data in the inversion §}gprithm and to derive estimates of the,unﬁer: .

. .tainties in_the model parameters. Although we have attempted. to use a

_lconsistent_set of ecriteria in assigning these errors, the estimates are-

- ‘:ﬁeverthe;ess crude indicators of data quality. With this in mind, we

have adopted a conservative stand and have deliberately overestimated
.. these uncertainties. This bias is apparent in Figure 3, vhere it is

. seen that the sample standard deviation of the normalized residual

distribution is significantly less than its expected value of 1.
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Model RM2: General Deseription

In§é¥;i;ﬁ of the data was performed using the linearized, iterative,
weighted least-squares algorithm described in Paper T. Our extensive
experience in applying this algorithm to the plate motion problem has
demonstrated to us its effectiveness. Although the algorithm iavolves
the linearization of a non-linear problem, convergence has always been

rapid and no difficnlties associated with local minima have been evident.

Tﬁe uncertainties in the model parameters derived from the linear theory
have proven to be effective measures of the errors induced on the model
by errors in the data.

The inversion algorithm has been appiied to the data set listed
in Table 1 to obtain an 11 plate model, designated RMZ. The plate

geometry is identical to that of RMl, except that the Bering plate

has been recombined with the North American plate and a Caribbean plate
has been added. RM1, supplemented with the CARB-NOAM angular velocity

vector derived by Jordan.(19753), was used as a starting model in the

inversion algorithm. Convergence was attained in five iterations.
. Model RM2 is specified in Table 2 by its geohedron (McKenzie and

Parker, 1974). Although a more compact specification is possible, this

forwat conveniently provides an explicit relative rotation vector for

each plate bhoundary. The RM2 geohedron is illustrated in Figuré 2.

In the motation of Paper I the quantity minimized by the fitting

procedure 1s the variable
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where N = 330 is the total number of data. The eleven plate model is

specified by 30 parameters. If the data were normally distributed and the variances

were exactly known, xz would be chi-square distributed with 300 degrees of freedom,'

and a sample value would lie in the interval (300 * 49) 95% of the time.
The value of ¥® for RM2 is 109, almost a factor of three less than its
expected value. Thus, the data are fitted significantly better than they
should be if their assigned uncertainties were correct. |

This fact is also evident from the histograms of normalized
residuals plotted in Figure 3. The sample variances of these distribu-
tions are about 1/3 their expected valﬁe of unity. This discrepancy
could be corrected by uniformly reducing tﬁe standard errors assigned
to the data by a factor of 1/¥3. Such a reduction would not change the

'model but would decrease the derived model uncertainties by thé same
factor. However, to be conservative we have reéained the larger
estimates of uncertainty.

It can be seen from Figure 3 that the distribution of normalized
residuals fof the slip vector data departs from the assumed gaussian
behavior in anogher manner: the distribution is skewed towards negative
values. Much of this skewness is actributable to the predominantly
negative residuals exhibited by the slip vectors from the Aleutians
and the Kurils, a feature discussed in more detaill below.

Because the data set is large and because the geometry of the
problem is complex, the performance of RM2 cannot be fully described by
these simple statistics. A complete assessment of RM2's success in

explaining the observations requires that each data. subset pertaining

e -

——




to an individual plate boundary be considered separately. For a large

number of plate pai?s, a relative rotation vector, or at least a "bes;-
fitting pole" (BFP), can be determined from that data subset alone.

These vectors and poles have been obtained by inversion and are listed

in Tablé 3. The corresponding BFP's are shown with the RM1 and RM2
ﬁoles on Figures 4-6. The differences between these poles and those

for RM2 measure the coﬁstraiﬁts imposeﬁ on RM2 by thé simultaneous
inversion scheme. These differences are not large, which is evidence
that RM2 performs close to o?ti@ally in most regions. Notable exceptions
involve the INDI-ANTA, INDI-PCFC and AFRC-NOAM poles. discussed below.

The estimated model uncertainties Ge, G¢, Uw are much smaller in
Table 2 than in Table 3, This is, of course, a direct consequence of
the self-consistency constraings i;herent to the rigid plate moBel;
as discussed in Paper I. An impressive example of this behavior is
provided by the COCO-PCFC rotation vector, which is heavily constrained
by two triple junction closure conditions; these constraints reduce the
nominal uncertainty of the rotation rate by a factor of four.

It should be emphasized that the uncertainties in the model para-
meters given in Table 2 éorrespond to marginal distributions. A
compiete description of the model uncertainties, including the various
er;or cross—correlations, requires the specification of a 30 X 30
(symmetric) vaviance matrix. A more complete discussion of this point
is given in Paper I.

Listed in Table 1 are quantities which we have termed "data

importances.” As defined in Paper I, they are the diagonal elements
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_ _indicative of

of an orthogonal projection operator in the

data space, and dre __

the distribution of information among the data (Paper 1;

inster et al., 1977) . Importances are additive and sum to the number

— ., of inverted parameters, 30 In the case of RM2. They depend on the

geometlry o? th? data set, and on the dana_uncertaintigs, put net on

the actual values of the ﬁata._ The final model depends heavily on the
most important data and is rostt wiph respect to thg least important
data. , .

- Cumulative importances'for individual plate boundaries are listed
by data types in Table 2 for RMZ and in Table 3 for the best fitting
vectors. The cumulative importance for a1 slip vector data is only

4.6, compared with 11.1 for the transform fault azimuths, despite the
fact that the former outnumber the latter by nearly 2:1. ihds reflecfs
the iower uncertainties--by a factor of two to three--generally assigned
to transform fault data. The most Important datum (0.95) is thg rate
across the Mid-Cayman Rise (Macdonmald and Holcombe, 1978); alone, it es-—
“sentially determines the relative speed of NOAM-CARB. When'the entire data
set is considered, 50% of the cumulative importance is asspgiated with

the 49 most important data, and only 10% with the 151 least important

data. Importances are very useful for a detailed comparisou of data

__ and medels, as illustrated in the next sectiouns.
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ST Model RMZ " Detailed Assessment'
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'Thié discussion is devoted to a detanled evaluaticn of RM2 on a

- - - -

region—by-r gion basis. The fit of RMI aud RMZ to the ‘data For

individual plate boundarles is illustrated in Figures? 20. The daga
and‘ﬁééelivalue; are depicted'as residuals with reéﬁect to the best~
fitéing aﬁgulaf velocity vectors ané polé;'li;ted iﬁ iabla 3. .Baselines
provided'by the best-fitting vectufs remov;’tﬁe large variations.in—the
data functionals due to geometrical complexities and allow the models to
be plotted as smooth lines oﬁ tﬁe'diagrams. More importanfly, tﬁe

deviztions from the locally best-fitting parameters required by closure

conditions are re;dily apparent.

The Pacifie~North America Boundary. It was concluded in Paper I .

that the slip-vector data along the Aleutian~Kuril trench system are
not consistent with the NOAM-PCFC relative motion inferred from data

in the Gulé of California and in the northwest Pacific. We suggested
that this inconsistency was diagnostic of deformation of the North
American plate, and attempted to model it by inéluding a hypothetical
Bering plate in RM1. However, the BERI-PCFC pole was determined by only
ten'glip vectors. Engdahl et al. (1977} pointed out that our data were
a poor representation of the earthquake populagion along the trench and
that the slip vector orientations for individual events in the vicin;ty
of 175°E could be significantly biased bj the laterally heterogeneous
seismic velocity structure of the downgoing slab. In the present study

the numbar of data along this trench system has been increased to 27,

including 15 high quality slip vectors from the Kuril-ﬁamchatka Arc
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lecause of the evi-

e -

dence for bias due-to §Iaﬁ'§tructure presented by Engdahl et al. (1977),

we asszgnéd large uncertainties (+20 ) to the data lvlng hetween 165°E

T --and 165% longitude. It can be seen fram Flgure 7 that these data are

"7 in fact systematlcally misfit by RM2 and the BFP in the dlrectlon ob-
- served in Paper I and predlcted by the modeldof Engdahl et al. (1977}.
"*On the other ﬁénd'daté f%omvtﬁé Rﬁri]—Kamrhatka Arc are fitted by the
model without dlfficulty, consist;é;.w1th the COHCIUH10U of Engdahl gt al.
(19?7} that slip vectors in this region are not 11ke“y to be significantly
‘biased by slab structure. Since the fit of the data elsewhere along the
boundary is satisfactory (Figure 7), we conclude thar there is little

evidence for deformation within the Rorth American plate of the sort

hypothesized in Paper I. . .

The East Pacific Rise. The data set for the COCO-PCFC boundary
includes a redetermination of the Siqueiros T.F. azimuth from revised

bathymetry (Rosendaﬁl 1976}. RNZ performs very well along this

boundary and constitutes a slight 1mprovement over RM1 (Figure 8).
' The data set fér'the NAZC—PCFC boundary has been significantly

‘rgvised and augmented, éspecially the rate data set. Between 6°S and

1208; the magnetics are poor and the data relatively scattered (Figure 9),

as mighﬁ be expected for east-west profiles in the vicinity of the mag-

netic equator. WNevertheless, Rea's (1976u, b) data indicate a lower
rate than used in Paper I. Herron's (1972) profile at 19°s is easily
"readable, deépite the small size of the published figure, but the

“bathymetry indicates that a fracture zone may be crossed to the west of
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the ridge. Thus, the western part of the profile is suépecﬁ beyond

anomaly 2, and we assigned a large uncertainﬁy to the measurement.. A

sequence of high quality profiles at 20°S has been discussed by Rea

and Blakely (31975). Since their published profiies are rate adjusted
and could not be remeasured, we adopted their estimated spreading rate
(16.1 em/yr) and assigned it an uncertainty of 0.6 cm/yr, a conservative

value in view of the datum’s quality. However, this rate is less than

that obtained at 19°S and is not fitted well by the model. It is also
difficﬁlt to reconcile this rate with the comparable rates much further
north and a higher rate to'the south: the profile at 28°% (Herzon, 1972)
yields a rate which exceeds 17 cm/yr.

The azimuths along the NAZC-PCFC boundary have been much improved 4;

by the recent bathymetric studies.of Mammerickx et al. (1975) and

Lonsdale (1977, 1978). However, the position of the NAZC-PCFC pole %
has not been significantly altered by these revisions; the RM1 and RM2
poles, and the BFP, lie very close together, well witﬁin the RM2 error

ellipse,

: ]

The Galapapgos Spreading Center. The rate data along the COCO-WAZC

boundary are taken from the study by Hey (1974). We also included a
good deep—tow profile published by Klitgord and Mudie (1974). As

seen in Figure 10 and in Table 1, the data along this boundary are

-dnternally consistent. A particularly satisfying feature is that the
recent bathymetry of Lonsdale and Klitgord (1978) clearly requires the
COCO-NAZC pole to lie north of the equator; the transforms at 84.5%

and 85.3%0 trend east of morth. The implied shift from the RMI pole




position is in complete concordance with the shif; dictated by the lower

spreading rates along the NAZC-P(FC boundary. It should be noted that
the strike of the Panama T.F. is very consistent with this new pole

position, a point we shall return to in the mext section.

The Chile Rise. The slower opening rate along the NAZC-PCFC

‘ boundafy also affects the motion alomg the Chile Rise. In particular,
the RM2 rate is considerably less than the 7.6 cm/yr estimate derived
from the profile of Klitgord EE_él; (1973), which we consider to be the
best rate observation along this boundary and is the only value included
in the data set. However, the RM2Z rate it between this value and the

lover estimates of Morgan et al. (1968) and Herron and Hayes (1969).

Eastern Pacific Subduction Zones; Strongly coupled to the opening

of the East Pacific Rise are the convergence rates and directions along
the Middle American and South American trenches. We have adopted a
set of slip vectors estimated by Stauder (1973, 1975) and Abe (1972) to
Tepresent the direction of subducticn in Sduth America. The.residuals
for these data show a slightly negative trend, although Abe's (1972)

well determined solution has a large positive residual. The negative

trend could be eliminated by increasing the rate along the NAZC-PCFC boundary.

‘However, the COCO-NOAM and COCO-CARB slip vectors also exhibit this
nepative residval trend, a;d the possibility that these.data are biased,
iike the Aleutian slip vectors, cannot be discounted. In any case, the
secatter in the data 1s large, the averape misfitr is small and the data
impprtances are low; hence, any bias will not significantly affect the

model, , .
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:The:aniEioeAncarnﬁid?Riﬁgé;ZfBﬁbauéG:ftff§ T kéystone of the

globak-model, parcicular:attentfon-was devofed to the PCFC-ANTA boundary.
fhe data :along this boundary are of sufficlént wimber and quality to
provide:significann’ooupling; vin the Antaretfic plate, among the plates
in the Pacific and the plates with oonndan%os‘;n_the South Atlantic and
Indian Oceans. fhéméonfignnation of the PCFC—A&TA houndary has been

investlgated by Holnar et al. (1Q75), and oux data set is based primarily

on this study. Since these authors did not use synthetlc magnetic.

- -

pxokiles, we computed synthetmcs nna“fglnterpreted the magnetics. A

significant component of.apparently asymmetrlc spreadmng is obsetved

on many profiles (Molnar et al., 1975, Stein et al., 1977), so the

rates were estlmated only from pulrs of correspondmng anomalies on

both sides of the axis.__All measurements were based on anocmaly 2'

or younger anomalies. Transform fault azimuths were derived from the
bathymetry-of Molnar g;_él; (1975), but estimates were obtained from

ship track crossings rather than their interpretive map. It is clear

from Figure 11 that RM2 is very close to the best-fitting vector and
represents an improvement over RM1 in this region. The difference in

the RMlland RM2 poles is mainly attributable to the southwesternmost transfiorm
fault, an inportant datum (é’= (0.25) not included in Paper I. Some internal
inconsistency of unknown origin is evident in the rate data (Figure 11):

the rates are greater in the middle of the boundary than those required

by the rates at the ends of the boundary. Nevertheless, most of the

data ave fitted within thelr uncertainties, and the relative rotation

vector is one of the best determined in the RM2 geohedron.

-




To:The~India-Pagific boundaxry.. The data used aleng-this boundary,

~gonsisting entirely-sf-earthyuake. slip-vactots, “are” the- same as-in-~

“n:Paper I, but:ithe data-north-of~25°S:were:nliminated:because of documented

~=~-behind-the-arc-spreading in the-Lau Basin- {e.g.: Lawver-et-al.; 1976).

Nevertheless, the geometry is such. that-a BFP could be determined.from

-+:the 1l4.remaining slip vectors {Tuble 3). We observe - -

-7 that this best~fitting pole is almost identical to the pole determined

by Falcomer (1973) exclusively from seismicity datz ilong the Macquarie

- Ridge, a completely independent data-set, However, as seen in Figures

<-:4-and 12, ‘both RML and RM2 differ significantly from this pole, 2 direct

result of-requiring closure arﬁund the INNI-PCFC-ANTA triple

'junction. Consequently, the global models are a poor fit to the
southernmost slip vectors, determined by Banghar and Sykes (1969).
Furthermore, these models predict a significant component of compression

across the Macquarie Ridge system, in disagreement with the hypothesis

:.:of Falcomer (1973) that this segment is a strike-slip fault. We

rt

'li;strongly suspect that-these inconsistencies result from internal

z..deformation-within the Indian plate.(see below)., & . . oo

Motions about the Azores triple junction. The plate boundaries

whlch form the Azores triple Junctlon are 1nd1v1dua11y well constralned.
Figure 13 is a residual plot for the northern Mldmﬂtlantlc Ridgehdata.
The longitude of the EURAFNOAH pole is reasonably well fixed by the
precise azimuth data along the Charlie-Gibbs T.F. and a number of fault

plane solutions in the Arctiec, but its latitude is more uncertain. Both




the RM1 pole’and fli¢ BFP lie near the mouth of the Lema River, the -

posTtion most dompatible with-the, rate data...The RM2 pole is several

deprees further south™ (65:8°N,-132.4%E),-und_its.fit to_the rate data _

soiith of 80N is not as good. -However, this pole is more consistent.

— e

with rhe conclusions reached by Chapman and Solomon (1976) in their

study of mortheast Asfan tectonics. .

" * The-data set dlong the Azores-Gibraltar Line is considerably
improved over our previous study, We deleted the datum east of
Gibraltar, because of its probable_involvement with t§§‘§%bgr§g“glgpe
(Andrieux et al., 197;), but added three new.slip.veétorsjﬁeégjbf -

.Gibraltar. The most important addition, however, is the azimuth of the

Gloria T.F. ($t= 0.783), well defined by Laughton et al. (1972) and Laughton

et al. (1975). This datum places’a strong constraint on the longitude of the
AFRC-EURA pole. Although the individual slip vectors are mot particularly well
determined, their variation from NW compression on the east to S5W extension on the
west requires that the pole be not fur south of the boundary, a conclusion
established by McKenzie (1972). As a vesult, the pole is very tightly
" eonstrained, and the RM2 solution is very close to the BFP (Figures 6

and 14).

- The data set south of the Arores on the Mid-Atlantic Ridge has also

_been iggroﬁed. Several special stiidiés have ylelded much better mag-
netics, and these imply a significantly 16§er-fate'dﬁring the last 3 My

. .

. than used in Paper I. Tﬁe azimuth data along the AFRC-NOAM boundary

-

_T.F. (S7IE) and the Atlantls T.F. (Séiﬁ) were used and were well fitted

ave also been revised, In Paper I, the gemeral trends of the Oceanographer
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by RMl. 1In the present data set, these azimuths havz been deleted and

‘replaéed by the azimuths of transforms A(S88E) and B(S89E) in the FAMOUS
area (Macdonald and Luyendyk, 1977). The difference between the azimuths
of the major transform faults aned transforms A and B has been attributed
to a change in the direction of plate motion within the last 5 My
(Macdonald, 1877; Fox et al., 1978; Atwiter and Ma:xdonald, 1977).

A slip vector showing east-west motion on the Oceancirapher T.F.

(0dias gg_ggl, 1976), supporting this conclusion, has also been included.
The revised data along the AFRC-NOAM boundary ave internally

consistent, as indicated by the performance of the best-fitting angular

velocity vector, but the AFRC-NOAM azimuth data are poorly fitted by

RM2 (Figure 15). It is clear that the misfit is forced by the closure

condition about the Azares tripie juncfion. To satisfy the ‘triple ‘

junétion condition, the AFRC-NOAM pole must be on the great circle

connecting the EURA-NOAM and AFRC-EURA poles (Figure & & 6). The BFP

is noty it lies to the west near the northeastern tip of Greenland,

as required Sy the revised azimuth data. The triple junction great
circle cannot be shifted to include the AFRC-NOAM BFP without completely
misfitiing the @ata along one or both of the other boundaries. TFor
example, any good fit to both the AFRC~-NOAM and EURA~NOAM data sets
yields an AFRC-EURA pole that is much to the west of the RMZ pole and
implies compressive motion along the entire Azores-Gibraltar Line, a
prediction in flagrant disagreement with the observed earthquake mechanisms,
Hence, the RM2 soluﬂion is significantly different from the AFRC-NOAM BFP.

"The BM1 and RM2 poles are each included within the other's 95% confidence
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ellipses. Hoth models predict directions of APRC-NOAM motion which . ..
match the ohserved genexal ﬁrengﬁgﬁ,;yg_Dqganpgrapggg I.F but which - -

misfit the azimuths of transforms A- and B-by _@l}mu_t__g.ﬂz. Treengt TS ETITUTC.

. A possible explanation for this discrepancy concerns the way. the . R

RM2 data set averages over time. It is conceivable that the east-west

grends observed in the FAMOUS region are so recent that the pole shifts

required by this reorientation are not represented in the data from the

g other plate boundaries. e mee e -

However, we believe that this explanptiop can be rejected. The

1o :ation of the great circle connecting the EURA-NOAM and AFRC-EURA

poles is fixed by truly "instantaneous" data; i.e., the slip vectors

in the North Atlantic and along the Azores-Gibraltar Line. .Therefore,

é . the conflict is among data which imvolve little or no time averaging.

?érhaps the east-west transforms observed in the FAMOUS area are

& not unbiased indicators of AFRCwNOAMimﬁtion;i Tﬂis would be the case,

A for example, if'these short. fault segmeuﬁs were "leaky" in the sense of

Henardiand Atwater (1969); i.e., if a component of extension existed

i ‘ acrbsgrthese,faults. For this explanation to Se correct, the rate of

ope?ing nprmal to the faults would have to be.about_d.& cm/yr. Although

the_field déta do not appear to support this hypothesis (Detrick et al.,

1973; ARCYANA, 13?5; Choukroune et al., 1977), the ability of these

studies (gs well as ours) to éesq;ve_such_a component is an open question{
-iThe‘;pcompatibility of the FAMOUS tremds with the RM2 model remains .

problematic. It is interesting to note, however, that the RM2-predicted

:aziguths are essentially perpendicular to the rise-crest segments in the

FAMOUS area.




A rajor-conclasion” of - Paper I

uilllf@ifThe*Americas»? one-plate or-two?

T

'“““‘waS‘that.significant*relative murion exisats. between Worth.and South

e LA S R

'?::America. =The-present-study-supperts this conclusion, although direct

observatinnal evidence fox- NOAM,GOAM motion is btill lacking. An

Tt e o

i...inversion of the-global data set was performed with :he Americas grouped

-

‘into a single plate.”.

"This model was rejetvted bacauss it does not satisfy

R

'thé rgiative motion data in the Atlantic...In particular:f

-{1) The rate data along the AFRC-NOAM boundary are misfit, model

: values.being 0.4 cm/yr too low. c
..:t . {2) The azimuths along the AFR(-SOAM boundary -rield systematically
| ' positive residuals of about 5°.
(3). The EURA-NOAM pole is shifted northward to 81°N, 118°E, well

outside the RM2 95% confidence ellipse.

Consequertly, the

variation iIn rates along this boundary does not match the

observatiouns.

(&) The AFRC-EURA pole is shifted westward to 12°s, 38°W. Such a

pole implies compressive motion along the entire Azores-—

207w T.e.  Gibraltar Line. As noted above, this consequence is in direct

- .eonflict with the extension observed on the western portion

- - PR - - —

- " '—Of-thi'SAh‘gundary. . . e = LT

- We conclude that a non~zero NOAM-SOAM angular velocity iIs required
by the revised data set. To derive RM2, we adopted the convention of
Paper I and partitioned the AFRC-NOAM and AFRC-SOAM data sets mt«ISDN,

-~ where the distance between the Mid-Atlantic Ridge and the West Inddies

Arve is least. = - il
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Th;s{grnuping"affordstaﬁ'exfellvn:_fjt‘ﬁa*fh‘faaEa ‘a¥ong thews-

:AFRB+SGAM:bcﬂndary:éFigurezrs):”TOne?deﬁﬁmSoﬁ this-bounddry deserves
‘particular méntion: ~<Eittreinm and~Ewing: (1975¥:have~mapped‘“‘receeﬁ,‘-r
-apparently continuous- fault within the Vema fauIt zene.--Their data S -
yield .2 remarkably well determined azimuth ofrrelative motién; wa 7.7

asgigned this datum an uncertainty of - +2°; “the lowest ‘givén'to any - ---

direction datums Its residual computed from RM2”i§§nﬂIy'O¢4 « Im
contrast, the residea}_computed from. fhe model“witﬁ*eaeingle Amezicas -
plate is neerly*5°; PR )

~ Although some mation is required, the NOAM-SOAM angular velocity

vector is not precisely ronstrained. This is indicated by the large

confidence ellipse associated with the pole (FigureAs). It is also -
evidenced by the fact that the RM2 poie is nearly 30° north of‘the Rﬁl
‘pole; eomﬁletely reversing the sense of motion predicted along the
‘boundaxy pqstuleteﬁ to lie somewhere between 10°N and 20°N. Discussion

of the inferred relative motion may be found in a laterx sectiomn.

- - - . .- R . -
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‘Caribbean plate than. Although a Caribbean plate was not 1neluded

- N

in the RMl model derived in Paper I ‘the topic of Gerihnean plate

motion was treated in deta11 by Jurdan {1975). He derived a NOAM%CARB

angular velacity'vector using ‘a spreadlng rate of 2 2 cm/yr across the

e i el s 5 i AR et s e ey e e e e e E gt e . At e . P T e FTREEN P .
1y - R e T R L I G et I e Lt e e et e S e SnE. e, opge et

;5 Hmd Cayman RlSE estlmated from topographic decay (Holcombe et al., 1973)

kﬁf, ~ For the present study, we were £01tunate to have availeble a much more

rellable rate (2. 0 £ 0.4 cm[yr since 2 3 My B. P ) determined from a

magnetic profile across the Mid-Cayman Rise by Macdonald and Holcombe (1978).
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This rate is essentially identicnl to the previous estimate. Four slip

s — hiarbuntgeaten e
iy

vectors from the Hblnar and Sykeq (1969) qet used by Jordan (19:5) were

- ——— L Tt
- ———. -

&eleted, one from the WEst Indies Arc, becanse L may iie south of the

ST mmee - -
[l

- - -

CARBHNOAH—SOAM‘triple junction, and tnree frcm HlSpaniola and the Puerto

Ricn Trench where the data show ineernal scatter and the stress and

) straan fields are complex (Jordan, 19?5) A slip vector fcr the 1976

------
- .

mGuatemala earthquake (Kanamori and Stewart, 1977) was addad. The changes
to the dlrectlon data shifted the NOAM-CARB pole northwestward from the

position computed by Jordan (19?5) It can be seen from Figure 5,

_ however, that thls Shifﬁ is in the direction least constrained by the

data, as indicated by the orientetioﬁ of the RM2Z2 confidence ellipse.

Jordan's pole lies within this confidence eliipse, and the difference

" .

between these poles is not resolvable by the present data set (Figure 17).

The CARB-SOAM pole is also shifted with respect to Jordan's
solution, ﬁ&é: again; the shift is along the major axis of the error
ellipse. This eole is uﬁconstrained by data along the CARB-S0AM
‘boundary, so its 95% confidence ellipse is quite large. The change in
-itsulocatxon.reflects the shifts in both the NOAM-S0AM and NOAM-CARB
poles. Nevertheless, Jordan's conclusion that a component of north-

south motion exists along this boundary is dnaffected (Table 5).

LA - e

oo e m Y e P P

“The Bouvet triple junctﬁon. RHl did not predict correctly the
relative mations of SOAM-ANTA and AFRC—ANTA (Forsyth 1975; Sclater
et al., 19?6). In Paper I, these ‘boundaries were very poorly constrained

by data, but this deficiency has been remedied by a number of recent
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special studies {Table 1}. RM2 provides an excellené‘fit to the data
around Bouvet triple junction (Table 1, Figures 16 and 18), whereas RM1 .
performs miserably. Three explanations for this discrepancy were
investigated:
(1) BRML is located im a local minimim of the fitting function
manifold. This possibility can be dismissed; inverting the
RML. data set with BM2 as a starrking model yields the published
RMi solution.
(2) The SDAM-ANTA and AFRC-ANTA vectors are very sensitive to
small errors in thg RM1 data set. Tﬁis possibility can also
be excluded; the error ellipsoids for these vectors are
actually quite small (Paper I, Table 2, Figures 5 and 7). The
prediction error computed frdm the RM1 variance matrix is
much smaller than the RML misfit to the new data. If the new
data along the SO0AM-ANTA and AFRC-ANTA boundaries are exluded
from the revised data sef, a solution similar to RM1 is cobtained.
(3) The global data set is inconsistent with the plate géometry
assumed ‘by RML.
Hypothesis (3) is our preferred explanation and was in fact advocated by
Fo;syth (19?5) in his original study of this problem. For reasons detailed
below, we believe that the data sets for plate motions about the Indian
triple junction are inconsistéﬁt with our model, and we ascribe this

inconsistency to internal deformation within the Indian plate.
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Plate monions in the Indian Ocean. This brings us to the major

n‘”diffioulty we encountered in constructing RHZ' as oointed out by

Jordan et al (1976) and Mlnster and Jordén (197?), each of the three

leos of the Indian triple junction are populated by internally )

consistent data, but the three beéé:fitting vectors sum to a vector

" (the closure vector) signlficantlv different from zero (Table 3 Figure 6).

The AFRC*ANTA boundary is denselv populated by good observations.
The 6 ratas, 6 transform faults, and 11 slip vectors along this boundary

constrain the angular velocity vector very well. The most important of
these d;Eo is the well mapped Melville transform fault (§ = 0.53) near the
northeastern end of the boundary (Engel and Fisher, 1975), which controls
‘the latitude of the pole. RM2 petrforms close to optimally along thls
boundary (Figure léj. ] - .

As notédloy Mcﬁeﬁzie and Sclater (1971), the transform faults along
the Cenfralhlndian and Caolsoerg ridges tightly conotrain the INDI-AFRC
ponle, dnd these constraints have been strengthened by improved bathymetry

{Engel and Fisher, 1975). As shown on Figure 19, there is a minor

discrepancy between the rate data and the transform fault azimuths: the

northernmost rates are too large by a few tenths of a em/yr. Im an
effort to fit these rates, the best-fitting vector skews slightly with

respect to the T.F. data, and RM2 is actnally a better fit to the azimuths

than the BFP. However, the Carlsberg Ridge is opening slowly and lies

close to the magnetic equator; the magnetics along this boundary are

not of exceptional quality (McKenzie and Sclater, 1971), and we are

.

not disturbed by this slight misfit,
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The problem of data inconsistency is evident along the Southeast
Indian Ridge. The data are not quite as good along this boundary, but
they determine a BFP énd angular rate which constitute an acceptable £fit
(Figure 20). RML fits these data very well, but RM2 fits poorly: the
RM2 pole is significantly different from the BFP (Figure 6) and doe; not
match the gradient in the spreading rates. The sitvation is now clear:
RM1 satisfies the INDI-AFRC and INDI-ANTA data, but ﬁisses badly along
the AFRC-ANTA bdundary; RM2 corrects the misfit, but then does not
satisfy the INDI-ANTA data. The most comprehensive local study of this
triple junction was published by McKenzie and Sclater (1971). Their
énstantaneous motion model is also shown on Figures 18-20. It is

different from either RM1 or RM2 but does not constitute a better solution.

The motion of Arabia. Tn the Gulf of Aden, the rates obtained by

Laughton gg_il; (1970, Table 1) are used directly. These data show very
little scaéter ané are fitted by RM2 very well. The only other data used
in the inversions are two rate estimates in the Red Sea (Allan and Hbrélli,
1970}, and these are also well fitted. Because of the mediocre quality

of the azimuth data, and the variety of the possible interprefations

of Red Sea tectonics (e.g. iePichon‘ggigLL, 1973), we did not attempt to
modél the northern Red Sea in this work. Sinc; thé Arabian plate is

unconstrained along its other boundaries, the RM2 and best-fitting

ARAB~-AFRC wvectors are identieal.

3
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The Indian Plate Problem

Although RM2 is a very good fit to the data set as a whole, we have
not been able to fit the Indian Ocean data satisfactorily by an
RiM2-type model. These discrepancies may simply result from bad data,
contaminated by systematic ob§ervationa1 errors we do not understand.
- We are aware that data bias is the prebable explénationrfor the misfit
to the Aleutian slip vectors; in Paper I, we attributedvthis misfit,
evidently incorrectly, to internal deformation within the North American
plate. The existence of systematic errors in the Indian Ocean data ob-
viously caunot be ruled out at this time. However, because its impli-
cations are important, an alternate hypothesis-~internal deformation
within the major plates--deserves investigation.

In RM2, Indian Ocean tectonics are modelled by three piates,
ANTA, AFRC and INDI. There is no geological or seismic evidence for
deformation within Antarctica; in fact, the intrapiate seismicity of
Antarctica appears to be the lowest of any major plate (e.g. Tarr, 1974).
In contrast, both the African and Indian plates aré characterized by high
intraplate seilsmicity, and observations of significant post-Miocene
intraplate deformation have been-reported (e.g. McKenzie et al., 1970;
Sykes, 1970b; FEittreim and Ewing, 1972). - |

To investigate hypotheticai intraplate deformation, we have chopped
these plates into two pileces and modelled each as a rigid entity, as we
did for NOAM and SOAM. This procedure 1s obviously umsatisfactory for

representing widely distributed strain, and we are implicity assuming

that most of the deformation is localized within a relatively narrow zome.




Deformation of the African platu. Active extension across the

African Rift valleys is well documented (e.g. McKenzie et al., 1970;_ .

th;ha_aqd Molnaz, 1972; LePichon 55,2141_19¥3l::-?9vt?$t the hypothesis
that q@e_RHg_misfit-a%ongﬁEbgj?NHI«ANTA_hqugéggy st%miﬁirqm_%gqgriqﬁ_‘
this‘dgformation, anothgr_globg};ipvgrgipn ggs_gerformed: Thg:QQta_
along‘;he éfricgn plﬁte‘bqqqﬁazie§ intthe Red Sea and west of ZOOE_?ere
assigqu to a_Huﬁigq.plate_QNpBI),’anq’thg Qata eastrgf AQ?E_were assigned
to_aMSqmalianlplate_(SOHA). Wélgrbitrarily assumed:?Eat‘fhe pqsitiPn Qf”
the NUBI-SOMA-ANTA triple jumction is somewhere between 20°E and §0°E. Since

we did not feel justified in specifying its position more accurately,

the 10 data along the Southwest_lndian Riage in_t@i§ %nte?val_garg'deleted.
Az expected, the resu.ting model is a betxgr fit to the data set than RM2.
In pariicular, the_;NDI—ANTA angtlar veiocity‘yector is wvery c;ose to
the best-fitting golution in Table 3, and the fit to data along this
bounda;y is much improved. However, the resulting SOMAfNUBI_polg is at
43°s, 48°E and the angular rate is 0.170/Hy, which implies east-west
compressive motion\acros;_;@g.Africaq_Riﬁt vaileys"at a rate e;ceeding
1 gm/yr!“This é?ediction qlearly gont;adicts the_geophysical gvidgnce.
1f a non-zero gomponent of extension is inmosed on this boundary, the fit
to‘thg_INDI—ANTA data set is degraded with respect to RM2.

Thgrefore, problems wi;h RM2_in thg %nQ%aQ Q;eag‘ganno; bg_remedied
by simply posgulgting_intgrnal deformatiqu iqlAfricaf b?EaQS?_?§? peguiting
mnqel viola;es Q;her constga;pts. Although the evidionce for extension

across the African Rift Zone is compelling, we have not been able to

sugcggs@plly resolve this motion in our global modelling studies, a

T
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conclusion also stated in Paper I.

In a recent parallel study, Chase (1978) has produced a globél
plate model which predicts opening of the Rift valleys. The differences
between hi; model and the model described above are evidently due to

differences in the inverted data sets. We note that Chase's poles do

not provide a sétisfactory fit to our data set along the RM2 AFRC—ANTAu?f"

boundary. Also, the misfit to the INDI-ANTA data set described for

RM2 is a feature of his solution as well.

Deformation of the Indian plate. The hypothesis that the Indian

plate is daforming is suggested by two aspects of the RM2 fit discussed
in the previous pages: RMZ's.performance is unsatisfactory along both
the INDI-ANTA and INDI-PCFC boundaries. To test the hypothesis that
INDI' deformation is responsible for these discrepancies, the western
portion of the Indian plate (WIND) was separated from the eastemn
portion kAUST). Siﬁ INDI-ANTA data within a transition zone between
90°E and 130°E were.deleted. Data on the Indian plate boundaries west
of 90°E were aséigned‘to WIND and data east of 130° were assigned to
AUST. With thi; configuration, the global data set was inverted. The
resulting AUST-WIND angular velocity vector is labelled "A" in Table 4.
Again, dntroduction of more model parameters permits™a better fit to the
observations: The remaining data along the Southeast Indian Ridge are
satisfied, and the AUST-PCFC pole lies within 2° of the INDI-PCFC BFP of

Table 3.




From Table 3 we can estimate the hypothetical AUST-WIND VECTOR inde-

pendently of tbe data along the uoutheast Indian Ridge. Deformztion of

e ot e - -1

~the Indian plate can be approximntely described by _the closure vector

nf the circuit WIND-AFRCHANTAfPCTC—AHST. "This vector may -be calculated

using the best fi tlng angular vulothy vuctor for each boundary traversed

by the circu1t. The result is not unique 51nce the PCFC-AUST rate is not

v—— o S
—_— - s Reer s -

constrained and a one parameter fam;ly oE closure vectors is therefore

- e~ -
- -

ganeratad. To specifx_a member of this family, we arbitrarily chose to
minimize the ;e}ative velocity of AUST with respect to WIND at a point
along the Ninetyeast Ridge. HNumerical experiments show that the result

is quite irdseasitive to this point's location. The derived angular

velocity vector is labelled "B" in Table &.
In view of the uncertainties involvad (and the ad-hoc criterion

used to construct vecto¥ B), the two solutions in Table 4 are remarkably

similar. Both imply slow compressive motion between WIND and AUST in a

NW-SE directiom.

Our modelling procedures do not require the existence of a specific
boundary separating the Indian plate into two portions. However, we

speculate that any deformation within the Indian plate may in fact be

localized in the vicinity of the Ninetyeast Ridge., This linear feature behaved

o~

as an active transform fault in the.Cretaceousl(eg. McKenzie and Sclater,
1971; Schlich, 1975; Sclater.et al., 1976), and, ;lthough it has been
commonly considered to be quiescent during recent times, Stein §n§ Okal
(1977) have suggested that it is now the site of significant seismic

and tectonic activity. The nature of this tectonic activity is undoubtedly

complex, but Stein and Okal argue that the bottem morphology and




selsmic. source mechanisme are consistent with NW-SE tompression in the

R e . -
- —— e emes .

: xppion, in agreement with the angulaxr velocity vectors in.Table 4, VEGtor.

:5 predicts a rate of deformation of about 1 cn/yr,- computed at 15°N,

-90°E. This rate is equivalent to a strain rate of lofglyr, if the.

- deformation were distributed over a ;one 1000 km wide, and is grpssly
compatible with the level of reglonal seismicity (Stein.and Okal, 1977).

Ir summary, the hypothesis that deformation is occurxing within

the Indian plate suffices to resolve. the difficulties encﬁﬁntered in
fitting the instantaneous relative motion data. Although the nature of
this deformation remains speculative, at least a partial localization of
the deformation in the vicinity of the Ninetyeast Ridge is suggested by
other observations. We note that, if extension across the African Rift
Zone is incorporated into the plate tectonic model, deformation within

the Indian plate predicted by the model will be greater.
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. . Predictions and Tmplicacdons  __ . __ . .. - .. .

- Along plate boundaries—where data are not-available-or-where inter-
pretation is hindered by peological cowmplications, RMZ.p%ovides,a useful
basis for predictions and comparisons of global motions with locail-field .
evidence. We discuss here a few selected examples. In this discussion, -

prediction errors were calculated using the bilinear form described. by.

Jordan (1975)e - - -t - . ..

Central California. Because of possible bias assoclated with ex~

tension in the Basin and._Range Province, data-a}ong the San Andreas. fault
system were not used in the inversion (Figure 1). - In central California

RM2 predicts a rate of relative motion betﬁeen the Pacific and North Ameri-
can plates of 5.6 * 0.3 cm/yr (Table 5). Baééd’on geological evidence, Hall
and.Sieh (1977) estimate a slip rate of 3.7 & 0.3 cm/yr along the San ‘

Andreas in central California, averaged over three millenia, which is

W e G e e e e e sl e e

identical to Thatcher's (1977) geodetical estimate of 3.7 % 0.2 cm/yr.
Covlopical evidence implics a simflar rate over the past 10 My {eg.
Huffman, 1972). This comparison suggests that a significant fraction of

the PCFC-NOAM motion is taken up elsewhere. Some of it may possibly be

accommodated on fault systems west of the San Andreas. For example,
Weber and Lajoie (1977) conclude that right-lateral slip has occurred
along the San Gregorio fault zone during the last 200,000 years, with

a rate ranging from 0.6 to 1.3 em/yr. The discrepancy between the

observed and predicted rates may also be attributed to deformation

distributed within the Basin and Range Province. Thompson and Burke (1973)

SR




estimate that the Basin and Range undenwent lﬂﬂ'km of extension in N35W
direction during the last 15 My, equivalent to an average of 0.7 cm/yr
of right-lateral motion in a direction parallel to the San Andreas.

The comparison of observed and predicted azimuths also suggests
active deformation within the western U.S.: Between the Carriz; Plain
and Hollister, the San Andreas fault exhibits a well defined azimuth of
N41°W £ 2°, whereas the direction of relativé motion calculated from
Rﬂz is N35°W +2° (Table.5). These two values can be reconciled by
postulating about 0.8 cm/yr of EW extension between central California
and the stable North-American platform to the east. Thompson and
Burke's (1973) model implies an average rate for EW Basin and Range
extension of 0.5 em/yr. Furthermore, Clark and Lajoie (1974) estimate
a horizontal displacement rate of 0.7 cm/yr along the Garlock Fault
during Holocene time., Such agreement may be fortuitous, but we consider
it to be support for Davis and Burchfiel's (1973} suégestion that the

Garlock Fault is a major intracontinental transform structure.

Relative motion of North and South America. As argued above,

relative motion between North and South Aﬁerica is required by our data
set. Figuge 5 and Table 2 indicate that the NOAM-SOAM veector is poorly
constrained and a wide range of possible relative valocities are allowed
by the data. Very little direct evidence for this relative motion exists,
and the movement could be distributed across a broad zone between, say,
10°N and 20°N. Since the relative velocities are predicted to be small,

the deformation may be largely aselsmic. However, some seismicity does

- - apmrer g e ——
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exist. TFor example, a magnitude 6.2 earthquake occurred October 23, 1964,

at 19.8°N, 56.1°W. The mechanism for this event 1s consistent with right-
lateral strike-slip motion in a direction N55°W (Molnar and Sykes, 1969;
J. Dorxel, 1975, personal communication), which does not disagree with

the RM2 prediction of N71°W % 58° (Table 5). It is, however, inconsistent
with the RMI model, which predicts left-lateral motion.

Southern Boundary of the Caribbean plate. RM2 predicts a component

cf N5 convergence across the CARB-SOAM boundary. Although the Tates are
somewhat higher, the azimuths for CARB-SOAM motion are almost identical
to those deduced by Jordan (1975) using the RML model. Consequently,

Jordan's conclusions concerning motions along this boundary are substantiated

by this study. They are also supported by Ladd's (1976) model of tertiary

plate motions. Direct evidence for NS compressive motion has been obtained

by Talwani et al. (1976) from an analysis of multichannel seismic reflection

records from the south margin of the Venezuelan Basin and by Rial (1978)

from a study of local mechanisms in Columbia and Venezﬁela. No such com

pression is predicted by a model which assumes a single American plate.

We take this to be am additional argument in fqvor of modelling NOAM and

S0AM as two separate plates with a zone of decoupling between 10°N and 20°N.
Jordan's (1975) portrayal of the tectonic relationships in the

Panama Basin is also qompatihle with RM2. The RM2 COCO-NAZC pole lies

north of the equator, and the Panama T.F., as mapped by Lonsdale and

Klitgord (1978), closely approximates a small circle about this polé;

even though it was not used in the inversion. Thus, RM2 is consistent

with the hypothesis that the Panama Basin east of this transform is not

acting as a separate plate, as suggested by Molnar and Sykes (1969) and
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Lonsdale and,Klithrd (1978) but in Fact is part of the Nazca platé:‘#
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Although, RMZ predicts a siightly lower. NAZC—CARB rate than RM1, thé
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ézimuths of relative motion are nearly identical (Table S) and are bonr .
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sistent with the hypcthesis that the motion is accommodated hy a left-'

Jlmm e e

1atera1 tfansform fault along the scuthern cnntinental margin of Panama

(Jordan, 1975).

- = -

-

Subductlon i SouEhern"CﬁlléT'"Eeismic activity along the Chile

trench decreases-sﬁérply south of the NAZG—ANTA—SDAM tripla Junction :

(Tar*, 1974) " Few earthquakes (only one w1th mb > 6) have been

reported in this reglon between 1963 and 1975. The predlcted convergence
rate between ANTA and SOAM is only 2.1 i D.chm/yf:'éTabié‘5),-6:7“éﬁfyr
less than the subducti&n velocity north_of the triple jﬁnctionm_;nd 30%
lower than thé RML prédiction:. Yet other convergence zones with com-
parable rates such as the ﬁES; Indies Are or the South Sandwich Trench

are significantly more selsmlcally active, If our model is

correct, then subduction in Southern Chlle takes place 1arge1y aseismically,

or this boundary constitutes an extensive seismic gap.

The Owen TFracture Zome. The Owen Fracture Zone represents the-INDI-

ARAB boundary (e.g., McKenzie and Sclater, 1971) and exhlbits only weak

»

se;smicity. As shown in Table 5, RM2 does predict a low rate of relatlve

- "motion between these two plates, but the predicted azimuths do not agree

- -well with the observations. At 14°N, Laughton's (1970) bathymetric map

indicates an azimuth of N30°E for the Owen fracture zone, compared with
the model value of N55°E % 14°, and at 22°N, a fault plane solutiom by

-8ykes (1967) has a slip vector orientation of N50°E, versus a model value




value of: N83.
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The RMZ geohedron (Table 2 Figure 2) cnmpletely describes the

— - - - - -_— .

relativa motion model. To specify an absolute' *efereﬁce frame, we

need only ta chuose an orlgin in angulnr velucity space. A particular

frame of interest im discussions of plate dynamlcs is one fixed with

respect to ﬁhé"average position of the deeﬁ mantle, assumed tﬁ Se ;igid .
or at least to have fypical internal motions much slower-éhan the motions
of the plates; we refer to this frame as the mean mesospheric frame.

In Paper I we constructed an absolute motion model (AM1) based om

the Wilson-Morgan fixed hotspot hypothesis and concluded that this hypo-

thesls was consistent with the available instantaneous motion data.

However, we noted the difficulties in estimating rates and directions of

hotspot migration that are compatible with the short time igtervals

AT
X

5.

appropriate to the relative motion model, especially for hotspot traces

L S

on the slower plates. Because of these difficulties, we are intrinsically .%
limited in ou¥ ability to construct more refined tests of the Wilson- 3%
f ::*::

Morgan hypothesis and to discriminate among various instantaneous absolute ‘%
motion models using hotspot data. %5
To investigate this limitation, we have derived an absolute motion model EE

T fak
R

by again inverting hotspot data, but restrieting the data set to include
only those constraints om hotspot migratien pertinent to thé last 10 My.

This time span is really the minimom interval for which good hots?ot data can
be obtained, although it exceeds by over a factor of three thé mean

averaging interval for the relative motion data. The azimuths of nine

hotspot traces and the rates for five were chosen on the basis of this
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eriterion (Table 6). The data set is dominated by the information £ram --
Pacific island chains; no Atlantic or Indian Ocean hthpéts were employed.
The vate at Hawail represents our interpretation of the K-Ar ages between
Hawaii and French Frigate Shoals summarized by Dalrymple et al. (1974).
For four other Pacific archipelagos the K-Ar ages of Duncan et al. (1974)
and Duncan and ﬁtDougall {1974, 1976) have been used. Azimuth estimates
" for the traces were obtained from bathymerric charts, and -the rate esti-~
mates were projected along these directions. The mean rate estimates for
individual island chaing have formal standard errors of about + 1 'cm/fyr -,
(Duncan and McDougall, 1976), but these have been increased to allow for
possible errors due to biased sampling. (We note that, since vulcanism
may persist at a given siﬁf for millions of years, a systematic failure
to sample the oldest rockskgenerally results in rates biased to high
values.) The other data in Table 6, hotspot azimuths from ;he COCO, NAZC
and NOAM plates, have been taken from Paper I. .

The data set in Table 6 was inverted to obtain an absolute motion
model designated AMI-2 (Table 7, Figure 2). In the inversion the relative
plate velocity vectors were fixed at their RM2 values, but the uncertain-
ties in the RM2 model, represented by its variance matrix, were incorporated
into the calculation of the variance matrix for AM1-2. The model is a

‘ ééry good fit to the selected data set: only-oné datum hag a residual
exceeding its assigned error (the azimuth of the Marquesas), and the rate
data are all fitted to within 1 em/yr. Thus, the results of this.experi-
ment give us no cause to challenge the Wilson-Morgan hypothesis.

But, even supposing the Wilson-Morgan hypothesis is wvalid, which we
have not proved,.with what precislion can the motio;s-of the plates in the

nean mesospheric frame be predicted by the hotspot data? The answer to

o

e .
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this question is indicated by the standard errors of estimation listed in

Table 7, Although' the absolute velocities of the fast-moving oceanic
plates {e.g. PCFC) have relative errors which are small, the relative errors
for the slowly-moving continental plates (e.g. EURA) are quite large and in
some cases exceed 100%. Hence, the absolute motion directions of several
plates, particularly ANTA and ERA, are not usefully constrained by the
hotspot data used in this experiment. For example, at the position of
Iceland the motion of EURA with respect to the mean mesospheriﬁ frame is
predicted by AM1-2 to be N83°W at 0.4 em/yr, nearly diametrically opposed
o the direction of the Wyville-Thompson Ridge, the presumed hotspot trace.
But no significance should.be assigned to this discrepancy, since the formal
prediction errors (10) are j:lBZo and + 0.8 cm/yr, respectively, and éince
4 zthe.actual azimuth of the Iceland hotspot trace over the last 10 My is not
really known (Paper I, p.566).

With these large uncertainties in mind, it is interesting to compare
the hotspot model with absolute motion models based on other criteria.
Three such alternate models are listed in Table 8 (see also Figure 2).
AMO-2 ig the unique absolute motion model constructed by requiring that
the lithosphere as a whole possess no net rotation, a criterion discussed
and applied in Paper I and by Llibbutry (1974) and Solomon and Sleep (1974).
AM2-2 corresponds to Burke and Wilson's (1972) hypothesis that the African
plate is stationary with respect to the mantle, a criterion endorsed by
Duncan and McDoﬁgall (1976) on the basis of Pacific hotspot data. A&M3-2
.conforms to Jordan's (1975) suggestion that the Caribbean plate is fixed

in the mean mesospheric frame, pinned in position by its two bounding
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subduction zones.

" The predictions of these absolute motion models are compared with
the selected hotspot data in Table 7. The Pacific foles for all of the
absplute motion models are similar (Table 8), and the azimuths of the
Pacific island chains are essentially equally well fitted by each. However,
the Pacific rate data and the azimu?h data from the other plates do
provide some discriminants. AM0O-2 appeérs to be_inconsistent with the
rate data; its values are significantly less than those observed. AM2-2
-is a good fit to the Pacific data, but it is a poor fit to the azimuth
data for the other three plates. AM2-3 provides a good fit to the azimuth
data, but its Pacific rate is slightly low.

The alternative absolute motion models can be compared directly with
AM1-2 in model space using the computed estimation errors.,6 Let m be the
modél vector representing AMI-2 and let m' be any altenative absolute motion

model. .Define the guadratic form

F= @-a" v @-n"

vhere V is the complete varlance matrix for m. Then, if F > (1.96)2,

m' lies ocutside the AM1-2 §5% confidence hype;ellipsoid, and one can accept
the conclusion that the expected value of m (6f which m is only an estimate)
is differené from m' at the 5% risk level., (Of course, this statement assumes
that normal statistics and our linear approximations are applicable and that
V is known exactly, which is not strictly true; it nevertheless provides a

workable basis fof making statistical decisions.) For models AM0-2 and AM2-2,

F equals 12.4 and 10.9, respectively; we conclude that these frames are

significantly different from the hotspot frame. Fof AM3-2, F equals only 3.1, so




the hypothesis that the Caribbean plate is fixed in the hoLspot frame

= st aguinlinge e R

cannot_be rejected. We note that the frames corresponding to ANTA fixed

_——T e m e ——————— - -

(F = 0 5) and EURA fixed (F = 0 8) are indistinguishable from the hotspot

frame as well

It is also 1nteresting to compare AM1, the absolute motion model

derlved in Paper I, with AMl— Both models were obtained by the inversion

of hotspot data, but, in the case of AM1, no rate data were used and a

much larger, more globally distributed set of hotspot azimuths were fitted.

As a cousequence, the averaging intervals for the AM1 data are generally

gxeater than 10 My and more variable. Although the AM1 and AM1-2 Pacific

pules are simllar,_yhe AMl rotation rate {0.83 /My) is less than that of

A-2 (0.97 /My) For AMl, F = 339. This very large value is indicative

of the fact that RMl and RM2 are significantly different relative motion

models, in that RM1 ldies well outside RM2's 95% confidence hyperellipsoid.
A model derived by adding to RM2 the AM1 PCFC absolute rotation vector
yielés F' = 10.0 and is inconsistent with the data set in Table 6.

The resolution of absolute motions by the hotspot data is obviously
degraded if the possibility of a non-rigid hotspot geometry is allowed.
Several authors have concluded that, averaged over geologically long
periods of time (> 40 My), hotspots have relative velocities with mag-
nitudes on the order of 1 em/yr (Morgan, 1975; Burke et al., 1973;

Molnar and Atwater, 1973; Molnar and Francheteau, 1975). In some sense,

. our ‘conservative assigr—ent of large erroré to the hotspot data in Table 6
may account for the uncertainties generated by small random motions among

the.hotspots, but appropriate caution in interpreting any hotspot model

must be exercised until better data and more rigorous tests are available.
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Neverthelcss, several previuusly pub]ished conclusions regarding

- emmre— -
—-—se L e - - [ . e omt - D memdlea -— e T

present-day absolute motlons appear to be warranted' these are common

Zhne. - - ——— T - ————r -

to §11 of the models in Table 8°

(1) ”Plate speeds correlate negatively w1th total continental

area (Paper 1.

(2) Plate speeds correlate positively with the fraction of plate

boundary being: subducted (Jordan and Minster, 1974' Forsyth

and Uyeda, 1975).

(3) Plate speeds correlate positively with geographic co-latitude

(Solomon et al., 1975) o -

Slmple mechanlcal models have been formulated to explain the first two of

thege correlations (qusyth and Uyeda, }975; Solomon et al., 1975
Kaula, 1975), but their true dynamical éigniflcance is still qult&ﬁ
speculative. For example, Soldmon et al. (1977) have suggested that
these aspects may have very little to do with dynamics; they argue that
the absoiute plate motions characteristic of Tertiary time exhibit

none of the correlatlons stated above. Aithough we eye their reconstrue-
tions and modelllng assumétions with some skepticlsm (cf Ju;ay, 1977),

we agree that more refined tests of the mechanical models must be

formulated.
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_ RHZ is a signifioantly better representation of present-day plate

motions. than RHl. In a recent parallel study, Chase (1978) has presented

a global plate motion model generally quite similar to RHZ Some smgnificant

differences between tHese two models do exist--most ascribable to dlfferenoes

in data seleetmon and inte;p etation--but the overall agreement is encouraging.

These studies should be v1ewed as ever more rigorous tests of the plate tec—

tonic hypothesms. we eontlnue to be impressed by how well the large data

sets (330 members in Table 1) are desorlbed by simp]ﬂ models w1th very

few parameters (30 for RMZ)

We have noted however, several problem areas where the plate model

does not adequately fit the observations. These dlscrepancles deserve

special scrutiny: they may be the manifestations of tectonic processes

or other physical phenomena not now understood. TFor example, 1f our
hypothesis that the Indian plate is not behav1ng rigidly is confirmed by

better data in the Indlan Ocean, then several questlons must be addressed.

How is the deformatlon dlstrlbuted within the plate’ What is the nature

of the forces dr1v1ng the deformation’ Consider the hypothe51s that the
deformation is localized in the vicinlty of the Nlnetyeast Ridge: then
a situation exists where, on two opposing plates at approximately equal
distances from their common boundary {a spreading center), there are two
NS~trending zones of deformation, one extensional (the African Rift) and
one compressional {the Ninetyeast Ridge). This unusual configuration
should provide a strong disoriminant for force-balance models of the

sort proposed by Forsyth and Uyeda (1975), Solomon et al. (1975) and

Richardson et al. (1976). Of course, more data are required before thils

Tt
TP ——— i

Ty

L Aty i 3 g i a-SgA




hypothetical situation can be accepted as reality.

T

Throughout the bulk-of this paper,..the problems of continental

- -

tectonics have been carefully avodided. It.ds clear that, in wost reglons

of intracontinental deformation, hhe plate model has only limited utility.

However, global plate motions do provide the displacement boundary .
conditions required to understand the kinematics and dynamics of tectonics
in complex regions (e.g. Molnar and Taponnier, 1975). These complex

regions include not only the continental interiors, but also zones of
Qeformation along.the continental margins (e.g. Jordan, 1975) and even
boundaries between the oceanic plates themselves., It is possibly
complekities of this latter type which-are responsible for the difficulties
we experisnced in obtaining closure about the Azores triple junctilom.
Unlike the relative motions, the absolute motions of plates in the
mean mesospheric frame caunnot be precisely constrained. Absoiute motion
models have been derived from a number of kinematical hypotheses, and,
although’ they are grossly similar, significant differences among them do
exist, In our opinion, model AM1-2, with its attendant uncertainties
{(Table 7}, represents the most satisfactory description available from
the present cobservations. Based on these absolute motions, a number of

empirical correlations appear to be warranted, but haw these correlations

relate to the fundamental forces driving the plates is only speculative,
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-In the interpretation of:earﬁhduéﬁe mechanisms along subduction
boundaries, most- authors assume that thé direction of relative plate
motion is givin by the hofizontal projection of the slip vector—{e.g.:
Paper I). 1If the convergence is oblique to the trench axis, thié
procedure yields a biased estimate of the direction of relative motion.

Instead, the slip vector should be rotated into the horizontal plane,

which requires correcting the slip vector azimuth by an amount-a-given by

cot('I.‘A - TF) e o
sin PF F A -

a = arccot

PF,and TA’ P, are the azimuth and plunge of the poles of the

where T A

F!
fault plane and auxiliary plane, respectivelﬁ.

This correction was applied to the data from the Aleutian-Kuril,

South American and Tonga-Kermadec Trenches., The statistical information

is summarized below:

I o max|
NOAM~PCFC - 0.6°  0.3° 2
NAZC-SOAM 0.9° 0° 2°
PCFC-INDI 1.1° -0.9° 4°

This correction is clearly ‘minor,

Thus, as pointed out by Chase (1978),

omitting this correction does not give rise to a significant systematie

bias in the data.
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Place Pair

NOAM-PCFC
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=-80,23
-121.28
56.36
132.44
~70.48
=115.55
-97.57
=124.40
-53,82
£0.84
-94.,75
=-37.29
75.20
46.02
6.43
-21,19
3B.45
=564
63.86
~93.02
-41.70
32.74

%
(deg)

1.94
1.0%
1.81
'3.04
71,83
2,32
© 2,07
35.2%
5.06
12,76
2.26
~4.57
2.61
6.22
48.86
3.73
2.65
19.29
1.06
11,48
0.98
2.66
9,57
2.30
3.28
3,55
1.41

Table 2.

w o
Cray)  Chay)
0.852  0.02%

L2086 0.070
1.53% 0,029
0.577  0.027
1.246 - -0.023
0.964 0,014
1.489  0.070

.0.258  0.019
0.231  0.015
0.215  0.052
1.543  0.084
0.711  0.056
0.972 0,065
0.167  0.029
0.202  0.038
0.835  D0.034
0.356  0.010
0.302 - 0.018
0.6446  0.014
0.260  0.047
0.104  0.016
0.698  0.024
0.357  0.054
0.469  0.066
0.605 " 0.039
0.149  0.009
0.673  0.011

M2 Cechedron

Erroc Ellipse

4

na&x
(deg)

sne
5378
HO9E
s78g
5822
NS522
5752
HB6E
SL4E

s138

5632

S19€
NB9E .-

S1l4E
5528
S05E
SOBE
HBL4E

S4TE |

S79E
S01E
S65E
SBIE
SS1E
S01E
S42E
562E

a
max
{deg}

1.30
1.00
1.91
1.51
Q.90
1.11
* T.84
5.88
6.36
9.42
2.24
5.59
2.60
7.22
16.84
LAy
2.85
3.22
1.24
10.02
4.25
2.72
8,33
2.51
4.50
4.93
1.39

]
win
(deg)

%.08
0.63
0.96
1.02
0.76
0.75
0.93
1.51
1.39
0.97
1.21
2.67
1.40
5.49
6.84
1.90
a.93
1.26
.66
2.9
0.89
0.90
2,45
1.89
2.39
1.45
1.10

Totals

Importance Distributiva

HA 7 -1 Total
0.405 0.398 0.694 1.497
0,977 ©0.272 0.009 1.258
0.859 0,341 0.038 1.228

o 0 [} 0

o o 0.266 0.246
1.200 0.81% 0,039 2.050

1] 0 0.165 ©.165
0.851 0.246 0.09Fr 1.188
1.055 0.626 0.366 2.047
0.952 1.741 0.253 2.946

0 2] 0.111 0.111

0 0 /] 0
1.829 0,732 ¢.076 2.637

0 0 0 o

0 4] ] o

0 o 0. 464 0,464
1.201 .10 0,072 2,381
0.167 0.608 0,283 1.058
0.843 1.098 o 1.941
1.969 0.934 0,077 3.000

L] 6.783 1.167 1.950

1] a 0 o

o ) o 0

0 [} 2] 1]
0.246 D0.058 0,222 0.526
0.697 1.263 0,185 2,135
1.012 0,135 0.025 1.172

14,273 11,134 4,593 30.000

Uncertaintics are the standard deviations of

®*0ne sigza error cllipses are specified by the azimuth of the major axis :na‘: lengths of the axes are geocentric angles.
.

Plate Pair

KJAM~PCFC
€0L0~PCFC
EAZC-PLFC
INDI-PCFC
oTaern 7
3 . *
LorA=lh o
ROA4-CAKB
COCG-RAZC
APRC-S0AH
1RDI-AFRC
ARAB-AFRC
AFRC-EURA
AFRC-ANTA
INDI-ANTA

8
w0

49.02
37.68
55.64
55.71
£5.39
¢
~34.18
4.90
62,98
15.63
30.82
25.71
7.93
11.85

.

+

Table 3, Best-fitcing angular velocity vectors for individual plate boundaries .*
Isporcance Distribution

Relative Rotation Vector

%
(deg)

1,3
3.39
6.72
2.75
1.55
1f.51
9,72
9.28
1.54
3.46
1.78
3.6b4
4,07
4.98
2.76

]
[:4)

=16.05
~107.74
-85.76
-~5.00
-79.26
-17.¢9
127.37
=-70.40
=~123.65
=39.14
44,12
6.4
~21.04
=38.72
34.74

g
(deg)

2.82
1.84
5.40
.42
3.40
60.61
3.83
.80
2.71
2.46
1.81
li.48
0.95
4,77
2.99

*Syebols and conveations the sass as Table 2.

N
Cruy)

0.865
2,298
1.527
0.976
0.275
0.252
0.225
0.993
0.357
0.612
0.260
0.146
0.672

ORIG
OF PO

g
®iny)

0,071
0.317
0.062
0.022
N6
| S
L.oo)
0.071
0,010
0.023
0.047
0.011
0.013

Error Ellipse

g

.+ 4

(deg)

HE6E
S10E
N22E
S19E
H41E
whiE
stal
S&9E
SOGE
S44E
S79E
SOIE
S423E
HE5E

a
nax
(deg)

1.85
3.44
7.20
2.84
1.92
17.91
Tt
sl
2.70
.48
2.3
10.02
4.07
6.70
2.98

INAL PAGE Is
OR QUALITY

a
nin
(deg}

1.34
1.35
1.62
1.79
0.85
3.38
1.3
u,.v!

MA

1.000
2.002
1.978

sV

1.385
0.033
0.094
2.000
0.050
0.317

0I5
0.u34
2.102

0.077
1.207
0.296
0.153

T L U em— -7 '_-.-Am_...:_nn—i \
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- Table 4. EBypothetical AUST-WIND rzotation vectors
deacribed in text.

2] + (2]

°y O °ny
A -~45.50 36.95 0.135
B =38.04 15.26 0.130

Table 5. RM2-predieted plate motions at selected points

Plate Pair Lat. Long. Rate Azimuth

{°R) {“E) co/yz.,
PCEC-ROAH 36.4- =121.0 5.6 + 0.3 N3SH = 2.+
NOAN-S0AM 20.0  -56.0 0.2 + 0.3 N71W ¢ 58.

15.0  ~60.0 0.4 + 0.3 N62W = 31.
SOAM-CARB 10.0  -66.0 2,3 % 0.5 ‘N77W + 10-
- 10.0  =74.0 2.2 £ 0.5 N78W * 10-
BAZC-CARE 7.5  -79.0 5.4 % 0.5 N71E % 5.
ANTA-SOAH -50.0 -75.0 2.1+ 0.2 S88E * 5.
ABAE-INDI 22.0 62.0 1.4 0.2 NB3E * 9,

14.0 59.0 0.8 + 0.2 NSSE & 14.

ISR
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3 Tatle 6. A ¢coopariscn betvoen hotapot data znd abaoluta motion wodals,

{ Obecrved AM1-2 Importance Distribution AMO-2 A2-2, AMI-2

v Hotspot Lat. Long. Trace Plete Azinuth Rate Azimuth  Rate Aziruths Roces Azimuth  Rate Axisuth |, Rate Asfmuth  Rate

) e) (deg) {ea/yr) {deg) {enfyr} (deg) {cu/yr) (deg)  'Yem/tyr) (den) (catyr)
Hawall 20 ~153 Hawvsitan Islands PCFC H84MM + 10 10.0 * 2,0 HEOH 9.7 0.29? 0,141 H&IW 1.7 w5 I 10.9 HoIW [ N ]
Marquesss =11 ~138  Marquesas Telands  PCFC  NASW + 15 9.8 + 2.0 e 10.7 0.078 0.200 H654 v B.2 Hem Y116 Lin 9.3
.Tahlti—ﬂ!h!ltl -18 =148 Society Islands PorC N5 + 15 11.0 * 2,0 HE4H 10.7 0.084 0,223 w63V 8.0 NAOW ; 11.% HE5W .4
Macdonald «2%  ~140  Austral lslands FCFC HSSW #15 10,5 * 2.0 HESH + 10,5 0.074 0,239 HE3W 1.8 Hewm ilf il1.2 nesw 2.1
Pitcalrn =25 =130 Piccairn-Canbier PLiC H65W + 13 11.0 + 3.0 . R70W 10.7 0.065 0.099 HE6W 8.} pl.TAY . 1.3 pLE 9.4

© Juan de Fuce 46 ~130 Cobb Scamounts Pr.o2 NS4W + 15 - naT™ 5.5 . 0.389 - HAGW 3.0 HadW I . 7.0 NSO 3.4

Catapagas -1  -92  Cocos Ridge e N4SE # 10 - n46E 8.5 0.174 - HSZE . 10.6 Hase ,! 9.2 HioE 9.5
Calapegos -1 =52 Carpegle Ridge KA C 585E + 10 - ugse 4.9 0.480 - KB 7.2 H1E - 'I,| 4.7 NBSE 5.9
Tellowstons 45 -110 Spake River Plain  Fnan S60H + 20 . - S56W 2,4 0,460 - 5554 2.2 HOTW 2.3 580 1.4

r=ap3

T

LR PUS AUE. A)



Tlate

AFRC
ANTA
ARAB

EURA
IKDL
RAZC
HOAM
PCFC
SOAM

au!.n
{deg)

33.24
56.12
12.11
23.90
2.25
118.90
5.97
5.43
12.14
3.50
11.38

-y - - - - - - - -

__-i_’-: * ity o« © 5 - ar .

Y S
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Table 7. Model AM1I-2
- Abzolute Rotatlon Vector ] Brror Ellipee
oe : aB o. a-b ;’ . oum ‘nax Gunx
3] {deg) ('E) {deg) Oy Oy (deg)  (deg)
18.76 33.93 -21.76 42.20 0.139 0.055 S7J0E 40. 42
21.85 9i.B) 75.55% 63,20 0.054 .09 HITE 93.01
27.2% 12,40 ~3.94 18.22 0.2388 0.067 S7EE 16,38
-42.80 39,20 66.75 40,98 0.129 0.104 NICE 43,21
21.89 3.08 -115.71 z.81 1.422 0.119 S32E 3.35
0.70 124,35 -23.19 1l4h.67 0.038 0.057 SE7E  151.19
15.23 6.96 35.64 6.57 0.716 0.076 525E 7.16
47.99 9.36 ~93.81 8,14 ©.585 0.097 SO2E 9.37
-58.31 16.21 ~40.67 19_62 0.247 0.080 S57E 23,12
-61.66 5.11 97.19 7.71 0.967 0.08S S16E 5.23
-82.28 19.27 75.67 85.88 0.285 0.084 RO3E 19.28
Table B, Absolute wotlon models,

Pacific Rotation Vecter

Kodel Kinematical Condition Lgl:. Lgng. Race

()] (-3 (" Hy)
AND-2 Yo pet rotation -62.93 111.50 0.736
Arl~2 Best fir to hotapor dats =61.6f 97.1% 0.967
AM2-2 African plate fixed -59.15 109.60 1.043
AM3~2 Caribbean plate fixed =63.52  104.45 0.853
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Fipure Captions

Figure 1. Plate geometry and geographical distribution of the data

used in prbducing model RMZ, Circles indicate seafloor-

spreading rates, squares represent transform faults, and

triangles slip vectors. Seven EURA-NOAM data at high

latitudes are not shown on the fipure.

r
N .

Figure 2, RM2 geohedron {stereo pair). The geohedron depicts relative
motions in angular velocity space (McKenzie and Parker, 1974).

Individual plates correspond to vertices. The z axis coincides

SN LRI ORETI e ¢ s

with the rotation axis of the earth, the x axis is along the

Greenwich meridian. Vectors representing the three reference

ar M
LI e s

axes have a magnitude of 0.3°/My. Open circle Is coordinate

’

origin for AMO-2. Closed circle is coordinate origin for AMI1-2.

It DAY T YOr e

IRLALRI wr i)
Dy “'?'{J‘v;-.-.;{ <y . %

Figure 3. Histograms of normalized residuals for each data type, with , o

sample size, sample mean and sample variance. The theoretically

TR

RSN S LA RIS

ideal Gaussian distributions with zero mean and unit variance are

S

T

showvn for comparison. Shaded area in lower histograms represents

Wi,

ENOURNN 7 S A ARSI

residuals for Aleutian and Kuril slip vectors, which show negative

bias,
Figure 4. Poles for model RM2, with their 95 purcent (20) confidence ellipses.

RM1 poles and best fictinyg poles where available (BFP, Table 3)

are also shown.

Figure 5. See TFigure 4.

Figure 6. See Figure 5
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Figure 7.

Figure 8.
Figure 9.
Figure 10.
Figure 11,
Figure 12.
Figure 13,
Figure 14,
Figure 15.

Fipure 16.

Figure 19.

Figure 20.

|

In Figures 7 ~ 20, data and models are shown as residuals
with respect to the predicted values calculated from the
best fitting angular velocity vectors. Azimuths are measured
in'degrees in a counterclockwise direction, rates are.in .
centimeters per year. Data symbols are the same as in
Figure 1. Error bars are the subjective error bars listed in
Table 1. The solid lines represent model RM2 (this study)
and the dashed lines represent model RM1 (Paper I). Here
the dashed-dotted line corresponds to the Bering-Pacific
pole determined in Paper T.
See Figure 7.

See Figure 7.

See Figure 7.

See Figure 7. .
ORIGINAT PAGE 1S
See Figure 7. UF PUOUR QUALITY
See Tigure 7.

See Figure 7.

See Figure 7.

See Figure 7.

Sec Flovrno F

Sce Vi The dottod Tioe 0 presorte 1l duntontoae un
notion rodel of Mebenvico and S:later (1471).
See Figure 18.

See Figure 18.
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